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Unit-I: Semi conductor & Rectifiers

Semiconductor
5.2 Bonds in Semiconduciors
- 5.3 Crystals

5.4 Commonly Used Semiconductors

. 5.5 Energy Band Description of Semi.
conductors

9.6 Effect of Temperature on Semi-
conductors

3.7 Hole Current

9.8 Intrinsic Semiconductor
2.9 Extrinsic Semiconductor
2.10 n-type Semiconductor
211 p-type Semiconductor

9.12 Charge on n-type and
p-type Semiconductors

9.13 Maju.ritv and Minority
Carriers INTRODUCTION

2.14 pn Juncti
p on [““\Q ertain substances like germanium, silicon. car-

2.15 Properties of pn-Junction bon etc. are neither good conductors like cop-
2.16 Applying D.C. Voltage across pn- < per nor insulators like glass. In other words.
Junction or Biasing a pn- Junc-  the resistivity of these materials lies inbetween conduc-

tion tors and msulators. Such substances are classified as

3.17 Current Flow in a Forward semiconductors.  Semiconductors have some useful
Biased pn-Junction properties and are being extensively usefl in electronic

5.18 W"_Ampem Characteristics of pn {:il'{,‘ll.llﬂ, l*nrlnstu‘ncc. fransistor—a semlcﬂﬂdlmdeb
vice is fast replacing bulky vacuum tubes in almost all

J .
5.19 !lnclion applications. Transistors are only one of the family of
' Importan Terms semiconductor devices : many other Mi@m
“a Limitations i the Operating Con-  devices are becoming increasingly popular. In this chap-

ditions of pn-Junction ter, we shall focus our attention on the different aspects

of semiconductors,
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semiconductor) is quite high as compared to copper (conductor) but it is quite low w vhes
"."1'”""* nsulato }. This s’hm th:at r&szstimy of a semiconductor lies inbetween conc
1ato, %mver, it will be wrong to consider the semiconductor as a resistance m
Ipic ome, which is one of the highest resistance material, has resistivity much 0 _ |
german Hm. This shows that electrically germanium cannot be regarded as a conductor or ir
Gra resistance material. This gave such substances like germanium the name of semicond w
It is interesting to note that it is not the resistivity alone that decides whether a substa
semiconductor or not. For example, it is just possible to prepare an alloy whose resistivity falls
the range of semiconductors but the alloy cannot be regarded as a semiconductor. In fact, s
ductors have a number of peculiar properties which distinguish them from conductors. msula 01
resistance materials. 1

Properties of Semiconductors

|
1'_ ,l.‘
() The resistivity of a semiconductor is less than an msulator but more than a conducto |

(,I} SEHllCﬂndllCl{}!‘.‘:. haVE e g f” ' T Hr;ﬂ 'TAlUre Co-¢ HFJ‘ 1ent of ri 'SiIslance f e. Lhe re n ‘

of a semiconductor decreases with th Increase in temperature and vice-versa. For exdmplc,
nium 1s actually an insulator at low tlemperatures but it becomes a good conductor at high temp
tures. -- “
(£if) When a suitable metalli¢ impurity (e.g. arsenic, gallium etc.) 1s added to a semicond ct
current conducting properties change appreciably. This property 1s most lmpﬁrtant §
discussed later in detail. |

5.2 Bonds in Semiconductors

The atoms of every element are held together by the bonding action of valence electrons.: W
bonding is due to the fact that it is the tendency of each atom to complete its last orbit by acqu % !
electrons in it. However, in most of the substances. the last orbit i 1S iIncomplete i.e. the last “m L8
not have 8 electrons. This makes the atom active 1o enter into bargain with other atoms tﬁ q
electrons in the last orbit. To do 80, the atom may lose, gain or share valence electrons w
atoms. In semiconductors, bonds are formed by sharing of valence electrons. Such bcm&
co-valent bonds. In the formation of a co-valent bond, cach atom contributes equal num
mmm the contributed electrons are shared by the atoms engaged in the formatig
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e mss the semiconductor crystal [See Fig. 5.7 (i)]. This shows that the resistance of a se
conductor decreases with the rise in temperature i.e. it has negative temperature coefficient of res

tance. It may be added that at room temperature, current through a semiconductor is too smail tobe
of any practical value. ol
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- Fig. 5.7 (ii) shows the energy band diagram. As the temperature is raised. some :ﬂfﬁt&:
electron: m sufficient energy to enter into the conduction band and thus oncitias ﬂ .
ﬁ!ﬂ influence of electric field, these free electrons will constitute electric current. _:
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- Ttmay Ek nmd that hole current is due to the movement of ##*
- valent bond to another bond. The reader may wonder why to call it a hﬂi&
ﬁm is again by electrons (of course valence clectrons ). The answer iB’ " 2z
current flow is the presence of holes in the co-valent bonds. Therefore, it is pp:
consider the current as the movement of holes.

+ -
+
=+

e

B il = = “ =
Fig. 5.8 3 ‘.'1'.1;." |

Energy band description. The hole current P!
can be beautifully explained in terms of energy
bands. Suppose due to thermal energy, an electron -
leaves the valence band to enter into the conduc-
tion band as shown in Fig. 5.9. oV

 This leaves a vacancy at L. Now the valence
electron at M comes to fill the hole at L. Theresult | |
ars at L and appears at M. Next, |
at N moves into the hole at M.

reated at N It is clear that
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terminal of suppl

As the holes reach
the negative terminal
B, electrons enter the
semiconductor Crys-
tal near the terminal

5;.9 Extrinsic Semiconductor

extrinsic semiconduc

tor. The process of adding 1
purities have to be

DI e e IS WE alent impurity (hayi Ons or holes 1
'r_f _ ‘: "."I'?f?':,r:-" ductor _ ; T, . \ v 5 v ence o % :
er hand ': b ﬂﬁﬂ? largenumzfir of free elecn'ﬂnﬂ are prod 'ﬂ“‘. the - -I :_ y
o hon of invalent impurity (having 3 valence electroney racmns. .~ O RGUCHS

e Sy Depending upon the type of impurity added. extritic. som
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vaIerm an When a small amaunt @f

pentavalent impurity like arsenic is added to e - il e J
S R T R Y 1 =1 y

germanium crystal, a large number of free electrons become available in the =~=~ 5 ﬁ'?i-' J’! ason is =

simple. Arsenic is pentavalent i.e. its atom has five valence electrons. An t‘ﬁ e

- L .r-.".l I'.h!'_

germanium crystal in such a way that its four valence electrons form cavalentbﬁmﬁs th four ge; |
nium atoms. The fifth valence electron of arsenic atom finds no place in co-v&]éﬁ’t s -f_‘;; us
free as sh(}wn in Fig. 5.11. Therefnre for t:ach arsenic atom added one frec electmnwﬂl be available

small amount of arsenic 1mpur|ty prnwdcs ennugh atoms to supply nullmns af-fwe_ &lma e AT |

Fig. 5.12 shows the energy band description of w
n-type semi-conductor. The addition of pentavalent i, h_:f
impurity has produced a number of conduction band » + * * |CcONDUCTION
electrons i.e., free electrons. The four valence elec- & R R S0 BAND
trons of pentavalent atom form covalent bonds with é
four neighbouring germanium atoms. The fifth left I - }
over valence electron of the pentavalent atom can- = r VALENCE .
not be accommodated in the valence band and trav- e % BAND -
els to the conduction band. The following points v}
may be noted carefully :

(i) Many new free electrons are produced by
the addition of pentavalent impurity. Fig. 5.12 o) ,_
(i) Thermal energy of room temperature still generates a few hole-electron pairs. Hnwwgt.h: |

number of free electrons provided by the pentavalent impurity far exceeds the number of hﬁlﬁ-ﬁﬁ
due to this predominance of electrons over holes that it is called n-type semiconductor (n stant ;

negative).
n-type conductivity. The current conduction in an n-type semiconductor is predominantly by
free electrons i.e. negative charges and is called n-type or electron type mnduahrﬂy m dersta d
n-type conductivity, refer to Fig. 5.13. When p.d. is applied across the n-type semiconductor,
electrons (donated by impurity) in the crystal will be directed towards the positive tern tinal, constitut-
ing electric current, As the current flow through the crystal is by Mﬁmm re carriers
negative charge, therefore, this type of conductivity is called negative mm' o ,
be noted that conduction is just as in ordinary metals ltke copper. .
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T'he ac di oi’ trivalent impurity provides a large number of holes in the semiconductor. Typi

xamples s of mﬁﬂt 1mpunues are ga”mm (At. No. 31) and indium (At. No. 49) Such im "
Whlﬁh Pl'ﬂdﬂﬁﬁ patype SﬁfﬂlCﬂHﬂﬂC[ﬁI‘ are known as aceeptor ;mp;u ifies because the holes CI'BB:

accept the electrons. |

To explain the formation of p-type
semiconductor, consider a pure
germanium crystal. When a small amount
of trivalent impurity like gallium is added
to germanium crystal, there exists a large
number of holes in the crystal. The reason
is snnple. Gallium is trivalent i.e. its atom
has three valence electrons. Each atom of
ga]].u.un fits into 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 smgle co-valent bonds with three
nium atamsas shown in Fig. 5.14.
fourth -vale:nt bond, only
g bﬂfﬂﬁ onc valence

:“ S R

i 'l|. ] -
L "-ﬂ. “ ur __'.r ﬁ- I"l'l"r -

I"L-. [ __hl'r'lETHn “LH i
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p-type conductivity. The current conduction in p-type sﬁﬂﬁ&nﬁﬁr s predc % ninantly by ho’es
i.e. positive charges and is called p-type or hole-type conductivity. To understa _’. wductiv= . Ny
ity, refer to Fig. 5.16. When p.d. is applied to the p-type semiconductor, ﬂw holes (donated by the
impurity) are shifted from one co-valent bond to another. As the holes are po ti harged. ther
fere, they are directed towards the negative terminal, constituting what 18 knawn as%hﬁﬁ ur! ;,1

may be noted that in p-type conductivity, the valence electrons move from one co-vale t bond to
another unlike the n-type where current conduction is by free electrons. /)

5.12 Charge on n-type and p-type Semiconductors

As discussed before. in n-type semiconductor, current conduction is due to excess of electrons WHW
in a p-type semiconductor, conduction is by holes. The reader may think that n-type material hR&M:-
negative charge and p-type a net positive charge. But this conclusion is wrong. It is true that n-type
semiconductor has excess of electrons but these extra electrons were supplied by the atoms of dﬂ:ﬂm‘

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 i mcre&se:
the conductivity of the semiconductor. The situation with regard to p-type semiconductor is also similar
It follows, therefore, that n-type as well as p-type semic onductor 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 a large number of
free electrons whereas p-type material has a large number of holes. However, it may be recalled that
even at room temperature, some of the co-valent bonds break, thus releasing an equal number of free
electrons and holes. An n-type material has its share of electron-hole pairs (released due to breakin
of bonds at room temperature) but in addition has a much larger quantity of free electrons ﬂﬁam m- :
effect of impurity. These impurity-caused free electrons are not associated with holes. Consequently, <
an n-type material has a large number of free electrons and a small number of holes as mm oY,
m@ﬂ%ﬁm electrons in this case are considered majority carriers — since the majority por v N
m:mal is by the flow of free electrons — and the holes are the minority carriers.
ty ___' material, holes outnumber the free electrons as shown n Fig 5.17 Giv.

-
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5.14 pn Junction

4 ¥ . . o ‘. . . i 1 . . .
1"" hf" d P‘f}!?{' SEMI( '.'-”Z[J.’i-fl. fOT 1A stiabin f;:;i*f--“‘* I n-i De SEMi Firtiltiiled the contact ”fﬂ[‘.ﬁ £ I f”f!{’d
pn janction

Most semiconductor devices contain one or more pn junctions. The pn junction is of great

e U1 TOUEC I L0 i 5IC |

lmm}mnce bﬂfﬂl.l‘ﬁﬂ It !""' ln l'iltﬂkt :..L]I'__' . 7‘. T Semucor ’-__ tOyr :41- " _’i. rf]t-””di’h kn(]“l_

edge of the formation and properties of pn junction can enable the reader to understand the semicon-
ductor devices.

Formation of pn junction. In actual practice. the characteristic pn pertics of pn junction will

Hoa

not be apparent if a p-type biock is just brought in contact with n-type block. In fact, pn junction is
fabricated by special techniques. One common method of making pn junction is called g/ ag. In
this method, a small block of indium (trivalent impunty) 1s placed on an n-type germanium slab as
shown 1n Fig. 5.18 (i). The system 1S then heated to a temperature of about S00°C. The mdium and

some of the germamum melt to form a small puddie of molten

, INDIUM
= O eT 'ELEHi.ii!ﬂ-if'iL']".-liﬂ"! mixiure as "-.h'-“"‘-‘uTI i1l FEE. q l 1"\ til) Th»L‘ iem-

RS Eiis WE perature 1S then lowered and puddle begins to solidily. Under
'f_“,-_ o * .: '_. AT e proper conditions, the atoms of indium !mP‘Jrﬂ} will be HUILHH}'
T nTYPE Ge = - == adjusted in the germanium slab to form a single crystal. The addi-
:, £ ,_u __ = :: tion of mdium overcomes the excess of electrons in the n-type
" " :_ _ ‘_ _ - : | germanium 10 such an extent that 1t creates a p-type region.

(1) As the process goes on, the remaining molten mixture
becomes mcreasmgly nch mm indium. When all germanium has

| % 254 been redeposited, the remaning matenal appears as indium but-
d === ton which is frozen on to the outer surface of the crystallised

i
i
'.rl
U
l"
R |

O S SR portion as shown in Fig. 5.18 {7ii). This button serves as a suit-
e able base for soldenng on leads.
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.16 Applying D.C. Voltage Across pn Junction or Biasing
a pn Junction

" electronics, the term bias refers to the use of d.c. voltage to establish certain operating conditions
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o bias conditions

68 ® Principles of Electronics

forr an electio device nelation . hiasing - _
(SRR !l . 2 Rl‘\"‘.'.‘“’ 'H“ L . r“-,rj IS L S h ¥ d”t‘t;
l'rjn

1. Forward blasing oltage apphe is called forward hii:lhillg.

I Forward blasing. When externial d-c o currenl flow, ! d Live t
' rniing . and negative ter
:h‘lﬂr i canteeis the J M l"”hlf Iarnier, H”“ IH rm Y “},I"IY[H‘- an . p ) ”“Hnd_.
cninal lectric hield whgy, A,

« hatler
» ”::i'll establishes an ¢ !
. ) L.l . . : Ly . " ; » N
n-type as shownan kg S 21 The apphied forward I‘:;' esultant freld 1s weakened and the hm%
. : i e L] - L‘ ' " » ‘ » N
hetght s reduced at the junction as shown i Fig. 3.41. < cient 10 L-“mplt:lcly eliminate the h’"—”u;,
» ‘ . ¢ ! . . "ph i
(0] to O3 V) theretore, a small torward mlhl}lt | 1 voltage julltllnn resistance becomes ainh,{.,
Cnce the potential barmer s ehmimated by the I‘WW“"‘I s ‘}7 it he Jfore, current flows |
| circuit. Therelore, ' the

zero and a low resistance path s established for the t'-'m.m m junction the following poiny .
circutt. This s called fornvand current. With forward bias 10 f J are

waorth noting - |
_ 1 t0 0.3 V), 1t1s elimip,
(1) The potential barrier is reduced and at some forward voltage (0.1 Nateq

;l““!.:l.'”'lt‘l

k

1o apply torward bias, connect posiine [«

 sufl

() The junction offers low resistance (called forward resistance, K,) to curr ent flow.
(i) Current flows in the circuit due to the establishment of low resistance path. The magning,

of current depends upon the applied forward voltage.

P n
) — T 5
4+—0 I | —p
I |
"B ¢+—0 : : —Pp |
I
4+—0 | : B ——p
¥ NS e
) ! )
, y | | ' |
- ;| I
| : . SRR : I :+
I [ 2
| 13
! | | J— EXTERNAL FIELD |
: ¥ i 1.0
,'7';._ hs | 1/4=~ NO EXTERNA
| : I I i HELD
"l : :
gt 3

|
|
|
|
I

Fig. 5.2

2. Reverse blasing. When the o

P Xlernal ( «
lirection that potential barrier increa d.c V”hage a

- sed, it iy cqll
[o apply reverse by Y cdiled reverge b
Pl l} reverse bias. CONNect negatiye fﬂl’llnnul o' t 'S¢ hlﬂﬁlllg,

¢ Dattery ¢

L

-type as shown in Fig § -

. L."' & --.21 ll Ih L1Il_‘ar It'r '

. al . » 2 o v AUl
Cts an the same direction as he field dy :pphld ftvense Voltage ¢4 blyPL and positive termind [;1
Ny ue 1o " 3 | o> a . < . ¥
inction s strengthened and the barrier he pPotenty| hurflt:r 1 Ilhht:\ an electric field whit
i . g w .

LI | S A _ ; at the
iential barrier prevents the flow of charge  the resuliant field at!
established for the entire circuit and he

wlie 1 ,
![ ' d o fht’ ju"('ffﬂﬂ I'.'F :'n .S'lﬁ'h “

= e

nction, the following points are worth

‘ nﬁling : 0 ‘ .
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(491 The junction offers very high
resistance (Called reverse resistanc N)
o current flow

gify No current flows 1 the circuit
due to the establishment of high resis-
@ance pnlh

Conclusion.  From the above dis-
cussion. it follows that with reverse hias
' the junction, a high resistance path 18
established and hence no cuarrent flow
occurs. On the other hand, with forward
bias 1o the junchion, a fow resistance }Hiih
s set up and hence current flows 1n the

CArcCun

5 47 Current Flow in a Forward Biased pn Junction

We shall now see how current flows across pa juncuon when it is forward biased. Fig. 523 shows 4
forward mased P JUncLorn | 'nder the influence Of forward ‘.t'1|!;l:.-_*l_‘, the free electrons in i.-'~lypt' move

towards the junction, leaving behind %"“"‘“"“'-"i} charged atoms However. more electrons Arrve
from the negative battery terminal and enter the n-region to take up their places. As the free electrons
reach the juncton, they becomi valence electrons. As valence electrons, they move {hﬂ!llftfh the
holes in the p-region. The valence electrons move towards left in the p-region which 18 equivalent to
the poles moving o richt. When the vailence electrons reach the left end ol the L‘I"}r*-li"l[. th‘}' flow mnto

the POSIIVE terrminal of the battenr

_.+ .‘._
> | -
» |

’
e e et - > »-—I

Fig. 5.23

The mechanism of current tlow in a forward biased pn junction can be summed up as under :

(i1 The free electrons from the negative terminal continue to pour into the n-region while the

free electrons in the n-region move towards the junction.
iiy The electrons travel through the n-region as free-electrons l.e. current in n-region is by free

eiectrons

Note that negative terminal of battery is connected to n-type. It repels the free electrons in n-type towards
the uncton
v Abole is in the co-valent bond. When a free clectron combines with 2 hole, it becomes a valence electron.
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n Junction
tics of P
2.18 VO“-AmpefG Characteris L crvstal or semie ondus terr diowde ) % She

o called St
dl‘.‘ 't current. [ Isually. voltage s taken semy
CIENS e nt for deterrmmng fe vV

it arrangern
CIire uit arra |
studied under three heads namely. 750

Volt-ampere or V7 charactenstic of a pr junction |
curve between \nhdz_g across the 1umlmn and the
axis and current along v-axis. kg, 5. 24 shows the
charactensucs of a pn junction. The characteristics can be

external voliage, forward bias and reverse bias.

y . o
-~ - f W1

Fig. 5.24

(i) Zero external voltage. When the external voltage is zero. i.e. circuit 1s open at K. the
potential barrier at the junction does not permit current flow. Therefore, the circuit current 1S zem

indicated by point O in Fig. 5.25.
[ (mA)
4

200+

1507 BARRIER
VOLTAGE

100-
50
15 10 5
V, (VOLTS) LI T
0.1 02 03 04 5 '+ (VOLTS)
BREAKDOWN
VOLTAGE 200
400
Ip (HA)
Fig. 5.25

L

K l:bc cuncnl |
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“ﬂ "(ﬂ‘rd bias. With forw urd hliﬁ. 1o the P — "‘Ym » 71

e connected o negative terminal . he Pote
-t | (e

Ly for O and 0.3 V100 Gre), the potentyal barmer s
et From now onwards, the current nre

curve OB 18 obtained with torward bas as shown in Fig S25
325 From

on that at finst (region OA)ahe current increases very
wh - :
. extemal apphed voltage - '
hec IS the exie . HT\ the ml:'dgk ;H used up in overcoming the potential barner However. once the
e CXCOE ' o e e o Cever. o
hmmtl mlt.u-t“w I l_, : vlllld ::amu voltage, the pn junction behaves like an ordinary conduc-
Therelore, HiEL MES VEry sharply with increase in e |
t;hi‘ ourve s almost linear. rease in extemal voltage (region AB on the curve)

IR L I\.il- d
connected 1o ot ve termnal
nal b PIMENS

arrwe -

i s reduced At some forward voltage
ity " e

alogether ehiminated and current starts Hlowing

-ll"'ﬂ_."q. | . "
With the increase i forw ard voltage Thus, a

the torward charactenstic, i
slowly and the curve 1 non-lincar. It 18

l‘l

i) Reverse bias. ,Wl_‘h ELEC .
werse astotheprjunction e, (MINORITY CARRIER) |, _ (MINORITY CARRIER)
VPR connected to neganve
}L-fﬁunal and n-type connected to 3 L
positive tcrm:nuL pu;cnligl - . .
parrier  al the junction s \
ncreased. Therefore. the

agnction resistance becomes very
high and practically no current
fows through the circuit.
However, In practice, a very small N ' ! ] )
current (of the order of pA) flows "

in the circuit with reverse bias as Fig. 5.26

shown 1n the reverse

characteristic. This is called reverse “ saturation current (I ) and is due to the minonty carriers. It
may be recalled that there are a few free electrons in p-type matenal and a few holes in n-type
material  These undesirable free electrons in p-type and holes in n-type are called minority carriers.

As shown in Fig. 5.26. to these minonty carners. the applied reverse bias appears as forward has.
Therefore. a = “small current flows in the reverse direction.

If reverse voltage 1s increased continuously, the Kinetic energy of electrons (minonty camers)
may become high enough to knock out electrons from the semiconductor atoms. At this stage break-
down of the junction occurs, characterised by a sudden nise of reverse current and a sudden tall of the
resistance of barrier region. This may destroy the junction permanently.

NIHE* The forward current thn}ugh a pn junclmn is due to the majoriy carriers prmiuced h}' the impurit}-.

However, reverse current is due to the minonity carrners produced due 1o breaking of some co-valent bonds at
room wemperature.

3.19 Important Terms

Two important terms often used with pn junction (1.e. crystal diode) are breakdown voltage and inee
voltage . We shall now explain these (WO terms 1n detail.

(i) Breakdown voltage. /1 is the minimum reverse voltage at w ich pn junction breaks down
With sudden rise in reverse currenl. |

Under normal reverse voltage, a very little reverse current flows through a prjuncuon. Hmf-
ever, if the reverse voltage attains a high value, the junction may break down with sudden nse in

The term saturation comes from the fact that it reaches its maximum level quickly and does aot signfi-
cantly change with the increase in reverse voltage N

. -
Reverse current increases with reverse voltage but can generally be regarded as negligible over the work
\ng range of voltages.
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ciples of Electronics

ven at room temperaure, s

or understanding this point, 1€ ¥ dtion layer a8 "hu“;fl_l:]l lr [F-‘i_?j 0
o s pﬂﬂl"w{l g { supply Al Jarge reverse vy,
» electrons 1rom SEMICOndycy,
ther valence electrong, N
ducts a very h‘“gc

airs (mnonty carners) arc

. e W yosil
— hhl"‘- [hl‘ L‘IL‘E“"“'""" Mmoo TRAL" |Ir[l""l ll 11” lhhh“l}!u vd
jth eSS . g cloctnes * - ree O
. these electrons acquire high ¢ nough v¢ ted electrons in turm e
age. e

: K] i P % i L] | “.‘r' ¥ - '{}n L‘I’n
(oms as <hown in Fig. §.27 (11). The e “ll} hber: Therefore. the pn _|un¢l|
por g | | free clectrons. h re
v Wwe get an avadianche ol
this way. i

.mage the junction.’]
reverse current : .rse current may damage the ) e e here
Once the breakdown voltage 1s reached, the high rever on is always less than the breakdoyy,,

e BT n nct
fore, carce should be taken that reverse voltage across a pn}

voltage.
p n
! T - .
N I VALENCE
: ' ECTRON
- o © o | I & ® ® — FREE EL
( : : ELECEQ_N,.————'»/
' o o o | % @ o o
*{ = i
|
|
- ] #
(i) (11)

Fig. 5.27

(if) Knee voltage. It is the forward voltage at which the current through the junction starts to
mmcrease rapidly.

When a diode is forward biased, it conducts current very slowly until we overcome the potental
barrier. For silicon pn junction. potential barrier is 0.7 V whereas it is 0.3 V for germanium iunct
It is clear from Fig. 5.28 that knee voltage for silicon diode i 3 JURELIL,

2 $0.7Vand 0.3 V for germanium diode.
Once the applied forward voltage exceeds the knee voltage, the current

[t may be added here that in order to get useful current through a

. bstarts increasing rapidly.
Pn junction, )
be more than the knee voltage.

the applied voltage must
Note. The p(ﬂt:nljul bamer vullugt‘ 1s also knnwn S furn-on volta Q
'e.

straght line portion of the forward charactenstic and extending it back bl hThls s obtained by taking the

onzontal axig
f" (mA) l’;:(l'ﬂﬁh)
s A

{
{
' '

I
j |
/

.r I
- KNEE

' . /VOLTAGE e
: l VOLTAGE
o ¥t .-
SILICON GERs 0T T
GERMA ‘

‘ Vv
m. Siﬁ -
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semiconductor Diode ™ 87

inverse v . BB ; - th-
peak oltage. /1 is the maximum reverse voltage that a diode can withstand with

) _ |
» the junction.

o _gmufﬂt’
| If the reverse nllggr across a diode exceeds this value, the reverse current increases sharply and
r-rcﬂ'"’" down the '_IU"‘*-ZII"?“ du‘; o Uﬂ.t‘wu heat. Peak inverse voltage 1s extremely important when
11111\’-‘ I ““‘cd a> d rl‘L l lt‘: r" rt_f“m"‘"' service, 1t has to be ensured that reverse voltage across the
“’ oes NO! F'“‘f“' its PIV during the negative half-cycle of input a.c. voltage. As a matter of fact,
pIV ~onsideration 13 ge:crull}' the dﬁﬁ*iding factor in diode rectifier circuits. The peak inverse volt-
e M09) he between 10V and 10 kV depending upon the type of diode.
" i) Reverse f“f’“‘"‘ or leakage current. [t is the current that flows through a reverse biased
fiode: This current is due (o lh“ minority carriers. Under normal operating voltages, the reverse
nall. Its value is extremely small (< 1t A) for silicon diodes but 1t is appreciable (=

yrrent 18 quite S
(00 pA) for germanium diodes.

[t may be noted that the reverse current is usually very small as
e. the forward current for a typical diode might range upto 100 mA while the reverse

ht be only a few pA-—a ratio of many thousands between forward and reverse currents.

compared with forward current.

For exampl
;tl-’Tfm mig

6.7 Crystal Diode Rectifiers

reasons associated with economics of generation and transmission, the
an a.c. supply. The supply voltage varies sinusoidally and has a freque
for hghting, heating and electric motors. But there are many applications (€.8. elect
where d.c. supply 1s needed. When such a d.c. supply is required, the mains a.c. supply
rystal diodes. The following two rectifier circuits can be used :

electric power available 1S
ncy of 50 Hz. Itis used
ronic circuits)
is rectified by

}-ﬂf
UMUE"}'

using ¢
‘11 Half-wave rectifier {11y Full-wave rectifier

6.8 Half-Wave Rectifier

r conducts current only during the positive half-cycles of input
s« supply. The negative half-cycles of a.c. supply are suppressed i.e. during negative half-cycles, no
-urrent is conducted and hence no voltage appears across the load. Therefore, current always flows
n one direction (r.e. d.c.) through the load though atter every half-cycle.

T, AY o e

| ¥

AC. > 1 y Q Q
SUPPLY Vin Ry iﬂm 5 t

In half- wave rectification, the rectifie

|
= ]u_ B
B &
Ve 7
I )
FANANES [\,
ﬂl 0
(i)
(1)

Fig. 6.20
Lircuit details. Fig. 6.20 shows the circuit where a single crystal diode acts as u.half-wave
ifier. The ac. supply to be rectified is applicd in serics with the diode and load resistance .
i rmits two advantages.

ally, a ¢ supply is given through 4 transformer. The usce of trun:-.furmﬂ::r pe :
r step down the a.c. input voltage as the situation demands. Secondly, the

from power line and thus reduces the risk of electric shock.

et 1solates the recutfier cucull
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ics anges polanues af

h'on Idary windlng AH L-h‘u]gti'h P - ler E""tr%
secol " s DOSHIVE W1t e ’
ta.c voltage, end A become [ P eng g,

1 H ra _ » Bapye: L] . .
el 08 B jucts current. During the negalive half.cy

. CVCIHt
s v dhhode 18 TEXEL2Z - ,
{itton, the —If-cycles of iInput a.c. w’ltﬂg.

posHIVE o
o (iiy]. In this way, current fl,,

. obtained across K, . 1t may be.
further SOy,

gg ® Principles of Elec

. | .
Operation. The ac. voltage
the posiive hal
ward brased and heng

| B [Tnder this COIR -~
h the diode dunng

alf-cycles [5ec <
on. Hence d.c. out
These pulsalio

HL']'{“\"\ Ihf
half“"}th" Dunng snll i Li}llduq ¢
< make y tor S I,

This makes th drodg
end A 1s negative w.rl e
current. Therefore, current flOWS throug
onlv : it is blocked during the neganve h _
through load R, always n the samge th.r.ﬂ“, rh
noted that output across the load 1s pulsating d.t.
ened with the help of filrer circutis discussed later. —

) " : i . = E "

Disady antages : The main disadvantages of a half-wave 1¢ _—— — frcquency |
. ] - I . ,.’

 saileaiing & - the load contains alternating compo | ,

(1) The pulsating current in the load conta g is required 10 P roduce steady d

equal to the supply frequency. Therefore, an elaborate filterin

1. O.

output 1 .
ns in the output arc

current. .
v | ﬂ, . : output 1s low.
(11} The a.c. HUPPI}’ delivers power (]l"ll}’ half the ime. Therefﬂrf:.. the P
' 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 (/). the a.c. input
voltage repeats the same wave pattern over 0° — 360°, 360° - 720° :
and so on. In Fig. 6.21 (if), the output waveform also repeats the | r
same wave pattern over 07 — 360°, 360° — 720° and so on. This (:')'I
means that when input a.c. completes one cycle, the output half- :
wave rectified wave also completes one cycle. In other words, the '
!
|
I
!
|
|
|
|
|

INPUT A.C.
360°

output frequency is equal to the input frequency i.e.

f;i'l-d'f = fl‘ﬂ
For cxumple., if the input frequency of sine wave applied to a
half-wave rectifier is 100 Hz, then frequency of the output wave
will also be 100 Hz.

6.10 Efficiency of Half-Wave Rectifier

The ratio of d.c. power output to the applied input a.c. power is
known as rectifier efficiency je.

d.c. power output
Input a.c. power

Rectifier efficiency,n =

I
™ ———P— v
| | T
N
AC. Q 0
SUPPLY Ev=V sin0 R,
= ]
[ ralin T _
e ——— ' i ] ¥, &
0

Fig. 6.22

cespectively The . - =

¥ : . y The dfud:_ conducts during positive half-c}.dm of ac. suppl ~.and load b

faeom LK ES place dunng negative half-cveles. Y Whije no C;;*--h.’rhmuncc

| ' ¢ni conduc
uc-
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wer. The output current i« Semiconductor Diode = 89

Pulsating

c. PO 1 . o
:zc current has to be found oy rect Curren: Pherefore, in order 16 find d < powef.
vl
o -...I =
» " i!ij‘ o - 'J’"m vin 6 !
0 I r 4 R a9
0 I /
- V
R 51-{(}"5; R I\m(j do - Vn "
, ’)n 21’!(!‘, ‘ R,)‘ cos 9],
21[(’.;:_ —XZr_* m__*x_!
rr R ry +R;) n
— hlm 3 V
r p— -
| (r! + R, )
d.c. power, P, = j? i %
oc. power input : The a.c. power inpy is given by
_ Pm' = f:m_,(rf+ RL)
ror a half-wave rectified wave, I = 112
“ 2 (rf+ 0 ..(1)
. . ; 2
Rectifier efficiency = d.c. output power _ U, /m)" xR,
a.c. 2
C.input power (1 /2)* (r, + R))
_ 0406 RL_ 0.406
re + R, {4 I.Jf_
R,

The efficiency will be maximum if 7, is negligible as compared to R,

Max. rectifier efficiency = 40.6%
This shows that in half-wave rectification, a maximum of 40.6% of a.c. power 1s converted into

. power.
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6.11 Full-Wave Rectifier

in full-wave rectification, current flows through the load in the same direction for both half-cycles of
mput a.c. voltage. This can be achieved with two diodes working alternately. For the positive half-

wvele of input voltage, one diode supphes current to the load and for the negative half-cycle, the other
sode does so : current being always in the same direction through the load. Therefore. a full-wave

ulier utilises both half-cyclesof input a.c. voltage to produce the d.c. output. The tfollowing two
wreunts are commonly used for full-wave rectification :

- Centre-tap full-wave rectifier (11) Full-wave bridge rectifier

612 Centre-Tap Full-Wave Rectifier

a,-#'

., “Hicuitemploys two diodes D and D, as shown in Fig. 6.24. A centre tapped secondary winding
S used with two diodes Lonnecled SO that each uses one halt-cycle of input a.c. voltage. In other

" s, diode D, utilises the a.c. voltage appearing across the upper half (OA) of secondary w inding
rm!ﬁtdtmn while diode D, uses the lower half winding OB.
. Hni [:" fation. During the positive half-c cycle of secondary voltage, the end A of the secondary winding
e P‘mlm, and end B negative. This makes the diode D, torward biased and diode D, reverse
. diode D, conducts whllc diode D, does not. Thc conventional current flow 1s through
et 1. 'IxturR d.l]d the upper half of scmnd.uy winding as shown by the dotted arrows. During
e 1 ut; alf-cycle. Lnd A of the secondary winding becomes negative and end B positive. Theretore,
oy lnldutl\ while diode D, does not. The conventional current flow 1s through diode 1),, load R,
R ”“ ! Winding as shown by solid arrows. Referning to Fig. 6.24. 1t may be seen that current in the
¢ Same directionfor both half-cycles of input a.c. voltage. Therefore,d.c.1s obhtained across

g
 Abo, the polanties of the d.c. output across the load should be noted.
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6.13 Full-Wave Bridge Rectifier

. - ' rectifier. It contains four

The need for a centre tapped power transformer 1s e]:mmalied lrl: it,l:eF?zdge“b . . SRy 15 e
jodes bridge as show £ SO —

diodes D,. D,. D, and D, connected to form g bridec through the trI h former. Betw

rectified is applied to the diagonally opposite ends t?f the
other two ends of the bridge, the load resistance R, 15 connected.

P V i
[ ) A SECONDARY
| | [ D D, VOLTAGE
: .' \ /+
AC | g “":4(/ \ B ' ,L T \L »
SUPPLY g | {[ \ ({/) o | T |
; l i ‘ .. L% V »
.- q __;:- l)2 \ ./rJ D3 ' oul l p—_—
[ ¥ ./ | .
e BE.
0 _
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f sec
_lfhl secondary voltage, the end P of the se ondary
IS ihakes tlllkll"h !JI and [)‘ forward biased whllf

"y, I}ﬁ Il]‘l'-“' .
e e, only diodes 1) .
*“‘“h-m «nes through the load R, as shown in Fin 4 %9 ( .I cand D conduct These two diodes

{arrows  ltmay be seen tha current f] ad R
_ OWs from A to # thro
I . '
igh the lo p

I ary voltage, end P becomes negative and end Q posi-

ard b heres . L

‘ Thhhlwd W hert as diodes 1), and D, are reverse biased.

Thert n Fig. 627 (). The current 1 - ese two diodes will be in series through the load R, as
n fl . Rl : b ": Y ] - IR ,| ' ‘ ) |

how OW s shown by the solid arrows. It may be seen that again

~grrent 110w u‘lrﬂl'ﬂ A lu B lhrl‘uu‘gh the load i.e. in the same direction as for the positive half-cycle.
erefore. d.¢. output 1s obtained across load R,.

(peration. Duning the positive halt-cycle
ging becomes positive and end () negative
P and D, are reverse biased

b dottes

| Durng the negalhive |I¢III=L‘}L‘|1‘ of second
akes diodes D, anc -

HVE. This mak [ , and Hvi forw

Jfore. only drodes D, and D, conduct

f.“
A . "“;"" . P__. e
e~ | %* 4 I = =
. 3B o, | Al A
AC o I : EB (A _.r-’fb“' B AC. A '
SUPPLY & |1 |5 | - SUPPLY ! N R, 3
! | =4 7 s Ky D, % )
| <"'-'-‘-’E i :' + f | 2 +=5.-
Lam= i o - ‘:J =} | l—’ . _.!'L.,_J
Q PR + Q.._..... i
(1) (i1)

Fig. 6.27

Peak inverse voltage. The peak inverse voltage (PIV) of each diode is equal to the maximum
secondary yoltage ot transfgrmer. Suppose during positive half cycle of input a.c.. end P of second-
ary 1s 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 (i1).
P
r = rg—* + 1 T © A
| | |
!

: | DN‘ A.C b +
o e & B SUPPLY 'n XD, XD,

SUF'PLY / . L
I D, Yy 3 gl
' i
T b oA € T S S—"
0 ¢
(1) Fig. 6.28 e

is clear that two reverse biased diodes (i.e., D, and D)) and the
Hence PIV of each diode (D, and D)) is equal to the maxi-
during the next half cycle, D, and D, are forw ard
to see that reverse voltage across D, and D,

Referring to Fig. 6.28 (i), 1t
secondary of transformer are in parallel. Her
mum voltage (V) across the secondary. .Smulurly.
hiased while D, and D, will be reverse biased. ltis casy

Isequalto V.
*\d\fanlageﬁ

(i) The need for centre-tapped transformer is eliminated.
ice that of the centre-tap circuit for the same secondary voltage.

(é) The output 1s (W
. output).

(i) The PIV is one-half that of the centre-tap circut (for same d.c

Disad vantages

(i) It requires four diodes.
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g4 ® Principles of Electronics
() As durmyg cach halt ¢yvele of acmmput two diodes that conduct are in series, u“fft'h,,
"

voltage drop in the internal resistance of the rectitying unit will bl" IwWiCe as greal @s up the Centye
circutt. This s ob)ECOORABTIC W hen secondan voltage s small %

6.14 Output Frequency of Full-Wave Rectifier

The output frequency of a tull-wave rectitier is double the input frequency. Remember that 4 W
<

has a complete cyvcle when it repeats the same pattern. In Fig. 6.29 (1), the mput a.c. complete, on
"

::Wh“ T;m U= 360" However, the full-wave rectified wave completes 2 cycles in this period [See
“14 . Tharaf : . - . ‘ . . :
& 0.=Y ()] Therefore, output frequency is twice the input frequency i.e.

— N
r.'rur e ""'.!”1

s
FULL-WAVE RECTIFIED WAVE

| ,«"';/\ AC.INPUT s

180° 360° 0°
180° 360°

(1) (ii)
Fig. 6.29

6.15 Efficiency of Full-Wave Rectifier

Flg 6.30 shows " §

- U.OU | s the process of tull-wav ficats

- 88 ( - ¢ rectification. - :

rf:cnlhur.d. Let r, and R, be the diode resistance - f;ﬂaze:e:i;t V,. sin 0 be the ac voltage to be

rectitier will ¢ o iarie _ IStance reg ! -

e il conduct current through the load in the same direction for b pectively. Obviously, the
tage. The instantaneous current i is given by : orboth half-cycles of Input a.c.

v _ V sin®

I =

rf +RL J"f +R!.

d.c. output pow :
4. powres ::”:)0 :lr. Thcl.ltmtpul current is pulsating direct current. Ty,

L. ' Tadge ¢ ‘ . o |

e current has to be found out. From the clemeny erefore, in ord )

neerng, ary "‘"“chdgt f. €rto find the

0 clwtn{:f ;

al engi-
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21/
e = —R
T
. ) ' J
l].c- [x,“*(}r tiu'pll[. P" - ,-! X R - ( l ,;ﬂ ]
ol ae g, ' X |
c. input power: The a.c.input power is given by -

’:n ) I;mt ()"r t Rl )

Fﬂr a iu”-\Hl\t‘ l'l.‘('tlllt‘d Wil\”t‘., W hu\'-c‘

las = 11+J2

2

/
P = a -
a [/2} (r,+R,)) .. ()

Full-wave rectification efficiency i

n = —{)-‘-!-5- e - (21m/n)2RL
B I
&) oem
_ -—-8-,;><—_ R, _ O08I2R, 0812
n- (U +R;) re + R, 1 X
S
R,

The eﬁ’iciency will be maximum if r,1s negligible as compared to R,.
Maximum efficiency = 81.2%

Thxs is double the efficiency due to half-wave rectifier. Therefore, a full-wave rectifier is twice
»efective as a half-wave rectifier.

T | F A - a - e s
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Unit - 111: Amplifiers and Oscillators

» Stage Transistor Ampllﬁer

Ml.ﬂﬂf with associated circuitry is used for ampli-
- si | ‘h‘ CLrCuIL is k”l}ﬂ" A mh}Jg slagce transising .

ey mlﬁcr has one transistor, bias circuit R, é
gy © , ponents.  Although a practical amplifier con-
T of stag 2t such a complex circuit can be conve-
“ nau By analysing carefully
> stage analysis repeatedly. we
&m It follows, therefore, that V-! V
‘ d‘m vlhl in mhm the

1_

. b 2 Wi s : e £ S .y
. -
e J £ - e - ! " »
iy i o e B S e S S AT TR
Y - -ﬁ." L i b e il - s b [} " s
': E‘ 1 R ¥ - o e |4‘-_""' AR S e Y k i
b - L X 5 E F [ P _'q}, e
g t‘ ‘r._ aﬂ"-q_‘ ' ] __l ___;'ﬂ,-“_. e ]
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              Unit - III: Amplifiers and Oscillators


10.7 D.C. And A.C. Equivalent Circuits

In a transistor dmplll'ia‘l‘. bothd.c. and a.c. « onditions prevail | he d.cC. sources set up d.c. currents and

voltages whereas the a.c. source (i.e. signal) produces fluctuations in the transistor currents and volt-
ages. Therefore, a simple way to analyse the action of a transistor is to split the analysis into IWoO parts
viz. ad.c. analysis and an a.c. analysis. Inthed.c. analysis, we consider all the d.c sources at the same

ume and work out the d.c. currents and voltages 1n the circuit. On the other | hdnd fur a.c. m;ﬂs we

consider all The a C. souru.s at the same time and work out the a.c. currents and id@ggsj? aomng

the d.c. and a.c. g_urrems and voltages, we get the total currents and voltages in the circuit. For ex-

e L N a—— -

ample, consider the amphﬁer circuit shown in Fig. 10.8. This circuit can be casnly a:mlbiy
sphtting 1t 1Into /. cguinales and -

s — . i

+ l'ﬁ_-
. S —— T
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Ing these two *.__!';m?“’“ﬂ*m‘mﬂ' i i R
| alent circuit shown in Fig. 10.9. We can easily calculate

hd.c.mmmﬁmmmm |
(ﬁ) AL, equivalent circuit. In the ac. equivalent circuit of 2 ~ Ry 3
r amplifier, only a.c. conditions are to be considered. Obvi- 7

, the d.c. voltage is not important for such a circuit and may be '
'3 red zero. The capacitors are generally used to couple or bypass
a.c. ﬂn! ‘The designer intentionally selects capacitors that are
ng mm as short circuits to the ac. signal. It follows.
~ theretore, th ‘draw the a.c. equivalent circuit, the following
.-t:nﬂmmapplhdtaﬂnmmum circuit : +
SHEN: & m Reducr.alld.c sources to zero {(ie. V _.=0).

- {b) Shmtaﬂdtcapmmrs

Am}‘lng these two steps to the circuit shown in Fig. 10.8, we get the a.c. e 48
m shown in Fig. 10.10. We can casily calculate the a.c. currents and voltages frm'n Mm |

8.
=3

]

;
i
il
& F
i e
e
9
.
.
ol 1
=
o
vl
1
il §
.

. -r‘:..l::;é'-?]??li :‘;Il -.
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dc. load = R+ R,
Refermng to the a.c. equivalent
it shown in Fg. 10,10, itis clear
wat as far as a.c signal 1s concerned,
sistance K . appears 1n purallel
th R In other words, transistor
plitier sees an a.c. load equal to
I K. 1
{
ac load. R, =R_-HR

-

L
g

Reterming to d.¢. equivalent
ecuit of Fig. 10.9

Vee = Ve + I (Re + Rp)

J
The maximum value of } cr Will occur when there is no collmtmwuic
. Maximum V” = %

{q
The maximum collector current will flow when Ver = 0.

. . VY
Maximum /. = R, g R
) When no signal is applied, V. gand/ . mﬁwmﬂm emitter
espectively. When a.c. signal is apphed it causes chang ple
pomt Q (ie. VCE and IC)

g "_-F'l, -" ) » = “
= -

"ﬂ"'
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Muttistage Transistor Amplifiers » 283

4 muilistage wnplifier i equal to the prodoct of gans of individual Stages: F

1he gl N o

; o of £, areet et 8w e L4 | ik
stance, 15 Lr,. () and G are the individual + oltage gains of 3 three-stage smplifier, then otal voltage
an (s piven b
‘A" {g # -lt'f » { 5 l
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Multistage Transistor Amplifiers ™

he voltage gain of an amplifier changes with frequency. Referring to the frequency response i
g L1.7. 1018 clear that for any frequency lying between f, and f,. the gain is equal to or greater than
D.7% of the maximum g: Thasetre - e Py
S ‘M gain, lhtlgfmt-_ﬂ — J,1s the bandwidth. It may be seen that f, df,nu
]}!l':'.l‘_ LTCUUCTICICS []1\,‘ l{“l]]c‘[ L-fl]l\ L‘alled OWeEr cul "‘r.f f:’-“.‘!“f"]{ \ andtmlmavz)hm.

For distortionless amplification. it is important that signal frequency range

b thin tha -
ust be within the bandwidth of the amplifier.
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.

m

L —
L S ap—

_—
S

o |b ) - - - — - - —

40 decibels phone

The bandwidth of an amplifier can also be defined in terms of db. Suppose u : ’ s
gain of an amplifier is 100. Then 70.7% of it is 70.7. e
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£ 405 ! g

Fall in voltage gain from maximum gain .
= 20 log,, 100 - 20 log,, 70.7 .
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11.1 Muitistage Transistor Amplifier

A fransisior circuit containing more than one stage of amplification is known as multistage "
tor amplifier. |
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Multistage Transistor Amplifiers ® 281

In a multistage amplifier, a number of single amplifiers are connected in ~cascade arrangemeri
... output of first stage is connected to the input of the second stage through a suitable coupling
device and so on. The purpose of coupling device (e.g. a capacitor, transformer etc.) is (/) to transfer
a.c. output of one stage to the input of the next stage and (/i) to isolate the d.c. conditions of one stage
from the next stage. Fig. 11.1 shows the block diagram of a 3-stage amplifier. Each stage consists of
one transistor and associated circuitry and is coupled to the next stage through a coupling device. The
name of the amplifier is usually given after the type of coupling used. e.g.

Name of coupling Name of multistage amplifier

RC coupling R-C coupled amplifier

Transformer coupling Transformer coupled amplifier

Direct coupling Direct coupled amplifier
INPUT | FIRST COUPL- SECOND coupL- | THIRD | OUTPUT
T lstace [T | NG [T | stace [T ] IN6 [T ] sTAGE [T

-
Fig. 11.1

(i) In RC coupling, a capacitor is used as the coupling device. The capacitor connects the
output of one stage to the input of the next stage in order to pass the a.c. signal on while blocking the
d.c. bias voltages.

(ii} In transformer coupling, transformer is used as the coupling device. The transformer cou-
pling provides the same two functions (viz. to pass the signal on and blocking d.c.) but permits in
addition impedance matching.

(iii}) In direct coupling or d.c. coupling, the individual amplifier stage bias conditions are so
designed that the two stages may be directly connected without the necessity for d.c. isolation.
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11.5 RC Coupled Transistor Amplifier

This is the most popular type of coupling because it is cheap and provides excellent audio fidelity
ver a wide range of frequency. It is usually employed for voltage amplification. Fig. 11.9 shows two
.tages of an RC coupled amplifier. A coupling capacitor C1s used to connect the output of first stage
(0 the base (i.e. input) of the second stage and so on. As the coupling from one stage to next 1s
«chieved by a coupling capacitor followed by a connection to a shunt resistor, therefore, such amphi-
fiers are called resistance - capacitance coupled amplifiers.

The resistances R,. R, and R, form the biasing and stabilisation network. The emitter bypass
r)acnor offers low reactdnce path to the signal. Without it, the voltage gain of each stage would be
The coupling capacitor C. transmits a.c. signal but blocks d.c. This prevents d.c. interference
hetween various stages and the shlftmg of operating point.

+ Ve
| _
{
R
Ré § Ce Ré ( , 2
; —A— '
| ) | VR, -
e ¢ | : |
s b1 e S 3
? | 1 | el
i g ] ‘ -y ) QUTPUT
SIGNA (“ é % "] |
L‘:ﬁ Rii R o o R:f; R ,3 l
| I T Yo 1 2T
| | | I
NN SR i 4 - l - .i "
Fig. 11.9
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290 = Principles of Electronics

Operation When a ¢ signal 1s applied to the base of the first transistor, it gppgan in the amnplifie,
form across its collector load R, . The amplified signal dcvclnped ACTOSS R;_" I8 gAveh 50 hase of pey,
stage through coupling capacitor C. The second stage does l-un.hﬂr amphification of ilhl;‘f signal |y
this way. the (uscaded (one after another) stages amplity the signal and the overall gain is conside,
ably imncreased. o |

It mav be mentioned here that total gain is less than the product of the gains of individual slages
ft is because when a second stage is made to follow the first stage, the effective load resistance of firy
stage is reduced due to the shunting effect of the input resistance of second stage. Thls reduces the
gain of the stage which is loaded by the next stage. For instance, in a 3-stage amplifier, thc. gain of
first and second stages will be reduced due to loading effect of next stage. However, the gain of the
third stage which has no loading effect of subsequent stage, remains unchanged. The overall gain

shall be equal to the product of the gains of three stages.

Freguency response. Fig.11.10 shows the frequency response of a typical RC coupled ampl;-
fier. It is clear that voltage gain drops off at low (< 50 Hz) and high (> 20 kHz) frequencies whereas
it is uniform over mid-frequency range (50 Hz to 20 kHz). This behaviour of the amplifier is briefly
explained below :

(iy Ar low frequencies (< 50 Hz), the reactance of
coupling capacitor C 1s quite high and hence very small 4

part of signal will pass from one stage to the next stage. ‘
Moreover, C, cannot shunt the emitter resistance R ef-

fectively because of its large reactance at low frequen-
cies. These two factors cause a falling of voltage gain at

jow freguencies.
(i) Ar high frequencies (> 20 kHz), the reactance of
CC is verv small and 1t behaves as a short circuit. This

ool ety el H

i e i il il i

VOLTAGE GAIN

mcreases the loading effect of next stage and serves to 0 50 17 i1 T
reduce The vOhage gain. Moreover, at high frequency, FREQUENGCY
e —————

capacitive reactance of base-emitter junction 1s low which
Increases the base carrent. This reduces the current am- Fig. 11.10
plification factor . Due to these two reasons, the volt-

age gam drops off at hugh frequency.

(i) Ar rud-frequencies (50 Hz to 20 kHz), the voltage gain of the amplifier is constant. The
effect of coupling capacitor in this frequency range is such so as to maintain a uniform voltage gain
Thus. as the frequency increases in this range, reactance of € decreases which tends to increase ¥
gan. However, al the same Ume, lower reactance means-higher loading of first stage and hence 0%
gain. These two factors almost cancel each other, resulting in a uniform gain aﬁliid-frequcnt}

Advanlages
(4) 1t has excellent frequency response. The gain is constant over the audio frequency P
which is the region of most importance for speech, music etc.

(i I has lower cost since 1t employs resistors and capactitors
iy The circuit is very compact

. which are cheap.
as the modern resistors and capacitors are small and extre™= £

Disadvantages

(i) The RC coupled amplifiers hav o

, | | voltage and power ga = yw s

tance presented by the input of each s.m.g?ﬁw& Ing iTa b gﬂln ?‘ I because _lhv: I s
tance (R, ) and hence the gain i reases the effective load

(i) They have the tt:mhmcy 10 become nois

S | Eoes ¥y with age, particularly | o i |
(iiiy Impedance matching is B (3 e S y in moist chmates.
i M 18 because the utput impedance of RC coupled am?l'ﬁd
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 scveral hundred ohms whereas the input im-
:.p@jmce of a speaker is only a few ohms.
® Hence. little power will be transferred to the
ispf&ken

Applications.

The RC coupled amplifiers have excel-
t lent audio fidelity over a wide range of fre-
8 quency. Therefore. they are widely used as
| voltage amplifiers e.g. in the initial stages of
| public address system. If other type of cou-
£ pling (e.g. transtformer coupling) is employed
 in the initial stages, this results in frequency
. distortion which may be amplified in next
- stages. However, because of poor impedance
¢ matching, RC coupling is rarely used in the
| final stages.

Multistage Transistor Amplifiers ® 2971

\ote. When there is an even number of cascaded stages (2, 4, 6 etc), the output signal is not
inverted from the input. When the number of stages is odd (1, 3, 5 etc.), the output signal 1s inverted

 from the input.
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Feedback

Principles of Negative Voltage

Feedback In Amplifiers

Gain of Negative Voltage Feed-

back Amplifier

Advantages of Negative Voltage

Feedback
Feedback Circuit

Principles of Negative Current

Feedback

Current Gain with Negative
Current Feedback

Effects of Negative Current
Feedback

Emitter Follower

U.C Analysis of Emitter
Follower

Voltage Gain of Emitter
Follower

input Impedance of Emitter
Follower

Output impedance of Emitter
Follower

Applications of Emitter
Follower

Darlington Amplitier

INTRODUCTION

pracucal amphficr has a gain of nearly one

milhion r.e. 1ts output is one million times the

input. Consequently, even a casual disturbance
at the mput will appear in the amphiticd torm 1 the
outpul. There s a strong tendency in amphbiers toan
troduce /on due to sudden temperature changes o8 stray
clectne and magnetic helds. Theretore, every high gamn
;t]ll;ﬂilh'l tends 1o RIVE TN .lh‘ll't.'_ witth ut}qn.:! tfl s
autput [ he noise in the outpat of an .un;thiu't I LR

strable and must be kept to as stall a fevel as possibde

Phe notse tevel moamphiiiers can be reducad con
hillt"hlhh' by the use of seweaain , L 1 DYV In
f's g o fraw By ol Htill'Hlt i1 ;ﬂhlu' CHOsihion i the
1{1;!”! L-i!."u.ﬂ | hie oo oo thas o hd;“i’l s b vonsider
the effects atial methoeds of provading negative feedbag K

i fragssistor anphilices

13.1 Feedback

Fhe process of imjecring a fraction of outpul energy of

|
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336 ® Principles of Electronics
some device back to the input is known as feedback N N

The principle of feedback is probably as old as the invention of first .maf:hu}e but it is only S0me
50 years ago that feedback has come into use 1n connection with electronic curcunts. Ithas bef-'n foung
very useful in reducing noise in amplifiers and making amplificr operation “T?hk‘- prcndlng Upoy
whether the feedback energy aids or opposes the input si gnal. there are two basic types of feedbac ;,
mhﬁm Vio pasiiinve teedback apd negative fredback, o |

(i) Positive feedback. When the feedback energy (voltage or currf:'nt) s 1N phase with the inpy,
signal and thus aids it st 1s called posirne foedback. This is iHlustrated in Fig. 13.1. Bolh amplifiey
and feedback network introduce a phase shaft of 1807, The result is a 360° phase shift around he
loop, causing the feedback voltage V, 10 be in phase with the input signal V.

INTRODUCES 1807
B

O ——— imftf_‘j o —————

I . i.u-u—u_u_.. .,.._....-...-..T._Il

L‘\-.—u_ SR

"Ws 180°
Fig. 13.1

The positive feedback increases the gain of the amplhifier. However, it has the disadvantages of
increased distortion and instabulity. Theretfore, positive feedback 1s seldom employed in amplifiers.
One importani Us¢ o positive-feedback i1s i oscillators. As we shall see in the next chapter. if
postive feedback is sufficiently large. 1t leads to oscillations. As a matter of fact. an oscillator s 8
device that converts d.c. power mnto a.c. power of any desired frequency.

) Negative feedback. When the feedback energy (voltage or current) is out of phase with the
wmput signal and thus opposes 1L, 1t 1s called negunive feedback. This is tHustrated 1n Fig. 13.2. As you
can see. the amphifier introduces a phase shift of 180 into the circuit while the feedback network 1850

designed that 1t introduces no phase shift (i.e., 0° phase shift). The result is th - enltage
~ ~ - ; - Sult 1s that edback voltig
V.15 1807 out of phase with the input signal V. ’ e e

INTRODUCES 1

b

!

i

!

i

|

|

_{reeoBacx| ¢ |

. Fig. 13.2
Negatve feedback reduces the gain of the am
back are: reduction in distortion, stability

.j |-- E? i’l "".: T‘_ .. r_._ ’ _

fecd

. phiier. However, the advantages of negativ® il
_ N gain. increased bandwidth and ipproved input and e
- Risdueto ﬂm advantages that negative teedback 15 requently employed in al“ﬂ““w
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Amplifiers with Negative Feedback ® 337

wi

putput 1.e. 100 mV 1s fedback to the input where it is applied in series with the input signal of 101 mV. As

Y

teedback 1s negative, therefore, only 1 mV appears at the input terminals of the amplifier.
% Referring to Fig. 13.3, we have,

: _ _ 10V
Gain of amplifier without feedback. A v = TV = 10,000
B —— ——— T .h_-;__,___ . e e e
AMPLIFIER
1 mV WITH 10V R,
GAIN 4,
5 gl = _“-..? ++++++ - J
T
o+
SIGNAL@ 10] mV
| d FEEDBACK |
100 mV|  circuIT
\_ — == Wy s " ) /
Fig. 13.3
100 mV 0.01
Fraction of output voltage fedback, m, = {5~ =~ Y
Vv
10 100

Gain of amplifier with negative feedback, A . = 151 v

The following points are worth noting :

(i) When negative voltage feedback is applied, the gain of the amplifier is * * reduced. Thus, the
v of above amplifier without feedback is 10,000 whereas with negative feedback, it is only 100,

(1) When negative voltage feedback is employed, the voltage actnally applied to the amplifier
sextremely small. In this case, the signal voltage 1s 101 mV and the negative feedback is 100 mV so
hat voitage applied at the input of the amphfier is only | mV.

ity In a negative voltage feedback cireult, the feedback fraction m s always between O and 1

('} The gain with feedback 1s sometmes called . Foved foopr o whitle the garn without teed
'f:nack is called open [oop v These tepms come from the fact that amphitier and feedback cucuts
Horm 2 “ln{;p'ﬂ When the Il}ilﬂ s "t.l|H..'m':l” h_y :.im'unnn‘liup the feedback curcut from the EETRITER the
%meliﬁﬂr'x gain 18 At_‘ the “{_}Imn-lm}p” g an. When the lmtll 18 Uclosed” h_}’ connecting the tecdback
treunt, the gain decreases to A ., » the “closed Joop™ gam.

Note that amplifier and feedback circuits are connected i veriey panallel The mputs of amphfier and
feedback circuits are in veries but the outputs are m jaoailie! In practice, this cireut s widely used.
Since with negative voltage feedback the voltage gain s decreased and current gan remains unaffecied, the
power gain A (= A X A) will decrease. However, the drawback of reduced power gain 15 oftset by the
advantage of increased bandwidth.
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338 ® Principles of Electronics
13.3 Gain of Negative Voltage Feedback Amplifier

g i ol
Consider the negative voltage feedback amphiticr shown Fag, 13 Phe gan ol the AP fie

without feedback 18 A . Negatve feedback is then applied by feeding o frac “*;“ m ol the ity
voltage ¢, back 10 .f.unplmu input. Therefore, the actual input te the amplifier s the *u;,.lnnl Voltage ,

4
WIS tt:ft}dh.htu.k voltage m_ ¢, 1.e..
Actual input to amplifier = e —m, &,
The output ¢, must be equal to the input voltage e,
amplitier r.e.,

~ m_ e, multiplied by gain A of g,

(eg —m, Pﬂ) Av. = €
or Ae,—A me, = €
or ep(l+A m) = A e,
M A
or —_— =
¢, 1+ A m
AMPLIFIER |
| e, —m, & WITH € , R,
B GAIN A L 1\} .

|

1

{

i

i

{

r

i

i

| —

T A S
&
'

| FEEDBACK
mv eO CIHCU{T

—— m‘"

e i L P ——

%
Wiy [r—

Fig. 134

But ¢/e is the voltage gain of the amplifier with feedback.
Voltage gain with negative feedback is
. et
Y1+ A m

W
It may be seen that the gain of the amplifier without feedback is A . However, when net L”“’

voltage feedback is applied, the gain is reduced by a factor | + A M., It may be noted that te At :
voltage fLE‘.‘t‘lhde dnm not attect the current gain of the circuit, *
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13.4 Advantages of Negative Voiltage Feedback
The following are the advantages of negative voltage feedback in amplifiers :
(i1 Gain stability. An important advantage of negative voltage feedback is that the resultant

gain of the amplifier can be made independent of transistor parameters or the supply voltage vana-
zons.

A
g4 1+ A, m,
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For pegative f.;:!mge leedback in an amplifier to be effective. the designer deliberately makes the |
1 A, m, much greater than unity. Therefore, in the above relation, 1 can be neglected as com-
;_m A M, and the expression becomes -
|

Apw o2 oL

v
mv m

3
| t may be seen l'h#1 the gain now depends only upon feedback fraction m_i.e., on the characteris-
1 - of feedback circutt. As feedback circuit is usually a voltage divider (a r;sistive network), there-
.?' e, 11 1 unaffected by changes in iemperature, varnations in transistor parameters and frequency.
| .nce. the gain of the amplifier is extremely stable.
(i) R_edutcs mn-ﬁmr distortion. A large signal stage has non-linear distortion because its
-ltage gain tha{lges at various points in the cycle. The negative voltage feedback reduces the non-
. nzar distortion in large signal amplifiers. It can be proved mathematically that :

D
D, =
;. 1+ A m,
where D = distortion in amplifier without feedback

D , = distortion in amplifier with negative feedback
It is clear that by applying negative voltage feedback to an amplifier, distortion is reduced by a

| factor | +A m..

' (i) Improves frequency response. As feedback is usually obtained through a resistive net-
- work, therefore, voltage gain of the amplifier is “independent of signal frequency. The result is that
\oitage gain of the amplifier will be substantially constant over a wide range of signal frequency. The

. negative voltage feedback, therefore. improves the frequency response of the amplifier.
' (iv) Increases circuit stability. The output of an ordinary amplifier is easily changed due to
- vanations in ambient temperature, frequency and signal amplitude. This changes the gain of the

- amplifier, resulting in distortion. However, by applying negative voltage feedback, voltage gain of
-~ the amplifier 1s stabilised or accurately fixed in value. This can be easily explained. Suppose the

- oulput of a negative voltage feedback amplifier has increased because of temperature change or due
. 10 some other reason. This means more negative feedback since feedback is being given from the

: output. This tends to oppose the increase in amplification and maintains it stable. The same is true
- should the output voltage decrease. Consequently, the circuit stability is considerably increased.
(v) Increases input impedance and decreases output impedance. The negative voltage feed-
L back increases the input impedance and decreases the output impedance of amplifier. Such a change
s profitable in practice as the amplifier can then serve the purpose of impedance matching.

_ (@) Input impedance. The increase in input impedance with negative voltage feedback can be
©iplained by referring to Fig. 13.6. Suppose the input impedance of the amplifier is Z, without

- Ieedback and Z :n with negative feedback. Let us further assume that input current is /.

Referring to Fig. 13.6, we have,
€, M€y = iy 2,
Now | e, = (e,—m, ep) +m, €,
= (e,—m, e,) + A, m, (eg -m, é,)
= (e,—m,e,) (1 +A,m)

i Zy (1 ¥ A my) i e, —m ey =1y L}

[ ey=A, (eg'—— m, e,)]

fi

llllllllllllllllllllllllllllllllllllll

j_' A= Um, Now m, depends upon feedback circuit. As feedback circuit consists of resistive network,
therefore, value of m,, is unaffected by change in signal frequency.
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344 ® Principles of Electronics

2
F oo »
OF 2 =Z (1+A m)

l‘] .
Bute /i, = Z’.".. the input impedance of the amplifier with negative voltage feedback
¢ f

Z. =42,(1+A m)

T R e ooy 0 =1 R i e s bt —1 ’
AN &
/IH i 2"1 B B I” : our
T AMPLIFIER &out ! ;
| - €, =My, € WITH €0 | : R,
{
| : - GAINA, |- i S T
| | 1 !
\ . 1 i I
; ,, |
| g " | Lo
5 o o
@e . |
.5!I I |
% o
| T :
| i |
| . — —— L
| : FEEDBACK '
1 i
| | m, e, | CIRCUIT |
\ : _ m, )
SURET. ——" - - /|
s o S s oo e A oo o o sl e N .
Fig. 13.6

It 1s clear that by applying negative voltage feedback, the input impedance of the amphfier
increased by a factor 1 + A, m . As A, m is much greater than unity, therefore, input impedance
increased considerably. This is an advantage, since the amplifier will now present less of a load o1
source circuit.

(h) Output impedance. Following similar line, we can show that output impedance with neg
tuve voltage feedback 1s given by :

7' - Zﬂﬂf
o I+ A, m
j v
’ ’ . .
where Z = output impedance with negative voltage feedback

Z,., = output impedance without feedback
It 1s clear that by applying negative feedback, the output impedance of the amplifier 1S t’f‘*mﬁ
by a factor 1 + A m, . This is an added benefit of using negative voltage feedback. With lowe! '
of output imipedance, the ampliher 1s much better suited to drive low impedance loads.
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Amplifiers with Negative Feedback = 347

Ao 8W = Bandwidth of the amplifier without feedback
BW, .. = Bandwidth of the amplifier with negative feedback

:13_5 Principles of Negative Current Feedback

b ..« method. a fraction of output current is fedback to the input of the amplifier. In other words, the
.iack carrent ([ 1s proportional to the output current (I ) of the amplifier. Fig. 13.10 shows the
1_,1 ocples of negative current feedback. This circuit 1S called current-shunt feedback circuit. A
| back resistor R, s connected between input and output of the amplifier. This amplifier has a
E e camof A without feedback. It means that a current /, at the input terminals of the amplifier
WE as A I, m the output circutt ke, [ = A1, Now a fraction m_ of this output current is
| iechuck 00 the nput through R, The fact that arrﬂwhead shows the feed current being fed forward i1s
w__m:.-t i 1S meganve *e:fdh;y_g

L 1

__.' (_ul.-

Ry
e VA
L 41 Eo }‘5'
> -#I
i
Eu . ke,
Fig. 13.10

Feedback current, [, = m. [,

I .
Feed] fact] _ v _ Feedback current
. i s Output current

/

ot

Note that negative current feedback reduces the input current to the amplifier and hence its
13.7 Current Gain with Negative Current Feedback

| Referning 1o Fig. 13.10, we have,
I, = L+l =L+ml,

E But[ = A I, where A, is the current gain of the amplifier without feedback.

t

E- 1, = L+mAlL (v L, wAT)
i

i

F

Current gain with negative current feedback is

A == _I.c_w__:: A‘l[l
¢S T, T hemAl

oy | Ag’ bl Al'
1+ m, A

mm looks very much like that for the voltage gain of negalwc voltage feedback ampli-
m" only difference is that we are dealing with current gain rather than the voltage gain. The
mﬁmg paunts may be noted carefully

. " The current gain of the amplifier without feedback is A, However, when negative current
% i applied, the current gain is reduced by a factor (1 + m, A).

t“ » The feedback fraction (or current attenuation) m;, has a value between 0 and 1.

') The negative current feedback does not affect the voltage gain of the amplifier.
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348 ® Principles of Electronics

Example 13.15. The current gain of an amplifier is 200 without feedback. When negy;.
current feedback is applied, determine the effective current gain of the amplifier. Given tha Clirrey
attenuation m_= 0.012.

Solution. A, = 4
if l+m A
Here A, = 200: m =0.012
g |
A, 200 = 58.82

7~ 1+ (0.012) (200)
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