V
@ g §EWM_1'CONDUCTOR' PHYSICS

1. BAND THEORY

t:
;. Introduction

Based on the electrical conductivity, rnélcllizils can be divided
iato three types. They are - TRt vige

, (1) conductors (ii) insulators and ‘(iiiﬁ) semiconductors

Those material which have plenty of free electrons and in which
(hese €lectrons can move easily from one atom to another are called
conductors: All metals are good conductors (ex) silver, copper elc
WIVH}I of a _:ggood conductor at room temperature will be of
the order of 1.7 % 10" ° ohm-m. -

.. “Those material which have few free electrons and in which
electrons are ‘tightly ‘bound to the nucléus.dre: c’alléd insulators.
Examples are: glass, mica, plastic, rubber, air efe. The resistivit

an insulator will be of the order of 7.5 % 101 ohm-p.

. Those material whose resistivity lies between that of a good
conductor and insulators are called semiconductors. Examples are
germanium, silicon etc: The resistivity of a semiconductor will be of

‘hW’z’to 10.0 x 10> ohmem. ©
~ There is some difference in the electrical properties of 2
" semiconductor and a conductor. WW”W‘C of a conductor
| iconductor, the

incteases, its resistivity also. increases. But- in _a. sem ‘
resistivity decreases as the temperature increascs. Hence conductors
have a positive temperature coofficient ‘of” resistance, but

of €0 «ant of resistance.

semiconductors have negative 1empe

Moreover, the electrical conductivity of

. affected by even’'a very minute 2 s _

TS i e . & » oo oo explanation

.- The ‘existence of electron energy Vet s antwopways to
of electrical conduction in the solid state: There 21
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consider how encrgy bands arise. One way is based ¢ dio feld of
mechanical treatment of the motion of electrons in a pen® . way of
positive ion cores in the solid. There is also mmll‘c)“:f <
developing the concept of energy band that uses the &

molecular orbital theory. We will discuss the second way-

b. Theory of Energy Bands in Crystals.

In an isolated atom, cach electron is characterized by
four quantum numbers n, ), m and 5. Acconding (o ““,,1 ve
A - P - gan ha
exclusion principle, no two electrons it any particular nmmq'ﬁﬁ?ﬂ
the_same set of four quantum numbers. So_an energy stale “ d by
by a set of three quantum numbers.(n,  and m) can be oocupi€ um
only two electrons. These clectrons differ Jin the fourth quan

number + or- m > HAp SlowiB v o
1In an isdfated atom\these cpergy States are discrete. This idea
of an electron possessing discrete, energy holds good in the Case of
g3s. In gases the different atoms are separated sufficiently from one
another.  So they have got very little influence upon one another.
1

Therefore, the discrete energy possessed by an electron in a single
free atom, may not be possessed by the electron in the same atom
“inside s orystal. But-the inner electrons-are not very much affected
by the presence of neighbouring atom. So the cnergy level of the
inner electrons will be changed only by a negligible amount. But the

outer valence electrons fake part in the chemical bonds. Hence the
energy of these electrons are greatly affected.

a set of
[’;]uli's

Consider, for example, two hydrogen atoms. Each atom has a
single electron in the 1s energy state.  When the two atoms are
brought together, according to the molecular orbital theory, a more
stable molecular orbitals and a less stable molecular orbitals are
formed. Thus when two atoms are brought together, for each energy
state of the isolated atom, a more stable state and a less stable states
arc formed. If N atoms are brought together, N new energy states
are formed for each energy state in an isolated atom.

n 2 crystalline solids, the atoms are situated close to onc another.

.3
In the casc_of crystals, N_is_very larpe_of the order .“: ::’7_.1?"
em®. “Therefore, the enerpy levels are also very lﬂlu’-l"""v- “'111":
very close to each other, The large numberofl discrele, but very. clase

7 . enerpy ban ceupied by
. energy sublevels js_an energy-band. The cnergy band occupicd by

- t may be either
the valence clectrons is called_the valence band. It may

- il . - M ele can never be
complefe]y ~Tilled or partially filled with clectrons but
empty.

When the temperature of the crystal is raised 01" m; Cl".‘-r"j:;(::;l,:
is applicd 1o it, a valence clectron in the valence m"][“] :":.c}(-l.cc(mm
sufficient enerpy. So it will leave the valence banq. -1..1 ,"S o
which have left the valence band are called conduction ti,lt.cur‘on__ i,nnd.
band occupicd by these clectrons are called the c.um. uzh ;m oy or
This band lies next to the valence band. It may cllh:’r “t“'{lx;w“'
pantially filled with clectron. In fact, it nmy’bc dcﬁ':;d;dmm ey
unfilled energy band in an atom. In conduction b:m"J > et § Wiy
freely and conduct electric c‘uh'(‘l‘ll through (he solid. That 1s W

The valence band and i :m.d arc.sf‘ﬂi:};.ii‘liﬁz
gap known as forbidden energy gap. In lhls‘rcg,m,cvcr i E
allowed state for an electron. Therefore, electrons ;:cmv;]cnoc i
this forbidden gap. An electron may move from AN e
conduction band and vice versa. The width of the forbi ot
gap .is the cnergy difference between the bottom of l'hc con o
band and the top of the valence band.

c. Distinction between conductors, Insulators and
semiconductors

The difference -between conductors, semiconductors and
insulators may be explained on the basis of energy gap bclwr:cn the
valence and conduction band. Fig 1-1 shows ll.lf! energy gap diagram
of (i) an insulator (ii) 2 semiconductor and (iii) a conductor.

(i) Insulators : The energy band structure of an insulator indica!c'd
schematically in Fig 1-1 (a). In this, the forbidden .encrgy gap E‘ is
very large. In general, it is more than 3 ev.. For a diamond (carbon),
the energy gap En = 6 ev. This large forbidden band secparates the
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filled valence band from the vacant conduction band, Hene,

large amount of energy must be supplied 10 a valene,
enable it to move to®the conduction band.  An epe,
magnitude cannot be supplied to an clcc'lr({n in a cryspy "0[ thi,
diamond, conduction is impossible and il is an insulage, in
insulators to conduct electricity a large electric ficld of lh;: For the
0% v-m~! is necessary to shift the clectrons from the vy, « er o
%o the conduction band. Tice p,
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(ii) Semiconductor : A substance for which the width of the forbidden
energy gap is relatively small (- 1 ev) is called a semiconductors.
The most important practical semiconductor material are germanium

—__and silicon. At_O K, the energy gap E, for Ge is 0.785 ev and for
Si is 1.21 ev. Energies of this magnitude cannot be acquired from
an applicd field. Hence the valence band remains full and the
conduction band is empty. Therefore at low temperature the material
are insulators. -At higher temperature, the conductivity of

semiconductors increases. These substances are known as intrinsic
semiconductor.
When the temperature is increased, some of the valence elecirons

acquire thermal energy greater than E,. So these electrons move from
valence band to conduction band. 'These are now free electrons. SO

5
Y e or s g o
e insulator 0% become i ghtly small applied field.
miconductor. The abrence of ap ¢, _mndw:tmg, it is 2

f holes is created |
gumber © reated in the valence 1
conduction, under the 2ction of an electric f; algd In the process ‘of
o hole 10 the next. Thus Ge and S ;‘hl::Ch clea-xons move from
: , are
(emperature, becomes 5}1{;}1!1)’ conducting when lhlensltl:o;s " lov.v
increased- The conductivity increases with the chnperam::c e
(i) Conductors : The band structure of 2
¢ " crystal ma ntai
forbidden encrgy g2p- So the valence band merges ily:noo:n :lmf:o
pand s shown in Fig 1-1 (c). Unrder the influence of an app!Fi’cfi
clecmf: field, the electron may acquire additional energy and move
into lughc;r energy stale. Since these mobile electrons constitute a
current. Since these mobile electron constitute 2 current, this substance
is a conductor. The empty region is the conduction band. A metal
is chamdcn?cd by 2 band structure containing overlapping valence
and conduction bands.

2. SEMICONDUCTORS

Semiconductors can be classified into two types. They are,
i) Intrinsic or pure semiconductors. and

ii) Extrinsic or impure semiconductors.

Extrinsic semiconductors are of two types. They are

i) N-type semiconductor and ’

ii) P-type semiconductor.

a. Intrinsic Semiconductors

When the conductivity of 2 semiconductor is solely determined
by the thermally generated carriers, the semiconductor is called an

intrinsic semiconductors. When 2 pure semiconductor is kept
Iv filled and the conduction band

at O K, the valence band is complete 1 bal
K. 2 purc semiconductor behaves

is'completely empty- Therefore at O
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i as an insulator. On the otherhand, when a pure S o B0 Tree

h. “;‘I al'moxfnllcp_lgcmlﬁ, some of the valence ﬂ"‘ﬂ‘qr}? ﬂc bang
4 energy, jump into the conduction band and p;-co{“‘"l : yalanc =

d in e -pand are

/ -electrons are produced. The vacancics forme Jucli &
—— — o lie coN qude to
into - mag!

; “ when some of the valence eleciron jump T I
I8 called holes. A hole carries a positive charge equal =l electron
the cl_gslmn charge. The number of thermally
always equal to the number of holes. Juctor the

jcol
When an extemal voltage is applied (0 the semic ¢ clectron
—(owards

‘,‘,' clectrons and holes move in the opposite directions: oV
;%——-IHQYQJQ.WHMS the positive electrode while the holes
i the negative electrode.

g(’llf

- . onductors,
—— 7z Germanium and_silicon are the two important S,cm.lcoy.qblc and
} These substances belong to the IV group of the periodic

f==——=——have four electrons in the outermost shell.
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> Fig 1-2
Each of the four outer electron forms a bond with onc electron
of ‘the nearest jicighbouring atoms. The covalent bond is represented
in Figl-2 by.tWwo .‘Q}isﬁcd line which joins each afom to each of its
neighbours. At fbsolute zero ture-intrinsic-semiconductors
béhaves as a petfect insulator because at 'this temperature. {here js no

Iree electroii; 1o act as a charge carriers. This is so, because al] the

7 ’
shown in Figl-2. So there js

bonds of the molecules are intact as i semiconductor behaves

10 free electron for the conduction. 5S¢ the 5¢
as an insulator. (ficient to b

is sufficient 10 brea
As temperature increases the thermal cl;crgfc‘:(mm The ﬂbSﬂlC:
AT B 3 rec the 3
more and more covalent bolﬂ_fﬂ,",d_’fl.f- has a positive charge and
of {li¢ ¢leciron is called a hole. A hole ;'1' lectron.  So_in a
hence bel itc to that of an ¢ - e
have exactly oppost .

s en. We get two
semiconductor for every covalent bond that_is brok £ gel g
g J as shown in Figl-3.

carriers of electricity—Theeletirofi and holes SIS
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Figl-3.

Thus at room temperature, a semiconductor has two types of
charge carriers (i) the ¢lectron (-ve) and (ii) the hole (+ ve). Ifadc
voltage is applicd across a silicon or germanium at room temperature,
the electrons will move to the positive terminal and the hole towards
the negative terminal. In an intrinsic semiconductor, the number of
free electron is equal to the number of holes.  The condudtivity
increases with the increase in temperature. In other words, the
resistivity decreases with the increase in temperature. The pure or
intrinsic semiconductor is not of much use because jts conductivity is

a function of temperature and cannot be controlled otherwisc.

|

i
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b, Extrinsic Semiconductor

minute amount of impunty 1S added t0'a pure se,y.
its w"n:n( conducting property 1S al'lc:d zg’lmable- ] Sgnﬁm:::“%r'
belong 1o.the group IV of the periodic. table. The impyp;, Moy
are added to the semiconductor are elements belongmg 10 the i‘l,]ih'j'ch
1V group of the periodic table. Thero ate two types o . Lang
semiconduciors. They are (). Nu-type semiconductor ang G
semiconductor.  If the elcct\ran—s—:rc’ex_cesm

n T ed
semiconductor and if the holes are in excess, it is calleq P}:

eﬁjﬁi;aQ- 
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Fig 14 ‘
— (i) N-type-Semiconductors: —Semiconductors generally:j_ekmg 10 the
IV group of the periodic table. Hence it Will have 4 electrons in the
oufermost orbit. Lef us consider a small amount of impurity such as
arsenic _or “antimony which belong to the V group of the periodic
table is doped in the germanium atom. The amount of 1mg)unty added
_is extremely small say 1 or 2 atoms.of impurity for 10 ‘germanium
atom. ‘The impurity electrons while germatium has
four. Four of the five valence electrons of the impurity atom’form
Covalent bonds with neighbouring four equidistance germanium atom.
For the fifth electron of thé impurity, there is no place is tge‘mwlex}(
bond. Hence this extra electron _is free to more. This situation is

9
sented in the Fig 1-4. Due to doppin
rd":’ od with the liberation of a free elect

& of impurity, a hole 45 not
dca‘cﬂo aductor.  Also the overall crystal

TON a5 in the case of intrinsic

Structure is not aj

. B \(

S ety s o
8 purity atom that is added; oné extra carrier s ‘mmﬁm&
lm(/hiS one free electron isdonated by he Tmpunt stal.
"

= Sty iS called donor impurity. PRnty and hence the
im|

If we apply a voltage across this germanium crystal,

k the. free
glectrons Will move towards the +ve polarity and constitute an
o irical current.  Hence these material is called

P . the N
o miconductor. In this, the number of electrons will oy -4

g . tnumber the
pole and hence the current is mainly due to the electron. Hence in

_type semiconduct nare ority carrier of charge
?n yt hole is called the minori rrier of charge.
bd --—— e —_— .
XTI,
\

-

!
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Fig1-5
(i) P-type Semiconductor: When the impuri ent of group I

like indium, gallium or aluminium is added to a semiconductor, there
isTan opposite effect upon the lattice structure. Now the impurity
indium with three valence electron in each atom takes part in the
covaleni bond structure of germamum. The fourth bond is left
inmmpmmﬁg\l- 5. The broken covz\l‘:‘,"lrﬂl
bond constitutes the hole in the semiconductor sense. This hole W

-
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0 with three

] :
- ourity 897 impurit
i be free to move about the crystal;. The 1mP“nynw {his iMPUTy

valence electron will readily accept an electron:

is called the acceptor im urity. charge
p p ole (¢ ve )

In P-type semiconductor, the cun'e_nl_'ﬁﬂ.!.ilg— (hc boleS C“"“,'fd
and hence it is P-fype semiconductor. In addition 10 ™™ ', thermaj

by the impurity atoms, there will be electron-hole p?'ﬁoﬁ‘ﬁuﬁ,b_a; he
agitation. In the P-type semiconducior the holes 9 carmier of

electron. Hence i “this holes arc¢called the ma.or‘ol" charge-
chiarges and electrons arc calied the minority carrier

———

—— ——

c. Hall Effect in Semiconductors

~ “Hall, in-1897; discovered that when-a magnetic field 5 apl:'h:d

at right angle o the direction of the current flow in a 0nduct 'tﬁn

- -electric field is_developed in the direction Pefpcndicu]ar loTh.c
direction of the current and of the applied magnetic field. .
Phenomenon is known as Hall effect. Using the phenomenon af Hall

effect, carrier. concentration and carrier mobility can be experimentally
found. ’

Figl6

Consider’ a rectangulaf slab as shown in Fig 1-6. A current
density J, flows in the X- direction and the magnetic induction B, is
applied in the Z - direction and a potential difference E, develops
along the Y-direction. Using a sensitive voltmeter, the p.d developed
between the faces 1 and 2 can be measured.

When'a steady magnetic field B, is applied in the Z-direction,
cach charge in the current stream experiences the Lorentz force given

-

by the equation F = —e (Bx V). Th
the Y-direction is

This force is upwa
charge is -ve. In our cases, the current 1S IR 7% 577
hence the clectron motion must be in
negative. The current is cased only by the ¢
is negative. ik : .‘

Due to the Lorentz force,
lop edge acquires a —ve charge a
‘Ehargc. Hence an electric field is se
voltage is called the Hall Voltage an
effect. . .

The Hall field acliqg-l_lpwards exe
clectrons which are -pushed. up
Cquilibrium . position, the force <
exactly equal and opposite to E;__rg?c oni
1 E;fié?h’c Hall €lectric ficld set up in the

{!
11 - i
e component of the force ﬂong ! i

F)' = —€Vy Bz .
. rpe is + ve and dow'nwa‘m if the |
te,1f 1 cbars t is in the +ve direction apy
‘the —ve direction. So'y ‘i |
lectrons and so the chary, |,
~. Lorentz force F, = -V, B, X |
the clectrons are-pushed up- S0 the
nd the bottom edge acqu'u'c a +ve —
tup in the —ve Y-direction. This |
d the pheriomenon is called Hall —
|
s“a downward force on the =
by the Lorentz force. In the T
on the electron due to Hall field is\ .
t due to the Lorentz force.
—ve Y-direction, then Hall |_

force aéling on the electron is eEy. At the cquilibrium position. k .
— ——— Lorentz force = Hall force LI r
" Byevg= B, e @)
field Ev= Byvy, e 4
Hall field E,= Bzvy ( ),
Bﬁl the current density J’F = nevy wee5)
2 - . 6
Vx = e

: E, = Bade T ¢)

h T ne

" E, i g ) G
The ratio —X%— is calied the Hall constant and is denoted by

z X
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R BE T —®

Qm“tﬁelb&qﬁmxu:sﬁ.aaﬁdlanbca tely
Gesermined, 2 Hall coefficiest Ry and the carrier concemtration n
cn be caiczisted  In-the Gse of meak, the carmiers are electrons
;z‘.& E.- il B Segative. = o
[= 12 czse of semiconductors, there ars 10 {ypes of charge
amess. 1 152 Nfype semiconductors, the majority Qmies are the
electrons and-so b= Hall coc.‘Sa::.:x -vz. Thkz Hall coefficiens

— o IO0TIT ciectron s u.xu'VV uxxcuuvu. —

E,
R T O

e ——— —————— — = = — == -

anst:zdcnmrofdcc:mzxuﬂz‘{-q-pememl:mcn
= :
- fL.. Y il , .....(10)

e

[ theT=se ©f PIvpe semicondnctor, the majority carrier 2re the

R is defined by the relation
N = B e -2
BR=gi- % -

if p is the demsity of holes in the P-type material, then
I =pes ' T

) _1 - :
- Ro= o '*-(12)

i?
3. JUNCTION DIODES
a. P-N Junction Diode

F-type ~ Eype

G)G)Oi@@Cﬂ
003 e o
gocj@ens

Fiz 1-7

When 2 P-type semiconductor is in intimate contact with an
N-ype semiconductor, a P-N junction is formed. Thbe circles represent

, the fixed impurity atoms in the two tyvpes with their charpes marked

on them. The sign represented outside the circle represent the free
electrons and the holes, The P-type material contains 2 large sumber
°‘Wﬂ—mf—-m

_pecedWben the P-N junction is formed, soms of the clectrons tend to

- “diffuse tov towards the P-iype material znd boles will @iffuse towards the

N-type material. In this process, the electron crossing the junction

from h‘feg'(’",lr-l':H’—fegu:vn{ccombme itk the holes in the P-region.
Similarly the holes &Gssing the junction, recombine with eiectmns ifi
the N-region. Dge 1o this recombination of electrons 2nd holes pear
the junction’ the +ve donor and —ve. acceptors are left uncompensated
in the vicinity of tbe junciion, This region does noi contzin mobile
charges. This region iscalled the depletion region. Thus an internal
potentiz! difference is produced across this junction. Thispdis called
the inlernal potential barrier. In circuits, the P-N y.:nruon diode is
represented as shown mJ-’iTv 1-8.

] P-wn . 5% %

v

Fig 1.8,
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s J T . . s arc given,
For a P-N junction diode, two types of connection® a
They are (i) Forward bias and (ii) Reverse bias.

o riction. The

(i) Forward Bias: A potential is applied across the p-N J',q connecied
+ve pole is_connected 10 the P-region and the -ve. polc -ioﬁﬁ|§/||.c
16 N-region, So the holes in the P-region are rcpe! ‘:( owards the
jﬁn&linn and -the clectron in the N-region arc ml“’"“‘_m,gcs at the
junction. Thus there is a’ great deal of cunCcnlralionlt". .}crsﬂ- If the
junction crossing over from the +ve to =ve and ‘-”uv,zrl'i" ||.c_,‘_rg' is
applicd potential is preater than the imcrg.iplllﬂlﬂl'/»,/‘-&;@lmn

: ,,n_cuusxdcmblc,,ﬂnwﬁm‘ uc 1o this.. This When it is

A . . 5 ye-
given to the P-N junction is said to be Forward bias® current.
forward_biased, it offers less resistance for the flow
/”—_.
i

’ . - - - i tery 1s

(ii) Reverse Bias: In this the ncgative terminal —0‘_— lhzcg:; to the
connected to P-type and the positive terminal is CO"'" ~d._In this
—N-lypc.—'l'his-llyhc@[mnncction .isucallcd.RcVﬂ'Sc‘h s .tcrmi"al
the holes in P-region arc attracted to the -ve of the 1331‘:ryfq_mgion
and moves away from the junction while the electrons int ]co ( the +ve
also move away from the junction because of the aitraction.? rriers in
terminal. Siwmqiv_clumhmumkelccﬂﬁzﬂwx_bc

the vicinity of the junction, current Mi%[m:os,l' " due to
l mpere.. This 15

a-very small current of the order of .microa e —Tcas

minorily carricr of opposite charges present in wﬂm :

Hence when it is reverse biased, it offers a very high resistance o

the' flow of current. x Y
————————t

£

o'c|leo|®®

ol ®®

A

Fig. 1.10.

b. Breakdown in P-N junction

th"'. a reverse-bias is given to 2 junction diodc,.a Very smal|
current flows through the diode. When the reverse bias voltage j5
increased, the current jncreases slowly. At @ particular reverge
voltage, the diode current begins to incréase shamply. This particulay

voltage Ts called the hreak-down Voltage. (At this voltage, if (he
VA N .
current through the diode is fiof controlled, the diode may butn ouy,

- wl!.cﬂﬂle,producl of d.c voltage and the current exceeds the maximupm

Power nting of the diode, the diodc is also burn out. The breakdowy,
phenomenon in 4 P-N junction is causcd by either of the two effecy

“Avalanche or Zener—
~— -

Aiizbznche b’rcakdowr;: ‘When a reverse-bias is given 1o a diode, 4
very small current flows through it. This current is duc fo the
movement of the minority carrier of charge. When the reverse bias
Vvoltage is increased, the kinetic energy of 1he¢ clectron also increascs,
When These clectrons collide with a crystal atom, they may Knock ou
CI?clron tom the covalerit bonds of (he_semi-conductor malerial. In
this process ihe covalent'bond is broken and a pair of a_eleciron and
:‘SMgmmccd. Thus one electron, on cq!lision with a t;ryslal

M, generates a pair of an electron and a hole. In this process, the
:ll:mber_.()r feez s_and holes goes 0'?1_ increasing. his
Umulative effect is known as avalanche multiplication. Due {o fhis
a large reverse current flows through the junclion. Now the diode is

.5aid to be in the avalanche breakdown regiofi. “If the current is not

T
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_valance electron of atoms. in the. .d:.plumn region.

16
controlled by some external resistance, the diode m

ay be
damaged. : pcrmanc““)’

Zener Breakdown: When the teverse bias Voltage ¢
junction is increased, the electric field across (e
.es. Hence the reverse current also increases a Iso
> voltage hLlow 6V, the reverse current ine _\Q\"dm
and the junction bre wn. This breakdown, at sycly a low
voltage cannot be due avalanche-multiplication of ¢f¢ clron.
In this, there is no collision of minority carrier with the sen
atoms. Tlus bmakdowu can be cxpl,nhcd on the b

1058 the p
J“"Cli()" a

Tang,
h(llc v

1l Dair,
"“"dllu
asis of 28 “IT:_T

on the

Soa large. umber

of electron-hole p:ms are produced.  These carriers are Accelomyey
away from the _|un n by the .|pp'hcd voltage.  Henge Y m"llc
“Current increases rapidly. This prmces by which Govalent bong l‘:f 'r:c
depletion regions are directly broken by a strong clectric field ig 7 %
breakdown and the reverse volmg,c at which the breakdown takes clr)c

is called the zener breikdown Volhgc,_ This tfku is Callc(i I;b.:‘ur
&

When the electric field is high, a large force is exerteq-

effect, =

brea Kdown Vollage.

c. Zener Diode :

\»_
When.a P-N junction is reverse biased, it offers a liigh Tesistance

for the current ﬂow If the reverse-bias is increased af sbme, l’ﬂmtuhr
wollagc, e reverse current across the junction suddenly incregses.

This particular polemml is called the breakdown voltage or; zener

volt to several hundred dcpcndmg on the dopant density and the
deplmon-—layer There are two--distinct process by which the
breakdown may occur. They are. (i) zener breakdown and

(ii) avalanche‘bréakdown. A znuendlodc is a P-Njunction, diode
which make use of either of-the

two breakdown. A zener diode is -
usually opcraled al a reverse bxas .
voltage a -littlc - more lh:m the :

breakdown voltage. Under these

conditions, the voltage drop

fapidy

THie zéner vollage varies from as lowasa few

17
seross the diode is practically independentof the current through it.

11s means that the diode acts as a voltage regulator. The zener diode
in"circuits is represented as shown in Fig 1-11.

Zener Diode Characteristic
The Zener diode characteristic can be studied using the circuit

shown in Fig 1-12. The zener diode is connected 1o a battery through

a commutator as shown in fig. By changing the commutator positjon,
the diode can be forward biased or reverse biased.

T

Fig. 1-12

First forward bias'is given. Using the rheostat different voltage
is given to the diode and for cach voltage, the milliammeter reading
is noted. Now a reverse bias is given 1o the diode .and the
milliammeter is replaced by a
microammeler. The same it
procedure is repeated as for the
forward bias. -

.

Now we can draw a graph
taking the voltmeter reading in
X- axis and the current in Y-axis.
The graph will be as shown in
Fig. 1-13. Under forward bias
condition, zener diode acts just
like an ordinary junction diode.

-V

4V,
7

a1}
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* Under erse bians
This ‘m‘vu“c bias, a sma reve
us current almost remaj SORE N ie
; A NS constant unti] certain critical vollage is
reached.. Beyond this voltage, the rev ¥
This voltage is called turn Mage ot Tont inercases mpldly.
P N o "'I'- .l' . hict (llVLr voltage. All zener diodes are silicon
-N junction diodes whic
g . ! Have a shamp reverse voltage knee. Zener
_diodes are assorted according to thgir breakdown voltage. For a diode
with low breakdown voltage, the kuce on fpe curve is more obtuse
For high voltage zencr diode, the knee js sharp.

rse current flows through j.

The zener voltage -V, is defined as the vo
~——region-for-the-average value of the-Zener-current:~ When an a.¢ signa|
is superimposed, the slope of the curve can be measured at thie average
~~of-the.zener.current -L.  The zener resistance s -defined as the ratio
between the incremental voltage and the current.

Itage in the breakdowy,

—— = . '6Vz' e "
Z = T, "

The Zener resistance has

g0l a minimum value of appmximately
10 ohm at about 6 volts.

Uses: Zener diodes are used

1)—as-voltage regulator ————

2) as a fixed reference voltage in a network ‘for biasing and
comparison purposses and for calibrating volimeer.
3) as peak clippers , :
4) for meter protcct_i_qn_ -ﬂg"i_"s‘—.diullﬂgu:om_accidcmal
application of excessive voltage, ‘

-

d. Tunnel Diode '

The tunnel diode was invented by Leo Esaki and is onc of the
most *sigﬂiﬁcanl development in semiconductor electionics. An
ordinary P-N junction diode has an impurity concentration of about
1 part in 10%. With this amount of doping, the ‘width of the depletion
layer is of the order of 5 microns (5 x 10~ cm). The potential barrier
corresponding to this width of depletion layer restrains the flow of
hole from P.to N region and electrons from N to P region. 1If the

19

concentration of impurity atom is

1 Pﬂﬂ in 103, (e depletion layer i
Will reduce 1o about 100 A®. The .

shape  of he voll- ampere 4
characteristic curve of this dovice Fig. 1-14

is quite different from that of a »

normal P-N junction diode. This diode utilizes the phenomenon calleq

tunnelling and hence this diode is referred to as tunnel diode or Easkj
) f . . 4

djode. The circuit symbol for a tunnel diode is as shown in Fig 1-14,

*  Tunnel diode cannot rectify alternating voltage and exhibiys
negative resistance properties.  Though it is a diode, it can function,
as an amplificr, an oscillator or a switch. As a switch it can operate
in a time less than 107 second. Tunnel diodes have been constructed
from germanium, silicon, gallium arsenide nmf indium antimonide,

Tunnel Diode Characteristics

The Volt-ampere characteristic of a tunnel diode is as shown in
Fig. 1-15. From the fig, it is clear that the {unnel diode is an excellent

4—- conductor in the teverse direction. For a small forward voltage upto

50 mv for Ge, Jhe resistante remains small of the order of 5 ohm.

]
-
EL. sl
& : Vs :
2 i '
v H N
o ‘ 1
4 .
< ' ol
2 ’ '
S/ N
- : o4
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iz
“
1
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"‘ .
o«
]
>
o
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: Fig. 1.15.
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L . . X e v I )
—ixvalled peake for aannd voltinge, e coltifpe nwilng v,

M

1 he [orwant voliage fa Invaveasial, U eaige gy ——
reatliva a penk vuveid I... cinpespond g i the visllapy v gl
e xlape ALY at e chiacte it s 0 v ) m"\' s
fitlier, then the erent decenaea '_ln e g, ™ Wogpie 4
comductanee s negative Ul (e Gl aHote we by, i
vestetnner Chapnetep st Between the ek enpey ) """Nl\'l‘
minimum value 1 caltend the Valley vovreut AL wulﬁw :,T'. 1
at whivh V= 1 the Comdin tanee (AN T apadne gen Hine '”""“'f
forwand valtage s i fensod, Hhe et Ineveases by gy M ::::
\'\. Again the cotrent avhen the value Uoat te \‘uh"".\ V', ";M.«,
5 ey p o
the voltage between wa poluts oo e e (oda elinpug Rtis1
cutrent where the canent fe egqual (o1, The value ol v, oginyg y '
the material ot the el dinle il ot

AT

tar curents whose vatue are between Tgoaml 1, 1 Wive |8
wiple valued. Tt i becase cach cuaent taw e olitained T
different applicd voltages Becanse of Wils propenty, e gy diode
can be used (e pulse amd dipital clenis

e AWith=—the - atd cal oneggy<bawd it Jhe concepl ol Gt

mechantcal  tunnelling, e ol dode Charactedstie o, e
explained,  Ina tunnel diode the dewndty of the gty g g he
onder of 10" |u:| cubie contimeter Hence, ab coon mpeggage, in
the Neregion the Fornid level shitlts o conduction bad, .':l|||||,|,|y‘|||r
Fermi level Hes within the valencee bawd ot the 1 aeplon, Whey poth
Poand N oepions ol the twnnel diode have the same fompemtoge il
the tuanel diode ix unbiased, the Fermi level o bathe side o he

unction will be the same, Thas Wgre i partial overpping begween

conduction band ol the Netype reglon and the valence band of the
Paype region. At zer voltage bias condition, there wilt be tunneling,
ol electiog ineither direction. The net current st be ze1o since the
current in both directions cancel each other,

When the tunnel diode s forward biased, there are nany filled
states at the bottom ol the conduction hand of the No region in line
with unfilled state in thé valence band ol the P-aype side, Henee
clectron will tunnel from N 1o the Paacpion. This plves rise (o forward
current.  The current continues 1o rise with the applied voltape until

2!
g vl 6 Vil 8 e PAype side and the conduwction fard of Waype

alile 9 | mashinally sverlapped.  §f e forward biay voltage js
TR 'm“ ';m:“ sk ol Wl s in the G tion band on the
[ ahile lm' | l;JH.‘-‘-I‘/(h i e saine “arpy s ihe foidden emeryy
an e Ve, e 1 iny . 4 .

fan! I e M ey Ny ¢ das gegne 3

el et s deepegae il i
i ! s redases b s panner, e tupncling curgem
(lilnes e e gease s Whe furisid bnas voltage mcreases.  When
(he aniainl b eerlap becoames 0, e psppel cusrem besnmes zes50
TR nds bs funthiy i reased, 1

conventions) injected
cuprenl ol nnnmisl B-H junetion Neoses )

Thls current ocurs due W
(e et ot hbe from ¥ Vo Megegion and eledions from N 1o
Poregon

(laeat Vunnel dicde b5 used (or the Solloving puiposes

1) u6 s ullialifgh gpeed switch

2) i oa logle memory stoyspr device

) nn anlerovisye oscillstor st s frequency of sbhout 10 GHy
Ay dnrelaxation oscillator circuit.

Advantage; Ve adyvantage of tuune) diodes 2re (1) fow cost
(2) low poise (2) high spred (4) environmental immugnity 2nd (5) low
pavier, ‘ .

Disadvantuage: ‘The disadvsmages arc (1) low output voltage swing
and (2) 00 ds 4 two temding) device,  Because of this, there is no
fnolation  betwegn dpput and  output and  this leads 10 series
chrenit-desipn difficulties.

. Buceloward Diode
.

Zener diodes nogmally have breskdown voltage greates thzn 2
volt, 13y incsegsing the doping level, we can get zener effect below
2 voll, In lact we can gt bacskdovin near ze50 a5 shown in Fig 1-16.
Forwiard  conduction stull ooours around 0.7 wvoli, but yeverse
conduction stags al about 0.3 volt or Jess, A diode with 2 curve fike
ihis in called a backward diode The circuit symbol of a backwiard
diode is a5 shown in Fig 1-17 w

Scanned with CamScanner



‘e
s

| T
| |
-~ -0~
oot ek ._S~—> O P
{ 7 o
|
: Fig. 117,
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Fig. LI8.

4rd diode is 35 Shown
a better conductor in the rc.vemc
> ' “odc or Slmp]c

d a backward ¢ .
ponse to either

G

The volt-ampere characteristic of a backw

in-Fig 1-18. Beecause this device is
\han in the forwand direction, it is calle
back diode. In the neighborhood of zero voltage, in res
a forward biasing or reverse biasing voltage, the tunnel diode Fesponds
with a current which is large in comparison to the comsponding
current in a conventional diode. These.large currents are as 2 result
of the tunneling effect. In the backward diode, the cument due 1o
tunneling is large only in the reverse direction.  For this r¢ason, the
back diode is also called the unitunnel diode.

23 iy e
The tempenature sensitivity of the back diode is appreciately less
lhxm.t'ln- sensitivity of the ordinary diode. The packward diode has 3
sensitivity of about -0.1 mv/ C° compared with —2mv/C® for the
couvcnlifmnl diode. Moreover the conventional silicon diode has a
::1“\:11\::“[,:“(' :'n room temperature between 0.6 and 0.7V, the back diode
wlu--“ "rmk p()l.lll .gl QV. The back diode is, therefore, very usefu]
e rectifying  action required in connection  with
small-amplitude wave form.

e

is

e

O‘SVQS. an example, the Fig 1-19 shows a sine wave with a peak of

bias lhrcw:-‘ﬂ a b_nclwvnnl diode. This 0.5 volt is not enough to forward |5

dk{dc - mdc_ into conduction, but it is enough to break down the

volt is or this reasons, the output wave has a peak of 0.4 volt (0.1
t is lost across the diode) -

O-kVvOoLT
PEAK

O-5voLT
PEAK

ot P T e F TR

MODEL QUESTION AND ANSWERS

I. Choose the correct.Alw.we"

l. Ma .or - - - - - 3
, o jor part of the current in an. intrinsic semiconductor is due
(a) Conduction band electron
(b) holes-in the valence band
(c) valence band clectron et

(d) thermally gcncralcd cleciron:
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base snd collector of 5 frammies

, o7 Cam e compared o cathods, grid
TR 1NSXSTO anud plate ol 2 triode,
1. Transistors b. Transistor Action
The Iransistor action can be uadertond by amalvung the cumrent
yw through it under the influeme e f ¢ Ity tied volt ™
P Mransistor flo# ~ . be forrs demmally applied voltage. The
a. P-N-P nnd N-P-N-T% emitter-base junction will be forwara ':".ucﬂ_za.i_t:a:_m!'.a;.rt';

When a thin layer of N-ype semiconductor s BANAwiyc g
between two P-type semiconductor, the resalt s in the "'”""”'m of
a P-N-P transistor.  Similatly whoen a P-Aype area iy Bandwi g,

jupction will be reverse bizeed We will siudy the action of 2 P-N.P
";"ml'r.lur and 1he circuil is 2e shown in Fig 2.2

between twa N-type semicondudlor, we have . NeP:N "“'thu‘r.‘ 1 P N P
sis \ - elrenit symbols are ’ T = =
P-N-P and N-P-N transistors and their efrenit ny M Bhown - @
_1 | |. " P e
[ E- T~ C e ;

———] P N I P L__..‘ - N’ P N [4 3 /\15 Is Tey

EMITTOR connecion i " yeo 7 .
, i l t [ ]
vl =3 1 : ¥ I' l I
‘ - — ¥ Fig. 2-2

a5 As the emitter is forward bizsed, the holes in P-regioms are injected

10_the base and the electrons are injected from N- mgion to P-regian.

But a5 the base is lightly doped and the cmitter & beavily doped, the

- number of electron from base to the emitter is very smmll compared o

the number of holes. In the base region, some of the holes are neutralised

ke 4 by the electron. Since the base region is verv thin most of boles will
There are three regions. in the transistor.  They cross this region and will reach the collector mgion.

3 e {i)-emitter-(ii) collectdr and (c) basc. The middle semiconductor
in a transistor is called as base. The thickness of the base will be of
the ordér'0.,025 m.m. The two end regions are called the emitter and
the collectar. ﬂlﬂ}?ﬁn_sgjuncﬁon is always forward biased and

—_ LRl 241

Since the collector-base region is reverse biased, the holes
. arriving at the junction atirz 2 constltle 2 collecior currcpt.
- The emitter current is denoted by lg. the collector current by I and

the base current by Ig. It will be found that I_ = a I where @ is

hence this junction offers a_low iresistance for the.flow of current. called current gain whose value will be between UGS to 0.95. The
v H ey

The collector-base junction_is_always reverse biase d_hence this emitler current is equal to the sum of the collector current and base

junction offers a high resistance for the current flow. The emitier, current;

. . S=— e = ]E= IC‘lb'
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~—————lhree-type-of-configurations-are_as_shown in Fig 2-3,

LT

20
I the emitter-base voltage Is fne reased, the collector will also
increase. 1 the emitter curvent is deg reased, the collector current wily
also decrease. 10 an altermating voltage s applied to the emitter as
input, we will get amplificd output in the collector circuit.  Hence
the transistor can be used as an amplifier,

In a similar way, we can explain the action of a P-N-P tmnsistor,

. Transistor circuit configuration

There are three basic cirenit configuration in which transistor can
beconnected. . They are
i) Common base configuration
il) common enitter configuration and
i) Common mllccmr configuration.

The ferm common is used to denote the electrode that is common
to the input and output circuits. Because the common electrode s
genenally grounded, these modes of operation are frequently referred
to as grounded base, grounded emitter and grounded collector.  The

P-N-P

PN-P
\:\

1

~(@) i [‘(b)hgl ;—;):J

7.
Fl'g 2-3.

The common'base connection is as shown in Fig 2-3(a). In this,

the input is applied between the emitter and the basc and the output

27 . ;
Thus the base is cohimon

is taken ouy

etween the collector and base.
o both jnput and output.  So this connection is called common base ’
connéetion, i

For this connection.

1. Current gain is less than unity ,
Voltage gain is more than 100 .
Power gain is medium -

input impedence is very low

Output impcdcncc is very. low!,,f‘"l

There is no plmsc change, - Y ;

wa e

t

'l"hc common emiller connection is as shown in Fxg 2-3(1,) In
this (hc mpul is' uvcn between. the base and the cmmcr and the OUiplll
is mkul across lhc collector and ‘cmitter. Thus the ermllcr is common
1o both the mpul ana oulput .So this type of connccuon 1s called! um
comumon cnullcr connccuon For this connection. “¢

1. lhc current, gain is mediim about 50 )

2. _the voltage: gain is scveral hundred

3. Power gain is high

4. Input impedence is low

! .

5 Oulpu( impedence is high and s

6. lhcrc is a changc of phasc between input and ou(put

The common collector connection is as shown in Fig. 2- -3(c)-In |

‘Hence this
For - “this

this the collector,is common to both input and output.
conflgurauon is -called common collectpr connection.

connection. B )
1. the current'gain-is medium
the voltage gain is less than unity

power gain is low

input impedénce is very high .
outpui irhpcdcnce is very low and )
there is no 'p:lia'sc change between the input and outpul o

Qv A LN
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characteristic_curves in detail for common base and co

28
d. D.C Characteristic of n Transistor

The relption between different D,C. current and V""“Km
(ransistor ‘can be represented in a graph. These curvey a of g
static characteristic curves of a transistor. These Curve:

¢ calleq the
. e b BTC ugeq,, o
determine the performance of a tmnsistor,  We wil]

discugy these

MON ey
configuration, :

i. Common Base Characteristics

—The static_characteristics of an. P-N-P:
commotrbase can be studied nent shown in
Tfig_z-{. Using a potential divider armngement, a forward biag is
.gﬂivcll_l_lk ‘én’the emitter and base. The voltage betweeii the emitter
and basc s incasured using the voltmeter Vg and The emitter current
15 ‘measured “using the milliammeter Iz, For the colicctor-base a
reverse bias is'given. The voltage between (e collector'and ili¢ base
is measured using the voltmeter Veprand the collector current is
measured using the milliammeter I L HNAE
Input..Cha,fac‘lcrislic: The Collector-base voltage=-Vip 7is kept at a
fixed Voltage. The cmitter-base Voltage Vpy is yvaried step by step.
For cach vollage Vi, the emitter current Iy and | 1¢. collector current
Ic is noted.. The experimeit can be repeated for various Vg,

\using the circuit arranger

Now we can draw a cirve takin

) W dr: g the emillt_ir_ current, I is Y-axis
and the emitter voltage Vg is X-a

xis. The graph will be as shown

“constant; we-can-show the relation

From the graph, we can determine the,

29
in Fig. 2- 5, This characteristic curve may be used to determine the
input impedence.

i m
Input impedence = T

The input impedence s
defined as the ratio between the
small change In emitter-base

voltage .to the corresponding Ve b,
change in emitter current, when Fig 2-5

the collector-base voltage remains

constant.

The reciprocal of the slope of the curve at a‘particular point gives
the“input jmpedence. Tt is measured in the ‘unit of ohm:

Transfer Characteristic: When the A\
collector "1o base voltage remains

‘between the finput current I; and the
oufput current I.. Taking I in X-axis
and I in Y-axis, we can draw a graph
and it will be as’ shown in Fig. 2-6.

current amplification factor

Current amplification Factor

(Alc]
a=|—
Alg
r_vé“

Current amplification factor is defined as the ratio between
the small ¢hange in collector currént to the small changé in emitter
current when the collector-base voltage Vg remains constant.

N
Fig 26 Te

ﬂié.S!ojm ‘of the curve gives the current ambb’ﬁcatfon factor. It
has no unit. ‘ ’
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Qutput Characteristic: The emitter current Iy; is kept
The collector-base voltage Vey is varied step by step.
the collector current Te is- noted.  The experiment mMay be
1éd for different values of I
Now we can draw a graph taking the collector curr
——-Y-axis-and the collector-base!voltage i$ X-axis. The graph will be as
vn in Fi : i impedence can
shown in-Fig. 2-7. From t?w gl:?lph, lhc‘ output impedence be

determined.

at a fixed value,
For cach

Ve

repea
' ent I in

Output i 4 rifAVep)
utput impedencé: = AlL ohm.

Ig

T—'l’he-outputignpedenci}JLdeﬁned__ns the ratio between the
'small change in collector-base voltage to the small change in
_callector current when ithe emitter current remains constant.

admittance. It is measurcd in the unit of mho.
i) Coniman Emitter Cha'ragtefislic: )

_The static chaia_ctén'slic of a transistor can be studi¢d using the

circuit as shown in Fig.'2-8.  Using a potential divider arrangement;.
a_forward bias is given befween the base and the. cmiiter. The °

basec-emitter voltage is measured using the voltmeter Vge and the base

= g2 T e

The reciprocal of the output impedence is called_the -output

i

4 —current Ig —is~ noted. —— The”

=_different values of V. N

4 29

J

. 31 ’ For the collector
current is measured using the sicroammeles Jo- llector and emifter
reverse bias is given. The voliage petween the €@ octor current is
18 measured using the voltueter Ve and the €0

measured using the milliammeter Ic-

T
p-r-P =

Fig 2-8.
e collegtor-emitter+ voltage

Input g:.hpr_aéle(isl_i_(.'.: Th
constant at a particular value, The
basc-cmitter voltage Vpp is vasied
step by step. For each Ve, the
base- current Ig ‘and the collector

EYR

experiment may be repeated for

A graph may be drawn taking
the Vg along’ the X-axis and tbe
base current I zlong the Y-axis. 5
{I'he graph will be as shown jn Fig.
From the graph the jnput —
. impedence can be calculated.

Fig2-9

Input impcdenﬂcc .= (AIB

The input impedence is defined as the ratio between the small
change in base-emitter voliage to the corresponding change jin*
base current svhen the collector-emitter- voltage Vp remains
constant.
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Transfer Characteristic: Transfer c
taking the base current in X-axis and
the collector current in Y-axis.

The graph will be as shown' in
Fig. 2-10. From the graph the current
amphf'cauon~iaclor B be
calculated.

Al
B= A_IB)
vV,

" éE"‘ o e

can

The current amplification factor

Is deéfined as the ratio between the’

small change in the collector current

o-the'small change in thé base current when“the

voltagc remains constant.

haracteristic curye

\

I

€an ‘be dray,
n

“FigFro Tb

‘colleclor.emmer

Output Characteristic: The_base current Ig is kept at a

constant value.

The collector-emitter volta
*stcp‘—Fomch—VCE-——lhe%oIlec(or—cu

expcnmem may be repeated by changing the value of 1

can draw a graph taking the collector-emitter vollage Ve

X-axis and the collector current lc along the Y-axis, The pr

be as shown in Fig. 2-
be calculated

Fig.

2-11.

ge Vg is vaned Slcp

ncnt-lc.xs_.notcd‘\lh

lar
by

B- Now we
cE 2long the
€ graph will ~

11. From the graph, the' outpul 1mpcdencc can

- dependent variable.
T the choice of independent variable:— There are three types of transistor

33
Output impedence = -Avi ohm
Al ’
lB
The oulput'impcdence is d

i efined as the ratio between the
small In  collector-emitter voltage Vep) o

corresponding change in the collector current when the base
current (Ig) remains constant. ‘

change

e¢. Hybrid Parameters

The terminal behaviour I

Io
of a large class of two-pon 5 Two - porr ——"
- devices are specified by two V. Inpor ACTIVE |ourPuT Vo
voltages and two currcnls e DEVICE —
The box in Fig. 2-12
~__represents such a two pon Fig 2-12
network. We may sclect two

of the four quantities as independent variable and the other two
The type of paramelers may be determined by

pammclels.

1) Z-Parameters:—In-this the currents ( I; and I; ) arc taken as
independent .variable and the voltages ( Vy,-and Vg ) are lakcr_x as
dependent variable. In this the parameters will have the dimensions

of impedence (ohm). Hence these parameters are known as
Z-parameters.

ii) Y-Parameters: In this the voltages ( V, and V, ) are taken as
independent variable and the currents ( I; and 1g) arc taken as
dependent variable. In this the parameters will have the dimensions
of admittance (mho). Hence these parameters are Ln:mn as
y-parameters.

iii) H-Parameters: In this Vgand 1; are taken as independent v'ariablc
and V; and 10 arc taken as dependent variable. So the different

* parameters will have different dimensions. Hence thesc parameters

are known as Hybrid parameters.
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In H-parameter Vi and 1 are taken as dependent variable.

Taking the total differentials, we get

ST e = (2] we v, o
. 1= AV = ] Ay Ve 3
v, e’

R a1, '
dlg = Al = (;_fg) dl, (0 ‘];) dv() ..... (4)
Vo .

Wc h;u)c to dcvclop a.c. equivalent circuit of a1mnsmor Henee
AheA-qummhcs may be¢ replaced by the mslam:mcous valucb of these
variable quannueg

avyy | (av, -
a1, | "oV, ) MO )
'V, o AR
alg) . (alyy A X
. 1)1t av, | Vo _ ©)
VO l] .
~The pamal dcnvatlves in the above equation ‘may be defined a5
follows™™ ™" - i .
] h (a v M
h; l 3 Ix } mpul—imp@dehce—(olm))»
av o
PRV, = reverse voltage gain

forward (_:u'n_'t;nr gain

i e he = (

W
]

S Vs (1, V) e (1)
o= G(1, Vy) , e ()

35

output admittance (mmho)

al
l = 0
o= (i),

and (6) we ge
Substituting the above parameters it equation (5) (6) we get

..... (
Vi= bjip+h Vg 0
..... 8
ig = byi;+hgVo (8)
. t voltage V, is the
! i it is found that the inpul /s
. From equation (7) it is nent is the voltage drop across

sum of two voltages. The first compo
through it. .
the resistance h; when an input a.c. i; Mlows throug] The sccond

component is pmpomonal 10 'h‘t ol_llput vcfllagc. It can be
“represented by an active element which 153 constant voltage source
- of magnitude h, Vj

From ecquation (8), it is found that the output current iy is

made up of two componcats. The first component s
proportional to ‘the input current l1 It can be represented by an
active clement such as a constant current gencrator h,.x The
..__second .component is. rcprcscnlcd by an admittance ho placed
paraliel to the current generator hgi lf The current lhroug,h b,
® has the magmtudc ho Vg- The complete cqunvalt.nl circuit wuh
7 hybrid paramefer is as shown in Fu, -13.

. <—f
. !
hsld, 3 .
. ne 5
Vo
=1
I
- |
1
Ao

Fig. 2-13.

If Vg is made zero by short circuiting the output terminal,

_equation (7) becomes,
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v . vl
V= hlll or hi = -‘-l— —
Equation {8) bccoqics
i i - b
teige= hpd o by = Gy i)

If the input current il‘is made ze
terminal, cquation- (7) becomes

ro by open ,circuiling the jpout
np

= R e :
| Vi=hVo or b= g (D)
Equalion (8) becomes
I o i
ig = Vo orhp = Vo
"_’['hcsc‘hybrid parameters can be used -fo‘r any type trapsistor
connections such as common base, common”emitter and common

collector. But the value of these parameters WiI'b¢ differem—fo

different configurations. For the common base :ihc parameters used.
- arehhyghypand-hgg—In a similar way-these_parameters are used

for other type of configurations.

f. Transistor as an Amplifier

(12

—Ade—— S

) 37
An amplifier is a circujt

- pable of magnifyin, .

i : 2 the amplitude
cle‘:ma‘ S'g.m”' In the input a sman voltage is given “;:1; it t:
output We will get amplified output. i

111e': basic common base amplifier-circuit is shown in Fig.2-14
The emitter-base junction is forward biased using the ban si_;' :
while the collector-base junction is reverse i\iased u:i? nl;f
pattery Ve The ac. signal V, which is 10 be am lihid i;
included between the emitter and the base. The out mp is laks
across the load resistance.R; . Pl s taken

= When no input signal is applied, the emitter current is only the
. d.c. current I, Hence there will be no change in the collector carrent.
1t will remain constant Ic

Sdp = Ie¥lp (1)

- When a signal is applied, the voltage between the emitter and
" .the basc changes continuously. So there will be a change in the
emitter current. Now the emitter current will be the sum of the d.c.
- current and the a.c. current due to the signal. Since there is a change
—_in the emitler current, there-will-also be a change in the collector
. current and the base cumrent. They will also comsists of ac
.__component.
If a.c. signal is not applied to the input tgrminal, a steady current
- flows .lhrough the load resistance. Hence the potential difference
j'acmss the load will be a constant and it is I-R;. When the ac.
-signal voltage is applied, there will be changes in Vgg. lg. Ic and
4 .15 Let d3Vgy be the small change in the input voltage. Hence
" there will be a small change in the collector current. Let 8 1 be the
1 change in the collector current. Therefore, the p.d. across the lead
_ resistance Ry is Ry 81¢. This is the a.c. output voltage across the
" load resistance.

1 .. Voltage gain

4 a.c. output Voltage across Ry
| of the amplifier =

a.c. input voltage

-
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R; & Ie

_—

& Vi

. Anw gy
But we know that & Ie=

@. 81 where a is the current gain in
the common base made.

Ry .8l

Av=az .6 Veg

Since the emitter-base resistance is low, Rl_blE will be muchy
larger than 8 Vg and a is very nearly unity. Therefore the

! gain
Ay will'be-greater than-1:~Hence the transisfor -works as

an amplifier,

Power gain Vollagc gain x current gain

;’ = A, xa '

f TTAs A, is much greater than i and o is neatly uiiity, power gaj,
+  is also achieved. Thus a transistor functions as an amplifier.

g- Transistor as an 0§qillator

converts d.c. energy into an a.c.

Elecirotic oscillalor can-be

——csﬁllmox;-cry_stal—osc_illatox,;negalive resistance —og
relaxation oscillator. i : i
An L.C. circuit c(ir\l.Sisl of a tank circuit,

inductance L in Parallel to the capacitor C.
produced by the energy.of the system being
electric and magnetic field. ‘Due to loss of energy; the amplitude of -
oscillation decay with time. By Compensating the Joss of energy, the *
oscillations can be maintained. The frequency. of oscillation |
1 . : i

is f -

)

This consists of ‘an
In this oscillations are™
alteratively stored inthe 7

)
-

£

- Imnsistor ¢y
i oscillator s 5

© of 0° or

- through L, Jinduces an emf across L,

39 .
there is a phase shift of 180 p
So by using a tank circuit and a .f“"‘ c o
be used in oscillator. The principle
follows.

between the ll-ipul
back circuil, 2
{ trunsistor

In a transistor,
and Qutput,

Oscillations
as input.
of 180°.
circuit,

ansistor

produced by the tank circuit are fed "? “""‘::c shift

The amplified output from the transistor has a P |.'ccdback

A small part of the output is feedback through le se shift

It produces a phase shift.of 180°. Thus a lfﬂnl p -L~:llalim\.
360° is produced. -This.will produce a sustained u\u'

T——Vc_c

) Fl:g. 2-15

A tuned collector oscillator is shown in Fig. 2-15. The tank
circuit is connected between the emitter and the vollagc. souroc'vcc,
The output voltage developed across the tumed circuit is inductively
coupled to.the base circuit through the coil L;. The winding
direction of the two coils are so chosen that positive feedback takes
place from the collector circuit to the base circuit.

When the collector supply ‘voltage is switched on, a transient °
current is produced in the tank circuit. The varying current.flowing

which is applied across”the
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emitter and bare. So the collector current iney,
amplificd energy is used 10 meet losses takin
Circifit. The balance is radiated out in the
Waves. The frequency of oscillation is

41
. Pag b. Junction Field Effect 'I\-ans]s‘or
8 Place jnp,  Of this

form of elecy Ceillator
Bnetic

1
ol _ = etz

ii) p-channel FET.Ip this the current flow is due 10 holes
v —_——
2. FIELD EFFECT TRANSISTOR ————ilir

a. Introduction: - ’

~——The field-elfect transistor (FET) is 2 semiconducto

] _P type aate

% ¢ T dwiCc wmch . K/ — s
depends for its operation on the control of current by an electric field. S o
~=Since the current is carried by majority carmiers only, the field e;‘ftd - \ N 'TY:"fEEApVIGQ D
transistor is said to be unipolar device. They are two types of pET. 1 6‘/’7’772\\‘
They are - are

1) Junction field-effect transistor (JFET) and
————2)—Metal-oxide cemiconductor field effect transistor
The MOSFET is also called as insu
transistor (IGFET). «

The following are the main difference between a FET 37d a
conventional transistor. :

1OSFET)-
lated-gate fielq effect

The structure of an n-channel FET is shown in Fig. 2-16. Ohmic

7 contactsTare made (o the two ends of the semiconductor bar of n-type

- material.  (if p-type silicon is used, the device is referred as p-channel

The junctions on both side of the bar are formed impurities

opposite 1o ‘that of the channel i.e. p-lype impurities for n-type channel

and vice versa. Current is allowed to flow along the length of the bar

- by applying a voltage between the end terminal of the bar. The current
is carried by majority camiers which drift through the channel.

The following FET notation is standard.

i) The operation of FET depends upon the flow of majority
carriers only. It is, therefore a unipolar device. But in a
——————conventional transistor, the_current_flow is due 1o bo(hj
electrons and holes. Hence it is called as bipolar junction
—— _ _lransistor.

.ii) - A bipolar transistor are current-controlled devices. In this
4 the output current is controlled by the-input current. But in
a FET the flow of current is controlled by an electric field.
iii) The input impedence of a FET is high. The input impedence |
of JFET is of the order of 102‘}.0.1012 ohm.
iv) A FET is less noisy than a bipolar transistor.

“Source: The source S is the terminal through which the majority

. Carmiers e — Conventional current entering the bar at S is
~ designated by Ig. ’

Drain: The drain D is

1 which the majort
carriers leave the bar. Conventional current entering the bar at D is
designated by Ip. The drain-to-source voltage is called Vps

> — .
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on_the gate terminal refers to the direction of

—
— : — I
b ™
P YIp :
. 1
SRR Y )
. G- 4 Vos .
~‘\*- o . l =
- “——-z’——» = -—»I—W‘;
A ' L -‘ Vop
-~ v i
Voo B as AIS :
: !
H =
L R4 )] :
\ = -
\ Fig. 2-18.

42
Gate: On both side of the n-type bar in Fig. 2-16, hcavily. dopeqg
(P*) regions of acceptor impurities have hccn'fﬂf‘“cll hy lh""ﬁion
for creating p-n junction. These impurity regions ar¢ C“‘li"{ the pagg
G. Between the pate and source a vgliage Vas is *‘11’1"":‘1 in e
direction to  reverse-bias the p-n junction. Conventional Clrren
catering the bar at G is designated by g !

Channel: The regions  of
n-type material between  the
two. gate regions is called
chiannel~ (in-p-type FET it will
be p region): The majority
carrier-of charge.-move. from °
source to drain' through this

i It 1

-region, N LIS n-Chnnn}g “p chasnet
The circuit. symbol- of "‘ a

n-channel and p-channel “are | ° s i . :

shown in Fig. 2-17. The’arrow ! Fig 2-17

|
? = — gate current,. When (he
gate-source junction is forward biased. — g, |

———

aq

An n-channel FET with its terminal connected properly to voltage :

source is shown in Fig. 2-18. The sourcc-voilagc Vg and VDD?

e —_— - {

X

“connected to the Vpp supply- The clectrons

_along the channel from S to D 'the reverse

il -hannel
_ For a p<ha
respectively supply the gate voltage and drin Vgl::g:cvrtsr by
FET, the polarities of the voltage source shoul S 1
Operation of FET: To discuss the operation of a JFET, we
give the following connections.
i) gates are always reverse-biased

. S 4 to that end of the
ii p always connecte ¢
‘) the source terminal is y necessary charge carmers.

drain supply which provides the i ¢

i _16) and discuss its
Let us consider an n-channel JFET (Fig. l2 l(:)ﬂ_:

working when either Vg or Vg or both are € e :

ges arc applicd between

=0 volta
i) When VGs = 0 and Vps =0: When no nd the p-junction aze

D and S and G and S, the depletion region arou
of equal thickness and symmetrical. -
i = I d from Zero: For this the JFET is
i) When VGs=0 and Vps is increased i e tS D i
“the conventional drain current Iy, flows through l‘hc. Ch::‘:)cfl l'mx.n.D
10S. When Vyg is applied, there is 2 gradual increa positive

potential along the channel as we go from S to D - ic. as We go
voltage across the p-n

"junction increases. Hence thickness of the depletion region also
iincreases. Therefore the channel is wedge shaped.

C-Freh =¢§€

+Io- yenen i
F Ir
Vig- o |
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44 : in current I on the Y-axis for each val
As Vps is gradually in'crc.'lstzd fror.n “cro, 1 inc deg™ The output characteristic curve is as a.hue of. 'hc_ gate volt
propottionally as per ohm’s law. This ohmuf relationshjp, c:eascs Vas' ) “ shown in Fig. 2-19.
Vg and I, continues till Vg reaches a certain crifica] Valye wlelc:;
pinch of voltage Vp. When Vps = Vp, the current Ip is :nxica .
When Vg is increased beyond Vrp, the lcng.th of the Pin:lmnl"&
__fegion increases, Hence there is no fmj!nc_r. increase of Iy, 1‘:" .
certain value of Vg, Iy suddenly increases. This effecy IS due 10 |
the avalanche multiplication of electron caused by hmﬂki c o[ :
‘covalent bonds of silicon in the depletion region betweey, ‘hng - 4 -
asid the drain. The variation of Iy Wi!ll Vps When Vas=0s schgwﬂ
in Fig. 2-19. .
_iii). When Vps =0 and VGs is decreased Jrom zero. When Vgq is made
more and more negative the gate reverse bias increases, Henco the W7
__“thickness of thc depletion region a!so’- i‘l?{we& Al 4 particuls"
““woltage, the two depletion regions make contact with

o ; A1'€ach ofper, In §°
ithis condition, the channel is said to be cut-off. The value of Vgs B

age

From the output characteristic curve (he

FET parameters can be
calculatcd.

B S w——

4l

j_? 6.

-—

L
‘E'"l

; RS S
which is required to cut- off the channel is called the Cut-off yoltage- | '
iv) When VGs is negative and Vps is inbrk:é;ed. As Vg is made more |
“and morc ncgalive, value of“V"as’wcll'as-break—dow“wol‘ag&_arc_ e *Fig 2-20.
decreased. It is shown in Fig. 2-19.

1) Pinch of Voltage: On the curve for Vgg=0, the point at which Iy,

———becomes-constant is noted:-The corresponding value of Vpg gives
¢ the pinch-off voltage. ..

v

Since gatc voltage controls the-drain-current-JFET-is_cajlcd a-

voltage controlled device. A p-channel JFET operates. exactly in

5 tiesame manmex as .n-channcl JFET except that the current carriers 2) Drain Resistance i-d: It is the ratio of small change in the drair
are holes and polarities of both Vg and- Vg are reversed. :

voltage to the corresponding small change in the drain current at :

. constant.gate voltage.
i d vDS : .
Ty = (W) ohm
V,

“c. Characteristics of JFET =

The relation between the drain cix;re,_m Ip and the voltage between |
drain-source Vg can be represented in_a graph. This curve is called |
the static characteristic curve of a JFET.. The circuit arrangement to

i

i i
¥

study the characteristic of n-channel JFET is shown in Fig.2-20. :3) I%Iulual conductance g, : It' is the ratio of a.snlau change in the
: iff  draincurrent to the corresponding small change in the: gate voltage at
i) Output Characteristic: The gate voltage Vgs is kept fixed at zero.: ~-a constantdrain voltage.
_The drain voltage Vi is increased from zero in equal suitable steps. | L
The drain current I, is noted for each value of Vpg. The experiment i ' . ) g = 9 ID7
is repeated for different values of Vg such as - 1V - 2V, - 3Veetc. ff © m a .VGS "
. A graph is plotted taking drain voltage Vg along the X-axis and the E

lnd, T B i " H
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d) Amiplification Facdor (G 10Cis the ratio of a small change in the dry
valtage (o the carmaponding small change in the gate voltage at
vonstiant dain eurient, ) "

9 Vs
- ns
" [0 V“h)
n

10 Tranfer charneteristlo; Vlie same cigenit can be used (0 study the
twansler sharacteristio. Tha vollage 16
Vi dn kept cowtant ot p suitable In

value  gieater than the  pluch-off
voltage Vi The gate voltape Vas
ia decreancd from zeqo in gqual slr.lx;
L s wduced © 2o, The iy
curfent 1y Is noted tor cach valiue of
Vs Now a graph is plotted taking
Iy along Y-axis and Vg In X-axis,
Tho graph  will be as shown in ~Vas +Vas
Vig,.2-21,

t

It Is neon that when Vg . 0, Fig22i T
Iy Is maximum and w '
n ) henly, = 0, Vg = vy ——
d. TET Amplifier" |
=
i
\ —
_" Tvor
A
! ! 58
N ! ! !
-\ag -+ Vgs '
2 : l "
I Z“’___ S JS SO S 2

Fig. 2,22,

The common source JFET amplifier circuit is shown in Fig. 2-22. |
The a.c. signal which is 10 be amplified is connected in series with
: i

, 47 .
the gate bias "battery V;g. Due lo this, there will be a variation in
the total gate-to source voltage. The load resistance Ry is connecled
to the drain terninal. The output voltage is measured across the
load resistance or across the JFET. For an input signal Vew let the
oulput a.c. voltage be v,.

When the signal voltage is positive, the gate voltage becomes less
negative with respect to source. Hence the drin current increases and
hence the pd. across the load Ry increases. Duc to this, the drain
termyinal will be less positive with respect to source. A small voltage
variation at the gate produces a large voltage variation across the load
resistance, Ience this circuit functions as an amplificr. The increase
in the gate voltage produces a decrease in the drain voltage. There wil|
be a phase of 180° between the input and output.

Calculation of Gain: Applying Kirchhoff’s law to the output circuit,
we get for the d.c. voltage,

Vpp = Vps+IpRe .. o b
For a.c. voltage, »
vgs +ig R = 0 . wes (2)

For small signal voltage, ‘
ig‘ = gm Vgg + vdf/‘d ..... (3)

Front equation (2) and A,

Vg + Ry(8, Vs + Vds/r 4) 0
sovg(l+Ris) = Ry g Vs
RL + I';| » $
vy |—| = -R v . e (4
o [ rd ] - rd g )
sincep= rgg ]
Vas_ MRy
ae V lta i = —— e wvens
oltage gain A,= 3= T TRr | ®

The negative sign indicates that there is a phase shift of 180°
between the input. voltage and the output voltage.
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Problems 49
a common base ¢,
" A transistor has a base current of 0.08 MA and the emjgy,, m ::m ey ¢ transistor 1 .=0.97 mA and 13=30 mA. Find the
"~ “*i510 mA. Calculate (i) the collector current (ii) @ anq (i) a\"‘m '
Sol : Sal:
i)  Collector current We know that = 1o+l
. Weknowthat Iz = Ic+Ip
‘ . e T I = 097+30x1073
e = 1g-ls
1'; ol = 0974003 = 1mA
Ic = 992 mA. - Curreat gain o = <€ = 2 - 0w
——————— E
k_ 902 e b
Ig = 10~ i "m In a common base mode, if the collector-base voltage is changed
: « B by 05V, Collector current changes by 0.05 mA. Find the output
Ic 9.92 L . impedence. )
T oos =l ) a8 g
| B - . ' _-‘_ Sol : - . d VCB
| Y ol : * Dutput impedence = Y T
| The collector current of a transistor is 6.6 mA and « is 0.95, Calcu- L : I e ¢
i . late (i) base currerit and (ii) . . : _3
] __Sol: .. 3Vegg= 05V, 3l-="005mA = 0.05x 10°A.
‘ : i) Base current ’ - Impedence = 0.5 — = 10% ohm.
i S IR P o A : ,0.05x 10
We know thata = T = = -
idio] “E : o : - ¢
< Jig _Fot a constant drain-source voltage if the gate- source voltige is
= e - 095 = 66~ == changed from 0 to -2V the corresponding change in drain current
B i - Ig - becomes 2 mA. Calculate the transconductance of the Fl-.'l' If f.he
ki a.c. drain resistance is 100 Kilo—ohm calculate the amplification
< T ——gms - — # — factor of the FET. —
0.95 . : 4 B!
o ) I 'D
1= =T We know that I = IC’;"’IBf Sol: Transconductance g = (6 VGS)V

Ll = Ip=loo
‘ - = 6.95-6.6= 0.35mA."

Here dlp= 2mA= 2x107A
b i3 ii) Current gain N ‘

dVgg= 2V
s Ic 66 :
B = o= s ——

2%10~3
I; 035

= 1886" - Ba= T — = 10~3 ohm.
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r -
Amplification Factor'p= 8, *'d

o= 107x 100X 10° 2
imentally frOm a ppy

. expe
The following readings were obtained

-0.2V
Y —= - oV
Vas ov 15V
= \"
Vps = 7V 15 9.65 mA
e Ip = 10mA 10.25 mA

“n“ducunte a }
Determine (i) a.c. drain resistance (1) Reaye nd
(iii) amplification factor.
Sol:-

i) a.c. drain resistance

9 Vpg

T Vas
ﬂ'\
When Vg = 0, the change in VDS is from 710 15V AT
x

S ps =157 = g11

‘When VGS = 0, change in-drain -

———

current is from 10 mA 10 10.25 mA
T 31p=_1025-100 = 025 mA = 025x 1073A
i Tq = | = 32 03
4 ‘025x10 x1 !
Iq.= 32 kilo-ohm. 1
. B
ii) Transconductance L
) | ( alp ) f
BT ,
9 Vgs' , i
* ’ Vbs )
AN et

61
Whe
hen \/“.4 = NG Y, e hange in drain

thtent is from 10,25 mA 10 9.65 mA.

aly, = Y65 = 106 mA

10,25
06w 10°A

When Vi 15V, the change in Vgs is from OV to -0.2v

Y V(lf& s 02«0 = 02V \
06%10° sl b
"lll T K * e
£,= 3 p mho.

iii) Amplification Factor:

b= g oxry
= 3x103x32x10°
n=_96__

A common-source FET amplifier has a load resistance R =500

k-ohm. If the a.c. drain resistance and amplification factor of the

FET are 100 k ohm and 24 respecuvely, calculate the voltage gain
. of the amplifier.

Sol:
. mRy 5
Voltage gain Ay = T+ Ry
Here p = 24; Ry = 500x 10> ohm.
g = 100 x 10> ohm.
_ __24x500x10° 24 x500x10°
Y™ 100 10® + 500 x 10° 600 x 10°
o Ay= 20,
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LASERS AND MASERS

1.Basic concepts of Lasers and Maserg

<slimu'la!ed emission of'Rndintion." Las'er\produ(:es a highly i:l‘:'.l by
coficentrated ‘and ‘parallel beam of monochromatic and coheren ;».nsc,
- The word MASER is an acrony for "Microwave Ampliﬁm"olgh"
-——stimulated Emission -of Radiation.” Thé-major difference bcxn by

{he Masér and Laser is their working gfquéncy. The typical op e:ﬁe"
. _frequencies of Masers are_nearly10— Hz whi requencies 1o
"' wpich Lasers £ of 10 Hy. Albert Einstein
" was the first to introduce the idea of stimulated emission. It Wa:

A.L. Shawlow and C.H.Townes, the two American scientists who
investigated the possibility of this method- for developing optical -
—generator 1m July-1960,_—the“first~uptigl—quamum--genemlor»was—'—v

" The word LASER is an acronym for "Light amplificaq

constructed.

fﬂowndemmnd,ﬂheﬁhserﬂgi on+one—should--know--about—.-
. spontaneous and. stimulated ‘emission. In every non-radiating atomic
"8ystem, there aré @iscréteenergy ‘levels."Whenever an electron or an ‘
--atom occupying-a-higher energy level E,, -jumps into a'lower energy
level Ej; the excess of energy of the particleis radiated. The frequency
“——of-the-radiation-is-given-by-the -relatiof-—— :

: By - By T
g -where h -=is -.-the
76,6256 %~ 10749577

-Planck’s- -constant whose ﬁrélue is

"7 Suppose a.radiation -of energy ‘hy q¢7§aclly equal to the-energy
difference between two levels E; and Ei«falls .on the system.-An tom
din the Jower energylevel may absorb'ihat energy and go to the higher
energy level. “This_process is called:absorption. Now the’ atorn’ is in_

J—1

53

.. .ed state. In the excited state, the atom is unstabl ithi
L oxcite excited state, the atom is unstable. Within a
!bc time of the order of 10 %40 10 second, the atom will return
10 _ hc-original stafe without external stimulus. This process is
it

/gp/olﬁlféaus emission. This spontancous - emission is a
m|.pr00¢55.

pat
‘called
satistl
An’ interesting phenomenon, however, occurs if a photon of
sergy hy exactly cq\{al l}) !.hc c.ncr.gy diﬂ'crcfxcc between the two states
Jlls on a0 atom ‘whllc ‘ll. is §llll in the excited state. The atom gives
q5 LMMMLMMQMJE,cMsion.
@ is process is called the stimulated emission, It is this process that
B . Atin Maser.and Laser action. The different process is shown

Eq Ef

“h¥ = E,—E,

E: €
TAbserption_

Sbontanecss emission

=€
. A * R
et =—Ca - e

‘h'l,— Ea-E, |E 2 . l‘ he

P | - - Y =€ —
\ 2=k, ¥ E‘_ E, W

) A

1 . '

v £, x

Stimulafed Emission

A ) " Fig31. _

+““The population inversion is the other term which plays an

important role in the Laser_action.(When the number of particle

“occupying in the upper energy. level are more, ‘stimulated emission
will be dominating rocess than absorption. If the population in the

lowgr .state¢” 1s ‘more, absomuon will be ddminaﬁng. So for the

dtimulated emission to dominate it is necessary 1o increase the

opulation of the upper energy level so that it is greater than that of
¢“bottom. This is known as population inversion. Under norma.
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. . e to fi
energy level. In order to obtain Laser action, it 15 ncccsszr}' [find a
populated. This_was

technique by which the upper level is more 3
achieved by pumping the atom at the lower level 10 the higher Chergy

evel.

So for the Laser action the following conditions are necessagy:
nergy lchls (Fq > El)
hich is to be stimulated.

(1) ~There-should-be at least a pair of e

_ separated by the desired radiations w '

(2. Thcnemu_stbea means of inverting the population N; at the
higher efiergy ‘level E; is always greater than the population

" Nyatthelower-energy level B ... - -
(3) There must be an electromagnetic system Which can retain

"7 thephoton-of energy E, — E; with low losses so that'they

can be used. for stimulation. ' .

b. Stimulatéd Emission.

Let us consider an atomic system placed.in a radiation field of ff -

energy density E(y). Let E; and E, be the two energy 1""‘_’15. occupied

by N, and N, afoms Tespectively—Thers are-two_possible process |

taking in an atomic system. . ) ]

(1) Spontaneous transition *from—t‘h’e-leve'l_Ez;.m_E_l,-_m,_ﬂy_@g;

o place. Let' A, be ‘the spontaneous emission -transition}
probabilify per unit time.

(@) .Secoil'dly absorption of energy hy can take p

lace. This results

in the atom being raisedhfrom the level E; to E,. Absorption jf

transition per unit time-is-proportional to the energy density

E(7). So the induced absorption transition probability per unit § .

ill:‘become Bj,E(y) where By, is the absorption)
ity -per unit time per.unit energy density. . . 3
an.atom in the

time ~w.
P ;
3) 'Thiidly'-ti‘;é adiation ficld may interact with

proportional ito the energy density of radiation field. So the.

probability of induced emission per unit time can be writteif ©

as'B,; - E(y) where the constant B, rcpx'esents':-'th‘c'I'influt:ﬂzr
emission probability per unit time per unit energy density..

" given by Boltzmann.

‘W
If there are Ny stoms in the lnv?l ¥y the number of atoms 1p,,
fall from the level £ o By per unit time is equal 10 [Ay, + B,, E(T)]
N,. The number of atoms that rize up from the level E, 10 E, per
unit, time is ll,2l€(y) Ny 50 the net rate of change of atoms sz/dl

. in the level I, per unit fime in given by

dN 2
dl2 - By, BNy = [Agy + Bz E(OIN; 1)

Under equilibrium condition, the net rate of change of atoms j,

- any level must be zero.

dN
52 = 0 0r By BNy = [Azy + By BN,

The cquilibrium distribution of particles among energy level is

—

N; = N exp [-E;/KT] wee(3)
where N; is the number of particle in the state of energy E,
N is the total fumber of particles and K is the Boltzmann’s

~z:-constant. Using this the ratio between the number of atoms in the tw
—=-definite energy level is given by_

N, - ‘

N - Exp[—(E; - E,)/KT]
or N, = Nl.exp [HE, - E;y KT ]
N, = N; exp [-hy/KT] ) -(3)
Under normal conditions, the population in the Jower energy level

¥

is greater than the population in the higher energy level. Substituting

. . 7 ih ; : . 2
higlier energy state E, and induce it to fall to the lowerf - e value of N, / N, from equation (3) in equation (2) we get

energy state -E;. The probability of induced emission isf

BlZ E(y) €xp (hY/m = A2l + le E(Y)
- ,"— 'AZI/sz
©xp (&7/KT) - B, /B,

\

E(y) ' 1 '

¢
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e s iati formula gives th .
Tl}e Planc.ks Mdla"::ltum o g e energy density of Emission rate_ _ N,
radiation at 2 given {€TF° 2 Absorptionrate .~ N, e (10)
. 3 '
& ) . =y At any fixed t :
E() = ﬂcs “exphy./KT)-1 | .. ol y ) emperature, the atomic population N, in the higher
) \ ‘| encrgy level E, is always less than the atomic population N, in th

*‘Co‘,;;@“g;nggduaﬁon (C)) apd (5) we get .'lﬂwcr r:ncr;‘;y lcv‘cl E,. If by some means we can able lcl) e[fc;
- A /By = &diy/é 0 u]:.mon nlwcrsxon so .lhal N, > 1’?11, ‘we can maintain the emission
/By = SENTE e (6) rate higher than absorption rate. This means that when a radiation of

e iapd - Byy/Biz 1 orBy. = By

Tbege ;;t:latiom
__constants Agy, Byy and B
Substituting equation (7)

3{???’1'};"'?,‘ ZEmSlCJn'S coefficient.

in'equatli‘élr("t)- we gél

e s ous Gmission”probability Az
) Induced emission prdbability o B,; E(y)

v = exp (by / KT)-1
-v—;-lf;byo-KfI‘,;sponmpeoxfs:cﬁljss
* induced emission. If hy <
“jmportant. This is’ possible: in the"
“microwave as well as in thc visible Tegion:

Let us now find the co

caii be induced or stimulat 1

is being continuously bombar(‘ie;gi by photon 2
— condition_prevail, we can write “the’ ratio -of emission ra
absorption raté as B

A S v 4 - : —
ey _Emissionrate. - _ . i ?Pcm‘fOH leadin ulation
: '_//}.bsorption s = ,.":" “Bis- EGN; i inversion is called pumping,.
Pl i ‘ ) N i . . - X B E
i Al N,. 3 ‘With the aid of energy level - '
S P | gt o (9)} ;.. diagram of a three level Laser
i R "‘BZI E(Y) 1 ! ig .3-2 \ i
2 ; 3 g :3-2), we may explain the.

.. Ifthe energy difference between the t

{he ratio hy /KT is small, the quantity ‘Az

. small as compared to unity as seén from equat
"(9) becomes i T

/ B ¢
jons (8). S° the equati

ot e

were first obtained by Einstein in 1917. The,

i e , ()
5. ion _is much more probable thar
KT, stimulalcd 'emission: will becom¢
case’ of atomic transition in the

nditions under which the radiative emissior
d contintously. In the case when mattei,
nd non-equilibrium
te to the

wol evels-is small such lha
' E(y) becomes ver!

0

&

~nergy density E(Y) passes through a system in which N, > Ny, th

; ‘l,')“__'dli-?-ﬁbn comes out with mqrc_!pholon,of frequency y l!zmn lh;; a:’,
icident on the system. This situation is referred to as the w

ot amp]ifim,tion by stimulated emission of radiation. If the mdialio:v‘e

= jn'the ‘microwave region, the phenomenon is the Maser. If the radiati -
is in t‘hc visible region, the phenomenon is the. Laser. >

&: Population Inversion

: . ‘To,,obtain amplification of the electroma i

i‘pt,cr?‘c!__ifm' with the laser material, a state of popg:lea(llx‘(:)n‘zz:j:rsl:::‘;lgaz .

: oj—.l_)c-crea. ted between—the ievels which: mke,rpan in the optical

+ ‘“transition. In the thermal equilibrium, there are fever atoms in h[;gher
: gn_cggi)’{_flgvel E, than in a lower lying level E,. The ratio of populatio
densitiés at room temperature is N,/ N; = 1072 For b K

the ‘number of atoms in the higher en

=10 L2 action
grgyjstate should be larger. So

?quit[on necessary . for the )
ttainment of population

E'Vi:rsion. In thermal equilibrium,
OS'. of the atoms will be in the

{

i
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ground state. Using a flash lamp, the atoms are rn
_ State to broad energy ‘band denoted by @ Once 3
broad energy level ®,:it may relax to either the
or back to ‘the gmund state. But if the primary
is a ‘fast,“due to ‘nion-radiative decay, most of
Adevel @. The upper Laser level is a metast
"‘relaxauon‘nme"ﬂence -an accumulation: of atom i
possible: If the'raté with which atoms are pumped from the ground
staie 'to the broad' éhiergy level is sufficiently highs the miiber of
atoms “reaching” ;ch'r"emauung i ‘the “metastable staté_€XCeeds the
—number—of—atoms~m-1he :ground state “This results -in po Puhnoﬂ

inversion. ; »

ised front the gm“lld
n atom €Xists in the
upper ‘laser leve] ®
laxalxon mechamsm
the atOIﬂS will reach
ble level with 1o
n- lhat S!ale is

" To a"'lneve popu]auon inversion the rate of increase in u,e
popu]auon of thc bmad excited level @ is glven bY ;

noni-radiative- relaxauon time. In equahon (1) of the three terms on

‘e right - Sl s

md__tmnsm_o_n_pmbablhwd d x,is the fast

59

TSyTror

1 = .
In this we have assumed that T2; < 3 5‘_“?“"’”’ the rate of

& . increase in the population of Jevel @ is given byA the equation

: dN; ' Np "Np )
) dt = 121 T10 :

' where the first térm on the right represents the rate of increase in the

population due to relaxation from the higher broad energy level ang
rate of decrease in the population of leve].

to the ground state,

the second term denotés.t the
®@ as a result of atomic decay from level @

In the steady state,

(1) “the f'u'st repn:sents the rate of i mcrease in the populatlon of |
" level. @ due to absorptxon of energy from the incident;pump. _

(2) the sewnd repments the rate; -of decrease of the pbpulahon
due lo stunulated emission back to-the ground stafe-and ;

—-—(3)—-!he—¢h1rd‘feprtsenls -the -loss-in-population -as- a-;esil]t-ofqthe
primary- relaxatmn mechanisin to level @ ‘

‘I the steadytstate, It o L R

de i

—1 - Y ¢
B v ot Tzl : AN

~N, = 0 N; 6)

Relaung N1 to N by means of the prevxously denved equauon,
Cweobtain . &
' Ny oo V 3

i FI:_ = WTg. _- - i " f""(?)

— T lempeat

Hencc populauon wxll bc achieved when W > ?1— or when the
PR 10 ' "

* pumpmg -rate from the_gmund state to the  broad energy le\cl
..éxceeding the relaxatlon rate from level ® back to the ground state.
Thus if the pumping rate is greater than the relaxation rate from. level
@, atoms will aocumulate in that level which wxll eventually lead to
-a populatlon mversmn T e T ieoks i

*“'In‘a three lcvcl system “at I¢ast 50% of the atom have to'be ufud
oul of the ground state if the populanon inversion is to. be mhsei
0'a four-level pumpmg is Tollowed. In this to ‘achieve a popumlon
nversion, only a small fraction of atoms have to be pumped fmm.th'
jund'state during Laser m:hon The simple model of such’ a ,stn
Shown in Fig 3-3
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Fig 3.3
In this, first atoms are raised from the g_ro_und state into the

broad energy level ®. A fast, non-radiative relaxation from this excited

state ensure primary into level @ which serves as the upper Laser
+ level and is usually a metastable level. By virtue of the long relaxation

time of level @, an accumulation of atom in that state occurs, Level
@ which serves as the lower laser level possesses a fast relaxation
“time. These two levels will ensure the eéxistence of popu]alibn
inversion. In this only a small percentage of the total atomic population
has to be lifted out of the ground state ‘in:otder to create the desired
population inversion bétween level ® and @

We can show that the population inversion bcl\;leen level @ and

Q) is independent of the pumping rate and will be achieved under the
condition when t; > Ty5. L ' '

d. Metastable State =~ ] 4"

Initially most of the atorns of the Laser material are in the ground
level. By pumping the atoms in the ground state are raised to the level
@. The level is-usually made up of larger number of spectral levels.
This makes pumping to be achieved over-a wide spectral range. The
excited atom from the broad energy band are transferred to sharp level
@ by radiationless transition. The lifetime of the level @ is larger than
other levels. 'So atoms accumulate in the state, So the population

61

o es in this state. This state serves as upper
jncreas

Laser level. This
called the metastable state. g =

5 evel is ,
: The existence of metastable’level is very important for the Laser
i i‘(;n to occur. The relatively long life time provide: mechanism
ac‘l ful to achieve population inversion. Because of strong interatomic
> »ht; - ling, most of the excited atom decay through non- radiative way
: 'co‘;phenoe short life time and broad line width. A few atoms of
2:lecfed atoms give rise to radiative transitions. )

The transition frequency from level @ to level @and from level
® to the ground fall within the frequency ‘of lattice vibration of host
- crystal lattice. Hence all these atoms relax by _gmviding_ honons to
- lattice vibration. The order of 13, and T, is 10™ s to 10~ 15, But L7
".. will be of the order of 1075 510 1073 s, Hence the pumped atoms
" will have a long life time in this state and this will be the metastable
", state: The metastable level is oné from which all dipole transition to
' Jower eneigy state are forbidden. PR
‘ Thus in the absence of metastable level, the’ excited atom will
.. ‘directly return to the ground state through spontaneous emission.
: “Hence the existence of metastable level is a must. For population to
~ . build up relaxation out of lower level thus be fast i.e Ty > Tjq

| 2. Types of Masers and Lasers
¥ a. Ammonia Maser
: Qw

h | .
. ’
’ N\, .

Apargnrthl— ENERGY

o X 5
OISTANCE
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* Ammonia molecy]e NH3, the three hydrogen dtoms’ lie m a plang at

PYramid“as shown g Fig 3-4. 1t has an energy minimum on ejtpe,

Side’of thie plane of the hydrogen atoms and'a potential barrier. It p,, |

a maﬁlnum
Titrogen atom car tupne| through the plane of the hydrogen atomy

and such a transitjon is'called’ inversion. The transition between these

AllflVCISlon devels by the nitrogen atom gives rise to a strong emission
line of fl_'equency of 23,870 MHz or a
in the microwave region.

the nitrogen atom is pictured as flipping back and

fpnh at the ‘frequency 23,870 MHz. In the quantum picture, this js.
. ‘ between  ‘inversion energy levels. At any | -
temperature, the nitrogen population xfgx the two energy level is given .

def'cﬁbed as ‘ transition

by tlie.Bo]tanann's formula
 Np =Nyexp [-E, - EykT
2 = Npexp{-by /KT]
W.h_cl.‘e N, is the x'lilghber of hiubgen alt_o‘:nis :iliiihe level EQ'And Nl is
the number of nitrogen atom in. the .level E;. The above: equation
suggests that under normal:condition N; < N;. Population invérsion
ls_'ob_tamcd_ by segregating the lower energy molecules from the highér

‘The e"s's_ém?al Pparts of ammonia Maser are shown jn Fig 3-6. The :
ammonia gas'from ‘an oven kepf ‘at. room temperature is allowed to .

flow at-a uniform rate at a pressure of.1 m.m
focusser. The electric field is inhomogeneous.

into an electrostatic
The molecules of

ammonia which were in the lower energy state were attracted while |

those in the higher energy state were repelled .by the field and

molecules are removed by a .vacuum pump. Almost all of the
molecules entering the cavity were in the higher-energy state.

Vvalue in the plane of the hydrogen atoms (fig 3-5), The -

wavelength of 1.26 cms, It js

SR B i A7

2

continued in motion along the axis and into a cavity. The lower energy 3f

The first.gas Maser was &eveloped‘ by C.H.Townes. Iy the f 3
1
4

the'cok:;exs ‘of a triangle. The nitrogen atom is at the apex of tp;;

|

1,

il B
|/

1
a1~
B

i

£

.

- practical applications since it can
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INPUT

ouT WL_I" o
]

S e ———

-

OVEN . - N Bt SO

CAVITY

Fig 3-6
The upper level molecules were bombardet.l with a microwave
of frequency 23, 870 MHz. The excited ammonia molecule gave up
their energy in the form of additional photons at the same frequency.
So the incoming waves werc amplified. This produced a-beam of

microwave _energy of a very high purity.
The excited molecules, then, entered a-metal chamber. The inner

- walls of the chamber were highly reflective. The input signals were
-, allowed to enter through a wave guide. This is reflected many times
- - inside the chambers. So new photons were produced. These photons

were also ‘reflected in the chamber and additional photons were

= produced due to interaction with the molecules of the gases. When
* the number of ammonia molecules in the chamber was sufficient, the

incoming signal could be stopped. But the production of new photon
could be maintained. In this way the apparatus could also be used as

3 . 2 generator of 23,870 MHz frequency without any incoming signal.

But the Maser first designed by Townes is not quiet suitable for
operate only at one frequency wik
it is a low noise amplifier, but with
be converted into a high precession

no means of tunning. Basically
a suitable feedback, it can also
generator.

" b. Ruby Laser ' B 5

The ﬁrst.successful opcratidn of the Laser was achieved by
T.H Maiman in 1960, using ruby crystal. Ruby is an ajuminum oxide
——J 15-an aumnam Qe
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. lJuminium atoms have bee;
. which a few of the a ;
::ll'uvmium atom (AL;O5 - C**) Tt:c Chromium atom take pary inL,
action. Maiman used 0.05% crt o get a pink colour, is Ser

the chromium absorbs ultraviolet, green and yellow and trapg
red and blue.
Ruby Laser apparatus is shown in-Fig .3-7. The Laser o
of three main parts.

N replaceq b

becayge
mitg only
nsistg

FLASH LAMP

AN A

’ LAsSER
BEAaMm
M RURY ROD
T |

UV

— 11|+

_ Fig 3-7. . {
(1) an active material

(2) a resonant system made as two parallel plates with reﬂécling
coating applied on them and

(3) an exciting system usually made up of a helical Xenon flash

tube and a power supply.

The working element of the ruby Laser is a cylinder of pink
ruby, usually between 0.5 cm to 2 cm in ‘diameter and 2 to 30 cm in
length. The end faces are grounded and polished so that they are plane
and parallel to a high degree of accuracy. One end of the faces is
provided with a co ely reflecting surface, the other end is partially
reflecting. The ruby rod is arranged along the axis of the helical Xenon
flash tube in such a manner that the coils of the helix encompass the

rod.. The flash of the tube lasts several millisecond. During this period
of time, the tube consumes energy amounting to several thousand of

65
i and most of it is spent for heating the apparatus. The other
ou [fer part of the energy in the form of blue and green radiation is
_sr;:*o fbed by the ruby. This energy ensure the excitation of chromium
a
ions.
The opcmlion of ruby Laser can be explained with the help of

nergy jevel diagram shown in Fig 3-8. In this 1,2 and 3 correspond
e . . .
f chromium ions.
1o energy lever © o
Xe”
N e N
\?
® N
PumPInG ~
FREQUENCY
STIMuLAIs|D
EmissIon
@

GiRouN D STATE
Fig 3.8

In the normal, non-excited state chromium jons are in the lower
level 1. When the ruby crystal is irradiated with the light of Xenon
flash tube, the chromium atoms are excited and pass to the upper level
3. In this the light absorption band is 5600A. The absorption band
width of this level is about 800 A.

From level 3, part of the excited chromium atoms return to the
ground level 1 and the other part to level 2. During this transition,
chromium ions give off part of this energy to the crystal lattice in the
form of heat. The probability of transition from level 3 to level 2 is

. 200 times greater and from level 2 to level 1, 300 times smaller than
_ probability of transition from level 3 to level 1. The transition from

level 3 to level 2 is non-radiative or raditionless. States such as the
middle state are said to be metastable state. Population of the middle
state builds up and population-inversion is achicved.

- Insuch a system, the probability of spontaneous transition at any
moment of time is very large. The very first photon appearing during
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such spontaneous iransition will knock out af:st pho n Wit i k:leu
neighbouring atom. The atom from which the 1t op otons Wi d ock
will be brought to its ground state. Now these ‘wi four an< SO op,
ot two more photons and their total numbers Wil e first Wave. of
The process grows practically instamango“sw'. umn and Cause
radiation on reaching the reflecting surfacc, wi sition and in the
further increase in the number of induced 1!
radiation intensity. cration Will rise
Such a process will repeat many times. The gc;:éilcd particle of
and the power will increase till the majority oI: the € (he moment of
the active material give off thc energy acquire ¢ through the
excitation. A very high intensity beam will ?mcl'gn of this beam
partially silvered end face of the ruby rod: The directi©
will be strictly parallel to the ruby axis.
. b-level: In the case

In fact the level 2 consists of two close Su and R, are

the exciting power is insufficient, two weak lines il respectively
emitted. Their wave lengths are 6943 A and 6929 .

X =ijon. With a
This ‘radiation is mainly due to' spontancous ransition: n

. . . jation . at 1
Increase in the exciting power; the intensity of radiatl .

wavelength of 6929A is practically no more increasing and at lhel .

v.vavclenglh 6943 A generation is established.

The output has the enormous power output of more ‘h““_104
walts over a beam of cross-section 10”4 .square metrc. The_emitted
band is within a wavelength interval of about 0.02 A. The beam fm':‘
the ‘end face of .the ruby rod Has an angular spread of less than 1°,
The output of ruby laser is 10-20 killo watt in milli SC/C_(MLSES-

c. He-Ne Laser

The He-Ne was the first Laser to employ a“gaseous medium for
the lasing action. Its high temporal and spatial coherence and relative
simplicity miake it a highly suitable device for numerous measurement
techniques and applications. The first He-Ne Laser was developed hy

AJavan in 1959. A schematic representation of such a laser is shown
inFg39. - - - i

67

MIRROR i PSS’-"":;‘F
. BRE w,y‘ﬂ X <o
w

P WINDO

|"‘

Fig 3-9 .
Az tube with a diameter of abgy

The gas Laser is a fused QWL ooy with a mixture of gases

1.5¢m and 80 cm long. This tube. of H, and helium (He) unde;
eon (Ne) under a pressure Of Oitr;l,:,‘;c resonance “Tines in gas ar
. . relatively na .
determined primarly by Doppler width ?nd iar:ca gas Lasc)r inv::v:;
Hence the most common pumping mccmmsmns and other atoms ip

¢Xcitation through collisions with the electro harge may be achiev, Z
gaseous discharge. In a He-Ne Lasel the dise he gas mixture Whe
in a tube by passinga direct current ll.lm.ugh : ‘i.”‘siﬁé i.ons "
discharge occurs, some atoms are jonized, creaing pob th =
free clectrons. The free electrons are acted upon by the Applied
electric field which accelerate and increases their cnergy. This is the
initial state in the excitation process.
He

4 press m of Hg

r4
]

O
o

| 1
3
T
‘§
L
v
»
“ o

"
[t
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The attainment of popu.lation inversion betweey,
electrons energy levels of Ne in the H.e-Nfz Laser ¢4 be ::n;efou‘
using the energy level diagram shown in Fig. 3-10, Plainegq

When energetic electrons in the gas discharge strike
they excite hese atoms, primarly inio level 2'S and 235, gy.C. 3loms,
excited He atom collide with unéxcited Ne¢ atoms, théy may il e
energy raising the Ne atom from the ground state ingq the 35 , dnge
energy levels respectively while they drop back 1o the gl.mmdn 28
This pumping mechanism will continuously act to Populate 1, \f le.
and 2S levels. Thus population inversion is obtained be‘w%n‘ l; 3s
levels and lower Ne levels. The three most importang He-Ne laese
lines are due to the following transitions. ser

1) 3S to 2P. The wavelength emitted s red line a
2) 2S to 2P. The wavelength emitted is infra red 5
nm (1.5 um) and

3) 3Sto 3P. The wavelength emitted is infra

nm (3.3%um)

If a single line oscillation such as the 632
special measures have to be employed to suppre
the desired line. One such technique is the
This allows only the desired wavelength and ot
the axis of the plasma tube.

16328 pp,
1115 x 103

red at 3.39 4¢3
-8 nm line js desireq

use of Littrow Prims,
hers are reflecteq from

Advantage :

The emission ef a gas Laser is highly monochromatic apd
coherent. In a solid laser there may be crystalline imperfec(ion,
thermal distortion and scattering. But these are absent in gas lasers.
So the emitted light is more directional and more monochromatic.
Gas lasers are capable of operating continuously without need for
cooling. Gas lasers are used in optical testing and optical alignment,
scientific measurement of many types and accurate length and distance
measurement both in surveying and at small distance.

ss all the lines except -

-1V -

OPTOELECTRONIC DEVICES

1. Light Emitting Diodes (LED)

o5 Inn.oduction

The devices in which photon plays z major role are czlled the
tonic devices or photo devices. ﬁm:-
phii]'e’m}l semiconductor. The zbsorption
pnnf:llp‘ by semiconductors is associated with the transfer of rzdiznt
pf hgf to the crystalline lattice. If the radiant energy is greater than
le::rfirk function, t i £ alom comes out of the 2tom.

This effect is photoelectri This is the so zlled exinm=ic
hotoelectnic effect. Photocells function on this principle. When light
:)ncidem on a semiconductor, electron-hole pairs are generated. This

increases the electrical conductivity. This is czlled inirinsic
photoeteTinic effect. This is used in photo-resistors, photodiodes eic.
hotor1eTnd ellect.

Photonic devices can be divided into three groups.

(i) devices that convert electrical energy into optical radiation -
the LED and diode Laser.

(i) devices that detect optical signals through electronic process-
photodetectors and

(ili) devices which convert optical radiation into electrical energy
- the photo voltaic device or solar cell.
—_—

The electroluminescence phenomcenon was discovered in_1%07.
Electrolumeniscence 15 the generation of light by an electric current
passing through a material under an applied electric field.
Electroluminescent light differs from thermal radiation. It conizins 2

Namrow range of wavelength. In LED, the spectral line width is 160

1o 500 °A. The light may even be nearly perfectly monochromatic zs
in the diode Laser (0.1 to 1 A)
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Fig 4-1

The luminescence properties exhibited by semirorductors are-due
to.the transition of electrons from the valence bangd of from the
impurity levels to the conduction band. Thesc excess nonequilibrium

electrons perform revere quantum transition to the-valence band
| , or.

i .
{ stable. Upon |" I‘.\,(.]s. During '

4 of electron

‘ 7
the i 3 . ,
ns;::i impurity levels and recombine with holes The |
or ivi 3 . o . .
radiatia 1S are divided into radiative and non-radiative, The ““llum
Semi NS are called recombination emission. €itteq
S¢miconductor, ‘ of the
conducij
onl duction band to valence band. In others, the transitions aN:rom the
Yy through the intermediary of one or two impurity level €Xciteq

lattice defecates : S Or {hg
located in g > OT thoge
shown iﬂ Fig 4-[, ! the l.’and 3p. “85e “3“51‘10115 are

to
tra
ed In som
radiative transition take place direcﬂye(

In non-radiative transition, the liberated energy is expendeq -

hcaling the cj i i
rystal lattice. This may occur either th impurj
level or defect levels. d : fa ity

c. Lum.in&scent Efficiency

For-a given input excitation energy, the radiative recombination
Process is in direct competition with the non—radiative process. The
quant}xm efficiency n is the fraction of the excited carriers: that
combine radiatively to the recombination. It may be written in terms
of lifetime as '

n = R,/R = T T+ 71,) i (1)

where T, is the nonradiative lifetime and t, is the radiative
lifetime and R and R are the radiative recombination rate and total
recombination rate respectively. The recombination rate and lifetime
are related for p-type layers by '

R = (n-ny)/t A werl2)
For n - type layers by

R = (p-p,)/t )
where n, and p, are electron and hole concentration in thermal

equilibrium and n and p are electron and hole concentration u{lder
optical excitation respectively. The minority carrier lifetime T is given

by _ _
T= T an/ (Tm' ".'Tr)

For high efficiency, the radiative lifetime T, should be.very small. ,
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4, Method of Excitation

. be excited in different w,
Juminescence may . " oy e W YS. The
;::O(ﬁ) avalanche (iii) tunneling and (iv) injection P“‘Ce};sim
S,

Elec
(i) intrin® Bl ,
¢ the intrinsic excitation, a powder of semico

. . - A ndumo :
erd in a dielectric medium or in the fcfrm_ of thin homogene'o is
su;ﬂ:ated semicrystalline films. It will emit light only us
su

. is 1 h 4 on "PPIying
Itage. Its efficiency is less than 1%. This "‘echanism

Ctron or ﬁe]d

mating VO o I
an a::ienly caused by impact ionization of accelerated ele
is m

emission of electron from trapping centres.

For the avalanche excitation, a p-n junction is revers
When the reverse voltage iS_in-the‘ avalanche breakdown,
hole pairs produced due to lionization. It may result in ¢
light.

Electroluminescence may be excited by tunneling Process. Whep
a largg reverse bias is given to a metal semiconductor barrier, hojes
at the metal Fermi level can tunnel into the valence band. It makes 5
radiative recombination with electrons that have tunneled from the
valence band to the conductjon band.

€ biaseq,
electroy.
missibn of

More promising are semiconductor emitters whose operation is

based on the effect of injected electroluminescence. These are light -
emitting diodes in which ' radiation. originates through the
recombination of electron injected in the p-region by the P-n junction
biased in the forward direction. These injected electrons recombine in
the narrow layer adjacent to_the junction. The recombination
luminescence so produced may be of sufficiently "higher intenéity.
Light is emitted at small direct voltage of about several volts. The
wavelength of recombination radiation is greater than the energy gap.
The ‘spectral distribution of recombination radiation lines within 200
to 600A. The emission spectra obtained extends from far infrared to
green and dark blue light region. The emission of light is easily
modulated by the current of the light emitting diode. .
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Light Emitting Dio_des
e. '

- bination of charge carriers takes place at a p-n j\mcﬁon‘ as
: e from the n-side and recombine with holes on the p-side.
electrons cmssam present in the conduction band of energy level while
Free eledﬂ’“z present in the valence band. Hence the electrons are at
free holes ar level than the holes. When recombination takes place, some
higher cnergy is given up in the form of heat and light. If a semiconductor
of the enel'gny11 the light will be emitted and the junction becomes a source
lsftr;““l": a light Emitting Diode.
o When a p-n junction diode is forward bi:?scd, carriers ar.c injected
he junction to establish excess carriers abov'e their thermal
o s t- values. These excess of carriers recombine and release
ethbnumnetic energy. The electrons that are injected in the p-side
clectroﬂ:;*fwnwar d transition from the conduction band to the valence
mak: :nd recombine with valence band and recombine with holes.
l;:ﬁng this process photons are ex.nit.ted‘ 'whose energy is hy = E
The.wavelength of the emitted radiation'is

A = hC/E, S )

acros:

g

where h is Planck’s constant (h=6.62x 10734 J-S) C is the
velocity of the electromagnetic wave ( C =3 x 108 mys ) and E.g is
the band gap Substituting the values of h and C and expressing Eg in
the ev in the above expression we get

A = —l'mum ...... (@A)
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e Jace similarly except

Light emission in the n-side of the junction mk:‘ds I:mnsilim‘ of cleciron
ission of

that the holes are the excess carrier. The dov«_m\'Vn sent €m
from the conduction band to valence band and subseq

photons due to recombination with holes are shown in Fig 44,
ds on the

. )
~ The colour of the light cmitted by the diode deper
matérial used.

(i) Material for LED
Gallium arsenide (GaAs), Gallium Ar

(Ga As P) or Gallium Phosphide (GaP) arc the scmi S
material which are used for the construction of LED. The radiation

emitted by GaAs are in infrared region. GaAsP emitlc c.ilhcr red or
yellow colour while GaP emit red or green colour radiation.

" The material which are used in LED should emit light that should

be sensitive to human eye. Human eye is scnsitive to light of energy
hy = 1.8 ev. Hence the semiconductor should have a band gap greater
than 1.8 ev. The most important semi conductor which is used in LED
is GaAs;_,m P, For o 0.45, the energy gap is direct and increasing from
E;=1427cvat 0 <c < 045x = 0to E, = 1.977 and x = 045 For
x > 0.45, the energy gap is indirect. For direct band gap semiconductor,
such as GaAs and GaAs,_, p,(x s 0.45), interband transition may occur
with high probability. The photon energy then approximately equal to
the band gap encrgy of the semiconductor. The madiative transition is
predominant in direct gap material. When x > 0.45, the probability for
interband transition is extremely small. Therefore for indirect band gap
semiconductor such as Gap, special recombination ccnlrr_.-.é are
incorporated to enhince the radiative: process.

An cfficient radiative recombination center in GaAS, _ P, can
be formed by adding an impurity such as nitrogen. The impurity
"replaces phosphorus-atom in the lattice sites. Even though the outer
electronic structure of the two atoms are the same, the core structures
are different. This difference gives rise to an clectron trap level close
to the conduction band. A recombination center produced in this way
is called an isoelcctronic center. Normally these are neutral. In p-type
material an injected clectron is first trapped at the center. The
negatively charged center then captures a hole from the valence band
to form the bound excitation. Then the annihilation of clectron-hole

sencde Phosphide
conducting

. Charge carrier recombination occur in

75

y is equal 10 band gap minimum ay

binding encrgy of the centers, Thus

Pair yielgs o photon whose energ
reatly enhanced. This radiative

CIergy approximately equal to the

s Probability of dircct transition b nt in indirect bandgap
fecombination - mechanism is predomin?

" »_, the efficienc
Malerials such as Gap. In the case of G/t ’.c"..'fhc efficiency fs
Without nitrogen drops sharply, but with mm,l;lst') show, a shift of
Considerable higher. The nitrogen doped alloy 4%

the peak emission wavelength.

(i) LED confi 7 ‘

iguration . ] ey

The basic LED structure is shown in.flg‘.‘-z': At::‘d')}’)r;cdflr’)fl\:z:::l

layer is grown upon a substrate and a p-region 15 crea on.

the p-region. Therefore it is

kept uppermost. The p-region, therefore, bccomcf ‘hz stzr:;lc:wo:'ng,cl

device. The metal film anode connections are ;(.i.chlg:(::nnccﬁom 2 msc
i i is is done by making

of the light to be emitted. This i 20 the ol

. . v ilm is ap,
outside edges of the p-type layer. A gold film i p :
of the substrate to reflect as much of the incident light as possible,

towards the surface of the device and to provide a.cathodc connection.
This diode emits light only when it is forward bmsc'd.

Emizod kght
i bttt

4—4. ¥ -.+++Tmm p- typa

N - PR
Ep n-typo

I
Cicuit

Gold film symbol
cathado ’

Fig 4-3

Uses of LED:
(1) Infrared LED are used in burglar alarm.
(2) LED are used in image sensing circuits.
(3) Itis used in the ficld of optical communication.
(4) 1t is used in solid state video display. '
(5) Itis used in numeric display.
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- 2. PHOTODEVICES

a. Photoconduction

At any temperature, a semiconductor has a certain amoupy o
electrons and holes in equilibrium. The density of the free elon free
depend upon the thermal generations of the carriers, Tons

. -AE/2KkT
m =" Nye™ ™«

LT 1)
The absorption of light by a substance is associated witp, 5 rele

of free electron. If the energy of the incident radiation is.grealer 1;Se

the energy of the band gap width of a semiconductor (thvs AE) ‘hean

will be a non- equilibrium of electron-hole pairs. These pairs ;ldd :(c)

the semiconductor conductivity by the value. )

Ao = q(u,An+ Hp Ap
In a wide band gap seirxiponduptor, the densit
be greater than the density of electrons and holes

Hence the photosensitivity will be higher than the
narrow band gap width.

Y of An and Ap will
in the equilibrium,
semicpnductor with

The mobilities of electrons and holes will be different in one.and
the same semiconductor. So we can consider the carries of only one
sign in talculation. For n-type semiconductor,

Ao= qu, An
The densities of non-equilibrium electrons and holes are
proportional to the radiant energy absorbed per unit time per unit
volume. The energy absorbed by a unit area in unit time is

_dL =KL 4)
dx .

Where K is the absorption coefficient and x is the layer thickness.

The densities of non-equilibrium electron and holes generated is
Proportional to the absorbed radiant energy.

Ap= An= BkL - R 0]

.

: 77
'whefeiﬁ is the quantum yield. The conductivity of th.c illumi'nale.d
1 increases with time. If-the electron-hole pair densn): is
f:xystn d, their recombination rate also increases. So for a given
!ncrea.seﬁ:on ‘intensity, a steady value of conductivity is set up in a
’“um.maﬁmc' At the steady value of the photoconductivity, the rate of
2:::: generation is equal to that of recombination.

" The steady carrier density is produced in the process of
illumination. This determines the steady photo conductivity. This must
Le‘pmponioml to the product of the densities of Ap and An generated

under illumination in unit time by the life time of the carrier.

For electrons Ang, = BkLt,
For holes Apy= BKLT,

T, and T, depend on the process of recombination. If greater the

P R p 3 ) -
number of holes in a semiconductor, the higher the probability of
electron running into a hole. Thus the less time, it stays in -the
conduction band until it recombine with a hole. Hence the life time

of electron is,

1
= — (8 and
" WP
the life time of hole is
1
T, = — 9
P an )
where y_ and Yp are the recombination coefficient for elt;ctrox{s
and holes respectivel

Y. The recombination coefficient depends on the

thermal velocity V of an electron and capture cross-section Qp

Yo = vx'an

..... (10)

The  cross section of electron capture by a

. trap centre -is
determined by the potential.distribution near this centre. .

Linear recombination occur when the concentration of
recombination

: centres ‘is high and does not depend on illumination.
In this case,
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1 sonstant e
T, = — = constan
Yo P
The recombination rate can be found on multiplying the

recombination probability by the density of carricrs generted py
radiation,

Ang, \_"p < 4o (12)
. Tn
The analo

of the form .

Ap %vn =22 (13)

Sl

change in the densit

A
generation ang recombinati

d(a
—(dT"z-_- ﬂKL_% ..... (14)

n

Y On non-equilibrium carriers resulted from
on is described by the differential equation

The left-hand side refers to a change in the density of carriers
due to &eneration and re

4 ! ccombination. The first term of the right hand
side describes the genenation and the second term recombination.

n this equation wiy be of the form.
An= TBKI(1-cVr,y

\ when t — %, the excess
which determines g Steady v.

The solutio

carrier density tend to an invariable value .
alue of pholoconductivity.
~If a sample is noy illumi

nated, the expression (14) can be written
as .
d(An) _  An
a =5 , wn(16)

For the initial condition An = Ang, and when t

_ i = 0, a fall in the
phoroconducuvity can be found by integrating.

An= Ange VT weee(17)

EOUS expression for the hole recombination mte will be

79
o Rclnxnlion curve describing ,"“. by a squa
'l";fluc”v“y in the case of ﬂlulllilmll(’:l .nilii(‘l“ time required for (he
' Fig 4.4, g AR i

By relaxation is mens or the light has beep
Photg L'unduc);ivily to reach a steady V"ll;‘:(-"(?f(lhc dark conductivity
SWitcheg onor the time takes to a steady va l"‘m the rise time and the
lter Wrning of (he light. The curve shows Hi ’

M time of photoconductivity are equal.

fall and rise of photo
re pulse is showp

An
Ay

fhamomooes o

}‘— Z’yhf'——,‘— dark :

Fig 4-4

b. Photodiode

According to the quantum theory, light or any other mdlg":
consists of elementary particles known .as quanta or pholon.' ;
photon posscsécs a definite amount of cnergy hy. where Y xs l e
frequency of radiation and h is the Planck’s cunstfml. When fl radiation
falls on the surface of a semiconductor material, a portion of the
energy is absorbed by the semiconductor provided the energy of cac}-l
photon hy is greater than the forbidden cnergy gap E; of the scni
conductor. As a result of the absorption, the valence electron of the
semiconductor material increases. This property is known as the
internal photoelectric effect which was discovered in 1873 at the time
of studying the electrical conductivity of selenium in the presence of
light. Devices like photodiode, phototransistor and solar cell are based
on this effect. The internal photoeffect must not be confused with
external photoclectric effect where free electrons are emitted from the
surface of the semiconductor when radiation of appropriate frequency
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falls on it Photoelectric cells are based on the externg] Photog)
clectric

effect. )

If a reverse-biased p-n junction is illuminated, the Curre
almost linearly with the light flux. This effect is exploited i, ltll'l Varjeg
conductor photodiode. This device consists of 5 pn c Semi
embedded in a clear plastic. Radiation is allowed to fal uJuncuon
surface across the junction. The remaining sides of the p];::f{ one
either painted black or enclosed in a metallic case. The entire ic Aare
extremely small comparcd to a photo tube. The s(:mic()n‘(;lm is
photodiode is of the order of tenth of an inch. Uctor

Rn.dv'a,l-inn

—_—
—_—
—_—

Fig 4.5
In order to operate a
photodiode the battery E is
connected in series with Ry and
the diode is biased in the reverse
direction as shown in fig 4.6.
Without any radiation falling on
the dipde, it exhibits an extremely
high resistance and a very small
current of the order of a few
micro- ampere flows in the
circuit. This is the saturation current of a reverse biased p-n junction
and is yery sensitive fo the variation of temperature. If the junction
is illuminated by any radiation, an additional clectron-hole pair will
be created in the region depending on the intensity of the radiation.
With a constant reverse voltage E, the reverse current increases
proportionally with light intensity. Fig 4.7 shows the volt-ampere

Fig 4-6
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characteristic of photodiode with different value of light intensity as

parametef.

If reverse voltage is excess o‘f a few tenth of a volt are applied,
an almost constant current is obtained. The dark current corrcs.pon.d_s
10 the reversc saluraliqn currc‘m due to thermally gcncfaled .mmon\y
carriers. These minonty ?amers fall down to Po}emlal 'wxll at the
junction whereas this barn.cr does not allow majority carrier lo. cross
the junction. Now if light [al.ls upon the surf?ce, addu.mr?al
electron-hole pairs are formed. Smf:c lbe. cor‘xcemrat‘xon of majority
carriers are greatly exceeds that of the minority camers, lhe.presem
increase in majority carriers is much smaller lha'n the present increase
in minority carricrs. Hence it is szlifiable to ignore the increase in
majority density and 1o consu?er the ) rad.lallon .solel)_' as a
minority-C?n'icr injector. These injected minority carriers diffuse to
the junction, Cross it and contribute to the current.

.

1300 LUMENS/ft?

g50 pa

E 585 LUMENS/ft?

<

€0 335 LUMENS/ft3
<o

P 145 LUMENS/ft?
o

S DARK CURRENT

0 20 30 40
VOLTAGE ACROSS DIODE

Fig4-7

c. Phototransistor

The Phototransistor is a more sensitive device than the
photodiode so far as the detection of radiation is concerned. The photo
transistor is the same as the conventional transistor except that it uses
radiation instead of electricity as the input signal. An important
advantage featurc of the conventional photctransistor over the
photodiode is the current amplification produced in a transistor.

A p-n-p or n-p-n germanium transistor wafer is mounted so that
the lens focuses the light ray on the area around the base- emitter
junction. Leads are connected to the collector and the emitter region

e—— -

]
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of the wafer. In some phototransistor a thread lead ¥

82 ¥ ed tO

5_3 shOWs

the base layer of the wafer as in conventional transistor

p-m-p

{ Fig 4.9 shows a common
p emitter type of phototransistor.
The principle of operation of the
| device is as follows

I When the device is biased as
! shown in Fig 4.9, the collector
| Jjunction will be reversc biased as
so most of the applied voltage
will appear across this junction

Before the phototransistor is exposed to any light, a small dark cu

flows and is equal ‘to the
saturation of the back biased n-p

junction. -
Since the ~lmse is open,
Ig = 0, the collector
. current is given by
I. = B+l

where B is the common
emitter current gain and I, is the
reverse  saturation  collector
current.

—
—_—
—_—

' Fig4.8

the symbols for P-n-p and n-p-n phototransistor.

m-p-m

—
—_—
—

LIGHT

e
—_——— -

B,

E
=

+
Fig 4-9

rrent

©
5. K

10

15

03

Whien light fatls on the phito penith

Waler, additlonal electron - hole pales are pre ifi
000 0 bane current fs wet up, This base current is as usual amplified

i nent.
limen, 1oy 1, be the additlonal reverse Mfuﬂl'l(n'l w‘rrmfv?;lmg; The
1lal colloctor current in the presence of radiation in g

J, w (Be)Un+ly)
teristic of a phototransislor for different

ve surface of the germanium

wiuced on absorption of light

Fig 4,10 shows the charac
Vitlues of incldent light power.

d. Digital Clock

reohy
Coursrnm

. Fig4.11

A _digital clock is nothing but an_electronic coumer. w?nch
counts clock pulses of frequency 1Hz. So_the primary requirement
of digifal clock is to_produce this clock pulse. The a.c. supply
frequency of 50Hz which is maintained within =0.1 per cent
accuracy is made use of. The waveform of the supply voltage is
sinusoidal but a clock pulse has to be a square wave. This
sinusoidal wave is therefore transformed into a square wave by
using a squaring circuvit. To bring down the frequency to 1Hz a
divider circuit is used. This divider is basically a Mod 50 counter
which uses the 50Hz signal to produce 1Hz clock pulses. If this
clogk puise train is applied 10 a_mod 60 counter,-the-counter-will
cousit the number of clock-pulses—os-in_other words secqnds. The
output of the counter will be of frequency 1/60 Hz or 1 cycle per
minute. It is fed to another mod 60 counter to obtain the minutes
display. The output of the minute counter will have a frequency of
1 cycle per hour which is fed into a mod 12 counter to get the
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h;;urs count. So the digital clock shows the hours, minute
which may be represented by the block diagram (Fig 4:‘*11;(1 Secongg

Using required number of flip-flops and differen |,
coniections, we get Mod 50, Mod 60 and Mod 12 counters ;ed back
the digital display of hours, minutes and seconds, four l_;,pooblain

' gates are used followed by the dc_cﬂling_nmcg@rc, wp

- . Inthe case of a digital wrist watch a battery is used ag .
source. This current is fed to a crystal oscillator 1o get an oana
10° Hz. A 1075 divider converts the: output of the oscillator l:lpu[ of
Then the process explained above is followed. If the supply rreo 1Hz,
deviates too much from 50Hz, the clock will give wrong limgu.;,;sy
difficulty is avoided in case of digital wrist watch which uses.a d .
source and is therefore more accurate. .c.

e. Seven segment Displays (LED) m%
Panel indicators such as those used in ’

calculators make use of a unit called Seven a

segment display Such a unit consists of LEDs

arranged to form different segment of .the - 3

figure of eight as shown in fig 4.12. Any

number from 0 to 9 can be displayed by

pu:lling the proper LEDS on _forward bias. £ d_

When C and D are forward biased the

number 1 will display, if b, c, g, f, e then 2,

b, c d, e, g then 3 and so on. to %m :
The anodes of all the segment. may be Fiede12

connected together. The cathode of cach & 4is

segment is connected to an external input as shown in Fig 4.13. Such

an arrangement is called a common ‘anode seven segment display.

Seven segment display are also available in which all the cathode are

connected together and the anode fo The extcrnal mput.

The forward voltage to LED is 1.2V and forward current is
20mA. As compared to other display devices like LCD there 1s a
larger current which the LED consumes. This is 4 major drawback or
disadvantage of LEDs. Following example will make this point clear.

. Fig 4.13
n ;:leclronic counter circuit needs about 100mA for its

o em‘zon. If 4 seven segment display are added to the circuit, the'y
WI;" require about 500 iop. Hence for the whole umit
more than 600 mA current will be needed which means a bulky power

supply.

Advantage
1. LEDs are miniature in size and any number can be stacked

together in a small space to form numecrical display.

The light _intensity of LEDs can be controlled easily by

varying the current flow.

3. LEDs are rugged and can therefore withs
vibrations.

4. They can be operated over a wide range of temperatures
from O to 70°C :

5., They are very fast in operation. They can be switched on
and off in a time less than Ins i

6. LEDs are available such that they emit light- in different

. colours like red, green yellow and amber.

7. It has long lifc and has a high degree of reliability.

2.

tand shocks and
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8. It has drive voltage and low noise. ) el

5 imi
9. Unlike LCD, the angle of viewing is not lim { for any

. jen
10. The brightness of these displays is suffic
cnyimnmen!.
Disadvantage : Juse of their
1. These are not suited for large area display b¢‘
high cost

"2, Comparing to LCD, LEDs consume more €ncr&y:

f. Liquid Crystal Display (LCD)
d pocket

Liquid crystals arc used as displays in calculators an onsume
computers etc. They are preferred over LEDs because they : tterin
less power. They are two types of LCDs:viz (i) DMC’& =
type and (ii) Field effect type

—_——
(i) Dynamic scattering LCD : 1In normal liquid crystals !
are oriented in a definite crystal pattern. But on applicatio
field to the liquid Trystal dis molecule alignment and cause
a turbulance within the liquid.

-The liquid is transparent when it is not activated by the flow of
current. But when activated the molecular turbulance causes the light
to be scattered in all directions and hence the activated areas appear
bright. This phenomena is as Dynamic scattering. The actual liquid
crystal material may be one of several organic compounds which
exhibit the optical pi‘oycnics of a solid while retaining the fluidity of
the liquid. Cholostervl nonamate and p- azoxyanisole arc such
compounds. ’

he moléClﬂ(‘.S
n of electric

Vransoarent Elecy ockx

A liquid crystal consists of a layer '?q
of liquid crystal material sandwitched 2
between glass sheets with transparent ? Spoow
metal film electrodes deposited on the [ Mwor surtare

A \“F

inside faces as shown in Fig 4.14. o222
hen both glass sheets are Fig 4-14

transparent the cell is a’transmitive

n/
it et frarayaretit and othey

W0 00 i suthi s Diaidd, 9rhsens etity Lo de
s beflietbsn comtiing, the eotl bs ktnrmt ‘“, "!:,;:‘ ye e o¥1is The
YOI (ol (hiske bon Eypmn ae 1081 feortes Vg 45

S armnr ot Wpt

A
(200 4o AYP I s~_ % 1
“ by 18 eS|

1 ~ - e =
T e, putrs wtard ol
Urisedpymiod 1o~ > (?f/ Ught sowrce i , \@

e
’ Ccanersd bghd
HoRocta gyt Fbhortive
tyoo coll \

Unactivated coll Actvawd coll

Tranamitted type cell Reflective type cell
‘Fig 4.15

When transmitive type is not activated, the cell does not appear
bright. When activated the incident light is diffused by scattering and
cell appears bright even under high intensity light.

When reflected type is not activated, the light incident on it

is simple reflected in usual manner and cell does not appear bright.
When activated, the dynamic scattering occurs and cell appears
quite bright, ‘
(ii) Field Effect LCD : The construction of field effect LCD is similar
to that of the dynamic scattering LCD. But in this two thin polarising
optical filters are placed at the surface of each glass sheet. The liquid
crystal material employed is known as twisted nematic type. When
the cell is not encrgised, the material twists the light passing through
it. The twisting allows the light 1o pass through the polarising filters.
Thus in the case of transmittive type cell, the unenergised cell,can
appear dark against a bright background. When energised, the cell
becomes transparent and disappears into the background.
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As the LCB cells are reflectors or transmityeq
generator of light, they consume very small amoup of e her 1y,
energy required by the el is needed to activate the Iien.ergy_ The
The total current flow through a small seven segment disqud Crysta),
25 pA for field effect cell. LCDrequire an a.c. Voltage Suay i5 aboyy
sinusoidal or square wave type. This is to avoid Plami]:,p.ly Cither
electrode duc the d.c. flow causing damage to the device B of cep)
scattering type requires 30V peak to peak square wave 0'[

Tath,

‘()ynamic
field effect cell requires 8V peak to peak square wave or .)()HL. A
type. . . o Sinusojda|
Fig 4.16 illustrates the square wave drive method for it
" crystal cells. ’ iquid

Fig 4-16

Unlike LED display which are usually small, LCD can
fabricated of any convenient size. Power consumed in LCD is about
20 puw per segment or 140 pw per numeral when all segments arc
energised. In case of LEDs the power consumed is 400 mv per
numeral including the series resistor. The major disadvantage of
LCD is its decay time of 150 ms or more. This is very slow as

compared to LED. A’ human eye can recognise fading of LCD
segments switching off. )

o e ———————
T TN P D S
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OPERATIONAL AMPLIFIER

1. Basic Operational Amplifier

al Introd“"ti"m

* The opcra\ional Amplifier. is a direct Foupled h.iy?h-gain
differential input amplifier. Originally the Opcm'hona\ am‘::hhcr had
only one input and the output voltage was always inverted with respect
1o the input voltage. However common operational ampm.'xcr which
are rccenlly available are of difff:ren}ia\ type and these amplifiers have
both inverting and non - inverling inputs.

An ideal opcrational amplifiers ' must have “the following
properties.
® Input resistance R; must be infinite.
(ii) Output resistance R should be as small as zero.
(iii) Voltage gain A, should be as high as infinite.
(iv) Band width should be as wide as infinite.
(%) Output voltage Vg = O when V; = V; and
(vi) The chamacteristics do not change with temperature.

Standard triangular symbol for an OP-AMP is shown in fig. 5-
1. It has two input points and

one output point. One is marked
as plus ‘and the other is marked

as minus. The plus point may be

,

+
Y E——— - NN
| %
ct_)mparcd as the emitter p_on:\l_of | * *—‘i\"'?:
a  transistor. So any signal
applied at this point

gets Fig.5-1
amplified without any phase inversion at output. So it is similar to
common - base amplifier.

non-inverting input point.
——— EEEE— -

Hence this input point is called the .
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i with_a_phas

i i int is amplified inal

signal applied at the minus poi 7 ¢ termina

i vcr;}o;loﬂgbg.l “S0 this point may be (‘mupm'ul o Ihc,:)i"l is calléd
:)l;' a common emitter transistor amplifier. This input |
the inverting input point of the OP-AMP

! i e oulp!

If two input signals V, nml.\’: are applied b
related to the input by the cquation.

Vo=r1(Vy-V))

L
ut voltage is

where A is the voltage gain The

= AV, .

With V, = 0, Vo = AV, , and with V; = 0, -‘:,?c;d?d L v
sign () and (+) at the input terminal in the figure llf v 2 Vaie if
as indication of their inversion and non- inversion. lhé sc plus and
V; and V,; make common voltage then V, = 0. 'Eh“’; pot mean that
minus polarities indicate phase reversal on‘l}.!. It oectivcl)'- It also
voltages V; and V; are negative and positive resp be connected to
does ndt mean that a positive input voltage l.las .to { voltage to the
the plus marked non-inverting point and negative mpluul voltages are
negative-marked inverting point. All inputs and outp
referred to a common reference usually the ground.

b. Inverting Operational Amplifier

in non

The basic inverting amplifier is shown in fig 5-21-S mﬂ;einpin

inverfing terminal has been grounded whereas R; ct.mnccR b Do
signal V, to the inverting input. A feedback resistor Ry

connected from the output to the inverting input.

Ry
R,

9
The fnput voltage is V, and the output voltage is V. Tpe gain

of thé operational amplifier is very large. So the voltage v 5 the
inverting input tenninal is very small. In fact , it will be clos,:\m‘lhe
groind potential, It means that the point G is held virtually a groung
Potential irrespective of the magnitude of the potentia] V, and v,
The curreny flowing through R, is given by ‘fF,,(yx:_Y)[Bl;.‘ The
inpuf impedance of OP-AMP i infinite. So the current i will floy,

through R and not into the OP-AMP. Applying Kirchhoff's Currer

law 3t the point G, we can write,
V-V Ve,

R, - R’ e )

Since the point G is at a virtual ground, ie V = 0, we get from
€quation (1)

Vi/Ry = -Vo/Re )
~Vo/Vy = -RyR, &)
- GainAy = -R/R, 4)

Thus the voltage gain is given by the ratio of the feedback

resistance Ry (o the input resistance R;. The negative sign indicates
that the output voltage is inverted with respect to the input voltage,

Let Rf/Rl = K.

VO/V] = -K
“ Vo= K veoo o (5

‘Hence the closed -loop gain of the invezting amplifier depends
on the natio of the two external resistors R¢ and R, and it is
independent of amplifier parameters.

It is also seen that the OP-AMP works as a negative scaler.. It
scales the input i.e it multiplies the input by a mimus coastant factor
K. It also works as a phase shifter and sign changer.
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v Now jnverting operationnl amplifiexr
ce The non - inverting amplifier is shown in fig. 5.3

.t voltage V2 is applied to the non-inverting term;
lh:c":::’ is called non-inverting amplifier. .
ci

In thig case
nal. g, lhis,

Fig 5-3

The gain of OP-AMP is infinite. So the potential of e point
G is also Va. The output voltage is V. The voltage across R is
V, and that across Rfis (Vg =-Vy) ™
. v2 : vo - Vz
3 1.1 = E— and ;2 = T ..... (1)

Applying Kirchhoff’s current law to the junction G, we get,

ig+ip=0 @
V. V,- V.
LV YooV _
R, R¢
Vo-V, V,
TR TR
Vo-V2 _ R
V2 " Ry
Vo 1 R¢
78 Ry

T CEEEEEsIeeE T

93
v R
Yo _ R
V2 R,
R 3
A= 1+ R

In this case, the gain is 1 plus the ratio of‘ the two resistances
R, and R;. Also the output voltage is in phase with the input voltage.
¢

This circuit offers a high input jmpedance and a low output

impedance.

If Rg = 0 and R, = oo, the gain of the amplifier is unity. Thus
this circuit is referred as voltage follower or a unit gain buffer. This
circuit can be used air an impedance matching device between a
high-impedance source and a low impedance load.

d. Differential operational amplifier

A circuit that amplifies the difference between two signals is
called a differential amplifier. This type of amplifiers are very useful
in instrumentation .circuit. A basi¢ differential amplifier employing
operational amplifier is shown in fig. 5-4

Fig. 5-4.

o Here Y‘ and V, al:c the input signal voltages and V, is the output
age. Since the gain of the OP-AMP is infinfte the potential of
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the points 1 and 2 will be the same say Vi Application of Kinchho(T's
current law at points 1 and 2 gives

Vi-Vy | MoV e (1) a0
R, R,
Vo=V, Va "
R = it_: ....... w (&
e\ 2 2
Subtraction of (1) from (2) we get
R,
Vo = R, Vy-V2)
T V-V T Ry
or Ag= Ry/Ry @)

Thus its gain of DIFF-AMP is Ry/R;.

Such a circuit is very useful in detecting very small difference
is signals, since the gain R,/R, can be chosen to be very large- For
example if R, = 100 R, , then a small difference (V,-V2) is
amplified 100 times. ’

e. Common - Mode Rejection Ratio (CMRR)

In an ideal DIFF-AMP, the output signal miay be given by the
equation,

Vo Ag(Vi=VD) )

Where A, is the gain of the differential amplifier. If V, = V,,
then Vj = 0. That is the signals common to both inputs gets cancelled
and produces no output voltage. This is true only for an ideal
OP-AMP. But a practical OP-AMP exhibits some small response to
the common mode component of the input voltage too. For example
if one signal is + 25 uV the second is -25uV, the output will not be
exactly the same as if Vp = 900 pV and V, = 850 uV . even though
the difference V4 = 50 pV . is the same in the two cases. The output

\

‘,I
depends not only upou the Alfervnes signa) Vg of the two

but also vpon the sversys bovel c2lied Common - mod "ﬁ:ln\;h'
L3

The comusaon radn vigal
1
Vo= 3(V;4 V)

For differential amplifier, the gziz 21 the oumpm wiry revpact
the positive termizal s slightly differens in magnitude 1o thay of ‘Io
f\tgllive terminzl. S0 evem with the same wvoltage applied 1o b':;
inputs, the outpwt it not zeTo. T‘kzc::pumnbeewu:um
combination of the two input voitages. .

Vo= AV + ALY, )
where A; is the voltage amplification from input 1 10 the oy
under the condition that the izpat 2 is grounded and A, is the
.lmpliﬁcuion from input thhou:pmunderlh:m;dimm,&
input 1 is grounded . We kmow that

v, = T:.(v1 +V3)
Vd = (vl . V:)
& ZV: = V‘ -+ V:
Ve = V-V, -4
From equation (4)
v, = Ve+Vy72 —{5)
Va2 = Vi-v,n2 ~—{(€)
Substituting equation (5) and (6) in (3) we get
Vo= AgVa+ALV, — M
1
Where &4y = E(A’-A") e (8) and
Ac = Aj+aA, —49

The voltage gain for the difference signal is A, and that for the
common - mode signal is A_
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sivity of an OP-AMP 15 4 diffsy .

P W’“““_’m signal is called cmz;‘*?-ﬂ
© * (CMRR). It gives the figurs of meziy |, e
r’da" b fop

f’;

&

7 - |2
g . CMRR = P= 1A

. expressed in decibels (dB)
p i w2l »
Problems

; ,tm;mpuﬁnmkl=29klb-ohmandp_'=]m
AR M‘F i the output voltage, the input resistance and g,
ﬂ ohsl .t for an input voltage 1V.

if

Input resistance R;; = R; = 20 kilo-ohm.
’ 1/20 x 1073
0.005 mA.

¥
2
1
<
3

]

In an inverting OP-AMP, the resistance R, is 10 kilo - ohm and
the feedback resistance R is 100 kilo - ohm and V,=1V. Aload
of 25 kilo-ohm is connected to the output terminal. Calculated
the current through R, (2) the output voltage (3) the_ current
through the load and (4) the total current in the output pin.

8ol :

Cumrent through Ry is Iy = — = = 01 mA

= 3
100 = -10V &
vV, = -E’-xv, = —_16"1
(2) Output voltage Yo R,
Vo _ _10 __ gama
(3) Current through the load I; = R, = 25x10°

. = mA.
{“'}Toﬂlmlz 11411_ = 01+ 0-4"‘05

lifier for a
Calculate the output Voltage of a non- mva}x(ﬁgg amp
value of V; = 2V, R = 500 K Q and R, = 100 -

Sol :

) 122y
For non-inverting amplifier V, = ) + R, 1

300\, _ 2 = +12V.
sVg = (1+100)2 = 6x2

2. Basic uses of Operational Amplifiers

2. OP-AMP as sign and scale changer and Phase
Shifter

() Sign Changer : In an inverting OP-AMP, we know that,
R¢ z

AV L —E . —7
If Z = Z', then Ay = -1 and the sign of the input signal has been
changed. Hence such a circuits acts as a phase inverter. If two such
amplifiers are connected in cascade, the output from the second stage
equals the signal input without change of sign. Hence the output from
the two stages are equal in magnitude but opposite in phase such a
system is an excellent paraphase amplifier.
(ii) Scale changer: If the ratio Z'
Ay = -K and the scale has been
in such a case of multiplication

/Z = K, a real constant, then
multiplied by a factor -K Usually
by a constant -1 or =K , Z and Z’
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o8 :ed then a
:cr:o s:-’lecledhas resistances, If the inversion is 1Ot di;’:‘:vith the
od amplifier with unit paj d in casec
scale changer. gain may e usel!
jtude but
ﬂ'lf) ”‘fu@ Shifter: Assume that Z and Z' are equal in magh“;;: of a
_d.xffcr'm angle. The operational amplifier shifts the P ving its
* sinusoidal input voltage while at the same time PreS’ may be
amplitude. Any phase shift from 0 1o 360° ( OF % 1803
obtained.

b. Integrating Amplifier

Fig. 5-5
An integrating amplifier is formed if a capacitor is connected

between input and out as shown in fig. 5-5 . This circuit produces
an output voltage that is proportional to the time intcgral of the input
voltage. Hence this circuit is called an integrator. With the help of
an integrating amplifier, it is possible to solve c«. :.plex equations.
Integrators are used in sweep generators, in filters and in simulation
studies in analog computers.

If no current flows through the operational amplifier, we can
write
I =1, wenn(1)

V, - Vg d(Vs - V)
or R = C. a e (2)

V'S is very small so that

o
...... (3)
dv.‘! - "’/(l
C T ,(4)
Vi g1
LAY, = TCR ges
side
ion on O B )

Taking integra
L fvy i
Vo= TCR 4 equal 1o @ 015

t vollage Vo
voltage Y1

tant —1/CR timeg

Thus the outpy .
the integral of the inp¥

c. Differentintors
1

"

‘
Fig. 5-6
inverse of integration and may be obtained

i iation is the s frcui
Differentiati omponents of the integrator circuit. The

by interchanging R an C C X
differentiators is shown is Fig 5- 6.
If we neglect the current through the amplifier and Vg is taken

to be negligibly smali, we get ,
‘ I, =1 (1)
d(V; - Vg Vs =Vq
X = )
T a = TR - (2)

Neglecting Vg we get
. dv, Vo
d - "R
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) 100
) dv, )
~Vo= ~CR7G e (3)
output voltage Vj is equal to a constant —CR times the time
. 1:15.: of the input voltage Vi
Jderiva

d Adder oF Summing Amplifier

Fig. 5-7
adder or a summing amplifier using an OP-AMP is shown
An5_7 sihcz’: the current flowing into the virtual gro 'nd is equal

. 5:51 flowing out of it, we can write
1o : .
iy +ig +-dn = o - (1)
V. v Vo
Vi, 22 2 s = e (2)
or R] : RZ Rn £
R¢ R¢ R¢
= — V54 s —V, )
Vo— (Rl v]+R2 2+ Rn n ()
Let R, = R2 = eveeneeaeenns ] Rn = R )
R
Vo= -t (Vi+ Va# V) . (4)
IfR; = R, then
: \Y . (5)
Vo = =(Vi+Va+. a

. g ic
i.c the output voltage V, is numerically equal to the algebrai

‘i of the input voltages.

101
e. D/ A converters
+ VR -
I ____]-——— 1
d (MSB) - © o+
L1 e -
L o-~——==—" ) i Vo
: DAC -
fword D dn-1o” Iise) ] -
n

Fig. 5-8

The schematic D / A converter is shown in fig. 5-8. The input

. . . ltage
i it bi rd and is combined with a reference vo
Ve to i on analog. The output of a D/A convertor

Vp to give an analog output signal.
c;:l begleither a voltage or current. For a voltage output the D/A
converter is mathematically described as

Vo= KVps(d;2714d, 272+ +d, 27"
Where
Vo is the output voltage,
V;;‘ is the full scale output voltage,
K is the scaling factor usually adjusted to unity,

dy, d, ... d, is n bit binary fractional word with the decimal point
located at the left
d; is the most significant bit (MSB) with a weight of
Vgs/2 and
d, is the least significant bit (LSB) with a weight of Vgg/2°%
'l"her? are various ways to implement the above equation. In this
we will discuss the following resistive methods.

(i) Binary weight method and
(ii) R -2R ladder method.
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w2
() D/A converter with Binary -weighted resistor: x
"\n
”~
BV oS
- N 4
oo, 0smA
10 k02
Ia =0
bt R A l 05mA +1BV
—* 5 kO
.___(\b, ’
e e Vi ™0
b3 258
R/8
1.25k0
1at
Fig.5-9

n OP-AMP _and binary
3 ipvcning

Fig. 5-9 shows a D /°A converier using a
weighted resistors. Here the OP-AMP is connected in th
mode. But it can also be connected in non- converting mode. dg ,
d, d, and dj arc four electronic switches which are controlled by
binary input word. These switches are single pole double throw type.
If the binary input to a particular switch is 1, it connects the resistance
to the reference voltage. If the input bit is 0, the switch connects.the
resistor to the ground.

When the switch d, is closed, the volta gM\Ee

V, = V; = 0 V. Therefore the current through R is 5V / 10KQ =

O@ However, the inpuf bias current is negligible. Hence the

current through feedback resistor R is also 0.5 mA. This in tumn
produce an output voltage of is along closed, the current will be 1
mA. and the output voltage of ~(1k2) (0.5mA) = ~0.5V. Thus _the
OP-AMP work only ‘as_a_current_—to—voltage converier. When d1 is
alo:nﬁ]osgd, the current will be 1 mA and the output voltage vg is
-1V. If both switches dp and dy  are_closed, the curremt through

-1.5V.

—

Ry will be 1.5 m.A which will be_converted to an output voltage of

4

103
Thus depending on whether switches dgo ‘f’ d.3 are open or closed,
the binary weighted currents will be set-up in input resistors. The
sum of these currents is equal to the currents through Rg which in
tumn is converted to a proportional output voltage, When all the
switches are closed, the output will be maximum . The outpu

voltage equation is given by
dg d, d; + ds
Vo= Re|R*RZ R4 R/S
where each of the inputs d3, 42, d; and dg may cither be high
(+5V) or low (0V).

-05V
-1V
-15V

-1V
-5V

Output

-V,

Fig 5-9(a)

Fig 5-9(a) shows analog outputs versus possible combination of
inputs. The output is a negative going staircase waveform with 15
steps of 0.5V each. In practice, the steps may not all be the same
size because of the variation in logic high voltage level. The size of
the steps depend on the value of Rg. Therefore a desired step can be

obtained by selecting a proper value of Rg.

The accuracy and stability depends upon the accuracy of the
resistors and the tracking of each other with temperature. There are,
however, a number of problems in this type. One of the disadvantages
of binary weighted type is the wide range of resistors values required.
For better resolution the input binary word length has to be increased.
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tbe number of bit increases the range o .
ﬁ“s,:ess . The fabrication of such a large ism:n?f st
W'al- Also the voltage drop across such 5 !

la e . s noy
piss current would also affect the accura B Tesistor

dut
intaini . €Y. The (; to
-eving and maintalning accurate ratio restricts the ‘: d‘mculty .
nd"; (o type to below 8-bits. © of Weigheq
IS

@ R-2R Ladder Method :

The binary ladder is a resistive network whose output voltape ;
rweﬂy weighted sum of the digital inputs. A ladder for 4 bits lage is 5
i:;ﬁg 5.10. This ladder consists of resistances havin 1s showp

0
e left end of the ladder is terminated in a resistan & only two Valves,

ce of 2R,
l“

J‘

)l

J‘

- Fig 5-10

Let us consider all.the inputs are at ground. Beginning at node
A, the total resistance looking into the terminating resistor is 2R. The
total resistance looking out towards the 2° input is also 2R. These
two resistances can be combined io form an equivalent resistor of
value R as shown in Fig. 5-11. Moving to node B, we can show that
the total resistance looking into the branch towards node A is 2R, as
is the total resistance looking out toward the 2! input. In a similar
way we move to the node C and D and the resistance looking into

te node is 2R. This is true regardless of whether the digital inputs
are at gro

105
This resistance characteristic of ladder can
be used 1o determine the output voltage for the v
Various digjtal inputs. Let the digital input be
1000, Sjince there is no voltage source to the

27
Ieft of D, the equivalent circuit will be as 2R
shown in Fig. 5-12 In this case the output ‘JVW_T)— v,
Voltage is =
Fig. 5-12
2RV '
Va = +v2R+2R = 4'5 (¢))

Thus a 1 in the MSB position will provide an output voltage of
+Vn.

Now let the input be 0100.
In this case the equivalent circuit
will be as shown in Fig. 5-13. In
this case we can show that the
output will be

- Vi

<

2R

VA = *Z ' RFR+ =X

Fig. 5-13.

" 4%’ -

Thus the second MSB provides an output voltage of +V/4. In
a similar way we can show that the third will produce +V/8 and the

fourth +V/16. Hence the total output voltage due to combination of
input levels will be

V, =

w|<
al<
oo|<

+
al<

-0

This R-2R ladder can be used in the D/A converter. The D/A
converter with R and 2R resistors is shown in Fig 5-14.
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n "
Y 10
" n mng n
20,0 0.0 0w 0
w w vz

LTI

Fig. 5-14 e
The binary inputs are simulated by switches do through d,;] osed
output is proportional to the binary inputs. If the switché are Jow.
then the input is high. If the switches are open, then the inpu! (‘;ASB)
Assume that switch d; is closed. It is the most significant bit " cted
so the input through dj is high (+5V). Other switches are wﬂ"5_ 15
to the ground. The resultant circuit will be as shown 1n Fig. _'
The resistance to the left of switch d5 is 2R. In this figure, the {he
input is at virtual ground (V, = 0). Therefore the current throu,
equivalent resistance 2R in zero. However, the current through
connected to +5V is 5V/20KQ = 0.25mA. The same current flows
through Ry and in turn produces the output Voltage
e (4)

Vo = —(20KQ)0.25mA) = -5V

— o v,--5V

LA,
10k2

-18'V
5V
Fig. 5.15
Using the same = analysis, the output Voltage corresponding to
all possible combinations of binary inputs can be calculated. The
output Voltage equation can be wrilten as

107
, 4 4, _d_’L)
Vo = -Rp|3p*3r "8R 16R
; nd do may be either p;
where each of the inputs d3» 42 d; 2 high
(+5V) or low (OV).

f. A/D converters

A/D converters convert
an analog voltage to the Start  EOC
digital output. As in the case

of D/A converters 3“?103 ¢ }-—— -
coaverters are also specified & b—
as 8, 10, 12 or 16 bit. The ,nang L~V Ogtal
block diagmm of A/D nput Vg ——t ADC [-- ]
converter is shown in Fig. én ::
5-16. Fig. 5-16. Its function
Is just opposite to that of D/A I
'boﬂvcmrs. It accepts an Vg [Refererce)
analog i

og input voltage V, and  Fig. 516

produces an output binary
word d,, d, ..... d, of functional value D so that

D=d,27'+d,2% + ... d, 27"

where d, is the most si'gniﬁant bit and d, is the least significant
bit. An A/D converters usually bhas two additional control lines. The
START input to tell the A/D when to start the conversion and end
of conversion (EOC) output to announce when the conversion is
complete. A/D converters are classified into two groups according
to their conversion technique. They are

(i) Direct type A/D converter and
(i) Integrating type converter.
Direct type A/D converters compare a given analog signal with

the internally generated equivaient signal. The integrating type‘of
A/D converters perform conversion in an indirect manner by fist

.

- changing the analog input signal to-a linear function of time or

frequency and then to a digital code. We will discuss successive
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ximation type converter and counter t
g 10 direct type A/D converters.
be

:‘ ype Converters, These
/I 0 Sw,gsiveApproxirnation Converter
(!

two

Start ¢

Fig. 5-17

Fig. 517 shows a successive approximation t
converter. It uses a very efficient strategy to co
conversion in just n-clock periods. The heart of the ci
successive-approximation register (SAR) Its output
8bit D/A couverter. The analog output of the D/A converter is then
compared to an analog input signal by the comparator. The output
of the comparator is a serial data input 1o the SAR. The SAR then
adjusts its digital output until it is equivalent to analog input. The

&bit latch at the end of conversion holds onto the resultant digital
data output. The circuit works as follows... ’

Ype of "A/D
mplete  n.bj
rcuit is an 8-bjt
is applied 10 an

With the arrival of the START command, the SAR sets the MSB
dy = 1, with other bits to Zero. So the trial code is 10000000. The
D/A converter then generates an analog equivalent. The output Vy
is now compared with the analog input V. If V, is greater than the
D/A converter output Vy, then 10000000 is less than the correct digital
roresentation. The MSB is left at ‘1’ and the next lower significan!
bit is made ‘1’ and further tested.

. !

However, if Va is less than DAC output, then 10000009‘ (;;
"greater than the correct digital rcpxesenution: So r?set Mi!:dlo )
and go on to the next lower significant .bn. Th:s 1‘):0 u:e is
repeated for all subsequent bits, one at a time until all bit p\(;SI u:lx:sc
have been tested. Whenever the DAC output <.-rosse!sl :;d N
comparator changes state and this can be taken a.; the of
conversion (EOC) command.  The ndva‘ntagc otd [ edsuwcs:;m
approximation A/D converter is its hxg.h speed and exce Ach
resolution. For example, the 8-bit successive approximation
converter requires only eight clock pulse.

(ii) Counter Type A/D Con rerter : '

A higher resolution /D converter using only one comp:-:‘:at:lor
could be constructed if a variable refcrexfcc voltage were avai e<i
This reference voltage could then be applied 1o the comparator an
when jt became equal to the input analog voltage the conversion
would be complete.

O— =
REseT s
BINARY
— - CoVNTER
cLock
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' ' ——
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PRI D,
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Y
' —
CnMPAnATorR'_,J'r‘ : |‘.‘7 T
Vb
DAc
+
Va
o >
ANALOG INPuUT
Fig. 5-18.

To construct such a converter, we begin with a sim_ple binary
counter. The digital output signal will be taken from this counter.
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110 form 2 simple
The output of this counter is given to a binary ladder o countel o4
D/A converter. If a clock is applied to the input of 1% form- :
output of the binary ladder is the familiar staircase W‘,vc minimum
waveform is exactly the reference voltage signal with ncr n be
. of gating and control circuitry, this simple D/A convert ’
changed in the desired A/D converter.
Counter type A/D converter is shown in Fig. 5-18. of reset,
is reset to zero count by the reset pulse. Upon the release
_the clock pulses are counted by the binary counter.
through the AND gate which is enabled by the voltage The
high output. The number of pulses counted increase with “mc; D/A
binary word representing this count is used as the input of < Fig.
converter. The output of this is a staircase of the type shown min ut
5-18. The analog output V, of DAC is compared to the analod ml:or
V, by the comparator. IF V, >V, the output of the oanip jon
becomes high and the AND gate is enabled to allow the m“s"us:'he
of the clock pulses o the counter. When V, <V, the outpu! ©
comparator becomes low and the AND gate is disabled- This sicP”
the counting at the time V, sV, The digital output of the code
represents the analog input voltage V,. For a new value of analog
input V, a second reset pulsc is applied to clear the counter.
The counter-type A/D converter provides a very good method
for digitizing to a high resolution. This method is much simple, b
the conversion time required is longer. * Since the counter alwny's
begins at zero and counts through its normal binary sequence, 8
may require as many as 2° counts before conversion is complet?-
The average conversion time is 2"~ ! counts. For example, a 12-bit
system with 1 MHz clock frequency, the counter will ks
(212 —1)us = 4.095 ms to converi a full scale input.

counter *

comparator

g. OP-AMP as a Comparator

' - A comparator circuit accqi'ts input of linear voltage and provide
. a digital output that indicates when one input is less than or greater
than the second. A basic comparator circuit can be represented as
in Fig. 5-19. The output is a digital signal that stays at a high level
when the non-inverting (+) input is greater than the inverting (=)

input and  switches to a lower voltage i
input Vollage goes below the inverting 1n

= INpPuT

+ INnpuy

S

1o reference voltage, the other O
As long as V,, is less than the ref
output remains at a low-voltage 16ve
tises just above _+2V, the outpat’ quickly
level ( near +10V ). Thus the high outpu

signal is greater than +2V.

m
vel, when the non-inventiy,

put reference voltage levey,

+VY (+10v)

—v (=t0V)
Fig. 5-20.

Fig. 5-19.

Fig. 5-20 shows a typical’ contiection with one input connected

diiected to the input ‘signal voltage,
ference voltage level of +2V, the
1 (near -10V ). When the inpu
swilches to a high voltage
t indicates that the inpu

-V

Fig. 5-21

We will examine the operation of a comparator using a 741
OP-AMP as shown in Fig. 5-21. With reference to input set to ov,
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| signal is applied to the input terminal. 1t wiy cay
s jda ‘-“ch between its two output states as shown i |
switei &
wl Vi 80INE even a

™ inpv

" 150 e
'n D=

fraction of a millivoll aboye l;h: ;'!)2'
Jovel will be amplified by the very high gain, * OV

So the
its posilivr output saturation level m_\d remains theyg while
et o“mys above Vo= OV, \\{hcn }hc imput drops jusy below
inp¥ -}1“ oV level, the output is driven to its lower Saturatj

» ]"::g stays there while the input remains below. on
e

outpyy
Vi 4
ov

Vo4 +Vsat

= Vsat

Fig. 5-22

V¢ = OV. The Fig. 5-22 shows that the input signal is linca
while the output is digital.

In actual circuits, the reference voltage is obtained from th
spply voltage using a potential divider. The output of a comparato
analso be made different from the saturation voltage. One such
creuit is shown in Fig. 5-23 which is also a faster circuit. Dependin
mihe polarity of the input voltage, the amplifier gets large feedbac
“rough one diode or the other and thus remains in the linear operalif

Ihe Ot : s when the hl]l\ll in
i 1 W(ﬁlld nwitch its state ; V' ‘
'lr o i 1 lc"l(;:l)lll]“"(:d to the lﬂp P‘)hll shown 710 in 'Iull"‘,
¢ \ange {s sin «

13

would

Fig. 5-23.

MODEL QUESTIONS AND ANSWER

I. Choose the Correct Anawer

1))

2)

3)

4)

For an integrator using OP-AMP, the capacitor
a) is connected between input and output terminal
b) is connected in series with output

c) is connected in serics with input

d) None of the above.

In an ideal OP-AMP, the input impedance is

a) Zero b) 50 Q c) infinite d) may be any
The CMRR of an OP-AMP is defined as

a) output impedance/input impedance

b) noise power at the output/noise power at input
c) Differential gain/common mode gain

d) Common mode gain/Differential gain

An OP-AMP with an ideal capacitor in the feedback pa
works as

a) a differentiator b) an integrator
c) Wide band amplifier d) an adder
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