


ANALOG ELECTRONIC DEVICES:
THEORY AND PRACTICALS

Author

Prof. N. B Balamurugan

Professor,
Department of Electronics and Communication.Engineering,
Thiagarajar College of Engineering, Madurai

Reviewer

Dr. AnkeshJain

Assistant-Professor,
Department of Electrical Engineering,
HT, Delhi

All India Council for Technical Education

Nelson Mandela Marg, Vasant Kunj,
New Delhi, 110070




BOOK AUTHOR DETAILS

Prof. N. B Balamurugan, Professor, Dept. of Electronics and Communication Engineering (ECE), Thiagarajar
Callege of Engineering, Thiruparankundram, Madurai -625 015, Tamil Nadu.

Email ID: nbbalamurugan@tce.edu

BOOK REVIEWER DETAIL

Dr. Ankesh Jain, Assistant Professor, Department of Electrical Engineering, |1 T, Delhi
Email 1D: ankesh@ee.iitd.ac.in

BOOK COORDINATOR (S) —English Version

1. Dr. Ramesh Unnikrishnan, Advisor-1I, Training and Learning Bureau, All India.Council.-for” Technical
Education (AICTE), New Delhi, India
Email 1D: advtlb@aicte-india.org

Phone Number: 011-29581215
2. Dr. Sunil Luthra, Director, Training and Learning Bureau, All India Council for Technical Education (AICTE),

New Dehi, India
Email ID: directortlb@aicte-india.org

Phone Number: 011-29581210
3. Sh. M. Sundaresan, Deputy Director, Training and Learning Bureau, All.IndiaCouncil for Technical Education

(AICTE), New Déhi, India
Email ID: ddtlb@aicte-india.org

Phone Number: 011-29581310

January, 2024

© All India Council for Technical Education (AICTE)

ISBN : 978-81-963773-5-9

All rights reserved. No part ofthis work-may.be reproduced in any form, by mimeograph or any other
means, without per mission in'writing from the All India Council for Technical Education (AICTE).

Further information about All IndiaCouncil for Technical Education (AICTE) courses may be obtained from the
Council Office at Nelson MandelaMarg, Vasant Kunj, New Delhi-110070.

Printed and published by All-India Council for Technical Education (AICTE), New Ddlhi.
Attribution-Non Commer cial-Shar e Alike 4.0 Inter national (CC BY -NC-SA 4.0)

Disclaimer: The website links provided by the author in this book are placed for informational, educational &
reference purpose only. The Publisher do not endorse these website links or the views of the speaker / content of
the said weblinks. In case of any dispute, all legal matters to be settled under Delhi Jurisdiction, only.


mailto:nbbalamurugan@tce.edu
mailto:ankesh@ee.iitd.ac.in
mailto:advtlb@aicte-india.org
mailto:directortlb@aicte-india.org
mailto:ddtlb@aicte-india.org

(iv)



ACKNOWLEDGEMENT

The authors are grateful to the authorities of AICTE, particularly Prof. T. G. Sitharam,
Chairman; Dr. Abhay Jere, Vice-Chairman; Prof. Rajive Kumar, Member-Secretary;
Dr. Ramesh Unnikrishnan, Advisor-11 and Dr. Sunil Luthra, Director, Training and
Learning Bureau, for their planning to publish the books on Analog Electronic Devices:
Theory and Practicals. We sincerely acknowledge the valuable contributions-of the
reviewer of the book Prof. Ankesh Jain, 11T Delhi, for making it sudents friendly.and
giving a better shape in an artistic manner.

This book is an outcome of various suggestions of AICTE members, experts and authors
who shared their opinion and thought to further develop the engineering education in our
country. Acknowledgements are due to the contributors and different workersin this field
whose published books, review articles, papers, photographs, footnotes, references and
other valuable information enriched us at the time of writing the book.

| convey heartfelt thanksto the PhD scholars M Hemalatha, E Rajalakshmi and S Rajkumar
for their time, expertise, and dedication to complete this book within the given time. Last
but not the least, the book would not have been possible without the support and patience
of my family. They have borne my addiction to the book very very patiently.

Prof. N B Balamurugan

V)



PREFACE

The book titled “ Analog Electronic Devices. Theory and Practicals is a result of our
extensive expertise teaching fundamental semiconductor courses. The goal of developing
this book is to introduce engineering students to basic principle of semiconductor devices,
physics basics, and provide themwith an under standing of the topic. We have incorporated
the themes specified by AICTE in a highly methodical and organised manner throughout
the book, keeping in mind the objective of broad coverage as well as providing necessary
extra material. Attempts have been made to convey the essential principlesof the subject
assimply asfeasible. The objective of thisbook isto combine quantum mechanics, quantum
theory of solids, semiconductor material physics, and semiconductor device physics
together. The quantity of physics presented in this text is greater than what is.covered in
many introductory semiconductor device books. Although this topic.is deeper, the author
has discovered that after thoroughly addressing the fundamental introduction and material
physics, the physics of the semiconductor device follows very easily and can be studied
pretty fast and efficiently. The attention on the underlying ‘physics will also aid
under standing and maybe the development of novel semiconductor devices.

During the process of preparation of the manuscript, we have considered the various
standard text books and accordingly we have developed sections like critical questions,
solved and supplementary problems etc. \While preparing the different sections emphasis
has also been laid on definitions andlaws and also on comprehensive synopsis of formulae
for a quick revision of the basic principles.. The book covers all types of medium and
advanced level problems andthese have been presented in a very logical and systematic
manner. The gradations of those problems have been tested over many years of teaching
to awide variety of students.

Apart from illustrations and examples as required, we have enriched the book with
numerous solved problems in every unit for proper understanding of the related topics.
Under the common title “ Analog Electronic Devices: Theory and Practicals’ thereisa set
of four books covering different aspects and applications of physicsin engineering. Out of
those, the first one covers Introduction to semiconductor physics, the second one is based
on semiconductor diode, the third one is related to application diode for Engineers and
the fourth one is based on Bipolar Junction Transistor, field effect transistor, Integrated
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circuit fabrication. It is important to note that in all the books, we have included the
relevant laboratory practical. In addition, besides some essential information for the users
under the heading “ Know More” we have clarified some essential basic informationin the
appendix and annexure section.

As far as the present book is concerned, “ Analog Electronic Devices. Theory and
Practicals’ is meant to provide a thorough grounding in applied physics on the.topics
covered. This part of the electronics book will prepare engineering students to apply the
knowedge of physics to tackle 21st century and onward engineering challenges and
address the related aroused questions. The subject matters are presented in a constructive
manner so that an Engineering degree prepares students to work in different sectorsor in
national laboratories at the very forefront of technology:-

We sincerely hope that the book will inspire the students to learn and discuss the ideas
behind basic principles of engineering physics and will- surely contribute to the
development of a solid foundation of the subject. We would be thankful to all beneficial
comments and suggestions which will contribute to the improvement of the future editions
of the book. It gives us immense pleasure to place this book in the hands of the teachers
and students. It was indeed a big pleasure to work on different aspects covering in the
book.

Prof. N B Balamurugan
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OUTCOME BASED EDUCATION

For the implementation of an outcome based education the first requirement is to develop
an outcome based curriculum and incorporate an outcome based assessment in the
education system. By going through outcome based assessments evaluators will be able to
evaluate whether the students have achieved the outlined standard, specific and measurable
outcomes. With the proper incorporation of outcome based education there will be a
definite commitment to achieve a minimum standard for all learners without giving up at
any level. At the end of the programme running with the aid of outcome based education,
a student will be able to arrive at the following outcomes:

PO1.

PO2.

PO3.

POA4.

POS.

POG.

Engineering knowledge: Apply the knowledge of mathematics, science,
engineering fundamentals, and an engineering specialization to the solution of
complex engineering problems.

Problem analysis: Identify, formulate, review research literature, and analyze
complex engineering problems reaching substantiated: conclusions using first
principles of mathematics, natural 'sciences, and engineering sciences.

Design / development of solutions:” Design solutions for complex engineering
problems and design system componentsor processes that meet the specified needs
with appropriate consideration for the public health and safety, and the cultural,
societal, and environmental considerations.

Conduct investigations of complex problems. Use research-based knowledge
and research methods including design of experiments, analysis and interpretation
of data, and synthesis of the information to provide valid conclusions.

M odern-tool ‘usage: Create, select, and apply appropriate techniques, resources,
and modern engineering and I T toolsincluding prediction and modeling to complex
engineering activities with an understanding of the limitations.

Theengineer and society: Apply reasoning informed by the contextual knowledge
to assess societal, health, safety, legal and cultural issues and the consequent
responsibilities relevant to the professional engineering practice.
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PO7.

POS8.

PO9.

PO10.

PO11.

PO12.

Environment and sustainability: Understand the impact of the professional
engineering solutions in societal and environmental contexts, and demonstrate the
knowledge of, and need for sustainable development.

Ethicss Apply ethical principles and commit to professional ethics and
responsibilities and norms of the engineering practice.

Individual and team wor k: Function effectively asan individual, and asamember
or leader in diverse teams, and in multidisciplinary settings.

Communication: Communicate effectively on complex engineering activitieswith
the engineering community and with society at large, such. as, being able to
comprehend and write effective reports and design documentation, make effective
presentations, and give and receive clear instructions.

Project management and finance: Demonstrate knowledge and understanding of
the engineering and management principles and apply these to one’s own work, as
a member and leader in a team, to manage projects-and in multidisciplinary
environments.

Life-long learning: Recognize the need for, andhave the preparation and ability
to engage in independent and life-long.learning in the broadest context of
technological change.
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COURSE OUTCOMES

After completion of the course the students will be able to:

CO-1: Describe the principles of semiconductor Physics.

CO-2: ldentify passive and active components based on their characteristics.

CO-3: Apply the knowledge of diodes and special purpose diodes in various applications.
CO-4: Distinguish between BJT and FET.

CO-5:Design and analyze BJT and FET amplifiers.

CO-6: Understand the integrated circuit fabrication process.

Attainment of Programme Outcomes

Course (1- Weak Correlation; 2- Medium correlation; 3-/Strong:Correlation)
Outcomes
PO-1 | PO-2 | PO-3 | PO-4 |PO-5 | PO-6 | PO7(| PO-8 (| PO9_ |PO-10 |PO-11 | PO-12

CO-1 2 1 1

CO-2 2 1 1

CO-3 3 2 i - 1

CO-4 3 2 1 1

CO-5 3 2 1 1 1 1

CO-6 2 1 1
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GUIDELINESFOR TEACHERS

To implement Outcome Based Education (OBE) knowledge level and skill set of the
students should be enhanced. Teachers should take a major responsibility for the proper
implementation of OBE. Some of the responsibilities (not limited to) for the teachers in
OBE system may be as follows:

Within reasonable constraint, they should manoeuvre time to the best advantage of
all students.

They should assess the students only upon certain defined criterion. without
considering any other potential ineligibility to discriminate them.

They should try to grow the learning abilities of the studentsto acertain level before
they leave the institute.

They should try to ensure that @l the students are equipped with the quality
knowledge as well as competence after they finish their education.

They should always encourage the students to develop.their ultimate performance
capabilities.

They should facilitate and encourage group work and team work to consolidate
newer approach.

They should follow Bloomstaxonomy in every part of the assessment.

Bloom’ s Taxonomy

Teacher should

Student should be

Possible M ode of

Level Check ableto Assessment
Create SCUdenctrSé:g“ty to Design or Create Mini project
Evaluate StUde?;;?gl ityto Argue or Defend Assignment
‘A“;]' AV Students ability to Differentiate or Project/Lab
6‘55 {@ distinguish Distinguish Methodology
?. | Students ahility to Operate or Technical Presentation/
y use information Demongtrate Demongtration

Students ahility to
explain the ideas

Explain or Classify

Presentati on/Seminar

Students ahility to
recall (or remember)

Define or Recall

Quiz
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GUIDELINESFOR STUDENTS

Students should take equal responsibility for implementing the OBE. Some of the
responsibilities (not limited to) for the studentsin OBE system are as follows:

Students should be well aware of each UO before the start of a unit in each and
every course.

Students should be well aware of each CO before the start of the course.
Students should be well aware of each PO before the start of the programme.
Students should think critically and reasonably with proper reflection and-action.

Learning of the students should be connected and integrated with practical and real-
life consequences.

Students should be well aware of their competency-at every level of OBE.
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ABBREVIATIONSAND SYMBOL S

List of Abbreviations

General Terms

Abbreviations Full form Abbreviations Full form
E-K Diagram Energy Momentum Diagram GSI Giga Scale Integration
DIL Dual-In-Line CMOS Complementary Metal Oxide
Semiconductor
LED Light Emitting Diode NMOS N-type Metal Oxide
Semiconductor
OP-AMF Operational Amplifier PMOS P-type Metal Oxide
Semiconductor.
TTL Transistor-Trangstor Logic MGS Metallurgical. Grade Silicon
PV Photo Voltaic EGS Electronic Grade Silicon
KCL Kirchhoff’s Current Law SGS Semiconductor Grade Silicon
CFL Compact Fluorescent Lamp CVvD Chemical Vapour deposition
LCD Liquid Crystal. Display APCVD Atmospheric-pressure Chemical
Vapour Deposition
CRI Colour<Rendering Index LPCVD Low Pressure Chemical Vapour
Deposition
IR Reverse Current PECVD Plasma enhanced Chemical
Vapour Deposition
BJT Bipolar Junction.Transstor VPE Vapour Phase Epitaxy
Q point Quiescent point PVD Physical Vapour Deposition
KVL Kirchheff’s V oltage Law SMT Surface Mount Technology
S Stahility factor PCB Printed Circuit Board
FET Field Effect Transistor SIP or SIPF Singlein-line Pin Package
JFET Junction FieldEffect Transstor DIP Dual In-line package
MOSFET Metal Oxide Semiconductor ZIP Zig-Zag in -Line Package
Field Effect Transistor
E-MOSFET Enhancement MOSFET SOIC Small Out line Integrated Circuit
D-MOSFET Depletion MOSFET SOP Small Outline Package
MOS Metal Oxide Semiconductor QFP Quad Fat Package
Al;Os Aluminum oxide PLCC Plastic Leaded Chip Carrier
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General Terms

Abbreviations Full form Abbreviations Full form
SO, Silicon dioxide MIC MonolithicIC
IGFET Insulated Gate Field Effect HIC Hybrid IC
transistor
IC Integrated Circuits SS| Small Scale Integration
Si Silicon MS Medium Scale Integration
Ge Germanium LS Large Scde Integration
GaAs Gallium Arsenide VLSI Very Large-Scale Integration
ULSI Ultra Large-Scale Integration BGA Ball Grid Array.
HF Hydrofluoric Acid
List of Symbols
Symbols Description Symbols Description
h Plank’ s Constant w width
@ Material work function Gro Electron thermal generation rate
p M omentum of the particle Gpo Hole thermal generation rate
A Wavelength of the particle Ry Recombination of el ectrons
m Mass of the particle R, Recombination of holes
v Vel oty n Electron oonoe_n_tra_ti on at
2 thermal equilibrium
c Speed of light in vacuum Do el Con;?:ﬂiakt)lr?gna]t e
P(x,t) Wave function on Excess electron concentration
V(X) Potential function op Excess hole concentration
n Separation Constant In Excezgiteer;fiod}]ectron
E Particle energy 9p Excess rate of hole generation
E} Forbidden energy gap (or) Band R Excess rate_of e_Iectron
gap Lo recombination
ev Electron volt R, Eﬁgﬁ:gﬁg :r?l €
Ep Fermi Level Tno Excess lifetime of electron
B, ST L L E Tro Excess lifetime of hole
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Symbols Description Symbols Description
Ey AlfERE. ?;(;Zband energy n; Intrinsic carrier concentration
S Silicon GaAs Gallium Arsenide
Ge Germanium D Electric displacement field
As Arsenic é Permittivity tensor
Ep Donor energy level Ny lonized Acceptor
B Boron NF lonized Donor.
Ep; Intrinsic fermi level Noy Oxide charges concentration
E, Acceptor energy level N; l nti;icog;?gtfgﬁrge
K Momentum Ny Conoentrizra]tn:ggri(:;acoeptor
v, Drift velocity of dectron Np Concentration of donerimpurity
/4 Drift velocity of holes k Boltzmann's constant
Uy Mobility of electrons T Room temperature
Up Mohility of holes Vi Built in potential
Jnarift Drift current density of e ectron 745 Diode voltage
Jp,arift Drift current density of hole Ip Diode current
e Charge of an electron v, Breakdowr\ll(\;l?ggage Sl s
Ja Overall drift current density I, Zener current
n Concentration of e ectrons X Electron affinity
p Concentration of‘holes b Metal workfunction
Tnairf Dlifilen é:térét?;tndmsty o s Semiconductor workfunction
Jo.airf Diffusion current density of hole Ig Emitter current
] Total current density. I, Collector current
V, Drift vel acity Ig Base Current
E Electricfield %5 Common base current gain
a Acce eration of carriers Ico Re\/erjsljenkgt?s nbgjﬁgll ector
T Mean collusion time I Reverse current
p Resistivity Ry Input Resistance
L Length Ty Drain resistance
A Area u Amplification factor
R Resistance 125 Power dissipation
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Symbols Description Symbols Description
o Conductivity Ig Gate current
Thickness tox Oxide thickness
R, Sheet resistance Eox Permittivity of oxide
I Forward current Q Charge
Ieo Revejrjﬁ ctb: ﬂf] t():i??e?? Itter Y Surface potential
Icpo Reverse saturation current Vr Threshold voltage
Wy Base width K Conduction Parameter.
Ve Base-Emitter voltage Ipg Quiescent drain current
Veg Collector-Emitter voltage A Channel isih okl ation
parameter
B Common Err;g::te(r) rampl ification 4 Output resistance
% Emitter injection efficiency 0 Oxygen gas
SiC Silicon Carbide Hz0 Water vapor
Vis Gate-source voltage H: Hydrogen gas
Vps Drain-Source voltage Na Sodium
I, Drain current B203 Boron Oxide
/A Pinch-off voltage BCLs Boron chloride
Vee Source-Gate voltage P203 Phosphorous Oxide
Transconductance or mutual POCLs3 Phosphorous oxychloride
g= conductance
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1 Semiconductor Physics

UNIT SPECIFICS
Through this unit we have discussed the following aspects:

Quantum mechanics fundamental s that relate to semiconductor physics

Fundamental properties of electron behaviour in periodic lattice

Relation between energy and momentum and application of E-K diagram

The technique by which impurities are added -to semiconductors .to change their
characteristics.

e The mechanism of drift and diffusion current on the application of field.

e Thecharacteristics of carrier mobility

e Design of resistors and sheet resistance

The practical applications of thetopicsare discussed for generating further curiosity and creativity
aswell asimproving problem solving capacity.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked.in two categories following lower and higher order of Bloom's
taxonomy, assignmentsthrough anumber of numerical problems, alist of references and suggested
readings are given in the unit so that one can go through them for practice. It isimportant to note
that for getting more information on various topics of interest some QR codes have been provided
in different sections which can be scanned for rel evant supportive knowledge.

After the related practical, based on the content, thereisa® Know More” section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. Thissection mainly highlightsthe initial activity, examples of
some interesting facts, ‘analogy,. histery of the development of the subject focusing the salient
observations and finding, timelines starting from the devel opment of the concerned topics up to the
recent time, applications of the subject matter for our day-to-day real life or/and industrial
applications on variety. of aspects, case study related to environmental, sustainability, social and
ethical issueswhichever applicable, and finally inquisitiveness and curiosity topics of the unit.
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RATIONALE

This chapter isintended to equip studentsin electronic material and devices with the fundamentals
of semiconductor physics. The materials covered in the module begins with fundamentals and
accel erates to advanced topicsin semiconductor physics. All the basic aspectsarerelevant to basic
concepts necessary to understand the fundamentals of semiconductor devices. It starts with
guantum physics extended to semi conductor mechanism. It then explains clearly the semiconductor
material and carrier transport mechanism of electron and holes in semiconductor. Under standing
these charged particle concentrations is crucial for interpreting an electrical characteristics of a
semiconductor materials. The physical characteristics of the semiconductor device are covered
efficiently. The focus on physical mechanismwill also aid under standing and devel opment of novel
semiconductor technologies.

PRE-REQUISITES

Fundamentals of Basic Physics

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U1-O1: Describe about basic quantum mechanics

U1-O2: Analyses of E-K diagram of semiconductor

U1-O3: Describe the fundamental s of semiconductor materials
U1-O4: Realize carrier transport mechanismin a semiconductor
U1-O5: Design of resistor and sheet resistance

Unit-1 EXPECTED MAPPING WITH COURSE OUTCOMES
Outcomes (1- Weak Carrelation; 2- Medium Correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5 CO-6
u1-o1 3 3 3 - 3 1
U1-02 1 1 2 2 1 -
U1-03 2 1 3 1 2 1
U1-04 - - 3 1 2 2
U1-05 3 3 3 = 3 1
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1.1 Quantum Mechanics

In the first three-quarters of this century, it was found that a large variety of
phenomena involving electrons, atoms, and light could not be well explained by the laws
of motion developed by Galileo, Newton, Lagrange, Hamilton, and Maxwell, among many
others. After much research, a new hypothesis (along with a novel pattern of motion) was
revealed in 1924. This concept is called "Quantum Mechanics', which serves as the
foundation for comprehending atomic, nuclear, sub-atomic, condensed matter, and *Solid-
state”" physics. There are three concepts to examine before diving into the mathematics of
guantum mechanics. the energy quanta principle, the De-Broglie hypothesis, and the
Heisenberg uncertainty principle.

1.1.1 Energy Quanta

The discrepancy among the experimental data and the conventional light theory are
explained by the term “Photoelectric Effect”. When monochromatic light falls on a metal
surface of a material, thisincident light is absorbed
by the metal electrons, and it comes out from the
surface. These electrons are known as
photoelectrons. As per the classical theory, when
the intensity of the light is high enough, we would
expect greater number of electrons to be-expelled
from the surface regardless of the incoming
frequency. The observed result shows. that the
number of electrons that will emit from the metal 0

Maximum kinectic energy (E)

surface does not depend on the intensity of fight, it Ve Frequency, v
mainly depends on the frequency (v = vy) of light.

Below this frequency no photoelectroniis created Fig 1.1: Maximum Kinetic energy as function
at astable intensity of the event. of incident energy

Fig. 1.1 showsthat a a constant incident intensity, the maximum kinetic energy of
the photoelectrons varies linearly with frequency. The rate of photoelectron emission
changes when the incoming intensity fluctuates with a fixed frequency, while the maximal
kinetic energy remains constant. In 1990, Planck proposed that the radiation emitted from
the heating surface is not continuous, they come in discrete packets known as “quanta” .
The quanta's energy (E) and frequency v arerelated by E = hv. Where v is the radiation
frequency and h isthe Plank’s constant with the constant value (h = 6.625 x 10734 J. ).
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This mechanism is known as “Planck’s Radiation Law”. Later, in 1905, Einstein came
forward and considered the particle nature of the light known as “photon” .

The photoelectric effect illustrates the distinct nature of the photon as well as its
particle like behaviour. A photon with enough Incident
energy can knock an electron from the surface of the light
material. The minimum amount of energy needed to
remove an electron is known as work function of the
material, as well as any extra energy created by a
photon is converted to kinetic energy as shown in

Photoelectron
Kinectic energy

Fig. 1.2. Material

The maximum photoelectron Kkinetic energy

(KEpay) 1Sgiven by, Fig 1.2: Photoelectric Effect

KE, 0x = %mv2 =hv— ¢ = hv — hvy, (v =.v,) (1.2)

where hv is the incident photon energy and ¢ = hv, .is material’s work function or
minimum energy.

1.1.2 De-Broglie Hypothesis

The better way to explain quantum mechanicsis the famous thought experiment by
Richard Feynman. We are going to play around
with this experiment and try to understand the Recording
behaviour of a particle. 7

The experimental setup of Feynman's
experiment is shown in Fig.1.3. The setup consists .

of an electron gun. This electron gun essentially it j
provides tiny discrete particles. The detector is I Ve
placed near the dlitsto detect the path of the particle 0 A/
(i.e, dit 1 or slit2). Therecording screenisplaced " e \
to detect the particle which strikes that screen. The q Sit2

experiment istelling that despite the electrons being
fired one at atime with some sufficient space and l /
time between firing, each electron has gone through
both dlits simultaneously much like a “wave’ not
like a“particle’. Fig 1.3: Feynman’'s Famous Thought Experiment
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This wave-like behaviour of the particle is defined by De-Broglie Hypothesis. In
1924, he postulated that particle exhibits wave-like behaviour. Thisisknown as “principle
of duality (Wave-particle)”. According to the hypothesis, the photon momentum is
expressed as,

p=1% (12)

Then, wavelength of the particle can be expressed as,

h

The momentum of particle (p) and it is expresses as p.= mv,
where m is mass of the particle, v is velocity of the particle and 1.is known-as De-Broglie

wavelength.

Given: Veocity, v = 101°%cm/s = 108m/s
Solution:
We know that mass of the particlem = 9.1'x 10731kg
From the momentum equation of the particle, we can calculate the momentum,
p=mv=91x10"31%x10% =9.1 x 1072%kg.m/s
Then the wavelength is calculated by,

~ h_6.625x 1073
" p 9.1x10°23

=0.72x 107 1m

1.1.3 Heisenberg Uncertainty Principle

The uncertainty principle explains how two conjugate variables such as position
and momentum, as well as energy and time, are related. In 1927, Heisenberg applied this
principle to sub-atomic particles which are very small in size and it claims that their
behaviour is unpredictable. So, it is not possible to measure the position and momentum
absolutely.
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The first statement in the uncertainty principle describes that, absolute precision in
both position and momentum of the particle are not attainable simultaneously. Let us
consider Apis the uncertainty of momentum and the uncertainty in the position is
represented by the parameter Ax. Then the principle is defined by,

ApAx = g (1.4)
The second statement is that, it is difficult to accurately characterize a particle's

energy (E) and the instant time at which the particle has this same energy. So, AE and At
represent the uncertainty in energy and time respectively. Then the principle is defined as,

AEAt 2> (15)
whereh = % = 1.054 x 10734 J. s and it is known as modified Planck’ s constant.

1.1.4 Schrodinger’'s Wave Equation

It became clear that mechanics needed to be reconstructed as .a consequence of
several experimental findings involving electromagnetic waves and particles that could not
be described by conventional physics. In 1926, Schrodinger-proposed a wave mechanics
formulation that combined Planck's quanta principles with De-Broglie's wave-particle
duality concept. In order to explain the movement of electrons.in a crystal, we can utilize
wave theory, based on the wave-particle duality concept: Schrodinger's wave equation
describes this wave theary. The one-dimensional wave eguation is given by,

Potential energy + Kinetic energy = Total energy

. ﬁ 821 (x,t)
2m  0x2

+V(OY(x, t) = —?%’t‘t) (1.6)

where,

wave function - (x, t),

potential function - ¥(x), considered to be independent of time,

j (imaginary constant)is defined asv—1,

m -Mass of .the particle.

The Schrodinger’s equation can be separated into time-dependent component of
wave function and time-independent component of the wave function. The time-dependent
component of the wave function and the position-dependent component of the wave

eguation can be determined by using the technique called separation of variables. Assume
that the wave function can be written in the form,

P(x,t) =P ()P (8) (1.7)
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where ¥ (x) is a function of the position x only and ¢(t) is a function of time t only.
Substitute this to the equation 1.6,

0O T2+ VOO = —Fp () 220 (18)
If we divide the above equation by the total wave function equation 1.7, the equation 1.8
becomes,

ﬁ 1 9° 9% (x)
2mYP(x) 0x2

_h 1 940
jo@) ot
The left side of the equation 1.9 depends on afunction of position x only while the

right side of the equation is a function of timet only. The time-dependent wave function is
defined as,

+V(x) = (1.9)

a1 9g(t)
n = jh 20 ot (12.10

where 1 is the separation constant and ¢ (t) is the function of time ¢ only.-The solution to
the equation 1.10 is written in the form of ¢ (t) = e~/ (E/R)¢
The time-independent wave function is defined as,

W1 %)
me(x) dx?

+V(x)=E (1.11)

We can denote the separation constant in terms of particle’s energy (E). Multiply the term
by 234 (x) on both sides of the equation 1.11;

2 X m
T+ 2 (E -V =0 (1.12)

The wave function ¥ (x, t) describes the behaviour of an electron in a crystal. The total
wave function is the product of position-dependent and time-dependent.

W t) = P)P(t) = p(x)e/EME (1.13)

In 1926, Max Born postulated that the function |y (x, t)|?dx is the probability density
function.

[W(x, O =P 0. 9" (x, t) (1.14)

where, ¥*(x,t) is the complex conjugate function. Therefore, substituting this to the
equation 1.13 gives,

[(x, O12 = P )P* () = [P )12 (1.15)

In classical mechanics, the position of the particle can be determined precisely; whereasin
guantum mechanics, the position of the particle can be found in terms of probability.
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Since the function [y (x, t)|? isthe probability density function, then for asingle particle,
7 (o) |2dx = 1 (1.16)

The above equation defines that the probability of finding the particle somewhere is certain
and allows to normalize the wave function. This function is used to find the coefficients of
some wave function.

1.2 Particle in a Crystal Lattice

The element in a one-dimensional lattice is an issue in quantum mechanics that
appears in the periodic crystal lattice model. Electrons inside the lattice are subject to a
consistent potential due to the electromagnetic field that is produced by the ions in the
periodic framework of the crystal. The unbound electron model, which presumes that the
lattice has no potential, is generalized in this model.

Problem Definition

When discussing solid materials, periodic lattices in crystalsare the principal topic.
Let’s discuss about a 1D lattice of positive ions here. Consider the distance between two
ionsis"a", then the potential in the lattice is shown in Fig. 1.4.

A V(x)

z* ot z z

W

Fig 1.4: The representation of the particle in a potential well with a period ‘a’
The potential isrepresented mathematically as a periodic function with period "a".

When the potential . is periodic, Bloch's theorem states that, the Schrodinger equation's
wave function solution can be expressed as follows,

P(x) = e**u(x) (117)
where u(x) isaperiodic function which satisfies u(x + a) = u(x).

For aperiodic potential, the Bloch factor with the Floquet exponent k creates the
band structure of the energy spectrum of the Schrodinger equation, such as the Kronig—
Penney potential or a cosine function as in the Mathieu equation.

The boundary condition fails as one gets closer to the lattice's edges. If "L" isthe
length of the lattice such that L>>a, there are so many lattice ions. When analysing just
oneion, its surroundings are just about linear and the electron wave function is unaffected.
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Instead of two circular boundary conditions, now it is having only one condition, as seen
below.

Y(0) =y(L) (1.18)
The relationship aN=L exists if N is the number of ions in the lattice. Apply Bloch's
theorem and replacement in the boundary condition led to a quantization for k.

P(0) = e™*0u(0) = e™u(L) = Y(L)

u(0) = e*ly(L) = e u(aN) —» e =1

kL=2mn k=22 (n=0%1,..,%)

1.2.1 Model of Kronig-Penney

The Kronig Penney model is a straight-forward, idealised. quantum mechanical
structure made up of a virtually infinite number of periodic arrays of rectangular potential
barriers. A rectangular potential can be used to approximate the potential function is shown
inFig. 1.5.

N

z* + A V(X) z +

» x

| > b
-
Fig 1.5: The rectangular finite potential well
Bloch's theorem tells that, to determine a continuous and smooth solution for a
single time frame and the function u(x), which is also continuous and smooth.
A single instance of the potential is taken into consideration. Since there are two
different regions, we will specifically find solutions for each of them. Consider E represent
the energy above thewell (E > 0).

For 0 < x < (a-b):
hZ
_%lpxx: El/)
Y = Ae'®™ + Aleml¥ (q? = ZZL—ZE) (1.19)
For -b <x<0:

A2 Scan to know
- %lpxx: (E + Vo)lp nets



10 | Semiconductor Physics

Y = Be'P* + B'e™F* (ﬁZ - Zm(:;Vo))

In order to determine u(x) in each region, modify the electron wavefunction.

Y0 < x <a—>b) = Ael®™ + Ae~iax = glkx(geila—kx 4 g'g—ilatk)x)

u(0 < x < a—b) = Adel(@kx 4 plg-ila+tk)x

Inasimilar way,

u(=b < x < 0) = BelB~I)x 4 B'g=i(B+i)x (1.20)

Now ensure that the probability function is continuous and smooth in order to.complete
the solution, i.e.

P(0*) =9(07)

P'(07) =9'(07) (1.21)
Additionally, the periodicity of u(-x) and u’ (-x).is given by,

u(=b) =u(a—>b)

u'(=b) =u'(a —b)

These circumstances result in the matrix shown below:

1 1 =] -1 A 0

a —a —B B A 0
eila—k)(a—b) e—ila+k)(a=b) ~e—i(B-K)b —i(B+K)b B = 0

(a — k)ei(a—k)(a—b) —(ad + k)e—i(a+k)(a—b) —(ﬁ _ k)e—i(ﬁ—k)b (ﬁ +k)e i(B+k)b B 0

To get anon-trivial solution, determinant of the matrix needs to be zero. Thisresultsin the
phrase that follows:

a?+ % .
2ap sin(Bb) sin[(a(a — b)]

Use the following approximations, to further reduce the expression,

cos(ka) = cos(Bb) cos[(a(a — b)] —

b - 0; Vy = «; Vob = constant
p?b = constant; a’*bh - 0

Bb — 0;sin(Bb).— Bb; cos(fb) - 1
Now, the phrase will be,

cos(ka) = cos(aa) + PSiZ((laa) ; WhereP = m‘;l‘)zba (1.22)
We obtain the following for energy values inside the well (E<0) as,
ﬁz _ 0[2

cos(ka) = cos(Bb) cosh[a(a — b)] —

2ap sin(Bb) sinh[a(a — b)]
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__ 2mlE]|

2m(Vo—|E|)
== ek S el 1P

and p? = =%
Using the same estimates as above (b - 0; V, = o; Vyb = constant),
wearrive at,

with a?

Psinh(aa)

cos(ka) = cosh(aa) + — (1.23)
Utilising the same P formula as in the prior case,
p =1hbe (1.24)

h2

1.2.2 Band Gaps in the Kronig-Penney Model

The crystal momentum k and the energy E are the only variables in the above
section that are not governed by the physical system's properties.

Calculating the right-hand side of the equation 1.23 by.choosing-a value for E, and
then one can calculate k by taking arccos (inverse of cosine function) of both sides. This
expression gives leads to the dispersion relation. The Kronig-Penney model's dispersion
relationship, with P= 1.5 isshown inFig. 1.6. Thevalue of the expression in the dispersion
relation, with P = 1.5, to which cos(ka) is equal.

k
a

|
Fig 1.6 The dispersion relation of the Kronig-Penney model, with P=1.5
The final phrase in this equation 1.23, can occasionally have a right-hand side
higher than 1 or lessthan -1; in such cases, the equation cannot be true for any value of k.

Since a is directly proportional to vE indicates that, the Schrodinger equation does not
have eigen functions for certain values of E. The band gap is made up of these values.
Thus, one of the most basic periodic potentials, to display aband gap isthe Kronig-Penney
model.
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Given: Wave function ¥ (x) = Csin(kx)
Solution:
We know that, [~ |y(x)|2dx = 1
Substitute the wave function we get,
L
f C%sin*(Kx) =1- sz
0 0 2
CZ
—.L=1
2
C=.2/L

L1 —cos2(kx sin2(kx
1-cos2(hx) o, sin2(ko)f
2kx

1.3 Energy Bands in Intrinsic and Extrinsic Silicon \ \

Energy levels of electrons in.each orbit merge each other to.form an energy band.

Electrons in a similar orbit demonstrate various levels of energy. The energy levels of
valence electrons merge with each other to form a valence band. According to Bohr's
hypothesis, each atom's shell holds a distinct quantity of energy at various levels. When a
valence electron absorbs energy, it becomes a free electron. Electron interaction between
the outermost and innermost shells are explained by the energy band theory. The energy
levels of all the free electrons merge each other to form a conduction band. The forbidden
band is the name of the energy band that lies in between the valence band and the
conduction band. The valence band
electrons are till under the force of
attraction of the nucleus. The electronsin
the conduction band -are free from'the
force of attraction of the nucleus.
In general, no_electrons exist in the
forbidden band. The energy difference
between the energy of the conduction
band and the valence band is termed as
the forbidden ‘energy gap or band gap
(Eg). Fig 1.7: Energy Band Diagram

This E; represents the amount of energy required to be given to electrons of the
valence band, to transfer them to the conduction band. The graphical representation of the
energy band diagram is shown in Fig. 1.7. The energy gap E; is measured in the unit of
“electron-volt” (eV).

&

Conduction Band

I—t Band gap (Eg)

Valence Band

Energy

v

Energy of the nucleus
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1.3.1 Classification Based on Energy Band Diagram

Based on the band gap of the material, the materials can be categorized as
semiconductors, insulators, and conductors.

¢ In conductors, an abundance of free electrons exists at normal room temperature.
S0, no energy gap is present between the conduction and valence band. Both
conduction and valence bands are overlap. A conductor isrepresented by an energy
band diagram in Fig. 1.8 (a). Examples of conduction materials are. copper,
aluminum, silver, etc.,

e Inaninsulator, the band gap E; isvery high about 9eV. Hence at very high voltage
or temperature, the electrons cannot move toward the conduction band.-So, these
materials are known as insulators, as they had zero conductivity. The energy-band
representation of the insulator is illustrated inFig. 1.8 (b). Examples are wood,

paper, mica, etc.,
Energy Energy Energy
& & &
Conduction
Band Conduction
Conduction Band
Sl L Small
i arge ma
No forbidde Ec{(9eV) Ee(1eV)
Y N7 Valence Band
>Va ‘Band
e
0 0 0

(a) (b) (©)
Fig 1.8: Energy-Band Diagram (a) Conductor, (b) Insulator, (c) Semiconductor

¢ In semiconductors, the conduction band is said to be in an empty state, and the
valence band contains electrons. The energy gap for silicon isabout 1.12eV and for
Germanium-is 0.78eV. The electrons transition from the valence band to the
conduction band occurs a room temperature. Hence the material starts to
conducting partially. As temperature increases, the band gap E,; starts decreases
and a large number of free electrons are available. Example materials are silicon
and Germanium. The energy band diagram of the semiconductor is shown in Fig.
1.8. (¢).
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1.3.2 Structure of Semiconductor Material

The atomic structure of silicon and germanium are shown in Fig. 1.9. The atomic
number of silicon is 14 and for Germanium is 32. Both sructures consist of 4 valence
electrons in the outermost shell.

Valence e -«
B shell ¥~ 7g” " 0~ B\
~— AVl By ) A
/ —

- &
o4 Valence (e /7 — N\
!/ /”_-“\.-\\ . shell 'Ibz F . I.-"/ \ \#\7‘| l
L)Y Le VAN e ]
| 1 4 9% &\ N\ N /
Ny ALy
\Ne —"&" \ g & — /
\\\‘ ___." A \\ “"-H._\____._'___/
¥ Nty oY
e ~ (g

Fig 1.9: Atomic Structure of (a) Silicon, (b). Germanium

1.3.3 Intrinsic Semiconductor

A sample of asemiconductor initspurest. form is called anintrinsic semiconductor.
The conductivity of such type of a semiconductor is very poor and practically cannot be
used for manufacturing of semiconductor devices. In the
outermost shell of the intrinsic semiconductor, there are
4 electrons. Each atom shares its valence electronswith
its neighbour atoms and forms covalent bonds. Hence, the
outermost shells of all the atoms are completely filled
with 8 electrons. So, there'is’a no free electron, and the
conductivity of intrinsic semiconductor is very worst. At
room temperature, intrinsic material behaves as an
insulator. Therefore, intrinsic:semiconductors are not
suitable for electronic device manufacturing.

Fig 1.10: Crystalline Structure of
Silicon

1.3.3.1 Energy Bandsin Intrinsic Semiconductor

In the energy band diagram, the probability of occupancy of an energy is indicated
by alevel called fermi level denoted as E. Inintrinsic semiconductor,

No. of electrons = No. of holes
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In the band diagram,
- lowest conduction band energy level
Ey, - highest valence band energy level

Probability of finding electron in conduction
band is equal to probability of finding holes in valence
band. Inintrinsic semiconductor, the fermi energy level
isin the middle of the forbidden gap. Band diagram of 7 @Ev
S0 ) ) . ) Valence Band
intrinsic structureis shown inthe Fig. 1.11. Fermi level alence Band ¢
Er isgiven by, Fig 1.11: Energy Band Diagram of Intrinsic

Ec+Ey
EF = >

| Conduction Band

Electronenergy—s

Semiconductor

1.3.4 Extrinsic Semiconductor

Extrinsic semiconductors are defined as semiconductors'wherein certain dopant or
impurity atoms have been added in a predetermined ratio. So that, the intrinsic carrier
concentration is not maintained while the thermal. equilibrium’ electron and hole
concentrations are altered. One type of carrier either'p-type or n-type, will predominate in
an extrinsic semiconductor. “Doping”. is the process-of introducing impurities to the
intrinsic semiconductor. There are two types of impurities.used to obtain two different
types of extrinsic semiconductors called “ p-type”-and “ n-type” .

1.3.4.1 Formation of n-type Semiconductor

A pentavalent impurity. has five valence
electrons. When this is combined, each-atom
provides a free electron, and this type of doping
is known as donor doping. Arsenic, -bismuth, and
phosphorous are pentavalent impurity examples.
This type of doping creates an n-type extrinsic
semiconductor.

Free
electron

Fig 1.12: n-type Semiconductor Formation
Consider-an arsenic atom as a doping element, the silicon atom is positioned in the
crystal structure. So, that its four valence electrons may make covalent connections with
four other silicon atomsthat are next to it. Thus, every atom combined with Si donates one
free electron shown in Fig. 1.12. The number of valance electrons is controlled by the
amount of impurity added.
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1.3.4.2 Energy Band Diagram of n-type Semiconductor

When impurities are added, allowable energy levels are introduced. In n-type
material, each donor atom donates one free electron and hence donor energy level is

introduced just under the edge of the conduction -

band denoted as Ej,. l Conduction Band Ee
The conduction band and the donor energy % ' 'Ep

level are extremely close together. So, all the § — — — — — —° E-

added electrons move into the conduction band. 5

Thus, the occupancy of energy level by an &

electron is very high near the conduction band. E,

>
Hence, the fermi level E, shifts towards the Valencm*o
conduction band in n-type material.

Fig 1.13: Energy Band Diagram of n-type
Material

1.3.4.3 Formulation of p-type Semiconductor

Let ustake atrivalent impurity like Boron (B) isadded.to Silicon (Si). When this
is added, each atom accepts one free electron, and such doping is known as “ Acceptor
doping” . The way the Boron atom fits within silicon allows for the formation of covalent
connections between its three " valence (WA

electrons and the three neighbouring silicon \\k\i/*’{ L\SI) J\ SI ?

atoms. There is a shortage of one electron to e \ﬁ-::/

form a covalent bond. This crestes a \ ./ AE0

vacancy in the fourth covalent bond which B J 925 Piole created due
is nothing but a “ hole”. Thus, each Boron —“‘-?yk—t‘? imcomplete
atom added to the Si atom creates one hole N 0N bond
which is ready to accept an electron. The 1SR

material created is referred to extrinsic p- B

type semiconductor. Fig 1.14: p-type Semiconductor Formation

1.3.4.4 Energy Band Diagram. of p-type Semiconductor

In p-type material, each acceptor atom creates a hole in the valence band. This
introduces the acceptor level of energy very near to the band of valence. It is denoted as
E,. The valence band develops a hole, when electrons accelerated from valance band and
move to the acceptor level of energy at ambient temperature. As seen in Fig. 1.15, this
causesthe fermi level E, to move towardsthe valence band. The probability of occupying
energy level is very high near the valence band.
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Conduction Band E.

Electron energy—s

Fig 1.15: Energy Band Diagram of p-type Material

Table 1.1: Comparison between Intrinsic and Extrinsic semiconductor

No doping is added. It is purest form
of semiconductor.

Doping is added to make the
semiconductor: impure.

It has a low conductivity.

Comparatively speaking, it hasa
greater conductivity than an intrinsic
semiconductor.

Conduction and valence bands have a
narrow band gap.

Compared to intrinsic semiconductor,
the energy gap is larger.

It is found in that prohibited energy
gap at the centre.

According to the kind of extrinsic
semiconductor, there are different
degrees of fermi level existence.

The temperature isafactorin
conduction.

Temperature and the amount of doped
impurity present affect conduction.

Both bands contain same number of
holes and electrons.

Depending on the kind of extrinsic
semiconductor, electrons and holes are
present in greater quantities.

No additional classification is offered.

It falls within the p-type and n-type
semiconductor categories.

Some examples are Si, Ge etc.

Examples for extrinsic semiconductor
are GaAs, GaP etc.
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1.4 Energy - Momentum Diagram (E-K Diagram)

The earlier parts explored the fundamental ideas of permissible and restricted
energy bands. The Energy-Momentum (E-K) diagram illustrates a certain property of
semiconductor material. It demonstrates the connection between the energy and
momentum of the possible quantum mechanical states for the material's electrons. K isthe
momentum and E is the energy from a mathematical point of view. E-K diagrams of
semiconductors are obtained by solving Schrodinger’s equation. The effective mass is
given by,

1 1 d?E
T hZarz (1.25)

The minimal conduction band energy, which is at K=0, is where the electrons in
the conduction band typically settle. Similar to this; the topmost valence band energy is
where holes in the valance band tend to gather. The bottom of the conduction band and top
of the valence band lies at the same value of K yasillustrated in Fig. 1.16 (). Thisisknown
as direct bandgap semiconductor. one that possesses this characteristic, thereis no change
in crystal momentum while transitioning between the two allowed .bands. The optical
characteristics of the materials are greatly impacted by this direct' nature. GaAs is an
illustration of a direct bandgap material. These kinds of components are used in optical
devices like semiconductor lasers.

Conduction band

AVAVAV V)
electron

\/\/x/\/' Phonon (heat)

Conduction band

electron

Electron Energy
Electron Energy

hole

Qal

\hole

Valance band Valance band

Momentum Momentum

(@ (b)

Fig 1.16: E-K diagram for a) Direct Bandgap b) Indirect Bandgap
At K=0, the valence band energy is at its highest, but this is not where the
conduction band energy is at its lowest. An indirect bandgap semiconductor is one in
which the highest valence and minimum conduction band energies will not appear for the
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exact K value shown in Fig. 1.16 (b). We must use the rule of conservation of momentum
when electrons switch between the conduction and valence bands. An interaction with the
crystal's preserved momentum must always be present throughout atransition in an indirect
bandgap material. An example of an indirect bandgap is Silicon.

The electron effective mass is connected to E versus K curvature diagram. For
materials with a direct bandgap, the curvature of the conduction band and conduction band
minimum are larger than for materials with an indirect bandgap. Therefore, a.direct
bandgap material's effective mass of an electron in the conduction band will be lower than
that of an indirect bandgap material.

1.4.1 Significance of E-K Diagram

e No theoretical study, experimentation, and technological application can take place
without an E-K diagram.

e Thisdiagram indicates the bandgap Eg whichis the difference in energy between the
top of the valence band and bottom of the conduction band.

e |t explains electron (hole) effective mass and mobility.

e Itindicates how the electron states are equally spaced-in K-Space.

e TheE-K diagram clearly depicts the direct vs indirect band gap.

1.5 Carrier Transport

These are the mechanisms by which the electron‘and hole concentrations could vary
in the application of the electric field: Based on the variation or the count of electron and
hole concentration, we can establish what amount of current would be in semiconductors.
This carrier transport mechanism is easily defined using the continuity equation. Diffusion
and drift are two charge carrying mechanism:.

1.5.1 Drift Current

Drift current is used to describe the flow of charge carriers caused by an electric
field or voltage that has been applied. We can classify the charge carriersinto two different
types. electrons and holes. Free electrons migrate towards a battery's positive terminal for
avoltage supplied to asemiconductor, whereas holes move in the opposite direction. Holes
are positively.charged particles and negatively charged ones are electrons. We are aware
that opposite charges attract one another whereas similar charges repel one another. As a
result, holes (positively charged particles) are drawn to a battery's negative terminal, while
electrons (negatively charged particles) are drawn to its positive terminal as shown in Fig.
1.17.



20 | Semiconductor Physics

The electrons in a semiconductor often
attempt to travel in astraight line in the direction
of the battery's positive terminal. But they alter
the direction of flow as a result of constant
interaction with the atoms. The electron always
returns in a random path after striking an atom.
While the collision, random movement of
electrons are not stopped by the applied voltage,
it does cause the electrons to drift toward the
direction of the positive terminal. Fig 1.17: Drift mechanism of charge carriers

Drift velocity is an average speed that an electron or hole travelled.at-an electric
field / applied voltage.

The electron’ s drift velocity, V, is given by,

Vo = unE (1.26)
The drift velocity of holes, V, is given by,
V, = upE (1.27)

where, u, is electron mobility, u, is hole mohility and E‘is the field applied on the
material.

1.5.1.1 Drift Current Density

Drift current density refers to the movement of electric charge carriers, such as
electrons or holes, in a semiconductor-meaterial due to an electric field. It is the current
density caused by the drift of these charge carriers and is expressed in units of amperes per
square meter (A/nmR). The drift current density is proportional to the carrier concentration
and the drift velocity, which isthe average velocity of the charge carriers in response to
the electric field. Thetotal drift current density is denoted as/,;.

The free electron-drift current density, /,, is given by,

]ndrift = enﬂnE (128)
The hole<induced drift current density, /,, is defined as,

Jparire = epUpE (1.29)
where,

e=1.6 x 10719 coulombs (C)
n = electron concentration
p = hole concentration
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Overall drift current density,

]d :]ndrift +]pdrift (130)
Ja = enip, E + epu,E (1.31)
]d = e(nﬂn + pﬂp)E (132)

Drift current density is directly proportional to carrier drift velocity, carrier concentration
and carrier charge.

]n = andn (133)
Jo = avVay (1.34)

1.5.2 Diffusion Current

Consider the n-type semiconductor in Fig. 118 below, which. has non-uniform
doping. Due to the concentration gradient, the charge carriers have a tendency to move
from of higher concentration to lower concentration. As.a result, the semiconductor
material acquires equal electron concentration. So, the current sarts to.the flow from one
side to the other of the semiconductor. This current is known as Diffuson Current shown
inFig. 1.19.

)

N

Fig'1.18: Non-uniform Doping Concentration
The diffusion process operates similarly in p-type semiconductors. In
semiconductor devices, drift and diffusion current both exist. Without the application of
an external electric field or voltage, diffusion current occurs. In a conductor, there is no
diffusion current. Diffusion current flows in a direction that is similar to or opposite from
drift current.

Fig 1.19: Diffusion of carriers from higher concentration to lower concentration
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1.5.2.1 Diffusion Current Density

The difference in the concentration of electrons or holes in a particular location is
known as aconcentration gradient. The concentration gradient directly affectsthe diffusion
current density. Diffusion current density is high in the presence of a strong concentration
gradient and vice versa. The current density of diffusion islow if the doping concentration
issmall.

For a N-type semiconductors, the concentration gradient is given by,

Jna S (1.35)
For p-type semiconductors, the concentration gradient is given by,

Jpa Z—Z (1.36)
Charge and carrier flow combine to create diffusion current density.

Jnairr = CIDnZ—Z (1.37)
Jpaifs = quZ_Z (1.38)

1.5.3 Total Current Density

Total Current density (/) isgiven as,

J=l+
a

Jn = Jnarire + Jnaisr = enpinE + anﬁ (1.39)
d

Jp = Jparist + Jpairr = enipE + quﬁ (1.40)

Table 1.2: Comparison between Drift Current and Diffusion Current

1 | Drift current is.a term used to | Movement of charge carrier due to
describe the movement of | concentration gradient.

charge carriers caused by an
applied electric field.

2 | The process of drift current | Diffusion current may operate with a small

requires electrical energy. quantity of external energy.
3 | Ohm'sLaw isabided by the drift | The present complies with Fick's Law. The
current. diffusion densities for charge carriers are

symbolically opposite one another.
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4 | Inasemiconductor, the direction | The concentration of the carrier slope can
of the charge carriers is the | determine this current's direction.
opposite of one another.

5 | The polarity of the applied | The charge within the carrier concentrations
electric field has a significant | mostly determines this current's direction.
impact on the direction of this
current.

Given: Area (A)=10"m?, current (1)=2A.
Solution:

| ~

Current density | = "

Z4 6 g —2
= W =2x10°Am
We know that, I = ndevy,

Then the average drift velocity can be written as,
I

_ nde

= 2/(8 x 1028 X 1076 x 1.6 x 1071%)
vy =156 X10"4m/s .

1.6 Mobility and Resistivity |

Mobility determines how fast a carrier is movable inside the semiconductor
material with an_applied field. When there is no
applied field on the semiconductor, the carriers start E

Vq

to move in_a randem manner, and there is no net Path of
flow of electrons. So, there is no current flow. paih of electro electron win
When we apply a small electric field (E), arandom  without field//

thermal collision takes place and the electron starts

to move in an opposite direction to the applied field a—

with the velocity as shown in Fig. 1.20. This

velocity is known as drift velocity. Fig 1.20: Thermal motion of electron

The drift velocity of electron is determined by,
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Vg = — (1.41)

m

where a is the acceleration of carrier and it is given by, a = q. E, t is the mean collision
time and m™ is the effective mass of the carrier. Substituting a = q. E in equation 1.41.

vy = L (1.42)
Vg = z:*.E (1.43)

The equation 1.43 states that, mobility relates the average carrier drift velocity to the
electric field. It is expressed as,

L=y (1.44)
Compare equations 1.43 and 1.44, we get the mobility expression as,
U =qt/m* (1.45)

Carrier mobility is one of the most important parameters of any semiconductor material,
determining the sustainability for application in a large variety of electronic device.

1.6.1 Effects of Mobility

Two basic scattering mechanism influences the mobility of charge carriers.
1. Scattering due to lattice mismatch
2. Scattering due to impurities

When the vibration of the lattice scatters the crystal, lattice scattering has taken
place and crystal flaws like ionized impurities. It can cause impurity scattering. Each
scattering effect is temperature. dependent. For low temperature, impurity scattering
dominates, whereas for high temperaturelattice scattering dominatesas shown in Fig. 1.21.
Hole mobility is lesser than the electron. Because the effective mass of the electron is low
compared to the hole.

Iy K/’

Effective mobility,
1 1 1

Mobility

(1.46)

Herf Hlattice  Himpurity

Temperature

Fig 1.21: Effect of mobility due to scattering
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1.6.2 Resistivity

Resistivity is the amount of resistance, a given cross sectional area of the material
will experience per unit and it is denoted by p. It is depicted in Fig. 1.22. Let us consider
the conductor with length (L) and area (A) having R as a resistance, the resistivity is
defined as,

p=" (L47) 4 .
J]=0.E (1.48) * | ~Length *
] =qnu,.E (1.49)

Fig 1.22: Cross section of @ conductor

where ¢ is the conductivity. Reciprocal of conductivity is known:<as resistivity. Then
resistivity is defined as,
1 1

p=r=—r (1.50)

If the area of the conductor is large, then the resistivity of the conductor is high. The
conductor's resistance will also be high if the conductor's length is long.

Given: Cross sectional area, A=1.0 x10~7m?, current = 1.5 A.
Solution:

We know that I = ndev,

1

v, =
d nAe

1.5
T 9x1028x1.0%10-7x1.6x10~19

vy =1.042x 1073m/s.

1.7 Sheet Rggstance and Design of Resistors

Sheet resistance is a common electrical property used to describe thin films of
conducting and semiconducting materials (also known as surface resistance or surface
resistivity). A thin square of the material's lateral resistance, or the resistance between the
opposing sides, is measured.

Fig. 1.23 showsthe square L x L of a material with resistivity p, thickness t, and
cross-sectional areaA = L X t. This sheet resistance of a material can be written as,
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_ pL
Txt

This quantity R, is independent of the square's size and is mostly determined by
the material's diffusion characteristic. The sheet resistance R, as well as the surface
dimensions L and W, can be used to calculate the resistance of these resistors.

Now,

= % (ohms/square) (1.51)

N

L
or
R =R~

The aspect ratio (%) is the effective number-of sguares contained in the resistor.

Due to the medium resistivity (200 Q/square), p-type base region;. a base resistor in the
range of 20 Q to 300 K can be easily fabricated. However, the emitter diffusion sheet
resistance is merely on the order of 5 Q)/sg./As aresult, emitter resistors are typical, in the
10 Q to 1 KQ range.

p (uniform resistivity)

Fig 1.23: Cross sectional view of sheet

Given: Sheet'Resistance Rg = 2000)/sq, Resistor R = 8K().
Solution:

L R 8x10° 40
W Rg 200 1
Hence, apattern of 40 mileslong by 1mil wide could be used to fabricate a8 KQ resistor
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isshown in Fig. 1.24.

Al contact
\ 40 mils |
i i
[ |
1 mil p-type 200 Q /sq -
L t N [
n-type epitaxial

Fig 1.24: Design of 8 KQ diffusion resistor

Given: Width (W)=0.8 um, Length (L)=_20um.

Solution:

Assumethat p for polysilicon is 9x 10 Q.cm and thickness of polysilicon is 3000 A.
Ignore any contact resistance.

First calculate pq,

9x 1074 Q.cm
ps=£= —_5:309/cm.
T 3X10~°cm

The number of squares of resistance, Nis,

L . 20um

N = W 08 = 25
Total resistance is calculated as,

R=p, x N=30x 25=750 Q)

*Mils- A thousands of inches
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UNIT SUMMERY

e Planck’s coefficient: h = 6.6 x 10734 J.s

e Speed of light in vacuum: ¢ = 3 x 108m/s

e Rest mass of electron: m, = 9.1 x 107% kg

e Chargeof anelectron: ¢ = 1.6 x 1072 C

e De Broglie wavelength is related to the momentum ‘p’ and is given by,

h
A=—
p
e Theenergy of afree electron is given by,
p2
. 2m,
e Theenergy of aphoton is given by,
E=hv = L8 _
= hv = 7 =pc

e 1D Potential Box-of Width L

Consider an infinite potential well width ‘L’, where the electron hasamass‘m’ and
momentum ‘p’. The motion of the particle is described by the Schrodinger
equation, which in itstime dependent form is given by,
K.E+P.E=T.E
h? 0%y
~omaxz + V)yp(x) = Ep(x)
o Effective Mass

Effective massaccounts for the influence of the crystal lattice on the motion of the
particle and connects a particle's motion in a crystal to an applied external force.
The effective mass of an electron, m*, is generally calculated by approximating the
band edge by a parabolic equation,
E - EC = Clkz
The energy E. is conduction band. Since E > E_, the value of the parameter C; is
apositive. The effective mass, m*, is calculated as,
1d*E2¢; 1
h2d2k  h?2 m*
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Equilibrium carrier concentration - Intrinsic Semiconductor

For an intrinsic semiconductor, the thermal equilibrium electron and hole
concentration are given by,

Theintrinsic carrier concentration is provided by,

E
n? = NN, exp <— ﬁ)

The intrinsic fermi level with respect to the midgap position depends on' the
effective masses of electron and hole and is given by,

3kT my
EFi - Emidgap =~ Tln m*

n

Equilibrium carrier concentrations - Extrinsic semiconductor

ne = n; exp ((EF’:fFi)) . py = njexp (EFIi{;EF)

Alternatively,

_ _ 2 _ & 2
noz”dz”“+\/(”d2”“) +n? po-—-—N‘lsz+\/(—Na2Nd) +n?

where N; and N -are donor and acceptor concentration respectively.
The mass action law is given by,

NPy = N7
The Fermi level islocated relative to theintrinsic Fermi level in the following way:
Ep — Ep; = kTln (%) o Egi— B = kTin (%)

Carrier drift
Thedrift current density.-and drift velocity for asemiconductor in an applied electric
field, Eisgiven by,
Jarise = e(unn + upp)E = oE
qtE
Varift = mr
Diffusion current
dn dp
Jairr = qDn Ix + qua

Expression for mobility of the charge carriers
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p=qr/m’
Where 7 is the mean Collison time, m* - effective mass of the electron and g isthe
charge of the electron.

e Effective mobility due to the impurity and scattering parameters
1 1 1

Herf N Hlattice Himpurity
e Resigtivity of the conductor

It is defined as the resistance of the material having specific dimensions.

__RL 11
p_A’ p_a_qnun

where ¢ isthe conductivity of the material, it'is defined as,

0n = q(Upn + Upp)

But p<<n as holes is in minority hence, the conductivity of n-type material is
defined as

On = qHnM
For p-type material n<<p as free electrons are in minority hence, the conductivity
of p-type material is defined as,

Op =qUpD
e Design of resistor and sheet resistance
_PL _p

ST Ixt t

t isthe thickness of the sheet.
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EXERCISE

Multiple choice Question

1.1 For the given semiconductor, how does the electron mobility change when effective
mass of the electron is doubled

a) Electron mobility is not affected
b) Electron mobility is doubled

c) Electron mobility gets halved

d) None of the above

1.2 A net charge of neutral copper aom s

a 0
b) 9
c) +3
d -1

1.3 Assuming a copper atom loses its valence electron, the net charge of an atom net
changesto

a -5
b) +1
c 0
d +4

1.4 What type of force isexperienced bythe valence electron of copper atom towardsthe
nucleus?

a) Weak
b) Strong
c). ‘None
d)" Impossibleto say

1.5 How many valence electrons are there in an atom of silicon?

a 1
b) 8
c 9
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d 4
1.6 State the point form of ohm'’s law

a V=I*R
b) P=V*|
¢) JFo*E
d) P=I**R

1.7 How many numbers of proton does the nucleus of a silicon atom has?

a 8
b) 14
c 11
d) 10

1.8 An ordered pattern made of silicon atomsis called a

a) Semiconductor
b) Crystal

c) Valence orbit
d) Covalent bond

1.9 What creates the holes in an intrinsic semiconductor that are present a room
temperature?

a) Freeelectrons

b) Doping

c) Creating thermal energy
d) Creation of hole

1.10 The energy level of an electron with regard to the nucleus ------------ asitis
transferred to-a higher orbit level

a) Increases

b) 'Remains same

c) Decreases

d) Depends on type of atom

1.11 A free-electron and a hole combining forces isreferred to as

a) Doping
b) Lifetime
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¢) Recombination process
d) Thermal energy formation

1.12 Dual nature of matter was predicted by

a) Schrodinger

b) LouisDe-Broglie
¢) Thomson

d) Werner Heisenberg

1.13 The interval among the creation of a hole and its closing is called

a) Doping

b) Lifetime

c) Process of recombination
d) Valence bond

1.14 Another name for a conductor's valence electron is

a) Bound electron
b) Freeelectron
¢) Nucleus

d) Proton

1.15 How many different forms of flow are there in a conductor?

a 1
b) 0
c 13
d 7

1.16 How many varieties of flows are there in a semiconductor?
a 2
b) 1

c) 8
d) 6

1.17 Whenever a semiconductor is subjected to a voltage, holes start to flow

a) Far fromthe -ve charge
b) Inthe direction of +ve charge
¢) Inthe outside circuit
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d) None of them
1.18 When a semiconductor contains------------ , the valence shell becomes saturated

a) 0Oions

b) Contains both ions
c) 4holes

d) 8electrons

1.19 The hole density of intrinsic semiconductor

a) Isequal to the quantity of free-electrons

b) Ishigher than quantity of unoccupied electrons
c) Islessthan how many free-electronsthere are
d) None of the above

1.20 The temperature of absolute zero is

a) 270°C
b) 0°C

c) 50°C
d) 25°C

1.21 When the temperature is O degrees, an intrinsic semiconductor possesses

a) Limited free electrons
b) More number of holes
¢) More number of electrons
d) No holes or free€lectrons

1.22 An intrinsic semiconductor has an electrical property that is

a) Limited free electrons

b) Morenumber of holes

¢) More number of electrons
d) 'No holes

1.23 What happens to an intrinsic semiconductor, electrons and holes decreases as the
temperature

a) Increases
b) Decreases
¢) Remains same
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d) None of the above
1.24 Given the direction of the valence electron flow, the holes must be passing through

a) Opposite to electron

b) Same direction as electron
c) Bothdirection

d) None of the above

1.25 Hole conduction is

a) Atom

b) Crystals
c) -vecharge
d) +vecharge

1.26 How many numbers of valence electrons should a trivalent atom have?

a 0
b) 9
c 3
d 7

1.27 How many valence €lectrons are there on an acceptor atom?

a 4
b) 3
c 7
d) 10

1.28 Which of these would you utiliseto create a n-type semiconductor?

a) Acceptor atom
b) Donor-aom
c) Both (a)and (b)
d) -~ Scandium

1.29 How many electrons do silicon atoms in crystals have in their valence orbits?
a 0
b) 4

c 12
d 11
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1.30 Atoms that are negative ions have,

a) Picked up aproton

b) Misplaced proton

c) Picked up an electron
d) Misplaced electron

Answer of Multiple Choice Questions (’\' '
L 4 of o
1.1(c), 1.2 (a), 1.3 (b), 1.4 (b), 1.5(d), 1.6 (c), 1.7 (b), 1.8 (b), 1.9 (c), 1.10 (a), 1.11 (c), 1.12 (b), 1.i3
(b), 1.14 (b), 1.15 (a), 1.16 (a), 1.17 (d), 1.18 (d), 1.19 (a), 1.20 (a), 1.21 (d), 1.22 (a), 1.23 (a), 1.24

(a), 1.25 (d), 1.26 (b), 1.27 (b), 1.28 (b), 1.29 (b), 1.30 (c)

Short and Long Answer Type Questions
Category |

1.1 Explain, the electron mobility at-which a minimum conductivity of the semiconductor
ocCCurs.

1.2 From the figure given below. Find which semiconductor material has high effective
mass and which one has low effective mass.

F Y

Velocity (V)
™,

v

Field (Vg
1.3 Define resistivity:
1.4 List out the scattering mechanism which affects the mobility?
1.5 What is intrinsic semiconductor?
1.6 Define an'intrinsic semiconductor. Why it is not suitable for practical use?
1.7 What is doping? Explain trivalent and pentavalent dopants with suitable examples.
1.8 Define extrinsic semiconductor.

Category Il

1.1 Derive the expression for diffusion current density.
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1.2 Write anote on Einstein’ s relation.

1.3 State and explain the law of mass action.

1.4 Explain the carrier concentrations in extrinsic semiconductor.

1.5 Obtain the n-type and p-type materials' conductivity expressions.

1.6 Derive the expression for drift current density and conductivity of a material.
1.7 Obtain the expression of conductivity of intrinsic semiconductor.

Numerical Problems

11

1.2

1.3

14

15

1.6

1.7

1.8

A silicon sample is 3cm long has area 0.1cm?, it has donor impurity N, = 2'x
10'5¢m™3, resistance is 90Q. Find the electron mobility? (Ans:104.16/cm™2)
Acceptor impurities are doped into a GaAs semiconductor resistor.at a concentration
of N; = 2 x 105cm ™3 withareaof 5 x 10~>¢m™3. Current of |=25mA with the bias
2V and i, = 8000cm? /v — s. Calculate the length of the resistor and how much the
electron drift velocity. (Ans. L=0.01024cm, vy = 1.56 X 10%cm/s)

Calculate the resistance of a piece of copper Wire pppper =-1.68 X 10720m with a
diameter of 6mm and length of 4m?(Ans. 7.13uQ)

Consider a silicon at room temperature of 270° €. Assuming u,, = 1400 cm3 /v.s
and u, = 0.052m?/v. s, find the resistivity and conductivity if silicon is doped with
a) Np =6 x10%/cm3, b) Ny =5%101%/cm3."(Ans.a) p = 0.074,0 = 13.44,
b)p=2.4K0),0 =416 X 1079)

An electron is trapped in a 1D potential ‘box of width 20nm. Find the approximate
energy (in meV/) of the emitted particle when it makes transition from the second
excite state (n = 3) to the ground state (n=1). (Ans. 7.5meV)

In a 1D potential well, a particle with mass m and no energy has a wave function that

xZ

is independent of time, Y (x) = Axe 1? . Determine the potential VV(0) a x=0. (Ans.

3h?
" mL?z
Theresistance per unit length of apiece of copper wire with circular cross section with
diameter of Immis 2.5 X 10° A/m?. The current doping density is 2.1 x 10® A/m?.
Concentration- of free electrons is 8.4 x 1028 /m3. Calculate current flowing,
conductivity, velocity of free electrons and mobility. (Ans. 1.749 mA, 4.8 X

-4

107(Q —m) 1, 1.56 x =—=,3.567 x 103m? /v — sec)

A negligible I is passed through a wire having length 15m and area of 6 x 10~1m?
and its resistance to be 5Q. What is p of the material at the given temperature of the

experiment? (Ans. 2 X 10~7Qm)
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1.9 Consider the sliver wire with resistance of 2.1Q at 27.5°C and resistance with the
valueof 2.7Q at 100°C. Find the temperature coefficient of resistance of silver. (Ans:
0.0039°C™1)

1.10A copper wirewith a0.16 cm diameter islinked in serieswith an aluminiumwire 0.24
cmin diameter. A 10 A electric current flows through the cables. Find the aluminium
wire's current density. (Ans: 2.2 x 10° Am=2)

PRACTICAL

Experiments on an lIdentification, Specification, Testing . of R, L, C
Components (Color Codes), Potentiometers,; Switches (SPDT, DPDT and
DIP), Bread Boards and Printed Circuit Boards (PCBs)

Aim

i.  Toidentify the value and tolerance of resistor-using color codes.
ii.  To sudy about potentiometers, switches and bread board connection, printed
circuit boards.

Apparatus

Resistors with different color code
Potentiometers

Bread Board

SPDT, DPDT and DIP switches
PCB Board

Theory
Resistors

Because resistors are too tiny to have a value inscribed on them, they are color
coded. There are four or five colored bands. These range of colors are used to decipher the
resistor's value. Two types resistors, that is fixed resistor and variable resistor. Fixed
resistors, the value of resistor is specified and cannot be changed. Examples for fixed
resistor are wire wound resistors, metal films, and carbon films.
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Variable resistors that may have their value adjusted by turning the wiper.
Examples for variable resistor are Semi fixed, completely variable, potentiometer.

Digit Digit pultiplier  Tolerence Digit Digit Digit /Multiplier Tolegence

[ -

4-Band Code 5- Band Code

Fig. (i) Representation of colour bands

Mnemonic to Remember

“B B ROY of Great Britain had a Very Good Wife”

Color | Digit | Multiplier | Tolerance (%)
Black 0 100
Brown 1 10! +1
Red 2 102 +2
Orange 3 103
Y ellow 4 104
Green 5 10° +0.5
Blue 6 10° +0.25
Violet 7 107 +0.1
Grey 8 108 +0.05
White 9 107
Gold 10°1 +5
Silver 1072 +10
(none) +20
Procedure

1. Turn the resistor such that the gold or silver band end with more bands should point
left if your resistor has four different colour bands.
2. Now the left side is occupied by the first band. The initial digit is represented by this.
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Make a note of the numeral based on the colour. The first figure in the Fig. (ii)
represents four band resistors while second figure in Fig (ii) represents the five-band
resistor. The 4" band is"'5" for green. While the 5" band is"2" for red.

3. The second digit is represented by the second band. Similar numbers to those in the
first digit is represented by the colours. In this scenario, the 3band is"6" for blue
while the 4" band isa"3" for orange.

Fig. (i) Resistor with-4 and 5 band colour-code

4. For athree-band resistor, the third band stands for the multiplier digit. The value for
the multiplier band is “10*. So, the value for four-band resistor is 560 KQ.

4. For aresistor with five bands, the third band stands for the third digit. In this instance,
the third band is "7" for violet. The second band. standsfor the multiplier band. the
value for multiplier band is “0”. The 5-band resistor’s value is thus 237 ohms.

5. Thetolerance is shown by the last band. As aresult, the 4-band resistor's value is +/-
10% whereasthe 5-band resistor's value is +/-1%. Another crucial characteristic to take
into account is aresistor'stolerance. A resistor with atolerance of 10% and a value of
100 ohms may actually have a fixed value between 90 and 110 ohms. A resistor with
atolerance of 10% and aresistance of 120 ohms may have afixed resistance of 108 to
132 ohms. Therefore, there is considerable overlap between the limits of resistance at
100 and 120 ohms,

Capacitor

It is-a passive component, similar to a resistor. Condenser is another name for
capacitor. The chargeisoften stored in acapacitor. The"electrical field" servesasastorage
medium for the charge. In alot of electrical and electronic circuits, capacitors are crucial.

Capacitor in Series

Two or more capacitors are linked together in asingle line when they are said to be
in series. The negative plate of the capacitor after it is coupled with the positive plate of
the first capacitor.
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Charge and current on all of the capacitors are the same when they are linked in
series. Since the charge on each plate of a series capacitor comes from the plate next to it,
the same number of electrons will flow through each capacitor. So, the coulomb charge is
the same. Since the movement of electrons iswhat causes current, current isalso the same.

Capacitor in Parallel

The overall capacitance increases as the capacitors are linked in parallel. Higher
capacitance levels are necessary in some applications. The voltage supplied between the
circuit's input and output terminals is same across all capacitors that are connected in
parallel.

M easurement using color.code

Polyester capacitors have been marked with a color code for many years. Although
it is no longer in use, there are undoubtedly many of them. The top three-color bands on
the colors should be read like the resistor code to determine the value in pF. The fourth
band (tolerance). and. fifth band (voltage rating) should be ignored. Brown, black, and
orange, for instance, al denote 10000pF. Due to the fact that the color bands are all the
same width, there are no gaps between them. Wide red and yellow, for instance, indicate
220nF.
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Code Tolerance
C +0.25pF
102K = 1,000pF @ 10% J +5%
K +10%
Ist Significant Digit M +20%
2nd Significant Digit D +0.5pF
Itipli
Tolerance Z 80% / -20%
Switches
SPST

Understanding of poles and throws is a must for any conversation regarding
switches. Poles, in essence, show how many circuits a single. switch is capable of
controlling. On the other hand, throws show-how many contacts the switch may select
from. The simplest way to comprehend thisidea is via straightforward examples.

——O/O———

One circuit can only be controlled by a switch with.a single pole and asingle throw,
often known as an SPST switch, and it can only open and close a single contact. That is
comparable to an SPDT switch, which has a single pole but a double throw.

SPDT

The SPDT switch can flip-between two separate contacts, but thereis still just one
circuit that has to be managed..With-an'SPDT switch, it is possible to reroute the circuit
rather than just opening and-closing it.

L& o—

) o —
DPDT

A double pole, doublethrow, or DPDT, switch controlstwo circuits simultaneously
and alternates between two contacts on each of the two switches. The most frequent switch
configurations'are SPST, SPDT, DPST, and DPDT, however a switch can theoretically
have as many poles and throws as it wants. In order to make things clearer, the acronyms
substitute a number for the "S" or "D" when there are more than two poles or throws. For
instance, the manufacturer will typically refer to aswitch that hasthree poles and six throws
asa3P6T switch. Five tosses on a single pole might be denoted as SP5T.
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_ o — O
e —

5 O

07
Breadboard

A breadboard is a solderless tool used to check circuit designs and create
temporary electrical prototypes. The majority of electrical elementsin digital system may
be linked by placing their leads on the corresponding holes, and then, when necessary,
forming connections using wires.

Under the breadboard are metal strips that link the holes on top of the board. The
arrangement of the metal stripsis seen below. Keep inmindthat whiletheremaining holes
are connected vertically, the top and bottom rows of holes are connected horizontally and
divided in half.

Take a note on how the holes are selected in the particular row and column are
related to one another. A node is a collection of linked holes:
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A wire connected from any hole in the row to any hole in the column is required
to link the chosen row (node A) and column (node B):

Now there is a connection between the specified row (node /A) and column (node B):

PCB
The given schematicis converted into PCB layout.
Procedure

1. Cut the laminate for the required size and scrub to clean it.
2. Get or draw the schematic circuit to be converted into layout.
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3. From the schematic circuit, identify the component package and observe the pitch
reference.
4. Place (draw) the layout components in proper order as shown in the figure below.

5. Connect the pad to another pad (as per the schematic reference) by atrack.

P
2

6. Mix the25gm of ferric chloride with 100ml of water.

7. Immerse theprinted laminate into the solution and agitate strongly till the unwanted
copper (visible copper) is dissolved in the solution.

8. Rinsethe PCB inthe water and wipe the cloth.

9. Drilling the required place where the components need to be fixed.

10. Scrub and remove bur.

D-I
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KNOW MORE

"The tiniest conceivable unit of a physical entity" is what the word "quantum”
refers to. Science's field of quantum physics examines the universe's tiniest objects. The
theory of quantum entanglement is the interesting fact, albeit by no means the least
interesting. We are aware that light moves at the greatest speed. Quantum entanglement,
on the other hand, postulates that minute particles interact with one another at a pace faster
than the speed of light, making it impossible for them to be described separately.. This
struck Albert Einstein as being quite odd, and he described it as "spooky action a a
distance." The semiconductor physics is the result of this increased understanding of the
atom in a lattice. Consider all the electronic gadgets you use on a dally basis: laptops,
household appliances, mobile phones, headphones, fitness trackers, cars, and public
transportation are all made of small pieces of technology.

Interesting fact

It is impossible to simultaneously. fully understand two
properties of a system, according to a quantum principle known
as the Heisenberg uncertainty principle. You can know: one-more
exactly while knowing the other less precisely. This is true for
energy and time independently as well as momentum and
location. It resembles taking out a'loan somewhat. You can
borrow alarge sum of money for abrief period of time or asmaller
sum for alonger period. We then get at virtual particles. A pair of
particles can briefly form.if enough energy is "borrowed" from

nature; they will then vanish quickly to avoid defaulting on the loan.
Erwin Rudolf Josef
Alexander Schrodinger

Stephen Hawking thought that this process would take place near a black hole's
edge, where one particle would escape (as Hawking radiation) and the other would be
sucked in. Asit doesn't pay back the whole amount it has borrowed, the black hole steadily
disappears over time. Objects can be in two places at once. Superposition can be seen in
wave-particle duality, for instance. That is, a quantum item that may be in many states
simultaneously. An electron, for instance, exists simultaneously in both places. It doesn't
settle into one or the other until we do an experiment to see where it is. This makes
probability the central concept in quantum physics. Only after we look can we determine
which state an object is most likely to be in. The wave function isa mathematical concept
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that contains these chances. When an observation is made, the wave function is said to
"collapse," eradicating the superposition and reducing the object to just one of its many
potential states.

The famous Schrodinger's cat thought experiment is resemble the concept. The fate
of acat in alocked box is connected to a quantum device. The cat is both alive and dead
until we look, just as the instrument exists in both states until a measurement is taken.

History

Since the 1830s, researchers have been studying semiconductors.in lab settings.
Michael Faraday began playing around with silver sulfide around 1833.-He found that the
material carried electricity more effectively the more it:was heated. This was in contrast
to how copper behaved. Copper conducts electricity less efficiently when it is heated.
Other characteristics of semiconductors -were identified- by anumber of early
experimenters. The transistor was created in New Jersey'sBell Labsin 1947. Asaresult,
integrated circuits, which power practically all modern electronic gadgets, were created.

Application (Real Life/Industrial)

What applicationsdo semiconductorshave in madern life? It could be difficult to
realise why semiconductors are utilised in'so many electrical products given that they are
not offered as such in stores.

For instance, semiconductors are utilised to create temperature sensors for air
conditioners. Because semiconductors accurately regulate the temperature, rice cookers
produce flawless results. Semiconductors are utilized to create the CPUs that power
personal computers and aso used in a variety of common digital consumer goods, such
as mobile phones and smartphones, digital cameras, televisions, washing machines,
refrigerators, and. LED lights.

In addition to.consumer devices, semiconductors are essential to the operation of
trains, bank ATMs, the internet, communications, and other facets of the social
infrastructure, including, among other things, the medical network utilised for aged care.
Additionally, ““effective logistics systems encourage energy conservation and
environmental protection. The number of semiconductor devices put on automobiles has
been continually rising. Car-mounted semiconductors comein avariety of varieties. More
semiconductors are anticipated to be employed, particularly for ADAS (Advanced Driver
Assistance Systems) in the future. Semiconductors enable usto live pleasant livesin this
way.
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2 Semiconductor Diodes

UNIT SPECIFICS
Through this unit, we have discussed the following aspects:

e Describe how excess carriers are produced and recombined in a semiconductor

o Apply the Poisson and continuity equations to an analysis of the characteristics of excess
carriers

e |dentify the band diagram of a PN junction in thermal equilibrium and talk about how the
p and n areas are depleted

e Createasmall-signal model of the PN junction to be utilized in relating the device's small-
signal currents and voltages

¢ Analyse the voltage breakdown characteristics of the diode

e Discuss the basic principles of optical devices such asphotodiodes and Solar cells

¢ Describe and analyze the Light Emitting Diode's fundamental mode of functioning (LED)

The practical applications of the topics are discussed to generate further curiosity, creativity and
improve problem-solving capacity:.

Besides giving a large number of multiple-choice questions as well as questions of short and
long answer types marked.in two-categories following the lower and higher order of Bloom's
taxonomy, assignments through several numerical problems, a list of references, and suggested
readings are given inthe unit so that-one can go through them for practice. It isimportant to note
that for more information on various topics of interest, some QR codes have been provided in
different sections, which can be scanned for relevant supportive knowledge.

After therelated practicals, based on the content, thereisa“ Know More” section. This section
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights the initial activity, examples of
some interesting facts, anal ogies, history of the devel opment of the subject focusing on the salient
observations and findings, timelines starting from the development of the concerned topics up to
the recent time, applications of the subject matter for our day-to-day real life or/and industrial
applications on a variety of aspects, and case study related to environmental, sustainability, social
and ethical issues whichever applicable, and finally inquisitiveness and curiosity topics of the unit.
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RATIONALE

This chapter discusses how the nonequilibrium concentration electrons and holes behave about
time and geographical coordinates. Many carriers control the electrical characteristics of
semiconductor material; their behaviour is examined to understand better how semiconductor
devices work. A p and n semiconductor are in contact to create a PN junction. The situation is
similar to the one described above. These topics are covered in a non-equilibrium case. The
expansion of several related issues are made explicit to assist readers in having a clearer
under standing of the issues underlying semiconductor diodes.

Snce the properties and operation of these PN junctions are tightly connected, theinitial focus
is placed heavily on this essential element. The electrogtatics of pn junctions with zero-and reverse
bias are covered in this chapter. Additionally, the convention of electrical signals into-optical
signals and optical energy into electrical energy using semiconductor materials. This chapter also
covers the device's optoel ectrical features.

PRE-REQUISITES

Basics of Semiconductor Physics

UNIT OUTCOMES

The list of outcomes of this unit isas follows:

U2-O1: Describe the principle of electron-holepair generation and recombination
U2-O2: Describe the I-V characteristics of the PN junction diode

U2-03: Explain the breakdown mechanism of semiconductor diode and load line analysis
U2-O4: Realize the nonequilibrium behaviour of the Zener diode

U2-05: Develop the optoel ectronics devices such as LED, Photodiode, and Solar cells.

Unit-2 EXPECTED MAPPING WITH COURSE OUTCOMES
Outcomes (1- Weak Correlation; 2- Medium Correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5 CO-6
U2-01 J 3 3 - 3 1
U2-02 1 1 2 2 1 -
U2-03 2 1 3 1 2 1
U2-04 - - 3 1 2 2
U2-05 3 3 3 = 3 1
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2.1 Generation and Recombination of Carriers

This section is about the mechanism of carrier generation and recombination. So,
firstly, what do we mean by generation and recombination? By definition, generation
implies that the electron and hole pairs are created, and recombination is the process by
which the electron and holes are eliminated. The electron and hole concentration in
semiconductors tend to fluctuate if athermal equilibrium is disturbed. For instance, a fast
temperature rise will speed up the thermal generation of electrons and holes, causing their
concentrations to fluctuate over time until a new equilibrium value is established.

A non-equilibrium situation is caused by stimulation. For example, a photon flux
may also generate electrons and holes. We shall begin by direct band-to-band creation and
recombination to comprehend the processes. Later, theimpact of permitted electron energy
levelsinside the band gap is referred to as recombination hubs or traps.

2.1.1 Semiconductor in Equilibrium

At thermal equilibrium, concentration of electrons in the conduction-band and holes
in the valence band have been determined. Such concentrations are not time-dependent in
thermal equilibrium. The random nature of the thermal  process causes electrons to be
thermally stimulated continuously from the valence band into the conduction band. At the

same time, the conduction band 0 0~

electrons randomly travelling \—F,

ac:jol_ss th(?_c;ystir?l n;lay hltbholde:s Electron-hole \ Electron-hole
and jump’ 1Info the vVal enCggiyR generafion | recombination
empty states. The electron and /

hole are both annihilated during v

this recombination process. 0

Fig 2:1: Representation of Generation and Recombination

The creation and recombination of electrons and holes must occur a equal rates
because the net carrier concentrations at thermal equilibrium are independent of time. In
Fig. 2.1, the generation and recombination processes are depicted schematically.

Consider the thermal-generation rates of electrons and holes are G,,, and G,,. The
holes and-electrons are produced in pairs for direct band-to-band creation. Therefore, the
generation rate must be equal.

Gno = Gpo (2.1
Then, the recombination of electrons and holes is considered as R,,, and Ry, for

the semiconductor equilibrium since electrons and holes recombine in pairs during direct
band-to-band recombination.

The recombination rate for electron and hole is expressed as,
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Ruo =Ry (2.2

The generation and recombination rates are similar because the electron and hole
concentration in thermal equilibrium are time-independent parameters. So, we have

Gno = Gpo =Ry = Rpo (2.3)

2.1.2 Excess Carrier Generation and Recombination

A list of the most important symbols that are used in this chapter is shown in Table 2.1.

Table 2.1: Relevant notations used in this chapter

Ny, Po Electrong/holes concentrations at thermal equilibrium
n,p Concentrations of all.electrons/holes (which may depend on
place or time)

6, =n—mn, | Anexcessconcentration of electrons

8, =p—p, | EXxcessholeconcentrations

In» 9p Excess rates of electron/hole generation
Ry, Ry, Excess rates of electron/hole recombination
Tno» Tpo An excess lifetime of the electron/hole in minority carriers

When high-energy photons are shined on a semiconductor, valence band electrons
could be stimulated to the conduction band. This causes the formation of an electron-hole
pair. The additional electrons and holes.are known as excess electrons and excess holes.
Excess carriers may be produced in a semiconductor when it is out of equilibrium. If the
concentration of carriers-is n; inthermal equilibrium and n, in non-equilibrium, then
n, > n;. There are essentially three different generations, and they are as follows:

i) Photon Generation

When the light strikes a semiconductor during photon generation, if the energy of
the light (hv)is greater than the bandgap of the semiconductor, then an electron-hole pair
will be formed and electron moves towards the conduction band.
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Fig. 2.2 demonstrates how electronstraverse the conduction band after being struck
by light with energy (hv > E;), leaving a ®o—-¢
hole. It can accept an electron in higher ®
conduction band states for various light *
wavelengths  with  various  energies I
(hv,, hvg). Assume that a low-doping thin A A AR Ef

semiconductor plate is coupled to a voltage
source and light is directed towards the plate.
We obtain varied currents in the external
circuit for various wavelengths, and this
graph will resemble that in Fig. 2.3 (b). Fig 2.2: Photon Generation

When the light frequency exceeds the critical frequency (v), a minimal’amount of
current, known as dark current, flows through the semiconductor. Then, as aresult of the
applied field, electron-hole pairs are created and begin to conduct. Therefore, the current
grows quickly. Higher frequencies will result in constant current since the generation rate,
which depends on the number of photons in light, will also stay.constant. The generation
rate will rise as light intensity increases (the number of photons increases). Current
increases asaresult. Therelationship between current and light frequency (11>12>13) isseen
inFig. 2.3 (b).

| OGN NON }\.

Va V2V

hv $
ly
| |1:-‘-“ |g >|3
[‘; ; |
| |T 3
mA v -
H— ° v

(@) (b)
Fig 2.3: Photon Generation: (a) Experimental setup, (b) Current Vs frequency plot for different
intensities of light

i) Phonon Generation

When a semiconductor is overheated, phonon production takes place. More
phonons are produced when the semiconductor's temperature rises due to increased lattice
vibrations. Covalent bonds in the semiconductor dissolve due to increased lattice
vibrations, creating electron-hole pairs.
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Fig 2.4: Phonon Generation

1)) Impact lonization

One energetic charge carrier will generate another charge carrier throughout this
procedure. Semiconductors under an induced field cause €lectronsto gain high energy and
strike additional Si-atoms between two subsequent collisions.”A bond breaks out during
this process, creating new carriers. Avalanche breakdown happens for very high electric

fields.

A par of electrons and holes .get
annihilated during recombination. The fact that,
a conduction band free electron moves towards
the valence band and unites with a hole to.form
a bound electron in the valenceband does not
indicate that they are destroyed.

2.1.3 Radiative Recombination

This process results in one energetic photon
(Eg) emission, when the carrier from the conduction
band minimum dropsto the valence band maximum
without change in momentum.

When stimulated to higher energy levels,
electrons enter the conduction band and release
their energy as heat. It is sometimes referred to as
direct recombination. This processusually occursin
direct band gap semiconductors like GaAs.

Si Si
! ! s
f )
l'j e folh 4’ Y=
s&. | T |
|®/e \°/e
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Fig 2.5: Impact lonization
a
oo Heat
€
Ec
hv=FE, Recombination
- ANAR flv=F,

E.

Fig 2.6: Radiative Recombination
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Shockley-Read-Hall Recombination

In this recombination, electrons from the conduction band minimum travel to a
defect level intermediate between Ec and E, by emitting energy as photons or phonons, and
then travel to the valance band from that intermediate level. This form of recombination is
observed in impure semiconductors and semiconductors containing defects. Commonly,
the level of faultsisin the centre of the forbidden gap.

® Ec - E. E.
o
__________ ____..___. PR, N\ M. & X
Photon ar i
) phaonan
O E, O E, E,

Fig 2.7: S-R<H Recombination Process

Auger Recombination

There are three carriers.in Auger recombination..In this process, an electron-hole
recombines, but the energy istransferred to the third free electron in the conduction band
rather than discharging it.as a photon or phonon. The third exciting electron then returns
to the conduction band edge by producing heat asit does so. For strongly doped material,
an Auger recombination often takes place.

e

x Heat

E. E. E.
— —
E. @ E. ® E.

Fig 2.8: Auger Recombination Process

According to the semiconductor, the recombination process may also be divided
into two categories: direct and indirect recombination.
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Direct Recombination

Direct recombination occurs when the valence band’s maximum and conduction
band’ s minimum energy levels occur for asimilar momentum. When electrons move from
the conduction band edge directly hitting the valence band, they generate photons with an
energy equivalent to the semiconductor's bandgap.

Indirect Recombination

However, in indirect semiconductor recombination, electrons from the conduction
band must shift momentum to approach the valence band top, a which point recombination
occurs. Indirect recombination often involves heat being released and ahsorbed by the
semiconductor.

N ] /

i
1
. 1 _“Conduction :- A\
—a— band : E o
1
1 1
AAAS Eg
e Phonan
—“~_ Valence S RN
d 1 ™, 1 ;
, |\ band R
\ \ \ pard _—»

)
(a) (b)
Fig 2.9: (a) Direct‘Recombination; (b) Indirect Recombination
External force produces the extra electrons and holes at a certain rate. Let g,," be

the rate of extra electrons produced,-and g, be the rate of extra holes produced.

Additionally, these generation rates have units of cm~3s 1. The excess electrons and holes

are produced in pairs for direct band-to-band creation, therefore we need to have,

In = 9p (2.4)
More €electrons and holes are produced above thermal equilibrium. We may write

the excess carrier-generation as,

p=py+5, (25) (b)
where §,, and &,, are excess electron and hole concentrations, respectively, and n, and p,
are the thermal equilibrium concentrations.

The method of producing excess electron holes is depicted in Fig. 2.9. The
semiconductor is not in thermal balance as a result of the external force's perturbation of
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the equilibrium condition. From equation 2.5 (@) and 2.5 (b), we may deduce that, under
non-equilibrium conditions,

np # nyp, = n¥ (2.6)
The carrier concentrations steadily increase due to a steady-state emission of more

electrons and holes. Conduction band electrons have the potential to "slip down" into the

valence band, initiating the process of excess electron-hole recombination. R, and R;, are

recombined electron and hole respectively. Recombination must be equal since extraholes
and electrons combine in pairs. So, we can express the recombination rate as,

R, = R; (2.7)
n 14

In direct band to band recombination, the recombination occurs spontaneously,
thus, the probability of an electron and hole recombining is constant at time. Both the
electron and hole concentrations should be proportional to the rate of electron
recombination. Recombination isimpossible if there are no electrons or.holes. The net rate
of increase in the carrier density can be expressed as,
dn
29 = a,[n? - n(Op(D)] (2.8)
n(t) = n, + 6, (t)

p(t) = po + 6,(t)

The first term in the equation 2.8. a;n? -represents the thermal equilibrium
generation rate. We know that 6, (t) = 6,(t) -because extra electrons and holes are
generated and pairwise recombine. If .n,,p,-are time-independent thermal equilibrium
parameters, then the equation becomes,
2n0) = 1, [0? — (o + 82(0))(po A8, ()]

dt
= —a;6,()[(n, + po) + (0] (2.9)
If we enforce the requirement. of low-level injection, equation 2.9 can be solved
with ease. The amount of the concentration of additional carriersrelative to the steady state
carrier concentrations at-room temperature is constrained by low-level injection. We often
seen, > p, inextrinsic n-type elements and p, > n,, in extrinsic p-type elements. When
there is low-level injection, the majority carrier concentration at thermal equilibrium is
substantially lower than the excess carrier concentration. On the other hand, high level
injection happens when the additional carrier density equals or exceeds the majority
carrier’ s concentrations at thermal equilibrium.

When a p-type material is taken into account under low-level injection (6, (t) <
Po), €quation 2.9 changes,

d(5;t(t)) = =0 Po6p (L) (2.10)
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The above equation can be written as an exponential decay function from initial

excess concentration.
t

8, (t) = 6,(0)e~%Pot = §_(0)e o (2.12)
where the constant for low-level injection is 7,,, = (a,p,) 1. 7,0 IS cCOMmMonly known as
the extra minority carrier lifespan since equation (2.11) explains how additional minority
carrier electrons decay.

Equation 2.11 may be used to express the recombination rate of additional minority
carrier electrons, which is expressed as a positive value as,

! 51’1

Ry = = 2220) = 46 py8,(6) = 6,(8)/Tro (212)

The additional majority carrier holes merge at the same rate for direct-band-to-band
recombination, so for the p-type material,
Ry, = Ry = 8,(£)/Tno (2.13)

The decay of minority carrier holeshappens in an n type material(n, > p,) under
the circumstance of low-level injection (6, (t) < n,) having.a time constant of 7,,, =
(a,ny)"1, we have,

Ry =R, = 8,(t)/Tp0 (2.14)

2.2 Poisson and Continuity Equation

The Poisson's equation and the continuity equation are playing an important role in
macroscopic semiconductor device simulation. :One of the fundamental equations in
electrogtatics is Poisson's equation, ‘which is derived from Maxwell's equation V.D = p
and the material relation D = €E. The electric displacement field is denoted by D, the
electric field by E, the charge density by p, and the permittivity tensor by é. Poisson's
equation is obtained by combining the electrostatic potential ¢ with E = —Vi as,

V.(EVY) = —p (2.15)

For high frequencies, when wavelength is much less than the device dimension, the
quasi-stationary-approximation used to verify Poisson’s equation is still applicable. In this
derivation, the permittivity tensor ¢ is also considered time invariant. The scalar
value e can also be used to approximate permittivity in isotropic materials like silicon.
Furthermore, within a material section, permittivity is frequently assumed to be constant.
The charge density in semiconductors is generally divided into fixed charges, such as
ionized acceptors N, and donors N7, and free charges, such as electrons n and holes p.

Poisson's equation can be written asif acceptors, donors, electrons, and holes are included.
VA =1 (n—p+ Ny —Ng) (2.16)
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In ideal oxides, the right side of equation 2.16 becomes 0, and Poisson's equation
changesto the Laplace equation. However, it is necessary to consider the presence of oxide
charges N,,,., which producesin,

V2 =1 Np, (2.17)

The interface trap concentration N;; must also be considered at interfaces and
surfaces. Maxwell's equations can also be used to derive the continuity equation, which
gives,

ap _
VJ+%2=0 (2:18)

For the contribution of electrons and holes, the current density J-is divided into
Jn and J,. The elementary charge is represented by g, and the concentrations of electron
and hole are expressed as n and p respectively. Two different continuity equations can be
formed by introducing the recombination rate R as,

V.],.—q Z—? = +qR (For electrons) (2.19) (a)

V.J, — q 2= +qR (For holes) (2.19) (b)

The splitting of the .equations-into two, alows for. independent carrier-type
transport modelling. The rate R denotes the rate of change, the value of R will be zero at
thermal equilibrium, implying that generation and recombination are equal. The electron-
hole pair generation and recombination-are expressed using recombination modelsthat are
either physically or empirically based. The equations 2.15 and 2.16 can also be derived
using the method of moments from Boltzmann's transport equation.

2.3 P-N Junction Characteristics

PN junction is actually‘a junction created between n and p type semiconductor as
shown in Fig. 2.10. Each region has both types of charge carriers. A metallurgical junction
refersto the boundary between two sections at x=0.

p-type n-type

Metallurigal
junction

i ™~
I x=0
\ .
~—____Uniform
doping

Fig 2.10: PN Junction
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2.3.1 Theory of P-N Junction

For the sake of simplicity, let's take a closer look at a step junction with uniform
doping concentrations throughout the entire region and a sudden change in doping at the
junction is shown in Fig. 2.11. At thermal equilibrium or when no external biasis applied,
the number of holes and electrons are different on each side of a junction. So, the holes
from the p-side can diffuse to the n-side, and electrons from the n-side can diffuse to the
p-side. They cause a flow of diffusion current through the junction. Also, an immobile,
ionised donor is left onthe n-side. Asthe process proceeds, alayer of positive charge forms
on the junction’'s n-side. An ionised acceptor is left behind when a hole moves from the p-
side to the n-side.

p-type n-fype
material material
@)
Empty hol O O4 60 @ Free
O OO @@ electrons
oL | ©
Q&
-
Depletion
regian

Fig 2.11: Representation of Depletion Region

The junction near the p-side developsalayer of negative charges as a consequence.
The area around the junction which'is depleted of the free charge carriers is known as
depletion region. We can classify.the PN junction into four categories based on their doping
concentration.

1. Abrupt junction

2. Linearly graded junction
3. P"Njunction

4. PIN junction

Abrupt Junction - When the electron concentration is higher than the hole concentration
or the concentration of hole is higher than the electron, there is a sudden change in the
doping profile. These sudden changes appear as the step type changes at the junction. This
kind of doping profile is called as step graded PN junction or an abrupt p-n junction.
Example: Varactor diode.
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Linearly Graded Junction - In the entire region of a p-n junction, the doping
concentration shifts linearly from n-type to p-type and vice versa. Thiskind of PN junction
isknown as a linearly graded junction.

PN junction - Thiskind of junction is doped heavily at the p-type region compared to the
n-type.

PIN junction - Theintrinsic region is sandwiched between the P and N regions.

MNo-MNa & Mo-Ms %
X

L

v

p-side n-side p-side n-side

(@) (b)

Fig 2.12: a) Abrupt Junction,b) Linearly graded Junction

No-Na & Ng-Na 4

n-side

v

Intfinsic

p-side
p-side n-side

(@) (b)

Fig 2.13: a) PIN Junction, b) P*N Junction

2.3.2 Energy Band Diagram of P-N Junction

The fermi level is located just above the valence band for p-type materials and just
below the conduction band for n-type materials. Diffusion begins when the p-n junction
forms. The concentration of charge carriers changes due to the movement of charge carriers
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from one semiconductor material to another semiconductor material until the fermi level
of the two materials aligns itself. This is comparable to adjusting the water levels in two
linked tanks when they are at different levels. Until the fermi levels on the two sides line
up, charge flows from p to nand nto p side. Fig. 2.14 illustrates the energy band structure
and charge transfer.

In p-region, the fermi level (E) is near the edge of the valence band (E}) and in n
region, the fermi level is near the edge of conduction band (E,). In p-type materials, the
edge of the conduction band is higher than in n-type materials due to the transfer of charges.
P-type materials have a greater valence band edge than n-type materials. As a result, the
intrinsic levels of the fermi level on both side shifts.

To achieve a comparable fermi level for “E. Tp‘wpe ________ e .
the p-n junction, the n and p side fermi levels are ¥ X \ | & E.
adjusted. The contact difference in potential Ef C =l — 2—E-
across the junction is caused by the total ‘energy Eve B il S
shift E,, which is made up of the components £, . <c.-__ Ea k._ (=
and E,. This is simply the barrier potential, Barrier
junction potential, or contact potential provided ki
by, Fig 2.14: Band Diagram of p-n Junction
Vy; = KT In(N, Np/n?) (2.20)

where, N,= Concentration of acceptor. impurity
N, = Concentration of doner-impurity
n; = Intrinsic concentration
k = Boltzmann's constant =8.61.:x 107> eV /K
T = Temperature (Room temperature = 300°C)

2.3.3 Biasing of.P-N Junction

A P-N junctionis biased by connecting an external voltage source across its ends.
Depending upon the way of connection, there can be different scenarios as follows,

Zero Bias Configuration: The P-N junction is not being charged externally.

Forward Bias Configuration: Positive and negative terminals are connected to the p-type
and n-type, respectively.

Reverse Bias Configuration: The p-type is connected to the -veterminal, therefore the n-
type is linked to the +ve terminal.
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Forward Bias Configuration

In forward bias, a positive potential difference is applied to PN junction by
connecting a p-type semiconductor to positive terminal of the battery and a n-type
semiconductor to negative terminal of the battery.

The negative electrode of the battery drives the free-electrons against the potential
barrier from the n to the p-region, when the supplied voltage exceeds the barrier potential.
Inasimilar manner, the positive voltage pushes the holes towards n-region. Since'the holes
are repelled by the positive potential and try to cross over the barrier. The applied electric
field at the P-N junction is pointed in the reverse direction asthe induced electric field. The
combined electric field has alesser magnitude than the induced electric field when the two
electric fields are added up.

As a result of this, the depletion
area becomes less resistive and thinner.
When there isalot of applied voltage, the
resistance of the depletion area is very
low. At 0.6 V in silicon, the depletion
region's resistance totally® wvanishes,
allowing current to pass through it
unhindered. Fig 2.15: Forward Biased p-n Junction

Reverse Bias Configuration

In this configuration, the negative electrode pulls the holes in the p-side away from

the junction. The positive Built in electric
electrode draws the unbound-n- field

region electrons away from. the
junction. No charge carrier could
pass the intersection.. .~ The
depletion zone expands as the
electron and holetravel away from

+ ottt 4
[

—_—
Depletion

the junction.”The production of region Battery Induced
more positive ions raises the + 1, - '
positive charge in the n-region, 4F

while the production of more -ve Fig 2.16: Reverse Biased p-n Junction
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ions raise the negative charge in the p-region. This is due to the barrier potential being
aided by the supplied voltage. In this case, both the built-in and applied electric fields are
pointing in the same direction. A thicker, more resistive depletion area results from the
combination of the two electric fields because the resultant electric field is directed in the
same direction asthe induced electric field. The depletion areathickens and becomes more
resistive as the applied voltage rises.

2.3.4 1-V Characteristics of P-N Junction

The P-N junction diode is in zero-bias condition, when no external voltage is
applied between its terminals. In this condition, it blocks current conduction due to the
barrier potential at the junction.

When the diode is biased forward, the current progressively increases; and when
the voltage is applied over the barrier potential, a non-linear curve is produced. The diode
continues to function correctly once it has
passed the potential barrier. As the external
voltage rises, the curve rises quickly.

When the p-type material is connected Bffn?%?'”
to the negative terminal of the external battery ;
while the n-type material-is connected to the * :
positive terminal then the P-N junction diode L loakage
is in a negative bias condition. The potential
barrier rises as a result of this.. Minority
carriers are present at the connection-at first, il
causing reverse saturation current to flow. Fig 2.17: I-V Characteristics

The energy of minority carriers-grows as negative bias applied across the P-N
junction increases and beyond a certain potential this provides sufficient energy to break
free electrons from valence band of other atoms. This results in positive feedback which
increases current. substantially and make the diode useless. The results are shown in Fig.
2.17.

4

Current

»

Voltage (V)

!
Fofward
voltage

Given: Doping and acceptor concentration of N, = N; = 10° cm™3
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Solution:

Form the equation 2.20, we can calculate the built-in potential as,
V,; = KTIn (NAZ—?) =8.61x 1075 X 3001n (NAZ—?)

1010

3 10 19
Vp; = 0.0258In(10 " (1.5x1010)2

Vy; = —0.021V

2.4 Load Line Analysis of P-N Junction

The load line analysis of the diode circuit illustrates the limits.placed on other
circuit components and aids _in R,
understanding the nonlinear characteristics A A A
of the circuits. Therefore, by utilising the

load line, we can understand how the diode

is constrained by other components of the B
circut e F v

Let ustake aP-N junction diode and
connect it as illustrated in Fig. 2.18. . The
current flow into the circuit is represented
by Io. We can quickly analyse the circuit Fig 2.18: Circuit Setup
by using Kirchhoff’ s voltage law.

V=1IpR, +Vp (2.21)

The equation 2.22 denotes the value of the current when the voltage across the diode is
zero.

V=I,R, +0

I, = RlL (2.22)
In the same way, V), is calculated by making I, as zero.

V=0+1,

V=V (2.23)
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The two points (V/R.,0) & (0O, V) from the equation is connected to form a straight
line, which is referred to as the diode's "load
ling". o
The intersection of diode characteristics
and load line has a point known asthe"Q point”, (v/RL,0)
sometimes known as an operating point or a
quiescent point. Since the point is equal to the
operational voltage (Vpg) and current (Ipg), we
obtain

onint = (IDQ» VDQ) (2-24)

Finally, the intersection of the load-line
and diode characteristics is the operational

Diode
response

point. The slope of the load line is found by v . 0v) Vo
dividing the equation 2.21 by R, Q-bo)
:—L =1Ip+ ‘;—’Z orlp = —‘;—[L’ + RLL Fig'2.19: Diode.Load Line

The above equation is same like a straight-line equation, the slope is negative,
slope = SRES (2.25)

R

The Q-point is very sensitive to the parameter R; .. The Q-point will change if one
change the value of R, the Slope will also change.

Given: Load resistance of R; =100 and V=5V.

Solution:
The Q-paintsare (I, 0), (Vpg, 0).
5
Ing =3 =15 = 054
Vpo =V =5V

So, the points are (0.5A,0) and (5V,0) based on the points load line is drawn.
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2.5 Small Signal Model

Small signal model is alinear approximation of nonlinear device which is valid only
for small signals.

Steps

1. Determine the DC operating points (V, & Ij) of diode.

2. A diode is subjected to DC voltage (V;, ), which is modelled by a battery, and time
varying signal V,;(t) isoverlaid on DC voltage V.

3. When there is no signal present, the diode voltage is equal to V,, and the diode will
conduct aDC current I, is,

Vb
Ip =Ige™r | D {t}%
where [; (saturation current) and n are diode
parameters. +
4. n is the fitting parameter that lies within the range vy (1)
of 1 and 2 depending on diode’s material and viplt)
structure. d
e For n=1, diode made using sandard" IC VeT -
fabrication process when operated under
normal condition.
e For n=2, diode available as discrete 2-terminal Fig 2.20: Circuit for Small Signal
components. Model
5. When V,(t) is applied, total instantaneous diode voltage, V, (t) = Vp + V;(t) (2.26)
Vp®
6. Total instantaneous diode current, i, (t) = Ig e "t (2.27)
(Vp+vg(t) Vp vg®)
7. Put equation 2.26.in 2.27, i, (t) = Ige ™r =Ise™Te"T
vq(t)
ip(ty=1Ipenr

Vb
where [, =Ige™r

Ud(t) << 1

TlVT

9. So, expand exponential in series and truncate the series, small signal approximation of

ip(t) reduced to,

. ()
ip(t) =1, (1 + ?TT)

8. If amplitude of signal V; (t) is kept sufficiently small,




68 | Semiconductor Diode

10. The above equation is suitable for signals which are having smaller amplitudes of
10mV forn = 2 and 5mV forn = 1, V; = 25mV3.

ip(t) =1Ip +1p (Ud(t))

TlVT

ig = I, (42 (2.28)

TlVT

11. From the equation 2.28, it’s clear that signal current and signal voltages both arein
direct proportion.

12. Diode small signal conductance is the quantity that relates signal current i; to'signal
voltage v, and has dimensions of conductance (mho).

13. We can write the small signal resistance as,

ol
Td ID
1y = —when I, =i, (2.29)

ip ?

Vp
14. Small signal values V,(t) and i;(t), both~having. a common diode small signal

resistance r;, will be placed over quantities.V, and I, that define DC bias point or
quiescent point of diode.

(mA)

Tangent at
slope=1/rs

Bias point

R VA VA

.
B2

Fig. 2.21: Analysis of Small-Signal Diode Model
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2.6 Zener Diode and its Characteristics

A heavily doped semiconductor device created to work inthereverse directionisa
Zener Diode. It is usually referred to as a breakdown diode. A Zener diode's junction
collapses and current flowsin the opposite direction when the voltage between itsterminals
is reversed and the potential approaches the Zener Voltage (also known as the knee
voltage). Thiseffect isknown asthe Zener Effect. When current reaches the Zener voltage,
diode allows the current to flow towards the cathode terminal, but also in the opposite
direction.

2.6.1 Circuit Symbol of Zener Diode

The circuit symbol of a Zener diode is typically represented in-Fig. 2.22. The
symbol consists of adiagonal line that connects ahorizontal line on one side (representing
the anode) and a vertical line on the other side (representing the cathode).

Anode

Fig 2.22: Circuit Symbol of Zener Diode

2.6.2 Breakdown Mechanism of Zener Diode

When it isforward-biased, a Zener diode behavesjust like aregular diode. However,
when coupled in reverse biased mode, @ little leakage current passes through the diode.
Current begins to flow through the diode when the reverse voltage rises to the specified
breakdown voltage (V). The series resistor determined the maximum current and the

current remains.constant throughout a broad range of applied voltage. We can classify the
breakdown into two categories.

i) © Avalanche Breakdown
i) Zener Breakdown

Avalanche Breakdown Mechanism

The applied reverse potential is strong enough, avalanche breakdown happens in
both Zener and regular diodes. The liberated electrons obtain enough energy and accelerate
at high speeds when a higher reverse voltage is supplied to the PN junction. This speedy,
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free electron collides with other atoms resulting in the loss of additional electrons. The
electric current in the diode increases quickly as a result of this, producing a significant
number of free electrons. The conventional diode could be irreversibly damaged by this
fast rise in electric current. A Zener diode can withstand the abrupt surge of current since
it is made to function under avalanche breakdown.

Zener Breakdown Mechanism

The electric field in the depletion area becomes powerful and enough to remove
electrons from the valence band as the applied reverse bias voltage approaches the Zener
voltage. The parent atom is liberated by the valence electrons that have gained enough
energy from the intense electric field of the depletion area. A slight change .in voltage
causes the electric current to grow quickly in the Zener breakdown zone.

2.6.3 Analysis of Zener Diode V-I Characteristics

The circuit setup for V-I characteristics of Zener diodeisdepicted in Fig. 2.23. The
Zener diode' s V-I characteristics is depicted in Fig. 2.24.

Rz

M

l il
A N Regulated voltage
Unregulated voltage
Vi 7‘? T, g Rl
N

Fig 2.23: Circuit Setup for V-1 Characteristics of Zener Diode

A Zener diode's V<1 properties can be classified into two categories as follows:
i)  Analysisinforward mode
i) Analysisin reverse mode

Forward M ode of Zener Diode

The forward mechanism of a Zener diode is shown in the graph'stop quadrant. We
can infer from the graph that its forward properties are essentially the same as those of any
other P-N junction diode.
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Reverse M ode of Zener Diode

A small reverse saturation current called Is flows across the diode when a reverse
voltage is applied to a Zener diode. Minority carriers produced thermally are the cause of
this current. At agiven level of reverse voltage, the reverse current increases dramatically
and abruptly asthereversevoltagerises. Thisreversevoltage, also known as Zener voltage,
is designated by the symbol V..

A
Forward current
(mA)
Reverse bias
V- > v+
knee Forward bias
/ l Reverse current
Avalanche breakdown (mA)
N
Zener
breakdown

Fig® 2.24: Diode response — V-l Characteristics

Specificationsfor Zener Diode
The following are some parameters for Zener diodes that are often used:

e Zener Voltage/Breakdown Voltage - The reverse breakdown voltage, also known
as a Zener voltage, has arange of 2.4 V to 200 V, and it can occasionally reach 1
KV. The top voltage for a surface-mounted deviceis47 V.

e Current I, (max) — Thisisthe highest current possible at the rated Zener voltage
(Vz=200 WA to 200 A).

e Current I, (min) — Thisisthe bare minimum current needed for a diode to break.

e The Zener diode's maximum permissible power dissipation is indicated by its
power rating. It is determined by dividing the diode's voltage by the current
passing through it.

e Diodesaround 5V have the highest stability at high temperatures.
e Voltage Tolerance: Typically, it is 5%.
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e Zener Resistance (Ry) - Thisrefersto the Zener diode's resistance.

Do You Know

The device has the name of American physicist
Clarence Zener, who initially identified the Zener
effect in 1934 while conducting experiments on-the
breakdown of electrical insulator qualities that were
mostly theoretical in nature. Later, Bell Labs.used his
work to create the Zener diode, an electronic device
that mimics the phenomenon.

rF______W 4 - - W - v -

2.7 Schottky Diode

The metal-semiconductor diode was one of the earliest devices used in the early
1900s. This type of diode, also known as.a point-contact diode; by rubbing a metallic
whisker across a semiconductor surface that was exposed. However, they were difficult to
replicate and lacked mechanical reliability, pn. junctions took their place in the 1950s.
However, the production of repeatable and dependable contact, or Schottky barrier diodes,
is now accomplished using semiconductor and vacuum technologies. We'll focus on n-type
semiconductor diodes as they often have rectifying contacts constructed of this material.

The Schottky diodeisin the form of metal-semiconductor junction diode. It is often
referred to as the low voltage diode, Schottky barrier diode or hot-carrier diode The
intersection of a semiconductor and a metal result in the formation of a Schottky diode.
The Schottky diode features-a low forward voltage drop and quick switching action. Asis
well known, a PN junction is created when p and n-type semiconductors are combined. In
contrast, metals like platinum or-aluminium are used in Schottky diodes in place of P type
semiconductors.

2.7.1 Construction and Band Diagram

The schematic for a Schottky diode, which combines a metal with an n-type silicon
semiconductor that has undergone light doping, is shown in Fig. 2.25 (a). This junction is
known as a " metal-semiconductor junction”.

This kind of metal compound and semiconductor material used in this metal-
semiconductor junction's construction will have a significant impact on its width and,
consequently, its electrical characteristics. However, electrons migrate from the n-type
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material to the metal electrode when the device is forward-biased, allowing current to flow.
Therefore, the majority carriers drift produces the current that passes through the Schottky
diode.

Junction

Anode Cathode

Metal N-type Silicon f——
+ Anode : Cathode -

Symbol

Biasing Voltage
o
II
(@) (b)
Fig 2.25: Schottky Diode: a) Schematic of Schettky Diode, b) Circuit Symbol of Schottky Diode

When reverse biased, the diode's conduction abruptly ceases and transforms into
blocking current flow, as with a typical PN-junction diode, since there is no p-type
semiconductor material and, consequently, no minority .carriers{(holes). As a result, a
Schottky diode responds to bias changes very quickly and exhibits the traits of arectifying
diode.

Fig. 2.26 depicts the optimum band
diagrpam of a cetan metal and UM I
semiconductor (n-type) before contact.
The reference level is the vacuum: level.
The parameter ¢, denotes: the work .
function of semiconductor “and  y is
referred to as electron. affinity. The | [T &
parameter ¢,,, denotesthe work function of
metal (measured in.volts). The fermi Fig 2.26: Band Diagram of Schottky Diode

level isvery close to the conduction band because the semiconductor is N-type material.

Vacuum level

1

2.7.2 I-V Characteristics of Schottky Diode

In both biasing conditions, a Schottky diode's junction barrier is low compared to
typical p-n junction diode. Schottky diode has a 0.25V as a barrier potential as opposed to
a0.7 V barrier potential for regular diodes. Fig. 2.27 compares the properties of a Schottky
diode with atypical p-n junction diode.
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Depending on the metal electrode employed, the forward current of a silicon
Schottky diode can be significantly higher than that of a standard PN-junction diode. A
smaller forward voltage drops for

f';lgiven diode current, Ip will result Diode Schotky diode
in  reduced forward power Current

dissipation in the form of heat lo I
across the junction. Since Ohm's |

law statesthat power equals to the

product of volts and amps (P = /
V). / Vo
; : i 07N o
The Schottky diode is an |, pjunction 7 025V Diode voltage
excellent option in high current diod
and low-voltage applications like [

solar photovoltaic panels because |
it has a smaller power loss than a
normal pn-junction diode, which Fig 2.27: |-V Characteristics of Schottky Diode

will result in reduced thermal dissipation:

However, it should be noted that a.Schottky diode's reverseleakage current (Ir) is
often significantly higher than that of a pn-junction-diode. But-keep in mind that an Ohmic
contact is present if the 1-V characteristics curve displays-a more linear non-rectifying
feature. Ohmic contacts are frequently used to link semiconductor wafers and chips to the
system's circuitry or external connection pins. For instance, attaching the pins of a Dual-
In-Line (DIL) plastic packaging to the semiconductor wafer of a standard logic gate.

2.8 Light Emitting Diode (LED)

A light emitting diode’is adiode that emits light when it is forward biased. It relies
on electroluminescence to« function. In contrast to the photovoltaic effect,
electroluminescence isa process that converts an electrical input into alight output. When
current passes through a light-emitting diode (LED), electrons in the semiconductor mix
with electron holes again to release energy in the form of photons.

2.8.1 Canstruction and Symbol

Asseenin Fig. 2.28 (a), three semiconductor layers are employed on the substrate
for LED. There is an area termed the active region located among the p-type and n-type
regions. This area is in charge of the light's emission. All the way around the multilayer
construction, the LED emits light. In order for the light to reflect in the correct exit
direction, this layered structure is set within a small reflecting cup. Fig. 2.28 (b) depicts
the cup-shaped structure. The LED symbol is the same as the normal diode symbol, with
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the addition of two tiny arrows signifying light output. The Fig. 2.28 (c) shows the symbol
diagram of LED.

Light

% '(_F‘i\g . Reflective
_// i/’ cup
/ —
| \
| Layered /
|
QR f.‘L_ sfructure— anone N carHooE

Anode Cathode
(a) (b) ()

Fig 2.28: LED: (a) Construction, (b) Cup Type Structure; (¢) Symbol

2.8.2 Working Principle of LED

The LED works on the principle of electroluminescence. Minority electrons and
holes are delivered from p to n and nto p, respectively, when the diode is forward biased.
Minority carriers are more concentrated around the junction  boundary. The majority
charges carriers depicted in Fig. 2.29 recombine with theexcess minority carriers at the
junction.

Fig 2.29: Principle of operation of LED

The energy is released as photons after recombination. Conventional diodes emit
the energy as heat. This phenomenon is known as Electroluminescence (EL). When an
electric current is passed through a substance, it emits light, which is an electrical and
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optical phenomenon known as electroluminescence. As the forward voltage increases, the
light intensity increases and reaches its maximum.

2.8.3 Materials Used for LED

The colour of an LED is influenced by the material used in the semiconducting
element. The two major materials used in LEDs are indium gallium nitride alloys and
aluminium gallium indium phosphide aloys. While red, orange, and yellow light is
produced by aluminium alloys, green, blue, and white light is produced by indium alloys.
Depending on the composition of these alloys, there are subtle variations in the colour of
the light that isemitted. Table 2.2 liststhe various materials and coloursthat were obtained.

Table 2.2: Different kind of Materials

GaP 565 Green

GaAsP 590 Yellow

GaAsP 632 Orange

GaAsP 649 Red

GaAlAs 850 Near IR

GaAs 940 Near IR
2.8.4 Different Types of LED

AlphanumericLED

Red Green Blue LEDs
High-Power LEDs
Flash LED

Bi-and Tri-Colour LEDs
Lighting LED

2.9 Photodiode

A photodiodeisaspecific kind of PN junction semiconducting device. This specific
type of light sensor transforms light into electrical energy (voltage or current). There isan
intrinsic layer that exists between the p (positive) and n (negative) layers. The photo diode
turns light energy into electric current by absorbing it as an input.
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Other names for it are photodetector, photo sensor, and light detector. The negative
electrode of the battery (or power supply) is connected to the photodiode's p-side, while
the positive electrode is connected to the photodiode's n-side. Common photodiode
components include silicon, indium gallium arsenide phosphide, germanium, and indium
gallium arsenide.

2.9.1 Symbol

It has two terminals, as shown in Fig. 2.30. The shorter and longer terminals are
the cathode and anode, respectively. The circuit symbol of a photodiode is similar to that
of an LED (Light-Emitting Diode), with the main difference being the direction of the

arrows. J
Anode |>‘[‘ Cathode

Fig 2.30: Symbol of Photodiode

In an LED symbol, the arrows typically point outward, indicating the emission of
light. However, in a photodiode symbel, the arrows point inward or towards the
photodiode, representing the detection or absorption of incoming light.

2.9.2 Working Principle of Photodiode

When a light is used to illuminate the PN junction, covalent bonds are ionised.
Thus, electron and hole pairs are created. Photocurrents are produced when electron-hole
pairs form. Electron-hole pairs form when photons with energy greater than 1.1eV clash
with the diode. A photon has alarge energy impact on the atom when it entersthe depletion
zone of adiode. Thisresultsin theliberation of an electron from the atom's structure. After
the electron is expelled, free electrons and holes are created.

An electron has a negative charge, whereas a hole carries a positive charge. The
depletion of energy will incorporate an electric field. The electric field causes pairs of
electron and hole to depart away from the junction. Electrons go to the cathode to create
photocurrent, while holes move to the anode.

Photon energy and photon absorption intensity are closely connected. When photo
energy is lower, absorption would be higher. This entire approach is known as the Inner-
Photoelectric Effect.
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Intrinsic and extrinsic excitations are the two types of photon excitation. Intrinsic
excitation occurs when a photon moves an electron from the valence band to the
conduction band. Extrinsic excitation, involves the influence of impurities or dopants
introduced intentionally into the semiconductor material.

2.9.3 Operating Modes of Photodiode

Photovoltaic M ode

Zero bias mode is yet another name for this. When a photodiode is employed in
low frequency and ultra-low light applications, this mode is preferable. A-photodiode
generates voltage when it is subjected to aflash of light. The voltage produced will'be non-
linear and have a limited dynamic range. When the photodiode is set up with OP-AMP in
this mode, there will be a very minimal temperature change.

Photoconductive M ode

In this operating mode, the photodiode will function in negativebiased mode. As
the reverse voltage rises, the depletion layer's width grows. As a result, there will be a
decrease in reaction time and junction capacitance. This method of functioning moves
rather quickly and makes noise from  electricity. Transimpedance amplifiers are
preamplifiers for photodiodes. The photo-diode can operate in the photoconductive mode
since the modes of such amplifiers maintain the voltage at aconstant level.

Avalanche Diode M ode

In this operating condition, the photo diode works at a high reverse bias state. It
enables the multiplication of each photogenerated electron-hole pair through an avalanche
breakdown. The photodiode thus produces.internal gain. The built-in gain enhances the
device’ s responsiveness.

Linking a Photodiodeto-an External Circuit

A photodiode worksin areverse biased circuit. The cathode is
connected to the circuit's positive supply voltage, while the anode is
connected to the circuit's ground. When the light strikes the device,
current moves fromthe cathode to the anode. When used with external
circuits, photodiodes are coupled to a power source within the circuit.
A photodiode will only generate a tiny amount of current. An Scan to
electrical device cannot be powered by this current. The circuit =~ know more
receives more current when connected to an external power source.
Thus, the battery functions as a power source. The battery supply helps to increase the
current value, which improves the performance of external machinery.
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2.10 Solar Cell

The solar cell is nothing more than a photovoltaic cell that operates according to
the photovoltaic effect. The solar cell produces voltage according to the amount of incident
light it receives. Asaresult of the photovoltaic effect, a solid-state device known as a solar
cell transforms light energy into external energy.

2.10.1 Construction and Working

Fig. 2.31 (a) depicts how a solar cell is built, whereas Fig. 2.31 (b) depicts the
symbol for asolar cell. Light can penetrate to the junction due to the extremely thinsurface
layer of p-type material. The positive output terminal.is the nickel-plated ring surrounding
the p-type. The negative output terminal is the nickel-plated ring that surrounds the n-type
material.

Light

l l l l l l l{/_ Glass
]
Mickle plating
(+ve contact) 1
p-type A —_—
j——— p-njunction
ntype @,L;Diredfoﬂ of
\ P hole flow:
Mickle plating
(~ve contact)

Direction of
current flow

(@) (b)
Fig 2.31: Solar Cell: (a) Construction, (b) Symbol

When light enters the cell, the semiconductor material absorbs the photon’s light
energy and produces a number of electron-hole pairs. On both sides of the intersection, this
occurs. Dueto the presence of electric field, the electrons are directed towardsthe n-region
whereas the.holes are directed towards the p-region. This movement creates a minority
current across the junction, which causes the voltage to form in the p and n regions. The
most common ingredients for solar cells are silicon and selenium. The solar cells also use
gallium arsenide, indium arsenide, and cadmium sulphide.

The efficiency of the solar cell is determined by the ratio of electrical power output
to light source input. Usually, it ranges from 15 to 40 %.

Py(electrical) % 100 (2.30)

0 =
/OT] P;(light energy)
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2.10.2 Characteristics of Solar Cell

A fraction of thelight that entersthe cell is absorbed by the semiconductor material.
This indicates that the semiconductor has received the energy of the absorbed light. When
the valence electrons have enough energy, they will break the bond with the parent atom
and go free. Free electrons and holes are created as a result of this. Each side of the
intersection will experience this phenomenon.

As was said for the basic p-n junction, the freshly created electrons in the p-type
material are minority carriers and will travel quite readily across the junction. The
discussion is the same for holes made in n-type
material. Voo Of e

A

This causes a rise in the minority carrier < v... vo.
flow, which has the opposite direction as a p-n
junction's typical forward current. The properties
of a solar cell are shown in Fig. 2.32. There are 1= /

two limiting cases. First one is the short circuit
condition that occurs a V=0. The current in this™ 1.

case known as short circuit current (Is,.). N - > umination

I=1I.=1 (2.31) Fig 2:32: Illumination of Solar Cell
The second limiting case is open-circuit. condition. The net current is zero and
voltage produced is open circuit voltage (V,.)-

I=0=1,—Iexp (S 1 (2.32)

KT
We can find the open circuit voltage is,
V,, =V, In (1 + %) ¢V, =KT/e) (2.33

Scan to
know more



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 81

UNIT SUMMARY

In thermal equilibrium, the generation and recombination rates of electrons and
holes must be equal in number.

Gno =G

p0
Similarly, the recombination rate at thermal equilibrium is,
Rno = RpO

The excess electron and hole concentrations can be found using,
om=n-—-n,
8p =p —Po
Poisson’ s equation in electrostatics is given by,
V.((eVY) = —p)
The continuity equation is given by,

dp
V] + E =0
The barrier potential needs to be applied-is given by,
Vi = KT'In(N, Np /n?)
Q Point: The intersecting point of diode response and load line.

onint — (IDQf VDQ)
The impact of load resistance Ry on the load line,
1
slope = — R_L
The value of load resistance has a huge impact on the load line, because the load
line changes with respect to the slope of the line.
The small signal resistance of diode will be found using,
1
Tq X T
The efficiency of the solar cell is given by,
P, (electrical)

100
P;(light energy) %

%n =

The width of the depletion region,
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W:F<L+L)Vbi
q \Ng N,
e Thewidth of the depletion region on the p-side and on the n-side:
Xy =Ng/Ng+Ng W, x,=Ng/N,+Ng W
e Junction profile:
In an abrupt junction,
W o V),
In alinearly graded junction,
W « 3V,
It is possible to express the maximal electric field.in the reverse hias as,

2(Vyi + Vi)
Enad= W
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EXERCISES

Multiple Choice Questions

2.1 Consider a pn junction, where there is a difference in the doping on the both sides.
Then the space charge region will be extended more into region

a) Lightly doped

b) Heavily doped

c) Middle of the junction
d) Can't determine

2.2 Schottky-barrier diode isa

a) Polar

b) Unipolar

c) Bipolar

d) Can't determine

2.3 Schottky- barrier diode has

a) High forward voltage drop
b) Low forward voltage drop
c) Highreversevoltage drop
d) Low reverse voltage drop

2.4 Schottky diodes are used as

a) Biased clipper
b) Clamper
c) Clipper
d) Biased clamper

2.5 The wavelength of the lightin LED is depends on

a) Holes
b) - Electrons
¢) Band gap
d) Diode

2.6 The characteristics of LED diode similar to

a) PN junction diode
b) Zener diode
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c) Schottky diode
d) Photodiode

2.7 Light generated in LED through

a) Recombination of polarity charges
b) Generation of holes

c) Generation of electrons

d) Recombination of holes

2.8 Solar cell ishbasically a

a) PN junction diode
b) Zener diode

c) Schottky diode

d) Photovoltaic diode

2.9 Materials which are used for solar cell. must have band.gap close to

a) l1l5ev
b) lev
c) 0.5ev
d lev

2.10 Photo diode is constructed to functionin

a) Forward bias

b) Reverse bias

c) Both

d) None of the above

2.11 Which of the following ishot the drawback of Zener diode shunt regulator?

a) Theoutput voltageis fixed

b) The output voltage can vary with temperature
c) Variationinload current needsto be minimal
d) Itisdifficult to design

2.12 Zener diode is used for, which application?

a) Oscillator
b) Regulator
c) Rectifier
d) Filter



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 85

2.13 Thedifferent term of bias point is

a) Quiescent point
b) Node point
c) Terminal point
d) Static point

2.14 The forward region of a semiconductor diode characteristic curve is where diode
appears as

a) Highresistance
b) An ON switch
¢) An OFF switch
d) A capacitor

A f Multipl i N A xG
R i TSI
2.1(a), 2.2 (b), 2.3 (b), 2.4 (d), 2.5(c), 2.6 (a), 2.7 (a), 2.8 (d), 2.9.(a); 2.10(b), 2.1 (d), 2.12 (b),
2.13(a), 2.14 (b).

Short and Long Answer Type Questions
Category |

2.1 Define knee voltage.

2.2 What is meant by depletion region?

2.3 What is meant by Zener breakdown?

2.4 Define avalanche breakdown.

2.5 Draw |-V characteristics of PN junction diode.
2.6 Define barrier potential at the junction.

2.7 Compare Zener: diode with conventional diode.
2.8 State material usedin LED.

2.9 What is photoconductive cell?

Category |l

2.1 A solar cell isapn junction device with no voltage directly applied across the
junction. If it is so, how does a solar cell deliver power to load?

2.2 Explain the construction and working principle of LED.

2.3 Write anote on solar cell.
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2.4 With aneat diagram explain the working of a PN junction diode in forward bias
condition.

2.5 Explainthe |-V characteristics of diode.

2.6 Explain the construction and working of Schottky diode.

2.7 Discuss the performance of Zener diode.

Numerical Problems

2.1 Determine the built-in potential and depletion region width for the reverse biased pn
junction. Take silicon pn junction at room temperature having doping concentration
of N, = N; = 10%cm™3, and the reverse bias of V; = 10 V. (Ans: 0.695V, W=
5.262x 10™* c¢m)

2.2 Draw the load line for the circuit shown in Fig 2.17. The circuit having the value of
load resistance as 20Q2 and the input voltage of 8V. (Ans. 0.4,0 and 8V ,0)

2.3 A diode has a voltage of 0.7V and a current of 100mA. What is the diode power?
(Ans: 2.2W)

2.4 1n series are two diodes. The voltage of the first diode is 0.75 volts, while that of the
second is 0.8 volts. What is the current flowing through the second diode if the first
diode's current is 400mA?(Ans: SmA)

2.5 If the resistor is doubled, calculate the load current for the below diagram.
(Ans:4.3mA)

P

+

1KOhm

-IIL|};< [

PRACTICAL
Diode Characteristics in A) Forward Bias B) Reverse Bias
Aim

i. To dudy the p-n junction diode properties under forward and reverse bias
conditions.
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ii.  To investigate the properties of Zener diodes under forward and reverse bias
conditions.
Apparatus Required

PN Junction diode

Zener diode

Power supply (0-30)V
Ammeter (0-30) mA
Ammeter (0-100)uA
Voltmeter- (0-1) V, (0- 30) V

Forward Bias
(0-30) mA

1 Kohm

Procedure
Forward Biasing

Connect the circuit in accordance with the schematic.
Adjust the power supply so that readings are made on the voltmeter in steps of 0.1V
until the power supply's needle indicates 20V.
Make a note of the associated ammeter reading.
Plot V vs1 in the graph.
AV

Find the dynamic resistance, r = "

Replace PN Junction diode with Zener diode.
For Zener diode, repeat the same procedure with Zener diode.

N e

No o A~
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Tabulation

SNo | Forward Voltage (v) | Current (mA)

Reverse Biasing

Connect the circuit in accordance with the schematic.

Adjust the power supply so that readings are made on the voltmeter in steps of 1V
until the power supply's needle indicates 20V.

Make a note of the associated ammeter reading.

Plot V vs1 in the graph.

Find the dynamic resistance, r = %

For Zener diode, repeat the same procedure with Zener diode.
Replace PN Junction diode with Zener diode.

N e

No g A~

Tabulation

SNo | ReverseVoltage(v) | Current (uA)

Result

Forward and reverse bias characteristics of PN junction diode and Zener diode are
plotted and their response is analyzed.
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KNOW MORE

In the initial stages of a device to use semiconductors as
logic switches, the National Bureau of Standards Eastern Automatic
Computer (SEAC) used 10,500 germanium diodes in 1950. They
also performed functions as varied as high-voltage power supply
rectifiersand memory storage componentsin later devices. Displays
and input/output devices are still made possible by light emitting and
sensing features for fiber-optic interconnections.

Scan to

Hlstory Know:more

Frederick Guthrie made the discovery in 1873. A positively charged electroscope
will be discharged by a red-hot metal ball supplied close to it but not a negatively charged
one. The Edison effect, also known as a.unidirectional current between heated and
unheated sections of a bulb, was discovered by Thomas Edison in1880.-He was given a
patent on the use of the phenomenon in a DC voltmeter. About 20 years later, John
Ambrose Fleming, discovered that the Edison effect might
be used asaradio detector by aformer employee of Thomas
Edison who is now a scientific advisor to the Marconi
Company. The Fleming valve, the first actual thermionic
diode in Britain, was granted a patent on November 16,
1904. (followed by U.S. Patent 803,684 in November
1905).

Vacuum tube electronics, such as-radios, TVSs,
sound systems, and instruments, virtually always employed
valve diodes at this time. Due-to the development of
selenium rectifier technology in the late 1940s and later
semiconductor diodesin the 1960s,

Frederick Guthrie
gradually lost. market share. They are still utilized today in a few high-power applications,
where their superior durability and capacity to endure transient voltages provides them a
competitive edge over semiconductor devices, as well as in applications for musical
instruments and audiophile equipment.
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Application

A semiconductor diode's current-voltage characteristic can be tailored by selecting
the semiconductor materials and the doping impurities added during production. These
techniques can be used to create multifunctional special-purpose diodes. For example,
diodes are used to produce radio-frequency oscillations (tunnel diodes, Gunn diodes,
IMPATT diodes), control voltage (Zener diodes), protect circuits from high voltage surges
(avalanche diodes), electronically tuneradio and TV receivers (varactor diodes), safeguard
circuits from high voltage surges (avalanche diodes), and produce light (lamp-diodes)
(light-emitting diodes). Negative resistance is shown by Tunnel, Gunn, and IMPATT
diodes, which is advantageous in switching and microwave circuits. Diodes can be
employed as shot-noise generators, both of the semiconductor and vacuum types.
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3 Application of Diode

UNIT SPECIFICS
Through this unit we have discussed the following aspects:

e Understanding of diode circuit

e Useof adiodeasaswitch

o Diodeas clipper and clamper circuits

e Application of Zener diode as a regulator circuit
e Application of photodiode

e Application of solar cell and LED

e Application of Schottky diodes

The themes' practical applications are covered in‘order to increase students creativity and
curiosity aswell as their ahility to solve problems:

Along with a large number of multiple-choice questions and questions with short and long
answers divided into two categories based on Bloom's taxonomy's lower and higher orders, the
unit also includes assignments through.a number-of numerical problems, a list of references, and
suggested readings that one can use as practise materials. It is significant to notice that several
portions of the website feature QR codes that may be scanned for further information on a variety
of interesting topics.

Following the content-based relevant practical, there is a "Know More" section. This section
has been thoughtfully created so that the additional material supplied will be useful to the book's
readers. This.section primarily highlights the initial activity, examples of some interesting facts,
analogies, the history of the development of the subject focusing on the key observations and
findings, timelines beginning with the development of the concerned topics up to the present,
applications of the subject matter for our day-to-day real life or/and industrial applications on
variety of aspects, case study related to environmental, sustainability, social, and ethical issues
which applicable, and finally inquisitiveness and curiosity topics of the unit.
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RATIONALE

This unit on applications of diode helps students to get a primary idea about the application part
of the diode. It explains diode as a switch and its operation. All these basic aspects are relevant to
start theelectronics properly. It then clearly explains Zener diode and its application asaregulator
circuit. Further it explains about clipper and clamper circuit. Finally, the chapter ends with the
application of optoel ectronics device. Such as solar cell, Schottky diode, photo diode and LED. All
these are discussed at length to develop the subject. Some related problems are pointed out with
suitable diagrams which can help further for getting a clear idea of the concern topics on diodes.

The basic function of the diode to change the AC signal into DC signal. This is by removing a
portion of the input signal. We can use a diode in rectifier circuit. The light emitting diodes are
used in illumination devices. Regulator applications are also discussed in this chapter.

PRE-REQUISITES

Fundamental s of Semiconductor Diodes

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U3-O1: Describe diodes in a switching circuit

U3-O2: Describe Zener diode as voltage regulator

U3-0O3: Explain the operation of clipper and clamper circuit
U3-O4: Realize the application of Schottky diode

U3-O5: Application of solar cell, photo diode, LED

Unit-3 EXPECTED MAPPING WITH COURSE OUTCOMES
outcomes (2-Weak Correlation;2-Medium Correlation;3-Strong Correlation)
CO-1 CO=2 CO-3 CO-4 CO-5 CO-6
U3-01 3 3 3 - 3 1
U3-02 1 1 2 2 1 -
U3-03 2 1 3 1 2 1
U3-04 - - 3 1 2 2
U3-05 3 3 3 = 3 1
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3.1 Diode as a Switch

The interface or intersection of semiconductor material p & n types within a
semiconductor is known as a P-N junction. Have a closer look at the diode symbol shown
in Fig. 3.1. It resembles an arrow,
indicating the current's direction
and permits anode to cathode
current to flow. It is a voltage-
controlled, two-terminal device. It
possesses switch-like qualities. It
permits current to flow in one
direction but does not alow it in
the opposite direction. Fig 3.1:/Representation of Diode Symbol

In other words, a diode should have negligible resistance under forward biased
circumstances. It functions like a closed switch. When reverse biased, .it operates as an
open switch. Signal diodes are another name for diodes used in switching applications.

3.1.1 Diode Switching Circuit

A diode can be used as a switch in electronic circuits. When used in this manner, a
diode is typically operated in either forward-biased or reverse-biased state to control the
flow of current.

Forward-Biased Diode as a Switch: When a diode is forward-biased, the positive
terminal of the voltage source is connected to the anode (P-side) and the negative terminal
to the cathode (N-side), so that the ‘diode Forward Bias Reverse Bias

allows current to flow through it. '
Reverse-Biased Diode asa Switch: When | R,
a diode is reverse-biased; meaning the
positive terminal -of the voltage source is , —
connected to the cathode (N-side) and the | —
negative terminal to the anode (P-side), so | [
that the diode blocks the flow of current.

Fig 3.2: Switching Circuit using Diode
The best circuit to describe how a diode switches in a circuit is shown in Fig. 3.2,
where the diode is connected to biasing networks for forward and reverse bias. Since the
forward biasing network makes up the circuit's first half, it will function as a closed circuit
at that point.



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 95

The reverse biasing network makes up the circuit's second half, and at that point,
the circuit will function as an open circuit. Thisis how the diode function as a switch when
biasing switches from forward to reverse and reverse to forward.

3.1.2 Working

1. Apply a positive voltage difference between
the anode and cathode. The diode actsasa _ a P Closed switch
closed switch when the anode is more * Ve R 'V :[;' —
positive than the cathode. The input and  Forward Biased \ -
output are directly connected. Because of Diode

this, the current moves from positive to

negative terminals. .—EHA—-
2. Now change the polarity. Consequently, the Ve %7

cathode has a higher potential than'the Re"egig’eiase“

anode. The diode functions as an open

switch between input and output terminals Fig3.3: Operation of Diode under

in this scenario. As aresult, the diode has no Forward-and Reverse Bias

current flowing through it.

Open switch

= o
11
=2

3.2 Clamping and Clipping Circuit

In the previous section, we saw the diode as-a switching circuit. Apart from this, a
diode has many other applications. Here we are going to see about the most useful
applications of diodes clippers and.clampers. We use the diodes along with resistors and
capacitors to shape the waveforms. Clippers can be used to clip a section of the input
waveform. Clampers can be used to. move or clamp the dc voltage level.

3.2.1 Clippers

In networks called clippers, the input signal is clipped without changing the rest of
the waveforminany way. Two different categoriesfor clippers. They are parallel and series
clippers. In a'series clipper, the load resistance is linked with the clipper diode by a series
connection. The diode and resistance with load are linked in parallel for parallel clippers.
Again, there are two types of series clippers. Unbiased series clippers are the first ones.
Biased seriesclippers are the second one. Parallel clippersare also classified into two types:
unbiased parallel clippers and biased parallel clippers.
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Clipper

! |

Series Clipper Parallel Clipper

F“Lgﬂ F;;k;j

Unbiased Series  Biased Series  Unbiased Perallel  Biased Parallel
Clipper Clipper Clipper Clipper

\ J
|

Positive

Negative
Fig 3.4: Classification of Clippers Circuit

Unbiased Series Positive Clipper

To analyze thiskind of clipper circuit, let us, consider the circuit which has adiode
series-connected to a Load Resistance (RL). Fig: 3.5 displays a circuit schematic for an
unbiased series positive clipper. The arrowhead of the diode isconnected to the input. The
function of the series clipper isto clip off the positive portion of the input waveform.

Vi H Vo
+VIT|EX \
/ +\‘,‘IT!E)(
szT b? time (f) -
Vinax Vi RL§ o v T.n’2| ’T | ’ time ()
Input Waveform Output Waveform

Fig3.5: Unbiased Series Positive Clipper

In the positive half cycle, the cathode of the diode is connected to the input's
positive terminal; while the negative terminal is connected to the anode. Now, the bias is
reversed, and the diode functions as an open switch. So, V, is

Vo=0, 0<t<T/2

The cathode is connected to the negative terminal of the input during the negative
half cycle, while the anode is connected to the positive terminal. Currently, the diode
operates in a forward bias situation and functions as a closed switch. So, the output
becomes,
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Vo=V, T/2<t<T
Unbiased Series Negative Clipper

To study the unbiased series negative clipper circuit, which is depicted in Fig. 3.6,
the diode anode terminal is connected to the input waveform. The main goal of this
unbiased series negative clipper is to remove the negative portion of the input waveform.
In all these analysis diode characteristics is assumed as ideal and hence the drop acrossthe
diodeistreated as OV when it isin forward bias.

v — P .
+Vmsx A
f\ [ \l _ Vs |p ¢ m
Ve F _Tiz&j ______ t.lme ® Vi R, § Va § ™=y T fime (t)
Input Waveform Qutput Waveform

Fig 3:6: Unbiased Series‘Negative Clipper

The anode and cathode are connected to the input's positive and negative terminals,
respectively, when the input is positive half cycle. At this point, the diode works under a
forward bias mechanism and performs like a connected switch. Then the output is,

VO=Vil OStST/Z

The negative terminal is connected to the anode during the negative half cycle and
the positive terminal to the cathode. The circuit'works under reverse bias conditions and
acts like an open switch, the output becomes,

Vo=0,« T/2<t<T

Biased Series Positive Clipper

Biased clippers are used when there is a need to remove a small portion of the input
signal. In some cases, it is preferred to eliminate the small amount from the given input
signal. In such situation, biased clippers are used. This biased series positive clipper is
classified into two types. One is positive biased series positive clipper; the other one is a
negative biased Series positive clipper.
i) Positive Biased Series Positive Clipper

Thedesignisvery similar to the series positive clipper. The mgjor differenceisthat

an additional positive biasing is added to the load. The below Fig. 3.7 shows the series
positive clipper with positive biasing.
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D
V; v,
Removed
+ Ve _—— = portion
+ VI‘HEX _"\_ -
T
(i
Ti2 Time V, §RL V., 0 L
e =L T Time

max _Vmsx | _

Input Waveform v 1= Output Waveform
B |

Fig 3.7: Series Positive Clipper with Positive Biasing

In the positive half cycle, the diode operatesat reverse bias by the input signal. But
we apply another supply voltage of V/; as shown in Fig: 3.7. Have acloser |00k, the cathode
of the diode is linked to the supply's negative terminal,-and its anode'is connected to its
positiveterminal. Theincreased bias voltage of Vg allows themto functioninforward bias
as aresult. There are two cases we need to consider; one'is when the.input signal (V;) is
less than the bias voltage (V). In this case, the bias voltage (Vz) dominates, making the
diode operates in forward bias, so the input signal appears at the output. In another case,
the input signal (V;) is greater-than the bias voltage (Vz), making the diode operates in
reverse bias, so the signal appears at the output by an amount of V.

Vo =V 5 Vi< Vg
Vor=Vg 5 Vi > Vg

In the negative half cycle, the diode operates at forward bias by both input signal

and bias voltage. So, the signal that appeared at the output is,

Vo=V, T/2<t<T
i) Negative Biased Series Positive Clipper

Negative biasing is also very similar to positive biasing. The only difference isthe
polarity of the applied battery voltage. The following Fig. 3.8 shows negative biasing.

} 0<t<T/2

Va
Remaoved
Y ra portion
§ mex | .
Re ul_)_T,_
Time V,; Vo o Time

v TN

Input Waveform v 'L Output Waveform
il

Fig 3.8: Series Positive Clipper with Negative Biasing
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Aslong as the input voltage is greater than or equd to -Vg during the positive half
cycle, the diode operates at reverse bias. Thus, the result shows battery voltage. As the
battery voltage is negative, the same voltage with a constant amplitude is appear. As a
result, the signal above -V is completely clipped off.

During the negative half cycle, we need to consider two cases. Thefirst case is, the
input voltage (V;) is greater than the battery voltage (—V3), making the diode operate in
reverse bias, so the result appearsthe same asthe battery voltage. The second case iswhen,
the input voltage (V;) is less than the battery voltage (—V5), making the diode operates in
forward bias, so the input signal appears at the output.

Biased Series Negative Clipper

The biased series negative clipper is classified into two types..One is a positive
biased series negative clipper; the other one is a negative biased series negative clipper.
i) Positive Biased Series Negative Clipper

The design is very similar to the series negative clipper.. The major difference is
that an additional positive biasing is added to the load. The below Fig. 3.9 showsthe series
negative clipper with positive biasing.

Vi v,

* Vinax N ~\

+VI‘I15X
i ? Time V; g Ve, ’——1—-—’ Time

Vmax [T T T v \ emaved

TVmax Lo, portion
Input Waveform v —= Output Waveform
B [

Fig-3.9:'Series Negative Clipper with Positive Biasing

Inthe positive portion of the cycle, if the input signal islessthan the battery voltage,
the diode isreverse biased and the signal appears at the output by an amount of /. Aslong
as the signal exceeds the battery voltage, the diode is forward biased during the positive
portion of the cycle. The input signal, therefore, emerges at the outpui.

The diode works at reverse bias during the negative half cycle. Because in the
negative portion of the cycle, the input signal is always less than the battery voltage. As a
result, the signal appears at the output by an amount of V.
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i) Negative Biased Series Negative Clipper

Negative biasing is also very similar to positive biasing. The only differenceisthe
polarity of the applied bias voltage. The following Fig. 3.10 shows a negative bias series
negative clipper.

Vi V:}
’ Vmax \ + VI‘HEX
] R,
. Time V; Ve, x Time
Ve [T — = = N\ emoved
“Vmax Lesnl NS portion
Input Waveform Vv g Output Waveform
B+

Fig 3.10: Series.Negative Clipper with-Negative Biasing

The diode is forward biased by the input signal and battery- voltage during the
positive half cycle. The diode always remains forward biased, regardless of whether the
input signal is larger or lower than the battery voltage.

During the negative half cycle, there are two casesin consideration. Inthefirst case,
the input voltage (V;) is greater than the battery voltage (—1V), making the diode operates
at forward bias. So, the input signal appears at the output. The second case is, the input
signal (;) is less than the battery voltage (—V5), making the diode operates at reverse bias.
S0, the result shows battery voltage as the output.

Unbiased Parallel Positive Clipper

To analyze this kind. of clipper circuit, let us, consider the circuit that has a diode
connected in parallel to the output voltage. The circuit diagram for the unbiased parallel
positive clipper is shown in'Fig. 3.11. The function of a parallel positive clipper isto clip
off the positive portion of the input waveform.

Re

AV
+Vmax fac--- - T
T2

\ D Vo 0 Tvt
l ~Vmax

Output Waveform

-Vmax

Input Waveform

Fig 3.11: Unbiased Parallel Positive Clipper
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The parallel positive clipper passes the output signal during the reverse bias
condition and does not alow the signal during the forward bias because of the parallel
combination shown in Fig. 3.11.

The diode is forward biased during the positive half of the input cycle in parallel
positive clipping. As aresult, the output is 0.

Vo=0, 0<t<T/2

During the input's negative half cycle, the diode is biased in opposite direction. The
result is the fraction of the input signal. The output 1/, becomes,

Vo=V, T/2<t<T
Unbiased Parallel Negative Clipper

Fig. 3.12 depicts a paralel negative clipper circuit; the operation is somewhat
similar tothe parallel positive clipper but it clips off the negative portion of theinput signal.

Ry

A
+Vmax - ro----mo - /[

+Vmax -,
Vi p A Vo A—Q— t

\1/ Output Waveform

-Vmax

Input Waveform

Fig 3.12: Unbiased Parallel Negative Clipper

The diode operates in reverse bias when the input cycle is positive. So, whatever
the input is given will appear in the output. When the input cycle is negative, the diode is
in aforward bias condition. Theoutput is zero.

Biased Parallel Positive Clipper

This biased parallel positive clipper is classified into two types. One is a positive
biased parallel positive clipper; the other is a negative biased parallel positive clipper.
i) Positive Biased Parallel Positive Clipper

The design is very similar to the parallel positive clipper. The major difference is
that an additional positive biasisadded to thediode. The below Fig. 3.13 showsthe parallel
positive clipper with positive biasing.
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A Ve
+V|‘|15x . /[ D T +V|‘|‘|Ex __,\_ — -
A\ :
t Vi . V:} %t
'Vmax — = - VEI T ‘Vmax —_ — _—— —
Input Waveform J/ J/ Output Waveform

Fig 3.13: Parallel Positive Clipper with Positive Biasing

In the Fig. 3.13, the cathode of the diode is attached to the positive terminal of the
battery. Due to this, the diode is always reverse biased with the exception of situations
when the input signal is more positive than the battery voltage (i.e., whenV; > V;). If the
input signal is more positive than the battery voltage, the diode is forward bias. So, the
output is equal to the battery voltage. Remaining cases, the output is egqual-to the input.

i)  Negative Biased Parallel Positive Clipper

Knowing what happens if the battery voltage's polarity is reversed is interesting.
Fig. 3.14 demonstrates negative biasing. Here, because the input is higher than the voltage
-V, the input signal is clipped off. The diode is forward biased by both supply voltages
during the positive cycle. As aresult, the output showsthe battery voltage (Vp).

R_

Vi "V Vs

/l\ D /l\ +Vmax J__’\\

oy

Vi Vo f——— t
! N — —
VET_ _VI'HEX_
Input Waveform J/ \I/ Qutput Waveform

Fig 3.14: Parallel Positive Clipper with Negative Biasing

During the negative half cycle, theinput voltage Vi isinitially lower than the battery
voltage V. The battery voltage has caused the diode to be forward biased as a result. So,
the signal @ppears at the output by an amount of V. When the input signal exceeds Vg, the
diode is biased in the opposite polarity. So, in this case, the output is showing the input
signal.

Biased Parallel Negative Clipper

Clipping occurs in this circuit during the negative half cycle. One is a positive
biased parallel negative clipper and other is a negative biased parallel negative clipper.
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i) Positive Biased Parallel Negative Clipper

Ry
W Ve
/l\ D /l\ +Vmax
[C g N—
. v, e
VEI _“_I l I'\_.a"J

Vi

+ Vmsx B

_VITI 8x

_VITIEX
Input Waveform J/

Fig 3.15: Parallel Negative Clipper with Positive Biasing

There are two cases during the positive cycle. First, the input voltage is less than
battery voltage (Vg). So, the diode becomes forward bias and acts as aclosed switch. Asa
result, the output displaysthe battery voltage, and signals that are below the battery voltage
are clipped. Second, the diode becomes reverse biased ‘and acts as an open switch. As a
result, the output displays the input voltage, which is higher than the battery voltage.

The output shows the battery voltage (V) because the-diode gets forward biased
and the loop closes during the negative half cycle.

Qutput Waveform

i) Negative Biased Parallel'Negative Clipper
R,

Vi AN Vo
+VI‘I‘IEX
D /\
Vi | Ve v t
VE'T]_ 'Vmax -
Input Waveform J/ Output Waveform

Fig 3.16: Parallel Negative Clipper with Negative Biasing

When the cycle is in.the positive half, the diode operates with reversed bias and
serves as an open switch. Asaresult, the output displaysthe whole input voltage. A forward
bias develops in the diode during the negative cycle, when the input is lesser than the

battery voltage (V). The remaining signal is cut off in the negative cycle, up to the battery
voltage.
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Combinational Clipper

In some applications there is a need to clip the input signal from both the positive
as well as negative sides, this particular clipper makes use of parallel biased clippers. The
below Fig. 3.17 shows the combinational clipper.

Vi RL

MV Vo
DE T + Vmsx

t /I\ D1 Va1 _2’_“ _____

Vi Vﬂ' t

VHQL T Ve V'V'—*z iR - Al
Input Waveform T
Qutput Waveform

Fig 3.17: Combinational Clipper

The input signal V; and the bias voltage Vs are used to forward and reverse bias
the diode D1 throughout the upward half cycle. On the other hand, the'bias voltage Vg2 and
input signal V; both works together to bias the diode Do.

When the diode D1 conducts during the positive cycle of the input signal, the bias
voltage Vg1 manifests at the output. When the diode D> conducts throughout the negative
half of the input signal, the bias voltage Vg2 manifests at the output. Therefore, to clip the
output throughout both cycles, both diodes conduct aternately.
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Solution: uP
Ti2| - t T
i} ' ! VO —_— I/l’ 0 S t S E
orlt Vo=0, T/2<t<T
ZOv.:I ET
T2 t

P N > »

20v

N
T2 t i
. 2.2 kohm

Solution: l Vo=0, 0t Sg
: Vo=-5V, T/2<t<T
T2 t
o

-Bv

3.2.2 Clamper

A clamper is a network made of a diode, aresistor, and a capacitor that changes the
applied signal's appearance while shifting the waveform to a new DC level. The circuit is
classified into two types. Biased clamper and unbiased clamper. The functioning of the
clamper circuit depends on capacitor’s constant time. Constant time is denoted by the
symbol T and it isexpressed ast = RC.
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Clamper

[ |
Unbiased Clamper Biased Clamper

| / N\

Unbiased Positive Positive Biased Neoative Biased
Unbiased Negative \ Y }
Positive
Negeative

Fig 3.18: Types of Clamper Circuit
Unbiased Positive Clamper

The diode is connected.to the load in parallel, as can be seen in Fig. 3.19. This
means that the output at the load will be provided by the diode when it isin reverse bias.

C
| |
I

2V
Vi, DA A aa

0

Input waveform

Output Waveform

Fig 3.19: Unbiased Positive Clamper

Whentheinput.signal isinitsnegative half cycle, the diodeisforward biased, hence
there is nooutput signal during that period. The capacitors charge to the peak value (Vm)
of the input voltage Vin while the diode permits electric current to flow through it. The
capacitor was charged in reverse polarity. The capacitor stores the charge till the diode
remains forward biased when the input current falls after reaching its maximum value -Vin.

A signal arises at the output because the diode is reverse biased during the positive
half of the input signal. When reverse biased, the diode does not allow electricity to pass
through it. Asaresult, the input current flows directly to the outpuit.
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The diode is not conducting when the positive half cycle starts, and the capacitor's
charge is released. As a result, the voltage at the output is equal to the sum of the input
voltage (V;,,) and the voltage stored in the capacitor (1,,).

VO:Vm+Vin

The output waveform above shows that the signal level is in this instance pushed
upward or to the positive side. It is hence referred to as a positive clamper.

Unbiased Negative Clamper
Negative clamper's operation in more depth by examining the Fig.:3.20.

C
| |
]

Vi, DA Vv

Input waveform

Output Waveform

Fig 3.20: Unbiased Negative Clamper

The diode is forward biased during the positive half cycle, hence there is no output
signal. The diode permits current through.it, when it is in a forward bias condition. These
currents reverse-polarize the input signal and charge the capacitor to its peak input voltage
(—=V;,)- The capacitor maintains the charge until the diode is forward biased as the current
falls after reaching its maximum value (V;,).

When the negative half-of the signal is supplied, the diodeis now biased in the other
direction. The circuit's-output-may now be utilized to find load current as a consequence.
The capacitor discharged because the diode was not conducting. The input voltage (—V;,,)
and the capacitor voltage (—V;,) are therefore mixed at the output. So, the result will be

VO = _Vm + Vin
Biased Positive Clamper

In some of the applications, there is a need to clamp the signal for a particular
voltage level only. In such cases, the biased clampers are useful. The biased positive
clamper is classified into positive biased positive clamper and a negative biased positive
clamper.



108 | Application of Diode

i)  Postive Biased Positive Clamper

Although in this case an additional voltage is applied in order to cause a further
change in the signal's level, the working is virtually identical to the unbiased positive
instance.

When the input signal during the positive half cycle is lower than the battery
voltage, the diode is forward biased by the battery voltage. The capacitor is charged by the
battery voltage (V). The diode stops allowing current to flow through it when the input
voltage exceeds the battery voltage because the diode becomes reverse biased.

C

DA 4 2V, +Vs

Vg

| +
1

Input waveform

Fig 3.21: Positive Clamper with Positive Biasing

Thediodeis now forward biased by both the input voltage and battery voltage when
the polarity of the input signal is reversed. The diode, therefore, permits current. The
capacitor will receive thisecurrent and be charged by an amount of input signal and battery
voltage (V,, + V). From the next positive cycle, the input signal is added up with the
capacitor charge and behaves like an .unbiased positive clamper circuit.

i)  Negative Biased Positive Clamper

The battery voltage reverse biased the diode when the input voltage was higher than
the battery voltage during the negative half cycle. Asaresult, the signal is produced at the
output. When the input voltage is less than the battery voltage, the diode allows electric
current to flow through it: Because the diode is forward biased by the input voltage. The
capacitor will be charged-by anamount of V,,, — V3.

The-input -voltage and battery voltage both reverse bias the diode during the
positive half cycle. So, the output signal was equal to the sum of the input voltage and
capacitor voltage.
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Input waveform Output Wayeform

Fig 3.22: Positive Clamper with Negative Biasing
Biased Negative Clamper

Similar to before, the negative clamper circuit receives.postive -and negative
biasing. Let's address each scenario independently as we move forward. The biased
negative clamper is further classified into positive biased negative clamper and negative
biased negative clamper.

i)  Postive Biased Negative Clamper

The battery voltage (Vg), reverse bias the diode when the input signal (Vin) is lower
during the positive half cycle than the battery voltage. When the input supply voltage
exceeds the battery voltage, the input signal voltage causes the diode, which is forward
biased, to allow an electric current to flow throughiit. This current will reach the capacitor,
which will then be charged by an amount of <V, + V5.

Input voltage and battery.voltage both.reverse bias the diode during the negative
half cycle. So, the output is the'sum of the input voltage and capacitor voltage.

C
I
I
D Va
v R -\.l’.,.+\9D
I . " + Vol oy vl -
Vg
Input waveform T !

Fig 3.23: Negative Clamper with Positive Biasing

i)  Negative Biased Negative Clamper

Both the input signal (V;,,) and battery voltage (V) forward bias the diode during
the positive half cycle. As a result, the capacitor is charged by an amount of —V,,, — Vg,
due to the reverse-polarized charge by the current flowing through it.
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The battery voltage forward biases the diode when the input signal (Vin) exceeds
the battery voltage during the negative half cycle. When the input signal (Vin) is less than
the battery voltage, the diode is reverse biased by the input signal, which results in
downward shift in the output signal.

V{}ut -

Input waveform + Qutput Waveform

Fig 3.24: Negative Clamper with Negative Biasing

10v f=1KHZ 56KQ V.

T2 Wi ;
-10v “7

Solution:
T=RC=56x%x103x0.1x10"°
=5.6ms
51 =5x%5.6x1073
= 28ms
5z to the half of the period of the applied signal.

T=1
o

= 1x103 = 1ms
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__1ms

Half time period will be, g = 2 = 0.5ms

V. _
The capacitor will fully charge or discharge in 51, © ’ F=1KHZ

must be large enough to ensure that the voltage across T
capacitor does discharge significantly during the interval -1.3v

when the diode off. It isinferred that, 5t > g So, discharging

time of capacitor during the interval when the diode off. J

The output V, is, 21

During forward bias, the output V, = 0.7 — 2 = —1.3V

During the reverse bias, the output V. = 10 — 0.7 + 2 = 11.3V
Vo=-V, =V, =-10V — 11.3V = —21.3V

3.3 Zener Diode as Regulator

In the previous section, we saw how the P-N junction diode is operated in both the
forward and reverse directions. We have also observed that there is hardly no current
flowing through the diode during reverse bias-conditions, where the applied voltage is
lower than the breakdown voltage. However, as soon as the voltage across the diode
exceeds this breakdown voltage, a significant amount ‘of current begins to flow in the
opposite direction. Therefore, this activity of-the diode is referred to as the breakdown
region. Additionally, this operating zone should be avoided for atypical diode. However,
there are some diodes—known as Zener diodes—that are designed to be employed in this
failure zone.

As aresult, Zener voltage isthe voltage at which the Zener diode functions in this
breakdown zone and Zener current is.the matching current that flows through the diode.
Now, in contrast to atypical diode; the breakdown voltage of a Zener can range from 2V
to 200V. However; as you can see, conventional diodes often had a breakdown voltage of
greater than 20V Therefore,.in contrast to conventional diodes, these Zener diodes are
extensively doped and the doping concentration is altered. The Zener voltage of the Zener
diode is programmable. Therefore, the Zener effect is the main effect for Zener diodes
whose breakdown voltage is less than 4V. The avalanche breakdown is the primary effect
on the opposite end of the Zener diode whose breakdown voltage is more than 6V, and we
have already covered these two processes in the previous section.

The below Fig. 3.25 shows the regulator application of the Zener diode. The circuit
provides the constant DC voltage with respect to the change in input.
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The Zener diode performs just
like a standard all-purpose silicon PN Re
junction diode when biased in the | VW ]
forward direction, or anode positive ) -
with regard to its cathode, passing the  variape *-L A V. Reguated
rated current. Voltage source/Z/zm Output

The Zener diode, however,
conducts in the opposite way once the
reverse voltage reaches a certain level,
unlike a typical diode. Fig 3.25: Zener Regulator

When the cathode becomes more positive than the anode, it inhibits the flow. of current
through it.

'\'\
Apply KCL, to analyse the circuit. ; é
. &
The Zener current is, ' \Z
L=1L+1, \
I;=1—1, . 'Scanto
The amount of power passing through the Zener diode s, \ know more
P,=V1

Solution:

First, we need to ensure the operating region. In the given problem, to ensure the
operating condition, calculate the Thevenin's equivalent voltage (V;,) acrossthe diode.

The Thevenin’s voltage is calculated as,

250 ohm

: AN : Vin = Vi, (1kQ/1kQ + 2500)
b Ve = 14.4V
) Q@ L ¢ § worm The Thevenin's voltage (V;;,) is greater than
10V. So, the diode is operated in breakdown
voltage.
10V
IL = 1k_.Q = 10mA

_18-10 _
Iy =——2=32mA
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The diode current is,
L,=I1,—1, =32—-10 = 22mA
Power dissipated is,

B, =1V, =22.10 = 220mW

3.4 Application of Schottky Diode

Schottky diodes are employed in fast-clamp diode applications as switches. Due to
its improved frequency responsiveness, shorter switching times, and reduced power
consumption, Schottky transistor-transistor logic (TTL), digital logic gates and circuits
frequently use Schottky diodes.

Advantages
Dueto their low on-voltage, rapid recovery time, and minimal energy loss at higher
frequencies, Schottky diodes are used. By enabling afast transition from the conducting to

blocking states, these features enable Schottky diodes to correct a current. So, in many
situations, Schottky diodes are a great option for semiconductor devices.

Applications of Schottky diodes include,

e Radio Frequency mixer and detector
e Power rectifier

e Solar cell

e Clamper diode applications

Let's go through each of them individually below.
RF Mixer and Detector

Schottky diodes are'used in radio frequency applications due to their fast-switching
speed and high frequency characteristics. The many metal-semiconductor junction designs
of Schottky diodes also make these semiconducting components useful in power detectors
or mixer circuits.

Power Rectifier

Schottky diodes, as opposed to regular PN junction devices, offer a high current
density and a low forward voltage drop, making them the ideal semiconductor devices for
use in power rectifier applications. These benefits help to reduce heat levels, and reduce
the size of the heat sinks employed in that design to increase the overall effectiveness of
the electronic system.
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Application of Power and Circuit

Schottky diodes can be used when two parallel power supplies are used to generate
the current. Schottky diodes offer characteristics that make them perfectly suited for usein
power applications because of their minimal forward voltage drop. These diodes are there
because they stop reverse current flow from one source going into another.

Solar Cell
Because the sun isnot a constant source of energy, rechargeable batteriesare widely
used in conjunction with solar cellsto store energy. The diode of SiC Schottky stopshigh-

performance solar cells from discharging via lower-performance solar cells and keeps
batteries from discharging through solar cells at night.

Clamp Diode

Fast clamp diode applications use Schottky diodesas switches. The base junction
isforward biased in this application. Schottky diodes greatly reduce the turn-off timewhile
accelerating the circuit speed.

3.5 Application of LED

The main purpose of LEDs (Light Emitting Diodes) is-to illuminate objects and
even spaces. Because of its small size, low energy consumption, long lifespan, and ability
to be employed in awide range of applications; it is widely used.

Useof LEDsas TV Backlight

The main source of energy consumption ina TV is the backlight. Utilizing LEDs
helps to reduce power consumption effectively.”Using an LED in the margins of the TV,
will be a less expensive option. Better contrast may be achieved by placing LEDs
immediately behind the monitor. When it.comesto TV backlighting, LEDs have taken the
place of Compact Fluorescent Lamps (CFLs) and Liquid Crystal Displays (LCDs).

Smartphone Backlighting

The backlight design of the smartphone may be made slimmer and more affordable
with the use of LED’s. The cost of LED may change depending on how big the
smartphone's screen is. They guarantee greater battery life because of the lower output
voltage.

Use of LED in'Display

The use of LED display boards outside, such as for sorage signs, billboards, and
traffic signs has become common place in modern times. Signboards that display messages
in many languages will use less energy if more LEDs are added.
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LEDsin Automotive

LED applications in the automobile sector are expanding. Energy is conserved and
visibility isimproved using LEDs. For greater accessibility, they are frequently utilized in
the back and rear of a car. As LED lighting improves visibility while it is ON, OFF, or
muted throughout any stage of the journey, it can increase both the safety of drivers and
pedestrians.

LEDsin Dimming Lights
A few LED applications allow for light dimming, which reduces energy usage.

Appliances also employ this dimming function, which comes in two varieties. Global
dimming, which dims all LEDs simultaneously.

White PhlatLight LED

The SST-90 enables manufacturers of lighting fixturesto swap out LED arrays and
bulbs for a single PhlatLight LED by combining the advantages. of high power and
efficiency. This leads to smpler designs, reduced costs, and a quicker time to market for
LED clients.

Scan to
know more

Fig 3.26: White PhlatLight.LED
LED MR16 Replacement Lamps

One of the top manufacturers of LED MR16 halogen replacement lights, CRS
Electronics, made a substantial performance advancement. 325 lumens of temperature-
stabilized light output with a colour temperature of 2850K. More than four times as
efficient as typical’halogen MR16 lights, the light also features a colour rendering index
(CRI) of 88, 1800 candlepower in the centre beam, and an efficiency of 53 lumens per watt.

Fig 3.27: LED MR16 Lamps
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3.6

Application of Photodiode

Photodiodes are semiconductor devices that convert light energy into electrical

current. They are widely used in various applications where light detection is required.
Here are some common applications of photodiodes:

Consumer electronics goodsincluding CD’s, alarms, equipment, and controls, all use
photodiodes that are accustomed to operating, everything from air conditioners to
televisions. Either photodiodes or photoconductors can be utilized for a variety of
purposes. Both kinds of photosensors can be used to detect the presence of light, flash
meters, or respond to it, for as by turning on the night time street lights.

Electric isolation is provided by photodiodes with the help of optocouplers.When lit
by light, optocouplers are used to optically connect two independent circuits.
Optocouplers are faster than conventional devices in comparison.

Photodiodes are used in safety equipment like smoke and fire detectors.

Several medical applications for photodiodes. They are also- utilized in blood gas
monitors, computed tomography detectors, and machines that examine samples.
Solar cell panels employ photodiodes.

Logic circuits employ photodiodes.

The detecting circuits employ photodiodes.

Character recognition circuits employ photodiodes.

In research and industry, photodiodes are used to precisely quantify light intensity.
Since photodiodes are quicker and more complicated than a typical PN junction
diode, they are commonly utilized in-optical communication and lighting control.

Alarm Circuit Using Photodiode

The employment of .a photo-diode in an alarm system is depicted in Fig. 3.28. A

photodiode installed in-the entryway:is exposed to light coming from a light source. As
long as the light beam is unbroken, the reverse current (Ir) will keep flowing. The reverse
current reduces to the dark current level when someone walks through the door, breaking
the light beam.-An alert is therefore triggered.

Scan to
know more

Fig 3.28: Alarm Circuit Using Photodiode
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Photodiode in Counter Circuit

A photodiode circuit utilized in a conveyor-based system for object counting is
showninFig. 3.29. Using a photo-diode, you can count the items moving along a conveyor
belt. Inthiscircuit, alight source transmits a focused beam of light to a photodiode through
aconveyor. The light beam is interrupted when the object passes, the Ir level decreasesto
the dark current level, and the count goes up by one.

Fig 3.29: Counter Circuit using Photodiode

3.7 Application of Solar cell

A solar cell, also known as a photovoltaiccell, is an electrical device that uses the
photovoltaic effect, a natural physical and chemical phenomenon, to convert light energy
directly into electricity. A device whose electrical properties, such as current, voltage, or
resistance, change when exposed.to light. The electrical building blocks of photovoltaic
modules, sometimes referred to as solar panels, are frequently individual solar cell devices.
The greatest open-circuit voltage that a typical silicon single junction solar cell can
generate is between 0.5 and 0.6 volts.

Exotic Places

It is'not always possible, affordable, or even practical to extend power lines to
locations where energy is needed. Rural residences, towns in underdeveloped countries,
lighthouses, offshore oil platforms, desalination plants, and outlying medical facilities can
all benefit from Photo Voltaic (PV).

Stand-alone Power Applications

Inurban or rura areas, PV can power stand-alone appliances, tools, and meters. PV
can be used to power avariety of equipment, including parking meters, temporary traffic
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signs, emergency phones, radio transmitters, water irrigation pumps, stream-flow gauges,
remote guard pogsts, highway lighting, and more.

Power in Space

For many years, the primary energy source for spacecraft that orbit the earth has
been solar power. Planetary and space exploration will continue to depend on high-
efficiency photovoltaic technology. The International Space Station and surface rovers on
the Moon and Mars have both benefited from its power.

Building Related Needs

PV panels set up on the ground or on rooftops can provide power for structures. To
accomplish adual purpose, PV material can also be used to construct buildings as cladding,
roof tiles, or windows. Additionally, parking garages and grass areas can be PV-covered
to provide lighting and shade.

Military Uses

Flexible, light-weight thin-film photovoltaics can be used in-situations where
mobility or toughness are essential. Lightweight PV is transportable by soldiers and may
be used to power electronic devicesinthe field or at distant locations.
Transportation

Vehicles like automobiles and boats may use solar energy as an additional power
source. For onboard electricity or to slowly charge batteries, vehicle sunroofs may have
PV. Lightweight PV may also adjust to an arplane wing's curvature in order to power high-
altitude aircraft.
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UNIT SUMMARY

Diode as a switch.

Reverse bias - Resistance gets increased - Diode act as an open switch.
Forward bias - Resistance gets reduced - Diode act as a closed switch.
Clipper - Remove the portion of the signal.

Clamper - Shift or clamp level of the signal.

Schottky diode - short switching time, less power consumption, used.for high
frequency applications.

Reverse bias operation for Zener diodes:

The regulator is a Zener diode - Provides a constant voltage with respect to the
input voltage.

LED - Small size, low power consumption, long lifespan.

Solar cell - It is also known as photovoltaic cell. 1t.can be used for energy saving
purpose.
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EXERCISES

Multiple Choice Questions
3.1 The ideal diode is one which behaves as a

a) Conductor
b) Resistor
c) Rectifier
d) Clipper

3.2 What circuit is used to cut off the specified amount of the input signal?

a) Clipper
b) Clamper
c¢) Diode
d) LED

3.3 Which circuit is used for rectification purpose?

a) Clamper
b) LED

c) Solar Cell
d) Clipper

3.4 Name the circuit which is usedto shift the signal that is applied on the input

a) Clamper
b) Clipper
c¢) Diode
d) LED

3.5 The purpose of positive clipper is

a) Clip off the negative portion of the signal
b)* Clip of the negative and positive cycle

c) Clip of the positive portion of the input
d) None of the above

3.6 To remove the negative portion of the input which type of clipper is used

a) Positive clipper
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b) Clamper
c) Positive clamper
d) Negative clipper

3.7 To shift the signal to the positive portion which type of circuit is used

a) Positive clamper
b) Negative clamper
¢) Both clamper

d) Clipper

3.8 The purpose of biasing circuit isto

a) Clip the particular portion of the input
b) To remove the signal from the circuit
¢) To add some portion to the input

d) None of the above

3.9 Which is not a component of a clamper circuit

a) Capacitor
b) Resistor
c¢) Diode

d) Inductor

3.10 If the signal is need to shift 2V above the positive portion. What is its worth biasing
network?

a 2V
b) 1V
c OV
d) 5v

3.11 Radio frequency mixer circuit use

a) Schottky diode
b) LED

¢) Photodiode
d) Solar cell

3.12 Which kind of circuit used for TV backlighting purpose
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a) Schottky diode
b) LED

c) Photodiode
d) Solar cell

3.13 For regulator, the Zener diode should be operated at

a) Reversebias
b) Ided

Cc) Zero bias
d) Forward bias

3.14 Zener breakdown voltage will be in the range of

a 20-200V
b) 10-20V
) 0.1-10V
d) 1-10v

3.15 The purpose of combinational clipper circuitis

a) Clip small portion inthe positive cycle

b) Clip the small portion in the negative cycle

c) Clip small portion in both positive and negative cycle
d) Clamp small portion

3.16 Types of clipper circuit is
a 1
b) 4
c 5
d 8
3.17 Types.of clamper circuit

a 4
b) 5
c) 6
d 1

3.18 When the diode is act as a closed switch
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a) Forward bias

b) Reverse bias

Cc) Zero bias

d) None of the above

3.19 The diode is operated in reverse bias, then the diode actslike a

a) Closed switch
b) Open switch
¢ SCR
d) LED

3.20 Diode isin forward bias, the resistance offered by the diode is

a) Infinite

b) Zero

c) Some finite value
d) None of the above

3.21 Reverse hias condition, resistance offered by the diode is

a) Infinite

b) Zero

c) Some finite value
d) None of the above

"X,% &‘ “Answer

&V oV s

3.1(c), 32 (a), 3.3(d), 34(a), 35(¢), 3.6 (d), 3.7 (3), 38 (a), 3.9 (d), 3.10 (), 3.11 (a), 3.12 (b), 3.13
(), 3.14 (a), 3.15 (c), 3.16(d), 3.17 (a),:3:18 (a), 3.19 (b), 3.20 (b), 3.21 (a)

Short and Long Answer Type Questions
Category |

3.1 Explain the working of diode in forward bias condition.
3.2 Discuss the switching mechanism of diode.

3.3 What isregulator.

3.4 Explain the breakdown mechanism of Zener diode,

3.5 What isclipper and its types.

3.6 What is clamper and its types.
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3.7 Explain biasing,

3.8 Sketch the diagram for positive clipping.

3.9 Draw and explain the clamper with biasing circuit.
3.10 What is photodiode?

3.11 List out the application of solar cell.

3.12 List out the application of LED.

3.13 Give the applications of Schottky diode.

Category Il

3.1 Discuss the operating principle of diode in both forward and reverse bias condition
with suitable diagram.

3.2 Explain in detail about clipper and its typesusing the block diagram:.

3.3 Discuss about the clamper circuit. Illustrate thetypes of clampers with neat diagram.

3.4 Enumerate the working principle of the regulator using Zener. diode.

3.5 Explain in detail about the application of solar cell, photodiode, and LED.

Numerical Problems

3.1 Sketchthe output for the diagram given below. (Ans: Ferward biasV, = 0, Reverse

o

V; +

+
I 2 - ¢
_v —‘7

3.2 Calculate the time constant for problem 3.1. (Ans. T = 0)

3.3 Consider the example 3.3. Find 37. Compare 3t to the applied signal hasthe frequency
of 2KHz.(Ans: 3t = 16.8ms, T=2ms)

3.4 Caculate the charging and discharging time of the circuit shown below. (Ans. T, =
0,74, = 50ms)
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+v
) R=10KY,
T Vi “VI

3.5 Determine the Vo. Consider Si diode hasthe V; = 20V, and bias voltage of 10V. (Ans:
forward biasVy = 0.7V, Reverse biasV, = —20V)

R
v — PN +
T Ve
™2 i Vi
- D

PRACTICAL

Photodiode and LED Characteristics

Aim
i) To researchthe qualities of a light-emitting diode.
ii) To study the photodiode |-V properties.

Apparatus Required

e LED, photo diode
Ammeter (0-50mA)
Voltmeter (0-10 V)
DC power supply
Rheostat
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Circuit Diagram

+/ :\I_
\ P
LED “a
— § = N
' 7N
[ V)
Ry

Procedure

e According to the circuit schematic, connect the parts.

e Activate the power supply. A milliampere isused to gauge the current passing
through the LED while the voltage isset to O V.

e The voltage israised using the rheostat slider in increments of 0.2 V.
e The microammeter records the<associated current. for-each adjustment of the
voltage. In atable, the observations need to be listed.

Observation

Forward Voltage (Volts) { Forward Current (mA)

0
0:2
0.4
0.6
0:8
1.0
12
14
16
18

Photodiode Characteristics

It isaPN junction diode made of silicon or germanium that is photosensitive under
conditions of reverse bias, i.e. The amount of light exposure or light intensity affects the



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 127

reverse current in a photodiode. This diode's applicability iswhen it isreverse biased. The
voltage-current relation,
\%4

1=10<eﬁ—1)—1,,

The reverse biased photo diode current equation will be,

Circuit Diagram

—
(<)
N/
R
N4

mr

(0-10) volts

Observation

Intensity of Light 1=0

Reverse Voltage (Volts) | Reverse Current (mA)

0
0.2
04
0.6
0.8
1.0
12
14
16
18

Result
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i) The characteristics of an LED are comparable to those of aforward PN-junction. For
LEDs, the cut-in voltage, or the voltage at which conduction starts, is volts.
ii) The current-voltage characteristics of photodiode is analysed

KNOW MORE

A semiconductor diode known as an LED, or light-emitting diode, illuminates
in proper bias situation. Y our gadgets, modern lights, and digital television‘monitors
all require these components.

History

Henry Joseph Round, a British radio researcher and-Guglielmo Marconi's assistant,
made the discovery of electroluminescence<a natural phenomenon upon‘which LED
technology is based—in 1907 while working with silicon carbide and a cat's whisker.

Russian radio scientist «Oleg Vladimirovich.Lossev ~was researching
electroluminescence in radio set diodes during the 1920s. He detailed his research in an
article titled "Luminous Carborundum [silicon carbide] Detector and Detection with
Crystals' that was published in 1927. Although hiswork did not
directly lead to the development of the LED at that time, it did have
an impact on subsequent innovators.

A decade later, in 1961, Robert/Biard.and Gary Pittman
developed and patented an infrared LED for Texas Instruments.
Since the original LED was-an’infrared gadget, it was invisible to
the human eye. Humans cannot perceive infrared light. Ironically,
Baird and Pittman only- accidentally‘produced a light-emitting
diode while trying to.make a laser diode.

Robert Biard

Organic LED

A light-emitting diode (LED) with an organic compound film acting as the
emissive el ectroluminescent layer and producing light in response to an electric current
is known as an organic light-emitting diode (OLED or organic LED) or organic
electroluminescent (organic EL) diode. This organic layer is sandwiched between two
electrodes, with at |east one transparent electrode.
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OLED displays don't need backlights because they instead emit visible light. It may
therefore exhibit profound black depths and be smaller and lighter than a liquid crystal
display (LCD). An OLED panel may be able to attain a greater contrast ratio than an LCD
in low ambient light situations (such as a dark room), regardless of whether the LCD
employs cold cathode fluorescent bulbs or an LED backlight. OLED displays are made in
amanner similar to LCDs, but after the formation of the TFT (for active matrix displays),
addressable grid (for passive matrix displays), or ITO segment (for segment displays), the
display is coated with hole injection, transport, and blocking layers as well“as with
electroluminescent material. The entire stack of materials is then enclosed, with ITO or
metal acting as the cathode once more.

&‘4
! ”)
!
E 4
. s
* Scan to know

&\more

The TFT layer, addressable grid, or | TO segments are connected to or used asthe
anode, which may be made of ITO or metal. OLEDs may be made transparent and
flexible, both display types are used in smartphones with optical fingerprint scanners and
foldable devices.
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Bipolar Junction
Transistor

UNIT SPECIFICS
We have dealt with the following topics throughout this unit:

e Evaluation of the junction transistor

e Construction of the Bipolar transistor

e Working principle of the junction transistor

e Analysethe various type of configuration of the BJT
e Sudy theinput and output characteristics of the BJT
e Problemsincluding operating point

e Concept of DC load line

The concepts of real-world applications are-covered:in order to increase creativity and curiosity
aswell as ability to solve problems.

The unit includes ass gnments through a number, of humerical problems, a list of references,
and suggested readings so that one can'go throughthem for practice in addition to providing a big
number of multiple-choice questions and questions with short and lengthy answer types designated
in two categories following lower and higher-order of Bloom's taxonomy. Inside the unit some QR
codes have been given for-getting added details on various topics of interest to be scanned for
relevant supportive knowledge.

Following the content-based. relevant practical, there is a "Know More" section. This
subsection has indeed been thoughtfully created so that the additional material supplied will be
useful to the book's readers. This module primarily spotlightstheinitial activity, examples of some
interesting. tithits, analogies, background of the advancement of the subject focusing on the key
observations and findings, timelines beginning with the devel opment of the concerned topics up to
the present, case studies involving environmental, sustainability, social, and ethical issues, if
appropriate, and lastly the unit's curiosity and inquisitiveness subjects. Applications of the subject
matter for our everyday real life or/and industrial applications on a range of factors.
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RATIONALE

Thisunit on Bipolar Junction Transistor hel ps studentsto get a primary idea about the construction
and physics behind the transistor. It explains operation and its various configurations. All these
basic aspectsarere evant to study thetransistor properly. It then clearly explainsthe configuration
of transistor and its input and output characteristics as well as relation between three different
configurations. All these are discussed at length to devel op the subject. Some related problemsare
pointed out for clear understanding, which can help further for getting a clear idea of the concern
topics on Junction Transistors.

Transistor is an important branch of semiconductor device that essentially dealswith various
application in commercial world. BJT gtarted its journey by study of diode forward and reverse
bias characteristics of diode. This permits one to analyse the operation of many day-to-day familiar
phenomena around us. But at the same time, it covers the stability of the transistor and'importance
of Q point. Its practical applications are related to.the construction, design, and operation of
different devices.

PRE-REQUISITES
Basic concepts of PN Junction Diode

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U4-O1: Describe the construction of BJT

U4-O2: Working of the Bipolar Junction Transi stor

U4-O3: Explain the various configuration of BJT.

U4-O4: Describe the relationship-among the base, emitter and collector currents of the BJT
U4-O5: Analyse the DC load line for stability

U4-06: Realize the roleof operating point

Unit-4 EXPECTED MAPPING WITH COURSE OUTCOMES

Outco s (1- Weak Correlation; 2- Medium Correlation; 3- Strong Correlation)

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6

U4-01 3 3 - 3 3 1
U4-02 1 1 2 2 1 -
U4-03 2 1 = 3 2 1
U4-04 - - 2 3 2 2
U4-05 3 3 = 3 3 1
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4.1 Bipolar Junction Transistor

In the previous chapter, we have discussed the semiconductor diodes and their
applications. Inthis chapter, we shall focus our attention on the Bipolar Junction Transistor
(BJT). A bipolar junction transistor is athree-terminal semiconductor device in which the
operation depends on the interaction of majority and minority carriers hence it is named as
a bipolar device. It consists of two p-n junctions which can amplify or magnify.an input
signal. The forward biased junction has a low resistance path whereas a reverse biased
junction has a high resistance path i.e., signals are transferred from low resistance Circuit
to high resistance circuit. Therefore, the transistor transfers a signal from low resistance to
high resistance. The prefix ‘trans’ means the signal transfer property.of the device while
‘istor’ classifiesit as a solid element in the same general family with resistors.

4.1.1 Terminals

A bipolar junction transistor consists of three regions.

e Emitter
e Collector
e Base

Emitter-Emitter is more heavily doped than any of the other regions because its main
junction is to supply the majority carriers.to the base. The emitter terminal is always
forward biased with respect to the base so that it can supply a large number of majority
carriers.

Collector-It forms the right-hand side section on the transistor and its main function isto
collect the majority charge carriers coming from the emitter and passing through the base.
In most transistors, collector region is made physically larger than the emitter region.
Because during the transistor operation, much heat is produced at the collector junction
and it has to dissipate much greater power.

Base-It forms the middle section of the transistor. It is very thin as compared to either the
emitter or collector and is very lightly doped.

4.1.2 Types

A transistor has three doped semiconductor regions and has two distinct structural
types.

a) n-p-ntransistors
b) p-n-p transistors
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The p-type semiconductor material is placed between two n-type semiconductors
to form a npn transistor as shown in Fig. 4.1 (a). An n-type semiconductor is sandwiched
between two p-type semiconductors in a pnp transistor shown in Fig. 4.1 (b). The two
junctions are emitter-base junction (J1) and base-collector junction (J2).

B B
J2

-

J1 J1

(a) (b)

Fig 4.1: Types of Bipolar Junction Transistor: (a) npn,.(b) pnp

4.2 Region of Operation

The different operating regions of the Bipolar Junction Transistor is shown in the
Table 4.1. In the active region, the transistor operates as an amplifier. The base-emitter
junction is forward-biased, while the base-collector junction is reverse-biased. In the cut-
off region, both the base-emitter and base-collector junctions.are reverse-biased. In this
condition, thetransistor is effectively turned off, and no current flows between the collector
and emitter. In the saturation region, boththe base-emitter and base-collector junctions are
forward-biased. In this condition, the transistor operates as a switch and allows asignificant
current to flow between the collector and emitter. The reverse active region is a less
common operating condition for BJTs.dnthisregion, the base-emitter junction is reverse-
biased, while the base-collector junction is forward-biased.

Table 4.1: Different Operating Conditions of BJT

Forward Bias Reverse Bias Activeregion - Amplifier
Forward Bias Forward Bias Saturation - “ON”

Switch
Reverse Bias Reverse Bias Cut-off - “OFF”

Reverse Bias Forward Bias Reverse — active region
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These operating conditions are important to understand and control in BJT circuits,
as they determine the transistor's behavior and its ability to amplify signals or switch
currents. The biasing arrangement and applied voltage levels are crucial in determining the
operating region of aBJT.

4.3 Symbol

The transistor symbol is represented by a circle that holds a vertical line
representing the base terminal. The emitter terminal has an arrow symbol to the line that
differentiates npn and pnp transistors with respect to the current flow. The remaining line
without an arrow indicates the collector terminal.

C: C
. E
(@)

(b)
Fig 4.2: Symbol of BJT: (a) npn, (b) pnp

For NPN connection, eurrent flows from the base to the emitter as indicated by an
outgoing arrow shown in Fig. 4.2 (a). whereas, for a PNP.connection the current passes
from the emitter to the base as indicated by an inward arrow shown in Fig. 4.2 (b). NPN
transistors are more popular-because the electron mobility is high compared to the hole
mobility.

4.4 Operation of npn Transistor

The BJT is biased by applying appropriate voltages to the three terminals: the
emitter, the base, and thecollector. Biasing establishesthe operating conditions and regions
of the transistor. Fig 4.3 shows the npn transistor with forward bias applied at emitter-base
junction and reverse bias is applied at collector-base junction. Due to the forward bias, the
potential barrier at the junction is reduced and the electrons from the n-type emitter to flow
towards the base. This constitute the emitter current 1. As these electrons flow through p-
type base, few electrons combine with the holes in the base region. As the base is thin and
lightly doped small amount of recombination will take place in the base. Mot of the
electrons from the emitter passes over the collector region. For example, N number of
electrons enter the base, out of which (1-a) N electrons combine with the holes in the base
region constitute abase current I and aN electrons move to the collector region constitute
acollector Current I.. Only 2 to 5% of electrons are combined in the base and 95% to 98%
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of electrons are collected in the collector region. The emitter current is the sum of base
current and collector current i.e,

n J1 pJ2 n
E|l —F° |-~ - L
Tf-f:a o
I |[B v
| (| i /|
i min
Ves Ves

Fig 4.3: Operation of npn Transistor

When the transistor is operated in no biasing condition, the barrier potential is same
at the Junction J1 and J2. When the biasing is added to the transistor, the potential barrier
varies a both junctions. Let's examine the motion of electrons and holes. The applied bias
voltage Ves decreases the potential at junction J1. Most of the electrons fromemitter cross
over junction J1 and move to the base and recombine withthe holes in.the base region.

In practice, reverse saturation current starts
flowing from the collector to the emitter when junction J2
is reverse biased. This current is also called leakage
current denoted by I¢o. The current through the collector
isgivenby, I. = alg + I

v~ .

4.5 Operation of pnp Transistor

In a pnp transistor the emitter-base junction is forward biased and collector-base
junction is reverse biased. The holes in.the p-type emitter to flow towards the base. This
causes the emitter current I /As the holes crosses into n-type base region, the width of
the base region is very-thin‘and lightly doped, the small amount of holes recombine (less
than 5%) with the electrons in the n-type base. This constitutes a base current I;. The
remaining holes are able to drift across the base and enter the collector region to constitute
collector current 1.

E [e) b2 © g0 © o e—

'ETB
‘ +M— +||—

Vo Vo

Fig 4.4: Operation of pnp Transistor




ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 137

It is noted that current conduction in npn transistor is by holes. Besides of hole
current, there is electron current which flows from the base to the emitter region. This
current depends upon emitter base potential. Asthe width of base region is very small, the
ratio of hole current to the electron current is very small. So, for al practical purpose,
electron current can be neglected. Thus, only hole plays a very important role in the
operation of pnp transistor.

4.6 Types of BJT Configuration

A transistor can be connected in a circuit in the following three possible ways.

i)  Common Base configuration
i)  Common Emitter configuration
iii)  Common Collector configuration

Each circuit connections have specific advantages and disadvantages. It may be
noted here that regardless of circuit connection, the emitter.is always biased in the forward
direction, while the collector aways has a reverse bias.- Here, npn transistor is used to
analyse these configurations.

4.6.1 Common Base Configuration

In the common base configuration, the base terminal of the transistor is common to
the input and the output. A weak signal isintroduced a the input and the amplified signal
is obtained at the output of the transistor. L&t us consider the device operated in an active
mode of operation.

|E |C
«— ¢ O le

5 )

Vie |+
B ]

— Vo —

= T T

(a) (b)

Fig 4.5: Common Base Configuration: (a) npn Transistor, (b) pnp Transistor

..|||H

i}
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The resistance Ry is the input resistance and Vi is the forward biasing potential.
On the other hand, the reverse bias potential is V.. and the resistance is R.. In case of
transistor input and output characteristics are separately analysed, the input characteristics
are plotted between the input current (I;) and the input voltage (V). Output characteristics
are plotted between output current (1) and the output voltage (V). The circuit isanalysed
by the Kirchoff’s Current Law,
The emitter current is given by,
IE=13+IC (42)
The collector current is given by,
IC == O(IE + ICBO (43)
Icpo IS the reverse saturation current measured when the emitter terminal is open
circuited. Since the minority charge carriers are relatively few in number. Thisresultsin a
reverse saturation current. The emitter currentisgreater than the reverse saturation current.
So, we can neglect the reverse saturation current (I.-5,). Now; the collector current will be,

IC = O(IE (44)
Theterm « isrewritten as,
a=:i< (4.5)

Ig
The term « is called common base current gain. It is defined as the ratio of the
output current to input current, and it is:aso caled an amplification factor. The value «
ranges between 0.95 to 0.98. Thisimplies that 95% to 98% emitter current will be collected
in the collector terminal. There is 5% to 2% recombination occurring in the base terminal.

Given: a = 09,1y = 1mA
Solution: Thebasecurrent iy =I; — I
We know that, [ = alg

I, =09%x1x10730.92mA
Ip=(1x%x1073)—(09x1073) = 0.08mA

Given: a = 0.92,1; = 1mA, Igo = 50uA
Solution:
Total collector current I = alp + I¢go
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= (092 % 1x1073) + (50 X 107°)
= 0.97mA

Input Characteristics

Consider the device operated in the active region of operation. Junction J1 is
forward biased and junction J2 is reverse biased. On the input side, the current is iz and
the voltage is V5. Onthe output side, the current is I and the voltageis V5. The graphical
representation, drawn between the input current (Iz) and input voltage (V) @ constant
collector-base voltage. Fig. 4.6 shows the input characteristics of the common. base

configuration. 1 (mA)
Ji Jo t 10y SV V=1V
B ‘ VCE
ls
Veg Vee
| 0.7 >
! | ' Vee (V)

Fig 4.6: Input Characteristics of CB‘Configuration
To determine the input characteristics initially, the output voltage V5 is set as zero,
then V5 isincreased. When V5 iszero, theemitter current I; increasesrapidly with small
change Vg, it means that input resistance is very small.

The input resistance is defined as the ratio-of change in emitter-base voltage to the
change in emitter current.

. AV
Input resistance,r; = —= (4.6)
Alg Vcp=constant

Output Characteristics

It is the curve between collector current Ic and the collector-base voltage Vg at
constant emitter current I. Fig. 4.7 shows the output characteristics of a common base
configuration. The output voltage V5 isincreased from zero, the collector current I varies
at very low voltages (<1V). when the value of V. is raised above 1-2 V, the collector
current becomes constant. It means that, I is independent of V.; and depends only on I.

The output resistance is defined as the ratio of change in collector-base voltage to
the change in collector current.

. AV
Output resistance 1, = —= 4.7
Alc Ig=constant
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I c(mA)

&
5
= | e=3mA
O
E | e=2mA
g le=1TmA

--l EZOH"IA
Collector-Base Volatgevﬁﬂ (V)

Fig 4.7: Output Characteristics of Common Base Configuration

Early Effect

It is named after the author James M early who discovered the effect. This effect is
also known as Base Width Modulation. There is a modulation in the base width when the
reverse bias voltage V. is increased. This is because the base areaisonly faintly doped,
the depletion layer widens under conditions of reverse biasat Junction J2 and penetrates
deeper. The concentration of the hole is very low, so -easy uncovering of immobile ions
takes place. Depletion layer width is denoted asWWy and it is called width of the base. Base
width isalso known as metallurgical base width. Let W be the width at which the depletion

region reaches the base region. E W BJdh ¢

The base width is provided as, : W
Wg =Wepp+ W 1,

The effective width is obtained as, g m—
Wepr = W — W W We

Increasing the reverse bias potential V. will increase the width (W). Theincreased
value of W will decrease the effective width W, where the recombination takes place,
and the width of this region is equal to the effective width. The base width reduction leads
to the reduction of the recombination of carriers, hence the current I; getsincreased. This
generates a concentration gradient between the emitter and the base. Now, more electrons
will move into the collector region.

4.6.2 Common Emitter Configuration

The input is applied between the base and the emitter, and the output is obtained
between the collector and the emitter in a common emitter configuration. In this, the input
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and output circuits share the transistor's emitter, giving rise to the term "common emitter
configuration”. Fig. 4.8 depicts the configuration for both the npn and the pnp transistors.

(@) (b)
Fig 4.8: Common Emitter Configuration

In common emitter configuration, the graph is drawn between the base-emitter
voltage (V) and base current (1) for varied output voltage (V).
In CB configuration we have seen that,
I, = alg + Icpo
Ic —Icpo = alg
IC ICBO

B 0 =4 ]
a a E C B

Ic Icpo
<9 P e
R (AN e

1 ICBO
el 1l=m

Io =1y | 2| + 120 (4.8)

1-a

The ratio of-the input current Ig to the output current Ic in a common emitter
arrangement is known as the current gain or Common Emitter amplification factor.

p =1 (4.9)

Ip

Wehave, IE = IC +IB |e, IB = IE _IC
B=1"

By dividing the numerator and the denom| nator of the equation’s R.H.S by Ig, we
obtain,

(4.10)
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I_C
1
b= =
I Ig
a
ﬂ = E (411)
We know that , =;—CandIE =Ig+1;
E
_ _Ic
a= (4.12
When the numerator and the denominator are divided by s, we obtain,
I_C
Ip
T I
Ip Ip
Then the value of « is,
a=36/A+p) (4.13)

Input Characteristics

It represents the relationship between input-voltage Ve and input current Ig a a
fixed output voltage Vce shown in Fig. 4.9. From the input properties of the common
emitter arrangement, the input resistance is computed. The base-emitter voltage change
(AVgE) to the consequent change in base current (Alg) at constant emitter voltage (Vce) is
measured as the input resistance. It iswrittenas,

AVBE
;= —
; Alg

(4.14)

Vce=constant

|5Hﬁ

B 1
Alg i v
| 1 CE
Vee \ Vee - "i """ |
o .

A Ve Vee(V)

Fig 4.9: Input Characteristics of CE configuration
The value of r; in CE configuration is greater compared to the CB configuration.

For constant value of base to emitter voltage, the base current decreases as collector to
emitter voltage is increased.
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Output Characteristics

It isthe curve drawn between collector current I and collector-emitter voltage Vg
at constant base current Iz. The output characteristics of common emitter is shown in Fig.
4.10. keeping the base current I fixed at some value, note the collector current I varies
for small range of V ;. After this, collector

current becomes constant and independent of omA)

Veg. This value of V. upto which collector

current I changes with V. is caled Knee | =BOMA

voltage. Above knee voltage, I, is amost 5

congtant. For any value of V. above knee o 15=40 LA

voltage, the collector current approximately S

equal to B x Ip. The output resistance is defined < 2 | 2=20 A

astheratio of change in collector-emitter voltage

to the change in collector current. In the CE : =010

arrangement, the output dynamic resistance is SHearteigyoe Ve (V)

high. Fig 4.10: Output Characteristics of CE Configuration.
.= AAVTCf| (4.15)

Ip=constant

Given: a = 0.99,1; = 20u4
Solution:
The current amplification factor 5 is given by,

o099

P =T a=1=099"

We know that ;—C = B, the collector current calculated as,
B

99

I, =Blz =99 x20x 1076 = 1.98mA
The emitter current is the sum of both collector and base current is expressed as,
Iz = I, + Iz = 1.98mA + 20uA = 2mA

Given: a = 0.97,1z = 50u4
Solution: Current amplification factor g is given by,
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a 0.97
F=1"a=1097
We know that;—; = 3, the collector current calculated as,
Io = Bl = 3233 x50 X 1076 = 1.6165mA.
The emitter current is the sum of both collector and base current is expressed as,
Iz =1z + 1, = 50uA + 1.6165mA
= 1.6665mA

= 32.33

4.6.3 Common Collector Configuration

In a conventional collector design, input is applied between the base and the
collector. The output is provided by the emitter and the collector terminals. This structure
isreferred as acommon collector configuration or an emitter follower configuration asthe
transistor's collector is shared by the input and the: output circuits. The collector
configuration for both npn and pnp transistors are shown in Fig. 4.11.

Fig'4.11::Common Collector Configuration

Current Relation in CC Configuration

We know that,
IE == IB + IC
== IB + aIE + ICBO
Ig(1—a) =1z +Icpo Scanrrfgrlénow

I = Ip Icpo

E " 1—a ' 1-«a
We know that,

a
L=



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 145

_1—a+a_ 1
1—-a 1-a 1-a
Ig =Ig(1+ B) +1Icpo(1+ B)

1+p=1+

Neglecting I-5, We have,

The current gain in CC configuration is given by,
y=1=1+8 (4.17)

Input Characteristics

The input characteristics is drawn between.the .
input current I and the output voltage V. for various *
values of collector to emitter voltage V.

Common base and common emitter input
characteristics are very different from common. collector
input characteristics. This discrepancy results from the
input voltage being mostly dictated by the collector to
emitter voltage.

Ves (V)

From the Fig. 4.12 we can write, °

VetV oy

Vee = Veg + Ve Fig 4.12: Input Characteristics of CC Configuration
Ves = Veg = Vee

In CC configuration the input-junction isbase to collector, and it is reverse biased.
So that the input resistance in CC configuration.is very high.

le(mA)

Output Characteristics 1
Output characteristics are drawn between the output
current (Iz) and the output voltage (V.z) for varied base

| 5=BOLA

15=40 uA

current (1 B)' 1 6=20UA
- =

The common collector output characteristics are oA

virtually identical to those of the common emitter output Coleco EmterVolige Vee(¥)
configuration ‘since the collector current is almost equal to
the emitter current. Fig 4.13: Output Characteristics of CC Configuration

Emitter-Current
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4.7 Comparative Analysis of CB, CE and CC Configurations

Table 4.2: Comparison of CB, CE, CC configurations

Resistance at input Very low Low High
Resistance at output Very high High Low
Input current Iy I Iy
Output current Ic Ic Ig
Leakage current Small Large Large
Amplification factor a=1I./Ig B =1I:/I3 Yy =1g/1p
Current gain Less than unity High High
Voltage gain Medium Medium L ess than unity

4.8 Biasing of Transisw

The main objective of a transistor isto amplify the input:signal. However, there should be
no change in the signal space; only the signal's magnitude should grow. We refer to thisas
faithful amplification.

4.8.1 Need for Biasing

The base-emitter jl]nction of the transistor must always be forward biased to do
amplification. Reverse biasis always present at the collector base configuration. Transistor
biasing isthe term used for this.

4.8.2 Opergtjpg\P\c'zjnt\\

The transistor node voltages and currents can be considered as a combination of
two terms - DC quantity and variation around the DC quantity. This DC quantity is known
as operating point or Quiescent point (Q-point) and variation around the DC quantity is
known as AC or small signal. The zero signal valuesof I- and V. inatransistor are known
as the operating point for the proper operation of transistor as an amplifier. It is necessary
to set up fixed d.c level of current through the transistor with fixed d.c voltage across it.
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4.8.3DC Load Line

In the transistor circuit analysis, it is generally required to determine the collector
current for various collector-emitter voltages. For this analysis DC load line method is
analysed. Any changesin the load (Rc), the value of Vce and I¢ points locations are found
using the DC Load-Line. To create ad.c. load line, we require two end points.

| ¢
c

c

|
r

Y
A= Vcﬂ RC X
J Load line
I g=20mA
{ g=15mA
\Q,int I'5=10mA
| g=5mA

d > | =5mA
B:VCC VCE

Fig'4.14: Quiescent Point

i) I.=0,Veg = Maximum
The collector-emitter. voltage is high and equal to V..When the collector current
I =0,
Max Ve = Ve — IcRe
MaxX Veg = Ve — 0.Re = Ve
Thisresults in the first collector emitter point B (OB=V,.) showninFig. 4.14.

i) Veg =0,Ic = Maximum

i) The maximum collector current; which isequal to V. /R occursat collector-emitter
voltage Vo = 0.
This results in the second.collector current point A (OA=V,./R.). These two points
are connected tocreate DC line AB.

4.9 Biasing Circuit

The biasing circuits are used to provide biasing and stabilization. The voltage
divider bias method isthe most prominent one. Here, two resistors R; and R; are employed,
which are connected to Vcc and provide biasing. The resistor Re employed in the emitter
provides stabilization.
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4.9.1 Circuit Diagram

The name voltage divider comes from the voltage divider formed by R; and R2. The
voltage drop across R2 forward biases the base-emitter junction. This causes the base
current and hence collector current flow in the zero signal conditions. The Fig. 4.15 shows
the circuit diagram of voltage divider bias method. It is also called as self-biasing circuit.

Fig 4.15: Voltage Divider Bias Circuit

Assume that 11 is.the current flowing through resistor Ri. It can be reasonably
believed that current flowing through Rz isalso 11 because' base current g isrelatively very
small.

The operating points (I, Veg) will be found using Kirchhoff’ s voltage law.
From the circuit, the current I, isfound by,

_.Ycc
h =7 (4.18)
Voltage acrossthe resistor R,
VCC
v, = [R1+R2] R, (4.19)
Apply KVL to.the base circuit,
Vy = Vpg + Vg
or

VZ = VBE + IERE
The emitter current, I is,
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_ V2-VBE
Ip =—=—=
Rg

Since, Iy = I,
I, =28 (4.20)

Rg

It isclear from the equation 4.20 that I. does not at al depend upon 3. Vge isvery
small such that Ic does not affect by Vee. So, Ic in the circuit aimost independent of
transistor parameters and hence good stabilization is ensured.

To find the collector-emitter voltage V.,
Apply KVL to the collector circuit,
VCC = ICRC + VCE + IERE
= ICRC + VCE + ICRE
= Ic(Rg+ Rg) + Vg
Vee = Vee — Ic(R¢ + Rg)
The voltage drop across resistor Rz isgiven by,
Vo, = Vgg + IcRg
The resistance Re provides the good. stabilization. If the temperature rises, the
collector current Ic drops, causing the voltage drop.across Re to increase. The value of Vge
drops when the voltage drop across Rz is' V2, which is independent of the Ic. The lower Ig
value tends to return Ic to itsoriginal value. The operating point of voltage divider biasis

drawn between (I, V). The main advantage of voltage divider biasisthat stability is high
compared to another biasing scheme.

4.9.2 Stability Factor

The stability. factor of a voltage divider bias refers to a measure of how stable the
biasing conditions are for the transistor. The stability factor is typically represented by the
symbol "S" and is calculated as the ratio of the change in the base-emitter voltage (Vee) to
the changeinthe collector current (Ic) when the transistor parameters vary. Stability factor
(S) of the circuit is given by,

_ (B+1)(RT+RE)
S = T (4.21)
LRT
=pB+1)x—& (4.22)

T
+1+-C
B R
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where, Ry = %. If the ratio Ry /Ry is very small, then R; /Ry can be neglected as
1 2
compared to 1 and the stability factor becomes,
Stahility factor (S)= (B + 1) x

1
(B+1)

=1 (4.23)

This isthe smallest possible value of S and leads to the maximum possible thermal
stability. Increasing the value of Ry requires greater V.. to maintain the same value of zero
signal collector current. Therefore, theratio Ry /Ry cannot be made very from design point
of view.

Given: R, = 50KQ, R, = 10KQ, R, = 2KQ , Rg =1KQ.and V¢ = 12V
Solution:

Vge = 0.1V
Collector current, I = %,
The voltage across R, .
v, =RszRZVCC=50+1O><12=2V
The currenty I, = % = % = 1.9mA

410 Ebers-Moll Mod

In order to analyse transistor circulits, equivalent circuit models are developed. The
Ebers-Moll model, or equivalent circuit, isone of the classic models of the bipolar junction
transistor. It is used to analyse the switching application of the transistor. Switching usually
involves turning a transistor from its*off” state, or “cutoff”, to its “on” state. The model
has two current sources I, Iy and.two diodes, D1 and D,. The base-emitter and base-
collector junctions are represented by diodes. Fig. 4.16 shows the current directions and
the voltage polaritiesused inthe Ebers-Moll model.

'D‘LR|R a’Fl F
) (<)
p—y A

le > v _ v <
pam— %E g —

I
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Fig 4.16: Ebers-Moll Model
The sum of currents entering the terminal is shown as,
Ig+Ig+1.=0
The collector current can be written in general as,
I, = —I + aplp (4.24)

where, ay is the common base current gain in the forward active mode. In this mode of
operation, the collector current is defining as,

IC = _ICO + aFIF
where the current I, is the reverse bias B-C junction current. The forward current I is
given by,
VBE
IF = IEO <€’7VT N 1) (425)

If the B-C junction becomes forward biased, such as in saturation, then the reverse current
I iswritten as,

141
Ig = Io(emr — 1) (4.26)
I, isthe reverse bias B-E junction current. We also write the emitter current as,
Iz =z — agly (4.27)
where, ay isthe common base current gain for.inverse active mode.
= Il (4.28)
= —aglp+ Iz + Iz — aply (4.29)
=[(1—ap) + (1 —ag)li (4.30)

The Ebers-Moll Model has four parameters ar, ag, Iz and I;o. These parameters are
related by,

IanF = IcoaR (431)

By analysing.the minority-carrier current passing through the base, one can deduce the
relationship, this is also known as the reciprocity relation.

From equation4.27 we have,
Iz = I — agly
Substitute Iy = apIr — I, from equation 4.24,
= Ir — ag(aplp — I) Scan to
= Ip —agaply + aglc know more
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= aglc + (1 — agap)ly

VBE

== aRIC + (1 - aRaF)IEo(em - 1) (432)
Ic = aplp — I
= ap(Ig + agly) — I
= (apag — DIz + arlg

VBc
= aplg — (1 — apag)lco | emr — 1

From equation 4.32 the base emitter voltage of atransistor can be obtained as below,

VBE

v _ 1 = _ls=akle
(1—arap)lgo
_ Ig—agrlc
Ve = nVrln [1 + —(1—aRaF)IEo] (4.33)

The value of Vg a cut-off can be obtained by substituting Iz =0 and I, = —I
in the above equation.

_ arlco

Vas,cutor. = MVrln |14 —<2Rco—| (4.39)
— arF
= npln |1+ e (4.35)

UNIT SUMMARY

e For npn BJT, base width< < L i.e. diffusion length of electrons
e For pnp BJT, base width<<L;, i.e. diffusion length of holes
e Modes of operation

Active: used significantly in‘analog circuits

Emitter.to Base - Forward bias

Collector to Base - Reverse bias

Saturation: (On statein digital)

Emitter to Base - Forward bias

Collector to Base - Forward bias

Cut-off: (Off statein digital)

Emitter to Base - Reverse bias

Collector to Base - Reverse bias
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Reverse active:
Emitter to Base - Forward bias
Collector to Base - Reverse bias
e Base width should be minimum as possible to improve the current
e Small base width provides more stability
e Stability should be maintained to obtain high efficiency
e Some notations:

I¢
xX= —
Ig
Base transport factor, o<, = Ip./Ipg
Emitter injection efficiency, y = Ipg /I
Ic
p=r=a/(1=a)

B
e Vg > 0 =Forward bias - high diffusion
o V., <0=Revershias

EXERCISES

Multiple Choice Questions

4.1 The transistor operation is‘carried out. by. two types of charge carriers (mgjority and
minority carriers), thentransistor is called as

a BJT
b) MOSFET
c) JFET
d) FET

4.2 In ajunction transistor, the collector cut-off current Icgo reduces considerably by
doping the

a) Emitter with ahigh level of impurity
b) Emitter with alow level of impurity
c) Collector with ahigh level of impurity
d) Collector with alow level of impurity
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4.3 A transistor’s current gain of 0.99 in the CB mode. Its current gain in the CC mode is

a 100
b) 99
¢ 101
d) 0.99

4.4The Bipolar Transistor basic construction consists of two PN — junctions
producing connecting terminals

a) Zero
b) One
c) Two
d) Three

4.5 BJT consists of differently doped semiconductor regions

a) Three
b) Two
¢) One
d) Zero

4.6 are constructed by stacking three layers of semiconductor material

a) Oscillators
b) Transistors
c) Amplifiers
d) Diodes

4.7 The primary function of BJT is to the strength of aweak signal

a) Linear
b) Decrease
c) Increase
d) "None

4.8 The is an electronic depiction of a transistor in one of the four basic
configurations, either NPN or PNP

a All

b) High signal model
¢) Small signal model
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d) Ebers-Moll Model
4.9 Fundamental assumption of the Ebers-Moll model that fault occur incircuit

a) Onlyone
b) Only two
c) Botha& b
d) None

4.10 The main reason CE setup is utilised is

a) Low voltage gain
b) High current gain
c) Botha& b

d) None

4.11 Due to the substantially higher resistance in the common-emitter.circuit, the CE
circuit ischosen over the CB circuit.in amplifiers thanthat of the common
- base circuit

a) High
b) Medium
c) Less
d) None

4.12 Which transistor configurationis ideal (best)?

a CB
b) CC
c) Botha& b
d) CE

4.13 The transistor's.base. terminal will be wired to the input and output in series, the
configurationis

a CB
b) CC
¢ CE
d) None

4.14 The arrangement of the emitter between the collector and base is referred to as
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a CB
b) CE
c) CC
d) None

4.15 The arrangement where the collector is shared by the emitter and base is referred to
as

a CB
b) CE
c) CC
d) None

4.16 When no input current is applied to the component, the transistor is in the following
state

a) R-point
b) L-point
c) l-point
d) Q-point

4.17 Thelocation of the eperational point iscrucial for achieving faithful

a) Amplification
b) Oscillation
c) Botha& b
d) None

4.18 The biasing problem is that of establishing a constant current at the collector
of the BJT

a AC

b) DC

¢)..Both ACand DC
d)" None

4.19 BJT amplifiers does not the necessary output across the load terminals in
the absence of transistor biasing

a) Receive
b) Recover
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c) Deliver
d) None

4.20 identifies the DC operating point necessary for an amplifier to operate
linearly

a) Switch
b) Amplify
c) Transistor
d) Bias

4.21 configuration can offer good bias stability

a) Voltage divider bias
b) Current divider bias
c) Botha& b

d) None

4.22 Inajunction transistor, recombination.of electrons and-holesoccursin

a) Baseregiononly

b) Emitter region only
c) Collector region only
d) All the three regions

Answer of iple Choice Questi
‘é@o’:&&ﬂApi& ice Questions
4.1(a), 42 (3), 4.3 (a), 4.4 (d), 45 (2); 4.6 (b), 4.7 (0), 4.8 (d), 4.9 (a), 4.10 (b), 4.11 (c), 4.12 (d), 4.13
(), 4.14 (b), 4.15 (c), 4.16 (d), 4.17.(a), 4.18 (b), 4.19 (), 4.20 (d), 4.21 (a), 4.22 (d).

Short and Long Answer Type-Questions
Category |

4.1  Why isthe device aptly named transistor?

4.2  Describe the basic structure of BJT.

43  What arethethreeterminalsinaBJT?

4.4  What base-emitter and base-collector junction biases are required for atransistor to
function as an amplifier?

45  Define Beta

4.6  Why are silicon chosen over germanium while making semiconductor devices?
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4.7  Define the relationship between « and .

4.8  Which configuration has the lowest input impedance?

4.9  Define operating point of atransistor.

4.10 What is stability.

4.11 Describe the need for biasing.

4.12 What isBiasing?

4.13 Draw the circuit for npn and pnp transistor.

Category Il

4.1  Explainin detail about BJT construction.

4.2  Describe the working principle of BJT with suitable diagram.
4.3  Compare CB, CE, and CC configuration.

4.4 lllustrate CB configuration with neat sketch.

45  Explain CE configuration.

4.6  Explainin detail about CC configuration.

4.7  Draw and explain Ebers-Moll model of atransistor.

4.8  Define early effect.

4.9  Describe how the amplification and switching are‘achieved by a BJT.
4.10 Explain about DC load line.

Numerical Problems

4.1

4.2
4.3

4.4

4.5

4.6

4.7

4.8

4.9

If the collector current is 2mA and the base current is 25uA, what is the emitter
current? (Ans. 2.025mA)

If « = 0.98, what isthevalueof 5. (Ans: 49)

An amplifier has an input voltage of 0.01V. If the output is 40V, what is the value
of voltage gain? (Ans:4000)

Common base connection has the base current of 0.05mA and the collector
current 1.95mA. Find the emitter current. (Ans. 2mA)

Calculatethe current at-base of common-base configuration whose o is 0.98,
emitter current. 2mA. (Ans: 1.02mA)

In commaon-base configuration, the current a the emitter is2mA, Iz = 10uA,

a = 0.92. Find the total collector current. (Ans. 1.85mA)

The change in collector current is 1.4mA. For achange in base current of 40uA,
Find the value of 3. (Ans. 35)

In a common base configuration. Find base current for the given Iy = 2mA, I, =
1.9mA. (Ans:0.01mA)

Find thevalueof 5. 1f @) @ = 0.98, b) « = 0.99, ¢) « = 0.1. (Ans. a) 49, b) 99, ¢)
0.11)
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4.10 Inacommon base configuration, the value of I, = 0.96mA and base current is
0.02mA. Calculate the value of a. (Ans: 0.97)

4.11 Inacommon-base configuration, the emitter is ImA. Consider the emitter sideis
open and the collector current is 10uA. Calculate the total collector current. If o =
0.93. (Ans: 0.94mA)

4.12 Calculate emitter current in atransistor whose f = 50, Iz = 25uA. (Ans. 1.275
mA)

PRACTICAL

Input and output characteristics of BJT in CB, CE, and CC configurations
Aim

To study the Characteristic of Common-Collector Configuration,.common base,
and common emitter configurations and to find input impedance of each configuration.

1. Common Emitter Confiquration

Apparatus Required

e Power supply - (0= 30V)
e Ammeter (0- 10mA), (0-1mA)
e Voltmeter (0 - 30V), (0-2V)

Circuit Diagram

Procedure
. Input Characteristics

1. Assemble the circuit in accordance with the schematic.
2. Set Vce to 5V (for example), adjust Vge in 0.1V increments and record the
associated Ig, follow the same steps for 10V, 15V, etc.
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3. Draw the graph: Vse VS g for afixed Vce.
4. Determine h-parameters: a. he- forward current gain
b. hie- input impedance

[I.  Output Characteristics

1. Assemblethe circuit in accordance with the schematic.
2. Setlgto 20ud, adjust Vce in 1V increments and record the associated I c, follow
the same steps for 40uA, 80uA, etc.
3. Draw the graph: Vce vsIc for afixed Ig.
4. Determine h-parameters: a hee- forward current gain
b. hre- input impedance

Sample Graphs

L= AVBE — VBEZ - VBEl
* Alg Vcg=constant Igz — Ip1
_ AVBE _ VBEZ - VBEl

re/ = =
AVeg Ig=constant Verz = Ve
AIC ICZ - IC1
e = Bl ~Is2— I
Bly.p=constant B2 B1
AIC ICZ - IC1

re = =
AVegl i, —constane  Verz = Ver
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Tabulation

Characteristics of Input: V. constant Vge (V) Ig(pA)

Characteristics of Output: Iy constant

Vee (V) I;(mA)
Result
Parameters Practical Values
hse
hie
hre
hoe

2. Common Collector Confiquration

Apparatus Required
e Power supply - (0-30V)

e Ammeter (0- 10mA), (0-1mA)
e Voltmeter (0 - 30V), (0-2V)

Circuit Diagram
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Procedure
. Input Characteristics

1. Assemble the circuit in accordance with the schematic.
2. Set Vec to 5V (for example), adjust Vec in of 0.1V increments and record the
associated Ig, follow the same step for 10V, 15V, etc.
3. Draw the graph of Vec vs g for afixed Vec.
4. Determine h-parameters: a hy.- forward current gain
b. hic- input impedance

[I.  Output Characteristics

1. Assemble the circuit in accordance with the schematic.
2. Setlgto20ud , adjust Vecin 1V increments, and record the associated | c, follow
the same steps for 40uA, 80uA, etc:
3. Draw the graph: Vce vsIc for afixed Is.
4. Determine h-parameters: a hoc- forward current gain
b: hee- input iImpedance

Sample Graphs

hy, = AVpc _ Vec2 — Vae1
Alp Vcg=constant Igz — Ip1

_ AVpc _ Ve2 = Vpea

" Vel Cconstane Verz = Ve
hye = % gy =1y
Alp Vgc=constant Igz — Ip1




ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 163

h — AIE — IEZ - IE1
" AV Ig=constant Vecz = Vica
Tabulation
Characteristics of Input: Vg constant Vgce (V) I5(nA)
Characteristics of Output: I constant Ve (V) I,(mA)
Result
Parameters Practical Values
hec
hic
hTC
hOC

3. Common Base Confiquration

Apparatus Required
e Power supply - (0-30V)
e Ammeter (0- 10mA), (0--1ImA)
e Voltmeter (0- 30V), (0-2V)

Circuit Diagram
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Procedure
. Input Characteristics

1. Assemble the circuit in accordance with the schematic.
2. Set Vcgto 5V (for example), adjust Ves in 0.1V increments, and record the
associated Ig, follow the same steps for 10V, 15V, €tc.
3. Draw the graph of Vge vs Ie for afixed Vcs.
4. Determine h-parameters: a. hy- forward current gain
b. hic- input impedance

[I.  Output Characteristics

1. Assemblethe circuit in accordance with the schematic.
2. Setlgto20uA, adjust Vg in 1V increments, and record the associated | c, follow
the same steps for 40uA, 80uA, etc:

3. Draw the graph of Vg vs|c forafixed Ie.
4. Determine h-parameters: a. hoe- forward current gain
b. he- input impedance
Sample Graphs

AVip Vep2 — Vips
hin =741 Y
E lv.g=constant E2 E1l
h — AVEB — VEBZ - VEBI
" Aol —constane  Verz = Ve
AIC ICZ - IC1
hfb = — e ——
Al Vcp=constant Igz — Iy
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ho = Al¢ _ Ica — Icq
re — -5y 15
AVCB [Ezconstant VCBZ - VCB].
Tabulation
Characteristics of Input: V.5 constant Vig (V) Iz (mA)
Characteristics of Output: I constant Ve (V) Ic(mA)
Result
Parameters Practical Values

he

hip

hrb

hob

Study Experiment
Demonstrate Transistor as Switch
Transistor Switching Time

When a transistor is in the active areg, it may be employed as an amplifier. In this
part, we will look at the use of a transistor as aswitch. When used as a switch, atransistor
is either in the ON or OFF state: When ON;-the transistor is in the saturation area; when
OFE, it is in the cut off zone. As a switch, the transistor has several applications. For
example, a digital computer employs thousands of transistor switches. As a result, the
speed with which a transistor acts as a
switch are critical. Consider the
temporal response of abasic transistor
acting as a switch.The schematic of a
transistor._as a switch is shown below.

The current applied to the base controls
the switch.” Figure depicts the
transistor's reaction to input pulse V.
This input pulse switches between
voltage levels Va and V. The transistor
is in cutoff mode at V and saturation
mode at V.. Even though the input pulse
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changesfromV;toV a timet = 0, the output does not instantly respond to the input signal.
Instead, thereis atemporal lag between the input and output voltage transitions. Similarly,
when the input waveform flips between a and Vi at time T, the output does not instantly
respond and needs some time to achieve the voltage V. We'll define some of the terms used
in transistor switching times now.

Switching time - on - The turn-on time is the amount of time it takes
from the input voltage's leading edge to the collector current reaching
90% of its maximum value.

Delay time - It isthe amount of time needed for the collector currentto |

riseto 0.11.,;. The delay time is affected by threethings. (i) Whenthe: ' _scanto
transistor goes from off to on, it takes a non-zero amount of time to know more
charge the emitter junction capacitance. (ii) It takes a non-zero amount 2

of time for minority carriers to pass the base region and subsequently reach the collector
region. (iii) The collector current takes a while to increase to 10% of its maximum.

Risetime - It isthe time necessary to boost the collector current fromQ.114,; t0 0.9 I .5,
During this time, the transistor is in the regular active zone. The rising time is caused by
the transistor collector current having to transit the active area before reaching saturation
from cut-off.

Turn off time - Turn-off time tort IS the time necessary for the collector current to fall from
I.sq¢ 10 0.1 1.4,; When Vj turns negative.

Storage time - The storage time is the amount -of time that elapsed between the input
pulse'strailing edge and thetime when it Started to decline toward zero. This storage period
is caused by the saturation surplus charge that is held in the transistor's base while it isin
saturation. Thetransistor requires sometimeto eliminate the extracharge, which isreferred
to as storagetime.

Fall time- Thefall timeisthelength of time necessary for the collector current to decrease
from I.s,: t0 0.1 ... The transistor is responsible for the fall time. Before reaching
saturation cut-off, collector current must cross the active area.

Propagation time - The time it takes for a transistor switch to respond to an input signal
is called propagation time T pq.
Switching Behaviour of Transistor
Aim
To analyse the Switching behaviour of a Transistor
1. Risetime
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2. Fall time
3. ON/OFF time
4. Delay time

Apparatus Required

e Signal Generator - (0-1) MHz
e Cathode Ray Oscilloscope - (0-20) MHz
e Powersupply - (0-30) V

Circuit Diagram

Vi=50mv
Freq=100KHz (JP

Procedure

1. Rig up the circuit as per the circuit diagram.

2. Setinput signal (say 50 mV/, 100 kHz), using a signal generator.

3. Observe the output at the collector of the transistor using a CRO (AC-mOde).
4. Note down the parameters listed above and-plot it on a graph.

Tabulation

Parameter Practical Reading

Rise-time
Fall-time
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On and off time

Delay-time

Result

Switching characteristics of the transistor is studied and their working is analysed.

KNOW MORE

BJT isthe most important topic in this chapter. The inventors
of BJT received a Nobel prize in physics. At Bell Laboratories in the
United States, a team led by William Shockley.and.included John
Bardeen, Walter Brattain, and others invented the transistor in
December 1947. Later, in 1951, he created the transistor's junction
variant. In 1956, they were awarded the Nobel Prize for creating the .\ g.an to know
transistor. Borden is the only physicist- who received two timesNobel more
Prizein Physics. The first one was 1956 for the transistor. The second
one was 1972 for BCS theory. The first transistor-image is shown in
figure. Shockley was irritated that the device was credited toBrattain and Bardeen, whom
he believed had created it."behind his back™ to steal the fame. When Bell Labs attorneys
discovered that parts of ‘Shockley's own writings on the transistor were similar enough to
those of an earlier 1925 patent by Julius Edgar Lilienfeld that they deemed it prudent to
leave his name off the patent application, things became worse.

First Transistor Jhon Bardeen, Walter
Brattain, William Shockly
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5 Field Effect Transistor

UNIT SPECIFICS

Through this unit the following aspects are discussed:

e Construction and operation of Junction Field Effect Transistor

¢ Introduction of Metal-Oxide Semiconductor Field Effect Transistor
o Typesof MOSFETSs

e Transfer characteristics of MOSFET

e MOSC-V characteristics

e Explanation about MOS Capacitor

e Small Sgnal Model of MOS Transistor

The practical applicationsof thetopicsare discussed for generating further curiosity and creativity
aswell asimproving problem solving capacity.

Besides giving many multiple-choice questions aswell as questions of short and long answer
types marked in two categories following the lower and higher order of Bloom's taxonomy,
assignments through a number of numerical prablems, a list of references and suggested readings
are given in the unit so that one can go through them for practice. It isimportant to note that for
getting more information on-various topics of interest some QR codes have been provided in
different sections that can be scanned for relevant supportive knowledge.

After the related practical, based on the content, thereisa“ Know More’ section. This section
has been carefully designed so.that the supplementary information provided in this part becomes
beneficial for.the users.of the book. This section mainly highlights theinitial activity, examples of
some interesting facts, analogious, history of the development of the subject focusing the salient
observations and findings, timelines starting from the development of the concerned topics up to
the recent time, applications of the subject matter for our day-to-day real life or/and industrial
applications on a variety of aspects, case study related to environmental, sustainability, social and
ethical issues whichever applicable, and finally inquisitiveness and curiosity topics of the unit.
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RATIONALE

Thisunitison field effect transistor hel ps students to get a primary idea about the construction and
operating characteristics of Junction Field Effect Transistor (JFET). It explains the basics of
Metal-Oxide Semiconductor Field Effect Transistor and it extend to the operation and drain
current characteristics of MOSFET. All these basic aspects are relevant to study the advance
semiconductor materials properly. It then clearly explains the structure of MOS capacitor as well
as the operating conditions of MOS capacitor. Small signal modeling of MOSFET is elaborated to
under stand the operation in low frequency. All these are discussed at length to devel op the subject.
Some related problems are pointed out which can help further for getting a clear-idea of the
concern topics on field effect transistor.

PRE-REQUISITES

Basics of Bipolar Junction Transistor

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U5-O1: Describe construction and working of Junction' FET
U5-02: Describe depletion and enhancement mode of MOSFET
U5-03: Explain MOS Capacitor

U5-O4: Realize C-V Characteristics of MOS capacitor

U5-O5: Small signal Model of MOSFET

Unit-5 EXPECTED MAPPING WITH COURSE OUTCOMES
outcomes (2-Weak Correlation;2-Medium Correlation;3-Strong Correlation)
CO:-1 CO-2 CO-3 CO-4 CO-5 CO-6
Us-01 3 3 1 - 3 3
U5-02 1 1 - 2 1 2
U5-03 2 1 1 1 2 3
U5-04 - - 2 1 2 3
U5-05 3 3 1 = 3 3
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5.1 Field Effect Transistor

A Field Effect Transistor (FET) is atype of transistor that uses an electric field to
control the flow of current in a semiconductor channel. The FET is composed of three
terminals: the source, the drain, and the gate. The main difference between BJT and FET
is that the current through FET is controlled by a voltage applied at the gate terminal. But
in BJT, the current through the device is primarily controlled by the current at its base
terminal. When a voltage is applied to the gate, an electric field is generated in the
insulating layer, which in turn modulates the conductivity of the semiconductor channel.
This modulation of conductivity leadsto achange in the flow of current between the source
and the drain, allowing the FET to act as a switch or an amplifier.

5.1.1 Classification of FET

Field Effect Transistors (FETs) can be classified into different categories based on
various factors such as their structure, the type of material used, and-their operating
characteristics. There are two basic types of field effect transistors shown in Fig. 5.1.

Field Effect Transistors (FEIs)

|

' !
Junction FET (JFET) MOSFET
v ' v -
n-channel JFET p-channel JFET Depletion MOSEET Enhancement MOSFET
} } v v

n-channel p-channel n-channel p-channel

Fig 5.1: Classification of FETs

5.1.1.1 Junction Field Effect Transistors (JFETS)

D D
G@ ) G@ )
S s

(@) (b)
Fig 5.2: Symbol: (a) n-channel, (b) p-channel JFETs
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JFETSs are the simplest type of FETs and are made by creating a PN junction
between the gate and the channel. JFETSs are typically used in low-frequency, high-
impedance applications. The Fig. 5.2 depicts the symbol for n-channel and p-Channel
JFET.

5.1.1.2 Metal Oxide Semiconductor Field Effect Transistors (MOSFETYS)

MOSFETs are the most widely used type of FET and are made using a metal gate
electrode separated from the channel by athin insulating layer. MOSFETs can be further
classified into two types. Enhancement-Mode MOSFETs (E-MOSFETS) and Depletion-
Mode MOSFETs (D-MOSFETS). The symbol for n-channel MOSFET under two modes
of operations are shown in Fig. 5.3.

D D

s (a) AN

Fig 5.3: Symbol of (a) Depletion mode, (b) Enhancement mode of n-channel MOSFET

5.1.2 Comparison of FET with BJT
2

The Field Effect Transistor (FET)and bipolar junction transistor (BJT) are both
types of transistors that can be used as switches or amplifiers in electronic circuits. While
both devices have some similarities, they also have some important differences.

Table 5.1 Comparison of FET and BJT

1 The FET has a gate terminal, a | The BJT has a base terminal, an
source “.terminal, and a drain | emitter terminal, and a collector
terminal. terminal.

2. The FET operates by controlling | The BJT operates by controlling
the width of the conductive|the current flow between the
channel between the source and | emitter and collector electrodes.
drain electrodes using a voltage
applied to the gate electrode.
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The FET has Ilow noise
characteristics, which makes it
suitable for applications that
require high sensitivity and low
distortion.

The BJI has higher noise
characteristics than FETs, which
limits the use of applications that
require low noise.

The FET has a fast-switching
Speed.

The BJT has a slower switching
speed than FETs.

The FET has a lower temperature
sensitivity, which makes it more

The BJT has a higher temperature
sensitivity, which can< affect its

stable over a wide temperature
range.

performance  under - varying
temperature conditions.

5.1.3 Features of FET

The following are some salient features of FET:

(i)

(if)

(iii)

(iv)
(v)

(vi)

(vii)
(viii)

Voltage Controlled Device: The output current of FET is controlled by the
electric field applied at the gate terminal.. The current flow between the source
and the drain is controlled by a voltage at-the third terminal (gate) and so termed
as a voltage-controlled current source.

Unipolar Device: Only one sort of charge carrier—either electrons or holes is
responsible for the current in field effect transistor. Hence it is named as
Unipolar Device.

High Input Impedance: FETs have avery high input impedance, which makes
them ideal for use in high<impedance circuits such as preamplifiers, filters, and
Sensors.

Low Noise: FETs have low noise characteristics, making them useful for low
noise applications, such-as in audio amplifiers and sensor circuits.

High-Speed Switching: FETs can switch “on” and “off” very quickly, making
them ideal for use in digital circuits such as logic gates and signal processing
circuits.

Low Power Consumption: FETs require very little power to operate, which
makes them ideal for use in battery-operated devices and other low-power
applications.

High Voltage Handling: FETs can handle high voltages, making them suitable
for use in power electronics applications.

Simple Construction: FETs have a simple construction, which makes them
easy to manufacture and less expensive than some other types of transistors.
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(ix)  Linear Amplification: FETs can be used as linear amplifiers, making them
useful in a wide range of applications such as audio amplifiers and signal
processing circuits.

(x) High Temperature Operation: Some types of FETS, such as Silicon Carbide
(SIC) FETSs, can operate a high temperatures, making them suitable for use in
high-temperature applications such as power electronics and motor control.

5.2 Junction Field Effect Transistor (JFET)

The Junction Field Effect Transistor (JFET) is a type of Field Effect Transistor
(FET) that is constructed using a combination of doped and undoped semiconductor
materials. The JFET has three terminals, the source, gate, and drain. The JFET family
includes both n-channel and p-channel. Due to the mobility of its dominant carrier, the n-
channel device will be more prominent than p-channel.

5.2.1 Construction

Fig. 5.4 illustrates the fundamental design of the n-channel JFET. Remember that
the bulk of the structure is composed of the n-type material, which forms the channel
between the nested layers of the p-type material. The region doped with p-type
semiconductor are connected together to the gate terminal of the JFET. The source terminal
is where electrons enter the channel, and the drain terminal is where those electrons exit.
The drain and the source aretied to the ends of the n-type channel. The JFET has two p-n
junctions when the applied potentials:are zero or when there is no bias. Each junction is
responsible for developing a depletion zone that mimics the region of a diode under no-
bias conditions, as shown in Fig. 5:4. Remember that a depletion region lacks free carriers
and cannot support conduction.

‘ n-channel

Gate (G) { J

~._ Depletion
Region

Source (5)

Fig 5.4: Junction Field Effect Transistor (JFET)
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The water comparison shown in Fig. 5.5 is a useful way to understand how the
JFET control at the gateterminal functions. The water flow through the spigot is analogous
to the flow of current through the JFET device, with the water pressure representing the
voltage applied across the device from source to drain.

The knob on the spigot can be compared to the gate
terminal of the JFET, as turning the knob controls the flow of
water, just as changing the voltage at the gate terminal controlsthe
flow of current through the JFET. By reducing the size of the
opening in the spigot (i.e. decreasing the gate voltage), the flow of
water (i.e. current through the JFET) can be reduced, and vice
versa. This comparison can help to visualize the operation of the
JFET and understand how changing the gate voltage affectsthe  Fig 5.5: Water Analogy
current flow through the device. for.the JFET

5.2.2 Working Principle of n-channel JFET

1. Ves=0V, Vps at Some Positive Value

Consider, apositive voltage Vps is@pplied across a channel; where Ves =0V, and
the gate being connected directly to the source. The gate and the source terminals of each
p-material are maintained at the same potential. Depletion areaisidentical to the allocation
of the no-bias circumstances asin Fig: 5.4. As soon.as the voltage Vpp (=Vbs) is supplied,
the conventional current Ip is established with the defined direction of Fig. 5.6. The charge
flow path makes it clear that the current flowing viathe drain and the source are equal (Ip
=lg).

Drain (D)

+

Gate(G) / J
=+ ° ! DI Vos /gVDD Scan to

know more

VGSZO

Fig 5.6: JFET at Vg = 0 and V5 > 0V

The charge flow is mostly unrestricted in this scenario as shown in Fig. 5.6.
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2. When Vgsisapplied

The width of the depletion layer is increased. This reduces the width of the
conducting channel, there by increases the resistance of n-type bar. The resistance between
the drain and source restricts the charge flow in the n-channel JFET.

The channel resistance divides into the sections and the voltage levels over the
channel will be established by the current Ip, as shown in Fig. 5.7. As aresult, the upper
portion of the p-type material will experience a reverse bias of about 1.5 V, whereas the
lower portion will only experience areverse bias of 0.5 V. The reverse biasing of the p-n
junction throughout the channel, causes a gate current of zero amperes.

Drain (D)
Teavy
n %
:
=" 16V
Gate (G) 15V H_q
R R
Vas=0 v,g v Vigs=2V
le=0 N 8 N
05
Saprce (S)
ov

Fig 5.7: Varying reverse-bias potential across the p-n junction of an n-channel JFET

Note: One significant feature of the JFET isthat Ic= 0 A.

5.2.3 Characteristics of n-channel JFET

Studying the characteristics of JFET current and voltage are crucial to comprehend
the electrical behavior of the device,

The two important characteristicsof JFET are drain and transfer characteristics.
5.2.3.1 Drain Characteristics

Fig: 5.8 displays a drain characteristics of n-channel JFET. For various values of
Vs, the curves show the relationship between the drain current Ip and the drain to source
voltage Vps.

e Vgsand Vps=0V

The channel is completely open at Ves=0V. However, no drain current flows
through the channel as Vps=0V and there is no attractive force for the majority of
carriers (electron in n-channel JFET).
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Pinch-off at Vgs=0V

At Vgs =0, the n-type bar behaves as a straightforward semiconductor resistor in
response to a low applied voltage Vps. The current Ip rises linearly and also the
voltage drop throughout the channel rises as Vpsis increased. This rise in voltage
drop causes the depletion zones to encroach into the channel, narrowing it, and
increasing the reverse bias a the gate-source junction. As the drain current Ip
increases, the decrease in channel width becomes greater in magnitude. Asaresult,
theriseinIpinrelation to Vps, decreases.

Iy . Saturation »
I o(mA) lohmic Region
T region
Pinch-off locus
I
: Ves=0V
1
i Ves= 1V
1 -
4 Vos=2V Breakdown
1 )
: Vo3V region
IS .

l | - Vos(V)
———» Vfor Ves=0V os
V, for Mes=-3V A

Fig 5.8: Drain V-I-.Characteristics of n-channel JFET

The channel widthisreduced at a certainvalue of Vps, preventing further increase
indrain current Ip. Thisis known as Pinch-off voltage (Vy). Vp is the drain source
voltage at which the current Ip achieves its constant saturation level.

Vs with Negative Bias

The gate channel junction.is further reverse biased when an external biasof -1V is
applied between the gate and the source. It lowers the effective width of the channel
that is open to conduction. Therefore, drain current will decrease and pinch off
voltage will be attained at alower value of Ip when Vps=0V. A family of curvesis
produced by applying various negative external bias voltage (Vgs) values, and it
can be seen that for greater negative values of Vs, the pinch-off voltage is attained
at lower values of Ip.

Breakdown Region

To certain value of Vps, the drain current stays constant when the value of Vgs
increases beyond the pinch-off voltage (V). Further exceeding Vps will result in
the voltage at which the gate-channel connection fails, due to the avalanche effect.
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At this stage, the device may be damaged as the drain current increases quickly. As
the negative gate bias is increased, the value of Vps for breakdown decrease. This
isdue to the fact that the total reverse breakdown voltage is the sum of the reverse
voltage caused by self-pinch-off and the externally applied voltage Vs.

e Ohmic and Saturation Region

The JFET's drain characteristics are split into two categories: the saturation region
and the ohmic region. The JFET is considered to operate as a voltage-variable
resistance when it is in the ohmic zone because the drain current Ip fluctuates with
Vps. Thedrain current Ip remains fairly steady and does not change with Vpsin the
saturation area.

e Cut-off Region

Thisisalso known asthe pinch-off region. where the gate voltage, Vs issufficient
to causethe JFET to act as an open circuit asthe channel resistanceis at maximum.

e Reélation of Vgs(ffyand Vp
Io is OA when Ves=-Vp

5.2.3.2 Transfer Characteristics

Fig. 5.9. illustrates the non-linear relationship between the gate to source voltage
Vs and the drain current Ip. Shockley’ s equation provides the relationship between Ves
and Ip.

2
Ip = Iogs (1-22) (51)

Due to the non-linear relationship between Ip and Vs caused by the squared part
of the equation, the curve that result expands exponentially with decreasing Vs
magnitudes. The equation 5.1 can be written as,

Ves =V (1 - IL) (5.2

Ipss

Values of Vs governs Ip in the equation, whereas values of lpss and V, are
constants. Consequently, this curve displays the JFET's operational limitations, which are,

ID = O When VGS = VGS(Off) (53)
ID = IDSS When VGS = 0 (54)
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.| 2 3 Ves(V)

| p=0mA, V=V,

Fig 5.9: Transfer Characteristics of n-channel JFET

5.2.4 Construction and Working of p-Channel JFET

The p-channel JFET is built identically like the n-channel JFET ; with the p and n-
type materials reversed, as shown in Fig. 5.10. The polarities of all current directions and
voltages are inverted. Channel width is greatest when Vs = 0. The channel width is
decreased by raising the positive gate to source (Vcs) voltage.

Drain (D)

f"f-‘ +

Gate (G) /T/J
¢+ n p nl VDSZVDD
1t

Vea=0 Solrce (5)

|I|| H—

Fig 5.10: p-channel JFET

5.2.5 Characteristics of P-Channel JFET

5.2.5.1 Drain‘Characteristics

The source is positive in relation to the drain in a p-channel JFET. The source is
the origin of the holes that enter the channel and flow to the drain. By making the source
to gate voltage (Vsc) as negative, the p-n junction diode is reverse biased and the pinch-
off isachieved. In Fig. 5.11, the p-channel JFET's drain characteristics is shown.
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4 . Saturation ,
I o(mA) (ohmi Region

T region
I Vee=0V
i Vas= 1V
T _
H Ves=2V Breakdown
1 )
| Vee= 3V region
H
|_. V, for Vas=0V Vos(V)

Fig 5.11: Drain |-V Characteristics of p-channel JFET
5.25.2 Transfer Characteristics

The transfer characteristics of a p-channel. JFET is shown in-Fig. 5.12. With the
exception of the polarities of the Vgs and Ip, it has characteristics that are similar to those
of an n-channel JFET.

1 2 3 Ves(V)

Fig 5.12: Transfer Characteristics of p-channel JFET

Given: Draincurrent I, = 1.33mA, Vg = —2V and Ipss = 3mA.
Solution:
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v 2
Ip = Ipss (1 - _GS)
Vp

—2\?
1.33mA = 3mA (1 - —)
Vy

V, = —5.970V

5.2.6 Parameters of JFET

The crucial parameters of JFET are discussed as follows,
Transconductance (gm)

The transconductance gm, is the variation.dn the drain current.for. a given variation
in the gate to source voltage. Transconductance of JFET .is analysed by the use of transfer
characteristics shown in Fig. 5.12. Near thetop of the curve, gmhasa higher value than at
the bottom.

Alp
=D 55
I AVes |VD5= constant ( )

The term "mutual conductance” also refersto gm. With respect to the provided gm,
the following equation may be used to determine an approximation of the value for gm at
any location along the transfer characteristic curve.

Vs
= 1——%— :
Im = Gmo ( Vcs(om) (5.6)
where g, isthe value of g,,, forV;s =0, anditis given by,
Imo = — ZIIZ:S (57)
v 2
We know that, I, = Is (1 — %) (5.8)
p

Differentiating the equation 5.8 with respect to Vgs, we get,
Al _ 21pss (1 VGS)

T AV W

Im = Imo <1 - VV_?) (59)

Input Resistance and Capacitance

Im

JFET operate with their gate source junction reverse biased. As a result, the input
resistance of the gate is extremely high. The JFET has the benefit of having a high input
resistance (R y).
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Ry = |2 (5.10)
Drain to Source Resistance

The drain-source resistance rq, is determined from the drain characteristics. When
the JFET is functioning in the saturation area. The absolute value of the slope of the drain
characteristics curve in the saturation region gives the drain-source resistance (rq). The
slope represents the change in drain-source voltage per unit change in drain current:

ry = 20s| (5.12)

Alp Vgs=constant

Amplification Factor

The amplification factor, u is defined as,
p= o] (5.12)

B AVgs Ip=constant
N AVps _ AVps Alp 4
= s = Ay N aves s T XGm (5.13)
Power Dissipation
The power dissipation isgiven by,
PD - ID X VDS (5.14)

Given: Gateto Source Voltage Vg = 15V and gate current I; = 1073 uA.
Solution:

: Vv 15V
Gate to source resistance =—= = —=———
Ig 1076x1073

=15 x 10°Q = 15000MQ

Given: Ipgs = 2mA, Vis(of f) = —6V and g, (imax) = 5000uS.
Solution:

At V;s = 0, thevalue of g, is maximum .e g,,,
Imo = 5000uS
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_ ___Vgs
NOoW, gm = Gmo (1 VGs(Off))

= 5000ps (1 - :—‘6‘) = 1665 uS

2
Vv
Also, Ip = Ipgs (1 - f))

= 2mA (1 - :—‘6*)2 = 222uA

Given: ID = SmA, IDSS = 8mA and Vas(Off) = -6V
Solution:

; _ __Ves
) Ip = Ipss [1 Ves(off)

VGS

=8l1 4+ =

sZgfi %
1+ = /5/8'= 0,790

VGS == —126V
i) Vp = —Vcs(off) =6V

Given: Vs = —4.1to— 4V, I, =2to 2.3mA
Solution:

AV = —4 — (—4.1) = 0.1V
Al, =23 —2=03mA

Al 0.3mA 3mA
L — = = 3000u mho.
AVgs 01V 1V

Transconductance, g,, =
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5.2.7 Small Signal Modeling of JFET

The small signal model of a JFET (Junction Field effect Transistor) isasimplified
circuit model that describes the behaviour of the transistor a small signals, typically at
frequencies in the audio range or lower.

In the small signal model, the JFET is represented as a voltage-controlled current
source, with the gate-source voltage controlling the amount of current flowing through the
channel. Using this model, we can analyze the small-signal behavior of the JFET circuit,
such asits voltage gain and input impedance, which areimportant parametersfor designing
amplifiers and other electronic circuits using JFETSs.

The circuit diagram for the small signal model of a JFET is shown Fig. 5.13,

G D
. n
+ +
Vgs Qngs Ig Vds

Fig 5.13: Small signal' model of JEET

We know that, the drain current i, isafunction of gate source voltage Vs and drain
source voltage V5. So, the drain current is written as,

ip =f (VGS: VDS) (5.15)
Both the drain and gate currentsare varied, the change in drain current is given by,

. 9ip dip

iy = —aVGS|VDS MVes + gy Vs (5.16)

In the small signal notation, the above equation can be written as,

. 1

lg = nggs + EVds (517)
where, g,, = dig andry = aV_.dS

anS Vs ald VgS

The parameter g,,, is known as transconductance defined as the ratio of the change
in the small-signal drain current to the change in the small-signal gate-source voltage
keeping drain-source voltage constant. Similarly, the parameter r,; is known as drain
resistance defined as the ratio of change in drain source voltage to the change in drain
current for constant gate source voltage. The amplification factor y is defined as the ratio
of the change in drain source voltage to the change in gate source voltage.



186 | Field Effect Transistor

__ 0V,

Vs

The circuit shown in the Fig. 5.13 satisfies the equation 5.17. Since the input

impendence of FET is very high, it is represented by the open circuit at the input terminal.

The current i, is controlled by the gate source voltage. Hence, a current source g,, Vs is

connected from drain to source. The current source has its arrow pointing from drain to
source.

Wgas dig

= =
dig vy, | dgm

(5.18)

5.2.8 Comparison of n-channel JFET and p-channel JFET

The comparison of JFET and MOSFET depends on the .symbol and the
characteristics are summarized in Table 5.2.

Table 5.2: Comparison between p-channelJFET.and n-channel JFET

1 In p-channel JFET, .the current | In. n-channel JFET, the current
carriers are holes. carriersare electrons.

2. The channel is.made of p-type| The channel is made of n-type
material. material.

3. The symbol of p-channel shows the | The symbol of n-channel shows the
arrow  pointing away from | arow pointing towards the
source/drain channel. drain/source channels.

4, Noise is very high compared.to-n- | Noise is very less than that of p-
channel JFET. channel JFET.

5. Transconductance - is.. very less | Transconductance is larger in n
compared to n-channel JFET. channel JFET.

53 MOS Cgpacitor

’X. %74 &

A MOS (Metal-Oxide-Semiconductor) capacitor is atype of electronic device that
consists of a metal electrode, an insulating oxide layer, and a semiconductor region. The
oxide layer serves as a dielectric that separatesthe metal electrode from the semiconductor
region, and it is typically made of materials such as Silicon dioxide (SiO2) or Aluminium
oxide (Al>0s). The semiconductor layer can be n-type or p-type and acts as one plate of
the capacitor, while the metal gate electrode serves as the other plate.
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The MOS capacitor seen in Fig. 5.14 serves as the brain of the MOSFET. The
thickness (t,,) and permittivity (e,,) of the oxide layer are important parameters in
determining the capacitance and performance of the MOS capacitor.

_— Metal

Oxide
t:}x E[}X

Semiconductor
substrate

Fig 5.14: MOS Capacitor

5.3.1 Energy-Band Diagram

The straightforward parallel-plate capacitor can be used to more clearly illustrate
the mechanics of the MOS construction.”/As demonstrated in Fig. 5.15, a parallel-plate
capacitor has atop plate that is negatively charged compared to the bottom plate. The two
plates are separated by an insulating substance. As aresult of this bias, an electric field is
formed between the two plates. The capacitance per unit area for this geometry is defined
as,

.
=z (5.19)

where ¢ is the permittivity of the insulator, the permittivity for SIO.is 3.9 and d is the
distance between two parallel plates. The

charge stored in the capacitor is expressed l
aS!

Q=CV (5.20) € TE-ﬁeld =V
The field applied on the plate is given by, T T

_v
E=12 (5.21)

o

Fig 5.15: Parallel Plate Capacitor

Theenergy band diagram of aM OS (M etal-Oxide- Semiconductor) capacitor shows
the distribution of energy levels in the device under equilibrium conditions, i.e., without
any applied bias voltage. The diagram illustrates the energy levels of the semiconductor
and metal regions, separated by the oxide layer. The energy-band diagrams of the p-type
substrate MOS capacitor is shown in Fig. 5.16. Here, E, is the conduction band edge, Ey,
is the valance band edge, E isthe fermi level and E; isthe intrinsic fermi level. The Fig.
5.16 shows the ideal situation where no bias is applied to the MOS device. The energy
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bands are flat in the semiconductor region, indicating that there is no net charge present in
the device under equilibrium conditions.

Vacuum level
F Y T F Y
ay
g ¢!m i qQds
Oxide - Ec
Ingz
R 7 I WA 1 S
Metal 31
p-type
Semicondutor

Fig 5.16: Energy Band Diagram of a MOS Capacitor with a p-type substrate

where, y is electron affinity, ¢,, is metal work function and g, is semiconductor work
function, The energy gap between E. and E;is denoted by E¢/2 and the gap between Er and
Ei isdenoted by Y.

5.3.2 Ideal C-V Characteristics

The energy-band diagram of the M OS capacitor with a p-type substrate for various
gate biases are discussed below. . The MOS capacitor has three operational circumstances.

1) Accumulation Region
i) Depletion Region
i) Inversion Region

)] Accumulation Region

In the.accumulation region of operation, a negative voltage is applied to the gate
electrode, if the substrate is p-type. In the energy-band diagram in Fig. 5.17 (a), the
valence-band edge is closer to the Fermi level at the heterojunction because there are more
holes than in the bulk material.

Cace = Cox =3 (5.22)

The accumulation of holes at the interface results in a capacitor dominated by oxide
capacitance. In this mode of operation, only the oxide capacitance is present since there is
no depletion region in the semiconductor.
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i) Depletion Region

When a positive voltage is applied to the gate electrode, the energy-band diagram
of the MOS systemis shown in Fig. 5.17 (b). Asaresult of the positive voltage on the gate,
electrons are repelled from the interface, resulting in a depletion region between the oxide
and semiconductor. This depletion region creates apotential barrier that repelsthe majority
carriers (electrons in this case) away from the interface. The depletion region extends into
the semiconductor, resulting in a space-charge region with awidth of x,;. As shown.inthe
energy-band diagram, the conduction- and valence-band edges bend, creating a potential
gradient acrossthe space-charge region. The intrinsic Fermi level (E) and conduction band
edge approach the Fermi level due to the presence of fixed chargesin the-oxide and the
electric field in the depletion region. The potential 5 1s the difference between E; and
Er isgiven by,

Yp =VrIn(Ng /1) (5.23)
where N, isthe acceptor doping concentration and n; isthe intrinsic carrier concentration.
The depletion layer width or space charge region is given by
1/2
X, = (_Zwa) (5.24)

The potential 1,.is the surface potential;-it is the difference (in V) between Er

measured in the bulk semiconductor and Er measured @t the surface.

Depletion capacitance is formed due to the formation of a depletion region under
the small positive voltage.

1/Caep = 1/Cox + 1/Csp (5.25)
CoxC
Caep = - our (5.26)

This condition gives the minimum Capacitance value.
1)) Inversion Region

In the inversSion mode of operation, a large positive voltage is applied to the gate of
the MOS capacitor, causing the surface of the semiconductor material to become enriched
with free electrons and transforming it into an n-type region. This results in the formation
of an inversion layer at the oxide-semiconductor interface, which acts as a conducting
channel between the source and drain regions. Weak inversion occurs when the gate
voltage isjust sufficient to cause a small number of minority carriers to accumulate in the
channel region is shown on Fig. 5.17 (c). While, strong inversion occurs when the gate
voltage is high enough to create a large number of majority charge carriers (electrons or
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holes) in the channel. The density of charge carriersin the channel is high, and the channel
resistance is low.

If the inversion charge may react to a change in capacitor voltage, the capacitance
is once more merely the oxide capacitance, or it is defined as,

— _ fox
Cinv - Cox . (527)
ox
Metal Oxide P-type semiconductor Metal Oxide P-type semiconductor
Ve <0 \ Ve>0 \
.
Ec | £
N Eri E.
_____________ E '
S E: S SRR O\ Er
|, — N R p. Ev
X
(a) (b)
Metal Oxide P-type semiconductor Metal Oxide P-type semiconductor
V>0 Ve>>0 Surface
/‘ Ec /‘ EC
Eri =5
SEER A Er I et 2ol
— \ AW\ AR | — / Ev
X X > Bul

()
(d)

Fig 5.17: Band Diagram of-a) Accumulation Region, b) Depletion Region, ¢) Weak Inversion, d)
Strong Inversion

The energy bands for the scenario are depicted in Fig. 5.17 (d). In this scenario, the
electron concentration at the surface is identical to the hole concentration of the bulk that
ISy, = 2y5.This point is known as threshold inversion point. If the gate voltage climbs
over this threshold level, the conduction band will budge somewhat closer to the Fermi
level, but this movement in the conduction band at the surface is only a minor function of
the gate voltage. However, the surface potential has an exponential relationship with the
surface electron concentration. The electron concentration may change by orders of
magnitude when the surface potential increases by afew (kT /e) volts. The space charge
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zone has so virtually achieved its maximum width in thisinstance. The maximum depletion
width will be,

Xy = (M)l/2 (5.28)

eNg

Fig. 5.18 depicts the optimal C-V characteristics of the MOS capacitor with a p-
type substrate. The capacitance-voltage characteristics of a MOS capacitor in the
accumulation region shows a linear behavior since the capacitance is proportional. to the
voltage applied to the gate electrode. The slope of the C-V curve is proportional to the
oxide capacitance and inversely proportional to the thickness of the oxide layer. As the
oxide thickness increases, the slope of the C-V curve decreases, and the capacitance at a
given voltage decreases as well. The slope of the C-V curve in the depletion region is
inversely proportional to the width of the depletion region, which is proportional to the
sguare root of the voltage applied to the gates Therefore, the slope of the C-V curve
decreases as the voltage applied to the gate increases, resulting in a smaller change in
capacitance for a given change in voltage.

AC _
Capacitance
per unit area
L ow Frequency
Characteristics
b
4—\ ¢
| r
|
| ‘
[ N
= High Frequency
wmsﬁcs
|
Accumulation region Depletion fegion Vv Inversion region VG'
T Applied gate

volatge

Fig'5.18: C-V Characteristics of MOS Capacitor
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Given: n; = 10%m=3, kT =26 meV, Eg=1.1€V, &,; = 11.8, and &,,=3.9.
Solution: Let K = 1.38 x 10723 /K, T=300K.

¢r = E; — Ep.=—0.437¢eV
Surface potential,
¢S = Ei = Esurface = —0.24eV

Gate voltage applied = -0.96eV- Meta fermi level moves up. Since the difference is
0.96eV the applied voltage must be -0.96V

Doping density is calculated using,
kT~ [Ny,
¢r =—In (—)

q ni

Nqg
0.437 =0.026In (1010)

Ny =2x%x107cm™3

5.4 Metal Oxide Semiconductor Field Effect Transistor (MOSFET)

Metal Oxide Semiconductor Field Effect Transistor or MOSFET for short servesas
an alternative to the Junction Field Effect Transistor (JFET). MOSFET is a voltage-
controlled field effect transistor. It is utilized in a wide range of electronic circuits. It
contains 4 terminalsincluding, Gate (G), Source (S), Drain (D), and Body / Substrate (B).

INMOSFET, between gate and substrate, a SiO. oxide layer is present. The gateis
made with a metal conductor, the oxide layer isan insulator and the substrate is made with
a semiconductor. Thus, from gate terminal to substrate it contains a metal oxide
semiconductor, so it isnamed as MOSFET. Herethe gate is insulated from the channel. So
MOSFET isalso called Insulated Gate Field Effect Transistor (IGFET).

Consider JFET, for n-channel JFET it has only negative gate operations and for p-
channel JFET it has only positive gate operations. Due to this, the channel width can be
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decreased from its zero-bias condition. Thisis called a depletion mode operation. So JFET
can operate only in, gate reverse biased condition and depletion mode. This is the main
drawback of JFET. For this drawback, the better replacement is MOSFET. MOSFET can
work in two operation modes - depletion mode and enhancement mode. The major
advantage of MOSFET is high input impedance and low cost of production over JFET.

5.4.1 Types of MOSFET

Based on the construction and operating modes MOSFET can be classified-into two
types. They are,

e Depletion MOSFET or D-MOSFET
¢ Enhancement MOSFET or E-MOSFET

In aD-MOSFET, the channel is diffused between the source and drain‘in its basic
structure itself. So, depletion mode and enhancement mode are two possible modes of
operation in D-MOSFET. In E-MOSFET , there is no continuous channel; and the channel
isinduced during E-MOSFET operation. So, only the enhancement mode can be employed
when operating an E-MOSFET.

Depletion MOSFET (D-M OSFET)

Depletion MOSFET is further classified as n-channel D-MOSFET and p-channel
D-MOSFET. The circuit symbols of n-channel and p-channel D-MOSFET is shown in Fig.
5.19 (@) and Fig. 5.19 (b).

D D

Q U*

(@) (b)
Fig 5.19: Circuit Symbol of (a) n-channel D-MOSFET, (b) p-channel D-MOSFET

The simplified representation of n-channel and p-channel D-MOSFET is shown in
Fig. 5.20 (a) and Fig. 5.20 (b). In D-MOSFET, a channel is present between source and
drain terminal continuously in its structure. So, in its circuit symbol and simplified
representation, near the gate region, there is a continuous line present.
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5 5

(@) (b)
Fig 5.20: Simplified representation of (a) n-channel D-MOSFET, (b) p-channel D-MOSFET

5.4.2 Construction of n-channel Depletion.MOSFET

The basic construction of n-channel depletion MOSFET is depicted in Fig. 5.21.
The source and drain are made with highly ‘doped n-regions, the substrate is made with
lightly doped p-regions and the channel.is made with n-regions: A thin layer of Silicon
dioxide (SIOy) is present in between gate and channel, to.provide insulation. So, in
MOSFET, there is no direct electrical connection between the gate and the channel. The
sourceterminal isinternally connected with substrate. Gate, source and drain terminals are
connected via metallic contact toits corresponding doped regions.

The gate and the channel regions form a parallel-plate capacitor and oxide layer act
as dielectric. So, changing the gate voltage causes the changes in capacitor electric field
and it leads to n-channel resistance changes. In D-MOSFET both positive and negative
gate voltage is possible. The negative gate voltage operation is called as depletion mode
and the positive gate voltage operation is called as enhancement mode.

Gae (G)

Source(S)

Substrate

Subsfrate (35)

Fig 5.21: n-channel Depletion MOSFET
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5.4.3 Working Principle of n-channel Depletion MOSFET

5.4.3.1 Depletion M ode in n-Channel D-M OSFET
The operation of n-channel D-MOSFET in depletion mode is shown in Fig. 5.22.

(i) Consider gate to source voltage, Ves=0V. By applying drain to source voltage (Vps),
the drain terminal attractsthe free electronsin the n-channel. So, thereisa current flow
in the circuit from source to drain, which is called drain-source leakage current (Ipss).

(if) Consider the negative gate voltage applied. The electrons in the n-channel are depleted
and the holesin the p-substrate are attracted towards the gate region and recombination
takes place. So, the electrons for current conduction in channel are decreased and the
channel conductivity also decreases. Finally, the drain current decreases in depletion
mode operation.

VDD

Source (S Drain (D)

F)
Substrate

——

Substrate (SS)

b

Fig 5.22: Depletion‘Mode operation of n-channel D-MOSFET
5.4.3.2 Enhancement Mode in n-Channel D-M OSFET

The operation.of n-channel D-MOSFET in enhancement mode is shown in Fig. 5.23.
Consider the positive gate voltage applied. Due to reverse leakage current, the electronsin
the p-substrate are also attracted towards the gate region. So, the channel is enhanced or
increased. The electronsfor current conduction inthe channel are increased and the channel
conductivity also increases. Finally, the drain current increases in enhancement mode
operation.
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Source (S Drain (D)

Substrate

——

Substrate (S8)

=

Fig 5.23: Enhancement. mode operation of n-channel D-MOSFET
5.4.3.3 Transfer and Drain Characteristics

The transfer characteristics of n-channel depletion MOSFET is shown in Fig. 5.24
(). The characteristics of the device is explained as,

(i) If Ves=0V, then drain current-is equal to drain-source leakage current. So, Ip=Ipss.

(i) When Vgs is negative, Ip starts decreasing and reaches zero at Ves=Vas (off). This
is called depletion mode.

(iif) When Vs is positive; Ip startsto increase and the maximum value of Ip is obtained
from the datasheet of D-MOSFET. This is called enhancement mode.

The transconductance curve of the D-MOSFET issimilar to the curve of the JFET.
The drain current equation is given as,
2
Iy = Ipgs (1 - L) (5.29)
VGs(orf)
The transconductance of the D-MOSFET is given as,

Im = Imo <1 - L) (530)
Ves(off)
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Iy

|D Ip

109 |-
Enhancement
Depletion modet——— mode
8 Ipss 1V
ov
4 loss/2
AV
2
—] |D33|"4 % 2V

Vas=Va2=-3V
4y
5V

0 > 0 Vos
6 5 4 3 -2 1 Vs Vgaz V=6V

Vs Vel2  03Ve

(@) (b)
Fig 5.24: (a) Drain, (b) Transfer Characteristics for an n-channel depletion-type MOSFET

The drain characteristics of n-channel depletion MOSFET isshown in Fig. 5.24(b).
The drain characteristics have a cut-off region, ohmic region and Saturation region.

(i) Theregion below Vgs = Vpis known as, cut-off region. Ideally, the drain current
in the cut-off region is zero.

(if) For particular Vgs, drain current (Ip) increases with respect to drain to source
voltage (Vps) is known as the ohmic region.

(i) For particular Vgs, drain current.(Ip) constant with respect to drain to source voltage
(Vps) is known as the saturation region. The ratio of change in drain current with
respect to change ingate to source voltage with constant drain to source voltage is
known as transconductance (gm) and it is given by,

gn= (%) (5.31)

AVGs/ constant Vbs

5.4.4 P-channel Depletion MOSFET

The basic.construction of p-channel depletion MOSFET is depicted in Fig. 5.25.
The construction of p-channel D-MOSFET is exactly opposite of n-channel D-MOSFET.
The source and drain are made with highly doped p-regions, the substrate is made with
lightly doped n-regions and the channel is made with p-regions. Here, the positive gate
voltage operation is called depletion mode and the negative gate voltage operation iscalled
enhancement mode. Remaining all operations are the same as n-channel D-MOSFET.
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Gate (G)

Saource (S) Drain (D)

Si0;
P-channel p

n
Substrate

Substrate (S5)

Fig 5.25: P-channel Depletion MOSFET
The transfer characteristics of P-channel depletion MOSFET isshown in Fig. 5.26
(a). It is a mirror image of an n-channel D-MOSFET shown.in Fig.-5.24 (a). The drain
characteristics of p-channel depletion MOSFET is shown.in Fig.-5.26 (b). Compared to n-
channel D-MOSFET, p-channel. D-MOSFET drain characteristics gate to source voltage

(Ves) polarity is changed.

In(mA)

In(mA)

Ves=- 1V

Vas= 0V

Ves= +2V

Vas= +3V

A: Vo= +4V
> 0 Ves(V
I Vea-ve L yestV)

(a) (b)

Fig 5.26: (a) Transfer Characteristics, (b) Drain Characteristics for an p-channel D-MOSFET.
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5.4.5 Enhancement MOSFET (E-MOSFET)

In enhancement MOSFET or E-MOSFET, it does not have a physical channel
between source and drain terminal; E-MOSFET has only enhancement mode, so there is
no depletion mode in it.

5.4.5.1 Typesand Circuit Representation of E-M OSFET

Enhancement MOSFET is further classified as n-channel E-MOSFET and p-
channel E-MOSFET. The circuit symbol of n-channel and p-channel E-MOSFET is shown
in Fig. 5.27 (a) and Fig. 5.27 (b).

D D
GQ ;: GQ i:
S S

@ (b)
Fig 5.27: Circuit Symbol of (a) n-channel'E-MOSFET, (b) p-channel E-MOSFET

The simplified representation of n-channel and p-channel E-MOSFET is shown in
Fig. 5.28 (a) and Fig. 5.28 (b). In E-MOSFET, no continuous channel is present.

D D

& <

(@) (b)
Fig 5.28: Simplified Representation of (a) n-channel E-MOSFET, (b) p-channel E-MOSFET
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5.4.5.2 Construction and Working of n-channel E-M OSFET

Gate (G)

Source (S) Drain (D)

Substrate

Substrate (SS)
Fig 5.29: n-channel Enhancement MOSFET

The basic construction of n-channel enhancement MOSFET is depicted in Fig.
5.29. Like n-channel depletion MOSFET, the sourceand drain are made with highly doped
n-regions and the substrate is made with lightly doped. p-regions. Here channel region is
absent, that is no physical channel is present in-between source and drain region. A thin
layer of silicon dioxide (SiO2) is present in between gate and substrate, to provide
insulation. So, in MOSFET, there is no direct electrical connection between the gate and
the substrate. The source terminal is internally. connected with substrate. Gate, source and
drain terminals are connected via metallic contact to its corresponding doped regions. In
E-MOSFET, only positive gate voltage is possible. So, it is called an enhancement
MOSFET. The operation of. n-channel E-MOSFET in depletion mode is shown in Fig.
5.30.

(i) Consider gateto sourcevoltage, Ves=0V. There is no connecting channel between
source and.drain terminal. Only a smaller number of thermally produced free
electrons-available at p-substrate. So, drain current is ideally zero (1p=0). This
operation is completely different from JFET and D-MOSFET.

(i) Consider the positive gate to source voltage (Ves) applied. The gate region attracts
the electrons in the p-substrate. These electrons combine with the free holes present
under SiO.. Once the holes are filled, the free electrons are accumulated near the
SiO. layer thus forming an n-channel in E-MOSFET. Free electrons are starts to
move from source to drain region, the drain current (Ip) flows from drain to source
and the n-channel E-MOSFET is turned ON. The minimum required positive Vs
to turn ON the E-MOSFET is known as threshold voltage (V7).
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(iif) Consider the gate to source voltage (Ves) is greater than threshold voltage (V).
The channel is enhanced or increased. The electrons for current conduction in the
channel are increased and the channel conductivity also increases. Finally, the drain
current increases as Vs increases.

(iv) Consider the gateto source voltage (Vgs) is constant and greater than the threshold
voltage (V1) and drain to source voltage (Vps) is increased. The drain current is
increasing with respect to Vps up to Pinch-off voltage (Vr). At Vps = Vp, the
channel region is pinched-off, so the drain current gets saturated (Ip.becomes

constant).
—i1s
Vs > Electrons atiracted to
Source (S Drain (D) o —"  positive gate
--“/
f”f’ﬂfﬂ-.
viibL i [ L
= Vps
+ + 4+ 4+ + + + +_H___
Substrate Holes repelled

by positive gate
Substrate (SS)

Fig 5.30: Channel Formation in the n-channel E-MOSFET

.||||l—

5.45.3 Transfer and Drain Characteristics of n-channel E-M OSFET

The transfer characteristics of n-channel enhancement MOSFET is shown in Fig.
5.31(a). The characteristics of the device is explained as,

(i) 1fVMes =0V, thendrain current isideally zero.

(i) WhenVes> VT, Vps = 0V, the channel startsto form, no drain current flows.

(iif) When Vs is increased further and Ves> Vr, Vps is also increased Ip garts to
increase.

The drain current equation of E-MOSFET is given as,
ID = K (VGS - VT)Z (532)
Here K isthe conduction parameter and is given by,
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1 w
K= 2 ﬂncox T (533)
In(mA)
In(mA) 4
7
6 Vas=+0V
5 Ves=+8V
4
3 Ves=+7V
2 / Vas=+6V
/ Vasm 5V
1 Vigs=+4V
. /4 G\%’gs?rBV

0 1 2 3 4 5 8 7 8 Vas(V) L Vee= Vo= 2VVDS(V)

Vi

(a) (b)

Fig 5.31: (a) Transfer Characteristics,.(b) Drain Characteristics of n-channel E-MOSFET

The drain characteristics of n-channel enhancement MOSFET is shown in Fig.
5.31(b). The drain characteristics have cut-off region, linear region and saturation region.

(i) Theregion below Ves < V1 .is known as, cut-off region. Ideally, the drain current
in the cut-off region is zero.

(i) For Ves > Vrand Vps < Vp, drain current (Ip) increases with respect to drain to
source voltage (Vps) Is known as the linear region.

(i) For Ves > V1 and Vps ><Vp, drain current (Ip) constant with respect to drain to
source voltage (Vps) is known as the saturation region.

5.4.5.4 Construction and Working of p-Channel E-M OSFET

Gate (G)

Source (S) Drain (D)

n

Substrate

Subsfrate (SS)

Fig 5.32: P-channel Enhancement MOSFET
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The basic construction of p-channel enhancement MOSFET isdepicted inFig. 5.32.
The construction of p-channel E-MOSFET is exactly opposite of n-channel E-MOSFET.
The source and drain are made with highly doped p-regions and the substrate is made with
lightly doped n-regions. Here channel region isabsent, that isno physical channel is present
in between source and drain region. Here only the negative gate voltage operation is
possible. Remaining all operations are same as the n-channel E-MOSFET.

5.4.5.5 Drain and Transfer Characteristics of p-Channel E-M OSFET

The transfer characteristics of P-channel enhancement MOSFET is shown in Fig.
5.33 (). It isamirror image of an n-channel E-MOSFET shown in Fig. 5.31 (a). The drain
characteristics of p-channel enhancement MOSFET is shown in Fig. 5.33 (b). Compared
to n-channel E-MOSFET, p-channel E-MOSFET drain characteristics gate to source
voltage (Vgs) polarity is changed.

A Ip (mA)
’ In(mA)
6
. Vgg=- BV
4 Ves=- 5V
3
2
Ves=-4V
1 /
_ K. Vgg=-3V
5 0
6 5 4 3 2. Vs (V) Ves=vi L 2 osY)

(a) (b)
Fig 5.33: (a) Transfer Characteristics, (b) Drain Characteristics of P-channel E-MOSFET

5.4.6 Comparison of D-MOSFET and E-MOSFET

The comparison of D-MOSFET and E-MOSFET depends on symbol and
characteristics are summarized in Table 5.3.
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Table 5.3: Comparison of D-MOSFET and E-MOSFET

1 | Symbols . :
G Gv@ I Gv@ '
s s s s
n-channel p-channel
n-channel p-channel
2 | Channel In between source and drain | Physical channel isabsent in its
region physical channel <is | structure between source and
present drainregion
3 | Operating Operated in both . depletion | Operated only-in  enhancement
Modes mode and enhancement mode:| mode
4 | Dran I Io(mA)
Characteristics
+1V Vas=+9V
ov Vas=+8V
1V / Vas=+TV
2V / Vas=+6V
% MosVi2=3V / vy
5V Ves=+3V
0 VosmVilen Vos 0 VGS:VT:ZVVDS(V)
5 | Transfer o In(mA) 4
Characteristics o 7
Depletion modet————— mode 5
8 Ipss
5
4
4 Ipss/2 3
— lpss/4 2
1
0 12 3 4 5 \
— e M 6 7T 8 (V)
Ve Vpl2 0.3Vp
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6 | Current Flow | At Ves = 0V, if drain to
source voltage applied, drain

current flows

At Vgs = 0V, no current flows.
If Vas > V1, then only drain
current flows

5.4.7 Comparison of JFET and MOSFET

The comparison of JFET and MOSFET depends on symbol and characteristics are
summarized in Table 5.4.

Table 5.4: Comparison between JFET and MOSFET

1.

Theinput resistance isin the order of
10°Q. Since, there is no insulating
layer between gate and < the
conducting channel.

The input resistance is'very high in
the order of 103Q due -to the
presence of insulating layer between
gate and conducting channel.

The gate leakage current 0.1 to
10mA.

The gate-leakage current is in the
order of 0.1 to' 10pA.

Thedrainresistance isin theorder of
0.1to IMQ.

Thedrainresistance isin the order of
1to 50KQ.

Electric field across the reverse
biased PN junction controls: the
conductivity of the channel.

Electric field across the insulating
layer controls the conductivity of the
channel.

JEFT operates only in depletion
mode.

The MOSFET operates both in
enhancement mode and depletion
mode.

Vs for ann-channel JFET cannot be
allowed to ‘go positive since that
would forward-bias the gate source
p-n junction and cause a large gate
current to flow.

Gate source voltage of a depletion
mode MOSFET can be negative or
positive.

Fabrication process is much more
complex than that of MOSFET.

One can easily fabricate MOSFET.
Thus, it is very much morein use.
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5.5 |-V Characteristics of MOSFET

MOSFET is operated in three operating conditions, such as cut off region, active
region and saturation region.

The MOS transistor can be controlled by the applied voltage. So, it is modelled as
voltage-controlled device. I, is the important parameter that determines the speed of the
switch so thevalue of 1;; depends on distance between the source and drain, channel width,
applied voltage on the gate, thickness of the gate oxide layer and the carrier mobility.

i) Cut-off (Subthreshold Voltage)

In this region Vs <V, and I;; = 0. Hence the channel is not created. The
transistor is in OFF condition. There is no conduction between source and drain. The
current will be zero.

I; =0V (5.34)

i) Linear or Non-Saturation Region
In this region of operation V¢ > V; and Vs <.V — V. Thewvalue of 1,5 depends
on two factorsthat is number of charges in the channel and velocity of the charge.

The charge under the channel is defined by,
Qchannet = Cox-W.L.V

V= Vos =V, = |Vos = 22| = ¥, (5.35)
The velocity is direct proportion to the applied field between source and drain,
E=Vys/L
The velocity of the charge carrier isgivenby, V = u. E (5.36)
Qchannet = Cox-W. L. . "% (5.37)
Time of the carriersto passthe channel, t = L/V
Iy = Sechannel (5.38)

t

= ”CZ—XW [(Vas - Vt) - %] Vas

|14 S
lgs = KVgs [(Vas - Vo) - Td] (5.39)
where K is the conductance parameters, K = p. Cox%
iii) Saturation Region

In saturation region of operation Vg > V;, Vs > Vg — V;. The channel pinch-off
near the drain. The drain voltage no longer increases, the current is,
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14 S
lgs = KVqys [(Vas - Vt) - Td (5-40)
SubﬁltuteVds = VGS - th
((Ves—V,
lys = K[Vas - Vt]- [(VGS - Vt) — WesTVe) Gz t))] (5-41)

lys = S(Vas - Vt)z (5-42)

Fig 5.34: |-V Characteristics of n-MOSEET

5.6 Small Signal Model of MOS Transistor

In order to analyse a transistor .circuit, one needs a mathematical model or
equivalent circuit of the transistor. One of the most useful models is the small-signal
equivalent circuit. Thismodel.isused to determine the small signal voltage gain, input and
output impedance, and other parameters of the amplifier circuit.

The small signal-model of aMOS Transistor consists of two parts:

i) The small'signal model parameters
i) The AC equivalent circuit

To derive the small signal model of a MOS Transistor, the DC operating point of
the MOS Transistor must be calculated first. Then, the AC equivalent circuit is derived by
linearizing the MOS Transistor around the DC operating point. Finally, the small signal
model parameters are calculated using the AC equivalent circuit. Fig. 5.35 (a) shows the
n-channel, enhancement mode MOS Transistor common-source circuit. The time varying
sinusoidal input signal along with the d.c source is applied on the gate. Fig. 5.35 (b) shows
the MOS Transistor characteristics, d.c load line and Q point. MOS Transistor is biased in
saturation region to get the output voltage as a linear function of input voltage. The total
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gate voltage is the sum of V5, and V;. The time varying signal source generates a time-
varying component of the gate to source voltage.

The instantaneous gate to source voltage is given by,

Ves = Vesq + Vi = Vs + Vs (5.43)
where Vg5, isthe d.c component and V isthe a.c component.
The drain current is given by,

ip =K (Vas - VT)Z (5-44)
Substitute the equation V¢ in equation 5.44 we get,
. 2 2
ip =K(Vasq + Vs — Vi)™ =K[(Veso — Vr) + Vs ] (5.45)
ip = K(Vgs — V)2 + 2K (Vgso = Vi) Vys + K V2 (5.46)

The first termin equation 5.46 represents the d.c'or quiescent drain.current I, the
second term represents the time-varying drain. current component and-the third term is
proportional to the square of the signal voltage.

iD Non-saturation
region

(b)

Fig 5.35: (@) NMOS Common source circuit with time varying signal, (b) Common source
characteristics d.c load line

For a sinusoidal input signal, the squared term produces undesirable harmonics in
the output signal. In order to minimize the harmonics, we must have,

Vgs K 2(Vgsq — Vr) (5.47)
Neglecting the term V5 term, we can write the equation 5.46,
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Whel’e, IDQ = K(VGSQ - VT)Z
ig = 2K(Vesg — Vi) Vs (5.49)

The small signal current isrelated to the small signal gate to source voltage by the
transconductance g,,,. The relation is written by,

Oiq = ZK(VGSQ - VT) (550)

9m = 3Vss
The transconductance can also be written as, g,,, = 2,/KIp,

The above equation shows that, the transconductance is directly proportional to the
conductance parameter K. Therefore, increasing the width of the MOSFET increases the
transconductance.

Small Signal Equivalent Circuit
From the Fig. 5.36, the output voltage is,

Vps = Vo =Vpp — ipRp (5.51)
By using the equation 5.48 we obtain,
Vo =Vpp — (IDQ + ig)Rp = (Vpp= IDQRD) — igRp (5.52)
| — * Vs

lg

: SR,

it

Fig 5:36: A.C equivalent circuit of Common-Source Amplifier with NMOS transistor

The output voltage is also a combination of d.c and a.c values. The time varying
output signal iswritten as,

Vo = Vas = —1aRp (5.53)
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The Fig. 5.36 shows the a.c equivalent circuit. Here, the d.c sources are made zero.
From this equivalent circuit, we can draw a small signal equivalent circuit for the
MOSFET. Fig. 5.37 represents the small signal low frequency a.c equivalent circuit for n-
channel MOSFET.

We know that the current i, = K[(Vgs — Vr)?(1 + Avpg)] (5.54)
G D
— -
+ —

Ve <\I/ OrVos g fo Vi

- &

Fig 5.37: Expanded small signal equivalent circuit; including output resistance for NMOS
transistor

Here A is the channel length modulation parameter. Considering the channel and
modulation effects in this model, an output resistance is defined as,

To = (aiigs)_l
o = [2K (Vasq — VT)Z]_l = [Alpe] ™ (5.56)

Sincethe current sourcein the small-signal model isgmV gsand the output resistance
IS ro, finding the transconductance (gm) will allow us to determine the amount of current
flowing through the circuit. The variation of the drain-source voltage to the current is the
output resistance, or.fo. The Fig. 5.38 shows the small signal equivalent circuit of the
common-source circuit shown in Fig. 5.35.

(5.55)

vgs=Vgsg=const

W© v P Er e

|||r

Fig 5.38: Small Signal equivalent circuit of Common-Source with NMOS transistor
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APPLICATIONS

The Most dignificant invention of the 20th Century. What characteristics
distinguish an innovation that actually changes the world? The jet engine, the aeroplane,
television, the internet, the computer, and antibiotics are all deserving contenders for the
most important invention of the 20th century, but unless you live like a hermit in the 15th
century or are amember of an undiscovered tribe, there is one that affects almost everyone
on the planet on adaily basis. Though few have seen them directly, they are now the most
widely manufactured device in history.

The Regency TR-1, the first transistor radio in history, cost $49.95in 1954 (equal
to $507 in 2021) and used four Texas Instruments NPN transistors. Today's 512GB SD
cards cogt around $30 and can hold over atrilliontransistors. An estimated 13 sextillion,
or 13 billiontrillion, of them have been produced since 1960, and that number iscontinuing
to expand at an accelerating rate as of 2018. Nothing else created by humans has undergone
the rate of change the transistor has in_little over 60 years, which has alowed for the
development of other technologies and. discoveries that have had a profound impact on
society outside the realm of electronics.
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UNIT SUMMARY

e Work function of ametal, ¢,, - It isenergy required to remove an electron at fermi
level to the vacuum level outside the metal

e Electron affinity - It is the energy difference between reference vacuum level and
the conduction band energy of a semiconductor

X =Ey,—E¢
e Work function of a semiconductor - ¢, = y + (E¢ + Er)
e Theenergy difference, ¢,, = (E; — Er)
e The space charge region width,
W=uxq= m/elvd

e Flat band condition, I, = 0
e Accumulation, 1, <0
e Depletion, V; >0
e Inversion - with large positive bias
e Flat band condition- ¢, = 0
e Inversion, ¢, = 2¢x
e Biasing conditions,

Accumulation - ¢, < 0

Depletion- 0<'¢pg < ¢p

Inversion- ¢s > ¢r
e Maximum depletionwidth,

2¢5€
qNq

e Capacitance Accumulation - C = Cpy = €ox/tox

Winax =

(2¢,)

e Depletion- C = Cyep
e Inversion- C = C,,
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EXERCISES
Multiple Choice Questions
51 by the use of an electric field, a semiconductor's charge carrier's shape and
resulting conductivity are controlled
a) FET
b) BJT
¢) MOSFET
d) None

5.2 The FET utilises an

a) Voltagefield effect
b) Electric field effect
c) Botha& b

d) None

5.3 FET isfrequently employed.as an

a) Oscillator
b) Switch
c) Amplifier
d) None

5.4 A p-type and n-type silicon bar with PN junctions at the sides makes up a
FET

a 1
b) 2
c 3
d 4

55FET isa terminal using an active semiconductor, where the input voltage
creates an electric field that controls the output current

a 3
b) 2
c 1
d 4
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5.6 The applied to the gate can be used to regulate the amount of drain
current from the source
a) Current
b) Potential
c) Botha& b
d) None

5.7 The characteristics of Junction Field Effect Transistorsis

a) High frequency switching
b) Slow switching

c) Fast switching

d) None

5.8 By maintaining the drain to source voltage at, the transfer characteristic between the
gate voltage and the drain current is drawn

a) Gain

b) Threshold voltage
c) Switch

d) Pinch-off voltage

5.9 When the gate terminal voltage is and yoltage Vps is placed between the
drain and source terminals, two pn-junctions on either side form depletion layers

a) Zero
b) Positive
c) Negative
d) None

5.101In MOSFET;, the channel is created after being initially non-existent

a) Depletion
b).. ‘Enhancement
c) Botha& b
d) None

511 In MOSFET, as the MOSFET is being built, the channel is
permanently created by doping

a) Bothb&c
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b) Enhancement
c) Depletion
d) None

5.12 Depletion type MOSFET are normally type switches

a) OFF
b) Ground
c) Terminal
d) ON

5.13 In an enhancement-mode MOSFET, the electrogatic field created by the application
of a gate voltage the conductivity of the channel

a) Enhances
b) Deplete
c) Botha& b
d) None

5.14 In depletion mode, the electrogtatic field-created: by the application of a gate
voltage the conductivity of the channel

a) Enhances
b) Deplete
c) Botha& b
d) None

5.15 Aninsulator, ametal electrode known as a metal electrode, and a semiconductor body
or substrate make up a MOS capacitor

a) Source
b) Drain
c) Gate
d). None

5.16 An has a boron doping-concentration of 10'° cm® in the substrate

a) High MOS capacitor
b) Low MOS capacitor
c) Linear MOS capacitor
d) Ideal MOS capacitor
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5.17 The MOS capacitor is under inversion with Vg = 2V

a) Strong
b) Weak
c) Botha& b
d) None

5.18 When no external voltage is provided to the MOS capacitor, the Fermi level of the
metal and semiconductor are a equilibrium level

a) Not same
b) Same
c) High
d Low

5.19 Vsinasmall signal model is placed between and terminal

a) Gateanddran
b) Drainand source
¢) Gate and source
d) None

5.20.There is a standard analysis technique (in electronics engineering known as
that employs linear equations to" predict how nonlinear electronic
circuits would behave

a All

b) High signal model
c) Ebers-Moll Model
d) Small signal model

"%V'?){\y ‘Answer of Multiple-Choice Questions
5.1 (a).52 (b) 53 (0). 54 (d), 55 (@), 5.6 (b). 5.7 (0). 5.8 (d), 59 (3), 5.10 (b), 5.11 (), 5.12 (d),
5.13 (a), 5.14 (b), 5.15 (c), 5.16 (d), 5.17 (a), 5.18 (b), 5.19 (c), 5.20 (d).
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Short and Long Answer Type Questions

Category |

5.1  Define FET.

5.2  Differentiate FET and BJT.

5.3  List out thetypesof FET.

54  Explainthe featuresof FET.

5.5  Sketchthel-V characteristics of MOSFET.

5.6 Differentiate n-channel and p-channel FET.

5.7  Explain the term MOSFET.

5.8 Differentiate depletion and enhancement type MOSFET.

5.9  Draw the symbol of MOSFET.

5.10 Sketchthedrain and transfer characteristics of n-channel depletiontype MOSFET.
5.11 Define MOS capacitor.

5.12 Explain the band diagram of MOS capacitor.

5.13 Draw the band diagram of accumulation, depletion.and inversion mode.
5.14 Expressthe three operating conditions capacitance equation.

5.15 Sketch C-V characteristics curve

5.16 Draw the symbol of FET.

5.17 Givethree different operating conditions of MOSFET.

5.18 Draw the symbol of MOSFET.

5.19 Discuss about small-signal model of MOSFET.

5.20 Draw the small signal diagram of MOSFET.

Category I

5.1  Explainin brief about construction and working principle of FET.
5.2  Explainin detail about enhancement type MOSFET

5.3  Discuss about depletion mode MOSFET.

54  lllustrate the working principle of MOSFET with -V characteristics.
55  Explain about MOS capacitor and operating modes.

5.6  lllustrate about-small signal mode of MOSFET.

Numerical Problems

5.1  For the circuit shown, calculate drain current. (Ans: 6.12mA)
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5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

12 mA

_VGS <

-5V 0
Consider the JFET having following properties. Ipgs = 24md;Vis(off) =
-2V, Vs = —4.5V. caculate the value of drain current. (Ans. 37.5mA)
For the diagram depicted in the following illustration. Identify the bare minimum
Vpp value necessary to place the device in the saturation region. (Ans: -10.72V)
A JFET has a pinch-off voltage of -8V and adrain current of 2 mA when the gate-
source voltage is-4V. What is the drain-source voltage of the JFET? (Ans. 1.6V)
A JFET with a pinch-off voltage of -6V has a drain current.of 3mA when the gate-
source voltage is -2V. What will be the drain current if the gate-source voltage is
increased to -4V? (Ans. 2.67 mA)

) 5600%1?;;

—~ Yop

v Y
JFET has the value of gimmo = 4000us. Calculate the g,, value at Vg = —3V.
Assumethat Vgs(off) = —8V. (Ans: 2500 us )

The transfer . characteristics of a JFET reveals that when V;¢ = -5V, I, =
6.25mA. find the value of source resistance. (Ans. 800Q2)

Find thevalue of R, to self-biasap-channel FET having I s, = 20mA, V;s(off) =
15V and V5 = 5V. (Ans. 561Q)

A JFET has athreshold voltage of -5V and adrain current of 1 mA when the gate-
source voltage is-3V. What is the transconductance of the JFET? (Ans. 2.4 ms)
A MOSFET has a threshold voltage of 2V and a gate-source voltage of 5V. The
channel length is 1um, the channel width is 20um, and the gate oxide capacitance
per unit area is 0.5uF/cm?. The drain-source resistance is 500 Q. What is the drain




5.11

5.12

5.13

5.14
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current if the drain-source voltage is 10V? Assume: pnCox = 100 uA/V? (Ans. -
240mA)

A MOSFET has a threshold voltage of 2V and a channel length of 1 pm. If the gate-
source voltage is 1.5V and the drain-source voltage is 3V, determine the region of
operation of the MOSFET and the drain current. (Ans: I, = 04, cut off region).
A MOSFET has a threshold voltage of 3V and a gate-source voltage of 8V. The
channel length is 2um, the channel width is 40um, and the gate oxide capacitance
per unit area is 0.8uF/cm?. The drain-source resistance is 1kQ. What is_the drain
current if the drain-source voltage is 15V? Assume: punCox = 120 nA/V2. (Ans
7.2mA)

A MOSFET has a threshold voltage of 1.5V and a channel length of 2pm. If the
gate-source voltage is 2V and the drain-source voltage is 5V, determine the region
of operation of the MOSFET and the drain current. Assume pnCox= 150 pA/V2.
(Ans: Saturation region, I, = 562.5uA)

A JFET has a pinch-off voltage of <5V and a drain-source voltage of 10V. If the
gate-source voltage is-2V and thedrain current is 2 mA, determinethe value of the
drain-source resistance. Assume a transconductance parameter of 4 mA/V and a
gate-source cutoff voltage of -2V. (Ans: 3.91KQ)
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KNOW MORE

Julius Edgar Lilienfeld was the first to patent the fundamental design of this type
of transistor in 1925.

William Shockley, John Bardeen, and Walter Houser
Brattain, scientists from Bell who were involved in the
research that resulted in the discovery of the transistor effect,
presented the design of a device resembling a MOS
transistor. Due to the surface state issue, which is caused by
traps on the semiconductor surface that keep electrons
immobile, the structure failed to produce the desired results.
The silicon wafer was unintentionally covered. in a layer of
silicon dioxide in 1955 by Carl Frosch and L. Derick. Julius Edgar Lilinenfeld

Further investigation reveal ed that silicon dioxide might stop
the diffusion of dopant into silicon wafers. Mohamed M. Atalla built
on this work by demonstrating how silicon dioxide is particularly
successful in resolving the issue of a crucial class of surface states.
Atalla spent this time researching the surface characteristics of
semiconductors and soon discovered strategies for facilitating the
passage of electricity 'to a chipset's semiconducting layer. By
developing silicon dioxide layers ontop of silicon wafers, he was
ableto do this.

This procedure, which came to be known as surface
passivation, made semiconductor technology more widely used. he
founded Atalla Corporation, and filed a patent for aremote Personal
| dentification Number (PIN) security system. In 1973, he released
the first hardware security ‘module, the "Atalla Box", which
encrypted PIN ‘and-ATM “messages, and went on to secure the
majority of the world's ATM transactions.

Dawon Kahng
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Integrated Circuit
Fabrication Process

UNIT SPECIFICS
Through this unit we have discussed the following aspects:

e Historical transformation of semiconductor technology

e Fabrication steps and introduction about the crystal growth
o Thefocus of the epitaxy in IC fabrication

e Fundamentals of fabrication process

e Discuss about the steps to create silicon devices

e Problemsincluding congtraints and friction

The practical applications of ‘the topics are discussed for generating further curiosity and
creativity as well asimproving problem solving capacity.

Besides giving a large number of multiple choice questions as well as questions of short and
long answer types marked in‘two categories following the lower and higher order of Bloom's
taxonomy, assgnments through a number of numerical problems, a list of references and
suggested readings are given in.the unit so that one can go through them for practice. It is
important to note that for getting more information on various topics of interest some QR codes
have been provided in different’sections can be scanned for relevant supportive knowedge.

After therelated practical, based on'the content, thereisa“ Know More” section. Thissection
has been carefully designed so that the supplementary information provided in this part becomes
beneficial for the users of the book. This section mainly highlights the initial activity, examples of
some interesting facts, history-of the devel opment of the subject focusing the salient observations
and finding, timelines starting from the devel opment of the concerned topics up to the recent time,
applications of the subject matter for our day-to-day real life or/and industrial applications on
variety of aspects, case study related to environmental, sustainability, social and ethical issues
whichever applicable, and inquisitiveness and curiosity topics of the unit.
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RATIONALE

IC Technology in the expanding market where there are many chances for expansion. It
is always demanded by fabrications. According to a recent poll, there are presently more
integrated circuits than people in the UK, USA, India, and China. Microelectronic engineering
has become a separate subject, as a result of the amazing devel opments in the creation and use of
integrated circuit technology. The manufacturing process is often broken down into a series of
unit procedures that are repeated to create the integrated circuit in this unit.

All significant phases in the manufacturing process are covered from both a theoretical and
practical standpoint. This unit may be utilised easily in the course of integrated circuits.
Additionally, this unit may be used as a reference for engineers and scientists;in the
semiconductor sector.

PRE-REQUISITES
Basics of BJT & MOSFET

UNIT OUTCOMES

List of outcomes of this unit is as fol | ows:

U6-O1: Describe the fabrication process flow

U6-O2: Describe the process of Wafer formation and lon'implantation
U6-O3: Explain the chemical vapour deposition process

U6-O4: Realize the integrated circuits.in.the semiconductor industry
U6-05: Discuss the future semiconductor technol ogy

Unit-6 EXPECTED MAPPING WITH COURSE OUTCOMES
outcomes (1-Weak Correlation; 2- Medium Correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5 CO-6
U6-01 3 3 3 - 3 1
U6-02 1 1 2 2 1 -
U6-03 2 1 3 1 2 1
U6-04 - - 3 1 2 2
U6-05 3 3 3 = 3 1
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6.1 Introduction

An Integrated Circuit (IC) isacomplicated design of electronic devices, including
alarge number of components. An IC is a collection of electronic devices, fabricated on
asmall chip of semiconductor material. The speciality of integrated circuits is to control
the operation of devices with semiconductor material.

Due to its mix of qualities and affordability, Silicon (Si) is highly preferable for
manufacturing. Germanium (Ge) and Gallium Arsenide (GaAs) are two less. popular
semiconductor elements. ICs are fabricated from silicon due to its vast range of
advantages over other materials. This Silicon isused in many applications. Some of them
are listed:

e Silicon is made from silica. Silica is a raw ingredient used in-the production of
concrete.

e Because of its hardness and scratch resistance, Silicais used in varnishes.

e The glass industry, including the production of quartz glass, utilizes silica as a
fundamental raw material.

e When tyres are made, amorphous silicais used asfiller in the rubber. Thisaids in
lowering the vehicle's fuel usage.
|Cs are mostly square or rectangular flat plate chips, which is approximately 0.50

mm thickness and ranging from 5.0 to 25.0 mmall sides.

6.1.1 Moore’s Law

In 1965, Gordon Moore, co-founder of Fairchild Semiconductor and Intel found
the plotting between the number-of transistors.on chip vs. year in semi-log scale, known
as Moore's Law. Moore's Law states that. the number of transistors per chip grows
exponentially or doubles in‘every 18 months. The Moore's law plot is shown in Fig. 6.1.

10°
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Fig 6.1: Moore’s Law
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6.1.2 Classification of ICs

ICs can be classified into different types based on different criteria. 1Cs can be
classified based on fabrication method/technique, integration scale/level and application.
The classification of 1C is depicted in Fig. 6.2.

IC
Classification

Based on Integration o
Fabrication Scale/Level Application
Monclmtmc Hvb -|d (R B R B B S |
ri x
IC 31(: Ssl MsI LSl visl ULSI Gsl AH%OQ Dllg(l:tal

—

ThinFilm  Thick film
IC IC

Fig 6.2: Classification of ICs

a) Classification Based on Fabrication

Integrated circuits can be classified as monolithic 1C and hybrid IC based on
fabrication method / technique.

1) Monalithic IC (MIC) — In-monglithic ICs, the entire ICs are fabricated on a single
chip of a semiconductor.

2) Hybrid IC (HIC) —In hybrid I1Cs, the number of individual chips are fabricated by
interconnection. It can be acombination of monolithic and film techniques. Hybrid ICs
are further classified as thin film IC and thick film IC.

(i) Thin Film IC — By depositing layers of conducting material on the surface of a glass
or ceramic foundation, thin film integrated circuits are formed. Resistors and
conductors can be fabricated by using different materials and by controlling the width
and thickness of the films.

@i)Thick Film 1C — Thick film ICs are integrated circuits made out of resistors,
transistors, crystal diodes, and semiconductor integrated circuits that are created on
insulating materials like ceramic sheetsor glass. It isutilized for switching TV or audio
system power supply circuits.
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b) Classification Based on Integration Scale/ Level

Integrated circuits can be classified as SSI, MSI, LSI, VLSI, ULSI and GSI based
on their density or the number of components they incorporate.

1) Small Scale Integration (SSI) — In SSI, the number of transistorsin a package is less
than 10. Examples: Logic gates (AND, OR, NOT, NAND, NOR).
2) Medium Scale Integration (M SI) —In MSI, the number of transistorsin a package is

more than 10 and less than 500. Examples: Flip flops, adders/counters, multiplexers
and demultiplexers.

3) Large Scale Integration (LSI) — In LSI, the number of transistors in onepackage is
more than 500 and less than 20000. Examples: Small memory chips and programmable
logic devices.

4) Very Large-Scale Integration (VLSI) — Im VLSI, the number of ‘transistors in a
package is more than 20000 and less than 100000. Examples: L arge memory chips and
complex programmable logic devices.

5) Ultra Large-Scale Integration (UL'SI) = In ULSI, the number of transistors in one
package is more than 100000 -and less than 1000000. Examples. 8 and 16-bit
MICroprocessors.

6) Giga Scale Integration (GSI) —In GSl, the number of transistors in a package is more
than 1000000. Examples: Pentium V' processor:

The different 1C types based on integration scale / level and its corresponding
number of logic gates and transistorsare tabulated in Table 6.1.

Table 6.1: Integration of IC Density

SS| Small Scale Integration 1-12 1-10
MSI | Medium Scale Integration 13-99 10-500
LSl Large Scale Integration 100-9999 500-20000

VLSl | Very Large-Scale Integration | 10,000-100,000 20000-1000000
ULSI | UltraLarge-Scale Integration | 100,000-1,000,000 | 1000000-10000000
GSl | Giga Scale Integration >1,000,000 >10000000




ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 227

c¢) Classification Based on application

Integrated circuits can be classified as analog IC and digital IC based on its
application.

1) Analog IC — In general, analog ICs are utilized for linear or amplification operations.
Operational amplifiers, linear regulators, oscillators, active filters, and phase-locked
loops are all designed using analog integrated circuits. When constructing
analog integrated circuits, the semiconductor properties of power dissipation, gain, and
resistance are of greater importance. Contiguous signals are handled by analog I Cs.

2) Digital IC — Binary values (0 and 1) are discrete signals that are handled by digital

integrated circuits. These circuits make use of flip flops, multiplexers, and digital logic
gates. These circuits are more cost-effective and simpler to construct.

6.1.3 Advantages of Integrated Circuits

Integrated circuits are used in recent technology. due to-its advantages. Some of
them are listed:

¢ |Cshave compact size and less weight compared to discrete circuits.

e Dueto itssmall size, 1C has low power.consumption-and lower threshold power
consumption.

e |C uses low-cost materials and 1Cs are fabricated as mass production. So, the
production cost is lower.

e It has higher reliability.

e It plays a crucial role.in.making it easier to connect a large number of devices
and components.

¢ Enhances device performance even in the high-frequency range.

6.1.4 Disadvantages of Integrated Circuits

Even though IC has many advantages, there are aso some disadvantages. They
are listed below:

e Thefabrication of IC islimited in its range.
¢ Inductors cannot be produced using |C dueto their large size.
e |Cscannot be used to make transformers.

6.1.5 Process Flow of IC

Silicon processing involves turning sand into very pure silicon, which is
subsequently formed inside the wafer. Integrated Circuit manufacturing involves stages
such as include, change and neglect of tiny layers in specific places for creation of
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electronic devices. The portions of the wafer surface that need to be processed are defined
using lithography. | C packaging involvestesting the wafer, cutting it into individual chips,
and encasing the chips in the proper packaging. The process of making IC is shown in
Fig. 6.3.

IC on Wafer Surface

Chip (die)
boood
oooooo

“‘Ill" 100000
SAND > . >
E— Packaged chip

000000 R—> >
Fig 6.3: Process of ICs

6.2 CMOS Fabrication

Complementary Metal Oxide Semiconductors, also known as CMOS; are made up
of both NMOS and PMOS transistors. The terms NMOS and PMOS refer to N-type and
P-type metal oxide semiconductors, respectively. Pentavalent impuritiesof the N-type and
trivalent impurities of the P-type variety are both types of doped impurities on
semiconductors. The transistors three terminals are labelled as Gate (G), Source (S), and
Drain (D). The D and S terminals are subjected to p-type/n-type doping.

Amplification devices, switching circuits, logic circuits, integrated circuit chips,
microprocessors, and other devicesare using CMOS transistors. Because of itslow power
dissipation and low operating currents, CMOSis significant in semiconductor technology.
Compared to the production of Field Effect Transistors and Bipolar Junction Transistors,
it needs fewer processing. There are three typesin CMOS fabrication. They are listed as
follows:

1. N-TubFabrication

2.  P-Tub Fabrication
3. .Twin-Tub Fabrication

In N-Tub fabrication, the substrate is of the p-type. In P-Tub fabrication, the
substrate is of the n-type.-In both N-Tub & P-Tub fabrication method, remaining steps
follows monoalithic I C fabrication technology. In Twin-Tub fabrication, a combination of
p-well and n-well processes created on the same substrate. In N-Tub fabrication, the
majority carriers for current flow are electrons. So, N-Tub fabrication method is mostly
used.

6.3 Fabrication Process of Monolithic IC

The construction of an industrial product is known as fabrication. It can also be
described as a group of procedures used in the production of electronic devices. Large
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electronic components can be created using the smaller components that were created
during the fabrication process. The Greek words "Monos' and "Lithos,” which mean
"single" and "stone," are where the word "monolithic" originates. Thus, the term
"monolithic integrated circuit” refers to asingle crystal or stone.

WAFER PREPARATION

*

OXIDATION
T
: Scan to k
DIFFUSION tO now
more

! -

ION IMPLANTATION "

hd

Fig 6.4: IC Fabrication Process

A single silicon chip serving as the single crystal is the semiconductor material on
top of which all the passive and active parts are developed. As shown in Fig. 6.4, the
process of making a monolithic integrated circuit (1C) consists of the following steps:

(1)  Wafer preparation
(if) +Oxidation (Deposition of an oxide layer or protective layer)
(iif)  Diffusion (Introduction of impurities (n-type or p-type))
(iv) lon Implantation (Implantation of ions onto the crystal's surface)
(v) Chemical Vapour Deposition (CVD to produce thin films)
(vi) Photolithography (the use of UV light to create a mask pattern)
(vii) Metallization (Deposition of the metal for interconnections)
(viii) Packaging
Let's consider each fabrication step in detail in the upcoming sections.
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6.3.1 Wafer Preparation

A wafer is made of semiconductors, particularly crystalline silicon. On a thin
semiconductor disc, large numbers of integrated circuits are produced a the same time.
The wafer preparation can be divided into three steps. They are,

e Production of electronic grade Silicon
e Crystal growing
e Shaping of silicon into wafers

6.3.1.1 Production of Electronic Grade Silicon

Pure silicon is also known as Metallurgical Grade Silicon (MGS). In MGS,
impurities are in the order of parts per million. But it is unsuitable for electronic device
fabrication. MGS is further purified and its impurities are made in-the‘order of parts per
billion. This highly purified MGS is called as Electronic Grade Silicon (EGS) or
semiconductor grade silicon (SGS), whichiis used for microelectronic device applications.

6.3.1.2 Crystal Growing

The electronic grade silicon is used as starting. material for crystal growth. The
most popular method for growing silicon crystals is Czochralski growth. The float-zone
procedure is another silicon technology -that produces less contamination than the
Czochralski method. Float-zone crystalsare typically utilized in high-power, high-voltage
devices that demand high resistivity materials.- The float-zone approach produces small
diameter wafers (<150 mm), whereas the Czochralski technique produces large diameter
wafers (>350 mm). To form the n-type or p-type material, more impurities are added to
the molten state in a precise quantity.

6.3.1.3 Shaping of Siliconinto Wafers

The silicon shaping produces perfect flat wafers as shown in Fig. 6.5. This process
involves three steps. They are,

e Ingot (boul€) preparation
e _Wafer.slicing
o . Wafer preparation

Substrate

Fig 6.5: Wafer



ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 231

The ingot resistivity is checked to confirm the dopant concentration. First, the
ingot (boule) ends are cut-off. To make the boule into perfect cylinder, the cylindrical
grinding method is used. By using this method, the entire ingot surface has uniform
diameter. After grinding, the ingot surface orientation is checked.

In the context of ingots used for semiconductor manufacturing, specifically for
silicon wafers, the terms "primary flat" and "secondary flat" refer to specific orientations
or markings on the ingot.

e Primary Flat - The primary flat is a flat surface or notch that is intentionally cut
or ground onto the ingot during its manufacturing process.

e Secondary Flat - Thisis employed to identify the wafer, the type of dopant, and
the orientation.

To prepare the wafer material for furtherproduction, it must be sliced, shaped and
polished. During handling, the rims of the wafer are rounded fine by contour grinding
wheelsto shorten chipping. The regions are created using the planar method. An operation
of polishing is carried out to produce highly smooth surfaces for subsequent processes of
photolithography. At last, the wafer is chemically stained.to abolish organic films and
residues.

6.3.2 Oxidation

Process of introducing oxygen in Siliconwafer is called as Oxidation. The silicon
wafer is protected against numerous contaminants by the deposition of silicon dioxide on
it. SIO2 is applicable to segregate device from each circuit. It can be applicable as a mask
to stop the dopants of diffusion orion implantation in Si wafer.

SiO: is one of the insulators, as inverse to Si. Silicon dioxide is created when
silicon and oxygen interact in a semiconductor. High temperatures, up to 1250°C, are used
for the oxidation process in furnaces.

()&v ‘(\VSiIicon dioxide

Fig 6.6: Oxidation

The oxidation procedure includes depositing a thin layer of SiO. on silicon wafer
surface as shown in Fig. 6.6. Si-wafers are exposed to a gas containing either O. or H>O
or both, whiles being heated to atemperature between 950°C and 1150°C.
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Si + 2H,0 — SiO» + 2H>»

Oxidation isolates one device from another while providing surface passivation.
Asthe oxide layer is grown at a high temperature, this oxidation process is often referred
to asthermal oxidation. Typically, thethickness rangesfrom 0.02to 2 um. Theillustration
of the diameter of SIO> is shown in Fig. 6.7. The oxidation can be classified into two
types. They are dry oxidation and wet oxidation.

0.44d i >10;
N

Fig 6.7: Diameter of SiO2

6.3.2.1 Dry Oxidation

The wafer is placed in apure oxygen gas (O.) atmosphere during the dry oxidation
process. Between the solid silicon atoms (Si) on the wafer's surface and the incoming
oxide gas, a chemical reaction occurs. In general, this'is accomplished at temperature
ranging from 1000°C to 1200°C. The procedure can be accomplished at a much lower
temperature, about 900°C to produce a very thin and stable oxide layer. Asaresult, it isa
relatively slow process. To get a desired thickness, it-can be precisely adjusted. The
chemical reaction at dry oxidation is,

Si + 02 —5i02

When compared to oxide films developed in a moist amosphere, the films
produced by this technique are of higher quality. As a result, they are in higher demand
when high-quality oxides are required. Dry oxidation is typically employed to make thin
filmslessthan 110 nmthick oras aphase in the formation of thicker films. When forming
thick oxides, widens the oxidation rate bottleneck. The second procedure is used to
improve the thick oxide's quality. In this, the following features of dry oxidation are
present:

1. Slow oxide formation
2. High density
3. High breakdown voltage

6.3.2.2 Wet Oxidation

Oxidation by water vapour is named as wet oxidation. The silicon wafer is
engrossed in water vapour (H20) atmosphere during the wet oxidation process. Between
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the water vapour molecules and the solid silicon atoms (Si), a chemical reaction occurs.
As a by-product of this oxidation process, hydrogen gas (H>) is produced. On the other
hand, 900°C to 1000°C temperature is used in this technique.

Si + 2H20 — Si0O2 + 2H>
The following are the properties of wet thermal oxidation:
1. Very rapid development
2. Lower grade than dry oxides

The wet oxidation procedure has substantially higher oxidation ratesthan the dry
oxidation process, by about 600 nm/h. Wet oxidation is utilised when thick oxides are
required due to its quick development rate. Example: masking, insulation and passivation
layers.

6.3.2.3 Temperature Effects on Oxide Thickness

In both wet and dry oxidation process, increasing the temperature of the oxidation
environment can greatly enhance the oxidation rate. Because oxidant - diffusivity increases
exponentially with temperature, oxidation rates should also increase. When thicker oxides
(30 nm) are formed, the diffusivity of oxidants becomes the rate-limiting step.

6.3.2.4 Impurities Effect on the Oxidation Rate

The oxidation rate is affected by various impurities such as,
1. HO

2. Na

3. 1l and V group elements

4. Halogens

The oxidation rate is also impacted by silicon damage. Any inadvertent moisture
accelerates up dry.oxidation because wet oxidation happens at a much faster rate than dry
oxygen. High sodium concentrations affect the rate of oxidation by altering the bond
structure of the oxide, which improves the oxygen molecule concentration and diffusion.

6.3.2.5 Oxidation Techniques

To grow oxide layer in | C fabrication, chemical deposition and physical deposition
techniques can be used. Various methods are available for oxide layer deposition
techniques. They are listed as follows,

1 Chemical deposition
1.1 Thermal oxidation



234 | Integrated Circuit Fabrication Process

1.2 CVD (Chemical Vapor Deposition)
1.3 Epitaxy
1.4 Electro position

2 Physical deposition
2.1 PVD (Physical Vapor Deposition)
2.2 Spin costing

6.3.2.6 Roles of Oxidation

Oxidation plays a major role in integrated circuit fabrication.. Some of the
important points are listed as below:

e |t actsasamask for dopants during the diffusion and ion implantation procedure.
It functions as a diffusion mask, allowing for selective.implantation into silicon
wafers. Thisis accomplished by etching a window into the oxide.

e Surface passivation is provided by the oxide layer. On the wafer surface, it
generates a SiO2 shield. It protects the joint from dampness.

e Deviceisolation is another aspect in oxidation. On'the wafer's surface, it produces
an insulating layer.

e AsaMOS structural component (gate oxides), the active gate electrode in MOS
devicesissilicon dioxide.

e Oxidation Provides electrical isolation in multi-level metallization systems.

e Oxidation provides high thermal. conductivity.

e Dueto oxidation, conductors have no leakage between them.

6.3.3 Diffusion

Diffusion is aprocess used to introduce specific impurities or dopantsinto desired
regions of a silicon wafer. The diffusion process typically involves two main steps: pre-
deposition and.drive-in-diffusion. In the pre-deposition stage, a vapour containing the
dopant is delivered-at a high concentration on the silicon surface, at a temperature of
around 1000°C.-Silicon atoms displace from their lattice positions at a temperature of
1000°C, ‘causing a high density of vacancies and rupturing the link between the
surrounding atoms. The drive-in technique, which isemployed in the second stage, is used
to push the contaminants farther below the surface without introducing new impurities.

The diffusion of contaminants in the silicon chip isa crucial step in the production
of integrated circuits as shown in Fig. 6.8. For this, a high-temperature furnace with a 20-
inch-long temperature profile is used. Wafers are put into a quartz furnace tube that has
resistance heaters all around it, to heat it up. A quartz boat holding around 20 cleaned
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wafers is lowered into the hot zone, where atemperature of roughly 1000°C to 1200°C is
maintained.
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Fig 6.8: Diffusion Process

Dopant addition or introduction of impurity atoms, altersthe resistivity of silicon,
in a semiconductor material. The dopants may be solid, liquid, or gaseous in nature.
Pentavalent impurities or n-type dopants, such as antimony; phosphorous pentoxide, and
arsine, are the preferred dopants. Gallium, indium, boron, and other p-type impurities are
trivalent dopants. B2Os (boron. oxide), BCL 3 (boron-chloride), and P-Os (phosphorous
oxide) and POCL 3 (phosphorous oxychloride) are examples of the impurities that spread.
In diffusion process phosphorous oxychloride - (POCL3) is used as a safe liquid
phosphorous source.

Next pollutants are transported to the hightemperature zone using a carrier gas,
such as N2 or O2. The temperature and diffusion time, affects the depth and width of
diffusion. The usual direction of an impurity's diffusion is both laterally and vertically.
Diffusion is the addition of impurity atoms from region of high concentration to low.

6.3.3.1 Diffusion Atomic M echanisms

Boron (B), phosphorus (P), and arsenic (As) impurity atoms used as dopants. It
occupies substitution locations, but dopant atoms might donate holes or free electrons to
the lattice of silicon. Similar to the process where surplus carriers are formed in a device
in anon-uniform manner, acarrier gradient is created when impurities diffuse into a solid.
In each case, diffusion results from random motion, with particles moving in the direction
of the gradient of decreasing concentration. Unless temperature is very high, the atoms
impurity of the random motion in a solid is reduced. Impurities can infiltrate into the
lattice by one of two physical methods. They are,

1. Diffusion of the substitutes
2. Diffusion in the interstitial zone
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6.3.3.2 Diffusion of the Substitutes

At high temperatures, a semiconductor loses more atoms from its lattice locations,
creating gaps that impurity atoms can fill as shown in Fig. 6.9 (a). This type of vacancy
causes the impurities to disperse and, after cooling, these impurities occupy lattice

positions in the crystal. It arises when the parent crystal's silicon atoms are replaced with
doping impurities.

0 0. 0 0 ®o> 0 0 0 0
0 OF 0 0 OO0 0 0 0 0
(a) (b) (©)

Fig 6.9: Types of Physical Methods: (a)Diffusion of the Substitutes, (b) Diffusion in the
Interstitial Zone, (c) Interstitial Movement

6.3.3.3 Diffusion in the Interstitial Zone

In this type of diffusion, there is no.chance for the silicon atom to replace the
impurity atom; instead, it diffuses into the lattice's interstitial spaces as shown in Fig. 6.9
(b). The most frequent pollutants that diffuse by:this method are gold, copper, and nickel.
In order to reduce carrier life timein silicon, which is erucial for boosting speed in digital
ICs, gold is specifically employed. To further understand interstitial diffusion, think of a
silicon unit cell with a diamond-lattice’and five interdtitial spaces. There is an adequate
gpace in each vacancy for an.impurity atom..An impurity atom in one of these voids can
move to a nearby vacancy. as shown in Fig. 6.9 (c). The rate a which impurities diffuse
into the semiconductor lattice isdetermined by the following factors:

Diffusion mechanism
Temperature

Physical properties of impurities

L attice environment properties

I mpurity concentration gradient
Geometry of parent semiconductor

6.3.4 lon Implantation

lon implantation is a method for introducing contaminants or for adding dopant
impuritiesinto asilicon wafer. It isdone by, interject dopants in surface of wafer portions
by blasting it using large energy dopant ions. The characteristics of the silicon wafer can
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be altered by the accelerated ions. The ion implantation setup is shown in Fig. 6.10. A
beam (arc) of highly energetic dopant ions is used to scan silicon wafers inside a vacuum
chamber (boron for the p-type and phosphorous for the n-type). The ions are then passed
through a strong magnetic field after being accelerated in an electric field to energy of
around 20kV to 250kV. The ions are applied with high energy and low temperature.
undesirable impurities may be generated during arc discharge. To mitigate the presence
of these impurities, a magnetic field can be employed to separate them from the desired
dopant ions. The separation is based on the principle that the deflection of a particle in a
magnetic field is influenced by its mass.

Mass separation _ yand x axis
electromagnet  ACCEIEration geflection plates
electrode T T -
T | i
S T —=.lon beam
r'y s
|
|
N1
! 1
|
11
v i "
¥ T High — Silicon wafer
15 | voltage
lon sourceq——HI ! ST ——> Target chamber
Vacuum «— Ll

Fig 6.10: lon Implantation

The ions are further accelerated by the magnetic field's action until their energy
reaches several hundred KV, at which point-they are focused on and strike the target. The
incident ion beam can be precisely measured as an electric current, making it possible to
precisely adjust the doping level. Controlling the incident ion velocity makes it simple to
control the depth of the dopant. It can only penetrate to a depth of a few inches. The ion
implantation processin wafer level'is depicted in Fig. 6.11.

Implantation
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Fig 6.11: Implantation Process
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The dopant is guaranteed to be extremely pure. It is possible to precisely manage
the doping homogeneity over the surface. The doping area may be precisely determined
since the ions penetrate the solid as a focused beam with very minimal beam spread. The
depth of the ions' penetration is determined by energy and accelerating field voltage. By
changing the amount of ion concentration, the number of dopants can be managed. As a
result of the controlled current, voltage, and energy, ion implantation is more accurate.
The procedureistypically applied when the device requires a precise number of impurity
atoms to function. The movement of contaminants is minimized because this is-an all-
low-temperature procedure. However, the extra energy may potentially harm the solid's
crystal structure.

6.3.4.1 Annealing

Due to high energy ions, the surface of-the silicon wafer gets damaged in ion
implantation process. In the surface region, thisleadsto the disarray of siliconatoms. The
annealing process is used to get back the slicon wafer region, into-a well-ordered
crystalline structure. In the annealing process; the wafer is heated upto.1000°C for 30
minutes duration. There are two types of annealing techniques available. They are laser
beam annealing and electron beam annealing. The wafer surface region is heated and re-
crystallized in both annealing techniques.

6.3.4.2 Advantages

lon implantation IS more expensive in terms-of equipment cost and throughput.
But it has the following advantages.

e |onimplanting takes place at low temperatures.

e During implantation, the beam current may be precisely measured, and a precise
amount of impurity can be introduced.

e Inmost cases, the penetration depth will be between 0.1 and 1.0 mm.

e Itisfeasibletohave extremely low dosage values while obtaining very big values
of sheet resistance due to exact control of doping concentration.

6.3.5 Chemical'Vapour Deposition (CVD)

One or more volatile precursors are introduced to a substrate, which reacts or
degrades on its surface to produce the required thin film deposit. High-quality, high-
performance solid materials are created via CVD, or chemical vapour deposition. In the
semiconductor sector, it creates thin films. The procedure, aso known as vacuum
deposition, is carried out at a pressure lower than that of the atmosphere. On the surface
of a substrate, the chemicals and vapours react to create solids. The CVD technique is
used to deposit the protective layers on the substrate, such as silicon dioxide, polysilicon,
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and silicon nitride. For instance, SiO: is created when oxygen on the wafer surface reacts
with silane gas.

Although the CVD technique falls short of thermally generated oxide in quality, it
is sufficient to serve as an insulator on the substrate. The faster deposition rate at alower
temperature is its key benefit. Very low pressures, atmospheric pressures, sub-atomic
pressures, and extremely high pressures can all be used for CVD. On a semiconductor
device, contacts or plugs are also made using tungsten CVD. Chemical vapour deposition
adds a variety of layers. Thermooxidation adds a SiO- layer to a silicon substrate.

Chemical Vapour Deposition (CVD) has grown in popularity and the primary
method of deposition for a variety of materials. Atmospheric-pressure Chemical-V apor
Deposition (APCVD), Low-pressure Chemical Vapor Deposition (LPCVYD), Plasma
enhanced Chemical Vapor Deposition (PECVD) are the most prevalent CVD
technologies. In APCVD, chemical vapour deposition (CVD) is done a atmospheric
pressure. In LPCVD, CVD is done at sub-atmospheric pressures. This reduction in
pressure reduces unnecessary gas phase reactions, thus increases film-uniformity across
the wafer. In PECVD, CVD is done by plasmato enhance the chemical reaction rates of
the precursors. The deposition of plasma polymers is used for nano-particle surface
functionalization, at lower temperature. The advantages of CVD are listed as follows:

e Low-pressure deposition methods

e Step coveragein uniform

e Accurate compasition

e  Structure control

e Processin low-temperature

e High deposition rates

e Processing cost isvery law

The properties and applications of the three CVD techniques (APCVD, LPCVD

and PECVD) are compared in Table 6.2. Furthermore, LPCVD does not require any
carrier gases, which reduces particle pollution. The most significant disadvantage of

LPCVD and APCVD istheir high working temperatures, and PECVD is an effective way
to address this issue.

CVD._isthe breakdown of gaseous compounds into stable solids using heat, UV,
RF, plasma, or a combination of sources. Chemical vapor deposition is also known as
Vapor Phase Epitaxy (VPE). Gaseous chemical processes are used to create an epitaxy
layer on a heated surface. The change in free energy that occurs as aresult of a chemical
reaction is a plausible force of nature deposition.
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Various chemistries including hydride, halide, and organometallic can be used in
this VPE method. The silicon semiconductor industry is familiar with the halide and
hydride systems, as epitaxial layers are commonly deposited via hydrogen reduction of
chlorosilanes or pyrolytic decomposition of silane. The flow diagram of the processing
steps of VPE growth method is shown in Fig. 6.12.

Table 6.2: Comparison between APCVD, LPCVD and PECVD Techniques

1

Reaction Type | Heterogeneous | Heterogeneous Heterogeneous
2 | Limiting Factor | Mass Transport | Surface Reaction | Surface Reaction
Rate Rate Rate
Energy Thermal Thermal RF Reaction Rate
Temperature 550°C — 800°C | 550°C —800°C 200°C - 450°C
Range
Pressure Range | 100 - 760 Torr 0.25-1.0Torr 0.25-1.0Torr
Chamber Walls | Hot / Cold Hot / Cold Cold
Step Coverage | Conformal Conformal Non-conformal to
near-conformal
8 Range of Limited Limited Large
Materials
9 | Fim Purity Lower Excellent Lower
10 | Deposition Rate | Higher Lower Higher

Carrier gas + unreached

Carrier gas + reactants reactants + products

P
Ll

A 4

»
A =
Transfer of | products

to main |flow

Transfer of | products
to main |flow

/'Desorption of
products

Surface diffusion and
reactions

Absorption of

reactants [

Fig 6.12: VPE Growth Method
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In Fig. 6.12, the reactants are first introduced in VPE growth method, and
transferred into the substrate region. Then the absorption of reactants takes place on the
substrate surface. On the substrate surface, surface reactions such as surface diffusion, site
accommodation, chemical reactions, and layer deposition occur. On the surface of the
substrate, desorption of residual reactants and by-products takes place. At last, from the
substrate surface transfer and removal of residual reactants and by-products done.

6.3.6 Sputtering

Sputter is one of the Physical Vapour Deposition (PVD) method, which is used
for thin film deposition. This is done by the phenomenon called sputtering. Sputtering is
a highly controlled process that can be used to deposit films of metals; insulators,
semiconductors, and alloys in microelectronic production. It has better step coverage than
evaporation, causes significantly less radiation«damage than electron beam evaporation,
and produces layers of composite materials and alloys far better.

Sputtering is the process of surface atoms being ejected.off an electrode surface
by transferring momentum from bombardment ions to-the electrode surface atoms. The
simple sputtering system setup is shown in Fig. 6.13. The electrode material is placed on
the substrate. The chamber is usually supplied with an-inert' gas. The chamber's gas
pressure is maintained at around 0.1 torr. Sputtering can be used to deposit a wide range
of materials because of its physical. nature. Simple DC sputtering is commonly preferred
for elemental metals due to its high sputter rates: RF plasma must be utilised for installing
insulating materials like SiOx.
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Fig 6.13: Simple Sputtering System
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6.3.7 Photolithography

The method of defining patterns by smearing athin, even coating of viscous liquid
(photo-resist) onto the surface of the wafer is called Lithography. Baking hardens the
photo-resist, which is then removed with precision by shining light through a reticle that
contains the mask data. Lithographic Technologies are employed in the processing of
semiconductors such as ion lithography, x-ray lithography,
photolithography, and electron lithography. Photolithography is a
method for creating microscopic-scale patterns for devices and
circuits on silicon wafers. Device dimensions or line widths as small
as 25 nm can be obtained using the photolithographic technique,

which exposes objects to UV radiation. Two processes are involved ! atto
in photolithography. They are, W more
e Making a mask for photolithography L -

e Photo etching

6.3.7.1 Photolithography M ask

An area-specific thin layer of an opague material hasbeen deposited on aflat piece
of transparent glassto create the desired pattern. Tools are utilised to create the pattern for
the mask, which is made using lithography.

6.3.7.2 Photo Resist

A photo resist is a radiation-sensitive chemical that, when exposed to radiation,
generates a polymer coating. When exposed to UV rays, it significantly rises or
diminishes. The wafer is thoroughly.cleaned to encourage resistance towards wetting and
adherence. To eliminate .solvents, encourage 1020 minutes at 90°C (190°F) in
temperature. Theresist isvisiblethrough the pattern mask is aligned with the wafer. Photo
resistsare classified asnegative or positive depending on the solubility changesthat occur.
In negative photo resists, solidified materials are less soluble in developer solutions. So
negative masks-are created by brightness and have a negative pattern. In the case of
positive photo resists, brightness makes the exposed region more soluble, allowing it to
be removed more easily during the developing process. As aresult, the patterns created in
the positive resist on the wafer are identical to those on the mask, and the patterns etched
are the opposite of mask. The change in solubility is caused by a series of chemical
processes that take place as the substance dissolves.

6.3.7.3 Etching

Any remaining layer of resist on surface is stripped using either liquid chemicals
or plasma etching. Etching is the process of removing atarget material using an agqueous
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solution, typically an acid. The etchant is chosen to chemically attack the specific material
to be removed rather than the protective layer. The overall photo etching steps are shown

inFig. 6.14. They are,

(i) First, photo resist film of thickness 5000 — 10000 A is applied on the silicon wafer.

(if) The negative photo mask is created on photo resist film to create the required
pattern and UV rays are applied. Under the mask transparent, region photo resist
becomes polymerized.

(iif) Now the mask isremoved using chemicals, wafer isdeveloped. It givesthe pattern
asin Fig. 6.14 (c), by dissolving on the photo resist unpolymerized regions.

(iv) The areas not protected by photo resist are removed by etching solution of
hydrofluoric acid. SIO> region is removed in particular portion by using
photolithography which is shown in Fig. 6.14(d).

After contaminants have diffused, the photo resist is removed using-a combination
of hot sulfuric acid and mechanical abrasion: Wet and. dry etchings are the two types of
chemical etchings. In wet etching, the immersed material.is dissolved in a chemical
solution. In dry etching, using reactive ions or vapour phase etchant, the material is

dissolved or sputtered.
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Fig 6.14: Photo Etching Steps

During wet etching, the wafers are immersed in a chemical solution at a particular
temperature. All directions of the material to be etched are equally eliminated throughout
this procedure, which causes some material to be etched from areas where it is intended

to be left.
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The wet etching method is the oldest etching method. It removes the thin film that
isn't protected by photo resist by using a chemical interaction between the thin film and
solvent. There are two types of wet etching. They are,

e Anisotropic etching
e |sotropic etching

Slow etching Crystal
plane

4 Etch
Mask

— Ny

(@) (b)
Fig 6.15: Wet Etching: (a) Anisotropic Etch; (b) Isetropic Etch

Anisotropic etching is direction-dependent, whereasiit eliminates material along a
certain direction is shown in Fig 6.15 (@). The etching rate in isotropic etching is constant
in all directions, so a material's attributes are unaffected by.the direction as shown in Fig.
6.15 (b). Silicon dioxide; single-crystal silicon, silicon.nitride, and metal are all widely
etched using the wet etching method. When compared to the dry etching method, the wet
etching process has a higher throughput and is normally isotropic, though it can also be
anisotropic. Asaresult, it isunsuitable for establishing line features in contemporary deep
submicron techniques. As shown in Fig. 6.16, two steps areinvolved in wet etching. They
are,

1. Reactant mevement towards the responding surface (Ex: diffusion)

2. Surface and surface-level chemical reactions

f Liquid etchants

Diffusion awa:

Diffusion towards from surface
surface
Adsorption by Desorption of
surface products

Surface Diffusion Reaction

(Materials to be etched)

Fig 6.16: Process of Wet Etching
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6.3.7.5 Dry Etching

Wafers are submerged in gaseous plasma generated by RF electric field being
applied to a gas. Ex: argon, during dry (or plasma) etching. The electrodes absorb the
field's kinetic energy collide with the gas molecules, and transmit energy to them,
producing ions and electrons as a result. Avalanche process spreads the entire gas, the
newly created electrons clash with other gas molecules to form plasma. On an electrode,
awafer that needs to be etched is placed before being exposed to gas ions being fired at
its surface. lons are used to remove atoms from the surface of a material. The momentum
transfer fromtheionsto the atoms at the etching surface playsacrucial roleinthisremoval
process. The ionized gas is produced by placing the right gas mixture within.a vacuum
chamber.

Since the feature size reached 3 nm in the'late 1980s, the dry etching (also known
as plasma etching) technique has steadily supplanted. the wet etching process for all
patterned etching operations. The dry etching procedure has become the primary etch
approach in semiconductor fabrication because of its good anisotropic profile and ability
to generate highly reactive chemical species. It can remove.the material solely through
chemical reactions with chemically reactive gases or plasma, purely physical processes
like sputtering and ion beam induced etching, or-a.combination-of chemical reaction and
physical bombardment. A parallel-plate reactive ion etching system is shown in Fig. 6.17.
Dry etching is atypical method for etching dielectric, single-crystal silicon, poly silicon,
and metal, as well as stripping photo resist:

RF signal

Wafers Insulator

Upper electrode

—Lower electrode
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Fig 6.17: Parallel-Plate Reactive lon Etching System
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6.3.7.6 Sputter Etching Process

lons are used in another plasma etching procedure called the sputter etching
process. lons driven by a high electric field, assault the atoms on the wafer surface in this
etching process, physically dislodging them. More physical etching components, such as
sputtered surface materials, come from this bombardment. The substance evaporateswhen
the high-energy particles knock away the atoms from the substrate surface. Because of no
chemical reaction, only the item that has been unmasked will be removed.

It has weak selectivity but a high direction, i.e., an anisotropic profile, because it
is primarily a physical reaction. Sputtering-etching system, that uses noble gas.ionswith
relatively high energies (>500 eV). Argon ions are accelerated by the supplied electric
field and bombard the target surface. Atoms near the surface are sputtered off surface due
to momentum transfer. From 0.01 to 0.1 torr is a.common working pressure for sputter
etching.

6.3.7.7 Optical Lithography

Photolithography is also known asoptical lithography, ifit useslight to createthin
films. On the substrate, such as silicon wafers, it-is utilised to. shape thin sheets.
Throughout subsequent production procedures, it shieldsparticular locations (deposition,
ionimplantation, etc.). UV light, X-rays, and severe UV that radiate at various frequencies
are the types of light utilized to introduce mask-patterns on the silicon wafer as shown in
Fig. 6.18. Ultra-violet light is the most common form of light used to create films. Photo
resists, asubstance that islight-sensitive but becomesrigid when exposed to UV radiation.
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Fig 6.18: UV Light Impinging on the Substrate

A photo resist isfirst applied to the silicon wafer or substrate. The silicon wafer is
covered with a photolithographically applied mask pattern on the photo resist layer. The
wafer's exposed regions soften and become removable. On the wafer, it makes a pattern.
The size of the features imprinted on the photo resist depends on the wavelength of each
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type of light. Because the exposed region is patterned with the aid of light,
photolithography and photography share some similarities.

Through the lens, the incident light may be direct or projected. A mask is used to
expose the wafer to UV light. It transfers the geometric pattern from the mask to the photo
resist-coated wafer's surface. The photo resist either breaks or hardens when the UV light
strikes the exposed area on the substrate. Using the particular solvent, the coating's
softened areas are further removed. Microprocessors and solid-state devices are freguently
made via optical lithography. It has three types. They are,

0] Printing contact

(i) Proximity printing

(iif)  Projection printing
(i) Printing Contact

Printing contact is the most commonly used method. It isdone by pushing the
mask against the resist coating during exposure as shownin Fig..6.19 (a). Using this, high
resolution of the pattern, onto the wafer surface is produced. However, the mask
eventually degrades when it comesinto contact with the wafers. So, this method gives low

yield.
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Fig 6.19: Optical Lithography Types: (a) Printing Contact, (b) Proximity Printing, (c) Printing for
Projection

(it) Proximity Printing

In proximity printing, there is no contact between mask and wafer as shown in
Fig. 6.19 (b). A distance of 10 to 25 um separates the mask from the resist coating
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eliminating the need to wear amask. But it leads to higher yield and lower resolution due
to diffraction.
(iii) Projection Printing

In modern optical lithography, Projection Printing is mostly used. The image
through the mask is projected onto the wafer by an improved quality lens system as shown

in Fig. 6.19 (c). It is a preferred method because there is no contact (requiring no mask
wear) and it produces good resolution.

6.3.8 Metallization

Metallization is a procedure that connects components together. After al of the
semiconductor fabrication stages for adevice or an integrated circuit have beenfinished,
metallic connectors for the integrated circuit, as well as external connections to both the
deviceand the I C, arerequired. The process of applying a metal layer to:a metallic or non-
metallic surface isknown as "metallization”. Silver, zine, or aluminium.can be used asthe
coaing in metallization process. Aluminium is the metal, mostly -.used in CMOS
production to protect the surface from environmental elements like water, air, and dust.

Deposition
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Metal film

Substrate Substrate

Fig 6.20: Metallization Film

Many components that make up an integrated circuit are also connected using
metallization. The parts can be relays, transistors, capacitors, resistors and more. A
chamber is used.in the -metallization process to apply the meta layer. In general, the
substrate’ s whole surface is coated by the aluminium after it is placed inside the chamber
by the vapour evaporation method. After this, the metal layer (metal film) is placed onthe
silicon wafer's surface as shown in Fig. 6.20.

Depending on the needs, the metal layer's thickness can change. Metallization
creates the necessary extremely precise patterns of conductive material on wafer surface
using photolithography. The unnecessary area for connection is then etched by using
etchants, as shown in Fig. 6.21.
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Fig 6.21: Metallization Etch

6.3.9 Packaging

The final step in the manufacture of an | C is packaging. An element of a deviceis
an IC. The ICs are put together with other components during packaging. A device is
created by combining the IC's external connections. The packaging of aproduct serves as
alink between its manufacture and final application. It prepares a product for its intended
usage. To protect it from air dust, the box-is eventually sealed with epoxy or plastic. An
automatic probing station is used to conduct the tests. Microwave and radio-frequency
testing are both available on this efficient testing device. The effective circuits are sent for
headers or packaging. Dependability.is the major design issue in | C packaging.

There are different IC packages and. many classification schemes available.
Depends on their mounting style, |C packaging can be categorized into two types. They
are,

e Through-hole Technology

e Surface Mount Technology (SMT)

In a Through-hole package; for connecting the components, through-hole
technology drills holes through the Printed Circuit Board (PCB). Leads on the component
are mechanically-and electrically connected to the PCB by being soldered to pads on the
PCB. There aredifferent types available in through-hole | C package as shown in Fig. 6.22.
They are,

e Single In-line Pin Packages (SIP or SIPP)
e Dual In-line Packages (DIP)

e Zig-Zag in-Line Packages (ZIP)
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(@) (b) (€)
Fig 6.22: Through-hole Package: (a) SIP, (b) DIP, (c) ZIP

The direct mounting or placement of the electronic components on the printed
circuit board's surface is known as the surface mount packaging technique. There are
different types of surface mount packaging available as shown in Fig. 6.23. They.are,

e Small Outline Integrated Circuit (SOIC)

e Small Outline Package (SOP)

e Quad Flat Pack (QFP)

e Plastic Leaded Chip Carrier (PLCC)
e Ball Grid Array (BGA)

Q,

(b) (©)

(d) (e)
Fig 6.23: Surface Mount package: (a) SOIC, (b) SOP, (c) QFP, (d) PLCC, (e) BGA

For 1C packaging, plastics or ceramics are the materials that often get used, due to

its better electrical conductivity. Dual In-line plastic Package is the most commonly used
| C packaging technology.
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6.4 Twin Tub Method

The twin tub method is one type of CMOS fabrication process. In CMOS
fabrication, implantation of two distinct tubs with lightly doped silicon is known as the
twin tub process. The twin-tub, as its name suggests, is a combination of p-well and n-
well processes created on the same substrate. It is also called as Duel-well process.

The CMOS inverter by twin tub fabrication process is shown in Fig. 6.24. This
creates an n-type substrate with high resistivity that contains both n-well and p-well
regions. Thisdistinct transistor and its configuration aid in the optimisation of the n-type
and p-type devices, as well as other factors like body effect and thresholdvoltage. The
wafer is made up by two layers. The main substrate layer is an n-type layer, while the top
layer is epitaxial.

i polysilicon
oxide v
v ' V.
DD\ V:ILIt / =
I ' Y
n-diffusion p-diffusion
n-well p-well
epitaxial layer
¥, A
&Ubstrﬁé )
£ As ’\6:7

Fig 6.24: Fabrication of an-Inverter Utilizing Twin Tubs

There are various processes in the twin-tub method used in CMOS fabrication. They are,
A. Lightly doped n" or p" substrate with a "epitaxial" or "epi" layer to protect the
"latch up" is the starting material.
B. Epitaxy:
1. Create controlled-thickness layers of high-purity silicon
2. -Grown silicon, needs to have accurately calculated dopant concentrations
3. The dopant and its concentration in silicon determine the electrical
Characteristics
C. Thefollowing procedures need to be done.
1. Tubformation
2. Thin-Oxide construction
3. Source and drain implantations
4. Contact cut formation
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5. Metallization

CMOS fabrication utilising the twin tub process method by following the above
procedures. The key benefit of this method is the ability to individually optimise the
transconductance, body effect parameter, and threshold voltage.

6.5 Example for CMOS IC Fabrication Steps

The circuit diagram of the CMOS inverter is shown in Fig. 6.25. In this, the gate
terminals of both PMOS and NMOS is connected. The drain terminals of both PMOS and
NMOS are connected together.

V::I::I

P-4ype FET

Scan to
1. know more

N-type FET ﬂl

Fig 6.25: Schematic of CMOS Inverter Circuit

The overall step by step procedure for fabrication of CMOS Inverter using N-Tub
fabrication is explained as follows:

L Create a blank . wafer “of ~p-type
substrate as a base for fabrication.

p Substrate

2. Oxidation: SiO> oxide layer is
created by wusing an oxidation
process. SO, production at 900°C—
1200°C with H20 or Oz on top of Si
wafer at the oxidation furnace. p Substrate

Silicon dioxide (Si0,)
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Growing of photoresist: To alow
selective etching in
photolithography process,
photoresist which isalight-sensitive
organic polymer is covered over the
SiO.. It softens when exposed to
light.

Photoresist

Silicon dioxide

p Substrate

Masking: Create a mask to form N-
well in p-substrate and expose UV
rays. The photoresist under the mask
gets polymerized.

UV Rays

biddbdvbbaat il
o

p Substrate

Unexposed photoresist removal:
Now the mask is removed and then
the unexposed photoresist. <is
dissolved.

N
resist

5\ Pho
N Silicon dioxide

p Substrate

Etching: By using Hydrofluoric acid
(HF).etching solution, SiOz layer is
removed. in-the selected area where
dopants are to be diffused. Only
oxide exposed to HF assaults when
used to etchit.

Photoresist

Silicon dioxide

p Substrate
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7.

Photoresist layer removal:
Photoresist  Strip, remove any
leftover photoresist. Usethe piranha
etch acid mixture. This is done to
prevent the photoresist from melting
in the upcoming phase.

Silicon dioxide

p Substrate

N-well formation: To get n-well, n-
type impurities are diffused into the
p-type substrate. For that, either ion
implantation (or) diffusion process
can be used.

Silicon dioxide 2

SiO2 removal: Strip the SIO> oxide
layer using Hydrofluoric acid (HF).
After this, NMOS can be formed
over p-substrate and PMOS can be
formed over n-well.

p Substrate

10.

Polysilicon deposition: By using
chemical vapour deposition (CVD),
6-7 aomic layers of polysilicon
which have a very thin layer.of gate
oxide (SiOz) is deposited over
substrate. The self-aligned- gate
process is preferred to prevent the
misalignment _ of© the CMOS
transistor gate. 'This. avoids the
unwanted capacitance. This is done
by formation of gate regions before
forming "source and drain region
using-ion-implantation.

Thingate <+

oxide

3
(’,\) Polysilicon

>
‘a

p Substrate
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11.

Gate region formation: Two regions
arerequired for the formation of gate
such a PMOS and NMOS
transistors. So, the remaining
portion of polysilicon is stripped off
by using the lithography method.

Polysilicon

Polysilicon

p Substrate

12.

Oxidation process: An oxide layer is
deposited over the entire region. It
acts as a shield for further diffusion
and metallization processes.

13.

Masking and Diffusion: By using
the lithography masking process,
small gaps are made for n+
diffusion. Since polysilicon doesn't
melt during ‘later processing, it is
preferable to metal for self-aligned
gates.

p Substrate

14.

N* diffusion:.-Using- the diffusion
process, threen’ regions are created.
Now the NMOStransistor isformed.

p Substrate
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15.

Oxide removal: Strip off oxide to
finish the patterning stage for n*
diffusion.

16.

P* diffusion: Follow the steps 12, 13,
14 and 15 and do oxidation, masking
and diffusion process. P" impurities
are diffused in three regions. Now
the PMOS transistor is formed.

17.

Thick field oxide formation: Before
attaching the components, cover the
chip with athick layer of field oxide
and etch the oxide where contact
cuts are necessary. Thisthick oxide
layer acts as aprotective layer where
terminals are not required.

18.

Metallization: To create
interconnections, sputtering
aluminium over the entire ‘wafer
during .metallization - process.
Remove superfluous metal using the
pattern; leaving the wires.

p Substrate
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UNIT SUMMARY

IC is a collection of electronic devices, fabricated on a small chip of semiconductor
material.

|Cs are small size, low cost and have lower power consumption.

Silicon (Si) and Germanium (Ge) can be used for 1C fabrication. But Silicon is most
preferable due to its easy availability and advantages.

Moore's law states that the number of transistors per chip grows exponentially or
doubles in every 18 months.

| Cs can be classified based on fabrication method / technique, integration scale/ level
and application.

Monolithic IC fabrication consists of different steps.

Wafer preparation: Selecting and preparing the Si wafer for 1C fabrication.

Oxidation: Silicon dioxide is created during the oxidation process by the conversion
of silicon layers on top of the wafer to oxygen (dry oxidation) or H>O (wet oxidation)
molecules.

Diffusion: Addition of impurity from high concentration to low concentration region.

lon implantation: The most. common method  for adding dopant impurities to
semiconductors. Through the use of an electrical field, the ionised particles are
accelerated and directed at the semiconductor wafer.

Deposition: On the wafer, films made of different materials are applied. Physical
vapour deposition (PV.D) and chemical vapour deposition are the two main types of
methods used for this (CVD).

Lithography: The method of defining patterns by smearing a thin, even coating of
viscous liquid (photo-resist) onto the surface of the wafer. Baking hardens the photo-
resist, whichis then removed with precision by shining light through a reticle that
contains the mask data.

Etching: Selectively cleaning the wafer's surface of undesirable material. Etching
agents are'used to impart the photo-resist pattern on the wafer.

Chemical Polishing: A method of planarization that involves covering the wafer
surface with a chemical slurry including etchant chemicals.

Metallization: By using metal, connecting the components together is called as
metallization. Here metal layer is formed on the top of the wafer.
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e Packaging: ICs are put together with other components during packaging.

EXERCISES

Multiple Choice Questions
6.1 Advantage of integrated circuit is

a) Highreliability
b) Low reliability
c) High power

d) High cost

6.2 Silicon processing involves turning into very puresilicon

a) lron
b) Sand
c) Sted
d) Wood

6.3A wafer is athin crystal'semiconductor used for |1C fabrication

a Al
b) As
c Si
d Ge

6.4 The process of introducing oxygen is called

a) Deposition
b) Lithography
¢) Diffusion
d) Oxidation

6.5 is the addition of impurity atoms from a high concentration region to a
low concentration region

a) Diffusion
b) Lithography
c) Deposition
d) Oxidation
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6.6 lons are accelerated from the element to the solid target during the

a) Diffusion
b) lonimplantation
c) Deposition
d) Oxidation

6.7 The technique is used to deposit the protective layers on the substrate,
such as silicon dioxide, polysilicon, and silicon nitride

a OvVvD
b) 1VD
¢ CvD
d PVD

6.8 The method of defining patterns by smearing a thin, even coating .of viscous liquid
(photo-resist) onto the surface of the wafer is called

a) Deposition
b) Oxidation
¢) Diffusion
d) Lithography

6.9 A is a radiation-sensitive chemical that, when exposed to radiation,
generates a polymer coating

a) Photoresist
b) CvD

¢) Diffusion
d) Lithography

6.10 IS the process of removing specific areas of a silicon dioxide, metal, or
semiconductor

a) Photoresist
b) Etching
¢) Diffusion
d CvD

6.11 The process of applying a metal layer to ametallic or non-metallic surface is known
as
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a)
b)
0)
d)

CVvD
Etching
Metallization
Oxidation

6.12 Photolithography process includes

a)
b)
0)
d)

6.13 A

Oxidation
Photo etching
Photographic
Bothb& ¢

wafer isathin crystal semiconductor used for 1C fabrication

Lower than final chip dimension
Higher than final chip dimension

Botha& b
None

6.14 Which etching process is adoptable type for making photoresist?

a)

Plasma etching

b) Wet etching

0)
d)

Botha& b
None

6.15 Which IC type is most commonly used?

a)
b)

Hybrid
Monolithic

c) Thinfilm
d) Thick film

6.16 Monolithic I Cincludes

a)

Passive

b) Active

0)
d)

6.17 Oxidation is mainly used for

a)

Botha& b
None

components

Doping
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b) Isolation
C) Interconnection
d) None

6.18 The performance of monolithic IC depends on

a) Packaging

b) Substrate

C) Interconnection
d) Not substrate

6.19 We can use Metallization for

a) Packaging

b) Protection

C) Interconnection
d) None

6.20 We can use Optical masking for

a) Cleaning

b) Protection

c) Transfer of Pettern
d) None

:stbﬁa‘f Mqﬁle @’ce Questions

6.1 (a), 6.2 (b), 6.3 (C), 6.4 (), 6.5 (b), 6,6 (C), 67(a) 6.8 (b), 6.9 (), 6.10 (), 6.11 (b), 6.12 (d),
6.13 (b), 6.14 (a), 6.15 (b), 6:16 (), 6.17 (b); .18 (b), 6.19 (C), 6.20 (C).

Short and Long-Answer Type Questions
Category |

6.1  Listoutthe step of IC fabrication process.

6.2  Describe Moore's law and how it explores semiconductor growth.
6.3  Describe about wafers.

6.4  Demonstrate different classifications of IC.

6.5  Give short noteson IC classification based on integration level.
6.6  Enumerate about wafer preparation process.

6.7 Define oxidation.



262 | Integrated Circuit Fabrication Process

6.8  List out thetype of oxidation process.

6.9  Differentiate dry oxidation and wet oxidation.

6.10 Examine the effect of the oxide thickness on oxidation.

6.11 List out the various oxidation technique.

6.12 Explain diffusion.

6.13 List out thetype of printing mechanism.

6.14 Define lon Implantation.

6.15 Enumerate about sputtering.

6.16 Differentiate analog and digital I1Cs.

6.17 Mention the advantages of the CVD method.

6.18 Give short notes on photolithography.

6.19 Explain the features of photoresist.

6.20 Point out the importance of metallization in IC fabrication.
6.21 List out the various types of |C packaging.

6.22 Summarize the different types of CMOS fabrication.
Category Il

6.1  Explain the process of oxidation.

6.2  Enumerate diffusion process and describe the diffusion atomic mechanisms.
6.3  Elucidatethe process of CVD.

6.4  Discussin brief about photolithography.

6.5  Give an overview of twin-tub process:.

6.6 Illustrate the process of | C fabrication with suitable diagram.
6.7  Enumerate in detail about the CMOS inverter fabrication.
6.8  With neat sketch, elaborateion implantation method in 1C fabrication.
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KNOW MORE

History

The first integrated circuit was invented by Jack Kilby in 1958. Making tiny
ceramic substrates, sometimes known as micromodules, each containing a single
miniature component, was an early concept for the integrated circuit. Then, components
might be wired and combined into a compact bidimensional or tridimensional grid. Jack
Kilby presented the US Army with this proposal, which at the time seemed quite
promising, and it eventually resulted in the short-lived Micromodule Program. However,
as the project gained momentum, Kilby developed a brand-new, ground breaking design:
the I1C. Kilby's IC was challenging to mass-produce since it featured external wire
connections. The first monolithic integrated circuit was created in 1959 by Robert Noyce.
Silicon was used to create the chip. In Noyce's monolithic I1C, all the parts were housed
on a single silicon chip and were connected by copper lines. Kilby's chip‘was built of
germanium, while Noyce's design used-silicon. Between 1961 and .1965, the Apollo
Program at NASA was the single-largest purchaser of integrated circuits. Jack Kilby was
awarded with the Nobel Prize in Physics on December 10, .2000.

Jack Kilby Robert Noyce

Real Time‘Application of IC

|Cs are used in different forms. The real time application of 1C includes:
e Speakers, microphones, and headphones

e Tablets and smartphones
e Wearables such as smartwatches
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o Smart speakers like the Google Home or Amazon Echo
e Digital cameras, both still and moving

e Gaming systems and controllers

e Automobile infotainment systems

e LED lightsor wall outlets for smart homes

Interesting Facts about IC

The generation of technology and its switching device details and characteristics
are tabulated in Table 6.3. For every generation the size and price of the semiconductor
device decreased and its corresponding speed is increased. So, the recent 1Cs used in nano
Bio-chipsand Al have high speed, lower delay and{ower power consumption.

Table 6.3: IC Generation and its Characteristics

1¢ 1946-1954 | Vacuum Tubes
2nd 1955-1964 | Transistors
d i Integrated _
3 1964-1977 71 Gireuits QU; = )
" VLS or S @ 8
4 1978-1982 ; g &
Microprocessor 2. 8
3 Q@ S
5t 1982-present | ULS] “
6t Present- Nano Bio-
future chips, Al

The generation of. storage device and its corresponding OS & programming
languagesused are tabulated in Table 6.4.

Table 6.4: IC Generation of Storage Device

13 Magnetic drum Batch OS '(\él)ﬁ?s)hl ne  Lang.




ANALOG ELECTRONIC DEVICES: THEORY AND PRACTICALS | 265

2nd Magnetic core Multi Batch OS Assembly Lang.

d . . . FORTRAN,
3 Magnetic core Real Time-sharing OS COBOL
4ih Semiconductor memory, | Time sharing OS, MS | FORTRON 77,

Winchestor disk DOS, UNIX PASCAL, ADA

m _ Windows,LINUX GUI- |High level language,
> Optical disk LINUX, Android C, C++, JAVA

th . High level
6 Flash memory Windows 10, cloud OS | |angyage, Python

Logic Gates IC and its Semiconductor Manufacture Companies

A logic gate is a component of electronic equipment that executes logical
processes. Electronic devices use seven different types of logic gates. They are NOT, OR,
AND, NAND, NOR, EX-OR, and EX-NOR gates. There are basic gates, universal gates,
and exclusive gates among the seven different typesof gates. These come under the 7400
series integrated circuits.

e Basic Gates: Digital electronics uses three different types of basic gates. They are
NOT, OR, and AND gates.

e Universal Gates: Digital electronics uses two types of universal gates. They are
NAND and NOR gates.

e Exclusive Gates: Digital electronics uses two types of exclusive gates. They are
EX-OR and EX-NOR gates.

The 7400 series has many logic gates integrated circuits (ICs). Table 6.5 shows
the logic gate |C number with'its corresponding logic gate name.

Table 6.5: 7400 Series Logic Gates IC

[ SNo_[ ICNumber | Logic Gate Name |
1 7400 | NAND
2 7402 | NOR
3 7404 | NOT
4 7408 | AND
5 7432 | OR
6 7486 | EX-OR
7 74266 | EX-NOR
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There is a two-part seriadl number on every IC chip. The manufacturer's
information is indicated in the serial number's first segment. The technical details of the
IC are listed in the second portion of the serial number. Similar 1C chips with the same
technical specifications are produced by many |C manufacturers. First, two or three-letter
prefixes identify the device's manufacturer. Some examples of 7400 |C manufacturersand
their corresponding I1C prefix terms are tabulated in Table 6.6.

Table 6.6: 7400 Series IC Manufacturer and its Corresponding IC Prefix Term

1 SN Texas Instruments for commercial processing
2 SNV Texas I nstruments for military processing

3 MC Motorola

4 M ST Electronics

5 DM National Semiconductor

6 MM (or) DM | Fairchild-Semiconductor

7 uT Cobham PLC

8 SG Sylvania

Next, two digits represent the temperature range. Some of the examples are listed
as follows:
e 54 -indicatesthe military temperature range
e 64 - indicatestheindustrial temperature range
e 74 - indicatesthe commercial temperature range

Next, zero to four letters indicate the logic subfamily. Some of the examples are
listed as follows:
Zero letters - indicate the basic bipolar TTL
C —indicates CMOS
H — indicates high speed
L —indicates low power
S —indicates Schottky
LS —indicates low. power Schottky
F —indicates fast
HC — indicates high speed CMOS
AHC = indicates advanced high-speed CMOS

Next, two or more digits are assigned at random to represent the device's function.
Each family contains several hundred different devices. Examples are 7400, 7402, 7404
etc. The packagetype, quality grade, and other information may be indicated by additional
suffix letters and digits, however, this varies greatly by manufacturer. These details can
be obtained from the IC device datasheet.
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Table of Physical constants

Table I: Physical constants

268

Avogadro’s number N, = 6.02 x 1023 atoms per gram
Molecular weight
Boltzmann’s constant k =138 x10723J/K
=8.62x.1075eV /K
Electron charge (magnitude) e =160x107%2.C
Free electron rest mass my =9.11 X107 31kg
Permeability of free space Yo = 4T xX10""H/m
Permittivity of free space € =885%x 107" F/cm
=8.85x 10712 F/m
Planck’s constant h=6625x10"34] -5

=4135%x 1075 eV —5
h —-34
S-=h=1054x107] 5

Photon rest mass M =1.67 x10"%"kg
Speed of light in vacuum c=2998 x 10 ¢m/s

Thermal voltage (T=300K) v. =5 _ w0259 v
t — —_— - .
e

KT = 0.0259 eV




Table II: International system of units

Quantity Unit Symbol Dimension
Length meter m
Mass kilogram kg
Time second SOr sec
Temperature kelvin K
Current ampere A
Frequency hertz Hz 1s
Force newton N Kg-m/s?
energy joule J N-m
Conductance siemens S
Inductance henry H Wb/A
Magnetic flux teda T Wh/m?
density
Resistance ohm Q VIA
Capacitance farad F CIV
Potential valt Vv JC
Power waitt w Js
Magnetic flux weber Wb V-s
Pressure pascal Pa N/m?
Electric charge coulomb C A-s
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CO AND PO ATTAINMENT TABLE

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs) after
the completion of the course and a correlation can be made for the attainment of POs to
analyzethe gap. After proper analysis of the gap in the attainment of POs necessary measures
can be taken to overcome the gaps.

Table for CO and PO attainment

Attainment of Programme Outcomes

Course (1- Weak Correlation; 2- Medium.correlation; 3- Strong-Correlation)

Outcomes

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7 PO-8 PO-9 PO-10 PO-11 PO-12

CO-1

CO-2

Co-3

CO-4

CO-5

CO-6

The datafilled in the above table can be used for gap analysis.
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A.C resistance 183

Abrupt junction 60

Absorbed light 60

Accelerated ions 237
Acceleration 24

Acceptor 16

Acceptor concentration 29
Acceptor doping concentration 189
Acceptor impurity 62
Accumulation region 188,191
Activefilters 227

Active Region 136

Adders 226

Alarm Circuit 116
Alphanumeric LED 76
Aluminium oxide (Al1203) 186
Amorphous silica 224
Amplification 147
Amplification devices 228

Amplification factor 140;147,183,185

Amplification operations 227
Amplifier 136

Analog IC 227

Anisotropic etching 244
Anisotropic profile 245,246
Annedling 238

Annihilated 54
Approximation 58

Aspect ratio 26
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Atmospheric-pressure Chemical Vapor
Deposition 239

Atomic structure 14

Audio amplifiers 174,175
Audio system power supply circuits 225
Auger recombination 56
Automobile sector 114
Automotive 114

Avalanche breakdown 54,69
Avalanche diode 78

Avalanche effect 179
Avalanche spreads 245

B

Back light 114

Ball grid array (BGA) 250
Band diagram 15

Band gap.11, 12,54

Band to band 51,56

Barrier Potential 135

Barrier potential 64

Base current 136,142,143,146,149
Baseresistor 26

Baseterminal 134,139,140
Baseterminal 173

Base width 141

Base Width Modulation 140
Base-collector junction 134,137
Base-emitter 137

Base-emitter junction 148,149
Base-emitter voltage 143,144
Battery-operated devices
Battery-operated devices 174



Beam spread 238

Bi and Tri color LED

Biased clamper 105

Biased Negative Clamper 109
Biased Parallel Negative Clipper 102
Biased Parallel Positive Clipper 100
Biased Positive Clamper 107
Biased series clippers 95

Biased Series Negative Clipper 99
Biasing 62

Biasing Circuit 149

Biasing of transistor 147

Bill boards 114

Bipolar Junction Transistor (BJT) 133,135
BJT Configuration 139

Bloch’s theorem 8,9

Blood gas 116

Body effect 251,252

Bohr’s hypothesis 12

Boltzmann's constant 59,62
Bombardment ions 241

Breakdown diode 69

Breakdown mechanism 69
Breakdown voltage 71,111

C

Capacitance 212,183,187,189,191
Capacitance-voltage characteristics 191
Capacitor voltage 190

Carrier charge 21

Carrier concentration 21,56

Carrier drift 29

Carrier drift velocity 24

Carrier transport 19
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Ceramic foundation 225

Ceramic sheets 225

Ceramics 250

Chamber Walls 240

Channel conductivity 195,201

Channel length modulation parameter. 210
Channel region 189, 200,201,203
Channel resistance 177,179,180
Channel width 192,178, 218,180
Character recognition 116
Characteristics of N-channel JFET 177
Characteristics of P-Channel JFET 181
Charge carriers 30

Charge density 58

Chemical deposition 233

Chemical etching 243

Chemical reactions 239,241,244,245

Chemical Vapour Deposition 229,238,
239, 254, 257

Clamp Diode 114

Clampers 95,113

Classical mechanics 7

Classical theory 3

Classification based on application 227
Classification based on fabrication 225

Classification based on integration scale/ level
226

Classification of FET 172
Classification of 1Cs 225

Clipper 95

Closed switch 95

CMOS Fabrication 228,251,252,262
CMOS inverter 251,252, 262



Collector current

Collector terminal 134,140

Collector terminal 173

Collector to emitter voltage 144,146,148,150
Callector voltage 144

Collision time 24,30

Combinational Clipper 103

Common base configuration 139,147
Common base current gain 137,140
Common collector configuration 139,145,147
Common Emitter amplification factor142
Common emitter configuration 139,141,147

Complementary Metal Oxide Semiconductors
(CMOS) 228

Complex programmable |ogic devices 226
Concentration gradient 22
Conductance 68

Conductance parameter 209
Conduction band 12,13,15,51,62,73
Conduction band edge 187,189
Conductive channel 173
Conductivity 13,14,25,30
Conductors 13

Constant time 105

Contact cut 252,256

Contaminants 234,236;238,243,231
Continuity equation 58

Contour grinding wheels 231
Cosine function 8

Counter Circuit 117

Counters 226

Covalent bonds 14,16,53,77

Critical frequency 53
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Crystal diodes 225

Crystal growing 230
Crystal lattice 8

Crystal momentum 11
Crystalline silicon 230
Crystalline structure 238
Current conduction 195,200
Current density 113

Current gain 142,147
Cut-off 136

Cut-off 197

Cut-off region 197
Cylindrical .grinding method 231
Czochralski technique 230
D

Dark current 53,116

Dc bias point.68

DC Current 67

DCLoad Line 148

DC operating point 67

DC sputtering 241

DC voltage 67

De-Broglie hypothesis 3,4
De-Broglie wave particle 6
De-Broglie wavelength 5,28
Deep submicron techniques 244
Demultiplexers 226

Density of charge carriers 189
Depletion 176,177,188
Depletion capacitance 189
Depletion energy 77

Depletion layers 177,214
Depletion region 175,188, 189, 191



Depletion region 60,141
Depletion zone 175,178

Depletion-Mode MOSFETs (D-MOSFETYS)
173

Deposition Rate 239,240

Detector 113

Diffraction 245
Diffusion60,229,231,233,234,241,244,254,255
Diffusion Atomic Mechanisms 235,
Diffusion current 21,22,29,60
Diffusion current density 22
Diffusion in the interstitial zone 236, 235
Diffusion of substitutes 235,236
Digital circuits 174

Digital IC 227,236,262

Dimming light 115

Diode 94

Diode current 67,74

Diode voltage 67

Direct bandgap semiconductor 18
Direct mounting 250

Direct recombination 54,55
Discrete circuits 227

Dispersion 11

Display 114

Donor 15

Donor concentration 29

Donor impurity 62

Dopant concentration 231,251
Dopant concentrations 251

Doped Semiconductor material 175
Doping 15
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Drain characteristics
177,179,181,183,196,197,198,201,202,204

Drain current
177,178,182,185,195,196,197,200,201,202,204
,208, 214

Drain resistance 183,185,205
Drain source voltage 185,210,218
Drain terminal 200, 173

Drain to source resistance 183
Drain-source |leakage current 195,196
Drift current 19,22

Drift current density.20,29

Drift mechanism 20

Drift velocity 20,21,23,29
Drive-intechnique 234

Dry oxidation 232,257,233

Dual inline 74

Dual In-line Packages (DIP) 249,
Dual In-line plastic package 250
Duel-well process 251

Dynamic range 78

E

Early effect 140

Ebers-moll model 137

Effective mass 24,28,30
Effective width141

Efficiency 80

Eigen function 11

Electric current 70

Electric displacement field 58
Electric field 23,58,63,77
Electric isolation 116

Electrical characteristics 73
Electrical isolation 234



Electrical property 25,117
Electroluminescence 74,76
Electron affinity 188,212

Electron affinity 74

Electron beam annealing 238
Electron beam evaporation 241
Electron concentration 190
Electron lithography 242

Electron mobility 135
Electron-hole pair 52,53
Electronic Grade Silicon (EGS) 230,
Electroposition 234

Electrostatic potential 58

Emitter current 136,139,140,150
Emitter diffusion 26

Emitter follower configuration 145
Emitter resistors 26

Emitter terminal 134,140

Emitter terminal 173

Emitter voltage 143

Emitter-base junction 134
Emitting energy 55

Energy band diagram 13,14,16
Energy bands 12,13

Energy gap 13,51

Energy gap 188

Energy level 51

Energy quanta’3

Energy-band diagram 187,188,189
Energy-momentum 18

Enhancement-mode MOSFETS (E-MOSFETYS)
173

Epitaxial layers 240
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Epitaxy 234,239,251

Epoxy 249

Equilibrium condition 56
Equilibrium conditions 187
Etchant 257,243,248

Etching 242,244,245

Etching solution 243,253
Evaporation 241,248

Excess carrier 52

Excess lifetime 52

Exotic places 117

Extrinsic semiconductor 15,17,29
Extrinsic silicon 12

F
Fabrication225,228,229,232,234,236,245,251
Fabrication method 225,228,257
Fabrication-process 67
Fabrication technique 225
Fairchild Semiconductor 224,266
Faults 55

Features of FET 174,

Fermi energy 15

Fermi level 14,16,29,60,73

Fermi level 187,188,189,190,192
FET 172,

Feynman's experiment 4
Fick'slaw 22

Field Effect Transistors 228
Fied-Effect Transistor (FET)
Film uniformity 239

Filters 174

Fire detectors 116

Fitting parameter 67



Flash LED 76

Flip flops 226,227

Float-zone approach 230
Flogquet exponent 8

Forbidden band 12

Forbidden gap 15,55

Forward active mode 137
Forward bias 62,133,140
Forward current 74,137
Forward mode 70

Forward voltage 74

Forward voltage drops 72,113

G

Gain 227

Gallium Arsenide (gaas) 224
Gas phase reactions 239
Gaseous chemical processes 239
Gaseous compounds 239
Gaseous plasma 245

Gate region formation 255
Gateterminal 173,175,176,192
Gate to source (VGS) voltage 180,
Gate-source junction 178
Generation 51

Generation rate 53

Geometric pattern 247

Giga Scalelntegration (GSI) 226
Glass 224,225,242

Gordon Moore 224

H

Heisenberg Uncertainty Principle 3,5
Heterogeneous 240

High power LED 76
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High-Speed Switching 174
Hole Mobility 135
Homogeneity 238

Hot carrier diode 72

Hubs 51

Hybrid IC (HIC) 225
Hypothesis 12

I

Intrinsic silicon 12

Indirect recombination 56
lmpurity atoms 15

lonized impurities 24
Impurity scattering 24
lmpurity-30

Intrinsic carrier concentration 29,62
Intrinsic region 60

Intrinsic layer 76

Injection 57

Inner photoel ectric effect 77
Intrinsic excitation 78
Inverse active mode 137
Input resistance 143

Impact ionization 54

I mpure semiconductor 55
Isotropic material 58
lonized acceptors 58
lonized donor 60
Impedance 173,174,185,194,207
Input impedance 174, 185,193
Input resistance 183, 205
Insulating oxide layer 186
Insulator 187,192

Intrinsic fermi level 187,189



Ideal C-V characteristics 188
Intrinsic carrier concentration 189
Inversion mode 189,

Inversion charge 190

Insulated Gate Field Effect Transistor (IGFET)
192

Integrated Circuit (1C) 224,229
Integration scale 225,257
Integration level 225,257

Intel 224

IC density 226

Inductors 227

IC packaging 228,249

Integrated circuit chips 228

lon Implantation 229,231,234,235,237,246,254
Interconnections 256,229

Ingot (boule) preparation 230
Ingot resistivity 231

Insulation 233

Integrated circuit fabrication 234

Isolation 234
Interstitial diffusion 236
Inert gas 241

lon lithography 242

Isotropic etching 244

lon beam induced etching 245
Incident light 247

Insulator 13,14

Intrinsic semiconductor 14,15,17,29
J

Junction 75

Junction capacitance 78

Junction Field Effect Transistor (JFET) 175,192
K

Kinetic energy 3,245
Kirchhoff’s voltage law 65,149
Kirchhoff’s current law 136,139
Knee voltage 69

KCL 112

Kronig-penney 8,9,11

L

Laplace equation 58

Large memory chips 226
Large Scale Integration(L Sl). 226
lcaserbeam annealing 238
Latch up 251

Lattice 24

L attice scattering 24

Lattice vibration 53
Latticesinterstitial spaces 236
Layer deposition 233,241
Leakage current 69,136,147
LED 74,75,76,114

Light beam 117

Light detector 77

Light emission 74

Light emitting diode 74

Light frequency 53

Light LED 76

Lighting control 116

Limiting Factor 240

Linear Amplification 165
Linear approximation 67
Linear regulators 227

Linearly graded junction 60
Lithography 228,242

Load line 65
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Logic circuit 116

Logic gate 74,113, 174

Low Noise 173,174

Low Power Consumption 174

Low-pressure Chemical Vapor
(LPCVD) 239

M

Macroscopic 58
Majority carriers 57
Mask data 242,257

Mask pattern 229, 246
Mask transparent 243
Masking 233,253,255
Mass action law 29
Mass transport rate 240
Mathieu equation 8

Max born 7

Maxwell’s equation 58
Mechanical abrasion 243
Medium Scale Integration (MSI) 226
Metal eectrode 186

Metal Oxide Semiconductor
Transistors (MOSFET) 173

Metal regions 187

Metal work function 188

Metallic whisker 72

Metallization 248,252,255,256,257
Metallurgical basewidth. 141
Metallurgical Grade Silicon (MGS)
Metallurgical junction 59

M etal-semiconductor junction 72
Microelectronic production 241
Microprocessors 226,228,247

Deposition

Field Effect
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Microscopic-scale patterns 242

Minority carrier 58,64

Minority carrier current 138

Minority charge carriers 140

Mirror image 198,203

Mobility 23,24

Modeling 59

Modified Planck’s constant 6

Modulation effects 210

Momentum 241,245,263

Momentum 28,54

Monolithic 1C (MIC) 225
Monalithic.integrated circuit 229,263
Moor€e slaw 224, 257

MOS capacitor 186,187,188,191
Mounting style 249

MR16 replacement lamps 115
Multiplexers 226,227

Mutual conductance 182

N

N+ diffusion 255

N-channel JFET 175,176,180

N-channel MOSFET 173, 209

Negative bias 64

Negative biased negative clamper 109
Negative biased parallel negative clipper 103
Negative biased parallel positive clipper 102
Negative biased positive clamper 108
Negative biased series negative clipper 100
Negative biased series positive clipper 98
Negative clipper 96

Negative masks 242

Negative pattern 242



Negative photo mask 243
Negative photo resists 242
Nickel plated ring 79

NMOS 208,210

Noise characteristics 174

Non equilibrium 51,56
Non-linear curve 64

Non-linear device 67
Non-uniform doping 21

NPN transistor 133

N-tub fabrication 252

N-type semiconductor 15
N-well formation 254

O

Optical characteristics 18
Operating point 66,148,150
Ohmic contact 74

Operating modes 78
Optocouplers 116

Optical communication 116
Ohmic region 179,197

Oxide layer 186,187,191,206,194
Oxide capacitance 188,190,191
Oxide-semiconductor-interface 189
Oxide Thickness 191

Output resistance 210
Operational amplifiers 227
Oscillators 227

Oxidation 229, 231, 232,234,252
Oxidation rate 232,233,

Organic films 231

Oxidation Techniques 233
Opague material 242

Optical lithography 246,247
Oxidation furnace 252
Oxideremoval 255
Ohm’slaw 22,25,74

P

P+ diffusion 256

P*N Junction 60

Packaging 228,229,249,257,
Parabolic equation 28
Parallel biased clippers 104
Parallél clippers
Parallel-plate capacitor 187,194
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Parallel-plate reactive ion etching system 245

Parametersof JFET 182
Particle’ 4,6
Particleenergy. 7

Particle momentum 5
Particlepollution 239
Passivation layers 233
Patterned etching 245
P-Channel JFET 180,186
Penetration 238
Penetration depth 238
Pentavalent impurities 15,228,235
Pentium 1V processor 226
Periodic function 8
Periodic lattice 8
Permittivity 186, 187
Permittivity tensor 58
Phase-locked loops 227
Phonon generation 53
Photo conductor 116
Photo current 77



Photo detector 77

Photo diode 76,77,116
Photo emission 54

Photo etching 242

Photo resist film 243
Photo sensor 77,116
Photoconductive mode 78
Photoelectric effect 3,4
Photogeneration 52

Photolithography 229,231,242,246,253

Phaotolithography Mask 242
Photon 3

Photon excitation 78

Photon momentum 4
Photo-resist 242,257
Photoresist Strip 254
Photovoltaic 74, 78
Photovoltaic cell 79,117
Photovoltaic effect 117
Physical channel 199,200,203,204
Physical deposition 233,234
Physical processes 245
Physical reaction 246

PIN junction 60

Pinch-off 178,179;181,201,206
Pinch-off region 179
Pinch-off voltage 178,179,201
Piranha etch acid'mixture 254
Planar method 231

Planck Radiation Law 3
Planck’ s coefficient 28
Planck’s quanta principle 6
Plank’s constant 3
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Plasma etching 242,245,236

Plasma-enhanced Chemical Vapor Deposition
239

Plastic Leaded Chip Carrier (PLCC) 250
PMOS transistors 228

PN junction 59

Point conduct diode 72

Poisson’s equation 58

Polarity 95

Polishing 231,257

Pallutants 235,236

Polymer coating 242

Polymerized. 243,253

Polysilicon deposition 254

Positive Biased Negative Clamper 109
Positive Biased Parallel Negative Clipper 103
Positive Biased Paralld Positive Clipper 100
Positive Biased Positive Clamper 108
Positive Biased Series Negative Clipper 99
Positive biased series positive clipper 97
Positive clipper 96

Positiveions 8

Positive photo resists 242

Potential 8,189,190

Potential barrier 189

Potential gradient 189

Power applications 117

Power consumption 227,257,264

Power dissipation 74,183,227,228

Power rating 71

Power rectifier 113

Preamplifier 78,174

Pre-deposition 234



Primary Flat 231

Principle of duality 4

Printed Circuit Board (PCB) 249
Printing contact 247
Programmable logic devices 226,
Projection printing 247,248
Protective layer 229,238,243, 256
Proximity printing 247,

P-Tub Fabrication 228

PVD (Physical Vapor Deposition) 235

Q
Object counting 117

Q-point 66

Quad Flat Pack (QFP) 250
Quantum mechanical structure9
Quantum mechanics 3,8

Quartz 224,

Quartz boat 234

Quartz furnace 234

Quasi stationary 58

Quiescent point 66 63,143

R

Radiation-sensitive chemical 242
Radiative recombination 54
Radio Frequency mixer 113
Radio-frequency testing 249
Reciprocity relation 138
Recombination 51,54,55,75,136,141
Recombination rate 57
Rectangular potential 9
Rectifying diode 73

Red green blue LED 76
Reflecting cup 75

Regulator 111

Reliability 227

Residues 231

Resist coating 247

Resistance 26

Resistivity 23,25,30

Resolution 247,248

Reticle 242,257

Reverse Bias 62,133,140, 178,181,183,193,
Reverse current 116,137

Reverse leakage current 74,195
Reverse mode 70

Reverse saturation current 136,140
Reverse voltage 69

Reverse-active’136

RF Mixer 113

RF plasma239,241

S

Saturation 136

Saturation current 67,71

Saturation region 179,197,202,205,207
Scattering 24,30

Schottky diode 72,113

Schrodinger’ s wave equation 6,8,11,18,28
Secondary Flat 231

Self-aligned gate process 254
Self-biasing circuit149
Semiconducting materials 25
Semiconductor 13,23,133
Semiconductor Grade Silicon (SGS) 230
Semiconductor material 189
Semiconductor region 186
Semiconductor work function 188,191



Sensitivity 174

Sensors 174

Separation constant 7

Series clipper

Shared emitter configuration 142

Sheet resistance 25,26,30,238

Shockley -Read-Hall Recombination 55
Signal processing circuits 174,175
Silica 224

Silicon Carbide (SIC) FETs 175

Silicon dioxide (SiO;) 186,194,200,
231,234,238,244,257

Singlein-line Pin Package (SIP or SIPP) 249
Sio2 removal 254

Site accommodation 241

Slip down 57

Small memory chips 226

Small outline integrated circuit (SOIC) 250
Small outline package (SOP) 250
Small Scale Integration (SSI) 226
Small signal model 67

Small signal modelling of JFET 185
Small signal resistance 68
Smartphone 114

Solar 74

Solar cell 79,113

Solid-state 3

Solvents 242

Source terminal 173,175,194,200
Source to gate voltage (VSG) 181
Space-chargeregion 189

Spigot 176

Spin costing 234

Sputter Etching Process 246
Sputtering 241,245,256
Stability factor 151
Stabilization 149

Step Coverage 239,240,241
Storage signs 114
Straight-line equation 66
Strong inversion 189,190
Surface diffusion 241

Surface mount 69

Surface mount packaging technique 250
Surface Mount Technology (SMT) 249
Surface orientation 231
Surface passivation 232,234
Surface potential 189,190,192
Surface Reaction Rate 240
Surfaceresistance 25
Surfaceresistivity 25

Switch 94,114

Switching circuits 228

T

Temperature 78

Temperature Operation 175
Thermal balance 56

Thermal collision 23

Thermal conductivity 234
Thermal dissipation 74
Thermal equilibrium 51,56
Thermal oxidation 232,233
Thermal process 51
Thermooxidation 239

Thick field oxide formation 256
Thick film IC 225
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Thickness 186,191,206
Thinfilm 25

Thin film deposition 241
ThinfilmI1C 225
Thininsulating layer 173
Threshold inversion point 190
Threshold level 190

Threshold power consumption 227
Threshold voltage 200,201,206
Through-hole Technology 249
Throughput 238,244
Tomography detectors 116
Total current density 22

Transconductance (gm) 182,210
Transfer characteristics
177,179,181,196,198,201,203

Transformers 227

Transimpedance amplifier 78

Traps 51

Trivalent 16

Trivalent impurities 228

TTL 113

Tub formation 251

Tungsten CVD 239

Twin Tub Method 251

Twin-Tub Fabrication 228

U

Unbiased clamper 105

Unbiased negative clamper 107
Unbiased parallel negative clipper 100
Unbiased parallel positive clipper 100
Unbiased positive clamper 106
Unbiased series clipper 95

Undoped semiconductor materials 175
Uniform doping concentration 60
Unipolar device 174

UV radiation 242,246

\Y

Vacuum chamber 237,245
Vacuum deposition 238
Vacuum level 73

Vacuum technology 72

Valance band edge 187
Valenceband 12,13,15,16, 51
Vapor Phase Epitaxy (VPE) 239
Varactor diode 60

Voltage controlled 94

Voltage Controlled Device 205
Voltage divider bias 149
Voltagegain147, 185, 207
VoltageHandling 174

Voltage tolerance 71

V oltage-controlled current source 174
Voltage-variableresistance 179
VPE growth method 240,241

W

Wafer 242

Wafer preparation 229,230, 257
Wafer slicing 230

Water vapour 232

Wave 4

Wave function 7

Wave particle 4

Wavelength 76

Weak inversion 189,190

Wet oxidation 232,233,257

284



White phlatlight LED 115
Work function 73

X

x-ray lithography 242

Z

Zener breakdown 69
Zener current 111

Zener diode 69,111

Zengr effect 69,111
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Zener regulator 112

Zener resistance 72

Zener voltage 69,111

Zero bias 62,64

Zig-Zag in-Line Packages (ZIP) 249






