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Nomenclature'
A constant K™ m™
A gain -
BW bandwidth Hz

C capacitance F

¢, c speed of light, 2.9979110° m/s
CMRR common-mode rejection ratio -
D diffusion constant m2/s

E energy JoreV

E source voltage \Y

E E electric field strength V/m

f frequency Hz
Fn figure of merit rad/s

G gain -

GBW gain bandwidth rad/s

h Planck’s constant, 6.6256110* J(s

H high \Y
hee CE small-signal (AC) forward current transfer ratio or gain -
hre CE small-signal (DC) forward current transfer ratio or gain -

i instantaneous or variable current A
11 constant or rms current or effective or DC current A
IcBo reverse saturation current A
IEBo DC emitter cutoff current A
Izx keep-alive current A

n electron concentration [negative charge concentration]| cm >
n, N concentration m>

N fan-out (number of loads) -

p hole concentration [positive charge concentration] cm>
p pole strength Wb (N/T)

P polarization C/m?

P power \\Y
Pt charge on a proton, 1.602211107" C

q electric unit charge; charge of an electron, —1.60221107" C

! Not all the nomenclature, symbols, or subscripts may be used in this course—but they are related and may be found

when reviewing the references listed for further information. Further, all the nomenclature, symbols, or subscripts will

be found in of many electrical courses (on SunCam, PDH Academy, and also in many texts). For guidance on
nomenclature, symbols, and electrical graphics: IEEE 280-2021. IEEE Standard Letter Symbols for Quantities Used
in Electrical Science and Electrical Engineering. New York: IEEE; and IEEE 315-1975. Graphic Symbols for

Electrical and Electronics Diagrams. New York: IEEE, approved 1975, reaffirmed 1993.
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charge, electric unit charge 1.60221107"

7, R resistance

Sr slew rate

temperature

time

temperature

t

T

U energy
0

rv instantaneous or variable voltage

4 constant or rms voltage or effective or DC voltage

VR voltage regulation

Vr voltage equivalent of temperature

Z impedance

ol<|gl<|< =Rl |~ So]0

S | CE forward current ratio or gain

& | permittivity

F/m (c2 /NBrnz)

g0 | permittivity of free-space, 8.854 1102

F/m (c2 /NDinz)

K Boltzmann’s constant, 1.3807 110

J/K

=

mobility

m?/VIis

"

permeability

H/m (N/Az)

4, | free-space permeability, 1.25661107°

H/m (N/Az)

conductivity

S/m

CB forward current ratio or gain

feedback factor

€ |™|IR |Q

angular frequency

rad/s
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Subscripts

original, origin, zero value,
0 at-rest value, evaluated value, -
at OK, barrier value, resonance

A acceptor -

A,B input A, input B
ac ac current or small signal =
amp amplifier -
ave average -
B DC or biased base -
b, B base -
BB base supply or base biasing -
be, BE | base to emitter -
BO breaker over -
BQ base or quiescent point -
c conduction band or AC or small-signal collector | -
C collector -
C DC or biased collector -
¢, C collector or control -
CB collector to base -
CC collector supply -
CE collector to emitter -
cl current limiting -
cm common mode -
co, CO | cutoff -
d diffusion -
D donor, diode, or drain -
d delay -
D diode -
DC direct current -
DD drain supply -
dm differential mode -
e AC or small-signal emitter -
E DC or biased emitter -
eE emitter -
EBO emitter to base, collector open -
EE emitter supply -
f forward (AC or instantaneous) -
F forward (DC component) or total -
f fall, feedback, or forward (AC or instantaneous) -
F forward (DC component or total) -
fl full load -
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G gap or gate -

GS gate to source -
H hold -
i intrinsic or input (AC or instantaneous) -
i current -
L load -
m maximum -
m merit -
max maximum -
min minimum -
n electrons or n-type -
n noise -
nl no load -
p holes or p-type -
p power -
pn pton -
r reverse (AC or instantaneous) -
R reverse (DC component or total) -
r rise -
R resistance -
ref reference -
RTD resistance temperature detector -
saturation -

source -
transition -

thermal -

thermal -

unity -

instantaneous voltage -
valence band -
constant or effective voltage -

C
SNSRI EIEIEZIE
c

voltage -
zener R
zener R
ZK zener knee -
M zener at maximum rated current -

www.SunCam.com Copyright® 2025 John A Camara Page 5 of 54



621.pdf

Suam )

A SunCam Online Continuing Education Course

TABLE OF CONTENTS

Nomenclature 2
Symbols 3
Subscripts 4
List of Figures 7
List of Equations 7
COURSE INTRODUCTION...cuuittiiueiiensiensienserssisstsssssssssssessscrsssrssssssssssssossssssssssssssssasssassssnsssnses 9
OVERVIEW & PERIODIC TABLE .......cituiiiieiiiieniiinnieieniiiineerensierensistssssssssssssnsssssssessnsssssnssssanssns 9
SEMICONDUCTOR MATERIALS.....ccciitiiiiiieniiiiiriiiriiriiineiineiisessrssrassrassiassiesssessssssssasssssssaes 12
Device Performance CharacteristiCs........coovvviiiiiiiiiiiiisiiiiiiiiiiii e 15
ST 1N 16
7Y ] o 11 =T U 17
AMPlifier ClassifiCatioN........ciieeieiieiiiiiiiiireicrererreeereecreeereaeerenserensesrassernsserensssensessnsessnssssnssesanns 18
Load Line and Quiescent POINt CONCEPL ......ccceueeiiieenieiiieneerieennieriennsesseensessennssessennssessennssessennssenes 20
PN JUNCTIONS ...cuiiiniiiiirniiriiiaiineiieesiresirnssrassraessssssssssssssrsssrassrassrasssossssssssssssssssssssasssasssnnsss 25
Diode Performance CharacteristiCs.........ooevviiiiiiiiiiiiiiiiiiiiii e 29
DIiOAE LOAA LINE ...uuuuiiiiiiiiiii s s s s s 32
Diode Piecewise LiN@ar MOdel............iiiiiiiii e 34
DIODE APPLICATIONS AND CIRCUITS ...ccituiiuirueiineiinniiresiressrassiassisssisssssssssssssssssssssasssasssnnsss 35
Yol s e i 1 [V 01T Yo [T RN 36
7= 0 1= g D 1 T 1= 37
LY L4 T 4TI 0 1T T 38
Photodiodes and Light-Emitting DIOdEs ........cccuueiiieenieiiiieieiiieierieeecereeenneeseenssessennseseennssessennsenes 39
SILICON-CONTROLLED RECTIFIERS......ccctcittiitiiiinniniiniieiieiiaiieiiesiasiaisssesiossassassessasrassssssess 41
REFERENCES ......ieuiituiiiuiiiuiiiuiiiniinsieesiresirassissisesissssssssssssrsssrsssrasssasssossssssssssssssssasssasssnnsssnsss 45
Appendix A: Equivalent Units Of Derived And Common SI Units 46
Appendix B: Physical Constants 47
Appendix C: Fundamental Constants 49
Appendix D: Mathematical Constants, Signs/Symbols, Maxwell’s Equations 50
Appendix E: The Greek Alphabet 51
Appendix F: SI Prefixes 51
Appendix G: Comparison of Electric & Magnetic Equations 52
Appendix H: Coordinate Systems and Related Operations 54

www.SunCam.com Copyright® 2025 John A Camara Page 6 of 54



A SunCam Online Continuing Education Course

List of Figures
FIGURE 1: PERIODIC TABLE ...uvtesuteeeteessseeesseesssesesseasesassssesesassssessssesssesssssesssesssssessssssssssssssssssessssessssessssessssesssessssessnsesnssessns 9
FIGURE 2: TYPICAL SEMICONDUCTOR IMIODEL ...uuvtteuteesuteeeteesutesenteesteessseessteesnseesssesssseesssessnsessnsesssssesssessnssesnsssesssesssssensnsnsens 16
FIGURE 32 GENERAL AIMPLIFIER ....utttttteteeeutttteeeeeeesuiatteeeeeeseussteteeeeesaanstaaeeeeesesanbeaeeeeeeesaanssbaaeeeeesansnsbbaaeeessasannbaaaeaeesasaannes 17
FIGURE 4: CLASS A AMPLIFIER .euuvtteuteesuteesueesteesseestessnseesssessnssesssessnssessesssssssnsssssssesssessnsessnsesssssesssesesssesssesesssessseessssesnsens 18

FIGURE 5: CLASS B AMPLIFIER
FIGURE 6: CLASS C AMPLIFIER

FIGURE 7: PN JUNCTION CHARACTERISTICS 1.cuvteurieuteiuteiieeiteesteeste et eat st s et st et satesatesaessae s saeeaseatssatseaessaaesbe e beebeenteennesanes 25
FIGURE 8: PN JUNCTION CARRIER IMIOVEMENT ....eoutiitiiiiieitieite ettt ettt ettt ettt he e bbb s an e be e be et e e be e beeabesaneeanas 26
FIGURE 9: PN JUNCTION SPACE-CHARGE REGION......cceitiiiiiiiiiiitieetit ettt ettt et ettt et et e an e et e e aneenane s 27
FIGURE 10: SEMICONDUCTOR DIODE CHARACTERISTICS AND SYMBOL ..uviviiiiitieiietinte sttt sttt ettt et beeane s 29

FIGURE 11: REAL DIODE EQUIVALENT CIRCUIT
FIGURE 12: DIODE LOAD LINE

FIGURE 13: PIECEWISE LINEAR IMIODEL...ccuuvteeeeetereeeuteeeesuteeesaaeeeessseesensseeesasssesssnsanesanssesesssssesssssssesasssesesssssesssnssnsssssseessnnnees
FIGURE 14 SIMPLE DIODE CIRCUITS ..vveeuttteteeeteeenseesseeenseessessnseessessseesssessnssssnssssnssssnsessssessnsssssssssssesenssssssesenssesssesenaesnsenes
FIGURE 15: SCHOTTKY DIODE ....uvvtteittteeeiuieeeestteessetteeeesutteesssseeessseesansseeesasssesssnsssessnssesesssssesssssseesssssesesssssesssnssesssnssseessnsees
FIGURE 16: ZENER DIODE ..eeuveesuveteteerteeesteesteeenseestessnseesstessnsaesssesssssesssessnssssnssssnssssssessnsessnsesesssssssesenssssnsesenssesssesesssesnsens
FIGURE 17 TUNNEL DIODE ...eeeeeuttetesititeseiuiteeeetteeesauaeeessuteeessssseeesnsseesessseeesassseessnsssesanssesesssssessssssnesssssesesnsssessssssseesnsseesssees
FIGURE 18: SILICON-CONTROLLED RECTIFIER..

FIGURE 192 DIAC. .11t euutteeeiutieeeetteeeeetteee ettt eesuteeesauaeeeesuteeesasseeeesnsaaeeensseeesassaeeesnsaeeeansseeesasseeessaseaeeansseeesansseessnsseeennssseesnnsnns
FIGURE 202 TRIAC. .ttt euveesuteesueesressseessesenseessesssseesssessnsessssessnseesssessnssesssessnsssssessnssesssessnsessssesssssssssesensseensssessesssenesssesnsenes
EQUATION 12 IMASS ACTION LAW ... utieiuteieteeeteeeteeeitteesieesteestte sttt esee sttt sstesabeeesaeeeabeeebeesabeeessbesbeeessbeeabeeesntesbeeennneenseeas
EQUATION 2: THERMAL CARRIER GENERATION ..ceteeeiuuuietteeeesesauueteeeeessaaausreneeesesasamsseseeeeesesannssseeesesesannnnsenesesssasannseneeesssenannnes 12
EQUATION 3: CARRIER GENERATION AT THERMAL EQUILIBRIUM ....uveiiitiiiiieniieenieeeiteesiee ettt siee st esaee s bt e saneesaeeesanessneeesaneenneees 12
EQUATION 4: SEMICONDUCTOR CONDUCTIVITY....eteutteeuteeeueesureessseesseeeseessseessseesseessseesssesesseesnsesesssesssesenssesssesessesssssessesnseees 13
EQUATION 5: LAW OF ELECTRICAL NEUTRALITY ..tteteteiitetteeeeseseaitteteeeeeseaunnteteeesesesmnreeeeeeesesannssneeeeesesannnnseneeesesasannreneeeeesesannnes 14
EQUATION 6: ELECTRON CONCENTRATION IN P-TYPE IMIATERIAL ... ceeeeeieeeieieeeeeeeeeeeeeeeee e e eeee e e e e ee e e e e e e e e ee s e e e e e s e e e seneeesesesenasasasanenas 14
EQUATION 7: HOLE CONCENTRATION IN N-TYPE IMIATERIAL «.cceteiuiitieteteeeeeitttteeeeesesinteeeeeeesesaambeneeeeesesannnnseneeeeesasnnnrenesaessenannnes 14
EQUATION 8: CURRENT AMPLIFICATION ...uuuuetittteeeieieiiettteeeseseiaretetesesemnrstetessseseasraaeteeesesensnaaeeeeesesesnnnatesesssesannraneeeessenannes 18
EQUATION 9: LOAD RESISTOR DC CURRENT ....ettteeeeesuitetteeeeseaauusteeeeesssaaunsseeetesssasansseseeesesasannssseeeeesesannnssenesesssasannseneeeessenannnes 18
EQUATION 10: VOLTAGE GAIN

EQUATION 11: TRANSISTOR INPUT INSTANTANEOUS VOLTAGE ... .uuutettteeeaaiunrtteteeeaaaauretteesesesaunssteeeesesaaunnseeesesssasansseneeesssasannnes 20
EQUATION 12: TRANSISTOR INSTANTANEOUS OUTPUT VOLTAGE. ...uvterutetetrerreeeniresiteeesseessseeesseesseeesssesssesesssesssssessesssssesssessseees 21
EQUATION 13: TRANSISTOR INSTANTANEOUS OUTPUT CURRENT ....cttttteteaaiuunrttetaeeaaaanreeteeeesesaussseeeeesesaasnnseeeseessasannseneeesssasannnes 21
EQUATION 14: PN JUNCTION CARRIER CURRENT ....uvteeutteeueerureeesseesteeesseesseeenseessseeesseesssesesseessesesssesssesesssesssesesssesssssesssesssens
EQUATION 15: PN JUNCTION CURRENT ....uuutttttteeetesauttttteeesesaussbeeeeeeesauuseeeeeeeesaaaunbeeeeeeeeesaansseeeeeeaesannnsaeeseeesasannseneeaessanannnen
EQUATION 16: PRACTICAL DIODE/RECTIFIER CURRENT

EQUATION 17: VOLTAGE EQUIVALENT OF TEMPERATURE ....cetettiauttttteteeeaaauntteeeeeesasaunteeeeeaesesanssseeeeeaesannnseeeeeeeaasannseneeasssesannnes 30
EQUATION 18: SATURATION CURRENT VS. TEMPERATURE .....ceeutttetterteteteesteeesueessteeesseesssesesseessesesssesssesesseesssesesssesssesesseesnsenes 30
EQUATION 19: DYNAMIC FORWARD RESISTANCE .....uuiiiittteeeeeaeittttteeeeeseaistteeeeeesesaunbeteeeaesesaannsaeeeeesesaannbaeeeeessasnnseneeaeesesannnes 31

www.SunCam.com Copyright® 2025 John A Camara Page 7 of 54

621.pdf



A SunCam Online Continuing Education Course

EQUATION 20: DIODE LOAD LINE KVL ..ttt ettt ettt e e ettt e e e e e sttt e e e e e st et e e e e e e s nannbbeeeeeesasannbeeeeaeesenannnes 33
EQUATION 21: DYNAMIC LOAD LINE c..tetuttteteeeteeettesteeenteesteessseesbeesseessseesseesnsaessssesssessnseesnsesesssessesenssesnsesesssesssessnseesnsens 33
EQUATION 22: DIODE REVERSE BREAKDOWN REGION.....cctttieieiaiietittteseaeiuutitteeeesesauteteeeeesesantssteeeesesaunnsseeseessasannsenesaessesannes 34
EQUATION 23: DIODE OFF REGION ...veiiuviieiierieeenttesteeesieesteessseesbeesseesaseessseessaessssesssessnssesssesssssesssesesssesnsesesssesssesesseesnsens 34
EQUATION 24: DIODE FORWARD BIAS REGION ...ceiiiiiuiiiiiiteteeeeeiittteeeeeseeittte e e e e s e snteteeeeesessuaustteeeeeesasnnsaeeeeeesasaunseeaeaessesaannes 34
EQUATION 25: ZENER TEMPERATURE COEFFICIENT ..vveruvteeuteessreeenseesseeesseesseeesseesnseessssesssessnsesssesesssesssesesssesnsesesssesssseesssesssees 38
EQUATION 26: LED WAVELENGTH ..cettetieeiiiettteeeeesaittttteeeseseeuiatteeeeeeseauustbaeeeeesesaanbaaeeeeesesaanbseaaeeeeesasnnsaaaeeessasannsaneeasssasannnes 40
List of Examples
EXAMPLE L.teiuttesitteiteesteesteesiteeeteesateesteesabeesbeesabaesaseesateeaabaesabeeeaseeeabeeaaseeeabeeeaseeeabeeeabaeeabaeebbeeabee e bae e beeenbbe e beeenbaeenteeen 11
EXAMPLE 2. .uteeiuteeeteeeteeeiteeseteeessaeestesaasaeasseeaseesssaeanseeansesanseeansaeansseanseeanseeaaseeaaseeenseeenseeanseeeasseensee e saeenteeeaseeeseeeasaeenneeas 14
EXAMPLE 3.1 ittesiteeeteesiteesiteesiteeesteesabeesbeesabeesaseesabeesabeesateeaabeesabeeeaseeeabeeeas e e eab e e oAbt e e A b et e bee e ba e e b be e bee e bae e beeenhbe e baeenbaeenteeen 22
EXAMPLE .....eveeieteeeteeeteesetee st e e e teeeteeeetaeeabeeeseesasaeaaseeaateeaaseeanseeansaeanseeanseeeaseeeaseeensae e neeenteeeaneeeteeenaeeteeeanaeebeeearaeenneen 32
EXAMPLE 5.ttt ittt sttt sttt et e et e e bt e st e st e e et e e bt e eabe e e bt e e b et et e e ea b et e b e e e b et e b e e e be e e bee e bae e bt e e baeeabae e beeenhte e beeenraeenteeen 40

www.SunCam.com Copyright® 2025 John A Camara Page 8 of 54

621.pdf



621.pdf

S

A SunCam Online Continuing Education Course

COURSE INTRODUCTION

The theoretical information is primarily from the author’s books, Refs. [A] and [B]. The NESC
Ref. [C] and NEC Ref. [D] though not covered in this course are useful sources for electrical
engineers. Information useful in many aspects of electric engineering may be found in [E] and [F].
Reference [G] has detailed descriptions of analysis techniques. Reference [H] covers many terms
in EE with excellent definitions and explanations. The appendices cover information useful in
many engineering tasks with App. G providing a side by side comparison of electric and magnetic
equations. Use these texts or their counterparts for indepth information. References in bold are
highly recommended.

This course will focus on basics, that rarely change, and provide the basis for all other knowledge.

OVERVIEW & PERIODIC TABLE

Electronics involves charge motion through materials other than metals, such as vacuums, gases,
or semiconductors. The focus in this course will be on semiconductor materials. Because an
understanding of the electron structure is vital to understanding electronics, a periodic table of the
elements is shown below.

The Periode: Tabla of Elements [Long Fomn)

The numbar of slecirons in flad sheffs is shown in m column s tha sxirema lR; ik remaining slectrons for sach slement seo shown immedistely
Bl ow e wpmsa] Dor aach o Atemic d i B acknbi. Absrne waights [reunded, Bamd on carban-13] ar #hown abaw the
apmritioh. Atamic weight valum in parenthes s sm umq., of tha inctape of langes hatl-Ifn for certain radicactive shmunts whom alamic wesghts
canng ke precimly gueted withows knowledge of arigin of the slement.

rewtaly ez o bl
periods| 1 ]
10078 A00E0
1 fWim Hal2|
e | ] 13 " " 16 7 |z
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P 1 3 4 5 f T ]
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3 maln1] [Mghi] i [s0a) (Psl (S N |adis
28 b 2 k] '] ] [] T L ] " " 12 |3 4 5 f Ir A
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Figure 1: Periodic Table
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An electronic component is one able to amplify, control, or switch voltages or currents without
mechanical or other nonelectrical commands. The charge in metals is carried by the electron, with
a charge of —1.6022 x 107" C. In semiconductor materials, the charge is carried both by the
electron and by the absence of the electron in a covalent bond, which is referred to as a hole with
a charge of +1.6022 x 107" C.2 The concentration of electrons, n, and holes, p, is given by the
mass action law, which follows.

Equation 1: Mass Action Law

nz—n
,'_p

The term n; is the concentration of carriers in a pure (intrinsic) semiconductor.’ In intrinsic
semiconductor materials, the number of electrons equals the number of holes, and the mass action
law is stated as in Eq. 1. Nevertheless, the mass action law applies for intrinsic and extrinsic
semiconductor materials. Extrinsic semiconductor materials are those that have had impurities
deliberately added to modify their properties, normally their conductivity. For extrinsic
semiconductors, the mass action law is probably better understood as indicating that the product
np remains constant regardless of position in the semiconductor or doping level. Carriers, either n
or p, in a semiconductor are constantly generated by thermal creation of electron-hole pairs and
constantly eliminated by recombination of electron-hole pairs. The carriers generated are caused
to diffuse by concentration gradients in the semiconductor, a phenomenon that does not occur in
metals.

Semiconductor devices are inherently nonlinear. Nevertheless, they are commonly analyzed over
ranges in which their behavior is approximately linear. Such an analysis is called small-signal
analysis. The DC or effective value of the electrical parameters in the models used for analysis
will be represented by uppercase letters. AC or instantaneous values will be represented by
lowercase letters. Equivalent parameters in the models will use lowercase letters. For convenience,
the lowercase letter ¢ is omitted from functions of time. For example, v(?) is written simply as v.
The subscripts on currents indicate the terminals into which current flows. Subscripts on voltages
indicate the terminals across which the voltage appears. Subscripts indicating biasing voltages are

2 The concept of holes explains the conduction of electricity without free electrons. The hole is considered to behave
as a free positive charge—quantum mechanics justifies such an interpretation. (The Hall voltage is experimental
confirmation.) The calculation of total charge motion in semiconductors is simplified as a result. The same equations
used for electron movement can be used for hole movement with a change of sign and a change of values for some
terms, such as mobility.

3 Intrinsic means natural. Pure silicon is silicon in its natural state, with no doping, though it will have naturally
occurring impurities. The terms pure and intrinsic are used interchangeably.
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capitalized. For example, Vgp is the base biasing voltage while . is the instantaneous voltage
signal applied to the base-emitter junction. A list of common designations is given in Ref. [H].

Electronic components are often connected in an array known as an integrated circuit (IC). An
integrated circuit is a collection of active and passive components on a single semiconductor
substrate (chip) that function as a complete electronic circuit. Small-scale integration (SSI)
involves the use of less than 100 components per chip. Medium-scale integration (MSI) involves
between 100 and 999 components per chip. Large-scale integration involves between 1000 and
9999 components per chip. Very large-scale integration involves more than 10,000 components
per chip. Ultra large-scale integration (ULSI) is a term used to describe circuits with 1,000,000
or more components per chip.*

The nonlinearity of electronic devices makes them attractive for use as amplifiers. An amplifier is
a device capable of increasing the amplitude or power of a physical quantity without distorting the
wave shape of the quantity. The amplifying properties of transistors are covered in this course.
Topics peculiar to amplifiers and amplifier types are covered in a follow-on course. The
application of the electronic components to a variety of circuits is extremely broad. A few
examples are provided in the end sections of this course. Additionally, some electronic circuits are
used often enough to be designed into standard modular devices, that is, off-the-shelf ICs with all
the necessary components to accomplish a given circuit task. An understanding of the basic
electrical and electronic principles for the components used in such devices will enable an
understanding of the overall circuit functions of the standard modular devices and
electrical/electronic circuits in general.

621.pdf

Example 1

Silicon has an intrinsic carrier concentration of 1.6 x 10'© cm ™. What is the concentration of
holes?

Solution
Regardless of whether the material is intrinsic or extrinsic, the law of mass action applies.

However, in intrinsic materials, the concentration of electrons and the concentration of holes are
equal. Equation 1 can be used as follows.

4 The definition is shifting, this now refers to potentially “billions” of transistors of a chip.
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SEMICONDUCTOR MATERIALS

The most common semiconductor materials are silicon (Si) and germanium (Ge). Both are in group
14 of the periodic table and contain four valence electrons. A valence electron is one in the
outermost shell of an atom. Both materials use covalent bonding to fill the outer shell of eight
when they create a crystal lattice. Semiconductor materials (N = 10'° to 10'® electrons/m?) are
slightly more conductive than insulators (N = 107 electrons/ m?) but less conductive than metals
(N =10%8 electrons/m?). The conductivity, ¢, of semiconductor materials can be made to vary from
approximately 1077 to 10° S/m.

The semiconductor crystal lattice has many defects (i.e., free electrons and their corresponding
holes). The formation of free electrons and holes is driven by the temperature and is called thermal
carrier generation. The density of these electron-hole pairs in intrinsic materials is given by

Equation 2: Thermal Carrier Generation

2 _ 3 —Egy/xT
n —AOT e

The term Ao is a constant independent of temperature and related to the density states at the bottom
edge of the conduction band and the top edge of the valence band. T is the absolute temperature.
Eco 1s the energy gap at OK, that is, the energy between the conduction band and the valence band.
This is the energy required to break the covalent bond. The energy gap for silicon at OK is
approximately 1.21 eV. The energy gap for germanium is approximately 0.78 eV. The term « is
Boltzmann’s constant, with values of 1.3807 x 1072* J/K and 8.621 x 107> eV/K.5 At a given
temperature at thermal equilibrium, Eq. 2 becomes

Equation 3: Carrier Generation at Thermal Equilibrium

2 —FE .. /T
n;=NNe "

5 The symbology for Boltzmann’s constant often varies with the units of the energy gap. If eV is used as the energy
unit, Boltzmann’s constant may be seen as either x° or k& to distinguish between eV/K and J/K.
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The terms N. and Ny are the effective density states® in the conduction band and valence band,
respectively. The energy gap for silicon at room temperature (300K) is 1.12 eV. The energy gap
for germanium at room temperature is 0.80 eV.

When minor amounts of impurities called dopants are added, the materials are termed extrinsic
semiconductors.” If the impurities added are from group 13, with three valence electrons, an
additional hole is created in the lattice. These dopants are called acceptors, and semiconductors
with such impurities are called p-types. The majority carriers in p-type semiconductors are holes,
and the minority carriers are electrons. The majority of the charge movement takes place in the
valence band. Typical dopants are indium (In) and gallium (Ga). If the impurities added are from
group 15, with five valence electrons, an additional electron is provided to the lattice.® These
dopants are called donors, and semiconductors with such impurities are called n-types. The
majority carriers in n-type semiconductors are electrons, and the minority carriers are holes. The
majority of charge movement takes place in the conduction band. Typical dopants are phosphorus
(P), arsenic (As), and antimony (Sb).

The conductivity of the semiconductor is determined by the carriers. The mobility of electrons is
higher than that of holes.” The total conductivity in any semiconductor is a combination of the
movement of the electrons and holes and is given by

Equation 4: Semiconductor Conductivity

024(”/1” +pup)

The law of mass action, Eq. 1, applies to extrinsic semiconductors. With the addition of dopants,
the law of electrical neutrality given by Eq. 5 also applies. The concentration of acceptor atoms is
N4, each contributing one positive charge to the lattice. (Do not confuse NA with Avogadro’s
number.) The concentration of donor atoms is Np, each contributing one negative charge. Since
neutrality is maintained, the result is'°

¢ The effective density of states is a simplified, integrated value that represents the number of states available to
electrons at or near the band edges (conduction band minimum or valence band maximum).

7 A minor amount of dopant material is on the order of 10 parts per billion.

8 The additional electron exists because the outer shell octet is satisfied by the covalent bonding of the first four
electrons in the impurity.

° The mobility of electrons is a factor of 2.5 higher in silicon and about 2.1 higher in germanium.

10 Neutrality is maintained because each atom of an added impurity removes one intrinsic atom.
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Equation 5: Law of Electrical Neutrality
N,+n=N,+p

In a p-type material, the concentration of donors is zero, (Np = 0). Additionally, the concentration
of holes is much greater than the number of electrons (p >> n). For a p-type material, Eq. 5 can be
rewritten as N4 = p. Using the law of mass action, Eq. 1, the concentration of electrons in a p-type
material is

Equation 6: Electron Concentration in p-type Material

i

N

A

n=

In a mn-type material, the concentration of acceptors is zero, (N4 = 0). Additionally, the
concentration of electrons is much greater than the number of holes (n >> p). For an n-type material,
Eq. 5 can be rewritten as Np~ n. Using the law of mass action, Eq. 1, the concentration of electrons
in a n-type material is

Equation 7: Hole Concentration in n-type Material

621.pdf

— ni
p N,
Example 2

The energy gap for silicon at room temperature (300K) is 1.12 eV. The energy density states are
Ne=2.8x10" cm™ and N, = 1.02 x 10" cm ™. What is the intrinsic carrier concentration?

Solution

The intrinsic carrier concentration, assuming thermal equilibrium, is given by Eq. 3.
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n? . M‘.NUS—EG,H'K-T
= (2.8 x 10" em™?)
= 4.4p2 x 10" ¢cm ™"

n. = 4452 x 10%cm = = 6.67 x 10° cm™3

T

~0.7x 10" cm ™3

This number differs slightly from the number determine experimentally and more exact
calculations (1.6110" cm™).

621.pdf

Device Performance Characteristics

Electronic components function on some variation of pn junction principles. Amplifiers function
on some variation of transistor principles, that is, pnp or npn junction principles. Most electronic
components can be modeled as two-port devices with two variables—current and voltage—for
each port. The relationship between the variables depends on the type of device. The relationship
can be expressed mathematically, as for MOSFETs (metal-oxide semiconductor field-effect
transistors), modeled in equivalent circuits, as with transistor h-parameters, or described
graphically, as with BJT characteristic curves.

Semiconductor devices are inherently nonlinear. The performance of such devices is analyzed in
a linear fashion over small portions of the characteristic curve(s). Such analysis is called small-
signal analysis. A small signal is one that is much less than the average, that is, steady-state, value
for the device, which usually is the biasing value. The models used in each linear portion of the
characteristic curve are termed piecewise linear models. If the operation is outside the linear region
or if the input signal is large compared to the average value, the device distorts the input signal.
Such operation is called nonlinear operation.

The characteristic curve for an ideal transistor operating as a current-amplifying device is shown
in Fig. 2. (The shape of the curve is the same for a diode, that is, a pn junction.)
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lout . .
lin lout

device

in Vout

Voul

Figure 2: Typical Semiconductor Model

The voltage-current graph is divided into various regions known by names such as saturation (or
on), cutoff (or off), active, breakdown, avalanche, and pinchoff regions. The locations of these
regions depend on the type of transistor—for example, BJT or FET—and its polarity. Operation
is normally in the linear active region, but applications for operation in other regions exist in
digital and communications (radio frequency) applications.

Bias

Bias is a DC voltage applied to a semiconductor junction to establish the operating point, also
called the quiescent (no-signal) point. Biasing establishes the operating point with no input
signal.'! Biasing, then, is the process of establishing the DC voltages and currents (the bias) at the
device’s terminals when the input signal is zero (or nearly so).

For pn junctions, forward bias (or on condition) is the application of a positive voltage to the p-
type material or, equivalently, the flow of current from the p-type to the n-type material. In a small
semiconductor device, forward bias results in current in the milliampere range.

Reverse bias (or off condition) is the application of a negative voltage to the p-type material, or
equivalently, the flow of current from the n-type to the p-type material. In a small semiconductor
device, reverse bias results in current in the nanoampere range.

Self-biasing is the use of the amplifier’s output voltage, rather than a separate power source, as the
supply for the input bias voltage. This negative feedback control regulates the output current and
voltage against variations in transistor parameters.

1 Bias is used both as a verb and a noun in electronics.
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Amplifiers

An amplifier produces an output signal from the input signal. The input and output signals can be
either voltage or current. The output can be either smaller or larger (the usual case) than the input
in magnitude. While most amplifiers merely scale the input voltage or current upward, the

A SunCam Online Continuing Education Course
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amplification process can include a sign change, a phase change, or a complete phase shift of

180°.12 The ratio of the output to the input is known as the gain or amplification factor, A. A voltage
amplification factor, Ay, and current amplification factor, Ar or f, can be calculated for an

amplifier.

Figure 3 illustrates a simplified current amplifier with current amplification factor f. The

additional current leaving the amplifier is provided by the bias battery, 7.

lout

short

‘/'cir{:uit

line of

/ constant i,

load line
o

/_ open circuit

V2 ll‘/ac

out

fin electronic | fout = Pin
? amplifier, g ? ﬁ
—— =
] d Ve ¢ ” |
T V foutl g RI_
ac
A il [ )
'| I|+ +I||'
ooty :

Figure 3: General Amplifier

The current amplification is thus given by the following equation.

12 An inverting amplifier is one for which vou = —Ayvin. For a sinusoidal input, this is equivalent to a phase shift of

180° (i.e., Vou= ArVin £-180°).
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Equation 8: Current Amplification

iout = ﬁ iin

A capacitor, C, is placed in the output terminal to force all DC current to travel through the /oad
resistor, R;. Kirchhoff’s voltage law for loop abcd is

Equation 9: Load Resistor DC Current
I/2 =1 R +Vvac :ﬂiinRL+V;c

out” L

If there is no input signal (i.e., iin = 0), then iou = 0 and the entire battery voltage appears across
terminals ac (V.= V2). If the voltage across terminals ac is zero, then the entire battery voltage
appears across Ry, so that iout = V2/R;.

Amplifier Classification

Amplifiers are classified on the basis of how much input is translated into output. A sinusoidal
input signal is assumed. The output of an amplifier depends on the bias setting, which in turn
establishes the quiescent point.

A Class A amplifier, as shown in Fig. 4, has a quiescent point in the center of the active region of
the operating characteristics. Class A amplifiers have the greatest linearity and the least distortion.
Load current flows throughout the full input signal cycle. Because the load resistance of a properly
designed amplifier will equal the Thevenin equivalent source resistance, the maximum power
conversion efficiency of an ideal Class A amplifier is 50%.

Figure 4: Class A Amplifier
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For Class B amplifiers, as shown in Fig. 5, the quiescent point is established at the cutoff point. A
load current flows only if the signal drives the amplifier into its active region, and the circuit acts
like an amplifying half-wave rectifier. Class B amplifiers are usually combined in pairs, each
amplifying the signal in its respective half of the input cycle. This is known as push-pull operation.
The output waveform will be sinusoidal except for the small amount of crossover distortion that
occurs as the signal processing transfers from one amplifier to the other. The maximum power
conversion efficiency of an ideal Class B push-pull amplifier is approximately 78%.

Ie

Figure 5: Class B Amplifier

The intermediate Class AB amplifier has a quiescent point somewhat above cutoff but where a
portion of the input signal still produces no load current. The output current flows for more than
half of the input cycle. AB amplifiers are also used in push-pull circuits.

Class C amplifiers, as shown in Fig. 6, have quiescent points well into the cutoff region. Load
current flows during less than one-half of the input cycle. For a purely resistive load, the output
would be decidedly non-sinusoidal. However, if the input frequency is constant, as in radio
frequency (rf) power circuits, the load can be a parallel LRC tank circuit tuned to be resonant at
the signal frequency. The LRC circuit stores electrical energy, converting the output signal to a
sinusoid. The power conversion efficiency of an ideal Class C amplifier is 100%.

www.SunCam.com Copyright® 2025 John A Camara Page 19 of 54

621.pdf



A SunCam Online Continuing Education Course

Ie

Figure 6: Class C Amplifier
Load Line and Quiescent Point Concept

The iin-vour curves shown above illustrate how amplification occurs. The two known points, (Vout,
iout) = (V2, 0) and (vout, iout) = (0, V2/Ry), are plotted on the voltage-current characteristic curve. The
straight load line is drawn between them. The change in output voltage (the horizontal axis) caused
by a change in input voltage (parallel to the load line) can be determined. Equation 11 gives the
voltage gain (amplification factor).3'*

Equation 10: Voltage Gain
— t ~ Avout
ooy, Av,

ov
— [8)81

Usually, a nominal current (the quiescent current) flows in the abcd circuit even when there is no
signal. The point on the load line corresponding to this current is the quiescent point (Q-point or
operating point). It is common to represent the quiescent parameters with uppercase letters
(sometimes with a subscript Q) and to write instantaneous values in terms of small changes to the
quiescent conditions as shown in the following equations.

Equation 11: Transistor Input Instantaneous Voltage
v, =V, +Av,

13 Gain can be increased by increasing the load resistance, but a larger biasing battery, V2, is required. The choice of
battery size depends on the amplifier circuit devices, size considerations, and economic constraints.
14 A high-gain amplifier has a gain in the tens of hundreds of thousands.
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Equation 12: Transistor Instantaneous OQutput Voltage
Vou=V..TAv,,

out t

Equation 13: Transistor Instantaneous Output Current
iout = Iout + Aiout

Because it is a straight line, the load line can also be drawn if the quiescent point and any other

point, usually (Vg, 0), are known.

The ideal voltage amplifier has an infinite input impedance (so that all of vi, appears across the
amplifier and no current or power is drawn from the source) and zero output impedance so that all
of the output current flows through the load resistor.

Determination of the load line for a generic transistor amplifier is accomplished through the
following steps. [An example follows.]

Step 1: For the configuration provided, label the x-axis on the output characteristic curves with
the appropriate voltage. (For a BJT, this is Vcg or Veg. For a FET, this is Vp.)"s

Step 2: Label the y-axis as the output current. (For a BJT, this is Ic. For a FET, this is Ip.)

Step 3: Redraw the circuit with all three terminals of the transistor open. Label the terminals. (For
a BJT, these are base, emitter, and collector. For a FET, these are gate, source, and drain.) Label
the current directions all pointing inward, toward the amplifier. (For a BJT, these are /s, /g, and Ic.
For a FET, these are Ip and Is.)

Step 4: Perform KVL analysis in the output loop. (For a BJT, this is the collector loop. For a FET,
this is the drain loop.) The transistor voltage determined is a point on the x-axis with the output
current equal to zero. Plot the point.

Step 5: Redraw the circuit with all three terminals of the transistor shorted. Label as in Step 3.

Step 6: Use Ohm’s law, or another appropriate method, in the output loop to determine the current.
(For the BJT, this is the collector current. For the FET, this is the drain current.) The transistor
current determined is a point on the y-axis with the applicable voltage in Step 1 equal to zero. Plot
the point.

15 The output characteristic curves for the BJT are also called the collector characteristics or the static characteristics.
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Step 7: Draw a straight line between the two points. This is the DC load line.'*

Example 3

Consider the following common emitter (CE).

If the load resistance is 500 Q and the collector supply voltage, Vcc, is 10 V, determine and draw
the load line.

I
-

—_— I/
. A Vv,
1 3 |\A CE .
Vee I — Ve
|
1
Solution

[Step 1 and 2] The x- and y- axes are drawn as shown. [The values will be calculated in the
following steps. ]

Ic (mA)
20 152120}].:‘3\
15 Ig =80 pA
= Ig=40 pA
. \
| | | | | | | |
0V Vg (V)

[Step 3] Redrawing the circuit and labeling gives the following.

16 AC load lines are determined in the same manner, but active components, that is, inductors and capacitors, are
accounted for in the analysis.
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[Step 4] Write KVL around the indicated loop.

Vee =1 R, =V =0

With the terminal open-circuited, /c = 0. Substitute and rearrange.
Vg =Vee =10V

Plot this point (10,0) on the x-axis. [See Figure in Step 1]

[Step 5] Redraw and label the circuit with the terminal shorted.

[Step 6] Using Ohm’s law and the given values,

.
1=c= 19V 5204 @oma)
R, 500Q

Plot this point on the y-axis.

[Step 7] Draw a straight line between the two point. This is the DC load line as shown in the first

drawing and repeated here for completion.
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Ig =120 pA

IB=80|U‘A

| | 1 Ix

10V Vg (V)
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PN JUNCTIONS

The pn junction forms the basis of diode and transistor operation. The pn junction is constructed
of a p-type material (the anode) and an n-type material (the cathode) bonded together as shown in
the following figure. Some of the acceptor atoms are shown as ions with a minus sign because
after an impurity atom accepts an electron, it becomes negatively charged. Some of the donor
atoms are shown as ions with a plus sign because after an impurity atom gives up an electron it is
positively charged. (Overall, the law of charge neutrality holds, and the pn junction is neutral.)

junction capacitance

acceptor }— — junction
atom dl - donor atom
hole —4- 000 186[@8l 0,007 electron

0]
000 00|06} 500
D()GODO ee|®e 000

s e

p-type| «— E | n-type
space-
—>| charge j<—
region

(a) pn junction

icharge density, p
|
|
|

|
1

*b&'i distance from
|

| junction
| |

(b) charge density

i ;electric field strength, E

| |

distance from

I (; | junction
|

|
|
(c) electric field intensity

p-side
V=0

‘el ectrostatic potential, V

Vo distance from
t junction

(d) electrostatic potential

potential energy

|

|
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Eo ~_ In-side

o

emol |

(e) potential energy

Figure 7: PN Junction Characteristics
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The concentration gradient across the junction causes holes to diffuse to the right, and electrons to
diffuse to the left. As a result, the concentration of holes on the p-side near the junction is depleted
and a negative charge exists. The concentration of electrons on the n-side near the junction is
depleted as well, and a positive charge exists. The result of this diffusion is shown in Fig. 7(a) and
7(b), the shape of which is determined by the level of doping.'” The diffusion process continues
until the electrostatic field set up by the charge separation is such that no further charge motion is
possible. The net electric field intensity is shown in Fig. 7(c). The net result is a small region in
which no mobile charge carriers exist. This region is called the space-charge region, depletion
region, or transition region, Fig. 7(a). Holes have a potential barrier they must overcome to move
from left to right just as electrons have an energy barrier they must overcome to move from right
to left, as shown in Fig. 7(d) and Fig. 7(e).

The flow of carriers caused by the concentration gradient is called the diffusion current, lgifsusion,
also called the recombination current or the injection current. The flow of carriers caused by the
established electric field is called the drift current, I, also called the saturation current, thermal
current, or reverse saturation current.'® The movement of carriers caused by recombination
(diffusion) and drift (saturation) is continual, though at thermal equilibrium, without any applied
voltage, the net current is zero.

Equation 14: PN Junction Carrier Current
+1, =0 [algebraic sum]

junction — * diffusion

A summary of the movement of carriers is shown below.

=< =~ 0....saturation (drift) electrons.............. —_—
— i recombination (diffusion) holes.... > ~ 0
> =~ 0....... saturation (drift) holes................. -

-«<—....recombination (diffusion) electrons.. «>& ~ 0

net net
A § @ R § 'current

Il |
Al |1
(a) forward bias (b) reverse bias

Figure 8: PN Junction Carrier Movement

17 A step-graded junction and a linearly graded junction are two possible types.
18 Numerous symbols are used, among them I, and I,.
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The width of the space-charge region at equilibrium is shown in Fig. 9(a).
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Figure 9: PN Junction Space-Charge Region
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When an external voltage is applied, that is, a biasing voltage, the width of the space-charge region
and the barrier height change. When the p-type material is connected to a positive potential, that
is, forward biased, holes are repelled across the junction into the n-type material, and electrons are
repelled across the junction into the p-type material. The width of the space-charge region is
reduced and the barrier height for p to n current flow is reduced as shown in Fig. 9(b). A DC
forward bias voltage, VFr, of approximately 0.5-0.7 V for silicon and 0.2-0.3 V for germanium is
required to overcome the barrier voltage. Once the barrier is overcome, the junction current
increases significantly from an increase in the diffusion current. That is, holes cross the junction
into the n-type material, where they are considered injected minority carriers. Electrons cross the
junction into the p-type material, where they too are injected minority carriers. Because hole
movement in one direction and electron movement in the opposite direction constitute a current in
the same direction, the total current is the sum of the hole and electron minority currents.

When the p-type material is connected to a negative potential, that is, reverse biased, holes and
electrons move away from the junction. The width of the space-charge region is increased and the
barrier height for p to n current flow is increased as shown in Fig. 9(c). The process nominally
stops when the holes in the p-type material are depleted. However, a few holes in the n-type
material are thermally generated, as there are electrons in the p-type material. These minority
carriers thermally diffuse into the depletion region and are swept across by the electric field. The
effect is constant for a given temperature and independent of the reverse bias. This is the reverse
saturation current, /;.' The reverse saturation current is small (= 10~ A). An ideal pn junction,
excluding the breakdown region, is governed by

Equation 15: PN Junction Current
V,./&kT
1, =1(e"" 1)

pn

Breakdown is a large, abrupt change in current for a small change in voltage. When a pn junction
is reverse biased, the saturation current is small up to a certain reverse voltage, where it changes
dramatically. Two mechanisms can cause this change. The first is avalanche breakdown.
Avalanche occurs when thermally generated minority carriers are swept through the space-charge
region and collide with ions. If they possess enough energy to break a covalent bond, an electron-
hole pair is created. The same effect may occur for these newly generated carriers, resulting in an
avalanche effect. Avalanche breakdown occurs in lightly doped materials at greater than 6 V
reverse bias. The second breakdown mechanism is zener breakdown. Zener breakdown occurs

1 The reverse saturation current also accounts for any current leakage across the surface of the semiconductor
20 The subscript “pn” is used here for clarification. Standard diode voltage and current directions are defined in the
next section on diodes, after which the subscript is no longer used.
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through the disruption of covalent bonds caused by the strength of the electric field near the
junction. No collisions are involved. The additional carriers created by the breaking covalent bonds
increase the reverse current. Zener breakdown occurs in highly doped materials at less than 6 V
reverse bias.?!

Diode Performance Characteristics

A diode is a two-electrode device. The diode is designed to pass current in one direction only. An
ideal diode, approximated by a pn junction, has a zero voltage drop, that is, no forward resistance,
and acts as a short circuit when forward biased (on). When reversed biased (off), the resistance is
infinite and the device acts as an open circuit. Diode construction and theory is that of a pn junction.

The characteristics and symbol for a typical real semiconductor diode are shown in Fig. 10. The
reverse bias voltage is any voltage below which the current is small, that is, less than 1% of the
maximum rated current. The peak inverse (reverse) voltage, PIV or PRV, is the maximum reverse
bias the diode can withstand without damage. The forward current is also limited by heating
effects. Maximum forward current and peak inverse voltage for silicon diode rectifiers are
approximately 600 A and 1000 V, respectively.

I(mA)

forward

¥ /
bias |/

reverse bias

ionlL
! region
region ’\

(drift current) L
slope R,

(diffusion and
drift currents)

i t]s incremental
break-
down

region

LT
slope = T

(nA)

(a) characteristics

anode + - cathode

(b) symbol

Figure 10: Semiconductor Diode Characteristics and Symbol

2l The name zener is commonly used regardless of the breakdown mechanism.
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The ideal pn junction current was given in Eq. 15. For practical junctions (diodes or rectifiers),
the equation becomes

Equation 16: Practical Diode/Rectifier Current
I=1g(e"" " =1)= 1 (e""7)-1

S

Equation 16, which is based on the Fermi-Dirac probability function, is valid for all but the
breakdown region (see Fig. 10). The term # is determined experimentally. For discrete silicon
diodes, 7 = 2. For germanium diodes, # = 1. The saturation current, taken from any value of / with
a small reverse bias (for example, between 0 and —1 V) gives ;= 10~° A for silicon and 107 A for
germanium. The term Vrrepresents the voltage equivalent of temperature and is related to the
diffusion occurring at the junction.?

Equation 17: Voltage Equivalent of Temperature
_«T_D,_D,
q9 H, H,

%

T

Boltzmann’s constant is given by x. The absolute temperature is 7. An electron charge is
represented by ¢. Diffusion constants, measured in m%/s, are given the symbol D. The mobility,
measured in m?/V-s, is given by the symbol .

The voltage equivalent of temperature is also known as the thermal voltage. The value of Vris
often quoted at room temperature, which can vary from 293K (20°C) to 300K (27°C) depending
upon the reference used. The temperature has the effect of doubling the saturation current every
10°C. So, the following applies.

Equation 18: Saturation Current vs. Temperature

1 T,-T,/10°C
ta-(o)

S1

A real diode can be modeled as shown in Fig. 11. The real diode model is composed of an ideal
diode, a resistor, Ry, and a voltage source, V. The voltage source accounts for the barrier voltage.
Typically, for silicon Vr=0.7 V, and for germanium Vr=0.2 V.

22 This is also called the Einstein relationship.
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equivalent diode

Figure 11: Real Diode Equivalent Circuit

The resistance, Ry, is the slope of a line approximating the linear portion of the characteristic curve
as shown in Fig. 10. Ry is the resistance for an ideal diode. It is not the static (average) resistance
of the diode, as the average resistance is not a constant. The static (average) resistance is calculated
as Rswtiic = Vp/Ip. When the diode is forward biased by more than a few tenths of a volt, Rris equal
to the dynamic forward resistance, ry. Disregarding lead contact resistance (less than 2 Q), the
dynamic forward resistance is

Equation 19: Dynamic Forward Resistance

_
Rf—rf——
D

A dynamic reverse resistance, rr, also exists and is the inverse of the slope at a point in the reverse
bias region.? Because the reverse current is very small, the resistance is often considered infinite.
Capacitances associated with the junction are also ignored in most models of the diode. The
diffusion capacitance, Cq, is associated with the charge stored during forward biased operation.
The transition capacitance, Cy, is associated with the space-charge region width and is the primary
capacitance of concern during reverse bias operation. (Diodes designed to take advantage of this
voltage-sensitive capacitance are called varactors.)

The model of Fig. 11 assumes that (1) the reverse bias current is sufficiently small that the diode
acts as an open circuit in that direction, (2) the reverse bias voltage does not exceed the breakdown
voltage, and (3) the switching time is instantaneous. The switching time is the transient that occurs
from the time interval of the application of a voltage to forward (reverse) bias and the achievement
of the actual condition. The switching time depends upon the speed of movement of minority
carriers near the junction and the junction capacitance.

23 Specifying the reverse current, I, is equivalent to specifying the reverse resistance.
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Example 4

What is the thermal voltage at a room temperature of 300K?
Solution
The thermal voltage is given by Eq. 17.

_xT
q

v

T

(1.3807 %107 8 (300 K)

1.6022x107" C
=0.026 V

Diode Load Line

Figure 12 shows a forward-biased real diode in a simple circuit. V'gg is the bias battery (hence the
subscripts), and Rp is a current-limiting resistor. Rrand Vy are equivalent diode parameters, not
discrete components. If Ry is known in the vicinity of the operating point, the diode current, Ip, is
found from Kirchhoff’s voltage law. The diode voltage is found from Ohm’s law: Vp = IpRy.

Iio

characteristic
curve

load line

operating point

Vp Vg Vp

Figure 12: Diode Load Line
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Equation 20: Diode Load Line KVL
Van=V, =1,(R,+R,)

The diode current and voltage drop can also be found graphically from the diode characteristic
curve (see Fig. 12) and the load line, a straight line representing the locus of points satisfying Eq.
20.>* The load line is defined by two points. If the diode current is zero, all of the battery voltage
appears across the diode (point (Vgg, 0)). If the voltage drop across the diode is zero, all of the
voltage appears across the current-limiting resistor (point (0, Vsp/Rp)). (Because the diode
characteristic curve implicitly includes the effects of Vyand Ry, these terms should be omitted.)
The no-signal operating point, also known as the quiescent point, is the intersection of the diode
characteristic curve and the load line.

The static load line is derived assuming there is no signal (i.e., vin=0). With a signal, the dynamic
load line shifts left or right while keeping the same slope. This is equivalent to solving Eq. 20 with

an additional voltage source, as shown below.

Equation 21: Dynamic Load Line
Vap — Vf +v,

iD:1D+AiD:
RB+Rf

Although presented in a slightly different manner, the method for determining the load line is
similar to that given in the Load Line section. That is,

Step 1: Open-circuit the electronic component’s equivalent circuit and determine the point (x, 0).
Step 2: Short-circuit the electronic component’s equivalent circuit and determine the point (0, y).
Step 3: Connect the two points.

The load line superimposed on the characteristics curve is then used to determine the operating
point (Q-point) of the overall circuit.

24 The horizontal axis voltage is the voltage across the diode (modeled as a resistor).
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Diode Piecewise Linear Model

If the voltage applied to a diode varies over an extensive range, a piecewise linear model may be
used.? For the real diode characteristic shown in Fig. 10, three regions are evident from Vz to Vr.

(1) Reverse Breakdown Region, V<V,

Equation 22: Diode Reverse Breakdown Region
V4V,

R

1

b [V, and V, are negative]

(2) Off Region, v, <V, <V,

Equation 23: Diode Off Region
1,=0

(3) Forward Bias Region, vV, >V,

Equation 24: Diode Forward Bias Region
] = VD — VF
P R

F

Using ideal diodes, the real diode can be represented by the model in Fig. 13 over the entire range

of operation.
| —————————————————— | equivalent
| | diode
V .
I Ry - F ideal }
Ip | AMAV—HI[F—P— |
e | |
anode «—1— L« cathode

Figure 13: Piecewise Linear Model

25 The model in previous section is for the forward bias region only and assumes no reverse current flow.
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DIODE APPLICATIONS AND CIRCUITS

Diodes are readily integrated into rectifier, clipping, and clamping circuits. A clipping circuit
cuts the peaks off of waveforms; a clamping circuit shifts the DC (average) component of the

signal. Figure 14 illustrates the response to a sinusoid with peak voltage Vm for several simple
circuits.

>

| e
Vin Vout T i 1y
\ / \
\

Y \_/ Vin \

.

(a) half-wave rectifier

Vout t

Vin »
(b) full-wave bridge rectifier

c Vin + Vp -V

+|/ e J’

A v /’\\W“ f/"\\
m / LI
Vin ﬂ% Vout ff\\\‘ F‘r/\\'\\ 4
V, = / \ / \
i Y/ N
Vout

(c) clamping circuit (C charges to V;;)

Vout /

(d) base clipper

(TN /7 Vi
V
Vin Vout # it
i /

Vout

(e) peak clipper

Figure 14: Simple Diode Circuits
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Schottky Diodes

A Schottky diode, also called a barrier diode or a hot-carrier diode, is a diode constructed with a
metal semiconductor contact as shown in Fig. 15(a). The Schottky diode symbol is shown in Fig.
15(b). The metal semiconductor rectifying junction is similar to the pn junction, but the physical
mechanisms are somewhat different.

insulation metal

a node/ \cathode

n+

rectifying or n ohmic
Schottky contact contact

p substance

(a) construction

anode + - cathode

(b) diode symbol

E

(c) Schottky contact symbol

Figure 15: Schottky Diode
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In the forward direction, electrons from the lightly doped semiconductor cross into the metal
anode, where electrons are plentiful.?® The electrons in the metal are majority carriers, whereas in
a p-type material they are minority carriers. Being majority carriers, they are indistinguishable
from other carriers and are not stored near the junction. This means that no minority carrier
population exists to move when switching occurs from forward to reverse (on to off) bias.
Consequently, switching times are extremely short (approximately 107!2 s).

The Schottky symbol is used on any electronic component designed with a Schottky contact, that
is, a rectifying, rather than an ohmic, contact as shown in Fig. 15(c). In the figure, the Schottky
contact lies between the base and the collector.

Zener Diodes

A zener diode is a diode specifically designed to operate within the breakdown region. The
construction and theory of a zener diode is similar to that of a pn junction, with the design
allowing for greater heat dissipation capabilities. The characteristics and symbol are shown in

Fig. 16.
I(A)

I 7777777777 Ik V(v)
|
[
__________ IZ
(a) characteristics

anode + - cathode

(b) symbol

Figure 16: Zener Diode

26 The electrons injected into the metal are above the Fermi energy level , determined by the Fermi-Dirac distribution
of electron energies, and are called kot carriers.
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When a reverse voltage, known as the zener voltage, V7 (which is negative with respect to the
anode), is applied, a reverse saturation current, /7, flows. The voltage-current relationship is nearly
linear. Current flows until the reverse saturation current drops to Izx near the knee of the
characteristic curve. This minimum current is the keep-alive current, that is, the minimum current
for which the output characteristic is linear.

Because the current is large, an external resistor must be used to limit the current to within the
power dissipation capability of the diode. Zener diodes are used as voltage regulating and
protection devices. The regulated zener voltage varies with the temperature. The temperature
coefficient is

Equation 25: Zener Temperature Coefficient

AV
t. = AZTXIOO%

Z
Tunnel Diodes

A tunnel diode (Esaki diode) is a two-terminal device with an extremely thin potential barrier to
electron flow, so that the output characteristic is dominated by the quantum-mechanical tunneling
process. To make a thin potential barrier (50 A to 100 A), both regions of the diode are heavily
doped. The amount of tunneling is limited by the electrons available in the n-type material or by
the available empty energy states in the p-type material to which they can tunnel. The
characteristics are shown in Fig. 17(a).

Point 1 in Fig. 17(a) corresponds to a biasing level that allows for maximum tunneling. (At this
point, the minimum electron energy in the n-type material conduction band equals the Fermi level
in the p-type material’s valence band.) Between points 1 and 2, increases in bias voltage result in
a decrease in current as available energy states are filled and the total amount of tunneling drops.
This is an area of negative resistance, or negative conductance, and is the primary use for tunnel
diodes. If the doping levels are slightly reduced from their typical values of 5 x 10! cm™, the
forward tunneling current becomes negligible and the output characteristic becomes that of a
backward diode, Fig. 17(b). The symbol for a tunnel diode is shown in Fig. 17(c).
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/

I

|

|

|

|

|

|

|

} 1 i V (V)

—] |=— Negative
} } resistance

1(A)

region

(a) tunnel diode characteristics

I1(A)
Viv)
(b) backward diode
anode S cathode
P
I
—
Vv
(c) symbol

Figure 17 Tunnel Diode
Photodiodes and Light-Emitting Diodes

If a semiconductor junction is constructed so that it is exposed to light, the incoming photons
generate electron-hole pairs. When these carriers are swept from the junction by the electric field,
they constitute a photocurrent, which is seen as an increase in the reverse saturation current. The
holes generated move to the p-type material and the electrons move to the n-type material in
response to the electric field that is established whenever p- and n-type semiconductors are joined
(see Fig. 7(a)). Such devices are used as light sensors and are called photodiodes. When the device
is designed without a biasing source, it becomes a solar cell.
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When forward biased, diodes inject carriers across the junction that are above thermal equilibrium.
When the carriers recombine, they emit photons from the pn junction area.?” The photon is caused
by the recombination of electron-hole pairs. The wavelength depends on the energy band gap and
on the material used. Gallium arsenide (GaAs) and other binary compounds are commonly used.
When the photon is in the infrared region, the mechanism is called electroluminescence and the
diodes are called electroluminescent diodes. If the photons are in the visible region, the devices
are called light-emitting diodes (LEDs). The emitted wavelength, 4, is given by Eq. 26. The term
h is Planck’s constant, with a value of 6.6256 x 10734 J-s.

Equation 26: LED Wavelength

621.pdf

h
q=2
EG
Example 5

The manufacturer’s data sheet for a gallium arsenide diode shows a band gap energy of 1.43 eV.
Will such a band gap result in emitted photons within the wavelength of visible light?

Solution

The photon emitted wavelength is given by

_he
E

G

A

(6.6256 x 107 J-s)[2.9979 % 10° 9]
S

(1.43 eV)(1.6022 x107"° i]]
(]

=8.67x10" m

The wavelength of visible light is from approximately 8 x 10~ m to 4 x 10”7 m. Consequently,
GaAs is a good choice for a light-emitting diode.

27 They can also release the energy as heat, or phonons.

www.SunCam.com Copyright® 2025 John A Camara Page 40 of 54



621.pdf

SunCam

A SunCam Online Continuing Education Course

SILICON-CONTROLLED RECTIFIERS

A four-layer pnpn device with an anode, cathode, and gate terminal is called a silicon-controlled
rectifier (SCR) or thyristor.?® A conceptual construction is shown in Fig. 18(a).

When the SCR is reverse biased, that is, when the anode is negative with respect to the cathode,
the characteristics are similar to a reverse-biased pn junction as shown in Fig. 18(b). When the
SCR is forward biased, that is, when the anode is positive with respect to the cathode, four distinct
regions of operation are evident.

From point 1 to point 2, junctions J; and J3 are forward biased. Junction J; is reverse biased. The
external voltage appears primarily across the reverse-biased junctions. The device continues to
operate similarly to a reverse-biased pn junction. This is called the off or high-impedance region.

From point 2 to point 3, the current increases slowly to the breakover voltage, Vso. At this point,
junction J> undergoes breakdown and the current increases sharply.

From point 3 to point 4, the current increases as the voltage decreases. This region is called the
negative resistance region.

From point 4, junction J is forward biased. The voltage across the device is essentially that of a
forward-biased pn junction (approximately 0.7 V). If the current through the diode is reduced by
the external circuit, the diode remains on until the current falls below the hold current, Iy, or the
hold voltage, V. Below this point, the diode switches off, to the high-impedance state.

The gate functions to increase the current at the collector junction of the npn transistor, J2, which
is an integral part of the SCR. By increasing the current through the reverse-biased junction, J2,
the anode current is increased. This increases the gain of the two transistors, resulting in a lowering
of the forward breakover voltage. This is seen in the difference between paths A and B in Fig.
18(b). Consequently, for a given anode to cathode voltage, the gate can be used to turn the SCR
on.

28 A thyristor is defined as a transistor with thyratron-like characteristics. That is, as collector current is increased to a
critical value, the alpha (common base current gain) rises above unity and results in a high-speed triggering action.
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Figure 18: Silicon-Controlled Rectifier

Once on, however, the SCR must be reverse biased to turn off. A thyristor designed to be turned
off by the gate is called a gate turn-off thyristor.

SCRs are used in power applications to allow small voltages and currents to control much larger
electrical quantities. The symbol for an SCR is shown in Fig. 18(c) .

Other devices with multiple pn junctions using the same principles are the diac and triac, shown
in Fig. 19 and Fig. 20, respectively.
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[p[n]e]

(a) conceptual construction

Sl

(b) characteristics

anode - cathode

v

<i~;

(c) symbol

Figure 19: Diac

pn]e]m
gate
T T2
[ p[n]e]

(a) conceptual construction

Vi) Vi, Veo, Vi2(V)

Nj l’s
T T2

(c) symbol

Figure 20: Triac
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Most electronic components are unable to handle large amounts of current. When properly
designed for power dissipation, semiconductors handling large amounts of power are called power
semiconductors. Such devices constitute a branch of electronics called power electronics. Silicon-
controlled rectifiers and Schottky diodes are traditional power semiconductors. Newer designs
include the high-power bipolar junction transistor (HPBT), power metal-oxide semiconductor
field-effect transistor (MOSFET), gate turn-off thyristor (GTO), and insulated gate bipolar
transistor (IGBT), sometimes called a conductivity-modulated field-effect transistor (COMFET).

Power semiconductors are classified as either trigger or control devices. Trigger devices, such as

GTOs, start conduction by some trigger input and then behave as diodes. Control devices are
normally BJTs and FETs used in full-range amplifiers.
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Appendix A: Equivalent Units Of Derived And Common SI Units

Symbol Equivalent Units
A C/s W/V VIO T/(stv)
C Als N (Ntm)/v VIF
F CIV C¥/J s/Q (As)/v
F/m C/(Vim) C*/(Tti) C*/ (N an) s/(Qri)
H W/A (Vis)/A Qls (T an)/A
Hz 1/s 57! cycles/s radians/(277(3)
J N ViC Wis (kgim?)/s®
m?/s> J/kg (NIm)/kg (Vic)ke (C [’ )/ (A 53)
N J/m (ViC)/m (Wic)/(Arm) (kg'm)/s®
NA2 | Wb/ (N an) (Vis)/ (N an) T/N 1/(Arm)
Pa N/m? J/m? (Wis)/m’ kg/ (m Edf)
Q V/A W/A? VW (kg '’ )/ (A2 Es3)
S AV e AYW (A2 53)/ (kg [mz)
T Wh/m? N(am) | (Ns)(cm) | kg/(AL)
\Y% J/IC W/A C/F (kg m )/ (A ];3)
V/m N/C W/(A i) J/(Ars) (kg Dn)/(A 33)
% 1s VIA 720 (kg Dtnz)/s3
Wb Vis HIA T/m? (kgm?)/(ALs")
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Appendix B: Physical Constants

Table Note 1

621.pdf

Quantity Symbol US Customary SI Units
Charge
electron e —1.602211107"° C
proton p +1.6022(110°" C
Density
air [STP][32°F, (0°C)] 0.0805 lbm/ft 1.29 kg/m’
air [70°F, (20°C), 1 atm] 0.0749 1bm/ft’ 1.20 kg/m’
sea water 64 lbm/ft? 1025 kg/m’
water [mean] 62.4 lbm/ft° 1000 kg/m?
Distance
Earth radius? @ 2.0901107 ft 6.370110° m
Earth-Moon separation? 1(¢ 1.260110° ft 3.841110° m
Earth-Sun separtion® $]0) 4.890110" ft 1.490110" m
Moon radius® (¢ 5.71010° ft 1.741110° m
Sun radius® ® 2.281110° ft 6.96110° m
first Bohr radius ao 1.7361107"° ft 52920110 "' m
Gravitational Acceleration
Earth [mean] g 32.174 (32.2) ft/sec’ | 9.8067 (9.81) m/s?
Mass
1.6606[1107 kg
1L OT My or
atomic mass unit ém(lz C) 3.661110% Ibm 10~ kg mol™ IN,
or
931.481 MeV
Earth? D 4.111110% slugs 6.00110** kg
Earth [customary U.S.J? @ 1.320110* 1bm -
Moon’ C | 1.623010" Ibm 7.360110* kg
Sun? ® 4.387110° Ibm 1.990110% kg
electron rest mass Me 2.0081107° Ibm 9.10971107" kg [0.511 MeV]
neutron rest mass My 3.693(1107 Ibm 1.67577107 kg [939.6 MeV]
proton rest mass my 3.688110% Ibm 1.6721110™ kg [938.2 MeV]
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Quantity Symbol US Customary SI Units
Pressure

3 5
atmospheric 14.696 (14.7) Ibfin? | 1-:01331110" Pa
Temperature
standard 32°F (492°R) 0°C (273 K)
absolute zero —459.67°F (0'R) -273.16°C (0 K)
Velocity®
Earth escape 3.671110* ft/sec 1.120110* m/s
light (vacuum) ¢, co | 9.840110° fi/sec 2.9979 (3.00) [110° m/s
sound [air, STP] a 1090 ft/sec 331 m/s
sound [air, 70°F, (20°C), 1 1130 ft/sec 344 fi/s
atm]|
Volume

lume: molal ideal

Volume: molal ideal gas 359 f* / Ibmol 22.41 m’/kmol

(STP)*

Table 1 Notes

1. Units come from a variety of sources, but primarily from the Handbook of Chemistry and Physics, The Standard
Handbook for Aeronautical and Astronautical Engineers, and the Electrical Engineering Reference Manual for the PE

Exam. See also the NIST website at https://pml.nist.gov/cuu/Constants/.
2. Symbols shown for the solar system are those used by NASA. See https://science.nasa.gov/resource/solar-system-

symbols/.

3. Velocity technically is a vector. It has direction.

4. The unit “lbmol” is an actual unit, not a misspelling.
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Quantity Symbols US Customary SI Units
Avogadro’s number Na, L 6.022110* mol™
Bohr magneton oB 927320110 J/T
Boltzmann constant K 5.6501107* ft-Ibf/ R 1.380501107> J/T
e
electron volt: [E) J eV 1.60201107° J
Faraday constant,
N F 96485 C/mol
Ae
fine structure cci?stant, ail 729711107 (=1/137)
inverse & a 137.035
gravitational constant g 32.174 1bm-ft/Ibf-sec’
Newtonian gravitational G 3440107 fi* / Ibfosec? 6.67201107" N> /kg2
constant
nuclear magneton N 5.0501107% J/T
bility of
permeability ofa 0 125667710 N/A® (H/m)
vacuum
permittivity of a
vacuum,
electric constant €0 8.8541107" C* /N[’ (F/m)
1/ p,c?
Planck’s constant h 6.625611107** J[s
Planck’s constant: h/2w 1.0546 1107 J s
Rydberg constant R, 1.0971110" m™
spectfic gas constant R 53.3 fi-Ibf/lbm- R 287 J/kg K
Stefan-Boltzmann 9 ) ors 4 8 2 s 4
1.71010~ BTU/ft"-hr-°R 5.67000107° W/m"[K
constant
triple point, water 32.02 F, 0.0888 psia 0.01109 C, 0.6123 kPa
universal gas constant R* 1545 fi-Ibf/lomol- R 8314 J/kmol (K

1.986 BTU/Ibmol- R

Table Notes

1. Units come from a variety of sources, but primarily from the Handbook of Chemistry and Physics, The Standard Handbook for
Aeronautical and Astronautical Engineers, and the Electrical Engineering Reference Manual for the PE Exam. See also the NIST
website at https://pml.nist.gov/cuu/Constants/. The unit in Volume of “lbmol” is an actual unit, not a misspelling.
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Appendix D: Mathematical Constants, Signs/Symbols, Maxwell’s Equations

Quantity Symbol Value
Archimedes’ constant (pi) T 3.1415926536
base of natural logs e 2.7182818285
Euler’s constant Cort 0.5772156649
Signs/Symbols Meaning
: multiplied by
/ divided by
: ratio
> much greater than
< much less than
= equals
= identical with
~ similar to
~ approximately equals
= approximately equals, congruent
—, = approaches
x proportional, varies as
: therefore
Maxwell’s Equations
integral form point form remarks
i D j} pdv VD=p Gauss’ law
985 Bds=10 V-B=10 nonexiztence of magnetic
monopoles
—aB _ 0B Faraday’s law
goa= [[P]e
{ 8D ) . - aD Ampére’z law
$Hdl =J:|I‘JE+EJ-JS VxH=J+—-
Free-Space Form
integral form point form
gSSD-ds=[l VD =0
§ Beds=0 VB =0
+_5B) i _ oB
$E-dl = Jsl.?J-ds el
8D ) : _aD
$Hdl = Jx[EJ'dS VxH=="

Electromagnetic Field Vector Equations

www.SunCam.com

D= ¢E=E+ P= ¢l + x.)E
B =pH=pH + pM= pl + x,)H
J=0E=pv

Copyright® 2025 John A Camara

Page 50 of 54

621.pdf



www.SunCam.com

621.pdf

A SunCam Online Continuing Education Course

Appendix E: The Greek Alphabet

alpha
beta
gamma
delta
epsilon
zeta
eta
theta
1ota
kappa
lambda
mu

>R~ @OINOD> AT >
TWOMA @ I IVTm O R

DEeEX <MY I0OMNM Z

€ IR SC N 9 vy Qo Urg

Appendix F: SI Prefixes

symbol prefix value
a atto 10718
f femto 1071
p pico 10712
n nano 107
H micro 107
m milli 103
c centi 102
d deci 107!
da deka 10
h hecto 10?
k kilo 103
M mega 10°
G giga 10°
T tera 1012
P peta 103
E exa 10!8
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nu
X1
omicron
pi
rho
sigma
tau
upsilon
phi
chi
psi
omega
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Appendix G: Comparison of Electric & Magnetic Equations

equation deacription

electric version

magnetic version

remarks

force between two current elementa

permittivity and
permeability

0=
8854 x 107" F/m

py=4mx 1077 H/m

I‘.!‘ﬂ'.!
"a law s w(Ldl, x r)
Coulonébéla“ dF = [4—2 + The term Idl in the
F = —l—d,]r N T magnetic column ia the
dmer equivalent of a “magnetic
experimental foree law a /F dF charge” g,.. The Ior the dl
2 y’dl can be the vector. The r ia
// P 2 aunit vector pointing from
Q A r re 1to2.
-
\\//
1dl,
dF = IxBdl
current element The Vused in this row
field definitions from foree F—QE dF = IxBdV representa volume, not
law = distributed current element voltage. The v ia the
dF = gv=B wvelocity.
moving charge
The Vin this row
eeneral foree law F = gE +vxB) repreaenta the volume, not
= ' dF = (pE + JxB)dV where dQ = pdV voltage. The v is the
veloeity.
definition of sealar and Ee VYV BoVxA A ia the magnetic vector
vector potential 5 . potential_
From a knowledge of the
. ; - harge distribution, the
Poisson’s tion for th 2 [ ; charg :
::;ﬁ?al :uq::ti:r? g ViV= e VEA = —;.-I-UJ potential can be found and
’ then the E and B fields
determined.
e e [fDdA =
ause s law encloging Hdl =1 T b
charge and Ampére's law _r_']- pdV= () § i F e o
: VxH=1J represents volume.
encloaing current
VD=p
The second set of
D= E B—uH equations i always valid.
constitutive relations N N The firat set assumea the
ks e B =p,H + M medium iz linear and
isotropic.
_
definitions of relative Er = I m= £
Hy
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equation deseription electric version magnetic version remarks
Field cells are a construct
designed to reprezent free
space in terme of a parallel
capacitance and C L Plate napac\lt.c:r and an
: €= — My == inductor. Thiz capacitance
inductance of a field cell I I : -
and inductance exist
regardleza of the presence
of an electric or magnetic
field.
capacitance and c=2 AL A iz the flux linkage.
inductance V I
) } Both energy and
energy density of a field U= ,ljr_EJ = IT;..LH‘! momentum are carried by
a field.
energy stored by 4 : b
capacitance and W= ?CV W= ?LI-
inductance
: The £ iz the emf, not the
ke pei e permittivity. Without
i i Edl=E=V Hd =N=EF =V =
magnetomotive force with 95 ﬁ m m sources present, both line
sourcea present :
integrals are equal to zero.
m
dipole moments d A
P= qd m=1TJA 1
This torque oceurs due to
dipole torque T=pxE T=mxB the dipole being immerzed
in an external E or B field.
dipole potential energy W=—pE W=—-m-B
electric magnetic
emf =1V=1IR mmf =1, =¢R
current | fluz ¢
emffor 17 mmf 17,
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resictance B =pl/A=1/cA
resistivity p
conductance G=1/R

conductivity e=1/p

reluctance R = I/ pA
reluctivity 1/p
permeance P, =pA/l

permeability p

Copyright® 2025 John A Camara

Page 53 of 54

621.pdf



SunCam

A SunCam Online Continuing Education Course

Appendix H: Coordinate Systems and Related Operations

Mathematical
Operations

Rectangular
Coordinates

Cylindrical Coordinates

Spherical Coordinates

Conversion to
Rectangular
Coordinants

x =rsing cos®

y=rsingsinf

z=rcosd
Gradient szﬂi+%j+ﬂk Vf=ﬂr+lﬂe+gk VfZ%I%»l% + 1 a—f
ox 0Oy° Oz or ra Oz or rog rsiné 06
04 2 .
Divergence V-A:%+ y+% V.A21M+16_Aﬁ+% VAA:la(r A"L_#M_F 1 o4
ox 0Oy Oz r or 0 oz o or rsing o rsing 00
1 1 1 1 1
. -r 6 -k r -0
i j Kk o r r’sin@  r*sind r
Cur vaa=| 2 2 92 via-| 2 2 2 vxa-| 222
x Oy Oz or 0 oz or 0p 00
A A4 4 4. 4 4 A rd,  rd04,
2 2 2 2 2 . . 2
i | VL ELEL g MO L0 O g 1000, L2 0], L (2]
ox* 0y* 0z ror\ or) r " oz r*or r/)  rising 0 ob/ risin ¢L89 J
www.SunCam.com Copyright® 2025 John A Camara Page 54 of 54



