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What is in Electronics 17

 Semiconductors.

* The P-N junction:
e Characteristics,
* Model and
 Some common applications.

* Analysis of circuits containing P-N junction diodes.
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What is in Electronics 17

* The Bipolar Junction Transistor (BJT):

e Characteristics,
* Models, and
e Configurations.

* The Field Effect Transistor (FET):
e Characteristics,
* Models, and
e Configurations.

* Analysis of amplifier circuits at low frequencies.
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Prerequisites by topic

e Students are assumed to have a background of the following topics:
* Basic circuit analysis techniques.
 Solution of ordinary differential equations (ODE).



FOURTH EDITION

Textbook

oS3 = -

* Donald A. Neamen (2010). MlCPOEIECtPDnlcs
Microelectronics: Circuit Analysis & CIRCUIT ANALYSIS AND DESIGN
and Design, 4t Edition, Mc-Graw-

Hill.
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*AS. Sedra & K.C. Smith (1998). Microelectronic Circuits, 2nd
Edition, Mc-Graw-Hill.

 A. Malvino, D. Bates (2006) Electronic Principles with Simulation
CD, 7th Edition, Mc-Graw-Hill.

e Lecture Notes and Handouts



Course Obijectives

* The overall course objective is to introduce the student to
semiconductor devices, specifically circuit analysis, design, and
applications of:

* Diodes circuits, including small-signal circuit model.

 BJT basic structure and operation, DC biasing, and possible amplifier
configurations.

* FET types, basic structure and operation, DC biasing, and possible amplifier
configurations.
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Attendance

 Because this is a discussion-based course, attendance in class is
critical to your success in this course.

* You are expected to be present and on time each day we meet.

* If you are not attending > 15% of lectures, you’ll be forbidden from entering
the Final Exam.

e SUN, Mon, TUE, and Wed: 5 days

* You are responsible for announcements made in class concerning

material covered, assighnments, changes in the syllabus or due dates,
or anything else pertinent to the course.



Assessments

e Exams.

Take Home Exam
Quizzes
Midterm Exam

Final Exam

Total
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Course Grades (For Your Reference)

* Course Grades for the courses will be no lower than the grades
determined from the following scale:

Minimum Minimum
Grade Grade

Score Score
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Facebook Group

* Website: Electronics 1 @ JU 2019-2020-1 [link]


https://www.facebook.com/groups/238891620382622/

Instructor

2019-09-24

Instructor Name

Dr. Hani Jamleh

Office Office Hours

E 301 TBA

h.jamleh@ju.edu.jo
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Lecture 01
Preface

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan



FOURTH EDITION

Philosophy and Goals

. . . . . EE-_‘- 4 = "
* Microelectronics: Circuit Analysis and MICI“OE'ECtr‘Q[‘"CS
Design is intended as a core text in B CIRCUIT ANALVE B AND DESIGN
electronics for undergraduate

electrical and computer engineering
students.

* The purpose of the fourth edition of
the book is to continue to provide a
foundation for analyzing and designing
both:

1. Analog electronic circuits and
2. Digital electronic circuits.
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Philosophy and Goals

* Most electronic circuit design today involves integrated circuits (ICs):
* The entire circuit is fabricated on a single piece of semiconductor material.

e The IC can contain millions of semiconductor devices and other
elements and can perform complex functions.

* The microprocessor is a classic example of such a circuit.
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Philosophy and Goals

* The ultimate goal of this text is to clearly present the:
1. Operation,
2. Characteristics, and
3. Limitations

of the basic circuits that form these complex integrated circuits.

e Although most engineers will use existing ICs in specialized design
applications, they must be aware of the fundamental circuit's

characteristics in order to understand the operation and limitations of
the IC.
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Computer-Aided Analysis and Design

 Computer analysis and Computer-Aided-Design (CAD) are significant
factors in electronics.

* One of the most prevalent electronic circuit simulation programs is
Simulation Program with Integrated Circuit Emphasis (SPICE),
developed at the University of California.
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Computer-Aided Analysis and Design

* The text emphasizes hand analysis and design in order to concentrate
onh basic circuit concepts.

* PSPICE results are included and are correlated with the hand analysis
results.

* A separate section, Computer Simulation Problems, is found in the end-of-
chapter problems.
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Prerequisites

* This text-book is intended for junior undergraduates in electrica

computer engineering.
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*le Freshman Year*

WRITE
ALL
THE
NOTES!

*Le sophmore Year*

"Write down pretty much
everything"

*Le Junior year*

Write down my own
summary of it

COMICS

Daily-Comix.com
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*Le Senior year*

"What notes?"

and



Prerequisites

* The prerequisites for understanding the material include:
1. DC analysis of electric circuits,
2. Steady state sinusoidal analysis of electric circuits and
3. The transient analysis of RC circuits.

* Various network concepts are used extensively, such as:
1. Thevenin’s and
2. Norton’s theorems,

* Prior knowledge of semiconductor device physics is not required.



What is Electronics?

* When most of us hear the word electronics, we think of televisions,
laptop computers, cell phones, or iPods.

e Actually, these items are electronic systems composed of subsystems
or electronic circuits, which include:
* Amplifiers,
* Signal sources,
* Power supplies, and
* Digital logic circuits.
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What is Electronics?

* Electronics is defined as the science of the motion of charges in a gas,
vacuum, or semiconductor.

»Note that the charge motion in a metal is excluded from this definition.

* This definition was used early in the 20th century to separate the field
of electrical engineering, which dealt with motors, generators, and
wire communications, from the new field of electronic engineering,
which at that time dealt with vacuum tubes.



What is Electronics?

* Today, Electronics generally involves:
Transistors and Transistor circuits.

* Microelectronics refers to integrated circuit (IC) technology, which
can produce a circuit with multimillions of components on a single
piece of semiconductor material.
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Brief History

* One dramatic example of IC technology is the small laptop computer,
which today has more capability than the equipment that just a few
years ago would have filled an entire room.

* The cell phone has shown dramatic changes.

* It not only provides for instant messaging, but also includes a camera so that pictures
can be instantly sent to virtually every point on earth.
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Brief History

* A fundamental breakthrough in electronics came
in December 1947, when:

e The first transistor was demonstrated
e at Bell Telephone Laboratories

* by William Shockley, John Bardeen, and Walter
Brattain.

* From then until approximately 1959, the
transistor was available only as a discrete device,
so the fabrication of circuits required that the
transistor terminals be soldered directly to the
terminals of other components.
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Brief History

* |n September 1958: | | ;
+ Jack Kilby e ‘

* of Texas Instruments Jack Kilby Robert Noyc

demonstrated the first integrated circuit fabricated in germanium.

e At about the same time (1958):

* Robert Noyce
e of Fairchild Semiconductor

introduced the integrated circuit in silicon.

 The development of the IC continued at a rapid rate through the 1960s, using
primarily bipolar transistor technology.

e Since then, the metal-oxide-semiconductor field-effect transistor (MOSFET) and
MOS integrated circuit technology have emerged as a dominant force, especially
in digital integrated circuits.
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Brief History

* Since the first IC, circuit design has become more sophisticated and the
integrated circuit more complex.
* Device size continues to shrink and
 The number of devices fabricated on a single chip continues to increase at a rapid
rate.
* Today, an IC can contain:
* Arithmetic,
* Logic, and
* Memory functions

on a single semiconductor chip.

* The primary example of this type of integrated circuit is the
microprocessor.

2019-09-24 Electronics | - Dr. Hani Jamleh - JU 19



Passive and Active Devices

* In a passive electrical device, the time average power delivered to the
device over an infinite time period is always greater than or equal to
Zero.

» Resistors, capacitors, and inductors, are examples of passive devices.

* Inductors and capacitors can store energy, but they cannot deliver an average
power greater than zero over an infinite time interval.

= Inductor

capacitor °

resistor
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Passive and Active Devices

e Active devices, such as:
* DC power supplies,
e Batteries, and
* ac signal generators,

are capable of supplying particular types of power.

* Transistors are also considered to be active devices in that they are
capable of supplying more signal power to a load than they receive.

* This phenomenon is called amplification.

* The additional power in the output signal is a result of a redistribution
of ac and DC power within the device.
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Electronic Circuits

Input 1
dc
* In most electronic circuits, there are two i
inputs (Figure PR1.1). Input 2 | laerower  Output
1. One input 1 is from a power supply that | siga ~ Amplificc [ Load
provides DC voltages and currents. T T ow " High
_ , CDplayer  gona EIECLIONIC gopal ~ Speakers
* To establish the proper biasing for transistors. power System power
2. The second input 2 is a signal. Figure PR1.1

* Time-varying signals from a particular source very
often need to be amplified before the signal is
capable of being “useful.”
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Electronic Circuits

* For example, Figure PR1.1 shows a signal
source that is the output of a compact disc (CD)

system.

* The output music signal from the compact disc
system consists of a small time-varying voltage

and current.

* The signal power is relatively small.

* The power required to drive the speakers is
larger than the output signal from the compact

disc.

* The CD signal must be amplified before it is

capable of driving the speakers.

e The sound can be heard.
2019-09-24
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Electronic Circuits

* The analysis of electronic circuits, then, is divided into two parts:
1. One deals with the DC input and its circuit response, and

2. The other deals with ac signals:
* The signal input and
* The resulting circuit response.

* |In this text, we will deal with discrete electronic circuits.
 Circuits that contain discrete components:
1. Resistors,
2. Capacitors,
3. Diodes, and
4. Transistors.
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LO2
Semiconductor Materials
and Properties

Chapter 1
Semiconductor Materials and Diodes

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan



Introduction

* This text deals with circuits containing electronic devices, such as
diodes and transistors which are fabricated using semiconductor
materials.

* We begin with a brief discussion of the properties and characteristics of
semiconductors.

* The intent of this discussion is:

* To become familiar with the semiconductor material terminology, and

* To gain an understanding of the mechanisms that generate currents in a
semiconductor.
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Introduction

* A “basic” electronic device is the pn junction diode.

* The diode is a two-terminal device, but the current—voltage
relationship is nonlinear.

e Since the diode is a nonlinear element:

* The analysis of circuits containing diodes is not as straight forward as the
analysis of simple linear resistor circuits.
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PREVIEW

* In this chapter, we will:

1.

2019-10-01

Gain a basic understanding of:

* atwo types of charged carriers that exist in a semiconductor and

* the two mechanisms that generate currents in a semiconductor.

Determine the properties of a pn junction including the ideal current—
voltage characteristics of the pn junction diode.

Examine DC analysis techniques for diode circuits using various models.

e To describe the nonlinear diode characteristics.

Develop an equivalent circuit for a diode.

e That is used when a small, time varying signal is applied to a diode circuit.

Gain an understanding of the properties and characteristics of a few
specialized diodes.
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1.1 Semiconductor Materials and Properties

* Most electronic devices are fabricated by using:
* Semiconductor materials along with Conductors and Insulators.

* We start first with understanding a few of the characteristics of the
semiconductor material.

e Silicon is the most common semiconductor material used for
semiconductor devices and integrated circuits. Why?

* Other semiconductor materials are used for specialized applications.

* For example, gallium arsenide is used:
* For very high speed devices and optical devices.
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1.1 Semiconductor Materials and Properties

* A list of some semiconductor materials is given in Table 1.1.

'--._',_.;""
Germanium

2019-10-01

Table 1.1

Elemental
semiconductors

A list of some semiconductor materials

Compound
semiconductors

Si Silicon
Ge Germanium

GaAs Gallium arsenide
GaP Gallium phosphide
AIP Aluminum phosphide
AlAs Aluminum arsenide
InP [ndium phosphide
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1.1.1 Intrinsic Semiconductors

* An atom is mainly composed of:

* A nucleus, which contains positively charged protons and
neutral neutrons, and

* Negatively charged electrons that orbit the nucleus.

Neutron

* The electrons are:

* Distributed in various “shells” at different distances from
the nucleus, and

* Electron energy increases as shell radius increases.

* Valence electrons are located in the outermost shell.

 The chemical activity of a material is determined primarily
by the number of such electrons.
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1.1.1 Intrinsic Semiconductors

( Empl'j; ENETEY lewvel)
Fourth orbit "alence

O —— L
% Third ﬂl’b{l’%_ -l-"__/_\E]'E “trons
% 772NN\

Shared electrons
af a covalent
bond.
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1.1.1 Intrinsic Semiconductors

Table 1.2 A portion of the

* Elements in the periodic table can be veriodic table
grouped according to the number of valence - - .
electrons. : )

* The common semiconductors: B C

ey . . . Boron Carhon
e Silicon (Si) and germanium (Ge) are in group IV T ATEERNEREE
elemental semiconductors. oA ! i1 | p
 Gallium Arsenide (GaAs) IS a group -V Aluminum \§i1£gn/l Phosphorus
compound semiconductor. 3] r32 Sy |33
. . Ga | Ge | As

* We will show that the elements in group Il | Galium N Germapifim | Arsenic
and group V are also important in | 49 51
semiconductors. In b

[ndium Antimony
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1.1.1 Intrinsic Semiconductors

Valence band contains valence electrons

Silicon

Germanium

Copyright@& 2013-2014, Physics and Radio-Electronics, All rights reserved

1s2 252 2p6 3s2 3p2
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152 252 2p6 352 3p6 3d10 452 452

Table 1.2 A portion of the
periodic table
I11 |AY \Y
5 6
B C
Boron Carhon
13 r14 Ty ]IS
Al | Si | P
Aluminum \Sﬂgﬂ/l Phosphorus
31 ¥32 Sy |33
Ga | Ge | As
Gallium M Qermaui{lm Arsenic
49 T 51
In Sb
Indium Antimony
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1.1.1 Intrinsic Semiconductors

* Figure 1.1(a) shows:
* Five non-interacting silicon atoms,

 The four valence electrons of each atom shown as
dashed lines emanating from the atom.

* As silicon atoms come into close proximity to
each other, the valence eIectrons interact to
form a crystal. .
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Figure 1.1(a)
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1.1.1 Intrinsic Semiconductors

* The final crystal structure is a tetrahedral
configuration in which:

e Each silicon atom has four nearest neighbors, as shown
in Figure 1.1(b).

"-r'i'qr‘ "fi’i" "i’i’f‘ "i’"#‘ Rl
| R AN IR N TR I TR LI V]
% ' % ' % I % ' %+

'r.r'lw‘ t,-*r.r‘ t-.r*r.r‘ #r.r’r.-r‘ E
* * * *

Figure 1.1(b)
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1.1.1 Intrinsic Semiconductors

e The valence electrons are shared between atomes,
forming:
* Covalent Bonds.

* Germanium, gallium arsenide, and many other
semiconductor materials:

* have the same tetrahedral configuration.

2019-10-01 Electronics | - Dr. Hani Jamleh - JU

Figure 1.1(b)
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1.1.1 Intrinsic Semiconductors

* Figure 1.1(c) is a  two-dimensional
representation of the lattice.

* Formed by the five silicon atoms in Figure 1.1(a).

* An important property of such a lattice is that

* Valence electrons are always available on the outer Figure 1.1(a)
edge of the silicon crystal so that additional atoms
can be added to form:

* Very large single-crystal structures. | — 51—

—Si— S — &1

2019-10-01 Electronics | - Dr. Hani Jamleh - JU Figure 1 1(C) 14



1.1.1 Intrinsic Semiconductors

e Figure 1.1(c) is a  two-dimensional i i
representation of the lattice.
* Formed by the five silicon atoms in Figure 1.1(a).
Si

* An important property of such a lattice is that

* Valence electrons are always available on the outer Figure 1.1(a)
edge of the silicon crystal so that additional atoms
can be added to form:

* Very large single-crystal structures. - — Si —

— Si=—= Si —§i
Watch Video about: Cleaving a silicon wafer

3 YouTube
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https://www.youtube.com/watch?v=_Rv_wTEWFdU

1.1.1 Intrinsic Semiconductors at T = 0K

* A two-dimensional representation of a silicon single crystal
is shown in Figure 1.2, for T = 0K, where: | | | |

* T: Temperature.

: . — S1 =—= Si Si Si —
* K:Temperature unit (Kelvin)
* Each line between atoms represents a valence electron. g N ; g
. . . . — J1 —— vl 1 ] —
* At T = 0K, each electron is in its lowest possible energy
state.
* Each covalent bonding position is filled. — Si == Si Si 51—

* If a small electric field is applied to this material, the | | | |
electrons will not move, because they will still be bound to
their individual atoms. Figure 1.2

 Therefore, at T = 0K, silicon is an insulator.
* No charge flows through it.
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1.1.1 Intrinsic Semiconductorsat T > 0K

* For temperature T > 0K, the valence electrons
may gain enough thermal energy. [ T .

« To break the covalent bond and move away from its — 5! = 51 == 51 == 5i —
original position as schematically shown in Figure 1.3. || ﬂ,,_,H—v@H
* This happens when the valence electron gain a minimum —— S-S = Si = Si —
energy, E,4, called the bandgap energy. || || || ||
— 51— S1 — S1 — S1 —
[ D B
Figure 1.3
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1.1.1 Intrinsic Semiconductors

* The electrons that gain this E; now exist in the
conduction band. | | | |

* They are said to be free electrons. — ‘|>|1 - T — Si =— f|>|1 —

* These free electrons can move throughout the crystal. ¢ :‘_I_IHI—'@S'
— a1 - 1] =— ] —/— 5] ——

* The net flow of electrons in the conduction band generates a

current. || || ” ||
— S =— Si =— Si — Si —

[ I B

Figure 1.3
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1.1.1 Intrinsic Semiconductors

* An energy band diagram is shown in Figure 1.4(a).

* The energy E,, is the maximum energy of the valence
energy band.

* The energy E. is the minimum energy of the
conduction energy band.

* The bandgap energy E; is the difference between E,
and E,,.

E, = E. — E,

2019-10-01 Electronics | - Dr. Hani Jamleh - JU
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band
E{" A
Forbidden
& bandgap
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Valence
band

Figure 1.4 (a)
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1.1.1 Intrinsic Semiconductors

* The region between these two energies is called
the forbidden bandgap. Conduction

(=) band
* Electrons cannot exist within the forbidden bandgap.

Electron
generation

* Figure 1.4(b) qualitatively shows an electron from
the valence band gaining enough energy and

moving into the conduction band. E

. . . \ (+) Valence
* This process is called generation.

band

Figure 1.4 (b)
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1.1.1 Intrinsic Semiconductors

* Materials that have large bandgap energies Ej, in the range of 3 to 6
electron-volts (eV), are insulators becauseé, at room temperature,
essentially no free electrons exist in the conduction band.

* In contrast, materials that contain very large numbers of free electrons at £
C

Conduction
(—) band

room temperature are conductors.

* In a semiconductor, the bandgap energy E; is on the order of 1 eV’. Electron
generation

Conduction Band Energy Band Gaps in Materials

E, <

_ Band Gap é - Corlsciat:lc(}lon (+) Valence
3 ar \ band
§ rvesecEpneces *Conduction Band + }
- £ = ."'...'.'—........} Figure 1.4 (b)
% —g. SRes '. LA B L
S Valence Band 4 Valence Band T Valclence
- KTZE, Band

—_—

Filled Band (2) Filled Band (b) Filled Band (c)
21
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electron-volts (eV)

e An electron-volt is:

* the energy of an electron that has been accelerated Conduction

' ' (—) band
through a potential difference of 1 volt: o
1eV = 1.6 x 10717 joules .
ectron
generation

\ (+) Valence
band

Figure 1.4 (b)

2019-10-01 Electronics | - Dr. Hani Jamleh - JU 22



NNIE
1.1.1 Intrinsic Semiconductors NI
—_O_O0_0O__
* If a negatively charged electron breaks its covalent ( ) ( ) ( )
bond and moves away from its original position. | | | |
* A positively charged “empty” state is created at that — 31 == 51 == 51 == 51 —

position (Figure 1.3). ” ﬂ,,H—v@H

. . — . i T o -
* The net charge in an intrinsic semiconductor is zero; 1 31 == 51 == SI

that is, the semiconductor is neutral. ” ” ” H
— Si =— Si =— Si — Si —

* As the temperature increases: | | | |
1. More covalent bonds are broken, and

2. More free electrons and positive empty states are
created.

Figure 1.3
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1.1.1 Intrinsic Semiconductors

* A valence electron that:
1. has a certain thermal energy and
is adjacent to an empty state

2.

may move into that position, as shown in Figure 1.5,

making it appear as:

2019-10-01

* If a positive charge is moving through the semiconductor.

* This positively charged “particle” is called a hole.

Elec

tronics | - Dr. Hani Jamleh - JU

A
— Si =— Si Si Si —
_KIINATITN
— Sito sie=Sito S —
— S1 —= Si Si S1 —

Figure 1.5
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1.1.1 Intrinsic Semiconductors

* In semiconductors, then, two types of charged

particles contribute to the current:
* The negatively charged free electron, and

* The positively charged hole.

* Note: This description of a hole is greatly oversimplified, and
is meant only to convey the concept of the moving positive

* We may note that the charge g of a hole has the
same magnitude as the charge of an electron.

2019-10-01

charge.

Electronics | - Dr. Hani Jamleh - JU

Figure 1.5
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1.1.1 Intrinsic Semiconductors

* The concentrations (#/cm3) of electrons and
holes are important parameters in the | | | |

characteristics of a semiconductor material: — S1 == 51 == 51 = 51 —
* They directly influence the magnitude of the current. ¢ _SL\ 5} ¢
— Si k=== Si === Si === Si —
— S =S S1 S1 —
Figure 1.5
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1.1.1 Intrinsic Semiconductors

 An intrinsic semiconductor is:
A single-crystal semiconductor material with no other | | |

types of atoms within the crystal. — 51 =i S
*In an intrinsic semiconductor, the densities of __ & 0220
electrons and holes are equal. Why?
* Since the thermally generated electrons and holes are the ___ o i

only source of such particles. | | |

Figure 1.5
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1.1.1 Intrinsic Semiconductors

* We use the notation n; as the intrinsic carrier
concentration for the concentration (density) of the | | |
free electrons. — Si — Si Si

* As well as that of the holes.
* The equation for n; is as follows: — SittorSil==sit 5
3 Eg
. =B-T2- —~
L €Xp 2.k-T — Si = Si Si
 B: is a coefficient related to the specific semiconductor | | |
material

Figure 1.5

Eg: is the bandgap energy (eV)
T: is the temperature (K)
k:is Boltzmann’s constant (86 x 107° eV /K)
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1l
D

exp(—x

1.57

05T

0.5 0 0.5 1 1.5
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1.1.1 Intrinsic Semiconductors

3 Eo
n,=B-T2-exp| —
‘ P\T2 kT
* The values for B and E,; are constants for several semiconductor materials and given in

Table 1.3.
* The bandgap energy E, and coefficient B are not strong functions of temperature.

* Why the intrinsic concentration n; is important?
* It's a parameter that appears often in the current—voltage equations for semiconductor devices.

Table 1.3 Semiconductor constants

Material Eg (eV) B (em™ K—¥?)
Silicon (Si) .1 523 x 10
Gallium arsenide (GaAs) 1.4 2.10 x 101
Germanium (Ge) 0.66 1.66 x 10
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EXAMPLE 1.1

* Objective: Calculate the intrinsic carrier concentration in silicon at T =
300 K.

* Solution: For silicon at T = 300K (room temperature 27°C), we can write
3 E
= g
ng=B-T2-exp TS T
= (5.23 X 1015)(300)3/2e—1.1/(2(86x10‘6)(300))
= 1.5x 10"%m™3

e Comment: An intrinsic electron concentration of 1.5 X 10° cm™3 may

appear to be large, but it is relatively small compared to the concentration

of silicon atoms, which is 5 X 10%% cm 3.

3
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1.1.2 Extrinsic Semiconductors

* As shown in the previous Example 1.1, since the electron and hole
concentrations in an intrinsic semiconductor are relatively small, only
very small currents are possible.

* However, these concentrations can be greatly increased by adding
controlled amounts of certain impurities.

* A desirable impurity is one that enters the crystal lattice and replaces
(i.e., substitutes for) one of the semiconductor atoms, even though
the impurity atom does not have the same valence electron structure.
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1.1.2 Extrinsic Semiconductors

control the concentration of free electrons

e For silicon, the desirable substitutional
impurities are from the group Ill and V
elements (see Table 1.2).

* The most common group V elements used
for this purpose are
e Phosphorus (P) and
e Arsenic (As).
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1.1.2 Extrinsic Semiconductors
control the concentration of free electrons

Table 1.2 A portion of the

15: Phosphorus 2,8,5 33: Arsenic 2,8,18,5 periodic table
111 AY \Y
5 6
-t N B C
« -+ w Boron Carbon
'/ " 13 14 157
L 7 Aluminum | Silicon Phdsphdrus
I__'"--...--"'_I ’ 31 32 33/"\
S Ga Ge [ As
o Gallium Germanium Ar.};&ni_t_: U/
49 51
In Sb
[ndium Antimony
4
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1.1.2 Extrinsic Semiconductors
control the concentration of free electrons

* For example, when a Phosphorus P atom
substitutes for a silicon atom, as shown in | | | |
Figure 1.6(a):

. . — Si —= Si Si Si —
* Four of its valence electrons are used to satisfy ~
the covalent bond requirements. i o
* The fifth valence electron is more loosely bound — Si =)= Si = Si —
to the phosphorus atom.
* At room temperature (T = 27°C = 300K), — > = > =3 =3 —
this electron has enough thermal energy to | | | |
break the bond, thus being free to move Figure 1.6(a)

through the crystal and contribute to the
electron current in the semiconductor.



1.1.2 Extrinsic Semiconductors

control the concentration of free electrons

* When the fifth phosphorus valence electron moves into
the conduction band, a positively charged phosphorus
ion is created as shown in Figure 1.6(b).

* The phosphorus atom is called a donor impurity, since
it donates an electron that is free to move.

e Although the remaining phosphorus atom has a net
positive charge.

 The atom is immobile in the crystal and cannot contribute to
the current.

* Therefore, when a donor impurity is added to a
semiconductor, free electrons are created without
generating holes.

* This process is called doping, and it allows us to control
the concentration of free electrons in a semiconductor.
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1.1.2 Extrinsic Semiconductors
control the concentration of free electrons

* A semiconductor that contains donor impurity
atoms is called an n-type semiconductor (for the
negatively charged electrons) and has a greater
number of electrons compared to holes.
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1.1.2 Extrinsic Semiconductors
control the concentration of holes

e The most common group |l element used
for silicon doping is Boron (B).
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1.1.2 Extrinsic Semiconductors

control the concentration of holes

* When a Boron B atom replaces a silicon atom:

* Its three valence electrons are used to satisfy the
covalent bond requirements for three of the four
nearest silicon atoms (Figure 1.7(a)).

* This leaves one bond position open.

* At room temperature, adjacent silicon valence
electrons have sufficient thermal energy to move
into this position, thereby creating a hole.

* This effect is shown in Figure 1.7(b).

 The Boron atom then has a net negative charge,
but cannot move, and a hole is created that can
contribute to a hole current.

—Si = §i

Figure 1.7(b)

Si

Si—



1.1.2 Extrinsic Semiconductors
control the concentration of holes

 Because the Boron atom has accepted a
valence electron, the boron is therefore
called an acceptor impurity.

* Acceptor atoms lead to the creation of holes | | | |
without electrons being generated.

* This process, also called doping, can be used
to control the concentration of holes in a — Si—2®=si=5si—

semiconductor.

— Si—= Si Si St —

Figure 1.7(b)
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1.1.2 Extrinsic Semiconductors
control the concentration of holes

* A semiconductor that contains acceptor
impurity atoms is called a p-type
semiconductor (for the positively charged
holes created) and has a lot of holes

compared to electrons. | | |

—SIZSij)Si—SI—
— Si —QB)=— i Si —
—Si=Si Si S1 —

Figure 1.7(b)
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1.1.2 Extrinsic Semiconductors

* The materials containing impurity atoms are called:
e Extrinsic semiconductors, or
 Doped semiconductors.

* The doping process: which allows us to control the concentrations of
free electrons and holes, determines the: conductivity and currents in
the material.
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1.1.2 Extrinsic Semiconductors

* A fundamental relationship between the electron and hole
concentrations in a semiconductor in thermal equilibrium is given by:
Ng *Po = niz
* n, is the thermal equilibrium concentration of free electrons (negative

charge),
* p, is the thermal equilibrium concentration of holes (positive charge), and
* n; is the intrinsic carrier concentration.
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1.1.2 Extrinsic Semiconductors

— a2
No *Po =N

* At room temperature (T = 300 K), each donor atom donates a free
electron to the semiconductor.

* If the donor concentration N, is much larger than the intrinsic
concentration (N; > n;), we can approximate:
N, = Nd
* Then, from Equation above, the hole concentration is:
2
n;

po:N_d



1.1.2 Extrinsic Semiconductors

— a2
No *Po =N

e Similarly, at room temperature (T = 300 K), each acceptor atom
accepts a valence electron, creating a hole.

* If the acceptor concentration N, is much larger than the intrinsic
concentration (N, > n;),

* wWe canh approximate:
Po = Ng

* Then, from Equation above, the hole concentration is:



Example 1.2

* Objective: Calculate the thermal equilibrium electron and hole
concentrations.

a) Consider silicon at T = 300 K doped with phosphorus (P) at a
concentration of N; = 101° cm™3.
» Note: In Example 1.1, in Si and for the same temperature, we found that n; = 1.5 X
1019 em=3 .

* Solution: Since N, > n; , the electron concentration is n, = Ny =
101° ¢cm™3

* The hole concentration is:
ny (1.5 x 1019)?

l

_ _ 4 000 =3
Do = N, 1016 = 225X 10" cm




Example 1.2

* Objective: Calculate the thermal equilibrium electron and hole
concentrations.

* (b) Consider silicon at T = 300K doped with boron (B) at a
concentration of N, = 5 x 101® ecm™3.

* Solution: Since N, > n; , the hole concentration is:
p, ~ N; =5x 10 cm™3

* The electron concentration is:
né (1.5 x 1010)2

n, =—

_ 3 -3
N =< 1016 =45X%X10°cm




Example 1.2 - Summary

N-type semiconductor P-type semiconductor

Silicon@ T = 300K:n; = 1.5 x 101%cm=3 Silicon @ T = 300K:n; = 1.5 x 10*%cm =3
Dopant: Phosphorus P Dopant: Boron B

 Concentration: Ny = 10%¢m™3  Concentration: N, = 5 X 10cm™3

Electrons Concentration: n, =~ Ny = 10 Holes Concentration: p, =~ N, = 5 x 101°

Holes Concentration: p, = 2.25 X 10*cm™3 Electrons Concentration: n, = 4.5 x 103¢m™3

Comment:

o We see that in a semiconductor doped with donors, the concentration of electrons is far greater than that
of the holes.

o Conversely, in a semiconductor doped with acceptors, the concentration of holes is far greater than that of
the electrons.

o It is also important to note that the difference in the concentrations between electrons and holes in a
particular semiconductor is many orders of magnitude.



Recap

* In an n-type semiconductor:

* The electrons are called the majority carrier because they far outnumber the

holes
* The holes termed the minority carrier.

* In contrast, in a p-type semiconductor:

* The holes are the majority carrier
* The electrons are the minority carrier.
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Recap

N-type semiconductor

- Majority
CArTIers

—— Minority

carrier

Donor 1ons
///\\\
+7=2 =+ g
8@ o 2 +
- &+ - +
n-type

Image courtesy of Boylestad and Nashelsky at Book: Electronic Devices and Circuit
Theory (11th Edition)

2019-10-01

Acceptor ions

P-type semiconductor

Majorit}?ﬁﬁ -

carriers
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What is Electric Current? [Wikipedia]

* An electric current is: a flow of electric charge.

* In electric circuits this charge is often carried by
moving electrons in a wire.

* The Sl unit for measuring an electric current is Flow of positive charge
the Ampere (A), which is: Flow of electrons

* The flow of electric charge (g) across a surface
(Area) at the rate of one coulomb per second (C/s).

* The particles that carry the charge in an electric
current are called charge carriers.

* The conventional symbol for current is I, which
originates from the French phrase intensité de
courant, meaning “current intensity”.
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1.1.3 Drift and Diffusion Currents

* We've described the creation of:
* negatively charged electrons e™ and
* positively charged holes h™ in the semiconductor.

* |f these charged particles move, a current is generated.
* These charged electrons and holes are simply referred to as carriers.

* The two basic processes which cause electrons and holes to move in a
semiconductor are:

1. Drift, which is the movement caused by electric fields, and

2. Diffusion, which is the flow caused by concentration gradients, that is, variations
in the concentration.

e Such concentration gradients can be caused :

1. By anonhomogeneous doping distribution, or

2. By the injection of a quantity of electrons or holes into a region, using methods to
be discussed later in this chapter.
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Drift Current Density

* Drift current is the electric current, or movement of charge carriers,
which is due to the applied electric field.

 To understand Drift:

* Assume an electric field is applied to a semiconductor.

* The field produces a force that acts on free electrons and holes, which then
experience:

* A net drift velocity and v .9 ® O O v.v ® ® .0 O O
* Net movement. ) . O @9
J. ) D @) . . s @ 5 .'

.u. ... ® o
) a s & o ¥ 4 O e a
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Drift Current in n-type semiconductor —+- | |

* Consider an n-type semiconductor with a large number of

free electrons (Figure 1.8(a)). -

- An electric field E (V /cm) applied in one direction produces —_— [
a force on the electrons in the opposite direction, why? - @

* Because of the electrons’ negative charge. _
— Jﬂ‘

* The electrons acquire a drift velocity v, (in cm/s) which

can be written as: Figure 1.8(a)

Van = —UnE
where u,, is a constant called the electron mobility and has units of
cm?/V-s.
* For low-doped silicon, the value of u,, is typically 1350 cm?/V-s.
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Drift Current in n-type semiconductor —+- | |

Van = —HUnE
* The mobility (u) is a parameter indicating how well an n-type

electron can move in a semiconductor. -

* The negative sign in the Equation above indicates that: -
U (&
- ‘_T”

* The electron drift velocity is opposite to that of the applied electric
field as shown in Figure 1.8(a).

* The electron drift produces a drift current density Figure 1.8(a)
J.(A/cm?) given by:
I, = —envy, = —en(—u,E) = +enu,E
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Drift Current in n-type semiconductor —+- | |

—

Jn = enuyE

n-type

fn: drift current density (4/cm?) —
e: in this context, is the magnitude of the electronic charge — > £
[e = 1.6 X 10712 coulombs (C)or(4 - s)]. Vdn 6
n: is the electron concentration (#/cm?3) T
1, Electron mobility -

* For low-doped silicon, p,, = 1350 cm?/V -s. Figure 1.8(a)
* E:isthe applied electric field (V' /cm)

* The conventional drift current is in the opposite direction
from the flow of negative charge, which means that:

e The drift current in an n-type semiconductor is in the same
direction as the applied electric field.
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Drift current in p-type semiconductor —+ | |

* Next consider a p-type semiconductor (Figure 1.8(b)).

* An electric field E applied in one direction produces a force p-type
on the holes in the same direction.
* Because of the positive charge on the holes.

* The holes acquire a drift velocity vy, (in cm/s), which can

)

1]

be written as: Tp
vdp — +:upE Figure 1.8(b)
* where p, is a constant called the hole mobility and has units of

cm?/V-s.
* For low-doped silicon, the value of u,, is typically 480 cm?/V-s.
* Uy is less than half the value of the electron mobility p,.
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Drift Current in p-type semiconductor —+ il_

* The positive sign in the Equation above indicates that: p-type
* The hole drift velocity is in the same direction as the applied electric —_—
field as shown in Figure 1.8(b). B
. . . up
* The hole drift produces a drift current density _
—— ‘{f?

J (A/cmz) given by:
]p = +epvy, = +ep(+upE) = +ep,upE

Figure 1.8(b)
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Drift Current in p-type semiconductor —+ II_

R —>
9 ]p p— -|—ep‘l,lpE
* J:drift current density (4/cm?)

e e:in this context, is the magnitude of the electronic charge
[e = 1.6 X 1071° coulombs (C)or (4 - s)].
e p:is the hole concentration (#/cm?)

p-type

)

1]

<

* Up: Hole mobility
* For low-doped silicon, u,, = 480 cm?/V-s Figure 1.8(b)
* E:isthe applied electric field (V' /cm)

e The conventional drift current is in the same direction as
the flow of positive charge, which means that:

e The drift current in a p-type material is also in the same direction
as the applied electric field.
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Total Drift Current Density

eSince a semiconductor contains both

electrons and holes:

* The total drift current density is the sum of the
electron and hole components:

1
- - — - -
J = enuyE +epu,E = ok =—E
p
0 = enu, + epu,
e g:is the conductivity of the semiconductor in (Q-cm)~?!
* p = 1/0 is the resistivity of the semiconductor in (2- cm).




Semiconductor Conductivity (o)

0 = enly, T~ eplp
* We see that the conductivity (o) can be
changed from strongly n-type, n > p, by
donor impurity doping to strongly p-type,
p > n, by acceptor impurity doping.

* Being able to control the conductivity of a
semiconductor by selective doping Is what
enables us to Tabricate the variety of
electronic devices that are available.

2019-10-06 Electronics | - Dr. Hani Jamleh - JU

n-type

NIOL

]|

p-type

—
=l

= S

B

2




Drift Current Density

N-type semiconductor

n-type

—
— N
Udn ""_(f’_ )

- T
'IH

fn — enﬂnﬁ
e=16x10"14 -5
u, = 1350 cm?/V-s

-

p-type semiconductor

p-type

fp = epupk
e=16x10"1A4A—-s5
U, = 480 cm?/V-s

] = en,unﬁ + ep,upﬁ = oF



Carrier Mobility u

e Electron and hole motilities for intrinsic semiconductors @ 300K.

w,(cm?/V.s) 1,350 3,900 8,500 30,000
U, (cm?/V.s) 480 1,900 400 500
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EXAMPLE 1.3

* Objective: Calculate the drift current density for a given
semiconductor.

e Consider silicon at T = 300K doped with arsenic (As) atoms at a
concentration of N; = 8 x 101> cm™3.

* Assume mobility values of Silicon as:
e 1, = 1350cm?/V-s and
* Up =480 cm2/V-s.

* Assume the applied electric field E is 100 V /cm.



EXAMPLE 1.3

* Given: Silicon at T = 300K, N; = 8 X 1015 cm~3, U, = 1350cm?/V-s,
U, =480 cm*/V-sand E = 100 V /cm.

e Solution:

* The electron concentration is:
en~N; =8x10"Pcm™3
* The hole concentration is:
n? _ (15x1010)
P =N, T Texiom
* g, =eu,n=16x10"194-5-1350 cm?/V-5s-8 x 10¥°cm™3 = 1.728(Q-cm) 1
* 0, =epyp = 1.6 X1071%4-5-480 cm?/V-s-2.81 x 10*cm™ = 2.16 x 10~ *4(Q-cm) ™!

Note: From Example 1.1, we calculated

n; = 1.5 x 10° ¢cm ™3 at room
temperature T = 300K

=281%x10*cm -3
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EXAMPLE 1.3

o, = 1.728(Q-cm) !
=216 x 107 (Q-cm) !
. Because of the difference in magnitudes between the two concentrations,
(05, > 0y), the conductivity is given by:
0 = 0p + g4 = op = eupn = 1.728(Q- cm) ™
* The drift current density is then:
] = oE = (1.728)(100) =~ 173 A/cm?

 Comments:

* Since n > g the conduct|V|ty is essentially a function of the electron concentration
(n) and mobility (u,,) only.

« We may note that a current density of a few hundred A/cm? can be generated in a
semiconductor.



Important Note

* The mobility values u, and u, are actually

functions of donor and/or acceptor impurity
concentrations.

1600
1400 ————
1200 r
1000 r
800 r
600

400 Fm

200 F

Electrons

* As the impurity concentration increases, the
mobility values will decrease.

Mobility [L'm:;"\'-s]

-_||:|14 1{315 1{:,15 -_||:|.3E

Doping density [-:'111“5]
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Diffusion Current Density

* |[n the diffusion process:

Particles flow from a region of high concentration to a
region of lower concentration.

* This is a statistical phenomenon related to
kinetic theory.

* To explain, the electrons and holes in a
semiconductor:
1. arein continuous motion,

2. with an average speed determined by the
temperature, and

3. with the directions randomized by interactions
with the lattice atoms.
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Diffusion Current Density

e Statistically:

* We can assume that, at any particular instant:

e approximately half of the particles in the high-concentration region are moving away from
that region toward the lower-concentration region.

* approximately half of the particles in the lower concentration region are moving toward the
high-concentration region.

 However, by definition:
There are fewer particles in the lower-concentration region than there are in the high-

concentration region.

* Therefore, the net result is:

A flow of particles away from the high-concentration region and toward the lower-
concentration region.

» This is the basic diffusion process.
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Electron Diffusion Current Density

e Consider an electron concentration that varies
as a function of distance x, as shown in Figure
1.9(a).

* The diffusion of electrons from a high-
concentration region to a low-concentration
region produces:

* A flow of electrons in the negative x direction.

* Since electrons are negatively charged:

* The conventional current direction is in the positive
x direction.
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21

ol |



Electron Diffusion Current Density

» The diffusion current density (J,) due to the §ecton concentration®
diffusion of electrons can be written as:

I D dn
= e

" dx

* e: in this context, is the magnitude of the electronic charge
[e = 1.6 X 1071 coulombs (C)or (A4 - s)].

Electron
diffusion

Electron diffusion
current density

dn . . .
. ﬁ: is the gradient of the electron concentration.

* D, :is the electron diffusion coefficient. Figure 1.9(a)
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Hole Diffusion Current Density

* In Figure 1.9(b), the hole concentration is a
function of distance.

* The diffusion of holes from a high-
concentration region to a low-concentration
region produces:

* A flow of holes in the negative x direction.

e The conventional current is in the direction of the
flow of positive charge in the negative x direction.
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Hole diffusion
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Figure 1.9(b)
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Hole Diffusion Current Density

e The diffusion current density due to the "o'concentrationp

P A
diffusion of holes can be written as:
d Hole
] — —eD _p diffusion
p p dx

: : . _ . Hole diffusion
* e:in this context, is the magnitude of the electronic charge [e current density

= 1.6 X 1071° coulombs (C)or (4 - s)].
ap

et is the gradient of the hole concentration.

. Dp :is the hole diffusion coefficient. Figure 1.9(b)
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Diffusion Current Density

Electron Diffusion Current Density Hole Diffusion Current Density

n PA

Hole
diffusion

Electron
diffusion

Electron diffusion
current density

Hole diffusion
current density

*¥%* Note the change 1n sign between the two diffusion current equations.
* This i1s due to the difference 1n sign of the electronic charge between the
negatively charged electron and the positively charged hole.



EXAMPLE 1.4

* Objective:
current density
semiconductor.

Calculate

the

for

diffusion
a given

e Consider siliconatT = 300 K.

e Assume the

electron
varies linearly fromn = 10 cm™3 to n

concentration

= 1016 ¢cm ™3 over the distance from x

=0tox =3 um.

 Assume D,, = 35 cm?/s.

2019-10-06
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Electron
diffusion

|
Electron diffusion
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|
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EXAMPLE 1.4

* Given: 0
A
2
o Dn = 35 cm_ 1016 cm ™3 |--————mmm e Electron
S i diffusion
* The diffusion current density: Electron diffusion
dn current density
] = e, — 102 cem™3|-- |
n n d I i
X : !
An X
— eDn _ 0 3 um
Xr= == = e e e e e e e e
19 cm?\110%2cm™> — 10'°cm™ |
= (1.6 X 10 A—s)[35 = ) N
s iu _0=-3X10"%*cm_ _ ~'s
= 187 A/cm?

N
Slope or
Gradient
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10 210" p(x)

Exercise Problem: Ex 1.4

Consider Siliconat T = 300 K. ......... |

Assume the hole concentration is given by: y X ‘where L, = 1073 cm.

p(x) = 10% v (cm~2) Assume D, = 10 cm?/s.
Calculate the hole diffusion current density at (a) x = 0 and (b) x = 107 3¢cm.
Solution:

: . d 1016  —— 1016  __*_ __*
* Let us find the gradient: == = — e P =———.e"1073 =—-10" . ¢ 1073
dx Ly 10
: : . d X
The Diffusion current density can be found from: ], = —eD,, d—z =eD, - 107 - e 1073

2 0
(@)@ x =0: J, = (1.6 X 10712 A —5) (10 %) 1019 . ¢ 1073 = 16 A/cm?
1073

2
(b)@ x = 10~3cm: J,, = (1.6 X 10712 A — ) (10 %) .101% . ¢ 71073 = 5.89 4/cm?



Einstein Relation

1. The mobility (u) values in the drift current equations and

2. The diffusion coefficient (D) values in the diffusion current
equations

are not independent quantities.

They are related by the Einstein relation, which is:
D, D, B kT

Hn HUp €
»=~ 0.026 V at room temperature T = 27°C = 300K.
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Drift and Diffusion Currents

* The total current density is the sum of the drift and diffusion
components.

Total Current Desity = Drift Current + Dif fusion Current

* Fortunately, in most cases only one component dominates the
current at any one time in a given region of a semiconductor.
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Design Pointer

- A
e Usually the current densities on the order of 200 — have been calculated.

 Example: if a current [ of 1 mA is required in a semiconductor device, the
total current is given by:

- —
I[=]-A
e where A is the cross-sectional area.

cFor[=1mA=1x10"34and] = 2002, the cross-sectional area is :

2’
I 1mA , o ,
A=j=200A/Cm2=5><10_6cm =5%x10"19m?% =5 % 10%nm

» This simple calculation again shows why semiconductor devices are small in size.




Homework

* Solve the problems in the box: Test Your Understanding

Test Your Understanding
e TYU1.1,TYU1.2,TYU1.3,and TYU 1.4



LO5
The pn Junction

Chapter 1
Semiconductor Materials and Diodes

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan



1.2 The pn Junction

* In the preceding sections, we looked at:
* Characteristics of semiconductor materials.

* The real power of semiconductor electronics occurs when p- and n-
regions are directly adjacent to each other, forming a pn junction.

* In most integrated circuit applications, the entire semiconductor
material is a single crystal, with:

* one region doped to be p-type and the adjacent region doped to be n-type.

P-type D n n-type
Silicon Crystal Silicon Crystal
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1.2.1 The Equilibrium pn Junction

* Figure 1.10(a) is a simplified block diagram P n
of a pn junction. -
. X =
* Figure 1.10(b) shows: Figure 1.10(a) |
: L. 4  Doping
1. The respective majority O‘o-type and n-type N
doplng concentratlons, an majority doping coLnchr%tigtiEL;L !
2. The minority carrier concentrations in each Na _|
region. Ng
* Assuming: >
1. Uniform doping in each region, and = i minority doping|concentrations
2. Thermal equilibrium P07 Ny e = Pno
* Figure 1.10(c) is a three-dimensional Figure 1.10(b) =0 estion]
diagram of the pn junction showing the HOBSTSECHoNd
cross-sectional area of the device. ared
* The interface at x = 0 is called: — X
o . . | F ! n
* The metallurglcal junction. e S b -
2019-10-12 Electronics | - Dr. Hani Jamleh - JU - .




1.2.1 The Equilibrium pn Junction

p-region 4 n-region

* A large density gradient in both the hole  Ne=—F——_
and electron concentrations occurs across diffusion -
. . . cir
this junction. R T
* Initially, there is: —
e - L Figure 1.11 r=
1. A diffusion of holes from the p-region into BHre
the n-region.
* The flow of holes from the p-region uncovers eI eees 289000000
negatively charged acceptor ions. XXX XS 998860500
2. A diffusion of electrons from the n-region K0 I
into the p-region. —

* The flow of electrons from the n-region uncovers
positively charged donor ions.
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1.2.1 The Equilibrium pn Junction

* This action creates a charge separation
(Figure 1.12(a)) which sets up an electric

field E.
* If no voltage is applied to the pn junction,

the diffusion of holes and electrons must

—— p++
eventually stop. N B G
- —— [++
* The direction of the induced electric field E will il 5275
. . . . x=0
cause the resulting force to prevent the diffusion Figure1.12(a) *=7 |
of holes from the p-region and the diffusion of ~esssssss PPy
electrons from the n-region Sssasss Sasessses
g . 'l.'l‘ﬂl:‘ﬁiﬁ.l‘*l"!‘ ﬂﬂﬂﬂﬁﬂqﬂ%?ﬂ%?ﬂ%
.ll.l.-.:i.-.::- oﬂnﬂaﬂoﬂoﬂ%&nnbou
SHEHBBBRD DOO000L00
L1312 1171} QOO0

~
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1.2.1 The Equilibrium pn Junction

p-region A

n-region

* Thermal equilibrium occurs when: N,
* The “force” produced by E and ‘HD]"& =
 The “force” produced by the density gradient diffusion ‘
Electron
exactly balance. T diffusion

. . '.."".""”'.“:"“-':-'.':::_-_-_- __________ . X = U’
e The negat|ve|y Charged region ........................................ F .I._g_Ure 111 1
comprise the spa_ce-charﬁe region, or depletion region, of == +i
the pn junction, in which there are essentially no mobile | p:;»_ =% Efield 7 n
electrons or holes. S !
* Because of the electric field in the space-charge region: g re1.12(a)  *=0 |
 There is a potential difference across that region (Figure e

Potential A

1.12(b)). |

e RecallV=E-d :
|
I
I
|
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The Built-in Potential Barrier

p-region A n-region
* This potential difference is called the built-in ~, — .

. . T . . e N
potential barrier, or built-in voltage, and is given diffusion d
by: - E.lc‘ctr.ml

kT Na . Nd Na . Nd diffusion
Vbi — ?ln > — VT In >

n; n; Figure 1.11  _ 2 :_U_ ]

o V' = kT /e, e
* k = Boltzmann's constant, [k = 1.38x10~%°] /K] p | == Fried /n

T = absolute temperature in Kelvin (K), and | - [+

e ¢ = the magnitude of the electronic charge. Figure 1-12(8)4'_ =
[e = 15X10_19C] Potential 4

I

N, is the net acceptor concentration in the p- region. i
N, is the net donor concentration in the n-region. |
|

|
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The Built-in Potential Barrier

* The parameter V; is called the thermal

voltage.
At room temperature,i.e.T = 300 K:

__ kT _ 1.381x107%3.300

V=== o = 0.026]/C

= 0.026V

* Q. What is the value of V: when T = 400K?
T =300K —» Vy =0.026
T = 400K -» Vy = ?

V-(400K) = V-(300K) x 00K _ 0.026 X r 0.035V
T T 300K 3
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p-region 4 n-region
Nﬂ
Hole - N
. . d
diffusion
< Electron
diffusion
Figure 1.11 - f:_{}_ ]

p

|
|
|
Figure 1.12(a)

Potential A

Figure 1.12(b)



EXAMPLE 1.5

* Objective: Calculate the built-in potential barrier of a pn junction.

* Consider a silicon pn junctionat T = 300 K, doped at:
e N, = 10 ¢cm™3 in the p-region and
e N; = 10Y7¢m™3 in the n-region.

* Solution: From the results of Example 1.1, we have:
e n; = 1.5 X 10%m 3 for silicon at (T = 300K).

e We then find:
NaNd
Vy; = Vrln 5 = (0.026) In
n

l

016 . 1017

(1.5 x 1010)2

) = 0.757V



Some Notes on The Built-in Potential Barrier

* The built-in potential barrier, across the space-charge region cannot
be measured by a voltmeter.

* Because new potential barriers form between the probes of the voltmeter
and the semiconductor, canceling the effects of V/;.

* V,; maintains equilibrium:
* So no current is produced by this voltage.

* The magnitude of V},; becomes important when we apply:
a forward-bias voltage.
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Biasing Conditions For a pn-junction

* There are two Biasing conditions for a pn-junction:
1. Reverse-Biased pn Junction, and
2. Forward-Biased pn Junction.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU
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1.2.2 Reverse-Biased pn Junction

 Assume a positive voltage is applied to the
n-region of a pn junction, as shown in Figure

1.13.

* The applied voltage Vi induces an Applied
electric field, Ey4, in the semiconductor.

* The direction of this applied field is the same as
that of the E-field in the space-charge region.
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| |
Bl s +EA
| — — — [+0+0+ .
P - {74 +_| 1n
- E-field
| - - +7/4+/4 I
< W >
||
Figure 1.13 Vi
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1.2.2 Reverse-Biased pn Junction

R

++5+,.4

AL 7
E-field

+7+7+,,

* The magnitude of the electric field in the
space-charge region increases above the
thermal equilibrium value.

LAl 1A

Etotar = E_A) +E - field : " "
* This increased electric field holds back the IM

holes in the p-region and the electrons in
the n-region, as a result:

* There is essentially no current across the pn
junction, i.e Ip = 0.
* By definition, this applied voltage polarity
for Vj is called Reverse bias.

Figure 1.13 Vi
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1.2.2 Reverse-Biased pn Junction R

* When the electric field in the space-charge
region increases, the number of positive and
negative ion charges must increase.

e Results:

1. The space-charge width W of the space charge
region also increases as shown in Figure 1.14.

2. Additional positive and negative charges induced
in the space-charge region with an increase in
reverse-bias voltage.

3. A capacitance is associated with the pn junction
when a reverse-bias voltage is applied.
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1.2.2 Reverse-Bias

ed pn Junction

Junction Capacitance

* The junction capacitance, can be written as:
c.=C. 1+ Yr __ Yo <= W(Vp)
] — *“jo V. _ A 1 1
bi 1 + R V — Q T~ | T + |‘|;L_,,-ﬂ'+ﬁQ
Vbl | —1 — + b+
. : : . ) p 1 [ n
where (j, is the junction capacitance at zero applied | 7/
voltage. o - Az
lllllllllllllllllllll .IIIIIIIIIIII. +W V +‘&V +_
" : Reverse biased ‘ R R |
5 region
é 12 0.6 ”II
Do I 0 = Figure 1.14 - *
'g- ‘g’ H }: 0.4 Npal VR_"' VR + ﬂVR
S -l 403 =
S 4 / 0y ©
3 & S
: R ><\;
Applied reversed voltage  SETELLECLIILIILLLI L ELEILILL . ¢:_ 0
2019-10-12 magnitude increases -3 Blectidpics I Dr, Halli Jamleh - JU 15
oltage (V)




1.2.2 Reverse-Biased pn Junction

Junction Capacitance
C, = e
j A
14+ 5+
\/ Vbl
* The junction capacitance will affect the
switching characteristics of the pn junction.
* Since the voltage across a capacitance cannot
change instantaneously:

* The changes in voltages in circuits containing pn
junctions will not occur instantaneously.
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Recall: Capacitance of Parallel Plates

1==¢ C=¢

o b

()

L e

b
g

el e e

-
F+I|I_ F-l- —

c=9__¢ _.4
V E-d ‘d

where €: electrostatic constant.

* Compare it with the following formula for a diode:

_ G
"
14&

Vi

* Find the relationship between the applied Vz and the

distance W.

-1 Dielectric
Area A Area A "1l (Insulator)

Capadtance (pF)

— —
o [
T

—AQ ~ | -
| —
|

P |
|

| +
| -+
L Vi
| +

L T N A o o
| I |

o o o o
— D

=
In

1/C% (1pFh




1.2.2 Reverse-Biased pn Junction
Junction Capacitance

* The capacitance—voltage characteristics can

. . . - W(V,)—
make the pn junction useful for electrically S ! X ! TG
. . — — + 7+
tunable resonant circuits. w7
: : . : p = = A4 n
 Junctions fabricated specifically for this - l - Vi

purpose are called varactor diodes or
varicap.

Figure 1.14

) y boe
530603 ECO N( 01 .0 w;

§50975096 100) 104 108 we
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1.2.3 Forward-Biased pn Junction

e We have seen that:

* The n-region contains many more free electrons than the p-region;
* The p-region contains many more holes than the n-region.

* With zero applied voltage vp = 0V

1. The built-in potential barrier (V};) prevents these majority carriers from
diffusing across the space-charge region.

2. The barrier maintains equilibrium between the carrier distributions on
either side of the pn junction.

3. No current flowsi.e.ip = 0.
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1.2.3 Forward-Biased pn Junction

e
D | — < T+ +L-field 1
oy e . . | — — | I
*If a p95|t|ve voltage vp > 0 is applied to the B —t
p-region: - -
* The potential barrier v,; decreases. TED

* The electric fields E in the space-charge . it
region are very large compared to those in ~ "8wett o+ -

the remainder of the p- and n-regions.

* So essentially all of the applied voltage exists
across the pn junction region.
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1.2.3 Forward-Biased pn Junction

* The applied electric field, EA, induced by the
applied voltage vy is:

* In the opposite direction from that of the thermal
equilibrium space-charge E field.

e However, the net electric field is always from
the n- to the p-region.

e The net result is that:

The applied electric field in the space-charge region is

lower than the equilibrium value.
Eq < Efiela
* This upsets the delicate balance between diffusion
and the E-field force.
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1.2.3 Forward-Biased pn Junction

) | _ T E-field
* The result (effect): 55| !
* Majority carrier electrons from the n-region diffuse -]+ +]
into the p-region, and |
* Majority carrier holes from the p-region diffuse into T"D
the n-region. II"
. . HE
* The process continues as long as the voltage vp Figure 115 4+ = -
is applied.

* Creating a current in the pn junctioni.e. ip > 0.

* This process would be analogous to lowering a
dam wall slightly.

* A slight drop in the wall height can send a large
amount of water (current) over the barrier.
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1.2.3 Forward-Biased pn Junction

— ]+
D | — T+ 1 E-field 1
. . . . . . | — _ | 1
* This applied voltage.polarlty (i.e., vp bias) is By —
known as forward bias voltage. - -
* vy (without R in the circuit) must always be less TED
than the built-in potential barrier Vy;. II"
: , 'l
* The Scenario: Figure 115 4+
* The majority carriers cross into the opposite
regions.

* They become minority carriers in those regions,
causing the minority carrier concentrations to
increase.

* Then the effect is described in the next slide.
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1.2.3 Forward-Biased pn Junction

: N p— )
) T beld
* Figure 1.16 shows the resulting excess By — 5 |

minority carrier concentrations at the ——
space-charge region edges. TiD

. Thgse carriers diffuse into the neutral n- and p- MI

regions, Figure 1.15 4+ —
* They recombine with majority carriers, °D
* Thus establishing a steady state condition, as P | P

Holes |

Electrons|

shown in Figure 1.16.

Excess hole

Excess electron )
concentration

concentration
Pu)

n P{.r' )

Figure 1.16 |
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1.2.3 Forward-Biased pn Junction

p | n

|
I | p,(x=0)
|

Holes
> |
|
- | | Electrons| Excess hole
Excess electron | | i
T | | concentration
concentration | |
| | p”(.ﬂ
n | |

» Figure 1.16
X x'=10 x=0 X

* Figure 1.16 shows the steady-state minority carrier concentrations in
a pn junction under forward bias.

* The gradients in the minority carrier concentrations caused by an
applied voltage generate diffusion currents in the device.
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1.2.4 |deal Current—Voltage Relationship

* The theoretical relationship between the voltage and the current in the pn
junction is given by:

YD

ip = I [e("VT) — 1] -> Shockley’s equation

* The parameter I is the reverse-bias saturation current.
* For silicon pn junctions, I € [10718, 10714] A.
* The actual value of I, depends on:
1. The Semiconductor material,

2. The doping concentrations and
3. The cross-sectional area of the junction.

* The parameter V; is the thermal voltage.
« V7 = 0.026 V at room temperature (27°C).

* The parameter n is usually called ‘ahe emissiog coefficient or ideality factor:
<n <
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1.2.4 |deal Current—Voltage Relationship

ip = IS[e(”VT) — 1]

* n takes into account any recombination of electrons and holes in the
space-charge region.
* At very low current levels, recombination is a significant factor and n = 2.
* At higher current levels, recombination is less a factor, and the value of n = 1.

e NOTE: We will assume the emission coefficient is:
n =1

* This pn junction, with nonlinear rectifying current characteristics, is
called a pn junction diode.
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EXAMPLE 1.7

Objective: Determine the current in a pn junction diode.
* Consider a pn junction at T = 300K in which I = 107* A andn = 1.
* Find the diode current for vy, = +0.70V and v, = —0.70V.

e Solution:
* Forvp = +0.70V, the ' bn junction is forward- (I)0|7%sed
i = 1lemr — 1] = (1014 [e*0028 — 1) > 4.93ma
* Forvpy = —0.70V, the pn junction is reverg%blased
i = 1lev — 1] = (101 (e 0026 — 1] ~ —1071% 4 ~ -1
* Comments:

* Although Is is quite small, even a relatively small value of forward-bias voltage can induce a
moderate junction current (4 93mA).

 With a reverse-bias voltage applied, the junction current is virtually zero (10~1% A).
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External Resources

 Electrical Fundamentals-Semiconductor Diodes. [Self reading]
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Chapter 1
Semiconductor Materials and Diodes

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan



1.2.5 pn Junction Diode

* Figure 1.17 is a plot of the derived current—
voltage characteristics of a pn junction.

* For a forward-bias voltage, the current is an
exponential function of voltage.

* Figure 1.18 depicts the forward-bias
current plotted on a log scale.

* With only a small change in the forward-bias
voltage, the corresponding forward-bias
current increases by orders of magnitude.
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1.2.5 pn Junction Diode

* For a forward-bias voltage v, > +0.1V,
the (—1) term in the following Equation can
be neglected.

ip = Is exp (32) 4| > ip = Isexn (32)

nvr

* In the reverse-bias direction, the current is
almost zero.

131 »
10 s

10 14 L7

Ig /EI'

0

| | | | |
0.1 02 03 04 05 06 07V

Figure 1.18



1.2.5 pn Junction Diode

* Figure 1.19 shows the:
1. Diode circuit symbol and

2. The conventional: — 1" !
* Current direction and ‘D, vp
* Voltage polarity. (a)

* The diode can be thought of and used as a voltage
controlled switch that is: =

- “off” state for a reverse-bias voltage (i.e. v, < 0). ya :} ]
e only a very small current is created. b)

* “on” state for a forward-bias voltage (i.e. vp > 0).

 a relatively large current is produced by a fairly small applied Figure 1.19
voltage
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1.2.5 pn Junction Diode

* When a diode is reverse-biased by
at least 0.1V (i.e. vp = —0.1V), the
diode current is:

ip = —Ig

e The current is in the reverse
direction and is a constant, hence
the name reverse-bias saturation
current.

2019-10-12
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1.2.5 pn Junction Diode
Temperature EffeCtS [on Forward characteristics]

Tg = T| = T{}

* Since both I and Vy are functions of in } T, T Ty
temperature, the diode characteristics also vary
with temperature.

* The temperature-related variations in forward-
bias characteristics are illustrated in Figure |
1.20. Stven

current 2>
e For a given current = the required forward-
bias voltage decreases as temperature
Increases.

.
i

* For silicon diodes, the change is approximately: 0 ’
2 mV /°C

Figure 1.20
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1.2.5 pn Junction Diode
Temperature EffeCtS [on Forward characteristics]

Tg = T| = T{}

* For silicon diodes, the change is approximately: D } I T To
2mV/°C

* The curve shifts to the left at the rate of —2mV/
per degree centigrade ( °C ) change in
temperature. given

current =

* Hence if the temperature increases from room
temperature (27°C) to 80°C, the voltage drop
across the diode will be: )

Avp = (80 —27) X 2mV = 106 mV. -

0 Up

Figure 1.20
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1.2.5 pn Junction Diode
Temperatu re EffeCtS [on Reverse characteristics]

* The parameter I is a function of the intrinsic carrier concentration n;,
which in turn is strongly dependent on temperature.

* The actual reverse-bias diode current, as a general rule, doubles for
every 10 °C rise in temperature.

 Example: Consider an increase of temperature from room
temperature (27°C) to 85°C, where the reverse saturation current at
27°C is 100 nA.
* The temperature increases by 58°C (27°C to 85°C), which is 5.8 X 10.
* Hence the reverse saturation current would increase by a factor of:
2°>8 =557
* The I5 at 85°C will be 100 nA X 55.7 = 5.57 uA.
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1.2.5 pn Junction Diode
Temperatu re EffeCtS [on Reverse characteristics]

aAL 250+ AT P R S
) The curves are Shown far © ConceptsElectronics.com o (mA) E At25°C  At25°C-A
. . . L I
apart just for illustration At
purpose and are not to scale. " Risein
. # temperature
* |t is clear that the reverse / ;
saturation current increases _ /
With increase in temperature, (Positive temperature E
a n d : coefficient) o L.: ;s };D V)
e |t is indicated that the reverse [
breakdown voltage increases ARRRAN SE3gogdsiy iuchodzarntgeny
with an increase in Riseln  Jac2sec Rise in
temperatre | ltemperature
temperature. |
« However it is only true for  AZS:Al il ,
. / : N *Image courtesy of [ConceptsElectronics] at
avalanche diodes. / ! {’*‘ 25°C-4 http://conceptselectronics.com/diodes/effec
; || t-temperature-diode-characteristics/
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1.2.5 pn Junction Diode
Temperatu re EffeCtS [on Reverse characteristics]

o AS a n exa m p I e Of th e & ConceptsElectronics.com
importance of this effect:

I o (mA}

* The relative value of [n; = cobe ]
2.4 x 10%3] in Germanium, is |
large, resulting in a large
reverse-saturation current in /
germanium-based diodes. L S wm
* Increases in this reverse current e —|twa et i
with increases in the | A
temperature make the Si
Germanium diode highly éis!
impractical for most circuit T~
d p p | icatiO ns. fe—/ 5 L’J"T\mage courtesy of [ConceptsElectronics] at
http://conceptselectronics.com/diodes/com
parison-si-ge-gaas-diodes/
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1.2.5 pn Junction Diode
Breakdown Voltage

* When a reverse-bias voltage V5 is applied to a pn junction, the

electric field in the space-charge region increases.

* The electric field may become large enough that:
* Covalent bonds are broken and
* Electron—hole pairs are created.

e As a result, a large reverse bias current is generated.

* Electrons are swept into the n-region and
* Holes are swept into the p-region.

* This phenomenon is called breakdown.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU
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1.2.5 pn Junction Diode
Breakdown Voltage

* The reverse-bias current created by the greakdown region
breakdown mechanism is limited only by the. """""" |
external circuit.

ipA

| |
BV, BV, .

* If the current is not sufficiently limited, a largei(
power can be dissipated in the junction that| o :
may damage the device and cause burnout. . !

* Q. How can we limit the current passes through a,
diode under Forward/Reverse biasing? === - =

* The current—voltage characteristic of a diode in

breakdown is shown in Figure 1.21. Figure 1.21

2019-10-12 Electronics | - Dr. Hani Jamleh - JU



1.2.5 pn Junction Diode

Brea kdOWﬂ VOItage [avalanche breakdown] b Space charge region .
“E_Field
* The most common breakdown mechanism is o
) R
called avalanche breakdown. [“hf*[_g}:_/j n
* Occurs when carriers crossing the space charge ‘”“;/,,,[ﬁ_,;_} »,
. . e . . . Diffusion of & _ Diffusion
region gain sufficient kinetic energy from the _eecctons O~ O 7" ofholes

high electric field to be able to break covalent
bonds during a collision process.

Figure 1.22

e The generated electron—hole pairs can ;;:?";f.-ffl;
themselves be involved in a collision process EEie
generating additional electron—hole pairs,
thus the avalanche process.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 13



1.2.5 pn Junction Diode
Brea kd own VOIta ge [avalanche breakdown]

* The breakdown voltage is a function of the
doping concentrations in the n- and p-
regions of the junction.

e Larger doping concentrations result in
smaller breakdown voltages.

ip
Breakdown region
I IIIIIII I
| 3%, BV, I
| | s >
7 Up
[ |
I ~— Low .
doped
I |
High—™"
I doped I
2019-10-12 - ot mm om0 = 1 Electronics | - Dr. Hani Jamleh - JU

P

Space charge region

E — Field
(+)
‘\:xl/’/__‘__.['_}
(+)= %
v 02 e
AN J@/’ (
n | R
D ;//" Pn
Diffusion of e () . - Diffusion
electrons ) of holes
Figure 1.22
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1.2.5 pn Junction Diode
Breakdown Voltage

* The voltage at which breakdown occurs depends on fabrication

parameters of the pn junction.
e It is usually in the range of 50 to 200 V for discrete devices.
* Excess of 1000V, is available too for some applications.

* A pn junction is usually rated in terms of its peak inverse voltage (PIV).

* The PIV of a diode must never be exceeded in circuit operation if reverse
breakdown is to be avoided.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 15



1.2.5 pn Junction Diode
B rea kd OWn VO Ita ge [Zener breakdown]

* A second breakdown mechanism is called Zener breakdown.
* This effect is prominent at very high doping concentrations and results in
breakdown voltages less than 5V.
* Diodes can be fabricated with a specifically designed breakdown
voltage and are designed to operate in the breakdown region.
* These diodes are called Zener diodes.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 16



Diode as a Switch

Electrical (Diode) Y

Mechanical

A CURRENT FLOW ov OUT

ov_IN I_o,,.g_l (CRI CONDUCTING)
PUT QUTPUT

IN
NN c,.'f.s‘;)..sf.”. +Y_QUT
1 R "CUT-OFF

%
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1.2.5 pn Junction Diode
Switching Transient Response

* Since the pn junction diode can be used as an
electrical switch, an important parameter is its
transient response.

* That is, its speed and characteristics, as it is
switched from one state to the other.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

Transient response: Gradual change of output from initial to the desired condition
Steady-state response: Approximation to the desired response

Controlled
variable
s Overshoot ‘
EE— Steady state error
Reference :
| Transient State Steady State
b | - .
e (T Time
Settling time
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1.2.5 pn Junction Diode
Switching Transient

* Assume, that the diode is:

 Switched from the forward-bias “on” state to the
reverse-bias “off” state.

* Figure 1.23 shows a simple circuit that will

switch the applied voltage at time t = 0.

1. Fort < 0, the forward-bias current i is:

2019-10-12

iD=IF=

(Vg —vp)

Rp

Electronics | - Dr. Hani Jamleh - JU

Un

t<0 i= U
L] .
I;—T
Ry § Rp
|
+ —
Vr = =W
_ ‘E ;
. 4

ny

Figure 1.23

il
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1.2.5 pn Junction Diode
Switching Transient

. ]Ic:igure 1.24 shows the minority carrier concentrations
or:

* An applied forward-bias voltage and .

* An applied reverse-bias voltage.

. Noofer; here, we neglect the change in the space charge region
width.

 When a forward-bias voltage is applied:
* Excess minority carrier charge is stored in both the p- and
n-regions.
* The excess charge in each region is:

* The difference between the minority carrier concentrations
for a forward-bias voltage and those for a reverse-bias
voltage.

* This charge must be removed when the diode is
switched from the forward to the reverse bias.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

Un

. +
Ip
—_—
p
i ;;r:D
L ] »

f;—T
B
+ 1 1 —
F= = Li!?
- L
Figure 1.23  ~

Minority carrier
concentrations

\

Excess minority
carrier electrons

f

n

Forward bias

Excess minority
carrier holes

Figure 1.24 /

Reverse bias



1.2.5 pn Junction Diode |
Switching Transient £y

* As the forward-bias voltage is removed. §RF §

* Relatively large diffusion currents are created in
the reverse-bias direction. v

* This happens because:

1. The excess minority carrier electrons flow back Figure 1.23
across the junction into the n-region, and

2. The excess minority carrier holes flow back
across the junction into the p-region.

* The large reverse-bias current is initially —
limited by resistor Rp to approximately: 0.1

VR

Rp Ik

.ﬂ
|1
i

:-:T:

I
+

1

In A

Ip

ip = —Ig =

-

I’—P-|-E— j‘JIr—:-—

Figure 1.25
2019-10-12 Electronics | - Dr. Hani Jamleh - JU Switching Transient current characteristics



1.2.5 pn Junction Diode
Switching Transient

* The junction capacitance (; does not ip 4
allow the junction voltage to change Iy
instantaneously.

- r]’ —l--|-:— Jff —_—

Figure 1.25
Switching Transient current characteristics

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 22



1.2.5 pn Junction Diode
Switching Transient

* The reverse current Ip is approximately
constant for 07 < t < ¢,

* The Storage time t. is defined as:

* The length of time required for the minority
carrier concentrations at the space-charge region
edges to reach the thermal equilibrium values.

* After t;, the voltage across the junction
begins to change.

* The Fall time t; is typically defined as:

* The time required for the current to fall to 10 % of
its initial value.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

In A

- r]’ —l--|-:— Jff —_—

Figure 1.25

0.1,

Time

Switching Transient current characteristics
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1.2.5 pn Junction Diode
Switching Transient

* The total turn-off time:
Lturn—off = ts + Ly

* |[n order to switch a diode quickly:

1. The diode must have a small excess minority
carrier lifetime, and

2. We must be able to produce a large reverse
current pulse.

* Therefore, in the design of diode circuits, we
must provide a path for the transient reverse-
bias current pulse.

e These same transient effects impact the
switching of transistors.

 The switching speed of transistors in digital
circuits will affect the speed of computers.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

In A

Iy

—l--|-:— JfJIr —_—

Figure 1.25
Switching Transient current characteristics

Time
0.115
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1.2.5 pn Junction Diode
Switching Transient

* The turn-on transient occurs when:

e The diode is switched from the reverse-bias “off” state to the forward-bias
“on” state, which can be initiated by applying a forward-bias current pulse.

* The transient turn-on time is the time required to establish the
forward-bias minority carrier distributions.

* During this time, the voltage across the junction gradually increases toward
its steady-state value.

* The turn-on time for the pn junction diode is usually less than the
transient turn-off time.

Lturn—on < tturn—off

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 25



1.2.5 pn Junction Diode
Switching Transient

T /7190% Unx

i No% U,

Lturn—on < tturn—off



Various Types of Junction Diodes

General purpose diode Surface mount high-power PIN diede Power (stud) diode Power (planar) diode

> &

Beam lead pin diode Flat chip surface mount diode Power diode Power (disc, puck) diode

FIG. 1.39

Various types of junction diodes.

image courtesy of “Boylestad, Electronic Devices and Circuit Theory, 11t ed.”
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Objective:

* Examine DC analysis techniques for diode circuits using various
models to describe the diode characteristics.
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Introduction

* We will study the diode in various circuit configurations.

e The diode is:

1. A two-terminal device
2. With nonlinear i— v characteristics,
* as opposed to a two-terminal resistor, which has a linear i- v characteristics.

* The analysis of nonlinear electronic circuits is not as straightforward
as the analysis of linear electric circuits. However, there are electronic
functions that can be implemented only by nonlinear circuits.
Examples include:

1. The generation of DC voltages from sinusoidal voltages and
2. The implementation of logic functions.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 3



Introduction

* Mathematical relationships, or models, that describe the i —v
characteristics of electrical elements allow us to:

* Analyze and design circuits without having to fabricate and test them in the
laboratory.

* An example is Ohm’s law, which describes the properties of a resistor.

* We will develop the DC analysis and modeling techniques of diode
circuits.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 4



Introduction

* We consider the current—voltage (i — v) characteristics of the pn
junction diode in order to construct various circuit models.

1. Large-signal models:

* Describe the behavior of the device with relatively large changes in voltages and
currents.

* This model is used to:
1. Simplify the analysis of diode circuits.
2. Make the analysis of relatively complex circuits much easier.
2. Small-signal model:
* Describes the behavior of the pn junction with small changes in voltages and currents.

* It is important to understand:

The difference between the Large-signal and Small-signal models and the
conditions when they are used

2019-10-12 ectronics | - Dr. Hani Jamleh - JU 5



ip

Introduction Figure 1.26(a)
, Conducting
state
e An ideal diode (as opposed to a diode with ideal — Revereb

I— v characteristics): 0 >
e Has the i — v characteristics shown in Figure 1.26(a).

Applied Voltage Ideal Diode Voltage | Ideal Diode Current | Equivalent Circuit ip=0

Reverse-bias voltage (Vz) greater than Zero Zero Figure 1.26(b) © ©
+ Up -
Forward-bias voltage (Vr) Zero greater than Zero Figure 1.26(c) b

[UD <0, 'ED = U‘)

e An external circuit connected to the diode must Figure1.26(b)
be designed to control the forward current ip

—_—

through the diode. o—o

+ Up -

[f:D > (), Up= 0)
2019-10-12 Electronics | - Dr. Hani Jamleh - JU o
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Rectifier Diode Circuit

* One diode circuit is the rectifier circuit
shown in Figure 1.27(a).

* Assume that:

1. The input voltage v; is a sinusoidal signal, as v;
shown in Figure 1.2'}(b), and

2. The diode is an ideal diode (see Figure
1.26(a)).
* During the positive half-cycle of the input:
1. A forward-bias current exists in the diode and
2. The voltage across the diode is zero vp = 0.

* The equivalent circuit for this condition is
shown in Figure 1.27(c).

1. The diode acts as a short circuit:
2. The output voltage v, is then: vy = v;.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

L1 O
—_ > +
D
R Vo
; Figure 1.27(a)

Figure 1.26(3) Conducting

Reverse bias

AN

- o
r — 2T L%ﬁr\wr
|
Figure 1.27(b)
o0—0 o
D

Uy R vo
o

Figure 1.27(c) Y~ 0



Rectifier Diode Circuit e g,

* During the negative half-cycle of the
input:
1. The diode is reverse biased, and

2. The currentin the diode is zero, ip = 0. i
* The equivalent circuit for this condition T
is shown in Figure 1.27(d). !

1. The diode acts as an open circuit:
2. The output voltage is zero vy = 0.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU
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Rl :
- : : : -
Rectifier Diode Circuit D6, R ©
;/, 5 Figure 1.27(a)
* The output voltage of the circuit is shown /'
in Figure 1.27(e). e e 126 ||
 Over the entire cycle: 4
* The is sinusoidal and has a zero """} ¢porp |
¢ | I

average value (DC value = zero).

* The output signal contains only positive values
and therefore has a positive average value.

e Consequently, this circuit is said to rectify ,

l l )
l l
. . / I
the input signal. iy Flgure 1.27(b) |
e Which is the first step in generating a DC | |
voltage from a sinusoidal (ac) voltage. Vo=V 1 V=0 |
« A DC voltage is required in virtually all electronic : :/_\
circuits. T >
0 )f o it ot
2019-10-12 Electronics | - Dr. Hani Jamleh - JU ! I 9
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DC Analysis of Diode Circuits

* Since analysis of nonlinear circuits is not as straightforward as that of
linear circuits, there are mainly four approaches to the DC analysis of
diode circuits:

a) Iteration; These two methods are closely related and are
b) Graphical techniques; [ therefore presented together.

c) Piecewise linear modeling method; and
d) Computer analysis.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 10



1.3.1 Iteration and Graphical Analysis
Technigues

* |Iteration means:
* Using trial and error to find a solution to a problem.

* The graphical analysis technique involves:
1. Plotting two simultaneous equations, (which equations?), and
2. Locating their point of intersection, which is the solution to the two
equations.

* These equations are difficult to solve by hand because they contain
both:

1. Linear term and
2. Nonlinear exponential term.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 11



1.3.1 Iteration and Graphical Analysis

Techniques
* Consider, the circuit shown in Figure 1.28, with a DC R =2kQ
voltage Vpg applied across a resistor and a diode. X - .
e First: Kirchhoff’s voltage law (KVL) applies both to Vrs=5V = Y Vo
nonlinear and linear circuits: ) )
VPS =R- ID + VD _L_
VPS VD Figure 1.28

[ = —=— =
P~ R R

 [Note: In the remainder of this section in which DC
analysis is emphasized, the DC variables are denoted by
UPPERCASE letters and UPPERCASE subscripts.]



1.3.1 Iteration and Graphical Analysis

Technigues
* Second: The diode voltage Vp and current I, are related by the R=2kO
ideal diode equation as: — AAAA———
) _4] T
ID:ISeVT —1 +___ ID
* where I is assumed to be known for a particular diode. Vps=5V =

Combining the equation above with the first one:

VPS:R.ID-l_VD _L

We obtain: -
Vp Figure 1.28

VPS:R'IS [eVT— 1 +VD
* Which Contains only one unknown, Vp.
The equation above cannot be solved directly.

The use of iteration to find a solution to this equation is
demonstrated in the following example.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 13



EXAMPLE 1.8

* Objective: Determine the diode voltage and current for the R=2kQ
circuit shown in Figure 1.28. ——AMWW——

* Consider a diode with a given reverse-saturation current of + | I, +
Iy =1071° A Vps=5V = Y Vp

4]
* Solution: We can write Equation Vps = I R [eVT — 11+ Vp

as: T

|74
5= (10_13)(2 X 103)[80-036 — 1] + Vp Figure 1.28

* If we first t‘r/y Vp = 0.60V, the right side of the equation
above is 2.7

* The equation is not balanced and we must try again.

. I1f5wleVnext try Vp = 0.65V, the right side of the equation is

e Again, the equation is not balanced and we must try again.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 14



EXAMPLE 1.8

VD
5 = (10713)(2 x 103)lev0%6 — 1] + v,

Vp Right hand side

0.60V 2.7V Vps=5V —

0.65V 15.1V

* But we can see that the solution for V is between
0.6 and 0.65 V.

Figure 1.28
* If we continue refining our guesses:
* When V = 0.619 V, the right side of the equation above
is 4.99 V, which is essentially equal to the value of the left
side of the equation.

0.619V 499V = 5V

2019-10-12 Electronics | - Dr. Hani Jamleh - JU
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EXAMPLE 1.8

By applying KVL, The current in the circuit can be R =2KkQ
determined: ’ ’ 0610 . _}V;_'N:'_ .
_/pS YD _ v V- _ VemsVE Y Vp
Ip B ok 2.19 mA PS=3 ¥ = !
* Comment: The current Ip can also be determined from T
the ideal diode equation: =
[ V_D q‘ m Figure 1.28
Ip =1 leVT — 1] = (10_13)[80-026 — 1] = 2.1855mA

* However, dividing the voltage difference across a resistor by the
resistance is wusually easier, and this approach is used
extensively in the analysis of diode and transistor circuits.
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Circuit Load Line

* In the graphical approach to analyze the circuit, using KVL we expressed:
VPS —_ R . ID + VD

* Solving for the current I, we have:
_Vps  Vp

Ip =———
R R
* This equation gives a linear relation between the diode current I, and the
diode voltage §D for:
* Agiven Vpg and
* Aresistance R.

* This equation is referred to as the circuit load line, and is usually plotted on
a graph with:
* The current Iy as the vertical axis and
* The voltage I/, as the horizontal axis.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU 17



Circuit Load Line

o Ves Vo
b™ R R

* From the load line equation, we see that:
e If Ip =0 =2 Vp =Vps which is the x-axis
intercept.
If V=0 =2 I =% which is the y-axis
intercept.

* The load line can be drawn between these

two points.

* The slope of the load line is —%.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

ID (mA) A
3.0

Diode [-V
characteristics

Vps _
R -2

=221

2.0

0.5

-

0  =0621 2 3 4 5 Vp(volts)

Figure 1.29
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Circuit Load Line

Vos Vo

R R

e Using the values given in Example (1.8), we can
plot the straight load line shown in Figure 1.29.

ID:

* The second plot in the figure is that of the diode
equation relating the diode current and voltage.

* The intersection of the load line and the device
characteristics curve provides:
1. The DCcurrent Ip = 2.2 mA through the diode and
2. The DCvoltage V, = 0.62 V across the diode.

* This point is referred to as the quiescent point, or
the Q-point.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU

Ip (mA)
3.0

Vps 5«
_P5 _»
=25

=22

2.0

Diode [-V

characteristics

Load line

-

Figure 1.29
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Circuit Load Line

o Ves W
b™ R R

Ip (mA)
3.0

* The graphical analysis method is somewhat '-::

cumbersome. However, the concept of the
load line and the graphical approach are
useful for:

1. “Visualizing” the response of a circuit, and

2. Evaluation of electronic circuits.

2019-10-12 Electronics | - Dr. Hani Jamleh - JU
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1.3.2 Piecewise Linear Model

. . . |

* Another, simpler way to analyze diode Slope =
Circuits is:

 To approximate the diode’s current—voltage

characteristics, using linear relationships or

straight lines.
& + Y,

* Figure 1.30, for example, shows: f 11 v, Vp
Ip=-Ig Figure 1.30

1. The ideal current—voltage characteristics and
2. Two linear approximations.
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1.3.2 Piecewise Linear Model

*Casel:Vp =1/,

 We assume a straight-line approximation

whose slope is —, where:

1

1

s
V

', is the turn-on voltage of the diode, and

2. T is the forward diode resistance.

* The equivalent circuit for this linear
approximation is:

A constant-voltage source in series with a

2019-10-12

resistor (Figure 1.31(a)).

Electronics | - Dr. Hani Jamleh - JU

. 1
Slope = Ff

{ Jl :

'r Tls Vr i

Ip=-Ig Figure 1.30
.rf
AMWW—
_|_ ——
Ip +
Vp -V,

Figure 1.31(a)
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1.3.2 Piecewise Linear Model

*Casell: Vp <V,

* We assume a straight-line approximation
parallel with the Vp axis at the zero

current level.

* The equivalent circuit for this linear

approximation is:

* An open circuit (Figure 1.31(b)).

2019-10-12
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Slope = Ff
{ Jl :
'r Tls Vr i
Ip=-Ig Figure 1.30
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Ip
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1.3.2 Piecewise Linear Model

. . . ]
* This method models the diode with Slope =7
segments of straight lines;
* Thus the name piecewise linear model.
e If we assume rr = 0, the piecewise linear
diode characteristics are shown in Figure I } J ,
‘f T[S V}; VD
131(C) Ip 4 Ip=-Ig Figure 1.30
f=0 |
|
+ —> |
Ip + | assume 77 = 0
o T {— I
— |
- |
|
1.1 ——— -
e Figure 1.31(c) _ V}, Vb 24




EXAMPLE 1.9

* Objective:

Determine the diode voltage and

current in the circuit shown in Figure 1.28, using a
piecewise linear model.

* Determine the power dissipated in the diode.

* Assume piecewise linear diode parameters of:

e Solution: With the given input voltage polarity, the

Vy = 0.6V and e = 100

diode is forward biased or “turned on,” so I, > 0.

* The equivalent circuit is shown in Figure 1.31(a).

2019-10-12

Electronics | - Dr. Hani Jamleh - JU

_I_

Vpg=5V — Y Vp

Figure 1.28
f
AAAY

+ —

Ip

Vp

Figure 1.31(a)
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+ T +
EXAMPLE 1.9 Vps=5V = ’ ¥ Vb
* The diode current is determined by: -L—
[ VPS — Vy 5 — 06 2 19 A Figure 1.28
= — s . I's
D= R+r,  2x103+10 m —
* The diode voltage is: " b '

Vp =V, + Ipry = 0.6 + (2.19 x 1073)(10) = 0.622V )

* The power dissipated in the diode is given by:
Pp, =1V, =(2.19)(0.622) = 1.36mW

Figure 1.31(a)



_I_

EXAMPLE 1.9 N

e Comment: The solution obtained using the piecewise -L—
linear model is nearly equal to the solution obtained in Figure 1.28
Example 1.8, in which the ideal diode equation was used. Iy
| Method |V, | I, |t
Iteration and Graphical 0.619V 2.19 mA v Ip N
Analysis Technique D Vy
Piecewise Linear Model 0.622V 2.19mA - -

 However, the analysis using the piecewise-linear model in
this example is by far easier than using the actual diode
I— v characteristics as was done in Example 1.8.

Figure 1.31(a)

* In general, we are willing to accept some slight analysis
inaccuracy for ease of analysis.
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Some More Comments (17 and 1/,)

* Because the forward diode resistance 7y in Example 1.9 is much
smaller than the circuit resistance R:
* The diode current I, is essentially independent of the value of r%.

* In addition, if the cut-in voltage 1}, is 0.7V instead of 0.6V, the
calculated diode current will be 2.15 mA, which is not significantly
different from the previous result of 2.19 mA.

* Therefore, the calculated diode current is not a strong function of the cut-in
voltage.

* Consequently, we will often assume a cut-in voltage of 0.7V for silicon pn
junction diodes.
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Some More Comments (Load Line)

* The concept of the load line and the piecewise linear model can be
combined in diode circuit analyses.

* From KVL, the load line for the circuit shown in Figure 1.28 and for
the piecewise linear model of the diode can be written as:
VPS —_ R . ID + VD
Vs Vp

[, =——_ =
b™ R R



Some More Comments (Load Line)

R R
e Various load lines can be determined and plotted for the following 1,maA)

circuit conditions: -
Ves | R

k.

A (orig.) 5V 2kQ =
B 5V 4kQ
C 2.5V k0
D 2.5V 4kQ

* The load line for condition A is plotted in Figure 1.32(a).

* Also plotted in the figure are the piecewise linear characteristics of the
diode.
* The intersection of the two curves corresponds to the Q-point.

* For this case, the quiescent diode current is: Ipy ~ 2.15mA
2019-10-12 Electronics | - Dr. Hani Jamleh - JU

Figure 1.32(a)

5V (volts)
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Some More Comments (Load Line ) SIS R

A (orig.) 5V
B 5V 4k
VPS=R.1D+VD C 2.5V 2kQ)
[ = VPS VD D 2.5V 4kQ
pD=———
R R In (mA) A

e Q-points
| R=4kQ

R=2kQ

* Figure 1.32(b) shows the same piecewise linear
characteristics of the diode.

2.5

1.25 &

* All four load lines, defined by the conditions listed - Vps =25
above in A, B, C, and D are plotted on the figure. 0 el T
e \We see that: Figure 1.32(b)

* The Q-point of the diode is a function of the load line.
* The Q-point changes for each load line.
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The Load Line When The Diode is Reverse

Biased

The load line concept is also useful when the diode is reverse biased.

_I_
Figure 1.33 (a) shows the diode circuit with the direction of the diode Vp¢=5V —

reversed.

The diode current I, and voltage Vp shown are the usual forward-
biased parameters.
Applying KVL:
Vps =R :Ips —Vp=—=R-Ip —=Vp

e Where ID = _IPS
The two end points are found by setting:

* Ip =0, whichyields Vp = =Vps = =5V, and

 Vp =0, whichyields Ip = _Yrs = _ 2 — 2 5maA.

R 2k
We see that:
* The load line is now in the third quadrant, where it intersects the diode
characteristics curve at IV = —5V and I = 0, demonstrating that the diode

is reverse biased.
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Figure 1.33 (a)

Ip

s / Q-point

Load line

|
|

|

|

|

|
V:"'

2.5 mA

Figure 1.33 (b)
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1.4 Diode Circuits: Small Signhal ac Equivalent
Circuit

* Objective:
* Develop an equivalent circuit for a diode that is used when:
e asmall,
* time-varying signal
is applied to a diode circuit.

* We have only looked at the DC characteristics of the pn junction
diode. When semiconductor devices with pn junctions are used in
linear amplifier circuits:

 The time-varying (ac) characteristics of the pn junction become important,

because:
* Sinusoidal signals may be superimposed on the DC currents and voltages.

 \We will examine these ac characteristics.
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1.4.1 Sinusoidal Analysis

+
siszg
|

0 |-¢—E—r—+ci

* In the circuit shown in Figure 1.35(a):
* The voltage source v; is assumed to be a sinusoidal time-
varying signal (ac).
* The total input voltage v, is composed of:

1. a DCcomponent I/p5 and

2. an ac component v; superimposed on the DC value.
v; = Vps + v;

* To investigate this circuit, we have two types of analyses:
1. A DC analysis: only the DC voltages and currents, and
2. An ac analysis: only the ac voltages and currents.
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Applying
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Sinusoidal Signal sin(-)

* Three main components:
1. A: Amplitude _
Z.  w: Frequency (angular frequency) Ul- (t) — A . Sln(a)t — ¢)
3. ¢@: Phase shift
f f/_\'\x If__,/-\\ll f__,z-\ll -’A‘xl\

Fini K
+1"' 411

n 2n 1o
| | | | [\ -
0° 90°  180° 270° 360° U o ) mnvegm
4 A A

T/2 T

Flgure 1.1 Time —=



Current—Voltage Relationships

* Since the input voltage v; contains a DC
component with an ac signal superimposed: in 4

* The diode current ip will also contain a DC
component with an ac signal superimposed (Figure

+
r:a"l \VAG
|

(]

| A —
Q| - = — 4

1.35(b)). Ino

iD — IDQ + id
* Here, Ip is the DC quiescent diode current.

* The diode voltage will contain a DC value with an ac
signal superimposed (Figure 1.35(c)).

UD —_ VDQ + vd Up A
* For this analysis, assume that:

* The ac signal is small compared to the DCy,,
component,

so that a linear ac model can be developed from the
nonlinear diode.
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R R v
r I 0
Vps — -
B O
Figure 1.35(a)
I
/_\
\_—‘/ o
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: Time
Figure 1.35(b)
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Current—Voltage Relationships

* The relationship between the diode current

and voltage can be written as:
YD
iD =~ ISeVT

* But: vp = Vpg + v4 (i.e. DC+ac)

* Then we write:

VDQ+vd [ VDQ]
iD = ISe Vr = IS . [e
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_|_
S
|
(o]

< L1
A — +
1 v; | T ‘D
!_ —_—) - .! Uy R Un
= |
Vps — ¥ -
B r O
‘b 4 Figure 1.35(a)
I
/_\
IDQ \_“/ .~
-
. Time
Figure 1.35(b)
L'D].
Vg
/——-\
Vbo N—_— g
:
Figure 1.35(c) ; Time



————— G M {:}
+ — +
| | !.D
. . I v; !
Current—Voltage Relationships Ot e
_+_
Vps — i
VDQ] [ B o o
lp = IS ’ eV ‘b 4 Figure 1.35(a)
* |If the ac signal is “small,” then -2 > 0, and 4 L~
VT : Ipo N—— ~
we can expand the exponential function
into a linear series, as foIIows: >
é“} (-,> ( Figure 1.35(b) Time
eVT ~1+-2 2d + VT -+ [Taylor Expansion]
zero Up A
* We may also write the quiescent diode vy o
current as: Vo <
IDQ — IS . e V _
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Current—Voltage Relationships

+
s|ys
|
o

| A —
Q| - = — 4

-1 oo
Vps —
o =1 -le 7] [7] ‘ 5
lp = Igd e’r U err Lp 4 Figure 1.35(a)
eVr = 1+ — d
2 - /—'\\*
Vbo - N
IDQ = IS o Vr .
* The diode current-voltage relationship can Figure 1.35(b) Time
then be written as: -
VD
. Va\ _ Ipg _ :
lD—IDQ 1+V_ —IDQ+V_.vd_IDQ+ld d TN
T T VDQ ~—__— ~

where i; is the ac component of the
diode current.

=
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Current—Voltage Relationships

. Ipg .
lp =IDQ +V_‘Ud =IDQ +ld
T
* The relationship between the ac com?onents of the diode voltage and current is then:
: DQ
lg=—"Vg =84V
d V. d = 8d " Vd
or
Vr | .
Vg =7"1lg=T7gq"14
Ipg

* The parameters:
* g, the diode small-signal incremental conductance - diffusion conductance.
* 14:the diode small-signal incremental resistance = diffusion resistance.
* We see from these two equations that:
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Current—Voltage Relationships

1V

ga Ipo
* This equation tells us that:
* The incremental resistance 1, is a function of

the DC bias current Ipy and is inversely

proportional to the slope of the I-V
characteristics curve (Figure 1.35(d)).

IDQ
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Circuit Analysis
First: DC equivalent circuit

* To analyze the circuit shown in Figure 1.35(a), we
perform:
1. A DC analysis, by keeping Vp5 and shorting v;
2. An ac analysis, , by keeping v; and shorting Vps.

 These two types of analyses will use two equivalent
circuits.

 If the diode is forward biased, then the voltage
across the diode is the piecewise linear turn-on
voltage V.

2019-10-20 Electronics | - Dr. Hani Jamleh - JU

_|_
S
|

.lg

=
0 | -— = — = 4+ O
—
!
!

Figure 1.35(a)

VDQ = V},

+hl_

2l
*—

+
I

VPS — R

Figure 1.36(a)
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Circuit Analysis
First: DC equivalent circuit

I 4
> 0
—_— +
+ ] / DO
VPS — R VO

Figure 1.36(a)

2019-10-20 Electronics | - Dr. Hani Jamleh - JU

il i
n —_—
[DQ
Vps — R Vo
o

*assumingry =0
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Circuit Analysis
Second: ac equivalent circuit

* Figure 1.36(b) is the ac equivalent circuit.

* The diode has been replaced by its equivalent
resistance 7.

* All parameters in this circuit are the small-signal
time varying parameters.

_|_
S
|
(o]

.lg

by
~
=

<

-~
(7 +)
/
O | -— = —» 4+ 0O
<)

I'-;:—l-
LA

Figure 1.35(a)

Figure 1.36(b)



EXAMPLE 1.11

* Objective: Analyze the circuit shown in Figure 1.35(a).

* Assume circuit and diode parameters of:

Vps =5V, R = 5k, V, = 0.6V, and v; = 0.1 - sin(wt) V

* Solution: Divide the analysis into two parts:

1.
2.

The DC analysis and
The ac analysis.

* First, for the DC analysis:

1.
2.

3.

2019-10-20

We set v; = 0V

Determine the DC quiescent current from Figure 1.36(a) as:
b= ~T 5 ~ W

The DC value of the output voltage is:
Vo =R -Ipg = (5k)(0.88m) = 4.4V

Electronics | - Dr. Hani Jamleh - JU

_|_
S
|

O 1> 0
+ —_— +
l
Uf T D
v R v
N if 0
Vps — ¥ -
B ) )
Figure 1.35(a)
J =V
} Do = Vy
>t 0
N +
+ IDQ
Vps — R Vo
o

Figure 1.36(a)
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EXAMPLE 1.11 i G

0 | -— = — = 4+ O
!

s
2
e Second, for the ac analysis, -

1. Consider only the ac signals and parameters in the Figure 1.35(a)
circuit in Figure 1.36(b). I'd
* We effectively set Vpg = 0.

2. Calculate the small-signal diode diffusion resistance ry:

Ve 0.026
=L =—"" =0.0295 kQ = 29.50 Vi
Ino  0.88m

3. The ac KVL equation becomes:
Ui=rd'id+R'id=(Td+R)'id
* The ac diode current is: Figure 1.36(b)
i, = rd”iR - 0'21;‘5“5?5) = 19.9 sin(wt) (1)
4. The ac component of the output voltage is:
v, =R-i; = 0.0995 sinwt (V)
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1.5 Other Diode Types

* Objective:
* Gain an understanding of the properties and characteristics of a few specialized
diodes.

* There are many other types of diodes with specialized characteristics that
are useful in particular applications. We will briefly consider only a few of

these diodes.

e Some other diode types:
1. Solar cell,

Photodiode,

Light-emitting diode,

Schottky diode, and

Zener diode.

Lk wN
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1.5.1 Solar Cell

Solar energy

A

E-field

Photocurrent

Ry
A AA'A,
I, Ty - Figure 1.39
ph

A solar cell is a pn junction device with no voltage directly applied across the junction.

The pn junction, which converts solar energy into electrical energy, is connected to a load
as indicated in Figure 1.39.

When light hits the space-charge region, electrons and holes are generated.

They are quickly separated and swept out of the space-charge region by the electric field,
thus creating a photocurrent I,,j,.

The generated photocurrent will produce a voltage V' across the load R; .
* which means that the solar cell has supplied power.

Solar cells are usual(ljy fabricated from silicon, but may be made from GaAs or other llI-V
compound semiconductors.
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1.5.1 Solar Cell

Solar energy

A

E-field

Photocurrent

Ry

VWV

I, Ty T Figure 1.39
ph

* Solar cells have long been used to power the electronics in satellites
and space vehicles, and also as the power supply to some calculators.

* Solar cells are also used to power race cars in a Sunrayce event.
* Typically, a Sunrayce car has 8 m? of solar cell arrays that can produce 800 W

of power on a sunny day at noon.

* The power from the solar array can be used either:

1. To deirectly power an electric motor or
2. To charge a battery pack.



Solar Cell Examples

Cyber Motorsports

Y
S .

Electronicqs = Py ;
@ Copyn vf'roten;ted
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1.5.2 Photodiode (Photodetectors)

* Photodetectors are devices that convert optical
signals into electrical signals.

 An example is the photodiode, which is similar to
a solar cell except that the pn junction is operated

* Incident photons or light waves create excess S S sy e
electrons and holes in the space-charge region.

1,500 Tux prer]
200

 These excess carriers are quickly separated and
swept out of the space-charge region by the ” .
electric field, thus creating a “photocurrent.” T e ]

* This generated photocurrent is directly proportional to b
the incident photon flux.

Reverse
current

2,000 Tux

300 —

iz

EE
=
~
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1.5.3 Light-Emitting Diode

* The light-emitting diode (LED) converts current
to light.

conduction ban elecirons
* When a forward-bias voltage is applied across a vt NL o000
pn junction, electrons and holes flow across the |

space-charge region and become excess SeETEr-N ng
minority carriers. o voncs band
* These excess minority carriers diffuse into the
neutral semiconductor regions, where they —1
recombine with majority carriers. - Sathode =

Cathode —“— Anode
+



LED Applications




Metal

1.5.4 Schottky Barrier Diode b/

- t }'r F] c —

+ VD —

* A Schottky barrier diode, or simply a Schottky
diode, is formed when a metal, such as aluminum, Figure 1.41(a)
is brought into contact with a moderately doped n-
type semiconductor to form a rectifying junction.

* Figure 1.41(a) shows the metal-semiconductor contact.

e Figure 1.41(b) shows the circuit symbol with the current il
direction and voltage polarity. <.

Figure 1.41(b)
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1.5.4 Schottky Barrier Diode

* The current—voltage characteristics of a Schottky
diode are very similar to those of a pn junction
diode.

* The same ideal diode equation can be used for both
devices.

* However, there are two important differences
between the two diodes that directly affect the
response of the Schottky diode.

2019-10-20 Electronics | - Dr. Hani Jamleh - JU

Metal

/
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+ VD —

Figure 1.41(a)

+ Vp -

Figure 1.41(b)
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1.5.4 Schottky Barrier Diode

* First, the current mechanism in the two devices is
different.

* The current in a pn junction diode is controlled by the
diffusion of minority carriers.

* The current in a Schottky diode results from the flow
of majority carriers over the potential barrier at the
metallurgical junction.

* This means that there is no minority carrier storage in the
Schottky diode, so the switching time from a forward bias to

a reverse bias is very short compared to that of a pn junction
diode.

* The storage time, t,, for a Schottky diode is essentially zero.

2019-10-20 Electronics | - Dr. Hani Jamleh - JU
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1.5.4 Schottky Barrier Diode

* Second, the reverse-saturation current Ig for a i,

Schottky diode is larger than that of a pn junction

diode for comparable device areas.
* |t takes less forward bias voltage to induce a particular

current compared to a pn junction diode.
* Figure 1.42 compares the characteristics of the
two diodes, the Schottky diode has a smaller turn-
on voltage than the pn junction diode.

* Schottky diode is useful in IC applications.
1. It has lower turn-on voltage and
2. lts switching time is shorter (faster).
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Figure 1.42
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EXAMPLE 1.12

* Objective: Determine diode voltages.
* The reverse saturation currents of:

e A pn junction diode I = 107124 and,

* a Schottky diode I = 1078A.

. g_etéermine the forward-bias voltages required to produce 1 mA in each
iode.

 Solution: The diode current-voltage relat;/onship is given by:
D

Ip=1Ig-eVr
* Solving for the diode voltage, we obtain:

I
V, = VyIn (£>
[



EXAMPLE 1.12

1. For the pn junction diode:

1X
Vp = (0.026) In 10-12

0—3

) = 0.539V

* Comment:

* Since the reverse-saturation current I for the Schottky diode is relatively

large:
* Less voltage across this diode is required to produce a given current compared to the
pn junction diode.



1.5.5 Zener Diode

* As mentioned earlier, the applied reverse-
bias voltage cannot increase without limit.

At some point, breakdown occurs and the
current in the reverse-bias direction

increases rapidly.

e The voltage at this
breakdown voltage.

point is called the

* The diode I-V characteristics, including
breakdown, are shown in Figure 1.43.

2019-10-20
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1.5.5 Zener Diode

* Diodes, called Zener diodes, can be
designed and fabricated to provide a
specified breakdown voltage V.

* Although the breakdown voltage is on the
negative voltage axis (reverse-bias), its value is
given as a positive quantity, |V,,|.

2019-10-20 Electronics | - Dr. Hani Jamleh - JU
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1.5.5 Zener Diode

* The large current that may exist at breakdown
can cause heating effects and failure of the
diode due to the large power dissipation.

e However, diodes can be
breakdown region by:

operated in the

* limiting the current to a value within the

capabilities of the device.
e Such a diode can be used as:

* A constant-voltage reference in a circuit.

* The diode breakdown voltage is essentially

constant over a wide range of currents and

temperatures.

2019-10-20
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ip A

Iz

1.5.5 Zener Diode — &
oy, T
] ] ] ] Figure 1.44
* The circuit symbol of the Zener diode is
shown in Figure 1.44. B ko
 (Note the subtle difference between this  voltage
symbol and the Schottky diode symbol.) Vz]\ /|Vz@|

* The voltage V, is the Zener breakdown
voltage, and the current I, is the reverse-
bias current when the diode is operating in

|
|
i
: |
the breakdown region. Jmakd@wn Region

(

* We will see applications of the Zener diode t
in the next chapter. |

<— Slope = %
V4
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Real Discrete Diode Component

Anode (+) -

Cathode (-)

T—————

T ——— s g

:-ﬂ?-r;z:—'-—-wn

www.f-alpha.net
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Diode Circuits
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Preview

* We discussed some of the properties of semiconductor materials and
introduced the diode.

: — — |+ 4.

+—1—— FE-field (i) S n
| — =1+ + . —

. ==+ +] f ID = 15 e\"'r/) — ] ip
I'Ei" iy g : + Up -
(a)
]"ﬂ
|||| [
| i
+ | _ ‘D + Up -
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Preview

* We presented the ideal i-v relationship of the diode and considered
the piecewise linear model, which simplifies the diode DC analysis.

Ip 4

=

(@) (b) (c)

Figure 1.31 The diode piecewise equivalent circuit (a) in the “on” condition when Vp = V.,
(b) in the “off” condition when Vp < V.., and (c) piecewise linear approximation when

ry = 0. When ry = 0, the voltage across the diode is a constant at Vp = V), when the diode
is conducting.
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Preview

* In this chapter, the techniques and concepts developed in Chapter 1
are used to analyze and design electronic circuits containing diodes.

R=05kQ
v o—AAA——s 5 1 05k Dy
| kQ Vi o—AW >
) —_—
! In
0.5 kQ D,
V, o—AAAN S——-a0Vy
—_—
I
b2 § 9.5 kQ

* A general GOAL of this chapter is:
* To develop the ability
* To use the piecewise linear model and approximation techniques
* In the hand analysis and design
e Of various diode circuits.
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Preview

« Each circuit:
« Accepts an input signal at a set of input terminals and
* Produces an output signal at a set of output terminals.

* This is called signal processing:
* The circuit “processes” the input signal and produces an output si?nal that is
a different shape or a different function compared to the input signal.

MP3 Audio

Recording

ADC

=
m
=
=]
=
-

DAC

Playback source

* We will see how diodes are used to perform these various signal
processing functions.
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In Chapter 2 Of The Book, We Will:

1. Determine the operation and characteristics of diode rectifier circuits,
which form the first stage of the process of:
e Converting an ac signal into a DC signal in the electronic power supply.

2. Apply the characteristics of the Zener diode to a Zener diode voltage
regulator circuit.

3. Apply the nonlinear characteristics of diodes to create wave shaping
circuits known as Clippers and Clampers.

4. Examine the techniques used to analyze circuits that contain more than
one diode.

5. Design a basic DC power supply incorporating a filtered rectifier circuit
and a Zener diode.
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2.1 Rectifier Circuits

Objective:

* Determine the operation and characteristics of diode rectifier
circuits, which form the first stage in the process of:
Converting an ac signal into a DC signal in the electronic DC

power supply. o0 R4
* A diode rectlfler‘forms the first stage of a DC powe'f~supply

O..
L /
'S
!/
O

F

Al ) 1‘
P Vif | U
" _&IWM
Electronic ’ N \ / \
! i ) 1 £ N
Power Supply L v/ \ g \
— !"'
=+ T =
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2.1 Rectifier Circuits

* A DC voltage is required to power essentially every electronic device,
including:
* Personal computers,
* Televisions, and
* Stereo systems.

* Examples:

* An electrical cord that is plugged into a wall socket and attached to a
television, is connected to a rectifier circuit inside the TV.

* Battery chargers for portable electronic devices such as cell phones and
laptop computers contain rectifier circuits.
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Power Adaptor Examples

1

VOLY CHANGE 8W
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2.1 Rectifier Circuit

* Figure 2.1 is a diagram of a DC power supply.

* The output voltage v, is usually in the range of [3V ~24V] depending on the
electronics application.

* Throughout the first part of this chapter, we will analyze and design
various stages in the power supply circuit.

| Power ]
| transformer !
I
+ ! :
I |
I |
ACi i
! Diode : Voltage |
voltagde . Filter :
; rectifier regulator | |
sourcg ]
I |
I |
I |
— 1 : B
| I 5
. Sl S2 s3 s4 :
201971020 TEoure 21 JUEE - Electronics | - Dr. Hani Jamlen »

Figure 2.1



2.1 Rectifier Circuit

* Definition of rectification:
It is the process of converting an alternating (ac) voltage into one that is
limited to one polarity.
 The diode is useful for this function, why? because of its nonlinear
characteristics:
* The current exists for one voltage polarity, but is essentially zero for the
opposite polarity.
* Rectification is classified as:
* Half-wave = being the simpler or
* Full-wave = being more efficient.

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 11
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Primary —
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What is Electrical Transformer?

VP_IS_NP_ —
Ve Ip Ns

@

* Ng > Np—2 Step up transformer
* N¢ < Np-> Step down transformer Primary _gpe, Secondary

* Example:

* Vp = 220 Vs, Vs = 12 Vi

. N 220
e Turns ration: —= = — 18.33
NS 12

2019-10-20 Electronics | - Dr. Hani Jamleh - JU 14



2.1.1 Half-Wave Rectification

* Figure 2.2(a) shows three main

+ O

components:

1. A power transformer with
2. Adiode and b1
3. Avresistor

* All connected to the secondary of the
transformer.

* We will use the piecewise linear
approach in analyzing this circuit.

* Assuming the diode forward resistance is
rr = 0 when the diode is “on.”

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh

J'."r'r| ea"u'r:
= o
L ] L -
.|,.
Us Vo
— o
Figure 2.2(a)
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2.1.1 Half-Wave Rectification

* The input signal vy, is in general: N, N,
* 120V = 169.7V,pqx, 60 Hz ac signal [American © ] O
standard]s. + . i +
© 220Vips = 312Vy5e0k, 50 Hz ac signal [European
standard]s. vy Ug R Vo
* The secondary voltage, vs, and primary
voltage, v, , of an ideal transformer are — 5
related by:
Vg Nl Figure 2.2(a)
Us - N,
* Where:

* N;:the number of primary turns.
* N,:the number of secondary turns.

1

N, Q. Why v, not V,?
* The ratio N, called the transformer turns | A (cre may be an ac ripple voltage

ratio. superimposed on a DC value.
2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 16



Problem-Solving Technique: Diode Circuits

* In using the piecewise linear model of the Diodeis i  Diodeis
not Conducting Conducting

diode, the first objective is: e

* To determine the linear region:
* Conducting or not Conducting; in which the diode is

operating.
* To do this, we can:
1. Determine the input voltage condition such that =0
a diode is conducting (on) - Then find the (b)

output signal for this condition.

2. Determine the input voltage condition such that
a diode is not conducting (off) 2 Then find the
output signal for this condition.

[Note: Item 2 can be performed before item 1 if desired.]

(b) voltage transfer characteristics

VTC

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 17



Problem-Solving Technique: Diode Circuits

 Figure 2.2(b) shows the voltage transfer g%

characteristics (VTC), v, versus vg, for the circuit. °

1. Forvg < 0, the diode is reverse biased:
* The current is zero (ip = 0) = the output voltage is zero. (1)

2. As long as vsg <1l , the diode will be non-
conducting, so:
* ip = 0 -> The output voltage will remain zero.

3. Whenvg > 1, the diode becomes forward biased.

A currentisinduced in the circuit.
* |n this case, we can write:
lD —

(b) voltage transfer characteristics

Figure 2.2

and vy = ipR = vs =V,

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 18



Problem-Solving Technique: Diode Circuits

* Forvg > 1
Vo = Vs =V,
* The slope of the transfer curve is 1.
* y — intersection = =V,
* x — intersection =V,

_V;/
(b)

(b) voltage transfer characteristics

Figure 2.2

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 19



Problem-Solving Technique: Diode Circuits

* If vs is a sinusoidal signal (Figure 2.3(a)).

* The output voltage can be found using the voltage
transfer curve in Figure 2.2(b).

USSVV UOZO
U5>I/y UO=US_I/Y

Vo &

(b)

(b) voltage transfer characteristics

- \//\\ : Figure 2.2

(a)
Figure 2.3
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Half-wave Rectifier Circuit

* When the diode is reverse, cut off = non-
conducting =2 no voltage drop occurs across the
resistor R.

* As a result, the entire input signal voltage appears
across the diode (Figure 2.3(c)).

* The diode must be capable of:

1.

2.

In the forward direction: Handling the peak current
and

In the reverse direction: Sustaining the largest peak
inverse voltage (PIV) without breakdown.

* For the circuit shown in Figure 2.2(a), the value
of PIV is equal to the peak value of vs.

2019-10-20

PIV = peak(vs)

JUEE — Electronics | — Dr. Hani Jamleh

-'_h

vy

ol

Reverse
Cut off

PIV = vs(peak)
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Half-wave Rectifier Circuit

e We can see that:

* The input signal vs alternates polarity and has a time-average value of zero.

* The output voltage v, is unidirectional polarity and has a time-average value
that is not zero = The input signal is therefore rectified.

* Also, since the output voltage appears only during the positive cycle
of the input signal = The circuit is called: a half-wave rectifier.

Us i Uy
o — 5 ——

r . & 5,
£ ™, ry M
v l 7 Vo | / \
N N7 A ¥ / \
~ 7 \ / \
0 \/ \ t t
(a)

(b)

(a) sinusoidal input voltage v (b) Rectified output voltage v,
2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 23
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Example 2.1

* Objective: Determine the currents and

voltages in a half-wave rectifier circuit. R
—A\WW >
* Consider the circuit shown in Figure 2.4 (a). i
* Assume Vg = 12V, R = 100Q,and V, = 0.6V. , (- Et)
* Also assume vg(t) = 24 sin(wt) V. Vg sin o

* Determine: ’
1. The peak diode current, =
2. Maximum reverse-bias diode voltage, and Figure 2.4 (a)

3. The fraction of the cycle over which the diode is
conducting (ON).

2019-10-20 JUEE - Electronics | — Dr. Hani Jamleh 24



Example 2.1 (Answers)

1'5{” =
L"_g- sin

Vg =12V, R = 100Q,and V}, = 0.6V
ve(t) = 24 sin(wt) V2 Vs(peak) = 24V

Al. The peak diode current:

Vs —V, =V,
R
0 (4a-db-12)
(8 =375
| 247712.6 .
— . = ip _*
() =750~ Tog o= () ="
ip(peak) = 240mA — 126mA ¥ssin o ‘
ip(peak) = 114mA

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh 25



R
—VVWWN A
Example 2.1 (Answers) e
i'.,'_g'[” = If_“_-lD gvﬂ
V¢ sin @t B
Vg = 12V,R= 100Q,andV, = 0.6 V.
ve(t) = 24 sin wt. _l_
A2. Maximum reverse-bias diode voltage:
* This is when the diode is OFF
* No current passing through R 2 ip =0
— — — R + vy —
vp(max) =Vs + Vg =24+ 12 = 36V D
- =0 i
vg(t) = (9 K — Vs
V¢ sin @t + a

2019-10-20 JUEE - Electronics | — Dr. Hani Jamleh 26



Example 2.1 (Answers)

ve( = =
Vg=12V,R= 100Q,and ), = 0.6 V. Vs sin &H\l

vs(t) = 24 sin wt.

A3. The fraction of the cycle over which the diode
is conducting (ON):

* Vg starts conducting whenvp = Vg + 1}, = 12.6V

* That is when vg(t) = 24 sinwt; = 12.6
I 12.6 _ 3170 ) ‘;a
wlq = SIn 24 — . gt vy

* By symmetry: wt, = 180° — wt; = 148.3°

* Therefore, percent time
ON Time 148.3° — 31.7°

All Time 360°

2019-10-20 JUEE — Electronics | — Dr. Hani Jamleh
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Problem 1.40

* For the diode circuit shown in the Figure, it has a reverse-saturation
current of I = 5 X 10713, assume T = 300K, answer the following
guestion:

* What is the input voltage Vp¢ that will produce V, = 0.4V.

Rl = 50 l\.'.:,;'.
—AMA

+ ]D L +
VPS: _— RQ = \VAY%

=  30kQ + D




Problem 1.47

* Find I and V, in the circuit shown in the following
Figure if V, = 0.7V

2019-10-20 Electronics | - Dr. Hani Jamleh - JU
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Basic Electronic Power Supply

Power
transformer IL_
‘ —
T ac line ’
< . }
120 V (rms) Dl(.)de Filter Tolin e Vo Load
60 Hz rectifier regulator
= — o —
S2 S3 S4
P o™ aa —
O » ., == =
{ t 1 {

dC
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2.1.2 Full-Wave Rectification

 The full-wave rectifier:

* Inverts the negative portions of the sine wave so that a unipolar output signal
is generated during both halves (positive and negative) of the input sinusoid.

* One example of a full-wave rectifier circuit appears in Figure 2.5(a).

N .
P | +
® . Dl
US R Vo
v I , :}
I~

1
Figure 2.5(a) — S— Full-wave rectifier Circuit
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Input Power Transformer
Center-Tapped Transformer

* The input to the rectifier consists of a power transformer, in which:
* The input voltage v; is normally a 220 V (rms), 50 Hz ac LARGE signal, and
* The two outputs are from a center-tapped secondary winding that provides

equal voltages vs.

4 Do,

° El E: +
| Vi
NN E L
(@) Ug =

Center-tapped transformer

2019-10-29

AN

S
-2
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Input Power Transformer
Center-Tapped Transformer — How does it work?

When the input line voltage is
positive, both output signal
voltages v¢ are also positive.

When the input line voltage is
negative, both output signal
voltages v¢ are also negative.

| ;' g%
N/ +I E.US@*

F

AN

T
L1
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Input Power Transformer
Center-Tapped Transformer — How does it work?

* The primary winding connected to the 220 V ac source
has N; windings, and

* Each half of the secondary winding has N, windings. N,

* The value of the v output voltage is: +
S LN _
Ny

* Note that the turns ratio of the transformer - can be

. «“ 7] . . 2
designed to “step down” the input line voltage to a
value that will:

* Produce a particular DC output voltage from the rectifier.

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh



Input Power Transformer
Center-Tapped Transformer

* The input power transformer also provides electrical isolation
between the powerline circuit and the electronic circuits to be biased

by the rectifier circuit.
* This isolation reduces the risk of electrical shock.
5~ Li Ny ¢ A
Ug

| Powe}line circuit _
220V

Electronic circuit
20Vims
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Full-Wave Rectifier 1: Working Principle

During the positive half of v; cycle:
* Both output voltages vs are positive.
* Diode D, is forward biased , or “on”
* Diode D, is reverse biased and cut off.

 The current through D; and the output
resistance produce a positive output

voltage.

During the negative half of v, cycle:

Both output voltages v are negative.
Diode D is reverse biased and cut off
Diode D, is forward biased, or “on,” and

The current through D, and the output
resistance again produce a positive
output voltage.

D

.}? 7

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh




Full-wave Rectifier 1
Voltage Transfer Characteristics (VTC)

* If we assume that r¢ of each diode is small and negligible, rr = 0.

* Then we obtain the voltage transfer characteristics (VTC), v, versus vs,
shown in Figure 2.5(b).

* For a sinusoidal input voltage, we can determine the output voltage
versus time by using the voltage transfer curve.

Vo A

Figure 2.5(b) -V, 0 V, 55

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh 9



Full-Wave Rectifier 1

When vg is positive, then for vg >V,
D4 is on and the output voltage is:

When vg is negative, then for vy < =V,
or —vg > V13, D, is on and the output
voltage is:

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh 10



-ull-Wave Rectifier 1:
nput and Output Voltage Signals

* The corresponding input and output voltage sighals are shown in
Figure 2.5(c).

* Since a rectified output voltage occurs during both the positive and

negative cycles of the input signal, this circuit is called a Full-Wave
Rectifier.

—Ug 0

v p ? U/U0=|US|—V;,

77N = Ny

N
/Dy onN f/D; on\\ /D, on\\ //D; on\\ ¢
< \'/i W/ < ' /) \

A

/7 \ / \ f

T TN _L3IN_ A2
3 = B3 =

/

Figure 2.5 (c)
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Full-Wave Rectifier 2: Bridge Circuit

* Another example of a full-wave rectifier circuit appears in Figure 2.6(a).
* This circuit is a Bridge Rectifier.

* Compared to the full-wave rectifier circuit with center-tapped secondary
winding, the full-wave rectifier with bridge circuit:

1. Still provides electrical isolation between the input ac powerline and the rectifier
output.

2. Does not require a center-tapped secondary winding.
3. Does use four diodes, compared to only two diodes.
N] ZNE

+ e o+

2019-10-29 Figure 26(8) JUEE — Electronics | — Dr. Hani Jamleh 12



Full-Wave Rectifier 2: Bridge Circuit

Working Principle

During the positive half-cycle of the
input voltage cycle:

* Vg is positive,

* D4 and D, are forward biased,

* D5 and D, are reverse biased, and

* The direction of the current is as shown

below.
h,r] . er
_|_
Uy

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh

During the negative half-cycle of the input
voltage

* Vg is negative,
* D5 and D, are forward biased,
* D, and D, are reverse biased, and

 The direction of the current is as shown
below. It produces the same output
voltage polarity as before.




Full-Wave Rectifier 2: Bridge Circuit
Input and Output Voltage Signals (Waveforms)

* Figure 2.6(c) shows the sinusoidal voltage vg and the rectified output
voltage v,.

 Because two diodes are in series in the conduction path, the
magnitude of v, is two diode drops (i.e 2V,) less than the magnitude

of vs.

Figure 2.6(c)

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh 14



Full Wave Rectifier Circuit Grounding

* One more difference to be noted in the bridge rectifier circuit in

Figure 2.6(a) and the rectifier in Figure 2.5(a) (center-tapped rectifier)
is the ground connection _L .

* The center tap of the secondary winding of the circuit in Figure 2.5(a) is at
ground potential.

 The secondary winding of the bridge circuit (Figure 2.6(a)) is not directly

grounded.
* One side of the load R is grounded, but the secondary of the transformer is not.
E..;I _ N'] Z.Ng
* E.US D] Ré :O + e e+
UI N —

- vr

L ]
o
WVAS
\J

Figure 2.5(a) Figure 2.6(a)
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Input Qutput

vo (V) = -

— source
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Example 2.2

* Objective: Compare voltages and the transformer turns ratio in two full-wave
rectifier circuits.

* Consider the rectifier circuits shown in Figures 2.5(a) and 2.6(a). Assume the
input voltage is from a 220V (rms), 50Hz ac source.

* The desired peak output voltage v, is 9V, and the diode cut-in voltage is
assumed to be I, = 0.7V.

* A. Find turns ratio for each transformer used.
 B. Find PIV of each diode.

>—e
° ° +
E : R vo
Ug
E Us p, -
>

(a) (a)

2019-10-29 Figure 25 JUEE — Electronics | — Dr. Hani Jamleh Figure 26 18
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How to Convert
From Peak to RMS Values for a Sinusoid Signal

* RMS: Root Mean Square value for V(t) = Vyeqy - sin(wt)

2019-10-29

1 T 1 2T
Vems = —j V(wt)?dwt = |— V(wt)?dwt
T 21
0 \ 0
1 2T . ) V2 " 2T 1 1
Vems = \/%jo (Vpeak - sin(wt)) dwt =\/ 1;: Jo 5 —Ecos(Zwt) dwt

V2 Vpeak
Vams = | (= 0) = L22 = 0.707 - Vpegr
RMS \/ 2T \2 ped Note: Vpear = V(max)

|4 ea
VRMS — ~peak = 0.707 - Vpeak Vpeak — \/E * VRMS = 1.414 - VRMS

V2

JUEE - Electronics | — Dr. Hani Jamleh 19



How to Convert NU[E'me
From Peak to Average Values for a Sinusoid Signal

T

1 1 2T
Vapg = ?fo V(wt)dt = %fo V(wt)dwt
2T

1 .
Vapg = %jo Vyeak * sin(wt) dwt

A V()

i

I I

I I

| |

A I I
m| |

I I

! *—T—'| [ 0 T T1
Half-Wave Rectifier Full-Wave Rectifier 2
1 (™ 1 (™

Viva =— | V. - Si t) dwt V =2-— | V - Si t) dwt
Avg 27_[_[0 peak sin(wt) dw Avg 27_[_[0 peak sin(wt) dw Note: Vyoar = Vin
VAvg = VdC = 0-318Vpeak VAvg = VdC = 0-636Vpeak
VAvg
IAvg — R

2019-10-29 JUEE - Electronics | — Dr. Hani Jamleh 20
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Example 2.2 (Answer)

* 1] For the center-tapped transformer circuit shown in Figure
2.5(a), a peak voltage of vy(max) = 9V means that the peak
value of vg is:

vs(peak) = vg(max) = vp(max) +V, =9+ 0.7 = 9.7V >y -

L] L] D
* For a sinusoidal signal, this produces an rms value of: % Ve | RS vo
. ™ B

Vs rms = —= = 6.86V VI 3 0
V2 Us b, =
(A) The turns ratio of the primary to each secondary winding S+
must then be:
Ny Vi 2205 (a)
— — ~ 32 Figure 2.5

N, Ve 6.86,,
(B) The peak inverse voltage (PIV) of a diode is:
PIV = vp(max) = 2vg(max) — Vy = 2(9.7) — 0.7 = 18.7V

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh 21



Example 2.2 (Answer)

e 2] For the Bridge circuit shown in Figure 2.6(a), a peak
voltage of vy (max) = 9V means that the peak value of
Vg IS:

vs(max) = vp(max) + 2 -V, =9+ 2(0.7) = 104V

* For a sinusoidal signal, this produces an rms value of:

10.4 -
% = —=7.
S, rms \/i

(A) The turns ratio of the primary to each secondary
winding must then be:

Ny Vi 220 29.9

N, Ve 735....
(B) The peak inverse voltage (PIV) of a diode is:
PIV = vp(max) = vg¢(max) —Vy =104 — 0.7 =9.7V

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh

. (a)
Figure 2.6
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Example 2.2 (Answer): Comparison

Bridge rectifier

Center-tapped rectifier
* vg(max) = vop(max) + 2 -V, = 10.4V

* vg(max) = vo(max) + V}, = 9.7V

9.7 10.4
* 1%5'17715. = :JEE = 6.86V ¢ ¢LZS,T77IS — ‘;72?‘ — :7.2355‘/’
. N |74
e turns — ratio = = = -+ =~ 32 e turns — ratio = N1 — 1 ~ 299
NZ VS NZ VS
* PIV = vp(max) = 2vg(max) —Vy =187V « PV = vp(max) = vg(max) — Vy = 9.7V
U NN,
® [ ] D] R :_ + e e +
Vg _O
Uy >,
¢ L vy Ug
E Us b,
>
(a) JUEE — Electronics | — Dr. Hani Jarr (a) 23
Figure 2.6

2019-1
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Example 2.2 (Answer): Comparison wj, - v,

 The calculations demonstrate the advantages of the bridge
rectifier over the center-tapped transformer circuit.

* First, only half as many turns are required for the secondary winding
in the bridge rectifier =2 only half of the secondary winding of the
center-tapped transformer is utilized at any one time.

* Second, for the bridge circuit, the peak inverse voltage that any diode
must sustain without breakdown is only half that of the center-
tapped transformer circuit. Ny : N,

* Therefore, the bridge rectifier circuit is used more often than the center- + e o+
tapped transformer circuit.

2019-10-29 JUEE — Electronics | — Dr. Hani Jamleh — —




-ull-wave Rectifier Circuit with
Negative Output - Negative Rectification

* Both full-wave rectifier circuits discussed previously produce a positive
output voltage.

* There are times when a negative DC voltage is also required.

* We can produce negative rectification by reversing the direction of the
diodes in either circuit.

e Figure 2.7(a) shows the bridge circuit with the diodes reversed compared
to those in Figure 2.6.

N] . N2 ,'Illl'rl . JIllll'llr

+ e

positive half-wave sinusoidal output (a)

JUEE — Electronics | — Dr. Hani JamlefFigure 2.7 negative half-wave SmUSOIdaJSOUtpUt

10- (a)
e Figure 2.6



-ull-wave Rectifier Circuit with
Negative Output - Negative Rectification

* The direction of current is shown during the positive half cycle of vs.
* The output voltage v, is now negative with respect to ground potential — .

* During the negative half cycle of vg, the complementary diodes turn on
and the direction of current through the load is the same, producing a
negative output voltage.

* The input and output voltages are shown in Figure 2.7(b).

Ny N v A
Y P 7N 7 >
Of '« 7 T\ 22T / f
~ PO TN #, ~ s
‘-.___..-'* ra i P i T
L'GR'
L% r r

Dyand Dy Djyand D,
on on

I:El} JUEE — Electronics | — Dr. Hani Jamleh (b} 26

Figure 2.7 Figure 2.7
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Filters, Ripple Voltage, and Diode Current

Chapter 2
Diode Circuits
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2.1.3 Filters, Ripple Voltage, and Diode
Current

e Cause: If a capacitor (C) is added in parallel with the load resistor (R)
of a half-wave rectifier to form a simple filter circuit (Figure 2.8(a))

* Effect: We can begin to transform the half-wave sinusoidal output

into a DC voltage. PH————9——o
vs (\ T € R /<: Circuit
~ L 7
(a)

Figure 2.8: (a) half-wave rectifier with an RC filter,

2019-10-30 JUEE — Electronics | — Dr. Hani Jamleh 2



Filters

* Figure 2.8(b) shows:
* The positive half of the output sine wave, and

* The beginning portion of the voltage across the capacitor (v,)
* [Note: Assuming the capacitor C is initially uncharged v, (t = 0) = 0V].

* When v, reaches its peak and begins to decrease,
* The voltage across the capacitor also starts to decrease = The capacitor starts to discharge.
* The only discharge current path is through the resistor.

 If the T = RC time constant is large, the voltage across the capacitor discharges
exponentially with time (Figure 2.8(c)).

* During this tlme period, the diode is cut off.

0 Vo @ - .
L R &l -
' Us. e ) ) L tRC S GD Tf R
<

-

Foand

[
, 0
/
,-’ r | b
1{:i'I e / I \
I ' -

".
r ' b
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Filters

1. During the next positive cycle of the input voltage, there is a point
at which the input voltage is greater than the capacitor voltage, and

the diode turns back on.

2. The diode remains on until the input reaches its peak value and the
capacitor voltage is completely recharged.

* Since the capacitor filters out a large portion of the sinusoidal signal,

it is called a filter capacitor.
* The steady-state output voltage of the RC filter is shown in Figure 2.8(e).

12
A T
= Yo -
— , [y . Y —
T A o \
/ \ /on o \
\ T \ ”
I r ] 3T Time
2 2 Figure 2.8: (e) .
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Ripple Voltage

* The ripple effect in the output from a full-wave filtered rectifier circuit can
be seen in the output waveform in Figure 2.9.

* The capacitor charges to its peak voltage value (V) when the input signal
is at its peak value v¢(max).

Vy = vs(max)

* As the input vs decreases, the diode becomes reverse biased and the
capacitor discharges through the output resistance R.

 Determining the ripple voltage is necessary for the design of a circuit with
an acceptable amount of ripple. >—

—

V.H _ i FD
Vir—7 \ r;
! j" /!

! \ /!
i L

3

I
1
™

— r"l _F

- —

- TF—r— Figure 2.9
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Ripple Voltage

* Approximately, that is, the voltage across the capacitor or the RC
circuit (i.e. vp), can be written as:

t! t’!
vo (t) — VMe T = VMe RC
* t':is the time after the output has reached its peak value (V},), and
T = RC is the time constant of the circuit.

V
V.'H _ i T.?D
1;! _-5—..;_'-_\_

=
-

~—T7,— Figure 2.9
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Ripple Voltage

* The smallest output voltage is:
VL — VMe_T’/RC
* T': isthe discharge time.

* The ripple voltage V. is defined as the difference between V,, and I/},
and is determined by:

V. = Vi =V, = V(1 — e~ T'/RC)

V
V.'H _ i T.?U

— r"l F
-
- TF,—* Figure 2.9
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Ripple Voltage [first approximation]

 we want the discharge time T' to be small compared to the time
constant, orT' < RC .

 Expanding the exponential in a series and keeping only the linear
terms of that expansion, we have the first approximation [From
Taylor expansion for e =%, as 6 — 0]:

/
e~ T'/RC 1 — T
RC
v,
V-” —_;_7‘"‘*%______/"“"-——}?_____,#“"*—-——-
1;!_ | = N I — . -,

f L

— r"l F

-
- TF,—#— Figure 2.9
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Ripple Voltage [first approximation]

e Now from:

Ve =Vy =V, = V(1 — e T/RC)
* After taking the approximation:

TI

—T'/RC ~ 1 —
’ RC

* The ripple voltage I/. can now be written as:

2019-10-30

V-=Vyl1l 1 r
r ~ VM RC

Vi
Vi

% I
M\RC

A VJ,.
L i Vp
e | s— | a———
s N T / N 7 \
N, /! A} ! A
\ / \ / \
N N 4

=

-
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Ripple Voltage [second approximation]

TI
V= Vy RC

* The Equation above is difficult to solve, since the discharge time T' depends on
the RC time constant,.

 However, if the ripple effect is small, then as a second approximation, we can let
T' = T,,so that

Vi | |
}

2019-10-30
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JUEE - Electronics | — Dr. Hani Jamleh

12



Ripple Voltage [second approximation]

Ty
Ve = Vi RC

* T,,: is the time between peak values of the output voltage.

* Fora
 Therefo

, We can relate T, to the signal frequency:

2T, ~ P (2f)
V,
I i Vo
Vi /| \ T / \\ / \\
\ / \ / \
/ o/ \ \
/ . v/ \ / A
| i 1
*,_;‘ T — > Figure 2.9
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Ripple Voltage

* The ripple voltage is then:

v 1
Y where f = —
2-f-RC 2T,

* For a half-wave rectifier, the time T, corresponds to a full period (not a half
period) of the signal

* Half wave rectifier: V. =V, (RC) =

* Full wave rectifier: V. =V, (RC) —

v 1
—L where f =
f-RC T,

* The factor of 2 shows that the full-wave rectifier has half the ripple voltage
of the half-wave rectifier.

* Why we found the equation of I/. above?

* In the design stage, it can be used to determine: The capacitor value C required for a
particular ripple voltage.
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Example 2.3

* Objective: Determine the capacitance required to yield a particular
ripple voltage V/...

* Consider a full-wave rectifier circuit with a f = 60 Hz input signal
and a peak output voltage of V, = 10V.

* Assume the output load resistance is R = 10 kQ) and the ripple
voltage is to be limitedto V. = 0.2 V.

* Determine the required C.

 [Solution]: for a full-wave rectifier circuit:

. . VM . VM . 10 .
From: V- = 2-f-RC 2C = 2-f-RV,  2:60-10x103-0.2 41.7uF
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Comment about the ripple voltage and C

Vm

. =
"T2.f-RC

* If the ripple voltage is to be limited to a smaller value, a larger filter
capacitor C must be used.

* Note that the size of the ripple voltage V,. and the size of filter
capacitor C are related to the load resistance R.

* Q. How about the frequency f ?

v,
'.r;#f [ _W
Vir—7 . T ; b h

! i /!
/ v/
/ \

=

1
- '
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Ex 2.3

* Assume the input signal to a rectifier circuit has a peak value of V), =
12V and is at a frequency of 60Hz. Assume the output load
resistance is R = 2k() and the ripple voltage is to be limited to V. =
0.4V.

* Determine the capacitance C required to yield this specification for a:

(a) Full-wave rectifier (b) Half-wave rectifier

Couy = — Cootp = — M
Full =57 ¢ R .1, Half = 1.f.R-V
C = 125uF C = 250uF

= 2 X Cpyp

2019-10-30 JUEE - Electronics | — Dr. Hani Jamleh 17



Diode Current

* The diode in a filtered rectifier circuit conducts for a short interval t near the
peak of the sinusoidal input signal.

* The diode current supplies the charge lost by the capacitor during the discharge
time.

* Figure 2.10 shows the rectified output of a full-wave rectifier and the filtered
output assuming ideal diodes (I}, = 0) in the rectifier circuit.

r'” A

Ip, max [~ b
| | (b)
> Figure 2.10
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Diode Current

 We will use this approximate model to estimate the diode current during
the diode conduction time. Figure 2.11 shows the equivalent circuit of the
full-wave rectifier during the clgwarging time. We see that:
. . C dvg _l_Va
ip =1 ip =C -———+—
D c TIRr dt R
* During the diode conduction time near t = 0 (Figure 2.10), we can write:

vy = Vy cos(wt)

; [}I » iy’ ‘{FW
1 l !:f_" . \
in l IR

R

Ug C =
R (b)
' _ Figure 2.10

ip, max [~
_— . |
I\ Figure 2.11 T\ I
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Diode Current- approximation

* For small ripple voltages, the diode conduction time (t) is small, so we
can approximate the output voltage (Using Taylor expansion for
cos(wt) when t — 0) as:

1 2, 1 4
vy = Vy cos(wt) = Vy [1 — E(a)t) % ]

v V,
> v vp _{r%;_ﬁvj\/—‘—
+ l ' AN SN SN @
—_— I o N | N \
' f_" . Loy A A A \
ip iR I T
i )] - ——— | : 2 —ﬂi‘.(l-—
5‘ C —— R in i i i i
ip, max [~ ~ : :
_ | | (b)
— . Figure 2.11 ' ' . Figure 2.10
t
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Diode Current

* From:

1
= V,, cos(wt) = Vy [1 -3 (wt)zl

* The charging current through the capacitor now is:

ic=C- dvo _ =C-Vy [ (2)(a)t)(a))] —wCVywt = —w?CV)y,t

dt

(@)

|
R (b)
| Figure 2.10



Diode Current

* From Figure 2.10, the
occurs during the time —At <t <0, so
that the capacitor current is positive and
is a linear function of time.

 \We note that:

* Att = 0, the capacitor currentis i, = 0.

At t = —At, the capacitor charging current is
at a peak value and is given by:

iC,peak —_ _G)ZCVM(_At) —_ +CU2CVM(At)

* The capacitor current during the diode
charging time is approximately triangular and
is shown in Figure 2.10(b).

2
b
~
~
~
&
-
-
e -
-~ o
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i
=
-~
~
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ip, max
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Diode Current

* From Equation:

1
vy = Vy cos(wt) = Vy, [1 -3 (a)t)zl

* We can write that the voltage V; is given by:
1
V. = ¥ cos[w(=At)] ~ Vi, [1 = (wAt)Zl

* Solving for wAt, we find:

wAt =

20V = V1) _

\

Vm

2V,

\

-r
Vm

ip, max

(b)

Figure 2.10



How to Convert from Peak to Average (Avg)
Value for a Signal

* avg: Average value for f(t)

Ving = f F() - dt

* Where T is the time period of signal f(t)



Diode Current

* After long and tedious derivation process, the peak diode current during
the diode conduction time for a full-wave rectifier is approximately:

lD,peak ~

* Since the charging current is triangular, the average current through the
diode during the entire cycle for a full-wave rectifier can be written as:

Vm

—|1+7

R

1

Ip (ng) ~ —
T
\

2V
Vr

\

2 v,
Vy R

1+7T
2
\

2V

v
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DESIGN EXAMPLE 2.4

* Objective: Design a full-wave rectifier to meet particular
specifications.

* A full-wave rectifier is to be designed to produce:

e A peak output voltage of 12 V,
e Deliver 120 mA to the load, and
* Produce an output with a ripple of not more than 5 %.

* An input line voltage of 220 VV (rms), 50 Hz is available.
* Assume a diode cut-in voltage of 0.7 V.



DESIGN EXAMPLE 2.4 (Solution)

* In order to design a full-wave rectifier, we must take care of the
following:
1. What type of rectifier circuit should be used?
What is the effective load resistance?
What transformer’s turns ratio?
What is the value of the filter capacitor?
What is the peak diode current will be generated?
What is the average diode current over the entire signal period?
What is the P/V that each diode must sustain?

N o Uk wnN
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DESIGN EXAMPLE 2.4 (Solution)

* Al. A full-wave bridge rectifier will be used, because of the advantages
previously discussed.

 A2. The effective load resistance is:
Vo 12V

I,  120mA

= 1009

* The peak value of vg is:
Vs(max) = vo(max) + 2V}, = 12 + 2(0.7) = 13.4V

* For a sinusoidal signal, this produces an RMS voltage value of:

13.4
Usrms = f = 9.48V

e A3. The transformer turns ratio is then:
Ny B 220 P
N, 948 7



DESIGN EXAMPLE 2.4 (Solution)

* Ad. For a 5 percent ripple, the ripple voltage is:
V. = (0.05)V,, = (0.05)(12) = 0.6V

* Then, the required filter capacitor is found to be:
12

ip(peak) =

C =

Vm
R

Vm

14+7w

2V,

\

v

=100

2FRV. ~ 2(50)(100)(0.6)
* A5. The peak diode current, from Equation:

12

14+7w

= 2000uF

\

2(12)

0.6

= 2.504



DESIGN EXAMPLE 2.4 (Solution)

* A6. The average diode current over the entire signal period, from
Equation:

1 v Yy T |2v,

ip(lavg) = — 1+
b m|Vn R 2| %

1 [2(0.6) 12 T [2(12

== 1+ = 222 S 132m4
ny 12 100 2.\ 0.6) m




DESIGN EXAMPLE 2.4 (Solution)

* A7. Finally, the peak inverse voltage that each diode must sustain is
PIV = vg(max) = vg(max) — V, = 13.4 — 0.7 = 12.7V

e Comment: The minimum specifications for the diodes in this full-wave
rectifier circuit are: iy o
[ (I

* A peak current of 2.50 4, ippeak = ipmax =4 | |
* An average current of 132 mA, and N N
|

lD,avg

* A peakinverse voltage (PIV) of 12.7 V.

* In order to meet the desired ripple specification, the required filter
capacitance must be large (C > 2000uF ), since the effective load
resistance is small (R = 100(}).
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DESIGN EXAMPLE 2.4 (Solution)

* Design Pointer:

1. A particular turns ratio was determined for the transformer. However,
this particular transformer design is probably not commercially available.
This means an expensive custom transformer design would be required,
or if a standard transformer is used, then additional circuit design is
required to meet the output voltage specification.

2. A constant 220V (rms) input voltage is assumed to be available.

However, this voltage can fluctuate, so the output voltage will also
fluctuate.

* We will see later how more sophisticated designs will solve these two
problems.
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2.1.4 Diode Application : Detectors

* One of the first applications of semiconductor diodes was as a
detector for Amplitude Modulated (AM) radio signals.

 An amplitude-modulated signal consists of a radio frequency carrier
wave whose amplitude varies with an audio frequency as shown in
Figure 2.13(a). The detector circuit is shown in Figure 2.13(b) and is a
half-wave rectifier circuit with an RC filter on the output.

a b
“ Figure 2.13 ()
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2.1.4 Diode Application : Detectors

* For this application, the 7= R(C time constant should be
approximately equal to the period of the carrier signal.

* So that the output voltage can follow each peak value of the carrier signal.

* If the time constant T = RC is too large.

* The output will not be able to change fast enough and the output will not
represent the audio output.

e The output of the detector is shown in Figure 2.13(c).,
o= & o

‘ =1

(c)

(@) (b)
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2.1.4 Diode Application : Detectors

* The output of the detector circuit is then coupled to an amplifier
through a capacitor to remove the DC component of the signal, and
the output of the amplifier is then fed to a speaker.

¥
)
|

(c)

(@) (b)
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2.1.4 Diode Application : Detectors

Capacior
Femoves unwanted
RF
Radic frequency nE“‘;ﬂ'::.EIItEd
signal input sutput
Radie Irequency Rectified signal Demodulbated signal
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/ener Diode Circuits \

Chapter 2
Diode Circuits

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
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Recall: Electronic Power Supply

Power
& transformer I
AC li )
+ lne . }
Diode ; \%
220V (RMS) Vg 9 Filter ™ Load
 toHz rectifier regulator
= — T Ot
O O—
P o o —
! t t { f
Objective:

Apply the characteristics of the Zener diode to a Zener diode voltage regulator circuit.
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Breakdown voltage of a Zener diode

* The breakdown voltage (BV) of a
Zener diode is nearly constant over a
wide range of reverse-bias currents
(Figure 1.21). B, B,

* This makes the Zener diode useful in e [
a voltage regulator, or a constant- doped
voltage reference circuit. —
* In this chapter, we will look at: o
* An ideal voltage reference circuit, and
° : : : Figure 1.21 Reverse-biased diode characteristics
The effec,:ts Of InCIUdlng d nonldeal sh%wing breakdown for a low-doped pn junction and
Zener resistance rz. a high-doped pn junction. The reverse-bias current

increases rapidly once breakdown has occurred.
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/ener diode

 The Zener diode voltage regulator circuits designed in this section will
then be added to the design of the electronic power supply.
* We should note that in actual power supply designs, the voltage regulator

will be a more sophisticated integrated circuit rather than the simpler Zener
diode design that will be developed here!

* One reason is that: a standard Zener diode with a particular desired breakdown voltage
may not be available.
 However, this section will provide the ba5|c concept of a voltage
regulator. o S |
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2.2.1 |deal Voltage Reference Circuit

* Figure 2.16 shows a Zener voltage regulator

circuit. 2.
* For this circuit, the output voltage should YWy 2
remain constant even when: P R B
. , Vps — *'Zl'z_’i‘ Vz le Ry vi
1. The output load resistance R; varies over a - -
fairly wide range, and . 5
2. The input voltage VPS varies over a specific Figure 2.16 A Zener diode voltage regulator circuit

range.

* The variation in Vps may be the ripple voltage from a
rectifier circuit.
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2.2.1 |deal Voltage Reference Circuit

Objective: Determine and design, initially, the proper
input resistance R;.

The functions of resistance R;:
1. Limits the current through the Zener diode and
2. Drops the “excess” voltage between Vpg and V5.

* We can write:

o Ves = Ve _|Ves = Vs

‘ I I; +1;

* which assumes that the Zener resistance is zero r, = 0 for
the ideal diode.

Solving this equation for the diode current, I,, we get:

Vps—V 14
52 _ ], wherel, =%
i Ry,

IZ:

The variables are:
1. Theinput voltage source I/p¢, and

2. Theload current /;.
2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh
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& o

Figure 2.16 A Zener diode voltage regulator circuit



2.2.1 |deal Voltage Reference Circuit

* For proper operation of this circuit:
1. The diode must remain in the breakdown

R
region and — AMA—— o
2. The power dissipation in the diode must not  + 1, + ’
exceed its rated value. Vps — szEE Vz le R, vy

& O

Figure 2.16 A Zener diode voltage regulator circuit
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2.2.1 |deal Voltage Reference Circuit

1. The current in the diode is a minimum,

Vps —V
Ri= PS Z
I +1I;

I;(min), when:

1.
2.

2. The current in the diode is a maximum,

The load current is a maximum, I; (max), and
The source voltage is a minimum, Vpg(min).

Ri:

VPS (mln) — VZ

I;(min) + [ (max)

I;(max), when:

1.
2.

2019-11-05

The load current is a minimum, I; (min), and
The source voltage is a maximum, Vpg(max).

Ri:

VPS (max) — VZ

I;(max) + I, (min)

R;
 AAMA— o
—_— +
+ I +
Vps o le\ZS‘ Vz le Ry vy
¢ 0

Figure 2.16 A Zener diode voltage regulator circuit

Vs

min max min

max min max



2.2.1 |deal Voltage Reference Circuit

i

—MWW—e O
— _|_
. : I
* Equating the two expressions: V +_£ I "ZL“Z" v f’Ll Ry v
Vps(min)-Vz Vps(max)—-Vz T > ‘
i — : and Ri = :
Iz(min)+I;(max) Iz(max)+I;(min) | =

* We then obtain: _ | -
. Figure 2.16 A Ze_ner diode voltage regulator circuit
[Vps(min) — V;] - [Iz(max) + [ (min)]| = [Vps(max) — Vz] - [Iz(min) + [; (max)]

* We assume that we know:

1. The range of input voltage:

Vps € [Vps(min) Vps(max)]
2. The range of output load current [;, and
I} € [I,(min) I, (max)]

3. The value of Zener voltage I/,.
* Equation above then contains two unknowns:

* [;(min) and I;(max).
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The Zener Currents

R;
—AMW— 0
o . . —_— +
* As a minimum requirement, we can setthe + | + l
o 1, Ves=— I\ AVz IL) SRV
minimum Zener current to be one-tenth (1—0) - L N .
the maximum Zener current: : 0
. Figure 2.16 A Zener diode voltage regulator circuit
I,(min) = 0.1 - I,(max).

 (More stringent design requirements may
require the I,(min) to be 20 to 30 percent of
the maximum value.)

* We can then solve for I,(max) as follows:

I} (max) - [Vps(max) — Vz| — I (min) - [Vpg(min) — V]

I =
z(max) Vps(min) — 0.9V, — 0.1Vps(max)
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The Zener currents

* Using the maximum current thus obtained frorr_m: |
I (max) - [Vps(max) — Vz] — I (min) - [Vps(min) — V]

Vps(min) — 09VZ — O.les(maX)
* We can determine the maximum required power rating of the Zener diode:
e Maximum power dissipated in the Zener diode, i.e. P(max) = I,(max) X V,.

* Then, combining the above equation with the following one:
Vos(max) —V,
Ri — ]
[;(max) + I} (min)
* We can determine the required value of the input resistance R;.

I,(max) =

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 11



Example 2.5

* Objective: Design a voltage regulator using the circuit in Figure 2.16.

* The voltage regulator is to power a car radio at V/; = 9V from an
automobile battery whose voltage may vary between 11 and 13.6 V.

The current in the radio will vary between:

 O0mA (OFF) to 100mA (Full Load).

* The equivalent circuit is shown in Figure 2.17

»I[;(min) = 04 and I, (max) = 100mA
»Vps(min) = 11V and Vps(max) = 13.6V

2019-11-05
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Figure 2.17 Circuit for Design Example 2.5
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Example 2.5 -

o The maximum Zener d|0de current: Figure 2.17 Circuit for Design Example 2.5

I}, (max)-[Vpgs(max)—Vz]-Iy(min)-[Vps(min)—-V 7]
Vps(min)—0.9V7—0.1V pg(max)

100-[13.6—9]—-0
~ 300mA
11—-0.9%9—0.1%13.6

* The maximum power dissipated in the Zener diode is then:
* P,(max) = I;(max) -V, = (300mA)(9) = 2.7W
* The value of the current-limiting resistor R;:
_ _Vpsmax)-Vz _  13.6-9
L Iz(max)+I (min)  300mA+0

e [,(max) =

e [,(max) =

= 15.30Q



Example 2.5 NPT SN N PR o

Figure 2.17 Circuit for Design Example 2.5
* The maximum power dissipated in this resistor is:

(Vps(max)—Vy )? _ (13.6 — 9)?

* Pg.(max) = R T 1.4W

* We find:
* I, (min) = VPS(":@_VZ — I; (max) = % — 100mA = 30.7mA

« Comment: From this design, we see that: Vps
* The minimum power ratings of: min max min

* The Zener diode = I, (max) X V, = 300mA x 9V = 2.7 W and
(Vps(max)-Vz)?  (13.6—9)?

R; - 15.3 =14W.
e The minimum Zener diode current occurs for Vpg(min) and I; (max).

* We find I;(min) = 30.7 mA, which is approximately 10 percent of I,(max) as specified by
the design equations.

* |nput resistor =

I;(min) = 0.1 - I;(max)
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Example 2.5

e Comments:

* The 9V output is a result of using a 9V Zener diode.

* However, a Zener diode with exactly a 9V breakdown voltage may also not be available.
* More sophisticated designs can solve this problem.

* Q. What if I,(min) = 0.2 - I,(max)?

I} (max) - [Vps(max) — Vz] — I (min) - [Vps(min) — V]
Vps(min) — 0.8V, — 0.2Vps(max)

I,(max) =

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh
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/Zener Load Line Equations

* The operation of the Zener diode circuit shown in Figure 2.16 can be visualized by
using load lines. Summing currents at the Zener diode, by applying KCL, we have:
Vps — V7 Vz

= I, +-2
R; "R,

+ O

* Solving for V,, we obtain:

Vo -
R, R;R; ‘ TS

Vz =V — 1
g rs <Ri + RL) g (Ri + R[,) Figure 2.16

* which is the load line equation.

Ry vy

Q1

* Using the parameters of previous Example:
* The load resistance varies from R; = co(@I;, = 0)to R;, = 9/0.1 = 90Q(@I;, = 100 mA).
* The current limiting resistor is R; = 15() and the input voltage varies over the range:
11 < Vpg < 13.6V.



2019-11-05

Ry

Vz = Vps

R;

* which is the load line equation.

X — intercept
P 4

IZ=O_)VZ=VPS

+ R}

13.6 117 | 9.43)

How to Draw the Load Lines

RiR;

“\R; +R;

11.0

9

R; + R,

)

JUEE — Electronics | — Dr. Hani Jamleh

y — intercept ="

VZ=O_)IZ=R_

.|r_;.r':m-d'|.:'

0.73

0.007
Vps

l
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Load Line Equations

* We may write load line equations for the various circuit conditions.

e A:Vps =11V, R, = 0; V, = 11 — I, (15)
 B: Voo = 11V, R, = 90; V, = 9.43 — [, (12.9)
e C:Vpg = 13.6V,R, = o0; V, = 13.6 — I, (15)

e D: Vpg = 13.6V,R, =90; V, = 11.7 — I, (12.9)

11.0 9 . s
R Vo (V)
» _y L 13.6 117 | 9.43} SRR
Zintercept — VPS . . *-:“'H = o
RI,-I_RL "'\-\.\_H '\"'l-\.x'\.\. '\"'\-\.x "'_\_-\.-
o o e
‘H{{'x -H‘H. E_H H“‘*,_ E
A N B Iz(mA)
|'_‘L|r.:_|l . ty, \H'\-\_\. T
) o A -
T e -
1:2('.'\"& ‘H-::'\-R
p=" "M .y Zintercept
Ty Ty
‘L-\-:"‘ o
- S "mﬁh
[ o o
Ty, 0.73
S
2019-11-05 T
~ 0,907

K,
MM
i

1" o= +__
I"‘.": J— o = r .
H-136V T ‘r-’lih V=0V Radio

Figure 2.17 Circuit for Design Example 2.5
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Load Line Equations

* Figure 2.18 shows the Zener diode [-V
characteristics.

* Superimposed on the figure are the four load lines o 9 (N |
designated as A, B, C, and D. 2o 1l Jmf*fl B—

* Each load line intersects the diode x"%f o
characteristics in the breakdown region, Z BN
which is the required condition for proper NN
diode operation. SN

* The variation in Zener diode current I, for the 0907
various combinations of input voltage I/p¢ and Figure 2.18

load resistance R; is shown on the figure.

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 19



Load Line Equations

* |f we were to choose the input resistance to be:

* R; = 25Q and let Vps = 11V and R;, = 90(), the load 8.61V < 9V
line equation:
1o 9 e o
V., =V RL — RiRL 136 117 | 9.43] =
Z T P Z o {‘:H r T R
S\Ri+R,)” “\Ri+R, SR |
M((q 'xh_ . ‘*H‘_ E
. ! “1 " '“ﬂi:hx o \'a__ I (mA)
Becomes: VAR NN N A
— - me“w H'-:-C_"'l -
V, =8.61—1,(19.6) NN \044
* This load line is plotted as curve E on the Figure e N
2.18 shown. N
0907

* We see that this load line does not intersect the
diode characteristics in the breakdown region.
* For this condition, the output voltage will not equal
the breakdown voltage of I/, = 9V; the circuit does not
operate “properly.”
2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 20



/ener Diode with internal resistor model

VZ — VZO + Izrz

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 21



2.2.2 Zener Resistance and Percent Regulation

* In the ideal Zener diode, the Zener resistance is

zero, ry = 0. R,
: . —VWW\ o
* In actual Zener diodes, however, this is not the case — T l +
-> The result is that the output voltage (V,) will +] 7 T L
fluctuate slightly with: Vs = Iz oV R Vi
* A fluctuation in the input voltage (Vps), and | l
* A changes in the output load resistance (R;). — o
e Figure 2.19 shows the equivalent circuit of the =
Figure 2.19

voltage regulator including the Zener resistance r.

* Because of the Zener resistance r,, the output voltage
I, =V, will change with a change in the Zener diode
current I.

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 22



2.2.2 Zener Resistance and Percent Regulation

* Two figures of merit can be defined for a voltage regulator:

* The first is the source regulation and is:
* a measure of the change in output voltage (/;) with a change in

* The second is the load regulation and is:
* a measure of the change in output voltage (V; ) with a change in

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh
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2.2.2 Zener Resistance and Percent Regulation

OPy

* The source regulation is defined as:
AV,

AVpg

Source regulation = X 100%

* where v; is the change in output voltage with a change of vps in the input voltage.

* The load regulation is defined as:

v -V
Load regulation = Lnoload Ljullload o 100%

VL full 1oad
* Where: V[, 10 10aqiS the output voltage for zero load current (R, — oo is open) and

VL, full 10aals the output voltage for the maximum rated output current.

* The circuit approaches that of an ideal voltage regulator as:
* The source and load regulation factors approach zero.

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh
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Figures of Merit word of the Day |

* A figure of merit is a quantity used to characterize the performance
of a device, system or method, relative to its alternatives.

* In engineering, figures of merit are used as a marketing tool to
convince consumers to choose a particular brand.

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 25



Example 2.6

* Objective: Determine the source regulation and load w{fw o
regulation of a voltage regulator circuit. e $ ”Ll ¥

+
* Consider the circuit described in Example 2.5: Vs = Iz ., Vz gRL VL
* V0 =9V,R; = 15.3Q, and assume a Zener resistance of r, = 2(). H—=13.6V & .

 Solution: Consider the effect of a change in input voltage =
for a no-load condition (R; = o0).
1. For Vps(max) = 13.6V, we find:
_ Vps(maX) — VZO _ 13.6 -9

I, = = = 0.26594
‘ R; +1, 15.3 + 2

* Then:
Vimax = Vz = Vzo + 17 X I, = 9 + (2)(0.2659) = 9.532V

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 26



Example 2.6

2. ForVps(min) = 11V, we find:
_ Vpg(mln) — VZO _ 11-9

I, = = = 0.11564
‘ R+, 15.3 + 2

* Then
Vimin = Vzo + 17 X I; = 9+ (2)(0.1156) = 9.231V

* We obtain:
AV 10006 = 22227953 600 = 11.6%
AVps " T 13611 T el
 Comment: The ripple voltage on the input of (13.6 — 11) = 2.6V is reduced by
approximately a factor of 10 = 0.26V - The change in output load results in a

small percentage change in the output voltage.

Source regulation =

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 27



Example 2.6

* Now consider the effect of a change in load current for Vps = 13.6V.

1. Fornoload 2 I; = 0, we find:
Vps —Vzo 13.6—9

lznot0aa = R, +1, 153+2 0.26594
VL,no load = Vzo + 17 X IZ,no load = 9+ (2)(0-2659) = 9.532V = VL,max
2. Forfullload 2 I;, = 100mA, we find:

Vps — V70 + 17 X1 136 —-19+2X1
IZ,full oad = PS [ Z0 RZ' Z,full load] . IL _ [ = Z,full load] — 010 = 0.17754
[ .

VL,full load — VZO + Tz X IZ,full load = 9+42x%x0.1775 = 9.355V
* We now obtain:

VL,no load — VL,full load

Load regulation = X 100%

~9.532-9.355
B 9.355

VL full 1oad
X 100% = 1.89%

2019-11-05 JUEE — Electronics | — Dr. Hani Jamleh 28



ry, = 200 Vs. r; = 4()
Source regulation % Load Regulation %

2() 11.6% 1.89%
4() 20.7% 3.29%
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Diode Circuits
Clipper and Clamper Circuits

Chapter 2
Diode Circuits

1
=

-t

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
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Objective

* Apply the nonlinear characteristics of diodes to create wave-shaping
circuits known as:
* Clippers and
* Clampers.

* In this section, we continue our discussion of nonlinear circuit
applications of diodes.

* Diodes can be used in waveshaping circuits that either:
- Limit or “clip” portions of a signal = Clippers.
* Shift the DC voltage level = Clampers.

o)

C-Clamp

2019-11-13 JUEE - Electronics | — Dr. Hani Jamleh 2



2.3.1 Clippers

* Clipper or limiter circuits are used to:
* Eliminate portions of a signal that are above or below a specified level.

* The half-wave rectifier is a clipper circuit: All voltages below zero are
eliminated.

* A simple application of a clipper is to limit the voltage at the input to
an electronic circuit.
* Examplel: To prevent breakdown of the transistors in the circuit.

* Example2: To measure the frequency of the signal, if the amplitude is not an
important part of the signal.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh 3



Recall: Half Wave Rectifier Diode Circuit

+ O

(o]

Ny M I Yp I

o 0 I

* If vg is a sinusoidal input signal, as shown in Figure 2.3(a), =~ "2 ¢+ '
the output voltage can be found using the voltage transfer = vs | RS |
curve in Figure 2.2(b). ) I

* For vg < I}, the output voltage is zero; " -

* Forvg >V, the output is given by vy = v5 — 1},

<

C
g

Electronic System

—
£

Diode voltage vp

it

—_
[2]
—

(a) 0 v, v}
Figure 2.3

——

Output voltage v,

4 3
\

\

A

=
S
/
A=
-
S

s

Figure2.2  (® vﬁ@

(b) voltage transfer characteristics

o

t
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2.3.1 Clippers

* Figure 2.20 shows the general voltage
transfer characteristics (VTC) of a
limiter circuit.

e The limiter is a linear circuit if the
input signal is in the range:

Linear
Region

Slope = A

EI

= +
V—OSUISV—O
Ay Ay

_Va

* The gain A, is the slope of the transfer
curve.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

Figure 2.20 General voltage transfer
characteristics of a limiter circuit
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2.3.1 Clippers

o 5
* Qut of therange— < v; < -*:
Ay Ay
1. If v, =V;/A,, the output is limited
(clipped) to a maximum value of V.
2. If v, <V, /A, the output is limited
(clipped) to a minimum value of V,; .

Slope = A

i_l

* Figure 2.20 shows the general transfer
curve of a double limiter:

 Both the positive and negative peak

values of the input signal are clipped. Figure 2.20 General voltage transfer
characteristics of a limiter circuit

Uf
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2.3.1 Clippers

Double Limiter
* Various combinations of V; and V;
are possible:
* Both parameters may be positive,
* Both parameters may be negative, or

* One parameter may be positive while the
other negative, as indicated in the figure.‘

* Note: If either V,; — —o0 or V; — oo,
then the circuit reverts to a single
limiter.

Slope = A

i_l

Uf

Figure 2.20 General voltage transfer
characteristics of a limiter circuit

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh 7



2.3.1 Clippers

* Figure 2.21 is a single-diode clipper circuit.

* The diode D, is off as long as:
Vg < VB + [/)/

* The current I, is approximately zero,
* The voltage drop across R is essentially zero

Vo = V) —&—

* The output voltage follows the input voltage.

2019-11-13
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2.3.1 Clippers

* The diode D; turns on when:
vy > Vg +Vy
* The output voltage v, is:
* Clipped (limited), and
* vg = Vg +V, > constant.
* The output signal is shown in Figure 2.21.

* In this circuit, the output is clipped above Vy + Vy .

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

A =
+ R
DY
Uy + | U
Vp —
| _
Ui
vy
VB+V}’_ ,_, \X\O
/

Figure 2.21



2.3.1 Clippers

e How to chose the best value of R?

* The resistor R in Figure 2.21 is selected to:

1. Be large enough so that the forward diode current
is limited to be within reasonable values (usually in

the mA range),
2. But small enoth so that the reverse diode current
produces a negligible voltage drop.

* Normally, a wide range of resistor R values will result
in satisfactory performance of a given circuit.

e Other clipping circuits can be constructed by:

1. Reversing the diode Dy,
2. Reversing the polarity of the voltage source vy, or

3. Both1and 2.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

v

VB+ V?,

A ! -
+ R
Dy X
Uy + Vo
Vp —
| _
.p-"'_"'-t-:l.lr

Figure 2.21
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( Positive if Negative |
. I Clipping 0 Clipping |
2.3.1 Clippers | Circuit ¥ Circuic |
| I |
——NVWW\——— r—i
. : — N RI I 17
* Positive and negative clipping can be performed DYy yDy A
simultaneously by using a double limiter or a vy N N e
parallel-based clipper, see Figure 2.22. :VBIE :: Ve = :
— +
* The parallel-based clipper is designed with: - - —- ——

* Two diodes, D; and D, and
* Two voltage sources I'g; and Vg,

oriented in opposite directions.

Positive Clipping

Vo |

|
|
|
|
|
] -
| Yo K
A,

JUEE - Electronics | — Dr. Hani Jamleh

Negative Clipping
2019-11-13

=
_'L.”

Slope =4, Negative Clipping

Figure 2.22
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EXAMPLE 2.7

 Objective: Find the output of the parallel- Sy )
based clipper in Figure 2.23(a). | Re |
* For simplicity, assume that V,, =0and ry =0for _ . G‘) ’ »
both diodes. o T s Y = ._aV
2V = T+

Figure 2.23(a)

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh 12



EXAMPLE 2.7

e Solution:

@ Fort = O:

v; = 0,1 =0, and D; and D, are reverse biased:

@ For0 < v; < 2V:

Vo =v; =0

[ = 0, and Dy and D, remain off:

Vo =V —

@ For v; > 2V, D4 turns on:

. i _ (=) (v=-2)

_ (v1-2)

1™ R, +R, 10k +10k
(v—2)
20k

u v0=i1R2+V1=
1

==-v;+1=
0 I

Vo 5

2019-11-13

20k

1 =7V

-10k+2=%(v1—2)+2

6 -sin(wt) +1 =3 -sin(wt) + 1

JUEE - Electronics | — Dr. Hani Jamleh

Vy=Oandrf=0

R =10kQ
AAAA" ’
— +
L l R, = 1
10kQ AD;
vy =06 sin I (;) D, B vo
+ —V,=4V
Vl = 2 V —_— +
1 ‘ -
vV '
6 f...-"_‘l::r\
4+ ff x\
! U %,
7 ® \
| Ié\ / |
-
4
| N
-6~ Figure 2.23 -




EXAMPLE 2.7

Vy=Oandrf=0

* Solution: Ko = 10 K2
AL 7 :
4) For 0 > v; > —4V, both D, and D,, are off : Ca SR ]
_ M - 10kQ 2D
Vo =V — 1= Vi y=6sinor (1) D, o
5) For v; < —4V, D, turns on and the output == = V=4V
LaV=
is constant: - ! -
viV) A
6 f...-"_‘l::r\
4+ ff x\
; ! U i\
0 \ [ .
B N
. . -4 <
2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh P Fi 5 93 5 ..-}d
— Figure 2.




EXAMPLE 2.7

e Comments:

* If we assume that Vy = 0.7V, the output will

be very similar to the results calculated here.

e The only difference will be the points at which "=°*" " (—
the diodes turn on.

* Q. Draw the Voltage Transfer Characteristic
curve for such circuit?

2019-11-13
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R, =10 kQ

I+

I<‘,+

7

"\NV\, .
R, = 1
10kQ AD,
— V=

vV A
6 f...-"_‘l::r\
4+ ff x\
! U %,
2
& \ /[ .
)=
-4 < }5'
-6~ Figure 2.23 -




Clippers with a Battery in Series with the Input

 Diode clipper circuits can also be
designed such that:

* The DC power supply Vg is in series with the
input signal.

* Figure 2.25 shows the battery in series

with the input signal causes the input

signal to be superimposed on the Vz DC

voltage.
Vs = v — Vp

* The resulting conditioned input signal
and corresponding output signal is also
shown in Figure 2.25.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

+ VB -
—I[—vww
R

_|_
LT[ vSI == UI - VB ZS LT()
_ | _
v A
Yo
AV _
TL___‘\\___ —— [
\
/
Vi “I\\__/ \\_,,/

Figure 2.25 Series-based diode clipper
circuit and resulting output response 16



Clippers with Zener Diodes R
o—AMW,

e
— —
* In all of the clipper circuits considered, D, D,
we have included batteries which need ! VZ+1 {/Z,) vo
periodic replacement, so that these _ +
circuits are not practical! O O

e Zener diodes, operated in the reverse
breakdown region, provide essentially a
constant voltage drop.

* We can replace the batteries by Zener
diodes.

Figure 2.26 Parallel-based clipper circuit using Zener

diodes and voltage transfer characteristics
2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh 17



Find the Differences!

— AAMAA—— '
+ R +
Dy Dy A
Uy + - 1 Up
Vpr— Vpr—
—_ +
_ . ! _
Vo A
I/)/ + VBl = VJ
|
|
Vo | Slope =A
: Vo vy
| A,
Vo = —(V, + Vs2)

2019-11-13

tlectronics | - Dr. Hani Jamleh - JU

R
o—NWN O
+ +
D, D,
Ujr + — UO
V71 V7
— +
o o
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Clippers with Zener Diodes R
o—AMW,

O
+ +
* Figure 2.26 shows: D, D,
A parallel based clipper circuit using v V+ ‘_/ vo
Zener diodes. Z 22
* The voltage transfer characteristic — 5
(VTC) is shown below. O o
(
* The performance of the circuit in veorv. |
Figure 2.26 is essentially the same as /& a7y
that shown in Figure 2.22. & | | >
< 1%
& (V4 V Vo +V !
P 72 Z1 T Vy
+—‘VVR\J\ % » n &\QQ, y y
DY Dy A EENCZARE?
vl V+ = 'r"'_ L Yo Figure 2.26 Parallel-based clipper circuit using Zener
Bl=—= B2 — diodes and voltage transfer characteristics
2019-11-13 _Figure 2.22 _ + __ onics | —Dr. Hani Jamleh 19




Summary: Simple Series Clippers

I Simple Series C]ippemlildcul Diodes) V, =0V

POSITIVE NEGATIVE
1 vl' iV Jhpﬂ
o
o o o o o
Vin + 4 - + < + Vin
—Vin ;1 £ : —¥m :; :
Simple Parallel Clippers (Ideal Diodes) v, =0V
" ’r:',r A v‘? ’lvﬂ
v o AN ] o—AAN . o
/\m + R + + R + Vin
Vi _o: : Vi o » :

Image courtesy of Boylestad and Nashelsky, “Electronic Devices and Circuit Theory, 11t ed.”, FIG. 2.88
2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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Summary: Biased Series Clipper

I Biased Series E'Iippc‘ruli ldeal Diodes)V, = 0V

'RF iV
&
D_|||_|‘-—.—o
Vin - +v|_ +
VAR B ===
oy —o
= (¥ + V)
ilnv
—|I—d o 1
+-"'% +
1%
Vi R ]
- - V[T
o:?_ ° 0 W/
— (Y% - V)

Image courtesy of Boylestad and Nashelsky, “Electronic Devices and Circuit Theory, 11t ed.”, FIG. 2.88
2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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Summary: Biased Parallel Clippers

I Biased Paralle] {'_"Ii]b[wralyldcul Diodes) V, = OV

1
oAV . [ o——AAA P
) o
+ R i + + R * + /\Vm
‘l",' + 'l-"ﬂ 0 = V. —_ v -
_ =3 VA ‘ v= v T
= -1 o - +1 3
LY, v,
+ R + i _T_ y N\ Vi
Vi = v o0 g + v e
_ V= \/ ! y= 0 :
o:_—_ +T 0 -V - —T _:
i 7—\ vy l> JV |
i_ v, 1 2
V‘_T VZ—T—... T Image courtesy of Boylestad and

T

Nashelsky, “Electronic Devices and
2019-11-13 JUEE - Electronics | - Dr. Hani Jamleh  Circuit Theory, 11th ed.”, FIG. 2.88 22



2.3.2 Clampers

e Clamping shifts the entire signal voltage by a DC level.

* In steady state, the output waveform is:

1. An exact replica of the input waveform,
2. But the output signal is shifted by a DC value that depends on the circuit.

* The distinguishing feature of a clamper is that it:

1. Adjusts the DC level and

2. Keeps the waveform shape (no need to know the exact waveform).
Ve AYn

i n A
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2.3.2 Clampers * vc -

I
(1l n

* In Figure 2.27 (a), assume that the capacitor is initially
(at time = 0s) uncharged 2 v, = 0V. o Y

* During the first 90° degrees of the input waveform, _
the voltage across the capacitor follows the input,
and ve = vy (assuming thatr; = 0 and I, = 0). =

* After ve and v; reach their peak values V,; at 90°: Figure 2.27 (a)

H ~
1. v, begins to decrease and ~ o

2. The diode becomes reverse biased. S

~ .
3. ldeally, the capacitor cannot discharge, so the-voltage sin(x)
across the capacitor remains constantat v, = V.~ ~ _

) A : m v

2019-11-13 JUEE - Electronics | — Dr. Hani Jamleh 24




2.3.2 Clampers

* By Kirchhoff’s voltage law (KVL):

Vo =V~ Vg = Vy sinwt — Vy,
= Vy(sinwt — 1)

* The capacitor and output voltages are™ shown in
Figures 2.27(c) and (d).

* The output voltage is “clamped” at zero R%
* Asaresult: vy < 0. ©

* |[n steady state:

1.

2.

2019-11-13

The waveshapes of the input and output signals are the
same, and

The output signal is shifted down by a certain DC level (i.e.
— V) compared to the input signal. v,

2

o
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Il
(1l T n
vy Y Vo
] _
ve i Figures 2.27 (a)
|
Vit
|

0

T_
i 90°
| (c)

0— >
T i
ANANAY

REAVARVA

(d)
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Clamper Circuit Operation and Analysis

ol

C
e Operation when diode is forward biased: + |( —
* The diode is short circuit (i.e “on”state). + 4
* Since the current is shorted thru diode and the Vy —
capacitor is charged up to a voltage V). -
vC — VM
* The output voltage will tie: -
Vo = 0 -
* During the diode is reverse biased, the diode &
now is open circuit (i.e “off”state). + I
: - V
* The voltage v, across R will be:
Vo =Vy—Ve==Vy—Vy Vn—-

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh e



Clamper Circuit with Vg

+ C -
1 % 0
* Figure 2.28(a) shows a clamping circuit that includes 7 T
an independent voltage source V5. Ug + Vo
—V
* In this circuit, the T = R; C time constant is assumed - T g -
O

to be large [R; — oo, then T — o0].
* where R; is the load resistance connected to the output.

* If we assume, for simplicity, that - = 0 and V,, = 0,
then the output is:

clamped atyV/5
4

““““““
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Clamper Circuit with Vg

* Figure 2.28(b) shows an example of a sinusoidal
input signal and the resulting output voltage
signal.

* When the polarity of I/ is as shown:

* The output is shifted in a negative voltage direction.
* Q. what happens when the polarity of I/ is reversed?

e Similarly, Figure 2.28(c) shows a square-wave
input signal and the resulting output voltage
signal.

* Note: We have neglected the diode capacitance effects
and assume the voltage can change instantaneously.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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Clamper Circuit with Vg - Analysis

* Analysis Steps:
= Vs - sin(wt)

1] Charging the capacitor C—=> only when the diode
IS ON:
* Apply KVL: vg =V, =V =0
* Vo =vs — Vg, but V. is fully charged when v =V,
then we write:

Ve =V —Vp

~

L
=i

Figures 2.28



Clamper Circuit with Vg - Analysis

2] Diode is OFF:
* Apply KVL: vg = vg — V, but V. =V, — Vg, then we

write:
vo = Vs — (Vi — V)
3] Diode is ON:
1. Apply KVL: vy = v — V- but Vo =V, — V3, then we
write:

vo =vs — (Viy — Vp)
2. vg = Vz...when?
If vo=Vy =2 vy =Vg =2 we say: the output is
clamped at /.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

.
11 @
+ +
Vg | + Vo

_— L”H
1 -

+

[ ©
+ +
Us Vo

=
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Clamper Circuit with Vg

C
i c
Recall: LI ¥ % ¥
Vo =vc— (Vy, =V 7N N N Ug Vg
o =vs = (Vi = V) DA ya\\ r\\ "/"\\ . — v,
7’
- r _ ! _
/r \ j? E: ;7 0
the output is clamped at V/x #
P P B " Figures 2.28

/ \LIJI. Vg
Vy—Ve)& Wl [
~Mm=Ve)& % *
DC Offset S o :
S R _—— e = — b -

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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EXAMPLE 2.8

o Vo

Ve +
[ .
* Objective: Find the steady-state output of the c
diode-clamper circuit shown in Figure 2.29(a). = (5 A
* The input v; is assumed to be a sinusoidal signal ;}E =
- Figure 2.29(a)

whose DC level has been shifted with respect to |
a receiver ground by a value Vg during -

transmission.
e Assume Vy = 0 and e = 0 for the diode.



EXAMPLE 2.8

* Solution: Figure 2.29Sb) shows the sinusoidal input
S).

signal (in dashed line

1] At t = 0: the capacitor is initially uncharged, then Vssiner

the output voltage is:
vy = Vg (diode reverse-biased)

2] For 0 <t < ty, the effective 7 =RC time,, +

constant is infinite, the voltage across the capacitor
does not change:

Vo = Vg ~+ VB
3] At t = t, the diode becomes forward biased; the

——ll-l\}

™

®

_l_

-

output cannot go negative, so the voltage across the
capacitor changes (the 7y C time constant is zero).

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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EXAMPLE 2.8

4l Att= (T

1. The input signal begins increasing and
2. The diode becomes reverse biased,

* so the voltage across the capacitor now remains
constant at V. = V), — I/ with the polarity shown.

* The output voltage is now given by:
Vo :VC+v1+VB = (VM_VB)+UI+VB
= (VM — VB) + VM sin wt + VB = VM 4+ VM sin wt

vy = Vy(1 + sinwt)

2019-11-13

or

JUEE — Electronics | — Dr. Hani Jamleh

() Iy
Ve sin @i

+ | ?@

Vp —

f
I",if| ir ;T \ f
N

s s
\\..__,a-"’ \\-.. -

Figure 2.29(b)
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EXAMPLE 2.8

* Comment:
* Fort > (Z)T, steady state is reached.

* The output signal waveform is an exact replica
of the input signal waveform and is now
measured with respect to the reference
ground at terminal A.

2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh

Ve sin @i
_|_

®

Vp —

I
=T ™
+

™

|
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Clamping Networks

Vi 4V A,
Summary DN .
T 5
0 1 0 Fi i Sk % 2
Vv [w =, | - 0 b
vl | = ]
» Different diode directions = Clamping direction
 Different V; Polarities = Clamping point in +ve or —ve region

't

ol

Vi -V — !
C_ + 4 & ZV b 0
I

Image courtesy of Boylestad and Nashelsky, “Electronic Devices and Circuit Theory, 11t ed.”, FIG. 2.100
2019-11-13 JUEE — Electronics | — Dr. Hani Jamleh
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Diode Circuits
Multiple-Diodes Circuits

Chapter 2
Diode Circuits

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan

Electronics | - Dr. Hani Jamleh - JU

TABLE 3.4
Possible Diode States

D, D2 D,
Off Off Off
Off Off On
Off On Off
Off On On
On Off Off
On Off On
On On Off

On

On

On




Objective

* Examine the techniques used to analyze circuits that contain more
than one diode.

* Since a diode is a nonlinear device, part of the analysis of a diode
circuit involves determining whether the diode is on or off.

e If a circuit contains more than one diode

* The analysis is complicated by the various possible combinations of on and
off.

* In this section, we will see, for example, how diode circuits can be
used to perform logic functions.

* This section serves as an introduction to digital logic circuits that will
be considered in detail in Chapters 16 and 17.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 2



2.4.1 Example Diode Circuits

* Consider two single-diode circuits.

* The first in Figure 2.33(a) shows a diode in series
with a resistor.

* A plot of VTC, v, versus v;, shows the piecewise
linear nature of this circuit (Figure 2.33(b)).

* The diode does not begin to conduct until:
UV = V;/
« forv, < V,:KVL2 v =Ip XR=0XR =0
* The output voltage is zero;
« forv; >V, :KVL2 v =v, —vp =1, —
* The output voltage is vy = v; — V).

O Vp

Vo |




2.4.1 Example Diode Circuits

e Figure 2.34(a) shows a similar diode circuit, but
with the input voltage source v; explicitly included
to show that there is a path for the diode current.

 The voltage transfer characteristic VTC is shown in
Figure 2.34(b).
* |n this circuit, the diode remains conducting (on)
* for the input voltageisv; < Vs -1V,
* The output voltage is vy = v; + V, (Linear).
* Whenv; > Vs -1,
1. The diode turns off and
2. The current through the resistor is zero;

3. Therefore, the output remains constant at I/s.
Vo = Vs

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh

Ve-V, Vg

2.34(b)
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2.4.1 Example Diode Circuits

* These previous two examples demonstrate:
* The piecewise linear nature of the diode and the diode circuit.

* That there are:
* Regions where the diode is “on,” or conducting, and
* Regions where the diode is “off,” or nonconducting.

¥ DiodeisON Diode is OFF
Ver ———m——————— T

|

|

|

| gﬁ'

|

|

|

|

|

|

L
=
-

2019-11-18 JUEE - Electronics | — Dr. Hani Jamleh



2.4.1 Example Diode Circuits: Two Diodes

state | Dy | Dy
* In multidiode circuits, each diode may be 1 OFF OFF
either on or off. 2 OFF ON Ve
* Consider the two-diode circuit in Figure 3 ON OFF |
2.35. Since each diode may be eitheronor 4 onN oON R,
off, the circuit has four (2%) possible b b,
states. v o——D+ 5 &< 0 0
* However, some of these states may not be ! 2
feasible because of: Eig |
 Diode directions and | l”“
* Voltage polarities. V-

Figure 2.35
* Need to check!

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 6



2.4.1 Example Diode Circuits: Two Diodes @&
i

* If we assume that: &

1. V* >V~ andthat | D,

2. Vt=v~— =Ty, - “

* there is at least a possibility that D, can be turned | _
on.

o Vo

~ Figure 2.35

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 7
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State-1] Let’s start from v; = V™. v’ cannot be less than V™ (Prove it!).

Then, forv, =V
* Diode D must be OFF.
* Inthis case, D, is ON, ipq = ipy = gy, and
* vy =V*—ip Ry, where:
+ —
iy = vt-v,-v
R1+R2

1D _py+_ R +_yv _vy-
170 =V R1+R2(V Vy V)

Voltage v’ is one diode drop (V},) below vy, i.e. v' = vy — }},, and

]/I
Diode D; remains OFF as long as vy is less than the output voltage.

141 < v ) 9D1 is OFF

Vo A

|

s ‘

v; | —Dr. HaniJamleh

o\
|
1
‘|’m :
KvLl ! R‘:
-
] 0N‘f,12 ‘=S
] ovo )
_-— e N n o - s
2
-~
I
|
g2y
/ Figure 2.35

m—-m

1

V= <wv,

OFF

ON +



2.4.1 Example Diode Circuits: Two Diodes

* State-2] As v; increases and becomes KVL2 “
equal to v(g ) both D, and D, turn on. E";‘;“'E““ﬁb‘,{i} _______ ;:
* This condition or state is valid as long as: A N ’
v, <Vt ’3 |
° Apply KVL: S - Figure 2.35
2
v = v m-m

v A V- <v, OFF ON +

2 v, <V*¥ ON ON +

State-1 State-2 |
| |

2019-11-18 V- )) vt ;| —Dr. HaniJamleh 9




2.4.1 Example Diode Circuits: Two Diodes
|

¢ StatE'3] When UI —_ V+9U' —_ V+ — V)/ and ON OFE R,
— 1 — — P D , D,
VDZ — OV, then lp1 = lpp = O, at which: b Hl v 4 oo
* D, turns off and ™ “iow
* vy cannot increase any further. Egg
U(S) — V+ ,i — V+ ] lfﬂ
0 R1 i Figure 2.35

V-
sate | v | Dy | D2 o
1 V- <wv, OFF ON +

2 v, <V¥ ON ON +

3 vt ON OFF +

2019-11-18 = l v % |- Dr. Hani Jamleh 10



2.4.1 Example Diode Circuits: Two Diodes

* Figure 2.36 shows the resulting plot of v,
Versus vy.

* Three distinct regions, vé) éz), and v(())
correspond to the various conducting states

of D; and D,.

e State-4] The fourth possible state that both
D4 and D, are off.

* |t is not feasible in this circuit.

Vo A

x breakpoints

Vr = Vo
State-3

2019-11-18 7=

vV
IR ]
R,
D, W D,
by o— o Vg
gl I
R, g
lfﬂz
.n Figure 2.35

M--ﬂ

V= <wv,
2 v, <VT
3 /

4 ??

ON
ON ON
ON OFF +/

OFF OFF X
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EXAMPLE 2.9

* Objective: Determine the output voltage and diode currents for the circuit shown in
Figure 2.35, for two values of input voltage.

e Assume the circuit parameters are:

R, = 5kQ, R, = 10kQ, V, = 0.7V, V* =+5V,and V™~ = —5V.
* Determine vy, ip1, and ip, forv; = OV and v; = 4V.
T ngi kQ T
D, Vo 0
INO14
D, 10 kQ
vy o— .
iy SVE=Y-
R,
=0
Figure 2.35

2019-11-18 1 — Electronics | — Dr. Hani Jamleh 12



EXAMPLE 2.9

* Solustion:
* For v; = 0, assume initially that D is off.

e The currents are then:
V¥—V, -V~ 5-07—(-5)

‘R1 =102 =R ST e T T T 5k + 10k
— 0.62 mA

* The output voltage is:
vO — V+ - iRlRl — 5 - (062m)(5k) - 19V

e and v’ is:
v =vo—V,=19-07 =12V

* From these results, we see that:
* Diode D; is indeed cut off, ip; = 0, and
* Our analysis is valid.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh
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EXAMPLE 2.9

* For v; = 4V, in this region, both D; and D,
are on:

iRl — iDZ — R —_- — = OZmA

* Note thatv' = vy — ¥, =4 — 0.7 = 3.3V.
, _v’—V‘ ~33—-(=5) _ 0.83mA
R2 T TR T T 10k oo

* The current through D, is found from KCL:

ip1 + ip2 = igy
iDl — iRZ — iDZ — 083m - OZm — 063mA

INO14
»< 10kQ




EXAMPLE 2.9

e Comments:

* For v; = 0V, we see that vy, = 1.9V and oV =

"= 1.2 V. This means that D, is reverse
biased, or OFF, as we initially assumed.

* For v; = 4V, we have ip; > 0 and ip, > 0,
indicating that both D; and D, are forward
biased, as we assumed.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh

£S5V =

!

D 1% D

h} |/J1) VDU[
L1
INO14 ]NQH

Vil Ry 10kQ
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___L sy= VT
_I__

0

h

5.0

R Z5kQ I

V+
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Problem-Solving Technigue: Multiple Diode
Circuits - Assumptions

* Analyzing multi-diode circuits requires determining if the individual devices are
“on” or “off.” In many cases, the choice is not obvious, so we must:
* Initially guess the state of each device, then
* Analyze the circuit to determine if we have a solution consistent with our initial guess.

* To do this, we can:

1. Assume the state of a diode.

1. Ifadiodeisassumed ON:

* The voltage across the diode vy, is assumed to be V.
Up = V)/

2. If adiodeis assumed to be OFF:

* The current through the diode ij is assumed to be zero.
iD == O

2. Analyze the “linear” circuit with the assumed diode states.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 16



Problem-Solving Technigue: Multiple Diode
Circuits - Evaluation

3. Evaluate the resulting state of each diode.

1. If the initial assumption were that a diode is “OFF” and the analysis shows that
ip = 0 and vp <V}, then the assumption is correct.

* If the analysis actually shows that i, > 0and/or v, >V, , then the initial assumption is
incorrect.

2. Similarly, if the initial assumption were that a diode is “ON” and the analysis
shows that ip = 0 and vp = I}, , then the initial assumption is correct.

* If the analysis shows that i, < 0 and/or v, <}, then the initial assumption is incorrect.

4. If any initial assumption is proven incorrect, then:
a) A new assumption must be made and
b) The new “linear” circuit must be analyzed.

5. Step 3 must then be repeated.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 17



Example 2.10

* Objective: Demonstrate how inconsistencies
develop in a solution with incorrect

assumptions.

* For the circuit shown in Figure 2.35, assume
that parameters are the same as those given
in Example 2.9. Determine vy, ipq, ipy, and
iRZ for v, — O

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh

v+

]

R,
Dy, D
by o—] o Vg
ip [y
R, g
l iR
ol
v
Figure 2.35
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Example 2.10

* Assume initially that both D; and D, are conducting (i.e.,

ON). Then: -
v =-0.7Vandv, =0V
* The two currents are: J-RIJ
+_ —
+ipy = ipp = 2= 2= 1.0m4 R,
. . v/ -V~ —0.7—(=5) D D,
® lgyp = lpy = R, = —10k = 043 mA v o D; L-. Iﬂ- o510
« Summing the currents at the v’ node, we find that: it Tina
« ip; =ip, —ip, = 0.43m — 1.0m = —0.57mA E3§
* Since this analysis shows the D, current to be negative, ] lr’m
which is an impossible or inconsistent solution, our initial i
assumption must be incorrect. v
Figure 2.35

* If we go back to Example 2.9, we will see that the correct
solution is D, off and D, on when v; = 0V.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 19



Example 2.10

« Comment: We can perform linear analyses on
diode circuits, using the piecewise linear

model. |

* However, we must first determine if each
diode in the circuit is operating in the “ON” =~ 7'« 2 .

=1 i [l
—-——

linear region or the “OFF” linear region. - :
oz

lfﬂz

Figure 2.35

v+

R,

L=

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh 20



Homework

* Do the circuit analysis of the circuit shown in
EXAMPLE 2.11

+5V

e Comment: With more diodes in a circuit, the
number of combinations of diodes being v,{ = I=
ID‘)

either on or off increases. 2 _
| | - py| Dy VY D;
* It may increase the number of times a circuit must
be analyzed before a correct solution is obtained. Ipi =
B
* In the case of multiple diode circuits, a Ry =5k Ry=5 KO

computer simulation might save time.

-10V -5V

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh
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2.4.2 Diode Logic Circuits

* Diodes in conjunction with other circuit elements
can perform certain logic functions, such as AND

and OR.

* The circuit in Figure 2.41 is an example of a diode
logic circuit.

* The four conditions of operation of this circuit
depend on various combinations of input
voltages.

o If V.
botllu

 If at least one input goes to 5V, for example, at least

= V.
diocfe

= 0, there is no excitation to the circuit so
s are off and V, = 0.

one diode turns on and V, = 4.3V, assuming I}, =

0.7V.

 These results are shown in Table 2.1.

2019-11-18
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Vi o= 2
—_—
Ip)
¢
D,
—_—
Ip>
Figure 2.41
" Table 2.1 Two-diode OR logic
circuit response
Vi(V) Vo (V) V, (V)
0 0 0
5 0 4.3
0 5 4.3
3 5 4.3
Table 2.1
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2.4.2 Diode Logic Circuits Vi o-

* By definition, in a positive logic system: V, o

* a voltage near zero corresponds to a logic 0 and

* a voltage close to the supply voltage Vs of 5V
corresponds to a logic 1.

* The results shown in Table 2.1 indicate that
this circuit performs the OR logic function.

* The circuit of Figure 2.41, then, is a two-input
diode OR logic circuit.

2019-11-18 JUEE — Electronics | — Dr. Hani Jamleh

NI
A1
—_—
Ip)
¢
%
> R3|1
—_—
Ip>
Figure 2.41
" Table 2.1 Two-diode OR logic
circuit response
Vi (V) V, (V) V, (V)
0 0 0
3 0 4.3
0 ] 4.3
A 5 4.3
Table 2.1
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+3V
. . . . D,
2.4.2 Diode Logic Circuits VoK fl%
Ip)
L O VG
. T D,
* Next, consider the circuit in Figure 2.42. V, o <
* Assume a diode cut-in voltage of I/, = 0.7V/. I _L
* Again, there are four possible states, Figure 2.42
depending on the combination of input _: B Twodiods AND ook
voltages. circuit response
* If at least one input is at zero volts, then at least Vi (V) Vs (V) V. (V)

one diode is conductingand Vo = 0.7V.

0 0 0.7

 If both V{ =V, =5V, there is no potential 5 0 0.7

difference between the supply voltage and the 0 5 0.7
5 5 5

input voltage. All currents are zeroand Vy = 5V.
* These results are shown in Table 2.2.

Table 2.2
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+3V
. . . . D,
2.4.2 Diode Logic Circuits Vio——H fl%’e
Ip;
* o Vp
D,
* This circuit performs the AND logic function. vy o——K
* The circuit of Figure 2.42 is a two-input diode = -L
AND logic circuit. Figure 2.42
" Table 2.2 Two-diode AND logic
circuit response
Vi(V) VioV) VY, (V)
0 0 0.7
5 0 0.7
0 5 0.7
5 R R
Table 2.2
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Basic BJT Physical Structure and Operation

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
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Objective

e Understand the:

* Physical structure,
* Operation, and

 of the bipolar junction transistors (BJT), including the:
* npn and
* pnp devices.



Introduction

* The bipolar junction transistor (BJT) has three separately doped
regions and contains two pn-junctions.

* A single pn-junction has two modes of operation—forward bias and
reverse bias.

* The BJT, with two pn-junctions, has four possible modes of operation,
depending on the bias condition of each pn-junction.

* Which is one reason for the versatility of the device.

* With three separately doped regions, the bipolar transistor is a three-
terminal device.

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh 3



Introduction

* The basic transistor principle is that:

* The voltage between two terminals = controls the current through the third
terminal.

C
L

l current through the third terminal

+

EG*E

+

voltage between two terminals l

C
E
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Understanding of BJT

b

S~

COLLECTOR
e d '

+
po—— "

+ P
force - voltage/current -
water flow - current l

- amplification B




Introduction

* Our discussion of the bipolar transistor starts with:
* A description of the basic transistor structure and
* A qualitative description of its operation.

* To describe its operation, we use the pn junction concepts presented
in Chapter 1.

* However, the two pn junctions are sufficiently close together to be
called interacting pn junctions.

* The operation of the transistor is therefore totally different from that of two
back-to-back diodes.
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Introduction el .
n
B ]
* Current in the transistor is due to the flow of ™= [
both electrons and holes, hence the name T |
bipolar. e
* Our discussion covers:  sausor e
1. The relationship between the three terminal , ., ™/ ’“‘“”}Regi””/ R
currents, =t R 7 E
2. The circuit symbols and conventions used in . "
bipolar circuits, . ,/ .
3. The  bipolar transistor current-voltage w0l W b
characteristics, and 30 ' o= doun &
4. Some nonideal current-voltage 20 | \ 1s = 20uA
characteristics. 10 | B
0 o Regon fe=0
o 2 1 . & 10 n =W
2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh Ve = Llp‘-.,-’:: 7'»“::1:3;1!%;0
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Point-Contact Transistor —
first transistor ever made

The first transistor was a point-contact transistor

The first point-contact transistor
John Bardeen, Walter Brattain, and William Shockley
Bell Laboratories, Murray Hill, New Jersey (1947)

Bardeen Brattain




How Did First Point-contact Transistor Work?

Schematic of the first
point-contact transistor

é Spring

5

\ Wedgﬁ . 4;"'
. insulator) ™ Goyg poi

Emitter Collector

Base

.:‘.‘:7 g ., .,--" ” ‘
:_—‘_"'. { L A—.

. Gap between E and C cut

& .’ by razor blade




Transistor Structures

* Figure below shows simplified block diagrams of the basic structure of the two
types of bipolar transistor: npn and pnp.

* The npn bipolar transistor contains:

A thin p-region sandwiched between two n-regions
* |n contrast, the pnp bipolar transistor contains:

A thin n-region sandwiched between two p-regions.
* The three regions and their terminal connections are called the:

Emitter o——— n

P

Emitter, Base, and Collector.

2019-11-25

Base

o Collector Emitter 0——— p n p —o0 Collector

Base
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Transistor Structures

* The operation of the device depends on the two pn-junctions being in
close proximity, so the width of the base must be very narrow,
normally in the range of tenths of a micrometer (1um = 10~°m).

Emitter o———

1

2019-11-25

O Collector

Emitter 0——

—o0 Collector

JUEE - Electronics | — Dr. Hani Jamleh
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Transistor Structures = 1

* One important point is that the device is not symmetrical electrically.

* This asymmetry occurs because:

1. The geometries of the emitter and collector regions are not the same, and
2. The impurity doping concentrations in the three regions are substantially different.

* For example, the impurity doping concentrations: T . W
* In the Emitter (E) 101%cm=3 NI B ,;q{ L N . j,.'lla.x-;-r
* In the Base (B) 107¢m=3, and J—};‘_{i 'UI;‘-M"_ /) k—ﬁ:p\
e In the Collector (C) 101> cm™3. A .

layer substrate

* Therefore, even though both ends are either p-type or n-type on a given

transistor, switching the two ends makes the device act in drastically
different ways. Q. What does that mean?
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5.1.2: npn Transistor: Forward-Active Mode
Operation

* Since the transistor has two pn junctions = four (24) possible bias
combinations may be applied to the device, depending on whether a
forward or reverse bias is applied to each junction.

* For example, if the transistor is used as an amplifying device:
1. The base—emitter (B—E) junction = forward biased and
2. The base—collector (B—C) junction = reverse biased.

* This configuration called the forward-active operating mode, or
simply the active region.

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh 13



Biasing [source: Wikipedia]

* Biasing in electronics is:

* The method of establishing predetermined voltages or currents at various points of
an electronic circuit for the purpose of establishing proper operating conditions in
electronic components.

* Many electronic devices such as transistors, whose function is processing
time-varying (ac) signals also require a steady (DC) current or voltage to
operate correctly — a bias.

* The input ac signal applied to them is superposed on this DC bias current
or voltage.

* The operating point of a device, also known as: bias point, quiescent point,
or Q-point, is the steady-state voltage or current at a specified terminal of
an active device (a transistor) with no input signal applied.
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Transistor Currents

* Figure 5.3 shows an idealized npn bipolar #3

transistor biased in the forward-active
mode.

* Since the B—E junction is forward biased,
electrons from the emitter are injected
across the B—E junction into the base,
creating an excess minority carrier
concentration in the base.

* Since the B—C junction is reverse biased, the
electron concentration n at the edge of that
junction is approximately zero.
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Recall: Switching Transient

o _ Figure 1.24 Stored excess minority carrier
Minority carrier charge under forward bias compared to
concentrations reverse bias. This charge must be removed
4 as the diode is switched from forward to

n i
reverse bias.

| |
| |
| |
| |
i |
1 1

Excess minority
carrier holes

Excess minority
carrier electrons

Reverse bias
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Base-emitter Base-collector
(B-E) junction (B-C) junction

Transistor Currents (Scenario) = 7+ .
g B i 1) — oc

* The base region is very narrow so that, in RE§ g VE " 1e Reverce 3 ke
the ideal case, the injected electrons will M j m
not recombine with any of the majority R
carrier holes in the base. Figure 5.3

: . . . Electron
* In this case, the electron distribution @
E(n)

versus distance through the base is a |
straight line as shown in Figure 5.4. E‘“““M}
:
I
|
|
|
|
|
|
|

B(p) j C(n)
|
Q—:— E-field }
|
|
|
|
|
|
|
|
|

injection
Ideal
(linear)

|
[«<— Neutral base width —>| ~ Figure 5.4
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Transistor Currents (Scenario)

* Because of the large gradient in this Raé

concentration:

* Electrons that are injected, or emitted, from
the emitter region

e Diffuse across the base,

 Are swept across the base—collector space-
charge region by the electric field E, and

* Are collected in the collector region creating
the collector current.
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Transistor Currents: ]

Emitter Current g B

» Since the B—E junction is forward biased, we expect’ = S T
the current through this junction to be an .
exponential function of B—E voltage vg. fgure 6 =

* Just as we saw that the current through a pn junction

diode was an exponential function of the forward-biased
diode voltage.

e We can then write the current at the emitter terminal as:
YBE VYBE

iE — IEO[e Vr — 1] =~ IEOe Vr



Transistor Currents:
Emitter Current ig

[ VBE ] VBE

lE=IEO eVT—l %IEOGVT

* Note: The voltage notation vgr, with the dual
subscript, denotes the voltage between the B (base)
and E (emitter) terminals:

* Implicit in the notation is that the first subscript (the base
terminal B) is positive with respect to the second subscript
(the emitter terminal E).

Vpg = Vp — Vg

* Typical values of Iy are in the range of [10712 to 1071¢]
Amper, but may, for special transistors, vary outside of this
range.

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh
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Transistor Currents:
Collector Current i

* The number of electrons reaching the collector per "= =

unit time is proportional to the number of
electrons injected into the base, which in turn is a
function of the B—E voltage.

* To a first approximation, the collector current i is
VBE

proportional to e VT and is independent of the
reverse-biased B—C voltage.

e The device therefore looks like a constant-current

source.
L
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Transistor Currents:
Collector Current i

n +
E t ‘ § E‘: -
B g !

—*WWT P |vep +
T _If; Ugp| N —L +
* The collector current i, is controlled by the B-E "= i = Vee
voltage vgg; in other words: J
Figure 5.6 =

* The current at one terminal (the collector) i is
controlled by the voltage across the other two
terminals, vgg.

> This control is the basic transistor action.

Don’t

. -, FORGET!
* We can write the collector current as: < st
VBE % CIRC)

iC = ISe Vr

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh
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Transistor Currents: ]

] R n +
Collector Current i R
VBE "f"f;; . ﬂ an I—Ln _
iE ~ IEoe Vr - A|}!:.'
YBE
iC — ISQ Vr Figure 5.6 =

* The collector current is slightly smaller than the
emitter current.

* The emitter and collector currents are related by:
iC = aiE
* We can also relate the coefficients by I = alg,.

* The parameter «a is called the common-base current gain
whose value is always slightly less than unity (a < 1).

* The reason for this name will become clearer as we proceed
through the chapter.

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh
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Transistor Currents:
Base Current ig

the base are injected across the B—E junction into the
emitter (i.e the conventional current direction).

* However, because these holes do not contribute to
the collector current = they are not part of the

transistor action.
* |nstead, the flow of holes forms one component of the base
current.

* This component is also an exponential function of the
B—E voltage, because of the forward-biased B-E
junction. We can write:

* Since the B—E junction is forward biased = holes from Vu = i T“_

VBE
lBl X elr
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Transistor Currents:

C i
B C t ] R i Jfr
ase Current ip k]
+ Sip sugp| n b
* A few electrons recombine with majority carrier holes in vis = ™ - 5
the base = The holes that are lost must be replaced - |ic
through the base terminal. |
Figure 5.6 =

 The flow of such holes is a second component of the base
current.

* This “recombination current” is directly proportional to
the number of electrons being injected from the emitter,
which in turn is an exponential function of the B—E voltage.
We can write:

VBE
lgy X e VT
* The total base current is the sum of the twg components:
BE BE

iB :iBl_l_iBZ OCevT %IBOB vr

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh Flgure 5.5 = J’ l
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Transistor Currents:
iEl ic, and iB

* Figure 5.5 shows:

1. The flow of electrons and holes in
an npn bipolar transistor, and

2. The terminal currents ig, i, and ig.

* Emitter, Collector, and Base currents are /¥
VBE

proportional to e VT .

Electrons

.I.J)l::

Figure 5.5
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Transistor Currents

1. If the concentration of electrons in the n-type emitter is much
larger than the concentration of holes in the p-type base |

then: A

* The number of electrons injected into the base will be much larger than
the number of holes injected into the emitter.

* This means that the iz; component of the base current will be much
smaller than the collector current.

Electrons

ip; K ic
2. If the base width is thin then: -
* The number of electrons that recombine in the base will be small.
* This means that the iz, component of the base current will also be REE

much smaller than the collector current.

iBZ 1G4 iC Figure 5.5
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Common-Emitter Current Gain - 8

* In the transistor, the rate of flow of electrons and the resulting
collector current are an exponential function of the B—E voltage vy,
as is the resulting base current.

* This means that:
* The collector current and the base current are linearly related. Therefore, we

can write: _
Lc
lp
* Or:
VBE ] IS VBE
IB :IBoe vt — —e vt
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Common-Emitter Current Gain - 8

* The parameter [ is the common-emitter current gain.

* [ is a key parameter of the bipolar transistor.
* |deally, [ is considered to be a constant for any given transistor.

* The value of (5 is usually in the range of:
50 < <300

* But it can be smaller or larger for special devices.

* The value of [ is highly dependent upon transistor fabrication techniques
and process tolerances = the value of [ varies:

* Between transistor types and also
* Between transistors of a given type.

* In any example or problem, we generally assume that [ is a constant.
* However, it is important to realize that [ does vary.
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Common-Emitter Current Gain - 8

* Figure 5.6 shows an npn bipolar transistor in a circuit.

* Because the emitter is the common connection, this
circuit is referred to as a common-emitter
configuration.

* Again, when the transistor is biased in the forward-
active mode:
* the B—E junction is forward biased and
* the B—C junction is reverse biased.

* Using the piecewise linear model of a pn junction, we
assume that the B—E voltage is equal to Vzg(on), the
junction turn-on voltage.

VBE (On) —_ O7V

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh
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Common-Emitter Current Gain - 8

* Since, by KVL: ol =
VCC = Ve + ¢ RC Ry n Jif T-'H§RE'

* The power supply voltage V.- must be sufficiently A SN

large to keep the B—C junction reverse biased. R I e

] — - El — Ve

* The base current ig is established by /g5 and Rg, and - Jl” -

the resulting collector current is: 1

iC — IB ) iB Figure 5.6

* If we set Vg = 0, the B-E junction will have zero

applied volts.

* i = 0, which implies that i, = 0.
* This condition is called cutoff.
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Current Relationships

C E
* If we treat the bipolar transistor as a single node, then, by KCL, we . FC : FE
have: B_If_, B I
lg = lc T 1p % | 4L |
* If the transistor is biased in the forward-active mode, then: #IE FG
lc = ﬁlB E C
* Substituting first Equation above into the second one, we obtain the (a)npn. (b) prp
following relationship between the emitter and base currents:
ig=0+p) ip

* Solving for ip in the second Equation and substituting into the third
Equation, we obtain a relationship between the collector and emitter
currents, as follows:

: g . .
lc = lp = a1

1+ 8

a =
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Current Relationships

* The parameter a is called the common-base current gain and is

always slightly less than 1:
a<l1

* E.g. we may note thatif §/ = 100,thena = 0.99, so a is indeed close to 1.

* We can state the common-emitter current gain [ in terms of the
common-base current gain a:

B =

a

1—«a
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Summary of Transistor Operation

* We have presented a first-order model of the operation of the npn bipolar
transistor biased in the forward-active region.

* The forward-biased B—E voltage (vgr), causes an exponentially related:
* Flow of electrons from the emitter into the base where
* They diffuse across the base region and
* Are collected in the collector region.

* The collector current (i), is independent of the B—C voltage as long as the
B—C junction is reverse E)iased.

* The collector, then, behaves as an ideal current source.

* The collector current (i) is a fraction a of the emitter current (ig), and the
base current (ig) is a fraction 1/ of the collector current.

If > 1,thena = 1landi, = ig

2019-11-25 JUEE — Electronics | — Dr. Hani Jamleh 35



Example 5.1

* Objective: Calculate the collector and emitter currents, given the
base current iz and current gain 5.

* Assume a common-emitter current gain of f = 150 and a base
current of iz = 15 uA.

e Also assume that the transistor is biased in the forward-active mode.
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EXAMPLE 5.1

e Solution:

* The relation between collector and base currents gives:

* The relation between emitter and base currents yields:
ir =1+ pB)ig = (151)(15ul) = 2.27mA

* The common-base current gain is:

5 150

—— = 0.9934

“T1¥B 151



S.
O

T

1.3 pnp Transistor: Forward-Active Mode
Deration

ne relationships between the terminal currents of the pnp transistor

are exactly the same as those of the npn transistor.

npn pnp
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5.1.3 pnp Transistor: Forward-Active Mode
Operation .

Table 5.1 Summary of the bipolar current-voltage
e The relationships relationships in the active region
between the terminal npn Dnp
currents of the pnp
transistor are exactly | ic = Ise"s/'r ic = Isgeves/V
the same as those of | ; _ic _ L uu/vs ip = o — Is ven/Vr
the npn transistorand | =~ * . s :
. . lJB:£:_5€L?BE,«"1T !B:"L:_S(JUEB;;LT
are summarized in [ B — P
Table 5.1. For both transistors
* Also the relationships | , _, . ic = Big
between [ and a are + | | , 5\
the same. g = (14 P)ig lc =alp = (W)"E
_ B _ a
o« =757 B=13

2019-11-25 JUEE - Electronics | — Dr. Hani Jamleh 39




5.1.4 Circuit Symbols and Conventions

2019-11-25

npn
o[V Ji
n Cl 4

B B
— p T VeE
8 n BougpE|T
E l;F le!

(a) (b)

Figure 5.8 npn bipolar transistor: (a) simple
block diagram and (b) circuit symbol. Arrow
is on the emitter terminal and indicates the
direction of emitter current (out of emitter
terminal for the npn device).
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(a) (b)

Figure 5.9 pnp bipolar transistor: (a) simple
block diagram and (b) circuit symbol. Arrow
1s on the emitter terminal and indicates the
direction of emitter current (into emitter
terminal for the pnp device).
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5.1.4 Circuit Symbols and Conventions

F———— — — — ——— —

Flip Verticall
| prp 7 Fieverialy
s Ry vgp
+ .

I - 1 - Vep — I
’Iﬂﬂ _ E ""r-lfli -
(b) (c) I
Notice: Figure 5.10 Common-emitter circuits: (a) with an npn transistor, (b) with a pnp transistor,

. Voltage polarities and (c) with a pnp transistor biased with a positive voltage source

e Current directions
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BJT Current-Voltage Characteristic

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
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Objective

e Understand the:

 Characteristics.

 of the bipolar junction transistors (BJT), including the:
* npn and
* pnp devices.
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5.1.5 Current-Voltage Characteristic

* Figures 5.11(a) and 5.11(b) show a common-base circuit

configuration for an npn and pnp BJT respectively.

* The external current sources provide the emitter current

.

* As long as the C-B junction was reverse biased.

* The current i, is nearly independent of the voltage v 5.

* Note, when the C-B junction becomes forward biased:
The transistor is no longer in the forward-active mode, and

1.
2.

2019-12-02

The collector and emitter currents are related by:

iC * aiE
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V* VT

(a) (b)
Figure 5.11 Common-base circuit
configuration with constant current
source biasing: (a) an npn transistor

and (b) a pnp transistor
3



5.1.5 Current-Voltage Characteristic

common-base current—voltage characteristics

e Figure 5.12 shows the typical common-base
current-voltage characteristics.

* When the C-B junction is reverse biased, then:
* Collector current i, is nearly equal to ig.

ic=a-igwherea =1
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I\ ic AV ¢ Transistor Forward Active Mode
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- ¢ Collector-Base Reverse Bias
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Figure 5.12 Transistor current—voltage
characteristics of the common-base
circuit



5.1.5 Current-Voltage Characteristic

common-base current—voltage characteristics

* The C-B voltage (v.-p) can be varied by changing either:

* The V" voltage for the npn transistor:
Vep = V+ — iCRC = V+ —a- iERC = V+ — Constant
 The I/~ voltage for the pnp transistor:

Vpc = -V — iCRC =—-V —a- iERC = —V~ — Constant

* When the collector-base junction becomes forward
biased but still in the range of v,

collector current i, keeps essentlaEfIy equal to the emitter

current ig.

* In this case, the transistor is still basically biased in the forward-

active mode.

* As the forward-bias vy increases, or in other words v g

decreases:

* The collector current very quickly drops to zero =2 i, — 0.
* The linear relationship between the i and ig is no longer valid.

2019-12-02
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5.1.5 Current-Voltage Characteristic = —w—{ 2

common-emitter current—voltage characteristics ™5 e !

* The common-emitter circuit configuration
provides a set of current—voltage characteristics,
as shown in Figure 5.13. For these curves:

* The i. (y-axis) is plotted against the v (x-axis), for
various constant values of the ip.

* They are generated from the common-emitter circuits
shown in Figure 5.10.

 |n this circuit:

* The Vg source has two functions, it:
1. Forward biases the B—E junction and
2. Controls the base current ip.
* The v can be varied by changing V..
Veg = VCC — iCRC = VCC — ﬁ . iBRC = VCC — Constant
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Transistor Forward Active Mode
Base-Emitter Forward Biased

qJ = .

~

ip=30 uA
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(~ 1_!CE(\£))npn or vge (V) pnp
Figure 5.13 Transistor current—
voltage characteristics of the

common-emitter circuit

Y




5.1.5 Current-Voltage Characteristic = —w—{ 2

—— ';B UBE —t

common-emitter current—voltage characteristics ™5
Figure 5.10 =

* In the npn device, in order for the transistor to be
biased in the forward-active mode:

 The B—C junction must be zero or reverse biased, which
means that: ip=30 UA

Vg > Vgg(on) ... Prove that!

* For vop > vgr(on), there is a finite slope to the
curves.

* If, however, v.p < vgg(on), the B-C junction
becomes forward biased:
1. The transistor is no longer in the forward-active mode, r
| | | | | | >

Transistor Forward Active Mode
i-(mA) A * Base-Emitter Forward Biased

- L

and _
_ . o 2 4 6 8 10 12
2. The collector current i very quickly drops to zero. veg (V) npn or vge (V) pop
Figure 5.13 Transistor current—
voltage characteristics of the
common-emitter circuit
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5.1.5 Current-Voltage Characteristic
Early effect

* Figure 5.14 shows an exaggerated view of the current—voltage characteristics plotted for constant
values of the B—E voltage.

* The curves are theoretically linear with respect to the C—E voltage in the forward-active mode.

* The slope in these characteristics is due to an effect called: Base-width modulation that was first
analyzed by J. M. Early.
 The phenomenon is generally called: The Early effect.

* When the curves are extrapolated to zero current, they meet at a point on the negative voltage

axis, at vcg = —V,. The voltage V, is a positive quantity called the Early voltage.
ic 4 S
Forward-active BE =

. . . ..l ‘.I a -
Figure 5.14 Current-voltage characteristics for « — A | | .
the common-emitter circuit, showing the Early _HA-IEE
voltage and the finite output resistance, 7,, of =~ v T ™
the transistor T T i | i
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5.1.5 Current-Voltage Characteristic |
Early effect e covered anc

used later

* Typical values of V4 are in the range 50 < V, < 300V.

* For a pnp transistor, this same effect is true except the voltage axis is
Vgc (i.e not vog).

i A o
c Vpp=

Forward-active

Figure 5.14 Current-voltage characteristics for the
common-emitter circuit, showing the Early voltage
and the finite output resistance, 1, of the transistor_ ~ -

2019-12-02 ==




5.1.5 Current-Voltage Characteristic

Early effect

* For a given value of vgg in an npn transistor, if

Vg INncreases:

1. The reverse-bias voltage v.p increases, and

2. The width of the B-C space-charge region also
increases.

3. Thisin turn reduces the neutral base width W .

e A decrease in the base width causes the

gradient in the minority carrier concentration !

to increase, which increases the diffusion
current through the base.

* The collector current then increases as the C—E
voltage increases.
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage

* In the common-base circuits in Figure 5.11, if we set
the current source iy = 0O:
* Transistors will be cut off, and
* The B—C junctions will still be reverse biased.

* A reverse bias leakage current exists in these
junctions.

* This current corresponds to the reverse-bias saturation
current in a diode, as described in Chapter 1.

* The direction of these reverse-bias leakage currents is the
same as that of the collector currents i.
* The term I-p, is:

* The collector leakage current in the common-base
configuration when the emitter is an open circuit.

* This leakage current is shown in Figure 5.15(a).
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage

* Another leakage current can exist between the
emitter and collector with the base terminal an
Qpen()C|rCU|t as shown in Figure 5.15(b) in which
lp = V.

* The current component I-go is the normal
leakage current in the reverse-biased B—C pn
junction.

 This current component causes the base potential to
increase, which forward biases the B—E junction and
induces the B—E current I-go.

* The current component al-go, is the normal
collector current resulting 1'Erom the emitter
current I-go.
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage

* \We can write:

Icgpo = Icpo + alcgp

Or:
Icpo ~ B
1— g Blcgo
* This relationship indicates that:

* The open-base configuration produces different
characteristics than the open-emitter
configuration.

Icgo =

2019-12-02 JUEE — Electronics | — Dr. Hani Jamleh
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5.1.6 Nonideal Transistor Leakage Currents
and Breakdown Voltage

* When the transistor is biased in the | [
. Mci YAl
forward-active mode. L . | In»
* The various leakage currents still exist. “
e Common-emitter current—voltage
characteristics are shown in Figure 5.16, i lcwo .
in which the leakage current has been ; —
included. Figure 5.16
e ADC :8 can be defined as: The Early voltage forihis set of characteristics
ICZ is assumed to be I/, = oo.
Bpc = s
B2

* where the collector current I, includes the
leakage current as shown in the figure.
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage
. — le2
Boc -~ [DC mode] Mcf_ — T,
Al el | "
« B, = € = constant [ac mode]
AIB@VCE'Q
* This definition of beta f,. excludes the leakage — lczo
current. : ‘o,
. « . UCE
* Only if the leakage currents are negligible: Figure 5.16
BDC — Bac The Early voltage for this set of characteristics

e We will assume in the remainder of this text that: s assumedto be V, = co.

1. The leakage currents can be neglected and
2. Beta cansimply be denotIed as [ as previously defined:
C

gan
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage

* Breakdown Voltage: Common-Base

Characteristics =2 BV g,

* The common-base current—voltage
characteristics shown in Figure 5.12 are ideal
in that breakdown is not shown.

* Figure 5.17 shows the same characteristics
with the breakdown voltage.

19-12-02 JUEE - Electronics | — Dr. Hani Jamleh
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5.1.6 Nonideal Transistor Leakage Currents

and Breakdown Voltage

* Consider the curve for iy = 0 (the emitter
terminal is effectively an open circuit).

* The collector—base junction breakdown voltage
is indicated as BVp0.
* This is a simplified figure in that it shows:
* Breakdown occurring abruptly at BV p,.

* For the curves in which iy > 0, breakdown
begins earlier.

* The carriers flowing across the junction initiate
the breakdown avalanche process at somewhat
lower voltages.

2019-12-02 JUEE — Electronics | — Dr. Hani Jamleh
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5.1.6 Nonideal Transistor Leakage Currents
and Breakdown Voltage

* Breakdown Voltage: @ Common-Emitter
Characteristics =2 BV, zo

* Figure 5.18 shows the i, versus v.g
characteristics of an npn transistor, for
various constant base currents, and an ideal
breakdown voltage of BV r,.

2019-12-02 JUEE - Electronics | — Dr. Hani Jamleh
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5.1.6 Nonideal Transistor Leakage Currents
and Breakdown Voltage

Forward-active mode
e The value of: BVCEO < B_VCBO ‘ oy
* Why? because BVigo includes the effects of the ‘
transistor action, whﬁe BV go does not. | _/
: : | 4
* This same effect was observed in the I;gg W,
leakage current as previously shown. | -
* The breakdown voltage characteristics for the b20nv oy "
two configurations are also different, in which: i
* The breakdown voltage for the open-base case is

given by:
BVcpo

VB

. wh6ere n is an empirical constant usually in the range of 3
to 6.

BVigo =

2019-12-02 JUEE — Electronics | — Dr. Hani Jamleh
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EXAMPLE 5.2

* Objective: Calculate the breakdown voltage of a transistor connected in the
open-base configuration.

* Assume that the transistor current gain is f = 100 and that the breakdown
voltage of the B—C junction is BV = 120V.

* Solution: If we assume an empirical constant of n = 3, we have:

BV _BVepo _ 120 _ 25.9V
T g 3100 |

« Comment: The breakdown voltage of the open-base configuration is substantially
less than that of the C—B junction.

* This represents a worst-case condition, which must be considered in any circuit design.

* Design Pointer: The designer must be aware of the breakdown voltage of the
specific transistors used in a circuit, why?

e This will be a limiting factor in the size of the DC bias voltages that can be used.
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5.1.6 Nonideal Transistor Leakage Currents
and Breakdown Voltage

* Breakdown may also occur in the B—E junction BVggy, when?
* If a reverse-bias voltage is applied to that junction.

* Note: The junction breakdown voltage decreases as the doping
concentrations increase.

* Emitter doping concentration > doping concentration in the collector:

 The B—E junction breakdown voltage is normally much smaller than that of
the B—C junction.
e Typical B—E junction breakdown voltage values are in the range of 6 to 8 I/.
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Forward Active Mode

NPN Transistor

Collector
]
ST

I/CB Y:

C

a%»@) Ves

Ve Y©
S L Y

Emitter

Vee = Vg + Vs
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You must remember this!

PNP Transisto

Emitter

Collector
Vec = Vep + Vpc
Check: VC — VE = VB — VE + VC — VB Check: VE — VC — VE — VB + VB — VC
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2N2222 Transistor Datasheet

QUICK REFERENCE DATA

2N2222 SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
COLLECTOR Veeo collector-base voltage open emitter
; 2M2222 - 60 W
9 ZNZ222A - 75 v
. — Viceo collector-emitter voltage | open base
g b 2N2222 - 30 v
EMITTER 2M2222A - 40 WV
lc collector current (DC) - 500 mA
Piat tatal power dissipation Tams 5 25 °C = 500 mi
heg DC current gain le = 10 mA; Ve =10 W 5 -
W fr transition frequency | I = 20 mA: Ve = 20 V; £ = 100 MHz
2N2222 250 - MHz
2N2222A 300 - MHz
tow turn-off time leon = 150 MA; lpon = 15 mA; lggg = -15mA |- 250 ns
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Different Transistor Packaging for 2N2222

cBE

A [ ¢
N225/ j ;\ |
' \ b
I ! |
o |
g L : 4‘:’x\
. 11T

TO-18 TO-92
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 DCAnalysis of Transistor Circuits
Load Line and Modes of Operation

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,

|| 4th Edition, Mc-Graw-Hill
Q? Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
Ny VBC 4
Inverse-active Saturation
l VBE
_ Cutoff Forward-active
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Introduction

» After considering the basic transistor characteristics and properties,
we can now start analyzing and designing the DC biasing of BJTs.
* The primary purpose is:

* To become familiar and comfortable with the bipolar transistor and transistor
circuits.

* The DC biasing of transistors is an important part of designing bipolar
amplifiers.

* The piecewise linear model of a pn junction can be used for the DC
analysis of BJT circuits.
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Introduction

* We will first analyze the common-emitter circuit and introduce the
load line for that circuit.

 We will then look at the DC analysis of other bipolar transistor circuit
configurations.

 Since a transistor in a linear amplifier must be biased in the forward-
active mode.

 We emphasize, in this section, the analysis and design of circuits in which the
transistor is biased in this mode.
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5.2.1 Common-Emitter Circuit

* One of the basic transistor circuit configurations is called the common-emitter
circuit.

* Figure 5.19(a) shows one example of a common-emitter circuit with an npn
transistor.

* The emitter terminal is obviously at ground potential.
e Figure 5.19(b) shows the DC equivalent circuit.

2019-12-04




5.2.1 Common-Emitter Circuit

* The B—E junction is forward biased:
* The voltage drop across that junction is the cut-in or turn-on voltage VVzz (on).
* When the transistor is biased in the forward-active mode: Vg = Vg (on).

* The collector current I is represented as a dependent current source
that is a function of the base current:

Ic =B - Iy

* We are neglecting:
* The reverse-biased junction leakage current and
* The Early effect.
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Analysis: DC Currents and Voltages

* In the following circuits, we will be considering DC
currents and voltages.

* So the DC notation for these parameters will be used.

* The base current is:
Vep — VBE(On)

IB=

* Implicit in above Equation is that Vzg > Vg (on), which
means that Iz > 0.

* Note: When Vg < Vgg(on):
* The transistor is cut off, and
hd IB — O

Figure 5.19 :
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Analysis: DC Currents and Voltages

* In the collector—-emitter portion of the circuit, we

can write: Vep =

Ic =P -Ip
Vee = Vee — Ic * Re

* In Equation above, we are also implicitly assuming
that Vg > Vg (on)

e which means that:

* The B—C junction is reverse biased and Vg =

* The transistor is biased in the forward-active mode.
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_____

==

-
|
LF"l

- — - - — — — —

Figure 5.19 .

- +
T
]




Analysis: DC Total Power Dissipation of a BJT

* Considering Figure 5.19(b), we can see that the
power dissipated in the transistor is given by:
Pr = IgVgg(on) + IcV¢E

* In most cases, I > Ig and V. > Vg (on) so that
a good first approximation of the power dissipated
IS given as:

Pr = I Vg

* This approximation is not valid is for a transistor -

biased in the saturation mode (discussed later).

2019-12-04 JUEE — Electronics | — Dr. Hani Jamleh
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EXAMPLE 5.3

* For the circuit shown in Figure 5.19(a), the parameters are:
* Vgp =4V,

R = 220kQ,

RC — Zk.Q.,

VCC == 10V, —

Vgg(on) = 0.7V, and Figure 5.19(a) 1

B = 200. Vcczlw

1. Calculate the
* Base current I, Rp=2kQ § l,rf
* Collector current I,
* Emitter current I, and
* The C-E voltage Vg for a common-emitter circuit.

2. Calculate the transistor power dissipation.

e Figure 5.20(a) shows the circuit without explicitly showing the =
voltage sources. Figure 5.20 (a)

Rp =220 kQ

Vpp=4V
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EXAMPLE 5.3

The Base current is found as:
Vg — Vgg(on) 4 —0.7

B = R; ~ 00k = 15 uA Vee=10V
* The Collector current is:
I = Bl = (200)(15p4) = 3 mA Re=2k2 3 | 1c
 The Emitter current is Rp =220 kQ +
Ir=0Q+p) Iz =(201)(15¢A) = 3.015mA = 3.02mA Vpp=4V o—MWW—r Vo
* The Collector-Emitter voltage is: It works in o Ve |
Ver = Vee — IcRe = 10 — (3m)(2k) = 4V > Vgp(on) < hiiiai =
* The Power dissipated in the transistor is found to be: Figui}S.ZO
PT = IBVBE(On) + ICVCE = (00157’”)(07) + (37’”)(4‘) =~ ICVCE
Py = 12 mW
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EXAMPLE 5.3

e Comment: The transistor is indeed biased in the
forward-active mode, since:
1. Vgg > Vgg(on) and
2. Veg > Vgg(on).

* As a note, in an actual circuit, the voltage across a B—
E junction may not be exactly 0.7/, as we have
assumed using the piecewise linear approximation.

* This may lead to slight inaccuracies between the
calculated currents and voltages and the measured values.

2019-12-04 JUEE - Electronics | — Dr. Hani Jamleh

Vee=10V

Rp=2kQ

Rp= 22{:- kQ
VHH = -1 V Ok

VHE
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EXAMPLE 5.3

* Comment: If we take the difference between I and

I-, which is the base current, we obtain Iz = 20uA Vee=10V
rather than 15uA.
 The difference is the result of roundoff error in the emitter Re=2kQ lfc
current. Rp =220 kQ +
Vgp=4V o MWW— Ve
Iy Vee |~
= (a)
Figure 5.20
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onp Analysis: DC Currents and Voltages

pnp bipolar transistor, and Figure 5.21(b) shows the DC o =
equivalent circuit.

Ry
* Figure 5.21(a) shows a common-emitter circuit with a MWW
I

* |n this circuit, the emitter is at ground potential, which
means that:

* The polarities of the Vzg and V.- power supplies must be .
reversed compared to those in the npn circuit. A

* The analysis proceeds exactly as before:
Veg — Vg (on) Vap =

I - +

Ic =B - Iy

Vee =Vee —Ic * Re

Figure 5.21 y
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BJT CE Analysis: DC Currents and Voltages

_ Vg — Vge(on) _ Vg —Vgp (on)
Iy = —"— Ip = —"—
B B
IC = B IB IC — ﬁ IB
Vee =Vee —Ic * Re Vec =Vec —Ic * Re
T c i _____________ c
Ry 1 "‘],—: “ 1B le—>
WD ¢ VW50 |
RIS T ERIRY N
. Y Ve on e _ |28 Vg (o) o
Vg — - l Vi — L+ |
T e | ST e -
e e =V | ——— = Vec
(i -
L L
(b) (b)
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BJT CE Analysis: DC Currents and Voltages

I = Vgg — Vpg(on) T Vg — Vip(on)
I =p-Ig I =p-Ig
Vee = Vee — Ic - Re Vee =Vee — I - Re

* We can see that Equations above for the pnp bipolar transistor in the
common-emitter configuration are exactly the same as Equations for the
npn bipolar transistor in a similar circuit, it we properly define:

* The current directions and
* The voltage polarities.

* In many cases, the pnp bipolar transistor will be reconfigured in a circuit so
that positive voltage sources, rather than negative ones, can be used as
shown in the following example.
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EXAMPLE 5.4

* For the circuit shown in Figure 5.22(a), the
parameters are: Vgg =15V, Rz = 580 k(},
V* =5V, Vgg(on) = 0.6V, and f = 100.

* Find IBI Ic, IEI and RC such that VEC — %V-I_

v+

=5V

I

I
Vi

Rp=580kQ 3 J +

VHH = 15 1"'|-'r

Figure 5.22(a)



EXAMPLE 5.4

1. Writing a KVL equation around the E-B loop:
1) The base current to be:

. V' —Vgg(on) —Vgg  5—0.6—1.5
B Ry - 580k

2) The collector current is:
I = Blz = (100)(5¢4) = 0.5mA
3) The emitter currentis:
Ip = (14 Bz = (101)(514) = 0.505mA
2. For a C—E voltage of Vi = %VJF = 2.5V, R is:
oV Ve 525 o
¢ I, -~ 05m

= 5S5uA

+ ’ -
) 0.6V =0.505 mA
Rp =580 kQ — et

Vpp=+1.5V D—M«V\r—L Vec=25V
= (5-06)-15 -

580kQ l Ic=flz=0.5mA
= 5 uA _5-25

R-
(b)

Figure 5.22(b)




EXAMPLE 5.4

e Comment: In this case:
1. (V+ — VBB) > VEB(On) and
2. Vgc > Vgg(on),

* The pnp bipolar transistor is biased
forward-active mode.
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Vt=5V
O
l I_E:IL--FIH
+ = 0.505 mA

con, ~ 06V
Rp =580 kQ o T

the Vpgg=+1.5V D—'\I‘W\r—_L Vee=25V

[~ (5-06)-15

580 k€2 I = flz=0.5mA
= 5 uA _5-25

Figure 5.22(b)
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EXAMPLE 5.4

* Discussion: In this example, we used an emitter- _
base turn-on voltage of Vgg(on) =06V, o

whereas previously we used a value of 0.7V. G| |l
0.6V R

* We must keep in mind that the turn-on voltage is v et - ‘f’ vasy
. . R =+1.: -
an approximation and the actual base—emitter ” oo 1s
‘,' — - tl - 0

voltage will depend on: ! TS0k | ic=plz=05ma
= 5 HA 5-25

1. The type of transistor used and T TR
2. The current level. Rc%

* In most situations, choosing a value of
0.6V or 0.7V will make only minor differences.
 However, most people tend to use the value of 0.7 V.

(b)

Figure 5.22(b)
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5.2.2 Load Line and Modes of Operation

Input Load Line

* The load line can help us to:
 Visualize the characteristics of a transistor
circuit.

* For the common-emitter circuit in Figure 5.20(a),
we canh use a graphical technique for both:

1. The B-E and
2. The C-E portions of the circuit.

 Figure 5.23(a)
characteristics for:
1. The B—E junction and

2. The input load line.

shows the piecewise linear

2019-12-04 JUEE - Electronics | — Dr. Hani Jamleh

Vpp=4V

Figure 5.20(a)

ip (UA) A
Vo — 8.2 i Quiescent base
Rp _~ current and
Igg=15|—— B-E voltage
|
|
|
B-E junction __.._= Load line
characteristics |
\I‘I\ I
4
0 VHE fﬂlﬂ =07V 'Ir’rgg =4V URE

Figure 5.23(a)



5.2.2 Load Line and Modes of Operation
Input Load Line

* The input load line 1s obtained from KVL
equation around the B—E loop, written as follows:

[ = Ve ViE
p = — — —
Rp  Rp
* Both the load line and the quiescent (Q) base Figure 5.20(a)
current Iz, change as changing either or both of: ' (UA) |
E =182 . Quiescent base
¢ VBB and Ry . ; _~ current and
Igg=15|—— B-E voltage

¢ RB'
* The load line in Figure 5.23(a) is essentially the

. L . B-E junction - —» Load line
same as the load line characteristics for diode chamcteristies | Stope — - L
circuits, as shown in Chapter 1. \ Rs
0 VHE fﬂlﬂZ[}.TV L”ngclv URE
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5.2.2 Load Line and Modes of Operation

Collector—Emitter Load Line

* For the C—E portion of the circuit in Figure 5.20(a),
the collector—emitter load line is found by:

* Writing KVL equation around the C—E loop.
Vee = Vee — IcRc )
* Y-intercept: When Vg = 0 =2 I (sat) = R%f
» X-intercept: When I = 0 2 Vg (Cutoff) = V¢
* Which can be written in the form:

Vee  Vee Vee

c =R. "R 5 (mA)

* This equation is the load line equation, showing a
linear relationship between:

1. The collector current (I-) and
2. The collector—emitter voltage (Vg).
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5.2.2 Load Line and Modes of Operation

Collector—Emitter Load Line

e Since we are considering the DC analysis of
the transistor circuit, this relationship
represents the DC |oad line.

e The ac load line is presented in the amplifiers
course.
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Figure 5.20(a)

ic(mA)

.

atu 25
- 5
sat) - .
o Load line 20
P

30

Forward-active mode ———
1ration

"BQ =15 uA

SN
'rg_ oint /\ 10

- \;‘B:s

1
/_ \ Cutoff
0 | | :/ -
0 2 4 6 8 110 vep (V)
VCE (Sdl} 24 E
Vee

Figure 5.23 b)



5.2.2 Load Line and Modes of Operation

Collector—Emitter Load Line

e Figure 5.23(b) shows the transistor characteristics
for the transistor in Example 5.3, with the load
line superimposed on the transistor
characteristics.

* The two end points of the load line are found:
1. Bysetting I = 0, yielding Vg = V- = 10V, and
2. Bysetting Vg =0, yielding I = V.c/R; = 5 mA.
* The quiescent point, or Q-point, of the transistor
is given by:
1. The DC collector current I, and
2. The collector—emitter voltage V¢gy,.
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5.2.2 Load Line and Modes of Operation

Collector—Emitter Load Line

* The Q-point is the intersection of the load line
and the I versus Vg curve corresponding to
the appropriate base current I,.

* The Q-point also represents the simultaneous
solution to two expressions.

* The load line is useful in visualizing the bias
point of the transistor.

* In the figure, the Q -point shown is for the
transistor in Example 5.3.
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ic(mA) |

30

Forward-active mode ———
1ration

b
Vee . Satu 25
R;  Ic(sat - .
3 o Load line 20
4 _V_
| \ Ipg =15 uA
|
3 )ﬁ
i Q—point/\ 10
2 _/lf_
i \ -
| Ip=23
1 k
: \ Cutoff
| —
|

| 4 -
0 2 4 6 8 110 vep (V)
VCE (sat) 2 6 :

Figure5.23 Vec



Load Line Comparison

Input Load Line Collector—Emitter Load Line

i B {,u:aﬂ A icmA) A Forward-active mode 4»'—“0 |
2

Vv . 6

_BB _ 189 Quiescent base

Ry p current and h o . Saturation 25
'rg=13| B—E voltage Re  feta—= _ Load line 20

L
4

- \ Ipg =15 HA

g
5 _: Q-point 10
/{,_

B-E junction -

characteristics
0 VHE (on)=0.7V VHB‘ =4V VBE : Slope = —— \ Cutoff
0 | | | RC | / .
0] 2 4 6 8 0 v (V)
H . Vg (sat)
Figure 5.23(a) Figure 5.23 ) Vee
Ig = di — Vs [. = Vee _ Vce
RB RB ¢ RC RC
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5.2.2 Load Line and Modes of Operation

1-Cutoff Mode

 As previously stated, if the power supply
voltage in the base circuit Vgp is smaller than
the turn-on voltage, then:
1. Vg < Vgg (0n) and
2 Ig=1,=0,

* Therefore, the transistor is in the cutoff mode:

e All transistor currents are zero, (neglecting
leakage currents), and for the circuit shown in
Figure 5.20(a):

VCE — VCC — 10V
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Figure 5.20(a)

ic(mA)

25
: 51
sat) - .
Load line 20

N
"BQ 15 uA

0

*if
-
A:,_

t(E( at) 28

| | |
2 4 6 8 |

Figure 5.23 (b) Vee



5.2.2 Load Line and Modes of Operation

2-Saturation Mode

* As I/gp increases (Vgg > Vg (on)):
1. The base current Iz increases and
2. The Q-point moves up the load line.

* As Iy continues to increase:

* A point is reached where the collector current I,
can no longer increase.

* At this point, the transistor is biased in the
saturation mode.
1. The B—C junction becomes forward biased, and

2. The relationship between the collector and base
currents is no longer linear.
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-
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5.2.2 Load Line and Modes of Operation
2-Saturation Mode

* The transistor C—-E voltage in saturation,
Vce(sat), is less than the B—E cut-in voltage.
Vee < Vgg(on)

* The forward-biased B—C voltage is always less
than the forward-biased B—E voltage, so the
C—E voltage V. g in saturation is a small
positive value. R

* Typically, Vg (sat) is in the range of:
Veg(sat) = 0.1to 0.3V
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EXAMPLE 5.5

* Objective: Calculate the currents and voltages in a
circuit when the transistor is driven into
saturation.

* For the circuit shown in Figure 5.24, the transistor
parameters are:
1. [ =100, and
2. Vgg(on) =0.7V.

3. If the transistor is biased in saturation, then assume:
Vep(sat) = 0.2V
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Figure 5.24
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+10V

EXAMPLE 5.5

* Solution: Since +8V is applied to the input side of
Rg, the base—emitter junction is certainly forward ~
biased, so the transistor is turned on. The base
current is: -

Vg — VgE (OTl) 8—0.7 Figure 5.24 (a)
Ip = = = 33.2 uA 0V
B R, 220k H *

* If we first assume that the transistor is biased in Re—aka S lc=Fly
the active region, then the collector current is: =332 mA

I. = BIz = (100)(33.2 u4) = 3.32mA .

Veg=10-(3.32)(4)
* The collector—emitter voltage is then: __“28

Rp =220 kQ

+ -
2 07V w
| Not
’ possible
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+10V

EXAMPLE 5.5

Vee = Vee — Ic Re = 10 — (3.32m)(4k) = —-3.28V

* However, the V. of the npn transistor in the
common-emitter  configuration cannot be —_
negative. Figure 5.24 (a)

* Therefore, our initial assumption of the transistor sy

being biased in the forward-active mode is
incorrect.

Ic=plp

R-=4kQ
=332 mA

Rp =220 kQ +
* Instead, the transistor must be biased in 8V Tk V=10 630
saturation. =mva O7V[
| = 33.2pA pcrssci,lt:nle
O
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+10V

EXAMPLE 5.5

As given in the “objective” statement:
« SetV.g(sat) =0.2V. +8V

* The collector current is: (sat)
Vee — Ver(sat 10 — 0.2
I =I.(sat) = =——<£ = = 2.45mA —
Re * Figure 5.24
* Assuming that Vg is still equal to Vzg(on) = 0.7V, then: ‘gure >.24 (a) .
L0V
Iz = 33.2 uA, as previously determined. 0
10-0.2
* |f we take the ratio of collector current to base current, then: e l"f: 1
IC 2.45m Re=4ka2 § =245 mA
7 — 33.2, =74 < (IB = 100) Ry =220 kQ > .
. B . . +8V o AANN V;_‘l;__‘: V{TE (sat)
 The emitter current is: 1o 33 N _T =02V
— — — =0 0.7V
I =1+ 1z =245+ 0.033 = 2.48mA Y lr’::=h—+fﬁ
= 2.483 mA
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EXAMPLE 5.5

* The power dissipated in the transistor is found to be:

Pr = IgVgg(on) + IV

= (33.21)(0.7) + (2.45m)(0.2) = 0.513mW
e Comment: When a transistor is driven into saturation,

we use V.g(sat) as another

parameter.

* In addition, when a transistor
saturation mode, we have I < f1p.
e This condition is very often used to:

plecewise

is biased

linear

in the

* Prove that a transistor is indeed biased in the saturation mode.

2019-12-04
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+8V

Figure 5.24 (a)

+10V

+10V
o]
Jo=10-02
RC:4kﬂ§ 4
=245 mA
Rp =220 kQ I/ +
+8V o AANN Viep= Vg (sat)
N +I\k _ =02V
- l!E:IL—'FfH
= 2483 mA

(c)
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Problem-Solving Technique:
Bipolar DC Analysis

* Analyzing the DC response of a bipolar transistor circuit requires:
Knowing the mode of operation of the transistor

* In some cases, the mode of operation may not be obvious, which means
that we have to guess the state of the transistor, then analyze the circuit to
determine if we have a solution consistent with our initial guess.

e To do this, we can:
1. Assume that the transistor is biased in the forward-active mode in which case:
1. Vgg = Vgg(on),
2 Ig>0,and
3 I.=ply.
2. Analyze the “linear” circuit with this assumption.
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Problem-Solving Technigue: Bipolar DC
Analysis

3. Evaluate the resulting state of the transistor.

1. If the initial assumed parameter values and V. > Vg (sat) are true, then
the initial assumption is correct = the transistor is forward-active mode

2. Else if the calculation shows Iz < 0, then the transistor is probably cut off,

3. Else if the calculation shows V. < 0, the transistor is likely biased in
saturation.

4. |If the initial assumption is proven incorrect, then a new assumption
must be made and the new “linear” circuit must be analyzed.

e Step 3 must then be repeated.
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Modes of Operation

* Because it is not always clear whether a transistor is biased in the
forward-active or saturation mode:

* We may initially have to make an educated guess as to the state of the
transistor and then verify our initial assumption.

* This is similar to the process we used for the analysis of multidiode
circuits.

* For instance, in Example 5.5, we assumed a forward-active mode,
performed the analysis, and showed that V. < 0.
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Modes of Operation

* However, a negative Vgg for an npn transistor in the common-emitter
configuration is not possﬁole.
* Therefore, our initial assumption was disproved, and the transistor was biased in the
saturation mode.
* Using the results of Example 5.5, we also see that when a transistor is in

saturation, the ratio:
Ic/Ig <P

. Thisacondition is true for both the npn and the pnp transistor biased in the saturation
mode.
 When a bipolar transistor is biased in satL}ration, we may define:
_1c

IBForced — I
B

* where Br,rceq IS Called the “forced beta.” 2 Lrorceqd < L.
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Modes of Operation
3-Inverse Active Mode

* Another mode of operation for a bipolar transistor is the inverse-
active mode.
* In this mode:

1. the B—E junction is reverse biased and
2. the B—C junction is forward biased.

* |In effect, the transistor is operating “upside down”; that is:
1. The emitter is acting as the collector and
2. The collector is operating as the emitter.
* This operating mode will be discussed in Digital Electronic circuits
course.
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Modes of Operation

* To summarize, the four modes of operation for an npn
transistor are shown in Figure 5.25.

* The four possible combinations of B—E and B—C voltages
determine the modes of operation:

. . . UpC A

1. If vgg >0 (forward-biased junction) and vp, <

0 (reverse biased junction), the transistor is biased in Inverse-active | Saturation

the forward-active mode. }

. . . VBRE

2. If both junctions are zero or reverse biased, the Cutoff | Forward-active

transistor is in cutoff.
3. If both junctions are forward biased, the transistor is Figure 5.25

in saturation.

4. If the B—E junction is reverse biased and the B—C
junction is forward biased, the transistor is in the
Inverse-active mode.
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Modes of Operation

ool BElnton DCI tode (P
E<B<C Forward Reverse Forward-active
E<B>C Forward Forward Saturation
E>B<C Reverse Reverse Cut-off
E>B>C Reverse Forward Reverse-active
e Eheen B tode (D)
E<B<C Reverse Forward Reverse-active
E<B>C Reverse Reverse Cut-off
E>B<C Forward Forward Saturation
E>B>C Forward Reverse Forward-active
2019-12-04 JUEE — Electronics | — Dr. Hani Jamleh
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Vout(y)

VOH  Sr—

WOL

wM

| Fig 1: BIT Symbol Fig 2: DC Model Fig 3: Small Signal

WL

Win (V)

VH (NPN) Model

L18

5.2.3. Voltage Transfer Characteristics
5.2.4 Commonly Used Bipolar Circuits: DC Analysis

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan



5.2.3 Voltage Transfer Characteristics

* A plot of the voltage transfer characteristics (output voltage versus
input voltage) can also be used to visualize:

1. The operation of a circuit or

2. The state of a transistor.

* The following example considers both an npn and a pnp transistor

circuit.

2019-12-08

Wout(W)

YOH

- Cut-off
Forward
Active
- Saturation

VM

|
| 5 [
I |
/ l
' J
ki3 | : Vin (V)
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EXAMPLE 5.6

* Objective: Develop the voltage transfer curves for
the circuits shown in Figures 5.27(a) and 5.27(b).

* Assume npn transistor parameters of:
Vgp(on) = 0.7V, B = 120, Vg (sat) = 0.2V, and V4 = oo.

* Assume pnp transistor parameters of:
Veg(on) = 0.7V, p = 80, Vy-(sat) = 0.2V, and V4, = 0.

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh

Vi=45V
o

gﬂf:fﬁm

Rp =150 kQ L oV,
Vi e—f\«w»—'igiz

(b)
Figures 5.27 3



EXAMPLE 5.6

 Solution (npn Transistor Circuit):
1. For V; < 0.7V, the transistor Q,, is cut off, so

that IB —_ IC —_ OA
VO —_ V+ —

2019-12-08

C — S5V. Vo (V)

Vi=45V
0

§Rf:5kﬂ

Rp =150 kQ oV,
Vi @—A«w»—'i;iz

1

Cutoff
——

5

(@)

| -

= ba

JUEE - Electronics | — Dr. Hani Jamleh

0.7 S Vi(V)
Plot direction

r



EXAMPLE 5.6

2. For V; > 0.7V, the transistor Q,, turns on and
is initially biased in the forward active mode.

IB _ VII;O.7 and IC _ ﬁIB _ B(V;—0.7)
B
V. — 0HR
=5_QRC=5_ﬁ(1 )R
BR pR, V
_ C C
— % 5 0.7
R, ’+( TR )
. —120*5kv+5+120*5k .
—_ * U.
0 150k ! 150k
= —4V, + 7.8

NOTE: This equation is valid for 0.2 <V, < 5V.

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh

Vi=45V
0

Ro=5kQ

AN

Rp =150 kQ L oV,
Vi e—f\«w»—'i;iz

Vﬂ {V':l I3

Cutoff

(@)

.
r

)
|
1.9 5 V,(V)
plot direction &



EXAMPLE 5.6

O

3. When V, = 0.2V, the transistor Q,, goes into ggfiSkﬂ
saturation. The input voltage is found from: v,,m'ﬁfkﬂ
IV, —0.7)R
v, =5 - B _ )R ]
(120)(V; = 0.7)(5k) o1

0.2 =5

* which yields V; = 1.9V.

*For 5>V, 219V, the transistor Q,, remains
biased in the saturation region.

150k :

{]2 ___! ]
0

0 N 1.9 5 'lr’} f"v:]l
2019-12-08 JUEE - Electronics | — Dr. Hani Jamleh P|Ot direction 6



EXAMPLE 5.6

 Solution (pnp Transistor Circuit):
Rc=8kQ
1. For4.3 <V; <5V, the transistor (¢ is cut off, so %
that IB — IC — OA =
Vo =1 c =0V Yo )
48
,Eﬂ:::'ff
4.3 :Iﬂ v,rﬂ:}

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh Plot direction




EXAMPLE 5.6

Ry =200 kQ j
Vi D—'\N\N—'\Qp
—o V,

2. For V; < 4.3V, the transistor @, turns on and is
biased in the forward-active mode. S Re=8k0
o7 — (B5=07)-Vy _ _ [(5—0.7)—V,] 4
IB Rp and IC ﬁ]B ﬁ 5 . o)

Vo =IcRc = PR

(5-07)=V,
=
BRc BRc

=V, +—(4.3)
% 80*8kv+80* 4.3 3.2V, + 13.76
= = * 4.3 = —3. .
0 200k ' 200k !

Ry ng i

* NOTE: This equation is valid for 0 <V, < 4.8V.

I i .
2.8 43 5 Vi (V)

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh Plot direction




EXAMPLE 5.6

3. When V, = 4.8V, the transistor , goes into

saturation, the input voltage is found from:

4.8 = (80)(8k) [(5

* which yields V; = 2.8V.

—07)=V,
200k

*For 0 <V, <28V, the transistor ¢, remains
biased in the saturation mode.

2019-12-08
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(b)

Saturation

i,

| -
2.8 43 5 vi(v)



LIG{V'] L3

EXAMPLE 5.6 |

Cutoff

-Hll

npn

|III

"} Active
|

e Comment: As shown in this example, the
voltage transfer characteristics are
determined by:

02p—-"d——— | .
* Finding the range of input voltage values = that 0 07 19 5 V,(V)
biases the transistor in: Vo OV) A
1. The cutoff mode, 5| Sawuration
2. The forward-active mode, or 4.8

3. The saturation mode.

pnp

Active

—_——— - - - —_— —_— —_ —_— —_— - — — +

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh 2.8 43 310V, (V)



5.2.4 Commonly Used Bipolar Circuits: DC Analysis

* There are a number of other BJT circuit configurations, in addition to
the common-emitter circuits that are commonly used.

e Several examples of such circuits are presented in this section. BJT
circuits tend to be very similar in terms of DC analysis procedures.

 The same basic analysis approach will work regardless of the appearance of
the circuit.

* We continue our DC analysis and design of bipolar circuits to increase
our proficiency and to become more comfortable with these types of

circuits. ¢ ,
\m»mmct |

Wy e f
{ PROFICIENT) COln Ort

JUEE — Electronics | — Dr. Hani Jamleh 11
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EXAMPLE 5.7: Common Emitter Containing an
Emitter Resistor R

* Objective: Calculate the characteristics of a circuit
containing an emitter resistor.

* For the circuit shown in Figure 5.30(a), let
Vgg(on) = 0.7V and f§ = 75.

 Note that the circuit has both positive V* and negative
IV~ power supply voltages.

Vpp=1V

V- =-18V
(a)
Figure 5.30

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh 12



EXAMPLE 5.7: Common Emitter Containing an
Emitter Resistor R

 Solution 1 (Q-point values):
* Writing KVL equation around the B—E loop, we
have: 7 kQ % l"fzﬁ"ﬂ
VBB —_ IBRB + VBE(OTL) ~+ IERE + V_
* Assuming the transistor is biased in the forward-
active mode, we can write: I = (1 + )1

.lrE: (1+ ﬁ}fg
=0.203 mA

* We can then solve the Equation above for the base
current:
Veg =V -V~ 1-07-(-18
I = L22 — Vor(on) — L8 5665 14 (b)
Ry + (1 + B)Rg 560k + (76)(3k) Figure 5.30

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh 13



EXAMPLE 5.7: Common Emitter Containing an
Emitter Resistor

* The collector and emitter currents are:
I = Flg = (75)(2.665u4) = 0.20 mA
Ir =1+ pB)Iz = (76)(2.665uA) = 0.203 mA

* From Figure 5.30(b), by applying KVL, the

collector—emitter voltage is: 1V o—AW—
Veg =Vt — IR — xRz — V"~ 2665 7Y,
= 1.8 — (0.20m)(7k) — (0.203m)(3k)
— (—1.8)=1.59V

* Since Vo > Vgg(on) > Veg(sat) -> the transistor is
biased in the forward-active mode, as initially assumedo

(b)

/AN Figure 5.30
-
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EXAMPLE 5.7: Common Emitter Containing an
Emitter Resistor

* Solution 2 (load line): We again use Kirchhoff’s
voltage law around the C—E loop.

* From the relationship between the collector and
emitter currents, we find;
1+ 1V
p RE]

Veg =|(V —V_)—IC[RC+ ;

Ip=
IV
2.665 nA 0.7 -

Voltage Sources Voltage Drops

76
— [1.8 — (~1.8)] - I, [7k +o (3k)]

(b)
—_ 36 — IC(1004k) Figure 5.30
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EXAMPLE 5.7: Common Emitter Containing an
Emitter Resistor

041 ic (max) = 3 _ 350 mA

10.04

1V

Q-point fﬂ = vV
/ 2.665 pA 0-7V_

\ IBQ =2.665 A

ff_" {In.aﬂ ﬂ.l |

Ie=(1+ B)p
=0.203 mA

|

0.1+

(b)
0 | | | | | - [ Figure 530

L'f_"E fV}
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DESIGN EXAMPLE 5.8: common-base circuit

* Objective: Desigh the common-base circuit shown

—

in Figure 5.32 such that: ko
R, =
1. Igg = 0.50 mA and §RE 11 10 k2
2. Vgeo = 4.0V. "
* Assume transistor parameters of: vr=sv | )
Figure 5.32

* f =120 and Vzg(on) = 0.7V.

* Find Rg, and R.

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh
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DESIGN EXAMPLE 5.8: common-base circuit

* Solution: Writing Kirchhoff’s voltage law equation
around the E-B loop (assuming the transistor is
biased in the forward-active mode), we have:

|
V+ = IEQRE + VEB(OTL) + £Q S
(4 5 e
O Figure 5.32
5= (0.5m)R; + 0.7 +H (10k)

* which yields:

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh 18



DESIGN EXAMPLE 5.8: common-base circuit

* We can find:
- £ - 120
€O 14p FCT 121
* Now, writing Kirchhoff’s voltage law equation around
the E-C loop, we have:
V+ —_ IEQRE + VECQ + ICQRC + V_
5= (0.5m)(8.52k) + 4 + (0.496m)R . + (—5)

* which yields:

(0.5) = 0.496 mA

Figure 5.32

* Comment: The circuit analysis of the common-base
circuit proceeds in the same way as all previous
circuits.
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Transistor Configurations ... Common Base,
Collector , Emitter ......

* There are three basic circuit configurations that can be used with
transistors.

* Known as:
1. Common Emitter,
2. Common Base, and
3. Common Collector,

* These three circuit configurations have different attributes.

* When designing a transistor circuit it is necessary to adopt the
transistor circuit configuration that will provide the required

attributes.
Source :_http://www.radio-electronics.com/info/circuits/transistor/circuit-configurations.php



http://www.radio-electronics.com/info/circuits/transistor/circuit-configurations.php

Origin of the Terminology

* The terminology used for denoting the three basic transistor

configurations indicates:
* The transistor terminal that is common to both input and output circuits.

* The term grounded, i.e. grounded base, grounded collector and
grounded emitter may also be used on occasions because the

common element signal is normally grounded.

Source :_http://www.radio-electronics.com/info/circuits/transistor/circuit-configurations.php
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Different Configuration Attributes

[for your reference only]

Source :_http://onebyzeroe

Basic circuit

Common emitter

Common collectar

=t

Common base

Wi

@Lﬂh

+

Voltage gain
Current gain
Fower gain
Phase inversion

Input
impedance

Output
impedance

high
high
high
yes
moderate = 1k

moderate = 50k

less than unity
high

modearate

no

highest = 300k

o = 300 02

high, same as CE
less than unity
modearate

no

low = 500

highest = 1 Meg

high, same as CB
high, same as CE
highest

yes

same as CE, =1k

same as CB,=1Meg

ectronics.blogspot.com/2015/08/transistor-configurations-common-

basehtml

JUEE - Electronics | — Dr. Hani Jamleh
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5.2.4 Commonly Used Bipolar Circuits: DC

Analysis

Vt=5V

(a)

2019-12-08

Vi=+12V

Rc=5kQ l;l

~ O V{_}
Make Thevenin™,
equivalent circuit ™, l Ie It l R =5kQ
~

for load line ~
Rp =10k 3

e

= Iy

Ve

RE:Skn§ le

0
V=235V

(a)
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DESIGN EXAMPLE 5.9

* Objective: Design a pnp bipolar transistor circuit
to meet a set of specifications.

* Specifications:

1.
2.

The circuit configuration to be designed is shown in
Figure 5.36(a).
The quiescent emitter-collector voltage is to be:

VECQ —_ 25 V

* Choices:

1.
2.
3.

2019-12-08

Discrete resistors with tolerances of +£10 percent are
to be used,

An emitter resistor with a nominal value of Rpg
= 2kQ is to be used, and

A transistor with f = 60 and Vgg(on) = 0.7V s
available.

JUEE - Electronics | — Dr. Hani Jamleh

Figure 5.36
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DESIGN EXAMPLE 5.9

 Solution (ideal Q-point value):

. V\/Ie have Ry =2 Writing the KVL equation around the C-
E loop:

* Which yields Igq from:

Igg = 1.25mA.
 The collector current is:
[-n = P I —60 1.25 = 1.23mA
co =145 Tke =gy (125m) = 1.23m
 The base current is:
IEq 1.25m
Igg = = = 0.0205mA = 20.5uA

1+p6 61 Figure 5.36
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DESIGN EXAMPLE 5.9

* To find Rz =2 Writing the KVL equation around
the E-B loop:
V* =1Igg - Rg +Vgg(on) +1Ipg - R + Vpp
5 = (1.25m)(2k) + 0.7 + (0.0205m)Rz + (—2)

* Which yields:

(a)
Figure 5.36

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh 26



DESIGN EXAMPLE 5.9

* Solution (ideal load line): The load line

equation is: (/ e max) =5~ = 246 ma
1+ 25
VECZV-I__IE.REZV-I__IC( ﬁ)RE 2.0\
B 15—( Q-point
1 Icp=123 mA‘—-— o
VEC — 5 - IC 60 (Zk) _ 5 — IC(Z 03k) ) 1_0_( I Ipg =20.5 A
. 05|~ |
* The load line, using the nominal value of R, o \
and the calculated Q-point are shown in Figure R
5.37(a). @
Figure 5.37
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DESIGN EXAMPLE 5.9

* Trade-offs: As shown in Appendix C in the textbook, a standard
resistor value of 185 k() is not available.

* We will pick a value of 180 k().
* We will consider Rg and Rp resistor tolerances of 10 percent.

* The quiescent coIJIrector current is given by:
V™ —Vgg(on) — Vgp
ICQ =p = (60)
Rp + (1 + B)Rg
* Then, the load line equation is given by:

VEC=V+_IC 1 +ﬁ RE=5_EICRE
B 60

e |
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DESIGN EXAMPLE 5.9

61
* The extreme values (worst cases) of Vee =5 — — IR

I (mA) &
Rg are: ¢ (mA 60
180kQ — 10% = 162k() 22 RE;;iiln
180kQ + 10% = 198k ) 18 b Rp=162kQ
* The Q-point values for the extreme L4 - Ideal Q-point
values of Rp and Rg are given in the | Remrake Load lines
fOIIOWIng table: 0 Rﬂ:lggkﬂ EE
Ry i
Ry 1.8 k2 2.2 kR 1
i | | | | -
162 k2 Icp = 1.39 mA Icp = 1.28 mA _“'”1.5 2.0 2.5 3.0 3.5 Ve (V)
Veco = 2.46 V Veco =2.14V
198 k€2 I['Q = 1.23 mA IC'Q = .14 mA (b)
Veco =275V Veco =245V Figure 5.37
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DESIGN EXAMPLE 5.9

* Figure 5.37(b) shows the Q-points for Ve = 5—§ICRE

. . I (mA) 60
the various possible extreme values of
oL Rp=18kQ
RE and RB' o R 0
* The shaded area shows the region in L8~ i =102k
which the Q — point will occur over 1a b  Ideal Q-point

Load lines

the range of resistor values. RE=2.2kQ

e Comment: This example shows that 06 |-
an ideal Q-point can be determined
based on a set of specifications, but, =
because of resistor tolerance: " | | | |

. . 1.5 2.0 2.5 3.0 35V ‘Tf
e The actual Q-point will vary over a range ec (V)
of values.

e
s

(b)
Figure 5.37
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Example 5.10 Transistor Circuit With a Load

Resistance R;

* Objective: Calculate the characteristics of an
npn bipolar transistor circuit with a load
resistance R;.

* The load resistance can represent a second
transistor stage connected to the output of a
transistor circuit.

* For the circuit shown in Figure 5.38(a), the
transistor parameters are:

» Vgg(on) = 0.7V, and B = 100.

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh

V=412V
Rr=5kQ

Make Theve |1|n‘~\

equivalent circuit \,\ f;_

for load line

RB 10 kQ —
—" + I\Al ck
—_ .IFB LHI_

Rp=5KkQ l I

V =25V
(a)
Figure 5.38
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Example 5.10 Transistor Circuit With a Load
Resistance R;

Vi=+12V
* Explanation: The load resistance can represent a
second transistor stage connected to the output of Re=5k2 3 | 1y
a transistor circuit. R § oV,
/ > \ Make Thevenin™
VCC ' | equivalent circuit lfc If_l R; =5kQ
» I . for load line \\
- | | Rp=10kQ N =
47 kQ : : WW» +I\VE-E
I I I VBE
Vin | | -
a1 C1 L -
2N3904 1 pF : Rp=5kQ l.fE
|
I
| V=35V
T
\
\ Figure 5.38
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Example 5.10 Transistor Circuit With a Load

Resistance R;

 Solution (Q-Point Values): Kirchhoff’s voltage
law equation around the B—E loop yields
IBRB + VBE(OTL) + IERE + V_ — 0

 Again assuming I = (1 + )1z, we find
. —(V_ + VBE(On)) .

—(=5+0.7)

= 8.35 uA

Re=5kQ l;l

-,
Make Thevenin™

O VU
*\
equivalent circuit ™ l Ic fg_l R; =5kQ
for load line N

&

Figure 5.38



Example 5.10 Transistor Circuit With a Load

Resistance R;

* The collector and emitter currents are:
I =PIz =(100)(8.35u4) = 0.835mA

* and
Ir =1+ pB)Iz = (101)(8.35u4) = 0.843mA

At the collector node, we can write:

Vvt -V V
IC — 11 —_ IL — 9 — 9
R R;
0aae, _ 12 v, v,
O = e T sk
* Solving for V,, we find:
Vo =3.91V

The currents are then:
[, =1.620 mA and

. I, = 0.782 mA.

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh

,
Make Thevenin™_

equivalent circuit ™
for load line ~

Rp=10kQ

ey

= I Ve
Rp=5KkQ l.f;_—
V-=_5V

(a)
Figure 5.38
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Example 5.10 Transistor Circuit With a Load

Resistance R;

» Referring to Figure 5.38(b),
emitter voltage is:
Veg = Vo — IgRg — (=5)
= 3.91 — (0.843m)(5k) — (—=5) =4.70V

the collector—

Ic=Plp
=0.835 mA

Rp

2019-12-08 JUEE — Electronics | — Dr. Hani Jamleh

O

Rc=5kﬂ§ lfl—

= f{' + x'rL
1.63 mA

Y

_Yo
=R, =0.782 mA

Ig=(1+p)1p
=0.843 mA

Figure 5.38
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Example 5.10 Transistor Circuit With a Load

Resistance R;

 Solution (Load Line):

The load line equation for

this circuit is not as straightforward as for previous

circuits.

* The easiest approach to finding the load line is to

make a “Thevenin

equivalent circuit”

R;,R-,and V7, as indicated in Figure 5.38(a).

* The Thevenin equivalent resistance is:

* and the Thevenin equivalent voltage is

Ry

Vi, = .yt
™ ™R, + R,

=Tk gk (2 =6V

of

V¥=+12V

Re=5kQ l;l

O V{'}
,
Make Thevenin™_
equivalent circuit ™ l Ic I l R; =5kQ
S,

for load line S

Rp=10kQ N
AN

- = +

VBE

Ve

Rp=5kQ l I

V =25V
(a)
Figure 5.38



Example 5.10 Transistor Circuit With a Lo
Resistance R;

* The equivalent circuit is shown in Figure
5.38(c).

* The KVL equation around the C-E loop is
Vee = (6 — (—5)) —IcRry — IgRg

01
=11 — IC(ZSk) — IC m) ‘ (Sk)

* Or
Veg = 11 — I.(7.55k)

(c)
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Example 5.10 Transistor Circuit With a Load

Resistance R;
Vep = 11 — I0(7.55k)

* Veg(Cutoff) =11V,

. I.(Sat) = 71—515 = 1.46mA

* The load line and the calculated

Q -point values are shown in
Figure 5.39.

* Question: What is the effect of
attaching a load R; directly to the
output of a BIJT circuit on the
load line?

2019-12-08

JUEE - Electronics | — Dr.

Ha

i~ (mA) L
1.50
//

1.46

1.0 H
Icg=0.835 mA —

0.5 ¢

Figure 5.39
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Example 5.10 Transistor Circuit With a Load
Resistance R;

e Comment: Remember that the
collector current, determined from
I = flg , is the current into the
collector terminal of the transistor.

* It is not necessarily the current in the
collector resistor R .
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5.4 Bipolar Transistor Biasing — bias-stable biasing

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
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Objective:

* Investigate various biasing schemes of bipolar transistor circuits,
including:
1. bias-stable biasing and
2. integrated circuit (IC) biasing.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 2



Integrated Circuit

* An integrated circuit (more often called an IC, microchip, silicon chip,
computer chip, or chip) is a piece of specially prepared silicon (or
another  semiconductor) into which a very complex
electronic circuit is etched using photographic techniques.

Integrated Circuit (IC Chip)

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh 3



Introduction

* In order to create a linear amplifier, we must keep

the transistor in the forward-active mode: o

1. Establish a Q-point near the center of the load line, and

2. Couple the time-varying input signal to the base. §RE

* The circuit in Figure 5.47(a) may be impractical for N I/—D“o

two reasons: VH;___@ MWW |\1

1) The signal source (Av;) is not connected directly to -T 1

ground, and - i
2) There may be situations where we do not want a DC Figure 5.47a)

base current Ip flowing through the signal source
(Avy) .
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Introduction

* |n this section, we will examine several alternative
biasing schemes.

* These basic biasing circuits illustrate some
desirable and some undesirable  biasing

characteristics. Av,
D

Rp

, +
Veg

IR,
I

sl
N

Figure 5.47(a)

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh
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5.4.1. Single Base Resistor Biasing

* The circuit shown in Figure 5.51(a) is one of the
simplest transistor circuits.
* There is a single DC power supply (V¢), and "-*‘ ‘HE

* The quiescent base current (Igg) is established through T
the resistor Rp.

- (a)
Figure 5.51

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 6



5.4.1. Single Base Resistor Biasing
The coupling capacitor C

* The coupling capacitor C. acts as an open circuit to
DC, isolating the signal source (vg) from the DC base
current (Igg).

* If the:
1. Frequency of the input signal is large enough and
2. Ccislarge enough,
—> the ac signal source (vg) can be:
1. Coupled through C. to the base
2. With little attenuation.

* Typical values of C are generally in the range of [1 to 10 uF].

* The actual value depends upon the frequency range of interest 2>
this will be covered in the Amplifiers course (Electronics Il).

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

Coupling Capacitor CC

AC signal

Passes

Circuit 1

through

_l l Circuit 2

DC signal

FReacance

Blocked

Frequency, f
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5.4.1. Single Base Resistor Biasing

* Figure 5.51(b) is the DC equivalent circuit.

* The DC Q-point values are indicated by the
additional subscript Q as the following:

° IBQ'

° ICQI
* Iggp, and

° VCEQ'

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh Figure 5.51 I:h}



DESIGN EXAMPLE 5.14
circuit with a single-base resistor

* Objective: Design a circuit with a single-base resistor to meet a set of
specifications.

» Specifications: The circuit configuration to be designed is shown in Figure 5.51(b).
* The circuit is to be biased with V. = +12V.
* The transistor quiescent values are to be Iy = 1mA and Vg = 6V.

* Choices: The transistor used in the design has nominal values of:
1. [ =100

* But the current gain for this type of transistor is assumed to be in the range 50 < f < 150,
because of fairly wide fabrication tolerances.

2. VBE(OTL) — O7V,

 We will assume, in this example, that the designed resistor values are available.
—> i.e. You can find any values of R's in the market!
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DESIGN EXAMPLE 5.14
circuit with a single-base resistor

e Solution: The collector resistor is found from:

Ve =V,
R, = cC CEQ
ICQ
e Butwe have -, = 1mA and/V, = 6V, then:
“e o 120" =6V o
C™ 1maAa
* The base current is:
= = =
B¢ =8 T 100 H

Hence, the base resistor is determined to be:
_ VCC — VBE(On) _ 12V — 0.7V

B Igo 104

Figure 5.52(a) shows:
1. Transistor i — v characteristics,
2. DC Load line, and

3. Q-point for this set of conditions.
2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh Figure 5.52 (a) 10
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DESIGN EXAMPLE 5.14
circuit with a single-base resistor

* Trade-offs: In this example, we will assume that the
resistor values are fixed and will investigate the effects
of the variation in transistor current gain [5.

* The base current is given by:
VCC — VBE(OTL) _ 12 —-0.7

IBQ — —
RB 113M i (mA) 4 i b
= 10uA (unchanged!) 2 e

* The base current for this circuit configuration is independent
of the transistor current gain f3.

* The collector current is:
Icg = Blpg 2 Igg depends on S

* The load line equation is found from:
Vee = Vee —Ic - Re = 12 — I (6k)

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh Figure 5.52 (a) 11



DESIGN EXAMPLE 5.14
circuit with a single-base resistor

* The load line equation is:
VCE — VCC — IC . RC — 12 — IC(6k)
1. Theload line is fixed!!! - not moving!

2. The Q-point location as a function of both Vg and I
will change.> moving!

-

I (mA) 4

* The transistor -point values for three values ofﬂ
f are given as:

Figure 5.51(b)

Ip=10 gA (f=150)

Ip=10 gA (f=100)

B 50 100 150 1.0 H,-
Q-point values Icp = 0.50 mA Icp =1 mA Icp =1.5mA sl Ip=10 uA (B =50)
VCEQ =0V 1’“}_*5@ =6V VCEQ =3V ' /.
| | .
0 3 6 9 12 veg (V)

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh Figure 5.52 (b) 12



DESIGN EXAMPLE 5.14
circuit with a single-base resistor

* The 3 Q-points are plotted on the load line
shown in Figure 5.52(b).
* In this Figure:
1. The collector current I scale and load line are fixed.
2. The base current scale changes as [ changes. I (mA)

-

Figure 5.51(b)

Ip=10 gA (f=150)

B 50 100 150 1ol Ip=10 A (B =100)

Q-point values Icp = 0.50 mA Icp =1 mA Icp =1.5mA

0.5 Ip =10 uA ( f=50)
) ol
1’%59 =90V 1’“}5@ =6V VCEQ =3V /r

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh Figure 5.52 (b) 13



DESIGN EXAMPLE 5.14
circuit with a single-base resistor

e Comment: In this circuit configuration with a
single base resistor, the Q-point is not stabilized
against variations in f3:

* as [ changes, the Q-point varies significantly.

* In our discussion of the amplifier in Example 5.13
(see Figure 5.50), we note the importance of the
placement of the Q-point. Ic(mA)/

* In the following two examples, we will analyze and )
design bias-stable circuits. 2.0

* Although a value of 1.13M for Ry will establish the LS
required base current, [

* This resistance is too large to be used in integrated 1.0 -
circuits ICs!!!,

5 * The following two examples will also demonstrate a 05/ -
circuit design to alleviate this problem.

-

Figure 5.51(b)

Iy =10 gA (f=150)

Ip=10 gA (f=100)

Ip=10 gA (B =50)

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh Figure 5.52 (b) 14



You have to ask yourself the Question

Why do we have different DC biasing
configurations for a BJT transistor?

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh
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5.4.2 Voltage Divider Biasing and Bias Stability

Vee

* TwWo new terms:

* Voltage Divider Biasing, and
 Bias Stability. r lco| SR
* The circuit in Figure 5.54(a) is a classic example Ce .
of discrete transistor biasing. I— Vero
* The single bias resistor Ry in the previous circuit is —

* An emitter resistor Ry is added.

* The ac signal v is still coupled to the base of
the transistor through the coupling capacitor

Cp.

now replaced by a pair of resistors R; and R,, and . <+> im

(a)
Figure 5.54

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 16



5.4.2 Voltage Divider Biasing and Bias Stability

* The coupling capacitor acts as an open circuit to DC.

* The circuit is most easily analyzed by forming a Thevenin equivalent
circuit for the base circuit.

VC C 1;( O

i a
2019-12-16 Flgure 5.54 ( ) JUEE - Electronics | — Dr. Hani Jamleh 17



5.4.2 Voltage Divider Biasing and Bias Stability

Vee

]
* The equivalent Thevenin Voltage is: Sk
R, |
Vg = R, + R, Vee .
* The equivalent Thevenin Resistance is: i‘w

Rryg = Ry | R

* Figure 5.54(b) shows the equivalent DC circuit.

* As we can see, this circuit is similar to those we have
previously considered.

(b)

Figure 5.54
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5.4.2 Voltage Divider Biasing and Bias Stability

* Applying KVL around the B—E loop, we obtain:
Vry = IggRry + Vge(on) + IgoRg
 If the transistor is biased in the forward-active mode,

then:
Igg = (1 + B)Igg
* The base current is:
o= Vry — Vpg(on)
"¢ Ry + (1+ B)Rg
* The collector current is then:
,B(VTH — VpE (on))

lrn = 6lpy =
co =Pleo =% T+ PR (b)
Figure 5.54
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

* Objective: Analyze a circuit using a voltage divide
bias circuit, and determine the change in the Q
point with a variation in f when the circuit

. . . C
contains an emitter resistor RE- IIC
"

VCC
 For the circuit given in Figure 5.54(a), let:
R, =56kQ,R, =12.2 kQ, R, = 2 k(, b Ry
RE =04 kQ, VCC = 10 V,
Vgg(on) = 0.7V, and f = 100. =

(a)
Figure 5.54
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

* Solution: Using the Thevenin equivalent circuit in
Figure 5.54(b), we have I(’Ql

* and

RTH — 10kQ

12.2k

Rz :
Vo = V.. — - (10) = 1.79V
TH [R1 n RJ “C 56k +12.2k (10) Vg = 1.79V+__;

= I l

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 21



EXAMPLE 5.15 Voltage Divider Biasing &

Stability
Vee
1. Writing the KVL equation around the B—E loop, we
obtain:
Vey — Vg (0n) 1.79 — 0.7 lco| 3 2ka

o _ 21.64A
50 = Rep+ 1+ MRy 10k + (10D)(04k) ~ -0

2. The quiescent collector current is:
Icq = Blge = (100)(21.6uA) = 2.16mA
3. The quiescent emitter current is: Vey = 1.79V =
Igg = (1 + B)Ige = (101)(21.6uA) = 2.18mA - I 0.4k
4. The quiescent C—E voltage is then:
VCEQ = Vee — ICQRC — IEQRE =
=10 — (2.16m)(2k) — (2.18m)(0.4k) = 4.81V

e These results show that the transistor is biased in the
active region.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 22
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EXAMPLE 5.15 Voltage Divider Biasing &

Stability

* If the current gain of the transistor were to
decrease to [ = 50 or increase to f = 150, we
obtain the following results:

B 50

100

150

IBQ =359 ,U.A
Q-point values  Icp = 1.80 mA
Verg = 5.67V

IBQ =21.6 LA
Icp =2.16 mA
Veeg =481V

Icp =232 mA
FC'EQ =440V

2019-12-16
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+
VTH - 179V

I CQ l 2kQ)
Rry = 10kQ +
Vceo
0.4kQ
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EXAMPLE 5.15 Voltage Divider Biasing &

Stability

B 50 100 150

IBQZSZFLQ;'.LA IBQ=2].6;'.LA 139215,5}.1,;5\
Ico =180mA Icop=2.16mA Icp =232 mA

Q-point values
VC‘EQ =3.67V VC‘EQ =481V VC‘EQ =440V

I-(mA) A

* The load line and Q-points are »
plotted in Figure 5.55. |

3.0

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

I (mA) 4

I

Ic(mA) J

Iy =10 gA (f=150)

Ip=10 uA (S=100)
]..ﬂ _F’-
) Ip =10 uA (S =50)
05
/"
| | 5
3 | 7 >
0 : 6 9 12 veg (V) 0 2 4 6 8 10 Vg (V)
Figure 5.52 (b) Figure 5.55

* The variation in Q-points for this circuit configuration is to be compared with the
variation in Q-point values shown previously in Figure 5.52(b).
150 . :
* Fora = 1 — 3:1ratioin , the collector current and collector—emitter voltage change

50 5.7 :
by only a e 1 - 1.29 : 1 ratio.
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

Comment:

1. The voltage divider circuit of R; and R, can bias
the transistor in its active region using resistor
values in the low kilohm range.

* In contrast, single resistor biasing requires a resistor in
the Megohm range.

2. An emitter resistor Rr has tended to stabilize the
(-point, the change in Iy and Vigo with a
change in [ has been substantially reduced
compared to the circuit without Rg.

* This means that including the emitter resistor helps to
stabilize the Q-point with respect to variations in £5.

* Including the resistor Rg introduces negative feedback.
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

* Considering Equation:
Ieo = Blop = ,B(VTH — VBE(On))
‘e 5O Rey + (1 + BRg
* The design requirement for bias stability is:
Rry < (1+ B)Rg
* Consequently, the collector current is now approximately:
I p (VTH — Ve (on))
o (1+ B)Rg

* Normally, § > 1; therefore, % ~ 1, and

N Vry — Vgg(on)
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EXAMPLE 5.15 Voltage Divider Biasing &
Stability

I A Vry — Ve (on)
cQ ~ R

* Now the quiescent collector current Iy is
essentially a function of only the DC voltages
and the emitter resistance, and the Q-point is
stabilized against 8 variations.

* However, if Ryy is too small, then R; and R, are
small, and excessive power is dissipated in these
resistors.

* The general rule is that a circuit is considered
bias stable when:

RTH ~ 01(1 J‘I‘ B)R

UEE——Hchonégl——Dh Hani Jamleh 28
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5.4 Bipolar Transistor Biasing - Bias-Stable Biasing and
Integrated Circuit Biasing

Chapter 5
The Bipolar Junction Transistor

Donald A. Neamen (2009). Microelectronics: Circuit Analysis and Design,
4th Edition, Mc-Graw-Hill
Prepared by: Dr. Hani Jamleh, School of Engineering, The University of Jordan
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Desigh Example 5.16
Bias-Stable Circuit

* Objective: Design a bias-stable circuit to meet a set of
specifications.

 Specifications:
* The circuit configuration to be designed is shown in Figure
5.54(a).
* Let VCC = 5V and RC = 1k ).

* Choose Ry and determine the bias resistors R; and R, such
that the circuit is considered bias stable and that Vg, = 3V.

* Choices:

e Assume the transistor has nominal values of f =120 and
VBE(On) = 0.7V.

* We will choose standard resistor values and will assume that
the transistor current gain varies over the range:

60 < B < 180.

Vee
CC +
[ Verg
1".*: Ct) g R'} RE
Figure 5.54  (a)



Desigh Example 5.16
Bias-Stable Circuit

* Design Pointer:

* Typically, the voltage across R should be on the same
order of magnitude as Vg (on).
VRE ~ Vgg(on)
* Larger voltage drops (Vg,) may mean the supply voltage V¢,

has to be increased in order to obtain the required voltage
across the collector-emitter (V¢gg) and across R .

Vee

| Vero

Figure 5.54  (a)



BEble C.1 Standard resistance

. values (x 10™)
Desigh Example 5.16 0 6 w6 e
. . . 11 18 30 47 735
Bias-Stable Circuit 2 20 B GD &
15 24 39 62 100

* Solution:
e With ﬁ — 120, and ICQ =~ IEQ
* Choosing a standard value of:

* We find: " " 3
cc — VcEQ —
lrp = = = 1.32mA
€~ "R, +Rp 1k + 051k m w(®
* The voltage drop across Rg is now:

V, = (1.32m)(0.51k) = 0.673 V

* which is approximately the desired value (= Vg (on)).

 The base current is found to be
Igg = ICQ/,B = 1.32mA/120 = 11uA
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Desigh Example 5.16
Bias-Stable Circuit

* Using the Thevenin equivalent circuit in Figure 5.54(b),

we find:
Ve —Vpg (on)
" Rry+ (1+PB)Rg
* For a bias-stable circuit, we find:
Rry =0.1(1 4+ B)Rg = (0.1)(121)(0.51k0)
= 6.17 k()

* Then:
Igg = 11.0ud =

[

Vey — 0.7
6.17k + (121)(0.51k)

* which yields b
Ve = 0.747 + 0.70 = 1.447V (b)

Figure 5.54

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 5



Desigh Example 5.16
Bias-Stable Circuit

e But:
Veryy = R, Ve = R, 5) = 1.447 V
™ ™R, + R2 CC_R1+R2()_ '
* Then:
R, _1.447k_02894
R,+R, 5
e Also,
R RiR 6.17k = R R, R,(0.2894
= — 0. = — .
™ ™R +R, "\R, + R, 1( )

10
11
12
13

15

BTable C.1

16
18
22
24

Standard resistance

values (x 10"
27 43 68
30 47 75
SR <> I
36 56 01 cC
39 62 100

 Solving two equations with two unknowns (R, and R,), yields:

R, = 21.3kQ and R, = 8.69 kQ

* From Appendix C.1, we can choose standard resistor values of:

2019-12-16

R, = 20 kQ and R, = 8.2 kQ.

JUEE — Electronics | — Dr. Hani Jamleh

(b)

Figure 5.54



Desigh Example 5.16
Bias-Stable Circuit

* Trade-offs: We will neglect, in this example, the
tolerance effects of the resistors (end—gf-)cha ter
problems such as Problems 5.18 and 5.40 do include
tolerance effects).

* We will consider the effect on the transistor Q-point
values of the common emitter current gain variation.

* Using the standard resistor values, we have:

[recall: nominal Ry = 6.17k(]]

* and

R, 8.2k

Vi = Vee) =
T R1+R2(CC) 20k + 8.2k

(5) = 1.454V

(b)

[nominal Vyy = 1.447 V] Figure 5.54
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Desigh Example 5.16
Bias-Stable Circuit

* Now, the base current is given by

I — VTH B VBE (On) Will compensate each other! ICQl Rf
BQ — RTH 4+ (1 4+ ﬁ)RE Because of introducing Rg
' : R +
* while the collector current is Icg = Blgg, @nd the TH v
collector—emitter voltage is given by: ,~ " CEQ
14 ﬁ ] -
Veeg = Vee — Icq |Rc + RE Vin =
' ﬁ _ R
0.51 kQ
* The Q-point values for three values of ,8 are shown in the
following table: T
B 60 < 120 < 180 -
IBQ =204 _.tLA IBQ =11.2 ,u.A IBQ = 7.68 _.LLA ) I:b}
Q-point values Ico = 1.23mA Icp = 1.34 mA Ico = 1.3 mA Figure 5.54
2019-12-16 VCEQ =3.13V VCEQ =297V 1”}_"5@ =201V 8




Desigh Example 5.16
Bias-Stable Circuit

* Comment:

1. The Q-point in this example is now considered to be stabilized against variations
in 3, and

2. The voltage divider resistors Ry and R, have reasonable values in the kilohm
range.

* We see that the collector current I(:

1. Changes by only 1'23in3;1'34m = —8.2% when £ changes by —50% (from 120 to 60), and

o4m
138?3;1:41“ = +3.0% when S changes by +50% (from 120 to 180).

 Compare these changes to those of the single-base resistor design in Example 5.14.

2. Changes by only

B 60 < 120 < 180
Igo = 20.4 nA Ipp = 11.2 pA Ipo = 7.68 A
Q-point values Icp = 1.23 mA Icp = 1.34 mA Icp = 1.38 mA
2019-12-16 Vepp =3.13V Veeg =297V Veeg =291V 9




Using an Emitter Resistor Ry to
Circult

* Another advantage of including an emitter
resistor is that it stabilizes the Q-point with
respect to temperature.

* To explain, we noted in Figure 1.20 that the
current in a pn junction increases with
increasing temperature, for a constant
junction voltage.

* We then expect the transistor current to increase
as the temperature increases!

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh

Stabilize the

I, T) Ty

reases

2)) :

0 Up

Figure 1.20 Forward-biased pn junction
characteristics versus temperature. The required
diode voltage to produce a given current decreases
with an increase in temperature.
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Using an Emitter Resistor R to Stabilize the

Circult

e If the current in a junction increases, the
junction temperature increases (because of
I?R heating), which in turn causes the current
to increase, thereby further increasing the
junction temperature.

* This phenomenon can lead to thermal runaway
and to device destruction.

2019-12-16 JUEE - Electronics | — Dr. Hani Jamleh

ip A T, T, T,

Tg = T| = T.[].

2)) :

0 Up

Figure 1.20 Forward-biased pn junction
characteristics versus temperature. The required
diode voltage to produce a given current decreases
with an increase in temperature.
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Using an Emitter Resistor Ry to Stabilize the
Circuit (Negative Feedback)

 However, from Figure 5.54(b), we see that as the
current increases, the voltage drop across Rg
Increases.

* The Thevenin equivalent voltage and resistance are
assumed to be essentially independent of
temperature, and the temperature-induced change in  +

the voltage drop across Ry will be small. Vin = f i R,
_ EQ
* The net result is that the increased voltage drop across
R reduces the B—E junction voltage, 1
 Which then tends to stabilize the transistor current against =
increases in temperature. (b)

Figure 5.54

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 12



5.4.3 Positive and Negative Voltage Biasing

* There are applications in which biasing a transistor with both positive
and negative DC voltages is desirable.

 Biasing with dual supplies has two advantages:
1. Allows us, in some applications, to eliminate the coupling capacitor C. and
2. Allows DC input voltages as input signals.

* The following Example 5.17 demonstrates this biasing scheme.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 13



Example 5.17 V19V
Stabilized Positive and Negative Voltage Biasing [

.
* Objective: Design a bias-stable pnp transistor %R] Rp S Ve
circuit to meet a set of specifications. c. )
* Specifications: The circuit configuration to be I
designed is shown in Figure 5.57(a).
* The transistor Q-point values are to be: B <‘> * Rc
¢ VECQ — 7V, L
* Icg = 0.5mA, and i l
* Vg, = 1V. V =9V

(a)
Figure 5.57



Example 5.17
Stabilized Positive and Negative Voltage Biasing

V=40V
* Choices: Assume transistor parameters of: T
B = 80, and Vgg(on) = 0.7V.

e Standard resistor values are to be used in the final design.

 Solution: The Thevenin equivalent circuit is shown in 3 p
Figure 5.57(b). ‘

* The Thevenin equivalent resistar;?ceRis:
112
Rry =R, Il R,=
TH 1 2 R, + R,
* The Thevenin equivalent voltage, measured with
respect to ground, is given by: R, R V- 0V
R2 ’ B

Veryg = vt —-v- V-
TH R, + R ( ) +

=40V

Rg

l (b)

V =0V Figure 5.57

V¥ —vV)+V-
R1+R3( )

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 15



Example 5.17

Stabilized Positive and Negative Voltage Biasing

* For Vgg = 1V and Iy = 0.5 mA, we assume gy = I¢,
then we can set:

Ry =2RE_ 1 _ kg
E Irp 0.5m

* For a bias stable circuit, we want to have:
Ry = (0.1)(1 + B)RE = (0.1)(81)(2k) = 16.2kQ

* Then the Thevenin equivalent voltage can be written as:

R
Viy = %(W —V)+ V"
162k _ 2916k

Vg = R, 9 —-(—9)]—-9) R,

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

T=49V

V-=-9V

(b)
Figure 5.57
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Example 5.17

Stabilized Positive and Negative Voltage Biasing\s

* The KVL equation around the E-B loop is given by:
V* = IgoRg + Vgg(on) + IggRry + Vry
» The transistor is to be biased in the forward-active mode so that:
I = (1 + B)ipg
 We then have:
V* =1+ B)IgoRg + Vgg(on) + IggRry + Vry

» For Ico = 0.5mA, then:

Iso = B 80

* SO we can write:
291.6k
9 = (81)(6.25u)(2k) + 0.7 + (6.25u)(16.2k) +

= 6.25uA

1

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

(b)
Figure 5.57
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Example 5.17
Stabilized Positive and Negative Voltage Biasing

* From:

291.
9 = (81)(6:251)(2k) + 0.7 + (6.251)(16.2k) + —— — 9
« We find R; = 18 kQ. 1
* Then, from: al
Rty = Ry Il R, = 16.2kQ) A
* Wefind R, = 162k(. Sl

* ForIcp = 0.5mA:
* Wefind Igp = 0.506mA = I¢.
 The KVL equation around the E-C loop vyields:
V+ — IEQRE + VECQ + ICQRC + V_
9 = (0.506m)(2k) + 7 + (0.5m)R; + (—9) (b)
* Which yields: R = 20k() Figure 5.57

18
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Example 5.17
Stabilized Positive and Negative Voltage Biasing

=40V

 Trade-offs: All resistor values are standard values
except for R, = 162k().

e A standard discrete value of 160k() is available.

* However, because of the bias-stable design, the Q-
point will not change significantly.

* The change in Q-point values with a change in

transistor current gain S is considered in end-of- V-=—9V
chapter problems such as Problems 5.31 and 5.34.
BEble C.1 Standard resistance (b)
values (x10™)

0w o 271 43 68 Figure 5.57

11 18 30 47 75

12 20 33 51 82

13 22 36 56 0l

2019-12-16 15 24 39 62 100 JUEE — Electronics | — Dr. Hani Jamleh 19




Example 5.17

Stabilized Positive and Negative Voltage Biasing

* Comment: In many cases, specifications such as a
collector current level I, or an emitter—collector
voltage Vg¢o value are not absolute, but are given as
approximate values.

 For this reason, the emitter resistor, for example, is
determined to be Ry = 2k(), which is a standard discrete
resistor value.

* The final bias resistor values are also chosen to be standard
values.

* However, these “small changes” compared to the
calculated resistor values will not change the Q-point
values significantly.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

(b)
Figure 5.57
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5.4.4 Integrated Circuit Biasing

* The resistor biasing of transistor circuits
considered up to this point is primarily applied to
discrete circuits.

* For integrated circuits (ICs), we would like to
eliminate as many resistors as possible.

* Since, in general, Resistors require a larger surface area
than transistors.

* A bipolar transistor can be biased by using a
constant-current source I, as shown in Figure
5.59.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

V+

Rc

|\QO
Olby

= Le
o

Figure 5.59 Bipolar
transistor biased with a
constant-current source
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5.4.4 Integrated Circuit Biasing

* The advantages of this circuit are that:
1. The emitter current I is independent of § and Rp

2. The collector current I, and Vigo voltage are
essentially independent of transistor current gain, for
reasonable values of £3.

3. The value of Rz can now be increased.

* Increasing the input resistance at the base, without
jeopardizing the bias stability.

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

V+

Figure 5.59 Bipolar
transistor biased with a
constant-current source
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5.4.4 Integrated Circuit Biasing
Two-transistor Constant Current Source

* The constant current source —@— can be Re
implemented by using two transistors as shown in
Figure 5.60.

»The transistor Q; is a diode-connected transistor, but
still operates in the forward-active mode (Vigi =
Ve (on)).

»The transistor Q, must also operate in the forward-
active mode (Vego = Vgg(on)).

Figure 5.60

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 23



5.4.4 Integrated Circuit Biasing
Two-transistor Constant Current Source

* Current /; is called the reference current and is
found by writing KVL around the R;- Q4 loop.

 We have:
0=LR, +Vgg(on)+ V"~
* Which yields:
- V= + VBE(On)
1= R,

Figure 5.60

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 24



5.4.4 Integrated Circuit Biasing
Two-transistor Constant Current Source

* Since for identical transistors Q; and Q,: 1 R
Vee1r = Vie2

Rl 7Y P ———

L ||l
[} Vee1r = Ve2 VL
Iy l

* The circuit mirrors the reference current I; in the left o) >
branch into the right branch (1). lr/l Y IWE

* The circuit of Ry, @4, and Q, is then referred to as '

a current mirror. Current sy

nr.nrrc?r Figure 5.60
circuit

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh 25



5.4.4 Integrated Circuit Biasing

Two-transistor Constant Current Source

* Summing the currents at the collector of Q4 gives:
Iy =lI¢q + Ip1 + Ip;

* If Q1 and @, are identical transistors and are held at the same

temperature, then:

* Ver1 = Vigo
* Ipy = Ipy 2 Ic1 = Igy.

e Then we rewrite:

21, 2
11 =IC1+ZIBZ =IC2 +T=IC2 1 +E

* Solving for I-,, we find: ;
1

IC2=IQ=
1+3

2019-12-16 JUEE — Electronics | — Dr. Hani Jamleh

Vi=+3 ¥
O
S ke
Qo
- ﬁlgnl Ry
L lfﬂz—fg
1)

I/
— NJ_ 0
I I

V =-5V
Figure 5.60
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5.4.4 Integrated Circuit Biasing
Two-transistor Constant Current Source

* This current I, biases the transistor Q, in the S ke
active region.

* The circuit with Q1, @3, and Ry is referred toasa [ vo
two-transistor current source. “\n| 3R R

l.fm =1,
fr:]l
Ql\l 0,
r/l I I IW
two-transistor l
current source Vo5V

Figure 5.60
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5.4.4 Integrated Circuit Biasing
Two-transistor Constant Current Source

* The circuit shown below with @, Q,, and R; is
referred to as:

* Constant current source,
* Current mirror circuit, or
* Two-transistor current source.

- Illgﬁ']

e
’ l q @

L

V =-5V
2019-12-10 JUEE — Electronics | — Dr. Hani Jamleh 28




Example 5.18
Two-transistor Constant Current Source

* Objective: Determine the currents in a two- S
transistor current source.

* For the circuit in Figure 5.60, the circuit and
transistor parameters are: R; = 10 kQ,[ = 50,
and I'gg(on) = 0.7V.

e Solution: The reference current is:
- V= + VBE(OTL) B (_5) + 0.7

1 R, 10k

= 0.43mA

n
A ~—
Rl

l

V- =-5V
Figure 5.60



Example 5.18
Two-transistor Constant Current Source

* Solution: From Equation above, the bias current [ is:

I,  0.43m -
1+ F 1 + £0 L
e The base currents are then:
I 0.413m
IBl :IBZ :7: 50 :827‘UA

 Comment: For relatively large values of current gain [,
the bias current [, is essentially the same as the
reference current I;: !

V- =-5V
IQ =~ Il .
Figure 5.60

N
A ~—
Rl
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Two-transistor Constant Current Source

Vi=+43V
* As mentioned, constant-current biasing is used R,
almost exclusively in integrated circuits (ICs).
* Circuits in integrated circuits use a minimum [ v
number of resistors: “\ A l?’-‘ﬁ Ry
* Transistors are often used to replace these resistors. = Vica=1g
* Transistors take up much less area than resistors It
on an IC chip, so it’s advantageous to minimize the o] I/&)
number of resistors. f'j T N

l

V- =-5V
Figure 5.60
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Review source

* See the Figure.
1. Select bias circuit configuration

2. Select R, and Iy, for the
intended application. the values
for R, and Ig, should normally
set collector voltage V¢go to 1/2

Of Vcc.
3. Calculate base resistor Rp to
achieve desired emitter current.
4, Recalculate emitter current I for
standard value resistors if

necessary.

* For voltage divider bias, perform
emitter-bias calculations first, then
determine R, and R,.

2019-12-16

| +

Vee - Vi
VBB - VBI:‘ [. = L€ "BE
I = R/ T Ry/B+Re
Ver- Vg
RB= VBB_VBE RB= B LLI—HI:‘R"
IE!’B E
Base-bias Collector feedback bias

JUEE — Electronics | — Dr. Hani Jamleh

| +

Vig - Vie
Ry /P + Ry

RI:' — HE + I'EE
to include rge

e = 26mv/lg
VBB - VBE

- R.
I .

-

Emitter-bias

[ +

VBB - Vth

Ry = Rth
VCC
R1= Rth W
1 1 1

R2 ~ Rth Rl

Voltage divider bias
33
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Preview: CMQOS

* In this chapter, we introduce a major type of transistor:
* the Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET).

e The MOSFET led to the electronics revolution of the 1970s and 1980s,
in which the microprocessor made possible powerful:
* Desktop computers,
* Laptop computers,
* Sophisticated handheld calculators, and
* Smart Phones.

* The MOSFET can be made very small, so high density Very Large Scale
Integration (VLSI) circuits and high-density memories are possible.



Preview: CMQOS

* Two complementary devices:
* The n-channel MOSFET (NMOQOS) and
* The p-channel MOSFET (PMOS), exist.

* Each device is equally important and allows a high degree of flexibility in
electronic circuit design.

 The i— v characteristics of these devices are introduced.
* The DC analysis and design techniques of MOSFET circuits are developed.

* Another type of field-effect transistor is:
* The junction FET (JFET).

* JFETs were developed before MOSFETs, but the applications and uses of
MOSFETs have far surpassed those of the JFET.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 4



Preview: What is covered?

* |n this chapter, we will:
e Study and understand the:
* Structure,
* Operation, and
* Characteristics
of enhancement mode MOSFETSs type.

* Understand and become familiar with the DC analysis and design techniques of
MOSFET circuits.

* Examine three applications of MOSFET circuits.

* Investigate current source biasing of MOSFET circuits, such as those used in
integrated circuits.

* Analyze the dc biasing of multistage or multitransistor circuits.

* Understand the operation and characteristics of the junction field-effect transistor,
and analyze the dc response of JFET circuits.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 5



Preview

* BJT Bipolar Junction Transistor
* MOSFET Metal-Oxide Semiconductor Field Effect Transistor
* JFET Junction Field Effect Transistor
Electrode Comparisons between a 'ET’, 'BJT", 'JFET' and '"MOSFET’
ET BJT JFET MOSFET
ANQODE COLLECTOR DRAIN DRAIN

CONTROL BASE GATE GATE

SUBSTRATE

CATHODE EMITTER SOURCE SOURCE
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Preview
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3.1 MOS Field-Effect Transistor

* Objective: Understand the operation and characteristics of the various
types of metal-oxide semiconductor field-effect transistors (MOSFETSs).

 The metal-oxide-semiconductor field-effect transistor (MOSFET) became
a practical reality in the 1970s.

* The MOSFET, compared to BJTs, can be made very small (that is, it occupies
a very small area on an IC chip).

 Cause:

* Digital circuits can be designed using only MOSFETs, with essentially no resistors or
diodes required.

e Effect:

* High-density VLSI circuits, including microprocessors and memories, can be
fabricated.

* MOSFETs can also be used in analog circuits.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 8



3.1 MOS Field-Effect Transistor

* In the MOSFET, the current is controlled by:

* An electric field E applied perpendicular to both the semiconductor surface
and to the direction of current.

* The field effect phenomenon is used to modulate the conductance of
a semiconductor, or control the current in a semiconductor.

* This is done by applying an electric field perpendicular to the surface.

* The basic transistor principle is that:

* The voltage between two terminals = controls the current through the third
terminal.

Don't

Q8 FORGET!
i\' o
12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 9



3.1 MOS Field-Effect Transistor

e We will:

1. Discuss the various types of MOSFETSs,
2. Develop the i- v characteristics, and then
3. Consider the DC biasing of various MOSFET circuit configurations.

* After studying these sections, you should be familiar and comfortable
with the MOSFET and MOSFET circuits. l.

Comfort

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 10



3.1.1 Two-Terminal MQOS Structure [Metal]

* The heart of the MOSFET is the metal-oxide-
semiconductor capacitor shown in Figure 3.1.

* The metal may be aluminum or some other type of
metal.

* In most cases, the metal is replaced by a high-
conductivity  polycrystalline silicon layer (poly)
deposited on the oxide.

* However, the term metal is usually still used in referring
to MOSFETs = M="Metal”

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh

Gate terminal

T Metal
/

ri = Insulator
ox (oxide)

ox

T Semiconductor
substrate

l Figure 3.1

Substrate or
body terminal
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3.1.1 Two-Terminal MOS Structure [Oxide]

Gate terminal

. Metal
° In the flgure, the paramEterS: ............................................. > 7 _’L‘/ eIrlisulator

..... R |
1. tyy isthe thickness of the Oxideand ¢ N AL AT T (oxide)
........... e S S
2. &, i5the Oxide permittivity. substrate

l Figure 3.1

Substrate or
body terminal
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3.1.1 Two-Terminal MQOS Structure
A Simple Parallel-Plate Capacitor

* The physics of the MOS structure can be explained
with the aid of:

* Asimple parallel-plate Capacitor.

 Figure 3.2(a) shows a parallel-plate capacitor with:

* The top plate at a negative voltage with respect to the
bottom plate.

* An insulator material (oxide) separates the two plates.

e With this bias:

1. A negative charge exists on the top plate,
2. A positive charge exists on the bottom plate, and

3. An electric field E is induced between the two plates.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh

Gate terminal

¢ T o Metal

-~ = Insulator
ox (oxide)

ox

T Semiconductor
substrate

l Figure 3.1

Substrate or
body terminal

Figure 3.2
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3.1.1 Two-Terminal MQOS Structure

. Gate terminal
p-type SEmICOﬂdUCtOI' SUbStI'GtE T ew
ri Z Insulator
* A MOS capacitor with a p-type semiconductor r— (oxide)
. . . Semiconductor
substrate is shown in Figure 3.2(b). substrate
* The top metal terminal, also called the Gate,.is at a l Figure 3.1
negative  voltage with respect to “the ouvsate or
. e T T e ody terminal
semiconductor substrate. el
T:' | E-field =V
p-type hT|% ¢ +
semiconductofr's’.ubstrate
(b)
Figure 3.2
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3.1.1 Two-Terminal MQOS Structure
p-type semiconductor substrate

Gate terminal

¢ T - Metal

X Insulator

*If the electric field (E) penetrates the [T 2 (oxide)
semiconductor > the holes in the p-type e ter
semiconductor will experience a force toward the l
oxide-semiconductor interface. Figure 3.1

Substrate or

* The equilibrium distribution of charge in the MOS body terminal
capacitor with this particular applied voltage is
shown in Figure 32(C) Oxide-Semiconductor Interface [T

* An accumulation layer of positively charged holes Possi =
at the oxide-semiconductor interface corresponds pove T .
to the positive charge on the bottom “plate” of the 7t
MOS capacitor. laye of holes

(c)
Figure 3.2
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3.1.1 Two-Terminal MQOS Structure
p-type semiconductor substrate

* Figure 3.3(a) shows the same MOS capacitor, but
with the polarity of the applied voltage reversed.

* A positive charge now exists on the top metal plate
and the induced electric field is in the opposite

- - -
4

e h*T | E-field

t

(b)

direction, as shown.

Oxide-Semiconductor Interface

Figure 3.2

* In this case, if the electric field penetrates the
semiconductor =2 holes in the p-type material will
experience a force away from the oxide-
semiconductor interface.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh

\ ++l++

E-field

p-type l h*

t

(a)

Figure 3.3
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3.1.1 Two-Terminal MQOS Structure
p-type semiconductor substrate o [

E-field =V
Y

* As the holes are pushed away from the interface: pope Bt

* 3 negative space-charge region is created, because of
the fixed acceptor impurity atoms.

(a)

* The negative charge in the induced depletion
region corresponds to the negative charge on the e
bottom “plate” of the MOS capacitor.

P

-
-~

4 J —
* Figure 3.3(b) shows the equilibrium distribution of | rvee /

/ o
/L

charge in the MOS capacitor with this applied Induced negative
space-charge

VO |ta ge . region
(b)

| = 4+

Figure 3.3
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3.1.1 Two-Terminal MQOS Structure
p-type semiconductor substrate o [5

} |+
* When a larger positive voltage is applied to the Y~/ | 7.
gate =2 the magnitude of the induced electric field ldd =
E increases. ice-charge
* Minority carrier electrons are attracted to the oxide Kgm(b)
semiconductor interface, as shown in Figure 3.3(c).
* This region of minority carrier electrons is called an > ++l+++ N
electron inversion layer. Oxide-Semiconductor Interface | 1——::—\:"3 =V
* The magnitude of the charge in the inversion layer is a f p‘”’“/T \ i
function of the applied gate voltage. 5"[',;51;5;;;‘;4&(}';% Elwmn
(c)
Figure 3.3
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3.1.1 Two-Terminal MQOS Structure

n-type semiconductor substrate Lz

* The same basic charge distributions can be ... A==

.

Ny

> 1]
e,

: Induced negatives ~Electron

obtained in a MOS capacitor with an n-type “gpacechure
semiconductor substrate.

e Figure 3.4(a) shows this MOS capacitor structure, with
a positive voltage applied to the top gate terminal.

---------

(c)
Figure 3.3

* A positive charge is created on the top gateandan [ )
electric field is induced in the direction shown. tp/ ------------

9

 In this situation, an accumulation layer of i
saccu mulatio_n_' %

electrons is induced in the n-type semiconductor. ., layer
(@)
Figure 3.4
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3.1.1 Two-Terminal MQOS Structure

n-type semiconductor substrate

* Figure 3.4(b) shows the case when a negative
voltage is applied to the gate terminal.

* A positive space-charge region is induced in the n-
type substrate by the induced electric field.

* When a larger negative voltage is applied, a region

of

positive charge is created at the oxide-

semiconductor interface, as shown in Figure 3.4(c).
* This region of minority carrier holes is called a hole

inversion layer.

 The magnitude of the positive charge in the inversion

12/22/19

layer is a function of the applied gate voltage.
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A )

n-type " \

Tt

+ = |

Induced positive space-charge region

(b)

___l___

VE

TR

n-type %\

+ = |

\ v
-----------
Tay,

*Hole inversion layers

LAl L RN T e

Figure 3.4
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3.1.1 Two-Terminal MQOS Structure
enhancement mode term

 The term enhancement mode means that:
* A voltage must be applied to the gate to create an inversion layer.

e with a p-type substrate, a positive
gate voltage must be applied to
create the electron inversion layer.

+ + +l+ + +
| +
a oo ns T | =V
T p-type / \ -
VA t
) N\
Induced negative Electron
space-charge inversion
region layer
(c)
Figure 3.3
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e with an n-type substrate, a negative

gate voltage must be applied to create
the hole inversion layer.

___l___
VE
k++:++++)| e—

n-type

\
1 &
1
\
\
\
\

Hole inversion layer

(c)
Figure 3.4
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MOSFET Water Analogy

12/22/19

Source

@ Drain
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3.1.2 n-Channel Enhancement-Mode MOSFET
Transistor Structure

* We will now apply the concepts of an inversion layer charge in

a MOS capacitor to create a Transistor. Source e Ups
* Figure 3.5(a) shows a simplified cross section of a MOS field- [oi4e < | Metal
effect transistor. e}fctfode
* |t consists of: ' w/ S
1. Gate, Gate .
2. Oxide, and Source - Drain
3. p-type substrate 7 = )_‘“k = 7
regions which are the same as those of a MOS capacitor. Channel JI/ ‘
e . e -] —
* In addition, we now have two n-regions (n*), called the

4. Source terminal and *
5. Drain terminal. l

* The current in a MOSFET is the result of the flow of charge in (Substrate bias)
the inversion layer, also called the channel region, adjacent to (a)
the oxide—semiconductor interface. Figure 3.5

* Inversion layer = Channel region

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh 23




3.1.2 n-Channel Enhancement-Mode MOSFET
Transistor Structure

* The channel length L and channel width W Sourec s s
are defined on the figure. o L | T Mot
* The channel length of a typical integrated circuit L/m L
MOSFET is less than 1 um (107 m), which /7 L ¢’
means that MOSFETs are small devices. Source /{5 1"0x X Drain
* The oxide thickness ¢, is typically on the | © au("j ‘k 2222
order of 400 angstrom (A) (400x1071% m), = p-type
or less. I
(Substrate bias)
(a)
Figure 3.5
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3.1.2 n-Channel Enhancement-Mode MOSFET
Transistor Structure

* The diagram in Figure 3.5(a) is a simplified
sketch of the Dbasic structure of the
transistor.

* Figure 3.5(b) shows a more detailed cross I
section of a MOSFET fabricated into an " .

integrated circuit configuration. Source el Pw\ /

Source rain Field oxide

p-substrate

(b)
Figure 3.5
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3.1.2 n-Channel Enhancement-Mode MOSFET
Transistor Structure

* A thick oxide, called the Field oxide, is
deposited outside the area in which_the
metal interconnect lines are formed.

* The Gate material is usually heavily doped
polysilicon (poly), named Poly Gate.

* Even though the actual structure of a é\j\ ”71
MOSFET may be fairly complex. - A==

* This simplified diagram may be used to develop
the basic transistor characteristics.

p-substrate

(b)
Figure 3.5
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3.1.2 n-Channel Enhancement-Mode MOSFET

Basic Transistor Operation

* With zero bias applied to the gate:

* The Source and Drain terminals are separated by
the p-region, as shown in Figure 3.6(a).

 This is equivalent to two back-to-back
diodes, as shown in Figure 3.6(b).
* The current in this case is essentially zero!
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Gate (G)

Source (S) T Drain (D)
; ;
| L >|
p-type
Substrate or body (B)
(a)
S D

T |

L1 ||
™~ L~

(b)

Figure 3.6
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3.1.2 n-Channel Enhancement-Mode MOSFET

Basic Transistor Operation

* If a large enough positive Gate voltage is
applied, an electron inversion layer is created
at the oxide—semiconductor interface.

* This layer “connects” the n-source to the n-drain, as
shown in Figure 3.6(c).

* A current can then be generated between the source
and drain terminals.

* Since a voltage must be applied to the gate to
create the inversion charge, this transistor is
called an Enhancement-Mode MOSFET.

* Since the carriers in the inversion layer are
electrons, this device is also called an n-channel
MOSFET (NMOS).
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Gate (G)
Source (S) I Drain (D)
H+ ;+

| L >

p-type n-channel MOSFET

(NMOS)

)

Substrate or body (B)

(a)

G
S T D
o~ Joes - v T
Electron
p inversion layer

Substrate or body (B)

(c)
Figure 3.6
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3.1.2 n-Channel Enhancement-Mode MOSFET

Basic Transistor Operation

* The Source terminal:
* Supplies carriers that flow through the channel.

 The Drain terminal:
* Allows the carriers to drain from the channel.

e The n-channel MOSFET:

e Electrons flow from the Source to the Drain with an
applied drain-to-source voltage vp¢

* Which means the conventional current (I) enters the
Drain and leaves the Source.

* The magnitude of the current (I) is:

e A function of the amount of charge in the inversion
layer, which in turn is a function of the applied Gate
voltage.
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(NMOS)

Gate (G)

Source (S) I Drain (D)
___n* \ ; J
< L >|

P-type n-channel MOSFET
Source I
Gate ‘ Substrate or body (B)
(a)
G
Drain T
S D
2 s =
Electron
p inversion layer

Substrate or body (B)
(c)
Figure 3.6
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3.1.2 n-Channel Enhancement-Mode MOSFET

Basic Transistor Operation o

* Since the Gate terminal is separated from [ T T T J
the Channel by an Oxide or insulator, there o
Is no DC Gate current. 1

Substrate or body (B)

* Since the Channel and Substrate are @

separated by a space-charge region, there is G

essentially no current through the Substrate. % [ If

M= == == — = he

N
p Anversi lay
!
Substrate or body (B)
(c)
Figure 3.6
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* The threshold voltage of the n-channel MOSFET, denoted as Vi y, is
defined as:

* The applied gate voltage needed to create an inversion charge in which the
density is equal to the concentration of majority carriers in the semiconductor
substrate.

* In simple terms, we can think of the threshold voltage as:

* The gate voltage required to “turn on” the transistor.

* For the n-channel enhancement-mode MOSFET, the threshold voltage
is positive Vry > 0 why?
* Because a positive gate voltage is required to create the inversion charge.
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3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device

* Two cases:

1. If the Gate voltage Vs < V;p, then:
* The current in the device (ip) is essentially zero.

2. If the Gate voltage V¢ > V3, then:

* A drain-to-source current (ip) is generated as the drain-
to-source voltage is applied.

* NOTE: The Gate and Drain voltages are measured
with respect to the Source.
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* Figure 3.7(a) shows an n-channel enhancement- |‘j33_”05

l ip

mode MOSFET with the Source (S) and Substrate (B) * )
terminals connected to ground. °GS - =
* Bias configuration: The Gate-to-Source voltage |
(ves < Vrpn), and there is a small Drain-to-Source S
voltage (vps). The results: s<Vn g
1. There is no electron inversion layer, L ] (f 0 |
2. The drain-to-substrate pn junction is reverse biased, | [l"’zo
and L\ /M
3. The drain current is zero (neglecting pn junction . charge regions
leakage currents). 7

(a)
Figure 3.7
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

e Figure 3.7(b) shows the same MOSFET with:

 Bias configuration: An applied gate voltage (v; g
> -n), and there is a small Drain-to-Source voltage
(vps)- The results:

* An electron inversion layer is created and,

* Electrons in the inversion layer flow from the source to the
positive drain terminal.

|||—

* The conventional current (ip) enters the Drain terminal
and leaves the Source terminal.

* Note that a positive Drain voltage (vps) creates a reverse-
biased Drain-to-Substrate pn junction, so current flows
through the channel region and not through a pn junction.
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+
VGS
O
vs > Vv +Ups
S G D
I Lo
( n* ;______\\_\ nt )
Space- Induced electron
charge regions p inversion layer
(b)
Figure 3.7




3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device

* The iy versus vp¢ characteristics for small values of
Vpg are shown in Figure 3.8.
* When v;s < Vpy =2 the Drain current i is zero.

* When v > Vry =2 the channel inversion charge is
formed and the Drain current iy increases with vps.

* Conclusion: For a given value of vps with a larger
Gate voltage v.s:
* Alarger inversion charge density is created, and
* The Drain current (ip) is greater.
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L

S G D
I l ip

| n* ) %\ n* )

\

\
Space- Induced electron
charge regions P inversion layer

(b)
Figure 3.7
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UGs2 2 VGs|

/

/

/

vgs1 > Vin

Ups

Figure 3.8




3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* Figure 3.9(a) shows the basic MOS structure for
Ves > Vi and a small applied vps.

* In the figure, the thickness of the inversion channel
layer qualitatively indicates the relative charge

d
a

o T
S

ensity, which for this case is essentially constant
ong the entire channel length.

ne corresponding i, versus vps curve is also

nown in the figure.
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L‘GS] > VT‘,\.' i
Channel
T inversion
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Oxide / D
[ S

S
L

r—Q U[_)S

|

p-type

Depletion
region

L.

v

UDS

(a)
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3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device T
* Figure 3.9(b) shows the situation when vps Oxide o
increases. T ~— Ups
* As the Drain voltage (vp¢) increases = the voltage \iﬁ‘{}g;g;gfl
drop across the oxide near the Drain terminal e charge
decreases, which means that: _l_
* The induced inversion charge density near the Drain also
decreases. in A .
* The incremental conductance of the channel at the /

drain then decreases, which causes:

* The slope of the iy versus vp¢ curve to decrease.
* This effect is shown in the ip versus vy curve in the figure. >

(b)
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3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device

* As vy increases to the point where the potential
difference, v.c — vy, across the oxide at the Drain
terminal is equal to V-

* The induced inversion charge density at the Drain
terminal is zero.

* This effect is shown schematically in Figure 3.9(c).

e For this condition, the incremental channel
conductance at the Drain is zero, which means
that:

* The slope of the iy versus vp¢ curve is zero.
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S
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Oxide
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-—

”)< O vpg (sat)

p-type

[~ Channel
inversion
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>

ip |

’
|
|
|
|
I
l
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

UGSl

* We can write: ()Tl |
‘ Dxide "L
Vs — UDs(Sat) = VTN ; ,,J-< O vps (sat)
= [~ Channel
or p-type ill\i'Cl.Si()l]
charge
vps(sat) = vgs — Vry L
* where vp(sat) is: 04 e
* The Drain-to-Source voltage that produces =zero |
inversion charge density at the Drain terminal. |
| R
Upg (sat) UDs
(c)
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* When vy becomes larger than vps(sat) = the point in the b‘f'
channel at which the inversion charge is just zero moves —
toward the Source terminal. o | T psean | <2
o O Upg > Vpg (sat)
* In this case (The transistor operation scenario): = "ﬁ‘ﬁ depletion region
e Electrons enter the channel at the Source, p-type . Channel
* Travel through the channel toward the Drain, and then, T ll?fﬁfi;?"

* At the point where the charge goes to zero:
e are injected into the space-charge region,
* where they are swept by the E-field to the Drain contact. DA i S

/ l

* In the ideal MOSFET, the Drain current ip is constant for |
Upg > UDs(Sat). {

l

|

* This region of the iy versus vps characteristic is referred to -

as the saturation region, which is shown in Figure 3.9(d). "’i’;)““‘“’ s

Saturation
region

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh Figure 3.9 11



3.1.3. Ideal MOSFET Current—VoItage
Characteristics—NMOS Device

/. ves1> Vi

* As the applied gate-to-source voltage v.¢ changes,
the i, versus vy curve changes.

* As in Figure 3.8 shows:

* The initial slope of ip versus vpg increases as vVgs,, oy

Increases. S )
region, — /" — .
: _‘ aturation region
Ups < Vpg (sat) < o L
|‘.

Figure 3.8

h Ups > Vpgs (sat)

* Also, Equation vp¢(sat) = vgg — Vi shows:

* vps(sat) is a function of vss.
* A family of curves is generated for this n-channel

enhancement mode MOSFET as shown in Figure
3.10.

UGs1 = “"‘I‘.‘\" >0

Figure 3.10
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3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device

. Trt\e region for which vps < vpg(sat) is known as
the:

1. Nonsaturation,
2. Linear, or
3. Triode region.

* The ideal current—voltage characteristics in this
region are descrlbed by the equation:

ip = Kn[2(Wgs — Vrn)vps — VBs]

. Trl]ﬁe region for which vpg > vpg(sat) is known as
the:

1. Saturation region.

* The ideal current—voltage characteristics in this
region are described by the equatlon

ip = Kn(vgs — Vry)?

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh

l‘[) \

Nonsaturation
region, —
Ups < Upg (sat)

ID A

UGs2 2 UGS
/I
y vGs1 > Vv

Figure 3.8

vps (sat) = vgs— Vi
' VGss = VGs4

Ups > Upg (sat)

r.
] . .
/ Saturation region
- > —_—
h
)

VGss = VGs3

VGs3 = VGs2

VGs2 = UGs)

l‘(/‘Sl > ‘[\ >0

Ups

Figure 3.10
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* In the saturation region, since the ideal drain
current (ip) is independent of the Drain-to-Source
voltage (vps):

* The incremental or small-signal resistance is infinite.

T'O p— AUDS/AiD p— ConSt_ — OO Nonsul.u‘rr;lllion 7
vGS Ups < Ups (a) |

Figure 3.10
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

* The parameter K, is sometimes called the transconduction
parameter for the n-channel device.

* For simplicity, we will refer to this parameter as the conduction Oxide

Source vGs UDs
O O

parameter.
* For an n-channel device is given by:
1. W
Kn =5 7 Hnlox 727% J(J—k‘ Y,
Channel
. . . . . . “TLJ
* where C,, is the Oxide Capacitance per unit area is given by: ptype
Cox = €ox/tox |
e where: (Substrate bias)
* t,, isthe oxide thickness and (a)
* €,y isthe oxide permittivity. Figure 3.5

* For silicon devices:
€, = (3.9)(8.85 x 107" F/cm.

* The parameter u, is the mobility of the electrons in the inversion
layer.
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3.1.3. Ideal MOSFET Current—Voltage
Characteristics—NMOS Device

As the following Equation :

1 w Source UGS Ups
Ky = 2 ) T UnCox

Metal
electrode

* It indicates the conduction parameter is a function of both:

* Electrical (i.e. u, and C,,) and
The mobility of the electrons p,, in the inversion layer.
* The Oxide Capacitance C,, per unit area

e Geometric parameters (i.e. W and L). @ n ‘/‘/J & n” g,

The channel width W and channel length L.

* The oxide capacitance C,, and carrier mobility u, are essentially constants for .

a given fabrication technology. |
* However, the geometry, or width-to-length ratio W /L, is a variable in the (Substrate bias)
design of MOSFETs that is used to produce specific current—voltage (a)
characteristics in MOSFET circuits. -
Figure 3.5
* We can rewrite the conduction parameter in the form:
kn W
K,=— —
2 L
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3.1.3. Ideal MOSFET Current—Voltage

Characteristics—NMOS Device
kW
— 2 L

* where k;, =u,C,, and is called the process
conduction parameter.

Kn

* Normally, k;, is considered to be a constant for a
given fabrication technology, so the Equation I
above indicates that the width-to-length ratio W (Substrte bias)

. . . . (a)
/L is the transistor design variable. Figure 3.5
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EXAMPLE 3.1: The current in an n-channel
MOSFET Calculation

* Objective: Calculate the current in an n-channel MOSFET.

* Consider an n-channel enhancement-mode MOSFET with the following
parameters:

VTN — O4V,
W = 20um,
L = 0.8um,

U, = 650 cm?*/V-s,
t,, = 200 A, and
— (3.9)(8.85 x 10~1%) F/cm.

e Determine the current when the transistor is biased in the saturation
region for:

* (a) vgg = 0.8V and
¢ (b) UGS — 1.6V

A W N



EXAMPLE 3.1: The current in an n-channel
MOSFET Calculation

e Solution: The conduction parameter is determined by the following
Equation. We first consider the units involved in this equation, as follows:

cm? F
 WinCoy WM (v = s) €ox (m)
" 2L 2L(cm) - t,y,(cm)

* The value of the conduction parameter is therefore:
o = Whn€ox (20x107%)(650)(3.9)(8.85x10714)
=

2Lty 2(0.8 x 107%)(200 x 1078)

¢ Or.
K, = 1.40 mA/V?



EXAMPLE 3.1: The current in an n- channel
MOSFET Calculation

e Solution: From:

K, = 1.40 mA/V?

* We find:
* (a) For vz = 0.8V, l
ip = K,(vgs — Vrn)? = (1.40)(0.8 — 0.4)% = 0.224MA  suvsrac bias
* (b) Forves =1.6V, @

ip = Ky(ves — Von)? = (1.40)(1.6 — 0.4)2 = 2.02mA4  "8¢3”

e Comment: The current capability of a transistor can be increased by
increasing the conduction parameter (K,,).

* For a given fabrication technology, K,, is adjusted by varying the
transistor width W. - the transistor length L is made fixed!
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Skip the following subsections!

 We focus on n-Channel Enhancement-Mode MOSFET.
* Therefore, skip the subsections 3.1.4 and 3.1.5



Chapter 3:
The Field-Effect Transistor

3.1.6 Circuit Symbols and Conventions

3.1.8 Summary of Transistor Operation
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3.1.6. Circuit Symbols and Conventions

NMOS

* The conventional circuit symbol for the n-channel
enhancement-mode MOSFET is shown in Figure
3.12(a).

* The vertical solid line denotes the gate electrode,

e The vertical broken line denotes the channel

* Note: the broken line indicates the device is enhancement
mode.

* The separation between the gate line and channel line

denotes the oxide that insulates the gate from the
channel.
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(a)

Figure 3.12
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3.1.6. Circuit Symbols and Conventions

NMOS

* The polarity of the pn junction between the substrate and
the channel is indicated by the arrowhead (<) on the body
(B) or substrate terminal.

* The direction of the arrowhead indicates the type of transistor,
which in this case is an n-channel device.

* This symbol shows the four-terminal structure of the
MOSFET device.

Gate (G)
Source (S) T Drain (D)
i.{. ;4- S D
|< L >| %
p-type
. 5

l B
Substrate or body (B)

(a)
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3.1.6. Circuit Symbols and Conventions i
NMOS

In most applications in this text, we will implicitly assume
that the source and substrate terminals are connected
together.

Explicitly drawing the substrate terminal for each transistor
in a circuit becomes redundant and makes the circuits
appear more complex.

* Instead, we will use the circuit symbol for the n-channel MOSFET
shown In Figure 3.12(b).

In this symbol, the arrowhead (=) is on the source
terminal and it indicates the direction of current, which for
the n-channel device is out of the source.
* By including the arrowhead in the symbol, we do not need to
explicitly ingicate the source and drain terminals.

We will use this circuit symbol throughout the text except
in specific applications.

12/22/19 JUEE — Electronics | — Dr. Hani Jamleh
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3.1.6. Circuit Symbols and Conventions
NMOQOS

* In more advanced texts and journal articles, the circuit
symbol of the n-channel MOSFET shown in Figure
3.12(c) is generally used.

* The gate terminal is obvious and it is implicitly llD
understood that ¥

* the “top” terminal is the Drain and G OT' Ups

* the “bottom” terminal is the Source.

o

UGS
* The drain top terminal, is usually at a more positive -

voltage than the bottom source terminal.

* |n this introductory text, we will use the symbol shown S

in Figure 3.12(b) for clarity. (c)
Figure 3.12
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3.1.6. Circuit Symbols and Conventions

PMOQOS vs. NMOS

12/22/19

— -
NMOS o " ™
Ugs

D
Q

l ip
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CO M p | eme nta ry I\/I OS F ETS p-channel device n-channel device

Field oxide Polysilicon gate Metal Metal contact

¥

 Complementary MOS (CMOS)
technology uses both n-channel and p-
channel devices in the same circuit.

Gate oxide

n-substrate

* Figure 3.19 shows the cross section of
n-channel and p-channel devices Figure 3.19
fabricated on the same chip.

* CMOS circuits, in general, are more
complicated to fabricate than circuits j
using entirely NMOS or PMOS devices. e

* Yet, as we will see in later chapters, °Vo
CMOS circuits have great advantages " ",
over just NMQOS or PMOS circuits. 1

[

Mp

[
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Complementary MOSFETs

Field oxide Polysilicon gate Metal Metal contact

* In order to fabricate n-channel and p-
channel devices that are electrically
equivalent: oo s

* The magnitude of the threshold voltages i-Substeate
Vry and Vyp must be equal, and

* The n-channel and p-channel conduction Higure 319
parameters must be equal. .

* Since, in general, y, , and p,, are not j
equal, the design of equivalent vo o] |,
transistors involves adjusting the
width-to-length (W /L) ratios of the > Yo
transistors. vio— | my

1
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3.1.8 Summary of Transistor Operation

* We have presented a first-order model of the operation of the MOS
transistor.

* For an n-channel enhancement-mode MOSFET, a positive gate-to-source
voltage, greater than the threshold voltage V', must be applied to induce
an electron inversion layer. For v.¢ > Vi, the device is turned on.

* For an n-channel depletion-mode device, a channel between the source
and drain exists even for v.¢ = 0.

* The threshold voltage is negative, so that a negative value of v is required to turn
the device off.

* For a p-channel device, all voltage polarities and current directions are
reversed compared to the NMOS device.

* For the p-channel enhancement-mode transistor, V;p» < 0 and for the
depletion-mode PMOS transistor, V;p > 0.



3.1.8 Summary of Transistor Operation

* Table 3.1 lists the first-order equations that describe the i—v relationships in
MOS devices. We note that K,, and K, are positive values and that the

drain current i,
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Table 3.1 Summary of the MOSFET current-voltage relationships

NMOS

PMOS

Nonsaturation region (vps < vps(sat))
y .

ip = Kul2(vgs — Vra)vps — vpgl

Saturation region (vps > vps(sat))

. 2

ip =K,(vgs — Vrn)*

Transition point

vps(sat) = vgs — Vry

Enhancement mode

VTN > 0

Depletion mode

VTN <0

Nonsaturation region (vsp < vsp(sat))
ip = K,[2(vsGg + Vrp)vsp — vip]
Saturation region (vsp > vsp(sat))

ip = Kp(vsg + Vrp)?

Transition point

vsp(sat) = vsg + Vrp

Enhancement mode

Vip <0

Depletion mode

va > O

is positive into the drain for the NMOS device and positive
out of the draln for the PMOS device.
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Objective:

 Understand and become familiar with the DC analysis and design
techniques of MOSFET circuits



Introduction

* In the last section, we considered the basic MOSFET characteristics and
properties.

* We now start analyzing and designing the DC biasing of MOS transistor circuits.

* A primary purpose of the rest of the chapter is to continue to become familiar
and comfortable with the MOS transistor and MOSFET circuits.

* The DC biasing of MOSFETs, is an important part of the design of amplifiers.

* In most of the circuits presented in this chapter, resistors are used in conjunction
with the MOS transistors.

* In a real MOSFET integrated circuit, however, the resistors are generally replaced
by other MIOSFETs, so the circuit is composed entirely of MOS devices.

* As we go through the chapter, we will indeed analyze and design circuits
containing only MOSFETSs.
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Introduction

* In the DC analysis of MOSFET circuits, we can use the ideal current—
voltage equations listed in Table 3.1 in Section 3.1.

Table 3.1 Summary of the MOSFET current-voltage relationships
NMOS PMOS

Nonsaturation region (vps < vpgs(sat)) Nonsaturation region (vsp < vsp(sat))
ip = Ku[2(vgs — Vrn)vps — vi] ip = K,[2(vsGg + Vrp)vsp — v3p]
Saturation region (vps > vps(sat)) Saturation region (vsp > vsp(sat))
ip = K,(vgs — Vry)? ip =K,(vsg + Vrp)?

Transition point Transition point

vps(sat) = vgs — Vry vsp(sat) = vsg + Vrp
Enhancement mode Enhancement mode

VTN = O va << O

Depletion mode Depletion mode

VTN < O VTP = O
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3.2.1 Common-Source Circuit

* One of the basic MOSFET circuit configurations is )
called the common-source circuit. 'bp

* Figure 3.24 shows one example of this type of
circuit using an n-channel enhancement-mode R§ ’Dl%eg

MOSFET.

* The source terminal is at ground potential and is o
common to both the input and output portions of -
the circuit. TR § os _

* The coupling capacitor C, acts as an open circuit ;
to DC but it allows the signal voltage to be coupled =
to the gate of the MOSFET. Figure 3.24
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3.2.1 Common-Source Circuit

Vbp
* The DC equivalent circuit is shown in Figure T
3.25(a). ; [Dl R,
* In the following DC analyses, we again use the | 0 .
notation for DC currents and voltages. Ve, —’+ I Vig
* Since the gate current into the transistor is zero, N Vs

(i.e. I = 0), the voltage at the gate is given by a 2 -
voltage divider, which can be written as:

Vs = Vg = — 2y +
GS G R1+R2 DD (@)

Figure 3.25
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Reminder!
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ip

Nonsaturation
region,
UDs < UDs (sat)

UDS (Sﬂt) = UGS — VTN
VGss = VGs4
Saturation region
Ups > vpg (sat) g
VGs4 =~ VGs3
VGS3 = VGs2
UVGs2 = UGSl

UGS] > VTN> 0

Figure 3.10

JUEE — Electronics | — Dr. Hani Jamleh

UDS



Do You Still Remember?

kf Forward-active mode —30> [ vpg (sat) = vgg— Viy

Nonsaturation
region, —
vpg < Upg (sat)

VGS5 > VGS4

Saturation 25 Saturation region

_—
Ups > Ups (sat)

Load line 20

VGs4 > VGs3

VGS3 > VGS2

UGs2 > UGSt

Cutoff
1\/“ ves1 > Vv >0

8 10 yep (V)

VCE (sat)

(b)
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3.2.1 Common-Source Circuit

12/29/19

Assuming that:
1. The gate-to-source voltage V¢ is greater than V;,, and
2. The transistor is biased in the saturation region,

KVL1: the drain current is:
Ip = Kn(Vgs — Vrn)?
KVL2: the drain-to-source voltage is: -

Vbs = Vpp — IpRp gc,i \
Check if VDS > VDs(Sat) — VGS — VTN )

* Then the transistor is biased in the saturation region, as we initially assumed,
and our analysis is correct.
Else if Vps < Vps(sat), @
* Then the transistor is biased in the nonsaturation region, and the drain
current is given by the more complicated characteristic Equation.

The power dissipated in the transistor, since there is no gate current, is
simply given by:
Pr = IpVps

JUEE — Electronics | — Dr. Hani Jamleh

Vbp
/
R, Dl Kp
0 -
E—
v | V
G — DS
R Vs

Figure 3.25



EXAMPLE 3.3

Vbp
* Objective: T
1. Calculate the drain current and drain-to-source R lol Ry,
voltage of a common source circuit with an n- 0 .
channel enhancement-mode MOSFET. Ve, —’+ I Vig
2. Find the power dissipated in the transistor. ] Ves |
* For the circuit shown in Figure 3.25(a), assume ’ B
that: T
R, = 30k, R, = 20k, Ry, = 20k(), =
Vop = 5V, Vey = 1V, and K,, = 0.1mA/V?2. (@)

Figure 3.25
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EXAMPLE 3.3

Vpp = 5V

* Solution: From the circuit shown in the Figure and T

from voltage divider formula, we have:

RZ Zok [Dl Rp = 20kQ
Ve = Vgs = Vbp = (5) =2V = SO0
R{ + R, 20k + 30k o | +

* Assuming the transistor is biased in the saturation i + "f’s

region: Vec
1. The drain current is: Ry =20kQ -
2. The drain-to-source voltage is: —eL

* The power dissipated in the transistor is:
Py =1,Vps = (0.1m)(3) = 0.3mWW
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EXAMPLE 3.3

Vop = 5V
e Comment: Find: T
Vps(sat) =Ves = Vpy =2-1=1V IDl Rp = 20kQ
* Then check: fu = 30K0
7A el
;P» VDS > VDS (S at)r Qogrect i + 1 s
ﬁ"lc‘ 3V > 1V VGS B
* Hence, the transistor is indeed biased in the R = 2060 -
saturation region and our analysis is valid. T

* The DC analysis produces the quiescent values (Q-
points) of drain current and drain-to-source
voltage, usually indicated by I, and V.
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3.2.1 Common-Source Circuit

* As Example 3.4 illustrated:

* We may not know initially whether a transistor is biased in the
saturation or nonsaturation region.

* The approach involves making an educated guess and then
verifying that assumption.
* If the assumption proves incorrect = we must then change it and

reanalyze the circuit. %

* In linear amplifiers containing MOSFETSs, the transistors are
biased in the saturation region.

12/29/19 JUEE — Electronics | — Dr. Hani Jamleh
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DESIGN EXAMPLE 3.5

* Objective: Design a MOSFET circuit biased with both
positive and negative voltages to meet a set of
specifications.

 Specifications: The circuit configuration to be designed
is shown in Figure 3.27.

* Design the circuit such that:
IDQ —_ OSmA and VDSQ — 4‘V

* Choices: Standard resistors are to be used in the final
design. A MOSFET transistor with nominal parameters:

k! = 80uA/V2,(W/L) = 6.25,and Vyy = 1.2V

R; =50 kQ

Vf=45V
Rp
Rg
V™ =-5YV

Figure 3.27



DESIGN EXAMPLE 3.5

* Solution: Assuming the transistor is biased in the Vi=45V
saturation region, we have:
Ipg = Ky (Vos — Vrn)? Rp
* The conduction parameter is:
LW Vb
K, =+ = 0.0802m(6.25) = 0.25mA/V?
* Solving for the gate-to-source voltage, we find the o Vs
required gate-to-source voltage to induce the specified £c=>0k?
drain current Ipg = 0.54. Rs
Vo= 224y = 220 0= o614y )
GS — V Kn TN — V 0.257’)’1 ' T ' V' =-35YV

12/29/19

Figure 3.27
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DESIGN EXAMPLE 3.5

* Since the gate current [ is zero, the gate is at Vi=as Y
ground potential.

R

* The voltage at the source terminal is then: b
VS — _VGS = —2.614V Ig Vb

 The value of the source resistor is found from

P — Ve =V _ —2.614 — (-5) _ 477kQ Re = 50KO Vs

> IDQ 0.5m . Ry

V-=-5V

Figure 3.27

12/29/19 JUEE — Electronics | — Dr. Hani Jamleh 16



DESIGN EXAMPLE 3.5

* The voltage at the drain terminal is determined to be:

* Then, the value of the drain resistor is:
Vt—-V, 5-1.386
Ry, = = = 7.23k()

* We may note that:
VDS =4V > VDs(Sat) = VGS — VTN =261—-—1.2=141V R;=50kQ

LA

A CGogrect
/F .} \\
\r y b »

. whith means that the transistor is indeed biased in the
saturation region.

12/29/19 JUEE — Electronics | — Dr. Hani Jamleh

Vi=45V
Rp
Ig
_
Rg
V-=-5V

Figure 3.27
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DESIGN EXAMPLE 3.5

* Trade-offs: The closest standard resistor values are: Vi=45V
R = 4.7k} and Rp = 7.5k}
* We may find the gate-to-source voltage from Rp
Ves + IpRs—5 =10 I v,
* Where:
Ip = Kn(Vgs — VTN)2
* Using the standard resistor values, we find: R;=50kQ Vs
Vgs = 2.622V,Ipo = 0.506mA, and V5 = 3.83V Ks
* |n this case: =
* the drain current is within 1.2% of the design specification and V- =-5V

* the drain-to-source voltage is within 4.25% of the design specification. ,
Figure 3.27
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DESIGN EXAMPLE 3.5

.« . . . +_ .5
e Comment: It is important to keep in mind that: Vi=+V
* The current into the gate terminal is zero. In this case, then,
there is zero voltage drop across the R resistor. »
D

* Design Pointer: In an actual circuit design using
discrete elements, we need to choose standard I5=0 v,
resistor values that are closest to the design values.

* In addition, the discrete resistors have tolerances that
need to be taken into account. _
RGZDO ]\Sl VRG = O

* In the final design, then, the actual drain current and R
drain-to-source voltage are somewhat different from ~
the specified values. =

* In many applications, this slight deviation from the specified
values will not cause a problem.

Figure 3.27
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3.2.2 Load Line and Modes of Operation

* The load line is helpful in visualizing the region in

which the MOSFET is biased.

* Consider again the common-source circuit shown

in Figure 3.25(b).

* Writing a Kirchhoff’s voltage law equation (KVL2)
around the drain-source loop results in Equation:

VDS T VDD ID RD

* which is the load line equation:
* showing a linear relationship between:

12/29/19

e The drain current (Ip) and
* The drain-to-source voltage (Vps).

JUEE — Electronics | — Dr. Hani Jamleh

Vpp=3V

T

In=0.1 mA
) l D
R, = Omg Rp= OI\Q%

+

(5) Vhe=5-(0.1)20)
(DO) .—+| 1)5:3\/

=2V >
Ry =20k § Ves=2V

1

(b)

Figure 3.25
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3.2.2 Load Line and Modes of Operation

, 5 Vps
P20k 20k .
* The two end points of the load line are ”""
determined as: O Nomsaturation 7 ¥0s (520 = vGs — Vi
* If I, =0, then V5 = 5V; 025 | R Tegon
* If Vpe =0,thenl, =5/20 = 0.25mA 0.20

* The Q-point of the transistor is given by s
the DC drain current (Ip) and drain-to-

source Voltage (Vps). 0.10 Vasg=2V
* Q-point is always on the load line, as shown 005 Cutoft
in the figure. ~

UDs

A few transistor characteristics are also
shown on the figure.
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3.2.2 Load Line and Modes of Operation

* If the Vs is less than Vi = the I is zero
and the transistor is in cutoff.

* As the Vs becomes just greater than Vg ipmay
—> the transistor turns on and is biased in | )
the Satu rat|on reg|0n. Nonsatpration I, vps (sat) = vgg— Vy
* As Vi increases, the Q-point moves up the load 025 =S8
line. 0.20 |- \ !
* The transition point is the boundary .
between the saturation and nonsaturation O-poin
regions and is defined as the point where: 0.10 Vosg=2V
|
Vps = Vps(sat) = Vgs — Vry 0.05 TI \ Cutoff
* As V¢ increases above the transition point | XN
0 1 2 3 + 5 UDs

value > the transistor becomes biased in
the nonsaturation region.
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EXAMPLE 3.7

* Objective: Determine the transition point
parameters for a common-source circuit. Vop=5V

T

* Consider the circuit shown in Figure 3.25(b). A
i R =30kQ < Rp=20kQ l p=mom
Assume transistor parameters of: 1= §
* Vry =1V and K, = 0.1mA/V2 x/(-,-=(§—8')('5).—|+ »«',_)5=§;(0.1>(20)
=2V - =3V
R, =20 k£2§ Ves=2V_
1
(b)
Figure 3.25
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EXAMPLE 3.7

* Solution: At the transition point,

Vbs = Vps(sat) = Vgs —Vpy = Vpp — IpRp V””f Y
* The drain current is still in the saturation region: oro s | ip=01ma
Ip = Kn(Vgs — Vrn)? S ani%
« Combining the last two equations, we obtain: Vo=(50)® t——| V=35 0000
Ves = Vry = Vpp — KnRp (Vs — VTN)Z Rjizyo m§ Ves=2V_|
* Rearranging this equation produces: T

KnRp (Vgs — Vrn)? +2(VGS —Vrn) =Vpp =0 ®
(0.1)(20)(Vgs — Von)? 4+ (Vgs — Vrn) =5 =0

Figure 3.25



EXAMPLE 3.7

(0.1)(20)(Vgs = Ven)? + (Vgs = Vpy) =5 =10

* Solving the quadratic equation, we find that
VGS _ VTN = 1.35V = VDS 0.30
* Therefore, ZO

VGS — 235V
* and

= |~

!
y at) = Dee — Vi
Nonsaturation 1 vps (sat) = vgg— Vy
~\r'cg10n /

/
- \ { - Transition point

VGSQ = 2 V

Iy = (0.1)(2.35 — 1)2 = 0.182mA
* Comment:

Cutoff

UDs

* For V¢ < 2.35V, the transistor is biased in the saturation

region;

* For V.¢ > 2.35V , the transistor is biased in the

nonsaturation region.

12/29/19 JUEE — Electronics | — Dr. Hani Jamleh
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Problem-Solving Technique:
MOSFET DC Analysis

* Analyzing the DC response of a MOSFET circuit
requires knowing the bias condition:

e Saturation or nonsaturation of the transistor.

*|n some cases, the bias condition may not be obvious,
which means that:
* We have to guess the bias condition,

* then analyze the circuit to determine if we have a solution
consistent with our initial guess.



Problem-Solving Technique:
MOSFET DC Analysis

* To do this, we can:

* 1. Assume that the transistor is biased in the saturation region, in which
case

Ves > Ven , Ip > 0,and Ve = Vp(sat).
e 2. Analyze the circuit using the saturation current-voltage relations.

3. Evaluate the resulting bias condition of the transistor.

* If the assumed parameter values in step 1 are valid, then the initial assumption is
correct = the transistor is biased in the saturation region.

* If Vo < Vpp, then the transistor is probably cutoff, and
* If Vs < Vps(sat), the transistor is likely biased in the nonsaturation region.

e 4. If the initial assumption is proved incorrect, then a new assumption must
be made and the circuit reanalyzed. Step 3 must then be repeated.



3.2.3 Additional MOSFET Configurations:
DC Analysis

* There are other MOSFET circuits, in addition to the basic common-
source circuits just considered, that are biased with the basic four-
resistor configuration.

* However, MOSFET integrated circuit amplifiers are generally biased
with constant current sources.

* Example 3.8 demonstrates this technique using an ideal current
source.



DESIGN EXAMPLE 3.8

* Home work: —
l %

% L o vp
()@ = C;

||I /I:\

V

12/29/19 JUEE — Electronics | — Dr. Hani Jamleh



n-Channel Enhancement-Load Device

e An enhancement-mode MOSFET connected in a

configuration such as that shown in Figure 3.34 0
can be used as a nonlinear resistor. |ip

* A transistor with this connection is called an R
enhancement-load device, since the transistor is |
an enhancement mode device, i.e. Vyy > 0. a8

e Also, for this circuit:
_ . Figure 3.34 Enhancement-
Ups = Vgs > Ups (Sat) = Vgs — VTN mode NMOS device with the

. . . . . cgate connected to the drai
 which means that the transistor is always biased in e oo
the saturation region.



n-Channel Enhancement-Load Device

* The general iy versus vy characteristics can then
be written as:

10 — /

iD — Kn (UGS o I/TN)2 — Kn (UDS — VTN)Z s (530 = s = Vi |

* Figure 3.35 shows a plot of the Equation above for
the case when K, = 1mA/V? and V- = 1V.

l‘I)S(V)

Figure 3.35 Current—voltage
characteristic of an
enhancement load device



n-Channel Enhancement-Load Device

* If an enhancement-load device is connected in a
circuit with another MOSFET in the configuration
shown in Figure 3.36, the circuit can be used as an
amplifier or as an inverter in a digital logic circuit.

* The load device, M;, is always biased in t
saturation region, and the transistor M, called t

driver transistor, can be biased

in either t

ne
ne

ne

saturation or nonsaturation region, depending on

the value of the input voltage.

* The next example addresses the dc analysis of this
circuit for dc input voltages to the gate of M.

Vpp=5V

Q
l Ipg

-

M;  Vpst
4|+ .

L —

——oVp
l Inp

+

V N Vps
I 0+—| 1 D DSD

EEESS _
Vesp l

Figure 3.36

Load

Driver
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