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Acceleration of electrons (m/sec or cm/sec)
Magnetic field Intensity (Wb/m? or Tesla)
Charge of electrons (Coulombs)

Velocity of light =3 x 108 m/sec.

Distance between the plates in a CRT
Distance between the centre of the deflecting.plates and screen.
Diffusion constant;

Distortion in output waveform

E = Electric field intensity (V/m or V/cm)
frequency (Hzs/KHzs/MHzs)

Force experienced by an electron in Newtons
Plank’s constant = 6.62 x 10734 J-sec.

D.C. current (mA or pA)

A.C current (mA or pA)

Current density (A/m? or mA/cm?)
Boltzman’s constant = 8.62 x 1075 eV /%K
Boltzman’s constant = 1.38 x 1023 J /K

Length of deflecting plates of CRT (cms)

Distance between the centre of the field and screen (cm or m)
Diffusion length

Mass of electron (kgs)

Mutual conductance

free electron concentration (No./m3 or No./cm?)



p
>

O T ANSLKY g2 < 90w 0T Z
o ©

R

ﬁt

Acceptor Atom Concentration (No./m? or No./cm?)
Donor Atom Concentration (No/m? or No/cm?)

Hole concentration (No./cm? or No./cm?)

Q = Charge of an electron in coulombs = 1.6 x 1071° C
Spacing between the deflecting plates of CRT (in cms)
Stability factor

Period of rotation (secs or p secs)

Accelerating potential or voltage (volts)

Velocity (m/sec or cm/sec)

Work function or Energy (eV)

Displacement of electron on the CRT screen (cms or mms)
Admittance (in mhos U);

Impedance (ohms Q)

Kinetic Energy (eV)
Potential Energy (eV)
Inductor
Capacitor
Resistor
Ic
D.C large signal current gain of BJT = 1o
E
Small signal common emitter forward current gain
Ic
D.C large signal current gain of BJT = 1o
B
Ipc _Inc
Transportation factor of BJT = T = 1.
PE  "nE
lpp _lng
Emitter efficiency of BIT = —— = —
Ig g

Ripple factor in filter circuits

Conductivity of p-type semiconductor in (U /cm or siemens)



Q
=

3 QC H>e © DO

Conductivity of n-type semiconductor in (J/cm or siemens)

Resistivity (Q2 - cm)

Thermal resistance (in W/cm?)

Angle of deflection

Volt equivalent of work function (volts)
Incremental value

Resistance (ohms)

Conductance (mhos)

Efficiency (%)

Permitivity of free space (F/m) = 8.85 x 1072 F/m
Mobility of electrons or holes (m?/V-sec)
Permiability of free space (H/m) = 1.25 x 107 H/m
Wavelength (A%)

Input resistance or input impedance ()

Reverse voltage gain

Output admittance (¢5)

Forward short circuit current gain
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Brief History of Electronics

In science we study about the laws of nature and its verification and in technology, we study
the applications of these laws to human needs.

Electronics is the science and technology of the passage of charged particles in a gas or vacuum
or semiconductor.

Before electronic engineering came into existence, electrical engineering flourished. Electrical
engineering mainly deals with motion of electrons in metals only, whereas Electronic engineering
deals with motion of charged particles (electrons and holes) in metals, semiconductors and also in
vacuum. Another difference is, in electrical engineering the voltages and currents are of very
high-kilovolts, and Amperes, whereas in electronic engineering one deals with few volts and mA. Yet
another difference is, in electrical engineering, the frequencies of operation are 50 Hertzs/60 Hertzs,
whereas in electronics, it is KHzs, MHz, GHzs, (high frequency).

The beginning for Electronics was made in 1895, when H.A. Lorentz postulated the existence

of discrete charges called electrons. Two years later, J.J.Thomson proved the same experimentally
in 1897.

In the same year, Braun built the first tube, based on the motion of electrons, and called it
Cathode ray tube (CRT).

In 1904, Fleming invented the Vacuum diode called ‘valve’.

In 1906, a semiconductor diode was fabricated but they could not succeed, in making it work.
So, semiconductor technology met with premature death and vacuum tubes flourished.



In 1906 itself, De Forest put a third electrode into Fleming’s diode and he called it Triode. A
small change in grid voltage produces large change in plate voltage in this device.

In 1912 Institute of Radio Engineering (IRE) was set up in USA to take care of the technical
interests of electronic engineers. Before that, in 1884 Institute of Electrical Engineers was
formed and in 1963 both institutes merged into one association called IEEE (Institute of Electrical and
Electronic Engineers).

The first radio broadcasting station was built in 1920 in USA.

In 1930, black and white television transmission started in USA.

In 1950, Colour television broadcasting was started.

The electronics Industry can be divided into 4 categories :

Components : Transistors, ICs, R, L, C components

Communications : Radio, Television, Telephone - wireless, landline communications
Control . Industrial electronics, control systems

Computation : Computers

Vacuum Tubes ruled the electronic field till the invention of transistors. The difficulty with
vacuum tubes was, it generated lot of heat. The filaments get heated to > 2000°k, so that electron
emission takes place. The filaments get burnt and tubes occupy large space. So in 1945, Solid State
Physics group was formed to invent semiconductor devices in Bell Labs, USA.

Major milestones in development of Electronics :

1895: H. A. Lorentz - Postulated existance of Electrons

1897 : J.J. Thomson - Proved the same

1904 : Fleming invented Vacuum Diode

1906 : De Forest developed Triode

1920 : Radio Broadcasting in USA

1930 : Black and White Television Transmission in USA.

1947 : Shockley - invented the junction transistor. (BJT)

1950 : Colour Television Transmission started in USA.

1959 : Integrated circuit concept was announced by Kilby at an IRE convention.

1969: LS|, IC - Large Scale Integration, with more than 1000 but < 10,000 components per
chip (integrated or joined together), device was announced.

1969 : SSI 10 - 100 components/chip, LOGIC GATES, FFs were developed.
1970: INTEL group announced, chip with 1000 Transistors (4004m)
1971 : 4 bit Microprocessor was made by INTEL group.

1975: VLSI : Very large scale integration > 10,000 components per chip. ICs were made.

1975 : CHMOS - Complimentary High Metal Oxide Semiconductor ICs were announced by
INTEL group.

1975 : MSI (Multiplenum, Address) 100 - 1000 components/chip was developed.



1978 : LSl 8 bit microprocessors (up), ROM, RAM 1000 - 10,000 components/chip

1980:  VLSI > 1,00,000 components/chip, Ex : 16 bit and 32 bit uPs
1981 : 16 bitpp > 1,00,000 components/chip, Ex : 16 bit and 32 bit pPs
1982 100,000 Transistors, (80286) was developed

1984: CHMOS > 2,00,000 components/chip Ex : 16 bit and 32 bit uPs
1985: 32bitpp > 4,50,600 components/chip Ex : 16 bit and 32 bit pPs
1986: 64 bitpp > 10,00,000 components/chip Ex : 16 bit and 32 bit pPs
1987 : MMICS Monolithic Microwave Integrated Circuits

1989 : i860 Intel’s 64 bit CPU developed

1990s:  ULSI > 500,000 Transistors; Ultra Large Scale Integration
GSI > 1,000,000 Transistors; Giant Scale Integration

1992 : 3 million Transistors, (Pentium series)

1998 : 2 Million Gates/Die

2001 : 5 Million Gates / Die

2002 : 1 Gigabit Memory Chips

2003 : 10 nanometer patterns, line width

2004:  Commercial Super Compter 10T. Flip Flops developed.

2010:  Neuro - Computer Using Logic Structure Based on Human Brain likely
Still Nature is superior, There are 107 cells/cm® in human brain

Development of VLSI Technology :

3 u Technology

2
0.5 p Technology

N
0.12 p Technology

ASICS (Application Specific Integrated Circuits)
HYBRID ICs

BICMOS

MCMs (Multi Chip Modules)

3-D packages



Table showing predictions made in 1995 on VLSI Technology

1995 1998 2001 2004 2007

Lithography (1) 0.35 0.25 0.18 0.12 0.1
No. Gates/Die : 800K 2M 5M i0M 20M
No. Bits/Die )

Dram 64 M 256 1G 4G 16G

Sram 16 M 64 N 256 M 1G 4G
Wafer Dia (mm) 200 200-400 -400 -400 -400
Power (uW/Die) 15 30 40 40-120 40-200
Power Supply. V. 33 2.2 2.2 1.5 1.5
Frequency MHz 100 175 250 350 500




In this Chapter,

*

*

The path or trajectories of electrons under the influence of Electric Fields,
Magpnetic Fields and combined Electric and Magnetic Fields are given.

The Mathematical Equations describing the Motion are derived.

The Practical Application of this study in a Cathode Ray Oscilloscope is
also given.




2 Electronic Devices and Circuits

1.1 ELECTRON DYNAMICS

The term Electron Dynamics refers to the analogy between an electron under electric and magnetic
fields, and a body falling under gravity. If a shell is fired from a cannon, it traverses a path and falls
under gravity. The motion of an electron is similar to the trajectory of a shell. In this chapter, we
study the motion of electrons in electric fields and magnetic fields. First we consider only uniform
electric fields and then uniform magnetic fields, parallel electric and magnetic fields and then
perpendicular electric and magnetic fields.

The radius of an electron is estimated as 10~'° metres and that of an atom as 10~1?
metre. These are very small and hence all charges are considered as Points of Mass.

The charge of an electron is 1.6 x 107! Coulombs. The mass of an Electron is
9.11 x 10-3Kgs.

There are two different types of Electron Models.

1. Classical Model
2. Wave—-Mechanical Model.

The assumption that electron is a tiny particle possessing definite mass and charge,
is the Classical Model, while the assumption that electrons travel in the form of waves is
called the Wave-Mechanical Model. Classical Model satisfactorily explains the behavior of
electrons in electric and magnetic fields. For large scale phenomena, such as, electron
transaction in a vacuum tube Classical Model gives satisfactory results. But, in the subatomic
systems, such as, electron behavior in a crystal or in an atom, classical theory results do not
agree with experimental results. Wave-Mechanical Model satisfactorly explains those
phenomena.

We shall now consider the trajectories of electrons under different conditions.

1.2 MOTION OF CHARGED PARTICLES IN ELETRIC AND MAGNETIC FIELDS
1.2.1 THE FORCE ON CHARGED PARTICLES IN AN ELECTRIC FIELD

The force experienced by a unit positive charge at any point in an electric field is the electric field
intensity ‘g’ at that point. Its units are V/m

For unit pusitive charge, force = | x ¢ Newtons.
.. For a positive charge ‘q’, the force, F=q x € Newtons
where F is in Newton’s, q is in coulombs, and € in V/m
But by Newton’s Second Law of Motion,
F = mxaand F=qx¢

dv dv
X— = X . = —
"5 T 9TE < T
By solving this equation, the trajectory of the electron in the electric field can be found out.
Vv
= 4= e 1.1
€ 3 (L)
For accelerating potential, considering electron charge as e,
F = —-exg

In this case negative sign indicates that force is opposite to the direction of E.
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Let A and B are two horizontal plates, separated by distance ‘d’ as shown in Fig 1.1.

Let V be the applied potential. The direction of
electric field is always from positive to negative. So in
this case it is acting downwards and is € = V/d. The
electric field will be uniform if ‘V’ is the same. Suppose
an electron is present in the electric field and it is desired to
investigate its trajectory :

A ¥ l
d €
4

B -
Fig 1.1 Direction of electric field.

Let the initial velocity = v, and displacement = x, i.e., att=0, v, = vy, X = X,

According to Newton’s law,

e x € = m x a,(considering only magnitude negative sign is omitted)

F = mxa and F=exeg
exe

a =—
m

e, m and by assumption € are constant.

¢ = Electric field intensity
a is constant.

dv exe
_— = . a= —
dt m (
. exe
Integrating, v = h X t + constant,
At t=0,v=v,
A\ = constant
Therefore, expression for
exeg
v = m Xxt+tvy = vgtat
v = vy tat
dx ot
- = = vy, + at.
dt v 0
By Integrating again,
_ at?
X = vyt+ —2— + constant.
At t=0, X =x,=constant.

a2
X = v0t+7+xo

~ at®
X = Xptvytt —'2—

, v is velocity in m/sec )

This is the expression for x or the trajectory of the electron at any instant of time ‘t’.
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This is under the assumption that acceleration is constant or electric field € is constant
(uniform electric field).

Some solved numerical problems are given here, which will explain the trajectory of the
electrons in terms of mathematical equations.

Problem 1.1
An electron starts at rest on one plate of a plane parallel capacitor, whose plates are 5 cm apart.
The applied voltage is zero at the instant the electron is released, and it increases linearly from
0to 10vin 0.1 m sec.

1. If the opposite plate is positive, what is the speed that the electron obtains in

50 n sec?
2. Where will it be at the end of this time ?
3. With what speed will the electron strike the positive plate ?

H
Solution
1. The voltage applied is a ramp voltage. It is increasing linearly
. s . . Vxt .
At any instant, ‘t’ voltage applied = T (Fig. 1.2) 0 " T
Vo 10 . 2x 109t V/
= — X — = X =72 x

T 47T T sx102 7 107 "

e

— = 1.76 x 10! C/Kg

m

exEg
a= — - =(1.76 x 1011y (2 x 109) = 3.52 x 1020 x t m/sec?
t 3.52x10%%¢?
Velocity v= [a dt= -———xz———— = 1.76 x 1020 x 2 m?/sec
0
At t = 50n.sec, v =4.4 x 10° m/sec
t 20,3
1.76 x10°"t )
2. X = (J)V dt = —><3_ =5.87 x 1019 3m. v = velocity

At t=35x 1078 sec.

x=7.32x103m=0.732 cm.

3. To find the speed with which the electron strikes the positive plate, the time that it takes
to reach the positive plate is,

x=5.87x10Ytm

’ 5

t= (—Xl—g-) = ('—9—9‘?—@') =946 x 108 sec
5.87x10 5.87x10

v=1.76x 102012 =1.76 x 1020 (9.46 x 10“8)2 =1.58 % 10% m/sec.
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1.2.2 POTENTIAL

A potential of V volts at point B with respect to point A, is defined as the work done in taking unit
positive charge from A to B, against the electric field.

a = Acceleration, € = Electric Field Strength in V/m

exg e .
a=——— considering negative sign for an electron,

m
d_v_ exeg
dt ~m
dx=vxdt

Multiplying the above expression with dx and then integrating on both sides, we get

eXeg (] e X d v dv A%
o= = - S e dx = —— oo T2y g [y oav
m m m XO VO dt V()
X
The integral | & dx represents the work done by the field in carrying unit positive charge
X0
from x; to x.
X
.. By definition, =_ [edx

X0

V2 !
eV=m| o
Vo

eV=(‘/z)><m><(V2—v§)
The energy eV is expressed in Joules.
Force experienced by the electron
F=exg
s mxa=exEg
The Equation of Motion is,

dy exe
%= m x t + constant. (C,)
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At t=0,y=0,v=0
: constant =0

eXg t .
x — +C, C, is also zero
2

eXgX t2

y:

2m
This is the Equation of Motion.

What is the Transit Time t ? It is the time taken by the electron to travel a distance ‘d’
between the plates. Att=r1,y=d.

CXSXTZ

2m
2xmxd .
T= 4 g=V/d where V is the voltage.
exe
’2><m><d2
‘t = —_—_
exV
't =

d=

2xm
exV

xd| (15)

. exV | . . .
Average velocity = T Since time = distance / velocity

T = Distance / Average Velocity. (Even if we use v =u + at

v V. .. i .
final * Vinitia]  €XPression, we get the same result.)

Average Velocity = >
Vinitial = 0

¥ final
Average Velocity = '—‘i‘@*

IexV ’ZeV
Vfinal = 2 X 2xm = m | e (1.6)

What is the K.E of the electron when it reaches plate A ?
K.E=(%)mv2

(exet) \Y%
v=l"h Y).e=3
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.t3><th2 eXg 2
K.E.=(‘/2)><m><[ } =(‘/z)m><{———t}
dxm m

But the expression for y, the displacement in the y-direction,

3 exatz
Y= m
e?‘xazxt2 exsxtz
KE=(Y%)mx ———F5—— =ex&gx —/———— =exgxy
m 2Xm
\"
when y=d,8=—a-
\"
K.E=¢ex q x d=e x V Electron Volts
when V =1 volts,
KE=1.6x10"1%x1V=1.6x 10" Joules
or K.E=(%)mv?
_ 2xexV
Viinal m

2xexV

KE. =(%)xmx =e x V Electron Volts.

If the electron starts at rest, with initial velocity = 0, then the final velocity v is given by,
ex V=(%)mv?

% 19 )"

Ixex V)" 2x1.6x10 ,

v= ) =|"o a3 | .V~
m 9.1x10

v =593 x10° V" m/sec
Thus if an electron falls through 1V, its final speed is 5.93 x 103 m/sec.
1.2.3 ELECTRON VOLTS
Joule is the unit of energy in MKS systems; 1 watt = 1J/sec

In electronics, Joule and even Erg is a large unit. So another unit of energy, ‘eV’ electron
volt is defined. If an electron falls through a potential of one volt, its energy is

1eV=(1.6x10"19C)x(1V)
[1eV=1.6x10"19 Joules |
1.2.4 RELATION BETWEEN € AND V ; (FIELD INTENSITY AND POTENTIAL)

The definition of potential is the work done in moving unit positive charge from x, to x. To put this
in mathematical form,

X
V=-]ed =—g(x-xp)
X0
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Negative sign is to indicate that the work is done against the field. The integral gives the
work done.

-V .:X

(x=%o)  *
Negative sign is for work done on a positive charge, against the field. For electrons the
electric field

£E.=

g=+V/d ‘
But this is true when V and ‘d’ are small and V is uniform. If'V is not uniform, incremental
change is to be considered.

dv

dx

1.2.5 Two DIMENSIONAL MOTION

Let A and B be two parallel plates, A is at a positive potential + V, with respect to B. Let *d’ be the
distance between the plates. Letan electron enter the plates at point O, with initial velocity v,
(Fig. 1.3)

So what is the motion of the particle ? < / >
v, = velocity in the x direction ? A
. . . o, V
The initial conditions e 0 d
Vy = Voo x=0 ¢ B
vy =0, y=0p att=0

0 0 Fig 1.3 Two Dimensional motion.
VZ = . Z =

Since, there is no force in the z direction, acceleration in that direction is zero, so the
component of velocity in that direction remains constant.

The acceleration along x direction is also zero. So velocity along the x direction is constant

Vox = Vi -+ There is no electric field along the x-direction.

dx

—c-l? =V X= Ivox dt

X=v, Xt L (1.7)

As the field is acting downwards, there is constant acceleration along y - direction.

vy = ay X t

dy

ar vy =agx t

2
y= Iaytdt =a,x %

But a,=———and g, = —



Electron Dynamics and CRO 9

oV
= &~ dm
y=‘/2><——t2
B _x
ut t—V

BRI SR I A S
y= z><;:1y><v2 = X am Vo2x

Problem 1.2

Two plane parallel plates are kept 8mm apart. A sinusoidal voltage V= 1.5 Sin wt, with a frequency
of 60 MHz is applied between the plates. An electron is emitted from one plate when the voltage
of the other is becoming positive. Find the maximum speed acquired by the electron and position
of the applied A.C. voltage point when this occurs?

Solution
_d_zi_ﬁ_ —e Vpax Sin ot
d> m  m d
_ 1.5 Sin ot
8T g
d V, C t
9 _ & Ymax XSO
dt m d ®
dx
At t=0, — =0and Cos ot =1
dt
e V, 1
_&_z_k
m d ®
dx e Vpax Cosot e Vpay
d¢ m d ®© m do

By inspection, this is maximum when
Cos ot =-1 or ot + .
The maximum value of velocity is
dat m do
-2x1.6x107"° x 1.5
9.1x107! x 2w x 60 x10° x8x 107>
1.75 x 10° m/sec.

dx _a& Vmax
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Problem 1.3
. An electron starts at the negative plate of a plane parallel plate capacitor across which a voltage
of 2000 V is applied. The distance between the plates is 3 cm.
1. How long has the electron been travelling when it acquires a speed of
107 m/sec?
2. How far has the electron travelled before it acquires this speed?
3. What potential has the electron fallen through when it acquire this speed?

Solution
1 F &y
R = X = X —
exXg=m a2
ﬂ _ exsg
dt m xt
2000
g= —2— Viem e=1.6 x 10719C m=9.1 x 103kg
dy
& =107
a Y 107 m/sec.
t=2
vxm 107><9.1x10_31><3><10_2 10
= = 19 =8.5x 107"V sec
ee 1.6x10 x 2000 .
2
e X§g t
2. = —
y m 8 2
Att=8.5x 10710 gec.
19 . _10}2
1.6 %10 x2000><1><(8.5x10 )
=)= =0.42195¢cm
y=(@ 9.1x10' x3x102 x 2
L. . 2000
3. Electric Field Intensity = 3 V/em.

The electron has travelled a distance of y cm = 0.42195 cms

) 2000
Potential drop = 3 X 0.42195 cm =281.3 Volts.

Motion of an electron in uniform retarding electric field, when the initial velocity is
making an angle 0 with the field

Plate A is at negative potential with respect to plate B as shown in Fig. 1.4. So it is retarding
potential. An Electron with initial velocity v, is making an angle 6, with the field.
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<
m
e O

+ ve
< XxXm
Fig 1.4 Retarding electric field.
Initial Conditions :
Att=0, vy=v0Cose; v, =V, S8in0; y=0 x=0;
A" 2y
8=—E(because\/is—ve) m —&2—=ex8
d’y exe dy exe
d> m d  m xt+Cy
C,=v,Cosb
Y EXE 4y, Cosb
d = m X1tV Cos
exe 2
y= ><—2~+v0Cos€)t+C2 But,C, =0
2
exgxt”
y=T+votCose .......... (1.8)
d*x 0
X =
e

Force along the x direction is zero, since the electron is not moving in *x’ direction. However,
it goes up because of the initial velocity.

m =v,=C;=v, Sind
x=v,tS8in0
To find y,,, the maximum displacement in the ‘y’ direction. At y=y_, v, =0.

exXext

The expression for v, is vy =

y +v0Cose

Letatt=t,y =y,

vy Cosh
ex-—
m

X 3 +v,t, Cos 6

But, y=
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Substitute this value of t,

_exeg vg Cos20 v(z) Cos20
Ym m 2.2 B e.g
e”¢ Rk
5 X2 m
m
y =Y vg Cos26
" exe
m
Let the initial velocity v, be due to some accelerating potential V,,
2V,
Yoo Vm
--%,
¥, = d x Cos?0
— Ve
A
V' Ym
A 4
fe—- ) —i=1
Fig 1.5 Parabolic path.
To find x
At t=1t,, x=x,/2
. —Vg cosb
x=v, tSin0 b= e
()
-voC
Xm _ Vo ——V(::—O—SG- . Sin@
2 cE
m

If the velocity v, is due to an accelerating potential of V .

/26V
Vv, = m° and 82—%

_ 2eVg.dm
mo eV

X Sin26
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2V, .
X, = To.d Sin20 | (19)

The trajectory of the electron is as shown in Fig. 1.5,

Y is the maximum displacement in the "y’ direction and x_, is the maximum displacement in
‘x’ direction.
Problem 1.4

The electron shown in Fig.1.6 has an initial velocity due to an energy of 10 eV, directed as shown.
P and Q are conducting plates. Find the potential V to be placed on electrodes P and Q, which will
cause the electron to reach point B.

+

459 10 ev —

45%" 2 cm —»lla ] Q

Fig 1.6 For problem 1.4.

Solution

2V
Xm= "y xd x Sin 20

V,=10volts, Since, energy is 10ev.
V=7 x,=2cm d=? 6 =450

_ 2x10

2 x dx x Sin 90°

V = 10d Volts

1.2.6 CURRENT DENSITY
It is denoted by J. It is defined as the current per unit area of the conducting medium.

]
Assuming a uniform current distribution, J = e where J is amp/m? and A is the
C.S.A (m?).
e - . .
But I= "1 where N is the total number of electrons contained in a conductor of length L.

If an electron takes a time T sec to travel a distance of L m in the conductor, the total
number of electrons passing through any cross section of wire in unit time is :

Total Number of electrons in a conductor = N
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Ne
The charge per second passing through any point = T
. Ne
But rate of change of charge is current, I = Ea
Ne
J= A | e (1.10)

J is the Current Density in Amp / m?

But Time= G .. =

Distance L
Velocity ;

T can be replaced by E
v

Nev

AL
But L x A is the volume of the conductor, containing N electrons.

So, J=

N . .
LA gives the electron concentration =n N_/m3

Total Number of electrons in a conductor =N
i.e., electrons/m3,
Thus, n="T4
-
But n x e = charge density in Coulombs/m3 = p
p the charge density is the electric charge in coulombs per unit volume ( m?)
v is velocity in m/sec

I
=%
Ne .
I= T A = Cross sectional Area of the conductor
Ne
T=AxT
L
T=—
v
_ Nev
AxL

A x L = volume of the conductor

N . .
Axl Electron Concentration per unit volume ‘n’.
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J=nxexv=pxv . (1.11)
n x e = Charge Density p in Coulombs / m3

v = Velocity in m/sec.

J = Current Density in Amp/mZ.

1.2.7 FORCE IN A MAGNETIC FIELD

If a conductor of length L, carrying current I is situated in a magnetic field of intensity B wb/m?2 or
tesla, the force F acting on the conductor is

|Fm=B><I><LNewtonsJ .......... (1.12)

Where B is in wb/m2, I in amps, L in meters and F is in Newtons.

B is the magnetic field strength in Webers per unit area ( m?)
In the above equation 1.8, assume that I and B are perpendicular to each other.
Let N = No. of free electrons in a conductor
L = length of the conductor in meters
T = The time taken by the electron to travel a distance of L meters

Total no. of electron passing through conductor in unit time = N/T

Rate of flow of charge = ETE
This by definition is current I.
Ne
=
Force due to magnetic field is,
F=BIL= 22¢
T
But :Iri =v velocity in m/sec.

Force experienced by each electron due to magnetic field,
F, = Bev Newtons

1.2.8 MOTION IN A MAGNETIC FIELD
Case (i)  Electron at rest : No effect
F,=Bev,v=0
F =0
f . will be there, only when B and v are perpendicular to each other.
Case (ii)  Electron moving parallel to the field : No effect.
.. B and v should be perpendicular to each other.
Case (iii) Electron moving perpendicular to the field : Motion is a circle.
Case (iv) Electron velocity making an angle ‘0’ with the field : Motion is helix. -
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A particle whose initial velocity has no component perpendicular to a uniform magnetic field
will continue to move with constant speed along the lines of the flux.

Let, B = flux density wb/m2, direction being along the neutral axis (z - axis)
perpendicular to paper.
v = velocity of the electron along x - axis.
f = force acting on the particle or electron in the y - axis.
Yy
COVE O,
/ \
i
| )
\ i
\ - /, —» X
X270,

Fig 1.7 Motion in magnetic field.

The path described is a circle since it is analogous to a mass tied to a rope, twisted and
related the motion of the mass.

v and B are constant in magnitude since f_ is constant in magnitude and perpendicular to the
direction of motion of the particle. This type of force resolution is motion in a circuluar path with
constant speed.

To find the radius of the circle, a particle moving in a circular path with a constant speed v,
has an acceleration toward the ¢enter of the circle of magnitude vZ/R where R is the radius of the
path in meters.

Thena 'r% =€ B v = F
.\
e
2eV,
V et
m
m (2eV, 1 |2m
= — ===V
R=FeV m BVe °
3.37x107
= \/ Vo .m
B
If T = period of rotation,
R Circumference Distance
T=2r— = - = —
v Velocity Velocity
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my
2n 2
= ImY _ 2Tm ; Substituting vaues of T, m and e,
Be.v Be
35.5
T= x 10712 sec.

The time period is independent of speed or radius. This means that fast moving particles
describe large circles and slow moving particles describe small circles. But the time taken by

them to describe those circle is same.
Initial velocity is making an angle ‘0’ with the field :
P = pitch of the helix.
v the initial velocity is making an angle ‘0’ with B. ‘B’ is in z plane. If we resolve v along

horizontal and perpendicular axis. v cos 8 is along the axis of B. v sin 8 is perpendicular to B.

Fig 1.8 Initial Velocity making an angle 0.

force due tov Cos 8 =0,
f due to Sin@ impact is v Cos 0

force = B.e (v Sin 0) v=vSinf
mv? Sin?8 mv?
f_—. e e . f=
R R
ZS' Ze
Bev Sinf= —T—XRL—

mvSin 0
e= "R
R=mvSin6/Be
If the initial velocity v is due to potential V,

— Veloci _ [2eV,
v = Velocity, v -
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R=_"1,L{/Z‘?_‘&}sme
e B m

3.37x107'° .
R= —]1;,/32 Vo Sin@ = == [V, ]sin o
c

T = Period of rotation
2nR
vSin 6

mvSin 0
Be

_ 2xmvSin® _ 21m

Bev Sin® Be
35.5

T= B picoseconds (p.sec.)
If P is the pitch of the helix,
P=vCos0.T
The distance covered along the B direction in one revolution is called the pitch of the helix.
27R
~ VSin 8
mv Sin 6
-5
po 2
eB

2eV,
P= \f——~—g=2nm.vCos 0
m eB

212x107°
SR JV,.Cos 6

Therefore, the motion is helix because of v Cos 0 electron moves in that direction in a

straight line, and because of v Sin 6, it will describe a circle.

Problem 1.5

An electron initially at rest is accelerated through a 2 KV and then enters into a region in which a
magnetic field of flux density 0.03 wb / m? is maintained. The field region is confirmed betwen
two parallel planes, 3 cm apart perpendicularly to the initial path. Determine the distance between
this initial path axis and the point at which the electron leaves the field region assuming that all the
trajectory is within a vacuum,
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Solution

E is the point where the electron enters the magnetic field. EA is the arc of the circle of radius
OA, EA is the path of electorn because of the effect of magnetic field.

OAC is right angled triangle OC =3 cm. AD ?

v
—> jD
) ™ ~~~\\

b I

mv mv
=Bev or R=——
R e

B
’2eV

m
m 22V [2mV }_
eBY m e B
Radius of the circle,

2x9.1x1073' x2x10° 1
OA = -19 %
1.6x10 003  Fig 1.9 For Problem 1.5.

A\
R=

R=5cm
- OAC is aright angled triangle,
OA=5cm, OC=3cm

S AC=4cm
But CD = OE = Radius of the circle OA
: CD=5cm

o AD=5cm-4cm=1cm
The centre should lie along the OE only since E is a part on the circle and A is also a point
of the circle.Therefore the centre cannot lie any where else except along OE.

Problem 1.6

An electron finds itself at rest at electrode B as shown in Fig.1.10. A voltage pulse as shown in
Fig. 1.11 of amplitude 100 volts and direction of 0.01x 107° sec is applied so that electrode A
becomes positive with reference to B. If the distance between A and B is 5 cm, and the plates
could be assumed to have a geometry starting from the fundamentals, calculate the transit time of
the electron.

/
i 1| I 100 V t -——
Switch r
s

Bl € Scm —> | A —

t=0 0.01 u sec

Fig 1.10 For Problem 1.6. Fig 1.11 For Problem 1.6.
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Solution

The electron will move to a distance d, when the pulse is applied. After the pulse is removed,

the electron will continue to move with the velocity it has acquired at the end of time t ,1.e.,0.01
i sec. It will move a distance of d

d + d = 5 cm
Let d be the dlstance travelled in 0.01 p Sec.

d =——x—), —= >
1 md 2 d 5x10™
100 (10t
d, =1.758 x 101 x P _zx( 2T
=1.758 x 102m
d,=(5-1.758) 102
=324 %x102m

Velocity of the electron at the end of the time t = 0.01 x 107 Sec.

e>< xt
v = ~——X—XT
m d

100 _
=1.758 x 10! x leo_2><108
=3.52x 105m

= _324x107 =0.9 x 108 sec
2V 3.52x10°

Total transittime t=t, +t, = 1.9x10-3

=19 n. Sec

Problem 1.7

The distance between the plates of a plane parallel capacitor is 1 cm. An electron starts at rest at

the negative plate. If a direct voltage of 1000 v is applied how long will it take the electron to reach
the positive plate ?

Solution
e.e.t
Y= 2m
\" 1000
"4 10z v
b=7?
y=d=1cm
2md
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2x9.1x107 x 1107 x1x 107"
B 1.6x107' %1000

= 11375 %107 3374107
=10.65 x 10-Y Sec.
Problem 1.8

An electron is emitted from a thermionic cathode with zero initial velocity and at a potential of 300 V.
Calculate the final velocity.

Solution

eV
final m

V=1000 V.

2x1.6x107"° x1000
=\F 9.1x10- = VJ351.6x10"

= 18.75 x 10® m/Sec.

1.2.9 MOTION OF AN ELECTRCN IN COMBINED ELECTRIC AND MAGNETIC FIELDS

Assumption : Both fields are perpendicular to each other. Initial velocity is zero.
v, and v, are the velocities acquired by the electron due to electric
and magnetic fields.

An electron at point P is placed in combined Electric and Magnetic Fields as shown in Fig 1.12.

& I,

— s 'x
® > Bev,

lBev\

> X

z /B

Fig 1.12 Combined electric and magnetic fields.

1.2.10 EQUATION OF MOTION

F, = Force due to Electric Field.
F, = Force due to Magnetic Field.
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solvipg this Second Order Differential Equation

dzy

mx — =-—
dt?

¥ 4%

&y e
dt? m
. +exV
y = mxd
d2y e
@ T

where a is constant.

eV

m.d Is constant

o = Angular Frequency ; 2n f =

) ) 2nm
Period of rotation T = Be °

— =wandv, =y = —
m y Y m

_ 2mxBe
© 2mm
Eq. (1.14) can be written as
X =0y
Be
Integrating, x=ay +C,
C,=0.
Substitute this value of x in eq. (3)
y=a-0 X
X =@y
)
Sy ma-w%y

y=a-o0y)=a-n?y

a
(O]

y= "7 (1 - Cos ot)

a|<

S E=

LY =a-ox

2n
T

—| =
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But X =@y
-
X = i —_
o o ( 0s wt)

a
x=- (1 —Cos ot)

Integrating to get x,
a ( Sin wt)
x=—|t—
® ®

a
x=;)—2(cot—Sinmt) .......... (1.19)

Hence the motion is cycloidal.
y is max. when Cos ot = -1

3 2a
Ymax = ®
_at
xmax_—m—

x is max when Sin ot =0
x is max where Sin ot is 0 and © is max.
X is max. when ot = 2x

Xmax ;)—f (21[—0)= m2

1.2.11 PARALLEL ELECTRIC AND MAGNETIC FIELDS

If € and B are parallel to each other and initial velocity of the electron e )
is zero, the magnetic field exherts no force on the electron. The T l
resulting motion solely depends upon ‘e’ ( Fig. 1.13). B
If the electron is possessing initial velocity v, and is along the
magnetic field, then also the effect of magnetic ﬁeldy is nil (Since, v,
is parallel to B). So resultant motion is due to € only. Then the 0 "
equation of motion of the electron is, Fig 1.I3 Parallel
Vy = Voy — at electric and magnetic
c.e fields.

Where ‘a’ is the acceleration of the electron and ‘a’ = o

( Negative sign is due to the direction of acceleration which is opposite to that of electric
field ).
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Integrating, Y= Vo t="5ath
) e.s
Wi v a= —_
m

If initially a component of velocity v, is perpendicular to B. the electron will describe
c¢'rcular motion. The ‘Radius’ of the circle is independent of €. And, because of the effect of
electric field €, the velocity along the field changes with time. So the resulting motion is helical
with a pitch that changes with time. i.e., the distance travelled along y-axis increases with each
revolution.

1.3 SIMPLE PROBLEMS INVOLVING ELECTRIC AND MAGNETIC FIELDS ONLY
Problem 1.9

A point source of electrons is situated in mutually perpendicular uniform magnetic and electric
fields. The magnetic flux density is 0.01 wb/m?and the electric field strength is 10 V/m. Determine
the minimum distance from the source at which an electron with zero velocity will again have zero
velocity.

P ——— PR
A v B X man C

Fig 1.14 For Problem 1.9.

Solution

When the electron is under the influence of perpendicular magnetic and electric fields, its
motion is cycloid. An electron emitted with zero velocity at A, will have again zero velocity at B
(Fig1.14).

Therefore, AB is the minimum distance from the source of electrons (A) where the electrons
will have again zero velocity. The expression for x, the distance travelled by the electron is
( See Section 1.2.10),

a .

From Eq. ( 1.19), x = —5 [0t ~Sin ot]

o
AB =BC =X ..

a
i = —= X2
The expression for X .. o2

=t

ey

_ eV _es
a—m.d—

m
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Be 2n 2nm
0= ( -+ o= Angular frequency = T T= e )
- eexm? x2n _ B Mo 2nx10%x107"

TmaxT . B2Z  B® e (0.01) x1.76
e
Xmay = 0.36 cm Rl 1.76 x 1011 C/Kg

v Problem 1.10

Two 50-eV electrons enter a magnetic field of 2.0 m wb/m? as shown in Fig 1.15, one at 10° and
the other at 20°. How far apart are these electrons when they have travelled one revolution in
their helical paths ?

20°
10°

Fig 1.15 For Problem 1.10.

Solution

Since the electron velocities are making angle 6, and 8, with the field, the path of the electrons
will be helical.

Energy = 50 eV
Accelerating potentia! V= 50 volts.

Velocity, Vo, = % =593 x 10° JV, =593 x 105 x /50 = 4.2 x 105 m/s
, , 35.5x10712
Period of rotation ‘t’ = VT =1.785 x 1078 sec
X

Components of velocities along B are
Vi = vy Cos 10°=v_ (0.9848)
V, =V, Cos 20° = v  (0.9397)
Vi —Vy =V, (0.9848 —0.93987) = v,, (0.0451)
Distance = (v, - v,) T = velocity x time
=0.0451(4.2 x 10%) (1.785 x 1078)
=0.338 cm
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1.4 PRINCIPLES OF CRT
1.4.1 Basic CRO CIRCUITRY :

A CRO consists of
1. Vertical amplifier
2. Horizontal amplifier
3. Time base Circuit
4. Power supplies
5. Cathode Ray Tube
The block schematic is shown in Fig. 1.16.

Ext. Horizontal

Output
Synch Tone Base l Horizontal
CKT Generator [¢ Amplifier | |
. Vertical
Input Signal —> Amplifier
Power
Suppliers

Fig 1.16. Block schematic of Cathode Ray Oscilloscope (CRO).

1.4.2 TypESs oF CRO’s

1. Single Beam

2. Double Beam/ Dual Beam
3. Dual trace

4. Storage oscilloscope.

CRO is an extremely useful and versatile laboratory instrument used for the measurement
and analysis of waveforms and other phenomena in electronic circuits. These are basically very
fast x — y plotters.

In the usual CRO application, the x - axis or horizontal input is an internally generated linear
ramp voltage or time base signal. The voltage under examination is applied to the y - axis or as
vertical input of the CRO. When the input voltage is repetitive at fast rate, the display appears as
a stationary pattern on the CRO.



Electron Dynamics and CRO

27

CRO nowadays is being replaced by electro luminescent panels, solid state light emitting
arrays of Ga As diode and plasma cells. CRT is the heart of CRO. The operation of CRT may be
described by the five regions mentioned below ( Fig. 1.17 ) :

1. Beam Generating Area The electron beam is generated by
Thermionic Emission

2.  Beam Focus Section The beam is focused

3. Beam Post Acceleration Region Space potential controls the beam
velocity, to enable electrons to reach
screen.

4.  Beam Deflection Region The beam is positioned to the desired

5. Beam Target Region

Grid Focusing Anode

x-y co-ordinates position
Display Screen.

Acquadag Coating

Final Apperture

iy

A1

Graticules

)

/ /

VA
Cathode
Nickel Cylinder / /
with a Layer of Anode  AAccelerating Vertical
Barium and Strantium Anodes ) Plate
coated on it (2000v -10 Kv ) Horizontal

Plate
Fig 1.17 Cathode Ray Tube (CRT).

1.4.3 BEAM GENERATION

This is analogous to a Vacuum Device Triode : a cathode supplying electrons, a grid controlling
their rate of emission, and an anode collecting them. In a CRT, there is a small hole or aperture, in
both the grid and anode, permitting a narrow beam to emerge from the anode. The cathode
potential is several thousand volts negative, with respect to anode so that, electrons are liberated
with considerable energy. The Intensity of the beam on the screen can be easily controlled by
varying the grid voltage.

1.4.4 BEAM Focus
It contains the beam focusing electrodes which change the beam pattern as a small round dot.
The two electrodes are focus and astigmatism electrodes. Focus control electrode adjusts the

beam to be concentrated as a dot, where as astigmatism control is used to make the dot as round
as possible.
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1.4.5 BEAM DEFLECTION

Many CRTs differ only in this method. Magnetic deflection allows a wider beam deflection angle,
than does electrostatic deflection. If full screen beam deflection bandwidth desired is less than 20
KHz, Electromagnetic Deflection System has a substantial cost advantage. Thus TV sets and
medical monitor use Electromagnetic Deflection.

Magnetic Deflection is accomplished by changing magnetic field. This is done by changing
current levels in an inductor. At high frequencies inductors with few turns are necessary to obtain
fast current changes. Inductive reactance increases with frequency.

1.4.6 BEAM POST ACCEL:RATION

This is important for writing speed. The original accelerating field is the potential between cathode
and deflection plates. In electrostatic CRTs, the voltage between cathode and plate is approximately
4 KV. For this a resistance spiral is used inside the tube envelope on which is impressed an
accelerating voltage of 10 KV. The accelerating field bends the beam towards the axis and thus
changes the waveform display or decreases deflection sensitivity.

1.4.7 CRT DiSPLAY SCREEN

Phosphor is the usual read out material on the target. It has the capability of converting electrical
energy into light energy. Two phenomena occur when a phosphor is bombarded with a high
energy electron beam. When the beam hits the phosphor, a fluoresence or light emission is observed.
When the excitation beam is removed phosphorescence remains for sometime and indicates where
the phosphor had been stimulated into light emission. The phosphor is classified as

(1)  Short persistence (decay in less than Im sec)
(2) Medium persistence (2 sec)
(3) Long persistence (minutes), human eye tends to peak in ~ 55000 A°,

i.e., yellow to green region. Fluorescent screen material is Zinc Orthosilicate ( P-1
phosphor)
P — 5 screen — Calcium Tungstate gives blue colour.

1.4.8 GRATICULES

These are the scale markings on the CRT Screen. They are of three kinds
1. External Graticule
2. Internal Graticule
3. Projected Graticule
External Graticule is screened outside the CRT screen.
The Internal Graticule is screened inside the CRT screen.

Projected Graticule is provided with some covers and allow greater flexibility in
graticule pattern.

Cathode in CRTs is a nickel cylinder with a layer of barium and strontium oxide deposited
over it, to obtain high electron emission at moderate temperatures. Voltages applied to the acceleration
anode vary from 250V to 10,000V.

The grid is biased negative with respect to cathode. It controls the density of electrons
being emitted from the cathode. Intensity knob controls the negative voltage of the grid.
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The focusing anode and accelerating anode form electrostatic lens. A typical case is, focusing
anode is at 1200V, and accelerating anode is at 2000V. Thus a P.D of 800V will produce strong
clectrostatic field. An electron passing thfough these anodes has two forces acting on it. The high
accelerating voltage attracts the clectrons and speeds it up in a forward direction, and the electrostatic
ticld between the two electrodes tends to deflect the electron. The end result is that all electrons
entering the lens area tend to come together at a point called the focal peint.

In CRO focussing is done by varying the focusing electric volfage since the electrons arrive
at the screen with high velocity and there will be secondary emission. These electrons are attracted
by the acqudag coating and returned to the cathode. Acqudag coating is a Graphite coating.
It is at a positive potential and returns secondary electrons to the cathode.

Dual trace CRO enable the portrayal of two vertical beams. It consists of a single beam
CRT. a single time base generator and tw o identical vertical amplifiers, with an electronic switch.
This switch alternatively connects each vertical channel of CRT, after each sweep.

1.4.9 Time BASE

This permits an operator to display voltage or current variations in time. Many AC signals are
functions of time. So it is an essential feature. Time bases generate an output voltage which is
used to move the beam across CRT screen in a straight horizontal hine, and return the beam quickly
back to its starting point. From left to right, the beam moves slowly and so appears as a line. It
returns rapidly from right to left and so cannot be perceived. The left to right or forward movement
of the beam is called trace interval or forward trace.

The sweep action is achieved by a saw tooth wave form, to represent time varying functions.
Time Base Circuit

A typical circuit to deflect electron beam along x-direction on the screen is as shown in Fig. 1.18.
The switch can be a BJT, JFET or any other electronic switching device. When the switch S is
open C gets charged. When S is closed, C discharges. producing a saw tooth wave form. Switching
can be done at a faster rate when electronic devices are used as switches.

+V
éR

) o
Sw;tcly —_C  V_=Sweepvoltage
7
T t >
Fig 1.18 (a ) R - C Network. Fig. 1.18 ( b ) Time base wave form.

1.5 DEFLECTION SENSITIVITY
1.5.1 ELECTROSTATIC DEFLECTION SENSITIVITY

Electrostatic deflection sensitivity of a pair of deflection plates of a Cathode Ray Oscilloscope
(CRO) is defined as the amount of deflection of electron spot produced when a voltage of 1 V DC
is applied between the corresponding plates.
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Let two plates of length ‘I’ and spacing ‘s’ are kept at a distance D from the screen. Let the
voltage applied between the plates be V4 volts and v the velocity of an electron on entering the
field of the deflection plates (Fig. 1.19).

{ = length of deflecting Plates
s = Spacing between Deflecting Plates
D = Distance between screen and Centre of Deflecting Plates

Then, Vuxmvi=exV -
2eVd
v= 1[—
m
Where V4 = voltage of fixed anode in volts
e = charge of an electron in coulomb
m = mass of an electron in kgs.

L
iA C K——D:—HG

Fig 1.19 Electrostatic deflection sensitivity.

As the beam passes through the field of the deflection plates, the electrons are attracted
Vd xXe

towards the positive plate by a force equal to

Vyxe
F = exg= "—S— 5
The force produces an acceleration of ‘a’ m/sec? and is equal to force divided by mass m,

of an electron.

F=ma
F
a= —
m
V, xe
a:d——.
sm

The forward motion however continues at velocity v. The time taken by the electron to the

. . . . .1
traverse in the field of the plates is - see The upward velocity attained by the electron in S 5ee

is vy
l / V, xe
Then, v.= — xa=— x =4+ m/sec
Y v v sm
The ratie of upward velocity to the forward velocity at the instant electron leaves the field is
vy Vy xex!

v osxmgxV
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The electron follows a parabolic path from A the point of entrance, to point B, the point of
leaving the field. Let the vertical displacement, during this period be d .

Then
d =ut+%at? | ut=0 -+ upward velocity att =0

1Y I
dl=1/2xax - s t=—
v \%

2

— Vd><exl2

SXmX v

If 6 is the angle with the axis that the electron beam makes after emerging out from the field
of the deflection plates. Then
dy

Tan 6= Y = =2 or dy=D, x -
an v D2 or G, 2>(v

V, xexIxD,
dy= ——"52

sXmx v’
) Vy xexIx(l/2+D,)
Total deflection, d=d,+d,= ) 3
sXmXv-
/
Let D=D, + 5
VyxexIxD
Then d= ————75"
sXmgXV
But v2= 2xexVa
m
_ Vg ID
d= Va * 2

for a given CRT, /, D, and s are fixed. Therefore deflection ‘d’ of the spot can be changed by

changing the ratio A/
a

d ID
Sg = Deflection Sensitivity = (,; =gy, em/V
IxD
Sg= m2xsxva ............ (1.20)

Deflection Sensitivity Si. ( with Electrostatic Field ) can be increased by increasing /, but
then the electron may hit the plates. Even after decreasing s, the same problem will be there, We
can increase D, but the size of CRT becomes large. So the only alternative left is by reducing V.
So a compromise has to be made in the design of CRT, to get optimum value of deflection sensitivity.
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1.5.2 ELECTROMAGNETIC DEFLECTION SENSITIVITY

Magnetic Deflection in a Cathode Ray Tube

Electron will get deflected in magnetic field also. So a Cathode Ray Oscilloscope (CRO) can
employ magnetic field as well to get deflective on the screen. Let us derive the expression for the
deflection sensitivity S in a magnetic field.

If the magnetic field points out of the paper, the beam is deflected upward. The electron
moves in a straight line from the cathode to the boundaries ‘O’ of the magnetic field. In the
region of the uniform magnetic field, the electron experience a force of magnitude e B v, where v,
is velocity.

K P Q

M € e

Cathode

/

Fig 1.20 Magnetic deflection sensitivity.

The path OM will be the arc of a circle whose centre is at Q. The velocity of the particle,

_{2eV,
YoT Vi

Let, ! =length of the magnetic field
L. = Distance between circle of the field and the screen
y =Totaly deflection
B = flux density in wb/m?
v, = initial velocity
V= accelerating voltage
Sy1 = Deflection sensitivity due to magnetic field
= m/wbjm? = m3/wb
The path OM will be the arc of a circle whose centre is at Q.
OM =Ro,
where R is the radius of the circle.

since O is small. If we assume a small angle of deflection OM ~ /

BIE
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But radius of the circle is
mv
R=3B
In all practical cases, L >> [, therefore if MP' is projected backwards, it will pass through
the centre O' of the region of the magnetic field.
: y=L tan 0

when O issmall, y=16
| leB  leB

But 0=—=
R myv fze V,
m ————
m

/B e

o= vy \m
A ‘/E
Y=+ J2v, Vm

Deflection sensitivity

y
S, =2
M™g
Sy =S —— L
M m 2Vo . .

Advantages
1

1
Compared to electrostatic deflection S, is high, and since S;; a 5~ whereas Sy, o == .
Vv, JV

Because of high deflection sensitivity, it is used in radars and T.V. tubes. Radial deflection
can be accomplished easily by rotating coils placed outside, to produce B.
Disadvantages
For high frequency this is not used because of the high reactance produced by the coils.

Ton spot formation creates a black spot at the centre of the screen.

Problem 1.11

In a CRT, the length of the deflecting plates in the direction of the beam is 2 cm, the spacing of the
plates is 0.5 cm and the distance of the fluorescent screen from the centre of the plate is 18 cm.
Calculate the deflection sensitivity in m/volt if the final anode voltage is

@ 500V (b)y 1000V () 1500V
Solution
Deflection sensitivity = 2V, I=2cm D=18cm, s=05cm
(a) For V,=500V
Deflection Sensitivity Sg = 57?—;—1;5% =0.072cm/V
{(b) For V,= 1000V, Sg =0.036 cm/V.

(¢) For V,=1500V, Sg = 0.024 cm/V.



34 Electronic Devices and Circuits

Problem 1.12

In a CRT, a pair of deflecting plates are 2.0 cm long and are spaced 0.5 cm apart. The distance
from the center of the plates to the screen is 24 cm. The final anode voltage is 1000 V. Calculate
(@) The displacement produced by deflecting voltage of 30V.
(b) The angle which the beam makes with the axis of the tube on emerging from

the field
(¢) Velocity of the beam on emerging from the field.
Solution
(a) Deflection produced AV,
Vad D 30x2x24
=", = — = \{
25V,  3x0sxlogp  Hem R
b Tango & L 30x2 o
(b) METD T 2sv,  2x1000x05
0 =39 26’
0 R
-(¢€) Tan 6 :XVY_ >V
Resultant Velocity Vg, ( Fig. 1.21) Fig 1.21 For Problem 1.1.
) A\
YR™ CosB
2eV,
Vo= =5.94x10° x/V, =5.94x10% x /1000
€

=18.75 x 10% m/sec

_ Vv _1878x10°
¢ Cos8 0.9982

v = 18.87 x 10 m/sec

Problem 1.13

The electrons emitted from the thermionic cathode of a Cathode Ray Tube gun are accelerated by
a potential of 400 V. The essential dimensions are L = 19.4 cm, / = 1.27 cm and d = 0.475cm.
Determine S;. What must be the magnitude of a transverse magnetic field acting over the whole

length of the tube in order to produce the same deflection as that produced by a deflecting potential
of 30V ?

Solution
ID  127x19.4x107?

T 25V, | 2x0475x400
30 V will produce deflection of 30 x 0.98 =2.67 cm

y=2.67 cm= LB ‘/—E

v,
L=194cm;/=127cm;B=? V_ =400V
B =6.22 x 105 wb/m2.

Sg = 0.65 mm/v.
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Problem 1.14

Calculate the deflection of a cathode ray beam caused by the earth’s magnetic field. Assume the

tube axis is so oriented that it is normal to the field, whose strength is 0.6 G. The anode potential
is 400 V. The Anode — screen distance is 20cm.

. /
07 B

D DA =20 ¢cm A

o

C

Fig 1.22 Deflection in CRT due to Earth’s magnetic field.
Solution

The electron starts at 0 ( Fig. 1.22 ) and is accelerated by anode potential of 400 V. Because of
the effect of earth’s magnetic field, it will describe a circle of arc OA, whose radius = AC.
AB is the deflection of the electron on the screen (y).

2eV
em° =1.19 x 107 m/sec.

Now initial velocity, v., =

Earth’s magnetic field = 0.6 G = 0.6 x 10~% wb/m?

Radius of the circle described by the electron due to earth magnetic field

3.37x107°
R=—F"V%

-6
_ 3.37x10 xm

6x107
=1.12m=112cm
AC=112cm CO = Radius of the circle =AC =112 cm
CD=(112-y)

(112 —y) +202 = 1122
y2—-224y+400=0o0ry=18cm
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1.6 APPLICATION OF CRO

1)
()
&)
“4)
(3)
(6)

Voltage Measurements
Frequency Measurements
Phase Measurements
T.V Display

Indicators Diagrams

Computer Monitors, etc.

1.6.1 CURRENT MEASUREMENT USING CRO

The voltage

drop (V) across a resistor ‘P’ is measured using CRO. The current ‘I’ through the

resistor can be determined using the formulal=V /R.

1.6.2 FREQUENCY MEASUREMENT

By observing the A.C. signal waveform on CRO, the number of divisions are measured, on the
timescale. Time ‘T’ is determined by multiplying No. of divisions with m.sec (or p sec) / Div.

1
Frequency f= T
SUMMARY
. V. Ee  [2xexVv _exext’
e= gy Frexs vy yT o
Transit Time T = M d
exV
e 1eV=16x10"1Joules
¢  Thetrajectory of an electron in uniform retarding electric field, when the initial velocity
is making an angle 0 with the field is parabola.
\ X, = 2V d x Sin 20;
m™ Ty xdxSin26;
. Force experienced by electron in magnetic field
f=B x I x L Newtons
y ) . . _ IxD
2 Sg= Pl Electrostatic Deflection Sensitivity, S = 25V,
. Sys= Electromagnetic Deflection Sensitivity,

y_ € 1
B m 2V

o

xIXL
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10.
11.

12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

OBJECTIVE TYPE QUESTIONS
Electric Field Intensity € = .........c.ccoovvvrenrenee. Its units are .......ccececvrervennenne.
Expression for the velocity of electron v in terms of acclerating potential

= Newtons.

Expression for the radius of an electron placed in a magnetic field of intensity B, and
moving with velocity visr= .......cccovvnenninn,

Expression for electrostatic deflection sensitivity Sp = ........c.ccooevrviinnes
Expression for electromagnetic deflection sensitivity Sy, = ......coooviiiniinnes
Graduated scales on the CRO Screen are called as ........ocovveveeenneee

Coating which provides the return path for electrons after striking the CRO Screen

Cathode Material used in Cathode Ray Tube ..........cocceeennnnenne.

The nature of signal ( wave shape ) of Time Base in a CRO is ....c..ccceceeuvcvevnrenenne.
Electrostatic deflection sensitivity is defined as .........c.cecvevinieenes
Electromagnetic deflection sensitivity is defined as ...........c.ccoeeeevereeen.

The energy acquired by an electron in rising through a potential of one volt is
A Conductor of length L consists of N electrons. An electron takes T seconds to
travel the distance L. The total number of electrons passing through any cross section
in unit times is .....c..cccoceevevveivccnee.

The trajectory of an electron in two dimensional motion subjected to an electric field
between two plates of a capacitor is ..........ccccoeecreennn.

Relativistic correction should be applied if an electron falls through a potential of
above ..o volts.

When a current carrying conductor of length L is placed in a magnetic field of strength
B, the force experienced by the conductor is F = ...,

When an electron enters the magnetic field with a velocity v in a direction perpendicular
to the magnetic field, the magnetic force results in .........cccecvereinene motion of the
electron.

The (oo deflection sensitivity is inversely proportional to the square
of accelerating potential.

The oo deflection is independent of specific charge (e/m).

When suitable alternating voltages are impressed against two pairs of deflecting plates
in a CRO, the famous .........c.c.ccceceennnnne figures are obtained on the screen.

The mass of a particle moving with a velocity v in terms of its rest mass m, is given
by m = .,
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ESSAY TYPE QUESTIONS
1. Derive the expression for the velocity acquired by an electron, when placed in an
accelerating field €.
2. Derive the expression for radius ‘R’ and time period ‘T’ in the case of an electron
placed in a magnetic field of intensity B tesla.
3. Derive the expression for electrostatic deflection sensitivity
4. Derive the expression for electromagnetic deflection sensitivity.
5.  With the help of a neat sketch, describe principle and working of Cathode Ray Tube.
6. Give the constructional details of Cathode Ray Tube.
7.  Compare Electrostatic and Electromagnetic deflection mechanisms
8. What are the applications of CRO? Give the block schematic of CRO and explain.
MULTIPLE CHOICE QUESTIONS
1. 1ev=... Joules
(@ 1.6x10%Joules (b)1.7x107° (¢) 6.1x107"0 (d) 1.6x107"
2. If the electron starts at rest with initial velocity = 0 m/Sec and is accelerated by
potential +V, volts the final velocity is,
(@) 5.93x10° VYV m/sec (b) 59x10° JV cm/sec
() 9.53 x10° Jv Km/sec (d) 3.59x10° JV m/sec
3. The expression for current I passing through a cond3uctor of cross sectional area
‘A’ mz, in time t secs, with electron density N per m”, of charge e, is I =
Ne Ne Ne NA
@ ® T © 1A )
4. The force experienced by an electron in parallel electric field ‘e’ vm and magnetic

field ‘B’ wb/mz, with initial velocity zero m/sec, is ...

Be €. € Be
(@, Zero ® - © Bm @ -;

If an electron is placed in combined ‘e’ and ‘B’ fields and if ‘€’ and ‘B’ are
perpendicular to each other, and if the initial velocity is perpendicular to magnetic
field B, the path of the electron is

(@) Common parabola (b) Curtate parabola
(c) Prolate parabola (d)  Trochoid

CRT screens with medium persistance will have visible glow on the screen for a
period of

(a) 1 minute (b) 2 secs (¢) 1m sec (d) few minutes



In this Chapter,
¢

*

The basic aspects connected with Semiconductor Physics and the terms
like Effective Mass, Intrinsic, Extrinsic, and Semiconductors are introduced.

Atomic Structure, Configurations, Concept of Hole, Conductivity in p-fype
and n-fype semiconductors are given. This forms the basis to study
Semiconductor Devices in the following chapters.

After p-type and n-type semiconductors, we shall study semiconductor
devices formed using these two types of semiconductors.

We shall also study the physical phenomena such as conduction, transport
mechanism, electrical characteristics, and applications of semiconductor
diodes, zener diode, tunnel diode and so on.
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In this chapter, we shall first study the basic aspects of Atomic Theory, Electronic structure
of Silicon and Germanium elements, Energy Band Theory, Semiconductor Device Physics, and
then conduction in Semiconductors.

2.1 REVIEW OF SEMICONDUCTOR PHYSICS
2.1.1 ENERGY LEVELS AND ENERGY BANDS

To explain the phenomenon associated with conduction in metals and semiconductors and the
emission of electrons from the surface of a metal, we have to assume that atoms have loosely
bound electrons which can be removed from it.

Rutherford found that atom consists of a nucleus with electrons rotating around it.
The mass of the atom is concentrated in the nucleus. It consist of protons which are positively
charged. In hydrogen atom, there is one positively charged nucleus ( a proton) and a single
electron. The charge on particle is positive and is equal to that of electron. So hydrogen atom is
neutral in charge. The proton in the nucleus carries the charge of the atom, so it is immobile. The
electron will be moving around it in a closed orbit. The force of attraction between electron and
proton follows Coulombs Law. {directly proportional to product of charges and inversely proportional
to (distance)?}.

Assume that the orbit of the electron around nucleus is a circle. We want to calculate the
radius of this circle, in terms of total energy ‘W’ of the electron. The force of attraction between
the electron and the nucleus is :

F a ¢
( Therefore, the nucleus has the proton with electron charge equal to ‘e”)

1
For.—z—
r

2

( r is the radius of the orbit )

Pa—

-9
where €, is the permitivity of free space. Its value is % F/m.
T

As the electron is moving around the nucleus in a circular orbit with radius r, and with
velocity v, then the force of attraction given by the above expression F should be equal to the
mv?
centripetal force % (according to Newton’s Second Law of Motion)

2
v
( F = m.a; m is the mass of electron and acceleration, a = T)
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2 o2
= XTI =—
4me r 4me r

(—ve sign is because Potential Energy is by definition work done against the field )
Kinetic Energy = 2 mv?

.. The Potential Energy of the electron = —

2

i 2 e
Total Energy W possessed by the electron = S mv dmer
2
5 e
But mv*® = reduces to
dne r
e? o2 e?
 8me,r 4mer  8mer
e?
Ener ossessed by the electron W = —
gy p Y gne r

W is the energy of the electron. Only for Hydrogen atom W will also be the energy of atom
since it has only one electron. The negative sign arises because the Potential Energy of the
electron is

e2

- 8me, r
As radius r increases, Potential Energy decreases. When r is infinity, Potential Energy is zero.

Therefore the energy of the electron is negative. If r is < oo, the energy should be less. (Any
quantity less than 0 is negative).

The above equation is derived from the classical model of the electron. But according to
classical laws of electromagnetism, an accelerated charge must radiate energy. Electron is having

2
charge =e. It is moving with velocity v or acceleration ~\r~'~ around the nucleus. Therefore this

electron should also radiate energy. If the charge is performing oscillations with a frequency ‘f’,
then the frequency of the radiated energy should also be the same. Hence the frequency of the
radiated energy from the electron should be equal to the frequency with the electron orbiting round
the nucleus.

But if the electron is radiating energy, then its total energy ‘W’ must decrease by the amount
equal to the radiation energy. So ‘W’ should go on decreasing to satisfy the equation,

e2

8ne r

If W decreases, r should also decrease. Since if — should decrease, this quantity
r

o
should become more negative. Therefore, r should decrease. So, the electron should describe
smaller and smaller orbit and should finally fall into nucleous. So classical model of atom is not

fairly satisfactory.
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2.1.2 THE BOHR ATOM
The above difficulty was resolved by Bohr in 1913. He postulated three fundamental laws.

1.  The atom can possess only discrete energies. While in states
corresponding to these discrete energy levels, electron does not emit
radiation in stationary state.

2. When the energy of the electron is changing from W, to W, then radiation
will be emitted. The frequency of radiation is given by

W - W

S= =5
where ‘h’is Plank'’s Constant.

h =6.626 x 107*J - sec.
i.e., when the atom is in stationary state, it does not emit any radiation.
When its energy changes from W, to W, then the atom is said to have
moved from one stationary state to the other. The atom remains in the
new state corresponding to W;. Only during transition, will some energy
be radiated.

3. A stationary state is determined by the condition that the angular
momentum of the electron in this state must be an integral multiple of
h/2r

nh

So mvr= e

where n is an integer, other than zero.
2.1.3  EFrFECTIVE MASs

An electron mass ‘m’ when placed in a crystal lattice, responds to applied field as if it were of
mass m*. The reason for this is the interaction of the electron even within lattice.

E = Kinetic Energy of the Free Electron
p =Momentum

v = Velocity
m = Mass
p=my
m* = Effective mass of electron
_r
2m

Electrons in a solid are not free. They move under the combined influence of an external
field plus that of a periodic potential of atom cores in the lattice. An electron moving through the
lattice can be represented by a wave packet of plane waves grouped around the same value of
K which is a wave vector.

Electron velocity falls to zero at each band edge. This is because the electron wave further
recomes standing wave at the top and bottom of a band i.e., vy = 0.
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Now consider an electronic wave packet moving in a crystal lattice under the influence of
an externally applied uniform electric field. If the electron has an instantaneous velocity v, and
moves a distance dx in the direction of an accelerating force F, in time dt, it acquires energy dE.
where

BE=F x ox =F x vy x 8t

SE = ;_:“ X %%— x Ot
SE
Vg = %k_
Within the limit of small increments in K, we can write,
dK F
i A (2.1)

But this is not the case for the electron in a solid because the externally applied force is not
the only force acting on the electrons. Forces associated with the periodic lattice are also present.

Acceleration of an electronic wave packet in a solid is equal to the rate of change of its velocity.

Acceleration of an electron in a solid = A -4 [Ej = _(12_E
dt ~ dtldp) (dp)dt)
dE
Vg = ’CE
dk F
dt »
'=h x d—k
dt
dk F
But PR from Eq. ( 2.1")
dvg (QB) i _F 12_5
dt — \dt) dp* 32 dp?
, [d*E ! dv,
or F=h x[d'pz] T
This is of the form,F = ma, from Newton’s Laws of Motion,
-1
where m* = h?x [Qﬁ;] and a = 9-‘-/-&
dp dt
dv
F =m* x —(R/g—

where m* is the effective mass.
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Ifan electric field € is impressed, the electron will accelerate and its velocity and energy will

increase. Hence the electron is said to have positive mass. On the other hand, if an electron is at
the upper end of a band, when the field is applied, its energy will increase and its velocity decreases.
So the electron is said to have negative mass.

In an atom,
2

) e
Coulombs force of attraction = ———
dre,r

2
. my
Centripetal Force = ——
r

Equating these two forces in an atom,

v = velocity; r = radius of Orbit

nh
But mvr = = h=Plank’s Constant; n = Principle Quantum Number.
nh
T 2nmr
Substituting the value of v in Equation ( 2.2),

e? x 4n’m?r?

v

r= ————>5 5
4ne, .mxn?h?
B n’h? =
r=——— | (24)

nme

This is the expression for radii of stable states.

Energy possessed by the atom in the stable state is
2

e
W= gme,r e (25)
Substituting the value of r in Eq. (2.5 ), then
_ e’ x mme’
8ne, n’h? €,
4
me 1
W= ——s >

8h’e2
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Thus energy W corresponds to only the coulombs force due to attraction between ground
electron (negative charge) and proton (positive charge).

Problem 2.1
Determine the radius of the lowest state of Ground State.
Solution
n=1
nh? €

r =
nme2

Plank’s Constant, h = 6.626 x 10734 J-sec

Permitivity, e, = 107°/36m

Substituting the values and simplifying,
r=0.58A°

2.1.4 AToMIC ENERGY LEVELS

For different elements, the value of the free electron concentration will be different. By spectroscopic
analysis we can determine the energy level of an element at different wavelengths. This is the
characteristic of the given element.

The lowest energy state is called the normal level or ground level. Other stationary states
are called excited, radiating, critical or resonance levels.

Generally, the energy of different states is expressed in eV rather than in Joules, and the
emitted radiation is expressed by its wavelength A rather than by its frequency. This is only for
convenience since Joule is a larger unit and the energy is small and is in electron volts.

W, - W,

F=—

f=
C = Velocity of Light =3 x 10'® cm / sec.

h = Plank’s Constant = 6.626 x 107 J - sec.
f = Frequency of Radiation

A = Wavelength of emitted radiation

W, and W, are the energy levels in Joules.

Il eV =1.6 x 107" Joules

<
A

C _ (E;—Ej)x1.6x107"

A h

3x10'°  (E; -E;)x1.6x107"°
A 6.626x1073*
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E; and E; are energy levels in eV.

_ 3x10'%x6.626x107*
(E, —E;)x1.6x107*

or

12,400
(E;-Ey)

where A is in Armstrong, 1A° = 108 cm=10"""m, and E, and E; in eV.
2.1.5 PHOTON NATURE OF LIGHT

An electron can be in the excited state for a small period of 107 to 107'? sec. Afterwards it
returns back to the original state. When such a transition occurs, the electrons will loose energy
equal to the difference of energy levels (E; — E;). This loss of energy of the atom results in
radiation of light. The frequency of the emitted radiation is given by

_ (E2-E))

S e

According to classical theory it was believed that atoms continuously radiate energy. But
this is not true. Radiation of energy in the form of photons takes place only when the transition of
electrons will take place from higher energy state to lower energy state, so that ( E; — E; ), is
positive. This will not occur if the transition is from lower energy state to higher energy state.
When such photon radiation takes place, the number of photons liberated is very large. This is
explained with a numercial example given below.

Problem 2.2

For a given 50 W energy vapour lamp. 0.1% of the electric energy supplied to the lamp, appears
in the ultraviolet line 2,537 A®. Calculate the number of photons per second, of this wavelength
emitted by the lamp.

AO

Solution
12,400
A=
(E2 -E)
A = Wavelength of the emitted radiation.
E, and E, are the energy levels in eV.

(E; — E;) is the energy passed by each photon in eV of wavelength A. In the given problem,
A=2537TA°% (E;-E|)=?

12,400
(E;-Ep= 2537 = 4.88 eV/photon

0.1% of 50W energy supplied to the lamp is,

. 0.1
ie., 100 x 50 =0.05 W = 0.05 J/Sec
I1W =1 J/sec

Convertmg this i “to the electron Volts,
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0.05J/sec
1.6x107"° J/eV
This is the total energy of all the photons liberated in the A = Wavelength of 2,537 A°.
total energy
energy / photon

=3.12 x 10'7 eV/sec

Number of photons emitted per sec

3.12x10"ev/sec
4.88ev/ photon

=6.4x10' photon/sec
The lamp emits 6.4 x 10'® photons / sec of wavelength A =2, 537A°.

2.1.6 IONIZATION POTENTIAL

If the most loosely bound electron ( free electron ) of an atom is given more and more energy, it
moves to stable state (since it is loosely bound, its tendency is to acquire a stable state. Electrons
orbiting closer to the nucleus have stable state, and electron orbiting in the outermost shells are
loosely bound to the nucleus). But the stable state acquired by the electron is away from the
nucleus of the atom. If the energy supplied to the loosely bound electron is enough large, to move
it away completely from the influence of the parent nucleus, it becomes detached from it.
The energy required to detach an electron is called Ionization Potential.

2.1.7 CoLLISIONS OF ELECTRONS WITH ATOMS

If a loosely bound electron has to be liberated, energy has to be supplied to it. Consider the case
when an electron is accelerated and collides with an atom. If this electron is moving slowly with
less energy, and collides with an atom, it gets deflected, i.e., its direction changes. But no considerable
change occurs in energy. This is called Elastic Collision.

If the electron is having much energy, then this electron transfers its energy to the loosely
bound electron of the atom and may remove the electron from the atom itself. So another free
electron results. If the bombarding electron is having energy greater than that required to liberate
a loosely bound electron from atom, the excess energy will be shared by the bombarding and
liberated electrons.

Problem 2.3

Argon resonance radiation, corresponding to an energy of 11.6 eV falls upon sodium vapor. If a
photon ionizes an unexcited sodium atom, with what speed is the ¢lectron ejected ? The ionization
potential of sodium is 5.12 eV.

Solution

Ionization potential is the minimum potential required to liberate an electron from its parent atom.
Argon energy is 11.6 eV. lonization Potential of Nais 5.12 eV.

The energy possessed by the electron which is ejected is
11.6 -5.12=6.48 eV
or Potential, V = 6.48 volts ( -+ leV energy, potential is 1V )

/ZeV
Its velocity v = -—nT =593 x 10° AJ6.48 =1.51 x 10° m/sec.
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Problem 2.4

With what speed must an electron be travelling in a sodium vapor lamp in order to excite the yellow
line whose wavelength is 5,893 A°.

Solution
> 12,400 >2.11eV ( Correqunding to evergy of 2.11eV,
5,893 the potential is 2.11 Volts )
V =2.11 Volts

/2ev
w Velocity, v = = =593 x 10° J2.11 = 8.61 x 10° m/sec.
Problem 2.5

A radio transmitter radiates 1000 W at a frequency of 10 MHz.
(a) What is the energy of each radiated quantum in ev ?
(b) How many quanta are emitted per second ?
(¢) How many quanta are emitted in each period of oscillation of the
electromagnetic field ?
Solution
(a) Energy of each radiated quantum = E = hf
7=10 MHz = 107 Hz, h = 6.626 x 10™* Joules / sec
E=6.626 x 107* 107= 6.626 x 107%’ Joules / Quantum

_ 6.626x107%
16x107"
(b) 1W =1 Joule/sec
1000 W = 1000 Joules/sec = Total Energy
Energy possessed by each quantum = 6.626 x 10727 Joules/Quantum.,
1000

6626102 - 1.5 x 10%/sec
. X

=4.14x108ev/ Quantum

Total number of quanta per sec, N =

(¢) One cycle = 1077 sec
Number of quanta emitted per cycle = 107 x 1.51 x 1
=1.51 x 102 per cycle

029

Problem 2.6

(@) What is the minimum speed with which an electron must be travelling in order
that a collision between it and an unexcited Neon atom may resuit in ionization
of this atom? The Ionization Potential of Neon is 21.5 V.

(b) What is the minimum frequency that a photon can have and still be ablg to cause
Photo-lonization of a Neon atom?
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Solution
(a) lonization Potential is21.5V

2V
Velocity = ‘}-;— =593 x 105V21.5 =275 x 106 m/sec

Wavelength of radiation,
12,400 12,400

== = ———— o
(b) A E,E, 215 577 A
Frequency of radiation,
C 3x108 Is
=—=———==52x10"H
/=% 577x107'° z

Problem 2.7

Show that the time for one revolution of the electron in the hydrogen atom in a circular path around
the nucleus is

e m‘/ze2
42 €, (- W)% .
Solution
e
~ V4mme,r
T: 2—7[1 = 27tr(47tln EO r)l/2 = 27[['%(47tm eo 5
% € €
di c
But radius, r= Ame, W
. m%e?
— 3/
4\/—2_ EO ('— “/)/2
Problem 2.8

A photon of wavelength 1,400 A° is absorbed by cold mercury vapor and two other photons are
emitted. If one of these is the 1,850 A° line, what is the wavelength A of the second photon ?

Solution

12,400 12,400
(E2=Er)="77"= T30

1850° A° line is from 6.71 eV to 0 eV.

.. The second photon must be from 8.86 to 6.71 eV.

=8.86 eV

So, AE =2.15¢V.
12,400
A= e
(E,-E))
12,400
A= = 5767 A°.

2.15
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2.1.8 METASTABLE STATES

An atom may be elevated to an excited energy state by absorbing a photon of frequency ‘f and
thereby move from the level of energy W, to the higher energy level W, where W, = W, + hf.
But certain states may exist which can be excited by electron bombardment but not by photo
excitation (absorbing photons and raising to the excited state). Such levels are called metastable
States. A transition from a metastable level to a normal state with the emission of radiation has a
very low probability of occurence. Transition from higher level to a metastable state are permitted,
and several of these will occur.

An electron can be in the metastable state for about 107 to 107 sec. This is the mean life
of a metastable state. Metastable state has a long lifetime because they cannot come to the
normal state by emitting a photon. Then if an atom is in metastable state how will it come to the
normal state? It cannot release a photon to come to normal state since this is forbidden. Therefore
an atom in the metastable state can come to normal state only by colliding with another molecule
and giving up its energy to the other molecule. Another possibility is the atom in the metastable
state may receive additional energy by some means and hence may be elevated to a higher energy
state from where a transition to normal state can occur.

2.1.9 WAVE PROPERTIES OF MATTER

An atom may absorb a photon of frequency fand move from the energy level W, to the higher
energy level W, where W, = W, + hf.

Since a photon is absorbed by only one atom, the photon acts as if it were concentrated in
one point in space. So wave properties can not be attributed to such atoms and they behave like
particles.

Therefore according to “deBroglie’ hypothesis, dual character of wave and particle is not
limited to radiation alone, but is also exhibited by particles such as electrons, atoms, and molecules.
He calculated that a particle of mass ‘m’ travelling with a velocity v has a wavelength A given by

h h ( A is the wavelength of waves consisting of these

mv p particles ).

where ‘p° is the momentum of the particle. Wave properties of moving electrons can be made use
to explain Bohr’s postulates. A stable orbit is one whose circumference is exactly equal to the
wavelength A or nA where n is an integer other than zero.

Thus 2nr=nA r=radius of orbit, n=Principle Quantum Number.
But according to DeBroglie,
b
A=—
myv
nh
2nr= ——
my
: D : iy nh
This equation is identical with Bohr’s condition, mvr= py

2.1.10 SCHRODINGER EQUATION

Schrodinger carried the implications of the wave nature of electrons. A branch of physics called
Wave Mechanics or Quantum Mechanics was developed by him. If deBroglie’s concept of
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wave nature of electrons is correct, then it should be possible to deduce the properties of an
electron system from a mathematical relationship called the Wave Equation or Schrodinger
Equation. 1t is

2 1 2%
A% ¢-—72—‘é‘t‘i‘ .—_()’ .......... (261)
2 2 2
5 0 0 0
where v

ox? * 6y2 * az2
¢ can be a component of electric field or displacement or pressure. v is the velocity of the wave,
and ‘t’ is the time.
The variable can be eliminated in the equation by assuming a solution.
¢ (x, ¥, 2.0 =y (x,y, 2)e!™
This represents the position of a particle at ‘t’ in 3-D Motion.
® = Angular Frequency =2 nf
o is regarded as constant, while differentiating.
¢ is a function of X, y, zand t.

But v is a function of x, y and z only.
To get the independent Schrodinger Equation
o¢
7t = jov(x.y.z)e!
0%
22 = —o’y(xy,z)e
But ®=2rf
So, w® = 47? j2

Substituting this in the original Schrodinger’s Equation,

eth{V2W+ 12 ><41t2f2\u} =0

A%

7»—1 Wavel b= Velocity
But =7 avelength = %Frequency
2 n?
v w+—77 =0 (2.6.2)
h h .
But =—— == v = Velocity.
mv p
. p=mv
This is deBrogile’s Relationship.
e
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2.1.11

But

p2 =m? v? = 2 ( Kinetic Energy )m -+ K.E. = vimv?
Kinetic Energy = Total Energy (W) — Potential Energy (U)
pPP=2(W-U).m

p? _ 2m
1—2=—(W vy (2.6.3)

Substituting Eq. (2.7.3) in Eq. (2.7.2) we get,

2 87t2
ViY+ —— (W-U)¥Y=0.

This is the Time Independent Schrodmger Equation ¥ is a function of ‘t’ But this equation as
such is not containing the term ‘t’.

WAVE FUNCTION

¥ is called as the wave function, which describes the behav1or of the particle. ¥ is a quantity
whose square gives the probability of finding an electron. | ¥ | (dx xdy x dz) is proportional to

the probability of finding an electron in volume dx, dy and dz at point P(x, v, z).

Four quantum numbers are required to define the wave function. They are :

The Principal Quantum Number ‘n’ :

Itisaninteger 1,2, 3, .... This number determines the total energy associated
with a state. It is same as the quantum number ‘n’ of Bohr atom.

The Orbital Angular Momentum Quantum Number [ :
It takes values 0, 1, 2...1... (n—=1)

The magnitude of this angular momentum is /{(/ X/ +1

It indicates the shape of the classical orbit.
The orbital magnetic number m, :

This will have values 0,+ 1,42 .... + /. This number gives the orientation of
the classical orbit with respect to an applied magnetic field.

The magnitude of the Angular Momentum along the direction of magnetic

-]
field = M| > .

Electron Spin :

It was found is 1925 that in addition to assuming that electron orbits round
the nucleus, it is also necessary to assume that electron also spins around itself,
in addition to orbiting round the nucleus. This intrinsic electronic angular
momentum is called Electron Spin.

When an electron system is subjected to a magnetic field, the spin axis will
orbit itself either parallel or anti-parallel to the direction of the field. The electron

o h .
angular momentum is given by my (—2— where the spin quantum mg number
e

may have values +'2 or -,
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2.1.12 ELECTRONIC CONFIGURATION
PavrLr’s EXCLUSION PRINCIPLE

No two electrons in an electron system can have the same set of four quantum numbers n. /, m’
and m;.

Electrons will occupy the lower most quantum state.
ELECTRONIC SHELLS ( PRINCIPLE QUANTUM NUMBER )

All the electrons which have the same value of ‘n’ in an atom are said to belong to the same
electron shell. These shells are identified by letters K, L, M, N correspondington=1,2,3,4.....
A shell is subdivided into sub shells corresponding to values of / and identified as s, p, d, f, g; h,. for
[=0.1,2,3... respectively. This is shown in Table 2.1.

Table 2.1
Shell ..... K L M N
n... | 2 3 4
[ ... o lo.,1 o 1 20 o1 3
subshell ..... s s p s p d s p f
No. of 2 2 6 2 6 10 2 6 10 14
electron 2 8 18 32

ELECTRON SHELLS AND SUBSHELLS

Number of Electrons in a sub shell =2(2/ + 1)
n =1 corresponds to K shell
{= 0 corresponds to s sub shell
I1=0,..., (n=-1D ifn=1,
/=0 is the only possibility
Number of electrons in K shell =2(2/+ 1) =2(0 + 1) = 2 electrons.
K shell will have 2 electrons.

This is written as 1s pronounced as “one s two” ( 1 corresponds to K shell, n=1; s is the
sub shell corresponds to /= 0 number of electron is 2. Therefore, lsz)

Hf n=2, itis ¢/’ shell
If =0, itis ‘s’ sub shell
Ifi=1, itis ‘p’ subshell
Number of electron in ‘s’ sub shell (i.e.,/=0)=2x2/+1)=2(0+1)=2
Number of electron is ‘p’ sub shell (i.e,, /=1)=2[(1 x2)+1)]=6
In I shell there are two sub shells, s and p.
Total number of electron in /shell =2 + 6 =8
This can be represented as 2s? 2p°
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Ifn=3, itis M shell

It has 3 sub shell s, p, d, corresponding to /=10, 1, 2

In ‘s’ sub shell number of electrons (I=0)=2( .. I=0)2Q2/+ 1)

In ‘p’ sub shell number of electrons (/=1)=2(2+1)=6

In ‘d’ sub shell number of electrons (I=2)=2(2 x 2+ 1)=10

Total number of electrons in M shell =10+ 6 +2 =18
This can be represented as 3s? 3p6 3d'°
1s? 25 2p°® 352 3p® 3d'0 4% 4p® 44'°

ELECTRONIC CONFIGURATION
Atomic number ‘z’ gives the number of electrons orbltm% round the nucleus. So from the above

analysis, electron configuration can be given as 15?252 2p°3s'. Firstk shell (n=1)is to be filled.
Then / shell (n=2) and so on.

In ‘k’ shell there is one sub shell (s) (/= 0). This has to be filled.
In ‘L’ shell there are two sub shells and p. First - s and then p are to be filled and so on.
The sum of subscripts 2 + 2 + 6 + 1 = 11. It is the atomic number represented as Z.
For Carbon, the Atomic Number is 6., i.e., Z = 6.
The electron configuration is 15?257 2p2
Forthe Ge Z=32. So the electronic configuration of Germanium is,
1s% 252 2p6 3s? 3p6 3d'0 457 4p2
Forthe Si  Z=14. So the electronic configuration of Silicon is,
’ 1s? 2s% 2p% 3s% 3p?
2.1.13 TyrESs oF ELECTRON EMISSION
Electrons at absolute zero possess energy ranging from 0 to Ep the fermi level. It is the characteristic

of the substance. But this energy is not sufficient for electrons to escape from the surface. They
must posses energy Eg = Er + Eyw where Ey is the work function in eV.

Eg = Barrier’s Energy
Er = FermilLevel
Ew = Work Function.

Different types of Emission by which electrons can emit are
(1) Thermionic Emission
(2) Secondary Emission
(3) Photoelectric Emission
(4) High field Emission.
1. THERMIONIC EMISSION
Suppose, the metal is in the form of a filament and is heated by passing a current through it. As the

temperature is increased, the electron energy distribution starts in the metal changes. Some electrons
may acquire energy greater than Eg sufficient to escape from the metal.
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Ew : Work function of a metal. It represents the amount of energy that must ke given
for the electron to be able to escape from the metal.
It is possible to calculate the number of electrons striking the surface of the metal per
second with sufficient energy to be able to surmount the surface barriers and hence escape.
Based upon that, the thermionic current is,

Ln =S x Ao T? g B/KT (2.7)
It is also written as
Lip , o ) =
S =)J=A0T e T =AT T
Ey
where A=A, and B= o
where S = Area of the filament in m? ( Surface Area)

Ao= Constant whose dimensions are A/m” °K
T = Temperature in °K

K = Boltzman’s constant eV/°K

E, = Work function ineV

This equation is called Thermionic Emission Current or Richardson - Dushman Equation.
E, is also called as latent heat of evaporation of electrons similar to evaporation of molecules

from a liquid.
Taking logarithms

E
log I, = log (S A,) — —k-,lvf— log e + log T?

Ew
loglyy—2 log T=1log S Ao —0.434 T
loge =0.434

So if a graph is plotted between (log Iy, — 2 log T) Vg % the result will be a straight line

E
having a slope = - 0.434 (—k¥—j from which Ey, can be determined.

) I;; and T can be determined experimentally.
Iy is a very strong function of T. For Tungsten, Ey = 4.52 eV.

CONTACT POTENTIAL

Consider two metals in contact with each other forming junction at C as in Fig 2.1 . The contact
difference of potential is defined as the Potential Difference V 55 between a point A, just out side
metall and a point B just outside metal2. The reason for the difference of potential is, when two
metals are joined, electrons will flow from the metal of lower Work Function, say 1 to the metal of
higher Work Function say 2. ( .- Ew = Eg — Eg electrons of lower work function means Ey, is
small or Ef is large ). Flow of electrons from metal 1 to 2 will continue tiil metal 2 has acquired
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sufficient negative charge to repel extra new electrons. Ep value will be almost same for all
metals. But Eg differs significantly.

2> e
e

C

Fig 2.1 Contact Potential

In order that the fermi levels of both the metals are at the same level , the potential energy
difference Exg = Ew, — Ew, that is, the contact difference of potential energy between two
metals is equal to the difference between their work functions.

If metals 1 and 2 are similar then contact potential is zero. If they are dissimilar, the metal
with lower work function becomes positive, since it looses electrons.

ENERGIES OF EMITTED ELECTRONS

At absolute zero, the electrons will have energies ranging from zero to Eg. So the electrons
liberated from the metal surface will also have different energies. The minimum energy required
is the barrier potential to escape from the metal surface, But the electrons can acquire energy
greater than Eg to escape from the surface. This depends upon the initial energy, the electrons are
possessing at room temperature.

Consider a case where anode and cathode are plane parallel. Suppose the voltage applied to
the cathode is lower, and the anode is indirectly heated. Suppose the minimum energy required to
escape from the metal surface is 2 eV. As collector is at a potential less than 2V, electrons will be
collected by the collector. If the voltage of cathode is lower, below 2V, then the current also
decreases exponentially, but not abruptly. If electrons are being emitted from cathode with 2eV
energy, and the voltage is reduced below 2V, then there must be abrupt drop of current to zero.
But it doesn’t happen This shows that electrons are emitted from surface of the emitter with
different velocities. The decrease of current is given by I = Im,.e”"" where V, is the retarding
potential applied to the collector and Vt is Volt equivalent of temperature.

kT T
V1= o T 11600
T = Temperature in °K

K = Boltzman’s Constant in J/°K

ScHOTTKY EFFECT

If a cathode is heated, and anode is given a positive potential, then there will be electron emission
due to thermionic emission. There is accelerating field, since anode is at a positive potential. This
accelerating field tends to lower the Work Function of the cathode material. It can be shown that
under the condition of accelerating field E is

I — Ith e+0.44 el/2T
where I, is the zero field thermionic current and T is cathode temperature in 0 °K.

The effect that thermionic current continues to increase as E is increased ( even though T
is kept constant ) is known as Schottky Effect.
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2. SECONDARY EMISSION

This emission results from a material (metal or dielectric) when subjected to electron bombardment.
It depends upon,
1. The energy of the primary electrons.
2. The angle of incidence.
3. The type of material.
4. The physical condition of surface ; whether surface is smooth or rcugh.
Yield or secondary emission ratio S is defined as the ratio of the number of secondary

electrons to primary electrons. It is small for pure metals, the value being 1.5 to 2. By contamination
or giving a coating of alkali metal on the surface, it can be improved to 10 or 15.

3. PHoTO ELECTRIC EMISSION

Photo-Electric Emission consists of liberation of electrons by the incidence of light, on certain
surfaces. The energy possessed by photons is hf where h is Plank’s Constant and f'is frequency
of incident light. When such a photon impinges upon the metal surface, this energy hf gets
transferred to the electrons close to the metal surface whose energy is, very near to the barrier
potential. Such electrons gain energy, to overcome the barrier potential and escape from the surface
of the metal resulting in photo electric emission.

For photoelectric emission to take places, the energy of the photon must at least be equal to
the work function of the metal. That is hf > e¢ where ¢ is the voltage equivalent Work Function,
(i.e. Work Function expressed in Volts). The minimum frequency that can cause photo-electric
emission is called threshold frequency and is given by

co
Jr= h
The wavelength corresponding to threshold frequency is called the Threshold Wavelength.
_C_he
M= f, ¢e

If the frequency ot radiation is less than fr. then additional energy appears as kinetic energy
of the emitted electron

hf=¢e+'%m V2
¢ is the Volt equivalent of Work Function.

2eV
V= ‘/———~
m

v is the Velocity of electrons in m/sec.

[hf==¢e+eV| .......... (29)
LAws OF PHOTO ELECTRIC EMISSION
1.  For each photo sensitive material, there is a threshold frequency below
which emission does not take place.
2. The amount of photo electric emission (current) is proportional to

intensity.
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3.  Photo electric emission is instantaneous. ( But the time lag is in
nano-sec ).

4.  Photo electric current in amps/watt of incident light depends upon ‘f’.
4. HiGH FIELD EMISSION

Suppose a cathode is placed inside a very intense electric field, then the Potential Energy is
reduced. For fields of the order of 10° V/m, the barrier may be as thin as 100 A°. So the electron
will travel through the barrier. This emission is called as High Field Emission or Auto Electronic
Emission.

Problem 2.9
Estimate the percentage increase in emission from a tungsten filament when its temperature is
raised from 2400 to 2410 °K.
A, = 60.2 x 10* A/m%/ °K?
B =52,400 °K
A and B are constants in the equation for current density J

Solution
IS, =AT2=1142A/m?
1S, =AT,2 e BT =1261 A/ m?.
1261-1142
Percentage Increase = ——mz—xloo =10.35%

Problem 2.10

A photoelectrlc cell has a cesium cathode. When the cathode is illuminated with light of A =5500
x 1071% m, the minimum anode voltage required to inhibit built anode current is 0.55 V. Calculate

(a) The work function of cesium
(b) The longest A for which photo cell can function.
by applying —0.55V to anode the emitted electrons are repelled. So the current can be inhibited

Solution
(@ hf=edp+eV V =0.55 volts ¢ = Work Function (WF)="?

f=

h.C
— =e(9+V)

Plank’s Constant, h = 6.63 x 1073% J sec.
Charge of Electron,e = 1.6 x 107 ¢
Velocity of Light, C =3 x 10% m/sec

_ 6.63x107*x3x108

5500x107"7
¢ =1.71 Volts

>l

=1.6 x 1071 (¢ + 0.55)
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(b) Threshold Wavelength :

ch
Mo o

12300 12’400—7250A°
° ¢ I

Problem 2.11

If the temperature of a tungsten filament is raised from 2300 to 2320 °K, by what percentage will
the emission change ? To what temperature must the filament be raised in order to double its
energy at 2300 °K. Ey, for Tungsten = 4.52 eV. Boltzman’s Constant K = 8.62 x 10” eV/°K.

Solution
() In = S.A, T2 e B¥AT
Taking Logarithms,
Inly-2logT=ISA,—- %
_ 2 Ey \dT
Differentiating, (T KT2 ) T2

gl&:(z_;_h)ﬂ — |12+ 4'525 __20_
Ly KT )T (8.62x107°p310) 2310

-4 52
(b) Iy, = S.A0 (2300)? g8 62x10-x2300
452

20 =S Ao (T)? esezxio™

Ratio of these two equation is
B (_T___)Z —52’_:00+228

2=2300) ©

Taking log to the base 10,

T 52,400
log2 =2 log (230()) ( T + 22.8)loge
T 52400
log2 =2 log [m} x0.434 ~22.8 x 0.434
22,800
9.6 +2log (——230()) i

This is solved by Trail and Error Method to get T = 2370°K

=21.4%
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Problem 2.12

In a cyclotron, the magnetic field applied is 1 Tesla. If the ions (electrons) cross the gap between
the D shaped discs dees twice in each cycle, determine the frequency of the R.F. voltage. If in
each passage through the gap, the potential is increased by 40,000 volts how many passages are
required to produce a 2 million volts particle? What is the diameter of the last semicircle?

Solution
B =1 Tesla = 1Wb/m?
. . . . . 35.5usec
Time taken by the particle to describe one circle is T = g
35.5%10°°
T= ——"— sec,

1
when it describes one circle, the particle passes through the gap twice.

The frequency of the R.F voltage should be the same.
J=T " 35sxi00 282107 Hz
Number of passages required :
In each passage it gains 40,000 volts.

To gain 2 million elect lt—w—so
© gain 2 million electron volts = 7=~~~
Diameter of last semicircle :
The initial velocity for the 50" revolution is the velocity gained after 49" revolution.

Accelerating potential V=49 x 40,000 = 1,960 KV 49" revolution

-6
. . . 3.37x10
Radius of the last semicircle =R = —J—%—,IVO

-6
= ﬂjﬁ’-—w%oxm-* =47.18x10% m

Diameter = 2R =94.36 x 10* m
Problem 2.13

The radlated power density necessary to maintain an oxide coated filament at 110 °K is found to
be 5.8 x 10* W/m2. Assume that the heat loss due to conductor is 10% of the radiation loss.
Calculate the total emission current and the cathode efficiency 1 in ma/w.

Take
Ew=1.0¢eV,
Ao =100 A/m? / °K?
S = 1.8 cm?
K = Boltzman's Constant in eV / °K = 8.62 x 10™%eV / °K
Solution

Power Density = 5.8 x 10* W/m?
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If 10% is lost by conductor, then the total input power density is 1.1 x 5.8 x 10* = 6.38 W/
m? and the total input power is 6.38 x 10* x Area (1.8 x 107 =11.5 W.
Iy, = S Ao T? o-Ew/kT
1
= 1.8 x 107* x 100 x (1100)* e 8621071100
Iy, = 2.18 x 10* 710

Iy = 0.575 A
0.575
Cathode Efficiency, n = Tis - 50 mA/°K

2.2 ENERGY BAND STRUCTURES

Insulator is a very poor conductor of electricity. Ex : Diamond
Resistivity, p > 10° Q — cm
Free electron Concentration, n ~ 107 electrons/m®
Energy Gap, Eg >> leV
Metal is an excellent conductor of electricity. Ex : Al, Ag, Copper
p < 10°Q-cm
Free electron concentration, n = 10% electrons/m’
Energy Gap,Eg=0
Semiconductor is a substance whose conductivity lies between these two. Ex : C, Si, Ge,

GaAs etc.,
E A
E E -
I Conduction Band T Conduction Band T g
(C.B) (C.B) ﬁ
2
k3]
% A _:gs
Forbidden Band i > -] S
I > 2 &}
(F.B) © -
v = v A Y
Q
=]
2
Valence Band Valence Band §
(V.B) (V.B) Y
—> (Wave Vector) —> K —3>K —3K
Insulator Semiconductor Metal (Conductor) C.B

and V.B overlap

Fig 2.2 Energy band structures.
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2.2.1 INSULATOR

For diamond, the value of energy gap Eg is 6eV. This large forbidden band separates the filled
valence band region from the vacant conduction band. The energy, which can be supplied to an
electron from an applied field, is too small to carry the particle from the filled valence band into the
vacant conduction band. Since the electron can not acquire externally applied energy, conduction
is impossible and hence diamond is an insulator.

2.2.2 SEMICONDUCTOR

For Semiconducting materials, the value of energy gap Eg will be about 1eV.

Germanium ( Ge ) has Eg = 0.785 eV, and Silicon is 1.21 eV at 0°K. Electron can not
acquire this much Energy to travel from valence band to conduction band. Hence conduction will
not take place. But Eg is a function of temperature T. As T increases, Eg decreases.

For Silicon ( Si ) Eg decreases at the rate of 3.6 x 107 eV/°K
For Germanium Eg decreases at the rate of 2.23 x 10~ eV/°K
For Si, Eg=1.21-3.6 x 107 = T
For Ge, Eg=0.785-223 x 10*x T.
The absence of an electron in the semiconductor is represented as hole.

2.2.3 METAL (CONDUCTOR)

In a metal, the valence band may extend into the Conduction Band itself. There is no forbidden
band, under the influence of an applied field, the electron will acquire additional energy and move
into higher states. Since these mobile electrons constitute a current, this substance is a conductor.

When an electron moves from valence band into conduction band in a metal, the vacancy so
created in the valence band can not act as a hole. Since, in the case of metals, the valence
electrons are loosely bound to parent atom. When they are also in conduction, the atom can pull
another electron to fill its place.

In the energy band diagram, the y — axis is energy. The x—axis is wave vector K, since the
energy levels of different electrons are being compared. The Ge has structure of,

1s? 2¢° 2p6 3s? 3p6 34'0 4¢? 4p2

The two electrons in the s sub shell and 2 in the p sub shell are the 4 electrons in the
outermost 4™ shell. The Germanium has a crystalline structure such that these 4 electrons are
shared by 4 other Germanium atoms. For insulators the valence shell is completely filled. So there
are no free electrons available in the outermost shell. For conductors say Copper, there is one
electron in the outermost shell which is loosely bound to the parent atom. Hence the conductivity
of Copper is high.

2.3 CONDUCTION IN SEMICONDUCTORS

Conductors will have Resistivity p < 107 Q-cm; n = 10% electrons/m’
Insulators will have Resistivity p> 10° Q-cm; n=10 7 electrons/m’
For semiconductors value lies between these two.

Some of The different types of solid state devices are :

1.  Semiconductor Diode : Zener diode, Tunnel diode, Light emitting
diode; Varactor Diode
2. SCR : Silicon Controlled Rectifier
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3. Transistor ( BJT ) : PNP. NPN

4. FET 1 Field Effect Transistors

5. MOSFET : Metal Oxide Semiconductor Field Effect
Transistors

5. uJjr ¢ Unijunction Transistor

6.  Photo Transistors

7.  IMPATT 1 Impact Ionisation Avalanche Transit Time
Device

8. TRAPATT : Trapped Plasma Avalanche Transit Time
Device

9.  BARRITT : Barrier Injected Avalanche Transit Time
Device

Advantages of Semiconductor Devices
1.  Smaller in size.

2. Requires no cathode heating power (warm up time compared to Vacuum
Tubes ).

3.  They operate on low DC power.

4.  They have long life. (Tubes will pop up frequently).

" Disadvantages

1. Frequency range of operation is low.

2. Smaller power output.

3.  Low permissible ambient temperature.

4.  Noise is more ( because of recombination between holes and electrons ).

In a metal, the outer or valence electrons of an atom are as much associated with one ion
(or parent atom) as with another, so that the electron attachment to any individual atom is almost
zero. In other words, band occupied by the valence electrons may not be completely filled and that
these are forbidden levels at higher energies. Depending upon the metals at least one and sometimes
two or three electrons per atom are free to move throughout the interior of the metal under the
action of applied fields.

Germanium semiconductor has four valence electrons. Each of the valence electrons of a
germanium atom is shared by one of its four nearest neighbours. So covalent bonds result. The
valence electrons serve to bind one atom to the next also result in the valence electron being tightly
bound to the nucleus. Hence in spite of the availability of four valence electrons, the crystal has
low conductivity.

In metals the binding force is not strong. So free electrons are easily available.

According to the electron gas theory of a metal, the electrons are in continuous motion. The
direction of flight being changed at each collision with the impinging (almost stationary) ions. The
average distance between collisions is called the mean free path. Since the motion is random,
on an average there will be as many electrons passing through unit area in the metal in any
directions as in the opposite directions, in a given time. Hence the average current is zero, when
no electric field is applied.
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Now, if a constant electric field ‘€’ V/m is applied to the metal, as a result of the electrostatic
force, the electrons would be accelerated and the velocity would increase indefinitely with time if
the electron will not collides with any other particle. But actually the electron collides with number
of ions and it foses energy. Because of these collisions, when the electron loses its energy, its
velocity will also decrease. So finally a steady state condition is reached where an infinite value of
drift velocity ‘v’ is attained. This drift velocity is in the direction opposite to that of the electric field
and its magnitude is proportional to the electric field E. Thus velocity is proportional to E or v=pE,
where p is called the mobility of electrons.

VXE Orv=yug
v is in m/sec. €isin v/m.

€  Secx Volts
Mobility is defined as the velocity per unit electric field. The units are m’/v-sec.

Because of the thermal energy, when no electric field is applied, the motion of electrons is in
random nature. When an electric field is applied, steady state drift velocity is superimposed upon
the random thermal motion of the electrons. Such a directed flow of electrons constitute a current.
If the concentration of free electrons is ‘n’ (electrons/m3) the current density is J, (amps/mz)

YJ=pev .. (2.10)
But velocity
=ne pg
But ne p = o (sigma)

o is the conductivity of the metal in (Q-m)‘l or mhos/m.

So  [U=ox¢ L. (2.11)

As temperature increases mobility decreases. This is analogous to large number of people
in a small room. The movement of each person is restricted. If less number of persons are there
the movement is large or mobility is large. The electrons acquire from the applied field, as a result
of collisions is given to the lattice ions. Hence power is dissipated in the metal.

From the above expression for conductivity, ¢ is proportional

Electron
to ‘n’, the number of free electrons. For a good conductor ‘n’ Nucleus
. 8 3 A A ucleus
is very large, ~1 0°% electrons/m®. For an insulator n is very N
small ~10 electrons/m®. For a semiconductor the ~ ¥ ooeeeeoo.
value of ‘n’ lies between these two. The valance electrons in a @mr ____________ c 2-!@0
semiconductor are not free to move like in a metal, but they are A, A,
trapped between two adjacent ions. Fig 2.3 Electronic structure.

Germanium has a total of 32 electrons in its atomic
structure, arranged in shells. Each atom in a Germanium crystal contribute four valence electrons.
The boundry forces between neighbours attains result from, the fact is that each of the valence
electrons of a germanium atom is shared by one of its four nearest neighbours.

Electron e) of atom A is bound by atom A,. Electron e, of atom A, is bond by the atom
A. So because of this, covalent bonds result. The fact that valence electrons serve to bound
atom to the next also results in the valence electrons being bound to the nucleus. Hence inspite of
having four valence electrons, the crystal has low conductivity ( Fig. 2.3 ).
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At very low temperatures say 0° K, the ideal structure is achieved and the semiconductor
behaves as an insulator, since no free carriers of electricity are available. However at room
temperature, some of the covalent bonds will be broken because of the thermal energy supplied to
the crystal, and conduction is made possible. An electron which for the greater period of time
forms part of a covalent bond, is shown as being dislodged and so free to wander in a random
fashion throughout the crystal.

o

o 1, 2,3, and 4, are Ge atoms with 4 valance electrons ( Fig.
2.4). These four valence electrons of each atom are shared by
other atoms and so bounded by covalent bonds, except for atom
, 1. The electron of Ge atom 1 is dislodged from its original
Free Electron "
o/ / position, because of the thermal energy and so the covalent bonds
_______ '_ j .-..._° bondingthe electron are broken. So this electron is now a free
°°@. R, °. ﬁ. .l Oo" electron to wander anywhere in the material till it collides with
:.® @ some other atom. The absence of the electron in the covalent
' bond is represented by a hole. This is the concept of hole. The
: energy required to break different covalent bonds will be different.
So at a time at room temperature all the covalent bonds are not
broken to create innumerable free electrons.

, The energy E, required to break such a covalent bond is
Fig 2.4 Covalent bonds about 0.72 eV for Germanium and 1.1 eV for silicon (at room
temperature). A hole can serve as a carrier of electricity. Its significance lies in this characteristics.

The explanation is given below :

2

'
v Hole

OOO-
@

When a bond is incomplete so that hole exists, it is relatively easy for a valence electron in
a neighbouring atom to leave its covalent bond to fill this hole. An electron moving from a bond to
fill a hole leaves a hole in its initial position. Hence the hole effectively moves in the direction
opposite to that of the electron. Thus hole in its new position may now be filled by an electron
from another covalent bond and the hole will correspondingly move one more step in the direction
opposite to the motion of the electron. Here we have a mechanism for the conduction of electricity
which does not involve free electrons. Only the electrons are exchanging their position and there
by current is flowing. In other words, the current is due to the holes moving in the opposite
direction to that of electrons. To explain this further,

12345678910
(@ o o000 0000 O
oo0oo0oo0o0o0 000 o

® 123456789 10

Fig. 2.5 Current flow by the movement of holes

In row (a) there are 10 ions in Fig. 2.5. Except for 6, all the covalent bonds of the ions are
intact. The ion 6 has a broken covalent bond or one of its valence electrons got dislodged. So the
empty place denotes a hole. Now imagine that an electron from ion 7 moves into the hole at ion
6. Then the configuration is as shown in row (b). Ion 6 in the row is completely filled. There is no

“broken covalent bond. But ion 7 has a vacancy now, since it has lost one of its valence electrons.
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Effectively the hole has moved from ion 6 to ion 7. So the movement of holes is opposite to that of
electrons. The hole behaves like a positive charge equal in magnitude to the electron charge.

In a pure semiconductor the number of holes is equal to the number of free electrons.
Thermal agitation continues to produce new electron hole pairs where-as some other hole electron
pairs disappear as a result of recombination.

This is analogous to passengers travelling in a bus. Bus is the semiconducting material.
Standing passenger are free electron. When a sitting passenger gets down, a hole is created. This
hole is filled by a free electron that is a standing passenger. This process goes on as the bus is
moving from stage to stage. If there are many standing passengers, without any vacant seat, it is
analogous to n-type semiconductor. If there are many seats vacant without any standing passenger
it is like a p-type semiconductor.

So the semiconductros are classified as :

n-type Seraiconductor . Free electron concentration ‘n’ is greater than
hole concentration. n > p.

p-type Semiconductor : Hole concentration ‘p’ is greater than free electron
concentration. p > n.
Instrinsic Semiconductor : n=p.

2.4 CONDUCTIVITY OF AN INTRINSIC SEMICONDUCTOR

When valence electrons are exchanging their positions, we say holes are moving. Current is
contributed by these holes current is nothing but rate of flow of charge. Holes are positively
charged. So hole movement contributes for flow of current. Because of the positive charge
movement, the direction of hole current is same as that of conventional current. Suppose to start
with, there are many free electrons, and these will be moving in random directions. A current is
constituted by these electrons. So at any instant, the total current density is summation of the
current densities due to holes and electrons. The charge of free electrons is negative and its
mobility is u,. The hole is positive, and its mobility is p,. The charge of both holes and electrons
are same ‘e’. A hole can move from one ion to the nearest where as an electron is free to move
anywhere till it collides with another ion or free electron. Electrons and holes move in opposite
directions in an electric field E. Though they are of opposite sign, the current due to each ion is in
the same direction.

Current Density, ] = oE
J=(p,+puy) x exE=0oxE
n = Magnitude of Free Electron Concentration
p = Magnitude of Hole Concentration
¢ = Conductivity QO / cm or Seimens
G =(n py + p pp) © = nepy + pep,
A pure or intrinsic semiconductor is one in which n = p = n; where n, is intrinsic concentration.

In a pure Germanium at room temperature, there is about one hole-electron pair for every
2 x 10° Germanium atoms. As the temperature increases, covalent bonds are broken and so more
free electrons and holes are created. So n, increases, as the temperature increases, in accordance
with the relationship,
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3
ni= AxT2 gtGAT (2.12)
Eg = Energy Gap in ev.
e = Charge of an Electron or hole
A = Constant for a semiconductor;
forGe A =9.64 x 10%';
forGe Eg=0.785¢eV at0°K
forSi  E;=121eVat0°K
E; at room temperature,
for Ge = 0.72 eV
forSi =1.1eV
T = Temperature in 0 °K
k = Boltzman’s Constant.

As n;increases with T, the conductivity also increases, with temperature for semiconductor.
In other words, the resistivity decreases with temperature for semiconductor. On the other
hand resistance increases with temperature for metals. This is because, an increase in
temperature for metals results in greater thermal motion of ions and hence decrease in the mean
free path of the free electrons. This results in decrease of the mobility of free electrons and so
decrease in conductivity or increase in resistivity for metals.

2.5 DONOR TYPE OR n-TYPE SEMICONDUCTORS

Intrinsic or pure semiconductor is of no use since its conductivity is less and it can not be charged
much. If a puie semiconductor is doped with impurity it becomes extrinsic. Depending upon
impurity doped, the semiconductor may become n-type, where electrons are the majority carriers
or donor type, since it donates an electron. On the other hand if the majority carriers are holes,
it is p-type or acceptor type semiconductor, because it accepts an electron to complete the
broken covalent bond.

Germanium atom with its electrons arranged in shells will have configuration as
1s% 25° 2p2 3s? 3p° 3d'° 45 4p2
Ge is tetravalent (4). ‘Ge’ becomes n-type if a pentavalent (5), impurity atoms such as
Phosphorus (P), or Arsenic are added to it.

The impurity atoms have size of the same order as that of Ge atoms. Because of the energy
supplied while doping, the impurity atom dislodges one from its normal position in the crystal
lattices takes up that position. But since the concentration of impurity atoms is very small (about
1 atom per million of Ge atoms), the impurity atom is surrounded by Ge atoms. The impurity atom
is pentavalent. That is, it has 5 electrons in the outermost orbit (5 valence electrons). Now 4 of
these are shared by Ge atoms, surrounding the impurity atom and they form covalent bonds. So
one electron of the impurity atom is left free. The energy required to dislodge this fifth electron
from its parent impurity atom is very little of the order of 0.01 eV to 0.05 eV. This free electron is
in excess to the free electrons that will be generated because of breaking of covalent bonds due to
thermal agitation. Since an excess electron is available for each impurity atom, or it can denote
an electron it is called n-type, or donor type semiconductor.
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2.6 ACCEPTOR TYPE OR p - TYPE SEMICONDUCTORS

An intrinsic semiconductor when doped with trivalent (3) impurity atoms like Boron, Gallium Indium,
Aluminium etc., becomes p-type or acceptor type.

Because of the energy supplied while doping, the impurity atom dislodges ene Ge atom from
the crystal lattice. The doping level is low, i.e., there is one impurity atom for one million Ge atoms,
the impurity atom is surrounded by Ge atom. Now the three valence electrons of impurity atom
are shared by 3 atoms. The fourth Ge atom has no electron to share with the impurity atom. So
the covalent bond is not filled or a hole exists. The impurity atom tries to steal one electron from
the neighboring Ge atoms and it does so when sufficient energy is supplied to it. So hole moves.
There will be a natural tendency in the crystal to form 4 covalent bonds. The impurity atom (and
not just 3) since all the other Ge atoms have 4 covalent bonds and the structure of Ge semiconductor
is crystalline and symmetrical. The energy required for the impurity atom to steal one Ge electron
is 0.01 eV to 0.08 eV. This hole is in excess to the hole created by thermal agitation.

2.7 IONIZATION ENERGY

If intrinsic semiconductor is doped with phosphorus, it becomes n-type as Phosphorus is pentavalent.
The 4 electrons in the outer orbit of Phosphorus are shared by the 4 Germanium atoms and the
fifth electron of Phosphorus in the outer orbit is a free electron. But in order that this electron is
completely detached from the parent Phosphorus atom, some energy is to be supplied. This
energy required to separate the fifth electron is called Ionization Energy. The value of ionization
energy for Germanium is 0.012 eV, and in Silicon, it is 0.044 eV. For different impurity materials,
these values will be different, in Silicon and Germanium. As this energy is small, at room temperature,
we assume that all the impurity atoms are ionized.

2.8 HOLES AND ELECTRONS
2

In intrinsic semiconductors, n = p = n;. Or the product n x p =nj. In extrinsic semiconductor
say n-type semiconductor practically the electron concentration, n >> n;. As a result holes, minority
carrier in n type, encounter with free electrons,.and-this-probability is much larger since n>>p. So
when a hole encounter a frée electron, both electrons and holes recombine and the place of hole
is occupied by the free electrons and this probability is much lager since n >> p. The result is that
both free electron and hole are lost. So the hole density ’p’ decreases and also that of electron
density ‘n’ but still n >> n;. This is also true in the case of p-fype semiconductor p >> n;, n
decreases in acceptor type semiconductor, as a result of recombination, ‘p’ also decreases but
p >> n;. It has been observed practically that the net concentration of the electrons and holes
follows the realtionn x p= n%. This is an approximate formula but still valid. Though ‘p’ decreases
in n-type semiconductor with recombination, ‘n’ also decreases, but n >> n; and because of
breaking of covalent bonds, more free electrons may be created and ‘n’ increases.

In the case of p-type semiconductor the concentration of acceptor atoms Na >> n,. Assuming
that all the acceptor atoms are ionized, each acceptor atom contribute at least one hole. So
p >> n;. Holes are the majority carriers and the electrons minority carriers. As p >> n;, the
current is contributed almost all, by holes only and the current due to electrons is negligibly small.

If impurities of both donor type and acceptor type are simultaneously doped in intrinsic
semiconductor, the net result will be, it can be either, p-type or n-type depending upon their individual
concentration. To give a specific example, suppose donor atoms concentration is 100 n,, and acceptor
atoms concentration in 10 n,. Then Np= 0.1 N,. The number of electrons combine contributed by
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Np combine with number of holes contributed by Na. So the net free electrons will be equal to 0.9
Np =90 Ni. Such a semiconductor, can be regarded as n type semiconductor. If N5 = Np, the
semiconductor remains intrinsic.

2.8.1 INTERSTITIAL ATOMS

Intrinsic or pure semiconductor is practically not available. While doping a semiconductor with
impurities, pure Phosphorous, Arsenic, Boron or Aluminium may not be available. These impurities
themselves will contain some impurities. Commonly found such undesirable impurities are Lithium,
Zinc, Copper, Nickel etc. Sometimes they also act as donor or acceptor atoms. Such atoms are
called as interstitial atoms, except Copper and Nickle other impurities do not affect much.

2.8.2 EFFECTIVE MASS

When quantum mechanism is used to specify the motion of electrons or holes within a crystal,
holes and electrons are treated as imaginary particles with effective masses m, and m,, respectively.
This is valid when the external applied field is smaller than the internal periodic fields produced by
the lattice structure.

Most metals and semiconductors are crystalline in structure, i.e., they consist of space
array of atoms in a regular tetrahedral or any other fashion. The regular pattern of atom
arrangement is called lattice. In the case of metals, in each crystal, the atoms are very close to
each other. So the valency electron of one atom are as much associated with the other atoms as
with the parent atom. In other words, the valance electrons are loosely bound to the parent atom
and the valance electrons of one atom are shared by another atom. So every such valence
electron has almost zero affinity with any individual atom. Such electrons are free to move within
the body of the metal under the influence of applied electric field. So conductivity of metals is
large.

On the other hand, for a semiconductor also, the valence electrons
of one atom are shared by the other atoms. But these binding forces
are very strong. So the valence electrons are very much less mobile.
Hence conductivity is less: As the temperature is increased, the covalent
bonds binding the valance electrons are broken and electrons made
free to move, resulting in electrical conduction.

Valence Electrons are the outer most electrons orbiting around
the nucleus.

Free electrons are those valence electrons which are separated
from the parent atom. Since the covalent bonds are broken. Germanium
has 4 valence electrons. Number of electrons is equal to number of Fig 2.6 Covalent bonds
protons. The atom is neutral when no electric field is applied. In the
adjacent figure, the ion is having a charge +4 (circles) with 4 electrons around it. The covalent
bonds are shown by lines linking one electron of one atom to the nucleus of other atom (Fig. 2.6).

2.8.3 HOLES AND EXCESS ELECTRONS

When a covalent bond is broken due to thermal agitation, an electron is released and a hole is
created in the structure of that particular atom. The electron so released is called free electron or
excess electron since it is not required to complete any covalent bond in its immediate
neighborhood. Now the ion which has lost electron will seek another new electron to fill the
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vacancy. So because of the thermal agitation of the crystal lattice, an electron of another ion may
comg very close to the ion which has lost the electron. The ion which has lost the electron will
immediately steal an electron from the closest ion, to fill its vacancy. The holes move from the
first ion to the second ion. When no electric field is applied, the motion of free electron is
random in nature. But when electric field is applied, all the free electrons are lined up and they
move towards the positive electrode. The life period of a free electron may be 1u-sec to 1
millisecond after which it is absorbed by another ion.

2.9 MASS ACTION LAW

In an intrinsic Semiconductor number of free electrons n = n, = No. of holes p = p,

Since the crystal is electrically neutral, n,p, = n.

Regardless of individual magnitudes of n and p, the product is always constant,

np = n?

3 EGo
ny= AT2 e2T . (2.13)
This is called Mass Action Law.

2.10 LAW OF ELECTRICAL NEUTRALITY

Let Np is equal to the concentration of donor atoms in a doped semiconductor. So when these
donor atoms donate an electron, it becomes positively charged ion, since it has lost an electron. So
positive charge density contributed by them is Np. If ‘p’ is the hole density then total positive
charge density is N + p. Similarly if Ny is the concentration of acceptor ions, ( say Boron which
is trivalent, ion, accepts an electron, so that 4 electrons in the outer shell are shared by the Ge
atoms ), it becomes negatively charged. So the acceptor ions contribute charge = ( Ny + n ).
Since the Semiconductor is electrically neutral, when no voltage is applied, the magnitude of positive
charge density must equal that of negative charge density.

Total positive charge, Np + p = Total negative charge (Na +n)
Np+p=Na+n
This is known as Law of Electrical Neutrality.

Consider n-type material with acceptor ion density N, = 0. Since it is n-type, number of
electrons is >> number of holes.

So ‘p’ can be neglected in comparison with n.
n, ~ Np.  ( Since every Donor Atom contributes one free electron. )

In n-type material, the free electron concentration is approximately equal to the density of
donor atoms.

In n-type semiconductor the electron density n, = Np. Subscript n indicates that it is n-type
semiconductor.

But n, X p, = nf'

n2
pn = The hole density in n-type semiconductor = ‘ﬁ
L

P = No e
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Similarly Hole concentration in p-type semiconductor,

pp:NA~
Ny % pp = n
ny
n, = -I:I; .......... (2.15)

Problem 2.14

A specimen of intrinsic Germanium at 300 °K having a concentration of carriers of 2.5 x 10"3/cm®

is doped with impurity atoms of one for every million germanium atoms. Assummg that all the
impurity atoms are ionised and that the concentratlon of Ge atoms is 4.4 x 10*2/ cm?, find the
resistivity of doped material. ( p, for Ge = 3600 cm 2volt-sec).

Solution

The effect of minority carriers (impurity atoms) is negligible. So the conductivity will not appreciably
change.
Conductivity, o, = nep, ( neglecting Hole Concentration )

4.4x10%
n=4.4x10%cm’ ,Np = R Jem?
Hn = 3600 cm?/ Volt - sec
G, =4.4 x 1010 x 3600 x 1.6 x 107°

=25.37 mhos/cm

1
Resistivity, p, = 2537 =0.039 Q—cm
Problem 2.15

Determine the conductlwty ( o) and resistivit ity ( R ) of pure silicon, at 300°K assummg that the
/i

concentration of carriers at 300 °K is 1.6 x 10'%cm? for Si and mobilities as p, = 1500 cm 2/V-sec;
Ky = 500 cm?/V-sec.

Solution
6,= (pnt+ Hp)en,= 1.6 x 1077 x 1.6 x 10" x (1500 + 500)
=5.12 x 107 v/em

p;= =195, 300 Q-—cm

5.12x107
Problem 2.16
Determine the concentration of free electrons and holes in a sample of Ge at 300 °K which has a

concentratlon of donor atoms equal to 2 x 10'* atoms /cm* and a concentration of acceptor atoms
=3 x 10" atom /em® Is this p-type or n-type Germanium ?

Solution
nxp= niz
“Ego
n, = AT3/2 e 2KkT
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A=9.64x10"
Eg=0.25ev
n?=6.25 x 10%/cm’
Na+n=Np+p
Total negative charge = Total positive charge

or p-n=Np-Np=@3-2)x10"=10"
or p=n+ 10"

Then n(n+10%)y=6.25x 10%

or n=5.8 x 10'? electrons. /cm’

and p=n+10"=1.06 x 10'* holes/cm’

As p>n, this is p-type semiconductor.
Problem 2.17

Find the concentration of holes and electrons in a p type germanium at 300°K, if the conductivity
is 100 Q2 - em. p, Mobility of holes in Germanium = 1800 cm?/ V - sec.

Solution
It is p-type p >> n.

Sp=Ppey
100
- ° _ - 17 3
Pp = ;}.t_ = 1 6x10-"x 1800 ~3-47x10 holes/cm
p
nxp=n’

n;=2.5 x 10"3/cm’

_ l2sx10)

n= i = 1.8 x 107 electrons/cm’
3.47x10

Problem 2.18
(a) Find the concentration of holes and electrons in p-type Germanium at 300°K, if
c =100 v/cm.
(b) Repeat part (a ) for n-type Si, if = 0.1 v/cm.
Solution

As it is p-type semiconductor, p >> n.
. C = pew,

o _ 100
P™ e,  1.6x107x1800
=3.47 x 10'7 holes/cm’

n><p=n,2

=3.47 x 10" holes/cm?

3 EGp

nj=AT2e 2T =25x10"/cm’
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p =347 x10"/cm’

2 13
n
n= *p—" _ 25x10 = 1.8 x 10° electron/m’

3.47x10"
(b) C =ne Wy, :
0.1
N T e~ 481 10"%/cm’

=4.81 x 10"/cm’

n=15x10";
2 10

p = ni _ \.5x10 7 =4.68 x 10'! hole/m?
n 4.81x10

Troblem 2.19

A sample of Ge is doped to the extent of 10'* donor atoms/cm® and 7 x 10'3 acceptor atoms/

cm”. At room temperature , the resistivity of pure Ge is 60 Q-cm. If the applied electric field is
2 V/cm, find total conduction current density.

Solution
For intrinsic Semiconductor,
n=p=n
ci=mne(H+ )
= —616 v/cm.
K, for Ge is 1800 cm*/V-sec ;
M, = 3800 cm?/V-sec.

G, _ 1
elip +1n)  60fi.6x1071° )(3800 +1800 )
=1.86 x 10" electron/cm®
pxn=n=(1.86x10")>

n; =

........ (1
Na+n=Np+p

Nj=7x 10%cm?

Np = 10"%/cm’?

(p-n)=Na—Np=-3x10% . 2

bolvmg(l)and (2) simultaneously to get p and n,
p=0.88x 10"
n=388x10"
J=(np, +pp,). ee
= {(3.88)(3800)+(0.88)(1800)} x 10" eg
=52.3 mA/em®
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Problem 2.20

Determine the concentration of free electrons and holes in a sample of Germanium at 300°K
which has a concentratlon of donor atoms =2 x 10'* atoms /cm> and a concentration of acceptor
atoms =3 x 10'* atoms/cm®. Is this p-type or n-type Ge ? In other words, is the conductivity due
primarily to holes or electrons ?

Solution

nxp=n,2

NA+n=P+ND
Solving (a)and (b)) to get n and p,

p-n=Na-Np

_n

p._.__._.

n

n.2

—nl'_n=(NA_ND)

22
or LTl = (Ng—=Np)

n,z—n2=nx(NA—ND)
or n2+n(NA—ND)—n12=O
This is in the form ax? + bx + ¢ =0

2
x=—£i b” —4ac

2a
- (NA _ND)+\/(NA 'ND)2 —4n,2
2 2

Negative sign is not taken into consideration since electron or hole concentration cannot be
negative.

n>0andp>0.

Na =3 x 10"%/cm’®

Np =2 x 10'%/cm®

n; at 300°K = 2.5 x 10" / cm?

3 —EG
nl = AT2 2KT
E=0.72 eV

= 6.25 x 10*%/cm’
n can be calculated. Similarly p is also calculated.
n=58x 10'%/cm’
=10.58 x 10"%/m’
as p > n, it is p-fype semiconductor.
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Problem 2.21

Calculate the intrinic concentration of Germanium in carries/m> at a temperature of 320°K given
that ionization energy is 0.75 eV and Boltzman’s Constant K =1.374 x 10231 /°K. Also calculate
the intrinsic conductlwty given that the mobilities of electrons and holes in pure germanium are
0.36 and 0.17 m%/ volt-sec respectively.

Solution

3 ¢EGg
nl:: ATze 2KT

K = Boltzman’s Constant in J / °K
K = Boltzman’s Constant in eV / °K

“16x107"°%0 75

=0.64 x 102! x (3202, ¢2¥ 37x10” %320
n, = 6.85 x 10" electrons (or holes)/m3.
In intrinsic semiconductor, n =p =n,.
o, =en; (U, + PLp)
=1.6x 10" x6.85x 10" (0.36 + 0.17) =5.797 v/m
Problem 2.22

Determine the resistivity of intrinsic Germanium at room temperature

Solution
T =300 °K
A =964 x10%
E=0.75eV.
3 -Eg 0

n, = AT 2¢ 2KT =25 x 10" electrons (or holes) /m’>.

py=036m?/ V - sec

%:0.17m2/v-sec

Gi = eni( pn + 1)
=16x10"x2.5x 10" (035 +0.17) =2.13 v/m

1
p=—=——=047 Q-m
G 213
2.11 THE FERMI DIRAC FUNCTION
N( E) = Density of states.

i.e., The number of states per ev per cubic meter ( number of states/eV/m> )
The expression for

N(E)=7v E” where v is a constant.
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4n
y="13 @m)*? (1.6 x 107%% = 6.82 x 107

m = Mass of Electron in Kgs
h = Planck’s Constant is Joule-secs.

The equation for £ E ) is called the Fermi Dirac Probability Function. 1t specifies the
fraction of all states at energy E (eV) occupied under conditions of thermal equilibrium. From
Quantum Statistics, it is found that,

EYy="""Tf/#:=F%® . 2.16
AE) E-Ep ( )
l+e KT
where k = Boltzmann Constant, eV/°K
T = Temp °K

Er = Fermi Level or Characteristic Energy

The momentum of the electron can be uncertain. Heisenberg postulated that there is always
uncertainty in the position and momentum of a particle, and the product of these two uncertainities
is of the order of magnitude of Planck’s constant ‘h’.

If A, is the Uncertainty in the Momentum of a particle, A, is the uncertainty in the position
of a particle

Ap x AX = h.
2.11.1 EFFECTIVE MASS

When an external field is applied to a crystal, the free electron or hole in the crystal responds, as
if its mass is different from the true mass. This mass is called the Effective Mass of the electron
or the hole.

By considering this effective mass, it will be possible to remove the quantum features of the
problem. This allows us to use Newton’s law of motion to determine the effect of external forces
on the electrons and holes within the crystal.

2.11.2 FErMI LEVEL
Named after Fermi, it is the Energy State, with 50% probability of being filled if no forbidden
band exists. In other words, it is the mass energy level of the electrons, at 0°K.

IfE =Eg

AE)=" From Eq.( 2.17).

If a graph is plotted between ( E — Eg ) and A{ E ), it is shown in Fig. 2.7

At T = 0°K, if E > Eg then, AE) = 0.

That is, there is no probability of finding an electron having energy > Egat T = 0°K. Since

fermi level is the max. energy possessed by the electrons at 0°k. AE) varies with temperature as
shown in Fig. 2.7.
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[ —— T=0K
‘\\\NF——”=W*

eV
-1.0 0 (E-E) *10

—

Fig. 2.7 Fermi level variation with temperature.

2.11.3 UNCERTAINTY PRINCIPLE

This was proposed by Heisenberg. The measurement of a physical quantity is characterized in an
essential way by lack of precision.

2.11.4 THE INTRINSIC CONCENTRATION

1
RE)= TTEEVRT e (2.17)
e(E—EF)/KT
1-fE)= | +e©E-VKT =

e(E—EF)/KT[] . e(E—Er)/KT]'l ~ o(E~EJKT

e—(E,-E)/ KT

Fermi function fora hole=1-fE).
(EF—E)>>KTforE <Ev

the number of holes per m? in the Valence Band is,
E

v

[ 1(By ~EY*e EEVKT (R

p =
= NV X e_(EF_Ev)/KT
NN
_ 2am KT 2
where Ny=2 Y
Similarly n=N, e(EcEr VKT

nx p=Ny x N ¢Bu/KT
Substituting the values of Nc and Ny,

nxp=nZ=AT> oE./KT



78 Electronic Devices and Circuits

2.11.5 CARRIER CONCENTRATIONS IN A SEMICONDUCTOR
dn = N(E)xAE)xdE

dn = number of conduction electrons per cubic meter whose energy
lies between E and E + dE

AUE ) = The probability that a quantum state with energy E is occupied
by the electron.
N(E) = Density of States.

1
AE) = | TEEVKT

The concentration of electrons in the conduction band is
n= [N(E)xf(E)xdE
E¢

for E>E¢
(E - E) is>>KT.
AE) = o~(E-E, J/KT

e(E—E, VKT >> |

n= J'y(E—EC)I/z x e_(E‘EF)KT. dE

EC
Simplifying this integral, we get,
n=N¢x e~(EC—EF)/KT
_ 2
where N¢ = 2[2—7”"?;—1(—T—J :

K = Boltzman’s Constant in J/°’K
N, is constant.

where m, = effective mass of the electron.
Similarly the number of holes / m? in the Valence Band

p= NV e—(EF_EV )/ KT
3
2nmpExT 2
where Ny, =2 ——5—
h

Fermi Level is the maximum energy level that can be occupied by the electrons at 0 °K.
Fermi Level or characteristic energy represents the energy state with 50% probability of being
filled if no forbidden bond exists. If E = E, then f E ) = ' for any value of temperature. A E ) is
the probability that a quantum state with energy E is occupied by the electron.
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2.11.6 FERMI LEVEL IN INTRINSIC SEMICONDUCTOR &
§ Conduction Band
n=Ne e EcEKT E,
p=Ny o~(Er-Ey)/KT T
n=p E, Eg
or Ne o~(Ec-E-VKT _ Ny e~ (E¢—Ey /KT l
Electrons in the valence bond occupy energy levels E,
up to ‘Eg’. Ep is defined that way. Then the additional ¢
energy that has to bo supplied so that free electron will Valence Band
move from valence band to the conduction band is E¢
N —(EF-EV)+(EC+EF) o 0.5 1.0
—€ _ e KT KT —> f(E)
Ny
2B, E+E, Fig. 2.8 Energy band diagram.
—e KT

Taking logarithms on both sides,
lc_ _ EC + EV “'2EF

Ny KT
_Ec+Ey KT, Ne
B = 7 "Ny
_ 2
NC=2[31‘—“;—;‘9_]2 .......... (2.18)
_ 2
2nm, KT )2
NV= 2 T— .......... (219)

where m,and m,, are effective masses of holes and electrons. If we assume that m, = mp,
( though not valid ),

Ne =Ny
N
In 5=
Ny O
Ec+E
Be= =0 (2.20)

The graphical representation is as shown in Fig. 2.8. Fermi Level in Intrinsic Semiconductor
lies in the middle of Energy gap Eg;.
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Problem 2.23

In p-type Ge at room temperature of 300 °K, for what doping concentration will the fermi level
coincide with the edge of the valence bond ? Assume p, = 0.4 m.

Solution
Ep=Ey
when Na=Ny

= +kT In
E EV .
F NQ

NV=432xlo”(EQj2xT”2=432x10“m4fﬂaomy2
m

=6.33 x 10",
Doping concentration N 4 = 6.33 x 10'® atoms/cm’.

Problem 2.24

If the effective mass of an electron is equal to twice the effective mass of a hole, find the distance
in electron volts (ev) of fermi level in as intrunsic semiconductor from the centre of the forbidden
bond at room temperature.

Solution

For Intrunsic Semiconductor,

we[[Ee5m) 5l )

If mp, =m,

then Nc¢=Ny.

Hence E will be at the centre of the forbidden band. But if m, # m,. Er will be away from
the centre of the forbidden band by

KT NC N kT mp

—z—ln. Ny = /4—2—.lnmp

— \3/2
2nm, KT
NC =2 n2
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2.11.7 FERMI LEVEL IN A DOPED SEMICONDUCTOR

G = (Man + ppp)e,
So the electrical characteristics of a semiconductor depends upon ‘n’ and ‘p’, the
concentration of holes and electrons.

~(Ec~E¢ J/KT ~(Ez~Ey )/KT

The expression forn=N¢ ¢ and the expression for p=Ny €
These are valid for both intrinsic and extrinsic materials.

The electrons and holes, respond to an external field as if their mass is m*( m* = 0.6m ) and
not ‘m’. So this m’ is known as Effective Mass.

With impurity concentration, only Eg will change. In the case of intrinsic semiconductors, Eg
is in the middle of the energy gap, indicating equal concentration of holes and electrons.

If donor type impurity is added to the intrinsic semiconductor it becomes n-type. So assuming
that all the atoms are ionized, each impurity atom contributes at least one free electron. So the
first Np states in the conduction band will be filled. Then it will be more difficult for the electrons
to reach Conduction Band, bridging the gap between Covalent Bond and Valence Bond. So the
number of electron hole pairs, thermally generated at that temperature will be decreased. Fermi
level is an indiction of the probability of occupancy of the energy states. Since Because of
doping, more energy states in the ConductionBand are filled, the fermi level will move towards the
Conduction Band.

EXPRESSION FOR Eg

~Ec-Ey)
n=Ncxe KT
_(EF V)
p=Ny.e KT
~(Ec-Ey)
nxp=NcxNyxe KT
But (EC—Ev)zEG
and n><p=ni2

- Eg
niZ=NC><Nv><e KT

E
n]2 = e—z%
NCXNV
Taking logarithms,
2
- _Ec
In( NNy )= KT
N¢Ny Eg
or —In( )=~ KT

NN
or Eg= KTln[ szj .......... (221)

n;
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The position of Fermi Level is as shown in Fig. 2.9

Conduction Conduction
Band Band

e
20
Q
=
23]
....... E“t
x, r,

o 0.5 1.0 o 0.5 1.0
—Tp £(IE) ——p T(E)
For n-type semiconductor For p-type semiconductor
Fig. 2.9

Similarly, in the case of p-fype materials, the Fermi level moves towards the valence band

since the number of holes has increased. In the case of n-type semiconductor, the number of free
electrons has increased. So energy in Covalent Bond has increased. Fermi Level moves to wards
conduction band. Similarly in p-type semiconductors, fermi Level moves towards

Valence Band. So it is as shown in Fig. 2.9.

To calculate the exact position of the Fermi Level in n-type Semiconductor:
In n-type semiconductor,
n-~ ND

But n=N¢ x e—(EC_EF)/ KT
Np = N x ¢ {Ec-E)/KT

N
B BB VKT

or
Nc¢
Taking logarithms,
h ”(EC’EF)
In N. = KT
c
Np
or KT x{In— =—(Ec—-Ep)
Ne
N¢
or EF':Ec-—KTX n—: .. (222)
Np

So Fermi Level Er is close to Conduction Band E. in n-type semiconductor.

Similarly for p-type material,
p=Na
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But p = NV X e—(EF_EV)/ KT
N
?\J—A— = (BB VKT
\Y
Taking Logarithms,
l N_A . _(EF'_EV)
PNy T KT

Np
KTmeE‘zEV“EF

o Eg=Ey+KTxh¥ | . (223)
NA

Na=Ny
Fermi Level is close to Valance Band Ey in p-type semiconductor.
Problem 2.25

In n type silicon, the donor concentration is 1 atom per 2 x 10® silicon atoms. Assuming that the
effective mass of the electron equals true mass, find the value of temperature at which, the fermi
level will coincide with the edge of the conduction band. Concentration of Silicon =5 x 102 atom/
cm3.

Solution
Donor atom concentration = 1 atom per 2 x 108 Si atom.
Silicon atom concentration = 5 x 102 atoms/cm®
22
5x10
b= —— =25 x 10"/em’.
2x10

For n-type, Semiconductor,
N
' Ep=Ec—-KTIn(=%)
Np

If E were to coincide with E¢, then
Nc=Np
Np = 2.5 x 10" /cm®.

3
2nm,KT|2
—
h = Plank’s Constant; K = Boltzman Constant
m,, the effective mass of electrons to be taken as = mg

3
[ 2x3.14x9.1x1073 xKxT |2
Ne= 2{ = }

3
=4.28 x 101 T2
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Nc = Np,
3
428 x 10" 12 =25 x 10"
T=10.14°K
2.12 TOTAL CURRENT IN A SEMICONDUCTOR
2.12.1 DRriFT CURRENT IN AN N-TYPE SEMICONDUCTOR

Within a semiconductor, intrinsic or impure, because of the thermal energy, covalent bonds are
broken and electrons and holes move in random directions. These collide with lattices, get deflected
and move in a different direction, till they collide with another carrier. Such a random motion is
defined as mean free path length ‘I’, the distance a carrier travels between collisions and the

. Over a period of time

: - : . !
average time between collisions ‘t’. The average velocity of motion v = 1

which is >> ‘t’, average movement is zero or net current is zero.

But when electric field is applied all the electrons are aligned in a particular direction and
move towards the positive electrode and holes in the opposite direction. The resulting current is
called Drift Current.

Let the semiconductors be ‘n’ type. Now using a battery, electric field is applied, under the
influence of the electric field, all the free electrons move towards the positive electrode and enter
the metal of the positive electrode Fig. 2.10. The donor atoms have thus lost their free electrons.
So the donor atoms near the positive electrode pull electrons from the electrode, exactly equal in
number to the free electrons which have entered the electrode. So the semiconductors remains
electrically neutral. The voltage applied results in voltage drop across semiconductor. If the
battery is removed, the number of free electrons and holes is same as before the application of
field, since semiconductor has taken equal number of electrons from the positive electrode.

+ () M

OO

n - type semi conductor

\/ : \/
HH=

Fig. 2.10 Drift current in n-type semiconductor.

When the free electron contributed by phosphorus donor atom goes into the positive electrode,
the donor atom loses one electron. Therefore it will pull one more electron from the positive
electrode and hence the number of free electrons in the semiconductors remains the same.
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Problem 2.26

In p-type Silicon, the acceptor concentration corresponds to 1 atom per 10® Silicon atoms. Assume
that m_= 0.6m. At room temperature, how far from the edge of the valence band is the Fermi
level 7' Is E_above or below E,? The concentration of Silicon atoms is 5 x 10?2 atoms/cm’.

Solution

Concentration of Silicon atoms = 5 x 10?%/cm*".
Because doping is done at 1 atom per 10® Silicon Atoms.

5%10% w3
N,= e =5x10"cm
3
_ (2rmpKT)3
NV—Z[—”———hZ

K = Boltzman’s Constant in eV/°K; K = Boltzman constant in J// °K.
h = Planck’s Constant = 6.62 x 1073* J-sec
K=1.38x102J/K
3 3
2 KT )2 m, 2 =
N, =2 [————-—mp JZ =4.82 % 107 [—”] T2
v h2 m
3
2[27:.1(]2 _ 4.82x10"

3
h2 m./Z

[ SIS

m
=4.82 %105 ( P
m

where m = 0.6 m (given)
T =300°K
N, =4.82 x 10°(0.6 3002 =1.17 x 10"%/cm?

x T3/2

_ Ny
EF— EV =KT /n (—T\—I:]

1.17x10‘°)

=0.026 In. [ 5)(10]4

=0.026 x 10
=0.26 ev
or EF - Ev = (.26ev

EF is above Ev'
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Problem 2.27

In p-type Ge at room temperature of 300 °K, for what doping concentration will the fermi level
coincide with the edge of the valence bond ? Assume B = 0.4 m.

Solution
EF - Ev
when N AT Nv
Ny
EF=EV+len. N,

N, =4.82 10‘5( ]2 x T¥? = 4.82 x 10'3(0.4)**(300)*”
m
=633 %108,

Doping concentration N A =633 10'® atoms/cm?>.
Problem 2.28

If the effective mass of an electron is equal to thrice the effective mass of a hole, find the distance
in‘electron volts (ev) of fermi level in as intrunsic semiconductor from the centre of the forbidden
bond at room temperature.

Solution

For Intrunsic Semiconductor,

o[BS

If m =m
p n

then N = N

Hence E_ will be at the centre of the fo:bidden band. But if m #m. E_ will be away from
the centre of the forbidden band by

T
5 n.NV—- 4 2.nmp
— _N\3/2
2rm, KT
NC=2( n2 ]

3/2
21tm kT
Ne=2 T

3
=7 0.026 In (3) =21.4meV
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2.12.2 DRIFT CURRENT IN P-TYPE SEMICONDUCTOR

The mechanism is the same to as
explained above. The holes in the
acceptor type semiconductor moves
towards the negative electrode and enter | p-Type
into it, pulling out one electron from the
negative electrode from the acceptor
atoms ( Fig. 2.11 ), the hole has moved |
away, i.e. it has acquired an electron.
So electrical neutrality or of its original
condition is disturbed. This results ina Fig. 2.11 Drift current in p-type semiconductor
electrons from the acceptor atom being

pulled away. These free electrons enter the positive electrode. The acceptor atoms having lost
one electron steal another electron from the adjoining atom resulting in a new hole. The new holes
created thus drift towards negative electrode.

2.12.3 DirrusiON CURRENT

This current results due to difference in the concentration gradients of charge carriers. That is,
free electrons and holes are not uniformly distributed all over the semiconductor. In one particular
area, the number of free electrons may be more, and in some other adjoining region, their number
may be less. So the electrons where the concentration gradient is more move from that region to
the place where the electrons are lesser in number. This is true with holes also.

Let the concentration of some carriers be as shown in the Fig 2.12. The concentration of
carriers is not uniform and varies as shown along the semiconductor length. Area A is a measure
of the number of carriers between x; and x,. Area A; is a measure of the number of carriers
between X, and x3. Area A is greater than Area A,. Therefore number of carriers in area A is
greater than the number of carriers in A,. Therefore they will move from A; to A;. If these

X

&

X,

77

\
A / \
rea A, w\

Area A,

Conductance of the Carriers

A B C

Distance of ( along the Semiconductor )

Fig. 2.12 Diffusion current.
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charge carriers are free electrons, then electron current directions is from C to A (- Electrons
move from A to C). Ifthese are holes then current direction is from A to C. This current is called
diffusion current. It is independent of any applied field. So in semiconductors, at room temperature
itself, though no electric field is applied, if the device is connected in a circuit, there will be very
small current flowing through, which is called Diffusion Current.

Let /, be the distance travelled by each electron between two successive collisions., i.e. /
is the mean free path. Let t, secs be the corresponding time taken.

Because of the thermal agitation, the carriers in areas A and A, have equal probability to
move from left to right or from right to left. But because the number of carrier in A is greater
than in A,, it results in net diffusion current. During time t,, half the electrons from A move to A,
and half the electrons from A, move to A;. The net current is due to the difference of number of
electrons from A, to A,

=0.5 x(lx gﬂ)xdx
dx

Hence Diffusion Current = ((lx )2 X @-)[i)
dx J{ t,
d

n
=l/ ——
2e x I, x vy x

X n dX

Ix
where V is the Average Velocity = 7~ and e = charge of an electron.
X

Hence Diffusion Current per Sq. meter of cross section is

ih=exD,x —

n n dX 5

D,= Diffusion current constant in m“/sec
= Wl vy

dn . . . .
s concentration gradient of electrons in Number of carriers / m.

If diffusion current is caused by holes, the equation of diffusion current is

: dp
ip, = Q x Dy x i
For Ge, at room temperature
D, =93 x 10 m%/sec
D, = 44 x 10™* m%sec.
Diffusion electrons density J, is given by the expression

dn
Jn=+ean&

e . dn . . o . .
positive sign is used smcea;(- is negative and direction of current is opposite to the movement

of electrons.
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, o - dn . : .
where D, is called Diffusion Constant for electrons. It isin m?%/sec. o s concentration gradient.
D and p are interrelated. It is given as,
Dy _Dp
TP Hp =Vr
KT T
where V= o T 600 e (2.24)

where V1 is volt equivalent. of temperature. At room temperature, i = 39D.

The thermal energy due to temperature T is expressed as electrical energy in the form
of Volts.

2.12.4 ToOTAL CURRENT

Both Potential Gradient and Concentration Gradient can exist simultaneously within a
Semiconductor. Since in such a case the total current.is the sum of Drift Current and
Diffusion Current.

- dp
Jo=ep,p.E-eD,.——

Pdx
Drift Current = eppE
d
Diffusion Current = €D, P
dx
Similarly the net electron current is
dn

Jn=eunnE+eDna;

Singe Diffusion hole current is J,

d
Jp = -€D, -d%
p decreases with increase in x. So 5}:- is negative. Negative sign is used for J,, so that, J, will
be positive in the positive x direction. For electrons
Jo=1e.D, d_n
dx

since the electron current is opposite to the directions of conventional current.

There exists a concentration gradient in a semiconductor. On account of this, it results in
Diffusion Current. If you consider p-type semiconductor holes are the majority carriers. So the
resulting Diffusion Current Density J, is written as

dp
Jp=—exDpx i
where D,, is called diffusion constant for holes. Since p the hole concentration is decreasing

d L . .
with x, ﬁ is —ve. So-—ve sign is used in the expression for J,.
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- . . 3 . . . n .
Similarly for electrons also the expression is similar and the slope is — ix But since the

electron current is opposite to the conventional current,
dn dn
= | eDyx— {+exD, —
Tn ( n dx] T dx

2.13 EINSTEIN RELATIONSHIP

D, the Diffusion Coefficient and  are inter related as

D _Dy
W T =Vq| (2.25)
where V7 is volt equivalent of temperature.
KT T
V J— ———

T 7 T 11,600

K =1.6x 101K
K= 8.62x 107 ev/’K
K= 1381 x 1072 J°K

D Dy =39D (2.26)
Hp Vv, 0026 b e
up = 39D,
Hp = 39D,
or w=3p . (227)

Therefore values of D, and D, for Si and Ge can be determined.

Problem 2.29

Determine the values of D, and D, for Silicon and Germanium at room temperature.
Solution

For Germanium at room temperature,
D, =y X V= 3,800 x 0.026 = 99 cm%/sec
Dy =, x V= 1800 x 0.026 = 47 cm®/sec
For Silicon, D, = 1300 x 0.026 = 34 cm?/sec
D, = 500 x 0.026 = 13 cm®/sec
2.14 CONTINUITY EQUATION

Thus Continuity Equation describes how the carrier density in a given elemental volume of
crystal varies with time.

If an intrinsic semiconductor is doped with n-type material, electrons are the majority carriers.
Electron - hole recombination will be taking place continuously due to thermal agitation. So the
concentration of holes and electrons will be changing continuously and this varies with time as well
as distance along the semiconductor. We now derive the differential. equation which is based on
the fact that charge is neither created nor destroyed. This is called Continuity Equation.
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Consider a semiconductor of area A, length
dx (x+dx-x=dx)asshowninFig.2.13. Let
the average hole concentration be ‘p’. LetE;is a
factor of x. that is hole current due to concentration
is varying with distance along the semiconductor.
Let I, is the current entering the volume at x at
time t, and (I, + dly) is the current leaving the 7 I +dl
volume at ( x + dx ) at the same instant of time ‘t’. P P p
So when only I, colombs is entering, (I, +dI, )
colombs are leaving. Therefore effectively there
is a decrease of ( I, + dI, — I, ) = dI, colombs per
second within the volume. Or in other words, since
more hole current is leaving than what is entering,
we can say that more holes are leaving than the
no. of holes entering the semiconductor at ‘x’.

If dI,, is rate of change of total charge that is * X + dx
nxq Fig 2.13 Charge flow in semiconductor
dl,=d 4

dI
T gives the decrease in the number of holes per second with in the volume A x dx. Decrease

in holes per unit volume ( hole concentration ) per second due to I, is
1

X
Axdx ¢

But = Current Density

1 dJ,

q X dx .

But because of thermal agitation, more number of holes will be created. If pg is the thermal
equilibrium concentration of holes,( the steady state value reached after recombination ), then, the
increase per second, per unit volume due to thermal generation is,

_ P
g= Tp
Therefore, increase per second per unit volume due to thermal generation,
Po
8 T,
But because of recombination of holes and electrons there will be decrease in hole concentration.

The decrease =2

Tp
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Charge can be neither created nor destroyed. Because of thermal generation, there is
increase in the number of holes. Because of recombination, there is decrease in the number of
holes. Because of concentration gradient there is decrease in the number of holes.

So the net increase in hole concentration is the algebraic sum of all the above.
Q_B _ P, P 1 0J P
ot T, q O0x

d
Partial derivatives are used since p and Jp are functions of both time t and distance x. d_f

gives the variation of concentration of carriers with respect to time ‘t’.
If we consider unit volume of a semiconductor ( #-fype ) having a hole density p,, some

holes are lost due to recombination. If p,, is equilibrium density, ( i.e., density in the equilibrium
condition when number of electron = holes ).

The recombination rate is given as E'l;rpﬂ . The expression for the time rate of change

in. carriers density is called the Continuity Equation.

d
Recombination rate R = —£
Life time of holes in n-type semiconductors
AP Pn~Pno

TR T dp/dt

12 Pn " Pno
dt T

where pj, is the original concentration of holes in n-type semiconductors and p,,, is the concentration
after holes and electron recombination takes place at the given temperature. In other word py, is
the thermal equilibrium minority density. Similarly for a p-type semiconductors, the life time
of electrons

or

n,—n

_Ppmlpo  dx_MpTfno

™ Tax/de oAt T,
2.15 THE HALL EFFECT

If a metal or semiconductor carrying a current I is placed in a perpendicular magnetic field
B, an electric field E is induced in the direction perpendicular to both I and B. This
phenomenon is known as the Hall Effect. It is used to determine whether a semiconductor
is p-type or n-type. By measuring conductivity o, the mobility u can be calculated using
Hall Effect.

In the Fig. 2.14 current 1 is in the positive X-direction and B is in the positive Z-direction. So
a force will be exerted in the negative Y-direction. If the semiconductor is n-type, so that current
is carried by electrons, these electrons will be forced downward toward side 1. So side 1 becomes
negatively charged with respect to side 2. Hence a potential V called the Hall Voltage appears
between the surface 1 and 2.
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Fig 2.14 Hall effect.

In the equilibrium condition, the force due to electric field intensity ‘E’, because of Hall
effect should be just balanced by the magnetic force or

ee =B ev

i

v Drift Velocity of carriers in m / sec

B = Magnetic Field Intensity in Tesla ( wb/m?)
or

e=Bv L. (a)
But €= Vy/d

where Vy = Hall Voltage

d = Thickness of semiconductors.

J =nev or J=pv

p = charge density.

J = Current Density ( Amp / m’ )

I

or J=—

o.d
o = width of the semiconductor; wd = cross sectional area
I = current
— M — I
J = Current Density = od
€= Vy/d
or Vy = &d
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But e=Bv .. From Equation ( a)
Vau=Bxvxd But v=J/)p
B1d 1
= But J= od
Bld BI
H™ pod ™ po
B.I
Vy= % .......... (228)

If the semiconductor is n-type, electrons the majority carriers under the influence of electric
field will move towards side 1, side 2 becomes positive and side 1 negative. If on the other hand
terminal 1 becomes charged positive then the semiconductor is p-type.

p =n x e ( For n - type semiconductor )

or p = p x e ( for p-type semiconductor )
and p = Charge density.
BI
V= 00
BlI
p= VH KO
Ry = 2 2.29
H BLl e (2.29)

1
The Hall Coefficient, Ry is.defined as Ry = E . Units of Ry are m? / coulombs

If the conductivity is due primarily to the majority carriers conductivity, ¢ =nep in n-type
semiconductors.

n.e = p = charge density.

c=pxp
1
But E=RH
|
o= R, X W
or L=Ryxoc= VS'I(DXO'
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We have assumed that the drift velocity ‘v’ of all the carriers is same. But actually it will not
be so. Due to the thermal agitation they gain energy, their velocity increases and also collision with
other atoms increases. So for all particles v will not be the same. Hence a correction has to be

3n
made and it has been found that satisfactory results will be obtained if R is taken as §E .
H

8
n= (ﬁ] Ry (2.30)

8
Multiply Ry by I Then it becomes Modified Hall Coefficient. Thus mobility of

carriers ( electrons or holes ) can be determined experimentally using Hall Effect.

The product Bev is the Lorentz Force, because of the applied magnetic field B and the drift
velocity v. So the majority carriers in the semiconductors, will tend to move in a direction
perpendicular to B. But since there is no electric field applied in that particulars direction, there
will develop a Hall voltage or field which just opposes the Lorentz field.

So with the help of Hall Effect, we can experimentally determine
1.  The mobility of Electrons or Holes.
2. Whether a given semiconductor is p-type or n-type ( from the polarity
of Hall voltage V)
Problem 2.30

The Hall Effect is used to determine the mobility of holes in a p-type Silicon bar. Assume the bar
resistivity is 200,000 Q-an, the magnetic field B, = 0.1 Wb/m* and d = w = 3mm. The measured
values of the current and Hall voltage are 10mA and 50 mv respectively. Find p, mobility of holes.

Solution

B=0.1 Wb/ m? (or Tesla)

Vi =50 mv.

I=10mA;

p=2x10°Q-cm;

d=w=3mm =3 x 10~ meters
1 _BI 0.1x10x107°

1
— = = = — =0.667.
Ry  VuW  50x102x3x107 150

1 1 1
C 1 .t = e = =
onductivity = = = = S X102 2000

mhos / meter.

H=06 x Ry

Po = 0667 ><2000 =750 cm®/ V - sec
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2.16 SEMICONDUCTOR DIODE CHARACTERISTICS

If a junction is formed using p-type and n-type semiconductors, a-diode is realised and it has the
properties of a rectifier. In this chapter, the volt ampere characteristics of the diodes, electron-
hole currents as a function of distance from the junction and junction capacitances will be studied.

2.16.1 THEORY OF p-n JUNCTION

Take an intrinsic Silicon or Germanium crystal. If donor ( n-type ) impurities are diffused from
one point and acceptors impurities from the other, a p-n junction is formed. The donor atoms will
donate electrons. So they loose electrons and become positively charged. Similarly, acceptor
atoms accept an electron, and become negatively charged. Therefore in the p-n junction on the p-
side, holes and negative ions are shown and on the n-side free electrons and positive ions are
shown. To start with, there are only p-type carriers to the left of the junction and only n-type
carriers to the right of the junction. But because of the concentration gradient across the junction,
holes are in large number on the left side and they diffuse from left side to right side. Similarly
electrons will diffuse to the right side because of concentration gradient.

Holes———»@@@ o|® @ @
(a) 0 0 4— Free Electrons
2% 9 g
o ° @ ® @ ‘
p-type n-type
+ Tp = Charge Density
(b) — =
. P dv
H = —dx = —-—
© & J. € dx
Electrostatic
Potential Barrier for )
Holes // +Vo
@ A,
b
Vo i Potential Barrier for Electrons
(e) ' '

—»X

Fig 2.15. Potential distribution in p-n junction diode.
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Because of the displacement of these charges, electric field will appear across the junction.
Since p-side looses holes, negative field exists near the junction towards left. Since n-side looses
electrons, positive electric field exists on the n side. But at a particular stage the negative field on
p-side becomes large enough to prevent the flow of electrons from n-side. Positive charge on
n-side becomes large enough to prevent the movement of holes from the p-side. The charge
distribution is as shown in Fig. 2.15 (b ). The charge density far away from the junction is zero,
since before all the holes from p-side move to n-side, the barrier potential is developed. Acceptor
atoms near the junction have lost the holes. But for this they would have been electrically neutral.
Now these holes have combined with free electrons and disappeared leaving the acceptor atom
negative. Donor atoms on n-side have lost free electrons. These free electrons have combined
with holes and disappeared. So the region near the junction is depleted of mobile charges.
This is called depletion region, space charge region or transition region. The thickness of
this region will be of the order of few microns

I micron =10 m = 10*cm.
The electric field intensity near the junction is shown in Fig. 2.15 (¢ ). This curve is the
integral of the density function p. The electro static potential variation in the depletion region is

dv . . . .
shown in Fig. 2.15(d ).e=~ I& This variation constitutes a potential energy barrier against

further diffusion of holes across the barrier.

When the diode is open circuited, that is not connected in any circuit, the hole current must be
zero. Because of the concentration gradient, holes from the p-side move towards n-side. So, all
the holes from p-side should move towards n-side. This should result in large hole current flowing
even when diode is not connected in the circuit. But this will not happen. So to counteract the
diffusion current, concentration gradient should be nullified by drift current due to potential barrier.
Because of the movement of holes from p-side to n-side, that region ( p-region ) becomes negative.
A potential gradient is set up across the junction such that drift current flows in opposite
direction to the diffusion current. So the net hole current is zero when the diode is open circuited.
The potential which exists to cause drift is called contact potential or diffusion potential. Its
magnitude is a few tenths of a volt (0.01V).

2.16.2 p-n JUNCTION AS A DIODE

The p-n Junction shown here forms a semiconductor device called DIODE. Its symbol is

A —»‘-—K. A is anode. K is the cathode. It has two leads or electrodes and hence the name
Diode. If the anode is connected to positive voltage terminal of a battery with respect to cathode,
it is called Forward Bias, ( Fig. 2.16 (a) ). If the anode is connected to negative voltage terminal
of a battery with respect to cathode, it is called Reverse Bias, ( Fig. 2.16 (b) ).

Io|®t K

A K A K A
Pt > P g

| 1 _ Iy
+1= — 4+ +H1—
( a ) Forward bias ( b ) Reverse bias ( ¢ ) p-n junction forward bias

Fig 2.16
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2.16.3 Onmic CONTACT

In the above circuits, external battery is connected to the diode. But directly external supply
cannot be given to a semiconductor. So metal contacts are to be provided for p-region and n-region.
A Metal-Semiconductor Junction is introduced on both sides of p-n junction. So these must be
contact potentials across the metal-semiconductor junctions. But this is minimized by fabrication
techniques and the contact resistance is almost zero. Such a contact is called ohmic contact. So
the entire voltage appears across the junction of the diode.

A ! D n IK
ohmic contacts P

|

+H=

Fig 2.17 Ohmic contacts.
2.17 THE P-N JUNCTION DIODE IN REVERSE BIAS

Because of the battery connected as shown, holes in ( Fig. 2.16 (b)) p-type and electrons in n-
type will move away from the junction. As the holes near the junction in p-region they will move
away from the junction and negative charge spreads towards the left of the junction. Positive
charge density spreads towards right. But this process cannot continue indefinitely, because to
have continuous flow of holes from right to left, the holes must come from the n-side. But n-side
has few holes. So very less current results. But some electron hole pairs are generated because
of thermal agitation. The newly generated holes on the n-side will move towards junction. Electrons
created on the p-side will move towards the junction. So there results some small current called
Reverse Saturation Current. 1t is denoted by 1. 1, will increase with the temperature. So the
reverse resistance or back resistance decreases with temperature. 1 is of the order of a few
RA. The reverse resistance of a diode will be of the order of MS2 For ideal diode, reverse
resistance is .

1 he same thing can be explained in a different way. When the diode is open circuited, there
exists a barrier potential. If the diode is reverse biased, the barrier potential height increases by
a magnitude depending upon the reverse bias voltage. So the flow of holes from p-side to n-side
and electrons from n-side to p-side is restricted. But this barrier doesn’t apply to the minority
carriers on the p-sides and n-sides. The flow of the minority carriers across the junction results
in some current.

2.18 THE P-N JUNCTION DIODE IN FORWARD BIAS

When a diode is forward biased, the potential barrier that exists when the diode is open circuited,
is reduced. Majority carriers from p-side and n-side flow across the junction. So a large current
results. For ideal diode, the forward resistance Rf = (. The forward current I, will be of the
order of mA ( milli-amperes ).
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Fig 2.18 Diode in forward bias.

2.18.1 FORWARD CURRENT

If a large forward voltage is applied ( Fig. 2.19 ), the current must increase. If the barrier potential
across the junction is made zero, infinite amount of current should flow. But this is not practically
possible since the bulk resistance of the crystal and the contact resistance together will limit the
current. We may see in the other sections that when the diode is conducting, the voltage across it
remains constant at VY cut in voltage. If the applied voltage is too large junction  breakdown
will occur.

A K —»I A 'old? K
«N 19|®1 n
P 1919
n |
+= +1—
\%

Fig 2.19 Forward biasing.

2.19 BAND STRUCTURE OF AN OPEN CIRCUIT p-n JUNCTION

When p-type and n-type semiconductors are brought into intimate contact p-» junction is formed.
Then the fermilevel must be constant throughout the specimen. If it is not so, electrons on one side
will have higher energy than on the other side. So the transfer of energy from higher energy
electrons to lower energy electrons will take place till fermilevel on both sides comes to the same
level. But we have already seen that in n-fype semiconductors, E. is close to conduction band E
and it is close to valence band edge E, on p-side. So the conduction band edge of n-fype
semiconductor cannot be at the same level as that of p-type semiconductor Hence, as shown, the
energy band diagram for a p-n junction is where a shift in energy levels Ej, is indicated.

E; = Energy gap ineV

Er = Fermienergy level

E, = Contactdifference of potential

E., = Conduction Band energy level on the n-side.
E, = Conduction Band energy level on the p-side.
E,, = Valence Band energy level on the n-side.

E = Valence Band energy level on the p-side.
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Fig 2.20 Band structure of open circuited diode.

E
If a central line TG is taken, the shift in energy levels is the difference between the two

E
central lines ~2£ of the two semiconductors.

E0 = Ecp - Ecn = Evp - E‘vn'
Eg
El = "2— (Ep - Evp)
E, = %G‘ (Ecn - Ep)
E,+E,=E;-E;+E E E
But Eg= Ecp - Evp
E,+E,=E_ - Evp E E
But Ecp -E,=Eq
E,+E,=E

This energy E represents the potential energy barrier for electrons. The contact difference
of potential
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Eg
and B, -Bp="%(Eg)—E,=|—>|~E, o 2)

Adding (1) and (2),
(Ep-Ep) +(E,-Ep)=Eg-E -E,
or (E,+E,)=Eg~(E, ~Egp)—(Ep~E
(E;+Ey)=Eg

Vp)

N
(E,—Ep)=KT ln[N—C]
D

Np = Donor Atom Concentration Nolm3.
N, Acceptor Atom Concentration N /m?.

(Ep—E,,)=KT In[%:)

NC-NV
EG=KT ln[ 2 ]

E. =KT|In NC'I\IV —in| Ne | [ Ny
0 ny Np Na

NeNy _ Np N, N..N
= X—=X—= | = A D
E, KT In[ ".2 Ne Ny KT In | (2.32)

I

1
The energy is expressed in electron volts eV.

K is Botlzman’s Constant in eV /°K = 8.62 x 1075 eV / °K

Therefore, E is in €V and V, is the contact difference potential in volts V is numerically
equal to E;. In the case of n-type semiconductors, n, = Nj,. ( Subscript ‘n’ indicates electron
concentration in n-fype semiconductor )

2= -
n, _nnxpn_NDxpn

nn = ND
n, = Intrinsic Concentration
n, = Electron Concentration in p-fype semiconductor
n, = Electron Concentration in n-type semiconductor
P, = Hole Concentration in p-type semiconductor
p, = Hole Concentration in n-fype semiconductor
2 2
n; n;
ND Pn
2 2
n n
n,= —L and N AT —
Na np

2=
nS=n, xp,
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Substituting all these value in

E, = KTIn| = | =KT [pp")
0 " Mo - " Pno
Taking reasonable values of n_, = 10!/ cm?

Ny = 104/ cm3
KT =0.026 eV

16

E _0026><lnT =0.718eV.

2.20 THE CURRENT COMPONENTS IN A p-n JUNCTION DIODE

+1 =
[ i

fﬁ

x=10 Distance
Fig 2.21 Current components in a p-n junction
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When a forward bias is applied to the diode, holes are injected into the n-side and electrons to the
p-side. The number of this injected carriers decreases exponentially with distance from the
junction. Since the diffusion current of minority carriers is proportional to the number of carriers,
the minority carriers current decreases exponentially, with distance. There are two minority currents,
one due to electrons in the p-region Inp, and due to holes in the n-region Ipn. As these currents
vary with distance, they are represented as Ipn(x).

Electrons crossing from # to p will constitute current in the same direction as holes crossing
from p to n. Therefore, the total current at the junction where x =0 is

I = Ipn(0) + Inp(0)
The total current remains the same. The decrease in Ipn is compensated by increase in Inp
on the p-side.

Now deep into the p-region ( where x is large ) the current is because of the electric field
('since bias is applied ) and it is drift current Ipp of holes. As the holes approach the junction, some
of them recombine with electrons crossing the junction from n to p. So Ipp decreases near the
junction and is just equal in magnitude to the diffusion current Inp. What remains of Ipp at the
junction enters the n-side and becomes hole diffusion current Ipn in the n-region. Since holes are
minority carriers in the n-side, Ipn is small and as hole concentration decreases in the n-region,
Ipn also exponentially decreases with distance.

In a forward biased p-n junction diode, at the edge of the diode on p-side, the current is
hole current ( majority carriers are holes ). This current decreases at the junction as the junction
approaches and at a point away from the junction, on the n-side, hole current is practically zero.
But at the other edge of the diode, on the n-side, the current is electron current since electrons are
the majority carriers. Thus in a p-n junction diode, the current enters as hole current and [eaves
as electron current.

2.21 LAW OF THE JUNCTION

Ppo = Thermal Equilibrism Hole Concentration on p-side
P,o — Thermalequilibriumliole concentration on nside
Ppo = Pno evo/Ve N

where V. is the Electrostatics Barrier Potential that exists on beth sides of the junction. But the
thermal equilibrium hole concentration on the p-side

Pro = Pn 0) No-V¥NV )
where p,(0) = Hole concentration on n-side near the junction
\Y = Applied forward bias voltage.

This relationship is called Boltzman’s Relationship.
Equating (1) and (2).

p, (0) MVoVWVr =p_x VoV

V()

Yo Yo, V.
Vl Vl Vl

or Pa(0) =Py X €

pn(o) = pn() P eV/VT
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Therefore, the total hole concentration in ‘n’ region at the junction varies with applied forward
bias voltage V as given by the above expression.

This is called the Law of the Junction.
P.(0) = p,(0) - pp,

P,(0) = Py (eV’ Vi —1) .......... (232)

2.22 DIODE CURRENT EQUATION

The hole current in the n-side Ipn(x) is given as

AexDp —x/L
Ipn(y = — @ ¢
But P.(0) = p, (eWVr _1)
AexDp
Ipn(®) = —L = x Paole¥/ V' -1)
Dp = Diffusion coefficient of holes
D = Diffusion coefficient of electrons.

n
e Ve atx=0is 1.

Similarly the electron current due to the diffusion of electrons from n-side to p-side is
obtained from the above equation itself, by interchanging n and p.

AexDn VIV
o = 2 )
The total diode current is the sum of Ipn (0) and Inp(0)
or I=LEvve)| L (2.33)
_ Aer AeDn
where I, = X Prot L, X Ny,

Lp
In this analysis we have neglected charge generation and recombination. Only the current
that results as a result of the diffusion of the carriers owing to the applied voltage is considered.

Reverse Saturation Current
1=1, (ewv, _1)
This is the expression for current 1 when the diode is forward biased. If the diode is
reverse biased, V is replaced by —V. V. value at room temperature is ~ 26 mV. If the reverse
-V
bias voltage is very large, ev_T is very small. So it can be neglected.

I=-I,
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I, will have a small value and I, is called the Reverse Saturation Current.

1= AeDpy, N AeDyn,, .

LP Ln
In n-type semiconductor,
n, = ND
2
n:
But n><p=n,2 R e
n n 1 n ND
In p-type semiconductor,
_ o
P, = N, Lon, = i;

Substituting these values in the expression for I,

D D
I, = Ae P4 - x n2
0 [LPND Ln.NA] f
where n?=A,T3 oEc/KT

E is in electron volts = €.V 5, where V 5 is in Volts.

_E6o
rli2 =A, T3 ¢ KT
EGO =Vg.€
But o - Volt equivalent of Temperature V.

For Germanium, D_ and D, decrease with temperature and ni2 increases with T. Therefore,
temperature dependance of I, can be written as,

= 2 -

For Germanium, the current due to thermal generation of carriers and recombination can be
neglected. But for Silicon it cannot be neglected. So the expression for current is modified as

(V. )
1=1, Le"VT —IJ

where n = 2 for small currents and n = 1 forM large currents.
2.23 VOLT-AMPERE CHARACTERISTICS OF A P-N JUNCTION DIODE
The general expression for current in the p-n junction diode is given by
(V)
1=1, Le"VT —1J.

n =1 for Germanium and 1 or 2 for Silicon. For Silicon, I will be less than that for Germanium.
Vi =26 mV.
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If V is much larger than V-, 1 can be neglected. Sol increases exponentially with forward

. L -V/V-
bias voltage V. In the case of reverse bias, if the reverse voltage -V >> V1, then e T can be

neglected and so reverse current is —I, and remains constant independent of V. So the characteristics
are as shown in Fig. 2.22 and not like theoretical characteristics. The difference is that the
practical characteristics are plotted at different scales. If plotted to the same scale, (reverse and
forward) they may be similar to the theoretical curves. Another point is, in deriving the equations
the breakdown mechanism is not considered. As V increases Avalanche multiplication sets in.
So the actual current is more than the theoretical current.

I,(mA)

T

r V, ( Volts )

= - [“

l,

v
[ R

1. (1A)
Fig 2.22 V-I Characteristics of p-n junction diode.

Cut IN VOLTAGE Vv

In the case of Silicon and Germanium, diodes there is a Cut In or Threshold or Off Set or Break
Point Voltage, below which the current is negligible. It’s magnitude is 0.2V for Germanium and
0.6V for Silicon ( Fig. 2.23).

I Germanium
I N
F
mA N
Silicon
i
R —
0.2V 0.6V VF ( Volts )

Fig 2.23 Forward characteristics of a diode.
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2.23.1 DIODE RESISTANCE

\"
The static resistance (R) of a diode is defined as the ratio of T of the diode. Static resistance

varies widely with V and 1. The dynamic resistance or incremental resistance is defined as the

dv
reciprocal of the slope of the Volt-Ampere Characteristic - This is also not a constant but
depends upon V and I.
2.24 TEMPERATURE DEPENDANCE OF P-N JUNCTION DIODE CHARACTERISTICS

The expression for reverse saturation current I,

Dp decreases with temperature.
I, o T2
where V, is the energy gap in volts. (E; ineV)
For Germanium, n=1,m=2
For Silicon, n=2,m=15
I, =KT™ e-VGOMVT
Taking In, ( Natural Logarithms ) on both sides,
-V
InT,=In(K )+ m x In (T) —22
nVr
Differentiating with respect to Temperature,

“Lx.(_i_l.o__ — 0+_r!_\.___ ____V_G_ox_l_
ly = dT T nV; T

1ody _om Voo
Iy XdT T nTVy

m
? value is negligible 7

Ca, Voo

Iy, 4T = nTVy

Experimentally it is found that reverse saturation current increases ~ 7% / °C for both
Silicon and Germanium or for every 10°C rise in temperature, 1, gets doubled. The reverse
saturation current increases if expanded during the increasing portion.
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25Ve—— V, [0

— 1 pA
——10 pA

L

I
$500 pA

Fig 2.24 Reverse characteristics of a p-n junction diode.

Reverse Saturation Current increases 7% /°C rise in temperature for both Silicon and
Germanium. For a rise of 1°C in temperature, the new value of Iy is,

I, = (l +L) I
0 100, 0
= 1071,
For another degree rise in temperature, the increase is 7% of (1.07 I,)).

Therefore for 10 °C rise in temperature, the increase is (1.07)10 = 2.
Thus for every 10 °C rise in temp 1, for Silicon and Germanium gets doubled.

2.25 SPACE CHARGE OR TRANSITION CAPACITANCE CT

When a reverse bias is applied to a p-n junction diode, electrons from the p-side will move to the
n-side and vice versa. When electrons cross the junction into the n-region, and hole away from
the junction, negative charge is developed on the p-side and similarly positive charge on the 7-
side. Before reverse bias is applied, because of concentration gradient, there is some space
charge region. Its thickness increases with reverse bias. So space charge Q increases as
reverse bias voltage increases.

But C= %
Therefore, Incremental Capacitance,
_ [4Q
T av]

where |[dQ| is the magnitude of charge increase due to voltage dV. It is to be noted that there is
negative charge on the p-side and positive charge on n-side. But we must consider only its magnitude.

dQ
Current [ = at
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Therefore, if the voltage dV is changing in time dt, then a current will result, given by

I=CTXE

This current exists for A.C. only. For D.C. Voltage is not changing with time. For D.C.
capacitance is open circuit.

The knowledge of C; is important in considering diode as a circuit element. C..is called
Transition region capacitance or space charge capacitance or barrier capacitance, or
depletion region capacitance. This capacitance is not constant but depends upon the reverse
bias voltage V. If the diode is forward biased, since space charge ~ 0,(this doesn’t exist). It will
be negligible. C- is of the order of 50 pfetc.

ALLOY JUNCTION

Indium is trivalent. If this is placed against n-fype Germanium, and heated to a high temperature,
indium diffuses into the Germanium crystal, a pn junction will be formed and for such a junction
there will be abrupt change from acceptor ions on one side to donor ions on the other side. Such
a junction is called Alloy Junction or Diffusion Junction. In the figure, the acceptor ion
concentration N, and donor atom concentration, Ny, is shown in Fig. 2.25. There is sudden
change in concentration levels. To satisfy the condition of charge neutrality,

exNAxWP=exNDan.

p-type n-type
Charge Density tve
ST
rL
-ve e e o0 0 0 @ —_—
— X
A%
P
w w
n

Fig 2.25 Abrupt p-n junction.

IfN, <<Np,then W_>>W . In practice the width of the region, W will be very small. So
it can be neglected. So we can assume that the entire barrier potential appears across the
p-region just near the junction.
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110
Poisson’s Equation gives the relation between the charge density and potential.
It d2v _eN,
where € is the permitivity of the semiconductor
v _ e,
x e
e.NA X 2
V= c X
Atx =w,, V =Vyp the barrier potential. W,=W.
eNy
= 2
Vg 7 wer e (234)

The value of W depends upon the applied reverse bias V. If V, is the contact potential,
Vg =V, —V where V is the reverse bias voltage with negative sign.

So as V increases, W also increases and Vy increases

Wa Vg
If A is the area of the junction, the charge in the width W is
Q=exN,xWxA
where W x A = Volume
e x N, = Total charge density

dQ dW

W =e><NAxAx av

CT—

Q = exNj,2e VgxA

_eNy )

But Vg= 7o x W
ZEVB
or W= exN,

. ’exNA
Bt /VB = W <
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dw 2e NJ2e

dv =% ex Ny % JexNAxW
€ 1
= X
eXNA \"Y
&
- exN,yxW
exA
C; = W e (235)

This expression is similar to that of the Parallel Plate Capacitor.
2.26 DIFFUSION CAPACITANCE, C

When a p-n junction diode is forward biased, the junction capacitance will be much larger than
the transition capacitance C;. When the diode is forward biased, the barrier potential is reduced.
Holes from p-side are injected into the n-side and electrons into the p-side. Holes which are the
minority carriers in the n-side are injected into the n-side from the p-region. The concentration
of holes in the n-side decrease exponentially from the junction. So we can say that a positive
charge is injected into the n-side from p-side. This injected charge is proportional to the applied
forward bias voltage ‘V’. So the rate of change of injected charge ‘Q’ with voltage ‘V’ is called
the Diffusion Capacitance C,. Because of Cj, total capacitance will be much larger than C; in
the case of forward bias, ( Cp is few mF (2mF.) ) C; value will be a few pico farads.

DERIVATION FOR CD

Assume that, the p-side is heavily doped compared to n-side. When the diode is forward biased,
the holes that are injected into the n-side are much larger than the electrons injected into the
p-side. So we can say that the total diode current is mainly due to holes only. So the excess
charge due to minority carriers will exist only on n-side. The total charge Q is equal to the area
under the curve multiplied by the charge of electrons and the cross sectional area A of the diode.
P_(0) is the Concentration of holes/cm®. Area is in cm?, x in cm,

X p(0)

p(0) = Hole concetration in n-region at x = 0
Carrier

Concentration Pro = Thermal Equilibrium Concentration of Holes.

Fig 2.26 Carrier concentration variation.
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e
|

= [AeP,(0)e™ "™ dx
0

0

-x/L
A B0) Jo M dx
0

= AeP (0)[-Lp[0-1]]
AeLppn(O)
dQ dp,(0)

CD= E\T = AeLp X R

I

o
[

We know that

ex AxDpxp,(0)xe™'P
Lp

Ipn(x) = +

Aerp" 0)
or Ipn(0)= [= ———
Lp
p,(0) L, x1I /Aer
dpn (O) LP _d_l_
dv AeD, ™ dv

]

LP
AD X8 e 2)

where g is the conductance of the diode.
Substitute equation (2) in (1).

Ly
Cp= Aex Lp X AeD, Xg

L;
I)P

The lifetime for holes T,=T is given by the eq.

-

where D_= Diffusion coefficient for holes.
L

p= Diffusion length for holes.
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But diode resistance

LAY\

T
where n =1 for Germanium

n =2 for Silicon
1

g -Vt

I 3)

DIV, e

Cp, is proportional to I. In the above analysis we have assumed that the current is due to
holes only. So it can be represented as Cp;p. If the current due to electron is also to be considered
then we get corresponding value of Cp, . The total diffusion capacitance = Cpp, + Cpy,. Its value
will be around 20uF.

Ch=1x8
or rxCh=1

rx Cp, is called the time constant of the given diode. It is of importance in circuit applications.
Its value ranges from nano-secs to hundreds of micro-seconds.

Charge control description of a diode :
Q=Axepr>< P,(0)
[ AeDyp, 0

L

2 =Axexpy0)

Lp
I=QxDJ/L 2
p'p
But Lp2/Dp=t
=2
T

2.27 DIODE SWITCHING TIMES

When the bias of a diode is changed from forward to reverse or viceversa. the current takes
definite time to reach a steady state value.-

2.27.1 FORWARD RECOVERY TIME ( Ten )

Suppose a voltage of 5V is being applied to the diode. Time taken by the diode to reach from 10%
to the 90% of the applied voltage is called as the forward recovery time t;. But usually this is very
small and so is not of much importance. This is shown in Fig. 2.26.

2.27.2 DIODE REVERSE RECOVERY TIME (t,)

When a diode is forward biased, holes are injected into the ‘n’ side. The variation of concentration
of holes and electrons on n-side and p-side is as shown in Fig. 2.27. P, is the thermal equilibrium
concentration of holes on n-side. P is the total concentration of holes on ‘n-side.
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A\

90%
10% |—~A

1

—>itﬁ <« -
Time T
x=0
Fig 2.27 Rise time. Fig 2.28 Carrier concentration in reverse bias.

2.27.3 STORAGE AND TRANSITION TIMES

Suppose the input given to the circuit is as shown in Fig. 2.29 (i). During 0 - t, the diode is
forward biased. Forward resistance of the diode is small compared to R;. Since all the voltage
drop is across R, itself, the voltage drop across the diode is small.

Ve
= R,

This is shown in Fig 2.29 (ii) and voltage across the diode in Fig 2.29
(iii) up to t;. Now when the forward voltage is suddenly reversed, at t = t;, because of the
Reverse Recovery Time, the diode current will not fall suddenly. Instead, it reverses its direction

Vr

and ~ R (R, is small compared to reverse resistance of the diode). Att = t,, the equilibrium
L

level of the carrier density at the junction takes place. So the voltage across the diode falls slightly
but not reverses and increases to Vi after time t;. The current also decreases and reaches a
value = reverse saturation current I .

The interval time (t; - t,) for the stored minority charge to become zero is called Storage
Time t, The time (t, — t;) when the diode has normally recovered and the reverse current reaches
Iy value is called Transition Time t. These values range from few milli-seconds to a few
micro-seconds.
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VA
VF
( i ) o t, —>t
T 4—-’5,—»
A
‘f -h R,
Pa P
junction
—e >t
i
p-¥
R
(ii) 0 4 >t
. L,
R
\4
| t3 N
(iii) (0] n - >t
' Minority &
Forward Carrier 1
Bias Storage i
-V time L
R — t. O t o
§ Transition
L t intorval N
I r 7

Fig 2.29 Storage and Transition times.

Problem 2.31
(a) For what voltage will the reverse current in p-n junction Germanium diode reach 90%
of its saturation value at room temperature ?

(b) Ifthe reverse saturation current is 10 pA, calculate the forward currents for a voltage
of 0.2, and 0.3V respectively.
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Solution

T
(@ V= m = (0.026V at room temperature. Or it is 26mV.

Vi is volt equivalent of temperature. T is in °K.

_ KT
Vit

It is the Thermal Energy expressed in equivalent electrical units of Volts.

>
I=IO e"lv’r -1

n = 1, for Germanium Diode.

v
091,=1, 0026 _1

or V=-0.017V
(b) For V=02, I= 10(e2°°’ 2% _ 1) =21.85 mA
02V =200mV

For V=03, I= 10(e”-52_1)= 1.01A
Problem 2.32

Find the value of (i) D.C resistance and a.c resistance of a Germanium junction diode, if the
temperature is 25°C and I,= 20pA with an applied voltage of 0.1V

Solution
1=1, (e%w - 1)
T =273 +25=298°K
For Germanium, mn=1
T (273+25)
= 11,600 = 11600 0026V

Vy

0.1
V.
1=20x106 ¢ ~1{=0916 mA

YoM w20
'™C™ 7 T 0.196x10° :
_4av_av _,
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1 dI
Tac™ E; T dv
v
Iy eVt
% =TV, =38.1x1030
rac = 26.3Q

Problem 2.33

Find the width of the depletion layer in a germanium junction diode which has the following
specifications Area A = 0.001 cm?, 6, = Imhos / cm, o, = 100 mhos / cm, p,, = 3800 cmZ/sec
w, = 1800 cm?/sec.

Solution

Permitivity of Germanium,
€ =16x8.85x 10714 F/cm
n?2=6.25 x 1026
T =300°K.

Applied reverse bias voltage = 1V.

ZE.VB
W= eN,

In this formula, in the denominators, N, is used since in the expression we have assumed
that p-side of the p-n junction is heavily doped. If n-side is heavily doped, it would be Np,.

Vg= Total barrier potential = Applied reverse bias voltage
+ the contact difference of potential
(Vy)
Vg= VR +V
So first V|, should be calculated.
n,.p
Vo=KT . —35"
i
KT =0.026 eV
o, 1
Np =M= eu, = Tex10 P x3g0p _ 64 * 107/em
Sp 100

= == = 17 3
N, Pp ey, 1.6x10-° x 1800 3.5 x 10'/cm

3.5x10'7 x1.64x10"°

“o. . =0.357V
V;=0.026 In 625%10°°
C14
" ‘/2x16x8.85_>l<910 x035+1) _ ) o83« 104em
1.6x10719x3.5x10
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Problem 2.34

Calculate the dynamic forward and reverse resistance of a p - n junction diode, when the applied
voltage is 0.25V for Germanium Diode. I, = IpA and T = 300°K.

Solution
I, = IpA
T = 300°K
V=025V
V,=0.25V

1=1, (ev/w _ 1)
For Germanium, m =1

Dynamic Forward Resistance :

V is positive

\4

l —_—
l = _dl_ = ._O_ eVT - 0

r dvV  V;
-6 0.25
_ I1x10 £0036
0.026

? =0.578 mhos
re=1.734 Q
Dynamic Reverse Resistance :
v
V'I —_
=1 (¢ !

L_d_ b -y

r1'_(“/-_‘VT'e

_ Ix107% 028

0.026 e0.02()

1
—r— =2.57 x 10~ mhos

r

r, = W =389.7 MQ

In practice r, is much smaller due to surface leakage current.
2.28 BREAK DOWN MECHANISM
There are three types of breakdown mechanisms in semiconductor devices.
1. Avalanche Breakdown 2. Zener Breakdown 3. Thermal Breakdown
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2.28.1 AVALANCHE BREAKDOWN

When there is no bias applied to the diode, there are certain number of thermally generated carriers.
When bias is applied, electrons and holes acquire sufficient energy from the applied potential to
produce new carriers by removing valence electrons from their bonds. These thermally generated
carriers acquire additional energy from the applied bias. They strike the lattice and impart some
energy to the valence electrons. So the valence electrons will break away from their parent atom
and become free carriers. These newly generated additional carriers acquire more energy from
the potential (since bias is applied). So they again strike the lattice and create more number of
free electrons and holes. This process goes on as long as bias is increased and the number of free
carriers gets multiplied. This is known as avalanche multiplication, Since the number of carriers
is large, the current flowing through the diode which is proportional to free carriers also increases
and when this current is large, avalanche breakdown will occur.

2.28.2 ZENER BREAKDOWN

Now if the electric field is very strong to disrupt or break the covalent bonds, there will be sudden
increase in the number of free carriers and hence large current and consequent breakdown. Even
if thermally generated carriers do not have sufficient energy to break the covalent bonds, the
electric field is very high, then covalent bonds are directly broken. This is Zener Breakdown. A
junction having narrow depletion layer and hence high field intensity will have zener breakdown
effect. (= 10° V/m). Ifthe doping concentration is high, the depletion region is narrow and will
have high field intensity, to cause Zener breakdown.

2.28.3 THERMAL BREAKDOWN

If a diode is biased and the bias voltage is well within the breakdown voltage at room temperature,
there will be certain amount of current which is less than the breakdown current. Now keeping the
bias voltage as it is, if the temperature is increased, due to the thermal energy, more number of
carriers will be produced and finally breakdown will occur. This is Thermal Breakdown.

In zener breakdown, the covalent bonds are ruptured. But the covalent bonds of all the
atoms will not be ruptured. Only those atoms, which have weak covalent bonds such as an atom
at the surface which is not surrounded on all sides by atoms will be broken. But if the field
strength is not greater than the critical field, when the applied voltage is removed, normal covalent
bond structure will be more or less restored. This is Avalanche Breakdown. But if the field
strength is very high, so that the covalent bonds of all the atoms are broken, then normal structure
will not be achieved, and there will be large number of free electrons. This is Zener Breakdown.

In Avalanche Breakdown, only the excess electron, loosely bound to the parent atom will become
free electron because of the transfer of energy from the electrons possessing higher energy.

2.29 ZENER DIODE

This is a p-n junction device, in which zener breakdown mechanism dominates. Zener diode is
always used in Reverse Bias.

Its constructional features are:

1. Doping concetration is heavy on p and n regions of the diode, compared
to normal p-n junction diode.

2.  Due to heavy doping, depletion region width is narrow.
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\%
3.  Due to narrow depletion region width, electric field intensity E = 4

V.
= 'Wz‘will be high, near the junction, of the order of 10V/m. So Zener

Breakdown mechanism occurs.
In normal p-n junction diode, avalanche breakdown occurs if the applied voltage is very
high. The reverse characteristic of a p-n junction diode is shown in Fig. 2.29.

When the Zener diode is reverse biased, the current flowing is only the reverse saturation
current I which is constant like in a reverse biased diode. AtV =V, due to high electric

V.
field (WZJ , Zener breakdown occurs. Covalent bonds are broken and suddenly the number of free

electrons increases. So I, increases sharply and V, remains constant, since, I, increases through
Zener resistance R, decreases. So the product V, =R,. I, almost remains constant. If the input
voltage is decreased, the Zener diode regains its original structure. (But if V. is increased much
beyond V., electrical breakdown of the device will occur. The device looses its semiconducting
properties and may become a short circuit or open circuit. This is what is meant by device
breakdown.)

Applications
1.  In Voltage Regulator Circuits
2.  In Clipping and Clamping Circuits
3.  In Wave Shaping Circuits.

\Y

Z
T

V, €— |

/ Io

(el

Fig 2.29 Reverse characteristic of a Zener diode.
2.30 THE TUNNEL DIODE

In an ordinary p-n junction diode the doping concentration of impurity atoms is 1 in 108. With this
doping, the depletion layer width, which constitutes barrier potential is SpV. If the concentration of
the impurity atoms is increased to say 1 in 103( This corresponds to impurity density of ~ 101%/m3),
the characteristics of the diode will completely change. Such a diode is called Tunnel Diode.
This was found by Esaki in 1958.

2.30.1 TUNNELING PHENOMENON
Barrier Potential Vg:
e.N A

2
e W

VB=
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2 (S ‘VB
or W= eN, -

where W = Width of Depletion Region in pt
N, = Impurity Concentration No/m3 .

So, the width of the. junction barrier varies inversely as the square root of impurity
concentration. Therefore as N, increases W decreases.

Therefore, in tunnel diodes, by increasing N ,, W can be reduced from 5p.to 0.01p. According
to classical mechanics, a particle must possess the potential which is at least equal to, or greater
than, the barrier potential, to move from one side to the other. When the barrier width is so thin as
0.01y, according to Schrodinge equation, there is much probability that an electron will penetrate
when a forward bias is applied to the diode, so that potential barrier decreases below E,. The
n-side levels must shift upward with respect to those on the p-side. So there are occupied states
in the conduction band of the n material, which are at the same energy level as allowed empty
states in the valence band of the p-side. Hence electrons will tunnel from the n-side to the p-side
giving rise to forward current. As the forward bias is increased further, the number of electrons
on n-side which occupy the same energy level as that vacant energy state existing on p-side,
also increases. So more number of electrons tunnel through the barrier to empty states on the left
side giving rise to peak current [ . If still more forward bias is applied, the energy level of the
electrons on the n-side increases, but the empty states existing on the p-side, reduces. So the
tunneling current decreases. In addition to the Quantum Mechanical Tunneling Current, there
is regular p-n junction injection current also. The magnitude of this current is considerable only
beyond a certain value of forward bias voltage.

Therefore, the current again starts beyond V,,. The graph is shown in Fig. 2.30.

1, I,
mA
| I P4
Viee . Volts
L, v, Vi —
v,

Fig 2.30 V - I Characteristics of a Tunnel diode.

Ip = Peak current
I, = Valley current
V= Peak forward voltage

Vp ~ 50 mV
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2.30.2 CHARACTERISTICS OF A TUNNEL DIODE

For small forward voltage (ie., Vp ~ 50mV for Ge), forward resistance is small ~ 5Q and so

dr

P qv is zero. If V is beyond
V_, the current decreases. So the diode exhibits Negative Reststance Characteristics between
I fand I, called the Valley Current. The voltage at which the forward current again equals I, is

called as s peak forward voltage V,. Beyond this voltage, the current increases rapidly.
The symbol for tunnel diode is shown in Fig. 2.31(a). Typical values of a tunnel diode are :
Vp= 50 mV, Vy=350mV,

current is large. Atthe Peak Current Ip, corresponding to voltage V

Tp
V.= 0.5V, 7 =8
F IV
I, =10 mA, Negative resistance R, = -30Q.

Series Ohmic resistance R, = 1Q. The series inductance L depends upon the lead length
and the geometry of the diode package. L, ~ 5 nH. Junction capacltance C=20 pF. Its circuit
equivalent is shown in Fig. 2.31(b).

AN LN
RS IJS
c=—= ?-RN
(a) (b)

Fig 2.31 (a) Symbol of Tunnel Diode ( b ) Equivalent Circuit

Advantages :
1. Low Cost
Low Noise
. Simplicity
. High Speed
. Low Input Power

L I

6. Environmental Immunity.
Disadvantages :

1. Low output voltage swings, even for small voltage, while the current goes to large
values. So the swing is limited.

2. Circuit design difficulty, since it is a two terminal device and there is no isolation
between input and output.
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Applications :
1. As ahigh frequency oscillator (GHz)

2. As afast switching device. Switching time is in nano-seconds. Since tunneling is a
quantum mechanical phenomenon, there is no time lag between the application of
voltage and consequent current variation. So it can be used for high frequencies.

If the barrier width is = 3 A°, the probability that electrons will tunnel through the barrier is
large. The barrier width will be ~ 3A°, when impurity doping concentration is > 10!%cm?3. If
width ~ 0.01p electrons will tunnel without the application of field. But if width ~ 3A°, very small
applied voltage is sufficient for the electron to tunnel.

The two conditions to be satisfied for tunneling phenomenon to take place are :
Necessary Condition :
1. The effective depletion region width near the junction must be small, of the order of
3A° by heavy doping.
Sufficient Condition :
2. There must be equivalent empty energy states on the p-side corresponding to energy
levels of electrons on the n-side, for these electrons to tunnel from n-side to p-side.

When the tunnel diode is reverse biased, there will be some empty states on n-side
corresponding to filled states on the p-side. So electrons will tunnel through the barrier from the
p side to n side [ since when the diode is reverse biased the energy levels on n side will decrease].
As bias voltage is increased the number of electrons tunneling will increase, so forward current
increases. When the diode is forward biased, electrons from n-side will increase, and tunnel
through the barrier to p-side. This is called quantum mechanical current. Apart from this, normal
p-n diode current will also be there. Beyond valley voltage V, it is normal diode forward current.

2.31 VARACTOR DIODE
Barrier of transition capacitance C; varies with the value of reverse bias voltage. The larger the
reverse voltage, the larger the W.
C _ €exA
T W
So C; of a p-n junction diode varies with the applied reverse bias voltage.

Diodes made especially for that particular property of variable capacitance with bias are
called Varactors, Varicaps or Voltacaps. These are used in LC Oscillator Circuits.

The Symbol is shown in Fig. 2.33
Varactor diodes are used in high frequency circuits.
In the case of abrupt junction,
_cA

=W ® QH/ °
But W a (V)%

Ca (V)™ Fig 2.33 Varactor Diode
In the case of linearly graded junction,

Wa (V)A

Ca (V)-l/3
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The variation of impurity atom concentration with o for different types of junctions is shown
in Fig. 2.34.

Hyper Abrupt |<"""' Linearly Graded
Junction |
|
I
N, i
|
|
—_— —— |
| f
| < Abrupt
|
I
)
i
]
0 —
w

Fig 2.34 Impurity concentration variation in the junction region.

But ‘C’ can be made proportional to V2 by changing the doping profile. Such a junction is
called Hyper Abrupt Junction. This junction can be obtained by Epitaxial Process. Therefore,
C changes rapidly with voltage. Varactors are used in Reverse Bias condition, since Cproportional
to Vand C, =1 x g No direct relation with V. So Varactors are used in Reverse Bias condition.

eA

it C=—
Capacitance, W

As the reverse bias voltage increases, width of the depletion region increases. So W increases

]
Ca W Hence C decreases. C is maximum under no reverse bias condition, since W is

minimum C is minimum under maximum reverse bias, since W is maximum.

CMax
Figure of merit =
igure of men Crin
T—W—— | *
L R | ¢
W
l{L

Fig 2.35 Equivalent circuit of Varactor diode

L. . Lead inductance.

R : Series resistance of the diode due to the semiconductor material

Cj : Junction Capacitance

R, : Leakage resistance of the diode since the capacitor can not be ideal one with

out any leakage.
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Problem 2.35

For a Zener Diode, the breakdown voltage V, = € E, 2/ 2eNA. Prove that, the breakdown
voltage for a Ge diode is 51/c if E, = 2 x 107v/m where o_ = conductivity of the p material is
(Q-cm)!. Assume N, <<N. Ifp matenal\ns intrinsic, cafculate Vv,

Solution
e xEz?
V,= 2NA e n
<5p=NA><e><mp and p = N,
or exN,= cp/ Hp
Substituting for e x N, in equation (1)
v - € .En,
z 20,
1
T
36mx10
v, —5 s rgoox X e L
z° 36nx10° o,
ot o 1
=5 where o, is in ( Q-cm).

p

1
For intrinsic Germanium, 0, = :{5‘

V, =51 x45=2300V
Problem 2.36

The transition capacitance of an abrupt junction diode is 20 pF. at 5V. Compute the value of
decrease in capacitance for a 1.0 volt increase in the bias.

Solution

_\/= = 20 pF; when V = 5V

\/— k is a constant

205
2043

Cr= Jg = 18.25 pF

Therefore, decrease in the value of capacitance is 20 — 18.25 = 1.75 pF.

when V =6V, CT— ?
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Problem 2.37

R

(a) The Zener Diode regulates at 50V over a MV +
range of diode current from 5 mA to
40 mA. Supply voltage V=200V. Calculate §R
the value of R to allow voltage regulation L
from a load current I; = 0 upto ly,,; the ™ SOVT
maximum possible value of [;. What is I
Lnax? ( Fig. 2.36) Y

(b) [IfRissetasinpart(a)andl =25mA, what

are the limits between which V may vary ,
without loss of regulation in the circuit ? Fig 2.36 For Problem 2.37

[
|l|+

Solution
f1 = _ 20050 B
(a) Ifl =0, R—*"“*—40X10_3 =3750 Q3
I .. occurs when [,=5mA
S [.x =(40mA-5mA)=35mA
(b) ForV .
I +15=25+5=30mA
Vioin =30+(30x 10-3) (3750)
=162.5V
For V..
L +1; =25+40=65mA
V max =50+ (65 x 103) (3750) =293.8V

Problem 2.38
A resistor R is placed parallel to a-Ge tunnel diode. The tunnel diode has

di 1
S =—aQ

dvi .. 10
Find the value of R so that the combination does not exhibit negative resistance region in its
volt ampere characteristic.

Solution
The combination is called as tunnel resistor. If the V-I characteristics were to exhibit no negative
resistance region, the slop of the curve i
—d—l— >0, forall V. lD
dv
I=ip+ig . / R § v
I=ip+ —
ip* R
di dip

1
v dv R Fig 2.37 For Problem 2.38.
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1
5 2

R

dip
dv

dip i N

. = — mhos

dv max 10

Therefore, R should be as least 10 Q, so that there is no negative resistance region in the

characteristic.
Problem 2.39

The Zener Diode can be used to prevent overloading of
sensitive meter movements without affecting meter linearity.
The circuit shown in Fig. 2.38 represents a D.C volt meter
which reads 20V full scale. The meter resistance is 560 Q
and R, +R, =99.5kQ. If the diode is a 16V Zener, find R|
and R, so that when V,; > 20V, the Zener Diode conducts
and the overload current is shunted away from the meter.

But it is given that

20V

Fig 2. Fo 39,
Solution ig 2.38 For Problem 2.39.

When V, =20V, the Zener should not conduct.
20V = (R R, , R )x1=(99.5+0.56) x 103 x 1

20V
[~ T00KQ =200 pA on full scale.
When V > 20V, the voltage across R and R, must be equal to the Zener voltage V, = 16V.
or (R, +R ) x1=16V
R, + L) A 80KQ
boom 200x107

R, = 80KQ -~ 500Q2 ~ 79.5KQ
R, =99.5KQ - 79.5KQ = 20KQ

Problem 2.40

What is the ratio of the current for a forward bias of 0.05V to the current for the same magnitude
of reverse bias for a Germanium Diode?

Solution
For Forward Bias, V =+ 0.05V =+50mV.
For Reverse Bias, V =—0.05V =-50mV.
Vi =+0.026V=+26mV
v n =1 for Germanium Diode.
e'v‘-r'_1 _ 50726 _ _ e_l92_1 _ 6.82—1 - ess
A e/ o192 0,147 -1
e T -1

Negative sign is because, the direction of current is opposite when the diode is reverse biased.
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Problem 2.41

It is predicted for Germanium the reverse saturation current should increase by 0.11°C-!. It is
found experimentally in a particular diode that at a reverse voltage of 10V, the reverse current is
5 mA and the temperature dependence is only 0.07 °C!. What is the resistance shunting

the diode ?

Solution
1=+
d_dly
dT dT
- Ig the reverse saturation current, will not change with temperature.
10
1= Iy + —E
. Lodly J
For Germanium, [ aT - 0.11 <
1od
| | [ Xdr = 0.07. L
Taking the ratio of x R ___f 10V
1.dy
I, dT _ 1 0l
1 dl I, 007
— x S
I dT
or lo=0.636 I Fig 2.39 For Problem 2.41.
I =1-0.636
1=03641 = 0'3641 =0.5721
' T 06360 0
I, = SmA

Ig =0.572(5mA) = 2.68 mA.

R—‘/— 10 =3.5KQ
T /IR T 28mA T

Problem 2.42

Over what range of input voltage will the zener regulator circuit maintains 30V across 2KQ
resistor, assuming Rg = 200€2 and max. zener current is 25 mA

Solution

30
IL: m‘ = 15mA
Max. Zener Current = 25mA
y Total Current =25 + 15 =40mA
A% =30V +Rg x1=30V+200(15+25) =38V

I max
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SUMMARY
¢ Energy possessed by an electron rotating in an orbit with radius r;
E= ne,r
. . . n*’h’e,
¢ Expression for the radius of orbit, r = 3
Tme
] . .. 12,400
¢ Expression for wavelength of emitted radiation, A = ——-(E E )
2B
¢ Types of Electronic Emissions from the surface.
1. Thermionic Emission 2. Secondary Emission
3. Photo electric Emission 4. High Field Emission
& Expression for Threshold Frequency fT in photoelectric emission,
e
1=

¢ Energy Gap E decreases with temperature in semlconductors

® & 6 06 o o

*

Mobility p decreases with temperature. Units are cm 2/y-sec.

2 ¢EG

np=ns;n, = AT>? e 2KT
Law of Electrical Neutrality N A +p= ND +n;
Fermi Level lies close to EC in n-type semiconductor
Fermi Level lies close to EV in p-type semiconductor
G =nep + peup

BI
Hall Voltage, VH .

Expression for current through a p-n junction.

v
Diode is I =1, | e"Vr -1

Forward Resistance R ,of a diode will be small of the order of few Q. Reverse Resistance

R, will be very high, of the order of MQ

Cut in voltage V,, for Germanium diode is 0.1V and for Silicon diode it is 0.5V at room

temperature. It decreases with increase in temperature.

I the reverse saturation current of a diode will be of the order of a few pA. It increases

with temperature. I gets doubled for every 10°C rise in temperature.

When the diode is reverse biased, transition capacitance C; results when the diode is

forward biased, diffusion capacitance Cy, is exhibited.
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© % N o

10.

12.
13.
14.
15.
16.
17.

18.

19.

The three types of breakdown mechanisms in semiconductor diodes are
1. Avalanche Breakdown
2. Zener Breakdown
3. Thermal Breakdown.

Tunnel diode exhibits negative resistance characteristics

Varactor diodes are operated in reverse bias and their junction capacitance varies with
the voltage.

Zener diode is also operated in reverse bias for voltage regulation.

OBJECTIVE TYPE QUESTIONS

Free electron concentration in semiconductors is of the order of .............cccceoeiiees
Insulators will have resistivity of the order of ............c.ccoceeeenen.

Expression forJ in terms of E and G is ....cocovviievciinncnnns

Expression for J in the case of a semiconductor with concentrations n and p is

Value of EG at room temperature for Silicon is .......ccccvereveeinnnnen.

According to Law of Mass Action in semiconductors, ............cccceeeererrunnee
Intrinsic concentration depends on temperature T as ........cccocevvenveenenes

The equation governing Law of Electrical Neutrality, is .......ccocccoceneennenne.
Cutin Voltages ......c.ccocvrveennecennenne with femperature

Depletion region width varies with reverse bias voltages as ..........c.ccceeeeencnn
In p-type semiconductor, Fermi Level lies close to .........cccovrcrenrnnne

In n-type semiconductor, Fermi Level lies close to ........cccccceevvnennnnn.

The rate at with I0 changes with temperature in Silicon diode is .......cccccvirnrccininnenn.
Value of Volt equivalent of Temperature at-25°C is .........cccooerverrrennne.
Einstein’s relationship in semiconductors.is ..........cccecvevereeenins

A very poor conductor of eleciricity is called ...l

When donor impurities are added allowable energy levels are introduced a little
.............................. the .......ccceevviiennen.. band.

Under thermal equilibrium, the product of the free negative and positive concentration is
a constant independent of the amountof .............c.cccecenenn. doping and this relationship,
called the mass action low and is given by np = ...

The unneutralized ions in the neighbourhood of the junction are referred to as
............................... charges and this region depleted of mobile charges is called
............................... charge region.
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20.

21
22,
23.
24.

25.

26.
27.

28.
29.

30.

10.
11.
12.
13.

General expression for E, the contact difference of potential in an open circuited p-n
Junction in terms of N, N, and n; is .o,

Typical value of E| = ....cccovvrrinrinen. eV
The equation governing the law of the junction is ........c.ccccecveinrenne
The expression for the current in a forward biased diode is ..........cocvevrueviennnens

The value of cut in voltage in the case of Germanium diode ............ccceeveuvnnnen. and
Silicon Diode .......ccccocerverevrennns at room temperature.

Expression for V; the barrier potential in terms of depletion region width W is
Vg =
BT e,

Expression for I in terms of temperature T and Vo is oo,

Zener breakdown mechanism needs relatively .............oooeeevveniennn, electric field compared
to Avalanche Breakdown.

Expression for the diffusion capacitance Cyinterms of Lp and Dp is ...coovveieciiniennnnnes

Expression for Volt equivalent of temperature V.. in terms of temperature T is
Vo = e
T --------

The salient feature of a Tunnel diode is, it exhibits ....cooveveeerveivreeernenn. characteristics.
ESSAY TYPE QUESTIONS

Explain the concept of ‘hole’. How n-type and p-type semiconductors are formed?
Explain.

Derive the expression for EG in the case of intrinsic semiconductor.

Derive the expression for EG in the case of of p-type and n-type semiconductors.

With the help of necessary equations, Explain the terms Drift Current and Diffusion
Current.

Explain- about Hall Effect. Derive the expression for Hall Voltage. What are the
applications of Hall Effect?

Distinguish between Thermistors and Sensistors.

Derive the expression for contact difference of potential V0 in an open circuited p-n
junction.

Draw the forward and reverse characteristics of a p-n junction diode and explain them
qualitatively.

Derive the expression for Transistor Capacitance CT i", the case of an abrupt p-n junction.
Compare-Avalanche, Zener and Thermal Breakdown Mechanisms.

Derive the expression for E | in the case of open circuited p-n junction diode. .
Qualitatively explain the forward and reverse characteristic of p-n junction diode.
Derive the expression Transistor Capacitance C; in the case of p-n junction diode.
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14.
15.
16.
17.

How junction capacitances come into existance in p-n junction diode.

Write notes on Varactor Diode.

Distinguish between Avalanche, Zener and Thermal Breakdown Mechanisms

Derive the expression for the diffusion capacitance Cp, in the case of p-n junction
diode.

MULTIPLE CHOICE QUESTIONS

. The force of electron ‘F’ between nucleus and electron with charge ‘e’ and radius

‘r’ is, proportional to, F o

@ < ® = © &r @ <
r € r

The energy possesed by the electron, W orbitting rouind the nucleus is,

- -&? —er —¢?

® oo (b) © e, )

2
8neyr 8ne,r

. The expression for the Kinetic Energy E of free electron in terms of momentum of

the electron ‘p’ and mass of the electron m is,

2 2
P P P
(C)

® 3 ®) 53 © 5

The expression for radius of stable state ‘e’ r, is

2.2 2 2 21,2, 2
n“he, nhe n“ he, n“h”e
® ; (© 2 @ —

2 ..2.2
T me nmme nTme

(a)

N

T me?

The value of the radius of the lowest state or ground state is, given, h = 6.626 x
10* J - Secs &, = 107/36n

(a) 0.28A° (b) 098A° (c) 0.18A° (d) 0.58A°

The energy required to detach an electron from its parent atom is called,

(a) lonization potential (b)  Eletric potential

(c¢) Kinetic energy (d) Threshold potential
Electron collision without transfer of energy in collision is called,
(a) Nullcollision (b) Impactcollision

(c) Elasticcollision (d) Stiffcollision

. Wave mechanics in electron theory is also known as

(a) Eienstein theory (b)  Quantum mechanics
(¢) Bohr mechanics (d) Classical theory
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9. The expression for threshold frequency fT to cause photoelectric emission is, with
usual notation is,

2 2,2
@ = w2 © 5 @ =%
10. The conductivity of a good conductor is typically
(@ 102 Q/km (b) 10° Qem (¢) 10° /em (d) 10 /m
11. The free electron concentration of a good conductor is of the order of

(a) 10" electrons/m3 b) 10?8 electron/m’
(c) 102 electrons/cm® (d) 100 electrons/m’
12. Fermi level in Intrinsic semiconductor lies
(a) closeto conduction band (b) close to valence band
(¢) Inthemiddle (d) None of the these
13. The potential which exists in a p-n junction to cause drift of charge carriers is
called
(a) contact potential (b) diffusion potential
(c) ionisation potential (d) threshold potential
14. The equation governing the law of the junction is
(a) pn(o)=(e VNT) Ny, (b) n po = Pno T 1;
v v
(©)  pn(0)=pyo [e“ —1J () ny=pno [CVT ‘1]
15. The rate of increase of reverse saturation current for Germanium diode is,
(a 5% (b) 4% () 1% d 7%
16. Cut in voltage V,r of a silicon diode is also called as
(a) break over potential (b)  breakdown potential
(c) critical potential (d) offset voltage

17. A diode which is formed by using lightly doped GaAs or silicon with metal is called
(a) Zenerdiode (b) Schottkydiode (c) Varactor diode (d) tunneldiode

18. The symbol shown —(3(—— is that of a
(a) LED (b) Schottky diode (c) Varactor diode (d) Gunndiode
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Specifications for Silicon Diode
SLNo. | Parameter Symbol Typical Value Units
1. Reverse breakdown voltage Vie 75 \Y%
2. Static Reverse Current Ix 5 A
3. Static Forward voltage (for silicon) Ve 05 \%
4 Total Capacitance C; 2 pf
5 Reverse Recovery Time t, 4 ns
6. Continuous Power Dissipation P S00 mw
7 Max. For Ward Current I 50 mA
Some type numbers of Diodes
1. 0A79 0 — Semiconductor Device.
A —> Denotes Germanium device.
2. BY127 B — Denotes Silicon Device.
Y — Rectifying Diode.
Number 127 is owing a type no and has significance.
3. 1N4153 N — Bipolar Device.
1 = Single Polar function.
4. BY 100:800V, 1 A Silicon Diode.
Specifications of a junction diode
SL.No. Parameter Symbol Typical Value Units
1. Working Inverse voltage VA% 80 v
2 Average Rectifield current Iy 100 A
3. Continious forward current I 300 mA
4. Peak repetetive forward current i 400 mA
S. Forward Voltage Vi 06 \%
6. Reverse current I 500 nA
7. Breakdown voltage BV 100 v
Specifications of a Germanium Tunnel Diode IN 2939
Sl.No. Parameter Symbol Typical Value Units
1. Forward current I 5 mA
2. Reverse current Ip 10 mA
3. Peak current lp 1 mA
4 Valley current I, 0.1 mA
5. Peak voltage Vo 50 \Y%
6. Valley voltage Vy 30 \Y
7. Ratio oflp toly, I/ly 10 -




In this Chapter,
L 3

Circuit applications of p-n junction diode device namely Half Wave Rectifier
(HWR), Full Wave Rectifier (FWR) and Bridge Rectifier circuits, for
rectification applications are described.

Capacitance, Inductor, L-section and n-section filter circuits are explained.

Zener voltage regulator circuits, series and shunt voltage regulator circuits
are also explained.
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3.1 RECTIFIERS

The electronic circuits require a D.C. source of power. For transistor A.C. amplifier circuit for
biasing, D.C supply is required. The input signal can be A.C. and so the output signal will be
amplified A.C. signal. But without biasing with D.C. supply, the circuit will not work. So more or
less all electronic A.C. instruments require D.C. power. To get this, D.C. batteries can be used.
But they will get dried quickly and replacing them every time is a costly affair. Hence it is
economical to convert A.C. power into D.C. Such circuits, their efficiency (1) etc., will be discussed
in this Chapter.

Rectifier is a circuit which offers low resistance to the current in one direction and high
resistance in the opposite direction.

Rectifier converts sinusoidal signal to unidirectional flow and not pure D.C.

Filter converts unidirectional flow into pure D.C.

If the input to the rectifier is a pure sinusoidal wave, the average value of such a wave is
zero, since the positive half cycle and negative half cycle are exactly equal.

8+V
Mir=

T 2n
-1

e=V_Sin wt= A Sin wt

Fig 3.1 AC input wave form.

2n
I :
= Py 6[ A Sin(omt) dt
3.2 HALF-WAVE RECTIFIER

If this signal is given to the rectifier circuit, say Half Wave Rectifier Circuit, the output will be as
shown in Fig. 3.2.

—a

+V_|eeeees

(0] s 2n — Ot

Fig 3.2 Half wave rectified output (unidirectional flow).
Now the average value of this waveform is not zero, since there is no negative half.
Hence a rectifier circuit converts A.C. Signal with zero average value to a unidirectional wave
form with non zero average value.
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The rectifying devices are semiconductor diodes for low voltage signals and vacuum diodes
for high voltage circuit. A basic circuit for rectification is as shown in Fig. 3.3.

Transformer

| I o

i

= ey 2 g

Fig 3.3 Halfwave Rectifier (HWR) circuit.

A.C input is normally the A.C. main supply. Since the voltage is 230V, and such a high
voltage cannot be applied to the semiconductor diode, step down transformer should be used. If
large D.C. voltage is required vacuum tubes should be used. Output voltage is taken across the
load resistor R; . Since the peak value of A.C. signal is much larger than V,, we neglect Vy for

analysis.
3.2.1 MAXIMUM OR PEAK CURRENT

The output current waveform for half wave rectification is shown in Fig. 3.4.

Fig 3.4 Half wave rectified output.

i=1 Sina o=t 0<a<nm
i=0 n<a<lm

Vm

Im= Re+Ry,

—_

i=I1 Sino between

i=0 between

R¢ is the forward resistance of the diode. R is the load resistance

3.2.2 READING OF DC AMMETER

O0<a<m

n<a<2n

If a D.C. Ammeter is connected in the rectifier output circuit, what reading will it indicate? Is it
the peak value or will the needle oscillate from O to maximum and then to O and so on, or will it
indicate average value? The meter is so constructed that it reads the average value.

Area of the curve

By definition, average value =
Y 8 Base

For Half wave rectified output, base value is 2n for one cycle,
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1 =

Ipc = > (])lmSma da = -2 |- Cosal,
I I

Ipe = —2“’;[1+1]= Zm

Upper limit is only 7, because the signal is zero from n to 2n. The complete cycle is from 0 to 2x.
3.2.3 READING OF A.C AMMETER

An A.C. ammeter is constructed such that the needle deflection indicates the effective or RMS
current passing through it.

Effective or RMS value of an A.C. quantity is the equivalent D.C. value which produces the
same heating effect as the alternating component. If some A.C. current is passed through a
resistor, during positive and negative half cycles, also because of the current, the resistor gets
heated, or there is some equivalent power dissipation. What is the value of D.C. which produces
the same heating effects as the A.C. quantity? The magnitude of this equivalent D.C. is called the
RMS or Effective Value of A.C.

I 27t . 2 r2n
By definition 1 = o (I) (1, Sina ) da = 2—([) in a da

Im 2% (1-Cos2a Iy |a|27® , Sin2a 2n
Var Vol 2 a 4o

RMS value of a sine wave = \/—2'.1—1t X *2—-+ 0

! J_ _ e =0.707 1,
"k T2

RMS Value
Average Value

Form Factor =

average

1 b
For a sine wave, Iy g, = 0.6361, =2 x o— [(1,, Sina)da
0

lm
loms = g = 07071,

ms

lm

(:/7) 0.7071,,

Form factor = (l_m) 0.6361,,
n

3.2.4 PEAK INVERSE VOLTAGE
For the circuit shown, the input is A.C. signal. Now during the positive half cycle, the diode
conducts. The forward resistance of the diode R will be small.

The voltage across the diode v =i x R

i=1, Sina 0<a<m.

v=1_R;Sina 0<a<m.
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v
A
AC Input - T “
"V,,, _______________ —®» o~ wt .,,Iu
Fig 3.5 Fig 3.6 Half Wave Rectifier Circuit

Since R;is small, the voltage across the diode V during positive half cycle will be small, and
the waveform is as shown. But during the negative half cycle, the diode will not conduct. Therefore,
the current i through the circuit is zero. So the voltage across the diode is not zero but the voltage
of the secondary of the transformer V, will appear across the diode (- effectively the diode is
across the secondary of the transformer.)

v=V_Sina <o <2m.

The waveform across the diode is Fig. 3.7.

v
) n\\j —

V.sina

Fig 3.7 Voltage Waveform across the Diode

So the D.C. Voltage that is read by a D.C. Voltmeter is the average value.

1

Vo = > jIme Sina do + ijSma da

_ 2]_7: [, R, - @), (R, +R )]

V., =L (R;+R)

m

—lmRL

Vpe= =24 (3.1)

If we connect a CRO across the diode, this is the waveform that we see is as shown in
Fig. 3.8. So in the above circuits the diode is being subjected to a maximum voltage of V.
It occurs when the diode is not conducting. Hence it is called the Peak Inverse Voltage ( PIV )
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3.2.5 REGULATION

The variation of D.C output voltage as a function of D.C load current is called ‘regulation’.

VNoLoad Voltage ~ VEull Load
VFull Load

% Regulation = x100 9,

For an ideal power supply output voltage is independent of the load or the output in voltage
remains constant even if the load current varies, like in Zener diode near breakdown. Therefore,

regulation is zero or it should be low for a given circuit.

EXPRESSION FOR V- THE OUTPUT DC VOLTAGE

For half wave rectifier circuit (Fig. 3.8), I, the average value is :

1 2n 111
Ihe = E; (_)[l.da T m
) T 2n
1" . Im ot
= _2?6(1"‘ sina.do === Fig 3.8 HWR current output
|
e =0 (32
V,
But I,= R, +"‘RL R, = Load Resistance
R.= Forward Resistance of the Diode.
Vo =Ipc Ry
V,/n

'c = R, +R,

But IDC = Tt(Rf + RL)

VR,
bc™ n(Rf+RL)
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Adding and Subtracting R,
DC n(Rf+RL) s TC(Rf +RL)
Vm

Ipc is determined by R;. Hence V|, depends upon R; .

V.,
This expression indicates that V- is — . at no load or when the load current is zero, and

it decreases with increase in Iy lmearly since R is more or less constant for a glven diode. The
larger the value of R, the greater is the decrease in Vi, with I,y.. But, the series resistance of
the secondary wmdmg of the transformer R should also be consxﬁered

For a given circuit of half wave rectlﬁer if a graph is plotted between V- and Ip, - the slope
of the curve gives ( R; + R ) where R; is the forward resistance of diode and R the series
resistance of secondary of transformer.

RecuLATION FOR HWR
The regulation indicates how the DC voltage varies as a function of DC load current. In general,
the percentage of regulation for ideal power supply is zero. The percentage of regulation is defined as

Vy =V
% Regulation = —MFL % 100

VFL
As we know that,
Vm
Voe= 7 ~Ioc-Re
Vm
Vi = and Vg = = " —Ipc. Ry
. % Regulation = —*—" x 100
“mo_p R
DC-M
Ipe R; 1
=V, = v x 100
- DC'Rf
7 (Ipe.R) -1

1 100 [— }
= X . e ——
Vo, ® (RetRy) [ PC T (R, +Ry)

% Regulation = —£ x 100




142 Electronic Devices and Circuits

Suppose for a given rectifier circuit, the specifications are 15V and 100 mA, i.e., the no load
voltage is 15V and max load current that can be drawn is 100 mA. If the value of (R¢+ R, )=25Q
then the percentage regulation of the circuit is :

No Load Voltage = 15V

Drop across Diode =1 ( Rg+ R)

Rg = Transformer Secondary Resistance

Max. Voltage with load = 15V — (I x (R +R;))
=15-100 mA x25Q
=15-2.5 volts =12.5V

15-12.5 2.5

Percentage Regulation = 25 x 100 = 125

x 100 ~ 20%.

3.2.6 RiPPLE FACTOR

The purpose of a rectifier circuit is to convert A.C. to D.C. But the simple circuit shown before
will not achieve this. Rectifier converts A.C. to unidirectional flow and not D.C. So filters are
used to get pure D.C. Filters convert unidirectional flow into D.C. Ripple factor is a measure of
the fluctuating components present in rectifier circuits.

RMS Value of alternating components of the waveform

Ripple factor, y = Average Value of the waveform

I and VI denote the value of the A.C components of the current and voltage in the
output respectively. While determining the ripple factor of a given rectifier system experimentally,
a voltmeter or ammeter which can respond to high frequencies ( greater than power supply frequency
50 Hz ) should be used and a capacitor should be connected in series with the input meter in order
to block the D.C. component. Ripple factor should be small. ( Total currenti=1_ Sin ot according
to Fourier Series, only A.C. is sum of D.C. and harmonics ).

We shall now derive the expression for the ripple factor. The instantaneous current is given
by i, = i - IDC'

i is the total current. In a half wave rectifier, some D.C components are also present.
Hence A.C component is,

i’ =(i-Ipc) [(Total current — Iy~ ) ]

2n

1 "¢
RMS valueis I/ = \/2_1t J.(‘*IDc)zda
0
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, _‘/ﬁz‘f(iz—ﬂ,x.nlocz)da

ms
0

1 7E .
Now, — f i’do = Square of the rms value of a sine wave by definition.
0

= (s

1 2n
—— [ida = The average value or D.C value I ..
0

2n

Ipc is constant. So taking this term outside,

In? 27 I
2 2n

[ins = \/(Irms)2 _ZIDC2 + IDC2

The rms ripple current is

l:'ms = (Im\s)2 - IDC2
I | e ,
Ripple factor, y= - = ()" o
ldc [DC
2
Il'n'lS
y=Al 00 (34)
IDC

This is independent of the current waveshape and is not restricted to a half wave configuration.
If a capacitor is used to block D.C. and then [  or V__is measured,

Then, h y= ims 'Ip ) I
" [\ /\
!

’ 2
Il‘mS Irms - lDC

and Ipe = 0 (blocked by Capacitor) output waveform
For Half Wave Rectifier Circuit ( HWR ),
I=1 sina
I

n
1 .
L,=Ipe= g (_)[Im sina.do — 7m
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1 1r2 ) _ 1
L™ \/—n _"OImSm () dow = —2"—‘
Ipc= 75 Vpc= . Peak Inverse Voltage (PIV ) =V

_ RMS value of ripple current l'rms

Ripple Factor ¥ 7 "Average value of the current Ipc

Total current I =1 + D(ripple)
I(ripple) = (I1-1y0)

1 21 2 1 21 5 )

- \/(‘rms)2 ~2lpc’ +Ipc’

rms (lrms)2 - IDC2

Ip X7
2%y

for Half Wave Rectifier, y= [

3.2.7 RATIO OF RECTIFICATION (1)) : Poc
AC

DC power delivered to the load
AC input power from transfer secondary

Ratio of Rectification =
Ppe= I%)cx R,
I

But Ipc for HWR = —n"'—
I 2
Ppe = (7“’) xRy

P, is what a Wattmeter would indicate if placed in the HWR circuit with its voltage terminal
connected across the secondary of the transformer.

From n — 2x the diode is not conducting. Hence I, =0.
Pac = (Irms)2 (Rf + RL) N
Q from n—2n the AC is not being converted to D.C. So this power is wasted, as heat across
diode and transformer.
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2n

1 2 .2 |
i o= |— |1 sin” ado =2
I (7 —2mn) portion of AC is \/Zn I m 5

g

I, for HWR is I /2. During negative half cycle, diode is not conducting and current I in

the loop is zero even though Voltage V is present.

Y Y
Poc= (—‘21) (Re+R;) = (—2'“—) x Ry

Poe AR x4 4
Pie =
Ratio of rectification for HWR = 0.406

Considering ideal diode. If we consider R, also, the expression = ——[—ﬁ——-
__f_j

The AC input power is not converted to D.C. Only part of it is converted to D.C and is
dissipated in the load. The balance of power is also dissipated in the load itself as AC power. We
have to consider the rating of the secondary of the transformer. In ratio of rectification we have
considered only the A.C output as the secondary of the transformer.

3.2.8 TRANSFORMER UTILIZATION FACTOR

D.C power delivered to the load
AC rating of transformer secondary

Transformer Utilization Factor (TUF)

__Ppc
P AC rated

This term TUF is not ratio of rectification, because all the rated current of the secondary is
not being drawn by the circuit.

I 2
= m
Pac - IDC2 . RL _ (—) . RL

(U

Pac = vrms X Inns

Vm
Vi = 2 = Rated voltage of (Secondary Transformer)
L= 1,/2
Pac = vrms X ITHIS

But V=L, Re+ R~ R (Rpis small)

12 IRy I 242

TUF = ‘nmszL/ T/:,Z- X7m= 7 =0.287

Transformer Utilization Factor for Half Wave Rectifier is 0.287
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3.2.9 DISADVANTAGES OF HALF WAVE RECTIFIER

1. High Ripple Factor (1.21) 2. Low ratio of rectification (0.406)
3. Low TUF (0.287) 4. D.C saturation of transformer.
For half wave configuration,

T 1
.= —Lj'l%,sinza.da = —
ms 21‘: O 2
Because during negative half cycle the diode will not conduct hence i = 0 in the loop from

n — 2n. So integration is from 0 — 7w only. Even though V is present, i = 0 for one half cycle.
Therefore, Power is zcro (V x =P =0, since, [ =0)

o 1 I 1
= — |I_sina.do = “m | T_ m _ -m
Ipe 27‘6[ m . l cosocl0 znil-i-ll -
. . | [,/2 =
Ripple Factor for Half Wave Rectification - = =5
Ipe In/m

y= (.57 -1 =121

L —
5= 1.57
s y>1
So the ripple voltage exceeds D.C voltage. Hence HWR is a poor circuit for converting AC to DC.
3.2.10 POWER SUPPLY SPECIFICATIONS

The input characteristics which must be specified for a power supply are :

1. The required output D.C voltage 2. Regulation
3. Average and peak currents in each diode 4. Peak inverse voltage ( PIV )
5. Ripple factor.

3.3 FULL WAVE RECTIFIER ( FWR)
Since half wave rectifier circuit has poor ripple factor, for ripple voltage is greater than DC voltage,
it cannot be used. So now analyze a full wave rectifier circuit.

The ciycuit is as shown in Fig. 3.9.
i

1
A D 1 .
A —
N\ i >
= H > 1\._!'&-
i A.C. Ryei
V\ Input % I E = '\/\/‘\,/
2 0; ni o 0 n —> 2n i
i2 ' . B %z - i2
Waveforms FWR Circuit

Fig 3.9

>
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During the +ve half cycle, D, conducts and the current through D, is zero
During the — ve half cycle, D, conducts and the current through D, is zero
A centre tapped transformer is used.

The total current i flows through the load resistor R; and the output voltage V, is taken
across R;.

1 2n ) I
; CHE = — |I_sinada — -m
For half wave rectifier, circuit, I = o ! m SINCAQ < -
For full wave rectifier, circuit, I, = Twice that of half wave rectifier circuit
Ine=21/n
l n
For half wave rectifier circuit =1l5- J.IZ sinada = In
> ‘rms 2} m 2

1%, .
For full wave rectifier circuit, I .= sz“— I, sin” ado

I, I,
ms=v2 X 5 =5
Vin
Im= R;+R_
R, is the forward resistance of each diode.
A centre tapped transformer is essential to get full wave rectification. So there is a phase shift
of 1800, because of centre tapping. So D, is forward biased during the input cycle of 0 to 7, D, is
forward biased during the period n to 27 since the input to D, has a phase shift of 1 80° compared to

the input to D,. So positive half cycle for D, starts at a full wave rectifier circuit, while the D.C.
current starts through the load resistance R, is twice that of the Half Wave Rectifier Circuit.

Therefore, for Half Wave Rectifier Circuit, \Y%
In To
Ipe= -
For Full Wave Rectifier Circuit,
L2
ocT T 0 @M > a 2=n
Hence, Ripple Factor is improved.

Fig 3. A
3.3.1 RipPLE FACTOR ig 3.10 FWR voltage outpu.

I'tms _ Im/\/i _ T 1
Inc  2lp/m 242 L

2 2
rms Vlrms ‘IDC s Y IDC

Therefore, y=1.21 for HWR, and it is is 0.482 for FWR.
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3.3.2 REGULATION FOR FWR
The regulation indicates how D.C voltage varies as a function of load current. The percentage of
regulation is defined as

Vo =V,
% Regulation = ﬂ\-/*ﬂ‘- x 100
FL

The variation of DC voltage as a function of load current is as follows
Vpe =Ipc Ry

My [1 Y }
x L " R;+R,

2V, V,

m m

(R +Ry) R +R,

= 2V, 1__Rf—]

- 2Vy
Vbe = T pe - Ry
\Y Vi
VNL=_,?"’ Ve =7 ~Ioc- Ry
%—%"FIDC Rf

% Regulation = T WV x 100

- Ipc R¢ % 100
T

% Regulation = E— x 100
L
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3.3.3 RATIO OF RECTIFICATION
D.C.powerdeliveredto Load
A.C.input power from transformer secondary
Ppc = Icx Ry for FWR,
I

I
DC T 2

P, is what a Wattmeter would indicate if placed in the FWR Circuit with its voltage terminals
connected across the transformer secondary.

RL.

I
P, = (> (Rp +R,); I for FWR = ﬁ

2
Im
I 2
'; (Rg+R ).
If we assume that R is the forward resistance of the diode is very small, compared to R; .

R, +R, =R,
12
PAC = ";,‘n—(RL).

A1,°R; x2_ 8
Ratio of Rectification = Poc _ —;’“—2—-’=—>i— =—
Pac 7w I, xR, =
For HWR it is 0.406. Therefore, for FWR the ratio of rectification is twice that of HWR.

3.3.4 TRANSFORMER UTILIZATION FACTOR : TUF

In fullwave rectifier using center-tapped transformer, the secondary current flows through each
half separately in every half cycle. While the primary of transformer carries current continuously.
Hence TUF is calculated for primary and secondary windings separately and then the average
TUF is determined.

=0.812

DC power delevered to load
AC rating of transformer secondary
2
21 )
2 1 .R
_ (Inc) Ry =( n v
vnns In'ns Xﬁ X I
2
_ 4y 2R,
o [ 2R,+R) =

Secondary TUF =

3

S

1

1+ R
L

| 00

X

(5]

if Re<<R_ , then secondary TUF = 0.812.
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The primary of the transformer in feeding two HWR’s separately. These two HWR’s work
independently of each other but feed a common load. Therefore,

0.287

TUF for primary =2 x TUF of HWR =2 x

if R; << R, then TUF for primary = 0.574
The average TUF for FWR using center tapped transformer

_ TUF of primary + TUF of secondary  0.812+0.574
- 2 N 2
Therefore, the transformer is utilized 69.3% in FWR using center tapped transformer.

=0.693

3.3.5 PEAK INVERSE VOLTAGE ( PIV ) FOR FULL WAVE RECTIFIER

With reference to the FWR circuit, during the -ve half cycle, D, is not conducting and D, is
conducting. Hence maximum voltage across R is V , since voltage is also present between A
and O of the transformer, the total voltage across Dl V +V,_ =2V _(Fig.3.9).

3.3.6 D.C. SATURATION

In a FWR, the D.C. currents I, and I, ﬂowmg through the diodes D, and D, are in opposite
direction and hence cancel each other. So there is no prob]em of D.C. current ﬂowmg through the
core of the transformer and causing saturation of the magnetic flux in the core.

PIVis2 V  foreach diode in FWR circuit because, when D, is conducting, the drop across
it is zero. Voltage delivered to Ry is V. D, is across R; . Durmg the same half cycle, D, is not
conducting. Therefore, peak voltage across it is Vi, from the second half of the transformer. The
total voltage across D, is V| +V =2V .

3.4 BRIDGE RECTIFIERS

The circuit is shown in Fig. 3.11. During the positive half cycle, D, and D, are forward biased.
D, and D, are open. So current will flow through D, first and then through R and then through
back to the ground. During the ~ve half cycle D, and D, are forward blasedL and they conduct.
Tﬁe current flows from D, through R; to D,. Hence the direction of current is the same. So we
get full wave rectified output.
In Bridge rectifier circuit, there is no need for centre tapped transformer. So the transformer
secondary line to line voltage should be one half of that, used for the FWR circuit, employing

Fig 3.11 Bridge rectifier circuit.

L2y
DC -
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V

m
where |

Vpe = 2::“ —Ipc(Rg +2R¢g)

Ry = Resistance of Transformer Secondary.
R; = Forward Resistance of the Diode.

R; = Load Resistance.

m B RS+2Rf+RL

2R should be used since two diodes in series are conducting at the same time. The ripple

factor and ratio of rectification are the same as for Full Wave Rectifier.

3.4.1 ADVANTAGES OF BRIDGE RECTIFIER

1. The peak inverse voltage (PIV) across each diode is V, and not 2V, as in the
case of FWR. Hence the Voltage rating of the diodes can be less.

2. Centre tapped transformer is not required.

3. There is no D.C. Current flowing through the transformer since there is no
centre tapping and the return path is to the ground. So the transformer utilization

factor is high.
3.4.2 DISADVANTAGES

1. Four diodes are to be used.

2. There is some voltage drop across each diode and so output voltage will be
slightly less compared to FWR. But these factors are minor compared to the

advantages.

Bridge rectifiers are available in a package with all the 4 diodes incorporated in one unit. It
will have two terminals for A.C. Input and two terminals for DC output. Selenium rectifiers are

also available as a package.

3.5 COMPARISON OF RECTIFIER CIRCUITS

" AC ratings of transformer secondary

HWR FWR | Bridge Rectifier
Circuit

Peak Inverse Voltage V., AN Vi

\Y 2Vm 2V,
No Load Voltage _—

s n T
Ripple factor 1.21 0.482 0.482
Number of Diodes required 1 2 4
P
Ratio of Rectification —% 0.406 0.812 0.812
AC
DC Power delivered to the load

TUF 0.287 0.693 0.812
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3.6 VOLTAGE DOUBLER CIRCUIT
3.6.1 HALF WAVE VOLTAGE DOUBLER CIRCUIT

The circuit is shown in Fig. 3.12 andthe wave forms are shown in Fig. 3.13. During the +ve half
cycle, D, is forward biased. So C, gets charged to V . During the —ve half cycle, D, is reverse
biased and the PIV across it V. Therefore, the total voltage during —ve half cycle V  across C,
+Vm of —ve half cycle = 2V . So, D, is forward biased during the —ve half cycle and C, gets
charged to 2V . This is the no-load voltage. The actual voltage depends upon the value of R}
connected. In A.C. Voltage measurements, the A.C. input is given to a voltage doubler and filter
circuits. The output of D.C. meter (2V ) is proportional to A.C. Input. The meter calibrated in
terms of the rms value of the A.C. Input.

D Vo
\ | 2 i\ M
C 1 C ) »
D; 2T ZI’.,,
) >t
Fig 3.12 Halfwave voltage doubler circuit. Fig 3.13 Output waveform.

3.6.2 FuLL WAVE VOLTAGE DOUBLER CIRCUIT

The circuit is shown in Fig. 3.14. Wave forms are shown in Fig. 3.15. During +ve half cycle, D,
conducts C, gets charged to V| . During —ve half cycle, C, charges through D, and to V. R, is
across the series combination of C, and C,. Therefore, the total output voltage V=2V . Here
the PIV across each diode is only V  and the capacitors are charged directly from the input and
not C, will not get charged through C, During the time period 0 to 2n we have two cycles.
Current flows from 0 to @ and = to 2w also. So it is FW Voltage Doubler Circuit.

v
(]
) —>t
<~ I
T N TTT——— S N
—>t
Fig 3.14 Fullwave voltage doubler circuit. Fig 3.15 Output waveforms.

3.7 INDUCTOR FILTER CIRCUITS
FILTERS

A power supply must provide ripple free source of power from an A.C. line But the output of a
rectifier circuit contains ripple components in additionto a D.C. term. It is necessary to include a
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filter between the rectifier and the load in order to eliminate these ripple components. Ripple
components are high frequency A.C. Signals in the D.C output of the rectifier. These are not
desirable, so they must be filtered. So filter circuits are used.

N
Flux linkages per ampere of current L = T¢ . The ability of a component to develop induced

voltage when alternating current is flowing through the element is the property of the inductor.
Types of Inductors are :

1. Iron Cored 2. Air Cored

An inductor opposes any change of current in the circuit. So any sudden change that might
occur in a circuit without an inductor are smoothed out with the presence of an inductor. In the
case of AC, there is change in the magnitude of current with time.

Inductor is a short circuit for DC and offers some impedance for A.C. (X, = joL). Soitcan
be used as a filter. AC voltage is dropped across the inductors, where as D.C. passes through it.
Therefore, A.C is minimized in the output.

Inductor filter is used with FWR circuit. Therefore, HWR gives 121% ripple and using filter
circuit for such high ripple factor has no meaning . FWR gives 48% ripple and by using filter circuit
we can improve it. According to Fourier Analysis, current, I in HWR Circuit is

Qo 'I—m""'l—"lSin of - 2, Cos4ot
T 2 n 3
21 41 4]y cos4 ot
Current in the case of FWR is i = —& ——2-cos2ot - —2 ———
n 3n I5n

The reactance offered by inductor to higher order frequencies like 4ot can be neglected. So
the output current is

T m
the fundamental harmonic o is eliminated.

The circuit for FWR with inductor filter is as shown in Fig. 3.16.
o
input

Fig 3.16 Inductor filter circuit.

One winding of transformer can be used as ‘L’. For simplification, diode and choke (inductor)
resistances can be neglected, compared with R;. The D.C. component of the current is

Vm
=%,

Impedance due to L and R, in Series |Z] = /R, ? + (20L)

For second Harmonic, the frequency is 2.
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Therefore, A.C. Component of current [.= Vi /,/RL2 +4m%1%. So substituting these

values in the expression, for current,
2] 4l
1= — Cos 2wt

154

T 3n
by inductor to higher order frequencies like 4ot etc., we get
2V 4V
o — L cos ot —9)

i=
"Ry 3R, 2+ 40l

where 9 is the angle by which the load current lags behind the voltage and is given by

0 = Tan -1 29L
R,

3.7.1 RiIPPLE FACTOR
= Pis/Ipc Inc = 2Vau/m Ry,

Y= rrms/ID,C.
R P
V2 32mRE + 40?12
Rioole f 4vp xmR
1pple factor =
3vV2nyR? +40%17 X2V,
2 1
X
W2 10212
1+ 5
R /
40212 L
If - >> 1,then T VDL¢
L 3
Rp x2 ] ] @
Fig 3.17 Ripple Voltage VV

Ripple Factor r = —=———
PP 32 x20L

R
Ripple factor = J_L L
20

Therefore, for higher values of L, the ripple factor is low. If R, is large, then also y is high.
Hence inductor filter should be used where the value of R; is low. Suppose the output wave form

from FWR supply is as shown in Fig. 3.17, then,
\Y% is the peak to peak value of the ripple voltage. Suppose

P-pP
Vpe =300V, and Vyp_p is 10V.
V, max

) 10
then V; maximum = 5= 5V. Therefore, VYrms \/— \/—

=3.54V

V,rms  3.54
Ripple Factor y = 'V— =300 0.0118.

X

% ripple = Ripple factor x100 % =1.18
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3.7.2 REGULATION

21
Ve = Ipe-Ry; Ipe for FW R isTm.

- 21mRL — 2Vm
Voe n s
IR =V
Therefore, V|, is constant irrespective of R, . But this is true if L is ideal. In practice

2V
Vb = nm “Ipc R
where R is the resistance of diode.

An inductor stores magnetic energy when the current flowing through it is greater than the
average value and releases this energy when the current is less than the average value.

Another formula that is used for Inductor Filter for

: Rc+Ry
Ripple Factor = 0.236 T .......... (3.6)

where Ry is load resistance R, is the series resistance of the inductors. This is the same as the
R
above formula L
3-\/2031‘
1

—=0.236.

342

Problem 3.1

A FWR is used to supply power to a 2000Q2 Load. Choke Inductors of 20 H inductance and
capacitors of 16uf are available. Compute the ripple factor using 1. One Inductor filter 2. One
capacitor filter 3. Single L type filter.

Solution
1. One Inductor Filter :

1= Zn_En s ot here ¢ = Tan~! [ 22C

= I cos (2ot — ¢ ) where ¢ = Tan ru
2V,

Ioc = 7R
[ ripple R 100

yo RStk =0.074

Ipc 320, 3x1.414x2

2. Capacitor filter :
The ripple voltage for a capacitor filter is of Triangular waveform approximately. The rms

value for Triangular wave is LR or Voms .
23 23

Eq
Ems = zﬁ
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Suppose the discharging of the capacitor will cut one for one full half cycle .then the change
last by the capacitor

Q=0t =I5 x ! Eq
= = _ /\//\//‘\
DC X3¢ E..
voltage = Q T
&€~ ¢
I m—y
Eq= 2fC Fig 3.18 V) of Capacitor filter.
| 1 1
Y D% =0.09

T 2Cx2ixIpe  AfCVBR,  4X\/3x50x16x10° x 2000
3. L Type factor :

V2

y= 5%

3 40%LC

=0.0037

Problem 3.2

A diode whose internal resistance is 20 Q is to supply power to a 10002 load from a 110V ((rms)
source of supply. Calculate (a) The peak load current. (b) The DC load current (¢) AC Load
Current (d) The DC diode voltage. (e) The total input power to the circuit. (f) % regulation from
no load to the given load.

Solution
Since only one diode is being used, it is for HWR Circuit.
(a) I = Vo .= 10v2 =152.5mA.
m~ R.+R, 1020
[ 152.5
= 2= =48.5mA.
(b) Inc T T
1, 1525
(©) I = 5 =~ = 76.2mA.
d \' = ImRe_ 4gsxi=-a85v
( ) DC - T . . .
(e) P, =1 s X(R#AR,) =5.92Q.
Vin
® % regulation = N TR 0 100% = T =2.06%
Vi IpcR
Problem 3.3

Show that the maximum DC output power P, = V- Ijy in a half wave single phase circuit
occurs when the load resistance equals the diode resistance R.
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p ViR,
DC IDC 'RL n (RF+RL)
V, \Y
when R, is very large, Vpc = —Ln-; Ipc = DC R
Rp  mRp

for Py to be maximum, 4R

or _mz_((RF"'RL)Z -(Rs +RL)'RL]=0_
n R+R,)
R +R; =2R; or R =R.
Therefore, P, is maximum when R, is equal to R

Problem 3.4

A 1mA meter whose resistance is 10Q is calibrated to read rms volts when used in a bridge circuit
with semiconductor diodes. The effective resistance of each element may be considered to be
zero in the forward direction and « in the reverse direction. The sinusoidal input voltage is
applied in series with a 5 - KQ resistance. What is the full scale reading of this meter?

Solution

Inc= —n'l'- for bridge rectifier circuit.

Vo

Im = RL s
Vm =\/§va
DC™ R, O’
R; =5KQ+ 10 Q=(5000+ 10 )Q2=5010Q

2
1A = 225 Vi

1t><5010

1x102 xtx 5010
Ve = i =5.56V.

3.8 CAPACITOR FILTER

Here X should be smaller than R;. Because, current should pass through C and C should get
chargedc If C value is very small X will be large and hence current flows through R only
(Fig. 3.19) and no filtering action takes place. During +ve half cycle for aH W R circuit, with C
filter, C gets charged when the diode is conducting and gets dlscharged (when the diode is not
conducting) through R;. When the input voltage e = E  Sin ot is greater than the capacitor
voltage, C gets charged When the input voltage is less than that of the capacitor voltage, C will
discharged through R; . The stored energy in the capacitor maintains the load voltage at a high
value for a long perlod The diode conducts only for a short interval of hlgh current. The waveforms
are as shown in Fig. 3.20. Capacitor opposes sudden fluctuations in voltage across it. So the
ripple voltage is minimised.
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S ¥

AC S
Input ._l__

0192 ot —»

Fig 3.20 Output of capacitor filter circuit.

So the voltage across R; is more or less constant and hence ripple is reduced, as shown in
the graph, the voltage V| is closer to DC wave form. At 0, ‘C’ gets charged and at 0, C starts
discharging.

The point at which diode starts conducting and C gets charged is known as cut in point 0,.
The point at which the diode stops conducting or the capacitor gets discharged is known as
Cut Out Point 0,

C will not start charging at 7 itself. Therefore, even though the second diode is forward
biased, e_ is almost ~V_. So the first diode conducts from ¢, to 0, and the second diode
conducts from n+8, ton+0,. Diode conducts only for a short of time when input current is high
and charges C to the peak voltage.

Considering one diode, iy = i + iy (Fig.3.19)

dv de
i = —=C—=%,
ic=C 74 d,

e

ig= EC where e is the voltage to which c gets charged.
. de, e,

ig= C. dt + E .
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But e. =V, Sinot

Therefore, at that point, diode conducts and C gets charged.
0, = ot
de,
9t @V . Cos ot.

General expression for

m

R
By some mathematical manipulation, i, can be written as

\Y
ip= ?""\/1 + ?R2C*Sin(wt + §)

where ¢ = Tan"Y(@RC)
At an o instant 6,, when the capacitor fully discharges, i5 = 0

ig=0CV_ cosot+ Sin ot 0, <wt<0,.

Em 1 —_
oC V_ cos B, + R Sin®, =0.
or 6, = tan”! (-QRC)

Thus the value of conduction angle depends upon the values of R and C, and also the value
of ig. During the non conducting interval, the capacitor discharges into the load R supplying load
current.

—IC= IR-

The circuit equation is -C x ~ 7=
t

or ec=A e VR
At ot=0, €=V, sin 6,
The final expression for E[~ seems a little complicated. So a simplified expression which is

widely used is Vo = (V  ~ %. ), where Ep is the peak to peak ripple voltage. The expression

for Ripple Factor,

Viac _ 7+, -6,)
Voe  2430RC
where (9, —8,)is the angle of conduction 8. For large @RC ( typical value 100), ¢ . = 14.6°.
The larger the value of R, the smaller the y.

3.8.1 RipPLE FACTOR FOR C FILTER

Initially, the capacitor charges to the peak value V,, when the diode D is conducting. When the
capacitor voltage is equal to the input voltage, the diode stops conducting or the current through
the diode D, is zero. Now the capacitor starts discharging through R; depending upon the time
constant C.R, . Therefore, R; value is large. Rate of charging is different from rate of discharging.
When the vo]hage across the capacitor falls below the input voltage and when the diode D, is
forward biased, the capacitor will again charge to the peak value Vm and the current through D,
becomes zero when V_ =V . Thus the diodes D, and D, conduct for a very short period 6, to 6,

and = + 0, to n + 0, respectively ( Fig. 3.21).
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V.1
T Voltage
\
\\\ / \‘
L1 \ / D, 4
| A 4\.--.-..-../,’. Co‘ryuctmg;‘ D
\ ‘ .
\ / '\| B Conducting
\ /
\ \
\ ! \
\ / \
A
\ y
n 2

n — ot

Fig 3.21 Output waveforms of a capacitor filter.
T, = Time period of the discharging of the capacitor
T, = Time period of the charging of the capacitor
The amount of charge lost by the capacitor when it is discharging = 1,,.T,. Because, Iy~
is the average value of the capacitor discharge current. This charge is rep?acec% during a short
interval T, during which the voltage across the capacitor changes by an amount = peak to peak
voltage of the ripple V' p—p-
Q=VxC(C.
Q charge = V|, xC
Q charge = Q Discharge.

Vi px C =15 xT,.

Ipe xT
or V= DCC 2
The output waveform can be assumed to be a triangular wave T, >> T (T, +T,) = T/2
when the diode is conducting (0 to w). (T, + T, corresponds to one half cycle).

T L e
27 2 of T 2T of
Ipc x1
Vipp= o =y

1
T for the triangular wave, form factor =

«/5'
Vvl = PP

m 2\/5

_ Vo
Ipe = R, )

V' rms = —RE—
MS = 43fCR,
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1
Vims 1

Ripple Factor Y= Vi =7 \/ngRL .
Therefore, Ripple factor may be decreased by increasing C or R, or both.

Expression for V.:

B V'p-p ‘ Inc _ Vic
Voc=Vm—-—"5—> ~ VPP= > o "R,
Ve
Voc = Vi~ 4fCR,
) ! =V
o Voc | "R, )T M

v - 4R, C
DC - M{1+4fR,C

3.9 LC FILTER
In an inductor filter, ripple decreases with increase in R . In a capacitor filter, ripple increases
with increase in R;. A combination of these two into a choke input or L-Section Filter should
then make the ripple independent of load resistance.

If L is small, the capacitor will be charged to V_, the diodes will be cut off allowing a short
pulse of current. As L is increases, the pulses of current are smoothed and made to flow for a
larger period, but at reduced amplitude. But for a critical value of inductance L , either one diode
or the other will be always conducting, with the result that the input voltage V and I to the filter are
full wave rectified sine waves.

The graph of DC output voltage for LC Filter is as shown in Fig. 3.22.
2V,

m

VDC n

for Full Wave Rectifier Circuit. considering ideal elements, T N
conduction angle is increased when inductor is placed Vi

because there is some drop across L. So C cannot charge
to V. Therefore, the diode will be forward biased for a
longer period.

The ripple circuit which passes through L, is not ' I, —

allowed to develop much ripple voltage across R, if X at Fig 3.22 LC filter characteristic.
ripple frequency is small compared to R;. Because the

current will pass through C only. Since X is small and Capacitor will get charged to a constant
voltage. SoV_ across R; will not vary orripple will not be there. Since for a properly designed LC
Filter,

X, << RL
and X >> X, at 0 =2nf
X, should be greater than X because, all the AC should be dropped across X; itself so that
AC Voltage across C is nil and hence ripple is low.
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3.9.1 RipPPLE FACTOR IN LC FILTER

AC Component of current through L is determined by X; .
X, = 2oL
RMS value of ripple current for Full Wave Rectifier with L Filter is,

4V,
I'tms= —7=— = RM i i
rms - ‘/EXL S Value of Ripple Current for L Filter

’ — 2 2 m
Prms=37x. ~ =

I' = __.._.2_ V - @D_C_
The ripple voltage in the output is developed by the ripple current flowing through X ..

’ ’ .JE XC
Vims=1ms. X, = ‘3—~X—L-VDC
'rms
Ripple factor =
DC
_V2Xc
7T 3x,
Xc= oC ° X, =oL
V2o I

"" 3 " 20C 20l
X, =2oL since ripple is being considered at a frequency, twice the line frequency.
_ 0.83x10°

- LC

If f=60Hz,| y

3.9.2 BLEEDER RESISTANCE

For the LC filter, the graph between I, and V. is as shown in Fig. 3.23. For light loads, i.e.,
when the load current is small, the capacitor gets charged to the peak value and so the no load
voltage is 2V _/n. As the load resistance is decreased, I, increases so the drop across other
elements V,, diodes and choke increases and so the average voltage across the capacitor will be
less than the peak value of 2V_/n. The out put voltage remains constant beyond a certain point I
and so the regulation will be good. The voltage V|, remains constant even if I, increases,
because, the capacitor gets charged every time to a value just below the peak voltage, even though
the drop across diode and choke increases. So for currents above Iy, the filter acts more like an
inductor filter than C filter and so the regulation is good. Therefore, for LC filters, the load is chosen
such that, the I~ >I. The corresponding resistance is known as Bleeder Resistance ( Ry ). So
Bleeder Resistance is the value for which I, > I; and good regulation is obtained, and conduction
angle is 180%. When R; =Ry, the conduction angle = 1809, and the current is continuous. So just
as we have determined the critical inductance L, when R; = Ry, the Bleeder Resistance,
I = the negative peak of the second harmonic term.
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1N

—>
Iy Inc

Fig 3.23 LC filter characteristic.

Lo.=2Yn
DC TT.RB

4V,
’ = —'m.--_.t
I’ peak 3 XL
2V, 4V, 1
Ry  3n X,
3.X
Ry = > L ;

Inc should be equal to or greater than I peak, since, X; determines the peak value of the
ripple component. If X is large I’ peak can be < I, and so the ripple is negligible or pure D.C. is
obtained, where X; =2wL corresponding to the second harmonic. Therefore, R should be at least
equal to this value of Ry, the Bleeder Resistor.

3.9.3 SWINGING CHOKE
The value of the inductance in the LC circuits should be > L. the minimum value so that conduction
angle of the diodes is 180 and ripple is reduced. But if the current I ;.. is large, then the inductance
for air cored inductors as L =N¢/1I (flux linkages per ampere of current), as I increases, L decreases
and may become below the critical inductance value L. Therefore, Iron cored inductors or
chokes are chosen for filters such that the value of L varies within certain limits and when I is
large, the core saturates, and the inductance value will not be <L .. Such chokes, whose inductance
varies with current within permissible limits, are called Swinging Cho#es. (In general for inductors
¢/1 remains constant so that L is constant for any value of current I ) This can be avoided by
choosing very large value of L so that, even if current is large, Inductance is large enough > L But
this increases the cost of the choke. Therefore, swinging choke are used.

Lc >R, /30

R; = Load Resistance

Lo= Critical Inductance

® = 2nf

At no load R; = . Therefore, L should be c which is not possible. Therefore, Bleeder
Resistance of value = 3X, /2 is connected in parallel with R, so that even when R, is o, the
conduction angle is 1800 for each diode.

Ry is Bleeder Resistance.
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The inductance of an iron - cored inductor depends up on the D.C. Current flowing through
it, L is high at low currents and low at high currents. Thus its L varies or swings within certain
limits. This is known as Swinging Choke.

Typical values are
L =30 Henrys at I =20mA and
L =4 Henrys at]l = 100mA.
Problem 3.5

Design a full wave rectifier with an LC filter (single section) to provide 9V DC at 100mA with a
maximum ripple of 2%. Line frequency f= 60 HZ.

Solution

: V2 1 1 083
Ripple factor y = BN Tl

0.83 0.83

0.02= ——orLC= =41.5n
LC 0.02
_ Yo _V _gpq,
L™ Ipe 0.1
R, R
L2302 a0

R
But LC should be 25% larger. .". for f= 60 Hz,the value of LC should be > %La

Ry 9%

—— = (.1 Henry.

LC > 500 2 5p0

41.5
fL=0.1H,then C= o1 =415uf. This is high value

IfL=1H,then C=41.5pf.
If the series resistance of L is assumed to be 50 Q, the drop across L is
Ipc X R=0.1x 50 =5V.
Transformer Rating :
Vpc =9V +5V =14V
T

V =

m= 5 (9+5)=22V

rms value is % =15.5V
Therefore, a 15.5 — 0 -15.5 V, 100mA transformer is required. PIV of the diodes is PAN
Because it is FWR Circuit.
PIV = 44V
So, diodes with 44V, 100mA ratings are required.
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Problem 3.6

In a FWR with C filter circuit, V p-p = 0.8v and the maximum voltage is 8.8 volts (Fig. 3.24 ).
R; =100Q2 and C = 1050 puf. Power line frequency = 60 Hz. Determine the Ripple Factor and DC
output voltage from the graph and compare with calculated values.

Solution
V.’ p-p=08V
0.8
Vo' = PNl =0231V
V,'p-p _ 0.8
Vpe =Vm- ,2 =8.8 =8.4V
y _ Vs 02 0238 or 2.38%
Vo 84
Theoretical values, v 1 N
corctical values, = T
43R, C
- MJ
~ 1
4,/3%60x 100 x 1050uf
=0.057 or 5.75% —> ot
4R C Fig 3.24 For Problem 3.6.

3.10 CLC OR = FILTER

In the LC filter or L section filter, there is some voltage drop across L. If this cannot be tolerated
and more D.C. output voltage V . is desired, p filter or CLC filter is to be used. The ripple factor
will be the same as that of L section filter, but the regulation will be poor. It can be regarded as a
L section filter with L., and C before which there is a capacitor C,i.e. the capacitor filter. The
input to the L section fjlter is the output of the capacitor filter C. The output of capacitor filter will
be a triangular wave superimposed over D.C.

Now the output V, is the voltage across the input capacitor C less by the drop across L,.
The ripple contained in the output of ‘C’ filter is reduced by the L section filter L,C,.

L,

—— OO0

CH= C/ == R,

Fig 3.25 CLC or n Section Filter
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3.10.1 = SECTION FILTER WITH A RESISTOR REPLACING THE INDUCTOR
Consider the circuit shown here. It is a = filter with L replaced by R. If the resistor R is chosen
equal to the reactance of L (the impedance in Q2 should be the same), the ripple remains unchanged.
Ve for a single capacitor filter = (V ~1,-/4fC) If you consider C; and R, the out put
across C, is ( V, — I)-/4fC ). There is some drop across R. Therefore, the net output is
_Inc
m  4fC
The Ripple Factor for = sector is
V2X X,
TTORLX
So by this, saving in the cost, weight and space of the choke are made . But this is practical
only for low current power supplies.
Suppose a FWR output current is 100 mA and a 20 H choke is being used in n section filter.
If this curve is to be replaced by a resistor, X; = R. Taking the ripple frequency as 2f =100 Hz,
X; = oL = 2n(2f).L = 4nfL
=4 x3.14 x50 x20 = 12560Q2

\Y% —IDCXR

~12 KQ
Voltage drop across R = 12,000 x 0.1 = 1200V, which is very large.
VMV
R
A.Cinput ' l Ci~ C, 4 R,

=

Fig 3.26 FWR Circuit n Section / CRC Filter.

3.10.2 EXPRESSION FOR RIPPLE FACTOR FOR © FILTER

The output of the capacitor in the case of a capacitor filter is a Triangular wave. So assuming the
output V_ across C to be a Triangular wave, it can be represented by Fourier series as

V'P-P sin4wt sin 6wt
V=VDC——‘;t“‘~'(Sln 20t — 2 + 3

I
But the ripple voltage peak to peak V/ p-p = EDf%'( for A wave )

Neglecting 4th and higher harmonic, the rms voltage of the Second Harmonic Ripple is
vp-p  Ipc  _ Ipcx2 _ V2Ipc

w2 2V2nfe  4onfe  4nfe
1

4rfc ~ X
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It is the capacitive reactance corresponding to the second harmonic.
Vs = ‘/EIDCXC' (across “C’ filter only)

The output of C filter is the input for the L section filter of L,C, . Therefore, as we have
done in the case of L section filter,

215X
Current through the inductor ( harmonic component ) = \/_—XD—(‘L—C—
Ll
Output Voltage = Current (X.) (V_ =1X¢)
V215X
\A —)‘(Qf_c“-xcl ( after L section )
Ripole f: V'rms _ (ﬁ'lDC'XC) XC|
ipple factor, = =
pp Y Vie Ve Xy,
Voe = IpcRy
L Y XL,

where all reactances are calculated at the 2nd harmonic frequency © = 2nf.
DC output voltage = ( The DC voltage for a capacitor filter ) — ( The drop across L, ).
Problem 3.7

Design a power supply using a n-filter to give DC output of 25V at 100mA with a ripple
factor not to exceed 0.01%. Design of the circuit means, we have to determine L,C, diodes and
transformers.

e ]r

v
T C D

1 2
e O e

I

Fig 3.27 Peak to Peak detector.

Solution
Design of the circuit means, we have to determine L, C, Diodes and Transformer

Vpe 25V 25V

L™ Ipe  Ipe  100mA

xc X¢i
Ripple fact = V2.
ipple ractor vy RL XLI

=250Q

X can be chosen to be = Xc,.
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X’
y="2 R, Xy,
This gives a relation between C and L.
C2L =y
There is no unique solution to this.
Assume a reasonable value of L which is commercially available and determine the

corresponding value of capacitor. Suppose L is chosen as 20 H at 100mA with a D.C. Resistance
of 375Q ( of Inductor ).
\%

T -

—ot
Fig 3.28 For Problem 3.7.

y
2 L
C L
- Y

or C= L

VY

_ Inc.
Vi< 2rc

Now the transformer voltage ratings are to be chosen.

The voltage drop across the choke = choke resistance x I~ =375 x 100 x 10~ 3=375V.
Vpe =25V.

Therefore, voltage across the first capacitor C in the n-filter is
Vo= 25+37.5=62.5V.

The peak transformer voltage, to centre tap is

V.
V,=(Vo)+ 77 (for C filter)

Inc
VY— 2fc”
Vm =625V + m
\Y
vms == 72.560\/

Therefore, a transformer with 60 - 0 -60V is chosen . The ratings of the diode should be,
current of 125mA. and voltage =PIV =2V =2 x 84.6V = 169.2V
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Problem 3.8

A full wave rectifier with LC filter is to supply 250 v at 100m.a. D.C. Determine the ratings of the
needed diodes and transformer, the value of the bleeder resistor and the ripple, if R of the
choke =400Q. L= 10H and C =20 pF.

Solution
_ Ve
L™ Ipe
250V
RL = —6—1-— =2,500Q.
For the choke input resistor,
v = 2V
DC ™
n(l+~R—C)
RL
and Lms =Ipc
v = EXDL(HB_Q) _ 1rx25()(l+ 400)=455V
m 2 R, 2 2500
455
vrms = f 2322\/

Therefore, the transformer should supply 322V rms on each side of the centre tap. This
includes no allowance for transformer impedance, so that the transformer should be rated at about
340 volts 100 mA, D.C

. 33X,
The Bleeder Resistance Rg= —2-—
L=10000Q.
L= Pm o 2X455 ) 0s6a
B 3nwl 3mx377x10
0.47 047

Ripple factor = =
PP 77 402LC—1 4x377%x20x1070
The current ratings of each diode = 0.00413. Should be S0mA.

3.11 MULTIPLE LC FILTERS
Better filtering can be obtained by using two or more LC sections as shown in the Fig. 3.29.

, J2 XC, XC,
Ripple factor Y= TEE
If we take L=L,=L,
C=C,;=C,and f= 60 Hz.
_ 146
YT 202

Inductor value L. in Henrys and Capacitor value C in uF(microfarads)
So ripple factor will be much smaller or better filtering is achieved.
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V2

L= —:,""x I?C (RMS Value of the ripple component of current.)
1
V2 Vi
VA B = Il X CI—:;—X——XCI
272 L
_ Vagmy
L="%

Ly
The value of XL, should be much larger than XC,. Therefore, A.C. current should get
dropped across C,.

L, A L N
A—— T
— ——c, R

Fig 3.29 Multiple LC filter sections.

L=V, /X d not Y.,
= and no :
2- YAB L2 Xy, + Xy,

V, =1, Xe, /R is in parallel with C,.

V2 Xe, Xc,
=22 Vpe. =2
3 X, X,

Ripple factor y = —%=— — —%

But the actual value of L should be 25% more than this because of the approximately made
in the series used to represent V.

Problem 3.9
A full wave rectifier circuit with C-type capacitor filter is to supply a D.C. Current of 20 mA at
16V. If frequency is 50 Hz ripple allowed is 5% Calculate :

(a) Required secondary voltage of the transformer.

(b) Ratio of I peak/I . through diodes.

(¢) The value of C required.

Solution
Ipc =20mA V. = 16V.

\%
R == 16 _o8ka=8000,
Ipe  20mA
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1

43fCR,
1
0.05 =
43 x50 x C x 800
| 1 1
C=
“4x1.732x50x0.05x800 443 x2.5x800  4+/3 x 2000
8000 x 3
\Y
Vpc with load Ipe = —-———"‘—l-- vV,=?
1+
4fCR
4fCR, )
V.. =V (———
DC m|1+4fCR,

v = L,/ CR,
DC  "mli+L,f CR,
Vpe =16V atly.=20mA.

B 0.05y3
Voc =V |17 005v3

11.52
Voc = Vi (1+11.52)
1152
16=V_ (_1—23)

vV —16x 12.52
11.52

=17.38V

Problem 3.10
A half wave rectifier allows current to flow from time t d‘ =1 /60 to t, = 51/6w, the A.C. Voltage

being given by V_= 100 Sin wt. Calculate the RMS and DC output voltage.
Solution
1 Sn/6
Vpe = Py n{[6100 Sin ot. dot

1

100 5
= ?—XIOOX[ cos mt]sn/() = ———-[ T n:l

= —COS— + COS—

2n 6 6
]00 [— cos(150°) + cos(30° )] { \/_ \/—}
_ 50x\/_ _50x1.732

= =276
3.14 3.14 21.6V

Vims = «/— [ (100.Sinot)* dot =48.5V.
2m 1/6
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Problem 3.11
A full wave rectifier operating at 50 Hz is to provide D.C. Current of 50mA at 30V. with a 80uF.
C-type filter system used, calculate

(a) V, the peak secondary voltage of transformer.

(b) Ratio of surge to mean currents of diodes.

(¢) The ripple factor of the output.

Solution
Vpe 30V
= —2= = ——— = 60002
@) R = 1.~ 50mA
Vm - vm
Ve ™ o ) 1+ ]
AfCVp. AfCR
Ioc _ 1
pc Ry
Vie Ipc

vV =30+ 50107 =133.125V,

m 4%50x80x107¢ :
Vi 33125 .,y

V= 272

(b)  Surge Current through the diode, 1, 4. surge is I .

\/
X = VpoC=33.125 x2 1 x50 x80 x 10-6=0.833 A
C

Inc =50 mA
= Ljiode mean 1S the average or mean current through-the diode.

Liode swing  0.833

<1665,
ldiode mean  50x10

VDC

DC

I
=006
'™ 4J3tCR,
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Problem 3.12
For a FWR circuit, the A.C. Voltage input to transformer primary = 115V. Transformer secondary
voltage is S0V. R; = 25Q. Determine

1. Peak DC component, RMS and AC component of load voltage.

2. Peak DC component, RMS and AC component of load current.

Solution

Since, the transformer develops S0V between secondary terminals, there must be 25V across
each half of the secondary winding.

The peak value across each half of secondary is 25+2 =35.4V
Assuming ideal diodes, the rectified voltage across R; also has a peak value of 35.4V(V_ ).
Average value V|, for FWR circuit is
2V,
B T
Vpe =0.636x(35.4)=22.5V.
A.C.Component load voltage is

=0.636V,,

— 2 2
V:’ms - Vm - VDC

= J(25) -(22.5) =10.9V.

SR CIN
m R, 25
21

Inc T =0.636l,, =0.636(1.41) = 0.897A.
n

[; (rms) = 0.707 1 |
=1.41(0.707)= 1A

I;ms - (Im)z _(IDC)2

= 12 - (0.897)

=0.441 A.
3.12 INTRODUCTION TO REGULATORS

Voitage Regulator Circuits are electronic circuits which give constant DC output voltage, irrespective
of variations in Input Voltage Vl., current drawn by the load I, from output terminals, and
Temperature T. Voltage Regulator circuits are available in discrete form using BJTs, Diodes etc and in
IC (Integrated Circuit) form. The term voltage regulator is used when the output delivered is DC
voltage. The input can be DC which is not constant and fluctuating. If the input is AC, it is converted
to DC by Rectifier and Filter Circuits and given to I.C. Voltage Regulator circuit, to get constant DC
output voltage. If the input is A.C 230 V from mains, and the output desired is constant DC, a
stepdown transformer is used and then Rectifier and filter circuits are used, before the electronic
regulator circuit. The block diagrams are shown in Fig. 3.30 and 3.31.
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’ Regulated
— ] egulate:
Unregulated 1 | step Down Rectifier Filter Blectronic | o D.C.
A.C.Input V| Transformer Circuit Circuit gu'at L Output
Circuit
Voltage

Fig. 3.30 Block diagram of voltage regulator with A.C input.

Electronic * ¥
Un regulated v Regulator RSV,
DClnput | Circuit b

Fig. 3.31 Block diagram of voltage regulator with D.C input.

The term Voltage Stabilizer is used, if the output voltage is AC and not DC. The circuits used
for voltage stabilizers are different. The voltage regulator circuits are available in IC form also. Some
of the commonly used ICs are, pA 723, LM 309, LM 105, CA 3085 A.

7805, 7806, 7808, 7812, 7815 : Three terminal positive Voltage Regulators.

7905, 7906, 7908, 7912, 7915 : Three terminal negative Voltage Regulators.

The Voltage Regulator Circuits are used for electronic systems, electronic circuits, IC
circuits, etc.

The specifications and Ideal Values of Voltage Regulators are :

Specifications Ideal Values

1. Regulation (SV) 0%

2. Input Resistance (Ri) oo chms
3. Output Resistance (RO) 0 ohms
4. Temperature Coefficient (ST) 0 mv/oc.
5. Output Voltage VO : -

6. Output current range (IL) -

7. Ripple Rejection : 0%

Different types of Voltage Regulators are

. Zener regulator

. Shunt regulator

. Series regulator

. Negative voltage regulator

. Voltage regulator with foldback current limiting
. Switching regulators

NN B W N -

. High Current regulator
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3.12.1 ZENER VOLTAGE REGULATOR CIRCUIT

A simple circuit without using any transistor is with a zener diode Voltage Regulator Circuit.
In the reverse characteristic voltage remains constant irrespective of the current that is flowing
through Zener diode. The voltage in the break down region remains constant. (Fig. 3.32)

L

A 4

VR | VZ
I

&
<

Fig. 3.32 Zener diode reverse characteristic.

Therefore in this region the zener diode can be used as a voltage regulator. If the output voltage
is taken across the zener, even if the input voltage increases, the output voltage remains constant.
The circuit as shown in Fig, 3.33.

+ > M/\' 1 +
TIZ+IL R, I L T

S YA

Vi Zener R, Vo
Diode

i f L

Fig. 3.33 Zener regulator circuit.

The input V; is DC. Zener diode is reverse biased.

If the input voltage V;, increases, the current through R increases. This extra current flows,
through the zener diode and not through R; . Therefore zener diode resistance is much smaller than
R, when it is conducting. Therefore I; remains constant and so V, remains constant.

The limitations of this circuits are

1. The output voltage remains constant only when the input voltage is sufficiently large so

that the voltage across the zener is V.

2. There is limit to the maximum current that we can pass through the zener. If V; is increased

enormously, I, increases and hence breakdown will occur.

3. Voltage regulation is maintained only between these limits, the minimum current and the

maximum permissible current through the zener diode. Typical values are from 10m A
to 1 ampere.

3.12.2 SHUNT REGULATOR

The shunt regulator uses a transistor to amplify the zener diode current and thus extending the
Zener’s current range by a factor equal to transistor hgg. (Fig. 3.34)
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+ +
\Y
]\ Rg I EB : ) T
Unregulated R
D.C ’ LA B/’ v
o V] 1 l\ Q RL
I Iz B k &

l 1
Fig. 3.34 Shunt Regulator Circuit

Zener current, passes through R,
Nominal output voltage
=Vz+ Vis
The current that gets branched as I is amplified by the transistor. Therefore the total current
I, = (B + 1) I, flows through the load resistance R;. Therefore for a small current through the

zener, large current flows through R, and voltage remains constant. In otherwords, for large current
through R;, V, remains constant. \%oltage V,, does not change with current.

Problem 3.13

For the shunt regulator shown, determine
The nominal voltage
Value of R,
Load current range
Maximum transistor power dissipation.
5. The value of Rq and its power dissipation.
V, = Constant. Zener diode 6.3V, 200mW, requires SmA minimum current.

bl ol

Transistor Specifications :
Veg = 0.2V, hpe = 49, 156 = 0.
1. The nominal output voltage is the sum of the transistor V. and zener voltage.
Vy=02+63=65V=Vy+V,
2. R, must supply SmA to the zener diode :
8 -63 17
5x1073 510
3. The maximum allowable zener current is
Power rating 0.2

— =31.8 mA
Voltagerating 6.3 m

The load current range is the difference between minimum and maximum current through the
shunt path provided by the transistor. At junction A, we can write,

1 —5 =340 Q

Iy =1,-1
I, is constant at 5 mA
: Iy =1, -1

I, is constant at 5 mA
: [ =5x103-5%x10°=0
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IB (min) = lZ Max ~— I2
=31.8x 1073 -5 x 107 =26.8 mA
The transistor emitter current I = Iy + I
lc =PBlg=hpgly
lg=@B+DIlg =g+t DIy
I ranges from a minimum of 0 to maximum of 26.8 mA
Total load current range is (hpe + 1) Iy
=50(26.8 x 1073) = 1.34A
4. The maximum transistor power dissipation occurs when the current is maximum Ig ~ I
Po=V I =65(1.34)=87W
5. Rg must pass 1.34 A to supply current to the transistor and R, .
R, = V-V _8-65
1.34 1.34
The power dissipated by Rg,
=I5 Ry
= (1.34)? . (1.12) =3W
REGULATED POWER SUPPLY

=1.12Q

An unregulated power supply consists of a transformer, a rectifier, and a filter. For such a circuit
regulation will be very poor i.e. as the load varies (load means load current) [No load means no load
current or 0 current. Full load means full load current or short circuit], we want the output voltage
to remain constant. But this will not be so for unregulated power supply. The short comings of the
circuits are :

1. Poor regulation
2. DC output voltage varies directly as the a.c. input voltage varies

3. In simple rectifiers and filter circuits, the d.c. output voltage varies with temperature also,
if semiconductors devices are used.

An electronic feedback control circuit is used in conjuction with an unregulated power supply
to overcome the above three short comings. Such a system is called a “regulated
power supply”.

Stabilization
The output voltage depends upon the following factors in a power supply.
1. Input voltage V,
2. Load current I,
3. Temperature
. Change in the output voltage AV, can be expressed as

AV, =S, AV, + Ry Al + S AT
Where the three coefficients are defined as,
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(i)  Stability factors.
AV,
Sy = =
A\ Avl AIL-”—O, AT—O
This should be as small as possible. Ideally 0 since V, should not change even if V, changes.
(ii)  Output Resistance

R(): AIL AVi=O, AT=0

(i) Temperature Coefficient

=0

St= % |AV, =0, Al
T 1 ’
A L

The smaller the values of the three coefficients, the better the circuit.

Series Voltage Regulator

The voltage regulation (i.e., change in the output voltage as load voltage varies (or input voltage
varies) can be improved, if a large part of the increase in input voltage appears across the
control transistor, so that output voltage tries to remain constant, i.e., increase in V; results in increased
Vg so that output almost remains constant. But when the input increases, there may be some
increase in the output but to a very smaller extent. This increase in output acts to bias the control
transistor. This additional bias causes an increase in collector to emitter voltage which will compensate
for the increased input.

If the change in output were amplified before being applied to the control transistor, better
stabilization would result.

Series Voltage Regulator Circuit is as shown in Fig. 3.35.

Q . .
N Series pass transistor
gy +
¢ E L %lll I =1
R

R | R

%R Sampling
resistor AV =V

Control
AVl = V| transistor

| |

Fig. 3.35 Series Regulator Circuit

3.12.3 SERIES VOLTAGE REGULATOR CIRCUIT

Q, is the series pass element of the series regulator. Q, acts as the difference amplifier. D is the
reference zener diode. A fraction of the output voltage b%’o (b is a fraction, which is taken across R,
and the potentiometer) is compared with the reference voltage V. The difference (pr ~ Vp) is
amplified by the transistor Q,. Because the emitter of Q, is not at ground potential, there is consta
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voltage V.. Therefore the net voltage to the Base - Emitter of the transistor Q, is (bV,, - V). As V,
increases, (bV, — V) increases. When input voltage increases by AV,, the base-emitter voltage of Q,
increases. So Collector current of Q, increases and hence there will be large current change in R;.
Thus all the change in V; will appear across R itself. V. of the transistor Q, is small. Therefore the
drop across Ry = Vg of Q; ~ V- 0f Q, since {/ g s smali]. Hence the increase in the voltage appears
essentially across Q, only. This type of circuit ta?(es care of the increase in input voltages only. If the
input decreases, output will also decrease. (If the output were to remain constant at a specified value,
even when V, decreases, buck and boost should be there. The tapping of a transformer should be
changed by a relay when V, changes). r, is the output resistance of the unregulated power supply
which preceds the regulator circuit. t, is the output resistance of the rectifier, filter circuit or it can
be taken as the resistance of the DC supply in the lab experiment.

AV,
The expression for Sy, (Stability factor) = A—VO-

[Rl +R2:| (R, in parallel with R, )+ h,, +(1+ he, )R,

R, hraR;
R, = Zener diode resistance (typical value)
1+ R3 + hie] Al
Ro=— Hhe G - <
0 1+G, (Ry+1)’ m AV,

The preset pot or trim pot R, in the circuit is called as sampling resistor since it controls or
samples the amount of feedback.

Preregulator

It provides constant current to the collector of the DC amplifier and the base of control element.
R3 +hie

also increases, but then this term is very small,
1+h&

If R, is increased, the quantity

since it is being divided by h,.
3.12.4 NEGATIVE VOLTAGE REGULATOR

Sometimes it is required to have negative voltage viz., -6V, —18V, -21V etc with positive terminal
grounded. This type of circuit supplies regulated negative voltages. The input should also be
negative DC voltage.

3.12.5 VOLTAGE REGULATOR WITH FOLDBACK CURRENT LIMITING

In high current voltage regulator circuits, constant load current limiting is employed. i.e. The load
current will not increase beyond the set value. But this will not ensure good protection. So foldback
current limiting is employed. When the output is shared, the current will be varying. The series pass
transistors will not be able to dissipate this much power, with the result that it may be damaged. So
when the output is shorted or when the load current exceeds the set value, the current through the
series transistors decrease or folds back.

3,12.6 SWITCHING REGULATORS

In the voltage regulator circuit, suppose the output voltage should remain constants at +6V, the input
can be upto +12V or +15V maximum. If the input voltage is much higher, the power dissipation
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}

across the transistor will be large and so it may be damaged. So to prevent this, the input is limited to
around twice that of the input. But if, higher input fluctuations were to be tolerated, the voltage
regulators IC is used as a switch between the input and the output. The input voltage is not connected
permanently to the regulator circuit but ON/OFF will occur at a high frequency (50 KHz) so that
output is constantly present.

A simple voltage regulator circuit using CA30854 is as shown in Fig. 3.36. It gives 6 V
constant output upto 100 mA.

e 16V

1
+13Ve 4
2
T L2 o |

Regulated
output

L

Un regulated
mput

A

Fig. 3.36 CA 3085A IC voltage regulator.

Y, —(—)BAV
0_ 1+BAV
p=—2

R1+R2

RCA (Radio Corporation of America) uses for the ICs, alphabets CA. CA3085A is voltage
regulator. LM309 K — is another Voltage Regulator IC.

pA716C is head phone amplifier, delivers 50 mW to, 500-600Q2 load
CA3007 is low power class AB amplifier, and delivers 30 mW of output power.
MCI1554 is 20W class B power amplifier.

Preregulator

The value of the stability factor S, of a voltage regulator should be very small. S, can be improved
if R, is increased (from the general expression) since Ry ~ (V, — Vy)/I.  We can increase Ry by
decreasing I, through R,. The current I through R, can be decreased by using a Darlington pair for
Q,. To get even better values of Sy, R, is replaced by a constant current source circuit, so that
R; tends to infinity (R; — o). This constant current source circuit is often called a transistor
preregulator. V, is the maximum value of input that can be given.

Siiort Circuit Overload Protection

Overload means o 2rload current (or short circuit). A power supply must be protected further from
damage through overload™ In a simple circuit, protection is provided by using a fuse, so that when
current excess of the rated values flows, the fuse wire will blow off, thus protecting the components.
This fuse wire is provided before ry. Another method of protecting the circuit is by using diodes.
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Q
/J\ lg——> I
MV Qt A >
To g Ry
+ 1 R3 DI Dz RL
= PP
VaR
From amplifier 02 of series voltage regulator

Fig. 3.37 Circuit for short circuit protection.

Zener diodes can also be employed, but such a circuit is relatively costly.

The diodes D, and D, will start conducting only when the voltage drop across Rq exceeds the
current in voltage of both é’l@ diodes D, and D,. In the case of a short circuit the current kg will
increase upto a limiting point determined by

_ Vit Vyy ~VBEI
Ig = Rg

When the output is short circuited, the collector current of Q, will be very high Ig . Rg will

also be large.

The two diodes D, and D, start conducting.

The large collector current of Q, passes through the diodes D, and D, and not through
the transistor Q;.

Transistor Q, will be safe, D, and D, will be generally si diodes, since cut in voltage is
0.6V. So I§ R drop can be large.
Problem 3.14

Design a series regulated power supply to provide a nominal output voltage of 25V and supply load
current I; < 1A. The unregulated power supply has the following specifications V; = 50 + 5V,
and ry = 10 Q.

Given: R, =12Qatl, =10 mA. At I, = 10 mA, B =220, h;,, = 800 Q, he, =200, I, = 10 mA.

\"/
The reference diodes are chosen such that Vi ~ TO

V
0

=125V
) 5

. Two Zener diodes with breakdown voltages of 7.5 V in series may be connected.
R,=12Qatl, =20 mA

Choose ley =1 = 10 mA

At IC2 = 10 mA, the h-parameters for the transistor are measured as,
B =220, h,,=800CQ, hg,=200

Choose I, =10 mA, so that I, = 1y, + I, = 20 mA

Vo~ VR _ 25-15

Ip 10

Rpy= = 1KQ
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Ll _1oma
B2 B 220
Choose I, as 10 mA for si transistors, Vg = 0.6 V
V,=Vgp, + Vg =156V
Vo-V,  25-156
R, = = -3 " 940 Q
i 10x10
\D) 15.6
2T T Ty S 1,560 Q
I 10x10
For the transistor Q,, choose 1, as 1A and hpg; = 125 (d.c. current gain f)
Iy + I] +1p
I, = =57~ s e ~1
(DC Current gain)

=45pnA

=l +1+

_1000+10+10

- 125 =
The current through resistor Ry is 1 =15, + I, =8 + 10 = 18 mA
The value of R, corresponding to V; = 45 V and I, = 1A is (since these are given in the

problem) V. =50 + 5,45V
V.-V V,
i (-BE1+ 0) 50-256

I 18x1073
Voltage regulator is a circuit which maintains constant output voltage, irrespective of the changes
of the input voltage or the current.

Stabilizer - If the input is a.c, and output is also a.c, it is a stabilizer circuit.

3.13 TERMINOLOGY
Load Regulation : 1t is defined as the % change in regulated output voltage for a change in load
current from minimum to the maximum value.
E, = Output voltage when I; is minimum (rated value)
E, = Output voltage when I, is maximum (rated value)
E,-E
% load regulation = IE 2, 100 % ; E| > E,. This value should be small.

mA

R, = = 1,360 Q.

Line Regulation : 1t is the ‘VAo \(/:hange in V, for a change in V.
0
= AV, x 100 %
In the Ideal case AV, = 0 when V,, remains constant.
This value should be minimum.
Load regulation is with respect to change in I
Line regulation is with respect to change in V..

Ripple Rejection : 1t is the ratio of peak to peak output ripple voltage to the peak to peak input
ripple voltage.

Vo (p-p)

v, (p-p)
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SUMMARY

& Rectifier circuit converts AC to Unidirectional Flow.
& Filter Circuit converts Unidirectional flow to DC. It minimises Ripple.
¢ The different types of filter circuits are
1. Capacitor Filter
Inductor Filter
L-Section ( L.C ) Filter.
n-Section Filter
CRC and CLC Filters

Do W

t

I"“s . For Half Wave Rectifier, y = 1.21, for Full Wave Rectifier
DC

1

¢ Ripple Factor =

y=0.482
¢ Expression for Ripple Factor for C Filter,

1
"™ 4BfCR,
& Expression for Ripple Factor for L Filter,
_ R
L 43oL

& Expression for Ripple Factor for LC Filter,
W
3 20C 20l
# Expression for Ripple Factor for = Filter,
V2Xe [.’i&}

T RL XLI

R
& Critical Inductance L > 3—;—

3X,

¢ Bleeder Resistance Ry = 2

OBJECTIVE TYPE QUESTIONS

Rectifier Converts ........cccccovcneninnnns 110 PO

“Filter Circuit Converts .........ccceeeninennn. 11 SO

Ripple Factor in the case of Full Wave Rectifier Circuit is ........cocooeviieeennnnn.
The characteristics of a swinging choke is .........ccoceceinnnine,

In the case of LC Filter Circuits, Bleeder Resistance ensures

bl e
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ESSAY TYPE QUESTIONS

1. Obtain the expression for ripple factor in the case of Full Wave Rectifier Circuit with
Capacitor Filter.

Explain the terms Swinging Choke and Bleeder Resistor.

3. Compare C, L, L-Section, n-Section ( CLC and CRC ) Filters in all respects.

MULTIPLE CHOICE QUESTIONS

. Special types of diodes in which transition time and storage time are made small

are called ...
(a) Snapdiodes (b) Rectifierdiodes(c) Storagediodes  (d) Memorydiodes

. The Circuit which converts undirectional flow to D.C. is called

(a) Rectifier circuit (b) Converter circuit
(c) filtercircuit (d)  Eliminator

. For ideal Rectifier and filter circuits, % regulations must be ...

(a) 1% (b) 0.1 % () 5% d 0%
The value of current that flows through RL in a ‘n’ section filter circuit at no load is
(a) oo (b) 0.1 mA ¢y O (d) few mA



In this Chapter,
*

*

The principle of working of Bipolar Junctions Transistors, (which are also
simply referred as Transistors) and their characteristics are explained.

The Operation of Transistor in the three configurations, namely Common
Emitter, Common Base and Common Collector Configurations is explained.

The variation of current with voltage, in the three configurations is given.
The structure of Junction Field Effect Transistor (JFET) and its V-1

characteristics are explained.

The structure of Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) and its V-I characteristics are explained.

JFET amplifier circuits in Common Source (CS) Common Drain (CD) and
Common Gate (CG) configurations are given.
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4.1 BIPOLAR JUNCTION TRANSISTORS ( BJT’S )

The device in which conduction takes place due to two types of carriers, electrons and holes is
called a Bipolar Device. As p-n junctions exist in the construction of the device, it is a junction
device. When there is transfer of resistance from input side which is Forward Biased ( low
resistance ) to output side which is Reverse Biased ( high resistance ), it is a Trans Resistor or
Transistor Device. There are two types of transistors NPN and PNP. In NPN Transistor, a
p-type Silicon (Si) or Germanium (Ge) is sandwiched between two layers of n-type silicon. The
symbol for PNP transistor is as shown in Fig. 4.1( a ) and for NPN transistor, is as shown in Fig4.1 (b).

E N\ cC E, "\ C
BIT L“:B
(a) (b)
PNP NPN

Fig. 4.1 Transistor symbols.

The three sections of a transistor are Emitter, Base and Collector. [f the arrow mark is
towards the base, it is PNP transistor. If it is away then it is NPN transistor. The arrow mark on
the emitter specifies the direction of current when the emitter base junction is forward biased.
When the PNP transistor is forward biased, holes are injected into the base. So the holes move
from emitter to base. The conventional current flows in the same direction as holes. So arrow
mark is towards the base for PNP transistor. Similarly for NPN transistor, it is away. DC Emitter
Current is represented as IE, Base Current as | and Collector Current as 1 .. These currents are
assumed to be positive when the currents flow into the transistor. V refers to Emitter - Base
Voltage. Emitter ( E ) Voltage being measured with reference to base B ( Fig. 4.2 ). Similarly
VCB and VCE.

PNP
e ply AN\ I — C
t oyt

VCB

VEB
b ¢

B

Fig. 4.2 Current components in a pnp transistor.

4.1.1 POTENTIAL DISTRIBUTIONS THROUGH A TRANSISTOR

Fig. 4.3 shows a circuit for a PNP transistor. Emitter Base Junction is Forward Biased Collector
- Base Junction is reverse biased. _Fig. 4.4 (a)shows potential distribution along the transistor (x).



Transistor Characteristics 187

When the transistor is open circuited, there is no voltage applied. The potential barriers adjust
themselves to a height V . V_will be few tenths of a volt. It is the barrier potential. So when the
transistor is open circuited holes will not be injected into the collector. (Potential barrier exists all
along the base width, since the holes from emitter have to reach collector and not just remain in base).

PNP
Ry E/ ¢ Re

)
T T

Fig 4.3 PNP transistor circuit connections.

But when transistor bias voltages are applied, emitter base junction is forward biased and
the collector base junction is reverse biased. The base potential almost remains constant. But
if the reverse bias voltage of collector - base junction is increased, effective base width decreases.
Since EB junction is forward biased, in a PNP transistor, the emitter base barrier is lowered. -So
holes will be injected into the base. The injected holes diffuse into the collector across the n-type
material (base). When EB junction is forward biased emitter - base potential is increased by |VEB|.
Similarly collector base potential is reduced by [V . |. Collector base junction is reverse biased.
So collector extends into the base or depletion region width increases. Emitter - Base Junction is
to be Forward Biased because, the carriers must be injected and Collector - Base Junction must
be reverse biased, because the carriers must be attracted into the Collector Region. Then only
current flow results through the transistor.

4.1.2 TRANSISTOR CURRENT COMPONENTS

Consider a PNP transistor. When Emitter - Base junction is forward biased, holes are injected into
the base. So this current is I__ ( holes crossing form Emitter to base ). Also electrons can be
injected from base to emitterpf which also contribute for emitter current ). So the resulting
current is I . Therefore the total emitter current I = IpE 1

ILg . . . . .
The ratio of —PE. is proportional to the ratio of conductivity of the ‘p’ material to that of ‘n’

nE

material. In commercial transistor the Doping of the Emitter is made much large than the
Doping of the Base. So ‘p’ region conductivity will be much larger than ‘n’ region conductivity.
So the emitter current mainly consists of holes only. ( Such a condition is desired since electron
hole recombination can take place at the emitter junction ). Collector is lightly doped. Basewidth
is narrow ( Fig. 4.4(a)).

All the holes injected from emitter to base will not reach collector, since some of them
recombine with electrons in the base and disappear.
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E B C
P n
1+
(a) vV
+ ] [ T c8
l Ly
VEB
(b) Emitter : \A . Collector
g l + —»Distance x
VEB '

Fig 4.4 Potential barrier levels in a transistor.

If Ip is the current due to holes at the Emitter Junction, I _ > I _ since some holes have
recombined with electrons in the base. The recombination curreft is eaual to(l -1 ) Ifthe
. . .. E. PC, .
emitter is open circuited, so that I_ =0, then [ _ would be zero. Under these conditions, junction
acts as a reverse biased diode. So tF\e Collectorpgurrent is approximately equal to reverse saturation

Current Ico' If IE # 0, then IC = Ico + IPC.

For a PNP transistor, I . consists of holes moving from left to right (base to collector) and
electrons crossing in the opposite direction. In the base, which is n-type, holes are the minority
carriers. In the collector, which is ‘p’ type, electrons are the minority carriers. [ is due to
minority carriers. Currents entering the transistor are positive. For NPN transistor, I, , consists of
electrons, the minority carriers in the base moving to collector and holes from collector moving to
base. So the direction of | c for NPN transistor is the same as the conventional current entering
into the transistor. Hence T co IS positive for NPN transistor.

Emitter Efficiency (v ) :
Current due to Injected at the Emitter - Base Junction
Total Emitter Current

‘Y =
For a PNP transistor,
IpE IpE

Le+ 1 E
Value of y is always less than 1.
IpE = Current due to injected holes from emitter to base

[ .= Current due to injected electrons from base to emitter.
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Transportation Factor ( B*) :
Current due to injected carriers reaching B - C junction

x
B = Injected carrier current at emitter - base junction
For a PNP transistor,
+ I, IpintheCollector  Hole Current in the Collector
B = Tp_E— - I,in the Emitter "~ Hole Current in the Emitter

Large Signal Current Gain ( o )
_ Collector Current

Emitter Current

Lc
="

Ig
Multiplying and dividing by IpE

et
(o]
m

pc * p

I

I
-<

a=p"x ¥
4.1.3 TRANSISTOR AS AN AMPLIFIER

A small change AV, of Emitter - Base Voltage causes relatively large Emitter - Current Change
Al_. ' is defined as the ratio of the change in collector current to the change in emitter current.
Because of change in emitter current Al and consequent change in collector current, there will
be change in output voltage AV .

_ , _ Ale
AVO = ><RL><AIE Since o’ = Al

AV r X AI
R, is load resistance. Therefore the voltage amplification is,

Vooav, re'AIE
vo N A “A“I‘—
fe E VCB=K
RL>re'
Av>l

o’ = Small Signal Forward - Circuit Current Gain.
re' = Emitter Junction Resistance.
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The term, re' is used since this resistance does not include contact or lead resistances.
re’ value is small, because emitter - base Junction is forward biased.

So a small change in emitter base voltage produces large change in collector base voltage.
Hence, the transistor acts as an amplifier. ( This is for common base configuration. Voltages are
measured with respect to base ).

The input resistance of the circuit is low (typical value 40Q2) and output resistance is high
(3,000Q). So current from low resistance input circuit is transferred to high resistance output
circuit (R, ). So it is a transfer resistor device and abbreviated as transistor. The magnitude
of current remains the same (a’ =~ 1).

4.2 TRANSISTOR CONSTRUCTION
Two commonly employed methods for the fabrication of diodes, transistors and other semiconductor
devices are :

1. Grown type 2. Alloy type

4.2.1 GROWN TYPE

It is made by drawing a single crystal from a melt of Silicon or Germanium whose impurity
concentration is changed during the crystal drawing operation.

4.2.2 ALLoy TYPE

A thin wafer of n-type Germanium is taken. Two small dots of indium are attached to the wafer
on both sides. The temperature is raised to a high value where indium melts, dissolves Germanium
beneath it and forms a saturator solution. On cooling, indium crystallizes and changes Germanium
to p-type. So a PNP transistor formed. The doping concentration depends upon the amount of

indium placed and diffusion length on the temperature raised.
4.2.3 MANUFACTURE OF GROWN JUNCTION TRANSISTOR

Grown Junction Transistors are manufactured through growing a single crystal which is slowly pulled
from the melt in the crystal growing furnace Fig. 4.5. The purified polycrystalline semiconductor is
kept in the chamber and heated in an atmosphere of N, and H, to prevent oxidation. A seed crystal
attached to the vertical shaft which is slowly pulled at the rate of (1mm/ 4hrs) or even less. The seed
crystal initially makes contact with the molten semiconductors. The crystal starts growing as the
seed crystal is pulled. To get n-type impurities, to the molten polycrystalline solution, impurities are

! =6 1

I I
5

Furnace
4

Molten Germanium
Seed Crystal
Gas Inlet 1

Gas Outlet
=N

Vertical Drive
Fig 4.5 Crystal growth.

AN O o
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added. Now the crystal that grows is n-fype semiconductor. Then p-fype impurities are added. So
the crystal now is p-fype. Like this NPN transistor can be fabricated.

4.2.4 DIFFUSION TYPE OF TRANSISTOR CONSTRUCTION

To fabricate NPN transistor, n-type ‘Si’ ( or ‘Ge’ ) wafer is taken. This forms the collector.
Base-collector junction areas is determined by a mask and diffusion length. p-type impurity (Boron)
is diffused into the wafer by diffusion process. The wafer to be diffused and the Boron wafer
which acts as p-type impurity, are placed side by side. Nitrogen gas will be flowing at a particular
rate, before the Boron is converted to Boron Oxide and this gets deposited over Siliconwafer.
Baron is driven inside by drive in diffusion process. So the base-collector junction will be formed.
Now again n-type impurity ( Phosphorus ) is diffused into the Base Area in a similar way.

The different steps in process are : B, E
1.  Oxidation atl !
2. Photolithography P
3.  Diffusion

4. Metallization n —
5.  Encapsulation B Acl:l?m,mlum. Coating’

4,2.5 EPITAXIAL TYPE

In this process, a very thick, high purity (high resistance), single crystal Lo |
layer of Silicon or Germanium is grown as a heavily doped substrate of p
the same material. (n on n*) or (p on p*). This forms the collector.
Over this base and emitter are diffused. Epitaxi is a greek word. Epi | - epitai
mean ‘ON’ Taxi means ‘ARRANGEMENT". This technique implies
the growth of a crystal on a surface, with properties identical to that of
the surface. By this technique abrupt step type p-n junction can be
formed. The structure is shown in Fig 4.6 (a).

4.3 THE EBERS - MOLL EQUATION

EBERS - MOLL MODEL OF A TRANSISTOR

A transistor can be represented by two diodes connected back to back. Such a circuit for a PNP
transistor shown is called Eber - Moll Model. The transistor is represented by the diodes connected
back to back. I and I represent the reverse saturation currents. o, I is the current source.
a, I represents &e current source in inverted mode ( Fig. 4.7 ).

n' - substrate

Fig 4.6 (a) Epitaxial
type transistor.

a I a ) |
5 IE 1@ C N N O_’ E
——Pp P—
E C
I_)_IEO "Ico oI
+ ' = - - K +
VE B VC

Fig 4.7 Eber-Moll Model of PNP transistor.

A transistor cannot be formed by simply connecting two diodes since, the base region should
be narrow. Otherwise the majority carriers emitted from the emitter will recombine in the base
and disappear. So transistor action will not be seen.
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AeD ngy [ yov
1, (@)= O (Vv )
np LE
Ve !V
[=a, ( Ve/VT —1)+a,2( ¢ —1) .......... )
_ DP Pno +DnnEO
A1 78w Lg
a = “Aerpno
12 W
Similarly lc =2, (CVE/VT —1) +ay, (eVC/VT —1) .......... @)
~AeD D,psy  D,n
a = 2 pPmo =Ae(—p——+——Ej
21 w w Lc

a, = a,, ; Equations (1) and (2) are called Eber-Moll Equations.

4.4 TYPES OF TRANSISTOR CONFIGURATIONS
Transistors ( BJTs ) are operated in three configuration namely,
1. Common Base Configuration (C.B)

2. Common Emitter Configuration (C.E)
3. Common Collector Configuration (C.C)

RE PNP RC
AMA—EQ
A A
v __1* Ves Vea 4
EE T :_ cC
A 4 v

Fig. 4.8 Common base amplifier circuit.

4.4.1 ComMON BASE CONFIGURATION (C.B)

The base is at ground potential. So this is known as Common Base Configuration or Grounded
Base Configuration. Emitter and Collector Voltages are measured with respect to the base. The
convention is currents, entering the transistor are taken as positive and those leaving the transistor
as negative. For a PNP transistor, holes are the majority carriers. Emitter Base Junction is
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Forward Biased Since holes are entering the base or I is positive. Holes through the base reach
collector. 1. is flowing out of transistor. Hence I is negative; similarly I is negative. The
characteristics of the transistor can be described as,

Ves = fiVep 1p)
Dependent Variables are Input Voltage and Output Current.
=1 (VD)
Independent Varlables are Input Current and Output Voltage. For a Forward Biased Junction
Vg is positive, for reverse bias collector junction V ., is negative.
Transistor Characteristics in Common Base Conﬁguration
The three regions in the output characteristics of a transistor are
1.  Active region
2.  Saturation region
3.  Cut off region

The input and output characteristics for a transistor in C.B configuration are as shown in
Fig. 4.9 (a) and (b) When IE = (), the emitter is open circuited. So the transistor is not conducting
and the I . . is not considered. Generally the transistor is not used in this mode and it is regarded
as cut ofg %Even though I is present it is very small for operation. During the region OA, for
a small variation of V__ there is very large, change in current I . with [_. So current is independent
of voltage. There is no control over the current. Hence the transistor can not be operated in this
region. So it is named as Saturation region. The literal meaning of saturation should not be taken.
The region to the right is called active region. For a given V__, with I increased, there is no
appreciable change in I . It is in saturation. When transistor is being used as a switch, it is
operated between cut of‘f: and saturation regions.

//N >
@ f/v Active region
SmA NG L (oA I, =40 mA
c(mA) 1=30 mA
T / %’___j =20 mA
Saturation I =10 mA
4 E
region /
, v glon | L -0mA gv
T t A i
V=06 —-> Vv_(V) 0 3v : >V =
Y EB Cut-off region =V
(a) (b

Fig 4.9 (a) Input characteristics in C.B configuration

(b) Output characterisitics in C.B configuration.
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EARLY EFFECT E B C
The collector base junction is reverse biased. If this p n P
reverse bias voltage is increased, the space charge
width at the n-p region of Base - Collector Junction of | |
PNP Transistor increases. So effective base width 1 i
decreases ( Fig. 4.10) Vis Ve

Vv, = %N—A— W2 Fig 4.10 Early effect.

€

W = Space Charge Region Width.

The decrease in base width with increase in collector reverse bias voltage is known as
Early Effect. When the base width decreases, the probability of recombination of holes and
electrons in the base region is less. So the transportation factors B* increases.

4.4.2 CoMMON EMITTER CONFIGURATION (C.E)

R
In this circuit Fig 4.11, emitter is common to both base Y
and collector. So this is known as CE configuration or
grounded emitter configuration. The input voltage Ve I l'
and output current I are taken as the dependent C *
variables. These depend upon the output voltage Ve R C = Yee
and input current I . _ B |/>v
= : p—

VBE 'f] (VCE’ IB) .-l ;1; IB \k} F. e

IC =f£(VCE’ IB) W_VBB \LBE
INPUT CHARACTERISTICS

Y 4

If the collector is shorted to the emitter, the transistor is
similar to a Forward Biased Diode. So I_ increases as
Ve increases. The input characteristics are as shown

in'F ig. 4.12. [ increases with V__ exponentially, beyond cut-in voltage V_. The variation is
similar to that oBfa Forward BiasedBISiode. IfV,__=0,I =0,since emitter and'collector junctions
are shorted. If V__ increases, base width decreases ( By Early effect ), and results in decreased
recombination. As VCE is increased, from —1 to -3 lb decreases. VY is the cut in voltage.

Fig 4.11 Common Emitter pnp
transistor amplifier circuit.

-
$aa
A
I (mA) | NN
S mA
v
V. =0.6 T oV,

1
Fig 4.12 Input characteristics in C.E configuration.
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s e
=— (1 +
. lE- (IB IC) . . -
As V __ increases, lC increases, therefore | | decreases. Therefore, base recombination will
be less. The input characteristics are similar to a forward biased p-n junction diode.
Vi,

_ v,
L, = I} " -1

The input characteristics I, vs V_ follow the equation,

Via
vy |

L = Lle

OuTPUT CHARACTERISTICS

The transistor is similar to a Collector Junction Reverse Biased Diode. The output characteristics
is divided into three regions namely,

1.  Active Region.
2.  Saturation Region
3.  Cut-Off Region.
These are shown in Fig 4.13. If I increases, there is more injection into the collector. So

lC increases. Hence characteristics are as shown.

The output characteristics are similar to a reverse biased p-n junction. ( Collector Base
junction is reverse biased ). They follow the equation.
Vo
I = 1| e™ -1

0

The three different regions are
1. Active Region 2. Saturation Region 3. Cut-off Region.

I mAj Saturation

Active Region

T
IB= 80 pA
IB= 60 pA
IB=40p.A
I, =0 pA
7 e R
- VCE(V)

Fig 4.13 Output characteristics in C.E Configuration.
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IB+I +I =(
L="(,+1)
—IC=+I -, IE
But =——(I +l)
: IC= lco+oc IB+(X.IC

I (l-o)=—1+a.l
If the transistor were to be at cut off, I, must be equal to zero.

TEST FOR SATURATION
L gl > |-
2. IfV_, is positive for PNP transistor and negative for NPN transistor, the transistor

isin saturatlon
CoMMON EMITTER CuTt OFF REGION

If a transistor was to be at cut off, I . = 0. To achieve this, if the emitter-base junction is open
circuited, there cannot be injection of carriers from E to C, through B. Hence I, = 0. (Any
reverse saturation current flowing because of thermal agitation is very small. So the transistor can
not be operated). But in the case of C.E configuration, even if | | is made 0, the transistor is not cut
off. I will have a considerable value even when I, =0. The circuit is shown in Fig. 4.14.

Fig 4.14 Common Emitter Cut-off region.

Because, c=—o I + I
o= Current gam
= Reverse saturation current in the collector.

Io=
But L=~ +1)
If I;=01.=-I.
: I.=-a(= C)+I
or IC(l = o
or L=
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In order to achieve cut-off in the Common Emitter Configuration, Emitter Base Junction
should be reverse biased. a is constant for a given transistor. So the actual collector current with
collector junction reverse biased and base open circuited is desngnated by I Ifo ~ 0.9, then
lgo = 101, So the transistor is not cut off. Therefore, in the C.E conf%uratlon to cut of the
transistor, it 1s not sufficient, if [, = 0. The Emitter Base Junction must be reverse biased, so that
L. is equl to 0. Still I will not be zero, but will be I . Since 1 is small, the transistor can be
regarded as at cut ofip

REVERSE COLLECTOR SATURATION CURRENT I

CBO
I I is due to leakage current flowing not through the junction, but around it. The collector current
in a transistor, when the emitter current is zero, is designated by I o ogol can be> Lo Iois

collector reverse saturation current (when collector-base Junctlon ST reverse biased).
SATURATION RESISTANCE

For a transistor operating in the saturation region, saturation resistance for Common Emitter
configuration is of importance. It is denoted by R __ or R .¢’s (saturation) or R .

CES
Vce (sat)
cs Ic
The operating point has to be specified for R .
Saturation Voltage :

Manufacturers specify this for a given transistor. This is done in number of ways. R . value may
be given for different values of I , or they may supply the output and input characteristic for the
transistor itself. V E(Sat) depeng’s upon the operating point and also the semiconductor material,

and on the type of transistor construction. Alloy junction and epitaxial transistors give the lowest
values of V CE' Grown junction transistor yield the highest V CE

DC CURRENT GAIN B de

B i is also designated as h, (DC forward current transfer ratio).

lC
B—IB
[ = Yec
C RL

I
SoifBisknown, I,= [—g—]

Therefore, %C gives the value of base current to operate the transistor in saturation region.

B varies with I. for a given transistor.
TEST FOR SATURATION
To know whether a transistor is in saturation or not,

I
L2 )
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2. V__ should be positive for PNP transistor and negative for NPN transistor. In
the C.E configuration,
==y +1)
[.=-al +1.,

[ = leo —1c
E o
~I - ICBO + (X..IB
C l1-a 1-a
B _*
ut, . B= .
o
(1—a)=—B*

If we replace I, by 1 ..,
L=lgox(B+1)+
=+ B gt Bly

Transistor is cut off when1.=0,1.= lgoand I, =1, .. Soatcut-off § =0.

ol B
o

THE RELATIONSHIP BETWEEN a. AND 3

[E = Emitter Current
IB = Base Current
IC = Collector Current

Since in a PNP transistor, I flows into the transistor. I_ and IC flow out of the transistor.
The convention is, currents leaving the transistor are taken as negative. -

ILL=-(+1)

or L+ +1.=0
or lo=-1 -1
' -1
But o=
Ig
or for PNP transistor taking the convention,
—IC
S
i ke
I.=+ o I
1
(1),
(o-1)
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or I ( aa) =+1;
le o
—1; -«
Ie
l_ = 3 = Large Signal Current Gain = hee
o«
1-o

The Expression for Collector Current, I . :
The current flowing in the circuit, when E - B junction is left open i.e., ;=0 and collector is

reverse biased. The magnitude of [ ..

off.

The general expression for I . in the active region is given by,
Io=—l +145
[.=- (IC + IB)
Substitute eq. (2) in eq. (1)
l=+tad.+1)+1..
I [1 —a]zaIB+ICBO

« lCBo
= +
IC 11— IB 1—-
Ieg
where ICEO -
lopo 18 the reverse collector to emitter current when base is open.
RELATIONSHIP BETWEEN ICB AND I CEO
lo=—al + 1.4,
This is.the general expressmn for1.intermofa I and lgor
when I,=0,in Common Emitter ( C. E ) Configuration,
==l
Lt +=
IB =0 ( Since E-B Junction is left open )
le=-1L
lego = T lego + g
or ICEO(I oc)—lCBO
lco 1

o is large. Hence the transistor is nof considered to be cut
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In Common Emitter Configuration, for NPN transistor, holes in the collector and electrons in
the base are the minority carriers. When one hole from the collector is injected into the base, to
neutralize this, the emitter has to inject many more electrons. These excess electrons which do
not combine with the hole, travel into the collector resulting in large current. Hencel . is large

compared to ICPO When E B junction is reverse biased, the emitter junction is reduced and hence
is reduce

leko
Therefore, the expression for B gives the ratio of change in collector current (I.— )to
the increase in base current from cut off value lopo to the I,. So B is large signal current gam
of a Transistor in Common Emitter Configuration.

4.4.3 THE CoMMON COLLECTOR CONFIGURATION (C.C)

Here the load resistor R, is connected in the emitter circuit and not in the collector circuit. Input
is given between base and ground. The drop across R, itself acts as the bias for emitter base
junction. The operation of the circuit similar to that of Common Emitter Configuration. When the
base current is |  _, emitter current will be zero. So no current flows through the load. Base
current | shouldcbe increased so that emitter current is some finite value and the transistor comes
out of cut-off region.

Input characteristics I vs " Output characteristics [ vs V.

The circuit diagram is shown in Fig. 4.15 (a) and the characteristics are shown in Fig. 4.15
(b) and (c).

I, pA
T
V=3V
R
AW =
il
+
_T Vas
|
1
6v > Vpc (V)
(a) Cirucuit for C.C configuration (b) Input characteristics in C.C configuration
10 mA J
I(mA) I, =90 pA
2 I, = 60 pA
I;=0pA
= VW)

(c) Output characteristics in C.C configuration

Fig. 4.15
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The current gain in CC, ‘y’ :
It is defined as emitter current to the base current
Ig
Y=E-T1 e ¢))
B
Relationship between ‘e’ and “y” :
I
a=-7 )
B
L+ +1.= 0, .. =0+ .. 3)
Substitute eq. (3) in eq. (1)
! +Ic+lg) Lle Ig
Ig Ig
Y= ——-!——-— o= :lg‘
l—o IE
Expression for emitter current, I :
=l +lg, . 1)
IE =+ [C) ..... 2)

Substitute eq. (1) in eq. (2)
=g —al + 140
Ll -al=-1, -1,

=8 _lao
E l-a 1-a

E=-1lg+ Lo

I
[ =_ -CBO

ECO ~ l-a

Where I, o is reverse emitter to collector current when base is open.

PARAMETERS

y - = Emitter Efficiency
= IPE/IE for PNP transistor.
B* = Transportation factor

_ _I_ES_ _ No.of holes reaching collector

B IpE - No.of holes emitter
o = Small signal current gain
I

='I_;oc=B'y a<l
E
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4.5

o’ = Small signal current gain

h_. = B = Large signal current gain
e B>>1
Iy
h..= B’ =Small signal current gain
dl. Al
Tl Al
I 5o = Reverse saturation current when E-B junction is open circuited.

ICo = Normal Reverse Saturation Current

B >>1

CONVENTION FOR TRANSISTORS AND DIODES
Two letters followed by a number
First Letter :
A —> Gedevices. B: Silicon devices C : Ga As devices
D — Indium Antimonide
Second Letter :
A — Detection diode ; B —> Variable capacitance device
C — Transistor for A.F application : D — Power Transistor :
Y — Rectifying diode F : Transistor for R.F application
Example : AF 139 : It is Ge transistor for R.F applications No. 139 is design Number
BY 127 : Silicon rectifying diode.
Old System : Letter ‘O’ indicates that it is semiconductor device.

Second letter A for diode, C for transistor. AZ for zener diode
OA 81 : It is semiconductor diode

OC 81 : It is transistor

OA Z 200 : zener diode

Problem 4.1
Given an NPN Transistor for which = 0.98, |

=2mA. A common emitter connection is used

and VCC =12V, R, = 4.0 KQ. Wh;t is the mno1imum base current required in order that the

transistor enter its saturation region? ( Fig.4.16)
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Solution
IC (saturation) = R,
2
Tk oM
I (sat.)
Then lB(mm) = B
_o 0
P10 " 1-098 -
3 .
= — = Fig. 4.16 For Problem 4.1.
IB(mm) 29 61.3 mA 8
Lot This is the reverse saturation current in the C.B junction due to minority carriers
when 1 = 0. (in Covalent Bond Configuration when E - B, n is left open),
Vee =
Igo It is the collector current when I, = 0 or when E - B junction is oscillator

circuited in C.E configuration. ( ﬁg. 4.17)

Fig. 4.17 For Problem 4.1.

Problem 4.2

Show that the ratio of the hole to electron currents I /I _ crossing the emitter junction of a

pnp transistor is proportional to the ratio of the conduct'fvitny of the p - type material to that of the
n - type material.

Solution
/o
Ve . VoIV
Assume e is much smaller than 1 and ¢ >> 1,

AeDpnpy (.,
= EVT 1) =
Inp(o) Ln (e l) lnE
Inp(o) = Current due to injection of electrons from the base,

il

where - The electron current component of emitter current.
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Since, the collector is reverse biased, VC is negative = (e‘VC/VT - 1) .

V,
If VQ >>1, e‘vc/VT is negligible.
T

VE
_ —AeDppy {eVe/VT _q) - ei/? -1
I, (©=—— ( )

+AeDppy, oy
— VBV =]

Ipn(o) N w pE

1oe _ AeDpp,, e"E/'T Ln
Lig w " AeDnn e'E/M

ILE _ L, .Dp.p,,o

Ie w.D,n,

G, =W, xexp
n;
But p.=—

P l’lp

2
nj

c =u xex — and
P P np0

2
n,

= = —_— x
o, =p Xxen =p =pxnx
no

= i
P™ Py ex o

Substituting there two values in the above equation we get.

Le _ L.D, W, en/c, _PaSy L, D

e  wDn o,p,en} Oy, W D
D, D
But 2 -y
By  Ha
Le L %
lue Cow On
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Problem 4.3
Assuming that 37 =h_and B ~ h_.. Show that

- hpg
oh
1-(Icpo + g )—LE
(CBO B)alc

fe
B’ = Small Signal C.E current gain = hfc
B = Large Signal C.E current gain = h_

Solution :

The relation between B/ and f3 s,

5 — aﬁ
_B+(ICBO+IB). 5];
B A
TR T (Multiplying and dividing by 01.)
A,
But f=3
B =31,
B 9B
ol =B al¢
dap
But B’ =B+(ICBO) B’ . -Zic_

B’ [1 —(Icgo + IB).g{—} =B

h
B” =hg= = oh w B=hy
1—(Icgo + IB).a—IF-E-
c
Problem 4.4
IfI;>> 1po Show that
he —hegg _ e Ohge
hfe hFE . aIC
Solution :
h. = B = Large signal current gain
h, =P’ = Small signal current gain
B =B+ ogo Iy
cBO ' 'B/° o,

ICBO is small, compared to IB,
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ap
I — .+.I
Pr=p *1 ol
h.=h_+I e

Fig 4.18 For Problem 4.4.

In the Fig. 4.18 NPN transistor in Common Emitter Configuration is shown. In order to cut
off, it is not sufficient if I_ is made zero, but the E — B junction should be reverse biased. The

reverse saturation current that is flowing even when 1, =0 is called I ., .. For a transistor in
C.E configuration to cut off, the condition is
. Vo =~ Vg TRy 1o - 0.1
This is valid for Si or Ge devnces Note V. should be negative.
Problem 4.5

The reverse saturatlon current of the Germanium transistor shown in the Flg 4.18.is2 uA at room
temperature of (25°C) and increases by a factor of 2 for each temperature increase of | 0°C. The
bias V  =5V. Fmd the maximum allowable value of R}, if the transistor is to remain cut-off at a
temperature of 750 C.

Solution :

Ipo 21 25°C=2uA
It gets doubled for every 10° rise in temperature.

. 0
Therefore, ICBO isat 75°C.

Increase in temperature is 75 — 25 = 50° C.
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50

lepo 8t 75°C=2x 107 » 210 =2 x 2% x 107 = 64pA

IfV, is<0.1V, the transnstor will be at cut-off, since V. < V The equation of transistor
to be at cut-off is
Ve ==V * R I SOV Vo = 5V I =64pA;
Ry,=? Vg =-01V.
0.1=-5+64x100x R,

4.9
R, = axios 76.5kQ)
Problem 4.6

If Vg = -1.0V, and R = 50KQ, how high may the temperature increase before the transistor
comes out of cut-off?

Solution

As the temperature increases, conduction takes place in the transistor. But because of high value
of R, transistor remains cut off till the temperature increases above a particular value.

Vgg =—1.0V; R, =50k

~1+50 x 1o3x1 0=-0.1
lgo = 181A

lso doubles for every 100 rise in temperature.

at At AT

18=2x210 ;210 =9 or*la=3.2
AT =32°C

Hence T=25+32=57C

Problem 4.7

For the transistor AF 114 connected as shown in Fig. 4.19, determine the values of Igs I and V

given that V,_ = — 0.07V and V,_=-0.21V. B¢

-9V

1 KQ

-

= 30 KQ

C
)
E

777
Fig 4.19 For Problem 4.7
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Solution

PNP transistor collector is reverse biased. E-B junction is open circuited. So the current flowing
is the reverse saturation current.

~OV-Veg  -9+0.07

= E =T ~-893mA
[ o T9- Ve
B~ 30K
= 22292 203 ma.
30K

VBC = VBE - VCE =-0.21+0.07=-0.14V
Problem 4.8

Ifa =098, and V.. = 0.6V, find R, in the circuit shown in Fig. 4.20 an Emitter Current
I, =-2 mA; Neglect reverse saturation current.

I
N 7 £

Fig 4.20 For Problem 4.8.

Solution

I is negative because it is NPN transistor. So actually I_is flowing out of transistor. The convention
1s currents, entering into the transistor are positive. FSo I is negative here. Though there is no

separate bias for the emitter, the voltage drop between emifter and ground itself acts as the forward
bias voltage.

IE=—2mA;IC=-0L.IE=0.98 x 2 =196 mA
I is positive since it is entering into transistor.
=(1-a)I;=(1-0.98)(=2) =40 pA
The voltage between base and ground Ve =1Vt R and (considering only magnitude)
Ve =10.6:1.=2mA:R_=100Q
Vo =06+(2x0.1)=0.8V

is >
VBN is VBE
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Vgy 0.8
= e II e T 4
e ™R, T 20k WA
lgy = I+ 1 =40-+40 = 80uA
Ly =T, + 1o T =80pA
I.= 1.96mA
o= 80 pA+ 1.96 mA =2.04pA
Vi, = Voo = Vie™ Voy = 12 - (209 ¥ 3.3) - 0.8 = 447V
VR' 3 447 — 56K
Il 008

Problem 4.9

Show that for an NPN silicon transistor of the alloy junction type, in which the resistivity p, of the

base is much larger than that of the collector, the voltage V is given by
6.34x10°.W?

Py ’
where p is in Q — cm and base width W in milis.
Solution

V:

12 2

€7 36mx10°

|
F/m = om0 F/cm
p =500 cm?/V - sec.

The expression for W2=2¢ .——V—B~ ,

eN,
where e =12/36n x 10" F/em.
In NPN transistor, the base is ‘P’ type.

o, =0y (base)

or c. = =

Thus e.N, =
pB'“p
N, W2 : .
Vp= 6——2’3*— V, is called the Barrer Potential or Contact Potential.
€
Substitute the value of €.N  in the expression for V.

V. = W
B 2e '”‘ppB
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"
Substitute the value of € of Silicon as _ 12 F/cm.

36mx10"!
Since W is in mills,

. 1 .
1 mil= T000" ( one thousand of an inch )

To convert this to centimeters, multiply by 2.45
.. Barrier Potential,

2
2(mills)x (2.54) ( 1 )
) W2(mills)x (2.54) x 1000
V= 2x12 300

X
36mx10" V—sec' B
u =500 cm?/V - sec = Mobility of Holes
2
V,=6.1x 10’ x W
PB

Problem 4.10

A transistor having o = 0.96 is placed in Common Base Configuration with a load resistance of

5 KQ. Ifthe emitter to base junction resistance is 8002, find the values of amplifier current, voltage
and power gain.

7_

Fig 4.21 For Problem 4.10
Solution

I
A, = current gain = £ =0=0.96

E
o.R
A=
V. YBE
~ 0.9x5x10’ 60
==

Power Gain Ap = Av X AI =60x096=57.6
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Problem 4.11

If a transistor, with o = 0.96 and emitter to base resistance 80Q is placed in Common Emitter
Configuration, find A], AV and AP.

Solution
I
Al = ful O = B
B
o
B— -
_ 096 o
"~ 1-0.96
—~BR
A= BR
YBE
24x7.5%x10*
= =-22,500 A,=A xA, =24 x22,500=5,40,000.

Problem 4.12
A transistor is operated at a forward current of 2tA and with the collector open circuited. Calculate
the junction voltages V . and V_, the collector to emitter voltage V . assuming 1, =2pA, I =

l6pAando, =098 ¢

Solution

I.=0 Since Collector Junction is open circuited.
=1 [LVa/V;
I=1, (e - 1)

N
[p=lgo [ -1
Ve V.
I —_— —E_
1_E=ean Clore™ =1+ -E
EO Igo
V
—-£—=ln[l+l—E VE=n.VT1n(1+I—EJ
nVr Igo Igo
V,=0.1853V
- I
VC = VT In. (l-f'gj
= V’]‘ In[ _&_I.E'_J
I
co
=0.179V

Vg = V-V =-0006V
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Problem 4.13

A load draws current varying from 10 to 100 mA at a nominal voltage of 100V. A regulator
consists of R, = 200Q and zener diode represented by 100 V, and R, =20Q. For I, =50 mA.
Determine variation in V., corresponding to a 1 % variationin V, .

Solution

The zener diode is represented by a voltage source with it. V| can vary with in 1 % so what is the
allowable range in which V can be permitted to vary ? In order that the zener diode is operated
near the breakdown region, the current through the zener diode is operated near the breakdown
region, the current through the zener should be at least 0.1 times the load current.

R, i
Tz‘%’QT uJ.jIZ RLT

I & il !

Fig 4.22 For Problem 4.13

lme =0.1 (]Lmax) l[.max = 100 mA.
[, =0.1 x 100 =10 mA.
VL = vZ + lZRZ

=100+ 0.01 x20=100.2V
V=V, A )R
= 100.2 + (0.05 +0.01) 200
=112.2V. VL= 100.2V
1% increase is V, =~ 1V.
V") =1002+1=101.2V
1 heretore, the increase

1= e Ve
AR R,
1012100
B 20
12 vV
_26 5 0.06A

Total Current = 0.05 +0.06 =0.1 A

Total Voltage V. =V, + R x (I, + 1)

=101.2+200 x (0.05 + 0.06)

vV, =1232V Change in V|=123.2V—112.2V=11V

A change of 11V in V, on the input side produces a change of 1V on the output side due to
zener diode action.
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4.6 FIELD EFFECT TRANSISTOR (FET)
The Field Effect Transistor is a semiconductor device which depends for its operation on the
control of current by an electric field. Hence, the name FET.
There are two types (FET) :
1. Junction Field Effect Transistor (JFET) or simply FET.

2. Insulated Gate Field Effect Transistor IGFET. It is also called as Metal Oxide
Semiconductor (MOS) transistor or MOST or MOSFET.
The principle of operations of these devices, their characteristic are given in this chapter.
Advantages of FET over BJT (Transistor)
1. JFET is unipolar device. Its operation depends upon the flow of majority carriers
only. Vacuum tube is another example of unipolar device. Because the current

depends upon the flow of electrons emitted from cathode. Transistor is a bipolar
device. So recombination naise is more.

2. JFET has high input resistance (MQ). BJT (Transistor) has less input resistance.
So loading effect will be there.

3. It has good thermal stability.

Less noisy than a tube or transistor. Because JFET is unipolar, recombination noise
is less.

R

5. ltisrelatively immune to radiation.
6. JFET can be used as a symmetrical bilateral switch.
7. By means of small charge stored or internal capacitance. it acts as a memory device.
8. It is simpler to fabricate and occupies less space in IC form. So packing density
is high.
Disadvantage

1. Small gain - bandwidth product.
4.6.1 JFET-

There are two types;
1. n - channel JFET.
2. p - channel JFET.
If n - type semiconductor bar is used it is n - channel JFET.
If p - type semiconductor bar is used it is p - channel JFET.

Ohmic contacts are made to the two ends of a semiconductors bar of n-type or p-type
semiconductor. Current is caused to flow along the length of the bar, because of the voltage
supply connected between the ends. If it is n - channel JFET, the current is due to electrons only
and if it is p-channel JFET, the current is due to holes only.

The three lead of the device are 1. Gate 2. Drain 3. Source. They are similar to 1. Base
2. Collector 3. Emitter of BJT respectively.
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4.6.2 n-Channel JFET

The arrow mark at the gate indicates the direction of current if the
Gate source junction is forward biased.

On both sides of the n - type bar heavily doped (p*) region
of acceptor impurities have been formed by alloying on diffusion. S
These regions are called as Gates. Between the gate and source
avoltage V o is applied in the direction to reverse bias the p-n junction.  Fig 4.23 (n-channel JFET)

p-Channel JFET

The symbol for p-channel FET is given in Fig. 4.24. The semiconductor
bar is p-type or source is p-type. Gate is heavily doped n-region.
If G - S junction is forward biased, electrons from gate will travel

towards source. Hence, the conventional current flows outside. So, G O
the arrow mark is as shown in Fig. 4.24. indicating the direction of
current, if G-S junction is forward biased. S
The FET has three terminals, Source, drain and Gate.
Source Fig 4.24 (p-channel JFET).

The source S is the terminal through which the majority carriers enter the bar (Fig. 4.25).
Conventional current entering the bar at S is denoted as IS‘

p - type Gate

n - type channel

@
Source S Drain D

Al ‘\_p - type Gate

Fig 4.25 Structure of JFET
Drain

The drain D is the terminal through which the majority carriers leave the bar. Current entering
the bar at D is designated by I;. V[ is positive if D is more positive than S, source is forward biased.

Gate

In the case of n - channel FET, on both sides of the bar heavily doped (p+) region of acceptor
impurities have been formed by diffusion or other techniques. The impurity regions form as
Gate. Both these region (p+ regions) are joined and a lead is taken out, which is called as the
gate lead of the FET. Between the gate and source, a voltage Vg is applied so as to reverse
bias the gate source p-n junction. Because of this reason JFET has high input impedance.
In BJT Emitter Base junction is forward biased. So it has less Z. Current entering the bar
at G is designated as 1.

CHANNEL
The region between the two gate regions is the channel through which the majority carriers move

from source to drain. By controlling the reverse bias voltage applied to the gate source junction
the channel width and hence the current can be controlled.
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4.7 FET STRUCTURE
FET will have gate junction on both sides of the silicon bar (as shown in Fig. 4.26).

Source ls
.

-

N\,

SN NN Depltion regon 3 -

. 4
i

—||+

p* type gate
Drain

22 ntype channel

pt type gate

)]

Fig 4.26 JFET structure.

But it is difficult to diffuse impurities from both sides of the wafer. So the normal structure
that is adopted is, a p-type material is taken as substrate. Then n-type channel is epitaxially
grown. A p-type gate is then diffused into the n-type channel. The region between the diffused
p-type impurity and the source acts as the drain.

2b (x) = Actual channel width, at any

2a

can be assumied to be constant, throughout its. length.

Where,

point x, the spacing between
the depletion regions at any
point x from source end
because the spacing between
the depletion regions is not
uniform, it is less towards the
drain and more towards the
source (see Fig.4.27). 2b
depends upon the value
of V.

Channe! width, the spacing

Source
Drain Gate

=

i

X

Fig 4.27 Structure

between the doped regions of the gate from both sides. This is the channel w1dth
when V5o = 0 (and the maximum value of channel width).

4.7.1 THE ON RESISTANCE s (ON)

Suppose a small voltage Vg is applied between drain and source, the resulting small drain current
I, will not have much effect on the channel profile. So the effective channel cross section A

A =2bw

charge regions)
w = Channel dimension perpendicular to b.

2b = Channel width corresponding to zero I, (Distance between the space
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.. Expressions for,
Ip=A.e.Npup, g
J=ne.p.e (=08 0-=nei)
l=Ax],
But A=2b(x).w
Considering b along x-axis, since ‘b’ depends upon the voltage V¢, b(x) is the width
at any point ‘x’.
: Ip =2b (x) . q. N, . 1, £
C VoS | e tenath of
g, = L L is the length of the channel
(Electric field strength depends upon V. Channel width 2b depends upon Vg.)

A%
Ip =2b (x) w. q. Ny . 1, .—-]'35
‘This expression is valid in the linear region only. This is the linear region, It behaves like
a resistance, where ohmic resistance depends upon V5.Vyg/ Iy is called as the ON drain
resistance or rpg gy ON because, JFET is conducting, in the ohmic regions when Vg is small
and channel area A = 2a.w,

Tpsen) = L/2 b(x) wq Np,
IDS(on) will be few Q to several 100 Q.

Because, the mobility of electrons is much higher than that for holes, TDs(on) IS small for
n-channel FETs compared to p-channel FETs.

4.7.2 PINCH OFF REGION

The voltage Vg at which, the drain current I, tends to level off is called the pinch off voltage.
When the value of V¢ is large, the electric field that appears along the x-axis, i.e., along the
channel £, will also .Be more. When the value of I, is more, the drain end of the gate i.e.,
the gate region near the drain is more reverse biased than the source end. Because, the drain
is at reverse potential, for n-channel FET, source is n-type, drain is n-type and positive voltage
is applied for the drain, gate is also reverse biased. Therefore, the drop across the channel adds
to the reverse bias voltage of the gate. Therefore, channel narrows more near the drain region
and less near the source region. So, the boundaries of the depletion region are not parallel when
Vps is large and hence g, is large. '

As Vg increases, €, and I, increase, whereas the channel width b(x) narrows
(*+ depletion region increases). Therefore the current density J = I / 2b(x) w increases.
If complete pinch off were to take place b = 0. But this cannot happen, because if b were
to be 0, J — oo which cannot physically happen.

Mobility p is a function of electric field intensity p remains constant for low electric fields
when g, < 10°V/cm.

1
B o N when g, is 103 to 10* V/em.(for moderate fields).

wo —- for very high field strength > 10% V/em.
€

Ih = 2bwe Np 1, &
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As Vg increases, € increases but p, decreases, b almost remains constant. Therefore
I;y remains constant in the pinch off region.

Pinch off voltage (Vp(, or V) is the voltage at which the drain current I, levels off.

When Vg = 0V, if Vo = — 1V, the voltage at which the current I levels off decreases,
(This is not pinch off voltage). If Vg is large — 5, V5 at which the current levels off may
be zero. So the relationship between Vg, Vpp and Vs is

Vps = Vpp + Vs Vpg is positive n-channel FET.
Vpo = P indicates pinch off voltage, zero indicate the voltage when Vg = OV.
Vps is the voltage at which the current 1, levels off.(See Fig. 4.28).

~ Moma Gs
i MAJ --ecemecanaos -
D I .
-1
lDs """ -2
: -3
2 3 4 5=VPO \Y

Fig 4.28 JFET drain characteristics.

.4.7.3 EXPRESSION FOR PINCH OFF VOLTAGE, VP

Net charge in an alloy junction, must be the same,
semiconductor remains neutral.
eN, wp =€ Np . w,
If N, >> Np, from the above eq, w, << w,.
The relation between potential and charge density (p)
is given by Poisson’s equation.
d?v _eNp
dx? €
We can neglect W, and assume that the entire
barrier potential Vi appears across the increased
donor ions. e.Np = charge density P

S dv.  eNp Fig 4.29 Charge density variation
lewsnting —- = =)
S R ==
_ &Np x’ 2a .____jz_b_
" Te 2 S By €\

At the boundary conditions, x = w, Fig 4.30 Structure
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w, = depletion region width
eNp

2
Se - n

1
_ J2eV|?
or w, = N,

This is the expression for the penetration of depletion region into the channel. As the reverse
bias potential between Gate and drain increased, the channel width narrows or the depletion region
penetrates into the channel. Therefore the general expression for the spacecharge width
W, (x) = w(n).

V:

]
2€ 2
w(n) = {E{VO_V(X)}}
V = Voltage between drain and source Vg

w = Penetration of depletion region into the channel,

Where V = Vi = V(x); V, is the contact potential at x and V,, is the applied potential
across space charge region at x and is negative for an applied potential. This potential (between D
and S) is not uniform throughout the channel. The potential is higher near the drain and decreases
towards the source. The depletion region is more towards the drain and decrease towards the source.

V=V,- V()
The actual potential is the difference of V, and V(x).
€ = Dielectric constant of channel material

2¢ %
w(x) = a — b(x) = { < Vo —V(x))} ..... )

€Np
a — b(x) = Penetration w(x) of depletion region into channel at a point
x along the channel from one side of gate region only.

2a = Total width between the two gate diffusions.

2b(x) = Depletion region width between the two sides of the gate
regions.

If I = 0, b(x) is independent of x and it will be uniform throughout the channel and will
be equal to ‘b’. V, will be much smaller than V(x).

If in equation (1), we substitute b(n) = b = 0, neglect V,, and solve for V we obtain the
pinch off voltage. Because at pinch off, the two depletion regions from both sides meet each
other, therefore the spacing between them b(x) = 0.

Therefore, w at pinch off, V, neglected, b = 0,

_ 2¢e v %
W7 leNy P
2€

or w2=a; Vp
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4.8 FET OPERATION

If a p-n junction is reverse biased, the majority carriers

will move away from the junction. That is holes on the space charge
p-side will move away from the junction leaving negative . /\‘ .
charge or negative ions on the p-side (because each atom — '
is deprived of a hole or an electron fills the hole. So it -pZ ++n'_:l
becomes negative by charge). Similarly, electrons on the L— i + :

n-side will move away from the junction leaving positive
ions near the junction. Thus, there exists space charge
on both sides of the junction in a reverse biased p-n !
junction diode. So, the electric field intensity, the lines
of force originate from the positive charge region to the
negative charge region. This is the source of voltage drop
across the junction. As the reverse bias across the junction
increases, the space charge region also increases, or the region of immobile uncovered charges
increases (i.e., negative region on p-side and positive region on n-side increases as shown
in Fig. 4.31). The conductivity of this region is usually zero or very small. Now in a FET,
between gate and source, a reverse bias is applied. Therefore the channel width is controlled
by the reverse bias applied between gate and source. Space charge region exists near the
gate region on both sides. The space between them is the channel. If the reverse bias is
increased, the channel width decreases. Therefore, for a fixed drain to source voltage the
drain current will be a function of the reverse biasing voltage across the junction. Drain
is at positive potential (for n-type FET). Therefore, electrons tend to move towards drain
from the source (1) Because, source is at negative potential, they tend to move towards
the drain. But because of the reverse bias applied to the gate, there is depletion region
or negative charge region near the gate which restricts the number of electrons reaching
the drain. Therefore the drain current also depends upon the reverse bias voltage across
the gate junction. The term field effect is used to describe this device because the mechanism
of current control is the effect of the extensions, with increase reverse bias of the field
associated with region of uncovered charges

The characteristics of n-channel FET between I, the drain current and Vg the drain
source voltage are as shown in Fig. 4.32, for different values of V.

Fig 4.31 Space charge in p-n
Jjunction.

-35Vv
20V

—p VDS’ Volts

t LJ L T t t t

Fig 4.32 Drain charecteristics

To explain these characteristics, suppose Vg = 0. When Vg = 0, I = 0, because the
channel is entirely open. When a small Vg is applied (source is forward biased or negative
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voltage is applied to n-type source), the n-type bar acts as a simple semiconductor resistor and
so Iy increases linearly with V. With increasing current, the ohmic voltage drop between the
source and the channel region reverse biases the junction and the conducting portion of the channel
begins to constrict. Because, the source gets reverse biased or the negative potential at the
n-type source reduces. Because of the ohmic drop, along the length of the channel it self, the
constrictions is not uniform, but is 1nore pronounced at distances farther from the source. i.e.,
the channel width is narrow at the drain and wide at the source. Finally, the current will remain
constant at a particular value and the corresponding voltage at which the current begins to level
off is called as the pinch off voltage. But the channel cannot be closedown completely and
there by reducing the value of I to zero, because the required reverse bias will not be there.

Now if a gate voltage V¢ is applied in a direction to reverse bias the gate source
junction, pinch off will occur for smaller values of (V5¢), and the maximum drain current
will be smaller compared to when V ;¢ = 0. If V¢ is made + 0.5V, the gate source junction
is forward biased. But at this voltage, the gate current will be very small because for Si FET,
0.5V is just equal to or less than the cut in voltage. Therefore, the characteristic for
Vs = + 0.5V, I, value will be comparatively larger, (compared to V5 = 0V or ~ 0.5V). Pinch
off will occur early.

FET characteristics are similar to that of a pentode, in vacuum tubes.

The maximum voltage that can be applied between any two terminals of the FET is the
lowest voltage that will cause avalanche breakdown, across the gate junction. From the FET
characteristics it can be observed that, as the reverse bias voltage for the gate source junction
is increased, avalanche breakdown occurs early or for a lower value of Vo, This is because,
the reverse bias gate source voltage adds to the drain voltage because drain though n -type (for
n-channel FET), a positive voltage is applied to it. Therefore, the effective voltage across the
gate junction is increased.

For n-channel FET, the gate is p-type, source and drain are n-type. The source should
be forward-biased, so negative voltage is applied. Positive voltage is applied to the drain. Gate
source junction should be reverse biased, and gate is p-type. Therefore,voltage or negative
voltage is applied to the gate. Therefore, n-channel FET is exactly similar to a Vacuum Tube
(Triode). Drain is similar to anode (at positive potential), source to cathode and gate to grid,
(But the characteristics are similar to pentode).

For p-channel FET, gate is n-type, and positive voltage is applied, drain is at negative
potential with respect to source.

Consider n-channel FET. The source and drain are n-type and p-type gate is diffused
from both sides of the bar (See Fig. 4.33 below).

Gate
L p |

_ n - type channel I
Source S Drain D

[ ? ]

Fig 4.33 Structure of n-channel JFET.
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Suppose source and gate are at ground potential and small positive voltage is applied
to the drain. Source is n-type. So it is Forward biased. Because drain is at positive potential,
electrons from the source will move towards the drain. Negligible current flows between source
and gate or gate and drain, since these p-n junctions are reverse biased and so the current is
due to minority carriers only. Because gate is heavily doped, the current between S and G or
G and D can be neglected. The current flowing from source to drain Iy depends on the potential
between source and drain, Vg, resistance of the n-material in the channel between drain to
source. This resistance is a function of the doping of the n-material and the channel width;
length and thickness.

If Vg is increased, the reverse bias voltage for the gate drain junction is increased, since,
drain is n-type and positive voltage at drain is increased. This problem is similar to that of a
reverse biased p-n junction diode.

=
es s o0
++++

(BT
cooo0o0
=]

<~ | —
1
i
i
i

Fig 4.34 Reverse biased G - D junctions

Consider a p-n junction which is reverse biased. The holes on the p-side remain near
the negative terminal and electrons on the n-side reach near the positive terminal as shown in
Fig.4.34. There are no mobile charges near the junction. So we call this as the depletion region
since it is depleted of mobile carriers or charges. As the reverse voltage is increased, the depletion
region width ‘7’ increases.

This result is directly applicable for JFET. The depletion region extends more towards
drain because points close to the drain are at higher positive voltage compared to points close
to source. So the depletion region is not uniform Vg < V.. But extends more towards drain
than source. Vy is the pinch off voltage.

As Vg is increased, depletion region is increased (shaded portion). So channel width
decreases and channel resistance increases. Therefore, the rate at which Iy increases reduces,
eventhough there is positive potential for the electrons at the drain and hence they tend to move
towards the drain and conventional current flows as shown by the arrow mark, in the Fig.4.35.

Gatel—;;r

Source [@ Drain
D 2

a7 | L

7JTGate 71‘7

Fig 4.35
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When VDs = Vpo

When Vg is further increased, the depletion region on each side of the channel join together as
shown in Fig.4.36. The corresponding V) is called as Vp, the pinch off voltage, because
it pinches off the channel connection between drain and source.

Gate 1—7;7

Source Drain

Ip<
e —

When Vg > Vp

If Vog is further increased, the depletion region thickens. So the resistivity of the channel increases.
Because drain is at more positive potential, more electrons tend to move towards the drain. Hence
I, should increase. But, because channel resistance increases, I, decreases. Therefore, the net
result is Iy levels off, for any Vg above Vp,.

_ VDS

. =
D

Ips
In the linear region, rpg is almost constant. So as Vyyg is increased, I, increases. When

the two channels meet, as Vg increases rpyq also increases. So I, remains constant.(See Fig.4.37)

Gate {;7-
| D

Source

=

Fig 4.37 Depletion region width variation in JFET.
4.9 JFET VOLT-AMPERE CHARACTERISTICS

Suppose the applied voltage V5 is small. The resulting small drain current I, will not have
appreciable effect on the channel profile. Therefore, the channel cross-section A can be assumed
to be constant throughout, its length.

A =2b.w,

Where 2b is the channel width corresponding to negligible drain current and w is channel
dimension perpendicular to the ‘b’ direction.

' Ip = Ae . Np ye

A=2b.w
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e - Vbs
L
v
= 2bwe . N pn.-—fi ..... (1)

Where L is the length of the channel. Eliminating ‘b> which is unknown,

1b2
Vs =175 - Vr

Substituting, this value in equation (1),

=

v b
3 ZaweND Hn |]—| 2GS

This is the expression for I, in terms of Vg, Vp, and Vg because the value of b is not
directly known.
_eNp
P 2e
But, w=a-b(x)
b = 0, at pinch off,
w = a = The spacing between the two gate dopings.

eNp
lel = 2¢

Vps controls the width of the depletion region (a — b) because for a given Vg, as Vg
increases, the reverse potential between drain and gate increase. Therefore, depletion region
width increases.

EXPRESSION FOR VGS

. w2

a2

eNpyx?2
V= =
2¢

We can get the expression for V¢ if we replace x by (a - b) and V by V.

eNp(a—b)’

Vs = " e
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eNp »

But [Vpl = a
|
2e al

Substituting this in expression for V
V,
Vg = zzﬂ(a ~b)?

Channel width is controlled by V. As Vg increases, channel width reduces.)
Therefore, channel width is controlled by V¢ and depletion region width by V.

) bz
Vgs = T .Vp

THE ON RESISTANCE r ds (ON)
When V¢ is small, the FET behaves like an ohmic resistance whose value is determined by V.

V. I
The ratio —bS Tds(ON) 0

Iy T

I, = 2bwe N Vbs 1

D p Hy - —2 bDs =

L
Vps _ L _
= = Tas(ONy > Vis

| 2awe Ny i
b prn Fig 4.38 Drain characteristics

4.10 TRANSFER CHARACTERISTICS OF FET

Ing= The saturation value of the drain current or the value at which I remains
constant.

Insg= The saturation value of the drain current when gate is shorted to source that
isV55=0.
It is found that the transfer characteristics giving the relationship between I, and V¢ can
be approximated by parabola.
2
_XG_QJ

Ips=Ipss [1 v,

Transfer characteristic follows the equation, I vs V 5¢

2
Ves
IDZ(IDSS+IGSS)[]— v, ] —lgss

With negligible I 54, because I is the leakage gate current between G and S when D is
shorted, to S will be of the order of nano amperes, so it can be neglected.
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2
Ip=1 [1 —YQ&J
D~ Ipss v,

This V,is V g5 (0fr) and not Vipg because when Vi, = Vg 60,15 = 0.
Inss = The saturation value of drain current when gate is shorted to source or

A%
GS
The transfer characteristics can be derived from the drain characteristics.

— 10V
N
4 3 -2 -1 0 > Vs

Fig 4.39 Drain and Gate characteristics of JFET.

To construct transfer characteristics, a constant value of Vg is selected. Normally this
is chosen in the saturation region, because the characteristics are flat. The intersection of the
vertical line abcd gives a particular value of Iy for different values of Vg, So the transfer
characteristics between I, and Vg can be drawn.

If the end points Vj, and Igq are known, a transfer characteristics for the device can
be constructed.

Here V) is again called the pinch off voltage or V ;g voltage. This is the voltage
between gate and source for which Iy becomes zero. As the reverse potential between G and
S increases, depletion region width increases. So channel width decreases. For some value of
Vs channel pinches off or I, practically becomes zero (It cannot be exactly zero but few nano
- amps). So this gate source voltage at which I, becomes zero is also called as pinch off voltage
or Vg offy Voltage. This pinch off voltage is different from Vg voltage at which Iy, levels off.
Since in the latter case Iy is not zero, but channel width becomes zero and channel pinches
off. This channel width is made zero either by controlling Vg or V ;. Hence there are two
types of pinch of voltages. The specified pinch off voltage V_ for a given FET can be known
if it is due to Vg or V55 from the polarity of the voltage V. For n-channel FET, Vg is
negative (since gate is p-type, G-S junction is reverse biased) VPDS is positive. If the specified
Vp is =5V, (say) that it is due to Vg because Vi is negative. If Vp is positive, it is
due to Vg at which Iy levels off.

4.10.1 FET BIASING FOR ZERO DRIFT CURRENT

As Temperature (T) increases, Mobility (i) decreases at constant Electric Field (), therefore
Iy increases. As T increases depletion region width decreases. So conductivity ¢ of the channel
increases, I also increases.

Iy decreases by 0.7 % per degree centigrade.
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I increase at a rate of 2.2 mV/°C change in Vs Therefore change in Vg = 2.2 mV/C.

For zero drift current,
0.007 15| =0.0022 g,
I
or |_12l =0.314V
Em
or [Vpl=[Vgg|=0.63V
2
Te=1 1— VGS \)
DsTIDss| Ty, J
V, +«—V
gm = gmo[ _____\;G_S_] GS
p Fig 4.40 Biasing for zero drift current.
—2Ipss
&mo V

4.14 Problem
Design the bias circuit for zero drain current drift, for a FET having the following particulars :
Vp=—3V 5 8mo = 1.8 MA/V
Ipgs = 1.75mA, if Ry =5kQ
(a) Find I, for zero drift current.

() Vgs
(¢) Rg
(d) Voltage gain with R  bypassed with a large capacitance,
Solution
For zero drift current,
Vp =-3V
v 2
- -GS

(a) Ip= IDSS[I v, ] ~0.08 mA
(b) .. Vgs=—3-0.63=-3.63V

_—Vgs 363 __363

Vos = Vp

(d) €m~ Bmo V—p =(.378 mA/V
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Iy ohmic . saturation : break down
region | region i region
) |
T V=0 |
/ Gs I
___________ LA
lPO » 1 '
. . o
. ' 1 ,
L o
: . b BV
o P DSs
VPO — Vns

Fig 4.41 Drain characteristics.

The drain current I, increases rapidly as Vg increases, towards Vpq. Above Vp.
The current tends to level off at Iy and then rises slowly. When V¢ = Breakdown voltage
BV g, breakdown (avalanche) occurs and the current rises rapidly. Current levels off because
as V increases, resistance of the channel also rises. Therefore, I remains constant. As V

increases, R increases, therefore % = constant. The region before V is called ohmic region

because ohms law is obeyed (see Fig.4.41). Just as a p-n junction breakdown when reverse
voltage is very high FET also break down if V¢ is high due to high electric field.

Suppose Vg is fixed and V5, is varied. As Vg is made negative, p-n junction is reverse
biased and depletion region between gate and source increases. This decreases channel width
and increases channel resistance. Hence I, decreases. If gate voltage is made positive, depletion
region decreases and hence I, increases. The p-n junction, between gate and source becomes
forward biased and current flows from gate to source. So n-type JFET is usually operated so that
Vs = 0 or negative.

Vpo : Pinch off voltage when V ;4 =0.
0 indicate V55 =0.
IpssUpg) ¢ Saturation value of the drain current when gate is shorted to source
(Vgs=0).
Inss : Saturation value of the drain current for Vg # 0.1, -2 ete.
BVss : Breakdown voltage Vo, when gate is shorted to source.
Inotn : Drain current when the JFET is in OFF state.
IGSS : Gate cut-off current when Drain is shorted to source.
Zmo Mutual conductance g, when V5 =0.
. . eNp >
The expression for the pinch off voltage [Vp| = e a
where N, = Donor atom concentration

€ =Permitivity € - €,
a = Effective width of Silicon bar
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4.15 Problem

For ap - channel Silicon FET, with a=2 x 10~* cm and channel resistivity p= 10 Q - cm. Find the
pinch off voltage.

Solution
Vp= e'zNEA a’ (for p- channel FET)
For Si,
€ =12 ¢, i, = 500 cm?/v — sec.
o= l = PHy-€= NA My - €
__b
or e.N,= oiLy
1
~ 10x500
or e.N,=2x 104

2x107*(2x107*f 38y
P x12Benx10")

4.10.2 CuTtOFF

A FET is said to be cut off when the gate to source voltage |V 4| is greater than the pinch off
voltage VP Vs> [V, Under these conditions, because for n - channel FET, gate is p - type and
source is n - type, there will be some current called gate reverse current or gate cut off current,
designed as I, this is when drain is shorted to source. There exists some drain current under
these conditions also called ID(om

Iy (off) and I;gg will be in the range 0. lamps to few nano amps at 25°C, and increase by a
factor of 1000 at a temperature of 1500C. I5gq is due to the minority carries of the reverse biased
gate. Source junction. Iy ¢ is due to the carriers reaching drain from source because channel
resistivity will not become infinity. Because drain is at positive potential for n-channel FET, more
electrons will reach the drain.

4.10.3 APPLICATIONS

1. JFETs make good digital and analog switches. off resistance is very high.

2. They are used in special purpose amplifiers such as very high input resistance amplifiers,
buffers voltage follower etc.

3. Itcan be used as a voltage controlled resistance because resistivity of the channel varies
with V5.
4.1 FET SMALL SIGNAL MODEL

The equivalent circuit for FET can be drawn exactly in the same manner as that for a vacuum
tube. The drain current I, is a function of gate voltage V ;¢ and drain voltage (Vpg)

b=f(Ves-Vos) . 1)
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Expanding (1) by Taylor’s series,

alp
OVas

1
+6D

Alp= st B,
V,

LAV g

VI)\
In the small signal notation the incremental values can be assumed to be a.c quantities.
Al =145 AVg= Vs AVpg =V

1
Id=gm'vgs+— 'vds

g’

Ty
olp
where, gn= Vs Vs
Al g
or AVGS Vps Vgs VDS

The mutual conductance or transconductance.

Sometimes it is designated as ¥, OF &, the second subscript ‘s’ indicating common source
andy or g for forwards transadmittance or conductance respectively.

4.11.1 DRAIN RESISTANCE OR OUTPUT RESISTANCE r

D
o= OVps - %‘ - Vs
D™ a1, Ivas = alp 1Yes — 1 |VGs
1
gD rD ]
Z '
' I L}
: | l: [
)
. : ,' ! :\Breakdown
: region
o ] 'l !
I 2 i
D 2)‘) . § l'
- 1
2]
T 'E I,
= 1
© 1
, !
” 1
. |
: I
. T
—_— vus I
1
1
Satur_ation __’:
region |
1

Fig 4.42 Drain characteristics of JFET.
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Drain conductance = y,g = output conductance for common source.
g, of FET is analogto g of vacuum tube.

rp of FET is analogto K of vacuum tube.

0Vpg

Vs

Vds

Vs

IID B AVgg !

pfor FET = Ip

TYPICAL VALUES
g2, =0.1-10mA/V
ry=0.1-1MQ
H=Ty, gm
Cgs =1-10pf
C4=0.1-10pf
4.11.2 EQUIVALENT CIRCUIT FOR FET

The'expression for drain current I ; in the case of a FET is

1
l4=8m Vgs+ . Ve
This is similar to the expression I, of a triode. So the equivalent circuit can be drawn as a
current source in parallel with a resistance. Between gate and source the capacitance is C sand
4 1s the barrier capacitance between gate and drain. C, represents the drain to source capac1tance
OF the channel. (See Fig. 4.43).

Gate »

’( + Drain

|
]
C
C —— r, —-C

gs 1 d ds
i T
Source « - Source

Fig 4.43 JFET equivalent circuit

This is high frequency equivalent circuit because we are considering capacitances. In low
frequency circuit, X will be very large so C is open circuit and neglected.

FET is a voltage controlled device; by controlling the channel width by voltage, we are
controlling the current. If we neglect the capacitances the equivalent circuit of FET can be drawn
as given in Fig. 4.44. This is similar of a transistor h-parameter equivalent circuit.

—p ig - id -
Gate o Drain
+ +

rgs gmvgs

Source; s Source

Fig 4.44 Simplified equivalent circuit
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Arrow mark is downwards in the current source g V . because the current (conventional current)
is flowing from drain to source for n-channel FET (Because electrons are the majority carriers).

4.16 Problem

For a p-channel silicon FET, witha=2 x 10~* cm (effective channel width) and channel resistivity
p=10Q~—cm. Find the pinch off voltage.

Solution
V.= e a* for p-channel FET.
P 2e )
For Si, e=12¢, Hp = 500 cm?/v - sec.
6=%=pup.e=NAup.e
1 1
o e Na= o ™ T0x500
or e.N,=2x10*
2><10“‘(2><10*“)2
V = =378V

P 2x12(36mx10")"

4.17 Problem

For an n-channel silicon FET, with a=3 x 10~ ¢cm and Np = 1013 electrons/cm3. Find (a) The

1
pinch off voltage. (b) The channel half width for V ¢ =3 Vpand I;=0.

Solution
(a) Vp— e a
2
1.6x10"9x10‘5x(3x10“‘)
= ny!
2x12x(36Tx10")
= 6.8V
VP
(b) b=? for VGS=7,

1

_ [ Ves

b=a ['VP]
1V
=(3x10‘4)[1_(5)

=0.87 x 10"%cm
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4.18 Problem

Show that for a JFET,

2

8= |_V—"|\/[DSS-IDS
P

Solution
2
_ V
Ips = Ipgs (1 *T/Gi]
p

- dy
B Vs

where g is the transistor conductance g for V=0

21
Emo ™~ \II)SS
P
- _ 2lpss 1_XG_S_
gm VP VP
v 2
But Ins=Ipss (1 - T/Qij
P
C )
Vp Ipss
_ 2lpss | Ips
" Vo Ipss
2
= Vo I\/les-le

4.19 Problem

Show that for small values of V ¢, compared with Vy, the drain current is Iy ~ Iygg + 810 Vs -
Solution

Ip=Ipss* 8mo Vas
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ID*IDS( VGSj
"les[ H:S \;‘]
;
e

21
Ip=Ipss ™ 8mo Vs { o = #m}

= ID%

V,
4.12 FET TREE
The input Z of JFET is much higher compared to a junction transistor. But for MOSFETs, the

input Z is much higher compared to JFETs. So these are very widely used in ICs and are fast
replacing JFETs.

SOLID STATE DEVICES

["FET |

1
l JFET I Depletion type MOSFET
only (IGFET)
N-channel P-channel Depletion type Enhancement type
N-channel P-channel ~ N-channel P-channel

Fig 4.45 FET Tree.

There are two types of MOSFETs, enhancement mode and depletion mode. These devices,
derive their name from Metal Oxide Semiconductor Field Effect Transistor (MOSFET) or MOS
transistor (See Fig. 4.46). These are also known as IGFET (Insulated Gate Field Effect Transistor).
The gate is a metal and.is insulated from the semiconductor (source and drain are semiconductor
type) by a thin oxide layer.

In FETs the gate source junctions is a p-n junction. ( If the source is n-type, gate will be
p-type). But in MOSFETs, there is no p-n junction between gate and channel, but rather a capacitor
consisting of metal gate contact, a dielectric of SiO, and the semiconductor channel. {two conductors
separated by dielectric]. It is this construction which accounts for the very large input resistance
of 1019to 1013Q and is the major difference from the JFET.
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The symbols for MOSFETs are,

D D
G B G
S S
n-channel MOSFET, depletion type p-channel MOSFET, depletion type
Fig 4.46 - Fig 447

Some manufacturers internally connect the bulk to the source. But in some circuits, these
two are to be separated (See Fig. 4.46). The symbol, if they are connected together is, given in
Fig.4.47.

for p - channel, the arrow will point outwards.
Bulk is the substrate material taken.
Advantages of MOSFETs (over JFETs and other devices)
1. High package density ~ 10° components per square cm.

2. High fabrication yield. p - channel Enhancement mode devices require 1 diffusion and 4
photo masking steps.

But for bipolar devices, 4 diffusions and 8 — 10 photo masking steps are required.
3. Inputimpedance is very high Z_~ 104Q.

4. Inherent memory storage : charge in gate capacitor can be used to hold enhancement
mode devices ON.

5. CMOS or NMOS reduces power dissipation, micropower operation. Hence, CMOS
ICs are popular.

6. Can be used as passive or active element.
Active : As a storage device or as an amplifier etc.
Passive : As aresistance or voltage variable resistance.

7. Self Isolation : Electrical isolation occurs between MOSFETs in ICs since all p-n junctions
are operated under zero or reverse bias.

Disadvantage
1. Slow speed switching.
2. Slowerthan bipolar devices.
3. Stray and gate capacitance limits speed.

4.12.1 ENHANCEMENT TYPE MOSFET

n-channel is induced, between source and drain. So it is called as n-channel MOSFET.

For the MOSFET shown in Fig. 4.48, source and drain are n-type. Gate is A/ (metal ) in
between oxide layer is there. The source and drain are separated by 1 mil. Suppose the p
substrate is grounded, and a positive voltage is applied at the gate. Because of this an electric field
will be directed perpendicularly through the oxide. This field will induce negative charges on the
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semiconductor side. The negative charge of electrons which are the minority carriers in the
p - type substrate form an inversion layer. As the positive voltage on the gate increases, the
induced negative charge in the semiconductor increases. The region below the SiO, oxide layer
has n-type carriers. So the conductivity of the channel between source and drain increases and so
current flows from source to drain through the induced channel. Thus, the drain current is enhanced
by the positive gate voltage and such a device is called an enhancement type MOS.

Source Gate Drain

f f {

Al Al +  +} Al

M///A"/

Induced Channel

p ( substute )

(n-channel MOSFET)
Fig 4.48 n-channel MOSFET

The volt-ampere drain characteristic of an n-channel enhancement mode MOSFET are
as shown in Fig. 4.49.

ohmic or

non saturation I, mA
/: . T 5
. constant current or :
ID mA : saturation region
T : Vgs=4V
V=3V
Ves=1V
; T T T
1] 10 20 30 2 1
VDS
(a) Drain characteristics (b) Gate characteristics

Fig 4.49

The current I, for V55 < 0 is very small being of the order of few nano amperes. As
V s is made positive, the current I, increases, slowly first and then much more rapidly with
an increase in Vg (Fig. 4.49(b)). Sometimes the manufacturers specify gate, source threshold
voltage V ;g7 at which I reaches some defined smali value ~ IOuA For a voltage < Vqr,
(VGS threshold) Iy is very small. Ipon of MOSFET is the maximum value of I which
remains constant for different values of\)

In the ohmic region, the drain characterlstlc is given by
I pCo.w
D™ 2L

) Vps = V]
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where , p =Majority carriers mobility.
C, = Gate capacitance per unit area.
L =Channel length.
w = Channel width perpendicular to C
The ohmic region in the Iy vs Vg characteristic of FET or MOSFET is also known as

triode region, because like in a triode I, increases with V. The constant current region is

known as pentode region because the current remains constant with V.
\4

JLDS

_"+

St—— (¢ b

+ + 1+ +

Electric field lines of force

TUDLLY M) 65

—~  Induced

p - Substrate n - channel

( n~channel MOSFET)
Fig 4.50 MOSFET structure

4.12.2 MOSFET OPERATION

Consider a MOSFET in which source and drain are of n-type. Suppose a negative potential is
applied between gate and source. SiO, is an insulator. It is sandwiched between two conducting
regions the gate (metal) and the S.C p-type substrate. Therefore, equivalent capacitor is formed,
with SiO, as the dielectric whenever a positive charge is applied to one plate of a capacitor a
corresponding negative charge is induced on the opposite plate by the action of the electric field
with in the dielectric. A positive potential is applied to the gate. So a negative charge is induced on
the opposite plate by the action of electric field within the dielectric, in the p - substrate. This
charge results from the minority carriers (electrons) which are attracted towards the area below
the gate, in the p - type substrate. The electrons in the p - substrate are attracted towards the
lower region of SiO, layer because there is positive field acting from the gate through SiO, layer,
because of the applied positive potential tc the gate V 5. As more number of electrons are attracted
towards this region, the hole density in the p - subsirate (below the SiO, layer between n - type
source and drain only) decrease. This is true only in the relatively small region of the substrate
directly below the gate. An n - type region now extends continuously from source to drain. The n-
channel below the gate is said to be induced because it is produced by the process of electric
inductor. Ifthe positive gate potential is removed, the induced channel disappears.

If the gate voltage is further increased, greater number of negative charge carriers are
attracted towards the induced channel. So as the carriers density increases, the effective channel
resistance decreases, because there are large number of free carriers (electrons). So the resistance
seen by the V¢ depends on the voltage applied to the gate. The higher the gate potential, the
lower the channel resistance, and the higher drain current I,. This process is referred to as
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enhancement because I increases, and the resulting MOSFET is called enhancement type
MOSFET. The resistance looking into the gate is high since the oxide is an insulator.
The resistance will be of the order of 1013Q and the capacitance value will also be large.

p - Substrate

Fig 4.51 MOSFET biasing.

Depletion type MOSFET can also be constructed in the same way. These are also known
as DE MOSFETs. Here as the gate voltage increases, the channel is depleted of carriers. So
channel resistance increases.

Here the region below the gate is doped n - type. If negative voltage is applied to the gate,
negative charge on the gate induces equal positive charge i.e., holes. These holes will recombine
with the electrons of the n - channel between sources drain since channel resistivity increases.
The channel is depleted of carriers. Therefore Iy decreases as V5 increases. (negative voltage)
If we apply positive voltage to V 5, then this becomes enhancement type.

4.12.3 MOSFET CHARACTERISTICS

There are two types of MOS FETs,
1. Enhancement type
2. Depletion type.
Depletion type MOSFET can also be used as enhancement type. But enhancement

type cannot be used as depletion type. So to distinguish these two, the name is given as depletion
type MOSFET which can also be used in enhancement mode.

As Vg is increased in positive values (0, +1, +2 etc) if I ; increases, then it is enhancement
mode of operation because I is enhanced or increased.

As Vg is increased in negative values (0, —1, -2, etc) if I decreases, then it is depletion
mode of operation.

Consider n - channel MOSFET, depletion type. Fig. 4.52.
D

S
Fig 4.52 n - channel MOSFET.
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DRAIN CHARACTERISTIC : I, versus V¢

When V5 = OV, for a given Vg, significant current flows just like in a JFET. When the gate is
made negative (i.e., Vgg = —1V,) it is as if a negative voltage is applied for one plate of plate
capacitor. So a positive charge will be induced below the gate in between the n type source and
drain. Because it is semiconductor electrons and holes are induced in it below the gate. The
channel between the source and drain will be depleted of majority carriers electrons, because
these induced holes will recombine with the electrons. Hence, the free electron concentration in
the channel between source and drain decreases or channel resistivity increases. Therefore current
decreases as Vg is made more negative i.e., —1, -2, etc. This is the depletion mode of operation,
because the channel will be depleted of majority carriers as V g is made negative (for n-channel MOSFET).

In a FET, there is a p - n junction between gate and source. But in MOSFET, there is no
such p - n junction. Therefore, positive voltage positive V ;g can also be applied between gate and
source. Now a negative charge is induced in the channel, thereby increase free electron

A

1 T
10V 20V Vos

Fig 4.53 Drain characteristics (N MOS).
concentration. So channel conductivity increases and hence I, increases. Thus, the current is
enhanced. So, the device can be used both in enhancement mode and depletion mode.

In the transfer characteristic as Vg increases, V increases. Similarly in the depletion
mode as V5 is increases in negative values, I decreases

A 1;mA
Depletion
<+ /
Enhancement
—
— | | |
1 L L} L}
“Ves -1 0 1 2 VoV

Fig 4.54 Gate characteristics
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A JFET is a depletion type, because as V ;g is made positive (+1, +2 etc for n-channel FET)
I increases. So it can be used in enhancement type. But there is no other type of JFET which is
used only in enhancement mode and no depletion mode, hence no distinction is made.

4.12.4 MOSFET GATE PROTECTION

The SiO, layer of gate is extremely thin, it will be easily damaged by excessive voltage. If the
gate is left open circuited, the electric field will be large enough (due to accumulation of charge)
to cause punch through in the SiO, layer or the dielectric. To prevent this damage, some MOS
devices are fabricated with zener diode between gate and substrate. When the potential at the
gate is large, the zener will conduct and the potential at the gate will be limited to the zener
breakdown voltage. When the potential at the gate is not large, the zener is open circuited and has
no effect on the device.

If the body (bulk) of MOS transistor (MOSFET) is p - type Silicon, and if two ‘n’ regions
separated by the channel length are diffused into the substrate to form source and drain n-channel

enhancement device (designated as NMOS) is obtained. In NMOS, the induced mobile channel
surface charges would be electrons.

Similarly, if we take n -type substrate and diffuse two p - regions separated by the channel
length to form source and drain, PMOSFET will be formed. Here in the induced mobile channel
surface charges would be holes.

4.12.5 COMPARISON OF p-CHANNEL AND n-CHANNEL MOSFETS

Initially there were some fabrication difficulties with n-channel MOSFETs. But in 1974, these
difficulties were overcame and mass productions of n-channel MOSFETs began. Thus NMOSFETs
have replaced PMOSs and PMOSFETs have almost become obsolete.

The hole mobility in Silicon at normal fields is 500 cm?/v.sec. Electron mobility =
1300cm?/v-Sec. Therefore p-channel ON resistance will be twice that of n-channel MOSFET
ON resistance (ON resistance means the resistance of the device when I, is maximum for a

1
given V) ON resistance depends upon ‘p’ of carriers because ¢ = ;)" = nejl, or pejl,.

If the ON resistance of a p-channel device were to be reduced or to make equal to that of
n - channel device, at the same values of I; and V etc, then the p-channel device must have
more than twice the area of the n-channel device. Therefore n - channel devices will be smaller

{
or packing density of n-channel devices is more (R = % .R is decreased by increase in A).

The second advantage of the NMOS devices is fast switching. The operating speed is
limited by the internal RC time constant of the device. The capacitance is proportional to the
junction cross sections.

The third advantage is NMOS devices are TTL compatible since the applied gate voltage
and drain supply are positive for an n - channel enhancement MOS.

(Because in n-channel MOS, source and drain are n-type. So drain is made positive.
For enhancement type the gate which is Al metal is made positive).
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4.12.6 ADVANTAGES OF NMOS OVER PMOS

1. NMOS devices are fast switching devices since electron mobility is less than holes.
2. NMOS devices are TTL compatible since V5 and V|, to be applied for NMOS devices
are positive
3. Packing density of NMOS devices is more
4. The ON resistance is less because conductivity of NMOS devices is more since p of
electrons is greater than that of holes.
4.13 THE DEPLETION MOSFET

In enhancement type MOSFET, a channel is not diffused. It is of the same type (p-type or n-type)
as the bulk or substrate. But if a channel is diffused between source and drain with the same type
-of impurity as used for the source and drain diffusion depletion type MOSFET will be formed.

L1 o~ 7
ol D )
Gl o)

p - Substrate

Fig 4.55 Depletion MOSFET.

The conductivity of the channel in the case of depletion type is much less compared to
enhancement type. The characteristics of depletion type MOSFETs are exactly similar to that
of JFET.

When V¢ is positive and V¢ = 0, large drain current denoted as I,g¢ (Drain to source
current saturation value) flows. If V¢ is made negative, positive charges are induced in the
channel through SiO, of the gate capacitor. But the current in MOSFET is due to majority carriers.
So the induced pesitive charges in the channel reduces the resultant current I, As V¢ is made
more negative, more positive charges are induced in the channel. Therefore its conductivity further
decreases and hence I, decreases as V ¢ is made more negative (for n-channel depletion type).
The current I, decreases because, the electrons from the source recombine with the
induced positive charges. So the number of electrons reaching the drain reduces and hence
I, decreases. So because of the recombination of the majority carriers, with the induced
charges in the channel, the majority carriers will be depleted. Hence, this type of
MOSFET is knows as depletion typee MOSFET. JFET and depletion MOSFET have
identical characteristics.

A MOSFET of depletion type can also be used as enhancement type. In the case of
n-channel depletion type (source and drain are n-type), if we apply positive voltage to the
gate-source junction, negative charges are induced in the channel. So, the majority carriers (electrons
in the source) are more and hence I, will be very large. Thus, depletion type MOSFET can also be
used as enhancement type by applying positive voltage to the gate (for n-channel type).
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Enhancement
Type

Depletion
Type

\Y

DS

Fig 4.56 Drain characteristics of DMOSFET.

<+— Depletion 16 — Enhancement
b 12 Type

D

T

Fig 4.57 Gate characteristics of depletion type MOSFET.
Problem 4.20

A JFET is to be connected in a circuit with drain load resistor of 4.7 k€2, and a supply voltage of
Vpp = 30V, Vj is to be approximately 20V, and is to remain constant within + 1V. Design a
suitable self bias circuit.

Solution
Vp= VDD" I; . Ry
[ = Yop~Vb
D
Ry
_3ov-2v
T 47KQ Sm
for V|, to be constant, it should be within + 1V,
1V
Mlp= o
t1v Fig 4.58 For Problem 4.20.
= - ~+0.2mA 8 4 +20.

4.7kQ
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I, =(2.1+0.2mA)
Ip(min) =(2.1-0.2)=19mA
I, (max) = (2.1 +0.2) =2.3mA
Indicate the points A and B on the maximum and minimum transfer characteristics of the
FET. Join these two points and extend it till it cuts at point C.
The reciprocal of the slope of the line gives Rq

Ip

T

/ 2.3 mA

! = 1.9 mA
i A

i

|

—_—V
GS
AV —a

B

- o0

VGS

Fig 4.59 For Problem 4.20.

AV 10V
Rs=7aT ™ 25ma ~ 4@
The bias line intersects the horizontal axis at V; =7V
. An external bias of 7V is required.
= R2 .
R;+R,

VG VDD

R, Vo TV

R,+R, Voo 30v

R, 7
R -3

R, and R, should be large to avoid overloading input signals. If R, =700 k2,
R, =23 MQ

4.21 Problem

(a) Forthe common source amplifier, calculate the value of the voltage gain, given
ry=100kQ, g =300p , R, =10kQ, R, =9.09kQ

g, R —3000x1076 x100x103 x10x103

Solution Ay d+R, (100><103)+ (10><103) =-27.3
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(b) If Cpg = 3pf, determine the output impedance at a signal frequency of IMHz.
1

Solution Xe= =
2nf Cpg
f=1MHz,
X = 1 =53kQ2
C 2ax1x10®x3x10712
IZ | _ RO'XC
% JRZ+X2
9.09kQx 53kQ — 8.96kQ

2l = J(0.09kQ) + (53kQ)?

4.14 CMOS STRUCTURE (COMPLEMENTARY MOS)

This is evolved because of circuits using both PMOS and NMOS devices. It is the most sophisticated
technology. CMOS devices incorporate p-channel MOSFET and n-channel MOSFET.
The advantages that we get with this complementary use of transistor are :

1. Low power consumption.
2. High speed.
But the disadvantages are
1. Fabrication is more difficult. More number of oxidation and diffusion steps are involved.
2. Fabrication density is less. Less number of devices per unit area, because the
device chip area is more.

4.14.1 MNOS STRUCTURE

In this process, we will have Silicon semiconductor. SiO, over it and then layer of Silicon Nitride
(Si; N,) and a metal layer. So we get the Metal, Nitride, (Si; N,) Oxide (SiO,) and Semiconductor
structure. Hence, the name MNOS. So the dielectrics between metal (Al) and semi-conductor
(Si) is a sandwich of SiO, and Si; N, whereas in ordinary MOSFETs we have only SiO,.

Al Al Al
: S|3N4
[,
§i0,
e _J e
N - Si

Fig 4.60 MNOS FET.
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The advantages are :

1. Low threshold voltage V. (V is the voltage of the drain, (V;) beyond which only the
increase in drain current I, will be significant)

2. Capacitance per unit area of the device is more compared to MOS structure. Because
the dielectric constant will have a different value since because C is more, charge storage
is more. It is used as a memory device.

4.14.2 SOS - MOS STRUCTURE

This is Silicon On Saphire MOS structure. The substrate used (Fig.4.61) is the silicon crystal
grown on Saphire subtrate. For such a device, the parasitic capacitance will be very low.

Al Al Al

el ot

Insulating saphire substrate

Fig 4.61 SOS — MOS Structure.

4.14.3 VOLTAGE BREAKDOWN IN JFETS

There is a p-n junction between gate and source and gate and drain. Just as in the case of a
p-n junction diode if the voltage applied to the p-n junction of G and S, or G and D junction or
D and S junctions increase, avalanche breakdown will occur.

K

Fig 4.62 JFET circuit.
BV .
This is the value of V_, that will cause junction breakdown, when the source is left open i.e., I, =0
BV

This is the value of V4 that will cause breakdown when drain is shorted to source. When
drain is shorted to source, there will not be much change in the voltage which causes breakdown.

So, BV 555 =~ BVpgo
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Fora p-channel FET, Gate is n-type, S and D are p - type. A positive voltage is applied to
G and negative voltage to drain. Therefore with respect to D, V., is negative voltage. V¢ is
positive voltage because G is at positive potential with respect to source. Since BV ;4 =BV
gate junction breakdown can also result by the application of large V .

Vbs = Vo T Vas
. More V¢ that can be applied to a FET = Max. V,; + Max. V¢
BV X = Breakdown voltage Vq for a given value of V4.
X indicates a specific value of V5

BVpsx =BVpeo T Vasx

4.22 Problem

Determine the values of V., I, and V¢ for the circuit shown in using the following data.
Ipgg = SmA; V,=-5 V., Rg =35k R, = 2kQ; Vi, = 10V

Solution
The gate is at DC ground potential, since no DC voltage is applied between gate and Source.

o Ves T Ig-Rg=0 +V

. . DD
But Ig ~ 1, I is negligible I
. \Y 4 —
as TIpbRg=0 R,
or Vias=—1p - Rg
=—5000 I,,. —V,

Vs is unknown and I, is unknown.

2
Ip = Ipgs l‘—vGS
Ve

_ VGS
But Iy=— 5000
Vs = (-5000)(5 x 107) (1 + 0.2V o), TTTTTTTT
2 —
Vgs"+ 11 Vg +25=0 Fig 4.63 For Problem 4.22

Vgs =—3.2Vand Vg =-7.8V.

The pinch off voltage V, for which I becomes zero is given as 5V therefore V ;¢ cannot be
7.8 V. Therefore V;q = - 3.2V.

I5=(5x 1073)(1 - 0.64)* = 0.65 mA
I,,. R =20001,= 1.3V
Ip. Rg~ 5000 I, =325V
S Vps =10 - 1.3 -3.25=545V.
The FE& must be conducting.

If Voo = — 7.8V, the FET in cut off. Therefore Vp = —5V. Therefore V¢ is chosen
as — 3.2V.

D
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4.15 SILICON CONTROLLED RECTIFIER

Silicon controlled rectifier (SCR) is a 4 layer p-n-p-n device. In one type of construction, n-type
material is diffused into a silicon pnp pellet to form alloy junction. From the diffused n region, the
cathode connection is taken. From the p region on the other side anode is formed. Gate is taken
from the p - region into which n - type impurity is diffused. So in the symbol for SCR, the gate is
shown close to the cathode, projecting into it. This is known as planar construction.

Cathode | lﬁGate

I
p K
G
n
P
A
Anod:T
Fig 4.64 SCR structure. Fig 4.65 SCR symbol.

4.15.1 ANNULAR TYPE OF CONSTRUCTION OF SCR

In this type of construction gate is central to the device, with the cathode surrounding it. This is
also called as shorted emitter construction. The advantages of this type construction are

(i) Fast turn on time
(ii) Improved high temperature capabilities.

4.15.2 STATIC CHARACTERISTICS

The gate current I , determines the necessary forward voltage to be applied between anode and
cathode (Anode positive with reference to cathode) to cause conduction or to turn SCR ‘ON’. So
that current flows through the device.

As the gate current increases, the voltage to be applied between anode and cathode to turn
the device ON decreases. If the gate is open, I, = 0, the SCR is in the OFF state. This is also
known as forward blocking region. The anode current that flows is only due to leakage. But if
the voltage between anode and cathode is increased beyond a certain voltage, VB called as the
forward breakover voltage, the SCR will turn ON and current will be limited by or(ay the applied
voltage V_ _ called as the forward breakover voltage, the SCR will turn ON and current will be

limited by only the applied voltage.

VBOO : THE FORWARD BREAK OVER VOLTAGE

This is the voltage to be applied between anode and cathode to turn the SCR ON, when IG =(.
B.O : Breakover O : Zero gate current.
As the gate current is increased, the forward break over voltage decreases. If the value of
I, is very large ~ 50 mA, the SCR will turn ON immediately when same voltage is applied
between anode and cathode.
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Usually, some voltage is applied between the anode and cathode of the SCR, and it is turned
ON by a pulse of current in the gate.

I A
High conduction

region ON state

Holding current I,

I VBO VA -K

Leakage current

Fig 4.66 SCR Characteristics

HOLDING CURRENT IH

Once SCR is ON, a minimum amount of current is required to flow to keep the device ON. If the
current is lowered below IH’ by increasing external circuit resistance, the SCR will switch off.

Once the SCR is turned ON, the gate looses control over the device. The gate can not be
used to switch off the device. If V,  is reduced to zero ( as automatically happens in rectifying
application ) or if the current is reduced below I p the device will turn off.

IH : Holding Current

Minimum Anode Current required to keep SCR in the conducting state. If [ A 80es below IH’ SCR
is turned off ( To hold in conducting state ).

LATCHING CURRENT IL

Minimum value of I, to be reached to keep SCR in the ON state even after the removal of gate
trigger signal. (To laféh on to the conducting state.)

4.15.3 ANALYSIS OF THE OPERATION OF SCR

The SCR can be regarded as two transistor connected together.

The SCR can be regarded as two transistor p-n-p and n-p-n. The Base of p-n-p transistor is
connected to the collector of the n-p-n transistor. The base of n-p-n transistor is connected to the
collector of p-n-p transistor. The emitter of n-p-n transistor is the cathode. The emitter of p-n-p
transistor is the anode.

Suppose a positive voltage is applied to the anode (p type) since there is no base injection for
both the transistors, the transistors are off. The only current is the leakage current. 1 and I
of the two transistors. Therefore when SCR is not turned ON, the current that results is the
leakage current (ICOI + ICOZ)'
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Bl% IC01
I, 1
ICO;C%Bz - e
Q2 ‘Ij IG G

Fig 4.67 Two transistor analogy of SCR.

In a transistor, IC =B IB +(B+1) ICO
=Bl +Bl*lg
=B+ Tl

CONSIDER TRANSISTOR Q1

The base current for the transistor Ql’ IBl is the collector current IC2 of Q
o = By *lg) e,
Iy, =

e = Bl (Iey o
CONSIDER TRANSISTOR 02

) *leo)

The base current of transistor Q2 is the collector current ICl of Q].

e = Byl gy F e,
Anode current is IEz = le + IC2

5"

TA

A
I »
p C2 n n B1
n
p G E, n
n ¢

K
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But iBZ =l

= +
L Wl g
I, can be written in the forms,

A
(1 +B Xl +B, )(Ic01 + Icoz)
1-B,.B;

The two transistor will have wide base regions. So 3 will be small. The value of 3 depends
upon the value of IE' When IE is very small, B ~ 0.

Therefore when B] = [32 =0.

[ - (Leoy +Ieo X1+ 0)1 +0)
A 1-0.0

~leor oo

When a negative voltage is applied from gate to cathode, to inject holes into the base of Q ,
emitter base junction of Q. is forward biased. So | | increases. But this is the base current for Q,,.
So transistor Q, is tuned (])N. This increases colFector and emitter currents. The I . of Q. now
becomes trigger current and so increase I ... So the action is one of internal regeneration feed
back , until both the transistor are driven into saturation. Once the SCR is turned ON, removal of
gate current will not stop conduction because already the transistor Q2 is turned ON and it provides

the base injection for Q,-

SCR can be represented as a pnp and npn transistors connected together, as shown in
Fig. 4.68.

A
A T
lIA=IEl P |E,
IBCICZ Q, C,| n |B
1 o1 Bl p ?G
IC I =I 2 1
2 C1 B2
ICOZ(J—\BZ — < ] Ez
Q, < Igy I G
K

Fig 4.68 Two transistor analogy of SCR.
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131 =1
Ie1 =1y

Anode current =1 AT IEl

General expression for [ . in term of B, I and [ ., is
IC—BIB+(B+ 1)ICO
Since for transistor Q,:
ler =By 1g; + (B * Do,
Since for transistor Qp
IC2 = [32 IB2 +(Bz+ 1)ICO2

But IBZZICI
I =By Iy TRy T Dy, o
IA=IEl =ICl +IB] But ICl is given by eq. (6)

=By gy TR+ Dy Ty,
1 =1, = B+ D gy H1eg))
Since we must get an expression for IBI'
Substitute eq. (6) in (7).
Iy =By By Ig F By + Dl 1+ By Doy
But

Ier =1y
- g =By By gy # By (1 +B) Lo T By + D,
or (1=BB)Ig; =By (1B Ieg + 1+ BY I,
_ Bz(l +Bx)1001 +(1 +Bz)lcoz
o 's1 ~ [-B:B;

Substitute the value of IBl from eq. (9) in (8).

o By (1+ B )lcor +(1+B,)1
IEI—IA—(HBl){ s IC(—)lBIBz 27602 1 [y

Balcor + BiBalcor +Icoz +Balcor +1car "51321001}

-0y | £

3 Lo (1+B,)+1 (1+B)}
=(1+ col 2)t lco2 2
( B”{ 1B,

_ (1 + [31)(1 + Bz)(lcox + Icoz)
A 1-B,8,
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4.15.4 ANODE TO CATHODE VOLTAGE - CURRENT CHARACTERISTIC

— 5
0-7: Reverse blocking 0 -2: Forward blocking state
characteristic 1-2: Forward avalanche region
0-1,0-6 : The device 2: Forwa'rd bres.lkover poin‘t
is in blocking state I 2- Kf : Negative resnstan?e region -
F 3-5: Forward Conducting characteristic

3 : Holding current

VBO: Breakover voltage when IG =0

¢
7 l IR

Fig 4.69 SCR characteristics.

4.16 UNIJUNCTION TRANSISTOR (UJT)

This device has only one p-» junction and three leads like transistor. Hence it is called as unijunction
transistor (UJT).
The construction of this device is as shown in Fig. 4.70.

- B‘)
B,
P-N junction
~a — \ . E
E 1 Ohmic
Aluminiumrod -~ ] / contacts
B
Base n-typesilicon bar B !
1
(a) UJT structure (b) Symbol

Fig 4.70 (a) UJT structure (b) Symbol
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A bar of high resistivity n-type silicon of typical dimensions 8 x 10 x 35 mils called base
B. is taken and two ohmic contacts are attached to it at the two ends to form the base leads B, and
B,. A 3 mil aluminium wire, called emitter E is alloyed to the base close to B, to form a p-n
rectifying junction. This device was originally described in the literature as the double-base diode.
But now it is called as UJT (.’ it has only one p-n junction and two base leads).

4.16.1 UJT CONSTRUCTION AND OPERATION

In UJT, the alloy is formed by diffusing Alluminium into » type silicon close to the B, lead as shown
in Fig. 4.71. The doping and construction is such that, when E - B,, junction is forward biased,
holes are injected into the n-silicon bar from the p-region towards the B, lead. Holes will not travel
upwards because B, is at positive potential. The doping concentration of p-region is large. So there
is sudden increase in the number of holes in the region close to B,. To recombine with these holes,
the free electrons from B, region will mor'e towards the B, lead. Thus there is large increase in the
number of holes and electrons in the region corresponding to RBI
+V

[

E\.p

n-Silicon bar

I

Fig 4.71 UJT structure.

. o=nep, +pep, pwil bealmost comparable with n. Because of increase in the
values of n and p, © mcreases Ry, decreases. When the E-B, junction is forward biased, even
after recombination of holes and electrons, still there will be large number of electrons and holes in
the region close to B,. So conductivity ¢ increases.

and Ry have the same temperature coefficient. Therefore material is the same
(n type sﬁlcon bars With temperature, because of the increase in the number of free carriers,
Ry decreases. The net effect is # decreases slightly with the temperature. The change is ~ 4%
for 100° C rise in temperature. V, = (nVpgp + V). V,, decreases with increase in temperature.
Because threshold voltage decreases with increase in temperature. Therefore V,, decreases with
temperature. Now R, has positive temperature coefficient. If R, is chosen such that it increases
by the same amount as to decrease in Ry, and n and V,, V,, will remain constant. Thus, R, will
provide temperature compensation.

UJT basically consists of a bar of n-type silicon with one p-type emitter providing p-n
junction. The emitter will be close to the base two (B,) than base one (B,) (see Fig. 4.73). So
UJT consists of emitter and two bases with the emitter close to the second base. The emitter is p-
type and the two bases are n-type. The symbol for the voltage between emitter and base 1 (B, is
n-type). Polarity is as shown in Fig. 4.72. Suppose Vg is the voltage from B, to B;. Now if
Vg =0, and positive voltage V. is applied. The resulting current I gives the emitter to base B,
diode characteristic. With Vg, = 10V or 20V, there is leakage current I, from B, to emitter.
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(* B, is n-type-and E is p-type when B, is at a higher potential, the minority carries from B, and
E will flow which results in leakage current). It takes ~ 7 volts from E to B, to reduce this current
to zero and then cause current to flow in the opposite direction, reaching peak point V. After this
point I increases suddenly and V. drops. This is the unstable resistance region. This lasts until

the valley voltage is reached and the device saturates.
—

B

.
&

b L R

(a) Symbol (b) V-1 components
Fig 4.72

The equivalent circuit for UJT is as shown in Fig. 4.73. The resistance of the silicon bar is
represented by two series resistors. Ry is the resistance of base two portion, RBl is variable
resistance. Its value depends upon the bias voltage V. The p-n junction formed due to emitter is
shown as a diode.

2
A !

B2

B

BB

I vt

B

Fig 4.73 Equivalent circuit of UJT.

+T Eh + T \Y

With no voltage applied to the UJT, Ry = RB] + Rg,. Its value varies from 4.7KQ to
10KQ for (2N1671). With emitter open, some voltage is applied at Vg, It gets divided across Ry
and Rp,. (Fig. 4.73). The fraction of voltage appearing across Ry is

RBI

Veopi = NVpr = 55— X Vgp, where,
RBI BB~ R, +R,, . 'BB
RB
n= W = Intrinsic stand off ratio.

Its value lies between 0.5 and 0.82. Since no voltage is applied at the emitter, the diode is
reverse biased, because the cathode voltage is Vg and anode current is 0. Now as VE.is
increased, from zero and when Vy is > Vg, the diode will be forward biased. So the resistivity
between E and B, decreases since holes are injected from emitter into B,. Therefore Ry, decreases or
V. decreases and I; increases. So negative resistance region results. Peak voltage Vp, =MVpg + V..
V,=0.5V.
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4.16.2 V -1 CHARACTERISTIC OF UJT

Suppose some voltage V, is applied between B, and B,. If V. is small, Iz = 0. Then the silicon
bar can be considered as an ohmic resistance Ry, between the leads B, and B,. Ry will be in the
range 5 to 10 kQ. Ry = (R, + Rg,). When I, = 0, the voltage across Ry, = nVy,. Where,

_ Ry
Rp +Rp,;
If Vi is <m Vg the p-n junction diode or the E-B junction of UJT is reverse biased and the current
I; is negative. It is the reverse saturation current I which is of the order of 10 Ry.

If Vi isincreased beyond NV, input diode becomes forward biased and becomes positive.
So holes are injected from the emitter into the base region B,. As Vp increases,
I increases. So the holes injected into B, region also increases (¢ = pe Hp)-

n= .M is called is intrinsic stand off ratio and its value lies between 0.5 and 0.75.

. As the hole concentration in the base region increases, its resistivity decreases. So the
voltage across Ry, Vg decreases. This is the voltage V. between E and B,. So as I increases,
Vi decreases and the device exhibits negative resistance region. (Fig. 4.74(b))

When I is very large the current I, flowing from Vg into B, load can be neglected. For
current greater than the valley current, the resistance becomes positive.

Vp=n Vg Vy
V; = Peak Voltage
V, = Valley Voltage
For current greater than the valley current the resistance becomes positive. (Fig. 4.74.)

R B]
n R BI +R B2 VE :
IBZ TV negative ;
B, T+ P resistance region |
. /E : ,
N , €— Saturation
E:_ UIT ! region
Ve Ve :
I
B l 1 \7; ______ i valley point
i - J
leo > v >l
@ (b)

Fig 4.74 (a) UJT circuit (b) V-I Characterisitic of UJT

4.16.3 APPLICATIONS OF UJT

1. In Relaxation oscillator circuits to produce sawtooth waveforms.
2. In triggering SCR circuits.
3. In thyristor circuits.
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4.17 LED’S

These are Light Emitting Diodes. On the application of voltage, when electron transition occurs
from excited state to lower energy level, the difference in energy is released in the form of light.
Thus light emission takes place. This property is exhibited by direct band gap semi conductor materials.

The symbol for LED and its V-I characteristics are shown in Fig.4.75. LEDs are always
used in Forward Bias. Because when reverse biased energy transition and hence light emission
will not take place.

Direct Band Gap Materials : Conduction band minimum energy and valence band maximum
occur at the same value of K (wave vector) in the E — K diagram of semiconductors.

Indirect Band Gap Conduction band minimum and valence band maximum energy do not
occur at the same value of K (wave vector) in the E — K diagram.

Photons have high energy and low momentum.’

L
=5 f=

In the complete-electromagnetic spectrum visible spectrum extends in the range ~4000 —
7200 A”. Semiconducting materials suitable for light emitters should have energy gap EG in the
range 1.75 - 3.15 eV.

Direct Band gap semiconductors used for LEDs : (Gallium Arsenide)Ga As, (Gallium
Antimony) Ga Sb, (Arsenic) As, (Antimony) Sb, (Phosphorous) P.

Impurities added are Group II materials : (Zinc) Zn, (Magnesium) Mg, (Cadmium) Cd,
Group VI donars : Tellicum Te, Sulphur S.

Impurity concentration : 10'7 ~ 10" /em®. for donor atoms.

Impurity concentration for acceptor atoms : 10'7 - 10"%7em?.

LEDs are based on Injection Illuminisence. Due to injection of carriers light is emitted.

Gallium phosphide — Zincoxide =~ LED Red colour
Gallium phosphide — N LED Green colour
SiliconCarbide  —SiC LED Yellow colour
Gallium phosphide, P, N LED Amber colour

4.18 PHOTO DIODES

Instead of photoconductive cells, if a reverse biased p-n junctions diode is used the current sensitivity
to radiation can be increased enormously. The mechanism of current control through radiation is
similar to that of a photo conductive cell. Photons create electron hole pairs on both sides of the
junction. When no light is applied the current is the reverse saturation current due to minority
carriers. When light falls on the device photo induced electrons and holes cross the junction and
thus increasing the current through the device. For Photo diodes also dark current will be specified.
This is the current through the device with no light falling on the device. It is typically 30 - 70n A
atVp =30V.

The active diameter of these devices is only 0.1'". They are mounted in standard To - 5
package with a window.
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They can operate at frequencies of the order of 1 MHz. These are used in optical
communication and in encoders.
«—Vp

~ T
~E) () i

A ILuA
K K

intensity

Fig 4.76 Symbols for photo diode. Fig 4.77 Photo diode reverse characteristics.
4.19 PHOTO TRANSISTORS

In a photodiode, the current sensitivity is much larger compared to a photoconductive cell. But this
can be further increased by taking advantage of the inherent current multiplication found in a
transistor. Photo transistors have a lens, to focus the radiation or light on to the common base
junction of the transistor. Photo induced current of the junction serves as the base current of the
transistor (Ik)'

e
e

or

Fig. 4.78 Symbols for Photo transistors
Therefore collector current I c= (1+h fe ) Ik
The base lead may be left floating or used to bias the transistor into some area of operation.
Symbol for photo transistor :
If the base lead in left open, the device is called photo duo diode.
Symbol is
It has two diodes pn and np. So it is called as photo duo diode.

X

Fig. 4.79 Symbol for Photo duo diode.
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SUMMARY

L R 4

The relation between Emitter Efficiency vy, Transportation Factor B and Current
Gain oL is,
.
a=p xvy
Transistor is an acronym for the words Transfer Resistor. As the input side in

forward biased and output side is reverse biased, there is transfer of resistance
from a lower value on input side to a higher value on the output side.

Transitor can be used as an amplifiers, when operated in the Active Region. It is also
used as a Switch, when operated in the cut-off and saturation regions.

The three configurations of Transistor are Common Emitter, Common Base and
Common Collector.

The proper name for this device being referred as transistor is Bipolar Junction
Transistor ( BJT ).

The three regions of the output characteristics of a transistor are
1. Active Region
2. Saturation Region
3. Cut-off Region

JFET is UNIPOLAR Device (Unipolar only one type of carriers either holes or
electrons)

JFET device has Higher input resistance compared to BJT and Lower input resistance
compared to MOSFET.

The disadvantage of JFET amplifier circuits is Smaller Gain - Bandwidth product
compared to BJT amplifier circuits.

_ 0Vpg
rds (ON) - aID v(’\= K
_ 9l
& 3 Vesh, o«
. . avDS
p = Amplification factor =

Relation between p, r,and g_fora JFET isp=r,xg
Width of the depletlon region W for n-channel JFET interms of pinch off voltage V,

2 12
eNp

Expression for [ in terms of I,

2
: _ Vs
VGS and V., is ID = IDSS {1 ————VP }

I = Satuaration value of Drain current when gate is shorted to source.
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AR S I A

__._H___
A WD~ o

For zero drift current in the case of JFET, 0.007|1 | = 0.0022 g_
For zero drift current, in the case of JFETs, [V |-V 0.63V

ool =

V,
Expression for g_for JFET interms of g__ is, g = (1 —~\-,-G—S—]
P

The two types of n-channel or p-channel MOSFETs are

1. Depletion type

2. Enchancement type
In JFET terminology, BV . parameter means the value of breakdown voltage V.
at breakdown when the source is left open i.e., I, = 0.

The parameters B V __ stands for breakdown voltage Vs When drain is shorted to
source.

At high frequencies, the expressions for input capacitance C_ of JFET shunting R |
is, C =C,*+[1+g, (R, jlrd)]C

The purpose of swamping resistor r,_ connected in series with source resistance R in
common source (C S)JFET amphﬁer is to reduce distortion.

Simplified expression for voltage gian A, in the case of common Drain JFET amplifier

Rs

RS+—1—

m
The distortion caused due to the non linear trarffsfer curve of JFET device, in amplifier
circuits is known as Square Law Distorion.

isAv=

OBJECTIVE TYPE QUESTIONS

For identical construction, ..........ccccoceveeennne. types of bipolar junction transistors
(BJTs) have faster switching times.

The arrow mark in the symbols of BJTs indicates ..........c..cccoeueue.ne.

For NPN Bipolar Junction Transistor Emitter Efficiency y = ......ccccoocveveeerennen.
For PNP Transistor (BJT), the transportation factor B* = ..........ccccevvverrnrnane.
Relation between o, B* and vy for a transistor ( BJT ). ot = .cooocvevieeieirncenenee,
The expression for a in terms of B for a BIT is .....cccoeevevrreerinnnnen.

The expression for B in terms of a for a BJT is .cocccvevveveevinreennenens
Expression for IC in terms of f3, IB and ICBO IS cereeerrirrre e
Expression for ICEO in terms of ICB and A 1S .o

B’ of a BIJT is defined as .......c.cceveeuvuveuinnnne

B’ of a transistor ( BJT ) is .cccoeevvvvivvevnieennee.

Relation between B’ and B is ...cccceveeerevivenennnne

B’ is Synonymous to .........ccccceeeereervirnene and B is SaMe aS .....cccceeereeeeereenrennen,
BisS oo, ( for DC Currents ).

B’ 1S e, ( for AC Currents ).
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16.
17.
18.
19.
20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31

PN R WD

10.

11.
12.

13.
14.

Base width modulation is ........cccovvvvveeennnen..

IGFET is the other name for .........c..ocovvveeneeanes device.

In JFET recombination noise is less because it is ..........ccceevvevvvennnee. device.

The disadvantage of JFET amplifier circuit is ......cccccvevueeererernnnnn. .

The D, G, S terminals of JFET are similar to ......ooccveeveeevereeennnn terminals of BJT
respectively.

The voltage V  at which [ | tends to level off, in JFET is called .........ccccoovrerrinnnes.

The voltage V ¢ at which I becomes zero in the transfer characteristic of JFET is
called ....ccooovvcinniiiiin

The range of r oN) for JFET IS tierrrirre e s

For low electric fields E_of the order of 10°V/em, B ot .o .
Expression for V ¢ in terms of V, oo, .

Expression for I in terms of [ .. in 1o oo .

I in defined as ..o, .

JFET can be used as ......c.cccecvvvenreennne. resistor.

Relation between p, r,and g for JFET is ..covieviiiininnne .

The square law dev1ce 1St

The MOSFET that can be used in both enhancement mode and depletion mode is

ESSAY TYPE QUESTIONS

. With the help of a neat graph qualitatively explain the Potential distribution through 2

transistor (BJT).

Explain about the different current components in a transistor.

Derive the relation between 3 and B’ .

Derive the relation between o, 3* and y

Differentiate between the terms hFE and h e Derive the relationship between them.
Qualitatively explain the input and output.

Explain the V-] characteristics in Common Emitter Configuration.

Describe the V-I characteristics of a transistor in Common Collector Configuration
and Explain.

Draw the Eber-Moll Model of a transistor for NPN transistor and explain the same.

Compare the input and output characteristics of BJT in the three configurations,
critically.

Compare BJT, JFET and MOSFET devices in all respects.

Derive the expression for the width of Depletion region ‘W’ in the case of p-channel
JFET.

Obtain the expression for the pinch off voltage V in the case of n-channel JFET
Deduce the condition for JFET biasing for zero drift current.
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15.

16.

17.
18.
19.
20.

Draw the structure and explain the static Drain and Gate characteristics of n-channel
JFET. Repeat the same for p-channel JFET.

Draw the structure of p-channel MOSFET and Qualitatively explain the static Drain
and Gate characteristics of the device.

What are the applications of JFET and MOSFET devices?
Give the constructional features of UJT.
Qualitatively explain the static V-I characteristics of UJT.

What is the significance of negative resistance region? Explain how UJT exhibits this
characteristics ?

MULTIPLE CHOICE QUESTIONS

1. As reverse bias voltage is increased, for a diode, the base width at the junction
(a) decreases (b) increases (c) remains same (d) none of these
2. Expression for ‘a’ of a BJT in terms of Ipc, IE’ Ic etc is
I I 1
(@ &= (b) = © T @ 1.
Ig Ig E c
3. Expression for B* is,
Lpe I pe Tpe Tpe
@ Ty ® - © @ oo
4. The relation between ICEO’ ICBO and « is, ICEO =
lero R I cro tepo
(a) a (b) (] + (X.) (C) (1 — oc)2 (d) (1 _ (X.)
S. For a transistor in C.E configuration to be at cut-off, the condition is,
(@) Vge=- Vgt Rp Icgo<~04 (b) Vgg=+Vpg—Ry Icgp<04
©  Vge=~Veg TRy lgo =01 (9 Vpp=-Vpg Ry Ige=-01
6. The condition for test for saturation in a BJT is
@ Wi o widd @ e @ e
o Bi= B Tla Tl
7. Expression for satyragion-resistance Rcs of a transistor (BJT) is ...
_ Ve = VCF
(a) Res= Totsa) (b) Rcs= I (sat)
V‘

Ic Ie
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8. The symbol shown is l_r_l- is that of a .....
(a) DIAC (b GTO (¢) SCR (d) TRIAC
9. DIAC is a ..... layer device
(a) 4 layer (b) 3layer (c) 6layer (d) Two layers
10. The forward break over voltage is symbolically represented as, (For SCR)
(@) Vpo (®)  Vaoo (€) Vg (d  Vego
11. Insulated Gate Field Effect Transistor (IGFET) is a ...
(a) Normal JFET device (b) n-channel J FET device
(c) p-channel JFET device (d) MOSFET device
12. Compared to BJT, JFET is
(a) Lessnoisy (b)  more noisy
(c) Same noisy (d) can’t be said
13. At pinch off voltage in a JFET device,

14.

15.

16.

17.

(a)  Channel width is zero and I, becomes zero

(b)  Channel width is zero, but I; is not zero

(c) Vgg becomes zero

(d) None of these

For high eletric field strengths € > 104 V/em, mobility of carriers is proportional to

1 1

(a) s, (b) €, (c) g (d) None of these
The pinch off voltage Vp in the case of n-channel JFET is proportional to
1 1
2 —
(@ Np (b) N, © Ny (d Np
Expression for ID in the case of JFET is,
2
1- Ves 1 Ve
(@) Ipgg v, (b)  Ipss| '~ \Y
p
2 2
1+ Ves Ve 1
© Inss| 1ty @ Toss |,

The condition to be satisfied for zero drift current is,
(a) 0.007 |1D| =0.0022 gm (b) 0.07 |ID| =0.022 gm
¢y 0.7 |ID| =0.0022 gm (d) 0.007 |ID| =0.022 gm
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18.

19.

20.

The relation between p, r d and g, for JFET is,

(@ p=rdgm  (b) p=rd.gm (d)
Typical values of p, r 4 and g, for JFET are,

(@ p=5rd=100Q,gm=100mv (b) p=1000,rd=10Q,gm=0.I1mU
®b) p=6,rd=1MQ,gm=10K0O (d p=7,rd=1MQ, gm=0.5mA/V

The resistor which is connected in series with source resistance Rs to reduce
distortion in JFET amplifier circuits is called

rd = p.zgm (c) p= rdz.gm

(a) Swamping resistor (b) swingingresistor

(c) Dbiasresistor (d) distortion control resistor

Specifications of a Bipolar Junction Transistor (BJT)

[ SLNo.[  Parameter  Symbol | Typical value | Units

1. Collector-Emitter Voltage Vg 40 \%
| 2. Collector-Base Voltage Vg 60 A%

3. Emitter-Base Voltage Vip 6 A"

4. Collector-Current Io 500 mA
| 5. Total Power Dissipation Py 04 W
} 6. Operating Temperature Top 25-80 °C
| 7. Collector- Emitter Break down
| voltage BVceo 40 v

8. Emitter-Base Break down

voltage BVEgo 50 v

9. Current - Gain Bandwidth product fr 250 MHz

10. Output Capacitance Cy 8 Pr

11. Input Capacitance Cis 20 Ps

12. Small Signal Current gain hg, 100 - !

13. Output admittance h,. 10 mQ |

14. | Voltage feedback ratio h 8 x 10 - |
| 15. Input impedance h,, 3 kQ
‘ 16. Delay time t4 10 nSec. 1
 17. | Risetime t, 20 nSec. |
18 | Falltime te 50 nSec. |
‘ 19. Storage time t 200 nSec. ‘
(__20. | NoiseFigure e | _NF 4 | a ]
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Nomanclature used for Transistors (BJT5)

BC107 B Silicon Device
(NPN Transistor) C Audio Amplifier application

107 :  Type Number (No Significance)
AF 114 A Germanium Device

F : HighFrequency Applications

114 :  Type No.
2N 2222 2 Two Junction semiconductor device
(NPN Transistor)
AC 128 Germanium Audio Frequency range BJT
BC 147 Silicon Audio Frequency range Transistor
2N 3866 NPN RF Power Transistor, 5W, 30V 0.4A.
2N6253 NPN High power, 115W, 45V, 15A.
2N 1481 NPN 5W, 40V, 1.5A

EB C White

n iy 1

B@ 6 B €,

Flg. 4.38 Transistor terminal identification

,.—"-
Gate Cathode

;f__\/

7
' Cathode o} Gate

Anode Wy
Gate 6// /
Cathod ‘ -v
athode Cﬁﬁ\ e Aiisde Anode
G

(a) (b) (©)
Fig. 4.39 SCR case construction and terminal identification [(a) courtesy general electric
company; (b) and (c) courtesy international rectifier corporation]
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7 SN
Type Numbers of JFETs

2N 4869 : N-channel Silicon JFET

BF W10 :  N-channel Silicon JFET
BF W 11 : N -channel Silicon JFET JI
2N5457
Case 29-04, Styles
TO-92(TO-226AA)

2 Source

23 JFETs
General purpose
N-Channel-Depletion

Fig. 4.40 Identification of JFET leads

2N4351
Case 20-03, Styles 2
TO-72(TO-206AF)

3 Drain

i

, -
Gme'____]:‘ — 4 Case

2 ;‘; I Source
4 MOSFET
Switching
N-Channel- Enhancement

3

Fig 4.41 Identification of MOSFET leads
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Specifications of JFETs (Typical Values)
Si.No. Parameter Symbol Typical Value Units
1 Drain-Source voltage Vs 25 \Y
2. Drain-Gate voltage Vg 25 \%
3. Reverse Gate - Source voltage V Gsr -25 \Y
4. Gate Current Ig 10 mA
5. Junction temperature range T 125 °C
6. Gate source Breakdown voltage ' VBRryGss -25 \%
Type No. 2N5457 n- channel JFET
Type No. 2 N 4351 n-channel Enhancement type MOSFET
MOSFET
SLNo. | Parameter Symbol Typical Value Units

1. Drain-Source voltage Vps 25 A%

2. Drain-Gate voltage Vbg 30 A%

3. Gate-source voltage Vs 30 A%

4. Drain current I 30 mA

5. Zero gate voltage drain current Inss 10 nA

6. Gate threshold voltage Vs (th) 1 A%
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uir
SI.No6. | Parameter Symbol Typical Value Units
1. Power Dissipation Py 300 mw
2. RMS Emitter current Iz (rms) 50 mA
3. Emitter reverse voltage ViR 30 \%
4. Inter base voltage Vg are (inter) 30 \%
5. Intrinsic stand off ratio n 0.5 -
6. Peak Emitter current Ip 0.14 LA
7. Valley point current Iy 4 mA
8. Emitter reverse current Ieo 1 HA
Specifications of Light Emitting diode (LED)
SL.No. Parameter Symbol Typical Value Units
1. Average forward Current I 20 mA
2. Power Dissipation PD 120 mw
3. Peak forward Current i f (peak) 60 mA
4, Axial luminous Intensity Iy 1 mecd milli candelas
S. Peak wavelength A Peak 600 nm
6. Luminous efficiency nv 140 Im/w




In this Chapter,

€ The need for biasing and its significance in amplifier circuits is explained.
The Quiescent point, or operating point or ‘Q’ point is explained.

€  Different types of biasing circuits are given and the expressions for stability
factors are derived.

€ Variation of ‘Q’ point with temperature and temperature compensating
circuits are given.
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5.1 TRANSISTOR BIASING

The transistor output characteristics in Common Emitter Configuration are as shown in Fig. 5.1.
The point in the characteristics of the transistors indicated by V ., I . is called Operating Point or
Quiescent Point Q. This is shown in Fig. 5.1. The operating point must be in the active region for
transistor to act as an amplifier.

I
I A 90 pA
Q
yal . 60 pA
L 30pA
i
]
|
]
:
O
v( E

Fig 5.1 Output characteristics of BJT.

Transistor when being used as an amplifier is operated in the active region. As Iy
(in pA) increases, I~ (in mA) increases. So for a small change in I, there is corresponding large
change in |- and thus transistor acts as an amplifier. The operating point or the quiescent point has
to be fixed when any transistor is being used as an amplifier.

AV: g—'-}}-l-'“ R, <<r
e L ¢
R, = Load Resistance
r. = Collector resistance
o’ = Small signal current gain ( less than 1)
A, = Voltage gain
Therefore, transistor acts as an amplifier.
, Al
AVe = o' x R x Alg
AV, = r. Alg
A _ AVe _ a'Rp xAlg :a'RL
¥ AV, e x Alg I

R >>r.SoA,>1
The quiescent point changes with temperature T, because it depends on the parameters J3,

I or Vge etc. B and I, depend upon temperature. Hence operating point changes with
temperature. So by suitably biasing the transistor circuit, the quiescent point may be made stable
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or not to change with temperature. Compensation techniques are also used in order to make the
operating point stable with temperature.

Itis very essential to choose the operating point properly so that the transistor is operated in
the active region and that the operating point does not change with temperature. Since if the input
is sinusoidal wave, the output will also be a true replica of the input or it will also be a perfect sine
wave. Otherwise. the output will be distorted. clipped etc.. if the quiescent point is not chosen
correctly or it is changing with temperature. Hence it is essential to choose the operating point
correctly. Operating point is fixed with respect to the output characteristic of a transistor only.

So now the question is how to choose the operating point? Before this let us consider as to
how the quiescent point is fixed. Consider the circuit as shown in Fig. 5.2 and 5.3. It is Common
Emitter Transistor circuit with a load resistance R, . PNP transistor is being considered.

A

. C
E -V IB= 600 MA

AN =
1,= 200 |,1A<_IB 400pA

A\
—_
._.= %"‘ v V(E
Fig 5.2 Amplifier circuit. Fig 5.3 Variation of operating point.
From the above circuit,
Veeg=Vee—lexR L (5.1)

V¢ is DC Bias Supply. i is instantaneous value of AC Collector Current.
Vg = Instantaneous Voltage
From the Equation ( 5.1 ), the load line can be drawn. To draw the load line,
Let ic =0then V.=V Thisisone pointofthe load line.

_ Ve

L
The value of r.. is very small compared to R, . Hence.it can be neglected.

__Vec
RL + rc

V
Neglecting, r, iz = ("‘ﬁc“c‘]
L

Let Vg =0then i . This another point of the load line.

ic
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So by setting i~ = 0, V. = 0, the load line is drawn. It is a straight line independent of the
transistor parameters. The slope of the line depends on R, the load resistance only. V.. is a fixed
quantlty For a given value of I, I - is also fixed when the transistor is being operated in the active
reglon Therefore for I = 200uA, the quiescent point is Q,. For I = 800 HA, the operating point
is Q, and so on. Now, when the input signal applied between base and emitter is a symmetrical
signal, varying both on positive and negative sides equally, within the range of the transistor
characteristics, then the operating point is chosen to lie in the centre of the output characteristics
(i.e., corresponding to Iy = 300 pA), so that the output signal is a true replica of the input without
dlstortlon (Vecand Vg are bias voltages. Input s:gnal is the a.c signal between B and E ). When
the input signal is symmetrical, the quiescent point is chosen at the centre of the load line.

The load line as explained above, if drawn, is called as the dynamic (AC) load line. If the
output impedance in the circuit is reactive, then the load line will be elliptical. Since the voltage and
current are shifted in phase, and the resulting equation will be that of an ellipse. For a resistance
the load line is a straight line.

While drawing a load line, if only the collector resistance R is considered and load resistance

V
R, isinfinity (o0 ), then the load line is drawn with the points (T{CL and VCEJ It is called as Static
C

Load Line or DC Load Line

But if the load line is drawn considering a finite load resistance R, , and the resistance considered is
R, in parallel with R, it is called AC Load Line or Dynamic Load Line, with AC Input.

There are three types of Biasing Circuits

1. Fixed Bias circuit or Base Bias circuit

2. Collector to Base Bias circuit

3. Self Bias or Emitter Bias circuit (Universal bias or Voltage divider bias circuit).

5.2 FIXED BIAS CIRCUIT OR ( BASE BIAS CIRCUIT )

Consider the NPN Transistor Circuit as shown in Fig. 5.4. R is collector resistance. C
coupling capacitor. It blocks DC since capac1tor is open circuit for D.C. So the output signal w111
be pure a.c signal. R.. limits the current I provides the bias voltage for the base. Since this
is NPN transistor, V should be posmve Eecause the collector should be reverse biased.
The drop across Ry, (({F x Ry ) is negative and it provides positive bias for the base. Since
R, is connected, dynamlc loaé3 line has to be considered. Suppose the output characteristics of the
transnstor are as shown in Fig. 5.5.

Suppose Q, is the centre point, and it is chosen as the operatmg point. But if the mput signal
is greater than 40 HA on the negative side, with Q,, the transistor will be cut off since for that
swing I =0, and the transistor is cut off, so another operatmg point is to be chosen. Choosing the
operatmg point means, a correct value of I, I, V. (if the transistor is in Common Emitter
Configuration) so that we get undistorted output.

Since from the above circuit,

[ = Yec~ Ve
B
Rp
_ Vec - Ve

C RC
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I, =40 A

I,=30 pA
I,=20 pA
I,=10 uA

Ve =V
—_—
Ve
Fig 5.4 Fixed bias circuit Fig 5.5 Operating point variation

Vg is the base emitter.voltage for a forward biased EB Junction. This will be 0.2V for
Germanium and 0.6 for Silicon. In order to get a large value of I or the change in the operating
point, V. or Ry has to be changed. Since once V., Ry etc., are fixed, I is fixed. So the above
circuit is called as Fixed Bias Circuit.

I is fixed when R and V . are fixed. Because in the expression, for I, B is not appearing.
So once Ry and V. are fixed, the biasing point is also fixed. Hence the name Fixed Bias Circuit.

5.3 BIAS STABILITY

The circuit shown in Fig. 5.4 is called as a Fixed Bias Circuit, because Iy remains constant for
given values of V.~ and Vg and R;. (1 ~Vza/Ry ). So the operating point must also remain
fixed. Suppose the transistor in the circuit is AC128, and we replace this transistor by another AC
128 transistor., The characteristics of these two transistors will not be exactly the same. There will
be slight difference. It is because of the limitations in the fabrication technology.

The doping concentration, diffusion length etc., in fabrication cannot be controlled precisely.
If we say impurity concentration is 1 in 10%cm?, it need not be the same. The diffusion length will
also be not the same since the temperature inside the furnace during drive in diffusion may vary.
The furnace may not have constant temperature profile along the length of the furnace. Because
of these reasons, transistors of the same type may not have exactly the same characteristics.
Hence in the above circuit, if one AC 128 transistor is replaced by another transistor, the operating
point will change, since the characteristics of the transistor will be slightly different.

Hence for the same circuit when one transistor is replaced by the other, operating point
changes. In some cases, because of the change in the operating point, the transistor may be cut
off. In the above circuit, the operating poiﬁ; is not fixed, since I is fixed, and 3 changes. On the
other hand I; should be changed to account for the change in 3 so that the operating point is fixed
or I and V. are fixed.

5.4 THERMAL INSTABILITY"

Change in temperature also adversely effects the operating point. I, doubles for every 100C rise

in temperature.
=B+ 1) +Bxlg (52)

——
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co OL.IB
I a + o e (53)
The collector current causes the collector junction temperature torise. Hence I increases.
So I~ also increases. This in turn, increases the temperature and so Ieo still increases, and then I
So the transistor output characteristics will shift upwards (because I~ increases). Then the operating
point changes. So in certain cases, even if the operating point is fixed in the middle of active region,

because of the change in temperature, the operating point will be shifted to the saturation region.
5.5 STABILITY FACTOR ‘S’ FOR FIXED BIAS CIRCUIT

In the previous circuit, if I is fixed, operating point will shift with changes in the values of I, with
temperature.
I .
_Jteo  olp
C l-a 1-a
I gets doubled for every 10°C rise in temperature.
I also increases with temperature. So if I is fixed, the operating point will shift. In order to
keep operating point fixed, I and V. should be kept constant. There are two methods to keep
I~ constant.

1.  Stabilization Technique :

Here resistive biasing circuits are used to allow Iy to vary to keep I - relatively constant,

with variation in I, B and V. ie., Iy decreases if I .., increase, to keep I constant.
2.  Compensation Technique :

In this method, temperature sensitive devices such as diodes, transistor, thermistors

etc., which provide compensating voltage and currents to maintain the operating

point constant are used.

Stability Factor S is defined as the rate of change of I . with respect 1o I, the reverse
saturation current, keeping f and Vg, constant.

S = 5—1—0—
COlg, VBg = K

_ Al
" Al

The value of S should be small. If it is large, it indicates that the circuit is thermally unstable.

e , 2l are also some times called as Stability Factors.

oB "~ OV
Expression for I,
’ Ie=(+B)Io*tBy (54)

g - Jc

Adco B =K, Vgg=K
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Therefore, differentiating Equation (5.4) with respect to I, with 3 as constant,

Aco oy
1=(1+p)x +Bx =B
- (1+B)+B.6IB

S Al

I cannot be measured directly. I. and 5 can be measured directly. So I is not
differentiated directly with [,

3.9 | 1+B
[1 P alc] s

S=0implies that I . is independent of I.,. This is ideal case. S =35 is a reasonable value for
practical circuit. General Expression for S is,

1+

S=rr———" L 5.5
R (55)
Al

1 = Yec ~ Ve
B
Rp
For a fixed bias circuit, I; is independent of L ..

ol
B~
ol
S=1+pB
If 3=40,S = 41.Itis a very large value or thermal instability is more. So some circuits are
available which make I more independent of I, and hence S will be low.
5.6 COLLECTOR TO BASE BIAS CIRCUIT

The circuit shown in Fig. 5.4 is fixed bias circuit, since I is fixed, if V., R and Vi, are fixed.
But an improvement over this circuit is the circuit shown is Fig. 5.6.

Fig 5.6 Collector to base bias circuit.
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In this circuit, Ry is connected to the collector point C, instead of V- as in Fig. 5.4. V;is
input, the capacitor wnll block DC input and allow only AC signal to the base. Since it is NPN
transistor, collector junction is reverse biased. RC is a resistor in the collector circuit, whlch controls
the reverse bias voltage of the collector junction with respect to emitter.

Ve = Vee—IRe
I=I.+1Ig
This circuit is an improvement over the Fig. 5.4 fixed bias circuit because,
Vee = Voo~ Uc +1g) Re
I=l.+1

With temperature I increases. Since V¢ is same, | is same and so I decreases.

As I increases with temperature because of the increases in I, (1 + Ig) R product
increase. So V. reduces. That means the reverse bias voltage of the collector Jjunction is reduced

or number of carriers collected by the collector reduces. Hence I also reduces. Therefore, because
of the reduction in the bias currcni | rhe increase in I will not be as much as it would have been

considering only increase in 1 with temperature.
We can calculate the stability factor for this circuit. Applying KVL,
Vee = Vee t g+ I R+ 1. Rg=0

or Vee= Ve =g (R +Rp) + 1
1 = Yec = Vee ~IcRc
B Rc +RB

Vg is the cutin voltage and it is 0.6V for Silicon, and 0.2V for Germanium. It is independent

of I.. So differentiate this expression with respect to I, we get
dlg _0-Rc-0  -Re
dl.  Rc+Rp  Re+Rg
The expression for stability factor S

1+B

S=—7—
-l e
dlc

ol __-Re¢

B —_— =
ut aIC Rc'l'Rb
1
S= +P
J4+Bx—2C
B RC+RB

Therefore, the value of S is less than (1 + 3).

(1 + B) is the maximum value for the fixed bias circuit. Therefore collector bias circuit, is an
improvement over the fixed bias circuit. Now let us consider the effect of 3 on the stability of the

circuit, discussed above.



Transistor Biasing and Stabilization 275

le=(+B) o +Bxlg L (5.7)
_ Vec —IcRe = Vg
Ig R.+Ry e (5.8)
I —(t+B)1
From Equation (5.7), I; = “Q"—(—B‘E)‘@‘ .......... (59)

Equating (5.8) and (5.9) and transferring I - to one side

Ic—(+B)lco  Voc—IcRe - Vg

p - Rc+Rp

Ie Re + Rg) = (1 + B)(R¢ + Ry) Iop = B[V = Vel = Ble Re

Ic Re +Rg) + BIc Re =B ([Voe— Vel + (R + Rp) I (1 4 B))

B>1=1+pB~P

Ie[Re + BRe + Rl = B[Ve = Viggl #)(Re + Rp) 1o B

IC [(B + 1) RC + RB] = B [VCC - VBE + (RC + RB)lo]
Again (B+1)~pB.

Io ~ BlVce — Vee +(Re +Rp)leo]

(BRc+Rp)

This expression, in this form is derived to get the condition to make I independent of f.

Therefore, with the changes in the value of 3, with temperature,] . changes so the operating point
also changes.

The above circuit, is an improvement over the fixed bias circuit, I; is being decreased, with
increase in [, (Because I, increases with temperature) to keep operating point constant. Since
I is dependent on the 3 from the above expression, and since B changes with temperature, I - also
changes and thereby operating point changes. Therefore from the above expression, it is essential
to make I insensitive to [3, so that the modified circuit works satisfactorily to keep the operating
point fixed. The assumption to be made in the above expression (5.10) is,

B x R->>Rg.
Therefore, the above expression becomes,

[~ B[Vcc — Vge +(Rc + RB)ICO]
C._.

BR¢
BR:>>Ry
Io~ Yec—Vee+ (Rc+Rp)lco
Re

So if we choose R very small compared to 3R, the circuit will work satisfactorily. But in
all cases, this may not work out. If R value is not so small, then the above assumption is not valid
and hence the circuit won’t work satisfactorily.

For a given circuit, to.determine the operating point, draw the load line on the output
characteristics of the given transistor. Load line is drawn as given below :

Vee =l R+ Vg
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If1. =0, then, \Y =V

cC CE

Vee
If V=0, thenl, = R— .
L
With these points, a straight. line is drawn on the output characteristics of the transistor.
Corresponding to a given value of I;, where this line cuts the output characteristic, it is called as
the operating point.

In the collector to base bias circuit we said that the stability is good since, I is decreased
with increase in I to keep operating point fixed. In that circuit, there is feedback from the output
to the input through the resistor Ry;. If the signal voltage causes an increase in I, I - increases. But
Vg decreases. So because of this, the component of base current coming through Ry decreases.
Hence the increase in Iy is less than what it would have been without feedback. In feedback
circuits the amplification factor will be less than what it would have been without feedback. But
the advantage is stability is improved. Such an amplifier circuit with feedback is called as
Feedback Amplifier Circuit. This type of circuits are discussed in subsequent chapters.

5.7 SELF BIAS OR EMITTER BIAS CIRCUIT

In the fixed bias circuit, since I increases with temperature, and I is fixed, operating point
changes. In collector to base bias circuit, though I changes with temperature, I also changes to
keep operating point fixed. But since B changes with temp. and I depends on {3, the assumption
has to be made that 3R . >> Ry to make I independent of 3. But if in one circuit, R is small, the
above assumption will not hold good. [ In transformer coupled circuits R will be small].

So collector to base circuit is as bad as fixed bias circuit. A circuit which can be used even
if there is zero DC resistance in series with the collector terminal, is the Self Bias on Emitter Bias
Circuit. The circuit is as shown. This circuit is also known as Voltage Divider Bias or Universal
Bias Circuit.

+V

CcC

R
B
T4 L
C +
B v
v, T
Fig 5.7 Self Bias circuit. Fig 5.8 Thevenin’s equivalent.

The current in the emitter lead causes a voltage drop across R, in such a direction, that it
forward biases the emitter-base junction. It is NPN transistor emitter is n-fype. Negative polarity
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should be at the emitter. If I . increases due to increase in I, with temperature the current in R,
alse increases.

I=1c+1Ig; Vg = Vg - Vi
As I increases, I, also increases.

So current I or emitter current increases. Therefore IR, drop increases. Since the polarity
of this voltage is to reverse bias the E — B junction, I; decrease. Therefore I..'will increase less

than it would have been, had there been no self biasing resistor.
[The voltage drop across R provides the self bias for the emitter]. Hence stability is good.

With reference to Fig. 5.8, it is NPN transistor. So the conventional current is flowing out of
the transistor, from the emitter. That is why the symbol is with arrow mark pointing outwards. So
emitter point is at positive with respect to N. Hence the drop (I + 1) R has the polarity such as
to reverse bias or to oppose the forward bias voltage V. junction. Ry can be regarded as parailel
combination of R, and R,.

5.8 STABILITY FACTOR ‘S’ FOR SELF BIAS CIRCUIT

S is calculated assuming that no AC signal is impressed and only DC voltages are present. In the
Fig 5.8, the voltage V is the drop across R,. Combination acts as a potential divider. So the drop
across R, which is equal to V, is given by the expression,

V=7 .
1+Ry
R, is the effective resistance looking back from the base terminal
RR
R = —L°2
B R;+R,

Applying Kirchhoff’s Voltage Law around the base circuit,

V=I3Rg + R, (Iz *1c) + Ve

Assuming V. to be independent of 1., differentiating I with respect to 1, to get °S’.
I, Rg+ IR, =+ V -V — 1. xR,
Ig(Rg+R)=V -V -1 xR,
I = (V= Ve - IcRe)

(RB + Re)

dl; R

_ [

8l R, +Ry

I+
The expression for stability factor S = B
()

ol¢
1+PB

S"—‘—“——“l‘{—
]
RC+RB/
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If Re is very small, S ~ 1.
Re
The fixed bias circuit, collector to base bias circuit and Emitter bias circuits provide stabilisation
of I against variations in [ But I also varies with V. and B.V, decreases at the rate of
2.5 mV/C for both Germanium and Silicon transistors. Because, with the increase in T, the
potential barrier is reduced and more number of carriers can move from one side (p) to the other
side (n). P also increases side with temperature. Hence 1. changes. '

5.9 STABILITY FACTOR §'

The variation of I with V. is given by stability factors S’ .

g e
OVge Bok
where both I, and [ are considered constant.
V =IgxRg+ Vgt +I)R, (5.11)
e =0+ B)I+B.1; L (5.12)

Therefore, From equation ( 5.12),
Ic = (1+B)lco

Ig = 8
From equation ( 5.11 ),
Ve = V-IgRpx(Iz+I9)R, ... (5.13)
I —(1+B)I
But 1= c (BB co

Substituting this value in equation ( 5.13),
I- —(1+B) I —(1+B)
Vg = V—{C (BB)CO} RB__{C ( )CO+IC}Re

1+ [ .
('B_]ReXICO‘ EC xRe—ICxRe

Q 1
Ve = V-Io {%‘H%me} oo {RB (B+B)+( EBJRC}

Vge = VH(RG+R) {].E._B} loo— {LIWE——@Q’L—M} | PR (5.14)

. g
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g - e -B
o © 0Vge  Rp+R.(1+p)
. 5Bk, Ry)
ut =
Ry +R (B+1)
g = -SB
(RB+RCXB+1)
B+1~PB
Re if it small can be neglected
_ .S
S = R,

S = 1, implies that the stability of the circuit is very good. Or to a better accuracy,

RB RB
+B+ — =1+ =1+
4B+ gE =1+ B =14p

e €

R
1+B) 1+—B
(+B)(+RJ Ry

_] —_—

a+p) "R,

when Rp

is small,
€

S=

R R
If -Ri is very large, then S =1 + 3. Now for a fixed —IEB_ , S increases with increases f3.
e e

R
If B is small, S is almost independent of 3. If a graph is plotted between S and EB— , then we get,
e
the graph as
B =100
S
B=10
1001 , i
10 T :
: 100
0.1 1.0 Rp
Re

Fig 5.9 Variation of stability factor
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The smaller the value of Ry the better the stabilisation Ry = R, in parallel with R,. So
R, and R, should be small.

The smaller, the value of R, the better the stabilisation. Because of feedback through R,
the AC gain is reduced. To prevent this, R is shunted with a capacitor whose reactance at the
operating frequencies is very small so that AC signal passes through the capacitor only.

’ . 1 f. . . - .
S’ has the units of Qo mhos. S’ is negative indicate that as V5 decreases, [ increases.

Therefore, if S is made unity, than S’ will also be less. We get stability of I . with respect to
both Vg and I, For self bias circuit, variation of $"with V. is also less. S” 1s approximately
equalto 1.

5.10 STABILITY FACTOR S"

The variation of 1, with respect to B is given by the stability factors S”.
ac

op

where both o and Vg are assumed to be constant.
From equation ( 5.14 ),

S" =

Vgr = V+(RB+Re)P;—] xICO——~—————RB+IT3°(1+B)xIC
+1 Rg+R 1+
VBE—V—(RB+RC)BB xICO=~—B“_B_(—B2xIC><(1+B)
I —B-Vge Vv Ico(Rg +R )1+B)
TR +RP)  Rp+RJI+P)  Rp+R.(+P)
__VB-BVg
e = Ry +RY1+p) 0

dlc  (Rg+R N1+B)V —Vgp)-B(V-Vge R, +Rp)

E (Rp +R P (1+B)
_ (Rg +ReXV-Vgg)
(RB +Re)+(1+[3)2
LAl IS
~ o pO+p)
5.11 PRACTICAL CONSIDERATIONS

Silicon transistors are superior to Germanium transistor as far as thermal stability is concerned.
The variation in the value of 1. for Silicon transistor is 30% for a typical circuit when the temperature
varies from —65°C to +175°C. But for Germanium transistor, the variation will be 30% when the
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temperature is varied from —65°C to +75°C. Therefore, the thermal stability is poor for
Germanium transistor. Silicon transistors are never used above 175°C and Germanium transistors
above +75°C. Such high temperature will be encountered in the electronic control of temperature
for furnaces, space applications etc.

5.12 BIAS COMPENSATION

The collector to base bias circuit and self bias circuit are used for stability of I~ with variation in
Ico» Ve and B. But we said that there is feed back from the output to the input. Hence the
amplification will be reduced, even though the stability is improved.

Problem 5.1

An NPN ftransistor with 3 = 50, is used in Common Emitter Circuit with V.. = 10V and
R = 2KQ. The bias is obtained by connecting a 100 k< resistance from collector to base.

Assume VBE =(0. Find

(a) The Quiescent Point (I.+1,)
(b)) The Stability Factor R,
Wy
Solution R, ic
Vee-Ue+ I Re— 13 Ry =0 | ¢ .ri-y
Neglecting -, [ = B x I __I . B f) T - ¢c¢
Then (B+ 1) I R+I5Ry = V. c. I B B\
(50 + 1) x 2 x 103+ 100 x 103 x Iy = 10 b vy
l = — 495 uA iy
©BT 0x108 M l i, l
I =50 x 49.5 x 1076 = 2.475 mA ; —=
Vep =15 * Rg=4.95 Fig 5.10 For Problem 5.1.
B+1 51
S= = =25.6
1. _BR¢ |, 50x2
Rc +Rg 102
Problem 5.2

A transistor with 3 = 100 is to be used in Common Emitter Configuration with collector to base
bias. R = IKQ V. = 10V. Assume V. = 0. Choose Ry so that quiescent collector to emitter
voltage is 4V. Find Stability Factor.

Solution
Vee=(B+ 1) Igx Re= V=0
__ o
= T Toox1 - 4!

1+
68.3
10-101 x 103 Ip-4=0
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[ = —— = 59.4pA
B To1x100 0
Vg = Iy Ry = 4V
4
R, = ———— =67.3K
B 50.4x107°

Problem 5.3

One NPN transistor is used in the self biasing arrangement. The circuit components values are
Ve = 4.5V, R = 15K, R = 0.27 KQ, R, = 2.7 KQ and R, = 27K. If B = 44. Find the
Stability Factor. Also determine the Quiescent point Q (V¢ . I).

Solytion

The Quiescent Point

coe

27K 15K

C R
* B A
1 ¢ il
v 27K A&
! Re
= 7}7. N
Fig 5.11 For Problem 5.3. Fig 5.12 For Problem 5.3.
_ RyVee | 22x45
V= R,+R, 27+27 = 0409V
_RRy_27x27 L o
B™ R,+R, 27+27 ~
R
1+B)1+ -8
S o Re _g4
TR, ®
1+p+—-8
b R

Applying KVL over the loop.
+V = Igx R+ Vg +(1 +B) Ry
+0.409 =15 % (2.46 +45x0.27)+0.2
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0.409+0.2

or IB:T:H"‘A

Ic=BxIg=44x1.1=484mA
Veg = Vee = le xR = (g + [0) R = 2.4V
If the reduction in gain is not tolerable then compensation techniques are to be used. Thus
both stabilization and compensation technique are used depending upon the requirements.

5.12.1 DiopE COMPENSATION FOR VBE

The circuit shown in Fig. 5.13 employs self biasing
technique for stabilization. In addition a diode is
connected in the emitter circuit and it is forward
biased by the source Vp,;;. Resistance R limits the
current through the diode. The diode should be of
the same material as the transistor. The negative

voltage V across the diode will have the same Ry
temperature coefficient as V. Since the diode is ] AN
connected as shown, if V5. decreases with increase +|

in temperature (Vy is cut in voltage), V increases vy
with temperature. Since with temperature, the _T
mobility of carriers increases, so current through the

diode increases and V ; increases. Therefore, as V5
decreases, V, mcreases so that I will be insensitive  Fjg 5.13 Diode compensation for Ver
to varlatlons in Vge.

The decrease in Vg, is nullified by corresponding increase in Vi;. So the net voltage more
or less remains constant. Thus the diode circuit compensates for the changes in the values of V.

5.12.2 DiobpE COMPENSATION FOR ICO

I the reverse saturation current of the collector junction increases with temperature. So I also
increases with temperature. Therefore, diode compensation should also be given against variation
in 1. Acircuit to achieve this is as shown in the Figures 5.14.

.

-

=
Fig 5.14 Diode compensation for I co
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The diode D is reverse biased since the voltage V. which also appears across the diode is
so as to reverse bias the diode. Ifthe diode and the transistor are of the same material, the reverse
saturation current I of diode will increase at the same rate as the transistor collector saturation
current ICO.

Vec = Vee
R,
Therefore, V- is measured with respect to ground.
Vg is small compare to V...
Ve = 15V,
Ve =0.2 0r 0.6V.

I~ Vee
R,
The diode D is reverse biased by an amount 0.2V for Germanium. Current through the
diode is the reverse saturation current I,.

[p=1-1,
But we know that [ =(1+B) [+ B x Iy
Substituting the value of I,

c=BxI=-BxI+(1+PB)I
But B>>1,
B+1~PB
[c=BxI-BxIj+BxI
~B x I and +B x I, are of opposite signs. If the diode and the transistor are of the same
material, the rate of increase of 1, and I, will be the same. Therefore, I is essentially is

constant. 1, and I, need not be the same. Only the changes in [, and I, will be of the same
order. So net value of 1. will remain constant.

5.13 BIASING CIRCUITS FOR LINEAR INTEGRATED CIRCUITS

With the advancements in semiconductor technology, the active components made with this
technology are no more costlier than the passive components like resistors, capacitors etc.
Moreover, incorporating the passive components particularly capacitors in ICs is difficult. With
today’s technology, in biasing and stability circuits, transistors and diodes can be used. Hence
certain circuits incorporating transistors in biasing compensation are developed.

One such circuit is shown in Fig. 5.15. Why should transistor be used for compensation
when it is being used as a diode only? It is because of convenience in fabrication technology. In IC
fabrication for a diode, a transistor is being used as a diode. It is one step process and fabrication is easy.

Transistor Q, is used as a diode between base and emitter because, collector and base are
shorted. Q, is connected as a diode across the emitter base junction of transistor Q,. So effectively
the circuit is same as circuit in Fig. 5.14. Instead of a diode, a transistor is used. Now the collector
current through transistor Q, is,

=

_ Voc —Vae
Iey = TR —Ig -1,
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Ve << Ve and (I + Igy) <<I,

Vee
I., = — = Constant.
1
C R]
R,
R,

I
ClvBE

Fig. 5.15 Biasing circuit for ICs.

If transistors Q, and Q, are identical, their Vg, (cut in voltage) will be the same. Hence
I, = I, = Constant if R; = Ri.. These two transistors are being driven by the base voltage V.
Since, Vi is the same, I will not increase. V. and R, are also fixed. Hence the stability
will be good. Even if the two transistors are not exactly identical, practical experience has shown
that, the stability factor will be around 5. Hence in ICs, such circuits are employed for biasing stability.

5.14 THERMISTOR AND SENSISTOR COMPENSATION

By using temperature sensitive resistive elements rather than diodes or transistors, compensation
can be achieved. Thermistor has negative temperature coefficient i.e., its R decrease
exponentially with temperature.

The circuit is as shown in Fig. 5.16. R is the thermistor. As temperature increases, R
decreases. So th current through R, increases. As this current passes through R, there is
voltage drop across R.. Since, it is PNP transistor. Collector is to be reverse biased and hence —
V¢ is given. So the potential at the emitter (E) point is negative. Since the emitter is grounded,
this acts as the reverse bias for the emitter. As the drop across R, increases, the emitter reverse
bias increases and hence I decreases. Thus the effect of temperature on I. i.e., due to increase
in temperature, there will be increase in 8, V. and I, The corresponding increase in L. is
nullified by the increase in the reverse bias voltage at the emitter. Thus compensation is achieved.

Vg = Drop Across Rg.. As current through R increases, V- or the forward bias voltage
of E - B junction reduces. Hence I reduces. The materials used for thermistors are:

Mixtures of such oxides as NiO (Nickle Oxide), Mn,O; (Manganese Oxide), (CO,)
0, (Cobalt Oxide).

Instead of a thermistor, a temperature sensitive resistor with positive temperature coefficient
like a metal or sensistor can be used. Sensistor is a heavily doped semiconductor material. Its
temperature coefficient will be + 0.7% /°C. When a semiconductor is heavily doped, as temperature
increase, mobility of carriers decrease since there are more number of thermally generated free
carriers (n is large).
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C

T~

[ B/i/—
S B

E
%R
€
" +

Fig 5.16 Thermistor compensation

=

— <4 —
7

So temperature compensation can be obtained by placing a sensistor in parallel with R, or
R,. Sensistor should be placed in parallel with R, because, to start with, R, will have the same
value of sensistor. So the current will get branched equally. As T increases, I increases. Also
the resistance of sensistor increases. Therefore, more current will pass through R, now, since
current takes the path of least resistance. Hence the reverse bias of emitter increases and so I
decrease. (Since Vg = Drop across R, — Drop across R.). As Drop across R, increases, Vg
decreases hence 1. decreases. So the effect of temperature on I is nullified.

5.15 THERMAL RUNAWAY

The max power which a transistor can dissipate (power that can be drawn from the transistor) will
be from mW to a few hundred Watts. The maximum power is limited by the temperature also that
the collector to base junction can withstand. For Silicon transistor the max temperature range is
150°C to 205°C and for Germanium it is 60°C to 100°C. For Germanium it is low since the
conductivity is more for Germanium compared to Silicon. The junction temperature will increase
either_because of temperature increase or because of self heating.

As the junction tempetature rises, collector current increases. So this results in increased
power dissipation. So temperature increases and I still further increases. This is known as
Thermal Runaway. This process can become cumulative to damage the transistor. Now

AT=T,-T,=6x Py
where T; and T , are the temperature of the junction and ambient. P}, is the power dissipated at the
junction in Watts. 0 is the so called Thermal Resistance of the transistor varying from 0.2° C/W
for a high power device to 1000°C/W for a low power device. The condition for thermal stability
is that the rate at which heat is released at the collector junction must not exceed the rate at which
heat can be dissipated. So

R _ M

oT, T,
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ap. _ 1

or —
oT, ©

any
P,

Heat Sink limit the temperature rise. Heat sink is a good conducting plate which absorbs
heat from the transistor and will have large area for dissipation.

Problem 5.4

Calculate the value of thermal resistance for a transistor having P (max) = 125 mW at free air
temperature of 25°C and T, (max) = 150°C. Also find the Junctlon temperature if the collector
dessipation is 75 mW.
@ T,-T,=6xP, or 150-25=0x125 or ©=1°C/mW
(i) T,-25=1x75;T,=100°C

0=

Solution
It has been found that, if the operating point is so chosen that
Vee
VCE = 2
then the effect of thermal runaway is not cumulative. But if
VCC
vCE > 2

then temperature increases with a increase in I.. Again with increase in I, T increases and hence
the effect is cumulative. As [ increases, P increases. But it follows a certain law. If I is so
chosen that

VCC
Vee™
rate of increase of P, with I. is not large and Thermal Runaway problem will not be there.

Problem 5.5

A silicon type 2N780 transistor with = 50, V.~ = 10V and R. = 2502 is connected in collector
to base bias circuit. It is desired that the quiescent point be apporoximately at the middle of the
load line, so I and I are chossen as 0.4 mA and 21mA respectively. Find Ry and Calculate ‘S’,
the stability factor.

Solution

Vee = Vee—Uc+Ip) Re
Iy is very small compared to I.. So it can be neglected.
Vee = Vee—Ie-Re
=10V -(21 +0.4) 250
Vg~ 46V
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Since it is Silicon transistor,
Vo = Vy =0.6V

Ve — Vap
R, = CE ~ VBE
lB
_46-06 10k
04
+1
s- Bl
1+pB. £
R.+Ry
. (50+1) s
1450x 4220 :
(250 +10x10%)
S =23

Problem 5.6

A transistor with 3 = 100 is to be used in Common Emitter Configuration with collector to base
bias. The collector circuit resistance is R, = 1kQ and V. = 10V. Assume V. = 0.

(a) Choose Ry so that the quiescent collector to emitter voltage is 4V.
(b) Find the stability factors.
Solution
B=100; R.= 1kQ Vee =10V Vg =0
R, =7 S=7?
V¢ should be 4V
Applyining KVL around the loop,
Vee—Ue +1Ig) Re = Vi = 0.
V¢ is voltage these negative to positive. V- is voltage drop positive to negative. But [
value is not given.

[r=BxIg

Vee—(B+ DIgRo= Ve =0.

Vee =10V V=4V R.=1kQ B=100 I;=?
10-(101)I; x 1 x 103%-4=0

0Ix1g> 4 HA

But Ve =l - Ry
: 4V =594 pA xRy,

or IB =
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R, =——-7F=673kQ
B 59.4x107°
Therefore, Stability Factor,
1
S
1+p—C—
RC +RB
101
3= e
14+100x —5 ———
10°(1+67.3)
S =41

Problem 5.7

Two identical Silicon transistor with 3 =48, V. =0.6VatT= 250C, Ve =20.6V,R, = 10K and
R. = 5K are connected as shown. Find the currents I, I5,, I, and I, at T = 250C

(b)Find I, at T= 1759 C when B =98 and Vgg 0.22V

Solution
+ VCC
]
R,
lC2

Fig 5.17 For Problem 5.7.

Since the two transistors are identical, we can assume that I, = I5,.
_ Ve - Ve
R,

20.6-0.6

I= *——"1-6‘1:—— =2mA

Vg = 0.6V at25°C

I
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Since Iy, = Ig,= I, then1=2I5 + I, =2l + Blgor 2mA = (2 + 48)I,

2
IB = 35 mA = 40mA

I, =1, =B xIg=48 x40 x 103 = 1.92mA
B is same for the two transistors. I is same. Hence 1. should be the same.
(b) At 175°C, Vg decrease with temperature. Hence Vi at 175° C = 0.22V and

B=98
_ Vee—Vee _ _
I= 10k =2.038mA =(2+B)ig
2.038
or Ig= 2798 mA = 20.38uA.
Ie; =l =B x 13 =98 x 20.38 x 10-6 =2mA
Problem 5.8

Determine the quiescent currents and the collector to emitter voltage for a Ge transistor with
B = 50 in the self biasing arrangements. The circuit component values are V- =20V, R =2K, R,
=0.1k, R, = 100k and R, = 5kQ. Find the stability factor S.

Solution
_ RpVee  _ 5x20 _
V=R +R, 10045 292V
_ Rle _ 5%x100 _
Ry = R vk, ~ 10045 = 476K

Fig 5.18 For Problem 5.8.

For Germanium transistor, Vg = 0.2V
V=IgxRg+ Vg +(Ig + )R,
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V=Iyx Ry + Vge + (B+ 1) Iy R,

=lg [Rg + R(1+B) ] +Vpg

0952 = IB[4.76 x 103+ 51 x 0..1] +0.2
_o9s2-02

B~ 986x10° ~m

I =P xI;=3.8] mA

I, =(Iz+1) =381 mA

Vee =Vee— IR - R,

=20-3.81x2-389x0.1=12V

1*%% |, 476
S=(1+B)x [——g=|=51x — 4= =25
1+p+—=B 514212
R, 0.1
Problem 5.9

Design a circuit with Ge transistor in the self biasing arrangement with V.. = 16V and

CcC
R = 1.5K. The quiescent point is chosen to be V. = 8V and I, = 4mA. Stability factor S = 12
is desired 3 = 50.

Solution

Iy = < = = _g0ua
B~ B s TH
R = Yec~Vee—lcRc
¢ (s +1c)

_ 16-8-4x15

4.08 =(0.49k
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(B+1)1+§§
Re
S=12= R
1+B+—=B
RC
Rp
or R, =144
Ry =144 xR _=7.05k
Vgn = Base to ground voltage

=Vee * g R,
Therefore, I; is negative.
Vpny =02+4.08 x0.49=22V
V. =Vt R,
=2.2+0.08 x 7.05=2.76V
_RyVee o _ RiRy
R,+R,’ B R;+R,

R, =8.56k

5.16 STABILITY FACTOR S"FOR SELF BIAS CIRCUIT
VI xRy - Vg — (I + IJR, =0

or Ve =V -~-Igx(Rg+R,)-IR,
But Ie=(1+B)xIo+BxIy

or 1= Ic-(1 ; Bllco
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‘/‘v(‘(,'
L I
C
{ .
V—f: T CB E
\' R,
! e
7N
Fig 5.20 Stability factor S”. Fig 5.21 Self bias circuit.

Substituting equation (5.19) in (5.17),

Vge =V+(Rz+R) o 3 Ic
(@+1)

R

(Bg]) : R +R (1+B)
Re),

_V_IC{( BB e}+(R +R)Tlco
Rp +R A1+ B+1
Vo Vo1 o
+1
Let (RB+RC)[ J xleg=V’
B+l
p =
V' ~R,+R) I,
Rg +R (]
VBE=V+V'___.B_LB£(_-E£) ch
or (Vg *V+V)
_ RB+R,:(1+[3)><lC
B
_ B(V+ V'—VBE)

C" Rg+R(1+B)
V' can be assumed to be independent of .
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or

g”

Iy =

I

ICI

2™

=S"AB = B(H'B) x AB

e~ Al
ﬁ2 —B] AB
Bi(V+V' —Vg)

RB +Re(1+Bl)

Bo(V+V' —Vge)
RB +Re(l+B2)

e, [By Ry +R,(1+8)
B Rg +R,(1+B,)

By

Subtracting 1 from both sides, and simplifying equation.

S" =

Problem 5.10

Alg _ las
AB B1(1+B2)

A transistor type 2N335 is used in the self bias configuration may have any value of 3 between 36
and 90 at room temperature. Design a self bias circuit (Find Re, R, andR,) subject to the following
= 20V, normal bias point is to be at Vi = 10V, 1. = 2mA and
I should be in the range of 1 75 to0 2.25 mA as f3 varies from 36 to 90. Neglect the vanatlon of I

specification R_ =4 KQ, V,

Solution

Ic>>1g

(R¢

\Y%

(R¢

Re

cC

+ Re) = VCCI" VCE
C

20-10
2

+R,) =
=4 KQ

R, =(5-4)KQ=1KQ

Al =lp-1,=225-175
=0.5 mA
AB =B2_B1

=90 -36 =54

. So neglecting I,

=5 KQ

~Ic-Re=Veg—lc-Rg=0
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Al _ Ie;s, 52
AR Bi1+By)  (1+90)
_0s5
T 54

or  §,=173;S, is the Stability Factor (S ).
: S,=17.3,R, =1 KQ, B,=90,
1+Rs

R
$,=(14By) 1+ ———¢—
1+B,+—=B
Re

A R; =20.1 KQ
Neglecting the effect of I .,

7T N

Fig 5.22 For Problem 5.10.

Ry +R (+
Vv =VBE+————————B ( B)xlc
B
20.1+37
= ———|1.75= 3.38V
o+ (20)
R,=RBV—CC~=20.]><—-22—=119K
Y 3.38

R,V 119x3.38

= = =242K
Vee -V (20-3.38)

R,
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Problem 5.11
A PNP transistor is used in self - biasing arrangement the circuit components are V= 4.5V,
R,=27K;R;=0.27K; R, =27 K of B = 44. Find
(@) Stability factor.
(b) Quiescent point
(¢)  Recalculate these values if the base - spreading resistance of 690 £2 is
taken in account.

Solution
The circuit and its Thevenin’s equivalent are shown in Fig. 5.22 and Fig. 5.23.

_-.:..VCC
Fig 5.23 For Problem 5.11. Fig 5.24 For Problem 5.11.
_ _ _RiR;
Rp =R, IR, = R, +R,
_ 2.7x27 — 246K O
o297 “©
R,
V2= Vee R +R,
=+45x 27 041V
T A
1+B 44 +1 45
- = = =8.409
(2) S R, 027 ~ 535

1+44

1+[3R
¢ +Ryp 2.73
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(b) In base circuit,
Vo =IgRp+Vpe+Rply
=(1+PB) L. R+ Vg + Ry I
0.41 = (45) I5 (0.27) + 0.6 + (2.46) L.
__(041-06)
(45x0.27+2.46)
Io =BI3=0572mA
In collector circuit.
Vee =Rele+ Vg + g Rg
=l (B.R.+Rg+BRp)+ Ve
VCE—45—1 016 3484V
Qulescent Point : V. =3.484V

= Iy =-0.013mA

Ic =0.572mA
Iz =0.013mA
(c) Taking ry, =690Q;
S = —*—‘E— = 10.06
1+ 44937—
3.42
-0.19
ls = @5x027)+3.15 ~ 0012mA
I =-0.528 mA
Veg =4.5-0938=3.562
Quiescent Point : Vg =3.562V
I =0.528mA
Iy =0.012mA

These are the values taking r,, , into consideration.
Problem 5.12

For the given circuit, determine the stability factor S and Thermal Resistance 9., .

Ve =24V Rp =270 Q
R.= 10K B =45
Vg =5V

Solution :
In Collector-Emitter Circuit,
Vee =1 R+ V+IRg

=T Rg+ Vg + (l};ﬁ) Ic.Rg
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46
24V =101 +5+ =1c(270)

I =1849mA.
Ic 1849
[ =—=—7+=4109
(@) In collector base circuit; V. = Iy x R+ Vg,
R =220 _i0708x0
41.09u
1
(b)  Stability factor=S= ._*‘.g_c_
* B RC +R
%
1+ 45—&
117.08
=% 9496
1+3.844
R =107.08KQ
S =9.496

(¢) Weknowthat Ap=T,=T,=(Th. Res)
T, -~ T, =8q,xPp.
_150-25

125
=1000°C/W

Thermal resistance

5.17 FET BIASING

One of the problem in using FET is that each device type does not have a single transfer
characteristic. This is because I, and V,, cannot be specified accurately. For the same FET,
BFW 10, I,,;c and V, will not be constant. They vary, because, the voltage V ;¢ for which pinch off
occurs varies. This cannot be exactly defined. Recombination of carriers can cause variation in
depletion region thickness. So, V, and I, will not be constant. Hence the manufacturers specify
maximum and minimum values for Ij,cc and V. Accordingly, two transfer characteristics are
drawn for FET, Maximum transfer characteristics which is a plot between maximum Ings and
maximum V, and minimum transfer characteristic which is a plot between minimum V, and
minimum I .

The DC load line for a FET circuit is drawn upon the device characteristic in exactly the
same way as was done with bipolar transistor circuits.

Vos=Vop—-Ip-.Re¢, L 1)
R, is known, So by choosing any convenient value of I, in eq (1), Vo can be calculated.
Vs is fixed, (known).

when I, =0, V. = V5. So we get point A as the characteristic X-axis.
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~ Ipgs (max)
IDSS
—L Max - Transfer Charactenistic
- Ipgg (Min)
Min - Transfer Charactenistic
V, (max) V, (Mini)
V(S

Fig 5.25 Transfer characteristics.

Vps=Vop

Fig 5.26 FET biasing circuit. Fig 5.27 DC loadline.

when Vi =0,1,= %— . So we get point B on y - axis. Join points A and B. This will be
L

the load line. Choose any value of V ;4 say —1. Then the point at which the load line intersects the

corresponding drain characteristics is the operating point Q. For a FET, V_ and I;i5 are not

fixed. The variation of maximum and minimum values can be as much as + 50‘% or more over the

typical values.

5.17.1 Fixep Bias Circult

The circuit is shown in Fig.5.28.

This is an example of fixed bias circuit. The gate is biased via resistance R to a
negative voltage V. So the maximum and minimum levels of I, for a given bias voitage can
be best determined by a graphical first plot maximum and minimum transfer characteristics as
shown in Fig. 5.29.
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Fig 5.28 JFET Fixed Bias Circuit.

h,
A I, Max
B I, Min
-1v 10

¢ VGS

Fig 5.29 Transfer characteristics.

Let V¢ is chosen as — 1V. Then draw a base line (vertical line) through the -1V V4
value. It cuts the maximum and minimum transfer characteristics at two points A and B. A gives
maximum Ip,, B gives minimum I,. Corresponding to these values, the maximum and minimum
values of V54 can be calculated using the expression,

Vps = Vpp—Ip . Ry
Vbsmax) = Vpp — ID(min) Ry,

Vbsmm) = Vop— Ip(max) - Ry
As is evident, the fixed bias circuit is not useful. The Q point (Vg and I, values) vary over
a wide range. So, the operating point is not fixed in a fixed bias circuit.

5.17.2 SELF Bias CIrRcUIT

In self bias circuit, a resistance in series with source terminal provides the gate bias voltage. Rg
will stabilize the drain current. Rq will also tend to stabilize I, against signals applied to the gate i.e,

will reduce the AC voltage gain of the circuit. Cq is the bypass capacitors (Cy in BJT circuits).
The total DC load is (R + Ry). Therefore total AC load with Rg bypassed is R; .

Therefore AC load line must be drawn to describe the AC performance of the circuit.
(Because AC current is not passing through R but only through C,).

(Vgs) voltage drop across Rg = I, x R..

Gate is grounded via R;;. Therefore gate is negative with respect to source.
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Fig 5.30 JFET self bias circuit.

Let Iy = ImA; Rg = 1kQ
Vgs = ImA x 1kQ = 1V
. Source is 1V positive with respect to ground.

- Gate is grounded through R;. Gate is 1V negative with respect to source. Hence
Gate-Source junction is forward biased.

Vas =—Ip ¥ Rg
Vop =Ip - Ry + Vpg + 1 . Ry
From the maximum and minimum transfer characteristics, if Vg is fixed, maximum and
minimum values of I, are determined. Then, maximum and minimum values of V ;¢ can be calculated.

Self bias technique minimises variations in I;; and V, compared to fixed bias circuit. I,
variations will be less if larger value of Ry is chosen.

5.17.3 .SELF Bi1AS WITH EXTERNAL VOLTAGE

Vpp =24V

|

D

+

oV =-3V

Fig 5.31 JFET self bias circuit.
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Vgs=1p . Rg+ Vi .+ G is grounded.
Vgs = Vgs—1Ip . Rg
Another self bias circuit is

oVp, =24V

3IMOZR,

<-———=< —>

"
Fig 5.32 JFET self bias circuit.

A potential divider R and R, is used to derive a positive bias voltage from V,. (V; should
be positive because G-S junction should be reverse biased. Gate is p - type).

Vo =Vgs tIpRg

Vop-R,
V=22
G R;+R,
_ VopRy
Vos=Vo—IpRg= R, +R, - Rs.

Bias circuit which have an external voltage source Vg and source resistances maintain
I, within closer limits i.e. Q point will be more stable. ’

5.18 BASIC FET CIRCUITS

Vop =20V
R, =10K
v D H oY
T]DU' ,'( G = bﬂf—»t
—>t \-‘s

IMQ R

: m

-Vg
Fig 5.33 C.S amplifier circuit.
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5.18.1 ComMON SOURCE FET AMPLIFIER : (C.S. CONFIGURATION)

This is FET equivalent of common emitter transistor amplifier in BJT. As common emitter
configuration is widely used, C.S. configuration is also widely used in the case of FETs. As in the
case of common emitter configuration, C.S configuration also introduces a phase-shift of 180°.

Vps = Vpp — Iy - R, (DC values)

5.18.2 THE COMMON SOURCE AMPLIFIER USING SELFBIAS
The circuit is shown in Fig.5.34.

Fig 5.34 C.S amplifier circuit.

s |
A 9 st R,| R, £V, R, vfs
m

Fig 5.35 C.S. Amplifier equivalent circuit.

Vm = Vgs; VD = 8nm Vgs ' RD

8m»V g IS @ current source 180° phase-shift will be there.

Vo
W == 8Bnm RD
A=— &m RD

Some times a resistance r; is added in series with Rg._r, is called as swamping resistor.
Now, the source is not at ground potential. Distortion is more, in this circuit. To reduce this, swamping
resistor is connected.

When a small AC signal is coupled into the gate, it produces variations in gate — source
voltage. This produces a sinusoidal drain current. Since AC flows through the drain resistor, we
get an amplified AC voltage at the output.
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PHASE INVERSION
An increase in gate - source voltage produces more drain current, which means that drain voltage
is decreasing because drop across Ry, increases.

Vpp— Ip Rp = Vg decreases.

So increasing input voltage /\ » produces \ decreasing output voltage. Therefore
there is phase inversion.

DISTORTION

The transconductance curve of a JFET is non-linear. It follows square law. Because of this
JFET distorts large signals. This is known as square law distortion.

+]

« Vas

Fig 5.36 Transfer characteristic.

SWAMPING RESISTOR

The resistor that is connected in series with the source resistance Ry is called Swamping resistor.
The source resistance Ry is bypassed by Cg, the source bypass capacitor. (Similarly to Rg in BJT
circuit) If r, is not there, source is at ground potential. But when r is connected, AC current is
passing, through this, because source is not at ground potential. Thus local feedback will help in
reaching the non-linearity of the square law transconductance curve of JFET. So distortion will be

reduced.
—+ Vpp
R, é Rp

it °Vy

(n-channel JFET)

rg (Swamping Resistor)

Fig 5.37 Circuit with Swamping resistor.
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0 V0
®
BV
RGS
\A TRy rg

Fig 5.38 Equivalent circuit.

The voltage gain will be (- Ry /r). So the effect of swamping resistor is,

1. Itreduces distortion.
2. It reduces voltage gain.
Vst 8nVes 15—V, =0
Vm =1+ Em rs) vgs
V0 == 8n Vgs RD
Vo -Rp

—_— =A =

If g, is large, Ay =
(n-channel JFET)
o V0
é r,

Fig 5.39 C.D amplifier circuit.

5.18.3 CoMMON DRAIN AMPLIFIER
The circuit is shown in Fig.5.39.

—_—
——
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—(C}; TOS
\Y

R R, Rg Vo

Lo

Fig 5.40 Equivalent circuit.
KVL:
V,+tV,—-V,=0
Vo + 8, Vs Ry-V,, =0
V= +g, RV,

V0 =™ Vgs . Rs
Vo _  8mR
Vm 1+ngS

R
Ay= ———

S
Rg+ (ygm)
It is similar to C.C amplifier or emitter follower. So it is also called as source follower.
1. Ay <1
2. No phase change.

3. Less distortion than a common source amplifier, because the source resistor is not
bypassed.

5.18.4 COMMON GATE AMPLIFIER
The circuit is shown in Fig. 5.41.

DD
Rp
S D
L NN | {
Yin © ! { ' - =V
Ry G (n-channel JFET)
— Vss

Fig 5.41 Common gate amplifier circuit.
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S D
, ] j
Vin RS ; Vgs nggs RD Vo
G m G
Fig 5.42 Equivalent circuit.
Vm = Vgs; Vo = Em Vgs'RD
_\_/0_ 3 gmvgs RD B R
Vm ng gm D
AV = 8m RD
i,=id=g_ Ve
Ves _ L
iin &m

JFET amplifier has very small gate leakage current. G — S junction is a reverse biased
p —n junction. In the ideal case, I; = 0. This is equivalent to saying, I, =I5 ( " I;=0).

JFET amplifier has high input impedance, therefore the input side i.e, G — S junction is
reverse biased. [For a bi polar transistor amplifier circuit, the input side i.e., E — B junction is
forward. So it has less resistance].

The price paid for high input resistance is less control over output current. That is, a JFET
takes larger changes in input voltage to produce changes in output current, therefore a JFET
amplifier has much less voltage gain than a bipolar amplifier.

Equation
v 2
Ip = Ipss {1_ GS}
Vp

This is a square law. This is another name for parabolic shape. So JFET is often called as
a square law device.

Problem 5.13
What is the DC input resistance of a JFET which has 1 ;¢4 (gate leakage current) = SpA at 20 V ?
Solution :

R = Input resistance,

20V

- — = 12
SpA 4x10°Q
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Problem 5.14

For the JFET amplifier circuit shown in Fig, if g = 2500 pQ, and V, = 5 mV, what is the
value of V ?

Solution :

+30V

1 MQ é
(n-channel JFET)
V,o—| .

10 ° V,

1 MQ § 75 K és K
mr

Fig 5.43 For Problem 5.14.

1
Lo L 000
gn 2500 pQ
Open circuited output voltage, that is without considering R,

= (0.949) (SmV) = 4.75 mV.

Output impedance is, Z;, = R || 1

=7500 Q || 400 Q
=380Q

This is the AC equivalent circuit. An AC source of 4.75 mV is in series drawn circuit with an
output impedance of 380 Q. Therefore, AC voltage across the load resistor is,

V—MX47 V=422 mV
0= 3380 75 mV =422 m
380 Q
SmV A\
500 K 3K

Fig 5.44 For Problem 5.14.
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SUMMARY

. In order that for a transistor, Emitter-Base junction is forward biased and
collector-Base junction is reverse biased, biasing circuit must be employed.
The three types of biasing circuits are
1. Fixed bias or Base bias circuit.
2. Collector to base bias
3. Selfbias or Emitter bias
. Self bias circuit is commonly used. It ensures that the operating point is in the
centre of the active region. The operating point is defined by I, V- and I5.

Vee
—
* Stability factor is a function of Ieor B, Vg

Usually V¢ is chosen to be equal to

o

§= al,

and Vpr = Constant
BE

General Expression for,

G 1+B
BEN

For a Self bias, circuit,
S=(1+PB)| —f——
R
I+—=+p
Re
* Quiescent point Q, (or operating point or biasing point) changes with tempera-
ture. So to nullify for the effect of temperature, compensating techniques
must be used. The circuits are :

1. Diode Compensation for V.
2. Diode Compensation for I,
3. Thermistor and sensistor compensation.

¢  Thermistors have negative temperature coefficient. The materials used are
oxides of Nickle, Cobalt and Manganese. Sensistors have positive temperature
coefficient. They are very heavily doped semiconductors, resembling metallic
thermal characteristics.
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OBJECTIVE TYPE QUESTIONS
1. Operating point is also known as ...........c........
2. Operating point depends upon the following BJT parameters ...................
3. Foratransistor to function as an amplifier, the operating point must be located at ....................
4. For normal amplifier circuits, the operating point is chosen such that V = ............c....... Ve
5. Fixed bias circuit is also known as ....................
6. Self bias circuit is also known as ...................
7. Stability factor S is defined as S = ....................
8. S isdefined as §'= ...cccovervenenn.
9. Stability factor S"is defined as §" = ....ccccevvreenee
10. General expression for S = ....................
11. Expression for S for self bias circuit is........c..........
12. For both Silicon and Germanium, VggorV cut in voltage decreases at the rate of ....................
13. Thermistors have .................... temperature coefficient of resistance
14. Semiconductor materials having positive temperature coefficient of R (PTCR) are
called........cceceee.
15. Materials used for Thermistors are ....................
ESSAY TYPE QUESTIONS
1. Explain about the need for biasing in electronic circuits, what are the factors affecting the
stability factor.
2. Draw the Fixed bias circuit and derive the expression for the stability factor S. What are
the limitations of this circuit ?
3. Draw the Collector to Base bias circuit and derive the expression for the stability factors
What are the limitations of this circuit ?
4. Draw the Self bias circuit and obtain the expression for the stability factor S. What are the
advantages of this circuit ?
5. Compare all the three biasing circuits.
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6. Explain the terms: Thermal Runaway and Thermal Resistance.
7. Explain the terms Bias Stabilization and Bias Compensation.

8. Draw the circuits and explain the principles of working of Diode Compensation for V

and Lo
MULTIPLE CHOICE QUESTIONS

1. When the input is symmetrical, to operate the BJT in active region, the quiescent
point is chosen ....

(a) atthe top edge of the load line
(b) at the bottom edge of the load line
(¢) at the centre of the load line
(d) can be chosen any where on the load line
2. AC load line is also known as ....
(a) dynamic load line (b) variable load line
(¢) quiescent load line (d) active load line
3. For better stability of the amplifier circuit, value of stability factor ‘S’ must be
(a) large (b) assmall aspossible (c) 1 d o0

4. For fixed bias circuit, the expression for stability factor ‘S’ is

1+B

1-Baie)
(8 1g)

(@ 1-B (b) 1+p? () (d 1+p

5. Voltage divider bias or universal bias circuit is also known as
(a) selfbias circuit (b)  collector bias circuit

(¢) collector to base bias circuit (d) Fixed bias circuit

6. By definition, expression for stability factor S" is

o 9l S..__aﬂv Lk
(a) - 0 B vee=k (b) B Ie BE’ CO—
Ico=k
R ¥ Al
© ° T3 @ 5 773
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7. The units of stability factor S are

(a) ohms (b) constant (c) mhos (d) volt-amperes
8. Compared to silicon BJT, thermal stability for germanium transistors is ...

(a) good (b) poor (c) same (d) can’t be said
9. Sensistors have ...... temperature coefficient

(a) -—ve (b) +ve (c) zero (d) None of these

10. The units of thermal resistance

(a) °c/Q b QFrc (c) QFrc @ °c/Q.



In this Chapter,
L 2

A Transistor ( BJT ) can be represented as a group of elements consisting
of Current Source, Voltage Source, Resistor, Conductor, etc. Using this
equivalent circuit, it is easy to analyse Transistor Amplifier Circuits.

The Transistor is represented in terms of h - Parameters or Hybrid
Parameters.

The values of these parameters vary with the configuration of the transistor
namely Common Emitter ( CE ), Common Base ( CB ) and Common
Collector ( CC).

The expressions for Voltage Gain Av’ Current Gain AI etc., are derived
using these h - Parameters.
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6.1 INTRODUCTION

In this chapter, the definitions of h - parameters, expressions of A, A etc., in terms of h - parameters
are given.

These are also known as hybrid parameters ( h for hybrid ), so called because, the units of
these parameters are different, Ohms ( Q ), mhos ( U ), constants etc. Because the units are
different for different parameters, these are called Hybrid Parameters. In defining these
parameters short circuit and open circuit conditions are used.

In order to analyze different amplifier circuits and compare their merits and demerits,
equivalent circuits of the amplifier must be drawn. These circuits are drawn in terms of the
h - parameters. The transistor equivalent circuits assume that the operating point is chosen correctly
and does not involve biasing resistors.

An amplifier circuit is one which will increase the level or value of the input signal. If the
output volt.::\g'e ( VO )is grea}erth:sm input voltage ( Vi )s 1:t is ca?lled voltage amplification. Similarly
if P > P, itis power amplification. The voltage amplification factor is represented as A and

G ey o / \F
The other parameters of an amplifier circuit are:
Input resistance Ri (or input impedance Zi )
Output resistance Ro ( or output impedance Z  or out admittance YO )

The resistance associated with the amplifier circuit, as seen from the input terminals of the
amplifier, into the circuit is called input resistance ( R. ). For a given circuit, R. must be high.
( Ideal value of R, = » ). Because, when the input signal source V is connected to the amplifier
circuit, the ampliﬁer circuit will draw current (1. ) from V_. (1. = \? /R.). IfR. is small, I. will be
large, which V the signal source may not be able to supply. S0 V‘; n{ay fall 'from the set value
( due to loading effect ). So R, must be large for a given amplifier circuit.

Similarly, the output resistance R ' of the amplifier must be small. Because, the amplified
signal V_ must be fully delivered to the load R, connected to the amplifier. The signal voltage drop
in the amplifier must be as small as possible. So R must be small. Ideally R, must be zero.
Output resistance is the resistance of the amplifier circuit, as seen through the output terminals
into the amplifier circuit.

6.2 BLACK BOX THEORY

Any four terminal network (two terminals for input and two terminals for output), no matter how
complex it is, can be represented by an equivalent circuit, if there is a connection between input
and output, as shown in the Fig 6.1

L L

> ® A Ce

N\

| Linear circuit

< <>
< <>

® B De

Fig 6.1 Four terminal network.
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If a voltage V, is applied at the output terminals and current I, is allowed to flow into the
circuit, the Thevenms equivalent circuit looking into the input terminals is given by a voltage source
Vo, in series with an impedance Zo,. Slmllarly, ifa voltage V, is at the input, the equivalent circuit
can be represented as a voltage source Vo, in series with an impedance Zo, so the Thevenins
equivalent circuit reduces as shown in Fig g

Fig 6.2 Egquivalent circuit of a four terminal network.

But it is convenient to represent the output equivalent circuits by following Nortons Theorem

Vo,
as a current generator — "- o, in parallel with an impedance of Zo,. Therefore, the final equivalent

circuit reduces to as shown in Fig 6.3.

I] Zo1 12
>\ —<—
A A
A Vo, Vo, Zo, v,
v Zo, v

Fig 6.3 Equivalent circuit with the current source.

What is the relationship between the Variables V.1, V,,L, and the constants of the circuits

Zo% Zo,, Vo Vo,, etc? The general symbols that are used in these equivalent circuits are
defined as

h: lf voltage V is applied to the device, the resulting input current is I, then the ratio
Vi . . . .
_Il- represents the resistance. This parameter represents input resistance. Units are
Ohms ( Q).
h,: Vo, is related to V, as Vo, = h12 V). Itis called as Reverse voltage gain.

12
- The current in the output circuit depends upon the forward current gain and magnitude
of the input current I,. Hence || and I, are related as LL=h, 1.

h,,: The output of a device has some output resistance or admittance which is represented
as hzz' This is output admittance parameter. Units are in mhos (U)

Therefore, for transistors we use, hll for Zo, or h22 for 1/Zo2 and so on.
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The equivalent circuits for a transistor can be represented as shown in Fig 6.4.

II hn I2
>—AA <
A
V, h12v2 IG hZIll hzz Vz
v v

Fig 6.4 Equivalent circuit of a transistor.

This is the hybrid equivalent circuit for a transistor. From the equivalent circuit,

Vi=h, I, +h,V,

L=hyl +hy,V,

These h-parameters are constant for a given circuit but they depend upon the type of
Configuration i.e. parameters vary depending upon , whether the circuit is in Common Emitter, or
Common Base or Common Collector Configuration.

So these are represented as h , h , h_ and h_ in Common Emitter Configuration. The
e oy s qe . e’ o€’ fe € €
second subscript ‘e’ indicating Common Emitter. In Common Base Configuration, these are
represented as hlb, hob, hfb and hr . In Common Collector Configuration, the h - parameters are
represented as hic, h_ . h . and hrc. The second subscript ‘b’ and ‘¢’ indicating common base and
common collector.

The general equations are

V,=h I+h v, L (6.1)

L=h I +h. v, (62)
From the first equation 6.1,

Vi
h”=Tl—whenV2=0 ........... (63)

It has the units of Resistance and V, = 0 indicates that output is shorted. Therefore, & is

the input resistance when output is shorted. It is represented as h. , in Common Emitter
Configuration.

I

— 2
h21 - |

Vaoo

This is Forward Current Transfer Ratio or Forward Current Gain, or Forward Short
Circuit Current Gain V , =0 means, output is shorted. Second subscript ‘¢’ inh _represents C.E.
Configuration.

] Y
12 Val; oo

It is the ratio of input voltage to the output voltage. Hence it is called as Reverse Voltage
Gain, with Input Open Circuited, since II =0.

|
h, =
V2 I =0

This parameter is called the Quiput Conductance when the Input is open circuited.
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6.2.1 OutPuT CONDUCTANCE

In the audio frequency range, the h - parameters are real numbers ( Integers ). But beyond this
frequency range, they become complex.

The reason is that in the audio frequency range, the effect of Capacitance and Inductance

1
are negligible. Capacitive reactance, X.= fC If f is small, Xez® and can be neglected

(Open Circuit). Inductive Reactance X, = 2xnfL. If f is small X, ~ 0 and can be neglected
(Short Circuit). Beyond. audio frequency range, they can’t be negl]ected and reactances must
also be considered. Transistor can be represented as a two port active device . It is specified by
two voltages input and output and two currents input and output . The Representation can be
shown as in the Fig 6.5.

—> lI < 12 \L
4 . .
v, Two Port Active Device v,
¥
?

Fig 6.5 Block diagram.

Current flows only when there is closed path. Input current enters the two port device and
the output current flows through the return path back into the device. Hence the direction of Lis
as shown. Now of these 4 quantities (i, i,, v, v, ) two can be chosen as independent parameters
and the remaining two can be expressed as vanables

A transformer is a two port device. But V, and V, cannot be chosen as independent

i_h
parameters because ’\7’ = r . Hence we cannot choose independent parameters on our choice.

If v, and i, are chosen as Independent Variables, then v and i, can be expressed in terms
of v,andi .

vi=hi+h, v, (6.7)

,=h i +hv. L (6.8)

h, isin Q, h . is constant, h_, is constant and h__ is in mhos. All these are not the same
dimensionally. Hence these are known as Hybrid Parameters. Suffix 1 indicates input side and
Suffix 2 denotes output side. h-parameters are defined as,

\%
h” = ‘l']‘ Input Resistance with Output Shorted. (QQ)
1 V=0
h = M Reverse Voltage Gain with Input open circuited
12 Vi, (Dimension Less)
h, = 1—2 Forward Current Gain with Output Shorted
M lvz=0 ( Dimension Less ).
h,= -:72— Output Conductance with Input Open Circuited (T )
2 =0
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But, according to IEEE Standards, the notation used is ‘i’ for 11 ( input ) ‘o’ for 22
(output ) ‘f* for 21 ( Forward Transfer ) and ‘r’ = 12 ( Reverse Transfer ). The subscripts b, ¢ or
e are used to denote Common Base, Common Collector or Common Emitter Configurations. Thus
for Common Emitter Configuration,

the equation are

v, =hm11 th v,
' 12=hﬁ?1l+hoev2. ' s ( 6.19)

If the device has no reactive components, the hybrid parameters are real. But if the device
consists of reactive elements also, h - parameters will be functions of frequency. The four
h - parameters can be used to construct a mathematical model of an Amplifier Circuit. The Circuit
representing the two equations relating v , v, i, and i, is shown in the Fig 6.6. h v, is a Voltage
Source. h, i, is a Current Source.

Yi h,V, <V> l <¢> b\l M2z Ya

Fig 6.6 h-parameter equivalent circuit

6.3 TRANSISTOR HYBRID MODEL

In drawing the equivalent circuit of a transistor, we assume that the Transistor Parameters are
constant. With the variation in operating points, transistor parameters will also vary. But we assume
that the Quiescent or operating point variation is small.

The advantages of considering h-parameters for transistor are
1.  They are easy to measure.
2.  Can be obtained from Transistor characteristics.
3.  They are real numbers at audio frequencies.
4.  Convenient to use in circuit design and analysis.
Manufactures specify a set of h-parameters for transistors.

6.4 TRANSISTOR IN COMMON EMITTER CONFIGURATION

The variables are i

w 1o Vp and v . We can select i, and v_as independent parameters.
vb=f](ibandvc) ........ (6.11)
These are DC quantities Incremental variation (Elementary

Changes) in DC is considered as a.c. quantity. So small letters v and i
are used..

Therefore, Vt; depends upon i, and also the Voltage across Collector and Emitter is V .
i=fCG,v) (6.12)
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Making a Taylor Series Expansion of ( 1 ) and ( 2 ) and neglecting Higher Order Terms,

of, of
Av,==H A Yo AV (6.13)
Oigly, v W C
Ai=i Ai+9fi Av. (6.14)
C digl, b dv¢ C

Av , Ai . are A.C. quantities and ( Incremental Variations in D.C. quantities ). The quantities
Av Alb ﬁvc and Ai ¢ Fepresent small 51gnal (incremental ) base and collector voltages and currents.
and ic ( A.C. quantities, so small letters are used)

They are represented as vy, i, v
: vb~h i hrevC ........ (6.15)
"h 1 +hoevC ........ (6.16)
o M
where = 5}: = Jiy Voox v.iskeptconstant ... (6.17)
vy
™ dve e (6.18)
DC values of i, =K or Ve K
5
h, = 5:£ ........ (6.19)
Blve-x
AC ib=00er=O
di¢ -
e —av—c ( i, s keptconstant) ... (620)

b=K
Parameters 6.17 to 6.20 represent h-parameters for C.E configuration from equations
(5)and (6), we can draw the equivalent circuit.
6.5 DETERMINATION OF h-PARAMETERS FROM THE CHARACTERISTICS
OF A TRANSISTOR

The output characteristics of a Transistors in Common Emitter Configuration are as shown in Fig. 6.7,

IB = Const.

V = Const ~——P» VCE

Fig 6.7 Transistor output characteristics (To determine h, h _ graphically)
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_ di¢ _4_‘_0.
fo alB Ve=K Alb
h_, h, , can be determined from output charactertstzcs h,, h, can be determined
from input ‘Characteristics.
Suppose Q is the Quiescent Point around the operating point h_ is to be determined. For
we have to take the ratio of incremental change in iy keepmg V_ constant. From the output
cflaractenstxcs two values i o ,and i i, are taken corresponding to i and i 1 . Then,

b
h = ('cz I )/('bz ~ly )
hg, is also known as Small-Signal Beeta (3) of the transistors. Since we are determining
the incremental values of Current Ratio of i_and i,- h, is represented as [3.

fe
B is represented as h and is called large SIgnal B.B= 1 /i iy , since here no incremental values

are being considered.

Output characteristics of a transistor are plotted between i i and v,. Therefore, hoe is the
slope of the output characteristics, corresponding to a give n value of I, at the operating point. For
Common Emitter Configuration, in exactly the same way we have drawn for amplifier system, the
h-parameter equivalent circuit can be drawn. The Transistor in Common Emitter Mode is shown
in Fig. 6.8. The h-parameter equivalent is shown in Fig. 6.9

-+

felb

+
T hrevce
vh

Fig 6.9 Equivalent circuit in C.E. configuration.
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Equations are o hleib + hwv c (6.21)
io=hgi+h vo L (622)
6.6 COMMON COLLECTOR CONFIGURATION ( CC)

The NPN Transistor in Common Collector Configuration is shown in Fig 6.10. The h - parameter
equivalent circuit is shown in Fig. 6.11.

h v+ hl‘cib h I
rc e<> Q’ oc¢ v

\%

A

)4

4

C
Fig 6.10 Common collector Fig 6.11 Equivalent circuit in common
configuration. collector.
Equations are, v, = hlcib + hmve ........... (6.23)

i=hi+h v
e fc'b oc e
Common Base Configuration ( CB)

Transistor in Common Base Configuration is shown in Fig. 6.12. The h-parameter equivalent
circuit is shown in Fig. 6.13.

E/N\C E —>i, h, i c
T ST T T .\ th
Ve B VC Ve hrva§> CD htb'e V‘
l i, l l l

B B

Fig 6.12 C.B. Configuration. Fig 6.13 Equivalent Circuit in C.B.

The equationsare, v. =h i +h v
e ll? e h ¢
i =h_ i +h_ v
Ml T . . -
The above circuits are valid for NPN or PNP Transistors. For PNP Transistors, the directian
of current will be different from NPN Transistor.

Therefore, at the operating point, Q, a tangent AB is drawn The slope of AB gives h .
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av,
hie e - aT
b vc=K

Avy

AR
This can be obtained from the input
characteristics. The input characteristics are drawn
as shown in the Fig 6.14. Then a tangent drawn at

the operating point and its slope directly gives hoe.

—_—> 1

v, B
h h = —avc Fig 6.14 To determine h_, h_, graphically.
Avy
- AVC c=K
From the input characteristics corresponding to two values Ve and V. V, and V are
Vi, ~Vp, 1 2 2
noted then the ratio v, gives h,

cl

Here we have seen the methods of determining ‘h’ parameters for Common Emitter
Configuration. The same is true for Common Base and Common Collector Configuration.

6.7 HYBRID PARAMETER VARIATIONS

From the above analysis, it is clear that, when ‘Q’ the operating point is given, from input and
- output characteristics of the given transistors, we can determine the h-parameters. Conversely if
the operating point is changmg, the ‘h* parameters will also change. ] . changes with temperature.

Hence ‘h’ parameters of a given transistor also change with temperature because the output and
input characteristics change with temperature . Hence when the manufactures specify typical
h-parameters for a given transistor, they also specify the operating point and temperature. Specifying
the operating point is giving the values of 1, p and Ve ( DC Values ).

hy, the small signal current amplification factor is very sensitive to I .. Its variations is as
shown in Fig 6.15. The variation of h, with I_ and Temperature T are shown in Fig. 6.16.

T T 75°C
h,. V = K o
CE h,, - 50°C
/—*K
_ T — 1
c E

Fig 6.15 Variation of h L with I . Fig 6.16 Variation of h L, with I cand T.
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We are determining these h parameters from the static D.C characteristics of the transistors
But the ‘h’ parameters are defined with respect to A.C voltages and currents. So AC voltage V .
may be represented as small changes in D.C. levels of V__. Hence the above graphical analysis
is correct . We are taking incremental values of DC to represent AC quantities. Typical values of
h-parameters at room temperature, in the three transistor configurations, namely Common Emitter,
Common Collector and Common Base are given in the Table 6.1.

Table 6.1 Comparison of h-parameters in the three configurations (at I £ = 1.3 mA)

Parameter CE CC CB
h 1100Q 1100Q 21.6Q
h 25x10" ~1 29x10*
h, 50 51 -0.98
h 24pA/V 25pAIV 0.49pA/V

6.8 CONVERSION OF PARAMETERS FROM C.B. TO C.E.

The circuit shown in Fig. 6.17 is the h-parameter equivalent circuit in Common Base Configuration.
This circuit is to be redrawn in the Common Emitter Configuration. In Common Emitter
Conﬁguration Emitter is the common point In C.B, base is common point Hence the above circuit

is to be redrawn so as to get ‘E’ emitter, as the common point. Hence invert the voltage source h,
V. Fromthe-veofh V . wegotoh, I point:

b cb
Vm ) hﬂ,le cb
B B

Fig 6.17 h - parameters circuit in C.B. configuration

h, I isasshown. h  is in parallel with h I is across ho I_isenteringintoh, 1 and h
There is n6 connection between E and C termmais I—?énce the circuit has to be drawn as showni m

the Fig. 6.17. The circuit in Fig. 6.18 is exactly the same as Fig. 6.17, But the figure in 6.18 is in
Common Emitter Configuration.

bt
+ e

Vee h C) Pon Vo= Vee

1' ib

E E
Fig 6.18 (a) Equivalent Circuits Fig. 6.18 (b)

- - —~, O

B — - B - hy, 1 <
\}
E

ol
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Vee! _
h =%y ~ Reverse Voltage Gain
e ce b=0
But V.= V.t V . (of redrawn equivalent circuit )
h = Vbc + Vce
Te \Y
ce IB:O
h = (1 +Y—"—°—
e
ce 150

IfI, =0,1 =-1. Therefore, 1 +1.+I_= 0 for any Transistor. But the current Throughh
is I, (1 is in opposite direction. IC gets branched through hob).

Hence hﬂ) I -1=1
€ c
R hfb Ie —I= —Ie
or I=htble+le.=le(l+hﬂ’)
Since hOb represents conductance, [ = hob. Vbc ,
I=(1+hﬂ))Ie. .......... (6.25)
hy Ve =1 +he) 1
_ hobvbc
or Ie " 1+hg

Applying KVL to the output mesh,
h xI +h V_+V +V =0
ib ¢ th " cb be ce

(hib hob)vbc
= Tiwh, Vet Ve T Ve ™0
hih
lj:h: Ve — hrbvbc +Vpe + Ve =0
h.h
=V, ll:h: —hg +1==-V,,
Voe __ ~(L+hg)
or V.,  hyhy +(1-hy)1+hg)
Hence h =1+ e - Tiofloy ~ (14 i )y,
hiphgy, —(1+hg)dhy
But h, <<l,andh h <<(1+hg )= (+hy).
hyhy
Hence, h o=—-hy, (6.26)

re = l+hﬂ,
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b voc:()
If we connect terminals C and B together, we get the circuit as (the same redrawn circuit in
Common Base Configuration with C and B shorted ) is shown in Fig. 6.18. Applying KVL around

the I mesh on the left hand side,
V. +h I ~h,_V, =0.
be b " ¢b

b e
hib ]c =+ hrb Vbe - Vbe
vbc - Vbe
.. . (1 - hrb)
Combining these two equations, I =~ T Ve
tb
Applying KCL to node B,
L+I+h I -h V =0
h
or I~(1+h) —2V_+h V_
hlb
Hence h‘ = iﬁ- +(1 i Xi+h
h, <<]bandh ?1 rbg‘l )
hlb
then e S Tahg e (6.27)

6.9 MEASUREMENT OF h-PARAMETERS

In the circuit shown in Fig. 6.19 to determine the h-parameter, PNP transistors are taken into
account. The operating point is chosen by suitably adjusting R, Vg and Ve there by adjusting
the values of 1. and V.. The h-parameters depend upon the frequency o(f: operation. So the

IR
C2
NG
R C 5
1 -
A~ B/—'/>PNP :
MO \r, == Ve
\ . E
L
A
i : + T2
BN

Fig 6.19 Circuit for determining h - parameters.
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signal generator is adjusted to be 1KHz, at which frequency normally all the transistor h parameters
are specified by the manufactures. 1 KHz is in the audio frequency range. So the h-parameters
are assumed to be real at audio frequency. The tank Circuit impedance will be very high at this
frequency, of the order of S00kQ. This is very high compared to the input resistance of the transistor.
The tank circuit is tuned to the same frequency of the signal generator (1KHz). This will prevent
any stray pick up. The stray signal will pass through the LC tank circuit, since it offers least
impedance. So spurious signal will not affect the net voltages and currents of the transistor, while
determining the h-parameter.

The name, tank circuit, is used for LC Parallel circuit, because energy is stored in these
elements, as water is stored in a tank.
V
h, = —b 5 Ib
ie Ib v
Since the input resistance of the transistor is small compared to the Tank Circuit Resistance,
all the current Ib flows into the transistors alone. RS is negligible compared to Rl_ ( IMQ).
V.
I =%
b R,

Now huE= and h,_are determined when V_= 0 or the collector is shorted to ground. But if the
collector is directly connected to the ground,clc will be different and V __ will be different. The
operating point will change h parameters. Depending on the operating point h - parameters differ.
Hence AC short circuit is to be done . C_ will block D.C. Hence the D.C values ofVCE, Ic will not
change at all. But the A.C. Voltage of i/c is = 0 or the collector is at ground potential for A.C.
voltages . So this is called AC short circuit.

_ Vs
RI

\Y V.
Now h =2 ol =—2
e Ib v - R1
I V
hfcz—c Ib =_}i§-
‘b v, =0 1
IR
hf _ ZC™M
{J VS

where V _is the voltage across R,.

h, and h_ are defined when I, = 0 or input is open circuited. Therefore, the tank circurnt
impedance is very large. The input side can be regarded as open circuit. The signal generator is
connected on the output side.(as shown by the dotted lines).

P %
re Vc 1,=0 Vc

h = I—c =I—c'= VO 1= .Y_Q_
eV, 1,0 \'A R, V¢ e R,
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6.10 GENERAL AMPLIFIER CHARACTERISTICS

An amplifier generally produces an enlarged version of an input signal. The amplifier may be
thought of as a black box, that has two input terminals; and two output terminals for the connection
of the load and a means of supplying power to the amplifier. One of the input and output terminals
will be common for the input and output ( Fig. 6.20 ).

DC Source

(é In{put AMPLIFIER OutTput % R,

Fig 6.20 Block schematic of amplifier.

The signal to be amplified may be AC or DC. Input signal is a low level voltage such as the
one obtained from a tape head, or a transducer like thermocouple, pressure gauge etc. The output
load can be a loud speaker in an audio amplifier, a motor in a servo amplifier or a relay in control
applications. In any case, the output of the amplifier is an enlarged version of the input to amplify
means to increase the size. So in the case of electrical signals, if it is voltage or power amplifications,
there is some additional energy being gained by the output signal. Energy can be neither created
nor destroyed. So this additional energy is being gained from the D.C. bias supply. So without V cc
or DC Bias Voltage, (in the case of transistor amplifier circuit), the circuit will not work.

The notations that are used in the case of amplifier circuit are ( Fig. 6.21)

VCC

i I i

Input AMPLIFIER Output Ro

|

|
Fig 6.21 Block schematic.

= Open circuit signal voltage

= Source or signal current.

= Internal resistance of the source in Q.
Amplifier input resistance.

= Amplifier input voltage

= Amplifier output voltage

= Amplifier output current

= Load Resistance.

w

- - ©»

< <R R <
l

Ao
|
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. i_ [i, = lopeaktopeak
Current Gain A =Tl =3 Teak to peak
V, peak to peak
. — V V =
Voltage Gain A= Yo Vi V, peak to peak
) P Vi
Power Gain A=-L=00 —p A
p P Vl lS v !

1
An amplifier may or may not exhibit both voltage and current gains, but in general, it
exhibits power gain.

6.10.1 AMPLIFIER INPUT RESISTANCE R

The amplifier circuit presents a load R to the source which can be 50 QO to few thousand Q for
transistor circuits.

The input voltage to the amplifier will be reduced from vV, by an amount that depends on
both R and R. (Fig. 6.22)

. Ri
V= lsRs §Rs

Fig 6.22 Input side equivalent circuit for an amplifier.

_ Ri  _ oy, !
v stRi+Rs VS 1+&
R;

IfR.>>R_the input voltage to the amplifier is same as that of V,.or if R_is small then also
V.=V, usually ﬁ =50 Q. From the above equation, we can determine the mput resistance of a
gwen amphﬁer circuit by noting the open circuit voltage of the voltage source V_and then voltage
V, after connections to the amplifier. If R_ of the voltage source is known, R. can be calculated.

6. 10.2 AMPLIFIER OUTPUT RESISTANCE R

is used to denote the load resistance. So R is the output resistance of the amplifier circuit.
(Fig. 6.23).
The amplifier can be represented as a voltage source in series with internal resistance of
R in parallel with R, is the external load resistance K is the amplification factor.
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1
V =KV, _RL__ =KV x
° " RU+Rg ! 1+-R—°

L
Output voltage V  can be made large by increasing the value of R, But the output current
will be small and so the current gain will fall. Hence power gain will also be less. In order to get
maximum power gain, R, should be matching with R.It should be complex conjugate of R,
according to Maximum Power Transfer Theorem. For %this purpose, matching transformers are

R,
used ( R N‘ ] in the output stage of an amplifier. Similarly matching transformers are also
2 2

used to couple one stage of an amplifer to the second stage, if the input resistance of the second
stage amplifier is very small.
3= |
(]

Oxv, . l

Fig 6.23 Output side equivalent circuit.

Conversion Efficiency :

An amplifier circuit draws energy from the D.C. source and amplifies the A.C. signal. The D.C.
supply provides the major portion of the extra energy.

A.C. signal power delivered to the load <100 =

D.C. input power to the active device Ppc
This is also known as collector circuit efficiency in the case of transistor and plate circuit
efficiency in the case of tube amplifier circuits.

Problem 6.1

A single stage amplifier employing one active device, is powered by a 9V battery which has a
current drain of 20 mA. If the load voltage is 3V at 12 m A, determine the conversion M.

P, =V, =3x12x107" =36mW
Poc = Vpclpe =9%20%107 =180mW

r|=-3—6-x100=20%,
180

Conversion n=
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6.11 ANALYSIS OF TRANSISTOR AMPLIFIER CIRCUIT USING h-PARAMETERS

To form transistor amplifier configuration, we connect a load impedance Z, and a signal source as
shown in Fig. 6.24.

Rs 1 Il - « I2 2
— N\ A— = I
.\ + 1 +1 L
>
Vs () V1 Transistor V2 ﬁi ZL
- <
3 -4
ll T

Fig 6.24 Amplifier circuit.

Vs is the signal source, R is the resistance of the signal source, and Z, is the load lmpedance
Transistor can be connected in'C.E, C.B. and C.C. Configuration. To analyse these circuits i.e. to
determine the current gain A, Voltage gain A, input impedance, output impedance etc, we can use
the h parameters. So the equivalent circuit for the above transistor amplifier circuit in general form
without indicating C.E, C.B, or C.C. Configuration, can be denoted as in the Fig. 6.25.

Rs 1 Il - hi 2
—\VV\+ NN P I
+ T + : T+ | VL
Vs <> Vi hV, C) hT, h, V, Z,
- y-
ll 2 1
Fig 6.25 -h-parameter equipvalent circuit (general repersentation).
Current Amplification,
L
1L
But I =-1
A=z

Negative sign is because L, is always represented as flowing into the current source
For a transistor PNP or NPN type, if it is flowing out of the transistor, L, is represented as — 1.
Now voltage across Z is taken with 2 as +ve and 2! as -ve The directions of I, are as shown

and I = ——I
From the above circuit we have,

—h Il+h V

f
But V =1 Z =—I zZ (Since [=1L)
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L=h1-h.Z.I

s b
or 12~&-h0 ZL I2 ='hfI].
Iz(]+ hOZL)=hfI]
I,  —h

Alz——l,—-HhoZL .......... (6.28)

Negative sign indicates that I and 1, are out of phase by 180°.
6.11.1 INPUT IMPEDANCE : z
Input impedance of any circuit' is the 1mpedance we measure looking back into the amplifier
circuit. Now amplifier terminals are land 1'. R_ is the resistance of the signal source. So to
determine the output z of the amplification alone, ‘it need not be considered.

.7
- ]1
But V,=h 1l +hV,.
11 r 2
V V.
Hence z=7-=h+h 2o (6.29)
1 1
_ V(2
But vV,=-L.Z, Sl W Z=AZ .. (6.30)
Substituting the values of v, in Equation ( 6.29 ),
Z=h+h.A.Z
But A= -0
. T 1+h,z,
hf hrzL
lehl_ l+hoZL
= hl _ ]hf hr
—+h,
Zy
Z =h - ot 631
chevyew | e (631)

Yk is load admittance. Therefore, Input impedance is a function of load impedance.
If =0,Y, =
L L

6.11.2 VOLTAGE GAIN

But V=+I.ZL=—I.Z Since,12=—lL
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But I2 = AI . Il
: V2 =+ Ar I] ZL.
Vo A LZ,
Vi v
V
But I—1=Zi
1
h
z=h — f.hr
i 1
—+h,
Ry
AZ, »
AV = z
A = —hez,

v h; +2; (hih, ~h¢h))

6.11.3 OUTPUT ADMITTANCE, YO

The output impedance can be determined by using two assumptions Z, =c0,and V_=0

) L
Yo is defined as v, with ZL =00

But L=hl +h v,
o 2
Dividing by V2,

—ILZYO =—hf'll +h

V2 v2 o dieeees

From the equivalent circuit with Vs =0,
R.I,+hI +h V, =0
Dividing by V, Through out, we get
Rehy +l1ﬁ +h, =0
V2 V2
_I,_ _ —h
or v,

Substitute this value in the equation for Y _or equation 6.23.

—h, +h
Yo—hf' h, +R, ©

I

heh,
h, +R,

Y =h -

o [}

BT:T{S_ .......



Amplifiers 333

Therefore, Z= 1/Y
Therefore, output admxttance is a function of Source Resistance R where as Z is a function
on IfR 0, Y = h Smce(h h/h ) is very small.

6.11.4 VOLTAGE GA[N AVS CONSIDERING SOURCE RESISTANCE, Rs

Y B U, %
v Vs Vi Vs Vs
This is the equivalent circuit of the input side of the amplifier circuit.
_ Vs, > I
1 z; +RS l\/\/\f
R
A = Ay.Z $ I
v, s
A== l
v Vl
vy
AZ = v, . Z
1 Fig 6.26 Voltage source.
But V,=1.Z;V,=17Z
t
Lz Z
Av. z= —'i;Z_L— -—Al. ZL
- AL _ _
VS__R_S:_ZT' IfRS—O,AVS—AV. .......... (6.35)

Hence A,, is the voltage gain of an ideal voltage source with zero terminal resistance.
6.11.5 CURRENT GAIN A CONSIDERING SOURCE RESISTANCE

The input source can also be represented as a current source I in parallel with resistance R_or
voltage source V_in series with resistance R . Now let us consider the input source as a current

source in parallel "with R_. The equivalent CerSUIt is 1 +
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IsRg
1~ Rg+Z,
A = A; xRy _ AR,
8- (Rs+Z) (Rs+Z)
IfRg=w, A  =A. Therefore, A is the current gain for an ideal source

From the Fig 6.27, 1

ALZ
Now A= Z.+R, e (6.37)
AR
A= Z Ry e (638)
A, Z.
Dividing 1 and 2, ZS‘=R—S
Z,
or A=Ay Re| e (6.39)

This equation is independent of the transistor parameters This is valid if the equivalent
current and voltage sources have the same resistance.

6.11.6 POWER GAIN AP

P, Vol
Ap=p =
(I AR
=A_A
vl
Al-ZL
A="z
ATZ,
=1 L. (6.40)
P Zi
6.12 COMPARISON OF THE CE, CB, CC CONFIGURATIONS
CkE: Of the three, it is the most versatile. Its voltage and current gain are > 1. Input

and output resistance vary least withR_and R . R. andR | values lie between
maximum and minimum for all the three con guratlons Phase shift of 180°
between V and V . Power Gain is Maximum.

CB: A <I1A, > 1.R 1s the lowest and R, is the highest . It has few applications.
Sometimes it is used to match low 1mpedance source V and V . No phase shift.

C.C: A, < 1. A, is very high. It has very high input Z and low outputZ So it is
used as a buffer between high Z source and low impedance load. It is also
called as emitter follower.

To analyse circuit consisting of a number of Transistors, each Transistor should be replaced by
its equivalent circuit in h-parameters. The emitter base and collector points are indicated and other
circuit elements are connected without altering the circuit Configuration. This way the circuit analysis
beccmes easy.



Amplifiers

335

Example 6.2

Find the Common Emitter Hybrid parameters in terms of the Common Collector Hybrid parameters

for a given transistor.
Solution

We havetofindh, ,h ,h. andh intermsofh ,h ,h. andh .
ie’ re’ fe oe ic” e’ fe oc

The transistor circuit in Common Collector Configuration is shown in Fig. 6.28. The

h-parameter equivalent circuit is shown in Fig. 6.29.

C‘L) hlbie hob

«i
<

—

<-~ic
—i hih
C T
J R?C
T d E vC €
v l
| [
Fig 6.28 For Example 5.2.
C.C:
vb = hlc' ib + hrC ve
l<3 - hfc lb + hoC Ve'
le = hfc lb - 11
= (hfe lb - Vce hoc)
Vbe - 1b : h:c - hrc Vce + Vce = ]b . hnc
Voe|
But l‘lle = Vo0
1e - ic
h, = 12lV, =0
fe I e~
lc T _hfc lb +hocvce

Fig 6.29 Equivalent circuit.

Sincev_=0
ce
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But

Since,

v =0
ce
=.-ib_(hfcib_hocvce)
= _—ib_hfcib-‘-hocvce vcezo
—ip —hgly
hy =75, = -(+hy)
hy =-(l+h)l (6.42)
Vie .
hm= VZ 1p=0
Vbe=ibh|c~hrcvce+vce'
ib=0
_ hyeVee + Vee _
e Vce ™
Sl-h o (6.43)
i
= £ i =0
hOe v, 1y,
i, =—i,—1i
Butib=
=i,
i =V _hoc
€ ce
i, i
=—t —h
VCC vce *
i =—1i =-—hf ib+v h
e O (6.44)
ib=
i =V xh
C ce

h = hoc is admittance in mhos (U).
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6.13 SMALL SIGNAL ANALYSIS OF JUNCTION TRANSISTOR

Small Signal Analysis means, we assume that the input AC signal peak to peak amplitude is very
small around the operating point Q as shown in Fig. 6.30. The swing of the signal always lies in the
active region, and so the output is not distorted. In the Large Signal Analysis, the swing of the
input signal is over a wide range around the operating point. The magnitude of the input signal is

very large. Because of this the operating region will extend into the cut-off region and also
saturation region.

N\

| —» Ve \

Fig 6.30 Operating point Q.
6.13.1 CoMMON EMITTER AMPLIFIER

Common Emitter Circuit is as shown in the Fig. 6.31. The DC supply, biasing resistors and coupling
capacitors are not shown since we are performing an AC Analysis.

Fig 6.31 C.E. Amplifier circuit.

V. is the input signal source and R, is its resistance. The h-parameter equivalent for the
s Is the np gnal so g P q
above circuit is as shown inFig. 6.32.

\Y V,
b = ~BE h = ~BE

e e
l IB A ) VCE Ipo
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I Ie
h= = he = =
* VCE Is:o fe I VCE:()
RS I
B W\ =8 C
hie
h R
Vs@ Vbe + Preln <l> § °¢ § Y Ve
6 hreVCE

E E
) Fig 6.32 h-parameter equivalent circuit.

The typical values of the hA-parameter for a transistor in Common Emitter Configuration

are,
h,=4KQ,
\"/
Since, h, = % ;
B
Vg is a fraction of volt 0.2V, 15 in pA, 100 pA and so on.
he = T = 4KQ
Je T 50x1070
N L
hg, = L= 100 .
B
I is in mA and I in pA.
hfe >>1~p
hre =0.2 x 1073, Because, it is the Reverse Voltage Gain.
Vi Input
= — > . =
hre VCE and VCE VBE’ hre Output

Output is >> input, because amplification takes place. Therefore h <<1.
- _ e
h,=8p0U  and hoe—V—CE.
INPUT RESISTANCE OF THE AMPLIFIER CIRCUIT (Ri)
The general expression for R, in the case of Common Emitter Transistor Circuit is

heh
R,=h_ - h_e_tsl_
+__._
o RL
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For Common Emitter Configuration,
h&hm
1

h, +—
o¢ RL

Rl = hie -

R, depends on R;. If R; is very small, RL is large, therefore the denominator in the
L

second term is small or it can be neglected.

S R = h,.
If R, increases, the second term cannot be neglected.
R; = h;, ~ (finite value )

Therefore, R; decreases as R increases. If R, is very large, —ﬁl—~ will be negligible compared
L
to h .. Therefore, R, remains constant . The graph showing R; versus R, is indicated in Fig. 6.33.
R, is not affected by R; if R; <1 KQ and R; > 1 MQ as shown in Fig. 6.33.

R,

3KQ

300 KQ

1KQ 1Mo Ro

Fig 6.33 Variation of Ri with R I

R, varies with frequency f/ because h-parameters will vary with frequency. hg, h , will
change with frequency fof the input signal.

OuTPUT RESISTANCE OF AN AMPLIFIER CIRCUIT (R 0)
For Common Emitter Configuration,

1

h.h
h. — retlfe
o (h,e+RsJ

R, is the resistance of the source. It is of the order of few hundred Q.
R, depends on R.. If R, is very small compared to h;,

R, =
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1
R, = ;—_—m (independent of R)

* b

Then, R, will be large of the order of few hundred KQ. If R is very large, then

R ~_1 ~150KQ.

o]
oe

The graph is as shown in Fig. 6.34.

800 KQ

200 KQ

Fig 6.34 Variation of Ra with R ¢
CURRENT GAIN (A,)
hy

If R is very small, A; ~ hg, ~ 100. So, Current Gain is large for Common Emitter
Configuration. As R, increases, A; drops and when R; = o, A; = 0. Because, when R; = o,

I, = 0. Therefore, A; = 0. Variation of A, with R is shown in Fig. 6.35.
\

A

| 100 KQ

R, —>
Fig 6.35 Variation of Ai with R 1
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VOLTAGE GAIN (AV)
—hfeR L

Ay

" h, +R, (hohy, —hgh,)

fe''re

> —

) +
[
1 KQ > 100 MQ
RL

Fig 6.36 Variation of A with R I
If R; is low, most of the output current flows through R; . As R, increases, output voltage

. . . 1
increases and hence Ay, increases. But if R; >> T then the current from the current generator
oe

in the h-parameters equivalent circuit flows through h _ and not R; . Then the,

Output Voltage =h . I, . hL
oe
(R, is in parallel with h_.. So voltage across h = voltage across R;). Therefore, V  remains
constant as output voltage remains constant (Fig.6.36).
POWER GAIN
As R, increases, A; decreases. As R; increases, Ay, also increases.
Therefore, Power Gain which is the product of the two, Ay, and A, varies as shown in
Fig. 6.37.
Ap=Ay A

>

-

Power Gain —»

RL
Fig 6.37 Variation of A, with R .
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Power Gain is maximum when R; is in the range 100 KQ ~ IMQ. ie. when R, is equal
to the output resistance of the transistor. Maximum power will be delivered, under such conditions.

Therefore, it can be summarised as, Common Emitter Transistor Amplifier Circuit will have,
1. Low to Moderate Input Resistance (300£2 — 5K(2).

. Moderately High Output Resistance (100K€2 — 800KD).

. Large Current Amplification.

. Large Voltage Amplification.

. Large Power Gain.

. 180° phase-shift between input and output voltages.

As the input current i, increases, i increases. Therefore Drop across R increases.
V= V¢ — (drop and across R). Therefore, there is a phase shift of 1800

The amplifier circuit is shown in Fig. 6.38.

AT +V¢e
RC

R, C
AW B NPN
! y
J, R |
\
G

Fig 6.38 C.E. amplifier circuit.

A W

<

6.13.2 CoMMON BASE AMPLIFIER
The circuit diagram considering only A.C. is shown in Fig. 6.39.

I ENPN C IC

Fig 6.39 C.B. Amplifier circit.

Yeb
hi I_e
e 1V, =0
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V., is small fraction of a volt. I is in mA. So, hy, is small.

hg= I—“ =—0.99 (Typical Value)
¢ vcb =0
I, <1, hg <1
I
h, = V° = 6.7 x 1078 mhos (Typical Value)
<o {[,=0

I, will be very small because I, = 0. This current flows in between base and collector loop.

hy, = Yol =37 1076 ( Typical Value )

cblj =0
h,, is small, because V , will be very small and V  is large.

INPUT RESISTANCE (RI)

hg.h
R,=hy L 't; ;  hg is—ve
hob Rie
Ry
when R is small < 100 K, the second term can be neglected.

|
when R, is very large, —L— can be neglected.

hg.h
Ri = hib — _fﬁ_rb_
ob
So R; ~500Q2 (Typical value) [ hg is negative]
hﬂ)hrb
R;=hy, +

ob
The variation of R, with R; is shown in Fig. 6.40. R, varies from 20Q to 500€2.

R 00Q2

e e e - ———

T

_— RL 100 MQ

Fig 6.40 Variation of R f with R I



344 Electronic Devices and Circuits

OuTPUT RESISTANCE (Ro)
1
R=—r——
0 _ - hrbhfb
® h, +R,
. hrbhfb . .-
IfR, is small, R, = 1/ hgp = h . But hg is negative.
b
1
R =—7——
° hob + hrbhfb
hy

This will be sufficiently large, of the order of 300 KQ. Therefore, value of h ; is small. As

R, increases, R = also increases. [This will be much larger because, in the previous case, in

hob

the denominator, some quantity is subtracted from h ; .]
o R, = 12MQ

The variation of R with R is shown in Fig. 6.41.

RS
Fig 6.41 Variation of Ro with R 5

CURRENT GAIN (Ai)

-h
A= b
I+h,R,
A, is < 1. Because hy, < 1. As R, increases, A; decreases. A, is negative due to hg.
The variation of A; with R, is shown in Fig. 6.42.
VOLTAGE GAIN (AV)
~hg Ry
hy, +Ry(hyphg, —hehy)
AsR; increases, Ay, also increases. If R, tends to zero, A, also tends to zero. (A, — 0, as
R; — 0). The variation of Voltage Gain Ay, with R, is shown in Fig. 6.43.

A, =
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>Ry —> R
Fig 6.42 Variation of Ai with R L Fig 6.43 Variation of Av with R L

POWER GAIN (AP)
Power Gain Ap =Ay, . A,
Ay increases as R increases. But A, decreases as R, increases. Therefore, Power Gain,
which is product of both, varies with R, as shown in Fig. 6.44.

>

o]

-3  Power Gain

RL
Fig 6.44 Variation of A p with R I

The characteristics of Common Base Amplifier with typical values are as given below.
1. Low Input Resistance (few 100 €J).
2. High Output Resistance (MSJ).
3. Current Amplification A, < 1.
4. High Voltage Amplification and No Phase Inversion
S. Moderate Power Gain (30). '+ A, <1

6.13.3 CoMMON COLLECTOR AMPLIFIER

The simplified circuit diagram for A.C. of a transistor (BJT).in Common Collector Configuration is
as shown in Fig. 6.45 (a).
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Vs 69 Ry ?

Fig 6.45 (a) Common collector amplifier circuit.
The h-parameters equivalent circuit of transistor in Common Collector Configuration is
shown in Fig. 6.45 (b).

Ry h,
AW

<
w
0
U/
g
a
b4
IR
| S+

OL% é he Ve 3R

: [

Fig 6.45 (b) h-parameter equivalent circuit.

WV
h, = TB,ﬁ =2,780 Q ( Typical Value )
Vep=0
I
=] =7.7x10"5mhos ( Typical Value )
VEC Ig=0
I
hg, = - IE =100 - Ig>>1Ig. ( Typical Value )
Vcg=0
h; is negative because, I and I are in opposite direction.
V
= % ; Vg =Vge ( Typical Value )
EClig=0

Because, Iz = 0, E-B junction is not forward biased.

VEB = O-
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For other circuit viz Common Base. and Common Emitter, h_ is much less thanl.
For Common Collector Configuration, h ~1.
The graphs (variation with R.) are similar to Common Base Configuration.
Characteristics
. High Input Resistance ~ 3 K2 (R)
2. Low Output Resistance 30 £2 (R )
3. Good Current Amplification. A4, >> 1
4. 4,<1
5. Lowest Power Gain of all the configurations.

u—t

Since, A, is < 1, the output voltage ( Emitter Voltage ) follows the input signal variatio\q.
Hence it is also known as Emitter Follower. The graphs of variation with R; and Ry are similar
to Common Base amplifier.

INPUT RESISTANCE (RI)

R, input resistance looking into the base is h,, only

heh
The expression for R, of the transistor alone = h;_ - ~—fe~'e~1—
hge + -
Ry
R, is very small and h, is negligible. Therefore, the second term can be neglected. So R, of
the transistor alone is h;,. Now R of the entire amplifier circuit, considering the bias resistors is,

R;=h.R;[IR,
R,R, _ 100x100

R,+R, 1004100 0K
R = 2220 | 925KQ
iT 2450
OuTPUT RESISTANCE (RO)
R = 1

° h — hrehfe
* hle + Rs

Because, h_, is negligible, R of the transistor alone in terms of h-parameters of the

transistor = . Now R of the entire amplifier circuit is,

oe

1
I Ry=(2.1 x 102)] (100 K2)

=2KQ.
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CURRENT GAIN (Al)

To determine A, the direct formula for A, in transistor in Common Emitter Configuration is,
hfe '

s . But this cannot be used because the input current L, gets divided into I} and I,. There
+

R
oe"“L
is some current flowing through the parallel configuration of R, and R,. So the above formula
cannot be used.

Problem 6.1
Ve =l hie
h, =107 x (2000) = 0.2V. (This is AC Voltage not DC )
Voltage across R, R, parallel configuration is also V.
Vie 0.2

Current I, = 50x10° _ 50kQ =4 pA.

Total Input Current I = I, +I; = 100 + 4 = 104pA.
I, is the current through the 1K load.

= 100 KQ is very large compared with R, and R, . Therefore, all

hOC
the current on the output side, hg_ I, gets divided between R, and R; only.
R
Current through R, =1 =h_ I . 4
gh Ry =1, fe °b R,+R,
3
I,=100x 10-4 —2X1 _ _g7gma
(2.1x10° +10°)
C t lificati *A—I°—M—6S
urrent amplification = A; = 1 = Joaxio® 6
_ Y =
Av_ Vl-; Vi _Vbe
V,=-1,. Ry
= (- 6.78 x 1073) x (1073)
=-6.78V

Because, the direction of I | is taken as entering into the circuit. But actually I flows down,
because V is measured with respect to ground.
—6.78

A, = “62— =-339

Negative sign indicates that there is phase shift of 180 between input and output voltages,

i.e. as base voltage goes more positive, (it is NPN transistor), the collector voltage goes more
negative.
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Problem 6.3

For the circuit shown in Fig.6.46 estimate A;, A, R and R using reasonable approximations.
The h-parameters for the transistor are given as

he, =100  h =2000Qh_ isnegligibleand h . = 10-3mhos.
*Vee

R=2.4KQ

R1= 100KQ§

le) —

C
[ B/
Rg,\/=v5\(/)Q '('31 @2 e § R, 1KQ
v,

R=100K | R;293KQ % —- G
7

Fig 6.46 For Problem 6.3.
Solution

At the test frequency capacitive reactances can be neglected. V. point is at ground because the
AC potential at V.- = 0. So it is at ground. R is connected between base and ground for AC.

Therefore, R, || R,. R, is connected between collector and ground. So R, is in parallel with 1/h_,
in the output.

The A.C. equivalent circuit in terms of h-parameters of the transistor is shown in Fig.6.47.

St AN——= oy c L ¢
R
S Q 1
1 h —_—
‘§R1HR2 m§ h. § R‘§ Rllé
ov, On, v,
E \J
77T E

Fig 6.47 Equivalent circuit.
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The voltage source h V_ is not shown since, h,, is negligible. At the test frequency of the
input signal ,the capacitors C, and C, can be regarded as short circuits. So they are not shown in
the AC equivalent circuit. The emitter is at ground potential. Because X is also negligible, all the
AC passes through C;.  Therefore, emitter is at ground potential and this circuit is in Common
Emitter Configuration.

Problem 6.4

For the circuit shown, in Fig. (6.48), estimate A and R . — is large compared with the load seen
0¢
by the transistor. All capacitors have negligible reactance at the test frequency.

+VCC

R4=5KQ

R1= 60KQ g

Fig 6.48 For Problem 6.4.

h,= 1KQ, hg, =99 and h__ is negligible.
Solution :
The same circuit can be redrawn as shown in Fig. 6.49. )
In the second circuit also, R, is between collector and positive of Ve R, is between +V
and base. Hence both the circuits are identical. Circuit in Fig. 6.48 is same as circuit in Fig. 6.49.
In the AC equivalent circuit, the direct current source should be shorted to ground. Therefore, R,

is between collector and ground and R, is between base and ground. Therefore, R, is in parallel
with R, and R, is in parallel with R, ( Fig. 6.49).

1800
R, || R, = 8030 _1800 _p5rq
60+30 90
5% 20
R,||R, =R, = == =4KQ.
allR7 =Ry 20+5
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4V0
R4§ R,
V, o—i¢r g)
R3= 30KQ +
s 3 T Vee
R,=60K R,=3KQ (
C,==
]
7T
nr
Fig 6.49 Redrawn circuit.
B C
B y y C
L <
Rzu&g Sh | b S rRE r3
1 (1)
I
v 2
I3
E )
g —Y — \ E

Fig 6.50 Equivalent circuit.

Therefore, the circuit reduces to, (as shown in Fig. 6.51)

A"
I, = l—‘ (- hre isnegligible)
llC
- he V,
le=hglpy=—
1€
V
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<1
S > B C < N
L I
1
20K0 h§ 1KQ — § R4§ R,
QE O v
hfe Ib o
E \J
Fig 6.51 Simplified circuit.
he V. R
- - e L
V,=-1,.R = - —eh—‘—
1
A =Yoo DRy _ =99(4x10%)
Vo, he 10
A, =-400
R, is the parallel combination of 20K and h;,
20x1kQ oo
20+1

While calculating R , R, is in parallel with R, and Rq will come in parallel with these two.
But since R value is very small (R, parallel R,), effective value will be Rg only.

Problem 6.5

Given a single stage transistor amplifier with & - parameter ash,, = 1.1 KQ, h =1, hp, =51,
h,. =25 pA/v. Calculate A}, Ay, Ay, R, and R | for the Common Collector Configuration, with

R, =R, = 10K.

Solution

— —hfc — 51
| S - -6 4
I1+h R 1+25x107° x10
R =h, +h AR =1.1 x103 + 1 x 40 . 8x10% = 409.1 KQ

ARy 408 x 104

=40.8

A= TR = Tag0n —0998
_Av.R, 0998 x 409.1 _
Avs— R, + R, = 4191 =(0.974
R = R 1 3 1
° o _hehe g5, qp-6, SIXD o 4.625x107
" hy +R, (.1 + 10)103

R, =217Q
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Problem 6.6
For any transistor amplifier prove that
h
R = —1
i 1-h,A,
Solution
R=h— hf.hr
1 1 l
hg + —
Ry
But A —h
u = —
I 1+h,.R.
R,= hy+h AR, L 1)
- Av 'Ri
R = A
_ AR
A, = —————Ri
Substituting this value of R, in equation (1)
. h.ALAR, _ R
Rl_hl+.__lA_lv.___—hx+hr.Av‘.Rl,-.Rl ]—hrAv

Problem 6.7
For a Common Emitter Configuration, what is the maximum value of R; for which R, differs by
no more than 10% of its value at R, =0 ?

h,=1100Q; he, =50

h,, =2.50 x 1074; h_, = 25p0.

Solution
Expression for R; is,
hg.h
R;= hie_ W : ri
+ ——
oe RL
IfR; =0, R, = h,. The value of R; for which R; = 0.9 h,_ is found from the expression,
h¢.h
09 by =h, - —F
hy + —
0e RL
he .h
or — e =h, ~09h, =0.1h,
hge + —
Ry
hfe'hrc = hoe + .._L

0.1h; Ry
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1 heh hgh, —0.1h h

— e 're — _fe''re oe 1
R, 0.1h, * 0.1h,,
0.1h,, 0.1x1100
01' RL = = _4 _6
heh, —0.1h chy  50x2.5x107% —0.1x1100%25x10
R, = 11.3KQ

6.14 HIGH INPUT RESISTANCE TRANSISTOR CIRCUITS

In some applications the amplifier circuit will have to have very high input impedance. Common
Collector Amplifier circuit has high input impedance and low output impedance. Butits A, <1.
If the input impedance of the amplifier circuit is to be only 500 KQ or less the Common Collector
Configuration can be used. But if still higher input impedance is required a circuit shown in Fig.6.52
isused. This circuit is known as the Darlington Connection (named after Darlington) or Darlington
Pair Circuit.

y T TTTTTTTTT 1
1 T —o (C
1 i 1
1 €1 |
i i
C

! PNP !
: Bp Q lCz :

B I % 1 I
: E :
] !
: C :
: “63 )PNP :
i Q 1

2

: B2
i |
i 1
1 !

E i ] E

Fig 6.52 Darlington pair circuit.

In this circuit, the two transistors are in Common Collector Configuration. The output of the
first transistor Q, (taken from the emitter of the Q,) is the input to the second transistor Q, at the
base. The input resistance of the second transistor constitutes the emitter load of the first transistor.
So, Darlington Circuit is nothing but two transistors in Common Collector Configuration connected
in series. The same circuit can be redrawn as AC equivalent circuit. So, DC is taken as ground
shown in Fig.6.53.Hence, ‘C’ at ground potential. Collectors of transistors Q, and Q, are at
ground potential. The AC equivalent Circuit is shown in Fig. 6.54.

There is no resistor connected between the emitter of Q, and ground i.e., Collector Point.
So, we can assume that infinite resistance is connected between emitter and collector. For the
analysis of the circuit, consider the equivalent circuit shown in Fig. 6.54 and we use Common
Emitter h-parameters, h,, h , h _and h.

For PNP transistor, I leaves the transistor, I, enters the transistor and I leaves the transistor.
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Fig 6.53 Equivalent circuit.
1
I I
‘1 €2
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I B/F 0 ~Vee
Q\_ 1
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ﬁ
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Fig 6.54 Darlington pair circuit.

6.14.1 CURRENT AMPLIFICATION FOR DARLINGTON PAIR

I.= Icl + Icz.
IC] = Ib] hfe;
lc2 =1l hy,. (Assuming identical transistor and hg, is same)

But Ib2 = Iel (the emitter of Q, is connected to the base of Q,)
I.= IbI hg +Ie] he .. 4))
Iel = Ibl + Icl = Ibl (I+hyy 2)
Ic] = hfe Ibl
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Substituting equation (2) in (1),
L=l hetlp (1+ hghe, = Ibl(zhfe + he?)
But h?; >> 2h,
Since, hfe is of the order of 100.
' .= Ibl he

. . 1 . .
It means that we get very large current amplification [A )= J' in the case of Darlington

by

Pair Circuit, it is of the order he,? i.e. 100% = 10,000.

1
A= 75 = (he)?
1 fe.
Iy,

6.14.2 INPUT RESISTANCE (Rl)

Input resistance R,

of the transistor Q, (which is in Common Collector Configuration) in terms of

h- parameters in Common Emitter Configuration is,

R;, =h+ (I+hg) Ry
Iy
I,
Here R, is R, since, output is taken across emitter resistance.
' Ri, =(1+hg) R,
The input resistance Ri, of the transistor Q, is, since it is in Common Collector Configuration,
R,=h, +h AR
Expressing this in term of Common Emitter hA-parameters,
hic = hie; hrc = 1.
(For Common Collector Reverse Voltage Gain = 1) and R, for transistor Q, is the input

But h,, <<hgR;, and hy R >>h, A12 = — =(1+hg)

resistance of transistor Q,.

o Ril =h, + Ay, Riz' R, is large,
Therefore, hoc.Ri2 <0.1.and A; # 1+ hg,
Ry= Ay Ry,
R,=(+hg)R,
But the expression for Common Collector Configuration in terms of Common Emftter

h-parameters is

1+hg
A= T+h R,
Here, R; =R,and R, = (1 +hg) R,
I+hg
A= Tih,(1+hg)R,

h,. R, will be <0.1 and can be neglected.
hy, value is of the order of u mhos(micro mhos)
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1+hg,
Al Toh heR,
R)=An Ry
(1+he) R,
= T+h,heR,
This is a very high value. If we take typical values, of R, = 4KQ, using h-parameters,
R;, =205 KQ.
R,=1.73 MQ.
A =427,

Therefore, Darlington Circuit has very high input impedance and very large current
gain compared to Common Collector Configuration Circuit .

6.14.3 VOLTAGE GAIN
General expression for A, for Common Collector in term of h-parameters is

hle _VZ__ l_hle
A =1-—";h_ =h orAy, = _{—R :!

v R‘ 1€ 1c Vl 1
But R = AR, - Ay =|-—e
u i = Al AT TR TR
Vo ie
Av=v. |
V2 Ri,
Therefore, over all Voltage Gain A = AV] x sz
e Me o Me
A; R. R.
ll 12 12
1 hie . .o 1
A, = —R_iz . AI] Ri2 >>h, - Ail is >>1

Therefore, A, is always < 1.
6.15.4 OUTPUT RESISTANCE

The general expression for R of a transistor in Common Collector Configuration in terms of
Common Emitter A-parameters is,

R = R, +h,

o 1+hg
. Rs'*'hie

o] 1+hg

Now for the transistor Q,, R, is Ror
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Rg +h;
Roz - Thfe—l—e_ *hie
I+hg
Therefore, Ro2 is the output resistance of the Darlington Circuit.
_ Ry+h, h
Ry = (1+h, ) 1+hg
This is a small value, since, 1+ hg is>> 1.
Therefore, the characteristic of Darlington Circuit are
1. Very High Input Resistance ( of the order of M2 ).
2. Very Large Current Gain ( of the order of 10, 000 ).
3. Very Low Output Resistance ( of the order of few 12 ).
4. Voltage Gain, 4, < 1.

Darlington Pairs are available in a single package with just three leads, like one transistor in
integrated form.

1€

Disadvantages :

We have assumed that the h-parameters of both the transistor are identical. But in practice it is
difficult to make out. h-parameters depend upon the operating point of Q, and Q,. Since the
emitter current of transistor Q, is the base current for transistor Q,, the value of Ic2 >> 1, |

1. The quiescent or operating conditions of both the transistor will be different.
hfe value will be small for the transistor Q,. . hf? = (I/Ib).lbz is less

CDIL make CIL997 is a transistor of Darlington Pair Configuration with
hy, = 1000.

2. The second drawback is leakage current of the 1% transistor Q,; which is amplified
by the second transistor Q, (" 1, ;= bz)‘

Hence overall leakage current is more. Leakage Current is the current that
flows in the circuit with no external bias voltages applied

(a) The h-parameters for both the transistors will not be the same.
(b) Leakage Current is more.

(b) Darlington transistor pairs in single package are available with hfe as high
as 30,000

6.15 BOOT STRAPPED DARLINGTON CIRCUIT
The maximum input resistance of a practical Darlington Circuit is only 2 MQ. Higher input resistance

cannot be achieved because of the biasing resistors R ,R, etc. They come in parallel with R, of

. . . 1 ;
the transistors and thus reduce the value of R;. The maximum value of R, is only — Ssince, hg,

. . . . . ob
is the resistance between base and collector. The input resistance can be increased greatly by

boot strapping, the Darlington Circuit through the addition of C  between the first collector C, and
emitter B
2

What is Boot Strapping ?
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'O "E O
SC

= R'= R/1-k
/A R, =R 77} /A i

Fig 6.54 Equivalent circuit. Fig 6.55

In Fig.6.60, V is an AC signal generator, supplying current [ to R. Therefore, the input resistance

\Y
of the circuit as seen by the generator is R, = T R itself. Now suppose, the bottom end of R is not

at ground potential but at higher potential i.e. another voltage source of KV (K< 1). is connected
between the bottom end of R and ground. Now the input resistance of the circuit is (Fig.6.55).

\4 ,  (V-KV)
R = — ==
i R
VR R
or R=1-K) " 1-K

[’ can be increased by increasing V. When V increases KV also increases. K is constant.
Therefore the potential at the two ends of R will increase by the same amount, K is less than 1,
therefore R, > R. Now if K = 1, there is no current flowing through R (So V = KV there is no
potential difference). So the input resistance R, = o . Both the top and bottom of the resistor
terminals are at the same potential. This is called as the Boots Strapping method which increases
the input resistance of a circuit. Ifthe potential at one end of the resistance changes, the other end
of R also moves through the same potential difference. It is as if R is pulling itself up by its boot
straps. For c.c.amplifiers A, <1 = 0.095. So R, can be made very large by this technique.
K=A, = 1.If we pull the boot with both the edges of the strap (wire) the boot lifts up. Here also,
if the potential at one end of R is changed, the voltage at the other end also changes or the potential
level of R, rises, as if it is being pulled up from both the ends.

For Common Collector Amplifier,
h.
L= 1 . A=zl
R -A, " Y
Therefore, R, can be made large. " it is of the same form as
R

R=1T7K
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In the circuit shown in Fig. 6.56, capacitor C is connected between C, and E,. If the input
signal changes by V , then E, changes by A,.V; (assuming the resistance of C is negligible)

1
is now effectively increased to |1+ 3 L(1=-AV) = 400MQ
o

1
Therefore,
h ob

CCT
R
1, Cq
! Cy \
: 7
\ B
h
Eq
Ca
F ——c
E2
A
Rez% V,=Ay,
Y ‘}

Fig 6.56 Boot strap circuit.

A.C. EQUIVALENT CIRCUIT :
The input resistance

R Yish, b R
il T

If we take hg, as 50, R, = 4KQ, we get R, as 10MQ. If a transistor with hg, = 100 is taken,
R; will be much larger. The value of X, is chosen such that at the lower frequencies, under
consideration Xco is a virtual short circuit. If the collector C, changes by certain potential, E,

also changes by the same amount. So C, and E, are boot strapped. There is

and C,.

between B
hob !

1
Reff_ h,,(1-A,)
Direct short circuit is not done between C, and E,. Since, DC condition will change, Xc is
a short only for AC signals and not for DC. 0
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hfel Ibl
S
B hrchel | hoe Ty C
L aw— )= At =25 (Cs
T h ~ EsBy Il E,
ieq ie,
v Re<RyIR, 3 ® bt
i 2 P2
JL ¢,

N
T

Fig 6.57 A.C. Equivalent circuit.
6.16 THE CASCODE TRANSISTOR CONFIGURATION

The circuit is shown in Fig. 6.58. This transistor configuration consists of a Common Emitter
Stage in series with a Common Base Stage. The collector current of transistor Q, equals the
emitter current of Q,.

Fig 6.58 CASCODE Amplifier (C.E, C.B configuration).

The transistor Q, is in Common Emitter Configuration and transistor Q, is in Common
Base Configuration. Let us consider the input impedance (h,,) etc., output admittance (h,,)
i.e. the h - parameters of the entire circuit in terms of the k - parameters of the
two transistors.
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INPUT IMPEDANCE (hll)
A
hy,=InputZ=—
I V, =0
If V, is made equal to 0, the net impedance for the transistor Q, is only h, . But h;, for a
transistor in common emitter configuration is very small = 20. We can conclude that the collector
of Q, is effectively short circuited.
hll =~ hle'
When V, =0, C, is shorted. Therefore, h;, =h
virtually shorted to the ground.

h.=h,

1 1€

by But hlb2 is very small. Therefore C, is

SHORT CIRCUIT CURRENT GAIN (h21)
)
h,, = ==
21 I] v
2=0
L I I
h = —:'—'X—l
21 II Il I Vy) =0
I . B B
il— = hy, since, [ = ICI. [, = IBl
1_2’ =—hg since, I=15. [, = I
hy; =—hg. hg.
. _ g
he>>1.-hg ~1, since hy = Y;

OutpPuT CONDUCTANCE (hzz)
Output Conductance with input open circuited, for the entire circuit is,

I2
hy, = v,

L =0

1
when I, = 0, the output resistance of the transistor Q, is o =40 KQ. (Since Q, is in

0oc
Common Emitter configuration and h . is defined with I, = 0).

1
B—o: =40KQ

is the source resistance for Q,. Q, is in Common Base Configuration. What is the value of R  of
the transistor Q, with R, = 40k
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Itis = 1/hy itself.

Since, hoe] is very large, we can say that I’} = 0. Or between E, and ground there is infinite
impedance. Therefore, output conductance of the entire circuit is hy, =hg,.

REVERSE VOLTAGE GAIN (h1 2)
LV
12 V2 -0
V1 \'A
Vo2l =0
V t
\Y%
—\7'_ = hre‘ Vo - hrb
1, =0 2
(Since, Q2 is in Common Base configuration)
hpy = he hy,
h, = 107 h, =10 - h,, is very small .
h,=h;; = h. Typical value = 1.1kQ2
hy=h,y; = hg. Typical value =50
h,=hy, =h. Typical value =0.49 pA/V m
h,=h,, = h_h,. Typical value=7x 10~ 8,

Therefore, for a CASCODE Transistor Configuration, its input Z is equal to that of a single
Common Emitter Transistor (h,). Its Current Gain is equal to that of a single Common Base
Transistor (hg,). Its output resistance is equal to that of a single Common Base Transistor (h,).
The reverse voltage gain is very very small, i.e., there is no link between V| (input voltage) and
V, (output voltage). In otherwords, there is negligible internal feedback in the case of cascode
amplifier. A CASCODE Transistor Circuit acts like a single stage C.E. Transistor (Since h . and
h,, are same) with negligible internal feedback (.. h  is very small) and very small output
conductance, (= h, ) or large output resistance (= 2MQ equal to that of a Common Base Stage).
The above values are correct, if we make the assumption thathob R; <0.1 or R is <200K. When
the value of R is <200 K. This will not affect the values of h, h, h_, h; of the CASCODE
Transistor, since, the value of h_ is very very small.

CASCODE Amplifier will have

1. Very Large Voltage Gain.

2. Large Current Gain ( hfe ).

3. Very High Output Resistance.
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Problem 6.8
Find the voltage gains AVS, A,, and A,, of the amplifier shown in Fig. 6.59. Assume

——

- Vcc
g 10 KQ

Ql
1 KQ )
| Q
TR e 90
S
$5KQ :/\
v
i

Fig 6.59 For Problem 6.6.
h;, = 1KQ, h =10, hg, = 50
and h,,=10"3A/V.

Solution
The second transistor Q, is in Common Collector Configuration Q, is in Common Emitter
Configuration. It is convenient if we start with the II stage.
IT Stage :

hy. R, = 10-8x5%x103=5x10-5<0.1.

Therefore, h . R, is < 0.1, approximate analysis can be made. Rigorous Expressions of
C.C.and C.B Conﬁgura%ion need not be used.

Ri2 =h;, + (H'hfe)RLz

= 1KQ + (1 +50) 5SKQ =256 KQ.
Av_ is the expression for Voltage Gain of the transistor in Common Collector Configuration
in terms of Common Emitter A-parameters is,

h.

Ay, =1- 35
2
o K 60039099
256kQ2
I Stage :
R, = 10K||R;, = 10k || 256k = 9.36 k€.

hee - RLl <0.1. -» Approximate equation can be used
All = ~50.(hg).
R;, =h,. = 1kQ.

i1
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R

vl hie 1kQ

= [AI.BA]
Rl
Overall Voltage Gain = Avl-sz = —482 x(.996 = — 480.

Rs . Ay I o0,
2k

=-481.5

A=A X
vs v Rs+hoe

6.17 THE JFET LOW FREQUENCY EQUIVALENT CIRCUITS

6.17.1 CoMMON SOURCE AMPLIFIER

Capacitance and DC voltages are shorted. FET is replaced by its small signal model so the equivalent
circuit is as shown in Fig. 6.60.

Fig 6.60 C.S amplifier.

I; = AC drain current
ry = drain resistance
V=1 x (rg [1R)

“1. x ;. Ry
d r; + Ry

But I, =—g. V, (The value of the current source)

But r;>> R,
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Fora FET, Y, = forward transfer admittance in C.S. configuration

= gm
Y 55 = Out put admittance in C.S configuration
1

Ty
At low frequencies, Z, = ry || R
~R, " ryis large.
At high frequencies r; and R, are shunted by C.
1
Zy= Ry || X4 X = 2nfCy,
At low frequencies, input impedance
Z,=Rg; . | Rgg
But R is a very large value. Therefore Z ~ R,.

At high frequencies, the input capacitance shunting R; becomes effective. The actual
capacitance presented to an input signal is amplified by the Miller effect.

Cin=Cyt (1 +Av). Cyy
where A, = circuit voltage gain g _. (R || rd)]
Cn=Cy t 11+ g, (R [ 1] Cyy
6.17.2 COMMON DRAIN AMPLIFIERS (C.D)

This is also known as source follower. This is FET equivalent of emitter follower or common
collectors transistor amplifier circuit.

o +Vy =20V

Fig 6.61 Common drain circuit.
V is not the same as V ;. S is not at ground partial.
V6 =Vss + Vg,
=Vgs T Ip- Ry
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If the input increases by 1V, output also increases by IV. So, there is no phase-shift and
voltage gain = 1.
— I, —I

Fig 6.62 CD amplifier.

Vo =Ip < (rg [ Rp)

. g xRy
Do lr +R,

Iy=g,- Vgs
Ves =(V, = V)
Iy=g,(V,—-Vy) from the circuit
r, xR
Vo=g (V. -V, . +—L
0 gm( 1 0) I +RL

Solving for V,
Vo(gtR) =g, .V, .rg. R —g .V, . R
Vord+ R +g rd .R)=g_ .V .r;. R

R
V0=gm.Vl.{ Tt }
r, +Ry +g,.1.Ry

: \
. Voltagegain A = —~
Vl
B ry.Ry
Av=en- I +R 48, Ry

If g, .rg. R >>(ry+R))LA ~1.

rg Ry

Vo=gn- Vi r, +R +g. Ry

g, V, is output current proportional to V , and,

_ (rd'RL)
O rg+R_+gng Ry
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7 = g R
O +R (I+g,1)
= [rd/1+gmrd]RL
[(rd/l+g|nrd)]+RL
r
=R_| Fé_n};
]
Zy~ R || é;

Z =R, [|R,
Ced is in parallel with Z,
6.17.3 ComMMON GATE FET AMPLIFIER CIRCUIT (C.G)
The circuit is shown in Fig. 6.63. | v
DD

Fig 6.63 Common gate circuit.
> ID
) i D
V,

RS gm °Tgs rD RL o

S-_4

;

God

Fig 6.64 C.G configuration.
Vo=Ip x (141l Rp)

{ ;. Ry }
=ID . ——
g +Ry
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6.18

Iy=g,- Vgs= g, -V,

- g Ry
VO gm'le rd+RL
: V IR
voltage gain = |A = 70 _ &%E_L_
1 Ty L

Zy=R,[ry=Ry
Ip=8n Ve =8n-V,

\ 1
Z‘= — = _—

ID Em

This is the input impedance of the device.

o . .1
The circuit input impedance is, -———“ Rg.
m

COMPARISON OF FET AND BJT CHARACTERISTICS

From construction point of view triode is similar to BJT (Transistor).

Cathode E; B —» Grid; Anode — collector.

But from characteristics point of view pentode is similar to a BJT.

1. In FET and pentode current is due to one type of carriers only. In pentode it is only due
to electrons. But in BJT it is due to both electron and holes.

2. In FET pinch off occurs and current remains constant. But no such channel closing in

Transistor and Pentode.

3. As T increases, I increases, so I in a BJT increases. But in FET, as temperature
increases, ‘i’ decreases. So I decreases. In pentode, also as temperature increases,
I increases. But it is less sensitive compared to a transistor or FET.

Pentode Transistor
Ip I
—T — T
Fig 6.65

4. As I decreases I decreases in a transistor.
As V¢ decreases, I, decreases in FET.
AsV

control gri

4 increases I decreases in pentode.

FET
ID
—» T
Ip Vcs=0
T -1
-2
] -V

Fig 6.66
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5. FET and pentode are voltage dependent devices. Transistor is current dependent.
6. rp of FET is very large. MQ, r. of transistor is less (in kQ2).

7. Breakdown occurs in FET and BJT for small voltages 50, 60V etc. But in pentode it is
much higher.

BJT JFET

Saturation (it 1s very narrow) Ohimic region (it is more)

! Pentode or

: Active region : Saturation region //
|
|

n_
~
—
jw]

Cutoff region
VA

—» V¢ —» Vi

Fig 6.67

6.19 R. C. COUPLED AMPLIFIER

The circuit is as shown in Fig. 6.68 In the A.C. equivalent circuit, the collector output of the
transistor (BJT) is coupled to the output point V  through a resistor (R) and capacitor (C). RL
and CO are the coupling elements. So it is called R-C coupled amplifier.

+ V(‘C
Ry R¢C

T °Vo
3 B NPN T
VBE R
Ry ~7 | L Output
RE%
) J
1
G

Fig 6.68 R.C coupled amplifier circuit.

| o
—r—r)

and R , R are biasing resistors. It is a self bias circuit. The operating point
‘Qis located2 at the centre of the active region of the transistor characteristics. V w1ll be

about Vee 5 typically 5to 7 V. VBE must be 0.5 V for silicon transistor. IB will be about 100

pA and I . 5 mA. These are the proper bias conditions. R_ is the source resistance of the input
A.C source. If an external resistance is connected on the input side, it is to limit the input A.C.
voltage so that the BJT is not damaged due to excess input current. C_, is the blocking capaCItor
It blocks D.C components present in the A.C source, so that the DBC biasing provided is not
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changed. C_. is the coupling capacitor to couple the amplified A.C signal at the collector of the
tran51stor to the output point V, R_ is emitter resistor to provide biasing, so that V vV

= = 0.5 to 0.6 V for silicon transistor. R . is collector resistor to limit the collectBor currerﬁ
from l:V co o protect the transistor. CE is emitter bypass capacitor. It by passes A.C signal,

. . _ 1
so that A.C signal does not pass through RE, CE is chosen such that XCE %0 RE , at the
lower cut off frequency fl’ X g Will be any way smaller than Rp.
The A.C equivalent circuit is as shown in Fig. 6.69.

hle — 1

WN—8 ¢ °Vo
RS hrevce é} @ hfelb %”hoe T
R]% Rzé ; 1 Rcé %R - C v

\Y c_l
S i A |

Fig 6.69 A.C equivalent circuit.

Frequency Response is a plot between frequency and voltage gain. Voltage gain is measured
in decibels.

U _ Py
1 decibel = i bel. = 10 log p
P =-2.p = A/ ;
0 R ! R

Vo / v,
Gain = 10 log , >~ =20 log [ Jdb

/ R
As the frequency of the input signal varies, gain of the amplifier also varies, because

of the variation of the reactance of capacitors with frequency. At high frequencies, capacitance
associated with BJT also must be considered.

f] or fL is called Lower cut off frequency or Lower half power point or Lower 3db
frequency (f2 = fl) is called Bandwidth.

1
fl and f2 are chosen such that the gain at these frequencies is :/‘—5 or 0.707 of the maximum

gain value. At f1 and f2, output power is half of the maximum value. Because at these frequencies

2 2 2
.V .V _ Vm R - Vm _ vm
voltage is T; So output power is e («/5.) R PmlX =R So f] and f2 are

P

1
called as half power points. At f1 and f2, PO = —7% In decibels it is 20 log('z“) ~ 3db. fo f1

2
and f2 are also called as 3 db points.
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FREQUENCY RESPONSE
The graph of voltage gain versus frequency is as shown in Fig.6.70.

Tl

' ]
[ BW ————————>
t I

fl f fZ

Fig 6.70 Frequency response.

Initially as frequency increases, capacitance reactance due to Cb, = fC. decreases.
b

a =
Cb
So the drop across it also decreases and hence net input at the base of transistor increases and

VO
SO V0 increases. Hence AV =V also increases.
]

In the mid frequency range, XCb is almost a short circuit, since its reactance decreases

with increasing frequency. In the low frequency range, X . = -~ is open circuit (in the
CC 27[fCC

A.C equivalent circuit).

In the mid frequency range, the capacitance reactances of both C, and Cc are negligible.
So the net change with frequency, remains constant as shown in the ?igure.

As the frequency is further increased, capacitance reactance due to C_, decreases. Hence
V. decreases because, V| is taken across C . So as frequency increases,CV decreases and
hence Ay decreases. So the shape of the cufve is as shown in the Fig. 6.70

_hf,R,
Expression A, (M.F) = 5= 1
1
1= 2nC,R,

|
f= nCcR

f

PHASE RESPONSE
Phase shift between V0 and Vi varies as shown in Fig. 6.71.

%) \

| —>/

Fig 6.71 Phase response.
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6.20 CONCEPT OF f, f; AND f

In order to obtain some idea of a transistor’s high frequency capability and what transistor to
choose for a given application, we examine how transistor’s CE short-circuit forward-current gain
varies with frequency. When R; =0, the approximate high-frequency equivalent circuit is drawn below.

r 1 1
B bb B 9

—> 1 T ’ \L]L
Vb'e—’\-:cb‘e-‘—cb'c @ngvb'e

L

o ©
E E
Fig 6.72 Approximate high-frequency circuit.
L —8nVoe
The current gain, A= “I'L" =E n ®
[; = Ve 8ye + Vie i@ (Cpe + C)]
A = _gmvb'e — —Bm
I . = "
Vb'e [gb'e + Jm(cb'e + Cb'c)] gb'e + J(’)(Cb’e +C b'c)
o+ gh’e = Bm
. gb’e h,
A, = "’gmhfe
: Bmt jznf(cb'e + Cb'c )h fe
— _hfe _ _hfe
{(mznf (Cue +Cb-c)ﬂﬁ] t+janf (Coe+Cye)
m
&
Em
A] _ —hfe
.[ f J
I+j| —
fy
1
Where f

B 2nrb'e (Cb'e + Cb'c)
h;, = CE small signal short-circuit current gain.
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P Cut-off Frequency fﬂ’ :

The ‘B’ cut-off frequency fB’ also referred as f,(,, is the CE short-circuit small-signal forward-
current transfer ratio cutoff frequency. It is the frequency at which a transistors CE short-circuit
current gain drops 0.707 from its value at low frequency. Hence, fB represents the maximum
attainable bandwidth for current gain of a CE amplifier with a given transistor.

a Cut-off Frequency f,’ :

A transistor used in the CB connection has a much higher 3-dB frequency. The expression for the
current gain by considering approximate high frequency circuit of the CB with output shorted is
given by

1 h,
Where fo ™ 20ty (1 + Dy )Copre " 21 1y Gy
3 hef3(Cpe + Chre)
o« Cb'e

f, is the alpha cutoff frequency at which the CB short-circuit small-signal forward current
transfer ratio drops 0.707 from its 1KHZ value.

Gain Bandwidth Product :

Although f, and £, are useful indications of the high-frequency capability of a transistor, are even
more important characteristics is f;.

The £} is defined as the frequency at which the short-circuit CE current gain has a magnitude
of unity. The ‘f;’ is lies in between fB and .

hfe
A = ——
J1+(f/5)
2
f=1f,|Al=1 [fTJ I
at =1n =1, {71 >,
T> 14 fy
we obtain fr/ fB = he,
fr = by f3

- fy is the product of the low frequency gain, hg, and CE bandwidth . f; is also the
product of the low frequency gain, hg, and the CB bandwidth, f_ . i.e f; = th . . The value of f
ranges from 1 MHz for audio transistors upto 1 GHZ for high frequency transistors.
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The following Fig. 6.73 indicates how short-circuit current gains for CE and CB connections
vary with frequency.

CE
50 hfe «r

0707 hfe

0981
0 707 hfb

» Frequency in HZ

10

10"

SUMMARY

. Hybrid Parameters are h - parameters, so called because the units of the four
parameters are different. These are used to represent the equivalent circuit of
a transistor.

. The h - parameters and their typical values, in Common Emitter Configuration
are,

h, =5000Q; h =15x10"% h =6pQ; h, =250
ie re oe fe
¢ The second subscript denotes the configuration. similarly b and ¢ represent
Common Base and Common Collector Configurations.

. The Transistor Amplifier Circuit Analysis can be done, using h-parameters,
replacing the transistor by h-parameter equivalent.

* Expressions for Voltage Gain Ay Current Gain AI’ Input Resistance Ri’ Output
Resistance Ro etc., can be derived in terms of h-parameters.

* Mob is called the base spread resistance. It is the resistance between the
iction base terminal B’ and the outside base terminal B.
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. C.E. Amplifier circuit characteristics are :
(a)Low to moderate R, (300 Q - 5 kQ)
(b)Moderately high R, (100 k2 - 800 kQ)
(c)Large current amplification
(d) Large voltage amplification
(e)Large power gain
() 180° phase shift between V, and V.

* For C.B. amplifier :
Low R,. High Ry, A; <1, A, > 1, No phase inversion, Moderate Ap

. For C.C. amplifier,
High R;, Low R, Large A, Ay, <1, Low Ap

¢  InDarlington pair circuit, the two BJTs are in C.C. configuration. The charac-
teristics are :
High R,, Large A}, Very low R, A <1

. In CASCODE amplifier configuration, one BJT in C.E. configuration is in se-
ries with another BJT amplifier in C.B. configuration. Its characteristics are,
Very large A,, Large A and thigh R,,.

¢  Inthe case of R-C coupled amplifier, the output is coupled to the load through
R and C, hence the name. The lower cut-off frequency f] is also called lower
3-db point or lower half power point. The upper cut-off frequency f£, is also
called upper 3-db point or upper half power frequency. In the low frequency

range and high frequency range, the gain decreases. In the mid frequency
range, the gain remains constant, (f, - f) is called Band width.

OBJECTIVE TYPE QUESTIONS

1.  The units of h-parameters are ...........c..coceeveruenneee.
h-parameters are named as hybrid parameters because ...........ccoccoerreurenee
3.  The general equations governing h-parameters are
Vi =
L =
The parameter hre is defined as hre ..............................

5. h-parameters are valid in the .........cccoeerunnneeee. frequency range.

I

Typical values of h-parameters in Common Emitter Configuration are

The units of the parameter hrc ) (ORI
8.  Conversion Efficiency of an amplifier circuit is .........ccccoevevveecernne
9.  Expression for current gain AI in terms of h fe and hre AreA = oo,
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10.  In Common Collector Configuration, the values of hrc e
1. In the case of transistor in Common Emitter Configuration, as R increases,
R o .

12. Current Gain A, of BJT in Common Emitter Configuration is high when R, is

13.  Power Gain of Common Emitter Transistor amplifier is ................... .

14.  Current Gain A, in Common Base Configuration is .................. .

15.  Among the three transistor amplifier configurations, large output resistance is
1+ SRR configuration.

16. Highest current gain, under identical conditions is obtained in ....................
transistor amplifier configuraiton.

17.  C.C Configuration is also known as .................. circuit.

18. Interms of h_, current gain in Darlington Pair circuit is approximately

19.  The disadvantage of Darlington pair circuit is ................... .

20. Compared to Common Emitter Configuration R of Darlington piar circuit is

21. In CASCODE amplifier, the transistors are in .................... configuration.

22. The salient featuers of CASCODE Amplifier are ................... .

ESSAY TYPE QUESTIONS

1. Write the general equations in terms of h-parameters for a BJT in Common
Base Amplifiers configuration and define the h-parameters.

2.  Convert the h-parameters in Common Base Configuration to Common Emitter
Configuration, deriving the necessary equations.

3.  Compare the transistor ( BJT ) amplifiers circuits in the three configurations
with the help of h-parameters values.

4. Draw the h-parameter equivalent circuits for Transistor amplifiers in the three
configurations.

5. With the help of necessary equations, discuss the variations of A,A,R RO, A,
with R and R, in Common Emitter Configuration.

6. Discuss the Transistor Amplifier characteristics in Common Base Configura-
tion and their variation with R, and R, with the help of equations.

7. Compare the characteristics of Transistor Amplifiers in the three configurations.

8. Draw the circuit for Darlington piar and derive the expressions for A, A ,R andR .

9.  Drawthe circuit for CASCODE Amplifier. Explain its working, obtaining over-

all values of the circuit forh, h, h and h.
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MULTIPLE CHOICE QUESTIONS

. The h-parameters have
(a)  Same units for all parameters (b) different units for all parameters
(¢) do not have units (d) dimension less
The expression defining the h-parameter h22 is,
(a) h22=72‘ I,=0 (b) hy= L I,=0
I
(c) hy=1211 (d) hy= 72 [,=0
. h - Parameters are valid over a ...... frequency range
(a) R.F. (b) ForDC only
(c¢) Audio frequency range (d) uptol MHz
. By definition the expression for hoe is,
dl a1 aV, a1
@ 31, ® 3V, © i @ 3y,
Blig=k Clig=k C lig=k Blic=k
Typical value of hfb is
(a) -0.98 (b) -101 (¢) +23 (d) 26.6Q
. The expression for h, interms of h, and h_ is, h, ~
ie fb ib ie —
h h h
h fb b b
(@ h= 1_]? (b) 1+hg, © 1+ hy, (d) 1—hyg

. The ratio of A% signal power delivered to the load to the DC input power to the

active device as a percentage is called

(a) conversion (b) Rectificationm (¢) power 1 (d) utilisation factor

The general expression for AI interms of hf h0 and ZL is ... Al =
h, h h h¢

3]

@ Thz, ® TThz © iThz, @ 157

9. Expression for Avs in terms of As, Rs, ZL’ Zi’ Z0 iS ceeee
@ R, +z, ® 3z © Rz, @ Rz
10. In the case of BJT, the resistance between fictious base terminal B’ and outside

base terminal B is, called

(a) Base resistance (b) Base drive resistance
(c) Base spread resistance (d) Base fictious resistance
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

In large signal analysis of amplifiers ....

(a) The swing of the input signal is over a wide range around the operating point.

(b)  Operating point swimgs over large range
(c) stability factor is large
(d) powerdissipation is large

The units of the parameter hoe ...

(a) by Q (c) constant (d) V-A
Typical value of hre is

(@ 10°%v/A (® 10* () 10°%Av @ 10
CASCODE transistor amplifier configuration consists of

(a) CE-CE amplifier stages (b) CE-CC stages

(c) CE-CB stages (d) CB-CC stages

For CASCODE amplifier, on the input side, the amplifier stage is in ....
(a) C.Bconfiguration (b) C.C.configuration

(¢) emitor follower (d) C.E.configuration

CASCODE amplifier characteristics are

(a) Low voltage gain, large current are

(b) Low voltage gain, low current gain

(¢) large voltage gain, large current gain, high output resistance
(d) Large current gain, Large voltage gain Low putput resistance

Characteristics of Darlington circuit are typical values

(@ Ri=MQ, A;=10k, R ,=MQ, Av =100
(b) Ri=MQ, A;=10k, R =10Q,Av<1
(c) Ri=10Q,A,=1,R,=1.0Q,Av>-1

(d) Ri=MQ,A =1,Ro=10Q,Av<]

The disadvantage of Darlington pair circuit is ...

(a) low current gain (b) low output resistance
(c) leakage current is more (d)  highinput resistance

Compared to C.C. configuration, Darlington pair circuit has

(a) low current gain (b) low voltage gain
(c) large current gain (d) large p output resistance

In the case of Darlington circuit, Al is approximately
(a) 2hg (b) 4hg (c) h, (d) (hfe)2
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B

Specifications of Amplifiers

* Parameters Typical Values
1. Type of Amplifier : Audio/ Typical Values / Power / RF / Video
2. Frequency Range : 15 Hzs - 100 KHzs
3. Output Power : 200 mW
4. Voltage gain : 20db
| 5. Current gain ;100
| 6. Power gain 9
7. Inputimpedance : 10kQ 5pf
8. Output impedance : 500Q 1pf
9. Band width : 100 KHzs




In tiis, Chapter,
49  The concept of Feedback is introduced.

#®  Effect of negative feedback on amplifier characteristics is explained.
Necessary equations are derived.

@ Voltage series and shunt amplifiers, current series and shunt amplifier circuits
are given.
=




382 Electronic Devices and Circuits

7.1 FEEDBACK AMPLIFIERS

Any system whether it is electrical, mechanical, hydraulic or pneumatic may be considered to have
at least one input and one output. If the system is to perform smoothly, we must be able to measure
or control output. If the input is 10mV, gain of the amplifier is 100, output will be 1V. If the input
deviates to 9mV or 1 1mV, output will be 0.9 V or 1.1V. So there is no control over the output. But
by introducing feedback between the output and input, there can be control over the output. If the
input is increased, it can be made to increase by having a link between the output and input. By
providing feedback, the input can be made to depend on output.

One example is, the temperature of a furnace. Suppose, inside the furnance, the temperature
should be limited to 1000°C. If power is supplied on, continuously, the furnace may get over heated.
Therefore we must have a thermocouple, which can measure the temperature. When the output of
the thermocouple, reaches a value corresponding to 1000°C, a relay should operate which will
switch offthe power supply to the furnace. Then after sometime, the temperature may come down
below 1000%. Then again another relay should operate, to switch on the power. Thus the
thermocouple and relay system provides the feedback between input and output.

Another example is traffic light. If the timings of red, green and yellow lights are fixed, on
one side of the road even if very few vehicles are there, the green light will be on for sometime.
On the other hand, if the traffic is very heavy on the other side of the road, still if the green lamp
glows for the same period, the traffic will not be cleared. So in the ideal case, the timings of the red
and green lamps must be proportional to the traffic on the road. If a traffic policeman is placed, he
provides the feedback.

Another example is, our human mind and eyes. If we go to a library, our eyes will search
for the book which we need and indicates to the mind. We take the book, which we need. If our
eyes are closed, we can’t choose the book we need. So eyes will provide the feedback.

Basic definitions
Ideally an amplifier should reproduce the input signal, with change in magnitude and with or without
change in phase. But some of the short comings of the amplifier circuit are

1. Change in the value of the gain due to variation in supplying voltage, temperature or due
to components.

2. Distortion in wave-form due to non linearities in the operating characters of the
amplifying device.

3. The amplifier may introduce noise (undesired signals)
The above drawbacks can be minimizing if we introduce feedback

7.2 CLASSIFICATION OF AMPLIFIERS
Amplifiers can be classified broadly as,

Voltage amplifiers.

Current amplifiers.
Transconductance amplifiers.
4. Transresistance amplifiers.

This classification is with respect to the input and output impedances relative to the load
and source impedances.

ol S
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7.2.1 VOLTAGE AMPLIFIER

This circuit is a 2-port network and it represents an amplifier (see in Fig 7.1). Suppose
R, >> Rs, drop across Rs is very small.

R,
AN

e— <—>

R i
] v

Fig 7.1 Equivalent circuit of voltage amplifiers.

V,~ Vs-
Similarly, if Rp. >> R, Vo ~Ay. V,.
But V, ~ V.

’ Vo~Ay. Vs.

.. Output voltage is proportional to input voltage.

The constant of proportionality Ay doesn’t depend on the impedances. (Source or load).
Such a circuit is called as Voltage Amplifier.

Therefore, for ideal voltage amplifier

R, = oo.
Ro = 0.
A
\ V]
with RLZOO.

Ay represents the open circuit voltage gain. For ideal voltage amplifier, output voltage is
proportional to input voltage and the constant of proportionality is independent of Rg or Ry .

7.2.2 CURRENT AMPLIFIER

An ideal current amplifier is one which gives output current proportional to input current and
the proportionality factor is independent of Rg and R

The equivalent circuit of current amplifier is shown in Fig.7.2.
e "

&

— =L

~
>
=
<
=
Z

Fig 7.2 Current amplifier.
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For ideal Current Amplifier,
Ri =
Rop= w.
If Ri=0sIS"’Ii-
' Ro= w,
IL=IO=Ai Ii =Ai Is.

I .
A] = I— with RL= 0.

1
.. Ajrepresents the short circuit current amplification.

7.2.3 TRANSCONDUCTANCE AMPLIFIER
Ideal Transconductance amplifier supplies output current which is proportional to input voitage
independently of the magnitude of Rg and Ry..
Ideal Transconductance amplifier will have
Ri = 0.
Rop= o.
In the equivalent circuit, on the input side, it is the Thevenins’ equivalent circuit. A voltage

source comes in series with resistance. On the output side, it is Norton’s equivalent circuit with a
current source in parallel with resistance. (See Fig. 7.3).

Rs Iy

L

.

Vv, R G,V b R, R,

Fig 7.3 Equivalent circuit of Transconductance amplifier.
7.2.4 TRANS RESISTANCE AMPLIFIER .
It gives output voltage V proportional to I, independent of R, a Ry. For ideal amplifiers
Ri=0,Rp=0
Equivalent circuit R

—_— 0

= %

i (1) % Ry R, R, 1, +C> % R,

Fig 7.4 Trans resistance amplifier.

Norton equivalent circuit on the R; input side.
Thevenins’ equivalent circuit on the output side.
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7.3 FEEDBACK CONCEPT

A sampling network samples the output voltage or current and this signal is applied to the input
through a feedback two port network. The block diagram representation is as shown in Fig. 7.5.

GENERALIZED BLOCK SCHEMATIC

——_}__———-Dr_ll_ - — | 0 L

Signal + Comparatio + Bas.lc. o+ Sampling o+

Source \'A or v, amplifier \Y% Network v, R,
v mixer ¥ - A v - -

l

Ie

4+ Feedback
AL network
v - B

Fig 7.5 Block diagram of feedback network.

Signal Source
It can be a voltage source V; or a current source I
FEEDBACK NETWORK

It is a passive two port network. It may contain resistors, capacitors or inductors. But usually a
resistance is used as the feedback element. Here the output current is sampled and feedback. The
feedback network is connected in series with the output. This is called as Current Sampling or
Loop Sampling.

A voltage feedback is distinguished in this way from current feedback. For voltage feedback,
the feedback element (resistor) will be in parallel with the output. For current feedback the element
will be in series.

COMPARATOR OR MIXER NETWORK

This is usually a differential amplifier. It has two inputs and gives a single output which is the
difference of the two inputs.

V = Output voltage of the basic amplifier before sampling [see the block
diagram of feedback]

V, =Input voltage to the basic amplifier
Ay = Voltage amplification=V/V,
A = Current amplification =1/,
Gy = Transconductance of
basic amplifier = I/V;
Ry = Transresistance = V/I,.
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All these four quantities, A,, A}, Gy and Ry represent the transfer gains (Though Gy, and

Ry are not actually gains) of the basic amplifier without feedback. So the symbol ‘A’ is used to
represent these quantities.

Aris used to represent the ratio of the output to the input with feedback. This is called as the
transfer gain of the amplifier with feedback.

Vv
AVf: _°
I
A= I_o
IO
Gme= v
Rype= 7=

Feedback amplifiers are classified as shown below.

Feedlback
Positive (degonrate)
(regenerative) g |
| : L
Voltage Current
Series Shunt Series Shunt

.V
A =voltage gain = v

V
Feedback Factor, f = = ( This B is different from P used in BJTs )
Vo

BAEEDH=-pA
Loop gain / Return Ratio

— 1 is due to phase-shift of 180° between input and output in Common Emitter Amplifier. Since
Sin(180%) =- 1.

Return difference D = 1- loop gain negative sign is because it is the difference
D=1-(-BA)

D=1+ B.A.
Types of Feedback

How to determine the type of feedback ? Whether current or voltage ? If the feedback signal is
proportional to voltage, it is Voltage Feedback.

If the feedback signal is proportional to current, it is Current Feedback.



Feedback Amplifiers 387

Conditions to be satisfied
1. Input signal is transmitted to the output through amplifier A and not through feedback
network [3.

2. The feedback signal is transmitted to the input through feedback network and not through
amplifier.

3. The reverse transmission factor B is independent of R and R.
7.4 TYPES OF FEEDBACK

Feedback means a portion of the output of the amplifier circuit is sent back or given back or
feedback at the input terminals. By this mechanism the characteristics of the amplifier circuit can
be changed. Hence feedback is employed in circuits.

There are two types of feedback.
1. Positive Feedback
2. Negative Feedback

Negative feedback is also called as degenerative feedback. Because in negative feedback,
the feedback signal opposes the input signal. So it is called as degenerative feedback. But there are
many advantages with negative feedback.

Advantages of Negative Feedback
1. Input impedance can be increased.
Output impedance can be decreased.

L3 NI

Transfer gain Ar can be stabilized against variations in h-parameter of the transistor with
temperature etc.

i.€. stability is improved.
Bandwidth is increased.
Linearity of operation is improved.
Distortion is reduced.

Noise reduces.
7.5 EFFECT OF NEGATIVE FEEDBACK ON TRANSFER GAIN

Ay= Vo/V,

Vll :VI—BVO
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VozAv (Vi_t3 Vo)
Vo=A,.V,-A,.BV,
Vo (I+BA)=A,V,

A= Vo _ A
TV 14 BA,
7.5.1 REDUCTION IN GAIN
. A
sz —_—
I-BA,

(for positive feedback)
A, = Voltage gain without feedback. (Open loop gain).
If the feedback is negative, 3 is negative.

, A,
Ay =T 7 o+ Vv
v 1—(_ BAV)
F ive feedback A'y = ——
or negative feedback A y = —— 5.
Denominatoris>1. .. A, <Ay

.. There is reduction in gain.
7.5.2 INCREASE IN BANDWIDTH
If,  fy is upper cutoff frequency.
f is lower cut off frequency.
f is any frequency.
Expression for A, (voltage gain at any frequency f) is,
A, (mid)
A, = —_f_
1+ j—
H
A, (mid) = Mid frequency gain

A, (mid)
1+BA,
Substituting equation (1) in (2) for Ay,

Ay = for negative feedback.

Av(mid)/l +j.i

Av= A.mid
1+ e
I+ if/ fy

]‘ (for negative Feedback, B is V,)
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/_\M[lf}

: 1=
TP _ fatif Ju
Simplifying, Av = 1 17 +B Ay mid]
_ Ay (mid)
Ju+if +BAymg-fu
. A, (mid)/1+B,A, (mid)
AV = _]f ..... (3)
1+ -
full+8,A, (mid)]
Equation (3) can be written as,
, Ay (mid
A, = v (jT}‘ )
1+ =
H
, A, (mid)
Where Ay (md) = 1+B,A, (mid)
and Su' = fa (14 By Ay )

" B is negative for negative feedback, fu' >
.. Negative feedback, increases bandwidth.

.. ' fL Av(mld)
Similarly, i =—7———— A,="—Fx
1+ BvAv(mld) Y 1- J(A)
f
Ay a1+ BA v
or Av'= V (mid) fv( d)
1+ j——
fI+BAy)
[} AV
A, = 7
14 joL
J

7.5.3 REDUCTION IN DISTORTION
Suppose, the amplifier, in addition to voltage amplification is also producing distortion D.
Vo=A,.V,+D.
Where, Vi=V, =B,. Vo (for negative feedback)
Vi'=Vi-PBV, andp isnegative for negative feedback,
Vo =A, [V,-B,V,]+D
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Vo [l+Ay By]=V,.Ay+D

_ V/A, .. D
° (1+Ay8y) (1+BvAy)
For negative feedback, B is negative therefore denominator is > 1

.. The distortion in the output is reduced.
= ———1is<D
1+B,A,
The physical explanation is, suppose the input is pure sinusoidal wave. There is distortion in

the output as shown, in Fig. 7.7.
l/\ [\ [ l/\ ANVANE
4 IAVAVI VY

(@) Input signal (b) Output with distortion
(without negative feedback)

_»°<

\;

Fig 7.7

Now, if a part of the distorted output is fed back to the input, so as to oppose the input, the
feedback signal and input will be out of phase.

So the new input V; will have distortion introduced init, because of mixing of distorted
V¢ with pure V,. So the distortion in the output will be reduced because, the distortion intro-
duced in the input cancels the distortion produced by the amplifier. Because these two distor-
tions are out of phase. The feedback signal cancels the distortion produced by the amplifier,
Therefore these two are out of phase.

7.5.4 FEEDBACK TO IMPROVE SENSITIVITY

Suppose an amplifier of gain A is required. Build an amplifier of gain A2 = DA, in which D is
large. Feedback is now introduced to divide the gain by D. Sensitivity is improved by the same
factor D, because both gain and instability are divided by D. The stability will be improved by the
same factor.

7.5.5 FREQUENCY DISTORTION
A= A
f1+pA
Ifthe feedback network does not contain reactive elements. The overall gain is not a function

of frequency. So frequency duration is less. If B depends upon frequency, with negative feedback,
Q factor will be high.
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7.5.6 BAND WIDTH
It increases with negative Feedback ( as shown in Fig.7.2)
Lt <h B> 1
BW'=(f—- £):BW=(f-f)
o f
5= 1+pa,
BW=f,-f,~/,
BW) = f-h~ 1,
(BW);= (1 +BA_)BW

£, =6 (1+BA) BW' >BW

without feedback

Gam ----------

[ |1
fl f 7 fz f2
Fig 7.8 Frequency Response with and without negative feedback.
B, A By
Amplifier
B
Feedback Network

Fig 7.9 Feedback network.
7.5.7 SENSITIVITY OF TRANSISTOR GAIN

| I with negative feedback

Due to aging, temperature effect etc., on circuit capacitance, transistor or FET, stability of the

amplifier will be affected

Fractional change in amplification with feedback divided by the fractional change without

feedback is called Sensitivity of Transistor.
dA;

_1Af
1dA
A

A

Ap= 1+PBA



392 Electronic Devices and Circuits

dA¢
Differentiating, Ag = [1+BA] A

1
T 1+BA
Reciprocal of sensitivity is Densitivity] D = (1 + BA).

7.5.8 REDUCTION OF NONLINEAR DISTORTION

". Sensitivity,

Suppose the input signal contains second harmonic and its value is B, before feedback. Because of
feedback. B, appears at the output. So positive BB, ¢ is fed to the input. It is amplified to ~AB B, ;.

. Output with two terms B, - AB B, f.
: ,» —AB B, f=B,.
B,
or B2f:1+[3A B,s<B,
So it is reduced.
7.5.9 REDUCTION OF NOISE

Let N be noise constant without feedback and N with feedback. Ny, is fed to the input and its value is
BNF It is amplified to — BANL.

N =N - BAN;
N(1+BA) N

N

as NF—m

N < N. Noise is reduced with negative feedback.
7.6 TRANSFER GAIN WITH FEEDBACK

Consider the generalized feedback amplifier shown in Fig.7.10.

Comparator i )
mixer + Difference signal Output signal
X, =X Basic X, =AX
X . o L
s 7| Amplifier A
Input signal - RL
External
load
Feedback P
= k ‘B’ M
X, on Network ‘B
Feedback signal

Fig 7.10

The basic amplifier shown may be a voitage amplifier or current amplifier, transconductance
or transresistance amplifier.
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The four different types of feedback amplifiers are,
1. Voltage series feedback.
2. Voltage shunt feedback.
3. Current series feedback.
4. Current shunt feedback.
X, = Inputsignal.
X, = Output signal.
X, = feedback signal.
X, = Difference signal. [Difference between the input signal and the
feedback signal].
B = Reverse transmission factor or feedback factor = X,/ X .

The feedback network can be a simple resistor. The mixer can be a difference amplifier.
The output of the mixer is the difference between the input signal and the feedback signal.

X, =X, - X, =X.
X, is also called as error or comparison signal.

_ Xy
B= X,
It is often a positive or negative real number.
1
This B should not be confused with the 3 of a transistor I_C
B
X X
Transfer gain A= =2
X 1 X d
X=X, %))
. . XO
Gain with feedback A = X
But X, =X-X=X . )
X¢
B= X, e 3)
From(2), X, =X;-X.
Substitute ( 2) in (1).
_ %o
A= Xs - Xf
Dividing Numerator and Denominator by X,
Al XXX,
X XX

X, X, X,
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X¢
We know that X / X = A_; X B.
Ag
A= —I—r
(1-BA;)
or A-B. A, A=A
A=A (1+BA)
A
A =
' 1+BA

A, = gain with feedback.

A = transfer gain without feedback.
If |A] <|AJ the feedback is called as negative or degenerative, feedback
If|A] > |A] the feedback is called as positive or regenerative, feedback

7.6.1 LOOP GAIN

In the block diagram of the feedback amplifier, the signal X which is the output of the comparator
passes through the amplifier with gain A. So it is multiplied by A. Then it passes through a feedback
network and hence gets multiplied by B, and in the comparator it gets multiplied by—1. In the
process we have started from the input and after passing through the amplifier and feedback
network, completed the loop. So the total product Ap.

In order that series feedback is most effective, the circuit should be driven from a constant
voltage source whose internal resistance R is small compared to R of the amplifier. IfR_is very
large, compared with R,V will be modified not by V_but because of the drop across R_ itself.
So effect of V, will not be there. Therefore for series feedback, the voltage source should have
less resistance. (See Fig.7.11).

Amplifier

Fig 7.11 Series feedback.

In order that shunt feedback is most effective, the amplifier should be driven from a constant
current source whose resistance R_ is very high (R >>R).

Fig 7.12 Current shunt feedback.
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If the resistance of the source is very small, the feedback current will pass through the
source and not through R . So the change in [ will be nominal. Therefore the source resistance
should be large and hence a current source should be used.

If the feedback current is same as the output current, then it is series derived feedback.

When the feedback is shunt derived, output voltage is simultaneously presentacross R, and
across the input to the feedback. So in this case V. is proportional to V .

Fig 7.13 Series derived feedback.

An amplifier with shunt derived negative Feedback increases the output resistance. When
the feedback is series derived, I remains constant, so R increase.

Similarly if the feedback signal is shunt fed it reduces the input resistance.

-
a— A
V‘ A VO RL
— i
Vf
] B

Fig. 7.14 (a) Shunt derived feedback.
If it is series fed, it increases the output resistance. Therefore I remains constant, even
through V_ increase, so R increases.
Return Ratio
BA = Product of feedback factor 8 and amplification factor A is called as Return Ratio.
Return Difference (D)
The difference between unity (1) and return ratio is called as Return difference.
D = 1- (-BA) = 1+BA.
Amount of feedback introduced is expressed in decibels
=N log (A At =20 log

A A
If feedback is negative N will be negative because A" <A.

1
j N=20log m’
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7.7 CLASSIFACTION OF FEEDBACK AMPLIFIERS

There are four types of feedback,
1. Voltage series feedback.
2. Voltage shunt feedback.
3. Current shunt feedback.
4. Current series feedback.
Voltage Series Feedback

Feedback signal is taken across R, .proportional to V . So it is voltage feedback. V, is coming in
series with V, So it is Voltage series feedback.(See Fig.7.14).

Viov, A _ \\%Oélﬁ
gl

Fig 7.14 Schematic for voltage series feedback.

v, A | ‘%(%RL Y| A ?RL
— 1"

(a) Voltage shunt Feedback (b) Current Shunt Feedback

:

B

(c) Current Series Feedback

Fig 7.15

Improvement of Stability with Feedback

Stability means, the stability of the voltage gain. The voltage gain must have a stable value, with
frequency. Let the change in A is represented by S.
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Vo
A, = — (for negative feedback)

\%
Vs
A
A' - ____..V____
v 1+AvB1
. - . dAV (1+B.AV)—AV(+B) 1
Differentiating with respectto A, AL (1+pA )2 N (1+AyB)
v +PAy +Av
. . . M dA'V ]
Dividing by A on both sides, of 7N =(1 BA )2
\% TPAy
dAy 111
Ay dA,  (1+BA,) Ay
Al dA,, dA
[ v - = S v ZS
But A, T BA. and A S AL
g = dAy _ 1
dAy  (1+BAy)
S_..__(.i__Al_
(1+BA,)

For negative Feedback, f is negative.". denominator > 1.
L S <S
i.e., variation in A , or % change in A_is less with -negative feedback.
. Stability is good.
7.8 EFFECT OF FEEDBACK ON INPUT RESISTANCE

7.8.1 INPUT RESISTANCE WITH SHUNT FEEDBACK

With feedback R, = —L
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.y,
SN
I,=A 1

.Y,
RO T4 BAL

_ Vl
R = L+B,A,)

. RI
Ri=(+p A)

" Input resistance decreases with shunt feedback.
If the feedback signal is taken across R , it is a V_or so it is Voltage feedback.

If the feedback signal is taken in series with the output terminals, feedback signal is proportional
to 1. So it is current feedback.

If the feedback signal is in series with the input, it is series feedback.
If the feedback signal is in shunt with the input, it is shunt feedback.
EXPRESSION FOR Rl WITH CURRENT SHUNT FEEDBACK
A, = Shunt circuit current gain of the BJT
A; = practical current gain ]I,

. A+

\% R Al R R \%

f I_W o R AR

Fig. 7.16 Current shunt feedback.

A, represents the Shunt circuit current gain taking R into accounts,
=1 +L=1+BI,

d I‘-‘——‘—A'ROIl =A 1 . Let A"—‘——ARO
an o~ R0+RL = AL L. [ R RL
I
o AR,
AT SRR, W

l0
IS:I*+B'[°:I'[1+BT] =1, (1+B. A)
lezvl I Is Rizvil Il
_ Vl _ R1
£ (1+BA)),  1+PA,

for shunt feedback the input resistance decreases.
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7.8.2 INPUT IMPEDANCE WITH SERIES FEEDBACK
V, =V, + BV, (in general case).

For negative feedback, 3 is negative.

\Y% AV
VI Vl 1 A 0
Vi [epa)
L_ _.«_.._V'. \V4
I, 1,(1+BA) L B

In general, Ri increases,
Fig 7.17 Feedback network.

V.=V +BV,
V=V +BAV v V=AY
V' =V (1+BA)
But vV =1R
V. = (1+BA)R 1
v

~ = Input Z seen by the source =R (1+BA)

—

R, =R (1+BA)
EXPRESSION FOR RI WITH VOLTAGE SERIES FEEDBACK
In this circuit A, represents the open circuit voltage gain taking R into account. (see Fig.7.18).

Il R0
+ ? +| R, i h
\ R A,V R, \A
- I—’ K,\J—)Jr - ¥V
[ X+ -
1f RI
Fig. 7.18 Voltage series feedback.
or V=V, +V;
R, =R,=V{I.
szll R1+Vf=11 Rl+ BVO
_ A VR, _
VO— R,+R, = (Ay Ix Rx)
A, R
Let. YL-=A,.V =L.R,

R, +R,
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R, = Rl[l +B.YV£] =R,(1+BAy)

1

A, = voltage gain, without feedback.
for series feedback input resistance increases.

7.9 EFFECT OF NEGATIVE FEEDBACK ON RO

Voltage feedback (series or shunt) R_decreases.
Current feedback (series or shunt) R increases.
Series feedback (voltage or current) R increases.
Shunt feedback (voltage or current) R decreases.

OUTPUT RESISTANCE

Negative feedback tends to decrease the input resistances. Feeding the voltage back to the input
in a degenerative manner is to cause lesser increase in V. Hence the output voltage tends to
remain constant as R; changes because output resistance with feedback R ; <<R;.

Negative feedback, which samples the output current will tend to hold the output current
constant. Hence an output current source is created (Ry; >> R|). So this type of connection
increases output resistance.

For voltage sampling R <R For current feedback R > R,,.
7.9.1  VOLTAGE SERIES FEEDBACK

Expression for R looking into output terminals with R; disconnected,

> R, .
+ A [
A R AV e R eV
- AR y_
A NG 7 p
Fig. 7.19 Ras R

R, is determined by impressing voltage 'V’ at the output terminals or messing ‘I', with input
R, ¢ terminalsshorted.

Disconnect R; . To find R , remove external signal (set V= 0, or I, = 0)
Let R} = «.

Impress a voltage V across the output terminals and calculate the current I delivered by V.
Then, Ry = VII.
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= Vo-Ay VY Vo+BAY

R0 Ro
V,, = output voltage.
V,=-By
Because with Vg=0.V, =-V,;=-8y
Y% _Re
Hence, Rof— I~ 14BA,
This expression is excluding R, . If we consider R; also R is in parallel with R .
R/ = RorRe Substitute thel value of R
of Rof + RL of
“—x Ry
R = 1+BAy B R.,R,
of Ry R, Ro+RL+BAR,
I+BAy

7.9.2 CURRENT SHUNT FEEDBACK

SN ) T
L® . \i R A1 () SR R

| 719

ROf Rof !

| le—<—

Fig. 7.20 Block schematic for current shunt feedback amplifier.
o -1
A, = Shunt circuit current gain

I
A = Practical current gain (_11]

] =
With, I =

—'Alll
,Il=—If:—BI =+ B,

OO;U!<

1=

<

\Y%
-BA Torl(I+BA)= N
0

A%
R,= T R, (I1+BA)
A = short circuit current gain.
R ¢ includes R; as part of the amplifier.
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o = RaRy
of Rys+Ry
_ R (1+BAR,
R,(1+BA,)+R,
R,R, 1+PBA,
= X
R,+R, ~ 1+BAR,
R, +R
AI= —l—o—z AlRO
I, R,+R,
R, = RO'RL
° R,+R_
. 1+BA,
R =R, 1+BA,
If, R; = w0,
A/=0,R,=R,

R=R,(1+ BA)

Problem 7.1

The following information is available for the generalized feedback network. Open loop voltage
amplification (A ) = — 100. Input voltage to the system (V’) = ImV. Determine the closed loop
voltage amplification, the output voltage, feedback voltage, input voltage to the amplifier, and type
of feed back for (a) 3 =0.01, (b) 3=-0.005 (c)B=0 (d) 3 =0.01.

Solution

A, = closed loop voltage amplification =

Sign must be considered,
. -100 N
Av = 1T001C100)
- It is positive feedback, A ' is less negative
V, Output voltage =V A,

=-50x103mV
=-50mV.

V_Feedback voltage = BV_=0.01 (- 50 x 10-7)
=—05mV.
V=V +B.V,

=107 +-0.5 x 107)
=05mV.

v

1 "BvAv

.. there is increase in gain.
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This is negative feedback because, V. < v..

Ay <IAJL
Problem 7.2

In the above problem determine the % variation in A ' resulting from 100 % increase in A when
B,=0.01.

When A =-100,A ' =-50.
Solution

If A increases by 100 %, Then new value of A = —200.

' AV
Av - 1- BVAV
. A,
Av B 1- BvAv
200
o 20 6.
Now, Av = 1-0.01(- 200)

Change in A, is—66.7-50=16.7

o 16.7
Variation = W x 100 =33.3%

Problem 7.3
An amplifier with open loop voltage gain A = 1000 + 100 is available. It is necessary to have an
amplifier where voltage gain varies by not more than + 0.1 %

(a) Find the reverse transmission factor 3 of the feedback network used
(b) Find the gain with feedback.

Solution
dA; 1 dA
(@) A, 1+BA A
0.1 1100
or T
100 (1+BA) 1000
(1+BA) =100 or BA = (100 — 1) = 99.
99
= ——=0.099
Hence, B 1000
A 1000
(b) A = =

T 11BA 1499
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Problem 7.4

A gain variation of + 10 % is expected for an amplifier with closed loop gain of 100. How can this
variation be reduced to + 1 %

Solution
. S
S = I_BAV.
for positive feedback,
. S
> Topa,
$'=0.01, S=0.1
0.1 S
for negative Feedback, (14 BA,) = 57 = 10 = 5
: v _A
Ay =100= 1+PA, ='m
Ay =100 x 10 =1000.
1+BA =10 s BA=10-1=9
B= %=1—6?(—)6=0.009

.. By providing negative feedback, with 3 = 0.009, we can improve the stability to 1%.
Problem 7.5

An amplifier with A =— 500, produces 5% harmonic distortion at full output. What value of 8 is
required to reduce the distortion to 0.1% ? What is the overall gain?

Solution
D = D f tive feedback
= T+BA. (for negative feedback)
D=5 D =0.1
oo N
N T (A
5
0.1 = ————
1+B[500]
49
= ——=0.098.
or B 0
A, ~A, __500__10.

- 1+BA, 50
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Problem 7.6

An amplifier has voltage gain of 10,000 with ground plate supply of 150 V and voltage gain of 8000
at reduced rate supply of 130 V. On application of negative feedback. The voltage gain at normal
plate supply is reduced by a factor of 80. Calculate the 1) voltage gain of the amplifier with
feedback for two values of plate supply voltage. 2) Percentage reduction in voltage gain with
reduction in plate supply voltage for both condition. with and without feedback.

Solution

\Y
A= —*.WhenV_=150V and A = 10,000.

\Y
\ l(S),OOO x 150 =15 x 10* V. (at normal supply voltages)
B Apy=

vV, “fo 14BA

_10.000

But A, = 20

- it is reduced by a factor of 80 with feedback. [g‘@m of 10,000 )
10,000 10,000

80  1+Bx10000
1+ B (10,000) =80

=0.0079
V,when V =130V is gain x V_= 8000 x 130 = 104 x 104V
Voltage gain of amplifier with feedback when V_ = 150V,
10,000

Ay = 30 =125

8
V. =130V.

S

A - 8000
527 1+0.0079 x 8000

. . 10.000 - 8000
% stability of gain without feedback = 0000 100 =20%

- L 125-124.7
% stability of gain with feedback =5 * 100 = 0.24%

.. With negative feedback stability is improved.

=124.7
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7.10 ANALYSIS OF FEEDBACK AMPLIFIERS

When an amplifier circuit is given, separate the basic amplifier block and the feedback network.
Determine the gain of the basic amplifier A. Determine the feedback factor 3. Knowing A and 3
of the feedback amplifier, the characteristics of the amplifiers R;, R , noise figure, Aetc., can be
determined .
Complete analysis of the feedback amplifier is done by the following steps :
Step I : First identify whether the feedback signal X is a voltage feedback signal or current
feedback signal. If the feedback signal X; is applied in shunt with the external

signal, it is shunt feedback. If the feedback signal is applied in series, it is series
feedback.

Then determine whether the sampled signal X is a voltage signal or current
signal. If the sampled signal X is taken between the output node and ground, it
is voltage feedback.

If the sampled signal is taken from the output loop, it is current feedback.
Step II :
2. Draw the basic amplifier without feedback

3. Replace the active device (BJT or FET) by proper model (hybrid — n equivalent
circuit or A-parameter model)

4. Indicate V.and V, in the circuit.
Calculate B=V,/V,
. Calculate ‘A’ of basic amplifier.

o W

7. From A and B, calculate A, = ; Ripand R ¢

_A
1+BA

Fig. 7.21 Circuit for voltage series feedback.

7.10.1 VOLTAGE SERIES FEEDBACK
Amplifier circuit is shown in Fig. 7.22.

This is emitter follower circuit because output is taken across R The feedback signal is
also across Re SoV_ = VO because feedback signal is proportional %o output voltage. If Vo
increases V also increase and if V A also decreases because V a V0 So it is
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voltage feedback. Now the dmp across R i.e.V _opposes the input voltage. It reverse biases
the feedback in V. coming in series with \/ and it opposces it .So it is negative series voltage feedback.

In the current series feedback, V 15 the voltage across R but. output is taken across R
or R, and not Re. So in that case V a ]U or I, ornot V. But in this casc. it is cmitter follower
circuit. Output is taken across R and that itself is the feedback signal V.

I.et us draw the base amplifier without feedback.

@% —
o

Fig. 7.22 Simplified circuit.

R

PN A\ , ;} \ ,._._..___“ &

V(- Amphifier R

—_< —

A |

Bl

Fig. 7.23 Block schematic.
EQUIVALENT CIRCUIT

Now replace the transistor by its low frequency h-parameter equivalent circuit.

Fig. 7.24 Block Schematic
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Vy is considered as part of the amplifier. So V, = V.

vO
A= - Vo=hg IR,

1
Ic~1.; o =hg . I (- Itis voltage source, R, in services with h;,)

V=R, +h) L,

hg R,
A= R.+h

s 1€

= Voltage gain without feedback

A'y : Voltage gain with feedback.

. A,
AvT 11pA,
B=
h..R
A = fe (3
V' R,+h,
he. R,
__Rs +h,
14 Lhe . R,
Rg+h,
AL = he R,
vV R, +h; +heR,
hfe Rc >> (Rs + hie)

Ay = 1. or <1, which is true for emitter follower.

R, = Input resistance without feedback is Ry + h,,.
R; = [nput resistance with feedback

=R, (1+B A) (voltage Feedback increase input resistance)

B=1,
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o = (R +hiCXRS +hyg + hfcRe)
t (Rs‘l'hie)

R| = Rs +hie+ hfe Re

R; : Output resistance with feedback

Output resistance of the circuit is R.. Because output taken across R, and not R and ground.
Load resistance is also R...

*. Considering load resistance,

v R
Ro 1+BA,
' R
R, = - e
0 It l.he R,
R, +h,

Problem 7.7
Calculate Ay, R ¢ and R, for the voltage series feedback for the circuit shown in Fig. 7.25.

o~ 10 V
Réss K Réz.z K C, R7§33 K R %22 K, ut

| {

C 1 0o—10V
PNP 4 pF —@PNP C
<
50 pf C, nE
Rlo T~ C4
m R, ar ( )

AAAY R’

10 KQ of

Fig. 7.25 For Problem 7.7.

Assume, R, =0, h; = 50,
hl .= L.Tkh
= hOe = ( and identical transistor.

The second collector is connected to the first emitter through the voltage divider R, R,.
Capacitor C,, C,, Cs are DC blocking capacitors. C, and C, are bypass capacitors for the emitter
resistors. All these capacitances represent negligible reactance at high frequencies.

Solution
Voltage gain without feedback A=A, x A,,.
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Load resistance, R'L]
at high frequency X, is negligible), in parallel with

R, in parallel with R, ("
Rg,and h, R'U =2.21133]14.3]| 1.1 k€ =980Q.

R, =Rsll R, | R by,

Effective load resistance R, of transistor Q, is its collector resistance R in parallel with
R+ Ry} Ry, =Rl (Ri+ Ry

Ry, = 2.2 kQ || with 10.1kQ ~ 2 kQ

Effectlve emitter impedance R, of Q, is R, parallel with R
R, =R, [l""R C, is short forAC

el
R, =0.1 ]|’e with 2.2 kQ = 0.098kQ =980
The voltage gain Avl of Q, for a common emitter transistor with emitter resistance
vl -h fe R .'

® Vl VI h|e+(l+hfe)Rc

For Q, emitter is not at GROUND potential. So for A, this formula must be used

~50x0.980
 1.1+(51)x0.098 ==778

Voltage gain A, of transistor Q,,

_ RL _ hfeRL
AV2 —A[ . Rl o hle
he R 50x2
= — 2 . =
Avy b -

For Q, emitter is bypassed. So R, = 0. .. For A this formula is used.
Voltage gain A, of the two stages is cascade without feedback

\/
A, = 7 =A, *A,,=778x91=728
R,
P= R, +R, 100+10,000
A, * B 728 % 0.01 =7.28
=1+BA, =828,

100 100 1 001
10100 101 <=
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Input resistance without external feedback

R;=h,+ (1+hg) R,= 1.1+ (1+50) 0.098 ~ 6.1K Q
R, =R;=R(1+pa) =6.1 (1+728) =50.5 = 51

Output resistance without feedback R'= R'L2 =2kQ

Fig. 7.26 For Problem 7.7.

BJT will not behave like a fixed resistor with h, , value . So circuit analysis is not simply parallel or
series combination.

\Y R
Av= _\—/(:- TR, +Lrbb.
R —_ VO — Vl

o Ry R+
A= Lo_R .
I, R +1y,

7.10.2 CURRENT SHUNT FEEDBACK
The circuit is shown in Fig. 7.27.
Amplifier circuit parameters in terms of transistor h-parameters.

h|e= Rl
hfe= B
hoe = R0

The circuit shows two transistors Q, and Q, in cascade(See Fig.7.30). Feedback is provided
from the emitter of Q, to the base of Q. This is negative feedback because, Vi2 the input voltage
to Q, is >> V.V, is out of phase with V. V , >> V , because Q, is in Common emitter
configuration. Ay, is large. Also, V, is 180° out of phase with V. Q, is emitter follower because
emitter is not at ground potential. \%oltage is taken across R... [TI!IiS voltage follows the collector
voltage. So it is emitter follower]. So A < 1.~0.99
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. V,, isslightly less than Vl2 and there is no phase shift. [because emitter follows action]

BN
“~

" Vez is in phase with V| )

V,, isout of phase with Vi

~. V,, is out of phase with V; | (1809). So it is negative feedback

V,>>V, .V =V,
Vo, >V,

5

Ifthe input signal V increases, I the input current from source also increases.If I increases,

I also increases (. V,, increases as Ilsincreases)

[[= l's — I¢. (1; is the base current for the transistor Q,. So it is negative feedback)
This is current shunt feedback because,

If - R,
But V. <<V .

I, = c_ollector current of Q,. Ve2 =y~ 1P R,
~ emitter current of Q,.

Dividing by R.



413

Feedback Amplifiers
I IR, _ I,.R,
f R’ R’
I,.R
l 1+5e7 - [+] €
f R' R'
, R.IoRe R, |
" RiR IR R4R,) O
I R,
B I, R4R,
leal,

. This is current feedback
A; : Current gain with feedback.
1

P _ o
AI - lsl
Iy =L + I, which is small hA T =1,
Is ~1g

oL 1 oge
AI ) If } B . B_ [o

. R4R,
A= R

[

Ay : Voltage gain with feedback.

V, .
— (with feedback)
VS
Vo=1)- R,
V=1 .R.
XQ_ _ Io.Rc2 ,
v, ~ LR Is = lf
I, R L _1
A, ~ 2.2
YT R, e B
_ 1 Rey __Re
A, = RERe R
RC RS
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We shall determine R'l , R'0 taking numerical values. The actual circuit, without feedback,

considering R’ can be drawn as shown in Fig. 7.28 To represent R’ on the input side, with output
terminals open circuited (.. it is emitter follower configuration, output is taken across emitter and
ground). When E, is left open (To make I, =0). R’ is in series with Re2 and thus total resistance is

between base B, and ground. Hence on the input side, R’ is in series with Rez.
To find the output resistance, the base of Q, is shorted to ground because one terminal of

R’ is connected to (input shorted looking the high output terminals) B, is at ground. R' or R, ,are
in parallel

. The circuit is as shown below, (Fig. 7.28)

Vo
y
—
Rj R Rj, Rj,

Fig. 7.28 Current shunt feedback without R'.
Because it is shunt feedback, we have shown this as a current source with R in parallel
with L.
Problem 7.8

Tofind Ay, R, R, . A, for the circuit shown in Fig. 7.31.
R =3 kQ, R =500Q2; Re2 =50Q2
R=R,=12kQ hy = 50.
ho=11kQ  h_=h_=0.
Solution

In this problem, output is taken at the collector 2 and not emitter 2. So the formulae derived earlier
can be used directly.

PO R IR R
IS Ib2 [cl lbl Is
(Multiplying and dividing by Ibz, Ic] and Ibl)
-1,

I = =—h;, =~ 50; (Emitter follower)
b,
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Iy L, e
I, =+hg = + 50 (common emitter configuration)
1
Ib2 # Ic1,

-+ The current gets divided in the ratio of the resistances, current gets divided depending upon

Rc] and R12 of transistor Q,.

<)

L, _ R

I, R, +R,

33355 =~0.457.

Riy =hi + (I+he) Ry, || R).
(For emitter follower configuration this is the input resistance).

0.05x1.20
=L1+(50+1) | =55 | (R, =0.05k Q)
=355kQ
Let R =Ry in parallel with (R"+ R.,)
_ 1.2x1.25 0612k 0
T 124125
_h R
B Ig B R+h,
0.61
T Oelerg 038Q
A, = (- 50) (- 0.457) (50) (0.358)
=+ 406
R.,
B R,, +R'
50
- 1,250 '_'0-04.
(1+ BA ) =1+(0.040) (406) = 17.2
, A, 06
= =—— =236
A, 1+BA, 17.2
' Vo _[cz Rcz AI"RCZ
Av=Y, TTLR, T R,
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R, 05
BR,  (0.040)1.2)
R; = Input resistance without feedback

[Ay isalso= = 10.4]

= Rin parallel with h

(0.61)1.1)

=‘T7]—=0.394kQ
o R B 00
Ri=1vpa, " 172 =%

R, = Output resistance considering R,

1
=R, in parallel with Rc2 = RC2 R, is large oo

R, = with feedback considering R,

_ ROL(1 +BA1)

oA = Ro =R, =500

When we represent R on the input side and output side and calculate the value of A,, it is not

the current gain with feedback. Because, R’ is represented on the input side leaving E, terminal
open and on the output side shorting B, to ground (to make I and I, = 0) . So thus A will not be
the same if R’ is actually connected between E, and B,. We are taking into account the effect of
R’ and not the feedback effect. In practice for shunt or series feedback, the signal generator will
act as a current source or voltage source. Therefore it is capable of supplying current or voltage
required .In theory we assume ideal voltage and current sources. Therefore for shunt feedback
we must have a current sources irrespective of input voltage. The current source will supply
sufficient current to drive the resistance.

R = (1+9) 20 kQ =200 kQ
R, is negligible compared to 200 kQ.

o 200
Ro [+BA, 10

Fig. 7.29 Equivalent circuit.
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7.10.3 CURRENT SERIES FEEDBACK

INPUT RESISTANCE (R))

V,=V/'~V;
, \'A V, +V; V, \'A ,
vl
JE R Rl;
Ve=L, R ;1 =1I,~1 [ negative current series feedback] (I,)
I.R
=R. + ¢
Rl : Ie - Ic
. €
RI - Rl + lc
1--¢%
e
Dividing Il term by I..
e _ B
I, 1+8
e _ _le
I, I+,
— Ic“b - hfe
l_c‘+1 1+hg,
Iy
R
= + &
Rl RI 1- hfe
1+hg
R, =R, + (1 +hg).R,
But R; = h,_ for the transistor

E R; = hle +(1+ hfc) Re
If we consider the bias resistor also, R, and R, will come in parallel with R/’

=R R; | R,
VOLTAGE GAIN (A,)
A R
A, = ‘Rl L [This is the general expression for Ay interms of A ]
. AR
AV TR

[With feedback, A, will not change, R; will not change, but R, will be R’ ]
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A ~-hg
, —hg R
Av = h +(1fi hfLe)Re
Ay <A,
OUTPUT RESISTANCE (R)))
L+he

R without feedback ~ h

oe

This will be very large.
Taking into effect, the feedback,

R, =R, IR,

Ly hebe
RO o¢ h:e+Rs

AcTUuAL EXPRESSION FOR 3 THE FEEDBACK FACTOR @

With negative feedback, R| =R (1+B.A))

_ —hg Ry
_ hg Ry
R, =R, {1— R B
= Rl - hfe. RL. B

The expression we get for
R’I = Rl + (1+hfe)'Re
Comparing (1) and (2), we find that

(1 + hfe) Re
TR R
This is the actual expression for 3
T+he
he —
B~ Ez

7.10.3 CURRENT SERIES FEEDBACK (TRANS CONDUCTANCE AMPLIFIER)

Consider the circuit shown in Fig. 7.30 output is taken between collector and ground. The drop
across R is the feedback signal V. The sampled signal is the load current [ and not V. This is
current series feedback. Because V. is in series with V.. It is current series feedback.
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Fig. 7.30 Current series feedback.

Ve=1.R..
Ie ~ ]c = Io'
=1 R, .
R, is constant,
Vea L.
[B must be independent of R  or R ]
vV, -LLR, R
- Vo— - IRy Ry

The basic amplifier circuit without feedback is shown in Fig.7.31 below,

Re R l
WA~ AN /-
puipas
Fig.7.31 Circuit without feedback.

The equivalent circuit when the active device is replaced by h-parameter circuit is shown
in Fig.7.32.
. . . . . \&
This has to be considered as Transconductance Amplifier, Since, B is taken as v

o
It depends, on R, because for this circuit, G, is considered.
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fe b

|
|
( S, En

. ]
oM

Fig. 7.32 h - parameter equivalent circuit.

(. the sampled signal is | and not V)

Gy = o o=~ he.. Iy (Input current gain)

v,
Since, V=1, (Rg+h;,+R)
O = I,(R,+h, +R,)
— —hfe
R +h, +R,
=1+B.G,, =1+
D=1+B.Gy=1 R,+h, +R,

R, +h,+R,
G — ﬂ’l — _hfe
Mi D Ry+h,+(1+hg)R,
. B IR L
Voltage gain Avf— v, = V:—GMf
AVf GM f RL
_ ~he R
R +h, +(1+h )R,
(1+hg) R,>>R +h,.

Since hy, is a large quantity.
.. Denominator ~ (1+hg,) R..
he >> 1.
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-. Denominator ~ hy,. R..

A = —heRy - Ry
f hg R, R,

R =R, +h_+R, (without feedback).

Ry =R D=R +h +(1+hg )R

7.10.4 VOLTAGE SHUNT FEEDBACK (TRANS RESISTANCE AMPLIFIER)

This is voltage shunt feedback because, the feedback current through Ry is proportional to
the output voltage or it is in shunt with the input. So it is voltage shunt feedback. [We are not
interested whether voltage is fed or current is fed. But the feedback signal is proportional to output
voltage. So it is voltage feedback)

The circuit can be written as, shown in Fig. 7.33.

+VCC
R
R, c C.
17 ,
<——1f i\
C C
| ——2 NPN
R E Vo
Vl
vs r l
(R, e '

Fig. 7.33 Circuit for voltage shunt feedback.

C

L
c | Th e T

Y B/E—>NPN §Rc
R E Vo
v ;

v, l—> V. l/
Ile’ Rof' -

Fig. 7.34 Redrawn circuit for voltage shunt feedback.
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The low frequency h-parameter equivalent circuit is, shown in Fig. 7.35.

T
RE? I s, C@hfelbj ?RB R,

| le Rof{

fe—u < — 5]

Fig. 7.35 h-parameter equivalent circuit.

Vo>>V, "+ Amplification is there.
-V,
If: RB E
-V,
lf: RB 2
-1,
B= V.
_ -l
B R,
—hg. R,
A = Vo _ Zhe Ry without feedback AR,
M V| hle RV
R. =Ryl Re.

Al= Yo (with feedback)
v \Y =)

s

R '

1

v'R,+R/

A=A

R’ = Input resistance with feedback
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R, :
I =L+, I, is negligible

-1

[~ or B= EB—.

L . . RB
R, =h, in parallel with _A.
\% -1..R ~h¢ I .R
Transresistance Ry, = l° = ‘; ¢ = felb c

, R+h,
RC=RC||RB;[=~—-—-( )

s R Ib‘
_ -hiR/R
- (R+hlc) ’

Where R=R_ || Rg.

Ry

-h.R,'R

b= (R+h,)

= RM

T 1+BRy
Rxh,

R;= R+h,

. R,

Ri = T7BR

Ry y R +h,

R h,

€

Ry

R, =
s

Probhlecm 7.9

For the circuit shown, R, =4kQ, Rz =40k, R =10k, h .= 1.1 kQ, he =50, h =h,

> e

Find A7, R

vf?

\Y

[V

R

c

/% | A
C f +
lb B l
> NPN
\a
E

‘s:& CD §RS §RB éRB K

Fi; 7.36 For Problem 7.9.

.=0.
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Solution

, e 4 x40

Rc =R [[*Ry= 1340 =3.64 kQ
le 10x 40
R=R [|[*Rg= 10540 =8 kQ
~I~R.' —~h. I, R’
TransresistanceR,, = l—° = ——CI—L = fel brle I.=hg I
. (R+h,) : R he.I,Re . R
s~ R b’ M (R+h )0,
Ry, =— 160 k
—1

—-—‘EB— =-0.025 mA|V

, Ry 160
Rw = TopR,. = 500 =320k
A
Av - vS N IS RS

_ Vo' — '
_Ry'_ 32

Av TR T T3

_ Rxh,  8xl.l ~ 0.968 kO:

'" R+h, 8+L1 ’

_ _.__RL_ = ,96_8 =1930
R, Z17BR,, ~ 50

SUMMARY

* An Amplifier circuit is to provide voltage gain or current gain or both in the
form of power gain. But the other desirable characteristics of the amplifier
circuits are high Z, Low Z , Large B.W, low distortion, low noise and high
stability. To achieve these characteristics a part of output signal is feedback
and coupled to input, to oppose in phase with (V ). So it is negative feedback.
Though gain reduces due to negative feedback, it is employed in amplifier
circuits to get the other advantages.
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10.
11.
12.
13.

* Feedback factor § =V [V _. The product BA is called returned ratio. (1 + BA)
is called return difference D or desensitivity factor.

L 2

The different types of feedback are (i) voltage series  (ii) current series
(iii) voltage shuntand  (iv) current shunt.

With voltage feedback (series or shunt) output resistance R  decreases.
With current feedback (series or shunt) R increases.

With series feedback (current or voltage) R increases.

With shunt feedback (current or voltage) R  decreases.

* ¢ 6 0 o

With negative feedback, distortion, noise, gain reduce by a factor (1 + BA).
Bandwidth, £, stability improve by (1 + BA).

If the feedback signal is proportional to voltage, it is voltage feedback. If the
feedback signal is porportional to current, it is current feedback. If the feedback
signal V is coming in series with input signal V , it is series feedback. Iij isin
parallel with V it is shunt feedback.

* If the feedback signal v, is out of phase with V , opposing it is negative
feedback. If V, is in phase with V, adding to it or aiding V , it is positive
feedback.

.

OBJECTIVE TYPE QUESTIONS

The disadvantage of negative feedback is .
The expression for sensitivity of an amplifier with negative feedback is

The expression for Desentivity of negative feedback amplifier is D=

The relation between bandwidth of an amplifier without feedback and with negative
feedback is

Relation between upper cut-off frequency f, with negative feedback and f,” without
negative feedback is f” =

Negative feedback is also called as

For Ideal transconductance amplifier R =

For practical transresistance amplifier, it is desirable that R is and
R, is .
Voltage sampling is also known as

Characteristics of ideal voltage amplifier are :

Desirable characteristics of practical current amplifier are =
BA in feedback amplifier circuits is called

With voltage feedback, (series or shunt), output resistance R, of an amplifier




426 Electronic Devices and Circuits
14.  With series feedback, (voltage or current), input resistance R of an amplifier
15.  Expression for reverse transmission factor or feedback factor B =
16.  Identify the type of feedback.

Ve %+vcc
R S
: )
® (i)
ESSAY TYPE QUESTIONS

1. Explain the concept of feedback as applied to electronic amplifier circuits. What are the
advantages and disadvantages of positive and negative feedback ?

2. With the help of a general block schematic diagram explain the term feedback.

3. What type of feedback is used in electronic amplifiers ? What are the advantages of this
type of feedback ? Prove each one mathematicalily.

4, Define the terms Return Ratio, Return Difference feedback factor, closed loop voltage
gain and open loop voltage gain. Why negative feedback is used in electronic amplifiers
eventhough closed loop voltage gain decreases with this type of feedback ?

5. Give the equivalent circuits, and characteristics of ideal and practical amplifiers of the
following types (i) Voltage amplifier, (ii) Currentamplifiers, (iii) Transresistance
amplifier, (iv) Transconductance amplifier.

6.  Derive the expression for the input resistance with feedback R ¢ (or R,) and output

resistance with feedback R (or R ) in the case of

(a) Voltage series feedback amplifier.
(b)  Voltage shunt fec-iback amplifier.
(c)  Current series feedback amplifier.

(d) Curient shunt feedback amplifier.
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7.

10.

11.

(a)

(@)

In which type of amplifier the input impedance increases and the output impedance

decreases with negative impedance ? Prove the same drawing equivalent circuit.

Draw the circuit for Voltage series amplifier and justify the type of feedback. Derive the

expressions for A, B, R, and R, for the circuit.

Draw the circuit for Current series amplifier and justify the type of feedback. Derive

the expressions for A\, , B, R, and R for the circuit.

Draw the circuit for Voltage shunt amplifier and justify the type of feedback. Derive the

expressions for A\, , B, R, and R, for the circuit.

Draw the circuit for Current shunt amplifier and justify the type of feedback. Derive the

expressions for A, , B, R and R, for the circuit.
p v i 0

MULTIPLE CHOICE QUESTIONS

. Loop sampling is also known as

(a) Voltage sampling (b)  Current sampling
(c) Power sampling (d) Nodesampling
. Positive feedback is also known as
(a) regenerative feedback (b) degenerative feedback
(c) Loop feedback (d) return feedback

. Equation for feedback factor ‘B’ is ....

Vf
v ® © o @ v

. With negative feedback, the linearity of operation of the amplifier circuit

deteriorates (b) improves (c) remiansame (d) nore of these

. Expression for distortion D' with negative feedback, with usual notation is p' =

') D
A ) DU-BA)  (© Tiga @ DU+BA)
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10.

. Expression for densitivity of an amplifier circuit with negative feedback is,

i 1
(@ D=(0-$A) (b) D=3y (©) D=(+BA) (&) D= 1ipa

. Characteristics of ideal voltage amplifier are ...

(a) Rj=o,R =0 () R=0,R,=0
(¢) R=0,R,= d Ry=o,R =
. The product of feedback factor ‘B’ and amplification factor ‘A’ is called ...
(a) return difference (b) returnratio
(c) seriesratio (d) shuntratio

. Negative series feedback voltage or current ... input resistance

(a) decreases (b) no effect (c) can’t be said (d) increases
With voltage feedback series or shunt, output ressitance Ro crereee

(a) decreases (b) increases (c) remains same (d) non of these



In this Chapter,

€  Basic principle of oscillator circuits is explained. Generation of sinusoidal
waveforms by the oscillator circuits without external A.C. input is explained.

€  Barkhausen criteria to be satisfied for generation of oscillations is given.

€  R-C phase shift oscillator circuit, Hartley oscillator, Colpitts oscillator, crystal
oscillator, Resonant oscillator circuits are given.
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8.1 OSCILLATORS

Oscillator is a source of AC voltage or current. We get A.C.output from the oscillator circuit. In
alternators (AC generators) the thermal energy is converted to electric energy at 50Hz.

In the oscillator circuits that we are describing now, the electric energy in the form of DC is
converted into electric energy in the form of AC. ‘Invertors in electrical engineering convert DC
to AC, but there, only output power is the criterian and not the actual shape of the wave form.

An amplifier is different from oscillator in the sense that an amplifier requires some A.C.
input which will be amplified. But an oscillator doesn’t need any external AC signal. This is shown
in Fig. 8.1 below :

Input —p! Amplifier Signal Oscillator —» AC
output output
DC power DC input
(a) Amplifier circuit (b) Oscillator circuit
Fig. 8.1

For an amplifier, the additional power due to amplification is derived from the DC bias
supply. So an amplifier effectively converts DC to AC. But it needs AC input. Without AC
input, there is no AC output. In the oscillator circuits also DC power is converted to AC. But
there is no AC input signal. So the difference between amplifier and oscillator is in amplifiers

circuits, the DC power conversion to AC is controlled by the AC input signal. But in oscillators,
it is not so.

There are two types of oscillators circuits :
I. Harmonic Oscillators
2. Relaxation Oscillators.

Harmonic Oscillators produce sine waves. Relaxation Oscillators produce sawtooth and
square waves etc. Oscillator circuits employ both active and passive devices. Active devices
convert the DC power to AC. Passive components determine the frequency of oscillators.

8.1.1 PERFORMANCE MEASURES OF OSCILLATOR CIRCUITS :

1. Stability : This is determined by the passive components. R,C and L determine frequency
of oscillations. If R changes with T, fchanges so stability is affected. Capacitors should be
of high quantity with low leakage. So silver mica and ceramic capacitors are widely used.

2. Amplitude stability : To get large output voltage, amplification is to be done.

3. Output Power : Class A, B and C operations can be done. Class C gives largest output
power but harmonics are more.

Class A gives less output power but hormonics are low.

4. Harmonics : Undesirable frequency components are harmonics. An elementary sinusoidal
oscillator circuit is shown in Fig.8.2.
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[ S
AN

I T
L - ]

Fig. 8.2 LC Tank circuit.

L and C are reactive elements. They can store energy. The capacitor stores energy
whenever there is voltage across its plates. Inductor stores energy in its magnetic field whenever
current flows. Both C and L are lossless, ideal devices. So quality factor is infinity o . Energy is
introduced into the circuit by charging capacitor to ‘V’ Volts. If switch is open, C cannot discharges
because there is no path for discharge current to flow.

Suppose at t = t, switch ‘S’ is closed. Then current flows. Voltage across L will be V.
Att=t, the Voltage across C is V volts. When switch is closed, current flows. So the charge across
Capacitor C decreases. Voltage across C decreases, as shown in the waveform. So as the energy
stored in Capacitor decreases, the energy stored in inductor L increases, because current is
flowing through L Thus total energy in the circuit remains the same as before. When V across C
becomes 0, current through the inductor is maximum. When the energy in C is 0, energy in L is
maximum. Then the current in L starts charging C in the opposite directions. So at t =t, current in
L is maximum and for t > t, the current starts charging C in the opposite direction. So V across C
becomes negative as shown in the wavefrom. Thus we get sinusoidal oscillations from LC circuit.

\Y

A
N

Fig. 8.3 Waveform.

Thus we are getting sinusoidal variations without giving any one input. What we have done
is depositing some charge on C, so that the circuit operates on its own. But why should we get
sinusoidal wave and not triangular or square wave ? Sinusoidal function is the only function that
satisfies the conditions governing the exchange of the energy in the circuit.

t

But the above circuit is not a practical circuit. Because we have to take output from the
circuit; i.e. energy has to be extracted, from the circuit. As we draw energy from the circuit, the
energy stored in C and L decreases. So output also decreases or the voltage across C and L
decreases so we get damped oscillation as shown below.

AN

yARN —
I T <

- {

Fig. 8.4 Damped oscillations.
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The energy lost by the elements must be replenished, so that oscillations are obtained
continuously. If a negative resistance R is connected in the circuit, it replenishes, whatever energy
that is lost in the circuit. Certain devices like tunnel diode, UJT, etc., exhibit -ve resistance. The
energy supplied by the -ve resistance to the circuit actually comes from the DC bias supply.

\% \%

T v v,
BN | =

Fig. 8.5 Amplifier response.

Another method of producing sinusoidal oscillations is :
Suppose we have an amplifier with gain A, and phase shift 1809, Ay >>1.

If we connect V, through a feedback network to V, as shown in Fig.8.6 so that
after feedback, the feedback signal V=V, and also, the feedback network provides 1807, phase
shift, after feedback the feedback sngnal V will be removed. Thus, without any input we get
sinusoidal output.

v |
1 T;\/
o> o
R L
\'A 1 B, |

Fig. 8.6 Feedback network.

V, is provided from the feedback signal of V itself. To get initially Vo, the noise
signal of transistor after switching itself is sufficient. Thus without external AC input we get
sinusoidal oscillators.

Vi
sz__'
VO
A, =Y
v V]
VX=VI
V, V
A = —Xxo
B v VO 1
=L or V, =V
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Total phase shift = 360° (180 + 180). Therefore, to get sustained oscillations,
1. The loop gain must be unit 1.
2. Total Loop phase shift must be 0¥ or 360°. (Amplifier circuit produces 1800 phase
shift and feedback network another 180°.
8.2 SINUSOIDAL OSCILLATORS

Figure 8.7 shows an amplifier, a feedback network and input mixing circuit not yet connected to
form a closed loop. The amplifier provides an output signal X, asa consequence of the signal
X, applied directly to the amplifier input terminal. Output of feedback network

X
<1: > ‘ Base Amplifier - » )

X' =X, 2 X, =AX v,

Mixing on inverting
network Feedback

X =BX network 3

A

Fig. 8.7 Block schematic.
is X, = BX, = A BX, and the output of the mixing circuit,
is X, =—X;=—ABX,

Loop gain, =

If X, were to be identically equal to X, input signal, -BA should be = 1, so the output
will be X, even if the input source is removed. The condition that — BA = 1 means, the loop gain
must be 1.

8.3 BARKHAUSEN CRITERION
We make an asssumption that the circuit operates only in the linear region, and the amplifier

feedback network contains reactive elements. For a sinusoidal wave form, if X, = X'f , the amplitude,

phase and frequency of X; and X, be identical. The frequency of a sinwsoidal oscillator is
determined by the condition that loop gain, Phase shift is zero at that frequency.

For oscillator circuits positive feedback must be there i.e., Vymust be in phase with V to get
added to V, . When active device BJT or FET gives 1800 phase shift, the feedback network must
produce another 1800 phase shift so that net phase shift is 0° or 360° and Vis in phase with V, to
make it positive feedback.

Oscillations will not be sustained if| at the oscillator frequency the magnitude of the product
of the transfer gain of the amplifier and of B are less than unity.

The conditions — AR = 1 is called Barkhausen criterion
i.e. [BA|=1 and phase of - A =0.
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But A JfBA=—1,than A; > .

7 14BA
which implies that, there exists an output voltage even in the absence of an externally
applied voltage.

A 1-V signal appearing initially at the input terminals will, after a trip around the loop and
back to the input terminals, appear there, with an amplitude larger than 1V. This larger voltage
will then reappear as a still larger voltage and so on. So if |BA| is larger than1, the amplitude of
oscillations will continue to increase without limit. But practically , to limit the increase of amplitude
of oscillations, nonlinearity ability of the circuit will be set in. Though a circuit has been designed

for |BA[ = 1, since circuit components and transistor change characteristics with age, temperature,
voltage etc. |BA| will become larger or smaller than 1. If BA < 1, the oscillations will stop. If BA >
1, the amplitude practically will increase. So, to achieve a sinusoidal osciallation practically |[3A| >

1 to 5%, so that with incidental variations in transistor circuit parameters, BA] shall not fall below

unity.
The type of noise in electronic circuits and the causes are :
1. Johnson noise or Thermal Noise : Due to temperature.

2. Schottky noise or Shot noise : Because of variation is concentration in the
Semiconductor Devices.

8.4 R — C PHASE-SHIFT OSCILLATOR (USING JFET)

This is voltage series feedback. FET amplifier is followed by three cascaded arrangements of a
capacitor C, resistor R. The output of the last RC combination is returned to the gate. This forms
the feedback connection. The FET amplifier shifts the phase of voltage appearing at the gate by
180°. The RC network shifts the phase by additional amount. At some frequency, the phase-shift
introduced by this network will be exactly 1800, The total phase-shift at this frequency, from the
gate around the circuit and back to the gate is +180 — 180 = 0°. At this particular frequency, the
circuit will oscillate. (Fig. 8.8).

DD

Fig. 8.8 JFET R - C phaseshift oscillator circuit.
. At that frequency, V; =— Ve " 1800 out of phase.
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The equivalent circuit is, show below in Fig. 8.9.

D g(l: ICI IC G
+ T S T !
V=V, V=V, r,< R, V, R R RS v, =-v,
gV,
| L e
S
Fig. 8.9 Equivalent circuit.
. . Vg Vs :
The transformation of RC net work is v =-f; .. B=—- and V; =-V;
0 0
Vo 1
-B= V, 1-502—j6o—a’)
1
where @ = R

. V',
The phase-shift of - is 1800, for o 2= 6 or

o

B must be real. Therefore j (6o — o 3)=0.
1 1

f=————" 6= 5
2MRCY6 ®’R2C?
1
2o
"7 6R2C?
1
f= 2nRCV6
1 -1

when al=6-p=

1-5x6-5(60—6a) 29

=L
- >

In order that [BA| is not les than unity, A should be atleast |29]. So select F E T whose p is
atleast 29.

8.4.1 TO FIND THE 8 OF THE RC PHASE-SHIFT NETWORK (JFET)
Each RC network introduces a phase-shift of 60°, Therefore, total phase-shift = 1800. (See Fig.8.10).
C C C
] } ] L —1
Tml;lﬁ A

1

or

Fig. 8.10 R C phase shift network.
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Ve=IL.R )
L :%6 FLLR )
I,R = (l}c:cll) LR (3)
. (h::;gh) LR (a)
But, LR= (—Ij—;—é‘—) LR

Il
= ——+[.R

[} R= Vg
(12+11) L
=27V Ly
LR joc joc o

By substituting 1, 2, and 3 in (a) we get,
V = (1, "'.12 *'13)+ (12,+I‘)+L+Vﬂ).

[\]

joc joc joc
31, +21, +1
V=12 Sy, b
oT T (b)
To eliminate I}, 1,, and L3,
Vi
I, = ] e (c)
\Y% \Y
L, = .ll +1 =~ o, 1o
2 jocR jocR2 R
Lov (L+_l_) d
2_ ﬂ) R J(DCRZ ..... ( )
— (12 +I])+Iz
3 joCR
Ve (21 1 1
I = - =+ Vol =+t ——=| ..
3 J(L)CR(R jcoch) ﬂ’[R ijRZJ ()

Substitute c, d, and e equation in (b) and simplify
V, V,
\/:3""+2_ﬂ’—1-+_12+Vﬂ’2 —2—+12
° R(joc) joc{R jocR (joc)*R{R  jwcR* )

Y (I I T
Joci R jocR
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Vo 1 . 5 +.[ ! _6)
Vi B ocR? L 0'CR? WCR
1
Let, a_mC—R
—l—=1~5a2+j(cx3—6a)
B
~ 1
or B = s _j6a—o)
BA=1

But § is a complex number. Therefore equating imaginary part to zero.

6o —a3=0.

6o = a3 or a = ..
1

But o = ﬁ
L
oCR Vo

1
or W= —F7=""
J6CR

; ]

or = =

2nCRV6

The gain A, corresponding to this frequency will be 29.
8.5 TRANSISTOR RC PHASE-SHIFT OSCILLATOR

For transistor circuit, voltage shunt feedback is employed, because the input impedance of transistor
is small. If voltage series feedback is employed, the resistance of feedback network will be shunted

by the low ‘R’ of the transistor. (Fig. 8.11(a) and Fig.8.11(b)).

Ib C=Collector C C C
R, B, i i R
% ( Rc R R R3
S¥e
bt | | |0
R, I, I I, R,

Fig. 8.11 Transistor phase shift oscillator.
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The value of R, = R —R;, where R, ~ h, , the input resistance of transistor. .. The three RC

1—_ 1€

sections of the phase-shifting network are identical R; R, and R are biasing resistors.

The feedback current x, = — I; Input current x = I, (Negative sign is because it is negative

feedback)
. _xf 13
. Loop current gain = ——=—
X, Iy

By writing K V L for the three nodes, -:3— can be found out.
b

1 R C C C

b [

Fig. 8.12 R - C Equivalent circuit.
j
Loop I:(R-+R- a)l1 -RL=-hg I, Re
j -
Loop 2 : RI, + (2R ~ E) I,-RI;=0

Iy =
Loop 3 : -RI, + (2R - mc)l3 0

By taking ‘R’ as common, the modified given by equations are

Re 3 Re
[R *l ® )[1‘Iz=‘hfelb?

RC
I, + 2——j-- I,-1;=0
— ®wRC)? 7
' j
L+ |2-——1|l;=0
L2 ( ch)3
Let <€ =K and o= ——, t i
€ R and a = mRC’me equations are

1+ 2-jo)L-1;=0
L+ 2-jo) ;=0

.....
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0 -1 2-joll, 0
I-k—-ja -1 =hg K
. 1
-1 2-jo 0 =Z[—hf,IbK]
0 -1 0

1
L=

A=[1+K-jo] [(2-ja)> - 1]+ [- (2 - jo)]

=[1+K-ja] [4-a2-jda—1]-2+ja

= —jo? - j6at — j4Ko — 502 — oK + 3K + 1

A=—5+K)a?+3K+1+j[ad-(6+4K) a]

R A A . “he K o (10)
—(5+K)o? +3K +1+j [0 - (6+4K)a]

I

The Barkhausen condition that the loop gain 1—3 phase shift must equal zero. The phase
b

shift equals zero provided imaginary part is zero.

Hence a? = (6 +4K) a
o2 =6+4K
a= J6+4K
: 1 o
Since 4= WRC’ ©= ReJ6+4K

.. The frequency of oscillation f is given by

1
f= JnRCV6+ 4K
For mantaining the oscillations at the above frequency, |I; /I,|> 1

-2 ~he K I>1
L| |—(5+K)6+4K)+3K +1|

|~hgK]| > (5 +K)(6 + 4K) + 3K + ]

1 =|

|-heK|>|-4K? - 23K - 29|
hg, K > 4K2 + 23K +29

29
he, > 4K +23 + X
To determine the minimum value of hg,, the optimum value of K should be determined by

differentiating h, w.r.t K and equate it to zero.
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Do 4 ukr23+ 2
dk dk K
29
0>4-
29
L K2< R L K<27 L (13)

Substitute the optimum K =2.7 ineq. (12)

29
he >4 x2.7+23+ 2

She>44s5 L (14)
The BJT with a small-signal common-emitter short-circuit gain hg, lessthan 44.5 cannot be

used in this phase shift oscillator.
In R-C phase shift oscillator circuit, each RC network produces 60° phase shift.
Thus 3 sections produce the required 1800 phase shift. If there are 4-sections, each sections
must produce 459 phase shift. But more number of components are to be used. If only 2

sections are these, 90° phase shift must be produced, which is not possible for practical
R-C network.

8.6 A GENERAL FORM OF LC OSCILLATOR CIRCUIT
Many Oscillator Circuits fall in to the general form as shown in Fig.8.13 (a) and (b).

L
(a) (b)

Fig. 8.13 General form of oscillator circuit

The active device can be FET, transistor or operational amplifier, Fig.8.13(b) shows the
equivalent circuit using an amplifier with negative gain A, and output resistance R_. This is
Voitage Series Feedback.

8.7 LOOP GAIN
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Ve 7
- —\-/o_ o Z,+2y
The load impedance, Z; = (Z, in series with Z,) parallel with Z, .
R, is the output resistance.(See Fig. 8.14).
!

ZS
VO
\Y%
f Z
LS |
Fig. 8.14 Potential divider network.
M : “‘A \Y/ 'ZL
Gain without feedback A= ———
Z, +Ry

-Ba= (Z,+Ro)(2,+2,)° “L7 Z,+2,+ 2,

—Ay.Zy(Z, +Z4)Z,

- (Z,(Z,+ Z5)
2 +Z,+7Z,)~— 3 LR NZ, +Z
(Z, 2 3)(21+Zz+23)+ oXZ; +2Z,)
B A= ~AZ, Z,

Ro(Z\+Z,+25)+2,(Z,+Z5)
If the impedances are pure reactances, then Z,; =jx;, Z,=jXy; Z; = X4
AX; X,())?

JR(X +X; +X3) = X(X, +X3)
If BA=1, or for zero phase-shift, imaginary part must be zero.

JR, (X + X, +X5)=0.
or X+ X, +X5;=0

AX) Xy A, X,

AR T X X)) T X+ X,
But X, +X,+X;=0 .. X;+X;=-X,
AvX,

X,
. — AP must be positive, and at least unity in magnitude. Than X, and X, must have the

same sign.

~-AB=

—AB=

So if X, and X, are capacitive, X, should be inductive and vice versa.
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If X, and X, are capacitors, the circuit is called Colpitts Oscillator (Fig. 8.15(a))
If X, and X, are inductors, the circuit is called Hartely Oscillators (Fig. 8.15(b))

+V

cC

Rc
CC
C, It
V1
i
Ce
C
e GO 0 e p——" GV 0 0 e

||1 "\ C2|l =y
1t = 11 L| | L,

’“O‘UETU\ cif

(a) Colpitts oscillator (b) Hartely oscillator circuit

Fig. 8.15
8.7.1 FOR HARTELY OSCILLATOR

Condition for oscillations, X, +X, +X;=0.

where X;=joL; X;=jol,; X;=+ !

joC
. . 1
Jle+JmL2+j_(DE =0 or oL, +olL,= aC
1

1
Pt L) =T LT

1
21c,ﬂL, +L, 5C3

8.7.2 For CoLpPITTS OSCILLATOR

f=

J =] :
X = _ s X =— X, = (DL-
1 (l)Cl 2 (DC2 37J
X, +X,+ X, =0;

—J —J .
—_— + jo L=
0)C1 (DC2 : 0 or
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1
oL=—/—+ 1
oC, oG,
oC, +oC, C,+C, 1 |G, +C
oL= = or ©=|—=— [—4—1
oC, C, oC G, JL; VG G,
PR
27!-"LCT
GG
where C;= C +C,

8.8 WIEN BRIDGE OSCILLATOR

In this circuit, a balanced bridge is used as the feedback network. The active element is an
operational amplifier. It employs lead-lag Network. Frequency f£, can be varied in the ratio of 10 :
1 compared to 3 : 1 in other oscillator circuits.

External voltage V ’ is applied betweeen 3 and 4, as shown in Fig.8.16.
N \ vV, P
\4 __Av

+ /Zl

ot

Fig. 8.16 Wien bridge oscillator circuit.
To find loop gain, — BA, (~sign because phase-shift feedback)

C
I R
Lead Network : ——>——| I —AMV Same | is passing through C and R.
[P—— ! So I leads V.
\Y% —] 0 eads Vv.
1 C
Lag Network : > | I lags with respect to V.
I

R

Fig. 8.17
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Frequency variation of 10 : 1 is possible in Wein Bridge compared to 3 : 1 in other oscillator
circuits.

V,=A,V;V, is(V,- V) V,=V,

V, AV
i = 2o DVh o pA
Loop gain VARV BA. ¢))

V, and V, are auxillary voltages.V =V, - V,.

V,
CB=t V=V A=A,

: ] Z,+7, R, +R,
f R
v, R—‘]‘ C v
l Lag network \L
Fig. 8.18

8.9 EXPRESSION FOR f
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R
R,R=|R,R+—2 | (1 +{wCR
1 [2 ijj( JWCR)

R, _( R,R
Ry R+ 56c |17 jeCR

[(R Ry (joC) + R,] R, joCR —@? C2R?2 R, =R, R joC
(R, Ry) (joC) + R, + R, joCR — »?c?R?R, =R, R jooC
Equating imaginary parts,
R; R, ®C + R, ®CR =R, RaC
Equating real parts,

R C
A=1+—1+1 R =02C2R2R
R, C, 2 ‘” 2

1 1
= T O =
cr? O |/7 3me

o2

R,R +£2_+ijsz +R,
R joCR

2R, =R, or R, _ l So th'e minimum gain of the
Ry +R, 3| amplifier must be 3.

‘R, =

-R,
oCR

1 1
®)E > |/~ Zmre
This is the frequency at which the circuit oscillates. Continuous variation of frequency is
accomplished by using the capacitors ‘C’.

2

)

8.10 THERMISTOR

Conductivity of Germanium and Si increases with temperature. A semiconductor when used in this
way, taking advantage of this property is called a Thermistor. Ex : NiO, Mn,0, etc. These are
used for temperature compensation in oscillator circuits.

8.11  SENSISTOR

A heavily doped semiconductor can exhibit a positive temperature coefficient of resistance because
under heavy doping, semiconductor acquires the properties of a metal. So R increases because
mobility decreases. Such a device is called Sensistor. These are also used for temperature
compensation like thermistors.

8.12  AMPLITUDE STABILIZATION

The amplitude of oscillations can be stabilized by replacing R, with a senistor. If B is fixed, as A
increases, amplitude of oscillations increases. If a senistor is introduced, as its ‘R’ changes with
temperature, it changes 3, so that BA is always constant, (when A changes).
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1 Rc
By equating the imaginary part to zero we get f = ————=—=—=— where K=—=
yed g ginary 8 2n RCV6+4K R

29
Forward Current Gain hfe =4k +23 + X

Practically RC phase-shift oscillators can be used from several hertz to several hundred
kilohertzs. In the mega hertz range, tuned LC circuits are more advantageous. Frequency of
oscillators can be changed by changing R and C. Amplitude of oscillations will not vary if any C is
varied, because X- varies, but the imaginary part will be zero. Phase-shift oscillator is operated in
class A in order to keep distortion minimum.

8.13  APPLICATIONS

Elevation levelling systems, Burglar detection: frequency of oscillators change as a result of local
disturbance. The change in frequency causes further electronic action or alarm signal.

8.14 RESONANT CircuiT OSCILLATORS

Initial transient due to switching will initiate electrical signals. These are feedback to the transistor
as input. The input is amplified and obtained as output. Oscillations are sustained. Output is
coupled to the base of transistor through L,. LL, is a transformer. R represents the resistance in
series with the winding in order to account for the losses in the transformer shown in Fig. 8.20. If

1
‘r’ is very small, then at © = _\/L__C the Z is purely resistive. Then voltage drop across inductor is

1809 out of phase with the applied input voltage to the FET. If the direction of winding of the
secondary connected to the gate is such that it introduces another 1800 phase-shift, the total
phase-shift is zero.

> C'z § R,

CT Rr

e

1

w.

Fig. 8.20 Resonant circuit oscillator.

The ratio of the amplitude of secondary to the primary voltage is M/L where M is
the inductance.
. Vi _M_
e,y = B

4]
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Voltage gain A, = —

BA,=-1
—uB=-1
_ 1!
"7 B
L
h= 5
p=L/M
If we consider resistance ‘r’ also, @? = —1—(1 +5)
LC 14

__wC

Em ™ uM-L~

8.15 CRYSTAL OSCILLATORS

When certain solid materials are deformed, they generate within them, an electric charge. This
effect is reversible in that, if a charge is applied, the materlal will mechanically deform in response.
This is called Piezoelectric effect.

Naturally available materials : 1. Quartz 2. Rochelle salt.

Synthetic materials : 1. Lithium sulphate 2. Ammonium-di-hydrogen phosphate, PZT

(Lead Zirconate Titanate), BaTiO, (Barium Titanate).

If the crystal is properly mounted, deformations take place within the crystal, and an electro
mechanical system is formed which will vibrate when properly excited. The resonant frequency and
Q depend upon crystal dimensions etc. With these, frequencies from few KHz to MHz and Q in the
range from 1000s to 100,000 can be obtained. Since Q is high, and for Quartz, the characteristics are
extremely stable, with respect to time, temperature etc., very stable oscillators can be designed. The
frequency stability will be + 0.001%. It is same as + 10 parts per million (10 ppm).

The electrical equivalent circuit of a crystal is as shown in Fig.8.21. L,C,R are analogous to
mass, spring constant, and viscous damping factor of the mechanical system.

a

L b
Crystal Electrical Model

Fig. 8.21



448 Electronic Devices and Circuits

Values for a 90 kHz crystal are L = 137 H, C = 0.023pF; R = 15kQ corresponding to

Q =5,500. The dimension of a crystal will be 30 x 4 x1.5 mm.C' is the electostatic capacitance

between electrodes with the crystal as a dielectric. C' = 3.5 pF and is larger than C.

When the crystal slabs are cut in proper directions, with regard to the crystal axis, a
potential difference exists between the faces of the crystal slab when pressure is brought to bear
onthem. And if the slab is placed in an electrostatic field, the slab undergoes deformation. (Fig.8.22).
If the electric field is an alternating one, with a frequency which sets the slab into mechanical
resonance, the slab will physically vibrate vigorously. Such a crystal can be employed to maintain
an oscillation of great frequency stability. When the L.C. circuit in the plate circuit is tuned close to
the crystal resonant frequency, steady oscillations will be established. These are maintained by C
whose oscillations value is small. By placing crystal between the gate and source, of the FET
amplifier, and feeding back a small A.C. voltage from the output, to keep crystal vibrating, the
circuit becomes an oscillator with precise stability. Accuracy ~ 0.01% ‘f range is 0.1 to 20 MHz.
By keeping crystal in an oven, accuracy can be improved to 0.001%.

- VDD

XTAL 3 10 M

Fig. 8.22 Crystal oscillator circuit.
8.16 FREQUENCY STABILITY

It is a measure of the ability of the circuit to maintain exactly the same frequency for which it is
designed over a long time interval. But actually in many circuits the ‘# will not remain fixed but it
drifts from the designed frequency continuously. This is because of variations of number of
parameters, circuit components, transistor parameters, supply voltages temperature, stray
capacitances etc. In order to increase the stability the factors which effect the ‘/ largely should
be taken care of. If ‘f depends only on R and C high precision R and C should be employed.
Also temperature compensating elements are to be employed.

Effect of temperature on inductors and capacitors amounts to more than 10 parts per million
per degree change.
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Crystal will have mass, elasticity and damping. Crystal will have very high mass to

L
elastic ratio (—é—j and to a high ratio of mass to damping (high Q). Its value is of the order of

10,000 to 30,000.

The crystal is coupled with external C, and the LC circuit oscillates. In the oscillator circuits,
instead of external L and C, crystal is connected.i.e. crystal L and C are being used. So ‘f "’ is fixed
by crystal itself. /"’ will not vary with temperature. To change ‘f’ another crystal is used.

8.17 FREQUENCY OF OSCILLATIONS FOR PARALLEL RESONANCE CIRCUIT

1

(R - joC)x- :
7 - joC R+ joC
= = > -
(R + joC)+- I (1-0°LC)+ joRC
joC
1 R -joC .
Y1TR+joC R 402 C g
. _ . R . oC C
Total admittance Y=Y +Y, = R 102 C2 —-J R+ ol O -
At resonance, imaginary part is zero R 5.
= 7%=wc or LoR?402C?
R°+w” C C
(DZCZ—.E_RZ or wz—_l__R_z
C LC 1?

_ 11 R?
f= 2nYyLC 12

This is the expression for frequency of oscillations.

or

Amplitude of oscillator will be very small (v is Less) for series resonance circuit. So parallel
tuned circuits are employed.

8.18 1-MHz FET CRYSTAL OSCILLATOR CIRCUIT
In the basic configuration of oscillator circuit,

Z+Z,+Z5=0.

Z,is crystal Z, is L and C combination.
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Zyis ng. The frequency of oscillator essentially depends up on crystal only as shown
in Fig. 8.23. Z, and Z, values are insignificant compared to Z; of the crystal. Therefore the
stability is high.

— — 22V
c 0-122pH - L
300 pF

FF———1
G| GKF)
N2

XTAL =3 % ]
T oM 2.2k% TO-OZMF

Fig. 8.23 Crystal oscillator circuit.

When electrical input is given, mechanical vibrations are set in the crystal, due to piezoelectric
effect. But the crystal is being considered as an inductor capacitor combination only. So it acts like

a [Z] R, L, C combination. Frequency of oscillations depend only on crystal. Other L and Cs are

insignificant, as their values are less compared to L, C and R of the crystal.

SUMMARY

* Oscillators generate A.C. output without external A.C input by using Noise A.C
signal generated in switching. D.C power from V . or V is converted to A.C.
power. The range of frequency signals generated by the circuit can be high and
output power is small.

. For sustained oscillations, the conditions known as Barkhausen criterion to be
satisfied are (i) |BA|>1 (i1) Total loop phase shift must be 0° or 360° (or phase
shift of feedback network must be 180° when the amplifying device produces
another 180°),

1
. In the case of JFET, R - C phase shift oscillator circuit, £, = '2"n‘ RC6

1
* In the case BJT, R - C phase shift oscillator circuit, £, = m where

_ Rc
R
. For Hartley oscillator circuit which employs two inductors and one capacitor in
1

2my(L, +L,)C;

the feedback network is, 5=



Oscillators 451

10.

11

* For Colpitts oscillator circuit with two capacitors and one inductor in the feedback

1 1 C,+C
network,fo=g\/r C2, C2‘
3

* For Wein Bridge oscillator circuit, the minimum gain of amplifier must be 3. It can
produce variations in f_ in the ratio of 10 : | compared to a variation of 3 : 1 in other
types of oscillator circuits.

&  Thermistors with (NTCR) and sensistor with positive temperature coefficient of
resistance (PTCR) are used for frequency stability in oscillator circuits.

* The specification parameters of oscillator circuits are (i) Amplitude stability (ii)
Frequency stability (iii) Frequency range (iv) Distortion in output waveform etc.

. Crystal oscillators produce highly stable output waveform in the high frequency
range of MHz also.

OBJECTIVE TYPE QUESTIONS

The difference between an amplifier circuit and oscillator circuit is

A.C. output signal is generated by the oscillator circuits without external A.C input, by
amplifying signal.

Oscillator circuits employ type of feedback.

One condition for sustained oscillations is total loop phase shift must be
degrees.

As per Berkauhsen criteria for sustained oscillations, |BA| must be

The range of frequencies over which R - C phase shift oscillator circuit is used is

In the Mega Hertzs frequency range, the type of oscillator circuit used is

The range of frequency over which Wein Bridge oscillator used is

In the feedback network if two inductors and one capacitor elements are used, the
oscillator circuit is

The oscillator circuit which employs two capacitors and one inductor in the feedback
network, is oscillator circuit.

Naturally occuring materials used for in crystal oscillator circuits, exhibiting piezoelectric
effect are 1. 2.
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12.

14.
15.

1.

2.

3.

Synthetic materials which exhibit piezoelectric effect are,
1. 2.
3. 4.

The ratio of frequency variation possible with Wein Bridge Oscillator circuit is
is compared to the ratio of with others oscillator

circuits.
Thermistors have temperature coefficient and the materials used are

Typical values of L, C, R and Q of a crystal used in oscillator circuits are
L = C = R =
Q =

ESSAY TYPE QUESTIONS

l. Explain the basic principle of generation of oscillations in LC tank circuits. What are
the considerations to be made in the case of practical L.C. Oscillator Circuits ?

2. Deduce the Barkausen Criterion for the generation of sustained oscillations. How
are the oscillations initiated?

3. Draw the circuit and explain the princple of operaiton of R.C.phase-shift oscillator
circuit. What is the frequency range of generation of oscillations ? Derive the expression
for the frequency of oscillations.

Derive the expression for the frequency of Hartely oscillators.

Derive the expression for the frequency of Colpitt Oscillators.

Derive the expression for the frequency of Wein Bridge Oscillators.
Derive the expression for the frequency of Crystal Oscillators.
Explain how better frequency stability is obtained in crystal oscillator ?

Draw the equivalent circuit for a crystal and explain how oscillations can be
generated in electronic circuits, using crystals.

10.  Why three identical R-C sections are used in R-C phase-shift oscillator circuits?
Consider the other possible combinations and limitations.

MULTIPLE CHOICE QUESTIONS

e N

Johnson Noise is due to .....
(a) Humidity (b)  Atmospheric conditions
(c) Temperature (d) Interference

The noise that arises in electronic circuits due to variation in concentrations of
carriers in semiconductor devices is

(a) shotnoise (b) thermalnoise (c¢) Johnson noise(d) None of these
Expression for frequency of oscillations for the R-C phase shift oscillator circuit
using JFET is, fo =

1 1 1 1
@ ZaRrC ® Swcefs © wicds @ 2nrcde
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10.

In the case of JFET R-C phase shift oscillator circuit, in order that |B A[ is not less
than unity, p of JFET must be at least

(a) 16 by 92 ¢y 29 (d)  None of these
Oscillator circuit in which the reactances a,, @, are capacitive and o, is inductive
is ...

(a) Colpitts oscillator (b) Hartely oscillator

(c) Crystal oscillator (d) None of these

In wein bridge oscillator circuits the range over which frequency of oscillations
can be varied is ...

(a) 3:1 by 10:1 (c) 6:1 (d) None of these
Example for naturally occurring piezoelectric crystal material is ....
(a) BaTiog (b) Rochellesalt (c) PZT (d) None of these

Typical values for 90 KHz crystal are :

(@ L=137THC=0.0235ufR=15K Q=15,500
() L=1HC=002fR=1QQ=10

(c) L=137HC=0.02ufR=10KQ=1

(d) None of these

. One characteristic feature of crystals is ...

(a) They have low mass to elastic ratio

(b) They have high mass to elastic ratio

(c) They have low Q

(d) None. of the above is correct

For Wein Bridge oscillator circuits, the minimum gain of amplifier must be
(a) 1 (b) 3 (c) 10 (d) None the these
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10.

E Additional Objective Type Questions (Chapter 1-8) )

In a BJT the arrow on the emitter lead specifies the direction of
where the emitter-base junction is biased.

The emitter efficiency of a BJT is defined as the ratio of current of injected carriers at
junction to total current.

type of npn junction transistor is made by drawing a single crystal

from a melt of silicon whose concentration is changed during the
crystal drawing operation by adding n or p type atoms as requires.

In an type of pnp transistor two small dots of indium are attached to
opposite sides of a semiconductor.

In the active region of common base output characteristics, the collector junction is
biased and the emitter junction is biased.

If both emitter and collector junctions are (a) forward biased, the transistor is said to be

operating the region. (b) reverse biased, the transistor is said to be
operating in the region.

The operation of a FET depends upon the flow of carriers only. It
is therefore a device.

The maximum voltage that can be applied between any two terminals of the FET is the
voltage that will cause avalanche breakdown across the

A MOSFET of the depletion type may also be operated in an mode.
Some times the symbol for the JFET is also is used for the MOSFET with the under-
standing that is internally connected to source.

The emitter diode of a UJT drives the junction of R, and R, and R, =R + R,. The
intrinsic stand off ratio is defined as n = and its value usually lies,
between
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10.

( Answers to Additional Objective Type Questions J)

Holes or conventional current, forward
Emitter base, emitter

Grown junction, doping

Alloy junction

Reverse, Forward

Saturation, Cut-off

Majority, Unipolar

Breakdown, drain-source junction

Enhancement, the gate

_R—BLR_B—Z, 0.5 & 0.82

BB
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Colour Codes for Electronic Components

RESISTOR COLOUR CODE :

Number of zeros
(except when
Second digit . silveror gold) , Tolerance
First digit | J/

CAPACITOR COLOUR CODE :

First digit

Second digit }Capacitance in pF
Number of zeros

Tolerance (%)

dc working

voltage (x 100V)

First Three Bands Fourth Band
Black -0 Blue -6 Gold +5%
Brown -1 Violet —7 Silver +10%
Red -2 Grey -8 None + 20%
Orange -3  White -9
Yelow -4  Silver 0.01
Green -5 Gold 0.1

Colour | Figure Significant | Tolerance (%)
Black 0 20
Brown 1 1
Red 2 2
Orange 3 3
Yellow 4 4
Green 5 5
Blue 6 6
Violet 7 7
Grey 8 8
White 9 9
Silver 0.01 10
Gold 0.1 5
No Band 20
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INDUCTOR COLOUR CODE :

Decimal point or first digit —
Inductance in uH § Decimal point or second digit /;f
Number of zeros ———~

COLOUR CODE MEMORY AID :

Tolerance (%)

Color

Significant
Figure

Tolerance (%)

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Grey
White
Silver
Gold
No Band

o

O 0 4 o B L R —

Decimal point

L

W, VIBGYOR BB (W_ Vibgyor BB)

Memory aid Color Number
Black Black 0
Bruins Brown 1
Relish Red 2
Ornery Orange 3
Young Yellow 4
Greenhorns Green 5

Blue Blue 6
Violets Violet 7
Growing Grey 8

Wild White 9

Smell Silver 0.01 10%
Good Gold 0.1 5%
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Fig. A-1.1 Relative size of carbon composition resistors with various power ratings

Specifications of Power Transistors

Device | Type [PL(W) | 1-(A) | Vo) [Vepo(V) |hgg MIN [ Max | £ M.HZs
2N 6688 | NPN 200 20 200 300 20 80 20
2N3442 [ NPN 117 10 140 160 20 70 0.08
BUX39 | NPN 120 30 % 120 15 45 8
ECP 149 | PNP 30 4 40 50 30 - 25

Darlington Pair

2N 6052 | PNP 150 | 12 100 | 100 | 750 - 4

2N6059 | NPN 150 | 12 100 | 100 | 750 - 4
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Resistor and Capacitor Values

Typical Standard Resistor Values (+ 10% Tolerance)
Q Q Q kQ kQ kQ MQ MQ
- 10 100 1 10 100 1 10
- 12 120 12 12 120 12 -
- 15 150 15 15 150 1.5 15
- 18 180 1.8 18 180 1.8 -
- 2 20 22 2 20 22 2
27 27 210 27 27 270 27 -
33 33 330 33 33 330 33 -
39 39 39 39 39 390 39 -
47 47 410 47 47 470 47 -
56 56 560 5.6 56 560 56 -
68 68 680 6.8 68 680 6.8 -
- 8 80 82 & 820 - -
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Typical Standard Resistor Values (+ 10% Tolerance)
FF K [ uF uF uF uF uF uwF  pF
5 50 500 5000 0.05 05 5 50 50 5000
- 51 510 5100 - - - - - -
- 56 560 5600 0.056 056 56 56 - 5600
- - - 6000 0.06 - 6 - - 6000
- 62 620 6200 - - - - - -
- 68 680 6800 0.068 0.68 6.8 - - -
- 75 750 7500 - - - 75 - -
- - - 8000 - - 8 80 - -
- 9 820 8200 0.082 082 82 8 - -
- 91 910 9100 - — - - - -
10 100 1000 0.01 0.1 1 10 100 1000 10,000
- 110 1100 - - - - - -
12 120 1200 0.012 0.12 12 - - -
- 130 1300 - - - - - -
15 150 1500 0015 0.15 1.5 15 150 1500
- 160 1600 - - - - - -
18 180 1800 0.018 0.18 1.8 18 180 -
20 200 2000 0.02 02 2 20 200 2000
24 240 2400 - - - - 240 -
- 250 2500 - 025 - 25 250 2500
27 270 2700 0.027 027 2.7 27 270 -
30 300 3000 003 03 3 30 300 3000
33 330 3300 0.033 033 33 33 330 3300
36 360 3600 - - - - - -
39 390 3900 0.039 039 39 39 - -
- - 4000 0.04 - 4 - 400 -
43 430 4300 - - - - - -
47 470 4700 0.047 047 4.7 47 - ~
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Physical constants

Charge of an electron Dooe 1.60 x 10'? coulombs

Mass of an electron ©oom o 9.09x107%Kg

e/m ratio of an electron : em:  1.759x10" C/Kg

Plank’s constant : h :  6.626x1073*]-sec

Boltzman’s constant K 1.381 x 1022 J/°K
8.62 x 1073 ev/°K

Avogadro’s number : N, :  6.023x10% moiecules/mole

Velocity of light © ¢ 3x10%m/sec

Permeability of free space Coomg 1.257 x 107 H/m

Permittivity of free space : I, : 885x102F/m

Intrinsic concentration in siliconat300°K : n = =1.5x10"%/cm?

Intrinsic resistivity in silicon at 300 °K :r, =230,000 W-cm

Mobility of electronics in silicon : m, =1300 cm?/ V—sec

Mobility of holes in silicon tomy =500 cm?/ V-sec

Energy gap at in silicon at 300 °K : =1.1ewv
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Capacitors

Capacitance

The farad (F) is the SI unit of capacitance.

The farad is the capacitance of a capacitor that contains a charge of 1 coulomb when the
potential difference between its terminals is 1 volt.

Leakage Current

Despite the fact that the dielectric is an insulator, small leakage currents flow between the plates of a
capacitor. The actual level of leakage current depends on the insulation resistance of the dielectric.
Plastic film capacitors, for example, may have insulation resistances higher than 100 000 MW. At the
other extreme, an electrolytic capacitor may have a microamp (or more) of leakage current, with
only 10 V applied to its terminals.

Polarization

Electrolytic capacitors normally have one terminal identified as the most positive connection. Thus,
they are said to be polarized. This usually limits their application to situations where the polarity of the
applied voltage will not change. This is further discussed for electrolytic capacitors.

Capacitor Equivalent Circuit

An ideal capacitor has a dielectric that has an infinite resistance and plates that have zero resistance.
However, an ideal capacitor does not exist, as all dielectrics have some leakage current and all capacitor
plates have some resistance. The complete equivalent circuit for a capacitor [shown in Fig. A-3.1(a)]
consists of an ideal capacitor C in series with a resistance R, representing the resistance of the plates,
and in parallel with a resistance R, representing the leakage resistance of the dielectric. Usually, the
plate resistance can be completely neglected, and the equivalent circuit becomes that shown in
Fig. A-3.1(b). With capacitors that have a very high leakage resistance (e.g., mica and plastic film
capacitors), the parallel resistor is frequently omitted in the equivalent circuit, and the capacitor is
then treated as an ideal capacitor. This cannot normally be done for electrolytic capacitors, for example,
which have relatively low leakage resistances. The parallel R_. circuit in,
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RD C C
[ A VAVAV: ? ' 0 o »- . 0
Rg C
R N AA A &
L\AK—’ \—«%\J
(a) Complete equivalent circuit (b) Parallel equivalent circuit (c) Series equivalent circuit

Fig. A. 3.1

A capacitor equivalent circuit consists of the capacitance C, the leakage resistance R, in
parallel with C, and the plate resistance Ry, in series with C and R .

Fig. A. 3.1 (b) can be shown to have an equivalent series RC circuit, as in Fig. A. 3.1(c). This
is treated in Section 20-6.

A variable air capacitor is made up of a set of movable plates and a set of fixed plates

separated by air.

Because a capacitor’s dielectric is largely responsible for determining its most important
characteristics, capacitors are usually identified by the type of dielectric used.

Air Capacitors

A typical capacitor using air as a dielectric is illustrated in Fig. A.3.2. The capacitance is variable, as
is the case with virtually all air capacitors. There are two sets of metal plates, one set fixed and one
movable. The movable plates can be adjusted into or out of the spaces between the fixed plates by
means of the rotatable shaft. Thus, the area of the plates opposite each other is increased or decreased,
and the capacitance value if altered.

plates
Fixed &l

Fig. A. 3.2 Avariable air capacitor is made up of a set of movable plates and a set of fixed
plates separated by air

Paper Capacitors

In its simplest form, a paper capacitor consists of a layer of paper between two layers of metal foil.
The metal foil and paper are rolled up, as illustrated in Fig. A.3.3 (a); external connections are brought
out from the foil layers, and the complete assembly is dipped in wax or plastic. A variation of this is
the metalized paper construction, in which the foil is replaced by thin films of metal deposited on the
surface of the paper. One end of the capacitor sometimes has a band around it [see Fig. A.3.3 (b)].
This does not mean that the device is polarized but simply identifies the terminal that connects to the
outside metal film, so that it can be grounded to avoid pickup of unwanted signals.
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Paper capacitors are available in values ranging from about 500 pF to 50pF, and in dc working
voltages up to about 600 V. They are among the lower-cost capacitors for a given capacitance value
but are physically larger than several other types having the same capacitance value.

Plastic Film Capacitors

The construction of plastic film capacitors is similar to that of paper capacitors, except that the paper
is replaced by a thin film that is typically polystyrene or Mylar. This type of dielectric gives insulation
resistances greater than 100 000 MQ. Working voltages are as high as 600 V, with the capacitor
surviving 1500 V surges for a brief period. Capacitance tolerances of + 2.5% are typical, as are
temperature coefficients of 60 to 150 ppm/°C.

Plastic film capacitors are physically smaller but more expensive than paper capacitors. They
are typically available in values ranging from 5 pF to 0.47 pF.

Foil
Paper Band identifies
T‘- / e outer foil terminal
|
(a) Construction of a paper capacitor (b) Appearance of a paper capacitor

Fig. A. 3.3 In a paper capacitor, two sheets of metal foil separated by a sheet of paper are
rolled up together. External connections are made to the foil sheets.

Mica Capacitors

As illustrated in Fig. A. 3.4(a), mica capacitors consist of layers of mica alternated with layers of
metal foil. Connections are made to the metal foil for capacitor leads, and the entire assembly is
dipped in plastic or encapsulated in a molded plastic jacket. Typical capacitance values range from
1pF to 0.1pF, and voltage ratings as high as 35 000 V are possible. Precise capacitance values and
wide operating temperatures are obtainable with mica capacitors. In a variation of the process, silvered
mica capacitors use films of silver deposited on the mica layers instead of metal foil.

Ceramic Capacitors

The construction of a typical ceramic capacitor is illustrated in Fig. A. 3.4(b). Films of metal are
deposited on each side of a thin ceramic disc, and copper wire terminals are connected to the metal.
The entire units is then encapsulated in a protective coating of plastic. Two different types of
ceramic are used, one of which has extremely high relative permitivity. This gives capacitors that are
much smaller than paper or mica capacitors having the same capacitance value. One disadvantage of
this particular ceramic dielectric is that its leakage resistance is not as high as with other types.
Another type of ceramic gives leakage resistances on the order of 7500 MW. Because of its lower
permitivity, this ceramic produces capacitors that are relatively large for a given value of capacitance.

The range of capacitance values available with ceramic capacitors is typically 1 pF t0 0.1 pF,
with dc working voltages up to 1000 V.
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e, - Metal film

W - Ceramic disk

(a) Construction of mic_a capacitor (b) Ceramic capacitor

Electrolyte
Tantalum

(c) Ceramic trimmer (d) Construction of tantalum capacitor

Fig. A. 3.4 Mica capacitors consist of sheets of mica interleaved with foil. A ceramic disc
silvered on each side makes a ceramic capacitor; in a ceramic trimmer, the plates area is
screwdriver adjustable. A tantalum capacitor has a relatively large capacitance in a
small volume.,

Fig. A. 3.4(c) shows a variable ceramic capacitor known as a trimmer. By means of a
screwdriver, the area of plate on each side of a dielectric can be adjusted to alter the capacitance -
value. Typical ranges of adjustment available are 1.5 pF to 3 pF and 7 pF to 45 pF.

Electrolytic Capacitors

The most important feature of electrolytic capacitors is that they can have a very large capacitance in
a physically small container. For example, a capacitance of 5000 pF can be obtained in a cylindrical
package approximately 5 cm long by 2 c¢cm in diameter. In this case the dc working voltage is only
voltage is only 10V. Similarly, a 1 F capacitor is available in a 22 cm by 7.5 cm cylinder, with a
working voltage of only 3 V. Typical values for electrolytic capacitors range from 1 pF through
100 000 pF.

The construction of an electrolytic capacitor is similar to that of a paper capacitor
(Fig. A.3.5(a)). Two sheets of aluminium foil separated by a fine gauze soaked in electrolyte are
rolled up and encased in an aluminium cylinder for protection. When assembled, a direct voltage is
applied to the capacitor terminals, and this causes a thin layer of aluminium oxide to form on the
surface of the positive plate next to the electrolyte (Fig. A.3.5(b)). The aluminium oxide is the
dielectric, and the electrolyte and positive sheet of foil are the capacitor plates. The extremely thin
oxide dielectric gives the very large value of capacitance.

It is very important that electrolytic capacitors be connected with the correct polarity. When
incorrectly connected, gas forms within the electrolyte and the capacitor may explode! Such an
explosion blows the capacitor apart and spreads its contents around. This could have tragic
consequences for the eyes of an experimenter who happens to be closely examining the circuit when
the explosion occurs. The terminal designated as positive must be connected to the most positive of
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e Foil (+ plate)

Foil — = I}~ (- plate)
I\ -~ .
Electrolyte soaked Foil Foil
gauze
(a) Rolled-up foil sheets and electrolyte- (b) The dielectric is a thin layer of
soaked gauze aluminium oxide

Fig. A. 3.5 Anelectrolyte capacitor is constructed of rolled-up foil sheets separated by electrolyte-
soaked gauze, the dielectric is a layer of aluminium oxide at the positive plate

the two points in the circuit where the capacitor is to be installed. Fig. A. 3.6 illustrates some circuit
situations where the capacitor must be correctly connected. Nonpolarized electrolytic capacitors can
be obtained. They consist essentially of two capacitors in one package connected back ro back, so
one of the oxide films is always correctly biased.

Electrolytic capacitors are available with dc working voltages greater than 400 V, but in this
case capacitance values do not exceed 100 mF. In addition to their low working voltage and polarized
operation. Another disadvantage of electrolytic capacitors is their relatively high leakage current.

+12V
RI RI
+5V +7V
R, R,

(b) Connected between +7 V and +5 V

o+]2V
R%
%SV

e R
voltage

(c) Connected between + 5.7 V and a grounded ac voltage source

Fig. A. 3.6 It is very important that polarized capacitors be correctly connected. The capacitor
positive terminal voltage must be more positive than the voltage at the negative terminal.
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Tantalum Capacitors

This is another tvpe of electrolytic capacitor. Powdered tantalum is sintered (or baked), typically into
a cylindrical shape. The resulting solid is quite porous. so that when immersed in a container of
electrolyte. the electrolyte is absorbed into the tantalum. The tantalum then has a large surface area
in contact with the electrolyte (Fig. A. 3.5). When a dc forming voltage is applied, a thin oxide film
is formed throughout the electrolyte-tantalum contact area. The result, again, is a large capacitance
value in a small volume.

Capacitor Color Codes

Physically large capacitors usually have their capacitance value, tolerance and de working voltage
printed on the side of the case. Small capacitors (like small resistors) use a code of colored bands
(or sometimes colored dots) to indicate the component parameters.

There are several capacitor color codes in current use. Here is one of the most common.
First digit

Second digit Capacitance in pF

3 Number of zeros

" Tolerance (%)

de working voltage (= 100 V)

Color Significant Figure Tolerance (%)
Black 0 20
Brown 1 1
Red 2 2
Orange 3 3
Yellow 4 4
Green 5 )
Blue 6 6
Violet 7 7
Grey 8 8
White 9 9
Silver 0.01 10
Gold 0.1 5
No band 20

A typical tantalum capacitor in a cylindrical shape 2 cm by | cm might have a capacitance of
100 mF and a dc working voltage of 20 V. Other types are available with a working voltage up to 630
V, but with capacitance values on the order of 3.5 mF. Like aluminium-foil electrolytic capacitors,
tantalum capacitors must be connected with the correct polarity size of the inductor, the maximum
current can be anything from about 50 mA to | A. The core in such an inductor may be made
adjustable so that it can be screwed into or partially out of the coil. Thus, the coil inductance is
variable. Note the graphic symbol for an inductor with an adjustable core [Fig. A. 3.6(b)].
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Inductors

Magnetic Flux and Flux Density

The weber* (Wb) is the SI unit of magnetic flux.

The weber is defined as the magnetic flux which, linking a single-turn coil, produces an emf of
1 V when the flux is reduced to zero at a constant rate in 1 s.

The tesla*** (T) is the SI unit of magnetic flux density.

The tesla is the flux density in a magnetic field when 1 Wb of flux occurs in a plane of 1 m?;
that is, the tesla can be described as 1 Wb/m?.

Inductance

The SI unit of inductance is the henry (H).

The inductance of a circuit is 1 henry (I H) when an emf of 1 V is induced by the current
changing at the rate of 1 A/s.

Molded Inductors

A small molded inductor is shown in Fig. A. 4.2(c). Typical available values for this type range from
1.2 pH to 10 mH, maximum currents of about 70 mA. The values of molded inductors are identified
by a color code, similar to molded resistors. Fig. A. 4.2(d) shows a tiny-film inductor used in certain
types of electronic circuits. In this case the inductor is simply a thin metal film deposited in the form

of a spiral on ceramic base.
Laboratory Inductors

Laboratory-type variable inductors can be constructed in decade box format, in which precision
inductors are switched into or out of a circuit by means of rotary switches. Alternatively, two coupled
coils can be employed as a variable inductor. The coils may be connected in series or in parallel, and
the total inductance is controlled by adjusting the position of one coil relative to the other.



APPENDICES 471

Color Code For Small Inductors

S

Decimal point or fir: -—'k@[ﬁ

= P
Inductance in uH [Decima[ point or sec”_/_J \

Number of zeros
Tolerance (%)

Color Significant Figure | Tolerance (%)
Black 0
Brown
Red

Orange

Yellow
Green
Blue
Violet
Grey
White
Silver 10
Gold decimal point
No band 20

\t[L/\

Coil -
) Ferrite pot core

Bobbin *”

OO 1y e W N

n

Fig. A. 4.1 Some low-current, high-frequency inductors are wound on bobbins contained in a fer-
rite pot core. The ferrite core increases the winding inductance and screens the inductor

Coil to protect adjacent components against flux leakage and to protect the coil from external
magnetic fields. The coil is wound on a bobbin, so its number of turns is easily modified.

Three different types of low-current inductors are illustrated in Fig. A. 4.2. Fig. A 4.2(a)
shows a type that is available either as an air-cored inductor or with a ferromagnetic core. With an air
core, the inductance values up to about 10 mH can be obtained. Depending on the thickness of wire
used and the physical.
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A
1
LB}
IR
N
1
[N}
(a) Inductor with air core or (b) Circuit symbol for an inductor with
ferromagnetic core an adjustable ferromagnetic core

B

(d) Thin-film inductor

(c) Molded inductor

Fig. A. 4.2 Small inductors may be wound on an insulating tube with an adjustable ferrite core,
molded like small resistors, or deposited as a conducting film on an insulating material

If the mutual inductance between two adjacent coils is not known, it can be determined by
measuring the total inductance of the coils in series-aiding and series-opposing connections. Then,

La = LI + Lz + 2M for series-aiding
and L =L +L,-2M for series-opposing
Subtracting, Lﬂ = La =4M

L,—L
Therefore, M= —* 7 2
M=k,/LL,

From these two equations, the coefficient of coupling of the two coils can be determined.

Stray Inductance

Inductance is (change in flux linkages) / (change in current). So every current-carrying conductor
has some self-inductance, and every pair of conductors has inductance. These stray inductance are
usually unwanted, although they are sometimes used as components in a circuit design. In dc
applications, stray inductance is normally unimportant, but in radio frequency ac circuits it can be
considerable nuisance. Stray inductance is normally minimized by keeping connecting wires as short
as possible.
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Miscellaneous

lonic Bonding

In some insulating materials, notably rubber and plastics, the bending process is also covalent. The
valence electrons in these bonds are very strongly attached to their atoms, so the possibility of
current flow is virtually zero. In other types of insulating materials, some atoms have parted with
outer-shell electrons. but these have been accepted into the orbit of other atoms. Thus, the atoms are
ionized; those which gave up electrons have become positive ions, and those which accepted the
electrons become negative ions. This creates an electrostatic bonding force between the atoms,
termed ionic bonding. lonic bonding is found in such materials as glass and porcelain. Because
there are virtually no free electrons, no current can flow, and the material is an insulator.

Insulators

Fig. A. 5.1 shows some typical arrangements of conductors and insulators. Electric cable usually
consists of conducting copper wire surrounded by an insulating sheath of rubber or plastic. Sometimes
there is more than one conductor, and these are, of course, individually insulated.

Conductor =~ a
! Insulation

F Printed copper
/

Insulation H.‘& [ conductor
1

Protective . "y
sheath

Fig. A.5.1 Conductors employed for industrial and domestic purposes normally have stranded
copper wires with rubber or plastic insulation. In electronics equipment, flat cables of fine wires
and thin printed circuit conductors are widely used.

Conductors

The function of a conductor is to conduct current form one point to another in an electric circuit. As
discussed, electric cables usually consist of copper conductors sheathed with rubber or plastic
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Screened
coaxial
cable Conductor  Screen

Circular
multiconductor
cable

Flat
multiconductor
cable

Fig. A. 5.2 Many different types of cables are used with electronics equipment.

insulating material. Cables that have to carry large currents must have relatively thick conductors.
Where very small currents are involved, the conductor may be a thin strip of copper or gven an
aluminium film. Between these two extremes, a wide range of conductors exist for various applications.
Three different types of cables used in electronics equipment are illustrated in Fig. A. 5.2 conductor
and a circular plated conducting screen, as well as an outer insulating sheath. The other two are
multiconductor cables, one circular, and one flat.

Because each conductor has a finite resistance, a current passing through it causes a voltage
drop from one end of the conductor to the other (Fig. A. 5.3). When conductors are long and/or
carry large currents, the conductor voltage drop may cause unsatisfactory performance of the equipment
supplied. Power (I> R) is also dissipated in every current-carrying conductor, and this is, ofcourse,
wasted power.

T S|
i< E ';!
—

(a) Current flow through a conductor produces a voltage drop along the conductor

|(+— E —_)| Cable resistance
o NN/

O E
I

T AN R=

Conductor resistance

(b) Conductor resistance causes voltage drop when a current flows

Fig. A. 5.3 Conductor resistance (R) is determined by applying the voltage drop and current
level to Ohm's law. The resistance per unit length (R/l) is then used to select a suitable
wire gauge.



476 APPENDICES

) Porcelain coating
Ceramic tube

Metal end cap Connecting wires

I‘-; i / Color bands to

/S identify resistance

. Nickel resistance / value

wire / Carbon composition Protective

Connecting wires resistance element  insulating sheath

(a) Wire-wound resistor (b) Carbon composition resistor

Ceramic base Metal film

I
Protective insulating cover

(c) Metal film resistor

Fig. A.5.4 Individual resistors are typically wire-wound or carbon composition construction.

Wirewound resistors are used where high power dissipation is required. Carbon composition

type is the least expensive. Metal film resistance values can be more accurate than carbon
composition type.

The illustration in Fig. A. 5.5(a) shows a coil of closely wound insulated resistance wire
formed into partial circle. The coil has a low-resistance terminal at each end, and a third terminal is
connected to a movable contact with a shaft adjustment facility. The movable contact can be set to
any point on a connecting track that extends over one (unisulated) edge of the coil. Using the adjustable
contact, the resistance from either end terminal to the center terminal may be adjusted from zero to
the maximum coil resistance.

Another type of variable resistor, known as a decade resistance box, is shown in
Fig. A. 5.5(c). This is a laboratory component that contains precise values of switched series-
connected resistors. As illustrated, the first switch (from the right) controls resistance values in
1Q steps from 0Q to 92 and the second switches values of 1002, 20Q, 30Q2, and so on. The decade
box shown can be set to within + 1Q of any value from 0Q to 9999Q. Other decade boxes are
available with different resistance ranges.

Resistor Tolerance

Standard (fixed-value) resistors normally range from 2.7Q to 22MQ. The resistance tolerances on
these standard values are typically + 20%, + 10%, + 5% or + 1%. A tolerance of + 10% on a 100Q
resistor means that the actual resistance may be as high as 100Q + 10% (i.e., 110€2) or as low as
1002 — 10% (i.e., 90€2). Obviously, the resistors with the smallest tolerance are the most accurate
and the most expensive.
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Moving
contact End

~_ lerminal

s .
~ Shafi for
adjustment

Moving
contact

terminal

~<—— End terminal

Resistance wire

(a) Typical construction of a resistor variable resistor (and potentiometer)

i v

s

(b) Circuit symbols for a variable resistor

(c) Decade resistance box

Fig. A.5.5 Small variable resistors are used in electronic circuit construction. Large decade

resistance boxes are employed in electronics laboratories.
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More Resistors

14 pin dual-in-line
package

Resistor Networks

Resistor networks are available in integrated circuits type dual-in-
lin package. One construction method uses a thick film technique

Internal “77777 inwhich conducting solutions are deposited in the required form.
resistor §§§§§§§
arrangement i
RET
Photoconductive Cell P

This is simply a resistor constructed of photoconductive material
(cadmium selenide or cadmium sulfide). When dark, the cell
resistance is very high. When illuminated, the resistance decreases
in proportion to the level of illumination.

Resistance Contact

wire ajusting screw ] ]
Low Power Variable Resistor

A small variable resistor suitable for mounting directly on a circuit
board. A threaded shaft, which is adjustable by a screwdriver, sets
the position of the moving contact on a resistance wire.

Slide
wire

Sliding ~ Wire terminals
contact

High Power Resistor

High power resistors are usually wire-wound on the surface of a
ceramic tube. Air flow through the tube helps to keep the resistor
from overheating.
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Two memory aids for determining the direction of the magnetic flux around a current-carrying
conductor are shown in Fig. A. 5.6. The right-hand-screw rule as illustrated in Fig. A. 5.6(a) shows
a wood screw being turned clockwise and progressing into a piece of wood. The horizontal direction
of the screw is analogous to the direction of current in a conductor, and the circular motion of the
screw shows the direction of magnetic flux around the conductor. In the right-hand rule, illustrated
in Fig. A. 5.6(b), a right hand is closed around a conductor with the thumb p.ointing in the
(conventional) direction of current flow. The fingers point in the direction of the magnetic lines of
force around the conductor.

Because a current-carrying conductor has a magnetic field around it, when two current-carrying
conductors are brought close together there will be interaction between the fields. Fig. A. 5.7(a)
shows the effect on the fields when two conductors carrying in opposite direction are adjacent. The
directions of the magnetic passes through the center of the coil. ‘Fherefore, the one-turn coil acts like
a little magnet and has a magnetic field with an identifiable N pole and S pole. Instead of a single turn,
the coil may have many turns, as illustrated in Fig. A. 5.7(c). In this case the flux generated by each
of the individual current-carrying turns tends to link up and pass out of one end of the coil and back
into the other end. This type of coil, known as a solenoid, obviously has a magnetic field pattern very
similar to that of a bar magnet.

Directionof .
rotation Direction

of motion
(O 0T Moo

Direction of lines of force (same as
direction of rotation of screw)

aVaVaVaValuyy

Conductor

L ] ] | Sl
\._,/ \__/ \_/ \_/ \_/ Current direction

(same as direction of
motion of screw)

Thumb points in
current direction

Conductor

Fingers point in direction
of lines of force

(b) Right-hand rule

Fig. A. 5.6 The right-hand-screw rule and the right-hand rule can be used for determining the
direction of the magnetic lines of force around a current-carrying conductor.
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The right-hand rule for determining the direction of flux from a solenoid is illustrated in
Fig. A. 5.7(d). When the solenoid is gripped with the right hand so that the fingers are pointing in the
direction of current flow in the coils, the thumb points in the direction of the flux (i.e., toward the N-
pole end of the solenoid).

Electromagnetic Induction

It has been demonstrated that a magnetic flux is generated by an electric current flowing in a conductor.
The converse is also possible: that is, a magnetic flux can produce a current flow in a conductor.

S ML
\\ {_‘ ’/
~a - i . E 4
_______ 1: e N
E i | T
r” 1T .
Fluxaround " 7ot sk S
conductor ~
(a) All of the flux passes through the center of (b) Side view of coil turn and flux
the coil turn

-

vir'_\ PR
M\

1 3
i Iy

L
= i§

N

(c) A solenoid sets up a flux like a bar
magna

Fhumb points in
flux direction —

Fingers point in
current direction

(d) Right-hand rule for solenoid flux
direction

Fig. A. 5.7 In current-carrying coils, the magnetic lines of force around the conductors all pass
through the center of the coil.
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Consider Fig. A. 5.8(a), in which a handled bar magnet is shown being brought close to a coil of wire.
As the bar magnet approaches the coil, the flux from the magnet brushes across the coil conductors
or cuts the conductors. This produces a current flow in the conductors proportional to the total flux
that cuts the coil. If the coil circuit is closed by a resistor (as shown broken in the figure), a current

flows. Whether or not the circuit is closed, an electromotive force (emf) can be measured at the coil
terminals. This effect is known as electromagnetic induction,

Flux brushes
over coil turns

Tr/

Wil fs,
wiktézy

)NHM?
E,-

\

Direction
of motion

(a) emf induced in a coil by the motion of the flux from the bar magnet

)
¥

ST
7
RS

Switch

(b) emf induced in a coil by the motion of the flux from the solenoid when the current is switched on or off

Fig. A. 5.8 An electromotive force (emf) is induced in a coil when the coil is brushed by a
magnetic field. The magnetic field may be from a bar magnet or from a current-carrying coil.
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(b) Showing the force on each side of a single-turn pivoted in a magnetic fieid

Fig. A.5.9 Aforce is exerted on each side of a current-carrying coil pivoted in a magnetic field.
This force tends to cause the coil to rotate
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Fibre Optic Cables :

Light and Other Rays

Light rays or waves are a type of energy called eleciromagnetic
energy. They shine out. or radiate. from then source. so they

e The parts of "“3_ electromagnetic are called electromagnetic radiation. Light ravs are just a tiny
SHectrum: have different wavelengths part of a huge range of rays and waves called the
and dilferent names electromagnetic spectrum (EMS)

I W e wn e ) B |

g ‘ 7 , / i 1 S
. / j \ . T | [ i
f \ / \ i \ f o f i
\ & \/ \ A U
NG A4 v N e I e W W
Radio waves Micro-waves Infra-red waves Light waves Ultra-violet X-rays Gamma rays
waves

Inside an optical
P Twisted steel centre

fibre cable s ives the cable
.- . L . & strength
" i ’ Optical fibres are colour-coded, so
. a2 - o that they can be correctly connected
= ¥ to other machines.
B ]
-
. - . o
Light shines from o
optical fibres. making Core
their tips glow. s
Outer sheath Glass cladding
protects from dirt.
damp or damage.
Glass cladding . o
—/ @ Enlarged view of an optical fibre

Laser light
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dc voltage source Multicell Generator Current ac voltage Lamp
or single-cell battery source source
battery
Voltmeter Ammeter Wattmeter Chassis Ground

| | |

I A

Conductor connection Unconnected crossing Fuse
or junction conductors
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1 l

de vol.tage source Two-way Double-pole Resistor Variable
or single-cell switch switch resistor
battery
Capacitor Variable Air-cored Iron-cored
capacitor inductor inductor
=3
L .J g
e
z E R
) © N 5
x>
[ [ [z
Capacitor Inductor Air-cored Iron-cored
inductor inductor

Potentiometer

rll

Variable
inductor

DOOCTVE T ——

ly

Variable
inductor
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Unit Conversion Factors

The following factors may be used for conversion between non-SI units and SI units.

To Convert To Multiply By
Area Units

acres square meters (m?) 4047

acres hectares (ha) 0.4047
circular mils square meters (m?) 5.067 % 10710
square feet square meters (in-) 0.0909
square inches square centime-ters (¢in”) 6.452
square miles hectares (ha; 259

square miles square kilometers (km?) 2.59

square yards square meters (m?) 0.8361
Electric and Magnetic Units

amperes/inch amperes/meter (A/m) 39.37
gauses teslas (T) 107

gilberts ampere (turns) (A) 0.7958
lines/sq. inch teslas (T) 1.55x 1073
Maxwells webers (Wb) 108

mhos Siemens (S) I

Oersteds amperes/meter 79.577
Energy and Work Units

Btu joules (J) 1054.8

Btu kilowatt-hours (kWh) 2.928 x 104
ergs joules () 107

ergs kilowatt-hours (kWh) 0.2778 x 1013
foot-pounds joules (J) 1.356
foot-pounds kilogram meters (kgm) 0.1383
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Force Units
dynes

dynes
pounds
poundals
grams

INNumination Units

foot-candles

To Convert

Linear Units
angstroms
feet

fathoms
inches
microns

miles (nautical)
miles (statute)
mils

yards

Power Units

horsepower

Pressure Units
atmospheres
atmospheres
bars

bars

pounds/sq. foot
pounds/sq. inch

Temperature Units
degrees Fahrenheit (°F)
degrees Fahrenheit (°F)

grams (g)
newtons (N)

newtons (N)
newtons (N)
newtons (N)

lumens/cm?

To

meters (m)
meters (m)
meters (m)
centimeters (cm)
meters (m)
kilometers (km)
kilometers (km)
centimeters (cm)
meters (m)

watts (W)

kilograms/sq. meter (kg/m?)
kilopascals (kPa)
kilopascals (kPa)
kilograms/sq.meter (kg/m?)
kilograms/sq.meter (kg/m?)
kilograms/sq.meter (kg/m?)

degrees celsius (°C)
degrees kelvin (K)

1.02x 1073
1075

4.448
0.1383
9.807 x 103

10.764

Multiply By

1% 10719
0.3048
1.8288
2.54

10-6

1.853
1.609

2.54 x 1073
09144

745.7

10332
101.325

100

1.02 x 104
4.882

703

(°F - 32)/1.8
273.15 + (°F - 32)/1.8



488 APPENDICES

Velocity Units

miles/hour (mph) kilometers/hour (km/h) 1.609

knots kilometers/hour (km/h) 1.853

Volume Units

bushels cubic meters (m?) 0.03524

cubic feet cubic meters (m?3) 0.028 32

cubic inches cubic centimeters (cm?) 16.387

cubic inches liters (1) 0.01639

cubic yards cubic meters (m?) 0.7646

gallons (U.S.) cubic meters (m?) 3.7853 x 1073

gallons (imperial) cubic meters (m?) 4.546 x 1073

gallons (U.S.) liters (1) 3.7853

gallons (imperial) liters (1) 4.546

gills liters (1) 0.1183

pints (U.S.) liters (1) 0.4732

pints (imperial) liters (1) 0.5683

Copper Wire Copper Wire
Resistance Resistance
Gauge Diameter (mm) (Q/km) Diameter (mil) (€2/km)

36 0.127 1360 5 415
37 0.113 1715 4.5 523
38 0.101 2147 4 655
39 0.090 2704 35 832
40 0.080 3422 3.1 1044

To Convert To Multiply By

quarts (U.S.) liters (1) 0.9463

quarts (imperial) liters (1) 1.137

Weight Units

ounces grams (g) 28.35

pounds kilograms (kg) 0453 59

tons (long) kilograms (kg) 1016

tons (short) kilograms (kg) 907.18

The siemens* is the unit of conductance.

conductance =

1
resistan ce
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American Wire Gauge Sizes and

Metric Equivalents

Gauge Diameter (mm) Copper wire Copper wire
Resistance (2/km) | Diameter (mill) | Resistance (€2/1000 ft)

0000 11.68 0.160 460 0.049
000 10.40 0.203 409.6 0.062
00 9.266 0.255 364.8 0.078
0 8.252 0.316 3249 0.098
1 7.348 0.406 289.3 0.124
2 6.543 0.511 257.6 0.156
3 5.827 0.645 229.4 0.197
4 5.189 0.813 204.3 0.248
5 4.620 1.026 181.9 0.313
6 4.115 1.29 162 0.395
7 3.665 1.63 144.3 0.498
8 3.264 2.06 128.5 0.628
9 2.906 2.59 114.4 0.792
10 2.588 3.27 101.9 0.999
11 2.30 4.10 90.7 1.26
12 2.05 5.20 80.8 1.59
13 1.83 6.55 72 2
14 1.63 8.26 64.1 2.52
15 1.45 10.4 57.1 3.18
16 1.29 13.1 50.8 4.02
17 115 16.6 45.3 5.06
18 1.02 21.0 40.3 6.39
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19 0.912 26.3 359 8.05
20 0.813 33.2 32 10.1
21 0.723 419 28.5 12.8
22 0.644 52.8 253 16.1
23 0.573 66.7 22.6 20.3
24 0.511 83.9 20.1 25.7
25 0.455 106 17.9 324
26 0.405 134 15.9 4]
27 0.361 168 14.2 51.4
28 0.321 213 12.6 64.9
29 0.286 267 11.3 81.4
30 0.255 337 10 103
31 0.227 425 8.9 130
32 0.202 537 8 164
33 0.180 676 7.1 206
34 0.160 855 6.3 261
35 0.143 1071 5.6 329
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Chapter - 1
Answers to Objective Type Questions
vV 12.  Nickel Cylinder with a coating of
1. €= V/m or V/ecm Barium and Strontium.
13.  Sawtooth Wave form.
2xexV
2. V= = 14.  The deflection produced when the
3, fm = Bl LiNewiens deflecting voltage is 1 V.
- 15.  The deflection produced when the
4 a = — deﬂectingzmagnetic field intensity
m is 1 wb/m”.
5. Circle 16.  Electron volt
6 _ 2mm 17. N/T
Be 18.  Parabolic path
= %" 19. 3000
2 20. BIL
8¢ § _IxD A 21.  Circular
' E 2V, o 22.  Electrostatic
23.  Electrostatic
—x R 24.  Lissaj
9. SM= m gV, . issajous
: m
10.  Graticules 25 0
11.  Acquadag Coating I——Yi
C2
Answers to Multiple Choice Questions
1. d 2 a 3 a 4. ¢ 5 d 6 a 7= €
8. a 9. d 10. b
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Chapter -2
Answers to Objective Type Questions
1. < ]028/m3 and > 107 electrons/m3 18.  Impurities added in, ni2
2. 10° Q-cm. 19. Immobile, Space
3. J=0cE
20. E — KTiIn NCIZ\JA
4. J=( nep + pe},tp ).E.e ) ) n,
5. E,=1.1eV 21. E = 0.5eV
5 [§]
6. nxp=n 22. p(0) Ppo© /
7. noc T3 v
= nr _
8 NA+n=ND+p 23. 1 Io(e 1)
9 D 24. Germanium = 0.1V and
L ecreases Silicon = 0.5V
10. Decreases as V_ increases
e _ eNA W2
11.  Valance Band 2. Vg T 2e
12.  Con’'duction Band Vg
13. It gets doubled for every 10° rise in 26. 1 = KTMe "1
temperature 27. l-%gh
14 V.,.=0.026V L%
28. C = 58
D D D
15, —=Pa_y P
up un T
29. V = T <o
16. Insulator T 11,600

17.  Lower than, Conduction 30. Negative Resistance Characteristic

Answers to Multiple Choice Questions
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Chapter -3
Answers to Objective Type Questions
1. ACto unidirectional flow
2. Unidirectional flow to DC
3.  Ripple Factor=1.21
4. Inductance varies with current in

permissable limits.

5. Good regulation and conduction angle of
180° for the diode

Answers to Multiple Choice Questions
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Chapter -4
Answers to Objective Type Questions
1. NPN 13. hgandh
2. the direction of conventional 14.  Large Signal Current Gain
current w}}en the E-B Junction is 15.  Small Signal Current Gain
forward biased. 16.  Change in base width with the change
- in the base voltage VBE
S 17.  MOSFET
: 18. UNIPOLAR
e 19.  gain band width product is less.
4 I"* 20. C.B.E
pE 21.  Pinch off Voltage
5. a=p*y 22, Pinch off Voltage
23. few tens of ohms to few hundred
6. o= B ohms.
' (1+8) ,
24. —
7. B= (l—a) .
8. 1.=Blg+(B+ Dl g, 25. V= (l—;) Vp
9 _ leso
© 'cE0” (1-a) Vgs V'
6. .= Ipss V.
7 aIC P
10. B ER 27. the saturation value of the drain cur-
BIVee=K rent when gate is shorted to source.
11. Small Signal Common Emitter L€, Vos:(_)
Forward Current Gain 28.  voltage variable
29. p=r*g
12 B’= B 30. JFET
S Ohpp 31. Depletion MOSFET ( DMOSFET )
1-(Icpo +15)E
ol
Answers to Multiple Choice Questions
1. b 2 a 3 c 4 c 6 a 7 c
8. d 9 a 10. b 11 12. a 13. b 14, ¢
15. d 16. b 17. a 18 19. d 20. a
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Chapter -5

Answers to Objective Type Questions

Quiescent point, Q - point, Biasing
point
leo Vopr P

The centre of the active region on the
load line.

Vi =05V_.
Base bias circuit.

Emitter bias, semiversal bias or
Voltage divider bias circuit.

ol
5= Pl
COlp=kK, vy =K
ol
§' = —=

Ieo=K,Bp=K

10.

11.

12.
13.
14.
15.

. _ Ol
op Ve =K, Ico =K
1+
S= 1- %
1+
- R
S= 1+B E
RE+RB
2.5mv/°C
Negative (NTCR)
Sensistors

Oxides of Ni, Mn, Co.

Answers to Multiple Choice Questions
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Chapter -6
Answers to Objective Type Questions
1. Q, mhos and constants 10. 1
2. the units of different parameters 11. Decreases
t th
are not the same D Low
. h, .1 +h
3 nh FhYs 13.  Large
hy ity +hyVy 4. <l
AV 15. Common Base configuration
4. Vel x 16. Common Collector
Configuration
5. Audio

17.  Voltatge follower/buffer
6. h_=1KQh =15x107",

~ 18. hj
h,, = 6umhos, h. =200

19.  Leekage current is more

7. No units (constant)
20. High
AC Signal Power Delivered to the Load
8. £ Sgi;p; ;,V:::er e 100 21.  Common Emitter and Common Base
Configuration
hg, 22. High voltage gain and high current
% 1+h, R gain

Answers to Multiple Choice Questions
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Chapter-7
Answers to Objective Type Questions
1. Gain is reduced 8. Low, Low
9.  Node sampling
2 S= !
' I+BA 10, A,=w R=o R =0.
3. D= (1 +BA) 11.  High current gain, Low R, High R
4. (B.W),=(1+BA)BW 12.  Returnratio

, 13.  Decreases
5. f, =f,(1+BA)
14. Increases
6. Degenerative feedback )
I5. B=V]|V,= feedback signal/output

7. R=o; R = signal

16. . (i) voltage-series (ii) voltage-shunt

Answers to Multiple Choice Questions
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Chapter -8

Answers to Objective Type Questions

S e AT B o B

Amplifier needs external A.C. input.
Oscillator circuit doesn’t need external
A.C. input.

Internally generated Noise Signal
Positive feedback

Zero or 360°

IBAl > 1

Few 100 Hz to KHz range
Tuned oscillator circuit

5Hzto 1 MHz

Hartley oscillator

10.
11.
12.

13.
14.

15.

Collpitts oscillator circuit
Quartz and Rochelie salt

Lithium sulphate
Rochelle salt

PZT (Lead Zirconate Titanate)
Barrium titanate (Batio,)
10:1,3:1

Positive, Oxides of Nickel and
Manganese

=

L =137H
C =0.0235pF
R = 15K
Q=5500

Answers to Multiple Choice Questions
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A

Acceptor impurities

Active region 257, 268, 269, 272, 337, 370, 371
Alloy junction 197

Amplification 189, 257, 276, 281, 314, 322, 330
Amplifier 268

Amplifiers 359, 366, 377

Atom 40,41, 42

Avalanche 63

B

Band structure 44

Barrier potential 56, 57

Base spread resistance 375, 378
Basewidth 187

Bias 270, 273

BITs 386

C

Capacitance 366, 409

Capacitor 4, 10, 270, 280

Cascade 410,411

Cathode ray tube 26, 27, 32, 34, 37

CMOS 234

Common base amplifiers 377

Common base configuration 321

Common collector 366

Common collector configuration 321, 322, 335
Common emitter 410,415

Conduction band 62, 81

Conductivity 61, 62, 64

Conversion efficiency 329, 376

Crystal oscillator 429, 448, 450, 451, 452, 453
Crystal oscillators 447, 449, 451, 452

Current amplification 342

Current gain
182, 189, 196, 268, 416, 420, 424

Cut off region 371

D

Diffusion 87, 88, 271

Diffusion current 88

Diode 27, 62, 272, 283, 284, 309
Distortion 382, 389, 390, 404
Drift current 84, 87, 89, 258

E

Effective mass 39, 42, 43, 76, 83
Electron emission 28, 54. 56
Electron volts 7

Energy band 40, 62

F

Feedback amplifier 276. 406
Feedback amplifiers 381, 382
Fermi dirac function 75

Fermi energy level 99

Fermi level 54, 56

FET 63, 365, 366, 368, 369, 406
Field Effect Transistor (FET) 213
Filters 143, 152, 163, 169, 183
Frequency 143,153

G
Germanium 40, 54, 62, 64, 445
H

Hartley oscillator 429

h-parameter 406

h-parameters 316, 318, 319, 322, 323, 325
hybrid parameters 314,318

|

Input characteristics 194, 195, 200, 320, 322
Input impedance 214,

Input resistance 257, 408, 417

lonization potential 47
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JFET 257,258, 265

Junction diode
39, 119, 120, 125, 131, 132, 195, 254,

L

LEDs 255
Load line 269, 270, 275, 298, 299, 311
Low frequency equivalent circuit 365

M

Majority carriers
67, 191, 213, 214, 219, 236, 238, 240

Mass action law 70

Mean free path 63

Metal 98, 133, 185

Micron 97

Minority carrier 68

Mobility 64, 129, 210, 216, 225,
239, 261, 283, 285, 445

MOS 213, 235

MOSFET 257, 258

N

Negative resistance
122, 126, 130, 251, 253, 254, 260, 432

NMOS 234
Noise 63, 122, 213, 259, 262, 382, 387, 392

n-type 66, 67
n-type impurities 190
O
Oscillators 430
|

Parameter 419, 420
Peak detector 167

Peak Inverse Voltage (PIV) 151
Photo diode 256

Plank’s constant 42

Poisson’s equation. 217

Power amplification 314

Power gain
328,329, 334, 341, 345,347,377, 424

p-type 66, 68
p-type impurity 191

Q

Quality factor 431

Quiescent point
267, 268, 269, 281, 287, 297, 311, 320

R

Radiation 41
Radiation energy 41
Relaxation oscillators 430
Resistivity
61,62, 67,71,73,95, 130, 209, 222, 228
Resonant circuit oscillators 446

S

Saturation region 193, 195, 197, 225, 227,
234, 257, 272, 337, 371

Schottky diode 133

Schottky effect 56

Self bias 241, 276, 293, 301, 302, 370
Semiconductors 40, 62, 68, 69, 84, 88, 177
Sensistor 285, 285, 309

Silicon 40, 54, 62, 71, 85

Silicon diode 129, 130, 131, 133, 135
Sinusoidal oscillators 432, 433

Stability factor 279, 293
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T

Temperature 54, 56. 78

Thermal 66, 70, 84, 88

Thermal energy 64

Thermal resistance 286, 287, 298, 312
Thermal runaway 286, 287
Thermistor 285, 286, 445

Threshold voltage 252, 264

Transconductance
229, 304, 382, 384, 385, 392

Transistor (BJT) 345, 370

Tunnel diode
39, 62, 120, 122, 123, 126, 131, 136

\%

Valance 79

Valance band 62
Varactor diode 62
Voltage amplification 314

Voltage gain 268, 300, 305, 315, 410, 424, 426

W

Wavelength 45, 47, 49, 45, 49, 50, 57
Work function 54

Z

Zener diode 39, 62, 120, 121, 130
Zener breakdown 118, 119, 120



	Contents
	symbols
	Brief History of Electronics

	Chapter 1 : Electron Dynamics and CRO

	Chapter 2 : Junction Diode Characteristics
	Chapter 3 : Rectifiers, Filters and Regulators
	Chapter 4 : Transistor Characteristics
	Chapter 5 : Transistor Biasing and Stabilization
	Chapter 6 : Amplifiers
	Chapter 7 : Feedback Amplifiers

	Chapter 8 : oscillators
	Additional Objective Type Questions (Chapter 1-8)
	Answers to Additional Objective Type Questions

	Appendices
	Answers to Objective Type and Multiple Choice Questions
	Index 




