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INTRODUCTION

Electronics deals with electrical circuits that involve active electrical components,
such as vacuum tubes, transistors, diodes, integrated circuits, optoelectronics, and
sensors, associated passive electrical components, and interconnection technologies.
Commonly, electronic devices contain circuitry consisting primarily or exclusively
of active semiconductors supplemented with passive elements; such a circuit is
described as an electronic circuit.

A linear circuit is one that has no nonlinear electronic components in it.
Examples of linear circuits are amplifiers, differentiators, and integrators, linear
electronic filters, or any circuit composed exclusively of ideal resistors, capacitors,
inductors, op-amps (in the ‘non-saturated’ region), and other ‘linear’ circuit
elements. An integrated circuit or monolithic integrated circuit (also referred to as
an IC, a chip, or a microchip) is a set of electronic circuits on one small flat piece
(or ‘chip’) of semiconductor material, normally silicon. The integration of large
numbers of tiny transistors into a small chip results in circuits that are orders of
magnitude smaller, cheaper, and faster than those constructed of discrete electronic
components.

Electronics is now so pervasive that it’s almost easier to think of things that
do not use it than of things that do. Entertainment was one of the first areas to
benefit, with radio and later television both critically dependent on the arrival of
electronic components. Electronic equipment saves our lives in other ways too.
Hospitals are packed with all kinds of electronic gadgets, from heart-rate monitors
and ultrasound scanners to complex brain scanners and X-ray machines.

This book, Linear and Integrated Electronics, is divided into four blocks,
which are further subdivided into fourteen units. The first unit introduces the concept
of semiconductors while semiconductor diodes have been discussed in the following
unit. The third unit deals with special purpose diodes. Transistors are focused on
in the fourth unit while the fifth unit explains transistor amplifiers. Transistor biasing
is discussed in the sixth unit while seventh unit deals with transistor audio power
amplifier. Eighth units discusses field effect transistors. And power electronics has
been explained in the following unit. Sinusoidal oscillators have been explained in
the tenth unit while eleventh unit introduces OP-AMP. Twelfth unit discusses
electrical parameters of OP-AMP while thirteenth unit explains applications of
OP-AMP. The last unit discusses active filters.

The book follows the self-instructional mode wherein each unit begins with
an ‘Introduction’ to the topic. The ‘Objectives’ are then outlined before going on
to the presentation of the detailed content in a simple and structured format. ‘Check
Your Progress’ questions are provided at regular intervals to test the student’s
understanding of the subject. ‘Answers to Check Your progress question’, a
‘Summary’, a list of ‘Key Words’ and a set of ‘Self-Assessment Questions and
Exercises’ are provided at the end of each unit for effective recapitulation.

Introduction

NOTES



BLOCK -1
SEMICONDUCTOR AND DIODES

UNIT1 SEMICONDUCTOR
PHYSICS

Structure

1.0 Introduction
1.1 Objectives
1.2 Classification of Materials
1.3 Intrinsic and Extrinsic Semiconductors
1.3.1 Intrinsic Semiconductors
1.3.2 Extrinsic Semiconductors
1.4 Answers to Check Your Progress Questions
1.5 Summary
1.6 Key Words
1.7 Self Assessment Questions and Exercises
1.8 Further Readings

1.0 INTRODUCTION

Based on the type of materials, the conductivity of electricity is determined by
their atomic structure. There are materials that are good conductors of electricity
and insulators of electricity. Insulators are bad conductors of electricity. Materials
such as copper, aluminum, brass etc. are a good conductor of electricity. Materials
such as rubber, wood, glass etc. are insulators of electricity. The conductivity of
the material will be established and understood, if the properties of the materials
and their atom structure are analyzed better. In this unit, different types of materials,
their atomic structure relevant to the working of the device will be covered.
Formation of diodes, characteristics of the diode and the applications of the diode
will be covered in this unit.

1.1 OBJECTIVES

After going through this unit, you will be able to:
o Describe materials
o Understand the concept of semiconductor
e Know about intrinsic and extrinsic semiconductors

e Discuss p-n Junction
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1.2 CLASSIFICATION OF MATERIALS

Materials are classified based on the free electrons in the atomic structure. In
general, matter includes solids, liquids, and gases. Matter consists of protons,
neutrons, and electrons. Protons are positively charged, neutrons are neutral
charges and electrons are negatively charged. Protons and neutrons constitute the
nucleus of the matter. Electrons revolve around the nucleus in different orbits. The
conductivity of the materials depends on the number of free electrons in the
outermost of the orbits of the materials.

An example of an atomic structure with electrons, protons, and neutrons
are given in Figure 1.1. The nucleus that holds the protons and neutrons in the
center of the atomic structure determines the number of the electrons revolving
around it. The number of electrons and number of protons for a material will be
equal in an atomic structure. This neutrality between the protons and electrons
make the atoms stable. The number of protons in an atom determines the atomic
number of the atom. For example, hydrogen has one proton and one electron and
has an atomic number of 1.

.z"-f-- E H-\.
"‘ \
i F S
EleCiron ——— i K"-\\ "'-."
shells _h‘-h——__rf____.;" \ \
| ! - A 1
Profon {pt)
|
i Iu"“:‘I:I\rlnmulrlzln {nf)— [ ; + |
I| I'. l'l III
! IL"\ . !
’
b o T i
Electron (o) —————9,_ "4

Fig. 1.1 Atomic Structure

The electrons surround the nucleus in different orbits or shells and each
shell is attracted towards the nucleus based on the energy level of the orbit. The
number of electrons that each shell accommodates is given by, where =number
of orbits/shell. The shells are designated with alphabets such as K, L, M, N etc.

n/ Shell Number Number of Electrons

1 — K" shell 2x12 =2 electrons

2 — Lt shell 2x22 = 8 electrons

3 — M™ shell 2x32 = 18 electrons

4 — N™ shell 2 x 4% = 32 electrons and so on.




= —

Fig. 1.2 Atomic Structure with Shells

The shells that are closer to tthe farthest orbit has the least force of attraction
with the nucleus. The electrons that are in the K™ shell of the atom are attracted
towards the nucleus stronger such that the energy required to remove them from
the shell is equivalent to destroying the atom as a whole. The electrons that are in
the outermost orbit has the lesser force of attraction and can be easily removed
from the revolving orbit of an atom with less external energy. External energy may
be either rise in temperature or by applying an external force such as external
potential difference. The electrons that are in the outermost shell are called as
valence electrons. The outermost orbit may either be completely filled are partially
filled. That is, if the outermost orbit can hold 32 number of electrons and if the
actual number of electrons in the orbit may be equal to less than 32. If the shells
have completely filled electrons, then such atoms are isolated, independent atoms
that do not chemically react or bond with other atoms. If the outermost shells have
fewer atoms, when such atoms are mixed with other atoms, other atom electrons
may bond with the atom to fill the vacant electron spaces in the valence orbit, so
that the combined chemical mixture forms a stable mixture.

In general, based on the conductivity of the materials, they are classified as
e Conductors
e Insulators
¢ Semiconductors

Conductors are materials that are very good conductors of electricity and
has more free electrons in the valence shell. Such electrons are highly mobile and
with a slight external force such as heat or voltage, these electrons are liberated
from their orbital revolutions and are free to move thus constituting the electricity.

Insulators are materials that are very bad conductors of electricity. The
valence electrons in the outermost orbits are bonded tightly to their nucleus and
are very difficult to dislocate from their orbital shells. Such materials do not contribute
and free electrons and hence the conductivity are very less making them bad
conductors of electricity.
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Semiconductors are materials that have neither the property of the conductor
nor the property of insulator. They are normally insulators, but under certain property
changes, they become conductors. Such materials have few valence electrons in
their outermost shells which can be delocated by applying external forces.

Energy band theory

As discussed earlier regarding the energy levels of the nucleus and their force of
attraction towards the electron shells, the same can be described using bands of
energy associated with nucleus and electron shells with the help of energy band
diagram.

Energy band diagram consists of three types of the band such as
e Valence band
¢ Conduction band
¢ Forbidden band.

The diagram below in Figure 1.3 shows the energy band diagram associated
with an atom.

A

Tnfilled Conduction

bands % / band

+———Band gap

\ Valence

band

Filled
bands

Fig. 1.3 Energy Band Diagram

The above energy band diagram has the nucleus boundary at the bottom of
the band diagram. Each shell has a band of energy. The bonding energy between
the shells and the nucleus decreases moving farther away from the nucleus energy
level. Hence the valence energy band has the least force attraction from the nucleus.
The conduction band in the above Figure 1.3 depicts the energy band in which the
electrons are free to move and contribute to the conductivity of the material. The
energy gap between the valence band and the conduction band is called as
forbidden energy gap. Lesser the forbidden energy gap, lesser is the energy
required to make the electrons in the valence band to move to the conduction



band, i.e. lesser energy is required to dislocate the valence electrons to make it
free electrons contributing to the conduction of electricity. The median energy
level between the conduction band and the valence band is known as Fermi
level.

The energy band diagram of the conductor, insulator, and semiconductors
are given in Figure 1.4. In conductors, the valence band and conduction band
overlap each other. Under normal room temperature, the conductors have free
electrons moving between the valence band and conduction band. No external
energy is required to dislocate the electrons to make it free and conducting. In
semiconductors, there exists a forbidden energy gap, . An external energy equivalent
to isrequired to be applied to dislocate electron from valence band to conduction
band. In insulators, the forbidden gap between the valence band and the conduction
band is larger than the other two materials. The energy required to dislocate the
electrons in the valence band to conduction band is sufficient enough to damage
the material permanently.

Energy of electrons

Conduction Band
Large energy
gap between -
valence and Conduction Band Fermi
conduction bands. AN / level \
....................... Cmductlm Band

_

a. Insulator b. Semiconductor ¢. Conductor

Fig. 1.4 Energy Band Diagram of Conductor, Semiconductor, and Insulator

Check Your Progress

1. What are valence electrons?
2. What are semiconductors?

3. What are insulators?

1.3 INTRINSIC AND EXTRINSIC
SEMICONDUCTORS

This text focuses on the semiconductors and their properties. Most widely used
semiconductors are Silicon (Si), Germanium (Ge), Selenium (Se) etc., that exists
as simple semiconductors and compound semiconductors such as Gallium Arsenide
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(GaAs), Indium Phosphate (InP), Gallium Nitride (GaN) etc. Semiconductors
based on the purity of the materials are classified as

e Intrinsic Semiconductors

e Extrinsic semiconductors
1.3.1 Intrinsic Semiconductors

Semiconductors that exists in pure form without any impurities added are called
as intrinsic semiconductors. Consider the semiconductor Silicon, Si with atomic
number 14. It has 14 number of protons and 14 number of electrons. The first
shell occupies 2 electrons, the second shell occupies 8 electrons and the third shell
which could accommodate 18 electrons has only 4 valence electrons. Similarly,
germanium with an atomic number of 32 as shown in Figure 1.5a has 4 shells with
an outermost shell consisting of 4 valence electrons. These atoms exist in the
crystalline structure with bonding as shown in Figure 1.5b. One atom of silicon
shares the bonding with 4 other atoms thereby filling the 3rd shell of an atom with
all 8 electrons creating a stable composition of silicon crystal. This type of bonding
is known as covalent bonding.
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Fig. 1.5 (a)Atomic Structure of Silicon and Germanium,
(b) Crystalline Structure of Silicon

Intrinsic semiconductors behave as perfect insulators under normal room
temperatures. Silicon and germanium that consists of 4 valence electrons in their
outermost shells are also known as tetravalent atoms. Similarly, atoms with
three valence electrons are known as trivalent atoms and atoms with five valence
electrons are known as pentavalent atoms.

Conduction in Intrinsic Semiconductors

When an external energy is supplied to the intrinsic semiconductor crystal, the
electrons absorb the energy supplied and gain enough energy to break the covalent
bond and are set free to move as free electrons in the crystal. Such free electrons
move randomly inside the crystal until they lose their energy and finds a bonding
pair of an electron with some other atom. When the electron leaves a covalent
bond due to external energy, they leave behind a vacant space known as holes.
Electrons are negatively charged and the vacant hole spaces wanting for electrons



to occupy the space are considered as positively charged. When the free electrons
leave the covalent bonding due to external energy, they form an electron-hole pair.

Broken
Covalent Bond

Free Electron and its Corresponding Hole

Fig. 1.6 Conduction Inside Intrinsic Semiconductors

Electron Current and Hole Current

Current constituted by electrons inside the semiconductor crystal are called an
electron current. Since electrons are negatively charged, when a potential is
applied across the semiconductor crystal, the electrons are attracted towards the
positive terminal of the battery.

Current constituted by holes inside a semiconductor crystal are known as
hole current. Though the holes (vacant spaces) do not move, consequent
movement of electrons creates an illusion such that holes move, but in the opposite
direction as that of the electron. Electron movement occurs towards the positive
polarity of the battery and the hole movement is illusioned to appear as though
holes move towards negative terminal of the battery. The movement of holes, i.e.,
the movement towards a negative terminal (from the positive terminal) is considered
as the conventional current movement and hence the hole movement is considered
as conventional current flow and the electron movement is considered as the electron
flow. The electron and hole current is depicted in Figure 1.7

*— Electric Field

o Hole @ Electron

—= Direction of Electron Movement

+— Direction of Hole Movement

Fig. 1.7 Electron and Hole Current
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The hole current is known as the conventional current is opposite to the direction
of the electron movement and flows from the positive terminal of the battery to the
negative terminal of the battery. The electron current and hole current occur due
to two process, they are

e Driftand
e Diffusion.

Drift Current

The current flow that takes place due to the application of the external potential
through a battery results in drifting of the electrons, thereby resulting in drift current.
When an external energy is applied to the semiconductor crystal, the electrons
gain energy and starts to drift across the crystal and tends move towards the
battery terminal (positive terminal). Such currents are said to be drift current caused
due to drifting of electrons.

Diffusion Current

Diftusion current occurs due to the movement of electrons through diffusion when
they move from higher concentration area to a lower concentration area of the
semiconductor crystal without applying any external force or energy.

1.3.2 Extrinsic Semiconductors

An extrinsic semiconductor is one that has been doped, i.¢., during manufacture
of the semiconductor crystal a trace element or chemical called a doping agent has
been incorporated chemically into the crystal, for the purpose of giving it different
electrical properties than the pure semiconductor crystal, which is called an intrinsic
semiconductor. In an extrinsic semiconductor, these foreign dopant atoms in the
crystal lattice provide the charge carriers which carry electric current through the
crystal. The doping agents used are of two types, resulting in two types of extrinsic
semiconductor. An electron donor dopant is an atom which, when incorporated in
the crystal, releases a mobile conduction electron into the crystal lattice. An extrinsic
semiconductor which has been doped with electron donor atoms is called an n-
type semiconductor, because the majority of charge carriers in the crystal are
negative electrons. An electron acceptor dopant is an atom which accepts an
electron from the lattice, creating a vacancy where an electron should be called a
hole which can move through the crystal like a positively charged particle. An
extrinsic semiconductor which has been doped with electron acceptor atoms is
called a p-type semiconductor, because the majority of charge carriers in the
crystal are positive holes.

Doping is the key to the extraordinarily wide range of electrical behaviour
that semiconductors can exhibit, and extrinsic semiconductors are specifically used
to make semiconductor electronic devices, such as diodes, transistors, integrated
circuits, semiconductor lasers, LEDs, and photovoltaic cells. Sophisticated



semiconductor fabrication processes like photolithography can implant different
dopant elements in different regions of the same semiconductor crystal wafer,
creating semiconductor devices on the wafer’s surface. For example a common
type of transistor, the n-p-n bipolar transistor, consists of an extrinsic semiconductor
crystal with two regions of n-type semiconductor, separated by a region of p-type
semiconductor with metal contacts attached to each part.

Intrinsic semiconductors are the purest form of semiconductors. Their conductivity
of electricity is limited. They have an equal number of electrons and holes. To
make semiconductors practically relevant with better conduction of current, it is
important to enhance the conduction capability of semiconductors. One such
technique to enhance the conductivity is by the process of doping. Doping is a
process of adding impurities to the intrinsic semiconductors, such that the
conductivity of the semiconductors is improved. The impurity that is added to the
semiconductor is called as a dopant. The doped semiconductors are called as
extrinsic semiconductors. The type of impurities added may enhance the number
of electrons or they may enhance the number of holes. Hence, depending on the
type of impurities, the extrinsic semiconductors can be classified as

e n-type semiconductors
e p-type semiconductors.

When an intrinsic semiconductor is added with an impurity with pentavalent
atoms, n-type semiconductors are formed. When an intrinsic semiconductor is
added with a trivalent impurity atom, p-type semiconductors are formed.
Pentavalent impurity atoms are also known as donor atoms and trivalent atoms
are known as acceptor atoms. Atoms that donate atoms to the host atoms are
called donor atoms and the atoms that accept an electron from the host atoms are
called acceptor atoms.

n-Type Semiconductor

N-Type
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Fig. 1.8 n-Type Semiconductor

When a pentavalent impurity atom from group V of the periodic table such
as Phosphorus (P) or Arsenic (As) is added to the intrinsic silicon atom, n-type
semiconductors are formed.

When the n-type impurity atom (donor atoms) is added with the intrinsic
silicon atom, the four valence electrons out of five valence electrons in the impurity
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atom forms a covalent bond with the four silicon atoms as shown in Figure 1.8.
The remaining one valence electrons from the impurity atoms remain as free electron
inside the mixture crystal. Similarly, when 1 of phosphorus can generated free
electrons of the order of number of free electrons. Number of free electrons
required are controlled by the amount of pentavalent impurity added to the intrinsic
silicon atom.

The conductivity of n-type semiconductors

The mobility of electrons is approximately three times that of the mobility of holes.
When more free electrons are added to the intrinsic semiconductor, the average
energy level of the semiconductor increases. This makes the electrons move easier
from the valence band to the conduction band even with an application of the
small amount of an external potential. In addition, the Fermi level, which marks the
energy level of electrons is closer to the conduction band as shown in Figure 1.9.
In n-type semiconductors since the electrons are more than the number of holes,
electrons are known as majority carriers and the holes are known as minority
carriers. The current constituted by majority carriers (electrons) are predominant
and the current constituted by minority carriers (holes) are negligent.

Intrinsic n-type

Conduction Band Conduction Band
/ Fermi Level

Donor Level

*—0—0—0—0—0—9

Energy

___________ electrons

Valence Band Valence Band

Fig. 1.9 n-Type Semiconductor Band Diagram

p-Type Semiconductors

P-Type
Y . Aeedpini
. ATHORITHY
‘.. Si . -..::I:.I::lllll'l
L ] ;. . : L]
e Sl BiiSh e
.. @
- L -
oo ¢ @ ¢
(Lt 80 ”

Fig. 1.10 p-Type Semiconductor



When a trivalent impurity atom from group III of the periodic table such as
Boron (B) or Gallium (Ga) is added to the intrinsic silicon atom, p-type
semiconductors are formed.

When the p-type impurity atom (acceptor atoms) is added with the intrinsic
silicon atom, the three valence electrons of the acceptor atoms form a covalent
bond with the three silicon atoms leaving behind one silicon atom form an electron-
hole pair as shown in Figure 1.10. The one hole generated due to nonavailability
of an electron to fill from the impurity atom forms one electron-hole pair. Similarly,
when 1 of Boron can generated electron-hole pairs of the order of numba er of
holes. Number of holes required are controlled by the amount of trivalent impurity
added to the intrinsic silicon atom.

The conductivity of p-type semiconductors

When more holes are added to the intrinsic semiconductor, the average energy
level of the semiconductor decreases. Hence, a larger magnitude of external energy
needs to be applied to make the electrons conduct. In other words to make the
electrons move from the valence band to conduction band. However, it is easier
to make the electrons conduct in the reverse direction by applying a negative
potential. The Fermi level, which marks the energy level of electrons is closer to
the valence band as shown in Figure 1.11. In p-type semiconductors since the
holes are more than the number of electrons, holes are known as majority carriers
in p-type semiconductors and the electrons are known as minority carriers. The
current constituted by majority carriers (holes) are predominant and the current
constituted by minority carriers (electrons) are negligent.

"

Intrinsic p-type

Conduction Band Conduction Band

Energy

elec‘trons¥ Acceptar Level/v Fermi Level

Valence Band Ua.l.ence Ba.nd -
holes

i
pedlaa.c

Fig. 1.11 p-Type Semiconductor Band Diagram
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p-n Junction Diode
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Fig. 1.12 p-n Diffusion

When a p-type semiconductor and -type semiconductor are joined together,
diffusion takes place. Since the p-type material is highly concentrated with holes
leading to an overall high positive charge material and n-type a negatively charged
material due to the concentration of electrons, when joined together, they together
generate a high potential on the p-type side and now potential on the n-type side.
This leads to the process of diffusion making the electrons to move towards the p-
side. As electrons move towards the p-type crossing the junction, they leave behind
holes. The electrons spend enough energy to cross over the junction after which
they occupy a hole position nearer to the junction. Thus, holes are formed on the
n-type side of the junction and electrons on the p-type junction. Any electron that
wants to cross over the junction further must have enough energy to overcome the
holes and the junction together. Thus, creates a region of depletion of charges with
positive charges on n-type and negative charges on p-type. The buildup of the
depletion region continues until the electrons cannot diffuse further. Once the
diffusion stops, the potential difference created by the process of electron diffusion
results in approximately 0.7 volts for silicon semiconductors and 0.3 volts for
germanium semiconductors. This potential difference created by the process of
diffusion is also known as barrier potential. The electrons that require moving to
the p-type material further must overcome the barrier potential of 0.7V for silicon
material. The electrons alone do not possess such amount of energy to cross the
barrier potential and hence on the application of an external voltage equal to the
barrier potential is required to make the electrons move to the other side of the p-
n junction.

The barrier potential depends on various factors as follows:
¢ Type of semiconductor

¢ Type of impurity



External atmospheric temperature and

The concentration of intrinsic semiconductor

N o e

Check Your Progress

What are intrinsic semiconductors?
What are extrinsic semiconductors?
What is doping?

What are the factors on which barrier potential depend?

1.4

ANSWERS TO CHECK YOUR PROGRESS
QUESTIONS

1. The electrons that are in the outermost shell are called as valence electrons.

Conductors are materials that are very good conductors of electricity and
has more free electrons in the valence shell.

. Insulators are materials that are very bad conductors of electricity. The

valence electrons in the outermost orbits are bonded tightly to their nucleus
and are very difficult to dislocate from their orbital shells.

Semiconductors that exists in pure form without any impurities added are
called as intrinsic semiconductors.

. An extrinsic semiconductor is one that has been doped, i.e., during

manufacture of the semiconductor.

. Doping is a process of adding impurities to the intrinsic semiconductors,

such that the conductivity of the semiconductors is improved. The impurity
that is added to the semiconductor is called as a dopant.

. Type of semiconductor, type of impurity, external atmospheric temperature

and the concentration of intrinsic semiconductor.

1.5

SUMMARY

Materials are classified based on the free electrons in the atomic structure.
In general, matter includes solids, liquids, and gases.

Matter consists of protons, neutrons, and electrons. Protons are positively
charged, neutrons are neutral charges and electrons are negatively charged.

The number of electrons that each shell accommodates is given by, 2n?,
where n=number of orbits/shell.

The shells that are closer to the nucleus are attracted to the nucleus with
greater force of attraction and the one with the farthest orbit has the least
force of attraction with the nucleus.
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The electrons that are in the outermost shell are called as valence electrons.

Conductors are materials that are very good conductors of electricity and
has more free electrons in the valence shell.

Insulators are materials that are very bad conductors of electricity.

The energy gap between the valence band and the conduction band is called
as forbidden energy gap.

Semiconductors that exists in pure form without any impurities added are
called as intrinsic semiconductors

An extrinsic semiconductor is one that has been doped, i.e., during
manufacture of the semiconductor.

1.6

KEY WORDS

Electron: A stable subatomic particle with a charge of negative electricity,
found in all atoms and acting as the primary carrier of electricity in solids.

Proton: A stable subatomic particle occurring in all atomic nuclei, with a
positive electric charge equal in magnitude to that of an electron.

Neutron: A subatomic particle of about the same mass as a proton but
without an electric charge, present in all atomic nuclei except those of
ordinary hydrogen.

1.7

SELF ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

AN L BN W N

. Describe the structure of the atom.
. What do you mean by doping?

. What are p-type semiconductors?
. What are n-type semiconductors?
. How is p-n junction formed?

. What do you understand by electron-hole pair?

Long Answer Questions:

1.
2.
3.

Describe briefly Extrinsic and intrinsic semiconductors with neat diagram
Explain electron and hole current in semiconductors?

Explain the process of formation of p-# junction diode.



4. Explain the energy band diagram of p-type and n-type?

5. Explain the energy band diagram of conductors, insulators and
semiconductors
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UNIT 2 SEMICONDUCTOR DIODE

Structure
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2.3 V-I Characteristics of p-n Junction Diode
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2.4 Zener Diode
24.1 Zener Diode as a Voltage Regulator
2.5 Answers to Check Your Progress Questions
2.6 Summary
2.7 Key Words
2.8 Self Assessment Questions and Exercises
2.9 Further Readings

2.0 INTRODUCTION

In this unit, you will study about semiconductor diode. A diode made of
semiconductor components, usually silicon. The cathode, which is negatively
charged and has an excess of electrons, is placed adjacent to the anode, which
has an inherently positive charge, carrying an excess of holes. At this junction a
depletion region forms, with neither holes nor electrons. A positive voltage at the
anode makes the depletion region small, and current flows; a negative voltage at
the anode makes the depletion region large, preventing current flow. Further in this
unit, p-n junction diode are discussed in detail. The basic diode p-n junction is
used throughout the whole of the electronics industry today. Even it its basic form
as a diode, it is used in enormous quantities, but beyond that the p-n junction
forms the bedrock of much of today’s high-tech transistors and integrated circuits.
Without the PN junction, life today would be very different, and electronics would
be a very different scene.

2.1 OBJECTIVES

After going through this unit, you will be able to:
e Know about forward and reverse bias of diode

e Understand characteristics of forward and reverse bias of diode



e Discuss Zener diode and its construction

e Describe Zener diode as voltage regulator

2.2  p-n JUNCTION DIODE

The p-n junction thus formed in the previous section is a popular semiconductor
device known as p-n junction diode. The p-n junction diode has

e p-type material
e n-type material and
e Depletion layer or barrier potential

The electrode terminals are joined on both the sides of the p-n junction
diode, one on the p-type side and the other on the n-type side. The electrode
terminals are connected to the p-type and n-type materials using metals through an
ohmic contact. The schematic diagram of the p-n junction diode is given in Figure
2.1aand the circuit symbol of p-# junction diode is given in Figure 2.1b.

Cathode ~ Anode | | Cathode

\ hmic cont /

PN YUR&FSA Hiode
Fig. 2.1 (a) p-n Diode (b) Circuit Symbol of a p-n Diode

The terminal connected to p-type is called anode that represents the positive
polarity and the terminal connected to the n-type is called as cathode representing
the negative polarity. The circuit symbol of the diode resembles that of an arrow
representing the conventional current direction. The line after the arrowhead of the
circuit symbol represents the barrier potential.

Biased p-n junction diode

Biasing is the process of applying an external dc voltage to the device such that the
device works under the proper operating region. In p-n junction diode, based on
the potential of the battery or an external voltage source applied to the p-type
terminal and n-type terminal, biasing has been classified as

e Forward biasing

e Reverse biasing
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2.2.1 Forward biased p-n junction diode

HOLE JUNCTION ELECTRON
\ - REGION r- REGMON
| Resistor
s i “:—-!.. i L5
AR Al Sy —
o= i .-
g o llf wa =8
§y
! i~
|]
_— += = Lo Battery
BATTERY

Fig. 2.2 Forward Biasing of Diode

As shown in Figure 2.2, when positive terminal of the battery is connected
to anode or p-type and negative terminal of the battery is connected to the cathode
or n-type material the diode is said to be forward biased.

Working of the diode during forward biasing

During forward biasing, the positive terminal of the battery is connected to the p-
type material and the negative terminal is connected to the n-type. The electrons
from the negative terminal of the battery are injected into the n-type material. The
injected electrons have enough energy from the battery to cross over the barrier
potential when the applied voltage is greater than 0.7 V for a silicon diode. The
same time, the minority carriers in the p-type semiconductor of the diode get
attracted towards the positive terminal of the battery and moves towards the
positive battery terminal. This leaves behind a large number of holes on the p-type
side. As the electrons start moving from n-type to p-type side, it resembles as
though the holes move from p-type side of the diode to the n-type side of the
diode. The movement of an electron from n-type to p-type through the barrier
potential constitute electron current and conventional current flow (hole current)
flows from p-type to n-type of the diode. The conventional current is also called
as forward current.

Effect of depletion region during forward bias

It is to be recalled that, the depletion region has negative potential on the
p-type side (enough electrons on the p-type side) and a positive potential on the
n-type side (devoid of electrons on the n-type side). With forward biasing the
diode, the electrons flow into the depletion region, thereby reducing the positive
ions and increasing the negative ions. This decreases the width of the depletion
region.



2.2.2 Reverse Biased p-n Junction Diode
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Fig. 2.3 Reversing Biasing of Diode

During reverse bias, the positive terminal of the battery is connected to the
n-type material and the negative terminal of the battery is connected to the p-type
material. When the n-type material is connected to positive terminal of the battery,
electrons in n-type material gets attracted towards the positive terminal. On the
other side of the battery, the negative terminal of the battery injects more number
of electrons into the p-type side of the diode. This reduces the number ofholes in
the p-type side. As the potential of the battery increases further, the electrons that
are inside the depletion region are also attracted by the potential of the battery and
hence the electrons move towards the positive terminal of the battery creating
more number of holes in the depletion region as well. This process widens the
depletion region and hence making the electron crossover difficult. The current
conduction during reverse bias is majorly due to minority carriers and in the opposite
direction. When the potential applied to the diode is much larger, the reverse
breakdown of the diode takes place making the minority carriers to move much
swifter contributing to the large reverse bias current. This current is known as a
reverse breakdown current. On further increasing the reverse bias potential,
damages the diode due to an avalanche of electrons known as avalanche
breakdown occurs. The electrons gain enough energy to knock down other paired
electrons leading to multiplication of electrons.

Effect of depletion region during reverse bias

During reverse bias, the depletion region width increases due to the removal of a
huge number of electrons from the p-type side and holes from the n-type side of
the depletion region.

Check Your Progress

1. What is anode?
2. What is cathode?
3. What s biasing?
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2.3 V- CHARACTERISTICS OF p-n JUNCTION
DIODE

V-I characteristics of a p-n junction diode is plotted between the voltage applied
across the diode and current flowing through the diode. The magnitude of the
current flowing through the diode depends on the voltage applied across the diode.
Hence, the voltage is an independent parameter and the current is a dependent
parameter. The independent parameter, v is on the x-axis and dependent parameter
i 1s on the y-axis. The VI characteristics of the diode have two regions, forward
bias region and reverse bias region.

When the diode is forward biased, the diode conducts only after the
threshold voltage or knee voltage as shown in Figure 2.4.

+ Forward
] Current
C
Forward
Bias
Reverse
Breakdown
Volta
& q A v
- S m >
Reverse Voltage g/ B T Forward Voltage
-50mA .
y . Germanium v Germanium
Zener 0.7v Silicon
Braakdown -20mA Silicon
or Avalanche Reverse
Region Bias
D 1 Reverse

Y Current

Fig. 2.4 v-i Characteristics of Diode

The knee voltage for silicon-based diodes are around 0.7 volts and for
germanium-based diodes are around 0.3 volts.

The Internal Resistance of the Diode

The v-i characteristics also provide the internal resistance of the diode. The
resistance may be static resistance or dynamic resistance. The slope between
v and 7 in the characteristics gives the static resistance.

v
static Resistance, R = - =ohms
l

Av

dynamic resistance, » = A ohms
i



In the region between O and A of the v-i characteristics of the diode, the
increases slowly till they knee voltage. In this region, the resistance of the diode
is very large. In the region between A and C, the current increases drastically
very small applied voltage. The resistance calculated in this region is very small,
meaning, the diode offers very low resistance allowing huge current to flow
across it.

In the reverse bias region of the V I characteristics of the diode, the diode
does not conduct and hence almost 0 current flows through the diode. However,
there is a small current that flows inside the diode due to minority carriers in the
opposite direction of magnitude approximately in 4. This region is depicted in
Figure 2.4 as OB. On further increasing the negative voltage, reverse breakdown
occurs and after which the negative current increases drastically. For silicon
semiconductors, the reverse breakdown occurs approximately at -20 mA and
for germanium semiconductors, reverse breakdown occurs approximately at -
50 mA. This reverse breakdown region is also known as Zener breakdown
region. This region is known as Zener breakdown because a device known as
Zener diode which will be dealt in with further units operate predominantly in
this region.

Increasing the negative voltage further beyond the reverse breakdown
leads to a multiplication of electrons by avalanche leading to an avalanche
breakdown.

2.3.1 Diode Equation

The mathematical expression for the diode current as a dependent function on
diode voltage, that depicts the v-i characteristics of the diode is given by

)
\nVr

1210 e '—114

where, I,= Reverse Saturation current (A)
V' =Applied diode voltage (V)
V. = Temperature dependent voltage (V)

=kT= at 27°C

11600

1for Germainum dioes
N~ 2 for Silicon diodes

Also, k = Boltzmann’s constant =8.62 x 107 eV/°K
T = Temperature (°K)
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2.3.2 Comparison of Diode Breakdown Voltage

Basis For Avalanche Breakdown Zener Breakdown

Comparison

Definition The avalanche breakdown is a The process in which the electrons are
phenomenon of increasing the free | moving across the barrier from the valence
electrons or electric current in band of the p-type material to the
semiconductor and insulating conduction band of the lightly filled
material by applying the higher n-material is known as the Zener
voltage. breakdown.

Depletion Region | The depletion region is thicker The depletion region is thinner during
during avalanche breakdown. avalanche breakdown.

Junction The junction is destroyed. The junction is larger and not destroyed.

Electric Field The electric field across the diode is | The electric field across the diode is
weak stronger and in the opposite direction

Produces Pairs of electron and hole. Electrons.

Doping Avalanche breakdown is Zener breakdown occurs in heavily doped
predominant in diodes that are diodes and much before the avalanche
lightly doped. diodes.

Reverse potential | High Low

Breakdown Directly proportional to Inversely proportional to temperature.

Voltage temperature.

After Breakdown | Voltage varies. Voltage remains constant

2.3.3 Diode Equivalent Circuit

Equivalent circuits are circuits with passive circuit elements and active circuit
elements that replicate the behavior of the device. The basic model of the equivalent
circuit is given in Figure 2.5.

Ideal diode

iy

+ Rl - - +

Anode l/lCathode Anode Cathode

—o—o— —o o—

Closed circuit Open circuit

Forward Dia S

——~Reverse blas—Jp

0 v

(@) ®)

Fig. 2.5 (a) Basic Equivalent Circuit Model of the Diode,
(b) Ideal Diode Characteristics

The application of diode is it can be used as a switch on both On and OFF
condition. The ON condition of the diode is replaced as a switch in the closed



condition and the OFF condition of the diode is replaced as a switch in OFF
condition. Hence, from the characteristics, when the diode is ON, the current
conduct indefinitely with a zero applied voltage, i.e., it acts as a short circuit.
When the diode is OFF, the diode acts as an open circuit and hence the current
across the diode is zero with any voltage applied to it.

An ideal diode with a cutin voltage and zero internal resistance

But practically, ideal diodes does not exist and hence, on the introduction of the
cut in voltage property of the diode, the equivalent circuit gets modified as shown
in Figure 2.6.

A

Ip

0.7v. Vo
D 07V
Fig. 2.6 A Simplified Model of the Diode

The approximate equivalent circuit model with only the cut in voltage is also
called as a simplified model. In the forward bias, practical diodes offer, cut in
barrier potential or knee voltage potential of 0.7 V for silicon diodes and 0.3 V for
Germanium diodes. Hence, the equivalent circuit is modified to accommodate the
ideal diode with a battery presumed to be offering a barrier voltage of 0.7 V. Also,
it’s to be noted that, the battery is connected in reverse polarity of the applied
voltage during the forward biasing of the diode. The barrier potential voltage must
oppose the applied battery potential.

During reverse bias, the model follows the ideal diode model of approximation
and hence it is represented as an open circuit. The model under discussion offers
no internal resistance both during forward bias and reverse bias. Hence, the
characteristics does not offer any slope representation.

Piecewise linear model of a diode

The piecewise linear model of the diode offers internal forward resistance, R. The
change in characteristics is as shown in Figure 2.7 with knee voltage represented
as v,

0
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Piecewise linear diode model
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Fig. 2.7 Piecewise Linear Model of the Diode

The addition of internal forward resistance of the diode offers slope after
the threshold or knee voltage of the diode.

2.3.4 Application of Diode

Diodes are used is applications such as DC power supplies. DC power supplies
provide constant DC voltage output. It takes AC input voltage and with the help
of a transformer, rectifiers, filters, and regulators, it converts the input AV to DC.
The rectifier inside the DC power supply is the important circuitry behind the AC
to DC conversion. A simplified block diagram that represents the dc power supply
is given in Figure 2.8.
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Components of a typical linear power supply

Fig. 2.8 DC Power Supply



The rectifiers that convert AC voltages to DC voltages consists of diodes. Based
on the output waveform and based on the components used rectifiers are classified
as below.

(a) Half-waverectifiers

(b) Full waverectifiers

(c) Centre tapped full wave rectifiers
(d) Bridge rectifiers

Half-Wave Rectifiers

Half-wave rectifiers as the name implies rectifies AC to DC voltage in only for half
the wave cycle. Half-wave rectifiers contain a step-down transformer, a diode,
and a load resistance. The circuit diagram for half wave rectifier is as shown in
Figure 2.9 below

Vo e D EM :
- X 12 —
1~.|—|f£\:\-"-—':-t_1.}‘ + > 1 .III|l ,‘I-{(-é L‘ER —'L
I"-./'I "'-]‘J 2\ 1, ° | |
‘ - C"\.';:I __'.I L_ j Gﬂlﬂl

Fig. 2.9 Half Wave Rectifier
Working

The input voltage is an Alternating Current (AC) voltage given as

V.=V sint
Since the input voltage is an AC voltage, the input current is also an AC current
givenas

I =1 sint

During the positive input cycle, the transformer steps down the input voltage.

The secondary side of the transformer experiences the potential as shown in
Figure 2.9. The anode side of the diode experiences a positive voltage and cathode
side of the diode experiences a negative voltage. This makes the diode forward
biased and the diode conducts. The current flows through the diode and through
the load resistor. This current is the output current represented as /. Output voltage
1s experienced across the load resistor when current flows through it and hence an
output voltage similar to the input voltage cycle is obtained.

During the negative cycle of the input voltage, the primary side and the
secondary side of the transformer, experiences -/+ polarity across them. That is,
the anode experiences negative voltage and cathode experience positive voltage.
This polarity makes the diode reverse biased leading the non-conduction of the
diode. This is similar to the open circuit condition. As no current flows through the
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diode, there is no current through the load resistor as well. Therefore the output
voltage across the load resistor is zero.

The input-output voltage waveform for a half wave rectifier is as shown in
Fig2.10.

Fig 2.10 Input Output Wave Form for a Half Wave Rectifier
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- | L J‘ﬂfzd )+ 0
= 2x . [ d(wt)

T
J‘ 12, sin? ot d(mt)]
0

]ﬂ 12 (l (1—cos Zwt)) d(wt)]
5 2

= "’zﬂfﬂld( c)—fl s 2wt d(wt)
= - . > w 1 ZCUL\ w w

Dax L ]
2w 12

Vrms - ]rms x Rload
_ Imax Rluad
)
Peak Inverse voltage
Peak Inverse voltage (PIV) is defined as the maximum negative voltage appearing
across the reverse biased diode.

PV, =V
Ripple factor

The ripple factor is defined as the ratio of the output AC components to output

DC components of voltage/current.
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The total output current from a half wave rectifier contains both AC and
DC components. Therefore,

Ins = loc + 1

2 72  _ 72
Iac_Irms Idc

12
rms
= Idzc {12 - 1}
dc

Itis denoted as I
S
Vdc Idc

I, =—-<= <I”2“S — 1)
HW Idc Idzc

Efficiency

The efficiency of the half-wave rectifier is defined as the ratio of the output DC
power to the input AC power. It is given as

_ P, (output)
P, (input)
Where
Pdc = I(%c Rload
12

max
p— R
2 load

Pac = Pinput = Io%c (Rload + Rdiode )
12
= T;;GZX (Rload + Rdiode )

n= 4/71-2 (&)

Ripaa + Raiode

=~ 0.406
% M =40.6%



Summary
Average current [max
Iy =
T
RMS current I Imax
rms — 75
Peak Inverse Voltage (PIV) PlVyw = Viax
Ripple Factor [y = 1.21
Efficiency (%) % n = 40.6%

Full Wave Rectifiers

In full wave rectifiers, the input AC voltage is rectified in both the cycles. Full wave
rectifiers are of two types

1. Center tapped full wave rectifiers

2. Bridgerectifiers
Center Tapped Full Wave Rectifiers

These types of rectifiers employ a center tapped transformer, two diodes, and a
load resistor. The circuit diagram of such type of rectifiers is shown in Figure 2.11.

D, — Conducting

Rloa-i V“”‘
< t—>

D, — Not Conducting

‘,:I

I+
L

H Conducting

R Vi
~ l foad
I| 2 t—
~

1

Fig. 2.11 (a) Positive Cycle of Full Wave Rectifier in Center Tapped Transformer
(b) Negative Cycle of Full Wave Rectifier in Center Tapped Transformer

v

Working

Let the two diodes be diode D1 and diode D2. During the positive cycle, the
center tapped transformer induces a polarity as shown in Figure 2.11a. This induced
polarity makes the diode D1 forward biased and D2 reverse biased. Diode D2,
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while reverse biased acts an open circuit and diode due to forward biased acts as
a short circuit. Hence the direction of flow of current will be as shown in Figure
2.11a. Observing the direction of current flow across the output load resistor, the
current flows from the circuit to the ground through the resistor. Since the input
voltage is sinusoidal, the primary voltage, secondary voltage and secondary output
current are also sinusoidal in nature. During the negative input cycle, the induced
polarity on the secondary of the center tapped transformer will reverse which
makes the diode D1 reverse biased and D2—forward biased. Now, the direction
of flow of current will be from ground to load resistor through diode D, . In both
the cases, the direction of the current through the load resistor is same and hence
the output voltage cycle across the resistor is in the same direction and hence the
input-output cycle of the waveforms as shown in Figure 2.12 is obtained.

V.
V.
Ve
“ FWR D1-ON\ [D1-OFF\ { D1-ON
= |(Center| D2-OFF§ D2-ON ¥ DZ—DFFS
= tapped)
t—>

Fig. 2.12 The Input-Output Waveform of a Centre Tapped Transformer

t

av’

rms’

Irms = I d(wt)

gg
N

_ f 12d(wb) + j " 2t
LY 0

s

I
BT
S|~

[ r2m
f 12, sin? wt d(wt)]]
o

[ 21
f 2 ax ( (1 - cos Za)t))d(a)t)]
/o

2m 2n
J max f d(wt) — f cosZwtd(wt)]
0

max

I
- ST
:||H




1 Semiconductor Diode
_ ‘max

1
rms \/Z

Peak Inverse voltage

In full wave rectifier, when one diode D1 is conducting, D2 is reverse biased and NOTES
when D2 is conducting, D1 is reverse biased.

PV, =2V
Ripple factor

=0.48

Lower the ripple factor, lesser is the output waveform oscillations during the
rectification process. Lesser value of ripple factor ideally equal to zero is preferred.

Efficiency

P, (output)
P, (input)

Where
F,

e = Iazfchnad
_ 4l

max R
2 load
T

P = P = ch (Rload + Rdiode)

ac — " input
12
= ’;‘Uc (Rload + Rdiode)

R
n= 8 / RZ ( load ]
Rlaad + Rdiode

~(.812
%mn =81.2%

Self-Instructional
Material 31



Semiconductor Diode

NOTES

Self-Instructional
32 Material

Summary
Average current 27
av T
RMS current ]mm
rms \/E
Peak Inverse Voltage (PIV) PIV,, = 2Vmax
Ripple Factor FFW =048
Efficiency (%) %N =81.2%

Bridge rectifiers

Bridge rectifiers are also full wave rectifiers. The circuit diagram of the bridge
rectifier is shown in Figure 2.13. Bridge rectifier employs a transformer, 4 diodes,
and load resistor.

+
Vin
t—=>
—;D-L— => Forward biased
—Df— => Reverse biased
Vin
+

Fig. 2.13 Bridge Rectifier

During the positive cycle, the primary and secondary transformer windings are
induced with the polarity as shown in Figure 2.13. The diodes D2 and D3 are
forward biased as the anodes of both the diodes experience a positive polarity
from the secondary terminal of the transformer. At the same time, D1and D4 are
reverse biased as the cathodes of both the diodes experience positive polarity.
Therefore, the circuit path consisting of diodes D2 and D3 are equivalently short



circuited, whereas D1and D4 are open circuited. The current flows through the
diode D3, transformer, diode D2 and the load resistor during positive cycle. The
direction of the current flow is shown in dotted lines in the Figure 2.13. During
negative cycle, the diodes D2 and D3 are reverse biased, whereas D1 and D4
are forward biased. Therefore, the circuit path consisting of diodes D2 and D3
are equivalently open circuited, whereas Dland D4 are short circuited. The
current in the circuit now flows through D4, transformer, diode D1 and the load
resistor during the negative cycle. In both the cycles, thedirection of current through

theload resistor is the same and hence therectified output waveform asshownin
Figure2.14 isobtained.

V,
Vi /\
Bridge
2 3 = Rectifier] © 2 3
t—> L

Fig. 2.14 The Input-Output Waveform of a Bridge Type Transformer

Vou

The average value, RMS value, ripple factor, and efficiency expressions are
the same as derived for the center tapped transformer and given as below:

[av = e
T
1
s =52
P]VFW = Vmax
I, =048
n=0.812

It should be observed that the PIV voltage of the bridge rectifieris V,  as
against the centre tapped transformer rectifier value of 2V .

Bridge rectifiers are advantageous than the other types of rectifiers for the
following reasons:

1. They provide rectification in both the cycles
2. They have higher rectification efficiency

3. They have lower ripple factor

4. They have lower PIV voltage

5. They do not require bulk transformers to operate
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Comparison of Rectifiers

SI. | Metrics parameter Half wave rectifier | Centre tapped Bridge rectifier
No transformer rectifier
1 I, I 21, 21
K3 K3 K3
2 L g Ly L L
2 V2 V2
3PV Vs 2V Vs
4 Ripple factor 1.21 0.48 0.48
5 Rectification Efficiency 40.6% 81.2% 81.2%
6 Is the transformer May be required Yes May be required
required?
7 Type of transformer Step down Center tapped Step down
8 Number of diodes 1 2 4
9 Output waveform i

Filters

The rectified output voltage from the rectifier is not a pure DC output voltage,
hence shaping of the waveform is required. Shaping includes converting the
oscillating cycle in the positive direction to a pure DC waveform. This step is
accomplished using a filter circuit and a regulator circuit. The shaped waveform
after a filter circuit is shown in Figure 2.15.

Voltage [ | Step Down Full Wave
Source | |Transformer|[ | Rectifier Filter = t—>

Cp Ly L

Fig. 2.15 Block Diagram of a Filter Circuit

Filter circuit or network may consist of a capacitor, a combination of
capacitor and inductor, a T network etc. Also, the ripple factor of the half wave
rectifier and full wave rectifier are 1.21 and 0.48 respectively. The lesser the ripples
or in other words, lesser the value of the ripple factor, better is the rectified output
voltage. Based on the structure and components used in filter circuits they may be
classified as

e (Capacitor filter
e Inductor filter



e network filter
e network filter

e [ section filter

Capacitor filter

The circuit diagram employing half wave rectifier and a capacitor filter is shown in
Figure 2.16a. Similarly, a circuit diagram employing a abridge rectifier and a
capacitor filter is shown in Figure 2.16b.

(:1)

1S

Load \U(nut

1

Fig. 2.16 (a) Half Wave Rectifier with C Filter, (b) Full Wave Rectifier with RC Filter

)

Working (HWR with Capacitor filter)

During the forward positive cycle, when the diode is forward biased, the current
flows through the diode and load resistor. During this cycle, the capacitor gets
charged forcing the output voltage to follow the capacitor voltage, since capacitor
and load resistor are connected in parallel. The charging time depends on the
T =R, C of diode resistance and capacitor.

During the negative cycle, when the diode is reverse biased, the diode acts
as an open circuit and the charge stored in the capacitor discharges through the
load resistor. The discharge depends on the R, C constant of the load resistor and
the capacitor. From the output waveform of Figure 2.17, the rectifier output voltage
is shaped to a near DC voltage thereby achieving a better smaller ripple factor.
Figure 2.17 represents the input-output waveforms for both half and full wave
rectifier filter circuits. In half wave rectifier filter circuit, the discharging time is
longer for one complete negative cycle of the rectifier input, whereas in full wave
rectifier filter circuit, the discharging time constant is from one peak to the next
immediate peak of the rectifier output. Full wave rectifier filter output is closer to a
DC waveform than the half wave counterpart.

Semiconductor Diode

NOTES

Self-Instructional
Material

35



Semiconductor Diode

36

NOTES

Self-Instructional
Material

Win &

st}
Vin 4
2 ! a A5 ;
Vet y : H - . . ) .
i- ‘.:.' ! .::. "i.; .
2 3 4 5
(bl

Fig. 2.17 Input-Output Waveform for a) HWR with C Filter, b) FWR with C Filter.

The ripple factor for an FWR with capacitor filter is given as

Lo
4\/§f CRload

Where f =input voltage frequency, (normally 50 Hz)
C = Capacitor value of the filter (uF)

R, .= load resistor in ohms

Proof

Let ¥ be the maximum amplitude of the rectified voltage and ¥ be the ripple

voltage peak to peak magnitude. Therefore the actual amplitude will be equivalent
to the difference between the maximum amplitude and the ripple voltage of the

filtered waveform. Hence, from the Figure 2.18, V. voltage is given as



Semiconductor Diode
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Fig. 2.18 Ripple Voltage Waveform from the Filtered Circuit
V.
Vav = Vm - -
2

V. voltage has both dc and ac components and hence,

’ rv

V: =
rms 2\/5

The relation for capacitance C'is given as

C=0/V
Therefore,
),
V - 2 - o av
C C 2fC
v, =V, ——e
4fC
Ripple factor,
= @
Ve,
I
1—‘ _ av
23x2fCy,
I
1—‘ _ av
23%2fC(I,R,.,)
1

r=———
4\/§ X fCRload
LC Filter

The circuit diagram of an LC filter is as shown in Figure 2.19. The LC filter consists
of L in series with parallel RC combination. The capacitor in the LC works as
described in RC filter, that is it charges during the positive cycle and discharges in
the negative cycle. The rate of charging is now affected by the series inductance.
Since current across inductance does not change instantly, the charging of the
capacitor also does not occur instantly, but charges at a differential rate with respect
to time (dv/df). The ripple factor for a LC filter is given as
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4,

I _ max

“ 32n(ol)

Vac = [ac X(L)
oC

4y

max

" 3V2n(w’LC)

4V, ..
. 3x/5ir(a)2LC) V21

2V, 3 0’LC

T
0.4714

T WLC

:

P

HWR L
load Vuut

or
FWR C-I_
O

Fig. 2.19 LC Filter

nt Filter

The block diagram of a T network is shown in Figure 2.20. The nnetwork consists
of two shunt branch and a series branch. The shunt branches consists of capacitors
C, and C,, the series branch consists of inductor L. The combination of C, C,
and L performs the filtering operation. Following similar steps for other filters
discussed earlier, the ripple factor is given as

2 1

8 w’LC,C,R,,,

L
HWR | | 1 1
or 2R,V

Fig. 2.20 = Filter




Regulators

The output voltage obtained from the filter circuit is still not in a pure DC form,
hence as a last stage of the rectification process, regulators are used to obtaining a
pure DC output voltage waveform. Regulators are generally integrated circuits
(ICs). Some of the IC regulators are as below with a regulated output voltage.
Most ICs are three terminal devices, consisting of input terminals, output terminals,
and a ground terminal. These ICs are well protected against thermal protection,
short circuit protection etc. These ICs have a reference voltage signals to operate.
They are available at different levels of voltages that include positive and negative
voltages as depicted in the table below. For additional surge protection for this
voltage regulator ICs, and also to obtain pure dc output voltage waveform,
capacitors are connected at the last stage in parallel with the load resistor R,
after the ICs as shown in Figure 2.21. The regulator circuit shown in Figure 2.21
employs center tapped full wave rectifier. The capacitors C1 offers filtering to the
rectified output and capacitor C2 offers surge protection for the regulator IC.

IC Output | IC Output
voltage voltage
7802 +2V 7902 -2V
7805 +5V 7905 -5V
7810 + 10V 7910 - 10V
7812 +12V 7912 - 12V

D1
% 1w 7805 vo |2
INPUT z
4 4 c2
230V 50Hz 0 —= TEr 7 - ¢ ouTtPUT

- D2
N
%)

Fig. 2.21 IC Regulator with Surge Protection using Center
Tapped Transformer Rectifier

Check Your Progress

4. What 1s static resistance?

e

What is the mathematical expression for the diode current as a dependent
function on diode voltage that depicts the v-i characteristics of the diode?

What is avalanche breakdown?
What is Zener breakdown?
What is peak inverse voltage?
What is a rectifier?

A A I
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2.4 ZENER DIODE

Zener diodes are special purpose diodes that are used to operate in the reverse
biased condition. The Zener diodes are similar to p-n junction diodes with a
difference in the doping process. The Zener diodes are heavily doped such that
the impurity concentration alters the breakdown voltage of the diode. Heavy doping
results in a reduction of the reverse breakdown voltage of the diodes. The
difference between the normal p-» junction diodes and Zener diodes is the reverse
breakdown voltage of Zener is much smaller when compared to the p-n junction
diodes. Zener diodes are operated in the reverse breakdown region. Zener diodes
can withstand a large change in reverse currents for a minimal change in reverse
voltages, hence Zener diodes are preferred as voltage regulators. In other words,
the Zener diode when connected in reverse bias, they can hold the voltage across
the terminal for a large change in reverse current across it.

The circuit symbol of the Zener diode is shown in Figure 2.22. The circuit
symbol is similar to the p-n junction diode except for the cathode portion of the
symbol is modified to represent “Z” of Zener.

o S| o
A “ K

Fig. 2.22 Zener Diode Symbol

The v-i characteristics of the Zener diodes exhibit similar characteristics that of
the normal p-n junction diode, but the difference in the reverse break down voltage.
The v-i characteristics of the Zener diode are as shown in Figure 2.23. In the
forward bias region for positive input voltage, after the threshold voltage or knee
voltage, the Zener diode, similar to the p-n junction diode increase abruptly and
behave as a short-circuited element. In the reverse biased region, for a negative
input voltage across the Zener diode, they exhibit two types of breakdown voltages.
They are

1. Avalanche breakdown voltage
2. Reverse breakdown voltage

Reverse breakdown voltage occurs due to the flow of the minority carriers
as a result of the breakdown of the p-n junction. The minority carrier current
increases abruptly even for a slight change in the reverse applied voltage. For a
large reverse bias voltage beyond the breakdown, Zener has the capacity to hold
the voltage even for a large change in reverse minority current. The reverse voltage
V_at which the reverse breakdown occurs is called as Zener voltage.



FB
Zener
Operating Region (—\

V[H

>V

—> Zener Breakdown

v

Avalanche Breakdown

Fig. 2.23 V-1 Characteristics of the Zener Diode

Avalanche breakdown voltage occurs when the reverse input voltage is
further increased beyond the reverse breakdown voltages. The conducting minority
carriers achieve huge momentum bombarding other atoms resulting in an avalanche
of electron multiplication through bombarding. Beyond avalanche breakdown, the
diode results in damage. The avalanche breakdown inside the diodes is represented
in Figure 2.24. The process of multiplication of electrons due to the bombardment
of excited electrons is called avalanche multiplication. The resulting breakdown
due to continuous electron multiplication is called avalanche breakdown.

— P

Fig. 2.24 Avalanche inside a Diode

The equivalent circuit of the Zener diode is given in Figure 2.25. Under

ideal condition, the Zener diode is equivalent to a voltage source generating a

Zener voltage V. Considering the internal resistance of the Zener diode, the practical
equivalent circuit is given in Figure 2.25.
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~ 1,

(i) (i) Actual case (111) ideal case

(? Cathode
j R, V,

Fig. 2.25 Equivalent circuit of a Zener Diode

The power dissipated across the Zener diode is given as

Py =V, X1

Z(max Z(max)
Where, /_is the reverse current that flows through the Zener diode.

Application of Zener diode

Zener diode finds many applications such as

e voltage regulators
¢ wave shaping circuits

e Clippers and clampers.

2.4.1 Zener Diode as a Voltage Regulator

Types of voltage regulators

There are different types of voltage regulators based on the type of configuration
of the voltage regulator elements used. The voltage regulator elements may be a
Zener diode, transistor, and its various configurations, operational amplifiers etc.

Following are the types of the voltage regulators based on whether the regulator
elements are connected in series, shunt or in a combination of both. They are

e shunt regulators
e series regulators
e SMPS

Shunt and series regulators are further classified as given below.
Shunt regulators

e Zener regulator

o Transistorized shunt regulator



Series regulators

o Emitter follower regulator
¢ The controlled transistor series voltage regulator
e Transistor current regulator
e Variable feedback regulator
Switched mode regulators or switched mode power supply (SMPS)

Shunt Voltage Regulator

A voltage regulator employing a Zener diode is shown in Figure 2.26. Since the
Zener diode is connected in parallel with the load resistor, such type of voltage
regulators are called as shunt voltage regulators. The objective of the voltage
regulator is to provide to constant output voltage across the load resistor despite
the change in input voltage or output resistance. The Zener diode is reverse biased
by the input voltage. When the input voltage is increased, the current from the
source voltage also increases. The output current across the fixed load resistor
remains constant, whereas, in order to obey Kirchoff’s current law (KCL), the
increased current, flows through the Zener diode. Though there is an increase in
the current through Zener diode, since they operate in the reverse breakdown
region, the output voltage which is the Zener voltage does not vary. Hence the
circuit shown in Figure 2.26 is used as a voltage regulator.

Unregulated

Input _
Power Vo=V
Supply -L

Fig. 2.26 Zener Diode in a Series Voltage Regulator

Working of a voltage regulator

Let current / flows through the series resistance. The series resistance is also called
as a current limiting resistance. The load current /, flows through the load R, ata
constant Zener voltage V,. Current through the Zener diode is Z,.

Total current in the circuit is
I=1+1

Input voltage from the source is determined by applying KVL in loop 1,
V,=V,+ IR
Vi = VZ+([Z+IL)R
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When there is an increase in the load current /,, the Zener current /,
decreases to maintain constant input current 7 . The change in 7, does not make
asignificant change in V, , since they operate in the reverse breakdown region.
Hence from the V, equation, both V, and jg remains constant, thereby
maintaining the output voltage V, . =V, .

ut

Regulation

There are two types of regulations of voltage. They are line regulation and voltage
regulation.

Line regulation: In line regulation, the output load resistance is varied with the
fixed input voltage. Since the load resistor is fixed, the output voltage is constant
till the value of the load resistance is above a minimum value.

Vi v,

o—load Full-load % 100

%R =
No—load
Voltage regulation: In voltage regulation, as the name implies, the input voltage
1s changed and the change in the output voltage is observed with fixed input and
output resistances.

%R = dVO %100
av

Fixed voltage DC power supply circuit

Fixed DC power supply circuit consists of the following components:
¢ Transformer:
o The transformer may be a step-down or center tapped transformer
¢ Rectifier circuit
o Rectifier circuit may contain a half wave or a full wave rectifier circuit
e Filter circuit
o Filter circuit may employ a capacitor, inductor-capacitor, 7 type filters
e Regulator circuit

o These are voltage regulator IC’s
Sample Short Questions

1. Define and explain Peak Inverse Voltage (P1V)

Ans. Peak inverse voltage is the maximum reverse voltage that can be applied to
the p-n junction without damage to the junction. If the reverse voltage across the



junction exceeds its peak inverse voltage, the junction may be destroyed due to
excessive heat.

2. Explain the terms knee voltage and breakdown voltage?

Ans. Knee voltage: The forward voltage at which the current through the p-n
junction starts Increasing rapidly is known as knee voltage. It is also called as cut-
in voltage or threshold voltage. Breakdown voltage: It is the reverse voltage of a
p-n junction diode at which the junction breaks down with sudden rise in the
reverse current.

3. What is avalanche breakdown in p-n junction diode?

Ans. The avalanche breakdown takes place when both sides of the junction are
lightly doped and due to this, the depletion layer is large. When the reverse bias
voltage is increased the accelerated free electrons collide with the semiconductor
atoms in the depletion region Due to the collision, the covalent bonds are broken
and electron-hole pairs are generated. These new charge carriers so produce
acquire energy from applied potential and in turn produce additional carriers. This
forms a cumulative process called avalanche multiplication, this causes the reverse
current to increase rapidly. This leads to the breakdown of the junction known as
avalanche breakdown.

4. Define Static resistance and Dynamic resistance?

Ans. The resistance offered by the diode to DC operating conditions is called
“Static resistance” and the resistance offered by the diode to AC operating
conditions is called “Dynamic resistance”.

5. Draw the input-output waveforms of half wave rectifier and full wave
rectifier.

Input Voltage

\"m
2 /\ /\ Time(t)
i T T T 1 a.c. input

Qutput Current voltage E E
14 | . . . l : :
m H H

(=]

I 7w £ P
YN/ V7Y
n 2n 3n iz Sz Time(t) T
Output Voltage
v, | d.c. output : i i : :
Vi 7= N\ voltage
NIV NTV N P 1 1 e
0 n n 3n 4z 5T Time(t) H : : ; i
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6. Compare the half-wave rectifier, center tapped transformer rectifier

and bridge rectifier for I , I , PIV, 1, Ripple factor.
Sl. | Metrics parameter Half wave Centre tapped Bridge
No rectifier transformer rectifier
rectifier
1 I, L 21, 21,
n E3 K2

2 L, L L Ly
2 V2 V2

3 PIV Vmw( 2Vmax Vmw(

4 Ripple factor 1.21 0.48 0.48

5 Rectification Efficiency 40.6% 81.2% 81.2%

Check Your Progress

10. What are Zener diode?
11.

What are the types of breakdown in the Zener diode?

2.5

ANSWERS TO CHECK YOUR PROGRESS
QUESTIONS

. The terminal connected to p-type is called anode that represents the positive
polarity. and

. The terminal connected to the n-type is called as cathode representing the
negative polarity.

. Biasing s the process of applying an external dc voltage to the device such
that the device works under the proper operating region.

. . v
. Static Resistance,R = —=o0hms
i

. The avalanche breakdown is a phenomenon of increasing the free electrons
or electric current in semiconductor and insulating material by applying the
higher voltage.

. The process in which the electrons are moving across the barrier from the
valence band of the p-type material to the conduction band of the lightly
filled n-material is known as the Zener breakdown.



10.

I1.

. Peak Inverse voltage (PIV) is defined as the maximum negative voltage

appearing across the reverse biased diode.
The rectifier is a circuit which converts AC to DC signal.

Zener diodes are special purpose diodes that are used to operate in the
reverse biased condition. The Zener diodes are similar to p-» junction diodes
with a difference in the doping process.

Zener diode exhibits two types of breakdown voltages. They are avalanche
breakdown voltage and reverse breakdown voltage.

2.6

SUMMARY

Rectifiers are classified as half wave and full wave rectifier.

Half-wave rectifiers conduct for only one half of the cycle.

Full wave rectifiers conduct for both the cycles of the input waveform.
Full wave rectifiers may be center tapped or bridge rectifier.

Center tapped transformers are bulky and costly as it employs transformers.
Bridge rectifiers are preferred over center tapped rectifiers.

The maximum negative voltage across areverse biased diode is called a
peak inverse voltage.

The power supply consists of rectifiers, filters, and regulators.

Filters are used to reduce the ripple voltage of the rectified output voltage
from the rectifier.

Regulators are IC’s used to smoothen the DC output voltage from the filter.
The Zener diode is made of heavily doped atoms.
The Zener diode is mainly used as voltage regulators.

Regulation may be classified as line regulation or load regulation.

2.7

KEY WORDS

Diode: A semiconductor device with two terminals, typically allowing the
flow of current in one direction only.

Voltage: An electromotive force or potential difference expressed in volts.

Atom: An atom is the smallest constituent unit of ordinary matter that has
the properties of a chemical element. Every solid, liquid, gas, and plasma is
composed of neutral or ionized atoms.

Rectifier: An electrical device which converts an alternating current into a
direct one by allowing a current to flow through it in one direction only.
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2.8

SELF ASSESSEMNT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. Listthe applications of p-n junction diode:

2. What is the need for the filter? Draw the typical output from a filterin a

wn kW

power supply circuit.

. What are the types of rectifiers?
. What are the different types of voltage regulators?
. Draw the v-i characteristics of a Zener diode.

. Draw the block diagram of a DC power supply.

Long-Answer Questions

I.

Draw the circuit diagram and explain the working of half wave rectifier and
derive the expression for average output current and rectification efficiency.

. Draw the circuit diagram and explain the working of the full wave bridge

rectifier and derive the expression for average output current and rectification
efficiency.

. Explain the operation of FWR with center tap transformer. Also derive the

following for this transformer (a) DC output voltage, (b) DC output current
(c) RMS output voltage. (d) Rectification efficiency.

. Compare half-wave rectifier, full wave bridge rectifier, and center tap

transformer rectifier.

5. Explain the construction and working of Zener diode with a neat sketch.

6. Discuss Zener series regulator.

2.9
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3.0 INTRODUCTION

This unit discusses the different types of special purpose diodes. Special purpose
diodes are formed based on different types of doping techniques. Special purpose
diodes such as Schottky diodes, tunnel diodes, and light emitting diodes will be
discussed in this module. Each type of diodes have a different circuit symbol,
different applications and characteristics to be used for special purposes only.

3.1 OBJECTIVES

After going through this unit, you will be able to:
e Know about Schottky diode
e Discuss Tunnel diode

e Understand LEDs and their applications.

3.2 SCHOTTKY DIODE

A Schottky diode is different from the normal p-n junction diode in many different
ways as discussed below. The Schottky diode has a different circuit symbol as

shown in Figure 3.1.
Anode M Cathaode

Fig. 3.1 Schottky Diode Circuit Symbol
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The anode part of the diode is similar to the p-n junction diode but the
cathode of the diodes is “S” shaped representing the Schottky. The main difference
between the p-n junction diode and the Schottky diode is the forward voltage
drop (V) of the p-n diode is much higher than the Schottky diode. Schottky
diodes have a Vfof around 0.2 volts to 0.5 volts, whereas p-n junction diodes
have a v, 0f0.6 V to 0.8 V. Since the voltage drop across the diode is very less,
the power dissipation in the form of heat is also very less for Schottky diodes
when compared to p-n junction diodes. In Schottky diodes, the conduction is
through only one type of charge carriers and hence they are unipolar devices.
Unipolar devices are devices in which the current conduction takes place through
only one type of charge carriers that is either through electrons or through holes.
Schottky diodes are mainly used in SMPS (Switched mode power supply) circuits,
due to low temperature rise and high switching speed of the diode between ON
and OFF states. The reverse recovery current of Schottky diode is very less
compared to any other diodes. When a diode is switched OFF, the time taken by
the forward flowing current to die down is called as reverse recovery time. The
Schottky diode experiences a very short breakdown voltage of around 20 to 40
voltage as against ~200V in a normal p-n junction diode. With such short
breakdown voltages, the Schottky diodes are very much unsuitable for rectifier
operation.

Construction

Schottky diodes consist of an n-type semiconductor and a metal thereby forming
ametal-semiconductor junction similar to p-z junction in normal diodes. In an n-
type semiconductor, the majority carriers are electrons and the majority carriers in
ametal are also electrons. The electrons in the n-type semiconductor exhibit a
higher kinetic energy than the electrons on the metal regions. The injected electrons
with high kinetic energy from the n-type to the metal side are called hot carriers.
The construction of the Schottky diode is represented in Figure 3.2.

Gold Leaf Metal Contact
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Fig. 3.2 Schottky Diode



When the p-type and metal comes into contact, the electrons get injected to
the metal side leading to depletion of electrons on the n-type semiconductor. As
more electrons get injected into the metal, an electron wall is created on the metal
side. This region is similar to the depletion region of the p-n diode. In this region
with depleted electrons on one side and the electron wall on the other side create
a charge-free region. This charge-free region does not hold any charges and hence
cannot store any charge during the process of switching from positive to negative
and negative to positive input polarity. Such kind of diodes is very much useful for
the high-speed switching applications. These diodes can also be used for frequencies
ranging around 300 MHz where the switching speed between the polarities is very
high. In p-n junction diodes, when the input voltage frequencies increases, due to
the inability of the charge carriers to reverse the direction of flow during the change
in the polarity, they exhibit a negative current leading to charge storage inside the
depletion region of the p-# junction diode. This drawback of p-# junction diode
can be avoided using Schottky diodes. The v-i characteristics of the Schottky
diode are given in Figure 3.3. The characteristics of the Schottky diodes in
comparison with the p-n junction diode exhibits a lower breakdown voltage.
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Fig. 3.3 Characteristics Comparison of Schottky Diode and p-n Junction Diode

Special - Purpose Diodes

NOTES

Self-Instructional
Material

51



Special - Purpose Diodes

NOTES

Self-Instructional
52 Material

3.2.1 Difference between the Schottky Diodes and the p-n Junction

Diodes
Paramater p-n junction diode Schottky diode
Junction Semiconductor to semiconductor Semiconductor to metal
Carriers ’ Minority and majority Only majority
Reverse recovery time | More Less
Barriar potential More about 0.7 V Less aboul 0.25 V
Breakdown voltage Mara Less
Switching spead Less High
PIV rating More Less
Frequency range Upto 10 MHz Very high mare than 300 MHz

Characteristics /
grw Y {—'I D25V v

- —— | &

Check Your Progress

———

1. What is the difference between Schottky diode and p-n junction diode?
2. What are unipolar devices?

3. What is reverse recovery time?

3.3 TUNNEL DIODES

A tunnel diode is another special purpose diode similar to p-n junction diode but
with the difference in doping. Tunnel diode is exposed to very high doping of the
order of 1 part in 10* impurities. Tunnel diode works on the principle of tunneling.
The process of tunneling can be best explained using the energy band diagram of
the tunnel diode. The circuit symbol of the tunnel diode is given in Figure 3.4. The
anode part of the symbol is similar to the other types of the diode, but the cathode
part of the diode resembles the letter "T" of the tunnel.

Anode m Cathode

Fig. 3.4 Circuit Symbol of the Tunnel Diode




Working of the tunnel diode:

The working of the tunnel diode is explained after a brief working of the normal p-
n junction diode with respect to the energy band diagram as shown in Figure 3.5.
During the forward bias of the p-n junction diode, the electrons in the conduction
band of the n-type material have to overcome the energy barrier or known as
electron hill to move to the conduction band of the p-type material.

-
Electrons pass

et thia hartie Energy Hill
N-type
Ec YP Electrons
E Oo » @ 00
7
L Ec
L} Ev 1
¥} )
&) [ BB . SR ES E
0 0 “
Holes Ev
Ec = conduction band
Ev = Valence band
EG = Energy gap

Ordinary P-N junction diode
Fig. 3.5 Energy Band Diagram of the p-n Junction Diode.

In tunnel diodes, since the diode is heavily doped, the energy level of the p-
side and the n-side are very different as shown in Figure 3.6. Unlike the conventional
diodes, the energy level of the conduction band of the n-type is in line with the p-
type valence band as shown in Figure 3.6. Also, due to heavy doping, the depletion
region is very thin making the energy hill much steeper. When a very low positive
voltage is applied, the electrons instead of climbing through the energy hill, it tunnels
from the conduction band of the n-type to the valence band of the p-type without
overcoming the energy hill barrier. The above tunneling effect can also be observed
as since the depletion region is very thin and the electrons have a very large
energy level, they penetrate the depletion region with ease at a very high velocity.

Ec

Electrons tunnel

through the barrier Eu

Ec = Conduction band
Ev =Valence band

Fig. 3.6 Energy Band Diagram of the Tunnel Diode.
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When a slightly positive voltage is applied to the tunnel diode, due to the
tunnel effect, the tunnel current increases without any forward conduction current.
The characteristics of the tunnel diode is shown in Figure 3.7. When the applied
voltage is increased further, the energy level of the p-type and n-type side will be
atthe same level maximizing the tunneling effect. At this moment, maximum tunneling
current flows through the diode. On further increasing the applied voltage, the
energy level the n-type semiconductor is much higher than the p-type side leading
to misalignment of both the conduction bands of p and n-type sides. This leads to
a decrease in the tunneling current. This property of decrease in the tunneling
current is an important property of the tunnel diode. Obtaining the slope at this
point of the curve provides negative resistance of the diode. On further increasing
the applied voltage further, the energy level of the n-type side rises further leading
to complete misalignment for the tunneling process. This makes the tunneling current

to zero and the current flows inside the diode similar to the normal p-n junction
diode.
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Fig. 3.7 The Stages of Tunneling Effect in the Tunnel Diode
using Energy Band Diagram



3.4 LIGHT EMITTING DIODES

Light Emitting Diodes (LEDs) are another common special purpose diodes. The
LED emits light when it is forward biased and hence they are optical diodes. The
circuit symbol of LED is similar to the p-n junction diode, except that two arrows
pointing outwards from the diode is represented depicting the emission of light
rays. The circuit symbol of LED is shown in Figure 3.8.

72

—pf-

Fig. 3.8 Circuit Symbol of Light Emitting Diode (LED)
Construction and Working

LED consists of a p-n junction structure. The majority carriers in p-type are holes
and the majority carriers in n-type are electrons. When a forward biased voltage
1s applied, the electrons and the holes recombine. The process of recombination
leads to the dissipation of energy by the electrons. The magnitude of the energy
released during the process of recombination determines the colour of the light
dissipated. When the electrons in the conduction band of n-type semiconductor,
recombine with the hole in the valence band, the release energy equivalent to the
band gap energy given as
E =hf

4

{5
Where i = Planck’s constant = 6.62607004 x 10-** m? kg/s
f=TFrequency (Hz)
c = Velocity of light (m/s)
L= Wavelength of the light (A)

When the released energy corresponds to the visible spectrum in the range
of 4000 A to 8000 A of wavelength, the light rays are produced.
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Fig. 3.9 (a) LED Working (b) Construction

LED consists of three layers of semiconductor that includes a p-type material,
n-type material and the active region. Active region is equivalent to the depletion
region of the p-» junction diode. The region is said active because the process of
recombination and the dissipation of photons takes place primarily in this region of
the LED. The given structure in Figure 3.9b consists of photons released in all
directions, but the direction of light emission can be focused in a particular direction
using the reflectors inside the LEDs.

The practical construction of the LED as shown in Figure 3.10 consists of
longer anode terminal and the shorter cathode terminal. The anode terminal is
connected to the anvil and the cathode to the post terminal. Anvil and Post are
together called as lead frames that establish the contacts. The semiconductor die
that consists of p-type, n-type and the active region is placed inside a reflective
cavity. The reflective cavity is housed in the post of the lead frame. A thin wire strip
connects the semiconductor die and the anvil of the anode. The said construction
is enclosed in a protective transparent casing such that the light emitted is augmented
by the reflector placed inside the LED and the casing prevents from stronger
radiation of photons during the forward biasing of the LED.

Epoxy lens/case
Wire bond
Reflective cavity

Semiconductor die

Anvil

Leadframe
Post }

Flat spot

Anode [ ] Cathode

Fig. 3.10 Practical LED



Colours in LED:

The colour light rays dissipated by LEDs depend on the magnitude of the photons
released by the electron hole recombination in the active region. The visibility of
the radiated light rays is decided based on its wavelength (1. Figure 3.11 represents
the LED light spectra based on the wavelength. The visible light output for different
colours are red is visible at 650 nm, orange at 580 nm, green at 550 nm, blue at
470 nm etc.,

400 A50 ESOﬂ 550 BO0 650 FO0 nm
£
5 E 2 a4 o
= o =z e Te T g 2@
e 8z ¢ § 33 25 3§ -
Z& &A@ =& v #2o #2485 &85 &

Fig. 3.11 LED Spectra

Directivity of LEDs

LEDs are highly directional devices. They emit light within +15° from the center of
the main love of the light. Reflectors are placed around the LED semiconductor to
increase the directivity angle of the visible light. The light radiation pattern is as
shown in Figure 3.9. The color spectra of the light can be achieved by proper
doping of'the n-type and p-type materials. Due to unavailability of sophisticated
fabrication processes, white LEDs are generated which are encapsulated with the
desired colored capsule.

Types of Light Emitting Diodes
There are different types of light emitting diodes present and some of them are
mentioned below.

¢ Gallium Arsenide (GaAs) — infra-red

e Gallium Arsenide Phosphide (GaAsP) —red to infra-red, orange

e Aluminium Gallium Arsenide Phosphide (AlGaAsP)—high-brightness red,
orange-red, orange, and yellow

¢ Gallium Phosphide (GaP) —red, yellow and green
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Special - Purpose Diodes ¢ Aluminium Gallium Phosphide (A1GaP)— green
¢ Gallium Nitride (GaN) — green, emerald green
¢ Gallium Indium Nitride (GalnN) —near ultraviolet, bluish-green and blue
NOTES e Silicon Carbide (SiC) — blue as a substrate
e Zinc Selenide (ZnSe)—blue
¢ Aluminium Gallium Nitride (AlGaN)—ultraviolet

Applications of LED

LEDs are used in
e LED isused as a bulb in the homes and industries
e The light emitting diodes are used in the motorcycles and cars
e These are used in the mobile phones to display the message
o Atthe traffic light signals LEDs are used

Check Your Progress

4. What are tunnel diodes?
5. What are LEDs?

6. What is the value of Planck’s constant?

3.5 ANSWERS TO CHECK YOUR PROGRESS
QUESTIONS

1. The main difference between the p-n junction diode and the Schottky diode
is the forward voltage drop ( Vf) ofthe p-n diode is much higher than the
Schottky diode. '

2. Unipolar devices are devices in which the current conduction takes place
through only one type of charge carriers that is either through electrons or
through holes.

3. When a diode is switched OFF, the time taken by the forward flowing
current to die down is called as reverse recovery time.

4. A tunnel diode is another special purpose diode similar to p-n junction
diode but with the difference in doping. Tunnel diode is exposed to very
high doping of the order of 1 part in 10° impurities.

5. Light Emitting Diodes (LEDs) are another common special purpose diodes.
The LED emits light when it is forward biased and hence they are optical
diodes.

6. Planck’s constant =/ =6.62607004 x 1034 m? kg/s
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3.6 SUMMARY

o The main difference between the p-n junction diode and the Schottky diode

is the forward voltage drop (ofthe p-n diode is much higher than the Schottky
diode.

The reverse recovery current of Schottky diode is very less compared to
any other diodes. When a diode is switched OFF, the time taken by the
forward flowing current to die down is called as reverse recovery time.

The Schottky diode experiences a very short breakdown voltage of around
20 to 40 voltage as against ~200V in a normal p-# junction diode.

The injected electrons with high kinetic energy from the n-type to the metal
side are called hot carriers.

A tunnel diode is another special purpose diode similar to p-» junction diode
but with the difference in doping. Tunnel diode is exposed to very high
doping of the order of 1 part in impurities. Tunnel diode works on the principle
of tunneling.

Light Emitting Diodes (LEDs) are another common special purpose diodes.
The LED emits light when it is forward biased and hence they are optical
diodes. The circuit symbol of LED is similar to the p-n junction diode,
except that two arrows pointing outwards from the diode is represented
depicting the emission of light rays.

3.7 KEY WORDS

¢ Diode: A semiconductor device with two terminals, typically allowing the

flow of current in one direction only.

¢ Voltage: An electromotive force or potential difference expressed in volts.

¢ Electron: A stable subatomic particle with a charge of negative electricity,

found in all atoms and acting as the primary carrier of electricity in solids.

3.8 SELF ASSESSEMNT QUESTIONS AND

EXERCISES

Short Answer Questions

1. Explain the applications of tunnel diode.

2. What do you mean by negative resistance?

3. Explain the application of Schottky diode.

4. Compare the p-n junction diode with Schottky diode.
5. Explain the light directivity of LED.
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Long Answer Questions

1. Explain in detail the construction and working of Schottky diode.
2. Explain in detail the construction and working of Tunnel diode.

3. Explain in detail the construction and working of light emitting diode.

3.9 FURTHER READINGS
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4.0 INTRODUCTION

In this unit, you will learn about the construction, operation and configurations of
transistor. The transistor is a three-layer semiconductor device consisting of either
two N-type and one P-type layers of material or two P-type and one N-type
layers of the material. The former is called an NPN transistor while the latter is
called a PNP transistor. Transistors are also called Bipolar Junction Transistors
(BJTs). In transistors, the conduction of current is due to both majority and minority
carriers, and hence they are called as bipolar junction transistors. BJTs are current
controlled devices. The different working configurations of the transistor, such as
CB, CC and CE configurations will be explained in this unit.

4.1 OBJECTIVES

After going through this unit, you will be able to:
e Explain the construction of BJT
e Understand the operation of NPN and PNP transistor

e Explain the input, output and gain characteristics in CB, CE and CC

configurations of a transistor Self-Instructional
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4.2 CONSTRUCTION OF BJT

Transistors are constructed from the PN junction diode which have been discussed
in the previous units. When an additional P-type material is sandwiched with the
PN junction diode, PNP transistor is formed and if the N-type material is
sandwiched with P-side of the PN junction diode, NPN transistor is formed.
Therefore, PNP transistors consist of two p-type material and one n-type material,
NPN transistors consists of two n-type material and one p-type material.

Transistors have three terminals known as an emitter, base, and the collector.
The input terminal is called as an Emitter (E) and the output terminal is called as a
Collector(C). The third terminal which is the output of the center sandwiched
semiconductor is known as a Base (B). The terminal that emits the majority carriers
is called as emitters and the one that collects the majority carriers are called as a
collector. The structure of the transistors is given in Figure 4.1.

O— P N P —0
Emitter Collector
Base

O_ N P N _O
Emitter Collector
Base

Fig. 4.1 Transistor Structure

The circuit symbol of the transistors is shown in Figure 4.2. For PNP
transistors, the circuit symbol consists of an arrow pointing outwards the emitter
terminal. The arrow in the circuit symbol of the transistors represents the flow of
electrons. From the structure of the transistors, it is evident that there exist two
junctions for both the PNP and NPN transistors. In general, there exits an emitter-
base junction and a base-collector junction.



ollector lector

Base Base
Emitter Emitter

Fig. 4.2 Transistor Circuit Symbol

The thickness of the base is usually kept small in comparison to the emitter
and the collector section of the transistors.

Currents in the Transistors

There exist three currents in the transistors, they are emitter current /,, base current,
I ,,and the collector current, . The relation between these currents is given below:

I, =1,+1,.

Normally, the base current is always small, such that base current can be
ignored. Therefore

4.2.1 Biasing of BJT

The emitter-base junction is represented as junction J,, and the base collector
junction is represented as J .. Based on the biasing of the junctions J,, and J .,
transistors can be used as amplifier oran as a switch in ON and OFF condition.
The table below gives the required biasing of junctions to achieve the desired
applications.

Application JEB Jsc

Amplifier Forward bias Reverse bias

Switch in ON condition Forward bias Forward bias

Switch in OFF condition | Reverse bias Reverse bias
Check Your Progress

1. What is a transistor?

2. What are the two types of transistor?
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4.3 TRANSISTOR OPERATION/ACTION

In this section, you will learn about the operation of PNP and NPN transistor.

4.3.1 Operation of PNP Transistor

The biased PNP transistor is shown in Figure 4.3. Junction J, is forward biased

and the junction J . isreverse biased. The P and N side of the PNP transistor is
forward biased. The PN side of the PNP is similar to the PN junction diode and
exhibit the forward bias characteristics of the diode. The positive terminal of the

voltage V,, injects more holes to the P type. The holes pass through the junction

J . €asily and recombines with the holes. The majority carriers flows from emitter
to P type semiconductor and then to N-type semiconductor through the junction .
The majority carriers are holes for the PN side of the transistor. Therefore, holes
move from P to N type semiconductors.

The N and P side of the semiconductors are reverse biased by the voltage
. When the base collector junction is reverse biased, the minority carriers are
holes and the majority carriers are electrons. Since the base terminal is small and
are lightly doped, the holes injected from emitter to the P side crosses junction
with ease due to forward biasing of the junction . The entered holes have fewer
number of electrons to recombine and pass through the junction with ease since
holes are the minority carriers in the NP side of the PNP transistor.

JEB Isc

Fig. 4.3 PNP Transistor Biasing
4.3.2 Operation of NPN Transistor

The biased NPN transistor is shown in Figure 4.4. Junction J,, is forward biased

and the junction J . 1s reverse biased. The N and P side of the NPN transistor is
forward biased. The NP side of the NPN is similar to the PN junction diode and
exhibit the forward bias characteristics of the diode. The majority carriers flows
from emitter terminal to N type semiconductor and then to P-type semiconductor
through the junction . The majority carriers are electrons for the NP side of the
transistor. Therefore, electrons move from N to P type semiconductors.



The P and N side of the semiconductors are reverse biased by the voltage
. When the base collector junction is reverse biased, the minority carriers are
electrons and the majority carriers are holes. Since the base terminal is small and
are lightly doped, the electrons injected from emitter to the N side crosses junction
with ease due to forward biasing of the junction . The entered electrons have
fewer number of holes in the P type semiconductor to recombine and pass through
the junction with ease since electrons are the minority carriers in the PN side of
the NPN transistor.

E C
N P N
B
1 I
1| L
VEB VBC

Fig. 4.4 NPN Transistor Biasing

4.3.3 Transistor Voltages and Currents

The direction of current across the PNP and NPN transistor changes due to the
change in majority carriers. Since the flow of holes is considered as the conventional
flow of current, in PNP transistors holes flow from emitter to collector. Figure
4.5(a) represents the current direction for PNP transistors where emitter current
flows inwards to the circuit and the base current and the collector current flows
outwards. The emitter current inside the PNP transistors is given as:

[E - [E + IC
In NPN transistors, since the conventional current direction is opposite to
the electron flow direction, compared to the PNP transistors, the current directions
across the emitter, base and the collector terminals are opposite. Across the emitter

terminal, the current flows outwards and across the base and the collector terminal,
the current flows inwards inside the transistor.

The transistor voltages for both PNP and NPN transistors include the
following:

V.= the base emitter voltage
V.= the base collector voltage
V.= the collector emitter voltage

V.=V, -V

BC BE CE
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Fig. 4.5 Transistor Voltages and Currents (a) PNP, (b) NPN

4.4 BJT CONFIGURATIONS

Based on the common terminal connected to the two voltage potentials, the working
of BJTs can be classified into three configurations.

1. Common Base (CB) configuration
2. Common Emitter (CE) configuration
3. Common Collector (CC) configuration

4.4.1 Common Base Configuration

Common base configuration consists of base terminal as the common terminal
connected to ground with emitter terminal as an input terminal and the collector as
the output terminal. Common base configuration is given in Figure 4.6.
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Fig. 4.6 Common Base Configuration of BJT
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The input voltage is the base-emitter voltage, V, . through a current limiting
resistor, R, . The base terminal is connected as a common terminal. Base emitter
junction is forward biased and the base collector junction is reverse biased. The
given BJT is a PNP transistor which is evident from the arrow inside the circuit
symbol of the transistor. The load resistor R, is connected at the output collector
terminal.

There are two types of characteristics associated each type of configuration
of transistors. They are

1. Input characteristics
2. Output characteristics

Input characteristics are plotted between the input voltage and input current
for that particular configuration and similarly, the output characteristics are plotted
between the output voltage and output current for that particular configuration.

Input Characteristics of CB Configuration

The input voltage for the common base configuration ¥, is and the input current
is the emitter current /, input characteristics is plotted between V, and /,. Since
the voltage is an independent parameter and the current /,is dependent on the
input voltage, voltage V,, will be on x-axis and the current will be on the y-axis.
Since the PN semiconductor of PNP transistor is similar to the PN junction diode,
the input characteristics will be similar to the diode characteristics. The input
characteristics is plotted by varying the input voltage V', , with fixed V', voltages
starting from zero volts. As the V., voltages is increased, the reverse biased junction
J,-has more number of electrons to recombine with the incoming holes through
the emitter and hence the flow of electrons from the emitter to the base junction is
faster. Hence, the input characteristics shows earlier conduction of currentas V.,
voltage is increased.

A le(mA)
8 Ves=18V
7

Ves=8V
6
Vea=0V

5
4
3
2
1

Q 0.2 0.4 0.6 0.8 1.0 }

Vae (V]

Fig. 4.7 Input Characteristics of CB Configuration of BJT
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Output Characteristics of CB Configuration of BJT

The output voltage of the CB configuration of the BJT is V', and the output
current is /.. The output characteristics is plotted between V', and I with the
fixed input voltage V,, . Collector current /. depends on the applied output
voltage V', and hence, / .is a dependent current and V., is an independent voltage.
The output characteristics for CB configuration is plotted in Figure 4.8. As V,_ is
varied, the input current /, also varies and hence the controlling parameter is the
emitter current, /.. Observing from the characteristics for /.= 0, implies that there
exists no input voltage, leading to no biasing of the junction .J,, and hence no input
current. When there exits no input current, there will be no current flow in the
transistor and hence the characteristics depicts /.= 0 (mA) current. As input
voltage and in turn the input emitter current is increased, the collector current
increases equivalently. Since the base current, /, is approximately zero, the collector
current is equal to the emitter currenti.e. /, = /.. Also, as observed from the
characteristics, when a negative output voltage, V., is applied across the junction
Jc» the said junction is forward biased and augments for the flow of collector
current. And hence, as is shown from Figure 4.8, for a negative output voltage, the
collector current increases and stays at a constant value when V., = 0V'.

Output characteristics shows three regions of operation. They are
1. Saturation region
2. Cutoffregion and
3. Activeregion

For the application of transistors as a switch in an ON condition, the
transistor is made to operate in the saturation region, for application as a switch in
an OFF condition, the transistor is made to operate in the cut-off region. For use
of transistors as amplifiers, they are made to operate in the active region.

Saturation region is the region of operation of the transistor, where the output
applied voltage is zero, but there exits collector current dependent on the input
emitter current, /.. This region is similar to the switch in an ON condition or a
short circuited condition of a circuit.

In the cutoffregion, there exists no collector current for any change in voltage.
Voltage , just reverse biases the junction, . Without any input current, , the collector
current is zero. This condition is very well used as a switch in the OFF condition.

The active region comprises of the limits, V., >0,1,>0and /> 0. this is
the region that is used to operate transistor as amplifiers. The detailed working of
the transistor as amplifier will be dealt in the subsequent unit under power amplifiers.

The biasing conditions for the three configurations are given in the table
below:



Table 4.1 Biasing condition and application of BJT.

Region of Emitter-base Base-collector | Application
operation junction, Jep junction, Jpc
Saturation region | Forward Biased | Forward Biased | Switch in ON mode
Cut off region Reverse Biased | Reverse Biased | Switch in OFF mode
Active region Forward Biased | Reverse Biased | Amplifier

Acve fepion

Saturalion M imal \
FEEnA
B le=6mA
1 [.,. Ip =5 ma
F le =4 mAa

3 lg =2 ma
7 le = 3 mA
i lg =1 m#a

Call-off region

Fig. 4.8 Output Characteristics of CB Configuration of BJT

Current Gain

The gain for a CB configuration is the ratio of output collector current, /. and the
input emitter current, /.. The gain is represented as,
I C

o=—
IE

4.4.2 Common Emitter Configuration

In common emitter configuration, the emitter is common to both the base and the
collector terminal. Base terminal is considered the input terminal and the collector
terminal is the output terminal. Similar to the CB configuration of BJT, the input
and output characteristics are given below.
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Commaon emitter configuration
Fig. 4.9 Common Emitter (CE) Configuration of BJT
Input Characteristics

The input characteristics are plotted between the input voltage V. and input current
I,. The n and P regions are forward biased in the PNP transistor. Hence the
current flows from /,to /, in the absence of a collector terminal or with open
circuited collector terminal. The input characteristics follows a diode characteristics.
The base current rises after the cutin voltage with an increase in V. As the
reverse biased V, is increased, the junction .J, .is more reverse biased obstructing
the flow of input current to the output terminals. Hence, the input characteristics
shifts towards the right for an increase in V', as shown in Figure 4.10.
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Fig. 4.10 Input Characteristics of CE Configuration of BJT



Output Characteristics of CE Configuration of BJT

The output characteristics are plotted between the output voltage V., and the
output current, /.. for fixed input current, /,. The input base current can be controlled
by the input voltage, V', .. When input current /,= 0, then there exits no output
current. The corresponding region is highlighted in the output characteristics as
cutoff region.

For a fixed input current of /,, as the reverse biased junction is increased
aiding the minority carriers to flow, the output collector current, equivalent to the
emitter current flows in the circuit. It is to be observed that since the base region is
lightly doped, the base current flows of the order of microamperes, whereas the
emitter current and collector current of the order of miliamperes. The region
corresponding to ¥, >0, 7,>0 and /.> 0is the active region of the BJT.

With the control voltage V.= 0 V, with an increase in the input base current,
I, the collector current increases as shown in Figure 4.11. The collector current
will be equal to the emitter current with base current as the controlling current. The
working of the transistor in CE configuration may be viewed as a switch with a
controlling input in the form of base current, /,. The magnitude of the current from
emitter to collector is controlled by /,.. It is similar to the water tap analogy, where
the control knob controls the flow of water from the tap to the outlet.

Active region

Saturation M (ma) \
region

a
1
£
=]
=

R ™y N
@
I
B

y

Cut-off region
Fig. 4.11 Output Characteristics of CE Configuration of BJT
Current Gain

The gain of the CE configuration is denoted as 3 . The current gain is the ratio of
the output current, /.and the input current /,. Mathematically, itis given as

IC

v
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The above expression can also be rewritten as
I =Bl
4.4.3 Common Collector Configuration

In common collector configuration, the collector terminal is the common terminal
and the base terminal is the input terminal and the emitter is the output terminal.
The base-collector junction is forward biased and the base-emitter junction is
reverse biased. The input current is the base current and the output current is the
emitter current. Such configuration is widely used as a voltage buffer. The input
voltage to the CC configuration is base-collector voltage, V, . and the output
voltage is emitter collector voltage, V, .. The common collector amplifier has high
input impedance and low output impedance. It has low voltage gain and high
current gain. The common collector configuration is shown in Figure 4.12.

le

Fig. 4.12 Common Collector (CC) Configuration of BJT

Input Characteristics for CC Configuration

The input characteristics of common collector configuration are plotted between
the input base-collector voltage, V, . and the input base current 7, for a fixed
output emitter collector voltage, V, .. The independent parameter, V, .is drowan
on the x-axis and the dependent parameter, /, is plotted on the y-axis. For a fixed
value of V. voltage, the V, . voltage is varied and the base current is plotted. The
characteristics as shown in Figure 4.13, the emitter and the collector terminals are
tighed by the applied V. voltage. The emitter terminal is at higher polarity than the



collector terminal. As the input voltage, V, .is applied to the base-colletor junction,
it forward biases the junction and conduction starts instantly at the cut in voltage.
Asthe V. voltage is increased further, it has to overcome the emitter collector
potential. When both the potentials are equal, net potential across the transistor is
zero and no current takes place. It is evident from the input characteristics that for
V..=3V,when V, =3V, the input current becomes zero. Similarly for the other
fixed voltage of V, .= 5V, current conduction stops when the input voltage
Vee=35V.
le (pa)
A

Vee=3v  |Vee=5V
o 1

60

40

Base current

20

0 2 4 6 8 Vae(V)

—>

Base-collector vo tage

Fig. 4.13 Input Characteristics of Common Collector (CC) Configuration of BJT

Output Characteristics of CC Configuration

The output characteristics are plotted between the output emitter-collector voltage,
V.and emitter current, /, for fixed input base currents, /. For a fixed value /,,
the voltage, V,.1s varied along x-axis and /, is plotted along the y-axis. Similar to
the other configurations, there exits the active region, cut-off region and the saturation
region.

It is to be noted that, the emitter terminal and the collector terminals can be
used interchangeably. Therefore, CE and CC configuration exhibit similar working
characteristics. The cut-off region is the operating region where the emitter current,
I,=0 for any change in voltage, V. for a fixed base current, /, = 0. As the base
current is increased, the conduction path between the emitter and the collector is
established. The working is similar to the water tap analogy, where the controlling
knob is equivalent to the base current and the water flow from tap to the outlet can
be related to the current flowing from collector terminal to the emitter terminal.

The saturation region is the region where for V, .= 0, ther exits an emitter
current, /. The larger the magnitude of the base current, the larger is the magnitude
of emitter current as is evident from the output characteristics.

Active region comprises of /,>0,V, .>0and 7, > 0. This is the region used
for amplification purpuses.
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Fig. 4.14 Output Characteristics of CC Configuration of BJT

Current Gain

The gain in the common collector configuration is denoted as y. The current gain is
given as the ratio of the output emitter current, /, to the input base current, /,.
Mathematically it is represented as:

’Y=I—E
IB
Relations between o and f
We know that,
I I
a=-—“=1 =<
I, o
IC ]C
and B="r=1y=—
, " B
Also, I,=1,+1.
[—Czl—c+lc
o B
L1y
o P
1_1+B
o B
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The above expression is current gain, o in terms of 3

I, =1,+1,

o

Relations between o, 3 and y

We know that,

]E

Y=I_:>[E='Y]B

B

1
B=I_C:>IC = BIB

B

I, =1,+1,
Yy =IB+BIB
y=1+P

The above expression is y in terms of 3. Similarly, v in terms of 3 is given as,
We know that,

o
B_l—a

v=1+B=PB=v-1
o _1—a+a
1-o -
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1
o=1-—
Y
-1
a=t""
Y
Summary of relationships between o3 and y:
_ o
-
__B
1+B
y=1+P
B=v-1
-1
g Yl
Y
1
7 -
Table 4.2 Comparison of CB, CE and CC configuration.
Characteristics CB CE CC
Input Resistance | low (about 100 Q) | Medium High
(800 Q2 to few KQ) | (about 750k€Y)
Output Resistance | Very High (about | High Low
500kQ) (about 50k Q) (about 50€2)
Input Current Ig Is Is
Output Current Ic Ic Ig
Input Voltage E&B B&E B&C
applied between
O/p Voltage taken |C & B C&E E&C
between

Current gain

o = Ic/Ig (less than
unity, 0.95 to 0.99)

B =1Ic/Is (High, 25
to 400)

v =1Ig/Ig (High)

Leakage Current

Voltage gain About 150 About 500 Less than unity
Power gain Medium High Medium
Output Signal In phase with the Reverse (180°) In phase with
phase input the input
Application For high- For Audio For impedance
Frequency Circuits | Frequency Circuits | matching
Common Base Emitter Collector
Terminal Very Small Very Large Very Large




. What are the different types of working configuration of BJT?

. Write the relation between o and 3.

Check Your Progress

4.5

ANSWERS TO CHECK YOUR PROGRESS
QUESTIONS

. The transistor is a three-layer semiconductor device consisting of either

two N-type and one P-type layers of material or two P-type and one
N-type layers of the material.

. NPN and PNP are the two types of transistors.

3. The working of BJTs can be classified into three configurations.

(1) Common Base (CB) configuration
(i) Common Emitter (CE) configuration
(1)) Common Collector (CC) configuration

4. Therelation between o and 3 is given below.
o= B
1+8
4.6 SUMMARY

The transistor is a three-layer semiconductor device consisting of either
two N-type and one P-type layers of material or two P-type and one
N-type layers of the material. The former is called an npn transistor while
the latter is called a PNP transistor.

When an additional P-type material is sandwiched with the PN junction
diode, PNP transistor is formed and if the N-type material is sandwiched
with P-side of the PN junction diode, NPN transistor is formed.

Transistors have three terminals known as an emitter, base, and the collector.
The input terminal is called as an Emitter (E) and the output terminal is
called as a Collector (C). The third terminal which is the output of the center
sandwiched semiconductor is known as a Base (B).

There exist three currents in the transistors, they are emitter current /,, base

current, /,, and the collector current, /..

The direction of current across the PNP and NPN transistor changes due
to the change in majority carriers.
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The emitter current inside the PNP transistors is given as:
I=1,+1,
The working of BJTs can be classified into three configurations i.e. Common

Base (CB) configuration, Common Emitter (CE) configuration and Common
Collector (CC) configuration.

Common base configuration consists of base terminal as the common
terminal connected to ground with emitter terminal as an input terminal and
the collector as the output terminal.

Input characteristics are plotted between the input voltage and input current
for that particular configuration and similarly, the output characteristics are
plotted between the output voltage and output current for that particular
configuration.

In common emitter configuration, the emitter is common to both the base
and the collector terminal. Base terminal is considered the input terminal
and the collector terminal is the output terminal.

In common collector configuration, the collector terminal is the common
terminal and the base terminal is the input terminal and the emitter is the
output terminal.

4.7

KEY WORDS

Emitter (E): It is the region to the left end which supply free charge carriers,
1.e., electrons in n-p-n or holes in p-n-p transistor and these majority carriers
are injected to the middle region.

Base (B): It is the middle region where either two P-type layers or two
n-type layers are sandwiched.

Collector (C): It is the region to the right end where charge carriers are
collected.

4.8

SELF ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

1. Why are common base type materials lightly doped?
2. How are PNP or NPN transistors formed?

3. What is the biasing requirement for operating transistor as an amplifier?

4. What is the biasing requirement for operating transistor as a switch?

5. Compare the relation between current gains, o3 and y.



A e )

10.
I1.
12.
13.
14.
15.

Compare the different configuration of BJT.

Draw the common base configuration of BJT.

Draw the common emitter configuration of BJT.

Draw the common collector configuration of BJT.

Draw the input-output characteristics of CB configuration of BJT
Draw the input-output characteristics of CE configuration of BJT
Draw the input-output characteristics of CC configuration of BJT
What are the different regions of operation of BJT?

Discuss the importance of operation of the active region.

Describe the current relation inside BJT.

Long Answer Questions

I.

Explain the construction and working of common emitter configuration for
PNP transistor.

Explain the construction and working of common base configuration for
PNP transistor.

. Explain the construction and working of common collector configuration

for the PNP transistor.

Derive the relation between the current gains o, [3 and y.

4.9
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UNIT S TRANSISTOR AMPLIFIER
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5.0 INTRODUCTION

In this unit, you will learn about the use of transistors as an amplification device
and the methods of analyzing the amplifiers using equivalent circuits. Transistors
operate in three modes i.e. as an amplifier when they operate in the active region,
as aswitch in ON state when they operate in the saturation region and as a switch
in OFF state when they operate in the cut-off region. Analysis of the transistor
amplifier using the equivalent circuit to determine the input impedance, output
impedance, current gain, voltage gain, bandwidth product will also be discussed in
this unit.

Further, you will also learn about the operation of different power amplifiers
such as class A, class B, and class C amplifiers. Power amplifier is an electronic
amplifier designed to increase the magnitude of power of a given input signal.

5.1 OBJECTIVES

After going through this unit, you will be able to:
¢ Discuss the applications of transistor
¢ Define power amplifier

¢ Explain the different types of power amplifier along with their input-output
characteristics

% v U;" st ional e Discuss the characteristics of power amplifier
ateria



5.2 APPLICATION OF TRANSISTOR

Bipolar junction transistors (BJTs) are generally used as amplifiers, switch in an
open condition and switch in a closed condition. The output characteristics of a
transistor consist of three regions. Three regions include an active region, saturation
region and cut off region. When a transistor is operated in the active region, they
operate as amplifiers, when a transistor operates in the saturation region, they
operate as a switch in an open circuit and when a transistor operates in the cut-off
region, and they operate as a switch in a closed circuit. Figure 5.1 shows the
equivalent circuit of a transistor when it operates in saturation and cut off regions.

VC C VCC

Fig. 5.1 The Equivalent Circuit of the Transistor while Operating in (a) Cut Off (b) Saturation

The process of amplification is illustrated in Figure 5.2. When the input
signal is within the active region, proper amplification takes place. The signal gets
distorted when a part of the input signal reaches the cut-off or saturation region.
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Fig. 5.2 Transistor Amplification using Output Characteristics

In Figure 5.3 (a) the input signal, /, varies in the active region and a portion
of the positive cycle, reaches the saturation region. During this section of the cycle,
the transistor is driven to saturation and act as a switch in an open circuit. This
results in the output voltage V. and output current / . to have a clipped signal on
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the positive cycle as shown in Figure 5.3 (a). Similarly, in Figure 5.3 (b), the input
signal, /, varies in the active region and a portion of the negative cycle, reaches
the cutoffregion. During this section of the cycle, the transistor is driven to cut-off
and act as a switch in a closed circuit. This results in the output voltage V., and
output current /to have a clipped signal on the negative cycle as shown in Figure
5.3 (b). Hence to avoid a distorted signal, it must be ensured that the transistor
operates within the active region.

(a) Saturation (b) Cut-off

Fig. 5.3 Transistor Drove to Cut-Off and Saturation during the Amplification

The operating points of the transistors are essential to ensure the desired
amplification process. These operating points are determined by drawing a load
line on the output characteristics.

5.2.1 Load Lines

The load lines are lines drawn on the output characteristics of the transistor, which
helps in determining the operating point for the transistor. In order to adjust the
operating point of the transistor within the desired load line, biasing should be
proper for the circuit. Load lines are classified as

1. DC load lines
2. ACload lines

DC Load Line

DC load line is a line drawn on the output characteristics of the transistor. DC load
line has extreme points meeting the x axis parameter V., at V', .and y axis parameter
I.atV,./R..DCload line is plotted in Figure 5.4. The DC load line meets the
output characteristics at various points such as A, B, C and D. These points are
the quiescent point or Q point or the operating points.



Active Region

Saturation
Region

\_A_ ————————— > DC Load Line

Cutoff region

Fig. 5.4 DC Load Line

On the output characteristics, plotted between /. vs V.,
a line having a slope of —1/R .. We get the x intercept when

[.=0 = V., .=V,
and y intercept

When Ve =0 = I.=V./R..

The line is called a DC load line because on applying the DC conditions,
that is removing the AC components such as AC signal source, capacitors and

inductors, the intercepts of x and y intercepts are obtained.
AC Load Line

e ACload lineis a line intersecting the Q point of the DC load line.
e ACload line is different from the DC load line.

e AC load line is a combination of different slopes plotted between the

the DC load line is

saturation point and the cutoff points calculated for different operating
frequencies of'the transistor.

AC load line is calculated using the AC equivalent circuit parameters that
take to account the AC signal source and AC components such as capacitors
and inductors. As a limiting case, the capacitors can be short-circuited,
assuming the frequency to be infinite.

At the same time, the DC voltages (the biasing voltage) is short-circuited.

The AC equivalent circuit to plot the AC load line is given in Figure 5.5 (a)
and the AC load line along with the DC load line are given in Figure 5.5 (b).
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BFY L NN - DC Load Line

v, R/IIR,
AC Load Line

VC E

VCE = VCEU + ICURC

Fig. 5.5 AC Load Line

e ACload line has the limits as

v
I =1,+—%
C

Ver = ceo T I CQRC

e The AC equivalent circuit shows with the DC voltage shorted resulting the

resistances R, || R, and R. grounded.
The Equivalent Circuit of a Transistor Amplifier

Transistors are widely used as amplifiers and it is important to understand the
working of transistors as amplifiers through an equivalent circuit approach. Based
on the working of the transistor in different frequency ranges, there are two types
of analysis of BJTs. They are

¢ Small signal analysis
e Mid-frequency analysis and
¢ Low-frequency analysis

The scope of this text covers the small signal analysis of the transistors while
operating as amplifiers.

5.2.2 Small Signal Analysis of the Amplifiers

Transistors are nonlinear devices. It is not simple to analyze a nonlinear device.
However, on observing the output characteristics, the active region of the transistor
is approximately a linear region. Hence input signals of small magnitude can be
applied and the circuits can be analyzed through an equivalent circuit model. Such
analysis is called as small signal equivalent circuit analysis. The small signal
analysis will be carried out using two port network theory. There are diftferent
parameter models such Z parameter, Y parameter, ABCD parameter, H parameter,
G parameter, S parameter etc., H parameter model is a hybrid parameter model
which takes into account all the parameters such as input impedance, output
impedance, current gain and voltage gain. In small signal equivalent circuit analysis,



the transistor is considered to be a two port network as described in the upcoming
section.

5.2.3 Hybrid Equivalent Circuits of Two Port Networks

Consider a transistor amplifier represented as a two port network as shown in
Figure 5.6.

I Iy
A o—>— —<——o0 C
v Transistor v
i Amplifier °
B o— —o D

Fig. 5.6 Input-Output Ports of a Transistor Amplifier

In Figure 5.6, V, I are the input voltage and current respectively at port AB. V,
1 are the output voltage and current respectively at port CD. The H parameter
equations are given as

V.= hllli +h12Vo
I,= hZIIi +h22Vo

et =
IO h21 h22 V:)

Shorting output terminals CD, ¥ =0, then

4
hy = 7= Input Impedance () =4,

IO
hy, = 7= Forward current gain (—) =/ 2

Open circuiting the input terminals AB, /. =0, then
V.

I, =— =Reverse voltage Gain (—)=/h_

AN

I 0
hy, = v = Output admittance (¢t5) =4,

Re-Representation of H Parameters with Hybrid Equivalent Circuit
The H parameters will be re-represented to suit the transistor analogy as below.
V.=hili+hV,
I;=h1+h7V,
The hybrid equivalent circuit of BJT is given in Figure 5.7.
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Fig. 5.7 The Hybrid Equivalent Circuit of Transistor

The hybrid equivalent circuit for three different configurations of transistors
is given below.

For common emitter configuration, the parameters will have a suffix 'e'.
For common base configuration, the parameters will have a suffix 'b'.

For common collector configuration, the parameters will have a suffix 'c'.

& l;
| !
B
-
=1
B = VCE > /hne VCE
E b l
| i e h, I;
E c e -0
1 1 sl T
Ves E c Ve ViV AN =hy V=V,
4, 8 | = Thk a
(h) Common base
I |
E E
<«
B bk 0
Yhe v,

(c) Common collector

Fig. 5.8 The Hybrid Equivalent Circuit of Different Configurations of a Transistor

5.2.4 Small Signal Amplifier Analysis using H Parameters - General
Model

Having understood the basic hybrid equivalent model of the BJT, analysis of the
BIJT for small signal analysis can be explained better with a practically relevant RC



coupled amplifier in this section. However, for the sake of simplicity, a common
emitter amplifier will be analyzed and any other configuration can be built upon
from the described model by replacing the suffixes of the analyzed parameter.

Following parameters will be analyzed for the common emitter amplifier
structure shown in Figure 5.9.

e Current gain
e Voltage gain
e Inputimpedance

e QOutput admittance

Steps for Analysis
Following steps are to be followed to perform the small signal analysis of the BJT
amplifier.

1. Forthe given amplifier circuit, replace all the capacitors of the circuit with a
short circuit.

2. Replace the dc biasing voltage source with a short circuit.
3. Redraw the circuit with terminals connected properly to the ground.

4. Replace the transistor with the hybrid equivalent circuit shown in Figure
5.8.

RC Coupled Amplifier Equivalent Circuit - An Example

+WVop

AMAA
AMRA

® 3

In

I

(b} Capacitors short circuited (c) V_ —shortcircuited
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Fig. 5.9 Small Signal Analysis Steps for an RC Coupled Amplifier

General Model

A general amplifier model is considered for analysis for the circuit shown in Figure
5.10. The analysis is carried out considering that the source voltage consists of an
internal source resistance, R,. In case the source resistance is to be neglected,
then the value of R, needs to be equated to zero.

Fig. 5.10 Hybrid Equivalent Circuit for a General Amplifier Circuit
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I=hI,+Vh,
But V.=I,R =-I,R,
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