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INTRODUCTION

Certai n substances like germanium, silicon, car-
bon etc. are neither good conductors like cop-
per nor insulators like glass. In other words,
theresistivity of these material sliesinbetween conduc-
tors and insulators. Such substances are classified as
semiconductors.  Semiconductors have some useful
properties and are being extensively used in electronic
circuits. For instance, transi stor—asemiconductor de-
viceisfast replacing bulky vacuum tubesin ailmost all
applications. Transistors are only one of the family of
semiconductor devices ; many other semiconductor
devicesarebecomingincreasingly popular. Inthischap-
ter, we shall focus our attention on the different aspects
of semiconductors.
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56 B Principles of Electronics

5.1 Semiconductor

Itisnot easy to define asemiconductor if wewant to takeinto account all its physical characteristics.
However, generally, a semiconductor is defined on the basis of electrical conductivity as under :

A semiconductor is a substance which has resistivity (10~ to 0.5 £2m) inbetween conductors
and insulators e.g. germanium, silicon, selenium, carbon etc.

The reader may wonder, when asemiconductor is neither agood conductor nor aninsulator, then
why not to classify it asaresistance material ? The answer shall bereadily availableif we study the
following table:

S.No. Substance Nature Resistivity
1 Copper good conductor 1.7x10°Qm
2 Germanium semiconductor 0.6Qm
3 Glass insulator 9x 10" Qm
4 Nichrome resistance material 10°Qm

Comparing the resistivities of above materias, it is apparent that the resistivity of germanium
(semiconductor) is quite high as compared to copper (conductor) but it is quite low when compared
with glass (insulator). Thisshowsthat resistivity of a semiconductor liesinbetween conductors and
insulators. However, it will be wrong to consider the semiconductor as a resistance material. For
example, nichrome, which is one of the highest resistance material, has resistivity much lower than
germanium. This shows that electrically germanium cannot be regarded as a conductor or insulator
or aresistance material. This gave such substances like germanium the name of semiconductors.

It is interesting to note that it is not the resistivity alone that decides whether a substance is
semiconductor or not. For example, itisjust possibleto prepare an alloy whoseresistivity fallswithin
the range of semiconductors but the alloy cannot be regarded as a semiconductor. In fact, semicon-
ductors have anumber of peculiar propertieswhich distinguish them from conductors, insulators and
resistance materials.

Properties of Semiconductors
(i) Theresistivity of asemiconductor islessthan an insulator but more than a conductor.

(if) Semiconductors have negative temperature co-efficient of resistance i.e. the resistance
of asemiconductor decreases with theincrease in temperature and vice-versa. For example, germa-
nium is actually an insulator at low temperatures but it becomes a good conductor at high tempera-
tures.

(ill) When asuitable metallicimpurity (e.g. arsenic, gallium etc.) isadded to asemiconductor, its
current conducting properties change appreciably. This property is most important and is
discussed later in detail.

5.2 Bonds in Semiconductors

The atoms of every element are held together by the bonding action of valence electrons. This
bonding is dueto thefact that it isthe tendency of each atom to completeitslast orbit by acquiring 8
electronsinit. However, in most of the substances, the last orbit isincompletei.e. thelast orbit does
not have 8 electrons. This makes the atom active to enter into bargain with other atomsto acquire 8
electrons in the last orbit. To do so, the atom may lose, gain or share valence electrons with other
atoms. In semiconductors, bonds are formed by sharing of valence electrons. Such bondsare called
co-valent bonds. In the formation of a co-valent bond, each atom contributes equal number of va-
lence el ectrons and the contributed el ectrons are shared by the atoms engaged in the formation of the
bond.
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Fig. 5.1 shows the co-valent bonds among germanium atoms. A germanium atom has *4
valenceelectrons. Itisthetendency of each germanium atom to have 8 electronsin thelast orbit. To
do so, each germanium atom positions itself between four other germanium atoms as shown in Fig.
5.1 (i). Each neighbouring atom shares one valence electron with the central atom. In thisbusiness
of sharing, the central atom completesitslast orbit by having 8 electronsrevolving around the nucleus.
In thisway, the central atom sets up co-valent bonds. Fig. 5.1 (ii) shows the bonding diagram.

The following points may be noted regarding the co-valent bonds :
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(i) Co-valent bondsare formed by sharing of valence electrons.

(ii) In the formation of co-valent bond, each valence
electron of an atom formsdirect bond with thevalence electron
of an adjacent atom. In other words, valence electrons are
associated with particular atoms. For this reason, valence
electrons in a semiconductor are not free.

5.3 Crystals

A substance in which the atoms or molecules are arranged in
an orderly pattern isknown asacrystal. All semi-conductors
have crystalline structure. For example, referring to Fig. 5.1,
itisclear that each atom is surrounded by neighbouring atoms
in a repetitive manner. Therefore, a piece of germanium is
generally called germanium crystal. [ 1
5.4 Commonly Used Semiconductors R
Thereare many semiconductorsavailable, but very few of them
have a practical application in electronics. The two most fre-
quently used materias are germanium (Ge) and silicon (Si). It is because the energy required to
break their co-valent bonds (i.e. energy required to release an electron from their valence bands) is
very small; being about 0.7 eV for germanium and about 1.1 eV for silicon. Therefore, we shall
discuss these two semiconductorsin detail.

Bonds in Semiconductor

* A germanium atom has 32 electrons. First orbit has 2 electrons, second 8 electrons, third 18 electrons and
the fourth orbit has 4 electrons.
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(i) Germanium. Germanium hasbecomethe model substance among the semiconductors; the
main reason being that it can be purified relatively well and crystallised easily. Germanium is an
earth element and was discovered in 1886. It isrecovered from the ash of certain coals or from the
flue dust of zinc smelters. Generally, recovered germanium is in the form of germanium dioxide
powder which is then reduced to pure germanium.
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Fig. 5.2

The atomic number of germanium is 32. Therefore, it has 32 protons and 32 electrons. Two
electrons are in the first orbit, eight electrons in the second, eighteen electrons in the third and four
electrons in the outer or valence orbit [See Fig. 5.2 (i)]. It is clear that germanium atom has four
valence electrons i.e, it is a tetravalent element. Fig. 5.2 (ii) shows how the various germanium
atoms are held through co-valent bonds. As the atoms are arranged in an orderly pattern, therefore,
germanium has crystalline structure.

(if) Silicon. Siliconisan element in most of the common rocks. Actualy, sand issilicon diox-
ide. The silicon compounds are chemically reduced to silicon which is 100% pure for use as a
semiconductor.
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The atomic number of siliconis14. Therefore, it has 14 protons and 14 electrons. Two electrons
arein thefirst orbit, eight electronsin the second orbit and four electronsin the third orbit [ See Fig.
5.3(i)]. Itisclear that silicon atom hasfour valence electronsi.e. itisatetravalent element. Fig. 5.3
(i) shows how various silicon atoms are held through co-valent bonds. Like germanium, silicon
atoms are also arranged in an orderly manner. Therefore, silicon has crystalline structure.
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5.5 Energy Band Description of Semiconductors

It has already been discussed that a semiconductor is a substance whose resistivity lies between
conductors and insulators. Theresistivity is of the order of 10" to 0.5 ohm metre. However, a semi-
conductor can be defined much more comprehensively on the basis of energy bands as under :
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A semiconductor isa substance which hasalmost filled val ence band and nearly empty conduc-
tion band with a very small energy gap (=~ 1 eV) separating the two.

Figs. 5.4 and 5.5 show the energy band diagrams of germanium and silicon respectively. It may
be seen that forbidden energy gap isvery small; being 1.1 eV for silicon and 0.7 eV for germanium.
Therefore, relatively small energy isneeded by their valence electronsto cross over to the conduction
band. Even at room temperature, some of the val ence el ectrons may acquire sufficient energy to enter
into the conduction band and thus become free electrons. However, at thistemperature, the number of
free electrons available is very *small. Therefore, at room temperature, a piece of germanium or
silicon is neither agood conductor nor an insulator. For this reason, such substances are called semi-
conductors.

The energy band description is extremely helpful in understanding the current flow through a
semiconductor. Therefore, we shall frequently use this concept in our further discussion.

5.6 Effect of Temperature on Semiconductors

Theelectrical conductivity of asemiconductor changes appreciably with temperature variations. This
isavery important point to keep in mind.

(i) At absolute zero. At absolute zero temperature, al the electrons are tightly held by
the semiconductor atoms. The inner orbit electrons are bound whereas the valence electrons are
engaged in co-valent bonding. At this temperature, the co-valent bonds are very strong and there
are no free electrons. Therefore, the semiconductor crystal behaves as a perfect insulator [See
Fig. 5.6 (i)].

In terms of energy band description, the valence band isfilled and there is alarge energy gap
between valence band and conduction band. Therefore, no valence electron can reach the conduction
band to become free electron. It is due to the non-availability of free electrons that a semiconductor
behaves as an insulator.

*  Out of 10" semiconductor atoms, one atom provides a free electron.
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(ii) Above absolute zero. When the temperature is raised, some of the covalent bonds in the
semiconductor break due to the thermal energy supplied. The breaking of bonds sets those el ectrons
freewhich areengaged in theformation of thesebonds. Theresultisthat afew freeelectronsexist inthe
semiconductor. These free electrons can constitute atiny electric current if potential differenceis
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applied across the semiconductor crystal [See Fig. 5.7 (i)]. This shows that the resistance of a semi-
conductor decreaseswith theriseintemperaturei.e. it has negative temperature coefficient of resis-
tance. It may be added that at room temperature, current through a semiconductor istoo small to be
of any practical value.
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Fig. 5.7 (ii) shows the energy band diagram. As the temperature is raised, some of the valence
electrons acquire sufficient energy to enter into the conduction band and thus become free electrons.
Under the influence of electric field, these free electrons will constitute electric current. It may be
noted that each time a valence electron enters into the conduction band, a hole is created in the
valenceband. Asweshall seeinthenext article, holesal so contributeto current. Infact, hole current
isthe most significant concept in semiconductors.

5.7 Hole Current

At room temperature, some of the co-valent bondsin pure semiconductor break, setting up free elec-
trons. Under the influence of electric field, these free electrons constitute electric current. At the
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same time, another current — the hole current — also flows in the semiconductor. When a covalent
bond is broken due to thermal energy, the removal of one electron leaves a vacancy i.e. amissing
electroninthe covalent bond. Thismissing electroniscalled a*holewhich actsasapositive charge.
For one electron set free, one holeiscreated. Therefore, thermal energy creates hole-electron pairs;
there being as many holes asthe free electrons. The current conduction by holes can be explained as
follows:

The hole showsamissing electron. Supposethevalenceelectron at L (See Fig. 5.8) hasbecome
free electron due to thermal energy. This creates a hole in the co-valent bond at L. The holeisa
strong centre of attraction **for the electron. A valence electron (say at M) from nearby co-valent
bond comestofill intheholeat L. Thisresultsinthe creation of holeat M. Another valence electron
(say at N) in turn may leave its bond to fill the hole at M, thus creating a hole at N. Thus the hole
having a positive charge has moved from L to N i.e. towards the negative terminal of supply. This
constitutes hole current.

It may be noted that hole current is due to the movement of ***valence electrons from one co-
valent bond to another bond. The reader may wonder why to call it a hole current when the conduc-
tion is again by electrons (of course valence electrons!). The answer is that the basic reason for
current flow is the presence of holes in the co-valent bonds. Therefore, it is more appropriate to
consider the current as the movement of holes.

Energy band description. The hole current
can be beautifully explained in terms of energy
bands. Suppose dueto thermal energy, an electron
|eaves the valence band to enter into the conduc-
tion band as shownin Fig. 5.9. eV

Thisleavesavacancy at L. Now the valence
electron at M comestofill theholeat L. Theresult . .
isthat hole disappearsat L and appearsat M. Next, i, ! | VALENGE BAND
thevalence electron at N movesinto the hole at M.
Consequently, holeiscreated at N. Itisclear that
valence electrons move along the path PNML
whereas holes move in the opposite direction i.e. Fig. 5.9
along the path LMNP.

CONDUCTION BAND

> o

*  Note that hole acts as avirtual charge, although there is no physical charge onit.

** Thereisastrong tendency of semiconductor crystal to form co-valent bonds. Therefore, ahole attracts an
electron from the neighbouring atom.

*** Unlike the normal current which is by free electrons.
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5.8 Intrinsic Semiconductor
A semiconductor in an extremely pure formisknown as an intrinsic semiconductor.

In anintrinsic semiconductor, even at room temperature, hole-electron pairs are created. When
electric field is applied across an intrinsic semiconductor, the current conduction takes place by two
processes, namely ; by free electrons and holes as shown in Fig. 5.10. The free electrons are pro-
duced due to the breaking up of some covalent bonds by thermal energy. At the sametime, holesare
created in the covalent bonds. Under theinfluence of electric field, conduction through the semicon-
ductor isby both free electronsand holes. Therefore, thetotal current inside the semiconductor isthe
sum of currents due to free electrons and holes.

It may be noted «-—
that current in the ex- FREE ELECTRONS
ternal wires is fully
electronic i.e. by 2 < =< —
electrons. What ,~— | E—
about theholes? Re- o > ; -
ferring to Fig. 5.10, FOLES I
holes being posi-

towardsthe negative
terminal of supply.
As the holes reach
the negative terminal ~
B, electronsenter the
semiconductor crys- Fig. 5.10

tal near the terminal

and combine with holes, thus cancelling them. At the sametime, theloosely held electrons near the
positive terminal A are attracted away from their atoms into the positive terminal. This creates new
holes near the positive terminal which again drift towards the negative terminal.

5.9 Extrinsic Semiconductor

The intrinsic semiconductor has little current conduction capability at room temperature. To be
useful in electronic devices, the pure semiconductor must be altered so asto significantly increaseits
conducting properties. Thisisachieved by adding asmall amount of suitableimpurity to asemicon-
ductor. Itisthen called impurity or extrinsic semiconductor. The process of adding impuritiesto a
semiconductor is known as doping. The amount and type of such impurities have to be closely
controlled during the preparation of extrinsic semiconductor. Generally, for 10° atoms of semicon-
ductor, one impurity atom is added.

The purpose of adding impurity isto increase either the number of free electrons or holesin the
semiconductor crystal. As we shall see, if a pentavalent impurity (having 5 valence electrons) is
added to the semiconductor, alarge number of free electrons are produced in the semiconductor. On
the other hand, addition of trivalent impurity (having 3 valence electrons) creates alarge number of
holes in the semiconductor crystal. Depending upon the type of impurity added, extrinsic semicon-
ductors are classified into:

(i) n-type semiconductor (i) p-type semiconductor

tively charged move I I

5.10 n-type Semiconductor

When a small amount of pentavalent impurity is added to a pure semiconductor, it is known as
n-type semiconductor.
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Theaddition of pentavalent impurity pro-
vides alarge number of free electronsin the
semiconductor crystal. Typica examples of

pentavalent impuritiesarearsenic (At. No. 33) FREE

and antimony (At. No. 51). Such impurities ELECTRON

which produce n-type semiconductor are

known as donor impurities because they do-

nate or provide free el ectrons to the semicon- PENTAVALENT

ductor crystal. IMPURITY
ATOM

To explain the formation of n-type semi-
conductor, consider a pure germanium crys-
tal. We know that germanium atom has four
valence electrons. When a small amount of Fig. 5.11
pentavalent impurity like arsenic is added to
germanium crystal, alarge number of free electrons become available in the crystal. Thereason is
simple. Arsenicis pentavalent i.e. its atom has five valence electrons. An arsenic atom fitsin the
germanium crystal in such away that itsfour valence el ectronsform covalent bondswith four germa-
nium atoms. The fifth valence electron of arsenic atom finds no place in co-valent bonds and isthus
freeasshowninFig. 5.11. Therefore, for each arsenic atom added, onefree electron will be available
in the germanium crystal. Though each arsenic atom provides one free electron, yet an extremely
small amount of arsenic impurity provides enough atomsto supply millions of free electrons.

Fig. 5.12 shows the energy band description of
n-type semi-conductor. The addition of pentavalent
impurity has produced anumber of conduction band . . . . CONDUCTION
electronsi.e, free electrons. The four valence elec- ° ° ° ° BAND
trons of pentavalent atom form covalent bonds with
four neighbouring germanium atoms. The fifth left
over valence electron of the pentavalent atom can-
not be accommodated in the valence band and trav-
els to the conduction band. The following points
may be noted carefully :

VALENCE
BAND

BAND ENERGY
—

(i) Many new free electrons are produced by
the addition of pentavalent impurity. Fig. 5.12

(if) Thermal energy of room temperature still generatesafew hole-electron pairs. However, the
number of free electrons provided by the pentavalent impurity far exceeds the number of holes. It is
due to this predominance of electrons over holes that it is called n-type semiconductor (n stands for
negetive).

n-type conductivity. The current conduction in an n-type semiconductor is predominantly by
free electronsi.e. negative charges and is called n-type or el ectron type conductivity. To understand
n-type conductivity, refer to Fig. 5.13. When p.d. isapplied acrossthe n-type semiconductor, the free
electrons (donated by impurity) in the crystal will be directed towardsthe positiveterminal, constitut-
ing electric current. Asthe current flow through the crystal is by free electrons which are carriers of
negative charge, therefore, thistype of conductivity iscalled negative or n-type conductivity. It may
be noted that conduction isjust asin ordinary metals like copper.
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5.11 p-type Semiconductor

When a small amount of trivalent impurity is added to a pure semiconductor, it is called p-type
semiconductor.

The addition of trivalent impurity providesalarge number of holesin the semiconductor. Typical
examples of trivalent impurities are gallium (At. No. 31) and indium (At. No. 49). Such impurities
which produce p-type semiconductor are known asacceptor impurities because the holes created can
accept the electrons.

To explain the formation of p-type
semiconductor, consider a pure
germanium crystal. When asmall amount
of trivalent impurity like galliumisadded
to germanium crystal, there exists alarge
number of holesinthecrystal. Thereason
issimple. Galiumistrivalenti.e. itsatom
hasthree valence electrons. Each atom of
galiumfitsinto the germanium crystal but
now only three co-valent bonds can be
formed. It is because three valence
electrons of gallium atom can form only
three single co-valent bonds with three
germanium atoms as shown in Fig. 5.14.
In the fourth co-valent bond, only
germanium atom contributes one valence Fig.5.14
electron while gallium has no valence
electron to contribute as all its three valence electrons are already engaged in the co-valent bonds
with neighbouring germanium atoms. In other words, fourth bond isincomplete; being short of one
electron. Thismissing electroniscalled ahole. Therefore, for each gallium atom added, one holeis
created. A small amount of gallium provides millions of holes.

Fig. 5.15 showsthe energy band description of the p-type semiconductor. The addition of triva-
lent impurity has produced a large number of holes. However, there are a few conduction band
electrons due to thermal energy associated with room temperature. But the holes far outnumber the
conduction band electrons. Itisdueto the predominance of holes over free electronsthat it iscalled
p-type semiconductor ( p stands for positive).

ATOM
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p-typeconductivity. The current conduction in p-type semiconductor is predominantly by holes
i.e. positive charges and is called p-type or hole-type conductivity. To understand p-type conductiv-
ity, refer to Fig. 5.16. When p.d. is applied to the p-type semiconductor, the holes (donated by the
impurity) are shifted from one co-valent bond to another. Asthe holesare positively charged, there-
fore, they are directed towards the negative terminal, constituting what is known as hole current. It
may be noted that in p-type conductivity, the valence electrons move from one co-valent bond to
another unlike the n-type where current conduction is by free electrons.

5.12 Charge on n-type and p-type Semiconductors

Asdiscussed before, in n-type semiconductor, current conduction is dueto excess of el ectronswhereas
in ap-type semiconductor, conduction isby holes. Thereader may think that n-type material hasanet
negative charge and p-type anet positive charge. But thisconclusioniswrong. Itistruethat n-type
semiconductor has excess of electrons but these extra el ectrons were supplied by the atoms of donor
impurity and each atom of donor impurity is electrically neutral. When the impurity atom is added,
the term “excess electrons” refers to an excess with regard to the number of electrons needed to fill
the co-valent bonds in the semiconductor crystal. The extra electrons are free electrons and increase
the conductivity of the semiconductor. Thesituation with regard to p-type semiconductor isalso similar.
It follows, therefore, that n-type as well as p-type semiconductor is electrically neutral.

5.13 Majority and Minority Carriers

It has already been discussed that due to the effect of impurity, n-type material has alarge number of
free electrons whereas p-type material hasalarge number of holes. However, it may be recalled that
even at room temperature, some of the co-valent bonds break, thus rel easing an equal number of free
electronsand holes. An n-type material hasits share of electron-hole pairs (released due to breaking
of bonds at room temperature) but in addition has amuch larger quantity of free electrons dueto the
effect of impurity. Theseimpurity-caused free el ectronsare not associated with holes. Consequently,
an n-type material has alarge number of free electrons and asmall number of holes as shownin Fig.
5.17 (i). Thefreeelectronsin this case are considered majority carriers—since the mgjority portion
of current in n-type material isby theflow of free electrons— and the holesaretheminority carriers.

Similarly, in a p-type material, holes outnumber the free electrons as shown in Fig. 5.17 (ii).
Therefore, holes are the majority carriers and free electrons are the minority carriers.
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5.14 pn Junction

When a p-type semiconductor is suitably joined to n-type semiconductor, the contact surfaceiscalled
pn junction.

Most semiconductor devices contain one or more pn junctions. The pn junction is of great
importance becauseit isin effect, the control element for semiconductor devices. A thorough know!-
edge of the formation and properties of pn junction can enable the reader to understand the semicon-
ductor devices.

Formation of pn junction. In actua practice, the characteristic properties of pn junction will
not be apparent if a p-type block isjust brought in contact with n-type block. In fact, pnjunctionis
fabricated by special techniques. One common method of making pn junctioniscalled alloying. In
this method, a small block of indium (trivalent impurity) is placed on an n-type germanium slab as
shown in Fig. 5.18 (i). The system isthen heated to atemperature of about 500°C. The indium and

INDIUM some of the germanium melt to form a small puddle of molten

o

germanium-indium mixtureasshowninFig. 5.18 (ii). Thetem-
perature is then lowered and puddle begins to solidify. Under
proper conditions, the atoms of indium impurity will be suitably
adjustedinthegermanium dabtoformasinglecrysta. The addi-
tion of indium overcomes the excess of electrons in the n-type
germanium to such an extent that it creates a p-type region.

As the process goes on, the remaining molten mixture
becomesincreasingly rich inindium. When all germanium has
been redeposited, the remaining material appearsasindium but-
ton which is frozen on to the outer surface of the crystallised
portion as shown in Fig. 5.18 (iii). Thisbutton serves as a suit-
able base for soldering on leads.
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5.15 Properties of pn Junction

At theinstant of pn-junction formation, the free electrons near the junction in the n region begin to
diffuse across the junction into the p region where they combine with holes near the junction. The
result is that n region loses free electrons as they diffuse into the junction. This creates a layer of
positive charges (pentaval ent ions) near the junction. Asthe electrons move acrossthejunction, thep
region loses holes as the electrons and holes combine. The result is that there is alayer of negative
charges (trivalent ions) near the junction. These two layers of positive and negative chargesform the
depletion region (or depletion layer). The term depletion is due to the fact that near the junction, the
region is depleted (i.e. emptied) of charge carries (free electrons and holes) due to diffusion across
thejunction. It may be noted that depletion layer isformed very quickly and is very thin compared to
the n region and the p region. For clarity, the width of the depletion layer is shown exaggerated.
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Once pn junction is formed and depletion layer created, the diffusion of free electrons stops. In
other words, the depletion region acts as a barrier to the further movement of free electrons across the
junction. The positive and negative charges set up an electric field. Thisis shown by ablack arrow in
Fig. 5.19 (i). The electric field isabarrier to the free electronsin the n-region. There exists a potential
difference across the depletion layer and is called barrier potential (V,). The barrier potential of apn
junction depends upon severd factors including the type of semiconductor material, the amount of
doping and temperature. Thetypical barrier potential is approximately:

For silicon, V,=0.7 V ; For germanium, V, = 0.3V

Fig. 5.20 shows the potential (V) distribution curve.

5.16 Applying D.C. Voltage Across pn Junction or Biasing
a pn Junction

In electronics, the term bias refers to the use of d.c. voltage to establish certain operating conditions
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for an electronic device. In relation to a pn junction, there are following two bias conditions :
1. Forward biasing 2. Reversebiasing

1. Forward biasing. When external d.c. voltage applied to the junction isin such a direction
that it cancels the potential barrier, thus permitting current flow, it is called forward biasing.

To apply forward bias, connect positiveterminal of the battery to p-type and negative terminal to
n-type as shown in Fig. 5.21. The applied forward potentia establishes an electric field which acts
against the field due to potential barrier. Therefore, the resultant field is weakened and the barrier
height is reduced at the junction as shown in Fig. 5.21. As potential barrier voltage is very small
(0.1 to 0.3 V), therefore, a small forward voltage is sufficient to completely eliminate the barrier.
Once the potential barrier is eliminated by the forward voltage, junction resistance becomes almost
zero and a low resistance path is established for the entire circuit. Therefore, current flows in the
circuit. Thisiscalled forward current. With forward bias to pn junction, the following points are
worth noting :

(i) The potential barrier isreduced and at some forward voltage (0.1 to 0.3 V), it iseliminated
atogether.

(i) Thejunction offerslow resistance (called forward resistance, R) to current flow.

(iii) Current flowsin the circuit due to the establishment of low resistance path. The magnitude
of current depends upon the applied forward voltage.
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Fig. 5.21 Fig. 5.22

2. Reverse biasing. When the external d.c. voltage applied to the junction is in such a
direction that potential barrier isincreased, it is called reverse biasing.

To apply reverse bias, connect negative terminal of the battery to p-type and positiveterminal to
n-typeasshowninFig. 5.22. Itisclear that applied reverse voltage establishes an electric field which
acts in the same direction as the field due to potential barrier. Therefore, the resultant field at the
junction is strengthened and the barrier height is increased as shown in Fig. 5.22. The increased
potential barrier preventstheflow of charge carriersacrossthejunction. Thus, ahigh resistance path
is established for the entire circuit and hence the current does not flow. With reverse bias to pn
junction, the following points are worth noting :

(i) The potential barrier isincreased.
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(ii) The junction offers very high
resistance (called reverseresistance, R)

DEPLETION REGION

to current flow. - “: s
(iif) No current flows in the circuit s “"t::::

due to the establishment of high resis- s 28]

tance path. I gl ————
Conclusion. From the above dis- ORIGINAL BARRIER

cussion, it followsthat with reverse bias
to the junction, a high resistance path is
established and hence no current flow
occurs. On the other hand, with forward NO ELECTROM FLOW
biasto thejunction, alow resistance path
is set up and hence current flows in the
circuit.

5.17 Current Flow in a Forward Biased pn Junction

We shall now see how current flows across pn junction when it isforward biased. Fig. 5.23 showsa
forward biased pn junction. Under theinfluence of forward voltage, the free electronsin n-type move
*towards the junction, leaving behind positively charged atoms. However, more electrons arrive
from the negative battery terminal and enter the n-region to take up their places. Asthefreeelectrons
reach the junction, they become **valence electrons. As valence electrons, they move through the
holesin the p-region. The valence electrons movetowards|eft in the p-region whichisequivalent to
the holesmoving to right. When the valence electronsreach theleft end of the crystal, they flow into
the positive terminal of the battery.
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Fig. 5.23

The mechanism of current flow in aforward biased pn junction can be summed up as under :
(i) The free electrons from the negative terminal continue to pour into the n-region while the
free electronsin the n-region move towards the junction.
(il) Theelectronstravel through the n-region asfree-electronsi.e. current in n-region isby free
electrons.

*  Notethat negativeterminal of battery isconnected to n-type. It repelsthefreeelectronsin n-type towards
the junction.

** A holeisinthe co-valent bond. When afree electron combineswith ahole, it becomes avalence el ectron.
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(il1) When these electronsreach the junction, they combine with holes and become valence elec-
trons.
(iv) Thedectronstravel through p-region asvalence el ectronsi.e. currentinthe p-regionisby holes.
(v) When thesevalence electronsreach theleft end of crystal, they flow into the positive termi-
nal of the battery.
From the above discussion, it is concluded that in n-type region, current is carried by free elec-
tronswhereasin p-typeregion, it iscarried by holes. However, in the external connecting wires, the
current is carried by free electrons.

5.18 Volt-Ampere Characteristics of pn Junction

Volt-ampere or V- characteristic of apnjunction (also called acrystal or semiconductor diode) isthe
curve between voltage across the junction and the circuit current. Usually, voltage istaken along x-
axis and current along y-axis. Fig. 5.24 shows the *circuit arrangement for determining the V-I
characteristics of apn junction. The characteristics can be studied under three heads, namely; zero
external voltage, forward bias and reverse bias.

N
= ®

=[]

Fig. 5.24

(i) Zero external voltage. When the external voltage is zero, i.e. circuit is open at K, the
potential barrier at the junction does not permit current flow. Therefore, the circuit current iszero as
indicated by point Oin Fig. 5.25.
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* Risthe current limiting resistance. It prevents the forward current from exceeding the permitted value.
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(i) Forward bias. With forward biasto the pnjunctioni.e. p-type connected to positive terminal
and n-type connected to negative terminal, the potential barrier isreduced. At some forward voltage
(0.7V for Si and 0.3V for Ge), the potential barrier is altogether eliminated and current starts flowing
in the circuit. From now onwards, the current increases with the increase in forward voltage. Thus, a
rising curve OB is obtained with forward biasas shownin Fig. 5.25. Fromtheforward characteristic, it
is seen that at first (region OA),the current increases very owly and the curve is non-linear. It is
because the external applied voltage is used up in overcoming the potential barrier. However, once the
external voltage exceedsthe potentia barrier voltage, the pn junction behaveslike an ordinary conduc-
tor. Therefore, the current risesvery sharply with increasein external voltage (region AB on the curve).
The curveisamost linear.

(iii) Reverse bias. With ELECTRON HOLE
reversebiastothepnjunctioni.e. (MINORITY CARRIER) n  (MINORITY CARRIER)
p-type connected to negative e e | o o]
terminal and n-type connected to
positive terminal, potential ° o
barrier at the junction is
increased. Therefore, the o ® |o °
junction resistance becomesvery
high and practically no current
flows through the circuit.

However, in practice, avery small | I

current (of the order of pA) flows

inthecircuit with reversebiasas Fig. 5.26
shown in the reverse

characteristic. Thisis called reverse *saturation current (I) and is due to the minority carriers. It
may be recalled that there are a few free electrons in p-type material and a few holes in n-type
material. These undesirablefree electronsin p-type and holesin n-type are called minority carriers.
As shown in Fig. 5.26, to these minority carriers, the applied reverse bias appears as forward bias.
Therefore, a**small current flowsin the reverse direction.

If reverse voltage is increased continuously, the kinetic energy of electrons (minority carriers)
may become high enough to knock out el ectrons from the semiconductor atoms. At this stage break-
down of thejunction occurs, characterised by asudden rise of reverse current and asudden fall of the
resistance of barrier region. This may destroy the junction permanently.

Note. The forward current through apn junction is due to the majority carriers produced by the impurity.
However, reverse current is due to the minority carriers produced due to breaking of some co-valent bonds at
room temperature.

5.19 Important Terms

Two important terms often used with pn junction (i.e. crystal diode) are breakdown voltage and knee
voltage. We shall now explain these two termsin detail .

(i) Breakdown voltage. Itisthe minimum reverse voltage at which pn junction breaks down
with sudden risein reverse current.

Under normal reverse voltage, avery little reverse current flows through a pn junction. How-
ever, if the reverse voltage attains a high value, the junction may break down with sudden rise in
*  Theterm saturation comes from the fact that it reaches its maximum level quickly and does not signifi-
cantly change with the increase in reverse voltage.
**  Reverse current increases with reverse voltage but can generally be regarded as negligible over the work-
ing range of voltages.



72 M Principles of Electronics

reverse current. For understanding this point, refer to Fig. 5.27. Even at room temperature, some
hole-electron pairs (minority carriers) are produced in the depletion layer as shown in Fig. 5.27 (i).
With reverse bias, the electrons move towards the positive terminal of supply. At largereversevolt-
age, these electrons acquire high enough vel ocities to dislodge val ence el ectrons from semiconductor
atomsasshowninFig. 5.27 (ii). Thenewly liberated electronsin turn free other valenceelectrons. In
this way, we get an avalanche of free electrons. Therefore, the pn junction conducts a very large
reverse current.

Oncethe breakdown voltageisreached, the high reverse current may damagethejunction. There-
fore, care should be taken that reverse voltage across a pn junction isalwaysless than the breakdown
voltage.
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Fig. 5.27

(if) Kneevoltage. Itistheforward voltage at which the current through the junction startsto
increaserapidly.

When adiodeisforward biased, it conducts current very slowly until we overcome the potential
barrier. For silicon pnjunction, potential barrieris0.7 VV whereasitis0.3 V for germanium junction.
Itisclear from Fig. 5.28 that knee voltage for silicon diodeis 0.7 V and 0.3 V for germanium diode.

Oncethe applied forward voltage exceeds the knee voltage, the current startsincreasing rapidly.
It may be added herethat in order to get useful current through apn junction, the applied voltage must
be more than the knee voltage.

Note. The potential barrier voltage is also known as turn-on voltage. This is obtained by taking the
straight line portion of the forward characteristic and extending it back to the horizontal axis.
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5.20 Limitations in the Operating Conditions of pn Junction

Every pn junction has limiting values of maximum forward current, peak inver se voltage and maxi-
mum power rating. The pn junction will give satisfactory performanceif it is operated within these
limiting values. However, if these values are exceeded, the pn junction may be destroyed due to
excessive heat.

(i) Maximum forward current. It is the highest instantaneous forward current that a pn
junction can conduct without damageto the junction. Manufacturer’sdatasheet usually specifiesthis
rating. If theforward current in apnjunction is more than thisrating, the junction will be destroyed
due to overheating.

(if) Peakinversevoltage (PIV). Itisthe maximum reverse voltage that can be applied to the pn
junction without damage to the junction. If the reverse voltage across the junction exceedsits PIV,
thejunction may be destroyed dueto excessive heat. The peak inversevoltageisof particular impor-
tanceinrectifier service. A pnjunctioni.e. acrystal diodeisused asarectifier to change alternating
current into direct current. In such applications, care should be taken that reverse voltage across the
diode during negative half-cycle of a.c. does not exceed the PIV of diode.

(i) Maximum power rating. It isthe maximum power that can be dissipated at the junction
without damaging it. The power dissipated at the junction isequal to the product of junction current
and the voltage acrossthejunction. Thisisavery important consideration and isinvariably specified
by the manufacturer in the data sheet.

MULTIPLE-CHOICE QUESTIONS

1. A semiconductor isformed by ........ bonds. (iii) remainsthesame (iv) cannot say
(i) covalent (if) electrovalent 8. The strength of a semiconductor crystal
(iii) co-ordinate  (iv) none of the above comes from .......
2. A semiconductor has ........ temperature (i) forcesbetween nuclei
coefficient of resistan'(?e. (ii) forcesbetween protons
(i) positive (ii) zero (iii) electron-pair bonds
(iii) negative (iv) none of the above (iv) none of the above

3. Themost commonly used semiconductor is | 9. When a pentavalent impurity is added to a
........ pure semiconductor, it becomes........

(i) germanium (i) silicon (i) aninsulator
(iii) carbon (iv) sulphur (ii) anintrinsic semiconductor
4. A semiconductor has generally ........ (i) p-type semiconductor
valence electrons. (iv) n-typesemiconductor
(i) 2 (i) 3 10. Addition of pentavalent impurity to asemi-
(iii) 6 (iv) 4 conductor createsmany ........
5. The resistivity of pure germanium under (i) freeelectrons (ii) holes
standard conditionsis about ........ (iii) valenceelectrons
(i) 6x10°Qcm (i) 60Qcm (iv) bound electrons
(i) 3x10°Qcm (iv) 6x10 *Qcm 11. A pentavalent impurity has ........ valence
6. Theresistivity of puresiliconisabout ........ electrons.
(i) 100Qcm (i) 6000 Q2 cm @i 3 (i) 5
(i) 3x10°Qcm (iv) 1.6x 10 Qcm (iii) 4 (iv) 6
7. When a pure semiconductor is heated, its| 12. An n-type semiconductor is ........
resistance........ (i) positively charged

(i) goesup (i) goesdown (il) negatively charged
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(i) electrically neutral
(iv) none of the above
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13. A trivalent impurity has ........ valence
electrons.
(i) 4 (i) 5
(iii)) 6 (iv) 3

14. Addition of trivalent impurity to asemicon-
ductor createsmany ........

(i) holes (ii) freeelectrons
(iii) valenceelectrons
(iv) bound electrons

15. A holeinasemiconductor isdefined as ........
(i) afreeelectron

(ii) theincomplete part of an electron pair
bond

(iii) afreeproton
(iv) afreeneutron

16. Theimpurity level in an extrinsic semicon-
ductor isabout ........ of pure semiconductor.

(i) 10 atomsfor 10° atoms
(i) 1 atom for 10° atoms
(iii) 1 atom for 10" atoms
(iv) 1atom for 100 atoms
17. As the doping to a pure semiconductor
increases, the bulk resistance of the
semiconductor ........
() remainsthesame
(ii) increases
(iii) decreases
(iv) none of the above
18. A holeand electronin close proximity would
tendto ........
(i) repel each other
(it) attract each other
(ili) have no effect on each other
(iv) none of the above
19. In a semiconductor, current conduction is

(i) onlytoholes
(ii) only tofree electrons
(iii) to holesand free electrons
(iv) none of the above
20. The random motion of holes and free elec-
tronsdueto thermal agitationiscalled ........

() diffusion (i) pressure
(iii) ionisation (iv) none of the above
21. A forward biased pnjunction hasaresistance
of the........
(i) order of Q (i) order of kQ
(iii) order of MQ  (iv) none of the above

22. Thebattery connectionsrequiredto forward
biasapnjunctionare........

(i) +veterminal to p and —veterminal ton
(if) —veterminal to p and +vetermina ton
(ili) —veterminal to p and —veterminal ton
(iv) none of the above

23. Thebarrier voltage at apn junction for ger-
manium isabout ........

(i) 35V (i) 3v
(iii) zero (iv) 0.3V
24. Inthedepletion region of apnjunction, there
isashortageof ..........
(i) acceptorions (ii) holesandelectrons
(iii) donor ions (iv) none of the above
25. A reversebiased pnjunction has........
(i) very narrow depletion layer
(ii) amost no current
(iii) very low resistance
(iv) largecurrent flow
26. A pnjunction actsasa........
(i) controlled switch
(i) bidirectional switch
(i) unidirectional switch
(iv) none of the above
27. A reverse biased pn junction has resistance

(i) order of Q (i) order of kQ
(iii) order of MQ  (iv) none of the above

28. The leakage current across apn junctionis
dueto........

() minority carriers

(ify majority carriers
(iii) junction capacitance
(iv) none of the above

29. When the temperature of an extrinsic semi-
conductor is increased, the pronounced
effectison........

(i) junction capacitance



(it) minority carriers
(iil) majority carriers
(iv) none of the above
30. Withforward biasto apnjunction, thewidth
of depletion layer ........
(i) decreases (i) increases
(iii) remainsthe same
(iv) none of the above
31. The leakage current in a pn junction is of
the order of
@i A (i) mA
(iii) kA (iv) uA
32. Inanintrinsic semiconductor, the number of
free electrons
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33. At room temperature, an intrinsic semicon-
ductor has
(i) many holesonly
(if) afew freeelectronsand holes
(iii) many free electronsonly
(iv) noholesor free electrons
34. At absolute temperature, an intrinsic semi-
conductor has

(i) afew freeelectrons
(i) many holes
(ifi) many free electrons
(iv) no holesor free electrons
35. At room temperature, an intrinsic silicon
crystal acts approximately as

(i) equalsthe number of holes (i) abattery

(i) isgreater than the number of holes (if) aconductor
(iii) islessthan the number of holes (i) aninsulator

(iv) none of the above (iv) apiece of copper wire

Answers to Multiple-Choice Questions
1. (i) 2. (iii) 3. (i) 4. (iv) 5. (ii)
6. (i) 7. (i) 8. (iii) 9. (iv) 10. (i)
11, (ii) 12. (iii) 13. (iv) 14. (i) 15. (i)
16. (ii) 17. (iii) 18. (i) 19. (iii) 20. (i)
21. (i) 22. (i) 23. (iv) 24. (ii) 25. (ii)
26. (iii) 27. (iii) 28. (i) 29. (ii) 30. (i)
31. (iv) 32. (i) 33. (i) 34. (iv) 35. (iii)
Chapter Review Topics

1. What do you understand by a semi-conductor ? Discuss some important properties of semiconductors.
2. Which are the most commonly used semiconductors and why ?

3. Givetheenergy band description of semiconductors.

4. Discussthe effect of temperature on semiconductors.

5. Give the mechanism of hole current flow in a semiconductor.

6. What do you understand by intrinsic and extrinsic semiconductors ?

7. What isapn junction ? Explain the formation of potential barrier in a pn junction.
8. Discuss the behaviour of apn junction under forward and reverse biasing.

9. Draw and explain the V-1 characteristics of apn junction.

[N
o

. Write short notes on the following :
(i) Breakdown voltage
(ii) Kneevoltage

(iii) Limitationsin the operating conditions of pn junction

Discussion Questions
Why is a semiconductor an insulator at ordinary temperature ?
Why are electron carriers present in p-type semiconductor ?
. Why issilicon preferred to germanium in the manufacture of semiconductor devices ?
. What isthe importance of peak inverse voltage ?

INFANNE
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INTRODUCTION

t has already been discussed in the previous chapter that a pn junction conducts current easily
I when forward biased and practically no current flows when it is reverse biased. This unilateral
conduction characteristic of pn junction (i.e. semiconductor diode) is similar to that of a
vacuum diode. Therefore, like a vacuum diode, a semiconductor diode can also accomplish the
job of rectification i.e. change alternating current to direct current. However, semiconductor
diodes have become more *popular as they are smaller in size, cheaper and robust and usually
operate with greater efficiency. In this chapter, we shall focus our attention on the circuit perfor-
mance and applications of semiconductor diodes.

* On the other hand, vacuum diodes can withstand high reverse voltages and can operate at fairly high
temperatures.
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6.1 Semiconductor Diode
A pnjunction is known as a semi-conductor or *crystal diode.
The outstanding property of a crystal diode to conduct current inone ~ ARROWHEAD BAR

direction only permits it to be used as a rectifier. A crystal diode is usually
represented by the schematic symbol shown in Fig. 6.1. The arrow in the
symbol indicates the direction of easier conventional current flow.

A crystal diode has two ter- .

minals. When it is connected Fig. 6.1

in a circuit, one thing to decide is whether the diode is
forward or reverse biased. There is an easy rule to ascer-
tain it. If the external circuit is trying to push the con-
ventional current in the direction of arrow, the diode is forward biased. On the other hand, if the
conventional current is trying to flow opposite to arrowhead, the diode is reverse biased. Putting in
simple words :

(i) Ifarrowhead of diode symbol is positive wir.t. bar of the symbol, the diode is forward biased.

(i) If the arrowhead of diode symbol is negative w.r.t. bar, the diode is reverse biased.

Identification of crystal diode terminals. While using a crystal diode, it is often necessary to
know which end is arrowhead and which end is bar. For this purpose, the following methods are
available :

(i) Some manufacturers actually paint the symbol on the body of the diode e.g. BY127, BY114
crystal diodes manufactured by BEL [See Fig. 6.2 (i)].

BLUE RED
BY 127 OA 80
O] (i)

Fig. 6.2

(if) Sometimes, red and blue marks are used on the body of the crystal diode. Red mark denotes
arrow whereas blue mark indicates bar e.g. OA80 crystal diode [See Fig. 6.2 (ii)].

6.2 Crystal Diode as a Rectifier

Fig. 6.3 illustrates the rectifying action of a crystal diode. The a.c. input voltage to be rectified, the
diode and load R, are connected in series. The d.c. output is obtained across the load as explained in
the following discussion. During the positive half-cycle of a.c. input voltage, the arrowhead becomes
positive W.r.t. bar. Therefore, diode is forward biased and conducts current in the circuit. The result
is that positive half-cycle of input voltage appears across R as shown. However, during the negative
half-cycle of input a.c. voltage, the diode becomes reverse biased because now the arrowhead is
negative W.r.t. bar. Therefore, diode does not conduct and no voltage appears across load R . The
result is that output consists of positive half-cycles of input a.c. voltage while the negative half-cycles
are suppressed. In this way, crystal diode has been able to do rectification i.e. change a.c. into d.c. It
may be seen that output across R is pulsating d.c.

*  So called because pn junction is grown out of a crystal.
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It is interesting to see that behaviour of diode is like a switch. When the diode is forward biased,
it behaves like a closed switch and connects the a.c. supply to the load R . However, when the diode
is reverse biased, it behaves like an open switch and disconnects the a.c. supply from the load R, .
This switching action of diode permits only the positive half-cycles of input a.c. voltage to appear
across R, .

Vin N Vout
50V ¢ T 50V s
0 4 Vin RL Im 0 !
Fig. 6.3
Example 6.1. In each diode circuit of Fig. 6.4, find whether the diodes are forward or reverse
biased.
= l v p, '
{ 2,
(@) (if)
——\WWA
% &) ¥ D,
\
(iii)
Solution.

(i) Refer to Fig. 6.4 (i). The conventional current coming out of battery flows in the branch
circuits. In diode D, the conventional current flows in the direction of arrowhead and hence this
diode is forward biased. However, in diode D,,the conventional current flows opposite to arrowhead
and hence this diode is reverse biased.

(if) Refer to Fig. 6.4 (ii). During the positive half-cycle of input a.c. voltage, the conventional
current flows in the direction of arrowhead and hence diode is forward biased. However, during the
negative half-cycle of input a.c. voltage, the diode is reverse biased.

(i) Refer to Fig. 6.4 (iii). During the positive half-cycle of input a.c. voltage, conventional
current flows in the direction of arrowhead in D, but it flows opposite to arrowhead in D,. Therefore,
during positive half-cycle, diode D, is forward biased and diode D, reverse biased. However, during
the negative half-cycle of input a.c. voltage, diode D, is forward biased and D, is reverse biased.
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(iv) Referto Fig. 6.4 (iv). During the positive half-cycle of input a.c. voltage, both the diodes are
reverse biased. However, during the negative half-cycle of input a.c. voltage, both the diodes are
forward biased.

6.3 Resistance of Crystal Diode

It has already been discussed that a forward biased diode conducts easily whereas a reverse biased
diode practically conducts no current. It means that forward resistance of a diode is quite small as
compared with its reverse resistance.

1. Forward resistance. The resistance offered by the diode to forward bias is known as forward
resistance. This resistance is not the same for the flow of direct current as for the changing current.
Accordingly; this resistance is of two types, namely; d.c. forward resistance and a.c. forward resistance.

(i) d.c. forward resistance. 1t is the opposition offered by the diode to the direct current. It is
measured by the ratio of d.c. voltage across the diode to the resulting d.c. current through it. Thus,
referring to the forward characteristic in Fig. 6.5, it is clear that when forward voltage is OA4, the
forward current is OB.

04
OB
(ii) a.c. forward resistance. 1t is the opposition offered by the diode to the changing forward

current. It is measured by the ratio of change in voltage across diode to the resulting change in current
through it i.e.

d.c. forward resistance, Rf =

Change in voltage across diode
Corresponding change in current through diode

a.c. forward resistance, rp =
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The a.c. forward resistance is more significant as the diodes are generally used with alternating
voltages. The a.c. forward resistance can be determined from the forward characteristic as shown in
Fig. 6.6. If P is the operating point at any instant, then forward voltage is 0b and forward current is oe.
To find the a.c. forward resistance, vary the forward voltage on both sides of the operating point
equally as shown in Fig. 6.6 where ab = bc. It is clear from this figure that :

For forward voltage oa, circuit current is od.
For forward voltage oc, circuit current is of.

. Change in forward voltage oc — oa
a.c. forward resistance, 7, = g g _ = 4c

Change in forward current of —od df

It may be mentioned here that forward resistance of a crystal diode is very small, ranging from 1
to 25 Q.
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2. Reverseresistance. The resistance offered by the diode to the reverse bias is known as
reverseresistance. It can be d.c. reverse resistance or a.c. reverse resistance depending upon whether
the reverse bias is direct or changing voltage. Ideally, the reverse resistance of a diode is infinite.
However, in practice, the reverse resistance is not infinite because for any value of reverse bias, there
does exist a small leakage current. It may be emphasised here that reverse resistance is very large
compared to the forward resistance. In germanium diodes, the ratio of reverse to forward resistance
s 40000 : 1 while for silicon this ratio is 1000000 : 1.

6.4 Equivalent Circuit of Crystal Diode

It is generally profitable to replace a device or system by its equivalent circuit. An equivalent circuit
of a device (e.g. crystal diode, transistor etc.) is a combination of electric elements, which when
connected in a circuit, acts exactly as does the device when connected in the same circuit. Once the
device is replaced by its equivalent circuit, the resulting network can be solved by traditional circuit
analysis techniques. We shall now find the equivalent circuit of a crystal diode.

(i) *Approximate Equivalent circuit. When the forward voltage V. is applied across a diode,
it will not conduct till the potential barrier V,, at the junction is overcome. When the forward voltage
exceeds the potential barrier voltage, the diode starts conducting as shown in Fig. 6.7 (i). The for-
ward current |; flowing through the diode causes a voltage drop in its internal resistance I;. There-
fore, the forward voltage V. applied across the actual diode has to overcome :

(a) potential barrier V,

(b) internal drop I;r;

Ve =V, + kr;

For asilicon diode, V,, = 0.7 V whereas for a germanium diode, V;= 0.3 V.

Therefore, approximate equivalent circuit for a crystal diode is a switch in series with a battery
V, and internal resistance I as shown in Fig. 6.7 (ii). This approximate equivalent circuit of a diode
is very helpful in studying the performance of the diode in a circuit.

I _ I SWITCH | 7, r _
] e A
< »l | »
I~ VF 7 ™ VF 7l

DIODE EQUIVALENT CIRCUIT
(@) (i)
Fig. 6.7

(i) Simplified Equivalent circuit. For most applications, the internal resistance r; of the
crystal diode can be ignored in comparison to other elements in the equivalent circuit. The equivalent
circuit then reduces to the one shown in Fig. 6.8 (ii). This simplified equivalent circuit of the crystal
diode is frequently used in diode-circuit analysis.

SWITCH

* We assume here that V/| characteristic of crystal diode is linear.
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(iff) ldeal diode model. An ideal diode is one which behaves as a perfect conductor when
forward biased and as a perfect insulator when reverse biased. Obviously, in such a hypothetical
situation, forward resistance r; = 0 and potential barrier V, is considered negligible. It may be men-
tioned here that although ideal diode is never found in practice, yet diode circuit analysis is made on
this basis. Therefore, while discussing diode circuits, the diode will be assumed ideal unless and
until stated otherwise.

6.5 Crystal Diode Equivalent Circuits

It is desirable to sum up the various models of crystal diode equivalent circuit in the tabular form
given below:

S.No. Type Model Characteristic
Al
1 Approximate model + Voo 1y =
0| 7, Vr
IDEAL DIODE
Ay
. . V
2. Simplified model + Y
7 Ve
0
IDEAL DIODE
IF
& Ideal Model + =
O O
P j—» e
IDEAL DIODE

Example 6.2. Ana.c. voltage of peak value 20 V is connected in serieswith a silicon diode and
load resistance of 500 . If the forward resistance of diodeis 10 £, find :

(i) peak current through diode (if) peak output voltage
What will be these values if the diode is assumed to be ideal ?
Solution.

Peak input voltage = 20 V
Forward resistance, r; = 10 Q
500 Q
0.7V

The diode will conduct during the positive half-cycles of a.c. input voltage only. The equivalent
circuit is shown in Fig. 6.9 (ii).

Load resistance, R

Potential barrier voltage, V,

Vo=07V o

Q
>
__ T
Vin 500 Q qu 20V 500 Q

(i) (i1)

Fig. 6.9
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(#) The peak current through the diode will occur at the instant when the input voltage reaches
positive peak i.e. V, = V=20V

li’l

Vi = Vot (L )pmk [’”/ R;] ()
Vi — V0 20 - 0.7 19.3
= = = == A = .

o Uppear = r,+ R, 10+500 510 37.8 mA
@) Peak output voltage = (/, )peak xR, = 37.8mAx500Q = 189V
Ideal diode. For an ideal diode put ;=0 and r=0 in equation (7).
’ ( )peak X R

v, 20V

I = L£ = —— =40mA

. Wyt = R, = 5000

Peak output voltage = (/, )peak xR, = 40mAX500Q = 20V

Comments. It is clear from the above example that output voltage is nearly the same whether the
actual diode is used or the diode is considered ideal. This is due to the fact that input voltage is quite large
as compared with ¥}, and voltage drop in I Therefore, nearly the whole input forward voltage appears
across the load. For this reason, diode circuit analysis is generally made on the ideal diode basis.

Example 6.3. Find the current through the diode in the circuit shown in Fig. 6.10 (i). Assume
the diode to be ideal.

500 ) Ry=4.55Q y
WN—
Rl
V=10V = 5QSR, D = E,=0909V D
'. B N B
©) (i) B
Fig. 6.10

Solution. We shall use Thevenin's theorem to find current in the diode. Referring to Fig. 6.10(7),
E, = Thevenin’s voltage

= Open circuited voltage across 4B with diode removed
- B sy o 5«10 = 0909V
R +R, 50+5

R, = Thevenin’s resistance

= Resistance at terminals 4B with diode removed and battery
replaced by a short circuit
R R, 50x5

T R+R  S0+45 L

Fig. 6.10 (i7) shows Thevenin’s equivalent circuit. Since the diode is ideal, it has zero resistance.

E
Current through diode = R—O = % = 0.2A = 200 mA
o 55

Example 6.4. Calculate the current through 48 Q resistor in the circuit shown in Fig. 6.11 (i).
Assume the diodes to be of silicon and forward resistance of each diode is 1 Q.

Solution. Diodes D, and D, are forward biased while diodes D, and D, are reverse biased. We
can, therefore, consider the branches containing diodes D, and D, as “open”. Replacing diodes D,
and D, by their equivalent circuits and making the branches containing diodes D, and D, open, we get
the circuit shown in Fig. 6.11 (if). Note that for a silicon diode, the barrier voltage is 0.7 V.
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s ! s
D,
D, D, il Q D,
1 48 Q 1 0.7V 48 Q
10V-= 0V-_—= VWA
Dy
D D 10
4 3 i %
0.7V
\ | \ ]—
(@) (ii)
Fig. 6.11

Net circuit voltage = 10-0.7-0.7 = 8.6 V

Total circuit resistance = 1+48+1 = 50 Q
Circuit current = 8.6/50 = 0.172 A = 172 mA

Example 6.5. Determine the current I in the circuit shown in Fig. 6.12 (i). Assume the diodes to
be of silicon and forward resistance of diodes to be zero.
07V
I
L

~
)
~
o)
~
<

Dl
;] 2kQ _
® W
- = - e p_av—=
L E =24V D, E2=4Vi _:l_E1=24v , = T
(i)

(@)
Fig. 6.12
Solution. The conditions of the problem suggest that diode D, is forward biased and diode D, is

reverse biased. We can, therefore, consider the branch containing diode D, as open as shown in
Fig. 6.12 (i7). Further, diode D, can be replaced by its simplified equivalent circuit.
24 -4 -0.7 193V
= =09, A
KO 9.65 m

. S BBV, _
N R 2 kQ
Example 6.6. Find the voltage V , in the circuit shown in Fig. 6.13 (i). Use simplified model.
20V 20V
Si Ge — 03V
A v, 4 v,
3kQ

3kQ
?(ii)

@)
Fig. 6.13
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Solution. Itappears that when the applied voltage is switched on, both the diodes will turn “on”. But
thatis not so. When voltage is applied, germanium diode (¥}, = 0.3 V) will turn on first and alevel of 0.3
V is maintained across the parallel circuit. The silicon diode never gets the opportunity to have 0.7 V
across it and, therefore, remains in open-circuit state as shown in Fig. 6.13 (ii).

V, =20-03=19.7V
Example 6.7. Find V, and I}, in the network shown in Fig. 6.14 (i). Use simplified model.

Solution. Replace the diodes by their simplified models. The resulting circuit will be as shown in
Fig. 6.14 (i7). By symmetry, current in each branch is /,, so that current in branch CD is 21,,. Applying
Kirchhoff’s voltage law to the closed circuit ABCDA, we have,

=0.7-1,x2-21,x2+10 = 0 (/,inmA)
or 61, =93
I, = 9_63 = 1.55mA
Also VQ = (21,)x2kQ = (2X1.55mA)x2kQ = 6.2V

0) ()
Fig. 6.14

Example 6.8. Determine current through each diode in the circuit shown in Fig. 6.15 (i). Use
simplified model. Assume diodes to be similar.

05kQ 1, 05kQ 1
— AMNAN—> : ’ o+ —VV\V\—> o+
R R
IDl IDZ Y IDI A 4 ID2
_T_ISV TISV — 07V —/— 07V
S S O — O —
@) ()

Fig. 6.15

Solution. The applied voltage forward biases each diode so that they conduct current in the same
direction. Fig. 6.15 (if) shows the equivalent circuit using simplified model. Referring to Fig. 6.15 (ii),
I = Voltage acrossR _ 15-0.7 _ 28.6 mA

R T 0.5kQ
. . .. _ _ ﬁ _ 286 _
Since the diodes are similar, /,,, = I, > T T 14.3 mA

Comments. Note the use of placing the diodes in parallel. If the current rating of each diode is 20
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20 mA and a single diode is used in this circuit, a current of 28.6 mA would flow through the diode,
thus damaging the device. By placing them in parallel, the current is limited to a safe value of 14.3 mA
for the same terminal voltage.

Example 6.9. Determine the currents 1, |, and I, for the network shown in Fig. 6.16(i). Use
simplified model for the diodes.

D,

L, 33kO 4 07V o I, 33kQ

Il
E=20V E=20V
Il
Rl
WWN—6—
5.6 kQ D 56k C
(@) (if)
Fig. 6.16

Solution. An inspection of the circuit shown in Fig. 6.16 (i) shows that both diodes D, and D,
are forward biased. Using simplified model for the diodes, the circuit shown in Fig. 6.16 (i) becomes
the one shown in Fig. 6.16 (ii). The voltage across R, (=3.3k Q) is 0.7V.

0.7V

L= 3371g =0212mA

Applying Kirchhoff’s voltage law to loop ABCDA in Fig. 6.16 (ii), we have,
~0.7-0.7-1,R +20=0
_20-07-07 _186V

l R = 356Kk0 =3.32mA

Now I =1,+1

- l,=1,-1,=332-0.212=3108 mA

Example 6.10. Determineif the diode (ideal) in Fig. 6.17 (i) isforward biased or reverse biased.

+ 10V + 10V
I I
2k§2% %41@ ZkQ% %41(9
5 ’ e " "

SkQ% %6k§2 SkQ% %6kQ

O]

|||—<
S i

Fig. 6.17
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Solution. Let us assume that diode in Fig. 6.17 (i) is OFF i.e. it is reverse biased. The circuit
then becomes as shown in Fig. 6.17 (ii). Referring to Fig. 6.17 (ii), we have,

10V
= - kQ =
Vim 3o g XS ke 8V
10V
VZ—WX6K(2—6V

Voltage across diode =V, -V, =8 - 6=2V
Now V, —V, =2V is enough voltage to make the diode forward biased. Therefore, our initial
assumption was wrong.
Example6.11. Determinethe state of diode for thecircuit shownin Fig. 6.18 (i) and find I ; and
Vp. Assume simplified model for the diode.

4kQ 4kQ
AA%A%A VWA
_>
L i b

v (© “‘Q% Yy »0 le% 07V

@) (i)
Fig. 6.18
Solution. Let us assume that the diode is ON. Therefore, we can replace the diode with a 0.7V
battery as shown in Fig. 6.18 (ii). Referring to Fig. 6.18 (ii), we have,
| = 2-07HV _13V
! 4 kQ 4 kQ
0.7V
1TkQ
Now Ipb=1,-1,=0.325-0.7=-0.375mA
Since the diode current is negative, the diode must 4kO
be OFF and the true value of diode current is I, = VW

0 mA. Our initial assumption was wrong. In order to
analyse the circuit properly, we should replace the diode +
le%

=0.325 mA

I, =0.7mA

in Fig. 6.18 (i) with an open circuit as shown in Fig.  2v <+>

6.19. The voltage V, across the diode is

2V
-2V 1k -0
Yoo Tkt 4k 04V

Fig. 6.19

We know that 0.7V is required to turn ON the diode. Since V is only 0.4V, the answer confirms
that the diode is OFF.

6.6 Important Terms

While discussing the diode circuits, the reader will generally come across the following terms :

(i) Forward current. It is the current flowing through a forward biased diode. Every diode
has a maximum value of forward current which it can safely carry. Ifthis value is exceeded, the diode
may be destroyed due to excessive heat. For this reason, the manufacturers’ data sheet specifies the
maximum forward current that a diode can handle safely.
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(il) Peak inversevoltage. Itisthe maximum reverse voltage that a diode can withstand with-
out destroying the junction.

If the reverse voltage across a diode exceeds this value, the reverse current increases sharply and
breaks down the junction due to excessive heat. Peak inverse voltage is extremely important when
diode is used as a rectifier. In rectifier service, it has to be ensured that reverse voltage across the
diode does not exceed its PIV during the negative half-cycle of input a.c. voltage. As a matter of fact,
PIV consideration is generally the deciding factor in diode rectifier circuits. The peak inverse volt-
age may be between 10V and 10 kV depending upon the type of diode.

(i) Reversecurrent or leakage current. It is the current that flows through a reverse biased
diode. This current is due to the minority carriers. Under normal operating voltages, the reverse
current is quite small. Its value is extremely small (< 1 A) for silicon diodes but it is appreciable (=~
100 pnA) for germanium diodes.

It may be noted that the reverse current is usually very small as compared with forward current.
For example, the forward current for a typical diode might range upto 100 mA while the reverse
current might be only a few pA—a ratio of many thousands between forward and reverse currents.

6.7 Crystal Diode Rectifiers

For reasons associated with economics of generation and transmission, the electric power available is
usually an a.c. supply. The supply voltage varies sinusoidally and has a frequency of 50 Hz. Itisused
for lighting, heating and electric motors. But there are many applications (€.9. electronic circuits)
where d.c. supply is needed. When such a d.c. supply is required, the mains a.c. supply is rectified by
using crystal diodes. The following two rectifier circuits can be used :

(i) Half-wave rectifier (i) Full-wave rectifier

6.8 Half-Wave Rectifier

In half-wave rectification, the rectifier conducts current only during the positive half-cycles of input
a.c. supply. The negative half-cycles of a.c. supply are suppressed i.e. during negative half-cycles, no
current is conducted and hence no voltage appears across the load. Therefore, current always flows
in one direction (i.e. d.c.) through the load though after every half-cycle.

1

A ; >
L ] i
SUPPLY Vin Ry iﬂut /\ /\ ,i
)

l

B

VUltl

V.

m

AN, AVAR
T\ o B
( (i)
Fig. 6.20
Circuit details. Fig. 6.20 shows the circuit where a single crystal diode acts as a half-wave
rectifier. The a.c. supply to be rectified is applied in series with the diode and load resistance R, .
Generally, a.c. supply is given through a transformer. The use of transformer permits two advantages.
Firstly, it allows us to step up or step down the a.c. input voltage as the situation demands. Secondly, the
transformer isolates the rectifier circuit from power line and thus reduces the risk of electric shock.
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Operation. The a.c. voltage across the secondary winding AB changes polarities after every
half-cycle. During the positive half-cycle of input a.c. voltage, end A becomes positive W.r.t. end B.
This makes the diode forward biased and hence it conducts current. During the negative half-cycle,
end A is negative W.r.t. end B. Under this condition, the diode is reverse biased and it conducts no
current. Therefore, current flows through the diode during positive half-cycles of input a.c. voltage
only ; it is blocked during the negative half-cycles [See Fig. 6.20 (ii)]. In this way, current flows
through load R_always in the same direction. Hence d.c. output is obtained across R . It may be
noted that output across the load is pulsating d.c. These pulsations in the output are further smooth-
ened with the help of filter circuits discussed later.

Disadvantages : The main disadvantages of a half-wave rectifier are :

(i) The pulsating current in the load contains alternating component whose basic frequency is
equal to the supply frequency. Therefore, an elaborate filtering is required to produce steady direct
current.

(if) The a.c. supply delivers power only half the time. Therefore, the output is low.

6.9 Output Frequency of Half-Wave Rectifier
The output frequency of a half-wave rectifier is equal to the input
frequency (50 Hz). Recall how a complete cycle is
defined. A waveform has a complete cycle when it repeats the same
wave pattern over a given time. Thus in Fig. 6.21 (i), the a.c. input (o

voltage repeats the same wave pattern over 0° —360°, 360° —720° :
and so on. In Fig. 6.21 (ii), the output waveform also repeats the |
same wave pattern over 0° — 360°, 360° — 720° and so on. This () !

means that when input a.c. completes one cycle, the output half-
wave rectified wave also completes one cycle. In other words, the
output frequency is equal to the input frequency i.e.

INPUT A.C.
360°

v

fout = fin
For example, if the input frequency of sine wave appliedtoa | =72 OUT:PUT
half-wave rectifier is 100 Hz, then frequency of the output wave |
will also be 100 Hz. 0° L ! P
o o 180° (i) 360°
6.10 Efficiency of Half-Wave Rectifier
The ratio of d.c. power output to the applied input a.c. power is Fig. 6.21

known asrectifier efficiency i.e.
d.c. power output

Input a.c. power

Rectifier efficiency, n =

A

i

T JAWA

Ac L
v="V, sin0 R, i

0]

T

:

e
Fig. 6.22

Consider a half-wave rectifier shown in Fig. 6.22. Let V=V, sin 0 be the alternating voltage that
appears across the secondary winding. Let r; and R_be the diode resistance and load resistance
respectively. The diode conducts during positive half-cycles of a.c. supply while no current conduc-
tion takes place during negative half-cycles.
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d.c. power. The output current is pulsating direct current. Therefore, in order to find d.c. power,
average current has to be found out.

17, 1 FV, sin®
=1, =—|idd = —|-2——db
av = lde 271:-([1 i, + R,
v i v
= _—m _ [sin0dd = ——2— [~cos O
2m(r, + RL)-E 2n(r, + R)) 0
vV
= V—m X2 = — M x l
271:(rf +R;) (rf +R) T
k% |4
— [_m Im — m
T (l”f + RL)
7V
d.c.power, P, = If,CxRL = (7’”) xR, (D)
a.c. power input : The a.c. power input is given by :
Ijac = [zmv (F/-+ RL)
For a half-wave rectified wave, I, =1, /2
2
1 ..
P, = (7’”) X (ryt R)) ...(ii)
d.c. output power , /n)2 X R,

Rectifier efficiency = - = 5
a.c. input power (1,127 (r; + R)

0.406 R, _ _0.406
ret R, e
R,

The efficiency will be maximum if iffis negligible as compared to R, .

1+

Max. rectifier efficiency = 40.6%

This shows that in half-wave rectification, a maximum of 40.6% of a.c. power is converted into d.c.
power.

Example 6.12. The applied input a.c. power to a half~-wave rectifier is 100 watts. The d.c. output
power obtained is 40 watts.

(@) What is the rectification efficiency ?

(i) What happens to remaining 60 watts ?

Solution.
(/)  Rectification efficiency = w - 40 _ 0.4 = 40%
a.c. input power 100
(il) 40% efficiency of rectification does not mean that 60% of power is lost in the rectifier

circuit. In fact, a crystal diode consumes little power due to its small internal resistance. The 100 W

Area under the curve over a cycle I 0 id®
Base 21

Average value =

*t It may be remembered that the area of one-half cycle of a sinusoidal wave is twice the peak value. Thus in
this case, peak value is /, and, therefore, area of one-half cycleis 2 7 .
24, I,

I/ =N Ll
av dc 2 T T
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a.c. power is contained as 50 watts in positive half-cycles and 50 watts in negative half-cycles. The 50
watts in the negative half-cycles are not supplied at all. Only 50 watts in the positive half-cycles are
converted into 40 watts.
Power efficiency = % 100 = 80%
Although 100 watts of a.c. power was supplied, the half-wave rectifier accepted only 50 watts and
converted it into 40 watts d.c. power. Therefore, it is appropriate to say that efficiency of rectification
is 40% and not 80% which is power efficiency.

Example 6.13. An a.c. supply of 230 V is applied to a half-wave rectifier circuit through a
transformer of turn ratio 10 : 1. Find (i) the output d.c. voltage and (ii) the peak inverse voltage.
Assume the diode to be ideal.

Solution. 10:1 IDEAL
Primary to secondary turns is »i
M
N, = 10
230V R
R.M.S. primary voltage -~ L
=230V
Max. primary voltage is
Vom = (\/E ) X r.m.s. primary voltage .
— (J3)%230=3253V Fig. 6.23
Max. secondary voltage is
N.
Vi = VX =2 = 3253x - = 3253V
‘ | 10
1
(i) Idc, =
i
1

v, = g = Yo _ 3253 _qo36v
s T T

(i) During the negative half-cycle of a.c. supply, the diode is reverse biased and hence conducts
no current. Therefore, the maximum secondary voltage appears across the diode.

Peak inverse voltage = 32.53 V

Example 6.14. 4 crystal diode having internal resistance r, = 2082 is used for half-wave rectifi-
cation. If the applied voltage v = 50 sin o t and load resistance R, = 800 Q, find :

@ 1,1, 1,. (if) a.c. power input and d.c. power output
(iii) d.c. output voltage (iv) efficiency of rectification.
Solution.

v = 50sinw¢
Maximum voltage, V,, = 50V

) ImszLzo.%lA:mmA
r,+R, 20 +800

=1 /m = 6l/mr = 19.4 mA
I, =1/2=2612=2305mA

30.5

2
(i) a.c. power input = (I )ZX(VfJFRL) = (‘

20 +800) = 0.763 watt
- 05 X (20+800) = 0.763 wa




Semiconductor Diode ® 9]

2
d.c. power output = Ifk,xRL = (%) x 800 = 0.301 watt
(iif) d.c. output voltage = I, R, = 19.4mA x800Q = 15.52 volts

0.301
0.763

Example 6.15. A4 half-wave rectifier is used to supply 50V d.c. to a resistive load of 800 Q. The
diode has a resistance of 25 Q. Calculate a.c. voltage required.

(iv) Efficiency of rectification = x 100 = 39.5%

Solution.
Output d.c. voltage, V,, = 50V

Diode resistance, rp = 25 Q
Load resistance, R, = 800 £

Let V,, be the maximum value of a.c. voltage required.

Vie = L X R,
= %"xRL=ﬁxRL ['.'lm=ermRJ
or 50 = ﬁxsm
v, = —”X%OSOXSO = 162V

Hence a.c. voltage of maximum value 162 V is required.

6.11 Full-Wave Rectifier

In full-wave rectification, current flows through the load in the same direction for both half-cycles of
input a.c. voltage. This can be achieved with two diodes working alternately. For the positive half-
cycle of input voltage, one diode supplies current to the load and for the negative half-cycle, the other
diode does so ; current being always in the same direction through the load. Therefore, a full-wave
rectifier utilises both half-cycles of input a.c. voltage to produce the d.c. output. The following two
circuits are commonly used for full-wave rectification :

(i) Centre-tap full-wave rectifier (if) Full-wave bridge rectifier

6.12 Centre-Tap Full-Wave Rectifier

The circuit employs two diodes D, and D, as shown in Fig. 6.24. A centre tapped secondary winding
AB is used with two diodes connected so that each uses one half-cycle of input a.c. voltage. In other
words, diode D, utilises the a.c. voltage appearing across the upper half (O4) of secondary winding
for rectification while diode D, uses the lower half winding OB.

Operation. During the positive half-cycle of secondary voltage, the end 4 of the secondary winding
becomes positive and end B negative. This makes the diode D, forward biased and diode D, reverse
biased. Therefore, diode D, conducts while diode D, does not. The conventional current flow is through
diode D,, load resistor R, and the upper half of secondary winding as shown by the dotted arrows. During
the negative half-cycle, end 4 of the secondary winding becomes negative and end B positive. Therefore,
diode D, conducts while diode D, does not. The conventional current flow is through diode D,, load R,
and lower half winding as shown by solid arrows. Referring to Fig. 6.24, it may be seen that current in the
load R, is in the same direction for both half-cycles of input a.c. voltage. Therefore, d.c. is obtained across
the load R, . Also, the polarities of the d.c. output across the load should be noted.
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Fig. 6.24

Peak inverse voltage. Suppose V,, is the maxi-
mum voltage across the half secondary winding. Fig.
6.25 shows the circuit at the instant secondary voltage
reaches its maximum value in the positive direction.
At this instant, diode D, is conducting while diode D,
is non-conducting. Therefore, whole of the secondary
voltage appears across the non-conducting diode. Con-
sequently, the peak inverse voltage is twice the maxi-
mum voltage across the half-secondary winding i.e.

PIV = 2V,
Disadvantages

(i) Tt is difficult to locate the centre tap on the
secondary winding.

out

D,\/D)\/D)\/D,

Fig. 6.25

(if) The d.c. output is small as each diode utilises only one-half of the transformer secondary

voltage.

(iif) The diodes used must have high peak inverse voltage.

6.13 Full-Wave Bridge Rectifier

The need for a centre tapped power transformer is eliminated in the bridge rectifier. It contains four
diodes D, D,, D; and D, connected to form bridge as shown in Fig. 6.26. The a.c. supply to be
rectified is applied to the diagonally opposite ends of the bridge through the transformer. Between

other two ends of the bridge, the load resistance R _is connected.

>

P
C.
SUPPLY
o

Fig. 6.26

Vin
SECONDARY
VOLTAGE

>t
01D\D3 DD, DDy
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Operation. During the positive half-cycle of secondary voltage, the end P of the secondary
winding becomes positive and end Q negative. This makes diodes D, and D, forward biased while
diodes D, and D, are reverse biased. Therefore, only diodes D, and D, conduct. These two diodes
will be in series through the load R_as shown in Fig. 6.27 (i). The conventional current flow is shown
by dotted arrows. It may be seen that current flows from Ato B through the load R, .

During the negative half-cycle of secondary voltage, end P becomes negative and end Q posi-
tive. This makes diodes D, and D, forward biased whereas diodes D, and D, are reverse biased.
Therefore, only diodes D, and D, conduct. These two diodes will be in series through the load R as
shown in Fig. 6.27 (ii). The current flow is shown by the solid arrows. It may be seen that again
current flows from A to B through the load i.e. in the same direction as for the positive half-cycle.
Therefore, d.c. output is obtained across load R, .

Fig. 6.27

Peak inversevoltage. The peak inverse voltage (PIV) of each diode is equal to the maximum
secondary voltage of transformer. Suppose during positive half cycle of input a.c., end P of second-
ary is positive and end Q negative. Under such conditions, diodes D, and D, are forward biased
while diodes D, and D, are reverse biased. Since the diodes are considered ideal, diodes D, and D,
can be replaced by wires as shown in Fig. 6.28 (i). This circuit is the same as shown in Fig. 6.28 (ii).

+ + %4
o + +
AC. AC.
SUPPLY g Vi SUPPLY g Ve KD, KD,
P : ~
_ _ o3
0 0
: .
@ Fig. 6.28 -

Referring to Fig. 6.28 (ii), it is clear that two reverse biased diodes (i.e., D, and D,) and the
secondary of transformer are in parallel. Hence PIV of each diode (D, and D,) is equal to the maxi-
mum voltage (V) across the secondary. Similarly, during the next half cycle, D, and D, are forward
biased while D, and D, will be reverse biased. It is easy to see that reverse voltage across D, and D,
is equal to V.

Advantages
(i) The need for centre-tapped transformer is eliminated.
(if) The output is twice that of the centre-tap circuit for the same secondary voltage.
(iff) The PIV is one-half that of the centre-tap circuit (for same d.c. output).
Disadvantages
(i) Itrequires four diodes.
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(if) As during each half-cycle of a.c. input two diodes that conduct are in series, therefore,
voltage drop in the internal resistance of the rectifying unit will be twice as great as in the centre tap
circuit. This is objectionable when secondary voltage is small.

6.14 Output Frequency of Full-Wave Rectifier

The output frequency of a full-wave rectifier is double the input frequency. Remember that a wave
has a complete cycle when it repeats the same pattern. In Fig. 6.29 (i), the input a.c. completes one
cycle from 0° — 360°. However, the full-wave rectified wave completes 2 cycles in this period [See
Fig. 6.29 (ii)]. Therefore, output frequency is twice the input frequency i.e.

fout =2 fin
4 A FULL-WAVE RECTIFIED WAVE
A.C. INPUT
0° > o R
180 360 1807 360°

(i) (if)
Fig. 6.29
For example, if the input frequency to a full-wave rectifier is 100 Hz, then the output frequency
will be 200 Hz.
6.15 Efficiency of Full-Wave Rectifier

Fig. 6.30 shows the process of full-wave rectification. Let v =V, sin 0 be the a.c. voltage to be
rectified. Let r; and R_be the diode resistance and load resistance respectively. Obviously, the
rectifier will conduct current through the load in the same direction for both half-cycles of input a.c.
voltage. The instantaneous current i is given by :

v V,,sin 6

n+R  r+R

[\

— > <

'

0|d6 —»0

Fig. 6.30

d.c. output power. The output current is pulsating direct current. Therefore, in order to find the
d.c. power, average current has to be found out. From the elementary knowledge of electrical engi-
neering,
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;- 21,
de — T
2
2 21 .
d.c. power output, P,, = I, XR, = (T’”) X R, -(7)

a.c. input power. The a.c. input power is given by :
2
p,. = [rms (rf+ RL)

ac
For a full-wave rectified wave, we have,

L, =1/2

rms

7V
B = (ng (ry+Ry) - (00
Full-wave rectification efficiency is
P, QL/n’R,
B 1Y
E (rf + RL)
_ 8 R, _ 0812 R, _ 0812
P (r; + R,) rp+ R, 1+i~
Ry

The efficiency will be maximum if r,is negligible as compared to R, .
Maximum efficiency = 81.2%
This is double the efficiency due to half-wave rectifier. Therefore, a full-wave rectifier is twice as
effective as a half-wave rectifier.
Example 6.16. 4 full-wave rectifier uses two diodes, the internal resistance of each diode may
be assumed constant at 20 Q. The transformer r.m.s. secondary voltage from centre tap to each end
of secondary is 50 V and load resistance is 980 €. Find :

(i) the mean load current (ii) the rm.s. value of load current
Solution.
rp=20Q, R, =980Q
Max. a.c. voltage, ¥, = 50x+2 =70.7V
v 70.7 V
Max. load t, [ = B =—————— =70.7mA
PRSI I T YR, T (204 980) @
21

) Mean load current, [,, = T”’ = @ = 45 mA

(#i) R.M.S. value of load current is
Ly _ 70745
l,, = 2 =224 = 50mA
2 42
Example 6.17. In the centre-tap circuit shown in Fig. 6.31, the diodes are assumed to be ideal
i.e. having zero internal resistance. Find :

(i) d.c. output voltage(ii) peak inverse voltage (iii) rectification efficiency.

Solution.
Primary to secondary turns, N /N, =5
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R.M.S. primary voltage =230V 5.1 IDEAL
R.M.S. secondary voltage < )
=230x(1/5)=46V
Maximum voltage across secondary 53y
= 46x~/2 =65V
Maximum voltage across half
secondary winding is II;;AL g
V,=652 =325V
@) Average current, [,, = Fig. 6.31

2V, 2x325
TR, mx 100

d.c. output voltage, V,, = 1,, xR, = 0.207x 100 = 20.7V
(ii) The peak inverse voltage is equal to the maximum secondary voltage, i.e.

= 0.207A

PIV =65V
(iii)  Rectification efficiency = %
1+ -1
R,

Since rp = 0

81.2 %

Rectification efficiency

100 Q

Example 6.18. In the bridge type circuit shown in Fig. 6.32, the diodes are assumed to be ideal. Find :

(i) d.c. output voltage (ii) peak inverse voltage (iii) output frequency.
Assume primary to secondary turns to be 4.

230 V
50 Hz

4:1
Vm
l 200 Q

Fig. 6.32

Solution.
Primary/secondary turns, N,/N,= 4
R.M.S. primary voltage = 230V
R.M.S. secondary voltage = 230 (N,/N,) = 230x (1/4) = 575V
Maximum voltage across secondary is
V.o=575xy2 =813V

2V, 2x813

() Average current, [,, = TR X200 0.26 A
L

d.c. output voltage, V,, = I,, xR, = 0.26 X200 = 52V
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(il) The peak inverse voltage is equal to the maximum secondary voltage i.e.
PIV = 813V

(iii) In full-wave rectification, there are two output pulses for each complete cycle of the input
a.c. voltage. Therefore, the output frequency is twice that of the a.c. supply frequency i.e.

fox = 2xf, =2x50 = 100Hz

out

Example 6.19. Fig. 6.33 (i) and Fig. 6.33 (ii) show the centre-tap and bridge type circuits
having the same load resistance and transformer turn ratio. The primary of each is connected to
230V, 50 Hz supply.

(i) Findthed.c. voltage in each case.
(if) PIV for each case for the same d.c. output. Assume the diodesto be ideal.

5:1

5:1
T »i
§ M
100 Q
230V - 230V v ‘""
Vm
b,
@)

i (i)

Fig. 6.33
Solution.

(i) D.C. output voltage
Centre-tap circuit

R.M.S. secondary voltage = 230x 1/5 = 46V

Max. voltage across secondary = 46 X J2 =65V

Max. voltage appearing across half secondary winding is
V, = 652 =325V

2V,
Average current, |, = ﬁ
2V,
D.C. output voltage, V. = I« xR = ﬁ xR
2V
_ m _ 2X325 _ 207V
T T
Bridge Circuit
Max. voltage across secondary, V,, = 65V
D.C. output voltage, V4. = IR = —2\%_“ xR = 2V _ 265 _ 41.4V
T T T

This shows that for the same secondary voltage, the d.c. output voltage of bridge circuit is twice
that of the centre-tap circuit.

(i) PIV for samed.c. output voltage

The d.c. output voltage of the two circuits will be the same if V,, (i.e. max. voltage utilised by
each circuit for conversion into d.c.) is the same. For this to happen, the turn ratio of the transformers
should be as shown in Fig. 6.34.
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Centre-tap circuit
R.M.S. secondary voltage = 230x 1/5 = 46V

Max. voltage across secondary = 46 x 2 =65V
Max. voltage across half secondary winding is
v, = 652 =325V

10:1

5:1
T bt
Vm
100 O
230 V b 230 V v
Vm
b,
)

I

(i)

(i
Fig. 6.34

o PIV =2V, =2x325=065V
Bridge type circuit
R.M.S. secondary voltage = 230x 1/10 = 23V

Max. voltage across secondary, V, = 23 xN2 =325V
o PIV =V, =325V
This shows that for the same d.c. output voltage, PIV of bridge circuit is half that of centre-tap
circuit. This is a distinct advantage of bridge circuit.

Example 6.20. The four diodes used in a bridge rectifier circuit have forward resistances which
may be considered constant at 18 and infinite reverse resistance. The alternating supply voltage is
240 V r.m.s. and load resistance is 480 Q. Calculate (i) mean load current and (ii) power dissipated
in each diode.

Solution.

Max. a.c. voltage, ¥, = 240 x+2 V

(/) At any instant in the bridge rectifier, two diodes in series are conducting. Therefore, total
circuit resistance =2 r,+ R

Vi 240 x 2
Max. load current, I, = er VR, T ox11480 0.7A
21 .
Mean load current, /,, = Tm = 2X—TCO7 = 045A

(i) Since each diode conducts only half a cycle, diode r.m.s. current is :

1 1,/2=1072=035A

rm.s.

Power dissipated in each diode = 7, xr, = (0.35°x 1 = 0.123 W

rm.s.

Example 6.21. The bridge rectifier shown in Fig. 6.35 uses silicon diodes. Find (i) d.c. output
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voltage (ii) d.c. output current. Use simplified model for the diodes.

ez

[og

12V ac
(rated)

Fig. 6.35

Solution. The conditions of the problem suggest that the a.c voltage across transformer second-
ary is 12V r.m.s.
Peak secondary voltage is
Vspr = 12 % 2 =1697V
(i) Atany instant in the bridge rectifier, two diodes in series are conducting.
Peak output voltage is
Vout = 16.97-2(0.7)=15.57V
Average (or d.c.) output voltage is
2Vout(pk) _ 2 X 15.57
T i
(if) Average (or d.c.) output current is

=9.91V

Vv:Vdc:

a

Vo 991V _
o= B = Trhg ~E258HA

6.16 Faults in Centre-Tap Full-Wave Rectifier

The faults in a centre-tap full-wave rectifier may occur in the transformer or rectifier diodes. Fig. 6.36
shows the circuit of a centre-tap full-wave rectifier. A fuse is connected in the primary of the trans-
former for protection purposes.

Fuse
D
RS >
b
> |
D, )
Fig. 6.36

We can divide the rectifier faults into two classes viz.

1. Faults in transformer 2. Faults in rectifier diodes

1. Faultsin Transformer. The transformer in a rectifier circuit can develop the following
faults :

(i) A shorted primary or secondary winding.

(if) An open primary or secondary winding.

(i) A short between the primary or secondary winding and the transformer frame.
(i) Inmost cases, a shorted primary or shorted secondary will cause the fuse in the primary
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to blow. If the fuse does not blow, the d.c. output from the rectifier will be extremely low and the
transformer itself will be very hot.

(if) When the primary or secondary winding of the transfor mer opens, the output from the
rectifier will drop to zero. In this case, the primary fuse will not blow. If you believe that either
transformer winding is open, a simple resistance check will verify your doubt. If either winding reads
a very high resistance, the winding is open.

(iii) If either winding shortsto thetransformer casing, the primary fuse will blow. This fault
can be checked by measuring the resistances from the winding leads to the transformer casing. A low
resistance measurement indicates that a winding-to-case short exists.

2. Faultsin Rectifier Diodes. If a fault occurs in a rectifier diode, the circuit conditions will
indicate the type of fault.

(i) Ifonediodein the centre-tap full-waverectifier isshorted, the primary fuse will blow.
The reason is simple. Suppose diode D, in Fig. 6.36 is shorted. Then diode D, will behave as a wire.
When diode D, is forward biased, the transformer secondary will be shorted through D,. This will
cause excessive current to flow in the secondary (and hence in the primary), causing the primary fuse
to blow.

(if) Ifonediodein the centre-tap full-waverectifier opens, the output from the rectifier will
resemble the output from a half-wave rectifier. The remedy is to replace the diode.

Bridge Rectifier Faults. The transformer faults and their remedies for bridge rectifier circuits
are the same as for centre-tap full-wave rectifier. Again symptoms for shorted and open diodes in the
bridge rectifier are the same as those for the centre-tap circuit. In the case of bridge circuit, you
simply have more diodes that need to be tested.

6.17 Nature of Rectifier Output e

It has already been discussed that the output of a rectifier is pul-
sating d.c. as shown in Fig. 6.37. In fact, if such a waveform is
carefully analysed, it will be found that it contains a d.c. compo-
nent and an a.c. component. The a.c. component is responsible
for the *pulsations in the wave. The reader may wonder how a 0

pulsating d.c. voltage can have an a.c. component when the volt- Fig. 6.37
age never becomes negative. The answer is that any wave which

varies in a regular manner has an a.c. component.

+50 V4 +50 VA +50 V4

v
~

+R2V—— TV -

¢ N t
-50V|- -50 V|- -50V-
() (i) (iii)

Means changing output voltage.
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The fact that a pulsating d.c. contains both d.c. and a.c. compo-
nents can be beautifully illustrated by referring to Fig. 6.38. Fig. 6.38
(i) shows a pure d.c. component, whereas Fig. 6.38 (ii) shows the *a.c.
component. Ifthese two waves are added together, the resulting wave
will be as shown in Fig. 6.38 (iii). It is clear that the wave shown in
Fig. 6.38 (iii) never becomes negative, although it contains both a.c.
and d.c. components. The striking resemblance between the rectifier
output wave shown in Fig. 6.37 and the wave shown in Fig. 6.38 (iii) Rectifier
may be noted.

It follows, therefore, that a pulsating output of a rectifier contains a d.c. component and an a.c.
component.

6.18 Ripple Factor

The output of a rectifier consists of a d.c. component and an a.c. component (also known as ripple).
The a.c. component is undesirable and accounts for the pulsations in the rectifier output. The effec-
tiveness of a rectifier depends upon the magnitude of a.c. component in the output ; the smaller this
component, the more effective is the rectifier.

Theratio of r.m.s. value of a.c. component to the d.c. component in the rectifier output is known
asripplefactor i.e.

r.m.s. value of a.c component |,

Ripple factor = ™", 1ie of d.c. component I

Therefore, ripple factor is very important in decid-
ing the effectiveness of a rectifier. The smaller theripple i 4
factor, the lesser the effective a.c. component and hence 100 Hz RIPPLE
more effective is the rectifier.

Mathematical analysis. The output current of a
rectifier contains d.c. as well as a.c. component. The
undesired a.c. component has a frequency of
100 Hz (i.e. double the supply frequency 50 Hz) and is >t
called the ripple (See Fig. 6.39). It is a fluctuation su- .

. Fig. 6.39
perimposed on the d.c. component.

»

I, (rm.s.)

By definition, the effective (i.e. .m.s.) value of total load current is given by :

- [z
IfmS - Idc + ac
- 2 2
or lae = Vlims = lac
Dividing throughout by I ., we get,

Jac
l g
But I/l is the ripple factor.

|2
Ir
1 [2 2
=K Ims_ Idc
iC

2
1 2 2 I
SN Y

C C

(i) For half-waverectification. In half-wave rectification,
e = 10/2 ; le = 147

Ripple factor

* Although the a.c. component is not a sine-wave, yet it is alternating one.
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, 1,/2Y |
Ripple factor = L =1.21

It is clear that a.c. component exceeds the d.c. component in the output of a half-wave rectifier.
This results in greater pulsations in the output. Therefore, half-wave rectifier is ineffective for con-
version of a.c. into d.c.

(ii) For full-wave rectification. In full-wave rectification,

rms

Ripple factor

effective a.c. component

= 048
d.c. component

This shows that in the output of a full-wave rectifier, the d.c. component is more than the a.c.
component. Consequently, the pulsations in the output will be less than in half-wave rectifier. For
this reason, full-wave rectification is invariably used for conversion of a.c. into d.c.

Example 6.22. 4 power supply A delivers 10V dc with a ripple of 0.5 V r.m.s. while the power
supply B delivers 25 V dc with a ripple of 1 mV r.m.s. Which is better power supply ?

Solution. The lower the ripple factor of a power supply, the better it is.

For power supply A
. Vac(r m.s.) 0.5
Ripple factor = V— = E x100 = 5%
For power supply B @
Ripple factor = —2<ms) 0'3;)1 x100 = 0.004%

Clearly, power supply B is better.
6.19 Comparison of Rectifiers

Rectifier type : Half-wave Full-wave Centre-tap Bridge Rectifier
—p—
Schematic > H H
) 259 % %
diagram: j ®
L
= . R I
Typical output aaWAa
waveform: M_ _m_
S. No. | Particulars Half-wave Centre-tap Bridge type
1 No. of diodes 1 2 4
2 Transformer necessary no yes no
3 Max. efficiency 40.6% 81.2% 81.2%
4 Ripple factor 1.21 0.48 0.48
5 Output frequency 7 2. 2
6 Peak inverse voltage V., 2V, V.,




Semiconductor Diode ® 103

A comparison among the three rectifier circuits must be made very judiciously. Although bridge
circuit has some disadvantages, it is the best circuit from the viewpoint of overall performance. When
cost of the transformer is the main consideration in a rectifier assembly, we invariably use the bridge
circuit. This is particularly true for large rectifiers which have a low-voltage and a high-current rating.

6.20 Filter Circuits

Generally, a rectifier is required to produce pure d.c. supply for using at various places in the elec-
tronic circuits. However, the output of a rectifier has pulsating *character i.e. it contains a.c. and d.c.
components. The a.c. component is undesirable and must be kept away from the load. To do so, a
filter circuit is used which removes (or filtersout) the a.c. component and allows only the d.c. compo-
nent to reach the load.

Afilter circuit is a device which removes the a.c. component of rectifier output but allows the
d.c. component to reach the load.

Obviously, a filter circuit should be installed between the rectifier and the load as shown in
Fig. 6.40. A filter circuit is generally a combination of inductors (L) and capacitors (C). The filtering
action of L and C depends upon the basic electrical principles. A capacitor passes a.c. readily but
does not **pass d.c. at all. On the other hand, an inductor topposes a.c. but allows d.c. to pass
through it. It then becomes clear that suitable network of L and C can effectively remove the a.c.
component, allowing the d.c. component to reach the load.

e E
A
5 t
R
0
RECTIFIER C. COMPO |
ouTPUT — FILTERED t OUTPUT

FILTER CIRCUIT

Fig. 6.40
6.21 Types of Filter Circuits

The most commonly used filter circuits are capacitor filter, choke input filter and capacitor input
filter or m-filter. We shall discuss these filters in turn.

(i) Capacitor filter. Fig. 6.41 (ii) shows a typical capacitor filter circuit. It consists of a
capacitor C placed across the rectifier output in parallel with load R, . The pulsating direct voltage of
the rectifier is applied across the capacitor. As the rectifier voltage increases, it charges the capacitor
and also supplies current to the load. At the end of quarter cycle [Point A in Fig. 6.41 (iii)], the

* Ifsuch ad.c. is applied in an electronic circuit, it will produce a hum.

** A capacitor offers infinite reactance to d.c. For d.c., f=0.
1 _ 1 Y
X T 2mfc ~ 2mx0xC
Hence, a capacitor does not allow d.c. to pass through it.
+  Weknow X =2nfL. Ford.c., f=0and, therefore, X_ = 0. Hence inductor passes d.c. quite readily. For

a.c., it offers opposition and drops a part of it.
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capacitor is charged to the peak value V,, of the rectifier voltage. Now, the rectifier voltage starts to
decrease. As this occurs, the capacitor discharges through the load and voltage across it (i.€. across
parallel combination of R-C) decreases as shown by the line ABin Fig. 6.41 (iii). The voltage across
load will decrease only slightly because immediately the next voltage peak comes and recharges the
capacitor. This process is repeated again and again and the output voltage waveform becomes
ABCDEFG. It may be seen that very little ripple is left in the output. Moreover, output voltage is
higher as it remains substantially near the peak value of rectifier output voltage.

RECTIFIER c— R
OUTPUT L

& >, N

7 XN
P A U Y
AV AR
3 \/ N \

U] (ii) (iif)
Fig. 6.41

The capacitor filter circuit is extremely popular because of its low cost, small size, little weight
and good characteristics. For small load currents (say upto 50 mA), this type of filter is preferred. It
is commonly used in transistor radio battery eliminators.

(if) Choke input filter. Fig. 6.42 shows a typical choke input filter circuit. It consists of a
*choke L connected in series with the rectifier output and a filter capacitor C across the load. Only a
single filter section is shown, but several identical sections are often used to reduce the pulsations as
effectively as possible.

The pulsating output of the rectifier is applied across terminals 1 and 2 of the filter circuit. As
discussed before, the pulsating output of rectifier contains a.c. and d.c. components. The choke
offers high opposition to the passage of a.c. component but negligible opposition to the d.c. compo-
nent. The result is that most of the a.c. component appears across the choke while whole of d.c.
component passes through the choke on its way to load. This results in the reduced pulsations at
terminal 3.

L

3
L——35000 e
¢ AC.+D.C.
COMPONENT
— A
C — LOAD
0l ol
2 0 !
Fig. 6.42

At terminal 3, the rectifier output contains d.c. component and the remaining part of a.c. compo-
nent which has managed to pass through the choke. Now, the low reactance of filter capacitor by-
passes the a.c. component but prevents the d.c. component to flow through it. Therefore, only d.c.
component reaches the load. In this way, the filter circuit has filtered out the a.c. component from the
rectifier output, allowing d.c. component to reach the load.

(iii) Capacitor input filter or m-filter. Fig. 6.43 shows a typical capacitor input filter or **-
filter. It consists of a filter capacitor C, connected across the rectifier output, a choke L in series and

*  The shorthand name of inductor coil is choke.

*#  The shape of the circuit diagram of this filter circuit appears like Greek letter 7 (pi) and hence the name
n-filter.



Semiconductor Diode B 105

another filter capacitor C, connected e
across the load. Only one filter section T ¢
is shown but several identical sections T
are often used to improve the smooth- 0f —>1¢ . ol —» s
ing action.
The pulsating output from the ! 5C
rectifier is applied across the input A4 4
terminals (i .e.ptI::rminals 1 and 2) oflzhe R(ESI:DFLIJI'EI'R_> ‘= C LOAD
filter. The filtering action of the three 20
components viz C,, L and C, of this Fig. 6.43

filter is described below :

(a) The filter capacitor C, offers low reactance to a.c. component of rectifier output while it
offers infinite reactance to the d.c. component. Therefore, capacitor C, bypasses an appreciable amount
of a.c. component while the d.c. component continues its journey to the choke L.

(b) The choke L offers high reactance to the a.c. component but it offers almost zero reactance
to the d.c. component. Therefore, it allows the d.c. component to flow through it, while the *unbypassed
a.c. component is blocked.

(c) The filter capacitor C, bypasses the a.c. component which the choke has failed to block.
Therefore, only d.c. component appears across the load and that is what we desire.

Example 6.23. For the circuit shown in Fig. 6.44, find the output d.c. voltage.

F o101

R =22kO

Fig. 6.44
Solution. Tt can be proved that output d.c. voltage is given by :

_ 1
Vdc - Vp(in) [1 T ot RLC)

Here V = Peak rectified full-wave voltage applied to the filter

p(in)
f = Output frequency
Peak primary voltage, Vi, i = /2 % 115=163V

Peak secondary voltage, Vi, o) = (%) x 163 =16.3V

Peak full-wave rectified voltage at the filter input is

Voin = Vo —2X0.7=163 1.4 =149V
For full-wave rectification, f=2 f,, =2x60 =120 Hz

1 _ 1
Now 2f RC ™ 2x120x (22x10%) x (50 x 10~ ¢) ~ 0038

*  That part of a.c. component which could not be bypassed by capacitor C,.
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_ 1
Vae ™V piin (1 T3 RC

Example 6.24. The choke of Fig. 6.45 has a d.c. resistance of 25 Q. What is the d.c. voltage if the
Sfull-wave signal into the choke has a peak value of 25.7 V' ?

] =14.9(1-0.038)=14.3V

750 Q

%

Fig. 6.45

Solution. The output of a full-wave rectifier has a d.c. component and an a.c. component. Due to
the presence of a.c. component, the rectifier output has a pulsating character as shown in Fig. 6.46.
The maximum value of the pulsating output is 7, and d.c. component is V;, =2V, /m.

A R=25Q
WV
Vil Vie =
v /N /\ — R, =750Q
dc
VoV,
0
Fig. 6.46 Fig. 6.47
For d.c. component V), , the choke resistance is in series with the load as shown in Fig. 6.47.
Ve
= X R
Voltage across load, V,, R+ R,
2
In our example, V. = Vy _ 2x257 _ 16.4V
o i
Voltage across load, V. = Vi = 164 750 = 159V

R+R, ~ Lt 25+750
The voltage across the load is 15.9 V dc pl/us a small ripple.

6.22 Voltage Multipliers

With a diode, we can build a rectifier to produce a d.c. voltage that is nearly equal to the peak value
of input a.c. voltage. We can also use diodes and capacitors to build a circuit that will provide a d.c
output that is multiple of the peak input a.c. voltage. Such a circuit is called a voltage multiplier. For
example, a voltage doubler will provide a d.c. output that is twice the peak input a.c. voltage, a
voltage tripler will provide a d.c. output that is three times the peak input a.c. voltage and so on.

While voltage multipliers provide d.c. output that is much greater than the peak input a.c. volt-
age, there is no power amplification and law of conservation of energy holds good. When a voltage
multiplier increases the peak input voltage by a factor n, the peak input current is decreased by
approximately the same factor. Thus the actual power output from a voltage multiplier will never be
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greater than the input power. In fact, there are losses in the circuit (e.g. in diodes, capacitors etc.) so
that the output power will actually be |ess than the input power.

6.23 Half-Wave Voltage Doubler

A half-wave voltage doubler consists of two diodes and two capacitors connected in a manner as
shown in Fig. 6.48. It will be shown that if the peak input a.c. voltage is Vg, the d.c. output voltage
will be 2 Vg, provided the diodes are ideal (this assumption is fairly reasonable). The basic idea in
a voltage multiplier is to charge each capacitor to the peak input a.c. voltage and to arrange the
capacitors so that their stored voltages will add.

—_—— — — —_— —_— — — — —

Half-wave voltage doubler
Fig. 6.48

Circuit action. We now discuss the working of a half-wave voltage doubler.

(i) During the negative half-cycle of a.c. input voltage [See Fig. 6.49 (i)], diode D, is forward
biased and diode D, is reverse biased [See Fig. 6.49 (i)]. Therefore, diode D, can be represented by
a short and diode D, as an open. The equivalent circuit then becomes as shown in Fig. 6.49 (ii).

¢ D Vsion

|_. P
b L (fD e L6
1 =C R V ]
‘UQ_ (on) 2 L S

C,5 R,

| +[4 I - I j |
(i) (ir)
Fig. 6.49

As you can see [See Fig.6.49 (ii)], C, will charge until voltage across it becomes equal to peak
value of source voltage [Vg gy, ]. At the same time, C, will be in the process of discharging through the
load R (The source of this charge on C, will be explained in a moment). Note that in all figures
electron flow is shown.

(i) When the polarity of the input a.c. voltage reverses (i.e. during positive half-cycle), the
circuit conditions become as shown in Fig. 6.50 (i). Now D, is reverse biased and D, is forward
biased and the equivalent circuit becomes as shown in Fig. 6.50 (ii).

Vs~ D %
-t 2I —ﬁwpfl')
+ I

I 1
C, (on) | +H{ C ‘w +
‘%_ Dl — C2 %RL VS ; C2::_2 VS(pk) RL
) [ e | Tk
(@) (1)
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Referring to Fig. 6.50 (ii), it is easy to see that C, (charged to Vs(pk) Jand the source voltage (Vo)
now act as series-aiding voltage sources. Thus C, will be charged to the sum of the series peak
voltages i.€. 2 Vg

(iif) When Vg returns to its original polarity (i.€. negative half-cycle), D, is again turned off
(i.e. reverse biased). With D, turned off, the only discharge path for C, is through the load resistance
R, . The time constant (= R_C,) of this circuit is so adjusted that C, has little time to lose any of its
charge before the input polarity reverses again. During the positive half-cycle, D, is turned on and C,

recharges until voltage across it is again equal to 2 Vg ..
D.C. output voltage, V.= 2 Vs(pk)

Since C, barely discharges between input cycles, the output waveform of the half-wave voltage
doubler closely resembles that of a filtered half-wave rectifier. Fig. 6.51 shows the input and output

waveforms for a half-wave voltage doubler.

AN
VA A AR AR/

2 Vs

Output
Fig. 6.51

The voltage multipliers have the disadvantage of poor voltage regulation. This means that d.c.
output voltage drops considerably as the load current increases. Large filter capacitors are needed to
help maintain the output voltage.

6.24 Voltage Stabilisation

A rectifier with an appropriate filter serves as a good source of d.c. output. However, the major
disadvantage of such a power supply is that the output voltage changes with the variations in the input
voltage or load. Thus, if the input voltage increases, the d.c. output voltage of the rectifier also
increases. Similarly, if the load current increases, the output voltage falls due to the voltage drop in
the rectifying element, filter chokes, transformer winding etc. In many electronic applications, it is
desired that the output voltage should remain constant regardless of the variations in the input voltage
or load. In order to ensure this, a voltage stabilising device, called voltage stabiliser is used. Several
stabilising circuits have been designed but only zener diode as a voltage stabiliser will be discussed.

6.25 Zener Diode

It has already been discussed that when the reverse bias on a crystal diode is increased, a critical
voltage, called breakdown voltage is reached where the reverse current increases sharply to a high
value. The breakdown region is the knee of the reverse characteristic as shown in Fig. 6.52. The
satisfactory explanation of this breakdown of the junction was first given by the American scientist C.
Zener. Therefore, the breakdown voltage is sometimes called zener voltage and the sudden increase
in current is known as zener current.

The breakdown or zener voltage depends upon the amount of doping. If the diode is heavily
doped, depletion layer will be thin and consequently the breakdown of the junction will occur at a
lower reverse voltage. On the other hand, a lightly doped diode has a higher breakdown voltage.
When an ordinary crystal diode is properly doped so that it has a sharp breakdown voltage, it is called
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a zener diode.

Ir A properly doped crystal diode which has a
sharp breakdown voltage is known as a zener
diode.

Fig. 6.53 shows the symbol of a zener diode.
It may be seen that it is just like an ordinary
diode except that the bar is turned into z-shape.
The following points may be noted about the
zener diode:

»
»

VR: T > VF
KNEE

(i) A zener diode is like an ordinary diode ex-
cept that it is properly doped so as to have a
REVERSE v sharp breakdown voltage.

CHARACTERISTIC I (i) A zener diode is always reverse connected
i.e. it is always reverse biased.
Fig. 6.52 (iii) A zener diode has sharp breakdown volt-
age, called zener voltage V.

(iv) When forward biased, its characteristics are just those of ordinary diode.

(V) The zener diode is not immediately burnt just because it has entered
the *breakdown region. As long as the external circuit connected to the diode

limits the diode current to less than burn out value, the diode will not burn out. +

6.26 Equivalent Circuit of Zener Diode T
ig. 6.
The analysis of circuits using zener diodes can be made quite easily by replac- 2

ing the zener diode by its equivalent circuit.

(i) “On” state. When reverse voltage across a zener diode is equal to or more than break
down voltage V., the current increases very sharply. In this region, the curve is almost vertical.
It means that voltage across zener diode is constant at V,, even though the current through it changes.
Therefore, in the breakdown region, an **ideal zener diode can be represented by a battery of
voltage V, as shown in Fig. 6.54 (ii). Under such conditions, the zener diode is said to be in the “ON”

state.
+ +
Iz Iz
0) ()
V=V, Equivalent circuit of zener for “‘on’’ state
Fig. 6.54

(i) “OFF" state. When the reverse voltage across the zener diode is less than V,, but greater
than 0 V, the zener diode is in the “OFF” state. Under such conditions, the zener diode can be
represented by an open-circuit as shown in Fig. 6.55 (ii).

*  The current is limited only by both external resistance and the power dissipation of zener diode.

**  This assumption is fairly reasonable as the impedance of zener diode is quite small in the breakdown
region.
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o

v x v, v o17=0
(@) ..
V,>V>0 )

Equivalent circuit of zener for “‘off’” state

Fig. 6.55
6.27 Zener Diode as Voltage Stabiliser

A zener diode can be used as a voltage regulator to provide a constant voltage from a source whose
voltage may vary over sufficient range. The circuit arrangement is shown in Fig. 6.56 (i). The zener
diode of zener voltage V, is reverse connected across the load R across which constant output is
desired. The series resistance R absorbs the output voltage fluctuations so as to maintain constant
voltage across the load. It may be noted that the zener will maintain a constant voltage V, (= E;)
across the load so long as the input voltage does not fall below V.

R 1 ) R I I
MV < - AW <
A[Z T
E, v, RL% E, E, v, __'?'_ RL% E,
1 A
+ > . > + > >
©) (i)
Fig. 6.56

When the circuit is properly designed, the load voltage E, remains essentially constant (equal to
V) even though the input voltage E; and load resistance R_may vary over a wide range.

(i) Suppose the input voltage increases. Since the zener is in the breakdown region, the zener
diode is equivalent to a battery V, as shown in Fig. 6.56 (ii). It is clear that output voltage remains
constant at V, (= E;). The excess voltage is dropped across the series resistance R. This will cause an
increase in the value of total current |I. The zener will conduct the increase of current in | while the
load current remains constant. Hence, output voltage E, remains constant irrespective of the changes
in the input voltage E;.

(i) Now suppose that input voltage is constant but the load resistance R,_decreases. This will
cause an increase in load current. The extra current cannot come from the source because drop in R
(and hence source current |') will not change as the zener is within its regulating range. The additional
load current will come from a decrease in zener current |,. Consequently, the output voltage stays at
constant value.

Voltage drop across R= E - E,
Current through R, 1 = |, + 1
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Applying Ohm’s law, we have,

6.28 Solving Zener Diode Circuits

The analysis of zener diode circuits is quite similar to that applied to the analysis of semiconductor
diodes. The first step is to determine the state of zener diode i.e., whether the zener is in the “on”
state or “off” state. Next, the zener is replaced by its appropriate model. Finally, the unknown
quantities are determined from the resulting circuit.

1. E and R, fixed. This is the simplest case and is shown in Fig. 6.57 (i). Here the applied
voltage E; as well as load R, is fixed. The first step is to find the state of zener diode. This can be
determined by removing the zener from the circuit and calculating the voltage V across the resulting
open-circuit as shown in Fig. 6.57 (ii).

R
A - T
+ o
E, 14 RL% Ey
(i) (if)
Fig. 6.57

If V = V,, the zener diode is in the “on” state and its equivalent model can be substituted as
shown in Fig. 6.58 (i). If V<V, the diode is in the “off” state as shown in Fig. 6.58 (ii).

(i) On state. Referring to circuit shown in Fig. 6.58 (i),

Ey=V;
R 1 1 R 1 I
+ > > + > >
+ o
E; =7 Ry % Ey E; Vi,=0 RL% Ey
— 0 l
(@) ()

Fig. 6.58
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E .
L, = I-1, wherel, = R—O and/ = +——
L

Power dissipated in zener, P, = V,1,

(@) Off state. Referring to the circuit shown in Fig. 6.58 (ii),
I =1 and I,=0
Ve = E,—E, and V=E, (V<V)
P, = VI,=V0)=0

2. Fixed E, and Variable R, . This case is shown in
Fig. 6.59. Here the applied voltage (£)) is fixed while load
resistance R, (and hence load current /,) changes. Note
that there is a definite range of R, values (and hence /;
values) which will ensure the zener diode to be in “on”
state. Let us calculate that range of values.

@) R ,,andl, . Once the zener is in the “on”
state, load voltage £, (= V) is constant. As a result,
when load resistance is minimum (i.e., R, ;.), load cur-
rent will be maximum (/, = E/R,). In order to find the Fig. 6.59
minimum load resistance that will turn the
zener on, we simply calculate the value of R, that will resultin E,=V, i.e.,

“R, E,

Eo = V2= R+R,
_ R VZ .
Rme - Ei _ VZ (l)

This is the minimum value of load resistance that will ensure that zener is in the “on” state. Any value
of load resistance less than this value will result in a voltage £, across the load less than V', and the
zener will be in the “off” state.

£y

Clearly ; L = R =

Lmin

Vz

R

Lmin

@) I,,,and R
minimum.

Lmax- 1 18 €asy to see that when load resistance is maximum, load current is

Now, Zener current, [, = I—1,

When the zener is in the “on” state, / remains **fixed. This means that when /; is maximum, /,,
will be minimum. On the other hand, when /; is minimum, 7, is maximum. If the maximum current
that a zener can carry safely is /,,,, then,

If you remove the zener in the circuit shown in Fig. 6.59, then voltage / across the open-circuit is
RL Ei
 R+R,
The zener will be turned on when V=V,
**  Voltage across R, V, = E;— E;and I = V,/R. As E,; and E,, are fixed, / remains the same.

T Max. power dissipation in zener, P, =V, I,
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Liin = 1= 1y
E, V.
and R, = 0 - —Z
[Lmin ILmin

If the load resistance exceeds this limiting value, the current through zener will exceed 7, and
the device may burn out.

3. Fixed R and Variable E.. This case is R I I,
shown in Fig. 6.60. Here the load resistance R; is — VW
fixed while the applied voltage (£,) changes. Note 1,
that there is a definite range of £, values that will en- e
sure that zener diode is in the “on” state. Let us cal- g E. v, RL% E,
culate that range of values. -

(i) E, (min). To determine the minimum ap-
plied voltage that will turn the zener on, simply cal-
culate the value of £, that will result in load voltage

E,=V,ie. Fig. 6.60
E = v,- b
O 7 R+R,
Eyn = R+R)V,
1 (min RL

(ii) E, (max)
Now, current through R, I = I,+1,;

Since I, (= E/R, = V,/R,) is fixed, the value of / will be maximum when zener current is maxi-
mum i.e.,

Lyae = Iyt 1,
Now E, = IR+E,
Since E, (= V) is constant, the input voltage will be maximum when / is maximum.
Ei (max) = Imax R+ VZ

Example 6.25. For the circuit shown in Fig. 6.61 (i), find :
(i) the output voltage (ii) the voltage drop across series resistance
(iii) the current through zener diode.

+ R=5kQ 1 {L + R=5kQ 1 {L
1 }IZ
120V 50V 10 kQ 120V "' 50V 10 kQ

o4—

A

A

o4—

4
—|

4

(@) Fig. 6.61 (if)



114 ®m Principles of Electronics
Solution. If you remove the zener diode in Fig. 6.61 (i), the voltage V" across the open-circuit is
given by :
R, E; 10x120

"= R+r, T 5+10 20V

Since voltage across zener diode is greater than V, (= 50 V), the zener is in the “on” state. It can,
therefore, be represented by a battery of 50 V as shown in Fig. 6.61 (if).

(/) Referring to Fig. 6.61 (ii),
Output voltage = V,=50V

(i) Voltage drop across R = Input voltage — ¥, = 120-50 = 70V
(iii) Load current, I, =V,/R, = 50 V/lO kQ = 5mA
Current through R, I = 0V _ 14 mA
5 kQ

Applying Kirchhoff’s first law,/ = I, +1,
Zener current, [, = -1, = 14-5 = 9mA

Example 6.26. For the circuit shown in Fig. 6.62 (i), find the maximum and minimum values of
zener diode current.

Solution. The first step is to determine the state of the zener diode. It is easy to see that for the
given range of voltages (80 — 120 V), the voltage across the zener is greater than V, (= 50 V). Hence
the zener diode will be in the “on” state for this range of applied voltages. Consequently, it can be
replaced by a battery of 50 V as shown in Fig. 6.62 (if).

5kQ g I 5kQ g I

7—;/'80_120V 10 kQ ¥80—120V

@ (i)
Fig. 6.62

Maximum zener current. The zener will conduct *maximum current when the input voltage is

<
<

maximum i.e. 120 V. Under such conditions :
Voltage across SkQ = 120-50=70V

70V
Current through 5 kQ, I = 50 14 mA
Load current, I, = N0V 5SmA
10 kQ

Applymg Kirchhoff's first law, I = I, + 1,
Zener current, [, = -1, = 14-5 = 9mA

* IL,=I1-1,. Since I, (=V,/R,) is fixed, I, will be maximum when / is maximum.
E -E E -V,
Now, I = — 7 0 - i 7 Z  Since V, (= E,) and R are fixed, / will be maximum when E, is
maximum and vice-versa.
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Minimum Zener current. The zener will conduct minimum current when the input voltage is
minimum i.e. 80 V. Under such conditions, we have,
Voltage across 5kQ = 80-50 = 30V
30V

Current through 5kQ, I = S 6 mA

Load current, I, = 5mA
Zener current, [, = -1, = 6-5 = 1 mA
Example 6.27. A 7.2 V zener is used in the circuit shown in Fig. 6.63 and the load current is to

vary from 12 to 100 mA. Find the value of series resistance R to maintain a voltage of 7.2 V across
the load. The input voltage is constant at 12V and the minimum zener current is 10 mA.

I R I
> VW ' >
L b 1
E =12V | v, = Eo
T ‘
Fig. 6.63
Solution. E =12V, V,=72V
E - E,
I+

The voltage across R is to remain constant at 12 — 7.2 =4.8 V as the load current changes from
12 to 100 mA. The minimum zener current will occur when the load current is maximum.

E - E, 12V -72V 48V
U)yin + Uy (10+100) mA 110 mA

If R=43.5 Qs inserted in the circuit, the output voltage will remain constant over the regulating
range. As the load current /, decreases, the zener current /,, will increase to such a value that [, + 1, =

110 mA. Note that if load resistance is open-circuited, then /, = 0 and zener current becomes
110 mA.

Example 6.28. The zener diode shown in Fig. 6.64 has V,= 18 V. The voltage across the load
stays at 18 V as long as 1, is maintained between 200 mA and 2 A. Find the value of series resistance
R so that E,, remains 18 V while input voltage E, is free to vary between 22 V to 28V.

R =

=435Q

I R 1
> VWWH ' >
L . T
2 V028V v, =18V IO R,=180
Fig. 6.64

Solution. The zener current will be minimum (i.e. 200 mA) when the input voltage is minimum
(i.e. 22'V). The load current stays at constant value /, = V,/ R, =18 V/18 Q =1 A= 1000 mA.

E - E, __ (22-19%yVv 4V
) pin + U)pe (200 +1000) mA 1200 mA

R = =333Q
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Example 6.29. A 10-V zener diodeis used to regulate the voltage across a variable load resistor
[Seefig. 6.65]. Theinput voltage varies between 13 V and 16 V and the load current varies between 10
mA and 85 mA. The minimum zener current is15 mA. Calculate the value of seriesresistance R

I R I
> WA - >

13Vio16V_-7 V,= 10V

=

Fig. 6.65

Solution. The zener will conduct minimum current (i.€. 15 mA) when input voltage is minimum
(i.e. 13 V).

B E -E, _ 3-10V _ 3V _
R= U Din + (D~ A5 +85)mA 100 mA 300

Example6.30. Thecircuit of Fig. 6.66 usestwo zener diodes, each rated at 15V, 200 mA. If the
circuit is connected to a 45-volt unregulated supply, determine :

(i) The regulated output voltage (ii) Thevalue of seriesresistance R
R
+ WWh > ' >
. i
E;=45V R, S E,
! § l
Fig. 6.66

Solution. When the desired regulated output voltage is higher than the rated voltage of the
zener, two or more zeners are connected in series as shown in Fig. 6.66. However, in such circuits,
care must be taken to select those zeners that have the same current rating.

Current rating of each zener, 1, = 200 mA
Voltage rating of each zener, V, = 15V
Input voltage, E; = 45V

(1) Regulated output voltage, E, = 15+15 = 30V
. . . _BE-F _45-30 15V
(i) Series resistance, R = B = 200mA - 200 mA 75Q

Example 6.31. What value of series resistance is required when three 10-watt, 10-volt,

1000 mA zener diodes are connected in seriesto obtain a 30-volt regulated output froma 45 volt d.c.
power source ?

Solution. Fig. 6.67 shows the desired circuit. The worst case is at no load because then zeners
carry the maximum current.

Ey=30V

F 3

Fig. 6.67
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Voltage rating of each zener, V, = 10V
Current rating of each zener, /, = 1000mA
Input unregulated voltage, £, = 45V
Regulated output voltage, £, = 10+10+10=30V
Let R ohms be the required series resistance.
Voltage across R = E,—E, = 45-30 = 15V
E-E, 15V

R =
I, 1000 mA

=15Q

Example 6.32. Over what range of input voltage will the zener circuit shown in Fig. 6.68
maintain 30 V across 2000 Q load, assuming that series resistance R = 200 Q and zener current
rating is 25 mA ?

R=200Q I
+ VWA > i >
f . T
E; 200002 £
b 14
Fig. 6.68
Solution. The minimum input voltage required will be when 7, = 0. Under this condition,
L =1=22V — is5ma
2000 Q
Minimum input voltage = 30+7R = 30+ 15 mA x 200 Q
=30+3 =33V

The maximum input voltage required will be when 7, = 25 mA. Under this condition,
I =1+1,=15+25 = 40mA
Max. input voltage = 30+/R

= 30+40 mA x 200 Q

=30+8 =38V
Therefore, the input voltage range over which the circuit will maintain 30 V across the load is

33Vto38V.
R 1

Example 6.33. In the circuit shown in Fig. 6.69, eVATAYAYA
the voltage across the load is to be maintained at 12 V 1,
as load current varies from 0 to 200 mA. Design the

regulator. Also find the maximum wattage rating of 14 \,_"'— v, R E,
zener diode. e— g

Vh\\"

A 4

Solution. By designing the regulator here means l
to find the values of /', and R. Since the load voltage
is to be maintained at 12 V, we will use a zener diode
of zener voltage 12 Vi.e.,
vV, =12V
The voltage across R is to remain constant at 16 — 12 =4V as the load current changes from 0 to
200 mA. The minimum zener current will occur when the load current is maximum.

E, - E, __16-12 4V o
UDpin + UDpee  (0+200) mA 200 mA

F 3
F 3

Fig. 6.69

R =
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Maximum power rating of zener is
Pa = Vil = (12V) (200 mA) = 24 W
Example. 6.34. Fig. 6.70 showsthebasic zener diodecircuits. What will bethe circuit behaviour
if the zener is (i) working properly (ii) shorted (iii) open-circuited?
+12V +12V +12V

%le %le %le
1 Vy=6V ] Vy=0V S Vy =10V

Vz g ?’ikg Zener < 5k0) Zener < 510
6V _ short open

©) (i) (iif)
Fig. 6.70
Solution. Zener diodes cannot be tested individually with a multimeter. It is because multimeters
usually do not have enough input voltage to put the zener into breakdown region.

(i) Ifthe zener diode is working properly, the voltage V, across the load (= 5 kQ) will be nearly
6V [See Fig. 6.70 (i)].

(ii) Ifthe zener diode is short [See Fig. 6.70 (ii)], you will measure V,  as 0V. The same problem
could also be caused by a shorted load resistor (= 5k€2) or an opened source resistor (= 1 kQ). The

only way to tell which device has failed is to remove the resistors and check them with an ohmmeter.
If the resistors are good, then zener diode is bad.

(iii) If the zener diode is open-circuited, the voltage V, across the load (= 5 k€2) will be 10V.

Example 6.35. Fig. 6.71 shows regulated power supply using a zener diode. What will be the
circuit behaviour if (i) filter capacitor shorts (ii) filter capacitor opens?

)

Fuse blows
as a result
of excessive
current

Fig. 6.71

Solution. The common faults in a zener voltage regulator are shorted filter capacitor or opened
filter capacitor.

(i) Whenfilter capacitor shorts. When the filter capacitor shorts, the primary fuse will blow.
The reason for this is illustrated in Fig. 6.71. When the filter capacitor shorts, it shorts out the load
resistance R, . This has the same effect as wiring the two sides of the bridge together (See Fig. 6.71).
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If you trace from the high side of the bridge to the low side, you will see that the only resistance across
the secondary of the transformer is the forward resistance of the two ON diodes. This effectively
shorts out the transformer secondary. The result is that excessive current flows in the secondary and
hence in the primary. Consequently, the primary fuse will blow.

(if) Whenfilter capacitor opens. When the filter capacitor opens, it will cause the ripple in the
power supply output to increase drastically. At the same time, the d.c. output voltage will show a
significant drop. Since an open filter capacitor is the only fault that will cause both of these symp-
toms, no further testing is necessary. If both symptoms appear, replace the filter capacitor.

6.29 Crystal Diodes versus Vacuum Diodes

Semiconductor diodes (or crystal diodes) have a number of advantages and disadvantages as com-
pared to their electron-tube counterparts (i.e., vacuum diodes).

Advantages:

(i) They are smaller, more rugged and have a longer life.

(if) They are simpler and inherently cheaper.

(iii) They require no filament power. As a result, they produce less heat than the equivalent
vacuum diodes.

Disadvantages:

(i) They are extremely heat sensitive. Even a slight rise in temperature increases the current
appreciably. Should the temperature *exceed the rated value of the diode, the increased flow of
current may produce enough heat to ruin the pnjunction. On the other hand, vacuum diodes function
normally over a wide range of temperature changes.

It may be noted that silicon is better than germanium as a semiconductor material. Whereas a
germanium diode should not be operated at temperatures higher than 80°C, silicon diodes may oper-
ate safely at temperatures upto about 200°C.

(if) They can handle small currents and low inverse voltages as compared to vacuum diodes.

(iff) They cannot stand an overload even for a short period. Any slight overload, even a
transient pulse, may permanently damage the crystal diode. On the other hand, vacuum diodes can
stand an overload for a short period and when the overload is removed, the tube will generally
recover.

MULTIPLE-CHOICE QUESTIONS

1. A crystal diode has ........ (i) forward
(i) one pnjunction (ii) reverse
(if) two pnjunctions (iii) either forward or reverse
(iii) three pn junctions (iv) none of the above
(iv) none of the above 4. The reverse current in a diode is of the order
2. A crystal diode has forward resistance of the of .......
order of ........ (i) kA (ii) mA
(i) kQ (i) Q (iii) pA (iv) A
(i) MQ (iv) none of the above 5. The forward voltage drop across a silicon
3. Ifthe arrow of crystal diode symbol is posi- diode is about ........
tive w.r.t. bar, then diode is ........ biased.

Even when soldering the leads of a crystal diode, care must be taken not to permit heat from the soldering
device to reach the crystal diode.
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(i) 2.5V (i) 3V
(iiiy 10V (iv) 0.7V

6. A crystal diode is used as ........
(i) anamplifier (i) arectifier
(iii) anoscillator  (iv) avoltage regulator
7. Thed.c. resistance of a crystal diode is ........
its a.c. resistance.
(i) the same as (ii) more than
(iii) less than
8. Anideal crystal diode is one which behaves
as a perfect ........ when forward biased.

(iv) none of the above

(i) conductor

(ii) insulator
(iif) resistance material
(iv) none of the above

9. The ratio of reverse resistance and forward
resistance of a germanium crystal diode is

about ........
(i 1:1 (if) 100 : 1
(iii) 1000 : 1 (iv) 40000 : 1
10. The leakage current in a crystal diode is due
to ........

(i) minority carriers

(il) majority carriers
(i) junction capacitance
(iv) none of the above

11. If the temperature of a crystal diode in-
creases, then leakage current ........

(i) remains the same
(ii) decreases

(iii) increases

(iv) becomes zero

12. The PIV rating of a crystal diode is ........
that of equivalent vacuum diode.
(i) the same as (ii) lower than
(iii) more than (iv) none of the above
13. If the doping level of a crystal diode is in-
creased, the breakdown voltage .........
(i) remains the same
(ii) isincreased
(iii) is decreased
(iv) none of the above

14. The knee voltage of a crystal diode is ap-
proximately equal to ........

(i) applied voltage
(ii) breakdown voltage
(iif) forward voltage
(iv) barrier potential
15. When the graph between current through and

voltage across a device is a straight line, the
device is referred to as ........

(i) active
(iv) passive

(i) linear
(iii) nonlinear
16. When the crystal diode current is large, the

bias is ........
(i) forward (ii) inverse
(iif) poor (iv) reverse

17. A crystal diodeisa........ device.

(i) non-linear (i) bilateral

(iii) linear (iv) none of the above
18. A crystal diode utilises ........ characteristic
for rectification.
(i) reverse (ii) forward

(iii) forward or reverse
(iv) none of the above

19. When a crystal diode is used as a rectifier,
the most important consideration is ........

(i) forward characteristic
(ii) doping level
(iii) reverse characteristic
(iv) PIV rating
20. If the doping level in a crystal diode is in-
creased, the width of depletion layer ........
(i) remains the same
(ii) is decreased
(i)
(iv) none of the above
21. A zener diode has ........
(i) one pnjunction
(ii) two pnjunctions
(iii) three pn junctions

is increased

(iv) none of the above
22. A zener diode is used as ........
(i) anamplifier  (ii) avoltage regulator
(iii) arectifier (iv) amultivibrator

23. The doping level in a zener diode is ........
that of a crystal diode.



(ii) less than
(iv) none of the above

(i) the same as
(iii) more than
24. A zener diode is always .......... connected.
(i) reverse
(ii) forward
(i)
(iv)
25. A zener diode utilises ........ characteristic for
its operation.
(i) forward
(ii) reverse

either reverse or forward
none of the above

(iii) both forward and reverse
(iv) none of the above

26. In the breakdown region, a zener diode be-
haves like a ......... source.

(i) constant voltage

(ii) constant current

(i)
(iv) none of the above

27. A zener diode is destroyed if it ........
(i) is forward biased

constant resistance

(ii) isreverse biased
(iif) carries more than rated current
(iv) none of the above

28. A series resistance is connected in the zener
circuit to ........
(i) properly reverse bias the zener
(i) protect the zener
(iif) properly forward bias the zener
(iv) none of the above
29. A zener diode is ........ device.
(i) anon-linear  (ii) alinear
(iii) anamplifying (iv) none of the above

30. A zenerdiodehas........ breakdown voltage.
(i) undefined (i) sharp
(iif) zero (iv) none of the above
31 ... rectifier has the lowest forward resis-
tance.
(i) solid state (ii) vacuum tube

(iii) gas tube
32. Mains a.c. power is converted into d.c. power
for ........

(iv) none of the above

(i) lighting purposes
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(ii) heaters
(iil) using in electronic equipment
(iv) none of the above

33. The disadvantage of a half-wave rectifier is
that the ........

(i) components are expensive
(ii) diodes must have a higher power rating
(iii)
(iv)
34. If the a.c. input to a half-wave rectifier has

an r.m.s. value of 400/~/2 volts, then diode
PIV rating is ........

(i) 400/v2 V(i) 400 V
(ii) 400x 2 V  (iv) none of the above
35. The ripple factor of a half-wave rectifier is

output is difficult to filter
none of the above

(i) 2 (i 1.21
(ii)y 2.5 (iv) 0.48
36. There is a need of transformer for ........
(i) half-wave rectifier
(i) centre-tap full-wave rectifier
(iif) bridge full-wave rectifier
(iv) none of the above
37. The PIVrating of each diode in a bridge rec-

tifier is ........ that of the equivalent centre-
tap rectifier.
(i) one-half (ii) the same as

(i) twice (iv) four times

38. For the same secondary voltage, the output
voltage from a centre-tap rectifier is ........
than that of bridge rectifier.

(i) thrice
(iii) four times (iv) one-half
39. Ifthe PIV rating of a diode is exceeded, ........
(i) the diode conducts poorly
(i) the diode is destroyed
(iii) the diode behaves as zener diode

(i) twice

(iv) none of the above

40. A 10 V power supply would use
filter capacitor.

(i) paper capacitor (i) mica capacitor
(iii) electrolytic capacitor
(iv) air capacitor
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41. A 1000 V power supply would use
a filter capacitor.

()

(i)

(i)

(iv)

42. The filter circuit results in the best volt-
age regulation.

Principles of Electronics

paper capacitor

air capacitor

mica capacitor
electrolytic capacitor

(i) choke input

(i) capacitor input
(iif) resistance input
(iv) none of the above

43. A half-wave rectifier has an input voltage of
240 V r.m.s. If the step-down transformer

has a turns ratio of 8 : 1, what is the peak
load voltage ? Ignore diode drop.

(i) 275V (ii) 86.5V
(iii) 30V (iv) 425V
44. The maximum efficiency of a half-wave rec-
tifier is ...........
(i) 40.6% (i) 81.2%
(iii) 50% (iv) 25%

45. The most widely used rectifier is
0

(i)
(i)
(iv)

half-wave rectifier
centre-tap full-wave rectifier
bridge full-wave rectifier
none of the above

Answers to Multiple-Choice Questions

1. () 2. (i) 3. () 4. (i) 5. (iv)
6. (i) 7. (i) 8. () 9. (iv) 10. (i)
11, (iii) 12. (i) 13, (iii) 14. (iv) 15. (i)
16. (i) 17. (i) 18. (ii) 19. (iv) 20. (iii)
21. (i) 22. (ii) 23. (i) 24. (i) 25. (ii)
26. (i) 27. (iii) 28. (i) 29. (i) 30. (ii)
31. (i) 32. (i) 33. (iii) 34. (i) 35. (iv)
36. (i) 37. () 38. (iv) 39. (i) 40. (iii)
41, (i) 42. (i) 43, (iv) 44, (i) 45, (iii)
Chapter Review Topics
1. What is a crystal diode ? Explain its rectifying action.
2. Draw the graphic symbol of crystal diode and explain its significance. How the polarities of crystal
diode are identified ?
3. What do you understand by the d.c. and a.c. resistance of a crystal diode ? How will you determine
them from the V-I characteristic of a crystal diode ?
4. Draw the equivalent circuit of a crystal diode.
5. Discuss the importance of peak inverse voltage in rectifier service.
6. Describe a half-wave rectifier using a crystal diode.
7. Derive an expression for the efficiency of a half-wave rectifier.
8. With a neat sketch, explain the working of (i) Centre-tap full-wave rectifier (ii) Full-wave bridge
rectifier.
9. Derive an expression for the efficiency for a full-wave rectifier.
10. Write a short note about the nature of rectifier output.
11. What is a ripple factor ? What is its value for a half-wave and full-wave rectifier ?
12. Describe the action of the following filter circuits : (i) capacitor filter (ii) choke input filter (iii)
capacitor input filter.
13. What is a zener diode ? Draw the equivalent circuit of an ideal zener in the breakdown region.
14. Explain how zener diode maintains constant voltage across the load.
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Problems
1. What is the current in the circuit in Fig. 6.72 ? Assume the diode to be ideal. [10 mA]
Si

ey 200Q Ly

o~ NN 5V 100

Fig. 6.72 Fig. 6.73

2. Using equivalent circuit, determine the current in the circuit shown in Fig. 6.73. Assume the forward

resistance of the diode to be 2 Q. [358 mA]
3. Find the voltage V, and current | in the circuit shown in Fig. 6.74. Use simplified model. [14 V; 2 mA]
4. Determine the magnitude of V, in the circuit shown in Fig. 6.75. [9.5V]

5. A half-wave rectifier uses a transformer of turn ratio 4 : 1. If the primary voltage is 240 V (r.m.s.), find
(i) d.c. output voltage (ii) peak inverse voltage. Assume the diode to be ideal.  [(i) 27 V (ii) 85 V]

Si Ge 2kQ

I Si Ge
+15V v, +20V V,
7kQ 2kQ

Fig. 6.74 Fig. 6.75

6. A half-wave rectifier uses a transformer of turn ratio 2 : 1. The load resistance is 500 Q. If the primary
voltage (r.m.s.) is 240V, find (i) d.c. output voltage (ii) peak inverse voltage. [(i) 54V (ii) 170 V]

230V

230V 50 Hy

50 Hz

o
o)
0

Fig. 6.76 Fig. 6.77

7. InFig. 6.76, the maximum voltage across half of secondary winding is 50 V. Find (i) the average load
voltage (ii) peak inverse voltage (iii) output frequency. Assume the diodes to be ideal.

[(i) 31.8'V (ii) 100 V (iii) 200 HZ]

8. InFig. 6.77, the maximum secondary voltage is 136 V. Find (i) the d.c. load voltage (ii) peak inverse

voltage (iii) output frequency. [(i)86.6 V (ii) 136V (iii) 100 HZ]

9. A semiconductor diode having ideal forward and reverse characteristics is used in a half-wave recti-

fier circuit supplying a resistive load of 1000 Q. If the r.m.s. value of the sinusoidal supply voltage is

250 V, determine (i) the r.m.s. diode current and (ii) power dissipated in the load.

[(i) 177 mA (ii) 31.3W]

10. The four semiconductor diodes used in a bridge rectifier circuit have forward resistance which can be

considered constant at 0.1€2 and infinite reverse resistance. They supply a mean current of 10 A to a

resistive load from a sinusoidally varying alternating supply of 20V r.m.s. Determine the resistance of
the load and the efficiency of the circuit. [1.6Q; 72%]

11. Find the average value of each voltage in Fig. 6.78.
[(i) .59V (ii) 63.7 V (iii) 16.4 V (iv) 10.5V]
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5V - A /\ 100V
0 V+ >t oV — >t
0) (i)
A N
20V
+25V
10V oV - t
-15V
oV >t
(iii) M (iv)
Fig. 6.78
12. Calculate the peak voltage across each half of a centre-tapped transformer used in a full-wave rectifier
that has an average output voltage of 110V. [173V]
13. What PIV rating is required for the diodes in a bridge rectifier that produces an average output voltage
of 50V? [78.5V]
14. In the circuit shown in Fig. 6.79, is zener diode in the on or off state ? [Off]
1 kQ 1kQ [ I
—AW — AN

—— 14V K v,=10V %31@ S0V V=10V /%/}L

Fig. 6.79 Fig. 6.80
15. In the circuit shown in Fig. 6.80, determine the range of R that will result in a constant voltage of
10 V across R, . [250 Q to 1.25 kQ]
Discussion Questions
1. Why are diodes not operated in the breakdown region in rectifier service ?
2. Why do we use transformers in rectifier service ?
3. Why is PIV important in rectifier service ?
4. Why is zener diode used as a voltage regulator ?
5. Why is capacitor input filter preferred to choke input filter ?
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INTRODUCTION
W hen a third doped element is added to a crystal diode in such a way that two pn junctions

are formed, the resulting device is known as a transistor. The transistor—an entirely new
type of electronic device—is capable of achieving amplification of weak signals in a

fashion comparable and often superior to that realised by vacuum tubes. Transistors are far smaller
than vacuum tubes, have no filament and hence need no heating power and may be operated in any
position. They are mechanically strong, have practically unlimited life and can do some jobs better
than vacuum tubes.


Administrator
Stamp


142 W Principles of Electronics

Invented in 1948 by J. Bardeen and W.H. Brattain of Bell Telephone Laboratories, U.S.A.; tran-
sistor has now become the heart of most electronic applications. Though transistor is only slightly
more than 58 years old, yet it is fast replacing vacuum tubes in almost all applications. In this chapter,
we shall focus our attention on the various aspects of transistors and their increasing applications in
the fast developing electronics industry.

8.1 Transistor
Atransistor consists of two pn junctions formed by * sandwiching either p-type or n-type semicon-
ductor between a pair of opposite types. Accordingly ; there are two types of transistors, namely;
(i) n-p-n transistor (il) p-n-p transistor
An n-p-n transistor is composed of two nN-type semiconductors separated by a thin section of p-
type as shown in Fig. 8.1 (i). However, a p-n-p transistor is formed by two p-sections separated by a
thin section of n-type as shown in Fig. 8.1 (ii).

oO———] n p n [————— o—— p n p [——————
0) (#)
Fig. 8.1

In each type of transistor, the following points may be noted :

(i) These are two pnjunctions. Therefore, a transistor may be regarded as a combination of two
diodes connected back to back.

(if) There are three terminals, one taken from each type of semiconductor.

(iii) The middle section is a very thin layer. This is the most important factor in the function of a
transistor.

Originof thename“Transistor”. When new
devices are invented, scientists often try to de-
vise a name that will appropriately describe the
device. A transistor has two pn junctions. As
discussed later, one junction is forward biased
and the other is reverse biased. The forward
biased junction has a low resistance path whereas
a reverse biased junction has a high resistance
path. The weak signal is introduced in the low
resistance circuit and output is taken from the
high resistance circuit. Therefore, a transistor
transfersa signal from a low resistance to high
resistance. The prefix ‘trans’ means the signal
transfer property of the device while “istor’ classifies it as a solid element in the same general family
with resistors.

3 Collector

1 Emitter

*  In practice, these three blocks p, n, p are grown out of the same crystal by adding corresponding impurities
in turn.
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8.2 Naming the Transistor Terminals

A transistor (pnp or npn) has three sections of doped semiconductors. The section on one side is the
emitter and the section on the opposite side is the collector. The middle section is called the baseand
forms two junctions between the emitter and collector.

(i) Emitter. The section on one side that supplies charge carriers (electrons or holes) is
called the emitter. The emitter is always forward biased w.r.t. base so that it can supply a
large number of *majority carriers. In Fig. 8.2 (i), the emitter (p-type) of pnp transistor is forward
biased and supplies hole charges to its junction with the base. Similarly, in Fig. 8.2 (ii), the
emitter (N-type) of npn transistor has a forward bias and supplies free electrons to its junction with the
base.

(i) Collector. The section on the other side that collects the charges is called the collector. The
collector is always reverse biased. Its function is to remove charges from its junction with the base.
In Fig. 8.2 (i), the collector (p-type) of pnp transistor has a reverse bias and receives hole charges that
flow in the output circuit. Similarly, in Fig. 8.2 (ii), the collector (n-type) of npn transistor has reverse
bias and receives electrons.

BASE BASE
EMITTER | COLLECTOR EMITTER | COLLECTOR

o
=
o
=
o
=

FORWARD | REVERSE  — FORWARD | REVERSE

-" BIAS BIAS —T BIAS BIAS T

0) (i)
Fig. 8.2

(ilf) Base. The middle section which forms two pn-junctions between the emitter and collector
is called the base. The base-emitter junction is forward biased, allowing low resistance for the emit-
ter circuit. The base-collector junction is reverse biased and provides high resistance in the collector
circuit.

8.3 Some Facts about the Transistor

Before discussing transistor action, it is important that the reader may keep in mind the following
facts about the transistor :

(i) The transistor has three regions, namely ; emitter, base and collector. The base is much
thinner than the emitter while **collector is wider than both as shown in Fig. 8.3. However, for the
sake of convenience, it is customary to show emitter and collector to be of equal size.

(if) The emitter is heavily doped so that it can inject a large number of charge carriers (electrons

or holes) into the base. The base is lightly doped and very thin ; it passes most of the emitter injected
charge carriers to the collector. The collector is moderately doped.

*  Holes if emitter is p-type and electrons if the emitter is n-type.

**  During transistor operation, much heat is produced at the collector junction. The collector is made larger
to dissipate the heat.
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BASE BASE
EMITTER | COLLECTOR EMITTER | COLLECTOR
o— p n p ——o0 o—— n p n o
) (1)
Fig. 8.3

(i) The transistor has two pn junctions i.e. it is like two diodes. The junction between emitter
and base may be called emitter-base diode or simply the emitter diode. The junction between the
base and collector may be called collector-base diode or simply collector diode.

(iv) The emitter diode is always forward biased whereas collector diode is always reverse bi-
ased.

(V) The resistance of emitter diode (forward biased) is very small as compared to collector
diode (reverse biased). Therefore, forward bias applied to the emitter diode is generally very small
whereas reverse bias on the collector diode is much higher.

8.4 Transistor Action

The emitter-base junction of a transistor is forward biased whereas collector-base junction is reverse
biased. If for a moment, we ignore the presence of emitter-base junction, then practically* no current
would flow in the collector circuit because of the reverse bias. However, if the emitter-base junction
is also present, then forward bias on it causes the emitter current to flow. It is seen that this emitter
current almost entirely flows in the collector circuit. Therefore, the current in the collector circuit
depends upon the emitter current. If the emitter current is zero, then collector current is nearly zero.
However, if the emitter current is 1mA, then collector current is also about 1mA. This is precisely
what happens in a transistor. We shall now discuss this transistor action for npn and pnp transistors.

(i) Workingof npn transistor. Fig. 8.4 shows the npn transistor with forward bias to emitter-
base junction and reverse bias to collector-base junction. The forward bias causes the electrons in the
n-type emitter to flow towards the base. This constitutes the emitter current I.. As these electrons
flow through the p-type base, they tend to combine with holes. As the base is lightly doped and very
thin, therefore, only a few electrons (less than 5%) combine with holes to constitute base** current | .
The remainder (***more than 95%) cross over into the collector region to constitute collector current
| In this way, almost the entire emitter current flows in the collector circuit. It is clear that emitter
current is the sum of collector and base currents i.e.

e = Ig

* In actual practice, a very little current (a few pA) would flow in the collector circuit. This is called
collector cut off current and is due to minority carriers.

**  The electrons which combine with holes become valence electrons. Then as valence electrons, they flow
down through holes and into the external base lead. This constitutes base current |g.

*** The reasons that most of the electrons from emitter continue their journey through the base to collector to
form collector current are : (i) The base is lightly doped and very thin. Therefore, there are a few holes
which find enough time to combine with electrons. (ii) The reverse bias on collector is quite high and
exerts attractive forces on these electrons.
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n p n

—Pp | —p *—Pp
I o—Pp — —Pp I

/E—o—b — —Pp —C\
—Ph | o—Pp —Pp j
—)p \ —p

! 1, |

N— o 1 /
VEp Vep

Basic connection of npn transistor

Fig. 8.4

(if) Working of pnp transistor. Fig. 8.5 shows the basic connection of a pnp transistor. The
forward bias causes the holes in the p-type emitter to flow towards the base. This constitutes the
emitter current I. As these holes cross into n-type base, they tend to combine with the electrons. As
the base is lightly doped and very thin, therefore, only a few holes (less than 5%) combine with the

p n p
o—p |o—Pp | o—p
I o—p |0—Pp | O—p I
/E—o—po—po—b—c\
I_. o—p ([o—Pp | 00—
o—Pp \°—>

, I

44— 44—
—p o—Pp

\ —Pp | —p —Pp | —Pp I/
T i
Vep Veg
Basic connection of pnp transistor
Fig. 85

electrons. The remainder (more than 95%)
cross into the collector region to constitute
collector current | ~. In this way, almost the emitter base  collector
entire emitter current flows in the collector
circuit. It may be noted that current con-
duction within pnp transistor is by holes.
However, in the external connecting wires,
the current is still by electrons.

Importanceof transistor action. The
input circuit (i.€. emitter-base junction) has
low resistance because of forward bias
whereas output circuit (i.e. collector-base
junction) has high resistance due to reverse Conventional currents
bias. As we have seen, the input emitter
current almost entirely flows in the collector circuit. Therefore, a transistor transfers the input signal
current from a low-resistance circuit to a high-resistance circuit. This is the key factor responsible for

VCB
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the amplifying capability of the transistor. We shall discuss the amplifying property of transistor later
in this chapter.

Note. There are two basic transistor types : the bipolar junction transistor (BJT) and field-
effect transistor (FET). As we shall see, these two transistor types differ in both their operating
characteristics and their internal construction. Notethat when weusetheterm transistor, it means
bipolar junction transistor (BJT). The term comes from the fact that in a bipolar transistor, there are
two types of charge carriers (viz. electrons and holes) that play part in conductions. Note that bi
means two and polar refers to polarities. The field-effect transistor is simply referred to as FET.

8.5 Transistor Symbols

In the earlier diagrams, the transistors have been shown in diagrammatic form. However, for the sake
of convenience, the transistors are represented by schematic diagrams. The symbols used for npnand
pnp transistors are shown in Fig. 8.6.

Tp «— «— Ic Iy —» —> I
n|{p|n p(n|p
E C E C
f° Bl
1| | | 1 | 1
1 | 1 | I I I I
Ves Ve Vg Ves
I I Iy Ig
EMITTER o o EMITTER
(E) COLLECTOR (C) (E) COLLECTOR (C)
I
ph Vi,
BASE (B) BASE (B)

O]

(i)

Fig. 8.6

Note that emitter is shown by an arrow which indicates the direction of conventional current flow
with forward bias. For npn connection, it is clear that conventional current flows out of the emitter as
indicated by the outgoing arrow in Fig. 8.6 (i). Similarly, for pnp connection, the conventional current
flows into the emitter as indicated by inward arrow in Fig. 8.6 (ii).

8.6 Transistor Circuit as an
Amplifier
A transistor raises the strength of a weak signal
and thus acts as an amplifier. Fig. 8.7 shows
the basic circuit of a transistor amplifier. The
weak signal is applied between emitter-base
Jjunction and output is taken across the load R-
connected in the collector circuit. In order to
achieve faithful amplification, the
input circuit should always remain forward
biased. To do so, a d.c. voltage V¢ is applied
in the input circuit in addition to the signal as

g

| T

SIGNAL Re 25k OUTPUT

L .

Fig. 8.7

i
Ves

~
8
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shown. This d.c. voltage is known as bias voltage and its magnitude is such that it always keeps the
input circuit forward biased regardless of the polarity of the signal.

As the input circuit has low resistance, therefore, a small change in signal voltage causes an
appreciable change in emitter current. This causes almost the *same change in collector current due
to transistor action. The collector current flowing through a high load resistance R produces a large
voltage across it. Thus, a weak signal applied in the input circuit appears in the amplified form in the
collector circuit. It is in this way that a transistor acts as an amplifier.

[llustration. The action of
. a transistor as an amplifier
How Amplifiers Work can be made more illustrative

if we consider typical circuit

circuit carrying values. Suppose collector
L ] —;]]— load resistance R = 5 kQ.
current Let us further assume that a
change of 0.1V in signal volt-
age produces a change of 1

r mA in emitter current.
r—J'—‘ £ Obviously, the change in col-
lector current would also be

approximately 1 mA. This
collector current flowing

circuit

carrying amplifier through collector load R
small modifies larger | would produce a voltage =
electrical _..ﬁ current based S5kQx1mA=5V. Thus,a
current o/ on smaller . )

current change of 0.1 V in the signal
has caused a change of 5 V
in the output circuit. In other words, the transistor has been able to raise the voltage level of the signal
from 0.1 V to 5V i.e. voltage amplification is 50.

Example 8.1. A common base transistor amplifier has an input resistance of 20 £2 and output
resistance of 100 k2. Thecollector loadis1kQ. If asignal of 500 mV isapplied between emitter and
base, find the voltage amplification. Assume o, to be nearly one.

Solution. **Fig. 8.8 shows the conditions of the problem. Note that output resistance is very
high as compared to input resistance. This is not surprising because input junction (base to emitter)
of the transistor is forward biased while the output junction (base to collector) is reverse biased.

p n p
I I,
> E|B|cC T
500mv &) R,=200 I Ry =100kQ  Zp —1x0 7,
Fig. 8.8

* The reason is as follows. The collector-base junction is reverse biased and has a very high resistance of the
order of mega ohms. Thus collector-base voltage has little effect on the collector current. This means that
a large resistance R can be inserted in series with collector without disturbing the collector current relation
to the emitter current Viz. | = olg + | .go. Therefore, collector current variations caused by a small base-
emitter voltage fluctuations result in voltage changes in R that are quite high—often hundreds of times
larger than the emitter-base voltage.

**  The d.c. biasing is omitted in the figure because our interest is limited to amplification.
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Signal _ 500 mV

Input current, |- =
put cumrent, e = —p- 200

25mA.

=25 mA. Since o, is nearly 1, output current, I = I =

Output voltage, V,;, = IcR. = 25mA X 1kQ = 25V
Vou . 25V
signal 500 mV

Comments. The reader may note that basic amplifying action is produced by transferring a
current from a low-resistanceto a high-resistance circuit. Consequently, the name transistor is given
to the device by combining the two terms given in magenta letters below :

= 50

Voltage amplification, A, =

Transfer + Resistor —— Transistor
8.7 Transistor Connections

There are three leads in a transistor Viz., emitter, base and collector terminals. However, when a
transistor is to be connected in a circuit, we require four terminals; two for the input and two for the
output. This difficulty is overcome by making one terminal of the transistor common to both input
and output terminals. The input is fed between this common terminal and one of the other two
terminals. The output is obtained between the common terminal and the remaining terminal. Accord-
ingly; a transistor can be connected in a circuit in the following three ways :

(i) common base connection (if) common emitter connection
(iii) common collector connection

Each circuit connection has specific advantages and disadvantages. It may be noted here that
regardless of circuit connection, the emitter is always biased in the forward direction, while the col-
lector always has a reverse bias.

8.8 Common Base Connection

In this circuit arrangement, input is applied between emitter and base and output is taken from collec-
tor and base. Here, base of the transistor is common to both input and output circuits and hence the
name common base connection. In Fig. 8.9 (i), acommon base npn transistor circuit is shown whereas
Fig. 8.9 (ii) shows the common base pnp transistor circuit.

Ig Ic Ig Us

SIGNAL OUTPUT SIGNAL OUTPUT

(@) (i0)
Fig. 8.9
1. Current amplification factor (o). It is the ratio of output current to input current. In a

common base connection, the input current is the emitter current |- and output current is the collector
current | .

The ratio of change in collector current to the change in emitter current at constant collector-
base voltage Vg is known as current amplification factor i.e.
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OPEN

Al
xq = .C
o = at constant Vg Fo—o

E C
It is clear that current amplification factor is less than **unity. @0
This value can be increased (but not more than unity) by decreasing
the base current. This is achieved by making the base thin and
doping it lightly. Practical values of o in commercial transistors
range from 0.9 to 0.99.

2. Expression for collector current. The whole of emitter Fig. 8.10
current does not reach the collector. It is because a small percent-
age of it, as a result of electron-hole combinations occurring in base area, gives rise to base current.
Moreover, as the collector-base junction is reverse biased, therefore, some leakage current flows due
to minority carriers. It follows, therefore, that total collector current consists of :

B

(i) That part of emitter current which reaches the collector terminal i.e. ***o I .

(if) The leakage current l\akage: This current is due to the movement of minority carriers across
base-collector junction on account of it being reverse biased. This is generally much smaller than
olg.

Total collector current, Ic = olg + liggage

It is clear that if | = 0 (i.€., emitter circuit is open), a small leakage current still flows in the
collector circuit. This | g.0e is abbreviated as |go, meaning collector-base current with emitter
open. The g4 is indicated in Fig. 8.10.

lc = alg+tlegg ()
Now lg = lctlg
lc = a(ct+lp) +lcgo
or lc(I-0) = olg+leg
o I eeo "
or lc = —— g+ == (i
¢ l-a B 1-a (ay

Relation (i) or (ii) can be used to find | . It is further clear from these relations that the collector
current of a transistor can be controlled by either the emitter or base current.

Fig. 8.11 shows the concept of | 5. In CB configuration, a small collector current flows even
when the emitter current is zero. This is the leakage collector current (i.€. the collector current when
emitter is open) and is denoted by |54 When the emitter voltage Vi is also applied, the various
currents are as shown in Fig. 8.11 (ii).

Note. Owing to improved construction techniques, the magnitude of | -5 for general-purpose and low-powered
transistors (especially silicon transistors) is usually very small and may be neglected in calculations. However,
for high power applications, it will appear in microampere range. Further, |5 is very much temperature
dependent; it increases rapidly with the increase in temperature. Therefore, at higher temperatures, | 5, plays
an important role and must be taken care of in calculations.

*  If only d.c. values are considered, then oo = I -/l .

At first sight, it might seem that since there is no current gain, no voltage or power amplification could be
possible with this arrangement. However, it may be recalled that output circuit resistance is much higher
than the input circuit resistance. Therefore, it does give rise to voltage and power gain.

|
3k — C _
ok o lc = alg

In other words, o | part of emitter current reaches the collector terminal.
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/\ $
%fc
EMITTER OPEN
Ieo s —
—I cc =
@ (i)
Fig. 8.11
Example8.2. Inacommon base connection, I = 1mA, I = 0.95mA. Calculatethevalueof | .
Solution. Using the relation, le = Ig+l;
or 1 = 15+0.95

I 1-0.95 = 0.05mA

Example 8.3. In a common base connection, current amplification factor is 0.9. If the emitter
current is ImA, determine the value of base current.

w

Solution. Here, a0 = 09, Ig = 1mA
lc
Now o = 7
E
or lc = alg=09x1 =09mA
Also g = Igtl¢
Base current, Iz = Ig—1o=1-09 = 0.1 mA
Example 8.4. In a common base connection, |- = 0.95 mA and I; = 0.05 mA. Find the value
of a.
Solution. Weknow I = Ig+l. = 0.05+095 = 1mA
B _le _ 095 _
Current amplification factor, o0 = =7 0.95
E

Example8.5. Inacommon base connection, the emitter currentis1mA. If the emitter circuitis
open, the collector current is50 HA. Find the total collector current. Given that or = 0.92.

ImA,o = 092, Iy = 50 A
Total collector current, I = o lg+lgy = 092X 1+50x% 107
0.92+0.05 = 0.97 mA

Example8.6. Inacommon base connection, o= 0.95. The voltage drop across 2 k(2 resistance
which is connected in the collector is 2V. Find the base current.

Solution. Here, I

Solution. Fig. 8.12 shows the required common base connection. The voltage drop across R (=
2kQ)is 2V.

: lc = 2V2kQ = 1 mA
Now o =l/lg
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le = %=m=1.05mA
Using the relation, Iz = Ig+ 1
lg = lg—lg = 1.05-1
= 0.06mA

Example8.7. For the common base circuit shownin
Fig. 8.13, determine | . and V5. Assumethetransistor to
be of silicon.

Solution. Since the transistor is of silicon, Vg =0.7V.
Applying Kirchhoff’s voltage law to the emitter-side loop,
we get,

Vee = lg Re+ Ve

or - Vee —Vee e i
E- R ) )
=0V g7 maA Ry=15k Re=12ke
15kQ
lo=lg = 487mA I,

Applying Kirchhoff’s voltage law
to the collector-side loop, we have,

Vee = lIc R+ Vg

Veg = Vee—IcRe
=18V-487TmAx12kQ = 1216V

Fig. 8.13

8.9 Characteristics of Common Base Connection

The complete electrical behaviour of a transistor can be described by stating the interrelation of the
various currents and voltages. These relationships can be conveniently displayed graphically and the
curves thus obtained are known as the characteristics of transistor. The most important characteristics
of common base connection are input characteristics and output characteristics.

1. Input characteristic. It is the curve between emitter current | and emitter-base voltage
Vg at constant collector-base voltage V5. The
emitter current is generally taken along y-axis
and emitter-base voltage along X-axis. Fig. 8.14
shows the input characteristics of a typical tran- 3.07
sistor in CB arrangement . The following points
may be noted from these characteristics :

I; (mA)

A

0
W
1

(i) The emitter current I increases rapidly
with small increase in emitter-base voltage V.
It means that input resistance is very small.

(i) The emitter current is almost

EMITTER CURRENT
o
1

1.0-
independent of collector-base voltage V5. This
leads to the conclusion that emitter current (and 0.5
hence collector current) is almost independent
1 1 1 1 1 ; V (mv)
of collector voltage. 0 10 20 30 40 50 B
Input resistance. 1t is the ratio of change EMITTER-BASE VOLTAGE

in emitter-base voltage (AVgg) to the resulting Fig. 8.14
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change in emitter current (Al ) at constant collector-base voltage (Vg) i.€.

AVge
Al
In fact, input resistance is the opposition offered to the signal current. As a very small Vg is
sufficient to produce a large flow of emitter current | ., therefore, input resistance is quite small, of the
order of a few ohms.

2. Output characteristic. It is the curve between collector current | -and collector-base volt-
age Vg at *constant emitter current I .. Generally, collector current is taken along y-axis and collec-
tor-base voltage along X-axis. Fig. 8.15 shows the output characteristics of a typical transistor in CB
arrangement.

Input resistance, I; = at constant Vg

The following points may be noted

from the characteristics : I (mA)
(i) The collector current | varies 1
with Vg only at very low voltages (<1V). ST [p=5mA
The transistor is never operated in this re- &
. o 4 I,=4 mA
gion. c E
)
(i) When the value of Vg is raised ::) 3 [p=3mA
above 1 — 2V, the collector current be- o
o . 5 21 I,=2mA
comes constant as indicated by straight & " E
. . -
horizontal curves. It means thatnow Iois 3 14 I,=1mA
; o
independent of V5 and depends upon I I=0mA

only. This is consistent with the theory that
the emitter current flows almost entirely to
the collector terminal. The transistor is
always operated in this region.

0 » Vp (VOLTS)
COLLECTOR-BASE VOLTAGE

Fig. 8.15

(iif) A very large change in collector-base voltage produces only a tiny change in collector cur-
rent. This means that output resistance is very high.

Output resistance. It is the ratio of change in collector-base voltage (AVg) to the resulting
change in collector current (Al o) at constant emitter current i.€.

AVeg
Al

The output resistance of CB circuit is very high, of the order of several tens of kilo-ohms. This is
not surprising because the collector current changes very slightly with the change in V.

Output resistance, r, = at constant |

8.10 Common Emitter Connection

In this circuit arrangement, input is applied between base and emitter and output is taken from the
collector and emitter. Here, emitter of the transistor is common to both input and output circuits and
hence the name common emitter connection. Fig. 8.16 (i) shows common emitter npn transistor
circuit whereas Fig. 8.16 (ii) shows common emitter pnp transistor circuit.

* I has to be kept constant because any change in | will produce corresponding change in | .. Here, we are
interested to see how Vg influences I ..
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OUTPUT

SIGNAL

Il
Vi Vee Ve Vee
0) (i)
Fig. 8.16

1. Basecurrent amplification factor (). In common emitter connection, input current is | g
and output current is | ..

The ratio of change in collector current (Al ) to the change in base current (Alg) is known as
base current amplification factor i.e.

g - Ac
Alg

In almost any transistor, less than 5% of emitter current flows as the base current. Therefore, the
value of B is generally greater than 20. Usually, its value ranges from 20 to 500. This type of
connection is frequently used as it gives appreciable current gain as well as voltage gain.

Relation between B and a.. A simple relation exists between 3 and o.. This can be derived as
follows :

S — ol (i
b= 3 )
Al "
=—= (i
a -3 (il
Now g =lg + 1¢
or Alg = Alg+ Al
or Alg = Alg - Al
Substituting the value of A I in exp. (i), we get,
Al
= — (i
B Alg — Al (i
Dividing the numerator and denominator of R.H.S. of exp. (iii) by Al, we get,
g - Ac/Me _ [Q a=Alc]
Al _Alg " T-a Nl
Alg ~ Alg
o
B = l1-o

It is clear that as o approaches unity, B approaches infinity. In other words, the current gain in
common emitter connection is very high. It is due to this reason that this circuit arrangement is used
in about 90 to 95 percent of all transistor applications.

* If d.c. values are considered, B =1./lg.
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2. Expression for collector current. In common emitter circuit, I is the input current and |
is the output current.

Weknow I = Ig+I¢ (1)
and lc = olgtlego ()
From exp. (ii), we get, lc = olgtlegy = allg+lo) +legg
or lc(I-0) = alg+leg
- o 1
or IC = mIB + mICBO ...(|||)

From exp. (iii), it is apparent that if | ;= 0 (i.€. base circuit is open), the collector current will be
the current to the emitter. This is abbreviated as | -5, meaning collector-emitter current with base open.

SR B
CEO 1—0o CBO

Substituting the value of ﬁ lcgo = lego in exp. (iii), we get,

o

lc —a lg + lceo

__o
or le = Blg * lego (Qﬁ—m]

Concept of | .co. In CE configuration, a small collector current flows even when the base
current is zero [See Fig. 8.17 (i)]. This is the collector cut off current (i.e. the collector current that
flows when base is open) and is denoted by | -z, The value of | - is much larger than | g,

lepo Blg+Icgo

<

Re

— Vee
B+ Dig+1Irgo I

BASE OPEN (¢

—= Ve
Iego I

1"

©) (i)

u|||—.

Fig. 8.17
When the base voltage is applied as shown in Fig. 8.17 (ii), then the various currents are :
Base current = Iy
Collector current = Blg + lgo
Emitter current = Collector current + Base current

= Blgtleee) tlg = B+ Ig+Ileo
It may be noted here that :

1 L
lceo = T—ao lcgo = B+ 1) lgo [Q1_a - B+1:|

8.11. Measurement of Leakage Current

A very small leakage current flows in all transistor circuits. However, in most cases, it is quite small
and can be neglected.

(i) Circuit for | o test. Fig. 8.18 shows the circuit for measuring | . Since base is open
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(Ig=0), the transistor is in cut off. Ideally, | - = 0 but actually there is a small current from collector to
emitter due to minority carriers. It is called | g5 (collector-to-emitter current with base open). This
current is usually in the nA range for silicon. A faulty transistor will often have excessive leakage
current.

R- Rc

Icgo Iepo

B Vee EVCC
7
Icpo Iepo
Fig. 8.18 Fig. 8.19

(if) Circuit for | 5 test. Fig. 8.19 shows the circuit for measuring | 5. Since the emitter is
open (I = 0), there is a small current from collector to base. This is called | 55 (collector-to-base
current with emitter open). This current is due to the movement of minority carriers across base-
collector junction. The value of | .54 is also small. If in measurement, | -5 is excessive, then there is
a possibility that collector-base is shorted.

Example 8.8. Find the value of Bif (i) oo = 0.9 (ii) ov= 0.98 (iii) or = 0.99.

: : 0.9
lution. = 9« _ Y _g
Solution. (i) B - T 0.9
. o 0.98
= = = = 49
(i) B - 1-0.98
(iii) p = % = 099 _ g

-« 1-0.99
Example 8.9. Calculate I in atransistor for which 3 = 50 and I = 20 pA.

Solution. Here B = 50, Ig = 20pA = 0.02mA
I
Now B = <
lg
lc = Blg =50x0.02 = 1mA
Using the relation, Iz = Ig+Il, = 0.02+1 = 1.02mA

Example 8.10. Find the o rating of the transistor shown in
Fig. 8.20. Hence determine the value of | using both o and S
rating of the transistor.

Solution. Fig. 8.20 shows the conditions of the problem. Iy =240 A

- B _ 49 _ o
1+ 1+49

The value of | can be found by using either o or B rating as
under :

p=49

I;=12mA

lc = olg = 0.98(12mA) = 11.76 mA
Also g = Blg = 49 (240 pA) = 11.76 mA Fig. 8.20
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Example 8.11. For atransistor, B = 45 and voltage
drop across 1kQ which is connected in the collector circuit
is1volt. Find the base current for common emitter connec-
tion.

Solution. Fig. 8.21 shows the required common emit-
ter connection. The voltage drop across R (= 1 kQ) is 1volt.

le = —oe =1mA

Now B ==

_ e 1 _
lg B 0.022 mA
Example 8.12. A transistor is connected in com-
mon emitter (CE) configuration inwhich collector sup-
ply is 8V and the voltage drop across resistance R-
connected in the collector circuit is 0.5V. The value of
Rc =800 Q. If oo = 0.96, determine :

(i) collector-emitter voltage
(i) base current

Solution. Fig. 8.22 shows the required common
emitter connection with various values.

~
AAQ

R=800Q

O,
n
<

CE

—

i
Vee=8V

(i) Collector-emitter voltage,
Veg = V=05 =8-05 =75V
(ii) The voltage drop across R-(=800Q)is 0.5 V. Fig. 8.22
05V 5

le = -2 =2 mA=0.625mA
800Q ~ 8

Now p= & - 096 _ oy

Base current, Ig = le 0625 _ 0.026 mA

Example8.13. Ann-p-ntransistor at roomtemperature hasitsemitter disconnected. A voltage
of 5V isapplied between collector and base. With collector positive, a current of 0.2 pA flows. When
the baseis disconnected and the same voltageis applied between collector and emitter, thecurrentis
found to be 20 pA. Find o, I and I ; when collector current is ImA.

E B C E B C
n P n n P n
4 [CBO A 4 4+ ICEO
\ 4 OPEN
1 1|
OPEN sV
Q) (ii)

Fig. 8.23
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Solution. When the emitter circuit is open [See Fig. 8.23 (i)], the collector-base junction is
reverse biased. A small leakage current | .54 flows due to minority carriers.

lcgo = 0.2 pA ...given
When base is open [See Fig. 8.23 (ii)], a small leakage current | . flows due to minority carriers.
lcego = 20 pA ...given
lceo
We know lceo = T—o
or 20 = 92
I-o
o = 099
Now lc = algtlegg
Here lc = ImA = 1000 pA; o0 = 0.99;15p = 0.2 pA
: 1000 = 0.99x1.+0.2
or I = 100002 _ 4910,n
0.99
and lg = lg=1c = 1010-1000 = 10 pA

Example8.14. The collector leakage currentinatransistor is300 A in CE arrangement. If now
the transistor is connected in CB arrangement, what will be the leakage current? Given that 8 = 120.

Solution. lceo = 300 uA

B =12 ; o= = =0.992

| ceo
1-o

. lego = (1 —0) lggg = (1-0.992) x 300 = 2.4 pA

Note that leakage current in CE arrangement (i.€. | ) is much more than in CB arrangement
(i.elego)-

Example 8.15. For acertain transistor, I = 20 uA; 1. = 2mA and = 80. Calculate | g

Solution.

Now, lepo =

lc = Blg+lceo
or 2 = 80%0.02+ e
logo = 280 x 0.02 = 0.4 mA

_ B __8 _
Now o = B+1 80 +1 =0.988

lego = (1— ) Iggo = (1—0.988) x 0.4 = 0.0048 MA

Example 8.16. Using diagrams, explain the correctness of the relation | .. = (8 + 1) | go-
Solution. The leakage current | .4 is the current that flows through the base-collector junction
when emitter is open as shown is Fig. 8.24. When the transistor is in CE arrangement, the *base
current (i.€. | ogo) is multiplied by B in the collector as shown in Fig. 8.25.
’ lceo = logo T Bleso=(B+ 1) Iego

*  The current | o5 is amplified because it is forced to flow across the base-emitter junction.
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VR

EMITTER G\q R
OPEN o e

Vee
Fig. 8.24 Fig. 8.25

Example8.17 Determine Vg inthetransistor * circuit shownin Fig. 8.26 (i). Thetransistor is
of silicon and has 8 = 150.

— Vpp=5V
= BB IE

(i)
Fig. 8.26
Solution. Fig. 8.26 (i) shows the transistor circuit while Fig. 8.26 (ii) shows the various currents
and voltages along with polarities.
Applying Kirchhoff’s voltage law to base-emitter loop, we have,
Veg —lg Rg = Vge =0
Vgg —Vege 5V -0.7V

- le = Blg= (150)(430 HA) = 64.5 mA
Now Vee = Ve IcRe

10V —(64.5 mA) (100Q2) = 10V — 6.45V =3.55V
We know that: Vg = Vg+ Vge
. Veg = Veg— Vge =3.55-0.7=2.85V
Example8.18. Inatransistor, I; = 68 uA, I = 30 mA and 8 = 440. Determine the o rating of
the transistor. Then determine the value of | - using both the o rating and f3 rating of the transistor.
Solution.

B __440
B+1 440+1

* The resistor Ry controls the base current |5 and hence collector current | ( = Blg). If Ry is increased, the
base current (I5) decreases and hence collector current (I ) will decrease and vice-versa.

=0.9977

o =
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lc = alz=(0.9977) (30 mA) = 29.93 mA
Also lc = Blg=(440) (68 uA) = 29.93 mA
Example 8.19. A transistor has the following ratings : I sy = 500 mA and ., = 300.
Determine the maximum allowable value of | for the device.
Solution.

| - lc (max) _ 500 mA
B (max) Brrex 300
For this transistor, if the base current is allowed to exceed 1.67 mA, the collector current will
exceed its maximum rating of 500 mA and the transistor will probably be destroyed.

Example 8.20. Fig. 8.27 showsthe open circuit failuresin a transistor. What will be the circuit
behaviour in each case ?

=167 mA

+12V +12V +12V
+12V T +12V T
T N [ N
R, R,
VC VC
() . (i) . (iii)
Fig. 8.27

Solution. *Fig 8.27 shows the open circuit failures in a transistor. We shall discuss the circuit
behaviour in each case.

(i) Openemitter. Fig. 8.27 (i) shows an open emitter failure in a transistor. Since the collector
diode is not forward biased, it is OFF and there can be neither collector current nor base current.
Therefore, there will be no voltage drops across either resistor and the voltage at the base and at the
collector leads of the transistor will be 12V.

(if) Open-base. Fig. 8.27 (ii) shows an open base failure in a transistor. Since the base is open,
there can be no base current so that the transistor is in cut-off. Therefore, all the transistor currents are
0A. In this case, the base and collector voltages will both be at 12V.

Note. It may be noted that an open failure at either the base or emitter will produce similar
results.

(i) Open collector. Fig. 8.27 (iii) shows an open collector failure in a transistor. In this case,
the emitter diode is still ON, so we expect to see 0.7V at the base. However, we will see 12V at the
collector because there is no collector current.

Example 8.21. Fig. 8.28 showsthe short circuit failuresin a transistor. What will be the circuit
behaviour in each case ?

The collector resistor R controls the collector voltage V- (= Vo — | cR:). When R increases, V decreases
and vice-versa.
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+12V +12V +12V
+12V +12V +12V

Rp Rp

o

Solution. Fig. 8.28 shows the short circuit failures in a transistor. We shall discuss the circuit
behaviour in each case.

(i) Collector-emitter short. Fig. 8.28 (i) shows a short between collector and emitter. The
emitter diode is still forward biased, so we expect to see 0.7V at the base. Since the collector is
shorted to the emitter, V. = V= 0V.

(i) Base-emitter short. Fig 8.28 (ii) shows a short between base and emitter. Since the base is
now directly connected to ground, Vg = 0. Therefore, the current through Ry will be diverted to
ground and there is no current to forward bias the emitter diode. As a result, the transistor will be cut-
off and there is no collector current. So we will expect the collector voltage to be 12V.

(i) Collector-base short. Fig. 8.28 (iii) shows a short between the collector and the base. In
this case, the emitter diode is still forward biased so V3= 0.7V. Now, however, because the collector
is shorted to the base, Vo= Vg =0.7V.

Note. The collector-emitter short is probably the most common type of fault in a transistor. It is
because the collector current (I ) and collector-emitter voltage (V) are responsible for the major
part of the power dissipation in the transistor. As we shall see (See Art. 8.23), the power dissipation in
a transistor is mainly due to |- and Vg (i.e. Py = V¢ | o). Therefore, the transistor chip between the
collector and the emitter is most likely to melt first.

(ii) (iii)
Fig. 8.28

8.12 Characteristics of Common Emitter Connection

The important characteristics of this circuit arrangement are the input characteristics and output
characteristics.




Transistors W 161

1. Input characteristic. Itisthe curve between base current |; and base-emitter voltage Vg
at constant collector-emitter voltage V.

The input characteristics of a CE connection can be determined by the circuit shown in Fig. 8.29.
Keeping V¢ constant (say at 10 V), note the base current I for various values of Vge. Then plot the
readings obtained on the graph, taking |5 along y-
axis and V¢ along x-axis. This gives the input char- g (HA)
acteristic at Vo = 10V as shown in Fig. 8.30. Fol- 4
lowing a similar procedure, a family of input charac- 4]
teristics can be drawn. The following points may be
noted from the characteristics : 3

(i) The characteristic resembles that of a for-
ward biased diode curve. This is expected since the
base-emitter section of transistor is a diode and it is
forward biased.

(i) As compared to CB arrangement, Ig
increases less rapidly with V. Therefore, input
resistance of a CE circuit is higher than that of CB
circuit. 0

Input resistance. It is the ratio of change in
base-emitter voltage (AVpp) to the change in base Fig. 8.30
current (Alg) at constant Vg i.e.

» Vi (VOLTS)

. AV
Input resistance, I; = TB at constant V¢
The value of input resistance for a CE circuit is of the order of a few hundred ohms.

2. Output characteristic. It isthe curve between collector current |- and collector-emitter
voltage V¢ at constant base current | 5.

The output characteristics of a CE circuit can be drawn with the help of the circuit shown in Fig.
8.29. Keeping the base current | fixed at some value say, 5 nA, note the collector current | for
various values of Vz. Then plot the readings on a graph, taking | - along y-axis and V¢ along X-axis.
This gives the output characteristic at ;=5 pA as shown in Fig. 8.31 (i). The test can be repeated for
Ig = 10 pA to obtain the new output characteristic as shown in Fig. 8.31 (ii). Following similar
procedure, a family of output characteristics can be drawn as shown in Fig. 8.31 (iii).

Ic Ic Ic
A A A
4mA- Ip =20 pA
3mA- Ig=15pA
anee
Vinee pea L - Iy = 10uA 2mA-] Iy=10 pA
ImaA | ¥ fB=HA . ImA- [;=5pA
1 |
| | B B
0 1V > Ver 0 1v > Ver 0 e
(i) (i7) (iii)
Fig. 8.31

The following points may be noted from the characteristics:

(i) The collector current | - varies with V- for Vo between 0 and 1V only. After this, collector
current becomes almost constant and independent of V. This value of V¢ upto which collector
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current | - changes with V¢ is called the knee voltage (,..). Thetransistorsarealwaysoperatedin
the region above knee voltage.

(i) Above knee voltage, |- is almost constant. However, a small increase in | o with increasing
Vg is caused by the collector depletion layer getting wider and capturing a few more majority carri-
ers before electron-hole combinations occur in the base area.

(iif) For any value of V¢ above knee voltage, the collector current |- is approximately equal to
Bxlg.
Output resistance. Itis the ratio of change in collector-emitter voltage (AVp) to the change in
collector current (Al ) at constant | 5 i.e.
AV
Al
It may be noted that whereas the output characteristics of CB circuit are horizontal, they have

noticeable slope for the CE circuit. Therefore, the output resistance of a CE circuit is less than that of
CB circuit. Its value is of the order of 50 kQ.

Output resistance, r, = at constant |

8.13 Common Collector Connection

In this circuit arrangement, input is applied between base and collector while output is taken between
the emitter and collector. Here, collector of the transistor is common to both input and output circuits
and hence the name common collector connection. Fig. 8.32 (i) shows common collector hpn transis-
tor circuit whereas Fig. 8.32 (ii) shows common collector pnp circuit.

OUTPUT OUTPUT

SIGNAL ! SIGNAL

(@) (1)
Fig. 8.32
(i) Current amplification factor y. In common collector circuit, input current is the base
current | g and output current is the emitter current | . Therefore, current amplification in this circuit
arrangement can be defined as under :
The ratio of change in emitter current (Alg) to the change in base current (Alg) is known as
current amplification factor in common collector (CC) arrangement i.e.
_ Al
YT Al
This circuit provides about the same current gain as the common emitter circuit as Alg = Al ..
However, its voltage gain is always less than 1.
Relation between yand o
_ Mg |
V= 0)
Al "
o Al ..(ih)
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Substituting the value of Alg in exp. (i), we get,

(i) Expression for collector current
We know

Also

or

e = Igt+le
Alg = Alg+Alg
Alg = Alg—-Alg
Al
V= e
Alg — Al
Dividing the numerator and denominator of R.H.S. by Al, we get,
Al
Al 1
Y = E— =
Al Al " 1-a
Alg  Alg
v I-o
lc = alg+leo
lg = lgFlec = lg + (alg+lcpo)
le(l-0) = lg+leo
| = I lcBo
E l-o  1-o
lc ; lg = *B+DIg+PR+1) 1o

or
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Al
Qa =&
oo 5]

(See Art. 8.8)

(iii) Applications. The common collector circuit has very high input resistance (about 750 k)
and very low output resistance (about 25 Q). Due to this reason, the voltage gain provided by this
circuit is always less than 1. Therefore, this circuit arrangement is seldom used for amplification.
However, due to relatively high input resistance and low output resistance, this circuit is primarily
used for impedance matching i.e. for driving a low impedance load from a high impedance source.

8.14 Comparison of Transistor Connections

The comparison of various characteristics of the three connections is given below in the tabular

form.
S. No. | Characteristic Common base Common emitter ~ [Common collector
1. Input resistance Low (about 100 Q) | Low (about 750 Q) |Very high (about
750 kQ)

2. Output resistance | Very high (about High (about 45 kQ) |Low (about 50 Q)
450 kQ)

3. Voltage gain about 150 about 500 less than 1

4. Applications For high frequency For audio frequency |For impedance
applications applications matching

5. Current gain No (less than 1) High (B) Appreciable

The following points are worth noting about transistor arrangements :

B+1

I—o -
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(i) CB Circuit. The input resistance (r;) of CB circuit is low because I is high. The output
resistance (I ) is high because of reverse voltage at the collector. It has no current gain (o < 1) but
voltage gain can be high. The CB circuit is seldom used. The only advantage of CB circuit is that it
provides good stability against increase in temperature.

(i) CE Circuit. The input resistance (r;) of a CE circuit is high because of small | ;. Therefore,
r; for a CE circuit is much higher than that of CB circuit. The output resistance (r,) of CE circuit is
smaller than that of CB circuit. The current gain of CE circuit is large because | is much larger than
Ig. The voltage gain of CE circuit is larger than that of CB circuit. The CE circuit is generally used
because it has the best combination of voltage gain and current gain. The disadvantage of CE circuit
is that the leakage current is amplified in the circuit, but bias stabilisation methods can be used.

(iif) CC Circuit. The input resistance (r;) and output resistance (r,) of CC circuit are respec-
tively high and low as compared to other circuits. There is no voltage gain (A, < 1) in a CC circuit.
This circuit is often used for impedance matching.

8.15 Commonly Used Transistor Connection

Out of the three transistor connections, the common emitter circuit is the most efficient. It is used in
about 90 to 95 per cent of all transistor applications. The main reasons for the widespread use of this
circuit arrangement are :

(i) Highcurrent gain. In a common emitter connection, | is the output current and I is the

input current. In this circuit arrangement, collector current is given by :
lc = Blgtleeo

As the value of B is very large, therefore, the output current |- is much more than the input
current |5. Hence, the current gain in CE arrangement is very high. It may range from 20 to 500.

(if) Highvoltageand power gain. Due to high current gain, the common emitter circuit has the
highest voltage and power gain of three transistor connections. This is the major reason for using the
transistor in this circuit arrangement.

(i) Moderate output to input impedance ratio. In a common emitter circuit, the ratio of
output impedance to input impedance is small (about 50). This makes this circuit arrangement an
ideal one for coupling between various transistor stages. However, in other connections, the ratio of
output impedance to input impedance is very large and hence coupling becomes highly inefficient
due to gross mismatching.

8.16 Transistor as an Amplifier in CE Arrangement

Fig. 8.33 shows the common emitter npn amplifier circuit. Note that a battery Vg is connected in the
input circuit in addition to the signal voltage. This d.c. voltage is known as bias voltage and its
magnitude is such that it always keeps the emitter-base junction forward *biased regardless of the
polarity of the signal source.

Operation. During the positive half-cycle of the **signal, the forward bias across the emitter-base
junction is increased. Therefore, more electrons flow from the emitter to the collector via the base.
This causes an increase in collector current. The increased collector current produces a greater
voltage drop across the collector load resistance R.. However, during the negative half-cycle of the

If d.c. bias voltage is not provided, then during negative half-cycle of the signal, the emitter-base junction
will be reverse biased. This will upset the transistor action.

** Throughout the book, we shall use sine wave signals because these are convenient for testing amplifiers.
But it must be realised that signals (e.9. speech, music etc.) with which we work are generally complex
having little resemblance to a sine wave. However, fourier series analysis tells us that such complex
signals may be expressed as a sum of sine waves of various frequencies.
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signal, the forward bias across emitter-base junction is decreased. Therefore, collector current de-
creases. This results in the decreased output voltage (in the opposite direction). Hence, an amplified
output is obtained across the load.

Ic

i,  SIGNAL
R ZOUTPUT

i
VBB VCC

Fig. 8.33 Fig. 8.34

Analysis of collector currents. When no signal is applied, the input circuit is forward biased
by the battery Vgg. Therefore, a d.c. collector current | - flows in the collector circuit. This is called
zero signal collector current. When the signal voltage is applied, the forward bias on the emitter-
base junction increases or decreases depending upon whether the signal is positive or negative.
During the positive half-cycle of the signal, the forward bias on emitter-base junction is increased,
causing total collector current i to increase. Reverse will happen for the negative half-cycle of the
signal.

Fig. 8.34 shows the graph of total collector current i - versus time. From the graph, it is clear that
total collector current consists of two components, namely ;

(i) The d.c. collector current |- (zero signal collector current) due to bias battery Vgg. This is
the current that flows in the collector in the absence of signal.

(ii) The a.c. collector current i due to signal.

Total collector current, ic = i + I

The useful output is the voltage drop across collector load R due to the a.c. component i, The
purpose of zero signal collector current is to ensure that the emitter-base junction is forward biased at
all times. The table below gives the symbols usually employed for currents and voltages in transistor
applications.

S.No. | Particular I nstantaneous a.c. d.c. Total
L. Emitter current ie I= i
2. Collector current i I ic
3. Base current iy Ig ig
4. Collector-emitter voltage Vee Vee Vee
5. Emitter-base voltage Vep Veg Veg

8.17 Transistor Load Line Analysis

In the transistor circuit analysis, it is generally required to determine the collector current for various
collector-emitter voltages. One of the methods can be used to plot the output characteristics and
determine the collector current at any desired collector-emitter voltage. However, a more convenient
method, known as load line method can be used to solve such problems. As explained later in this
section, this method is quite easy and is frequently used in the analysis of transistor applications.
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d.c.load line. Consider a common emitter npn transistor circuit shown in Fig. 8.35 (i) where no
signal is applied. Therefore, d.c. conditions prevail in the circuit. The output characteristics of this
circuit are shown in Fig. 8.35 (ii).

The value of collector-emitter voltage V¢ at any time is given by ;

Vee = Vo IcRe (1)
I
c I, (mA)
h A
Vee LA
R
C
RC
NO J Ip=15pA
SIGNAL E I;=10pA
[ Ig=5pA
L - 1ull L > Vep (VOLTS)
VBB VCC VCC
(@) (i)

Fig. 8.35
As Vi and R are fixed values, therefore, it is a first degree equation and can be represented by
a straight line on the output characteristics. This is known as d.c. |load line and determines the locus
of Vg — | points for any given value of R.. To add load line, we need two end points of the straight
line. These two points can be located as under :
(i) When the collector current | - =0, then collector-emitter voltage is maximum and is equal to

Vecie
Max. Vg = Ve — IR
= Ve (- 1c=0)
This gives the first point B (OB = V) on the collector-emitter voltage axis as shown in
Fig. 8.35 (ii).
(ii) When collector-emitter voltage V¢ = 0, the collector current is maximum and is equal to
Vec/Reie
Vee = Vec—IcRe
or 0 = Vee—IcR: Le(mA)
Max. |c = Veo/Re

This gives the second point A(OA=V/R.) on
the collector current axis as shown in Fig. 8.35 (ii).
By joining these two points, d.c. *load line AB is
constructed.

Importance. The current (I ;) and voltage (V)
conditions in the transistor circuit are represented by
some point on the output characteristics. The same
information can be obtained from the load line. Thus
when | is maximum (= V- /Ry), then Ve = 0 as
shown in Fig. 8.36. If | =0, then V¢ is maximum

*  Why load line? The resistance R connected to the device is called load or load resistance for the circuit
and, therefore, the line we have just constructed is called the load line.
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and is equal to V.. For any other value of collector current say OC, the collector-emitter voltage V¢
= OD. It follows, therefore, that load line gives a far more convenient and direct solution to the
problem.

Note. If we plot the load line on the output characteristic of the transistor, we can investigate the behaviour
of'the transistor amplifier. It is because we have the transistor output current and voltage specified in the form of
load line equation and the transistor behaviour itself specified implicitly by the output characteristics.

8.18 Operating Point

The zero signal values of | - and V¢ are known as the oper ating point.

It is called operating point because the variations of |
and V. take place abogt this po.int when signal is applifeq. Itis ‘{ c
also called quiescent (silent) point or Q-point because it is the
point on | - — V¢ characteristic when the transistor is silent i.e.
in the absence of the signal.

Suppose in the absence of signal, the base current is 5
pA. Then I and V¢ conditions in the circuit must be repre-
sented by some point on Iz =5 uA characteristic. Butl.and pe¢-——--
Ve conditions in the circuit should also be represented by |
some point on the d.c. load line AB. The point Q where the [
load line and the characteristic intersect is the only point which o é 3 > Veg
satisfies both these conditions. Therefore, the point Q de-
scribes the actual state of affairs in the circuit in the zero
signal conditions and is called the operating point. Referring
to Fig. 8.37, for Ig =5 pA, the zero signal values are :

Vg = OC volts
lc = OD mA

It follows, therefore, that the zero signal values of |- and V¢ (i.e. operating point) are deter-
mined by the point where d.c. load line intersects the proper base current curve.

Example 8.22. For the circuit shown in Fig. 8.38 (i), draw the d.c. load line.

Solution. The collector-emitter voltage Vg is given by ;
Vee = Vee—IcRe ()
When |, = 0, then,
Veg = Ve = 125V
This locates the point B of the load line on the collector-emitter voltage axis.

Ie

5 mA &4

R

1

[ — E 1

>V
10} 125v ¢
Ve Vee=12.5V

U] (i)
Fig. 8.38
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When Vo = 0, then,
lc = Vo/Re = 125V/25kQ = 5mA

This locates the point A of the load line on the collector current axis. By joining these two points,
we get the d.c. load line AB as shown in Fig. 8.38 (ii).

Example8.23. Inthecircuit diagramshownin Fig. 8.39 (i), if V. = 12V and R, = 6 k€2, draw
thed.c. load line. What will be the Q point if zero signal base current is 20pA and = 50 ?

Solution. The collector-emitter voltage Vg is given by :

Vee = Vec—IeRe
When | =0, Vg = Ve = 12 V. This locates the point B of the load line. When V. =0,
lc=Vee/R.=12 V/6 kQ =2 mA. This locates the point A of the load line. By joining these two
points, load line AB is constructed as shown in Fig. 8.39 (ii).

Zero signal base current, |5 = 20 pA = 0.02 mA
Current amplification factor, B = 50
Zero signal collector current, I = Blg = 50x0.02 = 1 mA

R-=6kQ
NO SIGNAL 1 mA

|| l L
il
Vb Vee=12V 0

@)

»
. VCE

Fig. 8.39
Zero signal collector-emitter voltage is
Vg = Ve lcRe = 12-1mAXx6kQ =6V
Operating point is 6 V, L mA.
Fig. 8.39 (ii) shows the Q point. Its co-ordinates are | =1 mA and V=6 V.
Example 8.24. In a transistor circuit, collector load is 4 k2 whereas quiescent current (zero
signal collector current) is ImA.
(i) What isthe operating pointif V.= 10V ?
(ii) What will be the operating point if R. = 5 kQ ?

Solution. Vee = 10V, 1o = 1mA
0] When collector load R. = 4kQ, then,
Veg = Vee— IR = 10-1mAx4kQ =10-4 =6V
Operating point is 6 V, L mA.
(i) When collector load R. = 5kQ, then,
Vg = Ve lIcRe = 10-1mAx5kQ =10-5 =5V

Operating point is 5V, 1 mA.

Example8.25. Determinethe Q point of thetransistor circuit shownin Fig. 8.40. Also draw the
d.c. load line. Given 8= 200 and Vg = 0.7V.
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VCC
20V 39.6 mARF ——— =

||||
Q

i >V,
6.93V 20v @ CE

Fig 8.40 Fig. 8.41

Solution. The presence of resistor Ry in the base circuit should not disturb you because we can
apply Kirchhoff’s voltage law to find the value of I and hence | (= Blg). Referring to Fig. 8.40 and
applying Kirchhoff’s voltage law to base-emitter loop, we have,

Veg —lg Rg = Vge =0

Now le = Blg=(200)(198 PA) = 39.6 mA
Also Ver = Ve~ lcRe = 20V~ (39.6mA) (330 ©) = 20V — 13.07V = 6.93V

Therefore, the Q-point is |, = 39.6 MA and V¢ = 6.93V.
D.C.load line. In order to draw the d.c. load line, we need two end points.
Vee = Vee—IcRe
When | -=0, Vg =V = 20V. This locates the point B of the load line on the collector-emitter
voltage axis as shown in Fig. 8.41. When V£ =0, | = V/R-=20V/330€ = 60.6 mA. This locates

the point A of the load line on the collector current axis. By joining these two points, d.c. load line AB
is constructed as shown in Fig. 8.41.

Example 8.26. Determine the Q point of the transistor circuit shown in *Fig. 8.42. Also draw
thed.c. load line. Given = 100 and Vg = 0.7V.

+Vee + 10V

1.80 mA

Vg & - 10V
Fig. 8.42
The presence of two power supplies has an effect on the baisc equations for |- and V¢ used for single

power supply (i.€. Vc). Normally, the two supply voltages will be equal. For example, if Voo =+ 10V
(d.c.), then Vg =— 10V (d.c.).
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Solution. The transistor circuit shown in Fig. 8.42 may look complex but we can easily apply
Kirchhoff’s voltage law to find the various voltages and currents in the * circuit.

Applying Kirchhoff’s voltage law to the base-emitter loop, we have,
—lgRg—Vee—lgRe * Ve =0 or Vge=IgRg+1gRe+ Vge

Now Io=Blgand Io~Ic. .. Ig=Ig/p. Putting |5 = I/B in the above equation, we have,
le
Vee = (F] Rg Tl Re+ Vge
Re Vee —Vee
or le (?+ RE)—VEE—VBE or le = RyR,/B
. o VEE_VBE . 10V — 0.7V _ 93V —
Since le > e, le = Ro+Ry/B ~ 47kQ + 47 k100 5.17kQ  18MA

Applying Kirchhoff’s voltage law to the collector side, we have,
Vec—lcRe=Vee—lg Re+ Ve =0
or Vee = Veet Vee— e (Re+ Re) (@ le=lo)
= 10V + 10V - 1.8 mA (1 kQ + 4.7 kQ)=9.74V
Therefore, the operating point of the circuit is | = 1.8 mMA and V¢ = 9.74V.
D.C.load line. The d.c. load line can be constructed as under :
Vee = Vet Vee—lc Re+ Re)
When | .=0; Ve = Ve + Ve = 10V + 10V = 20V. This locates the first point B (OB =20V) of
the load line on the collector-emitter voltage axis. When V=0,

Vec +Vee _ 1V +10V 20V
Re+R: 1kQ+47kQ  57kQ

This locates the second point A (OA=3.51 mA) of the load line on the collector current axis. By
joining points A and B, d.c. load line AB is constructed as shown in Fig. 8.43.

Example8.27. Inthe above example, find (i) emitter voltagew.r.t. ground (ii) base voltage w.r.t.
ground (iii) collector voltage w.r.t. ground.

=351 mA

lc =

+ Vee

"|||4_Q<

* The emitter resistor R provides stabilisation of Q-point (See Art. 9.12).
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Solution. Refer to Fig. 8.44.
(i) The emitter voltage w.r.t. ground is
Ve=—VgtIeRe=—10V+ 1.8 mA x4.7kQ =—-154V
(if) The base voltage w.r.t. ground is
Vg =Vg+ Vge =10V +0.7V =10.7V
(iii) The collector voltage w.r.t. ground is
Ve=Vee—lIcRe=10V - 1.8 mA x 1 kQ =8.2V

8.19 Practical Way of Drawing CE Circuit

The common emitter circuits drawn so far can be shown in another convenient way. Fig. 8.45 shows
the practical way of drawing CE circuit. In Fig. 8.45 (i), the practical way of drawing common
emitter Npn circuit is shown. Similarly, Fig. 8.45 (ii) shows the practical way of drawing common
emitter pnp circuit. In our further discussion, we shall often use this scheme of presentation.

+Vec -Vee

©)

Fig. 8.45
8.20 Output from Transistor Amplifier

A transistor raises the strength of a weak signal and thus acts as
an amplifier. Fig. 8.46 shows the common emitter amplifier.
There are two ways of taking output from this transistor con-
nection. The output can be taken either across R or across
terminals 1 and 2. In either case, the magnitude of output is the
same. This is clear from the following discussion :

(i) First method. We can take the output directly by
putting a load resistance R in the collector circuit i.e.

Output = voltage across R = i. R: () g1GNAL )
1
This method of taking output from collector load is used T E
only in single stage of amplification. 3
(if) Second method. The output can also be taken across Fig. 8.46
terminals 1 and 2 i.e. from collector and emitter end of supply.
Output = Voltage across terminals 1 and 2
= Vec—icRe

As Vi is a direct voltage and cannot pass through capacitor C, therefore, only varying voltage
i, Re will appear across terminals 1 and 2.

Output = —i R; ()
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From exps. (i) and (ii), it is clear that magnitude of output is the same whether we take output
across collector load or terminals 1 and 2. The minus sign in exp. (ii) simply indicates the phase
reversal. The second method of taking output is used in multistages of amplification.

8.21 Performance of Transistor Amplifier

The performance of a transistor amplifier depends upon input resistance, output resistance, effective
collector load, current gain, voltage gain and power gain. As common emitter connection is univer-
sally adopted, therefore, we shall explain these terms with reference to this mode of connection.

(i) Input resistance. It is the ratio of small change in base-emitter voltage (AVgg) to the
resulting change in base current (Al ) at constant collector-emitter voltagei.e.
AVge
Alg

The value of input resistance is quite small because the input circuit is always forward biased. It
ranges from 500 Q for small low powered transistors to as low as 5 Q for high powered transistors. In
fact, input resistance is the opposition offered by the base-emitter junction to the signal flow. Fig.
8.47 shows the general form of an amplifier. The input voltage Vg causes an input current .

AVee _ Vee
Alg Ig
Thus if the input resistance of an amplifier is 500 Q and the sig-
nal voltage at any instant is 1 V, then,

Input resistance, R =

Input resistance, R =

1V
500 Q

(il) Output resistance. It isthe ratio of change in collector- Var R.
emitter voltage (AVg) to the resulting change in collector current & "

(Alo) at constant base current i.e.

Base current, iy, = = 2mA

g
I
|

Avi AMPLIFIER
Al

The output characteristics reveal that collector current changes
very slightly with the change in collector-emitter voltage. Therefore,
output resistance of a transistor amplifier is very high— of the order of several hundred kilo-ohms.
The physical explanation of high output resistance is that collector-base junction is reverse biased.

(i) Effectivecollector load. Itisthetotal load as seen by the a.c. collector current.

In case of single stage amplifiers, the effective collector load is a parallel combination of R~ and
Ry as shown in Fig. 8.48 (i).

Effective collector load, Ry

Output resistance, Ry =
Fig. 8.47

Re I Ro
RxRy _ .
RAR C

It follows, therefore, that for a single stage amplifier, effective load is equal to collector load R...

However, in a multistage amplifier (i.e. having more than one amplification stage), the input
resistance R, of the next stage also comes into picture as shown in Fig. 8.48 (ii). Therefore, effective
collector load becomes parallel combination of R, Ryand R, i.e.

Effective collector load, Ry = R [| Ry || R

* As output resistance Ry is several times R, therefore, R can be neglected as compared to Ry,

Rac = RC;ORO =R
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- RIR = £
Re+R
As input resistance R, is quite small (25 Q to 500 Q), therefore, effective load is reduced.
(iv) Current gain. It isthe ratio of change in collector current (Al.) to the change in base
current (Alg) i.e.
alg
Alg
The value of 3 ranges from 20 to 500. The current gain indicates that input current becomes 3
times in the collector circuit.

Current gain, § =

+Vee +Vee

RC % RC :
i H | i
; o
: P
1 H : 1
|
Ry Ry : R;
|
i N
H [
H |
T

SINGLE STAGE le—— FIRST STAGE—»}«SECOND STAGE

TWO STAGE
@ (i)
Fig. 8.48

(v) Voltage gain. It is the ratio of change in output voltage (AV) to the change in input
voltage (AVgp) i.e.
AV

AVge

Change in output current X effective load
Change in input current X input resistance

MlcxRye _ Ale R _ g Rac

Voltage gain, A,

= —= % = = X
Alg xR Alg R b R
. _ . _ RexR . .
For single stage, R, = R.. However, for multistage, Ry RO+ R where R is the input

resistance of the next stage.
(vi) Power gain. Itistheratio of output signal power to the input signal power i.e.

(Al xRy (Al Ao xRy
(Al)* xR Alg | AlgxR

Current gain X Voltage gain

Power gain, A,

Example 8.28. A change of 200 mV in base-emitter voltage causes a change of 100 pA in the
base current. Find the input resistance of the transistor.

Solution. Change in base-emitter voltage is

*  R:||Ry = R asalready explained.
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AVge = 200mV
Change in base current, Al; = 100 pA
AV,
Input resistance, R, = AIBBE = fg(()) ;nX = 2kQ

Example 8.29. If the collector current changes from 2 mA to 3mA in a transistor when collec-
tor-emitter voltage isincreased from 2V to 10V, what is the output resistance ?
Solution. Change in collector-emitter voltage is
AVgg = 10-2 =8V
Change in collector currentis Al = 3-2 = 1mA
AVe 8V
—== = —— = 8kQ
Al I mA
Example 8.30. For asingle stage transistor amplifier, the collector load is R = 2k2 and the
input resistance R = 1k<. If the current gain is 50, calculate the voltage gain of the amplifier.
Solution.  Collector load, R, = 2kQ

Input resistance, R = 1 kQ

Output resistance, Ry =

Current gain, § = 50
R
Voltage gain, A, = PX % = Bx% [ For single stage, Ry, = R]
= 50x(2/1)=100

8.22 Cut off and Saturation Points
Fig. 8.49 (i) shows CE transistor circuit while Fig. 8.49 (ii) shows the output characteristcs along with

the d.c. load line.

(i) Cut off. The point where the load line intersects the |z =0 curve is known as cut off. At this
point, | ;=0 and only small collector current (i.€. collector leakage current | ) exists. At cut off, the
base-emitter junction no longer remains forward biased and normal transistor action is lost. The
collector-emitter voltage is nearly equal to V. i.e.

Vee (cutoffy — Vee

IB = IB (sat)

l
/ | \/ CUT OFF
: \ 1;=0
|
. » Vg (VOLTS)

VCE (san) = anee

(i)

Fig. 8.49

(if) Saturation. The point where the load line intersects the |5 = g o) curve is called saturation.
At this point, the base current is maximum and so is the collector current. At saturation, collector-
base junction no longer remains reverse biased and normal transistor action is lost.



Transistors W 175

V,
le () = % 5 Vee = Ve = Viee

If base current is greater than | g, o), then collector current cannot increase because collector-base
junction is no longer reverse-biased.

(i) Activeregion. The region between cut off and saturation is known as activeregion. In the
active region, collector-base junction remains reverse biased while base-emitter junction remains
forward biased. Consequgpntly, the transistor will function normally in this region.

Note. We provide biasing to the transistor to ensure that it operates in the active region. The reader may
find the detailed discussion on transistor biasing in the next chapter.

Summary. A transistor has two pnjunctions i.e, it is like two diodes. The junction between base
and emitter may be called emitter diode. The junction between base and collector may be called
collector diode. We have seen above that transistor can act in one of the three states : cut-off,
saturated and active. The state of a transistor is entirely determined by the states of the emitter diode
and collector diode [See Fig. 8.50]. The relations between the diode states and the C
transistor states are :

CUT-OFF :  Emitter diode and collector diode are OFF.

ACTIVE: Emitter diode is ON and collector diode is OFF. B

SATURATED : Emitter diode and collector diode are ON.

In the active state, collector current [See Fig 8.51 (i)] is B times the base cur-
rent (i.e. | o= Blg). If the transistor is cut-off, there is no base current, so there is no - E
collector or emitter current. That is collector emitter pathway is open [See Fig. 8.51 Fig. 8.50
(iD)]. In saturation, the collector and emitter are, in effect, shorted together. That is the transistor
behaves as though a switch has been closed between the collector and emitter [See Fig. 8.51 (iii)].

C C C
o o
1.=BI l 1.=0 l I-=I
I, l c=Plp I,=0 c~E
— — Open between Short (approximate)
B B o—— collector and Bo between collector
emitter and emitter
l 1,=0
o o
E E E
(i) ACTIVE (if) CUT-OFF (iii) SATURATED
Fig. 8.51

Note. When the transistor is in the active state, | = Blg. Therefore, a transistor acts as an
amplifier when operating in the active state. Amplification means linear amplification. In fact, small
signal amplifiers are the most common linear devices.

Example 8.31. Find | gy and Vg g o fOr the circuit shownin Fig. 8.52 (i).

Solution. As we decrease Rg, base current and hence collector current increases. The increased
collector current causes a greater voltage drop across Ry ; this decreases the collector-emitter voltage.
Eventually at some value of Ry, V¢ decreases to V.. At this point, collector-base junction is no
longer reverse biased and transistor action is lost. Consequently, further increase in collector current is
not possible. The transistor conducts maximum collector current ; we say the transistor is saturated.

— VCC_ anee — \@ — 20V
G Re R.  1kQ

Vinee 18 about 0.5 V for Ge transistor and about 1V for Si transistor. Consequently, V, . can be neglected
as compared to V. (= 20 V in this case).

= 20mA
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As we increase Rg, base current and hence collector current decreases. This decreases the volt-
age drop across R.. This increases the collector-emitter voltage. Eventually, when |5 =0, the emitter-

base junction is no longer forward biased and transistor action is lost. Consequently, further increase
in V¢ is not possible. In fact, Ve now equals to V.
Vee@io = Voo = 20V

+20V

20 mA

>V
20V cE
(@)
Fig. 8.52
d.c. load line.

Figure 8.52 (ii) shows the saturation and cut off points. Incidentally, they are end points of the

Note. The exact value of Vg g0ty = Voo — loeo Re- Since the collector leakage current | ogq is very small,
we can neglect | -z R as compared to V.

Example 8.32. Determine the values of Ve ) and | o for the circuit shown in Fig. 8.53.

Vee=+ 12V

.||||—o

Vigg=-12V
Fig. 8.53
Solution. Applying Kirchhoff’s voltage law to the collector side of the circuit in Fig. 8.53, we
have,

Vee—lc Re—Vee = Flc Re + Ve =0

Vee = Veet Vee—lc (Re+Rp)
Voltage across Rz = Iz Re. Since I = |, voltage across Re = I R
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We have Ve (o) When | = 0. Therefore, putting | =0 in eq. (i), we have,
Veeofy = Voot Vee=12+12=24V
We have | ¢ g When Ve =0.
Vee +Vee . (12+12)V
lcsan = R.+R. (7150 +1500)Q ~ 10-67MA

Example 8.33. Determine whether or not the transistor in Fig. 8.54 is in stauration. Assume
Vinee = 0.2V.

A 4

A

Fig. 8.54

Solution.

| B Vee = Vinee _ 10v-02v _ 9.8V 98 mA

C(at) — Re 1kQ TkQ —9-8m
Now we shall see if 5 is large enough to produce ¢ o).

VBB _VBE _ 3\/ - 07\/ _ 23V
Now IB = RB - 10 kQ - 10 kQ =0.23 mA
R lc = Blg=50%x023=11.5mA
This shows that with specified B, this base current (= 0.23 mA) is capable of producing | - greater
than | (sat)- Therefore, the transistor is saturated. In fact, the collector current value of 11. 5 mA is

never reached. If the base current value corresponding to | & is increased, the collector current
remains at the saturated value (= 9.8 mA).

Example 8.34. Isthetransistor in Fig. 8.55 operating in saturated state ?

Ic
R-=970Q
Ry I —
VWA > B =100 — Vee=10V
100 pA
Vap —- Ig

A
A 4

Fig. 8.55
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Solution.
lc = Blg=(100)(100 uA) = 10 mA
Vee = Ve IcRe
= 10V — (10 mA)(970Q2) = 0.3V
Let us relate the values found to the transistor shown in Fig. 8.56. @ -
As you can see, the value of Vg is 0.95V and the value of V. =0.3V. +

This leaves Vg of 0.65V (Note that Vi = Vg + Ve). In this case,

:
collector — base junction (i.e., collector diode) is forward biased as is 4(
the emitter-base junction (i.e., emitter diode). Therefore, the transistor 7 —

is operating in the saturation region. +
Note. When the transistor is in the saturated state, the base cur- @
rent and collector current are independent of each other. The base cur- B

rent is still (and always is) found only from the base circuit. The col-
lector current is found apporximately by closing the imaginary switch Fig. 8.56
between the collector and the emitter in the collector circuit.

Example8.35. For thecircuitin Fig. 8.57, find the base supply voltage (Vgg) that just putsthe
transistor into saturation. Assume 3 = 200.

Solution. When transistor first goes into saturation, we
can assume that the collector shorts to the emitter (i.€. V= 0)
but the collector current is still 3 times the base current.

| _ Vee =Ver _ Vee —0

+10V (Vee)

Vas

e Re Re
10V -0
The base current | g corresponding to | ) (=5 mA) is
| 5mA
Iy = C[(f“’ =00 =0.025 mA

Applying Kirchhoff’s voltage law to the base circuit, we

have,
Veg—lgRg = Vge=0

or Ves = VeetlgRs
= 0.7V +0.025 mA x 50 kQ=0.7 +1.25=1.95V

Therefore, for Vg = 1.95, the transistor will be in saturation.

Example. 8.36. Determine the state of the transistor in Fig. 8.58 for the following values of
collector resistor :

(i) R-.=2kQ (ii) R, = 4k (iii) R, = 8kQ

Solution. Since | does not depend on the value of the collector resistor R, the emitter current
(Ip) is the same for all three parts.

Emitter voltage,Vg = Vg—Vge = Vgg — Vae
= 27V-0.7V=2V
Also I :V—E:A:2mA
E- R 1kQ
(i) When R. =2kQ. Suppose the transistor is active.
: lc = lg=2mA
lg = 1I/B=2mA/100=0.02 mA
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Collector voltage, Ve = Ve — e Re Vee=+10V
= 10V-2mAx2kQ =10V -4V =6V i
Since V.. (= 6V) is greater than V¢ (= 2V), the transistor is Vpp=+2.7V R
C

active. Therefore, our assumption that transistor is active is cor-
rect.

(i) When R =4KkQQ. Suppose the transistor is active.

o lc = 2mA and I;=0.02 mA ... as found above
Collector voltage,Vo = Voo — 1o R
10V -2mA x4kQ=10V -8V =2V

Since V., = Vg, the transistor is just at the edge of saturation.
We know that at the edge of saturation, the relation between the

transistor currents is the same as in the active state. Both answers
are correct.

(iif) When R = 8 k. Suppose the transistor is active.
o lc = 2mA;I5=0.02mA ... as found earlier. Fig. 8.58
Collector voltage, Vo= Ve — I R:

= 10V-2mA x 8kQ=10V-16V=-6V
Since V, < Vg, the transistor is saturated and our assumption is not correct.
Example 8.37. In the circuit shown in Fig. 8.59, Vg is set equal to the following values :
(1) Vgg = 0.5V (ii) Vgg = 1.5V (iii) Vgg = 3V
Determine the state of the transistor for each value of the base supply voltage Vgg.
Solution. The state of the transistor also depends on the base

supply voltage V.
. > Vee
(i) For Vgg =05V + 15V
Because the base voltage Vg (= Vgg = 0.5V) is less than 0.7V,
the transistor is cut-off. +
(i) For Vgg = 1.5V Vas Re S10kQ llc

The base voltage V controls the emitter voltage Vg which
controls the emitter current | ..

Now Ve = Vg 0.7V =15V 0.7V = 0.8V
Ve 08V

If the transistor is active, we have,

lc=1g=0.8mA and I;=1/B =0.8/100 = 0.008 mA

Collector voltage, Vo= Ve — I R

=15V-0.8mA x 10 kQ =15V -8V =7V
Since V. > Vg, the transistor is active and our assumption is correct.
(iii) For Vgg =3V
Ve = Vg—-07V=3V-0.7V =23V
Ve 23V

R “TkQ =23 mA

lg =
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Assuming the transistor is active, we have,
lc=1g=23mA ; Ig=I1/B=2.3/100=0.023 mA
Collector voltage, Vo = V- IcR:
15V-23mA x 10 kQ =15V -23V=-8V
Since V. < Vg, the transistor is saturated and our assumption is not correct.

8.23 Power Rating of Transistor
The maximum power that a transistor can handle without destruction is known as power rating of
thetransistor.
When a transistor is in operation, almost all the power is dissipated at the reverse biased
*collector-base junction. The power rating (or maximum power dissipation) is given by :
P (maxy = Collector current X Collector-base voltage
= lcxVes

Po maxy = lc*Vee
[ Veg=Veg T Vge Since Ve is very small, Vg = V]

While connecting transistor in a circuit, it should be ensured that its power rating is not exceeded
otherwise the transistor may be destroyed due to excessive heat. For example, suppose the power
rating (or maximum power dissipation) of a transistor is 300 mW. If the collector current is 30 mA,
then maximum V¢ allowed is given by ;

Pomay = 1o * Vee (max
or 300 mW = 30 mA x VCE(max)
300 mW
or Veemay = 30mAa ~ 1OV

This means that for | . =30 mA, the maximum Vg allowed is 10V. If V. exceeds this value, the
transistor will be destroyed due to excessive heat.

Maximum power dissipation curve. For **power transistors, it is sometimes necessary to
draw maximum power dissipation curve on the output characteristics. To draw this curve, we should
know the power rating (i.e. maximum power dissipation) of the transistor. Suppose the power rating
of a transistor is 30 mW.

Pomay = Vee*lc
or 30mW =V x|
Using convenient V¢ values, the corresponding collector currents are calculated for the maxi-
mum power dissipation. For example, for Vg = 10V,

Poqray _ 30 mW
Ve 10V

This locates the point A (10V, 3 mA) on the output characteristics. Similarly, many points such as
B, C, D etc. can be located on the output characteristics. Now draw a curve through the above points
to obtain the maximum power dissipation curve as shown in Fig. 8.60.

In order that transistor may not be destroyed, the transistor voltage and current (i.€. Vg and | )
conditions must at all times be maintained in the portion of the characteristics below the maximum
power dissipation curve.

=3mA

Ic (max) =

*  The base-emitter junction conducts about the same current as the collector-base junction (i.e. Ig = I¢).
However, Vg is very small (0.3 V for Ge transistor and 0.7 V for S transistor). For this reason, power
dissipated at the base-emitter junction is negligible.

** A transistor that is suitable for large power amplification is called a power transistor. It differs from other
transistors mostly in size ; it is considerably larger to provide for handling the great amount of power.
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IC
A
6mA [ [/ ":‘ D
L ¢
SmA [T- / &
4mA |- ol
\ T MAXIMUM POWER
/ LA DISSIPATION CURVE
3mA |- -
/ P Py =30 mW
2mA |- / LN
ImA / :
: : ' —
0 sV 10V 15V 20V ¢
Fig. 8.60

Example 8.38. The maximum power dissipation of a transistor is 100mW. If V. = 20V, what is
the maximum collector current that can be allowed without destruction of the transistor?

Solution. Pomay = Vee X e max
or 100 mW =20V Xlg
100 mW
I =_——" —5mA
cm a0V
Thus for Vg =20V, the maximum collector current allowed

is 5 mA. If collector current exceeds this value, the transistor
may be burnt due to excessive heat.

Note. Suppose the collector current becomes 7mA. The power
produced will be 20 V x 7 mA = 140 mW. The transistor can only
dissipate 100 mW. The remaining 40 mW will raise the temperature of
the transistor and eventually it will be burnt due to excessive heat.

Example8.39. For thecircuit shownin Fig. 8.61, find the
transistor power dissipation. Assume that = 200.

Solution.

Veg ~Vee _ (5-0.)V _

lg = R, ko~ ~43mA
o lc = Blg =200 x 4.3 =860 mA
Now Veg = Ve IcRe=5-1cx0=5V

Power dissipation, Py = Vg x|~
= 5V x 860 mA =4300 mW = 4.3W

Example8.40. For thecircuit showninFig. 8.62, find the
power dissipated in the transistor. Assume 3= 100.

Solution. The transistor is usually used with a resistor R
connected between the collector and its power supply V- as
shown is Fig. 8.62. The collector resistor R serves two purposes.
Firstly, it allows us to control the voltage V, at the collector.
Secondly, it protects the transistor from excessive collector
current |- and, therefore, from excessive power dissipation.
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Referring to Fig. 8.62 and applying Kirchhoft’s voltage law to the base side, we have,
Veg—lgRg— Ve =0
| _ Veg—Vee _1V-0.7V _ 0.3V
B Rg 10kQ ~ 10kQ
Now lc = Blg=100x%0.03 =3 mA
: Ve = Vee—lIcRe=5V-3mA x 1 kQ =5V -3V =2V
Power dissipated in the transistor is
Po = Ve X 1c=2Vx3mA=6mW
Example 8.41. Thetransistor in Fig. 8.63 has the following maximumratings :
Pomay = 800 MW Vg (g = 15V I (a9 = 100 MA
Determine the maximum value to which V. can be adjusted without exceeding any rating.
Which rating would be exceeded first ?

=0.03 mA

Fig. 8.63

Solution.
Vegg =~ Vege = V-0V 43V

ls = 7 R, 2kQ | 22kq ~193uA
o lc = Blg=100x% 195 uA =19.5 mA
Note that | is much less than | ., and will not change with V.. It is determined only by |z and
B. Therefore, current rating is not exceeded.
Now Vee = VeetIcRe
We can find the value of V.o when Vg (0 = 15V.
’ Vecmay = Veemay T lc Re
= 15V+19.5mA x 1 kQ=15V+19.5V =345V
Therefore, we can increase Vi to 34.5V before Vg () is reached.
Po = Veemay lc = (15V) (19.5 mA) =293 mW
Since Py (max) — 300 mW, it isnot exceeded when V- = 34.5V.

If base current is removed causing the transistor to turn off, Vg i, Will e exceeded because
the entire supply voltage V- will be dropped across the transistor.

8.24. Determination of Transistor Configuration

In practical circuits, you must be able to tell whether a given transistor is connected as a common
emitter, common base or common collector. There is an easy way to ascertain it. Just locate the
terminals where the input a.c. singal is applied to the transistor and where the a.c output is taken from
the transistor. The remaining third terminal is the common terminal. For instance, if the a.c input is
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applied to the base and the a.c output is taken from the collector, then common terminal is the emitter.
Hence the transistor is connected in common emitter configuration. Ifthe a.c. input is applied to the
base and a.c output is taken from the emitter, then common terminal is the collector. Therefore, the
transistor is connected in common collector configuration.

8.25 Semiconductor Devices Numbering System

From the time semiconductor engineering came to existence, several numbering systems were adopted
by different countries. However, the accepted numbering system is that announced by Proelectron
Standardisation Authority in Belgium. According to this system of numbering semiconductor de-
vices :

(i) Every semiconductor device is numbered by five alpha-numeric symbols, comprising either
two letters and three numbers (e.g. BF194) or three letters and two numbers (€.g. BFX63). When two
numbers are included in the symbol (e.g. BFX63), the device is intended for industrial and profes-
sional equipment. When the symbol contains three numbers (e.g. BF194) , the device is intended for
entertainment or consumer equipment.

(if) The first letter indicates the nature of semiconductor material. For example :
A = germanium, B =silicon, C = gallium arsenide, R = compound material (¢.g. cadmium sulphide)
Thus AC125 is a germanium transistor whereas BC149 is a silicon transistor.
(iii) The second letter indicates the device and circuit function.
= diode B = Variable capacitance diode
= A.F. low powered transistor D = A.F. power transistor
= Tunnel diode = H.F. low power transistor
= Multiple device = Magnetic sensitive diode
= Hall-effect device = H.F. power transistor
Hall-effect modulator = Radiation sensitive diode
= Radiation generating diode Thyristor (SCR or triac)
= Low power switching transistor = Thyristor (power)
= Power switching transistor = diode, multiplier
Power device = Zener diode

8.26 Transistor Lead ldentification

There are three leads in a transistor Viz. collector, emitter and base. When a transistor is to be connected
in a circuit, it is necessary to know which terminal is which. The identification of the leads of transistor
varies with manufacturer. However, there are three systems in general use as shown in Fig. 8.64.

<CpHpOZIXOMmO >
I
NX-HXODUTr Im
I

(i) When the leads of a transistor are in the same plane and unevenly spaced [See Fig. 8.64 (i)],
they are identified by the positions and spacings of leads. The central lead is the base lead. The
collector lead is identified by the larger spacing existing between it and the base lead. The remaining
lead is the emitter.

E [ TRANSISTOR \C

TRANSISTOR TRANSISTOR
Dot—pe
E B ‘C C‘ B E Gap
(@) (@) (i)

Fig. 8.64
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(if) When the leads of a transistor are in the same plane but evenly spaced [See Fig. 8.64 (ii)],
the central lead is the base, the lead identified by dot is the collector and the remaining lead is the
emitter.

(i) When the leads of a transistor are spaced around the circumference of a circle [See Fig. 8.64
(iii)], the three leads are generally in E-B-C order clockwise from a gap.

8.27 Transistor Testing

An ohmmeter can be used to check the state of a transistor i.€., whether the transistor is good or not.
We know that base-emitter junction of a transistor is forward biased while collector-base junction is
reverse biased. Therefore, forward biased base-emitter junction should have low resistance and
reverse biased collector-base junction should register a much higher resistance. Fig. 8.65 shows the
process of testing an Npn transistor with an ohmmeter.

(i) The forward biased base-emitter junction (biased by internal supply) should read a low
resistance, typically 100 Q to 1 kQ as shown in Fig. 8.65 (i). If that is so, the transistor is good.
However, if it fails this check, the transistor is faulty and it must be replaced.

C TC

Ohmmeter Ohmmeter
LN .
- -+
E
0] (i)

Fig. 8.65

(if) The reverse biased collector-base junction (again reverse biased by internal supply) should
be checked as shown in Fig. 8.65 (ii). If the reading of the ohmmeter is 100 kQ or higher, the
transistor is good. If the ohmmeter registers a small resistance, the transistor is faulty and requires
replacement.

Note. When testing a pnp transistor, the ohmmeter leads must be reversed. The results of the tests, how-
ever, will be the same.

8.28 Applications of Common Base Amplifiers

Common base amplifiers are not used as frequently as the CE amplifiers. The two important
applications of CB amplifiers are : (i) to provide voltage gain without current gain and (ii) for imped-
ance matching in high frequency applications. Out of the two, the high frequency applications are far
more common.

(i) Toprovidevoltage gain without current gain. We know that a CB amplifier has a high
voltage gain while the current gain is nearly 1 (i.e. A; =~ 1). Therefore, this circuit can be used to
provide high voltage gain without increasing the value of circuit current. For instance, consider the
case where the output current from an amplifier has sufficient value for the required application but
the voltage gain needs to be increased. In that case, CB amplifier will serve the purpose because it
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would increase the voltage without increasing the current. This is illustrated in Fig. 8.66. The CB
amplifier will provide voltage gain without any current gain.

LOW 4, HIGH 4,
INPUT—>——|  AMPLIFIER > o > OUTPUT
AMPLIFIER
SUFFICIENT 4, A, =1
Fig. 8.66
SOURCE
r __________ 1
I
I I
1 I
|
! | Zu =250
| i
e __ J
Fig. 8.67

(if) For impedance matching in high frequency applications. Most high-frequency voltage
sources have a very low output impedance. When such a low-impedance source is to be connected
to a high-impedance load, you need a circuit to match the source impedance to the load impedance.
Since a common-base amplifier has low input impedance and high output impedance, the com-
mon-base circuit will serve well in this situation. Let us illustrate this point with a numerical ex-
ample. Suppose a high-frequency source with internal resistance 25 € is to be connected to a load
of 8 kQ as shown in Fig. 8.67. If the source is directly connected to the load, small source power
will be transferred to the load due to mismatching. However, it is possible to design a CB amplifier
that has an input impedance of nearly 25 Q and output impedance of nearly 8 kQ. If such a CB
circuit is placed between the source and the load, the source will be matched to the load as shown
in Fig. 8.68.

SOURCE BUFFER LOAD
[-=======——--- 1 r————--- 7 Fomsmosmomoos 1
| | 1 1 X |
! ! ! ! ! l
iz _250 | ! ! : '
 Cou™ : 2 | Zus8k0 Zn= B
! l 1250 ! g !
1 | 1 1 ) 1
b o i L ___ i [ d

CB CIRCUIT
Fig. 8.68

Note that source impedance very closely matches the input impedance of CB amplifier. There-
fore, there is a maximum power transfer from the source to input of CB amplifier. The high output
impedance of the amplifier very nearly matches the load resistance. As a result, there is a maximum
power transfer from the amplifier to the load. The net result is that maximum power has been trans-
ferred from the original source to the original load. A common-base amplifier that is used for this
purpose is called a buffer amplifier.
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8.29 Transistors Versus Vacuum Tubes

Advantages of transistors

A transistor is a solid-state device that performs the same functions as the grid-controlled vacuum
tube. However, due to the following advantages, the transistors have upstaged the vacuum tubes in
most areas of electronics :

(i) Highvoltagegain. We can get much more voltage gain with a transistor than with a vacuum
tube. Triode amplifiers normally have voltage gain of less than 75. On the other hand, transistor
amplifiers can provide a voltage gain of 300 or more. This is a distinct advantage of transistors over
the tubes.

(if) Lower supply voltage. Vacuum tubes require much higher d.c. voltages than transistors.
Vacuum tubes generally run at d.c. voltages ranging from 200V to 400V whereas transistors require
much smaller d.c. voltages for their operation. The low voltage requirement permits us to build por-
table, light-weight transistor equipment instead of heavier vacuum-tube equipment.

(iif) No heating. A transistor does not require a heater whereas the vacuum tube can only oper-
ate with a heater. The heater requirement in vacuum tubes poses many problems. First, it makes the
power supply bulky. Secondly, there is a problem of getting rid of heat. The heater limits the tube’s
useful life to a few thousand hours. Transistors, on the other hand, last for many years. This is the
reason that transistors are permanently soldered into a circuit whereas tubes are plugged into sockets.

(iv) Miscellaneous. Apart from the above salient advantages, the transistors have superior edge
over the tubes in the following respects :

(a) transistors are much smaller than vacuum tubes. This means that transistor circuits can be
more compact and light-weight.

(b) transistors are mechanically strong due to solid-state.

(c) transistors can be integrated along with resistors and diodes to produce 1Cs which are
extremely small in size.

Disadvantages of transistors

Although transistors are constantly maintaining superiority over the vacuum tubes, yet they suffer
from the following drawbacks :

(i) Lower power dissipation. Most power transistors have power dissipation below 300W
while vacuum tubes can easily have power dissipation in kW. For this reason, transistors cannot be
used in high power applications e.g. transmitters, industrial control systems, microwave systems etc.
In such areas, vacuum tubes find wide applications.

(if) Lower input impedance. A transistors has low input impedance. A vacuum tube, on the
other hand, has very high input impedance (of the order of MQ) because the control grid draws
negligible current. There are many electronic applications where we required high input impedance
e.0. electronic voltmeter, oscilloscope etc. Such areas of application need vacuum tubes. It may be
noted here that field-effect transistor (FET) has a very high input impedance and can replace a vacuum
tube in almost all applications.

(iif) Temperature dependence. Solid-state devices are very much temperature dependent. A
slight change in temperature can cause a significant change in the characteristics of such devices. On
the other hand, small variations in temperature hardly affect the performance of tubes. It is a distinct
disadvantage of transistors.

(iv) Inherent variation of parameters. The manufacture of solid-state devices is indeed a very
difficult process. Inspite of best efforts, the parameters of transistors (€.g. B, Vg €tC.) are not the same
even for the transistors of the same batch. For example, B for BC 148 transistors may vary between
100 and 600.
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MULTIPLE-CHOICE QUESTIONS

1. Atransistor has ........
(i) one pnjunction
(if) two pnjunctions
(iii) three pn junctions
(iv) four pnjunctions
2. The number of depletion layers in a transis-

tor is ........
(i) four (ii) three
(iif) one (iv) two
3. The base of a transistor is ....... doped.
(i) heavily (ii) moderately
(iii) lightly (iv) none of the above

4. The element that has the biggest size in a
transistor is ........

(i) collector
(iif) emitter
(iv) collector-base junction

(ii) base

5. Ina pnp transistor, the current carriers are

(i) acceptorions (i) donor ions

(iii) free electrons (iv) holes

6. The collector of a transistor is ........ doped.
(i) heavily (ii) moderately
(i) lightly (iv) none of the above
7. A transistoris a......... operated device.
(i) current (ii) voltage

(iii) both voltage and current
(iv) none of the above

8. In an npn transistor, ....... are the minority
carriers.

(ii) holes
(iv) acceptor ions

(i) free electrons
(iif) donor ions
9. The emitter of a transistor is ........ doped.
(i) lightly (i) heavily
(iii) moderately  (iv) none of the above

10. In atransistor, the base current is about........
of emitter current.

(i) 25% (i) 20%
(i) 35% (iv) 5%
11. At the base-emitter junction of a transistor,
one finds ........

(i) reverse bias
(ii) a wide depletion layer
(iii) low resistance
(iv) none of the above
12. The input impedance of a transistor is ......

(i) high (i) low
(iif) very high (iv) almost zero
13. Most of the majority carriers from the emit-
ter .........

(i) recombine in the base
(ii) recombine in the emitter

(iii) pass through the base region to the col-
lector

(iv) none of the above

14. The current lgis ........
(i) electron current
(ii) hole current
(iif) donor ion current
(iv) acceptor ion current
15. In a transistor, ........
() lc=lg+lg (i) Ig=lc+1g
(i) lg=lg=1lg (v) lg=lc+lg
16. The value of o of a transistor is ........
(i) morethan1  (ii) lessthan 1

(i) 1 (iv) none of the above
17 lg=alg+ ...
() Ig (i) lego
(i) lego (iv) Blg
18. The output impedance of a transistor is ........
(i) high (i) zero
(iii) low (iv) very low

19. In a transistor, I = 100 mA and I =
100.5 mA. The value of Bis ........
(i) 100 (ii) 50
(iif) about 1 (iv) 200
20. In a transistor if B = 100 and collector cur-
rentis 10 mA, then I is ........

(i) 100 mA (i) 100.1 mA
(iii) 110 mA (iv) none of the above
21. The relation between B and ot is ........
. 1 ao l-o
i) p=1- () p=—2
o . _ o
(i) p= % (v B- L
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22. The value of B for a transistor is generally
(i 1 (ii) less than 1
(iii) between 20 and 500
(iv) above 500
23. The most commonly used transistor arrange-
mentis ........ arrangement.
(i) common emitter
(i) common base
(iii) common collector
(iv) none of the above
24. The input impedance of a transistor con-
nected in .......... arrangement is the highest.
(i) common emitter
(i) common collector
(iii) common base
(iv) none of the above
25. The output impedance of a transistor con-
nected in ......... arrangement is the highest.
(i) common emitter
(i) common collector
(iii) common base
(iv) none of the above
26. The phase difference between the input and
output voltages in a common base arrange-

mentis .........
(i) 180° (i) 90°
(iiiy 270° (iv) 0°

27. The power gain of a transistor connected in
........ arrangement is the highest.
(i) common emitter
(i) common base
(iii) common collector
(iv) none of the above
28. The phase difference between the input and
output voltages of a transistor connected in
common emitter arrangement is ........
@i o0° (i) 180°
(i) 90° (iv) 270°
29. The voltage gain of a transistor connected
in..... arrangement is the highest.
(i) common base (ii) common collector
(iii) common emitter
(iv) none of the above
30. As the temperature of a transistor goes up,
the base-emitter resistance ........
(i) decreases (i) increases
(iii) remains the same
(iv) none of the above

31. The voltage gain of a transistor connected
in common collector arrangement is .......
(i) equaltol (ii) more than 10
(iii) more than 100 (iv) less than 1
32. The phase difference between the input and
output voltages of a transistor connected in
common collector arrangement is ........

(i) 180° (i) 0°

(i) 90° (iv) 270°
33 1o=Blg+

() lego (i) e

(i) lego (iv) olg
34 1= % lg+ oo

() leeo (i) Tcgo

(i) 1 (iv) (1-a)lg
35. I= - Ig+ m

() leso (1) Teeo

(i) 1 (iv) I

36. BC 147 transistor indicates that it is made

(i) germanium (ii) silicon

(iii) carbon (iv) none of the above
37 lego = (e ) lcso
i B (i) 1+o
@i 1+p (iv) none of the above

38. A transistor is connected in CB mode. If it
is now connected in CE mode with same bias
voltages, the values of I, Iz and |- will ...

(i) remain the same
(ii) increase
(iii) decrease (iv) none of the above
39. Ifthe value of ot is 0.9, then value of B is ........

i 9 (i) 0.9
(iii)y 900 (iv) 90
40. In a transistor, signal is transferred from a
........ circuit.

(i) high resistance to low resistance
(ii) low resistance to high resistance
(iil) high resistance to high resistance
(iv) low resistance to low resistance
41. The arrow in the symbol of a transistor indi-
cates the direction of .........
(i) electron current in the emitter
(ii) electron current in the collector
(iii) hole current in the emitter
(iv) donor ion current
42. The leakage current in CE arrangement is
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....... that in CB arrangement. the manufacture of a transistor is ........
(i) more than (ii) less than (i) germanium (ii) silicon
(iii) thesameas  (iv) none of the above (iii) carbon (iv) none of the above
43. A heat sink is generally used with a transis- | 45. The collector-base junction in a transistor
tor to ........ has ........
(i) increase the forward current (i) forward bias at all times
(ii) decrease the forward current (ii) reverse bias at all times
(iif) compensate for excessive doping (iii) low resistance
(iv) prevent excessive temperature rise (iv) none of the above

44. The most commonly used semiconductor in

Answers to Multiple-Choice Questions
1. (i) 2. (iv) 3. (iii) 4. (i) 5. (iv)
6. (ii) 7. (i) 8. (ii) 9. (ii) 10. (iv)
11, (iii) 12. (i) 13, (iii) 14. (i) 15. (iv)
16. (ii) 17. (iii) 18. (i) 19. (iv) 20. (ii)
21, (iii) 22. (iii) 23. (i) 24. (ii) 25. (iii)
26. (iv) 27. (i) 28. (ii) 29. (i) 30. (i)
31. (iv) 32. (ii) 33. (i) 34. (i) 35. (i)
36. (ii) 37. (iii) 38. (i) 39. (iv) 40. (i)
41, (iii) 42. (i) 43, (iv) 44. (ii) 45, (ii)
Chapter Review Topics
1. What is a transistor ? Why is it so called ?
2. Draw the symbol of npn and pnp transistor and specify the leads.
3. Show by means of a diagram how you normally connect external batteries in (i) pnp transistor (ii) npn
transistor.
4. Describe the transistor action in detail.
5. Explain the operation of transistor as an amplifier.
6. Name the three possible transistor connections.
7. Define o.. Show that it is always less than unity.
8. Draw the input and output characteristics of CB connection. What do you infer from these character-
istics ?
9. Define B. Show that: 3= %.
10. How will you determine the input and output characteristics of CE connection experimentally ?
11. Establish the following relations :
. _ .. _ o 1
) le=oalgtlepg (i) le = m'na‘*m'wo
. 1
(i) Ig=PBlg+lcgo vy v= 1«
W g =@+ Dlg+ B+l
12. How will you draw d.c. load line on the output characteristics of a transistor ? What is its importance?
13. Explain the following terms : (i) voltage gain (ii) power gain (iii) effective collector load.
14. Write short notes on the following : (i) advantages of transistors (ii) operating point (iii) d.c. load line.
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Ao

8.

10.

11.

Problems
In a transistor if | - = 4.9mA and I = SmA, what is the value of o ? [0.98]
In a transistor circuit, | = ImA and | = 0.9mA. What is the value of |5 ? [0.1 mA]
Find the value of B if oo = 0.99. [100]
In a transistor, = 45, the voltage across SkQ resistance which is connected in the collector circuit is
5 volts. Find the base current. [0.022 mA]
In a transistor, |g=68 uA, I.=30mA and B =440. Find the value of o.. Hence determine the value
of le. [0.99; 29.92 mA]
The maximum collector current that a transistor can carry is 500 mA. If f = 300, what is the maxi-
mum allowable base current for the device ? [1.67 mA]

For the circuit shown in Fig. 8.69, draw the d.c. load line.

Ie

Re= 5kQ

Fig. 8.69

Draw the d.c. load line for Fig. 8.70.
[The end points of load line are 6.06 mA and 20 V]

+20V T +5 VT
33kQ 2R, 470Q 2 R,
+10V +5Vo—
1 MQ 680 kQ
Fig. 8.70 Fig. 8.71

If the collector resistance R in Fig. 8.70 is reduced to 1 k€2, what happens to the d.c. load
line ?
[The end points of d.c. load line are now 20 mA and 20 V]
Draw the d.c. load line for Fig. 8.71.
[The end points of d.c. load line are 10.6 mA and 5V
If the collector resistance R in Fig. 8.71 is increased to 1 k€2, what happens to the d.c. load
line ?
[The end points of d.c. load line are now 5 mA and 5 V]
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12. Determine the intercept points of the d.c. load line on the vertical and horizontal axes of the
collector curves in Fig. 8.72. [2mA ; 20V]

13. For the circuit shown in Fig. 8.73, find (i) the state of the transistor and (ii) transistor power.
[(i) active (ii) 4.52 mW]

Vee
+ 15V

0.7V $y,
Ry %2 kQ lIE I
Fig. 8.73 Fig. 8.74
14. A base current of 50 WA is applied to the transistor in Fig. 8.74 and a voltage of 5V is
dropped across R . Calculate o, for the transistor. [0.99]
15. A certain transistor is to be operated at a collector current of 50 mA. How high can V¢ go without
exceeding Pp () 0f 1.2 W ? [24 V]

Discussion Questions
Why is a transistor low powered device ?
What is the significance of arrow in the transistor symbol ?
Why is collector wider than emitter and base ?
Why is collector current slightly less than emitter current ?

ag s wbdpE

Why is base made thin ?
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INTRODUCTION

cuit applications of an ordinary transistor. In this

type of transistor, both holes and electrons play part
in the conduction process. For this reason, it is some-
times called a bipolar transistor. The ordinary or bipo-
lar transistor has two principal disadvantages. First, it
has a low input impedance because of forward biased
emitter junction. Secondly, it has considerable noise
level. Although low input impedance problem may be
improved by careful design and use of more than one
transistor, yet it is difficult to achieve input impedance
more than a few megaohms. The field effect transistor
(FET) has, by virtue of its construction and biasing, large
input impedance which may be more than 100
megaohms. The FET is generally much less noisy than
the ordinary or bipolar transistor. The rapidly expand-
ing FET market has led many semiconductor market-

I n the previous chapters, we have discussed the cir-


Administrator
Stamp


Field Effect Transistors B 507

ing managers to believe that this device will soon become the most important electronic device,
primarily because of its integrated-circuit applications. In this chapter, we shall focus our attention
on the construction, working and circuit applications of field effect transistors.

19.1 Types of Field Effect Transistors

A bipolar junction transistor (BJT) is a current controlled device i.e., output characteristics of the
device are controlled by base current and not by base voltage. However, in a field effect transistor
(FET), the output characteristics are controlled by input voltage (i.€., electric field) and not by input
current. This is probably the biggest difference between BJT and FET. There are two basic types of
field effect transistors:

(i) Junction field effect transistor (JFET)
(if) Metal oxide semiconductor field effect transistor (MOSFET)
To begin with, we shall study about JFET and then improved form of JFET, namely; MOSFET.

19.2 Junction Field Effect Transistor (JFET)

Ajunction field effect transistor isathreeterminal semiconductor deviceinwhich current conduc-
tion is by one type of carrier i.e., electrons or holes.

The JFET was developed about the same time as the transistor but it came into general use only
in the late 1960s. In a JFET, the current conduction is either by electrons or holes and is controlled by
means of an electric field between the gate electrode and the conducting channel of the device. The
JFET has high input impedance and low noise level.

Constructional details. A JFET consists of a p-type or h-type silicon bar containing two pn
junctions at the sides as shown in Fig.19.1. The bar forms the conducting channel for the charge
carriers. If'the bar is of n-type, it is called n-channel JFET as shown in Fig. 19.1 (i) and if the bar is
of p-type, it is called a p-channel JFET as shown in Fig. 19.1 (ii). The two pn junctions forming
diodes are connected *internally and a common terminal called gateis taken out. Other terminals are
source and drain taken out from the bar as shown. Thus a JFET has essentially three terminals viz,
gate (G), source (S) and drain (D).

-]-DRAIN (D) -LDRAIN (D)

Z p
p ‘ n
e U e DRI
(&) n (&) p
[SOURCE S) l’SOUF%CE (S)
n-Channel JFET p-Channel JFET
(@) (i1)
Fig. 19.1

It would seem from Fig. 19.1 that there are three doped material regions. However, this is not the case. The
gate material surrounds the channel in the same manner as a belt surrounding your waist.
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JFET polarities. Fig. 19.2 (i) shows n-channel JFET polarities whereas Fig. 19.2 (ii) shows the
p-channel JFET polarities. Note that in each case, the voltage between the gate and source is such
that the gate is reverse biased. This is the normal way of JFET connection. The drain and source
terminals are interchangeable i.€., either end can be used as source and the other end as drain.

Y
a‘
I
Q
&/
s ]
(3N
|
I
DY
[

0 €
VGST

) ()

Fig. 19.2

The following points may be noted :

(i) The input circuit (i.e. gate to source) of a JFET is reverse biased. This means that the device
has high input impedance.

(i) The drain is so biased w.r.t. source that drain current | ; flows from the source to drain.
(iii) In all JFETS, source current lqis equal to the drain currenti.e. Ig= I,

19.3 Principle and Working of JFET

Fig. 19.3 shows the circuit of n-channel JFET with normal polarities. Note that the gate is reverse
biased.

Principle. The two pnjunctions at the sides form two depletion layers. The current conduction by
charge carriers (i.e. free electrons in this case) is through the channel between the two depletion layers
and out of the drain. The width and hence *resistance of this channel can be controlled by changing the
input voltage V55 The greater the reverse voltage Vg, the wider will be the depletion layers and nar-
rower will be the conducting channel. The narrower channel means greater resistance and hence source
to drain current decreases. Reverse will happen should Vg decrease. Thus JFET operates on the prin-
ciplethat width and hence resistance of the conducting channel can be varied by changing the reverse
voltage Vg In other words, the magnitude of drain current (I5) can be changed by altering V¢

Working. The working of JFET is as under :

(i) When a voltage Vqis applied between drain and source terminals and voltage on the gate is
zero [ See Fig. 19.3 (i) ], the two pn junctions at the sides of the bar establish depletion layers. The
electrons will flow from source to drain through a channel between the depletion layers. The size of
these layers determines the width of the channel and hence the current conduction through the bar.

(i) When a reverse voltage Vg is applied between the gate and source [See Fig. 19.3 (ii)], the
width of the depletion layers is increased. This reduces the width of conducting channel, thereby
increasing the resistance of n-type bar. Consequently, the current from source to drain is decreased.
On the other hand, if the reverse voltage on the gate is decreased, the width of the depletion layers
also decreases. This increases the width of the conducting channel and hence source to drain current.

*  The resistance of the channel depends upon its area of X-section. The greater the X-sectional area of this
channel, the lower will be its resistance and the greater will be the current flow through it.
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It is clear from the above discussion
that current from source to drain can be
controlled by the application of potential
(i.e. electric field) on the gate. For this
reason, the device is called field effect
transistor. It may be noted that a p-chan-
nel JFET operates in the same manner as
an n -channel JFET except that channel
current carriers will be the holes instead
of electrons and the polarities of Vzgand
Vps are reversed.

Note. If the reverse voltage Vg on the
gate is continuously increased, a state is
reached when the two depletion layers touch
each other and the channel is cut off. Under
such conditions, the channel becomes a non-
conductor.
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(i)

Fig. 19.3

|
i
=
i

-

B [E
+
T

JFET biased for Conduction

19.4 Schematic Symbol of JFET
Fig. 19.4 shows the schematic symbol of JFET. The vertical line in the symbol may be thought

D

S
n-Channel JFET

O]

D

S
p-Channel JFET
(if)
Fig. 19.4
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as channel and source (S) and drain (D) connected to this line. Ifthe

channel is n-type, the arrow on the gate points towards the channel Drai
as shown in Fig. 19.4 (i). However, for p-type channel, the arrow on 4 2
the gate points from channel to gate [See Fig. 19.4 (ii)].
19.5 Importance of JFET !

A JFET acts like a voltage controlled device i.€. input voltage (Vo) 2Source
controls the output current. This is different from ordinary transistor

(or bipolar transistor) where input current controls the output cur-

rent. Thus JFET is a semiconductor device acting *like a vacuum tube. The need for JFET arose
because as modern electronic equipment became increasingly transistorised, it became apparent that
there were many functions in which bipolar transistors were unable to replace vacuum tubes. Owing
to their extremely high input impedance, JFET devices are more like vacuum tubes than are the
bipolar transistors and hence are able to take over many vacuum-tube functions. Thus, because of
JFET, electronic equipment is closer today to being completely solid state.

The JFET devices have not only taken over the functions of vacuum tubes but they now also
threaten to depose the bipolar transistors as the most widely used semiconductor devices. As an
amplifier, the JFET has higher input impedance than that of a conventional transistor, generates less
noise and has greater resistance to nuclear radiations.

19.6 Difference Between JFET and Bipolar Transistor

The JFET differs from an ordinary or bipolar transistor in the following ways :

(i) Ina JFET, there is only one type of carrier, holes in p-type channel and electrons in n-type
channel. For this reason, it is also called a unipolar transistor. However, in an ordinary transistor,
both holes and electrons play part in conduction. Therefore, an ordinary transistor is sometimes
called a bipolar transistor.

(i) As the input circuit (i.e., gate to source) of a JFET is reverse biased, therefore, the device
has high input impedance. However, the input circuit of an ordinary transistor is forward biased and
hence has low input impedance.

(iif) The primary functional difference between the JFET and the BJT is that no current (actually,

a very, very small current) enters the gate of JFET (i.e. | ;= 0A). However, typical BJT base current
might be a few WA while JFET gate current a thousand times smaller [See Fig. 19.5].
FET BJT

DRAIN

b

The gate, source and drain of a JFET correspond to grid, cathode and anode of a vacuum tube.
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(iv) A bipolar transistor uses a current into its base to control a large current between collector
and emitter whereas a JFET uses voltage on the ‘gate’ ( = base) terminal to control the current be-
tween drain (= collector) and source (= emitter). Thus
abipolar transistor gain is characterised by current gain
whereas the JFET gain is characterised as a
transconductance i.€., the ratio of change in output cur- R,
rent (drain current) to the input (gate) voltage.

+Vpg

(v) In JFET, there are no junctions as in an ordi- '4|
nary transistor. The conduction is through an
n- type or p-type semi-conductor material. For this [\
reason, noise level in JFET is very small. \/

. OUTPUT
19.7 JFET as an Amplifier SIGNAL

Fig. 19.6 shows JFET amplifier circuit. The weak sig-
nal is applied between gate and source and amplified {’ | I
output is obtained in the drain-source circuit. For the v
proper operation of JFET, the gate must be negative oo
w.r.t. source i.€., input circuit should always be reverse Fig. 19.6

biased. This is achieved either by inserting a battery

Vg in the gate circuit or by a circuit known as biasing circuit. In the present case, we are providing
biasing by the battery V.

A small change in the reverse bias on the gate produces a large change in drain current. This fact
makes JFET capable of raising the strength of a weak signal. During the positive half of signal, the
reverse bias on the gate decreases. This increases the channel width and hence the drain current.
During the negative half-cycle of the signal, the reverse voltage on the gate increases. Consequently,
the drain current decreases. The result is that a small change in voltage at the gate produces a large
change in drain current. These large variations in drain current produce large output across the load
R . Inthis way, JFET acts as an amplifier.

19.8 Output Characteristics of JFET

The curve between drain current (I;) and drain-source voltage (Vg ) of a JFET at constant gate-
source voltage (Vo) is known as output characteristics of JFET. Fig. 19.7 shows the circuit for
determining the output characteristics of JFET. Keeping V¢ fixed at some value, say 1V, the drian-
source voltage is changed in steps. Corresponding to each value of Vg, the drain current | is noted.
A plot of these values gives the output characteristic of JFET at V o= 1V. Repeating similar proce-
dure, output characteristics at other gate-source voltages can be drawn. Fig. 19.8 shows a family of
output characteristics.

ID
A
Vgs=1V
|
. Vgs=2V
|
i Vgs=3V
J _<L—>VP

Fig. 19.7 Fig. 19.8
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The following points may be noted from the characteristics :

(i) At first, the drain current | rises rapidly with drain-source voltage Vg but then becomes
constant. The drain-source voltage above which drain current becomes constant is known as pinch
off voltage. Thus in Fig. 19.8, OA s the pinch off voltage ;.

(if) After pinch off voltage, the channel width becomes so narrow that depletion layers almost
touch each other. The drain current passes through the small passage between these layers. There-
fore, increase in drain current is very small with V4 above pinch off voltage. Consequently, drain
current remains constant.

(ilf) The characteristics resemble that of a pentode valve.

19.9 Salient Features of JFET

The following are some salient features of JFET :

() A JFET is a three-terminal voltage-controlled semiconductor device i.e. input voltage con-
trols the output characteristics of JFET.

(if) The JFET is always operated with gate-source pn junction *reverse biased.
(iif) Ina JFET, the gate current is zero i.€. | 5= 0A.
(iv) Since there is no gate current, I =g
(v) The JFET must be operated between Vg and Vg (offy- For this range of gate-to-source
voltages, | will vary from a maximum of |y to a minimum of almost zero.
(vi) Because the two gates are at the same potential, both depletion layers widen or narrow
down by an equal amount.
(vii)  The JFET is not subjected to thermal runaway when the temperature of the device increases.
(viii) The drain current | is controlled by changing the channel width.
(ix) Since JFET has no gate current, there is no 3 rating of the device. We can find drain current
Ip by using the eq. mentioned in Art. 19.11.

19.10 Important Terms

In the analysis of a JFET circuit, the following important terms are often used :
1. Shorted-gate drain current (I 5g)
2. Pinch off voltage (V)
3. Gate-source cut off voltage [Vgg )]

1. Shorted-gate drain current (I55). Itisthedrain current with source short-circuited to
gate (i.e. Vg5 = 0) and drain voltage (Vpg) equal to pinch off voltage. It is sometimes called zero-bias
current.

Fig 19.9 shows the JFET circuit with Vg = 0 i.e., source shorted-circuited to gate. This is
normally called shorted-gate condition. Fig. 19.10 shows the graph between |5 and V4 for the
shorted gate condition. The drain current rises rapidly at first and then levels off at pinch off voltage
Vp. The drain current has now reached the maximum value | ;o When Vyqis increased beyond Vp,,
the depletion layers expand at the top of the channel. The channel now acts as a current limiter and
**holds drain current constant at | 5.

Forward biasing gate-source pn junction may destroy the device.

**  When drain voltage equals Vp, the channel becomes narrow and the depletion layers almost touch each
other. The channel now acts as a current limiter and holds drain current at a constant value of | g
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I, (mA)
IDSS 4
< BREAKDOWN
Vee=0
ne Ipssh - ——— - , Gs |
/\ T — | |
N Vv T — I 1
Ny =" | |
— I |
[ ACTIVE i
| REGION !
I I
| I
' "> V)5 (VOLTS)
0 VP VDS (max)
Fig. 19.9 Fig. 19.10

The following points may be noted carefully :

(i) Since I g is measured under shorted gate conditions, it is the maximum drain current that
you can get with normal operation of JFET.

(ii) There is a maximum drain voltage [Vpg (max)] that can be applied to a JFET. If the drain
voltage exceeds Vpg iy, JFET would breakdown as shown in Fig. 19.10.

(iif) The region between Vp and Vpg ) (breakdown voltage) is called constant-current region
or activeregion. Aslong as Vygis kept within this range, | will remain constant for a constant value
of Vg In other words, in the active region, JFET behaves as a constant—current device. For proper
working of JFET, it must be operated in the active region.

2. Pinch off Voltage (V). It isthe minimum drain-source voltage at which the drain current
essentially becomes constant.

Figure 19.11 shows the drain curves of a JFET. Note that pinch off voltage is Vp. The
highest curve is for Vgg= 0V, the shorted-gate condition. For values of Vg greater than V, the
drain current is almost constant. It is because when V5 equals Vp, the channel is effectively
closed and does not allow further increase in drain current. It may be noted that for proper
function of JFET, it is always operated for Vpg> Vp. However, Vg should not exceed Vg ay
otherwise JFET may breakdown.

I, (mA)
£ 2
Tpss Vgs=0V Ipss
Vgs=—1V
V=2V
> Vpg ~Vos < > Vs
0 Ve (VOLTS) Vas o 0

Fig.19.11 Fig.19.12
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3. Gate-source cut off voltage Vg ). It is the gate-source voltage where the channel is
completely cut off and the drain current becomes zero.

The idea of gate-source cut off voltage can be easily understood if we refer to the transfer char-
acteristic of a JFET shown in Fig. 19.12. As the reverse gate-source voltage is increased, the cross-
sectional area of the channel decreases. This in turn decreases the drain current. At some reverse
gate-source voltage, the depletion layers extend completely across the channel. In this condition, the
channel is cut off and the drain current reduces to zero. The gate voltage at which the channel is cut
off (i.e. channel becomes non-conducting) is called gate-source cut off voltage Vg .

Notes. (i) It is interesting to note that Vg (offy Will always have the same magnitude value as V.
For example if Vp = 6V, then Vg oy = — 6 V. Since these two values are always equal and
opposite, only one is listed on the specification sheet for a given JFET.

(i) There is a distinct difference between Vp and Vg o, Note that Vp, is the value of Vpgthat
causes the JEFT to become a constant current device. It is measured at Vgg=0 V and will have a
constant drain current = lps However, Vg o, is the value of Vg that causes I, to drop to nearly
zero.

19.11 Expression for Drain Current (Iy)

The relation between | ygand Vp is shown in Fig. 19.13. We note that gate-source cut off voltage [i.e.
Vs (off)] on the transfer characteristic is equal to pinch off voltage V;, on the drain characteristic i.e.

Ve = | Ves (off |
For example, if a JFET has Vigg o) = — 4V, then Vp, = 4V.

The transfer characteristic of JFET shown in Fig. 19.13 is part of a parabola. A rather complex
mathematical analysis yields the following expression for drain current :

2
| - [1_ VGS :|
D = 'DSs \V/

GS(off)
where Ip = drain current at given Vg
Ipgs = shorted — gate drain current
Vgs = gate—source voltage
Vasoy = gate—source cut off voltage

I(mA)
A

V=0
Ipss gs

Vs < 0 > Vps
(VOLTS) Vs (o Ve (voLTS)

Fig. 19.13
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Example 19.1. Fig. 19.14 shows the transfer charac-

. . . - 1
teristic curve of a JFET. Wkite the equation for drain b
current.

Solution. Referring to the transfer characteristic curve 12 mA

in Fig. 19.14, we have,
b = 12mA
VGS(Om = -5V

2
b DS Vas(ern B - 0
Ve I i
or I, = 12[“%] mA Ans Fig. 19.14

Example 19.2. A JFET hasthe following parameters: Ipgg = 32MA; Vg = —8V; Vgg
= —4.5V. Find the value of drain current.

V. 2
Solution. Ib = lps {I_VGSG(sﬁ)]
(0]

2
= 32 [1 _E& 4;)} mA

= 6.12mA

Example19.3. AJFET hasadrain current of 5mA. If Ipes= 10mAand Vg o = — 6V, find the
value of (i) Vggand (ii) Vp.

Vv 2
Solution. Iy = |DSS{1—V = ]
GS(off)
2
or 5 = 10[1+&]
6
Vos _— _
or 1+% = J5/10 = 0.707
@i - Vgg = —1.76V
(i) and Vo = —Vasom = 6V

Example 19.4. For the JFET in Fig. 19.15, Vg (o = — 4V and |pgs = 12 mA. Determine the
minimum value of V; required to put the device in the constant-current region of operation.

Solution. Since Vg (offy =~ 4V, V, = 4V. The minimum value of V4 for the JFET to be in
constant-current region is
Vps = Vp=4V
In the constant current region with Vo= 0V,
Ip = lpss=12mA
Applying Kirchhoff’s voltage law around the drain circuit, we have,

Vop = Vps™ Vi, =VostIp Ry
= 4V + (12 mA) (560Q2) =4V + 6.72V = 10.72V
This is the value of V to make V=V, and put the device in the constant-current region.
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+Vpp
56OQ%RD Vason=-6V
Ipgg=3 mA
e— Vs — 2V
— Voo
Fig. 19.15 Fig. 19.16

Example 19.5. Determine the value of drain current for the circuit shown in Fig. 19.16.
Solution. Itis clear from Fig. 19.16 that Vig=—2V. The drain current for the circuit is given by;

)
lpss | 1— Ves
Vs off

)

3 mA 1_ﬂ

-6V

(3 mA) (0.444) = 1.33 mA
Example19.6. Aparticular p-channel JFET hasa Vg o = +4V. What isl, when Vg = + 6V?

)

Solution. The p-channel JFET requires a positive gate-to-source voltage to pass drain current
Ip- The more the positive voltage, the less the drain current. When V=4V, I =0 and JFET is cut
off. Any further increase in Vg keeps the JFET cut off. Therefore, at Vg=+ 6V, I = 0A.

19.12 Advantages of JFET

A JFET is a voltage controlled, constant current device (similar to a vacuum pentode) in which
variations in input voltage control the output current. It combines the many advantages of both
bipolar transistor and vacuum pentode. Some of the advantages of a JFET are :

(i) It has a very high input impedance (of the order of 100 MQ). This permits high degree of
isolation between the input and output circuits.

(if) The operation of a JFET depends upon the bulk material current carriers that do not cross
junctions. Therefore, the inherent noise of tubes (due to high-temperature operation) and those of
transistors (due to junction transitions) are not present in a JFET.

(iff) A JFET has a negative temperature co-efficient of resistance. This avoids the risk of thermal
runaway.

(iv) A JFET has a very high power gain. This eliminates the necessity of using driver stages.
(V) A JFET has a smaller size, longer life and high efficiency.

19.13 Parameters of JFET
Like vacuum tubes, a JFET has certain parameters which determine its performance in a circuit. The
main parameters of a JFET are (i) a.c. drain resistance (ii) transconductance (iii) amplification factor.

(i) a.c.drain resistance (r). Corresponding to the a.c. plate resistance, we have a.c. drain
resistance in a JFET. It may be defined as follows :
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Itistheratio of change in drain-source voltage (AV,,¢) to the change in drain current (Al ) at
constant gate-source voltagei.e.

a.c. drain resistance, ry = AAVIDS at constant Vg
D
For instance, if a change in drain voltage of 2 V produces a change in drain current of 0.02 mA, then,
a.c. drain resistance, ry = 2V 100 kQ
0.02 mA

Referring to the output characteristics of a JFET in Fig. 19.8, it is clear that above the pinch off
voltage, the change in | is small for a change in Vg because the curve is almost flat. Therefore,
drain resistance of a JFET has a large value, ranging from 10 kQ to 1 MQ.

(ii) Transconductance ( g;.). The control that the gate voltage has over the drain current is
measured by transconductance g and is similar to the transconductance g, of the tube. It may be
defined as follows :

Itisthe ratio of change in drain current (Al ) to the change in gate-source voltage (AVo) at
constant drain-source voltagei.e.

Alp
AVgg

The transconductance of a JFET is usually expressed either in mA/volt or micromho. As an
example, if a change in gate voltage of 0.1 V causes a change in drain current of 0.3 mA, then,

0.3 mA
0.1V

Transconductance, g;, = at constant Vpg

Transconductance, g; = = 3mA/V = 3x 10 A/V ormho or S (siemens)

= 3x107x 10° p mho = 3000 p mho (or pS)
(iif) Amplification factor (). Itistheratio of changein drain-source voltage (AVpg) to the
change in gate-source voltage (AVg) at constant drain current i.e.
AVpg
AV
Amplification factor of a JFET indicates how much more control the gate voltage has over drain

current than has the drain voltage. For instance, if the amplification factor of a JFET is 50, it means
that gate voltage is 50 times as effective as the drain voltage in controlling the drain current.

Amplification factor, p =

at constant |5

19.14 Relation Among JFET Parameters

The relationship among JFET parameters can be established as under :
AVpbs
AV

Multiplying the numerator and denominator on R.H.S. by Al;, we get,

We know p =

Lo AVos Alp _ AVps Alg
AVgs Al Aly ~ AVgg

W= TgX0¢g
i.e amplification factor = a.c. drain resistance X transconductance

Example 19.7. When a reverse gate voltage of 15 V is applied to a JFET, the gate current is
107 MA. Find the resistance between gate and source.

Solution. Vo = 15V; 15 =107 pA = 107 A
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. V,
Gate to source resistance = —= = 5V = 15x100Q = 15,000 M Q

lc 107 A
This example shows the major difference between a JFET and a bipolar transistor. Whereas the
input impedance of a JFET is several hundred M€, the input impedance of a bipolar transistor is only
hundreds or thousands of ohms. The large input impedance of a JFET permits high degree of isolation
between the input and output.

Example 19.8. When Vg of a JFET changes from-3.1 V to -3V, the drain current changes
from 1 mA to 1.3 mA. What is the value of transconductance ?

Solution. AVgg = 3.1-3 =01V ... magnitude
Al = 1.3-1= 03mA
Aly  03mA
Transconductance, g; = AVs oV 3mA/V = 3000 p mho

Example 19.9. The following readings were obtained experimentally from a JFET :

Vas oV oV -02V

Vs 7V 15V 15V

Is 10 mA 10.25 mA 9.65 mA

Determine (i) a. c. drain resistance (ii) transconductance and (iii) amplification factor.

Solution. (i) With Vg constant at 0V, the increase in Vg from 7 V to 15 V increases the drain
current from 10 mA to 10.25 mA i.e.
Change in drain-source voltage, AVpg = 15-7 = 8V
10.25-10 = 0.25 mA
AVpg 8V
Alp — 025mA

(i) With Vg constant at 15 V, drain current changes from 10.25 mA to 9.65 mA as Vg is
changed from 0 V to— 0.2 V.

Change in drain current, Al

= 32kQ

a.c. drain resistance, y =

AVgg = 02-0 =02V

Aly = 1025-9.65 = 0.6 mA
_ Aly _ 06mA B
Transconductance, g;¢ = AV ~ 02V 3 mA/V = 3000 p mho
(iii) Amplification factor, p = ryx g = (32 10°) x (3000 x 10°) = 96

19.15 Variation of Transconductance (g,, or g;,) of JFET

We have seen that transconductance g,,,of a JFET is the ratio I
of a change in drain current (Al ;) to a change in gate-source A
voltage (AVg) at constant Vpgi.e.

Al Ipss
In = AV
The transconductance g, of a JFET is an important pa- B

rameter because it is a major factor in determining the volt-

age gain of JFET amplifiers. However, the transfer charac-

teristic curve for a JFET is nonlinear so that the value of g, , A
depends upon the location on the curve. Thus the value of g,

at point A in Fig. 19.17 will be different from that at point B. Vs«
Luckily, there is following equation to determine the value of Vas o

0., at a specified value of Vi4: Fig. 19.17
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V,
In= G |l-g—>
" mo( VGS(off)

where 0, = Vvalue of transconductance at any point on the transfer characteristic curve
Omo = Value of transconductance(maximum) at Vigg= 0

Normally, the data sheet provides the value of g,,,,. When the value of g, is not available, you
can approximately calculate g, using the following relation :

_ 2lpg
Ves o |

Example 19.10. AJFET hasavalueof g, = 4000 uS. Determinethevalueof g, at Vgg= —3V.
Given that Vg o = —8V.

Solution.

9o

V,
_ 1— GS
O 9o [ VGS(off) }

-3V
1= 2%
4000;18( g )

= 4000 uS (0.625) = 2500 uS

Example 19.11. Thedata sheet of a JFET givesthefollowing information: |y = 3 mA, Vas off)
= — 6V and gy, (may = 5000 uS Determine the transconductance for Vg = — 4V and find drain
current |, at this point.

Solution. At Vgg= 0, the value of g, is maximumi.€. g,

Gy = 5000 S
N _ 1— VGS
o n = o Ves (off)
— 5000 S (17%)
= 5000 uS ( 1/3) = 1667 uS
2
V,
Also Ip = lpss | 1--53
Ves (off)

4 2
= 3mA(1—_—6) =333pA

19.16 JFET Biasing

For the proper operation of n-channel JFET, gate must be negative W.r.t. source. This can be achieved
either by inserting a battery in the gate circuit or by a circuit known as biasing circuit. The latter
method is preferred because batteries are costly and require frequent replacement.

1. Biasbattery. In this method, JFET is biased by a bias battery V. This battery ensures that
gate is always negative W.I.t. source during all parts of the signal.

2. Biasing circuit. The biasing circuit uses supply voltage Vp to provide the necessary bias.
Two most commonly used methods are (i) self-bias (ii) potential divider method. We shall discuss
each method in turn.
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19.17 JFET Biasing by Bias Battery

Fig. 19.18 shows the biasing of a n-channel JFET by a bias battery
—Vge- This method is also called gate bias. The battery voltage — Vg
ensures that gate — source junction remains reverse biased.

Since there is no gate current, there will be no voltage drop
across R,

Ves = Vee

We can find the value of drain current | from the following
relation :

The value of Vgis given by ;

Vbs = Voo~ Ip Ry

SIGNAL

- VGG
Fig. 19.18

Thus the d.c. values of | and Vg stand determined. The operating point for the circuit is Vg, I 5.

Example19.12. AJFETinFig. 19.19 hasvalues of Vg o) = =8V and Ipgg= 16 mA. Determine

the values of Vg, |5 and V¢ for the circuit.
Solution. Since there is no gate current, there will be no
voltage drop across Rg.

Vgs = Vgg=—5V
v 2
Now Ip = lpss|1- GS
VGS(off)
2
-5
= l6mA|l-—
m[1-=3)
= 16 mA (0.1406) = 2.25 mA
Also Vos = Vop—Ip Rp

= 10V-225mA x22kQ=505V
Note that operating point for the circuit is 5.05V, 2.25 mA.

19.18 Self-Bias for JFET

Fig. 19.20 shows the self-bias method for n-channel JFET. The re-
sistor Ry is the bias resistor. The d.c. component of drain current
flowing through Rgproduces the desired bias voltage.

Voltage across Ry, Vg = 15 Rg

Since gate current is negligibly small, the gate terminal is at
d.c. groundi.e, Vg = 0.
’ Ve—=Vs = 0-1IpRg

or Vgs = —*IpRg
Thus bias voltage Vs keeps gate negative Wr.t. source.

Vas =

o—)
|-

+10V

22kQ 2 Ry

-5V
Fig. 19.19
+Vop

SIGNAL

Rg

* Vgg= Vg— V= Negative. This means that Vi is negative w.r.t. Vg Thus if V=2V and Vg= 4V, then V¢
=2-4=-2Vi.e gate is less positive than the source. Again if Vg =0V and Vg=2V, then Vg=0-2 =

— 2V. Note that V is less positive than Vg
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Operating point. The operating point (i.€., zero signal I, and V) can be easily determined.
Since the parameters of the JFET are usually known, zero signal | ; can be calculated from the following

relation :
v 2
I 1— GS
pss Ves (off)

Also Vos = Vop— Ip (Rp + Ry
Thus d.c. conditions of JFET amplifier are fully specified i.e. operating point for the circuit is

I

Vps Ip-
V,
Also, Ry = /S
Il
Note that gate resistor *Ry does not affect bias because voltage across it is zero.
Midpoint Bias. Itis often desirable to bias a JFET near the midpoint of its transfer characteris-
tic curve where | = /2. When signal is applied, the midpoint bias allows a maximum amount of
drain current swing between lggand 0. It can be proved that when Vgg= Vg o, / 3.4, midpoint bias

conditions are obtained for I,.
2 2
\Y/ V, 34
ly = |DSS[1— GS ] = lpss (1—M =05 lpes

VGS (off) VGS (off)

To set the drain voltage at midpoint (V = Vp/2), select a value of Rj to produce the desired
voltage drop.

Example 19.13. Find Vpgand Vggin Fig. 19.21, giventhat I, = 5 mA.

Solution. Vo
Vg = IpRs=(5mA) (470 Q) =235V +15V
[]
and Vo = Vpp—Ip Ry
= 15V-(5mA) x (1 kQ)=10V
(5 mA) x (1 k) 0% Ry
Vps = Vp—Vg=10V-235V =765V

Since there is no gate current, there will be no voltage drop across R

and Vg =0.
Now Vg = Vg—Vg=0-235V=-235V

Example 19.14. The transfer characteristic of a JFET reveals that
when Vg = — 5V, |5 = 6.25 mA. Determine the value of Rg required.

Solution.

Re 4100 %RS
|VGs| _ 5V = =

Rs = i ] ~625ma 000 Fig. 19.21

Example 19.15. Determine the value of Ry required to self-bias a p-channel JFET with |y =
25 MA, Vs = 15V and Vg = 5V.

Solution.
Ves | v Y
Ip = lpgs [ 1-57— | =25mA (l—ﬁ] =25mA (1-0.333)°=11.1 mA
GS(off )
|VGs| 5V
Rs = o] 11.1mA =450Q

* Ry is necessary only to isolate an a.c. signal from ground in amplifier applications.
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Example 19.16. Select resistor valuesin Fig. 19.22 to set up an approxi mate midpoint bias. The
JFET parametersare: Ipgg= 15 mA and Vg o) = — 8V. The voltage V, should be 6V (one-half of

Vop)-
Solution. For midpoint bias, we have,
Vpp=+12V
Iy ~ ID,S_ISmA:75mA ?
2 2
Ves(off)y - §RD
and VGS = 3: :ﬁ =-235V
_ |VGs| _ 235V
Rs = o] 7.5mA =313Q
Now Vo = Vpp—Ip Ry
Vop =Vp 12V -6V R
= = = 800Q
Ro I 75mA ¢ %RS
Example19.17. Inaself-biasn-channel JFET, the operating point = T
istobesetatl, = 1.5mAandV,=10V. The JFET parametersare |y Fig. 19.22
=5mAand Vg o = — 2 V. Find the values of Rgand Ry,. Given that g 2=
Vpp = 20 V.

Solution. Fig. 19.23 shows the circuit arrangement.

2
or 15 = 5(1+VGS)
Ves
or 1+T = J1.5/5 = 0.55
or Vgs = 09V
Now Vs = Vg — Vs o—
or Vg = Vg— Vs
=0-(-09 =09V RG%
Vs 09V
= =2=—— =06kQ
Rs Ip  L5mA
Applying Kirchhoff’s voltage law to the drain circuit,

we have,
Voo = IpRo+ VpstIpRs

or 20 = 1.5mA xRy +10+0.9 Fig. 19.23
_ (20-10-09)V _
Ro 1.5 mA Gk
Example 19.18. Inthe JFET circuit shown in Fig. 19.24, find (i) Vpgand (ii) Vg -
Solution.
(i) Vos = Vop—Ip (Rp+R9 = 30-25mA (5+0.2) = 30— 13 = 17V

(ii) Vgg = —IpRg = —(2.5%107) %200 = —05V
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+Vpp=30V

l Rg=200Q Cs

Fig. 19.24

Example 19.19. Figure 19.25 shows two stages of JFET amplifier. The first stage has I, =
2.15mA and the second stage has |, = 9.15mA. Find the d.c. voltage of drain and source of each
stage w.r.t. ground.

Solution. Voltage drop in 8.2 kQ = 2.15mA x82kQ = 17.63 V

D.C. potential of drain of first stage W.r.t. ground is
Vp = Vpp—17.63 = 30-17.63 = 1237V

!

+Vpp=30V

8.2kQ 2kQ

y 2.15 mA v 9.15 mA

S—
D
S

|

1

Y

[

OUTPUT

SIGNAL

10 MQ2

0

Cs

Fig. 19.25
D.C. potential of source of first stage to ground is
Vg = IpRg = 2.15mA x 0.68 kQ = 1.46V
Voltage dropin2kQ = 9.15mAXx2kQ = 183V
D.C. potential of drain of second stage to ground is

Vg = Vpp — 183 =30-183 = 11.7V
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D.C. potential of source of second stage to ground is

Vg = IgRg = 9.15mAX022kQ = 2.01V

19.19 JFET with Voltage-Divider Bias

Fig. 19.26 shows potential divider method of bias-
ing a JFET. This circuit is identical to that used for
a transistor. The resistors R, and R, form a voltage
divider across drain supply V. The voltage V,
(= Vg)across R, provides the necessary bias.

V,
V, =Vg= 522-xR,

R+R,
Now V, =VgstIpRg
or Vgs =V, -1 Rg

The circuit is so designed that I Ry is larger
than V, so that Vg is negative. This provides cor-
rect bias voltage. We can find the operating point
as under :

| = V, —Ves
P Rs
and Vbs = Vop —Ip (Rp + Ry

Although the circuit of voltage-divider bias is
a bit complex, yet the advantage of this method of
biasing is that it provides good stability of the oper-
ating point. The input impedance Z, of this circuit is

given by ;
Z = RI|R

+Vpp

o

SIGNAL

Fig. 19.26

Example 19.20. Determine I, and Vg for the JFET with voltage-divider bias in Fig. 19.27,

given that Vp = 7V.

Solution.
Vpp=+12V
~ Voo Vo _12V-7V ?
b = TR, 33kQ
3 ?IZQ =152 mA
’ 6.8 MQ%Rl 3.3k§2%RD
Vg = Ip Rg=(1.52mA) (1.8 kQ) =2.74V
Voo 12V
V. = xR, = x I MQ =154V
6~ R+R 7.8 MQ _
Vgs = Vg—Vg=1.54V-274V=-12V
Example 19.21. In an n-channel JFET biased by potential R, R
divider method, it is desired to set the operating point at I, = 2.5 % 1 MO 138 O
mAand Vg = 8V. IfVyp = 30V,R, = 1MQandR, = 500 ke, '
find the value of R The parameters of JFET are I, = 10 mA 3 L

and Vgg g = —5 V.

Solution. Fig. 19.28 shows the conditions of the problem.

Fig. 19.27
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2 Vpp= 30V
Lo . Vgs *Vbp .
D pss Vs (off)
V 2
or 25 =10 (1+%) 1 MQ %Rl
VGS
or 1+ = J2.5/10 = 05
or Vgs =—25V o
V,
Now, Vv, = ﬁx%
30
= —20 %500 V.
1000 + 500 2 SOOkQ§R2
=10V
Now V, =VgstIpRg L
or 10V =-25V+25mAxRg '
R, = 10V*25V _ 125V Fig. 19.28
25mA  2.5mA
=5kQ

19.20 JFET Connections

There are three leads in a JFET viz, source, gate and drain terminals. However, when JFET is to be
connected in a circuit, we require four terminals ; two for the input and two for the output. This
difficulty is overcome by making one terminal of the JFET common to both input and output termi-
nals. Accordingly, a JFET can be connected in a circuit in the following three ways :

(i) Common source connection  (ii) Common gate connection

(iff) Common drain connection

The common source connection is the most widely used arrangement. It is because this connec-
tion provides high input impedance, good voltage gain and a moderate output impedance. However,
the circuit produces a phase reversal i.e., output signal is 180° out of phase with the input signal. Fig.
19.29 shows a common source N-channel JFET amplifier. Note that source terminal is common to
both input and output.

Note. A common source JFET amplifier is the JFET equivalent of common emitter amplifier.
Both amplifiers have a 180° phase shift from input to output. Although the two amplifiers serve the
same basic purpose, the means by which they operate are quite different.

19.21 Practical JFET Amplifier

It is important to note that a JFET can accomplish faithful amplification only if proper associated
circuitry is used. Fig. 19.29 shows the practical circuit of a JFET. The gate resistor R serves two
purposes. It keeps the gate at approximately 0 V dc (Q gate current is nearly zero) and its large value
(usually several megaohms) prevents loading of the a.c. signal source. The bias voltage is created by
the drop across Ry The bypass capacitor Cgbypasses the a.c. signal and thus keeps the source of the
JFET effectively at a.c. ground. The coupling capacitor C;, couples the signal to the input of JFET
amplifier.
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+Vpp

-a

C

|| @ Ry %OUTPUT

in
SIGNAL r\) Rg
R
s Cs

COMMON SOURCE CONNECTION

Fig. 19.29

19.22 D.C. and A.C. Equivalent Circuits of JFET

Like in a transistor amplifier, both d.c. and a.c. conditions prevail in a JFET amplifier. The d.c.
sources set up d.c. currents and voltages whereas the a.c. source (i.€. signal) produces fluctuations in
the JFET currents and voltages. Therefore, a simple way to analyse the action of a JFET amplifier is
to split the circuit into two parts viz. d.c. equivalent circuit and a.c. equivalent circuit. The d.c.

equivalent circuit will determine the operating point (d.c. bias levels) for the circuit while a.c. equiva-
lent circuit determines the output voltage and hence voltage gain of the circuit.
+Vpp

R
D CC
—
RL

I

Fig. 19.30
We shall split the JFET amplifier shown in Fig. 19.30 into d.c. and a.c. equivalent circuits. Note
that biasing is provided by voltage-divider circuit.
1. D.C.equivalent circuit. In the d.c. equivalent circuit of a JFET amplifier, only d.c. condi-
tions are considered i.e. it is presumed that no signal is applied. As direct current cannot
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flow through a capacitor, all the capacitorslook like open +Vpp
circuits in the d.c. equivalent circuit. It follows, there-
fore, that in order to draw the d.c. equivalent circuit, the
following two steps are applied to the JFET amplifier cir-
cuit :

(i) Reduce all a.c. sources to zero.
(if) Open all the capacitors.

Applying these two steps to the JFET amplifier circuit
shown in Fig. 19.30, we get the d.c. equivalent circuit
shown in Fig. 19.31. We can easily calculate the d.c. cur-
rents and voltages from this circuit.

2. A.C.equivalent circuit. In the a.c. equivalent circuit of
a JFET amplifier, only a.c. conditions are to be consid-
ered. Obviously, the d.c. voltage is not important for such Fig. 19.31
a circuit and may be considered zero. The capacitors are
generally used to couple or bypass the a.c. signal. The designer intentionally selects capaci-
tors that are large enough to appear as short circuits to the a.c. signal. It follows, therefore,
that in order to draw the a.c. equivalent circuit, the following two steps are applied to the
JFET amplifier circuit :

(i) Reduce all d.c. sources to zero (i.€. Vpp = 0).
(if) Short all the capacitors.

d TH

Fig. 19.32

E

Applying these two steps to the circuit shown in Fig. 19.30, we get the a.c. *equivalent circuit
shown in Fig. 19.32. We can easily calculate the a.c. currents and voltages from this circuit.

19.23 D.C. Load Line Analysis

The operating point of a JFET amplifier can be determined graphically by drawing d.c. load line on
the drain characteristics (Vg — |5 curves). This method is identical to that used for transistors.

The d.c. equivalent circuit of a JFET amplifier using voltage-divider bias is shown in Fig. 19.33

(i). It is clear that :
Voo = Vst o (Ry+ Ry

*  Note that one end of R, and R, is connected to one point (See Fig. 19.32) and the other end of R, and R, is
connected to ground. Therefore, R, || R,. Similar is the case with Ry and R so that Ry || R,.
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+Vpp ‘ID
h
I = VDD A
DT Ry + Ry
k3 Vgs=0V
s Vee=—1V
GS= ™
Ip [ Q Vas=-2V
\ VGS= —3V
B
>V
(i) (i)
Fig. 19.33

As for a given circuit, Vp and (R, + Rg) are constant, therefore, exp. (i) is a first degree equation
and can be represented by a straight line on the drain characteristics. This is known as d.c. load line
for JFET and determines the locus of I ; and V4(i.€. operating point) in the absence of the signal. The
d.c. load line can be readily plotted by locating the two end points of the straight line.

(i) The value of Vg will be maximum when |5 = 0. Therefore, by putting I = 0 in exp. (i)
above, we get,

Max. Vpg = Vpp
This locates the first point B (OB = V) of the d.c. load line on drain-source voltage axis.

(ii) The value of I; will be maximum when V5= 0.
Voo
Ro+Rs
This locates the second point A(OA =V, / Ry + Ry of the d.c. load line on drain current axis.
By joining points A and B, d.c. load line AB is constructed [See Fig. 19.33 (ii)].
The operating point Q is located at the intersection of the d.c. load line and the drain curve which
corresponds to Vg provided by biasing. If we assume in Fig. 19.33 (i) that Vog=— 2V, then point Q

is located at the intersection of the d.c. load line and the Vo=~ 2V curve as shown in Fig. 19.33 (ii).
The I and Vg of Q point are marked on the graph.

Example 19.22. Draw the d.c. load line for the JFET amplifier shown in Fig. 19.34 (i).

Max. I, =

+Vpp=20V
ID
A
Rp< 150 Q
c A
c 100 mA
11 °
Cm /\
TG
R 50Q 2R
G% % s —
B
>V
° o 20V bs

@ (i)
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Solution. To draw d.c. load line, we require two end points viz., max Vpgand max. | points.
Max. Vpg = Vpp =20V
This locates point B (OB = 20V) of the d.c. load line.

Vo 20V
Max-lp = R 4R, T (150 +50) 0
= 20V _100ma

2000

This locates point A (OA= 100 mA) of the d.c. load line. Joining A and B, d.c. load line AB is
constructed as shown in Fig. 19.34 (ii).
Example 19.23. Draw the d.c. load line for the JFET amplifier shown in Fig. 19.35 (i).

+Vpp=20V
ID
A
Rp< 5000 I
c
c 40 mAK
11 °
Cin
RG
VGG
B
o T ° 0 ov DS
(@) (i)
Fig. 19.35
Solution.

Max. Vpg = Vpp =20V
This locates the point B (OB = 20V) of the d.c. load line.
Voo _ 20V
This locates the point A (OA =40 mA) of the d.c. load line.
Fig. 19.35 (ii) shows the d.c. load line AB.

19.24 Voltage Gain of JFET Amplifier

The a.c. equivalent circuit of JFET amplifier was developed in Art. 19.22 and is redrawn as Fig. 19.36
(i) for facility of reference. Note that R, || R, and can be replaced by a single resistance R;. Similarly,
Ry || R and can be replaced by a single resistance Ry (= total a.c. drain resistance). The a.c. equiva-
lent circuit shown in Fig. 19.36 (i) then reduces to the one shown in Fig. 19.36 (ii).

We now find the expression for voltage gain of this amplifier. Referring to Fig. 19.36 (ii), output
voltage (V) is given by ;

40 mA

Vour = IgRac ()]

Remember that we define g, as :
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%T

...”m

Fig. 19.36 (i)

o - Alp

m T AVgg

I

or On = v iy

gs

or iy = 9y Vs /\

Putting the value of i (= g, Vgo) in €q. (@), \/ Rac

we have, Vi B

= Vs Rac Ry=R,IIR,

Now Vi, = Vi so that a.c. output voltage is = T =

= OmVin Rac Fig. 19.36 (ii)

or Vout /v = 0, R
But v, , /i, is the voltage gain (A) of the amplifier.

Voltage gain, A, = g, Ry ... for loaded amplifier
= 0,Ry ... forunloaded amplifier

Example 19.24. The JFET in the amplifier of Fig. 19.37 has a transconductance g, = 1 mA/V.
If the source resistance Ry is very small as compared to R, find the voltage gain of the amplifier.

+Vpp=20V

12 kQ% R,
CC
SIGNAL ~>

Q

EA

,\

RL%S kQ OUTPUT

Fig. 19.37
Solution.
Transconductance of JFET, g,= 1 mA/V
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= 1000 p mho = 1000 x 10"® mho
The total acload (i.e. R,c) in the drain circuit consists of the parallel combination of Ry and R, i.e.

Total a.c. load, R, = Ry|| R
12x8

12kQ || 8kQ= 15 g =4.8kQ
Voltage gain, A, = g, % Ry
= (1000 x 10°%) x (4.8 x 10°) = 4.8
Example 19.25. Thetransconductance of a JFET used asa voltage amplifier is 3000 umho and
drain resistanceis 10 k2. Calculate the voltage gain of the amplifier.
Solution.
Transconductance of JFET, g, = 3000 pmho = 3000 x 10°® mho
Drain resistance, Ry = 10 kQ =10 x 10°Q
) Voltage gain, A, = g, Ry = (3000 x 10" %) (10 x 10°) = 30
Example 19.26. What isther.m.s. output voltage of the unloaded amplifier in Fig. 19.38? The
Ipss= 8 MA, Vg = —10Vand I, = L9 mA.

Vop
+12V

33kQ 2Ry

oy

— (—
5

Vin 1
100 mV R
(r.m.s.) 10MQ G 27 kQ < Rg 10 “FICZ

out

Fig. 10.38

Solution.
Vgs = —IpRe=—1.9mA x 2.7 x 10°Q=—-5.13V
2lpss _ 2%8mA

g. = = =1.6x107S
™ Nesen! 10V

v, _
9 = Yo (1—\/ » ):1.6><103 (1— 5'13V)=779x 10°°s

GS(off ) -10V
Voltage gain, A, = g, Ry =(779 x 10" %) (3.3 x 10°) =2.57
Output voltage, vV, = A, Vi, =2.57 x 100 mV =257 mV (r.m.s.)
Example 19.27. If a 4.7 kQ2 load resistor is a.c. coupled to the output of the amplifier in Fig.
19.38 above, what is the resulting r.m.s. output voltage?

Solution. The value of g, remains the same. However, the value of total a.c. drain resistance Ry
changes due to the connection of load R (= 4.7 kQ).

Total a.c. drain resistance, R, = Ry[|R.
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Ry R _ (33kQ) (4.7kQ)
Ry,+R ~ 33kQ+47kQ ~ 1.94 kQ

Voltage gain, A, = g, Ryc= (779 x 10 %) (1.94 x 10*) = 1.51
Output voltage, vV, = A, Vi, = 1.51 x 100 mV =151 mV (r.m.s.)
19.25 Voltage Gain of JFET Amplifier
(With Source Resistance Ry)

Fig. 19.39 (i) shows the JFET amplifier with source resistor Rg unbypassed. This means that a.c.
signal will not be bypassed by the capacitor Cq

+Vpp

D
Rp
G
Vour
i
Vin G 8n Vgs %RD
O\vgs g
A= Vv
Rg Ry Rg 4= EnYes
@) )

Fig. 19.39

Fig. 19.39 (ii) shows the simplified a.c. equivalent circuit of the JFET amplifier. Since
O = 1/Vge @ current source iy= g, Vc appears between drain and source. Referring to Fig. 19.39 (ii),
Vin = Vgs id Rs
Vour = idRD ]
Vou - _laRo
Vin Vgs + Id RS
_ gmvgsRD _ nggSRD (0 i —g VS)
Vgs T OmVgs Rs  Vgs 1+ 9 Re) d ¥m’g
Im Ro

A = 0= ... for unloaded amplifier

1+9,Rg

R
— mTac ... for loaded amplifier

1+0,Rs
Note that Ry (= Ry || R)) is the total a.c. drain resistance.

Example 19.28. Ina JFET amplifier, the source resistance R is unbypassed. Find the voltage
gain of the amplifier. Given g,,= 4mS R, = 1.5 k2 and Rg= 560£2.

Voltage gain, A, =

Solution.
Voltage gain, A, = %
m
Here Oy = 4mS=4x10"S; Ry=15kQ=15x10°Q ; Rg=560Q
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(4x107)(1.5x10°) 6
1+(@x107%) (560) 1+2.24
If Ry is bypassed by a capacitor, then,

A = g,R,=4x107)(1.5x10)=6

Thus with unbypassed Ry, the gain = 1.85 whereas with Rgbypassed by a capacitor, the gain is 6.
Therefore, voltage gain is reduced when Rgis unbypassed.

Example 19.29. For the JFET amplifier circuit shownin Fig. 19.40, calculate the voltage gain
with (i) Rg bypassed by a capacitor (ii) Rg unbypassed.

Vpp=+9V

=185

RpZ 1.5kQ

C out
1
Vin ('E JFET Data

Ipgs =10 mA
Rc% 7500

X Ves o =35V
Fig. 19.40

N I C
Solution. From the d.c. bias analysis, we get, *I; =2.3 mA and Vg=—1.8V.
The value of g, is given by;

g. = 21 DSS |1_ VGS
" |VGS (off) | VGS (off )

2x10(, -1.8
(1 - 3) = (5.7 mS) (0.486) = 2.77 mS

— 0O

VW

35
(i) The voltage gain with Rybypassed is
A, = 9,Ry=(2.77mS) (1.5 kQ) = 4.155
(i) The voltage gain with Ryunbypassed is
A - InFo _ 4.155
1+9,Rs 1+(2.77mS)(0.75kQ)
19.26 JFET Applications

The high input impedance and low output impedance and low noise level make JFET far superior to
the bipolar transistor. Some of the circuit applications of JFET are :

=135

2
Ves
* Ip=lpss [I_VGS(Oﬁ):| and Vgg=—1p Rg

The unknown quantities Vggand |5 can be found from these two equations.
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, . BUFFER N SECOND ,
USSSIAEIS - AMPLIFIER - STAGE
HIGH Z,, LOW Z,,,
Fig. 19.41

(i) Asabuffer amplifier. A buffer amplifier is a stage of amplification that isolates the pre-
ceding stage from the following stage. Because of the high input impedance and low output imped-
ance, a JFET can act as an excellent buffer amplifier (See Fig. 19.41). The high input impedance of
JFET means light loading of the preceding stage. This permits almost the entire output from first
stage to appear at the buffer input. The low output impedance of JFET can drive heavy loads (or
small load resistances). This ensures that all the output from the buffer reaches the input of the
second stage.

+Vpp

Ry

e |
S0 ]
s |1

(if) Phase-shift oscillators. The oscillators discussed in chapter 14 will also work with JFETS.
However, the high input impedance of JFET is especially valuable in phase-shift oscillators to minimise
the loading effect. Fig. 19.42 shows the phase-shift oscillator using n-channel JFET.

(iif) As RF amplifier. In communication electronics, we have to use JFET RF amplifier in a
receiver instead of BJT amplifier for the following reasons :

(a) Thenoise level of JFET is very low. The JFET will not generate significant amount of noise
and is thus useful as an RF amplifier.

-0
@)
-—0

Fig. 19.42

(b) The antenna of the receiver receives a very weak signal that has an extremely low amount of
current. Since JFET is a voltage controlled device, it will well respond to low current signal provided
by the antenna.
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19.27 Metal Oxide Semiconductor FET (MOSFET)

The main drawback of JFET is that its gate must be reverse biased for proper operation of the device
i.e. it can only have negative gate operation for n-channel and positive gate operation for p-channel.
This means that we can only decrease the width of the channel (i.e. decrease the *conductivity of the
channel) from its zero-bias size. This type of operation is referred to as **depletion-mode operation.
Therefore, a JFET can only be operated in the depletion-mode. However, there is a field effect tran-
sistor (FET) that can be operated to enhance (or increase) the width of the channel (with consequent
increase in conductivity of the channel) i.e. it can have enhancement-mode operation. Such a FET is
called MOSFET.

Afield effect transistor (FET) that can be operated in the enhancement-modeiscalledaMOSFET.

A MOSFET is an important semiconductor device and can be used in any of the circuits covered
for JFET. However, a MOSFET has several advantages over JFET including high input impedance
and low cost of production.

19.28 Types of MOSFETs

There are two basic types of MOSFETS viz
1. Depletion-type MOSFET or D-MOSFET. The D-MOSFET can be operated in both the deple-

tion-mode and the enhancement-mode. For this reason, a D-MOSFET is sometimes called
depletion/enhancement MOSFET.

2. Enhancement-type MOSFET or E-MOSFET. The E-MOSFET can be operated only in en-
hancement-mode.

The manner in which a MOSFET is constructed determines whether it is D-MOSFET or E-
MOSFET.

1. D-MOSFET. Fig. 19.43 shows the constructional details of n-channel D-MOSFET. 1t is
similar to n-channel JFET except with the following modifications/remarks :

(i) The n-channel D-MOSFET is a piece of n-type material with a p-type region (called sub-
strate) on the right and an insulated gate on the left as shown in Fig. 19.43. The free electrons (g it
is n-channel) flowing from source to drain must pass through the narrow channel between the gate
and the p-type region (i.e. substrate).

(if) Note carefully the gate construction of D-MOSFET. A thin layer of metal oxide (usually
silicon dioxide, SiO,) is deposited over a small portion of the channel. A metallic gate is deposited
over the oxide layer. As SiO, is an insulator, therefore, gate is insulated from the channel. Note that
the arrangement forms a capacitor. One plate of this capacitor is the gate and the other plate is the
channel with Si0O, as the dielectric. Recall that we have a gate diode in a JFET.

(i) It is a usual practice to connect the substrate to the source (S) internally so that a MOSFET
has three terminals viz source (S), gate (G) and drain (D).

(iv) Since the gate is insulated from the channel, we can apply either negative or positive voltage
to the gate. Therefore, D-MOSFET can be operated in both depletion-mode and enhancement-mode.
However, JFET can be operated only in depletion-mode.

*  With the decrease in channel width, the X-sectional area of the channel decreases and hence its resistance
increases. This means that conductivity of the channel will decrease. Reverse happens if channel width
increases.

*+  With gate reverse biased, the channel is depleted (i.e. emptied) of charge carriers (free electrons for n-channel
and holes for p-channel) and hence the name depletion-mode. Note that depletion means decrease. In this
mode of operation, conductivity decreases from the zero-bias level.
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lDrain (D)

SiO, n
Layer
Gate (G) p
(Substrate)

n—Channel\/ n

TSource S)

n-Channel D-MOSFET
Fig. 19.43

lDrain (D)

SiO, n
Layer
Gate (G) p
4 (Substrate)

/

n

TSource S)

n-Channel E-MOSFET
Fig. 19.44

No Channel

2. E-MOSFET. Fig. 19.44 shows the constructional details of n-channel E-MOSFET. Its gate
construction is similar to that of D-MOSFET. The E-MOSFET has no channel between source and
drain unlike the D-MOSFET. Note that the substrate extends completely to the SiO, layer so that no
channel exists. The E-MOSFET requires a proper gate voltage to form a channel (called induced
channel). It is reminded that E-MOSFET can be operated only in enhancement mode. In short, the
construction of E-MOSFET is quite similar to that of the D-MOSFET except for the absence of a
channel between the drain and source terminals.

Why thename MOSFET ? The reader may wonder why is the device called MOSFET? The
answer is simple. The SiO, layer is an insulator. The gate terminal is made of a metal conductor. Thus,
going from gate to substrate, you have a metal oxide semiconductor and hence the name MOSFET.
Since the gate is insulated from the channel, the MOSFET is sometimes called insulated-gate FET
(IGFET). However, this term is rarely used in place of the term MOSFET.

19.29 Symbols for D-MOSFET

There are two types of D-MOSFETS iz (i) n-channel D-MOSFET and (ii) p-channel D-MOSFET.

(i) n-channel D-MOSFET. Fig. 19.45 (i) shows the various parts of n-channel D-MOSFET.
The p-type substrate constricts the channel between the source and drain so that only a small passage

Drain Drain
Drain ' '
Oxide n
Layer
» Substrate E Substrate E
Gate Gate Gate
n
o o
Source Source Source
n-Channel D-MOSFET Symbol Symbol

@

(i)

Fig. 19.45

(iii)
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remains at the left side. Electrons flowing from source (when drain is positive w.r.t. source) must pass
through this narrow channel. The symbol for n-channel D-MOSFET is shown in Fig. 19.45 (ii). The
gate appears like a capacitor plate. Just to the right of the gate is a thick vertical line representing the
channel. The drain lead comes out of the top of the channel and the source lead connects to the
bottom. The arrow is on the substrate and points to the n-material, therefore we have n-channel D-
MOSFET. It is a usual practice to connect the substrate to source internally as shown in Fig. 19.45
(iii). This gives rise to a three-terminal device.

(i) p-channel D-MOSFET. Fig. 19.46 (i) shows the various parts of p-channel D-MOSFET.
The n-type substrate constricts the channel between the source and drain so that only a small passage
remains at the left side. The conduction takes place by the flow of holes from source to drain through
this narrow channel. The symbol for p-channel D-MOSFET is shown in Fig. 19.46 (ii). It is a usual
practice to connect the substrate to source internally. This results in a three-terminal device whose
schematic symbol is shown in Fig. 19.46 (iii).

Drain Drain
Drain o o
Oxide p
Layer
. Substrate E ) Substrate E
Gate Gate Gate
p
T ! }
Source Source Source
p-Channel D-MOSFET Symbol Symbol
©) (i) (iii)
Fig. 19.46

19.30 Circuit Operation of D-MOSFET

Fig. 19.47 (i) shows the circuit of n-channel D-MOSFET. The gate forms a small capacitor. One plate
of'this capacitor is the gate and the other plate is the channel with metal oxide layer as the dielectric.
When gate voltage is changed, the electric field of the capacitor changes which in turn changes the
resistance of the n-channel. Since the gate is insulated from the channel, we can apply either negative
or positive voltage to the gate. The negative-gate operation is called depletion mode whereas posi-
tive-gate operation is known as enhancement mode.

(i) Depletion mode. Fig. 19.47 (i) shows depletion-mode operation of n-channel D-MOSFET.
Since gate is negative, it means electrons are on the gate as shown is Fig. 19.47 (ii). These electrons
*repel the free electrons in the n-channel, leaving a layer of positive ions in a part of the channel as
shown in Fig. 19.47 (ii). In other words, we have depleted (i.e. emptied) the n-channel of some of its
free electrons. Therefore, lesser number of free electrons are made available for current conduction
through the n-channel. This is the same thing as if the resistance of the channel is increased. The
greater the negative voltage on the gate, the lesser is the current from source to drain.

Thus by changing the negative voltage on the gate, we can vary the resistance of the n-channel
and hence the current from source to drain. Note that with negative voltage to the gate, the action of
D-MOSFET is similar to JFET. Because the action with negative gate depends upon depleting (i.e.
emptying) the channel of free electrons, the negative-gate operation is called depletion mode.

If one plate of the capacitor is negatively charged, it induces positive charge on the other plate.
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Drain

n

[
PODDD

—— n

FOUI‘CG

0) (ii)
Fig. 19.47

(i) Enhancement mode. Fig. 19.48 (i) shows enhancement-mode operation of n-channel D-
MOSFET. Again, the gate acts like a capacitor. Since the gate is positive, it induces negative charges
in the n-channel as shown in Fig. 19.48 (ii). These negative charges are the free electrons drawn into
the channel. Because these free electrons are added to those already in the channel, the total number
of free electrons in the channel is increased. Thus a positive gate voltage enhances or increases the
conductivity of the channel. The greater the positive voltage on the gate, greater the conduction from
source to drain.

Thus by changing the positive voltage on the gate, we can change the conductivity of the chan-
nel. The main difference between D-MOSFET and JFET is that we can apply positive gate voltage to
D-MOSFET and still have essentially *zero current. Because the action with a positive gate depends
upon enhancing the conductivity of the channel, the positive gate operation is called enhancement

mode.
Drain

n

[» n =

n
TSource
@

Fig. 10.48

Fh bttt
e

(i)

The following points may be noted about D-MOSFET operation :

(i) Ina D-MOSFET, the source to drain current is controlled by the electric field of capacitor
formed at the gate.

(if) The gate of JFET behaves as a reverse-biased diode whereas the gate of a D-MOSFET acts
like a capacitor. For this reason, it is possible to operate D-MOSFET with positive or negative gate
voltage.

(iii) Asthe gate of D-MOSFET forms a capacitor, therefore, negligible gate current flows whether

*  Note that gate of JFET is always reverse biased for proper operation. However, in a MOSFET, because of
the insulating layer, a negligible gate current flows whether we apply negative or positive voltage to gate.
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positive or negative voltage is applied to the gate. For this reason, the input impedance of D-MOSFET
is very high, ranging from 10,000 MQ to 10,000,00 MQ.

(iv) The extremely small dimensions of the oxide layer under the gate terminal result in a very
low capacitance and the D-MOSFET has, therefore, a very low input capacitance. This characteristic
makes the D-MOSFET useful in high-frequency applications.

19.31 D-MOSFET Transfer Characteristic

Fig. 19.49 shows the transfer characteristic curve (or transconductance curve) for n-channel D-MOSFET.
The behaviour of this device can be beautifully explained with the help of this curve as under :

(i) The point on the curve where V=0, |5 = | p It is expected because | g is the value of I
when gate and source terminals are shorted i.e. Vo= 0.

(i) As Vg goes negative, |, decreases below the value of I till I ; reaches zero when Vg =
Visoffy Just as with JFET.

(iii) When V4is positive, I ; increases above the value of |y The maximum allowable value of
I is given on the data sheet of D-MOSFET.

I, (mA)

A

[ DSS

Depletion Enhancement
(I <Ipgs) (Ip>Ipgs)
Vo a v
Gs ¢ ' = rGs
Vs o ov
Fig. 19.49

Note that the transconductance curve for the D-MOSFET is very similar to the curve for a JFET.
Because of this similarity, the JFET and the D-MOSFET have the same transconductance equation

viz. 5
Ip= lpss|1- Ves
VGS(off)

Example 19.30. For acertain D-MOSFET, Ipsg= 10 mA and Vg o = —8V.

(i) Isthisan n-channel or a p-channel ?

(i) Calculatelyat Vgg= —3V.

(iii) Calculate I, at Vo= + 3V.

Solution.

(i) The device has a negative Vg o). Therefore, it is n-channel D-MOSFET.
2

(ii) lp = |D$[1— Ves ]

Ves (off)

-3 2
= 10mA (1—_—8) =3.91mA
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2
(iii) Ip = |DSS[1— Ves ]

Vs off
2
+3V
= 10mA (I—W) =18.9mA

Example19.31. AD-MOSFET hasparameters of Vg o = —6V and I pgs= 1 mA. How will you
plot the transconductance curve for the device ?

Solution. When V=0V, |5 =1,5=1 mA and when Vo= VGS(Oﬁ), I = OA. This locates two
points Viz | and VGS(Oﬁ) on the transconductance curve. We can locate more points of the curve by
*changing Vg values.

VY

When Vgg==3V ; Ip=1mA | I-—| =025mA
2

WhenVee=— 1V : Io=1mA [1- 22 | =0.694 mA

en Vgg ; Ip=1m v .694 m
2

- . =Y s6ma

When Vgg=+1V ; Ip=1mA 6V 1.36 m
+3V Y

When Vgg=+3V ; I5=1mA l—m =2.25mA

Thus we have a number of Vg~ I 5 readings so that transconductance curve for the device can be
readily plotted.

19.32 Transconductance and Input Impedance of D-MOSFET

These are important parameters of a D-MOSFET and a brief discussion on them is desirable.

(i) D-MOSFET Transconductance (g,,). The value of g, is found for a D-MOSFET in the
same way that it is for the JFET i.e.

V,
On= Omo |-y oo
" mo[ VGS(off)

(i) D-MOSFET Input Impedance. The gate impedance of a D-MOSFET is extremely high.
For example, a typical D-MOSFET may have a maximum gate current of 10 pA when Vgg=35V.

35V _ 35V
10pA~ 10x107"% A

With an input impedance in this range, D-MOSFET would present virtually no load to a source
circuit.

19.33 D-MOSFET Biasing

The following methods may be used for D-MOSFET biasing :
(i) Gate bias (if) Self-bias
(iff) Voltage-divider bias (iv) Zero bias
The first three methods are exactly the same as those used for JFETsand are not discussed here.
However, the last method of zero-bias is widely used in D-MOSFET circuits.

=3.5x10"Q

Input impedance =

Zerobias. Since a D-MOSFET can be operated with either positive or negative values of Vo we
can set its Q-point at Vg = 0V as shown in Fig. 19.50. Then an input a.c. signal to the gate can
produce variations above and below the Q-point.

* We can only change Vg because the values of | g and Vg o, are constant for a given D-MOSFET.
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+Vpp
Ip
A RD
Ao
Q (VALY
Bs > Vi
P
Fig. 19.50 Fig. 19.51

We can use the simple circuit of Fig. 19.51 to provide zero bias. This circuit has V;g=0V and |
= lpgs We can find Vg as under :

Vbs = Vop —lbss Fo
Note that for the D-MOSFET zero bias circuit, the source resistor (Rg) is not necessary. With no

source resistor, the value of Vgis OV. This gives us a value of V3= 0V. This biases the circuit at I =
Ipssand Vg = OV. For mid-point biasing, the value of Ry is so selected that Vg = Vp/2.

Example 19.32. Determine the drain-to-source voltage (V<) inthecircuit shownin Fig. 19.51
aboveif Vpp, = +18Vand R, = 62002. The MOSFET data sheet gives Vg o = —8V and Ipgg= 12 mA.

Solution. Since Iy == 12 mA, the V4 is given by;
Vbs = Vob ~ lbssRo
= 18V — (12 mA) (0.62 kQ) = 10.6V

19.34 Common-Source D-MOSFET Amplifier

Fig. 19.52 shows a common-source amplifier using nN-channel D-MOSFET. Since the source terminal
is common to the input and output terminals, the circuit is called *common-source amplifier. The
circuit is zero biased with an a.c. source coupled to the gate through the coupling capacitor C,. The
gate is at approximately OV d.c. and the source terminal is grounded, thus making V= 0V.

+ VDD iD N
9]
5
VOLlf Q’;§
0 7\
\/
N
O@’Q\e‘
Ry
Vs < <O > +Vgs
= ™
Fig. 19.52 Fig. 19.53

* It is comparable to common-emitter transistor amplifier.
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Operation. The input signal (V) is capacitively coupled to the gate terminal. In the absence of
the signal, d.c. value of Vg = 0V. When signal (V;,) is applied, V¢ swings above and below its zero
value (Q d.c. value of V= 0V), producing a swing in drain current | ;.

(i) A small change in gate voltage produces a large change in drain current as in a JFET. This
fact makes MOSFET capable of raising the strength of a weak signal; thus acting as an amplifier.

(if) During the positive half-cycle of the signal, the positive voltage on the gate increases and
produces the enhancement-mode. This increases the channel conductivity and hence the drain cur-
rent.

(i) During the negative half-cycle of the signal, the positive voltage on the gate decreases and
produces depletion-mode. This decreases the conductivity and hence the drain current.

The result of above action is that a small change in gate voltage produces a large change in the
drain current. This large variation in drain current produces a large a.c. output voltage across drain
resistance Ry. In this way, D-MOSFET acts as an amplifier. Fig. 19.53 shows the amplifying action of
D-MOSFET on transconductance curve.

Voltagegain. The a.c. analysis of D-MOSFET is similar to that of the JFET. Therefore, voltage
gain expressions derived for JFET are also applicable to D-MOSFET.

Voltage gain, A, = g, R, ... for unloaded D-MOSFET amplifier
= On Rac ... for loaded D-MOSFET amplifier
Note the total a.c. drain resistance R, =Ry [| R .

Example 19.33. The D-MOSFET used intheamplifier of Fig. 19.54 hasan |,= 12mAand g,,
= 3.2mS Determine (i) d.c. drain-to-source voltage Vg and (ii) a.c. output voltage. Givenv,, = 500
mV.

VDD

+15V

R, S 620Q

MO S R R, =82kQ

2

Vout
S

Fig. 19.54

Solution.
(i) Since the amplifier is zero biased, I = Ieg= 12 mA.

Vbs = Voo~ lossFo

= 15V —(12mA) (0.62 kQ2) = 7.56V

(ii) Total a.c. drain resistance R, of the circuit is

Ry = RyJR =620Q || 8.2 kQ = 57602

Vour ~ A/ *Vin = (gm RAC) (Vin)
(3.2 x 107 Sx 576 Q) (500 mV) = 922 mV
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19.35 D-MOSFETs Versus JFETs
Table below summarises many of the characteristics of JFETs and D-MOSFETs.

Devices: JFETs D-MOSFETs
Schematic
symbol:
I, I
A A
Ipss
Ipss
Transconduc-
tance curve:
V.o < — V-4 »V
Gs < GS 4 > Vi
Vs o 0 Vesop 0
Modes of Depletion only Depletion and enhancement
operation:
Commonly Gate bias Gate bias
used bias Self bias Self bias
circuits: Voltage-divider bias Voltage-divider bias
Zero bias
Advantages: Extremely high input Higher input impedance
impedance. than a comparable JFET.
Can operate in both modes
(depletion and enhancement).
Disadvantages: Bias instability. Bias instability.
Can operate only in More sensitive to changes in
the depletion mode temperature than the JFET.

19.36 E-MOSFET

Two things are worth noting about E-MOSFET. First, E-MOSFET operates only in the enhancement
mode and has no depletion mode. Secondly, the E-MOSFET has no physical channel from source to
drain because the substrate extends completely to the SiO, layer [See Fig. 19.55 (i)]. It is only by the
application of V4 (gate-to-source voltage) of proper magnitude and polarity that the device starts
conducting. The minimum value of Vg of proper polarity that turns on the E-MOSFET is called
Threshold voltage [Vg - The N-channel device requires positive Vgg (> Vg ) and the p-channel
device requires negative Vg (> Vg in)-

Operation. Fig. 19.55 (i) shows the circuit of n-channel E-MOSFET. The circuit action is as
under :

(i) When Vgg=0V [See Fig. 19.55(i)], there is no channel connecting the source and drain. The
p substrate has only a few thermally produced free electrons (minority carriers) so that drain current
is essentially zero. For this reason, E-MOSFET is normally OFF when V5= 0 V. Note that this
behaviour of E-MOSFET is quite different from JFET or D-MOSFET.
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Vgs=0V

-+
—o0 —o
Ves ]
Persarrntin Irssss010000
—— n n —— n S~o__ n
p P
Ip=0A Ip>0A
1|1} i[1]
Vps Vs

0) (@)
Fig. 19.55

(ii) When gate is made positive (i.e. Vggis positive) as shown in Fig. 19.55 (ii), it attracts free
electrons into th p region. The free electrons combine with the holes next to the SiO, layer. If Vii4is
positive enough, all the holes touching the SiO, layer are filled and free electrons begin to flow from
the source to drain. The effect is the same as creating a thin layer of n-type material (i.e. inducing a
thin n-channel) adjacent to the SiO, layer. Thus the E-MOSFET is turned ON and drain current |
starts flowing form the source to the drain.

The minimum value of Vg that turns the E-MOSFET ON is called threshold voltage [Vg -

(iii) When Vgqis less than Vg (tny» there is no induced channel and the drain current |, is zero.
When Vggis equal to Vg ), the E-MOSFET is turned ON and the induced channel conducts drain
current from the source to the drain. Beyond VGS(th), if the value of Vgis increased, the newly formed
channel becomes wider, causing I, to increase. If the value of Vg decreases [not less than Vg ¢y 1,
the channel becomes narrower and I, will decrease. This fact is revealed by the transconductance
curve of n-channel E-MOSFET shown in Fig. 19.56. As you can see, |, =0 when V3= 0. Therefore,
the value of |y for the E-MOSFET is zero. Note also that there is no drain current until Vi;qreaches
V

GS(thy
Ip
A
/ > Vi i % i
00 Vesan , ..
n—Channel @ (i)

Fig. 19.56 Fig. 19.57

Schematic Symbols. Fig. 19.57 (i) shows the schematic symbols for n-channel E-MOSFET
whereas Fig. 19.57 (ii) shows the schematic symbol for p-channel E-MOSFET. When V;¢= 0, the E-
MOSFET is OFF because there is no conducting channel between source and drain. The broken
channel line in the symbols indicates the normally OFF condition.

Equation for Transconductance Curve. Fig. 19.58 shows the transconductance curve for n-
channel E-MOSFET. Note that this curve is different from the transconductance curve for n-channel
JFET or n-channel D-MOSFET. It is because it starts at VGS(th) rather than VGS(Oﬁ) on the horizontal
axis and never intersects the vertical axis. The equation for the E-MOSFET transconductance curve
(for Vgs> Vs (th)) is
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2

lp = K(Vgs— GS(th))
The constant K depends on the particular E-MOSFET and its A
value is determined from the following equation :

|
K = D (on) ID (omp=——=———=

2
Ves(on) ~Ves )
Any data sheet for an E-MOSFET will include the current I

and the voltage Vg o, for one point well above the threshold volt- ol v v > Vs
age as shown in Fig. 19.58. GS (thy " GS (om)
Example 19.34. Thedata sheet for an E-MOSFET givesly, Fig. 19.58
= 500 mA at Vg = 10V and Vg, = 1V. Determine the drain
current for Vgg= 5V.
Solution. Here Vg, =10 V. , .
Ip = K(Vgs— Vas(n) ()
! 500 mA
Here K = "~ =617 mA/V?

2= 2
Mesion ~Ves@m)™  (10V—=1V)
Putting the various values in eq. (i), we have,
I, = 6.17 (5V—1V)’ =987 mA
Example 19.35. The data sheet for an E-MOSFET gives|y, ) = 3mAat Vo= 10V and Vg ¢

= 3V. Determine the resulting value of K for the device. How will you plot the transconductance
curve for thisMOSFET ?

Solution. The value of K can be determined from the following equation :
I

D (on)
K = 2
(VGS(on) _VGS(th))
Here I5 o) = 3mA; VGS(on) =10V, VGS(th) =3V
k= —>mA 30 ;061 10° AN
10V =3V)>  (7V)
2
Now lp = K(Vgs— Vas(n)

In order to plot the transconductance curve for the device, we shall determine a few points for the
curve by changing the value of V;gand noting the corresponding values of | 5.

ForVgg= 5V ; Ip=0061x 107 (5V —3V)’ = 0.244 mA

ForVgg= 8V ; I5=0.061x 107 (8V —3V)’ = 1.525 mA

ForVgg = 10V ; 15=0.061 x 107 (10V —3V)’ =3 mA

ForVgg = 12V ; 15=0.061 x 107 (12V —3V)’ = 494 mA

Thus we can plot the transconductance curve for the EEMOSFET from these V4/l 5 points.

19.37 E-MOSFET Biasing Circuits

One of the problems with E-MOSFET is the fact that many of the biasing circuits used for JFETsand
D-MOSFETSs cannot be used with this device. For example, E-MOSFETS must have Vg greater than
the threshold value (Vg 4,)) s0 that zero bias cannot be used. However, there are two popular meth-
ods for E-MOSFET biasing viz

(i) Drain-feedback bias

(if) Voltage-divider bias

(i) Drain-feedback bias. This method of E-EMOSFET bias is equivalent to collector-feedback
bias in transistors. Fig. 19.59 (i) shows the drain-feedback bias circuit for n-channel E-MOSFET. A



546 W Principles of Electronics

high resistance Ry is connected between the drain and the gate. Since the gate resistance is superhigh,
no current will flow in the gate circuit (i.e. | ;= 0). Therefore, there will be no voltage drop across Ry,
Since there is no voltage drop across R, the gate will be at the same potential as the drain. This fact
is illustrated in the d.c. equivalent circuit of drain-feedback bias as in Fig. 19.59 (ii).

Vo = Vg and  Vpg=Vgg

+Vpp +Vpp
Vo
R
D RD
I ( e ‘{mt D
R b
+
— —
G G \%
Vino—) i o ) Vos
Vv _
b GS _b§
(@) (@i
Fig. 19.59
The value of drain-source voltage Vg for the drain-feedback circuit is +Vpp

Vbs = Voo~ 1o Rp
Since Vpg = Vgss Vos= Voo — 1o Ro
Since in this circuit Vpg = Vgg 5 Ip= ID(on).
Therefore, the Q-point of the circuit stands determined.

the method is as follows :

(if) Voltage-divider Bias. Fig. 19.60 shows voltage divider bias- L)
ing arrangement for n-channel E-MOSFET. Since |5 = 0, the analysis of | KI—_>

V,
V — DD X Fe'2
=" R+R
and Vbs = Voo~ Ipb Rp
where Ip = K (VGS_VGS(th))2

Once |5 and Vyqare known, all the remaining quantities
of the circuit such as V etc. can be determined.

Example 19.36. Determine Vg and V¢ for the E-
MOSFET circuit in Fig. 19.61. The data sheet for this par-
ticular MOSFET gives I ;) = 500 mA at Vg = 10V and
Vesan = V.

Solution. Referring to the circuit shown in Fig. 19.61,
we have,
V
Ves = R 2DR2 xR
_ 24V
(100 +15) kQ
The value of K can be determined from the following
equation :

x15kQ =313V

Fig. 19.60

+Vpp=24V
o

Rp=470Q
100 kQ %R, % b

TFL

15kQ S R

Fig. 19.61
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|
K = D (on)

Ves (on) _VGS(th))2

~ 500mA

10V —-1V)*

= K(VGS— Vasi) =6.17 mA/V? (3.13V —1 V)’ =28 mA
VDS Vpp — I Rp = 24V — (28 mA) (470Q) = 10.8V

Example 19.37. Determine the val ues of I, and Vg for the circuit shown in Fig. 19.62. The
data sheet for this particular MOSFET gives ID (on) = 10 MAwhen Vgg= Ve

=6.17 mA/V? 10V]

[Q Veson =

+20V

1kQ
RG

Rp

/\

5SMQ

l

I (o = 10 mA

ﬂ'

-llll—o

Fig. 19.62

Solution. Since in the drain-feedback circuit Vo= Vs,

Ip = lpon=10mMA

The value of V5 (and thus V5¢) is given by ;

Vbs = Voo~ Ip Rp

= 20V — (10 mA) (1 kQ) =20V - 10V = 10V

Example 19.38. Determinethevalueof | ; for thecircuit shownin Fig. 19.63. The data sheet for

this particular MOSFET gives Iy () = 10 mA atVgg= 10Vand Vggqy = L5 V.

+10V

IMQ 2R,

Fig. 19.63
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Solution. The value of K can be determined from the following equation :

Ip (on)

K= 5
Vos on) — Vas in)

10 mA -1 2
= m =138x 10 mA/V"  [Q Vgg(on = 10V]

From the circuit, the source voltage is seen to be OV. Therefore, Vo= V5 — V=V —-0=Vg. The
value of V (= Vo) is given by ;

_ Vo _ 1oV _
Vg (or Vgo) = R1+R2><R2_(1+1)MQXIMQ—5V

2
lp = K(Vgs— VGS(th))
(1.38 x 10" mA/V?) (5V — 1.5V)* = 1.69 mA

19.38 D-MOSFETs Versus E-MOSFETs
Table below summarises many of the characteristics of D-MOSFETs and E-MOSFETs

Devices: D-MOSFETs E-MOSFETs
Schematic
symbol:

Ip Ip

A A
Transconduc-
tance curve:

i Ipss
Vs — AT » Vs

Ves o ° 0 Vesm
Modes of Depletion and Enhancement only.
operation: enhancement.
Commonly Gate bias Gate bias
used bias Self bias Voltage-divider bias
circuits: Voltage-divider bias Drain-feedback bias
Zero bias
MULTIPLE-CHOICE QUESTIONS
1. A JFET has three terminals, namely ....... (i) diode (i) pentode
(i) cathode, anode, grid (i) triode (iv) tetrode
(ii) emitter, base, collector 3. AJFET is also called ....... transistor.
(iil) source, gate, drain (i) unipolar (i) bipolar
(iv) none of the above (iii) unijunction  (iv) none of the above
2. A JFET is similar in operation to ....... valve. 4. AJFETisa....... driven device.




(i) current
(ii) voltage
(i)
(iv) none of the above
5. The gate of a JFET is ....... biased.
(i) reverse
(ii) forward
(iii) reverse as well as forward

both current and voltage

(iv) none of the above

6. The input impedance of a JFET is ....... that
of an ordinary transistor.

(ii) less than
(iv) none of the above

(i) equal to
(iif) more than
7. In ap-channel JFET, the charge carriers are

(i) electrons

(ii) holes
(iii) both electrons and holes
(iv) none of the above

8. When drain voltage equals the pinch-off volt-
age, then drain current ....... with the increase
in drain voltage.

(i) decreases
(ii) increases
(iif) remains constant
(iv) none of the above

9. If the reverse bias on the gate of a JFET is
increased, then width of the conducting chan-
nel .......

(i) is decreased
(ii) isincreased
(iii)
(iv) none of the above
10. AMOSFET has ....... terminals.
(i) two (ii) five
(iii) four (iv) three
11. A MOSFET can be operated with .......
(i) negative gate voltage only

remains the same

(ii) positive gate voltage only
(iil) positive as well as negative gate voltage
(iv) none of the above
12. AJFET has ....... power gain.
(i) small (i) very high
(i) very small (iv) none of the above
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13. The input control parameter ofa JFET is .......
(i) gatevoltage (i) source voltage
(iii) drain voltage (iv) gate current

14. A common base configuration of a pnp tran-
sistor is analogous to ....... ofa JFET.

(i) common source configuration
(ii) common drain configuration
(i)

(iv) none of the above

common gate configuration

15. A JFET has high input impedance because

(i) itis made of semiconductor material
(i) input is reverse biased
(iii) of impurity atoms
(iv) none of the above

16. In a JFET, when drain voltage is equal to
pinch-off voltage, the depletion layers .......

(i) almost touch each other
(ii) have large gap
(iil) have moderate gap
(iv) none of the above
17. Ina JFET, Iyggis known as ..............
(i) drain to source current
(i) drain to source current with gate shorted
(iil) drain to source current with gate open
(iv) none of the above
18. The two important advantages of a JFET are

(i) high input impedance and square-law
property
(i) inexpensive and high output impedance
(iii) low input impedance and high output
impedance
(iv) none of the above
19, s has the lowest noise-level.
(i) triode (i) ordinary transistor
(iii) tetrode (iv) JFET
20. A MOSFET is sometimes called ....... JFET.
(i) many gate (ii) open gate
(iii) insulated gate (iv) shorted gate
21. Which of the following devices has the high-
est input impedance ?
(iy JFET
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(i) MOSFET
(i) crystal diode
(iv) ordinary transistor

22. A MOSFET uses the electric field of a .......
to control the channel current.

(i) battery
(i) generator (iv) none of the above

23. The pinch-off voltage in a JFET is analo-
gous to ....... voltage in a vacuum tube.

(i) capacitor

(i) anode
(ii) cathode
(iil) grid cut off
(iv) none of the above
24. The formula for a.c. drain resistance of a

JFET S occinnee
AV,
0 A I[[))S at constant Vg
AV,
(i) R |(§)S at constant Vg
. Alp
(i) A Vs at constant Vg
. Alp
(iv) WDS at constant Vg
25. In class A operation, the input circuit of a
JFET is ... biased.
(i) forward (ii) reverse
(iif) not (iv) none of the above

26. If the gate of a JFET is made less negative,
the width of the conducting channel .......

(i) remains the same
(ii) is decreased
(iii) isincreased
(iv) none of the above
27. The pinch-off voltage ofa JFET is about .......

@i 5V (i) 0.6 V
(iiiy 15V (iv) 25V
28. The input impedance of a MOSFET is of the
order of ..............
i Q (ii) a few hundred Q
(iii) kQ (iv) several M Q
29. The gate voltage in a JFET at which drain
current becomes zero is called .............. volt-
age.
(i) saturation (i) pinch-off

(iii) active (iv) cut-off
30. The drain current |5 in a JFET is given by

2

. Ves
i) lIp=lps 1- W
2
. Ves
(i) 1y=lpss 1+W
2
V
(i) Ip=lps|1— g
feS
1/2
. Ve
(iv) Ip=lpss 1"\@)
31. InaFET, thereare ............... pnjunctions at
the sides.
(i) three (ii) four
(iii) five (iv) two

32. The transconductance of a JFET ranges from

(i) 100 to 500 mA/V
(i) 500 to 1000 mA/V
(iif) 0.5 to 30 mA/V
(iv) above 1000 mA/V
33. The source terminal of a JFET corresponds

t0 e of'a vacuum tube.
(i) plate (i) cathode
(i) grid (iv) none of the above

34. The output characteristics of a JFET closely
resemble the output characteristics of a

............... valve.
(i) pentode (ii) tetrode
(i) triode (iv) diode

35. If the cross-sectional area of the channel in
n-channel JFET increases, the drain current

(i) isincreased
(ii) is decreased
(iii) remains the same
(iv) none of the above
36. The channel of a JFET is between the

(i) gate and drain
(ii) drain and source
(iii) gate and source
(iv) input and output
37. For Vgg=0'V, the drain current becomes con-



stant when Vpgexceeds ...............
(i) cutoff (i) Vpp
(i) Vp (ivy OV

38. A certain JFET data sheet gives Vg =
— 4 V. The pinch-off voltage V,, is
(i) +4V (i) -4V
(iii) dependent on Vg
(iv) data insufficient
39. The constant-current region of a JFET lies
between
(i) cut off and saturation
(ii) cut off and pinch-off
(i) 0and g
(iv) pinch-off and breakdown
40. At cut-off, the JFET channel is
(i) atits widest point
(ii) completely closed by the depletion
region
(iif) extremely narrow
(iv) reverse biased
41. A MOSFET differs from a JFET mainly be-

(i) of power rating
(ii) the MOSFET has two gates
(iii) the JFET has a pn junction
(iv) none of above
42. A certain D-MOSFET is biased at Vo= 0V.

Its data sheet specifies |y = 20 mA and
Vs oy = — SV. The value of the drain cur-

renti1s ...ooeeeneennn.
(i) 20mA (i) 0 mA
(iii) 40 mA (iv) 10 mA

43. An n-channel D-MOSFET with a positive
Vg 8 operating in
(i) the depletion-mode
(ii) the enhancement-mode
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44. A certain p-channel E-MOSFET has a Vigg ¢
=—2V.IfV55= 0V, the drain current is
(i) OmA (i) T (on)
(iif) maximum (iv) lpss
45. In a common-source JFET amplifier, the
output voltage is
(i) 180° out of phase with the input
(ii) in phase with the input
(iif) 90° out of phase with the input
(iv) taken at the source
46. In a certain common-source D-MOSFET
amplifier, V4 = 3.2 V rm.s. and Vg, = 280
mV r.m.s. The voltage gain is
(i) 1 (i) 11.4
(iii) 8.75 (iv) 3.2
47. In a certain CSJFET amplifier, Ry =1 k€2,
Ry=560€2, Vo, =10V and g,,= 4500 uS. If
the source resistor is completely bypassed,
the voltage gain is
(i) 450
(iii) 2.52
48. A certain common-source JFET has a volt-
age gain of 10. If the source bypass capaci-
tor is removed,
(i) the voltage gain will increase
(i) the transconductance will increase
(iif) the voltage gain will decrease
(iv) the Q-point will shift
49. A CSJIFET amplifier has a load resistance
of 10 k€ and Ry = 820€2. If ¢,,= 5 mS and
Vi, =500 mV, the output signal voltage is ...
(i) 205V (i) 25V
(iii) 0.5V (iv) 1.89V
50. If load resistance in Q. 49 is removed, the
output voltage will ...............
(i) increase (ii) decrease
(iii) stay the same (iv) be zero

(iii) cut off (iv) saturation
Answersto Multiple-Choice Questions

1. (i) 2. (i) 3. () 4. (i) 5. (i)
6. (iii) 7. (i) 8. (iii) 9. (i) 10. (iv)
11. (iii) 12. (i) 13. (i) 14. (iii) 15. (ii)
16. (i) 17. (i) 18. (i) 19. (iv) 20. (iii)
21. (i) 22. (i) 23. (i) 24. (i) 25. (i)
26. (iii) 27. () 28. (iv) 29. (ii) 30. (i)
3L (iv) 32. (iii) 33. (i) 34. (i) 35. (i)
36. (ii) 37. (iii) 38. (i) 39. (iv) 40. (i)
41. (iii) 42. (i) 43. (i) 44. (i) 45. (i)
46. (i) 47. (iv) 48.  (iii) 49. (iv) 50. (i)
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Chapter Review Topics
Explain the construction and working of a JFET.

What is the difference between a JFET and a bipolar transistor ?

How will you determine the drain characteristics of JFET ? What do they indicate?
Define the JFET parameters and establish the relationship between them.

Briefly describe some practical applications of JFET.

Explain the construction and working of MOSFET.

Write short notes on the following :

NogA~ONPRE

(i) Advantages of JFET (ii) Difference between MOSFET and JFET

Problems
1. A JFET has a drain current of 5 mA. If Ipgg = 10 mA and VGS(oﬂ) is— 6V, find the value of _(_i) Vis
and (ii) Vp. [()-15V (ii)6V]
2. A JFET has an lpg50f 9 mA and a Vg o 0f — 3V. Find the value of drain current when Vgg=—-1.5V.
[2.25mA]
3. Inthe JFET circuit shown in Fig. 19.64 if |5 = 1.9 mA, find Vg gand V¢ [-1.56V; 13.5V]
+24V +20V
4700 Q % 500 Q
Ip
———
Vino— —— o— [
10 MQ % 900 Rg
Cs
7Y ol
? ¥ = O O
Fig. 19.64 Fig. 19.65
4. For the JFET amplifier shown in Fig. 19.65, draw the d.c. load line.
+ VDD + VDD
+ VDD
Rp Rp
Rp
= 5
Rg Rg
Rg
@) (if) (iti)

Fig. 19.66
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5. Fora JFET, 5= 9 mA and Vgg=-3.5 V. Determine I when (i) Vgg=0V (ii) Vgg = —2V.
[(i) 9mA (ii) 1.65 mA]
6. Sketch the transfer curve for a p-channel JFET with |;g=4 mA and V, = 3 V.
7. Ina D-MOSFET, determine |pgg, given I =3 mA, Vgg=—2V and Vg o) = — 10V. [4.69 mA]
8. Determine in which mode each D-MOSFET in Fig. 19.66 is biased.
[(i) Depletion (ii) Enhancement (iii) Zero biag]
9. Determine V¢ for each circuit in Fig. 19.67. Given |y =8 mA. [(i) 4V (ii) 5.4V (iii) —4.52V]

Voo Voo Voo
+12V +15V -9V
1kQ2Rp 12kQ2Z Ry 560Q2 Ry
10MQ 2 R 10MQ 2 R 10MQ 2 R
(@) (i) (iif)
Fig. 19.67
10. Ifa 50 mV r.m.s. input signal is applied to the amplifier in Fig. 19.68, what is the peak-to-peak output
voltage? Given that g, = 5000 puS. [920 mV]
Vbp
+12V
1.5kQ 2R,
C
) 3 VOM[
C, 10pF
Vin°_|
10 uF
—l %RE 10 kQ
I0MQZR;  1kQZRs G
I 1 uF

Fig. 19.68

Discussion Questions
Why is the input impedance of JFET more than that of the transistor ?
What is the importance of JFET ?
Why is JFET called unipolar transistor ?
What is the basic difference between D-MOSFET and E-MOSFET ?
What was the need to develop MOSFET ?
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Fg 3124 Fig. 31.24
2. There is no need for isolation technique for enhancement MOSFET devices since ez<h
source and drzin region is
isolated from the other by the
P-N juactions formed within
the N-type substrate. This
fact is shown 1n Fig. 31.25
where two P-channel E-
MOSFETs have been fabni-

caied from the same N-Sot
suDsTale. B .
g 31.25

LS

The packing density of
s303 Cs is at least ten
times more than that {or bipoiar ICs. Also, 2 MOS resistor occupies less than | per cent
of the zrea of a convsational diffused resistor. This high packing density makes MOUS
ICs especially suvited for LSI and VLSL

The main disadva:ntagc of MOS ICs is their slower operating speed as compared io bipoiar
ICs. Hence. they do not compete with bipolar ICs in ultrahigh-speed appiications.

Ugwever. due o thair (i) iow cost (if) low power consumption and (i high packing densily,
MOS ICs are widely usad for LSI aad VLSI chips such as calculator chips, memory chips and

microprocessars (UP).
_/A1.13. What is a GP-AMP?
It is a very high-gain, mgh-r, directly-coupled negarive-feedback amplifier which can amplify
signals having fregueacy ranging from @ Hz to a iittle beyond 1 MHz They are made with
different inteal configuratioss in linezr ICs. An OP-AMP is so named because it was originaily
designec 1o periom mathematical operations like summation, subtraction, muliiplication, differ-
entiation and integration etc., in analog COmMPULETs. Preseni dav usage is much wider in scope but
the popular name OP-AMP continues.
Typical eses of OP-AMP are : sczle changing, analog computer operations, in instrumentaion

Scanned by CamScanner

E

2
a4

'

B P P AT PR P .s..h

PONE .

AR ALY L |

¢

Talgh o

A BRI
ATL M ae AN,

LS W
caares

L

Vs A

T

A TIPS U W

§ ded o

P



o

: ), Bangalore.
\)/3119. OP-AMP Symbol

aus

and control systems and a great variety of phase-shift and oscillator circuits. The OP-AMP is ;
available in three different packages (i) standard dual-in-line package (DIP) (ii) TO-5 case and 4@/
(i) the flat-pack. v

Although an OP-AMP is a complete amplifier, it is so designed that external components

(resistors, capacitors etc.) can be connected to its terminals to change its external characteristics.
Hence, it 1s relatively easy to tailor this amplifier t

o fit a particular application and it is, in fact, _
due to this versatility that OP-AMPs have become so popular in industry. by A
An OP-AMP IC may contain two dozen transistors, a dozen resistors and one or two Capacitors. ~ shigy.
Example of OP-AMPs :
L. HA709—isa high-gain operational amplifier constructed on a single silicon chip using
Planar epitaxial process.

It is intended for use in dc servo systems, high-impedance analog computers and in low-
level instrumentation applications.

It is manufactured by Semiconductors Limited, Pune.

(LM 108 -1M 208}— Manufactured by Semiconductors Ltd., Mumbai.

CA 741 CT and CA 741 T—these are high-gain operational amplifiers which are intended
for use as (i) compar;

ator, (if) integrator, (iii) differentiator, (tv) summer, (v) dc amplifier,
(vi) multivibrator, and (vii) bandpass filter.

Manufactured by Bharat Electronics Ltd. (BEL

w N

Standard triangular symbol for an OP-AMP is shown in Fig. 31.26 (a) though the one shown
in Fig. 31.26 (b) is ako used often. In

Fig. 31.26 (b), the common ground v, & =
line has been omitted. It also does not

o—_

show other necess connections 25
such as for dc power ?d feedback etc. 2 > R

The OP-AMP's input can be sin-
gle-ended or double-ended (or differ- =
ential input) depending on whether 0— —0
input voltage is applied to one input , :
terminal only or to both. Similarly, (a) A (b}
amplifier’s output can also be either

Fig. 31.26
single-ended or double-ended. The most common confi
output.

guration is two input terminals and a single

All OP-AMPs have a minimum of five terminals

. inverting input terminal, 2. non-inverting input terminal,
3. output terminal, 4. positive bias supply terminal,
5. negative bias supply terminal.

31.20. Polarity Conventions

In Fig. 31.26 (b). the input terminals hav

These are meant to indicate the invertin

e been marked with minus (-) an
g and non-inverting terminals only

G plus (+) signs. F

(Fig. 31.27 (a)). 5 g
it simply means that a signal applied at negative input terminal will appear ampiified but phase- s
inverted at the output terminal as _ i
shown in Fig. 31.27 (b). Similarly, sig- Inverting
nal applied at the positive input termi- v. ] | S
nal wpill appear amplified and in-phase ' - . L E—\\ &
at the output. Obviously, these plus v 2 0 5 ‘l o
and minus polarities indicate phase :°© * S U
reversal only. It does not mean that Nor _
voitage v, and v, in Fig. 31.27 (a) are inverting -
negative and positive respectively. Ad- .
ditionally, it also does not imply that (a) (b)

‘ovalinicu vy vwalliouvaliici



sizive input voltage has to be connected to the plus-nxqued non-inverting tenlr};:zal c?.; aréde
Poative input voltage to the negative-marked inverting terminal 1.. In fact, the amp : llt;; nme
"sed ‘cither way up’ so to speak. It may also be noted that all input and output voltages
sferred to a common reference usually the ground shown in Fig. 31.26 (a).

1.21. ldeal Operational Amplifier | 4 /

When an OP-AMP is operated without connecting any resistor or capacitor from its output
» any one of its inputs (i.e., without feedback), it is said to be in the open-loop condition. The
rord ‘open loop’ means that feedback path or loop is open. The specifications of an OP-AMP
nder such condition are called open-loop specifications.

An ideal OP-AMP (Fig. 31.28) has the following characteristics:

I its open-loop gain A, 1s infinite i.e., A, = — oo;

|
i.e., R; = > ohm;

Its Qutput resistance Rp (seen looking back into output terminals) is zero i.e., Ry =0 Q;
4. it has infinite bandwidsh Le., it has flat frequency response from dc to infinity.

Though these characteristics cannot be achieved in practce, yet an ideal OP-AMP serves as
convenient reference against which real OP-AMPs may be evaluated.

Following additional points are worth noting: i
I. Infinite input resistance means that input current i=0asin- fo—a— 1
dicated in Fig. 31.28.

It means that an ideal OP-AMP is a voltage-controlled de- 20— |

3

+
vice.
2. R,=0 means that v, is not dependent on the load resistance oy =88
connected across the output. ' R ==
3. Though for an ideal OP-AMP A, = o, for an actual one, it : ;;
is extremely high i.e., about 108, However, it does not mean i =0
that 1 V signal will be amplified to 105V at the output. Ac- Fig. 31.28

tually, the maximum value of Vo is limited by the bias sup- '
ply voltage, typically + 15 V. With A, = 105 and vy = 15 V, the maximum value of input
voltage is limited to 15/105 = 15 pV. Though 1 V cannot become 1 million volt in the OP-
AMP, 1 uV can certainly become 1 V.

31.22. Virtual Ground and Summing Point <&/

+ In Fig. 31.29 is shown an OP-AMP which

zmploys negative feedback with the help of re- Feedback path
sistor Ry which feeds a portion of the output tothe + R, A R¢
input. Vi O—ww— v, W—
\: ” . l "_.‘ll ] . 12
% Since input and feedback currents are alge-

Qﬁically added at point A, it is called the sum-
ming point. .
> The concept of virtual ground arises from \ -
the fact that input voltage v; at the inverting ter-

minal of the OP-AMP is forced to such a small a
Yalue that, for all practical purposes, it may be o— o
Wsumed to be zero. Hence, point A is essentially ~ = +
#t ground voltage and is referred to as virrual
ground. Obviously, it is not the actual ground,
iwhich, as seen from Fig. 31.29, is situated below.
31.23. Why V; is Reduced to almost Zero ?

% . When v, is applied, point A attains some positive potential and at the same time v, is brought

Jinto existence. Due to negative feedback, some fraction of the output voltage is fed back to point
A antiphase with the voltage already existing there (due to vy).

Scanned by CamScanner

2. its input resistance R; (measured between inverting and non-inverting terminals) is infinite

e

A g
oL TS

_‘
o gl

e

e sants
o Vit Ao ab S b it 52

WCCTPET IO X PN (9



: -
= &
o -
ke

-
gl
: =
e -
-

g

~

4

L B

i

'-.“-‘\

| Y % 2

ik

#ha

e

‘.‘q.vy. "'(1 'p Wy ¥ Tewe vy

..u‘-"‘ 1: J- ‘.';;"»‘f “ "—{““ 'i ::*m;““ ‘j}l[;“!lpr; L4 ‘|_.( .ﬂ""_ ;1‘

[}

ok

~x

-

0

.,

The algebraic sum of the two voltages is almost zero so that v, = 0. Obviously, v, will becorgSiils
stactly zero when negative feedback voltage at A is exactly equal to the positive voltas
produced by v, at A. >

Aacther pomt worth considenng is that there exists a virtual short between the two termi
of the OP-AMP becamse », = 0. It is virtual because no current flows (remember i = 0) d
De sxsternce of this short.

3124 OP-AMP Applications

i

"‘L,

We will consider the following applications:

1. as scaler or linear (Le., small-signal) constant-gzin amplifier; both inverting and non-invertng
1 as unity follower, 3. Adder or Summer,

4. Subtacor, 5. Integraior,

& Differsntiator, 7. Comparator.

N

ow, wz will discuss the above circuits one by one assuming an ideal OP-AMP.
3115, Linear Amplifier
We will consider the functioning of . A Ry

n

v

- : ; 1 O—wa— —~tA
an OP-AMP as a constant-gain amplifier s —=i —i,
2erh : the inverting and non-inverting con-

Bemrancns.

{z) Inverting Ampiifier or Negative i‘
Scale o - . t \ ">/

As shewn m Fig. 3130, non-inverting

termunal has been groumded whereas R,

cannects the input signal v) to the inverting O—

mput. A feecback resisior R, has been con-

aeced from the cutput to the inverting input.

Gain
g:‘ - - . x v' vl
Simce pomt A s at ground potential®, iy = — = L
R, R,
; ~% i 3[:’
R =3 — please note — ve sign =
)3 e
Using KCL (Art 32) for point A,
v v v, V¥ v, R
5 i I o 0 1 0 i
i, -(5) =0 of —+—=—=0 o —-—pgr 2 - __1
I 2
Rl Rf Rf R' vl Rl
R!'
A =-—=o A=-XK Also, v = -Kv ‘
RI v a i =
T = 4 - - - » - ‘7:#4
[ i3 sesn rom above, that closed-locp gain of the iaverting amplifier depends on the ratio -7
of the two external resistors R, and Ry and is independent of the amplifier parameters. e
15 also seen that the OP-AMP works as a negative scaler. It scales the input Le., it multiplies £
the mput by 2 minus ccastant factor K. =
(&) Mon-inverting Amplifier or . R 2, &5
‘ o 1 A ! L
Positive Scaler C—wn : 1s ) =
> - - - e 1 ~— F:
Thiz cirouit is used when there is need < [ ;
Zor an output which i3 equal to the nput I 1 E
muitiphied by a positive constant. Such a v; S i K
pesitive scaier cocmt which uses negative ¢ | 3» ¥ % =
fieetback but provides an greput that equa’s vio I, Yoo \‘j .
the meue moltplied by a pesitive consiant ,_
¢ siown m Fig 3131 Fig. 31.31 _ &
o Bl ., Vg=—7
*Wosr theni; = ——— and &, =
t" R,
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" c.nce input voltage vo is applied to the non-inverting terminal, Uie Citeut b wees -
e n-inverting amplifier.
Yere, polarity of v, is the same as that of v, i.e, both are positive.
Gain
Because of virtual short between the two OP-AMP terminals, voltage across R, is the input
voltage vo. Also, vy is applied across the series combination of R, and R,

m = Va = iRI.‘ Vg = ‘(R1+Rf)
: ; R
& = _‘l _ l(R‘.+ Rj) or 4 = R] + R[ -1+ e 4

Alternative Derivation

As shown in Fig. 31.32, let the currents through the
two resistors be i} and .

The voltage across R, is v, and that across Ry is (Vo — V-

. v2 # uo - V2
i = = =
' =R, and iy 3
Applying KCL to junction A, we have Fig. 31.32
o -y, 0, %)
(i) +i,=0 or 3 + Rf =0
vn 1 1 R, + R
2 =wulg t x| wRE
f 1 f s
v Rl + Rf Rf
RLR S S | or A = 1+ = —as before
v, R, v R,

Example 31.1. Calculate (i) input impedance and (ii) the voltage gain of the OP-AMP am-

plifier circuit of Fig. 31.33.
Solution. (i) The input impedance of the OP-AMP amplifier is very high and when negative

feedback is used, the impedance is increased even further. 35K 15K

Hence, input impedance of a non-inverting OP-AMP amplifier W
can be thought of as infinite. it

(ii) The voltage gain is given by

R
1L = 15 _
A, 1+RI 1+3-5 53 o

Example 31.2. For the inverting amplifier of Fig. 31.30, o— ]
R, = 1K and R, = IM. Assuming an ideal OP-AMP amplifier, Fig. 31.33
determine the following circuit values :

(a) voltage gain, (b) input resistance , (c) output resistance.

Solution. It should be noted that we will be calculating values of rhe circuit and not jor the
OP-AMP proper.
R, _ _1000K

(@ A,=- = —1000.
R, 1K

(b) Because of virtual ground at A, R, = R, -1K.
(c) Output resistance of the circuit equals the output resistance of the OP-AMP i.c.. zere

ohm.
31.26. Unity Follower
It provides a gain of unity without any phase reversal. It is very much similar to the emitier

follower (Art. 21.8) except that its gain is very much closer to being exactly unity.
This circuit (Fig. 31.34) is useful as a buffer or tsolation amplifier because it allows input
voltage v;, to be transferred as output voltage v, while at the same time preventing load resistance
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R, from loading down the input source. It is due to the fact
that its R; = o and R, = 0.

In fact, circuit of Fig. 31.34 can be obtained from that of
Fig. 31.31 by putting :

+
R, = R =0
31.27. Adder or Summer
The adder circuit provides an

1o or equal to the algebraic
each multiplied by a cons

Vin

output voltage proportional - o—
sum of two or more input voltages

tant gain factor. It

1s basically similar
to a scaler (Fig. 31.30) except that it has more than one 1nput. D
Fig. 31.35 shows a three-input inverting_adder circuit. As seen, the output voltage is phase-in=;
verted. % |
Calculations AR
As before, we will treat point-A as virtual ground % 4
' v Vv " ’:
A s 2 + 1 R, s
i, = R, and i = R, Vi %
N r i R, Ai R i
b= oad g Y% wsigg lai & A
. = = . I = —— . TR
Applying KCL to point A, we have ~ ‘3‘
L thrih+(-) =0 . 5-.’4?;
1 2 3 [ + 2
or BT to —-|—=2|l=0 : a
R, R, R, ( Rf } Yo ia
R R R il
WO e A I & %]
v, R1 ’;1+R_, v2+_R3 VB) Oo— ‘? ~2 %
or v, = Klvl +K2v2+ K3v3) Fig. 31.35 ‘
The overall negative sign is unavoidable because we are using the inverting input terminal 3
If R1=R2=R3=R.then ?
R |
vo——?{(vl +v2+v3)=—K(vl+v2+1'3) i
rience, output voltag}: IS proportional to (not equal to) the algebraic sum of the three input
voltages. '
If .Rf = R, then output exactly equals the sum of inputs. However, if R,=R/3,
' R/3 1
then v, = R v, + v, + Vy) = =3 (v, + v, + v,)
Obviously, the output is e

qual 10 the average of the th
31.Z8. Subtractor

The function of a subtractor j

of two input signals. As shown i
to apply the inputs

ree inpuis.

§ 10 provice an output proportional to or equal o the difference
n Fig. 31.36, we have »
at the inverting as well as non-

tn- R, " R;
verting terminals, v, O——.r.w—"‘ 5
Caiculations ‘ ‘
According to Superposition Theorem (Art. 4.2) L™~
= 7 7] | \\ N
vV =y +vy —O Y
o 0 0 . ‘ l »
where v, is the output produced by v; and v,” is that V2 o— % '
produced by v,.
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Yy = -R—f Y — Art. 31.25 (a)
R
7&1 Y2 | — Art. 31.26 (b)
R, I
Since R:x Ry _nd !Rl o hilcnric
va = 1_?{- - vi) — K (v —’l
- Further, if R = R,, then
. (‘ —v,) = differeace of the two input voliages.

Obviously, if R; = R;, then a scale factor is introduced.
Example 31.3. Fmd the output voltage of an OP-AMP inverting adder for the following sets

of input voltages and resistors. In all cases, Ry= IM.
v, = =3V, =+3Vyv, =+2V: R—250K R, =500K, Ry =IM

. 1
Solution.v, = — (K, +K v2+K313)

& R

’;. ____L_M= =L'QO.= Kz__l_ﬁi:l
£ K R, 250K 4K = %50 = % 1M

v = {@x=-3)+(2x3)+(1x2)]=+4V

k- Example 31.4. In the subtracior circuit of Fig. 31.36, R, =5 K, Ry=10 K, v = 4 V and
& vy =5 V. Find the value of output voltage.

= -

e R R

%- Solution. v0=,(1 + ﬁf}v‘ - -kilvz [1 + _15(2]4 - 150 x5 =+2V
&= =

= 31.29. Integrator

X

The function of an mtcgrator is to provide an output voltage which is proportional to the
integral of the input voltage.

?

ﬁ A simple example of integration is shown in Fig. 31.37 where input is dc level and its mtegral
iE<C s a linearly-increasing ramp ouiput.
7‘, The actual integrat-

7%."ing circuit is shown in ~ ‘ Yo
~Fig. 31.38. This circuit ]
" is similar to the scaler

in

cept that the feedback

r, tor C instead of a re- Integrator
gieziosistor Ry Tupest ~ Output
=2°:  Calculations : Fig. 3137
As before, point A
(4 [s] o
¥ T = = = —sC
Xc 1/ij 1/sC 5

— Art. 31.20 (@)

i by B S B BT £ AT

NTONY. Cly oty ort

Yt AL
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" .
d 2] l & R
: I g —) & A
3 Vin | sCR v, —i
! |

A, = -——

¥ SCR
Now, the expression of Eq. (i) can be written

in fime domain as

y §1) — ] %
i) = -*C—R j ;-"{I) . dr

It is seen from above that output (right-hand g
€Xpressions) is an integral of the input, with
an inversion and a scaje factor of 1/CR.

This ability to integrate a given signal enables an analog computer to soive differential equa-
tions and to set up a wide vari

ety of electrical circuit analogs of physical system operations. For
example, let

side

]

Fig. 31.38

-]

: o
2.

e
oy
T
X _.
tHha s
- s
A
- i,
—

v

“_;7:
[
)
e

R
war
VEN
. -:"5'?"
s
v.‘-{)j..‘

R =1M and C = 1 UF Then &
scale factor = — —— =1 =] ‘ -i
CR 106 x 106 ' B
As shown in Fig. 3139, - 2=
the input is a step voltage R A ' Z
whereas output is a ramp (or "’_I_ v,(0) X f l l oV 5»
I_inearly-changing voitage) 0 l Y
with a scale multiplier of —]. l oy i
However, when R = 100 K, - > = v &
then . = &
>~ va(V) Y %
e rcor - [T R
105 x 106 . + !
s Fig. 31.39

v = -10[v, (). dr
It is also shown in Fig. 31.39. Of course, we can integrate more than one input as shown i
below in Fig. 31.40. With multiple inputs, the output is given by i
v() = -[K, fv,(0)di+ K,[v,(dt+ K. Jvi (1) an ‘
! 1 1
e K, = —0o, = — d = — 2
where K, CR, K, CR, an K, CR, 2

Fig. 31.49 (a) shows a summing inte
three resistors and the capacitor. The ana
only the scale facior for exch input.

R, =I1MK

—— hs
= AN

e Ra=200K (A €
Vie——w, D N

grator as used-in an analog computier. It shows all the
log compuier revresentation of Fig. 31,40 (b) indicates

=

t
H

Ry=1IM ~—i'\_\ | )
,““‘”’V Vg
o @ 2

{a)
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Example 315, A 5 ¥, | kHz sinusoidcl sigial |
imegrator of Fig. 3138 for whick R = 100 K

(i ; ; _4aTD
S applied 10 the input of an OP-AXif

atid C = ] g7 Find the owper voliuge.
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Colttion, Seale tactor ‘

- 1
| S —

e o CR T gy = 0

She equation for the sinusoidal voltage i

. v, = SSNAnSr=5gin 200070 ¢
viously, it has beep Assumed that a ¢ = (), v = ()

!

"n“) SR

10§ S sin 2000n = 50

~ cos 2000 e |
2000 |,

o e

40::““'05 W01y
130, Dilferentiater

Its funcuca i w Peonde an
the input voitage. Wt i m: iy

Fio. 31.41 trse mathcnatcal oporaton 1o that of an iegrater. As shown in
1 . - . § s . . —— ‘
g =1, when we feud 5 differemtismor, we get 3 constant de ot

5] ]
“, v&.
Input Differentiator Output
Fig.31.41
" Cirenit
Differentiator circuit can be obtained by interchanging the resistor and capacitor of the
« -integrator circuit of Fig. 31.38.
& Let i = rate of change of charge = %5}
£ , C . R
5 Now, g = Cv. +o—»—1i | —
d C C d"c % Ve
i;; - df( ") - dt
=, Taking point A as virtual ground : g,
“ ‘i‘f d\’c - \\\‘\ »
§\ v =R =-|C.—IR }_’
\q:.' Y d’ + "
}-":.: _ o9
r‘:“x = -CR :{25 = o4
=t of . Fig. 31.42
. As seen. output voltage is proportional to the
% derivate of the input voltage, the constant of proportionality (i.c., scale factor) being (- CR).
a{f ~  Example 31.7. The input to the differentiator circuit of Fig. 31.42 is a sinusoidal volicge of
?“.‘?"lemk value 5 mV and frequency | kHz Find owr the outpur if R = 100 K and C = | T
4 Solution. The equation of the input vollage is

- v, = 3sin 2 x 1600r =5 sin 2000 7t mV
A oscalefactor = CR=106x105=0.1

i vn=0.l-g;(55in2000m) = (0.5 % 2000 ©) cos 2000 7 ¢
: = 1000 ® cos 2000 mr mV

As seen, output is a cosinusoidal voltage of frequency | kHz and peak value 1000 = Y

Quipst voltage which i proportional 1o the rute of change of

-

ot )

o e b Y RN

DR N
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