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Chapter 1

AMPLIFIERS AND ACTIVE
DEVICES

1.1 From electric to electronic

This third volume of the book series Lessons In FElectric Circuits makes a departure from the former
two in that the transition between electric circuits and electronic circuits is formally crossed. Electric
circuits are connections of conductive wires and other devices whereby the uniform flow of electrons
occurs. Electronic circuits add a new dimension to electric circuits in that some means of control is
exerted over the flow of electrons by another electrical signal, either a voltage or a current.

In and of itself, the control of electron flow is nothing new to the student of electric circuits.
Switches control the flow of electrons, as do potentiometers, especially when connected as variable
resistors (rheostats). Neither the switch nor the potentiometer should be new to your experience
by this point in your study. The threshold marking the transition from electric to electronic, then,
is defined by how the flow of electrons is controlled rather than whether or not any form of control
exists in a circuit. Switches and rheostats control the flow of electrons according to the positioning of
a mechanical device, which is actuated by some physical force external to the circuit. In electronics,
however, we are dealing with special devices able to control the flow of electrons according to another
flow of electrons, or by the application of a static voltage. In other words, in an electronic circuit,
electricity is able to control electricity.

Historically, the era of electronics began with the invention of the Audion tube, a device controlling
the flow of an electron stream through a vacuum by the application of a small voltage between two
metal structures within the tube. A more detailed summary of so-called electron tube or vacuum
tube technology is available in the last chapter of this volume for those who are interested.

Electronics technology experienced a revolution in 1948 with the invention of the transistor.
This tiny device achieved approximately the same effect as the Audion tube, but in a vastly smaller
amount of space and with less material. Transistors control the flow of electrons through solid
semiconductor substances rather than through a vacuum, and so transistor technology is often
referred to as solid-state electronics.
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1.2 Active versus passive devices

An active device is any type of circuit component with the ability to electrically control electron
flow (electricity controlling electricity). In order for a circuit to be properly called electronic, it must
contain at least one active device. Components incapable of controlling current by means of another
electrical signal are called passive devices. Resistors, capacitors, inductors, transformers, and even
diodes are all considered passive devices. Active devices include, but are not limited to, vacuum
tubes, transistors, silicon-controlled rectifiers (SCRs), and TRIACs. A case might be made for the
saturable reactor to be defined as an active device, since it is able to control an AC current with a
DC current, but I've never heard it referred to as such. The operation of each of these active devices
will be explored in later chapters of this volume.

All active devices control the flow of electrons through them. Some active devices allow a voltage
to control this current while other active devices allow another current to do the job. Devices utilizing
a static voltage as the controlling signal are, not surprisingly, called woltage-controlled devices.
Devices working on the principle of one current controlling another current are known as current-
controlled devices. For the record, vacuum tubes are voltage-controlled devices while transistors are
made as either voltage-controlled or current controlled types. The first type of transistor successfully
demonstrated was a current-controlled device.

1.3 Amplifiers

The practical benefit of active devices is their amplifying ability. Whether the device in question
be voltage-controlled or current-controlled, the amount of power required of the controlling signal
is typically far less than the amount of power available in the controlled current. In other words,
an active device doesn’t just allow electricity to control electricity; it allows a small amount of
electricity to control a large amount of electricity.

Because of this disparity between controlling and controlled powers, active devices may be em-
ployed to govern a large amount of power (controlled) by the application of a small amount of power
(controlling). This behavior is known as amplification.

It is a fundamental rule of physics that energy can neither be created nor destroyed. Stated
formally, this rule is known as the Law of Conservation of Energy, and no exceptions to it have been
discovered to date. If this Law is true — and an overwhelming mass of experimental data suggests
that it is — then it is impossible to build a device capable of taking a small amount of energy and
magically transforming it into a large amount of energy. All machines, electric and electronic circuits
included, have an upper efficiency limit of 100 percent. At best, power out equals power in:

Pinput :{> Perfect machine :{> Poutput

P
Efficiency = — 2™ =1 = 100%

input

Usually, machines fail even to meet this limit, losing some of their input energy in the form of
heat which is radiated into surrounding space and therefore not part of the output energy stream.
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Pinput |:{> Realistic machine :{> Poutput

ﬂ=€> Pog (usually waste heat)

output

P
Efficiency = ————< 1 =less than 100%
input

Many people have attempted, without success, to design and build machines that output more
power than they take in. Not only would such a perpetual motion machine prove that the Law of
Energy Conservation was not a Law after all, but it would usher in a technological revolution such
as the world has never seen, for it could power itself in a circular loop and generate excess power
for " free:”

,:||> Perpetual-motion
Pinput rpnachine ::> Poutput

P
Efficiency = —2* > 1 = more than 100%
input

T & &= &=
A > | PRI | > =

Poutput

Despite much effort and many unscrupulous claims of ”free energy” or over-unity machines, not
one has ever passed the simple test of powering itself with its own energy output and generating
energy to spare.

There does exist, however, a class of machines known as amplifiers, which are able to take in
small-power signals and output signals of much greater power. The key to understanding how
amplifiers can exist without violating the Law of Energy Conservation lies in the behavior of active
devices.

Because active devices have the ability to control a large amount of electrical power with a small
amount of electrical power, they may be arranged in circuit so as to duplicate the form of the input
signal power from a larger amount of power supplied by an external power source. The result is
a device that appears to magically magnify the power of a small electrical signal (usually an AC
voltage waveform) into an identically-shaped waveform of larger magnitude. The Law of Energy
Conservation is not violated because the additional power is supplied by an external source, usually
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a DC battery or equivalent. The amplifier neither creates nor destroys energy, but merely reshapes
it into the waveform desired:

External
power source

Popr = Amplifier |::> Poutput

In other words, the current-controlling behavior of active devices is employed to shape DC power
from the external power source into the same waveform as the input signal, producing an output
signal of like shape but different (greater) power magnitude. The transistor or other active device
within an amplifier merely forms a larger copy of the input signal waveform out of the "raw” DC
power provided by a battery or other power source.

Amplifiers, like all machines, are limited in efficiency to a maximum of 100 percent. Usually,
electronic amplifiers are far less efficient than that, dissipating considerable amounts of energy in
the form of waste heat. Because the efficiency of an amplifier is always 100 percent or less, one can
never be made to function as a ”perpetual motion” device.

The requirement of an external source of power is common to all types of amplifiers, electrical
and non-electrical. A common example of a non-electrical amplification system would be power
steering in an automobile, amplifying the power of the driver’s arms in turning the steering wheel
to move the front wheels of the car. The source of power necessary for the amplification comes from
the engine. The active device controlling the driver’s ”input signal” is a hydraulic valve shuttling
fluid power from a pump attached to the engine to a hydraulic piston assisting wheel motion. If the
engine stops running, the amplification system fails to amplify the driver’s arm power and the car
becomes very difficult to turn.

1.4 Amplifier gain

Because amplifiers have the ability to increase the magnitude of an input signal, it is useful to be
able to rate an amplifier’s amplifying ability in terms of an output/input ratio. The technical term
for an amplifier’s output/input magnitude ratio is gain. As a ratio of equal units (power out / power
in, voltage out / voltage in, or current out / current in), gain is naturally a unitless measurement.
Mathematically, gain is symbolized by the capital letter 7 A”.

For example, if an amplifier takes in an AC voltage signal measuring 2 volts RMS and outputs
an AC voltage of 30 volts RMS, it has an AC voltage gain of 30 divided by 2, or 15:
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AV — Voutput
Vinput
_ 30V
Vo2v
A, =15

Correspondingly, if we know the gain of an amplifier and the magnitude of the input signal, we
can calculate the magnitude of the output. For example, if an amplifier with an AC current gain of
3.5 is given an AC input signal of 28 mA RMS, the output will be 3.5 times 28 mA, or 98 mA:

Voutput = (AV)(Vinput)
Vouput = (3:5)(28 mA)

Voutput = 98 MA

In the last two examples I specifically identified the gains and signal magnitudes in terms of
” AC.” This was intentional, and illustrates an important concept: electronic amplifiers often respond
differently to AC and DC input signals, and may amplify them to different extents. Another way
of saying this is that amplifiers often amplify changes or variations in input signal magnitude (AC)
at a different ratio than steady input signal magnitudes (DC). The specific reasons for this are too
complex to explain at this time, but the fact of the matter is worth mentioning. If gain calculations
are to be carried out, it must first be understood what type of signals and gains are being dealt
with, AC or DC.

Electrical amplifier gains may be expressed in terms of voltage, current, and/or power, in both
AC and DC. A summary of gain definitions is as follows. The triangle-shaped ”delta” symbol (A)
represents change in mathematics, 50 ” AV oyuipus / AVinput” means ” change in output voltage divided
by change in input voltage,” or more simply, ” AC output voltage divided by AC input voltage”:

DC gains AC gains

\% AV
Voltage AV — _ output AV — output

\ input AV input

| Al
Current | A, —_output A = output

I input Al input

Power Pnput (AV ) Blipre)
Ap=(AV)A)

A="changein..."
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If multiple amplifiers are staged, their respective gains form an overall gain equal to the product
(multiplication) of the individual gains:

Input signal =—=> Amplifier > Amplifier :> Output signal

gain=3 gan=5

Overall gain = (3)(5) = 15

1.5 Decibels

In its simplest form, an amplifier’s gain is a ratio of output over input. Like all ratios, this form of
gain is unitless. However, there is an actual unit intended to represent gain, and it is called the bel.

As a unit, the bel was actually devised as a convenient way to represent power loss in telephone
system wiring rather than gain in amplifiers. The unit’s name is derived from Alexander Graham
Bell, the famous Scottish inventor whose work was instrumental in developing telephone systems.
Originally, the bel represented the amount of signal power loss due to resistance over a standard
length of electrical cable. Now, it is defined in terms of the common (base 10) logarithm of a power
ratio (output power divided by input power):

P
Apatio) = e
Pinput
I:)output
Apge) =109
input

Because the bel is a logarithmic unit, it is nonlinear. To give you an idea of how this works,
consider the following table of figures, comparing power losses and gains in bels versus simple ratios:
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Loss/gain as Loss/gain
a ratio in bels
I:)output |Og I:>output
I:)input input
1000 3B
100 2B

10 1B
1 0B
(no loss or gain)
0.1 -1B
0.01 -2B
0.001 -3B

It was later decided that the bel was too large of a unit to be used directly, and so it became
customary to apply the metric prefix deci (meaning 1/10) to it, making it decibels, or dB. Now, the
expression "dB” is so common that many people do not realize it is a combination of "deci-” and

”-bel,” or that there even is such a unit as the ”bel.” To put this into perspective, here is another
table contrasting power gain/loss ratios against decibels:
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Loss/gain as Loss/gain
a ratio in decibels
I:)output 10 |Og I:)output

I:)input input
1000 30dB
100 20dB
10 10 dB
1 0dB

(no loss or gain)

0.1 -10dB
0.01 -20dB
0.001 -30dB

AMPLIFIERS AND ACTIVE DEVICES

As a logarithmic unit, this mode of power gain expression covers a wide range of ratios with a
minimal span in figures. It is reasonable to ask, "why did anyone feel the need to invent a logarithmic
unit for electrical signal power loss in a telephone system?” The answer is related to the dynamics
of human hearing, the perceptive intensity of which is logarithmic in nature.

Human hearing is highly nonlinear: in order to double the perceived intensity of a sound, the
actual sound power must be multiplied by a factor of ten. Relating telephone signal power loss
in terms of the logarithmic "bel” scale makes perfect sense in this context: a power loss of 1 bel
translates to a perceived sound loss of 50 percent, or 1/2. A power gain of 1 bel translates to a
doubling in the perceived intensity of the sound.

An almost perfect analogy to the bel scale is the Richter scale used to describe earthquake
intensity: a 6.0 Richter earthquake is 10 times more powerful than a 5.0 Richter earthquake; a 7.0
Richter earthquake 100 times more powerful than a 5.0 Richter earthquake; a 4.0 Richter earthquake
is 1/10 as powerful as a 5.0 Richter earthquake, and so on. The measurement scale for chemical pH
is likewise logarithmic, a difference of 1 on the scale is equivalent to a tenfold difference in hydrogen
ion concentration of a chemical solution. An advantage of using a logarithmic measurement scale is
the tremendous range of expression afforded by a relatively small span of numerical values, and it is
this advantage which secures the use of Richter numbers for earthquakes and pH for hydrogen ion
activity.

Another reason for the adoption of the bel as a unit for gain is for simple expression of system
gains and losses. Consider the last system example where two amplifiers were connected tandem to
amplify a signal. The respective gain for each amplifier was expressed as a ratio, and the overall
gain for the system was the product (multiplication) of those two ratios:
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Input signal =—>

Amplifier
gan=3

:>

Amplifier
gan=5

:> Output signal

Overall gain = (3)(5) = 15

If these figures represented power gains, we could directly apply the unit of bels to the task of
representing the gain of each amplifier, and of the system altogether:

Apge) = 109 Apgaic)

Apge) =109 3 Apge) =109 5
Amplifier Amplifier
Input signal =—=> gaiﬁ =3 > gaiﬁ =5 :> Output signal
gain = 0.477B gain = 0.699 B

Overall gain = (3)(5) = 15
Overall gaing,, = 10g 15=1.176 B

Close inspection of these gain figures in the unit of "bel” yields a discovery: they’re additive.
Ratio gain figures are multiplicative for staged amplifiers, but gains expressed in bels add rather
than multiply to equal the overall system gain. The first amplifier with its power gain of 0.477 B
adds to the second amplifier’s power gain of 0.699 B to make a system with an overall power gain
of 1.176 B.

Recalculating for decibels rather than bels, we notice the same phenomenon:

Aps) = 10109 Apgaio)

Ape) = 10109 3 Apgs) = 10l0g 5
X Amplifier Amplifier
Input signal e=—=> gain = 3 > gain=5 :> Output signal
gain = 4.77 dB gain = 6.99 dB

Overall gain = (3)(5) = 15
Overall gaingg, = 10log 15 = 11.76 dB

To those already familiar with the arithmetic properties of logarithms, this is no surprise. It is an
elementary rule of algebra that the antilogarithm of the sum of two numbers’ logarithm values equals
the product of the two original numbers. In other words, if we take two numbers and determine the
logarithm of each, then add those two logarithm figures together, then determine the ” antilogarithm”
of that sum (elevate the base number of the logarithm — in this case, 10 — to the power of that sum),
the result will be the same as if we had simply multiplied the two original numbers together. This
algebraic rule forms the heart of a device called a slide rule, an analog computer which could, among
other things, determine the products and quotients of numbers by addition (adding together physical
lengths marked on sliding wood, metal, or plastic scales). Given a table of logarithm figures, the
same mathematical trick could be used to perform otherwise complex multiplications and divisions
by only having to do additions and subtractions, respectively. With the advent of high-speed,
handheld, digital calculator devices, this elegant calculation technique virtually disappeared from
popular use. However, it is still important to understand when working with measurement scales
that are logarithmic in nature, such as the bel (decibel) and Richter scales.

When converting a power gain from units of bels or decibels to a unitless ratio, the mathematical
inverse function of common logarithms is used: powers of 10, or the antilog.
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If:
Apa) =109 Apgaic)

Then:
Apatic) = 1076

Converting decibels into unitless ratios for power gain is much the same, only a division factor
of 10 is included in the exponent term:

If:
Apgs) = 10109 Apaio)

Then:

Aps)
— 10
AP(ratio) =10

Because the bel is fundamentally a unit of power gain or loss in a system, voltage or current
gains and losses don’t convert to bels or dB in quite the same way. When using bels or decibels to
express a gain other than power, be it voltage or current, we must perform the calculation in terms
of how much power gain there would be for that amount of voltage or current gain. For a constant
load impedance, a voltage or current gain of 2 equates to a power gain of 4 (22); a voltage or current
gain of 3 equates to a power gain of 9 (32). If we multiply either voltage or current by a given factor,
then the power gain incurred by that multiplication will be the square of that factor. This relates
back to the forms of Joule’s Law where power was calculated from either voltage or current, and
resistance:

2
P:E_

R

P=1°R

Power is proportional to the square
of either voltage or current

Thus, when translating a voltage or current gain ratio into a respective gain in terms of the bel
unit, we must include this exponent in the equation(s):

Apga) = 109 Apgaic)

— 2 .
Aved) =109 Ay aioy T Exponent required

Aigey =109 A i)
The same exponent requirement holds true when expressing voltage or current gains in terms of
decibels:
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Apge) = 10109 Apaio)

Ay = 10109 Ay i)’ Exponent required

Aigs) = 1010g Al(ratio)2

However, thanks to another interesting property of logarithms, we can simplify these equations
to eliminate the exponent by including the ”2” as a multiplying factor for the logarithm function.
In other words, instead of taking the logarithm of the square of the voltage or current gain, we just
multiply the voltage or current gain’s logarithm figure by 2 and the final result in bels or decibels
will be the same:

For bels:

Aya =log AV(ratio)2 A ge) = l0g Al(ratio)2
...isthesameas... ...isthesameas...

Ava) = 2109 Ay (aio) A ge) = 2109 A aic)

For decibels:

Ay = 1010g AV(raIio)2 A = 10log Al(raiio)z
...isthesameas... ...isthesameas...
Av(ge) = 20109 Ay raic) Aias) = 20109 A 4ic)

The process of converting voltage or current gains from bels or decibels into unitless ratios is
much the same as it is for power gains:

If:

Av(se) = 2109 Ay aio) Aige) = 2109 A o)
Then: Av(se) A e

Ay (ratio) = 10 ? A(ratio) = 10 ;

Here are the equations used for converting voltage or current gains in decibels into unitless ratios:

If:

Av(ge) = 20109 Ay aic) Aigs) = 20109 A (raio)
Then: Av(ds) A
AV(ratio) =10 20 Al(ratio) = 1020

While the bel is a unit naturally scaled for power, another logarithmic unit has been invented to
directly express voltage or current gains/losses, and it is based on the natural logarithm rather than
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the common logarithm as bels and decibels are. Called the neper, its unit symbol is a lower-case

7 »

n.

Voutput I output
Ay (ratio) = VA A (ratio) =|—
input input
AV(neper) =In AV(ratio) Al(neper) =In Al(ratio)

For better or for worse, neither the neper nor its attenuated cousin, the decineper, is popularly
used as a unit in American engineering applications.

e REVIEW:

e Gains and losses may be expressed in terms of a unitless ratio, or in the unit of bels (B) or
decibels (dB). A decibel is literally a deci-bel: one-tenth of a bel.

e The bel is fundamentally a unit for expressing power gain or loss. To convert a power ratio to
either bels or decibels, use one of these equations:

o Ard) =109 Apaig Apr) = 10109 Apai)

e When using the unit of the bel or decibel to express a voltage or current ratio, it must be cast
in terms of the an equivalent power ratio. Practically, this means the use of different equations,
with a multiplication factor of 2 for the logarithm value corresponding to an exponent of 2 for
the voltage or current gain ratio:

Ay@a) = 2109 Ay aic) Ay sy = 20109 Ay aic)

° Age) = 2109 Az Ajgs) = 20109 A raic)

e To convert a decibel gain into a unitless ratio gain, use one of these equations:

Ay

Ay aip = 107
A

A\aiy = 10 %
Anaey

o Argaig=10 10

e A gain (amplification) is expressed as a positive bel or decibel figure. A loss (attenuation) is
expressed as a negative bel or decibel figure. Unity gain (no gain or loss; ratio = 1) is expressed
as zero bels or zero decibels.

e When calculating overall gain for an amplifier system composed of multiple amplifier stages,
individual gain ratios are multiplied to find the overall gain ratio. Bel or decibel figures for
each amplifier stage, on the other hand, are added together to determine overall gain.
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1.6 Absolute dB scales

It is also possible to use the decibel as a unit of absolute power, in addition to using it as an expression
of power gain or loss. A common example of this is the use of decibels as a measurement of sound
pressure intensity. In cases like these, the measurement is made in reference to some standardized
power level defined as 0 dB. For measurements of sound pressure, 0 dB is loosely defined as the
lower threshold of human hearing, objectively quantified as 1 picowatt of sound power per square
meter of area.

A sound measuring 40 dB on the decibel sound scale would be 10* times greater than the
threshold of hearing. A 100 dB sound would be 10'° (ten billion) times greater than the threshold
of hearing.

Because the human ear is not equally sensitive to all frequencies of sound, variations of the decibel
sound-power scale have been developed to represent physiologically equivalent sound intensities at
different frequencies. Some sound intensity instruments were equipped with filter networks to give
disproportionate indications across the frequency scale, the intent of which to better represent the
effects of sound on the human body. Three filtered scales became commonly known as the ”"A,” ”B.,”
and ”"C” weighted scales. Decibel sound intensity indications measured through these respective
filtering networks were given in units of dBA, dBB, and dBC. Today, the ” A-weighted scale” is
most commonly used for expressing the equivalent physiological impact on the human body, and is
especially useful for rating dangerously loud noise sources.

Another standard-referenced system of power measurement in the unit of decibels has been
established for use in telecommunications systems. This is called the dBm scale. The reference
point, 0 dBm, is defined as 1 milliwatt of electrical power dissipated by a 600 Q load. According
to this scale, 10 dBm is equal to 10 times the reference power, or 10 milliwatts; 20 dBm is equal to
100 times the reference power, or 100 milliwatts. Some AC voltmeters come equipped with a dBm
range or scale (sometimes labeled ”DB”) intended for use in measuring AC signal power across a
600 Q load. 0 dBm on this scale is, of course, elevated above zero because it represents something
greater than 0 (actually, it represents 0.7746 volts across a 600 €2 load, voltage being equal to the
square root of power times resistance; the square root of 0.001 multiplied by 600). When viewed
on the face of an analog meter movement, this dBm scale appears compressed on the left side and
expanded on the right in a manner not unlike a resistance scale, owing to its logarithmic nature.

An adaptation of the dBm scale for audio signal strength is used in studio recording and broadcast
engineering for standardizing volume levels, and is called the VU scale. VU meters are frequently
seen on electronic recording instruments to indicate whether or not the recorded signal exceeds the
maximum signal level limit of the device, where significant distortion will occur. This ”volume
indicator” scale is calibrated in according to the dBm scale, but does not directly indicate dBm for
any signal other than steady sine-wave tones. The proper unit of measurement for a VU meter is
volume units.

When relatively large signals are dealt with, and an absolute dB scale would be useful for rep-
resenting signal level, specialized decibel scales are sometimes used with reference points greater
than the 1mW used in dBm. Such is the case for the dBW scale, with a reference point of 0 dBW
established at 1 watt. Another absolute measure of power called the dBk scale references 0 dBk at
1 kW, or 1000 watts.

e REVIEW:

e The unit of the bel or decibel may also be used to represent an absolute measurement of power
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rather than just a relative gain or loss. For sound power measurements, 0 dB is defined as a
standardized reference point of power equal to 1 picowatt per square meter. Another dB scale
suited for sound intensity measurements is normalized to the same physiological effects as a
1000 Hz tone, and is called the dBA scale. In this system, 0 dBA is defined as any frequency
sound having the same physiological equivalence as a 1 picowatt-per-square-meter tone at 1000
Hz.

An electrical dB scale with an absolute reference point has been made for use in telecommu-
nications systems. Called the dBm scale, its reference point of 0 dBm is defined as 1 milliwatt
of AC signal power dissipated by a 600 2 load.

A VU meter reads audio signal level according to the dBm for sine-wave signals. Because
its response to signals other than steady sine waves is not the same as true dBm, its unit of
measurement is volume units.

dB scales with greater absolute reference points than the dBm scale have been invented for
high-power signals. The dBW scale has its reference point of 0 dBW defined as 1 watt of
power. The dBk scale sets 1 kW (1000 watts) as the zero-point reference.

1.7 Contributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to first. See Appendix 2 (Contributor List) for dates and contact information.

Colin Barnard (November 2003): Correction regarding Alexander Graham Bell’s country of

origin (Scotland, not the United States).



Chapter 2

SOLID-STATE DEVICE THEORY

*** INCOMPLETE ***

2.1 Introduction

This chapter will cover the physics behind the operation of semiconductor devices and show how
these principles are applied in several different types of semiconductor devices. Subsequent chapters
will deal primarily with the practical aspects of these devices in circuits and omit theory as much
as possible.

2.2 Quantum physics
"I think it is safe to say that no one understands quantum mechanics.”
Physicist Richard P. Feynman

To say that the invention of semiconductor devices was a revolution would not be an exaggeration.
Not only was this an impressive technological accomplishment, but it paved the way for develop-
ments that would indelibly alter modern society. Semiconductor devices made possible miniaturized
electronics, including computers, certain types of medical diagnostic and treatment equipment, and
popular telecommunication devices, to name a few applications of this technology.

But behind this revolution in technology stands an even greater revolution in general science: the
field of quantum physics. Without this leap in understanding the natural world, the development of
semiconductor devices (and more advanced electronic devices still under development) would never
have been possible. Quantum physics is an incredibly complicated realm of science, and this chapter
is by no means a complete discussion of it, but rather a brief overview. When scientists of Feynman’s
caliber say that "no one understands [it],” you can be sure it is a complex subject. Without a basic
understanding of quantum physics, or at least an understanding of the scientific discoveries that led to
its formulation, though, it is impossible to understand how and why semiconductor electronic devices
function. Most introductory electronics textbooks I've read attempt to explain semiconductors in
terms of ”classical” physics, resulting in more confusion than comprehension.

15
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Many of us have seen diagrams of atoms that look something like this:
) ® =electron

TP (®) = proton
@ = neutron

Tiny particles of matter called protons and neutrons make up the center of the atom, while
electrons orbit around not unlike planets around a star. The nucleus carries a positive electrical
charge, owing to the presence of protons (the neutrons have no electrical charge whatsoever), while
the atom’s balancing negative charge resides in the orbiting electrons. The negative electrons tend
to be attracted to the positive protons just as planets are gravitationally attracted toward whatever
object(s) they orbit, yet the orbits are stable due to the electrons’ motion. We owe this popular
model of the atom to the work of Ernest Rutherford, who around the year 1911 experimentally
determined that atoms’ positive charges were concentrated in a tiny, dense core rather than being
spread evenly about the diameter as was proposed by an earlier researcher, J.J. Thompson.

While Rutherford’s atomic model accounted for experimental data better than Thompson’s, it
still wasn’t perfect. Further attempts at defining atomic structure were undertaken, and these efforts
helped pave the way for the bizarre discoveries of quantum physics. Today our understanding of
the atom is quite a bit more complex. However, despite the revolution of quantum physics and the
impact it had on our understanding of atomic structure, Rutherford’s solar-system picture of the
atom embedded itself in the popular conscience to such a degree that it persists in some areas of
study even when inappropriate.

Consider this short description of electrons in an atom, taken from a popular electronics textbook:

Orbiting negative electrons are therefore attracted toward the positive nucleus, which
leads us to the question of why the electrons do mot fly into the atom’s nucleus. The
answer is that the orbiting electrons remain in their stable orbit due to two equal but
opposite forces. The centrifugal outward force exerted on the electrons due to the orbit
counteracts the attractive inward force (centripetal) trying to pull the electrons toward
the nucleus due to the unlike charges.

In keeping with the Rutherford model, this author casts the electrons as solid chunks of matter
engaged in circular orbits, their inward attraction to the oppositely charged nucleus balanced by their
motion. The reference to ”centrifugal force” is technically incorrect (even for orbiting planets), but
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is easily forgiven due to its popular acceptance: in reality, there is no such thing as a force pushing
any orbiting body away from its center of orbit. It only seems that way because a body’s inertia
tends to keep it traveling in a straight line, and since an orbit is a constant deviation (acceleration)
from straight-line travel, there is constant inertial opposition to whatever force is attracting the
body toward the orbit center (centripetal), be it gravity, electrostatic attraction, or even the tension
of a mechanical link.

The real problem with this explanation, however, is the idea of electrons traveling in circular
orbits in the first place. It is a verifiable fact that accelerating electric charges emit electromagnetic
radiation, and this fact was known even in Rutherford’s time. Since orbiting motion is a form of
acceleration (the orbiting object in constant acceleration away from normal, straight-line motion),
electrons in an orbiting state should be throwing off radiation like mud from a spinning tire. Electrons
accelerated around circular paths in particle accelerators called synchrotrons are known to do this,
and the result is called synchrotron radiation. If electrons were losing energy in this way, their orbits
would eventually decay, resulting in collisions with the positively charged nucleus. However, this
doesn’t ordinarily happen within atoms. Indeed, electron ”orbits” are remarkably stable over a wide
range of conditions.

Furthermore, experiments with ”excited” atoms demonstrated that electromagnetic energy emit-
ted by an atom occurs only at certain, definite frequencies. Atoms that are ”excited” by outside
influences such as light are known to absorb that energy and return it as electromagnetic waves of
very specific frequencies, like a tuning fork that rings at a fixed pitch no matter how it is struck.
When the light emitted by an excited atom is divided into its constituent frequencies (colors) by a
prism, distinct lines of color appear in the spectrum, the pattern of spectral lines being unique to
that element. So regular is this phenomenon that it is commonly used to identify atomic elements,
and even measure the proportions of each element in a compound or chemical mixture. According
to Rutherford’s solar-system atomic model (regarding electrons as chunks of matter free to orbit at
any radius) and the laws of classical physics, excited atoms should be able to return energy over
a virtually limitless range of frequencies rather than a select few. In other words, if Rutherford’s
model were correct, there would be no ”tuning fork” effect, and the light spectrum emitted by any
atom would appear as a continuous band of colors rather than as a few distinct lines.

A pioneering researcher by the name of Niels Bohr attempted to improve upon Rutherford’s
model after studying in Rutherford’s laboratory for several months in 1912. Trying to harmonize
the findings of other physicists (most notably, Max Planck and Albert Einstein), Bohr suggested
that each electron possessed a certain, specific amount of energy, and that their orbits were likewise
quantized such that they could only occupy certain places around the nucleus, somewhat like marbles
fixed in circular tracks around the nucleus rather than the free-ranging satellites they were formerly
imagined to be. In deference to the laws of electromagnetics and accelerating charges, Bohr referred
to these "orbits” as stationary states so as to escape the implication that they were in motion.

While Bohr’s ambitious attempt at re-framing the structure of the atom in terms that agreed
closer to experimental results was a milestone in physics, it was by no means complete. His math-
ematical analyses produced better predictions of experimental events than analyses belonging to
previous models, but there were still some unanswered questions as to why electrons would behave
in such strange ways. The assertion that electrons existed in stationary, quantized states around
the nucleus certainly accounted for experimental data better than Rutherford’s model, but he had
no idea what would force electrons to manifest those particular states. The answer to that question
had to come from another physicist, Louis de Broglie, about a decade later.
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De Broglie proposed that electrons, like photons (particles of light) manifested both particle-
like and wave-like properties. Building on this proposal, he suggested that an analysis of orbiting
electrons from a wave perspective rather than a particle perspective might make more sense of
their quantized nature. Indeed, this was the case, and another breakthrough in understanding was
reached.

The atom according to de Broglie consisted of electrons existing in the form of standing waves,
a phenomenon well known to physicists in a variety of forms. Like the plucked string of a musical
instrument vibrating at a resonant frequency, with "nodes” and ”antinodes” at stable positions along
its length, de Broglie envisioned electrons around atoms standing as waves bent around a circle:

node T node

antinode antinode

String vibrating at resonant frequency between
two fixed points forms a standing wave.

antinode antinode
node
ode o node
nucleus
nod _
antinode antinode

"Orbiting" electron as a standing wave around
the nucleus. Two cycles per "orbit" shown.
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antinode antinode
/_;}e\
node node

antinode o antinode
nucleus

node node
\\\\\\\_,iigs///////’

antinode antinode

"Orbiting" electron as a standing wave around
the nucleus. Three cycles per "orbit" shown.

Electrons could only exist in certain, definite ”orbits” around the nucleus because those were the
only distances where the wave ends would match. In any other radius, the wave would destructively
interfere with itself and thus cease to exist.

De Broglie’s hypothesis gave both mathematical support and a convenient physical analogy
to account for the quantized states of electrons within an atom, but his atomic model was still
incomplete. Within a few years, though, physicists Werner Heisenberg and Erwin Schrodinger,
working independently of each other, built upon de Broglie’s concept of a matter-wave duality to
create more mathematically rigorous models of subatomic particles.

This theoretical advance from de Broglie’s primitive standing wave model to Heisenberg’s ma-
trix and Schrodinger’s differential equation models was given the name quantum mechanics, and it
introduced a rather shocking characteristic to the world of subatomic particles: the trait of prob-
ability, or uncertainty. According to the new quantum theory, it was impossible to determine the
exact position and exact momentum of a particle at the same time. Popular explanations of this
”uncertainty principle” usually cast it in terms of error caused by the process of measurement (i.e.
by attempting to precisely measure the position of an electron, you interfere with its momentum
and thus cannot know what it was before the position measurement was taken, and visa versa), but
the truth is actually much more mysterious than simple measurement interference. The startling
implication of quantum mechanics is that particles do not actually possess precise positions and
momenta, but rather balance the two quantities in a such way that their combined uncertainties
never diminish below a certain minimum value.

It is interesting to note that this form of "uncertainty” relationship exists in areas other than
quantum mechanics. As discussed in the ”Mixed-Frequency AC Signals” chapter in volume II of
this book series, there is a mutually exclusive relationship between the certainty of a waveform’s
time-domain data and its frequency-domain data. In simple terms, the more precisely we know its
constituent frequency(ies), the less precisely we know its amplitude in time, and visa-versa. To quote
myself:

A waveform of infinite duration (infinite number of cycles) can be analyzed with
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absolute precision, but the less cycles available to the computer for analysis, the less
precise the analysis. . . The fewer times that a wave cycles, the less certain its frequency
is. Taking this concept to its logical extreme, a short pulse — a waveform that doesn’t
even complete a cycle — actually has no frequency, but rather acts as an infinite range of
frequencies. This principle is common to all wave-based phenomena, not just AC voltages
and currents.

In order to precisely determine the amplitude of a varying signal, we must sample it over a very
narrow span of time. However, doing this limits our view of the wave’s frequency. Conversely, to
determine a wave’s frequency with great precision, we must sample it over many, many cycles, which
means we lose view of its amplitude at any given moment. Thus, we cannot simultaneously know the
instantaneous amplitude and the overall frequency of any wave with unlimited precision. Stranger
yet, this uncertainty is much more than observer imprecision; it resides in the very nature of the
wave itself. It is not as though it would be possible, given the proper technology, to obtain precise
measurements of both instantaneous amplitude and frequency at once. Quite literally, a wave cannot
possess both a precise, instantaneous amplitude, and a precise frequency at the same time.

Likewise, the minimum uncertainty of a particle’s position and momentum expressed by Heisen-
berg and Schrodinger has nothing to do with limitation in measurement; rather it is an intrinsic
property of the particle’s matter-wave dual nature. Electrons, therefore, do not really exist in their
”orbits” as precisely defined bits of matter, or even as precisely defined waveshapes, but rather as
”clouds” — the technical term is wavefunction — of probability distribution, as if each electron were
7spread” or "smeared” over a range of positions and momenta.

This radical view of electrons as imprecise clouds at first seems to contradict the original principle
of quantized electron states: that electrons exist in discrete, defined ”orbits” around atomic nuclei.
It was, after all, this discovery that led to the formation of quantum theory to explain it. How
odd it seems that a theory developed to explain the discrete behavior of electrons ends up declaring
that electrons exist as ”"clouds” rather than as discrete pieces of matter. However, the quantized
behavior of electrons does not depend on electrons having definite position and momentum values,
but rather on other properties called quantum numbers. In essence, quantum mechanics dispenses
with commonly held notions of absolute position and absolute momentum, and replaces them with
absolute notions of a sort having no analogue in common experience.

Even though electrons are known to exist in ethereal, ”cloud-like” forms of distributed probabil-
ity rather than as discrete chunks of matter, those ”clouds” possess other characteristics that are
discrete. Any electron in an atom can be described in terms of four numerical measures (the previ-
ously mentioned quantum numbers), called the Principal, Angular Momentum, Magnetic, and
Spin numbers. The following is a synopsis of each of these numbers’ meanings:

Principal Quantum Number: Symbolized by the letter n, this number describes the shell
that an electron resides in. An electron ”shell” is a region of space around an atom’s nucleus that
electrons are allowed to exist in, corresponding to the stable ”standing wave” patterns of de Broglie
and Bohr. Electrons may ”leap” from shell to shell, but cannot exist between the shell regions.

The principle quantum number can be any positive integer (a whole number, greater than or
equal to 1). In other words, there is no such thing as a principle quantum number for an electron
of 1/2 or -3. These integer values were not arrived at arbitrarily, but rather through experimental
evidence of light spectra: the differing frequencies (colors) of light emitted by excited hydrogen
atoms follow a sequence mathematically dependent on specific, integer values.
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Each shell has the capacity to hold multiple electrons. An analogy for electron shells is the
concentric rows of seats of an amphitheater. Just as a person seated in an amphitheater must choose
a row to sit in (for there is no place to sit in the space between rows), electrons must ”choose” a
particular shell to ”sit” in. Like amphitheater rows, the outermost shells are able to hold more
electrons than the inner shells. Also, electrons tend to seek the lowest available shell, like people in
an amphitheater trying to find the closest seat to the center stage. The higher the shell number,
the greater the energy of the electrons in it.

The maximum number of electrons that any shell can hold is described by the equation 2n?,
where "n” is the principle quantum number. Thus, the first shell (n=1) can hold 2 electrons; the
second shell (n=2) 8 electrons, and the third shell (n=3) 18 electrons.

Electron shells in an atom are sometimes designated by letter rather than by number. The first
shell (n=1) is labeled K, the second shell (n=2) L, the third shell (n=3) M, the fourth shell (n=4)
N, the fifth shell (n=5) O, the sixth shell (n=6) P, and the seventh shell (n=7) Q.

Angular Momentum Quantum Number: Within each shell, there are subshells. One might
be inclined to think of subshells as simple subdivisions of shells, like lanes dividing a road, but the
truth is much stranger than this. Subshells are regions of space where electron ”clouds” are allowed to
exist, and different subshells actually have different shapes. The first subshell is shaped like a sphere,
which makes sense to most people, visualizing a cloud of electrons surrounding the atomic nucleus
in three dimensions. The second subshell, however, resembles a dumbbell, comprised of two ”lobes”
joined together at a single point near the atom’s center. The third subshell typically resembles a
set of four ”lobes” clustered around the atom’s nucleus. These subshell shapes are reminiscent of
graphical depictions of radio antenna signal strength, with bulbous lobe-shaped regions extending
from the antenna in various directions.

Valid angular momentum quantum numbers are positive integers like principal quantum numbers,
but also include zero. These quantum numbers for electrons are symbolized by the letter 1. The
number of subshells in a shell is equal to the shell’s principal quantum number. Thus, the first shell
(n=1) has one subshell, numbered 0; the second shell (n=2) has two subshells, numbered 0 and 1;
the third shell (n=3) has three subshells, numbered 0, 1, and 2.

An older convention for subshell description used letters rather than numbers. In this notational
system, the first subshell (1=0) was designated s, the second subshell (I=1) designated p, the third
subshell (1=2) designated d, and the fourth subshell (1=3) designated f. The letters come from the
words sharp, principal (not to be confused with the principal quantum number, n), diffuse, and
fundamental. You will still see this notational convention in many periodic tables, used to designate
the electron configuration of the atoms’ outermost, or valence, shells.

Magnetic Quantum Number: The magnetic quantum number for an electron classifies which
orientation its subshell shape is pointed. For each subshell in each shell, there are multiple directions
in which the ”lobes” can point, and these different orientations are called orbitals. For the first
subshell (s; 1=0), which resembles a sphere, there is no ”direction” it can ”point,” so there is only
one orbital. For the second (p; 1=1) subshell in each shell, which resembles a dumbbell, there are
three different directions they can be oriented (think of three dumbbells intersecting in the middle,
each oriented along a different axis in a three-axis coordinate system).

Valid numerical values for this quantum number consist of integers ranging from -1 to 1, and
are symbolized as m; in atomic physics and 1, in nuclear physics. To calculate the number of
orbitals in any given subshell, double the subshell number and add 1 (21 4+ 1). For example, the first
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subshell (1=0) in any shell contains a single orbital, numbered 0; the second subshell (I=1) in any
shell contains three orbitals, numbered -1, 0, and 1; the third subshell (1=2) contains five orbitals,
numbered -2, -1, 0, 1, and 2; and so on.

Like principal quantum numbers, the magnetic quantum number arose directly from experimental
evidence: the division of spectral lines as a result of exposing an ionized gas to a magnetic field,
hence the name "magnetic” quantum number.

Spin Quantum Number: Like the magnetic quantum number, this property of atomic elec-
trons was discovered through experimentation. Close observation of spectral lines revealed that each
line was actually a pair of very closely-spaced lines, and this so-called fine structure was hypothesized
to be the result of each electron ”spinning” on an axis like a planet. Electrons with different ”spins”
would give off slightly different frequencies of light when excited, and so the quantum number of
”spin” came to be named as such. The concept of a spinning electron is now obsolete, being better
suited to the (incorrect) view of electrons as discrete chunks of matter rather than as the ”clouds”
they really are, but the name remains.

Spin quantum numbers are symbolized as mg in atomic physics and s, in nuclear physics. For
each orbital in each subshell in each shell, there can be two electrons, one with a spin of +1/2 and
the other with a spin of -1/2.

The physicist Wolfgang Pauli developed a principle explaining the ordering of electrons in an
atom according to these quantum numbers. His principle, called the Pauli exclusion principle, states
that no two electrons in the same atom may occupy the exact same quantum states. That is, each
electron in an atom has a unique set of quantum numbers. This limits the number of electrons that
may occupy any given orbital, subshell, and shell.

Shown here is the electron arrangement for a hydrogen atom:

subshell orbital  spin
U (m)  (my)
K shell

(n=1) 0 0 !/, —<— One electron

Hydrogen
Atomic number (Z) =1
(one proton in nucleus)

Spectroscopic notation: 1s*

With one proton in the nucleus, it takes one electron to electrostatically balance the atom (the
proton’s positive electric charge exactly balanced by the electron’s negative electric charge). This
one electron resides in the lowest shell (n=1), the first subshell (1=0), in the only orbital (spatial
orientation) of that subshell (m;=0), with a spin value of 1/2. A very common method of describing
this organization is by listing the electrons according to their shells and subshells in a convention
called spectroscopic notation. In this notation, the shell number is shown as an integer, the subshell
as a letter (s,p,d,f), and the total number of electrons in the subshell (all orbitals, all spins) as a
superscript. Thus, hydrogen, with its lone electron residing in the base level, would be described as
1s'.
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Proceeding to the next atom type (in order of atomic number), we have the element helium:

subshell orbital  spin

() (m)  (my)

K shell 0 0 -1, =<— electron
(n=1) 0 0 1, =<— electron
Helium

Atomic number (Z) = 2
(two protons in nucleus)

Spectroscopic notation: 1s?

A helium atom has two protons in the nucleus, and this necessitates two electrons to balance the
double-positive electric charge. Since two electrons — one with spin=1/2 and the other with spin=-
1/2 — will fit into one orbital, the electron configuration of helium requires no additional subshells
or shells to hold the second electron.

However, an atom requiring three or more electrons will require additional subshells to hold all
electrons, since only two electrons will fit into the lowest shell (n=1). Consider the next atom in the
sequence of increasing atomic numbers, lithium:

subshell orbital  spin

() (m)  (my)

I(_nsfeél)l 0 0 ', =<— electron

K shell 0 0 -1, =<— electron

(n=1) 0 0 ', =<— electron
Lithium

Atomic number (Z2) =3

Spectroscopic notation: 1s?2s’

An atom of lithium only uses a fraction of the L shell’s (n=2) capacity. This shell actually
has a total capacity of eight electrons (maximum shell capacity = 2n? electrons). If we examine
the organization of the atom with a completely filled L shell, we will see how all combinations of
subshells, orbitals, and spins are occupied by electrons:
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subshell orbital  spin

U (m)  (my)

1 1 1,

1 1 1/2

1 0 1, p subshell
L shell 1 0 Y, | 6 Sectrbns
(n=2) 1 -1 1,

1 -1 1/2

0 0 1, s subshell

0 0 Y, 2 e(lle:ct%ns
K shell 0 0 1, s subshell
(n=1) 0 0 Y, | 2 élle_c'Przans

Neon

Atomic number (Z) = 10

Spectroscopic notation: 1s?2s%2p°

Often, when the spectroscopic notation is given for an atom, any shells that are completely filled
are omitted, and only the unfilled, or the highest-level filled shell, is denoted. For example, the
element neon (shown in the previous illustration), which has two completely filled shells, may be
spectroscopically described simply as 2p® rather than 1s22s22p%. Lithium, with its K shell completely
filled and a solitary electron in the L shell, may be described simply as 2s! rather than 1s22s’.

The omission of completely filled, lower-level shells is not just a notational convenience. It
also illustrates a basic principle of chemistry: that the chemical behavior of an element is primarily
determined by its unfilled shells. Both hydrogen and lithium have a single electron in their outermost
shells (1s! and 2s!, respectively), and this gives the two elements some similar properties. Both are
highly reactive, and reactive in much the same way (bonding to similar elements in similar modes).
It matters little that lithium has a completely filled K shell underneath its almost-vacant L shell:
the unfilled L shell is the shell that determines its chemical behavior.

Elements having completely filled outer shells are classified as noble, and are distinguished by
their almost complete non-reactivity with other elements. These elements used to be classified as
inert, when it was thought that they were completely unreactive, but it is now known that they may
form compounds with other elements under certain conditions.

Given the fact that elements with identical electron configurations in their outermost shell(s)
exhibit similar chemical properties, it makes sense to organize the different elements in a table
accordingly. Such a table is known as a periodic table of the elements, and modern tables follow this
general form:
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H 1 He 2
Hydrogen Periodic Table of the Elements Helium
1.00794 4.00260
| Metalloids Nonmetals N
1s 15
L 3 [Be 4 Symbol —{ K 19]~— Atomic number B 5]c 6N 7o 8 |F 9|Ne 10
Lithium | Beryllium _| Potassium| Boron | Carbon | Nitrogen | Oxygen | Fluorine | Neon
6.941 9.012182 Name 39.0983 <|— Atomic mass 10.81 12.011 14.0067 | 15.9994 | 18.9984 | 20.179
2s* 25 et 4s* 2p" 2p’ 2p° 2p* 2p° 2p°
ectron -
Na  11|mg 12| configuration Al 13 |si 14|p 15 (s 16| cl 17 |ar 18
Sodium | Magnesium| Aluminum | Silicon | Phosphorug  Sulfur Chlorine | Argon
22.989768 | 24.3050 26,9815 | 28.0855 | 30.9738 | 32.06 | 35453 | 39.948
1 2 Metals 1 2 3 4 5 6
35 ES 3p 3p 3p 3p 3p 3p
K 19/ca 20|sc 21 Ti 22|v 23lcr  24|Mn  25|Fe  26[co 27|Ni  28cu 29|zn  30|Ga 31|Ge 32|As  33[se 34a|Br  35[kr 36
Potassium| Calcium | Scandium | Titanium | Vanadium| Chromium| Manganese Iron Cobalt Nickel | Copper | Zinc Gallium Arsenic | Selenium | Bromine | Krypton
39.0983 | 40.078 |44.955910 | 47.88 50.9415 | 51.9961 | 54.93805 | 55.847 | 58.93320 | 58.69 | 63.546 6539 | 69.723 7261 | 7492159 | 78.96 | 79.904 83.80
4st 4s? 3d'4s? 3d%4s? 3d%4s? 3d°4st 3d°4s? 3d°4s? 3d74s? 3d%4s? 3d'%4s! 3d'%s? 4p* 4p° 4p* 4p* 4p° 4p°
Rb  37|sr 38|y 39(zr  40[Nb  41|Mo 42|{Tc  43|Ru  44|Rh  45|Pd 46|Ag 47|cd 48| 49]sn  s0|[sb 51|Te 2|1 53|xe 54
Rubidium | Strontium |  Yttrium | Zirconium | Niobium T Rhodium | Palladium| ~Silver | Cadmium | Indium Tin Antimony | Tellurium | lodine | Xenon
854678 | 87.62 | 88.90585 | 91.224 | 92.90638 | 95.94 (98) 101.07 |102.90550 | 106.42 | 107.8682 | 112411 | 114.82 | 118710 | 121.75 | 127.60 | 126.905 | 131.30
55t 557 4d'5s? 4d’5s? 4d'ss! 4d°5s® 4d°5s? 4d’5s* 4d°ss! 4d'°5s° | 4d%5s’ | 4d'°ss’ | s5p* 5p? 5p° 5p* 5p° 5p°
Cs s5(Ba 56| 57-71 [Hf 72|Ta 73w  74|Re 75|0s  76|Ir 77(Pt  78[Au 79|Hg 80T 81Pb  82[Bi  83|Po 84|At 85|Rn 86
Cesium | Barium | Lanthanide| Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium | Platinum | Gold Mercury | Thalium | Lead | Bismuth | Polonium | Astatine | Radon
132.90543 | 137.327 | series 178.49 | 180.9479 | 18385 | 186.207 | 1902 | 19222 | 19508 |196.96654 | 200.59 | 204.3833 | 207.2 |208.98037 | (209) (210) (222)
6s* 6s% 5d’6s’ 5d°6s® 5d’6s’ 5d°6s® 5d°6s’ 5d'6s® 5d’6s’ 5d"%s" 5d'%s? | ep' 6p* 6p° 6p* 6p° 6p°
Fr 87|Ra 88| 89-103 |ung 104|Unp 105|Unh 106|uns 107 108 109
Francium | Radium | Actinide | Unnilquadium | Unnilpentium | Unnilhexium | Unnilseptium|
(223) (226) series (261) (262) (263) (262)
7st 7s° 6d°7s° 6d°7s 6d'7s’

La 57| Ce 58 |Pr 59 | Nd 60 [Pm 61|Sm 62 [Eu 63 | Gd 64 | Th 65 | Dy 66 |Ho 67 | Er 68 | Tm 69 | Yb 70 [Lu 71
Lanthanide |L Cerium Samarium | Europium Terbium |D Holmium Erbium Thulium | Ytterbium | Lutetium

series 138.9055 | 140.115 |140.90765 | 144.24 (145) 15036 | 151.965 | 157.25 |158.92534 | 16250 |164.93032| 167.26 |168.93421| 173.04 | 174.967
5d'6s” af'sd'es® | 4r'6s” 4i'6s” 4f6s” af°6s” 4f'6s” 4f'sd'es” | 4r'6s” 41%s” 4i''6s” 41?6 4i%s” af%es” | ar'*sd'6s”
Ac 89|Th  90|pa e1fu 92[Np  93|Pu  94|Am os[cm oe6|Bk 97|ct 98|Es 99|Fm 100[mMd 101[No 102|Lr 103

Actinide | Actinium | Thorium Uranium p Plutonium i Curium | Berkelium |Californium |Ei Fermium Nobelium | Lawrencium

series (227) | 232.0381 |231.03588 | 238.0289 | (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (260)

6d'7s 6475 5f°6d'7s” | 5f6d'7s” | sf'6d'7s’ | 5%d’7s” | 51'6d°7s’ | 5'6d'7s” | 5f6d°7s” | 5f%d°7s” | 5f''6d°7s” | 5f°6d°7s’ | 5f%6d’7s” | 6d°7s” 6d'7s

Dmitri Mendeleev, a Russian chemist, was the first to develop a periodic table of the elements.
Although Mendeleev organized his table according to atomic mass rather than atomic number, and
so produced a table that was not quite as useful as modern periodic tables, his development stands
as an excellent example of scientific proof. Seeing the patterns of periodicity (similar chemical
properties according to atomic mass), Mendeleev hypothesized that all elements would fit into this
ordered scheme. When he discovered ”empty” spots in the table, he followed the logic of the existing
order and hypothesized the existence of heretofore undiscovered elements. The subsequent discovery
of those elements granted scientific legitimacy to Mendeleev’s hypothesis, further discoveries leading
to the form of the periodic table we use today.

This is how science should work: hypotheses followed to their logical conclusions, and accepted,
modified, or rejected as determined by the agreement of experimental data to those conclusions.
Any fool can formulate a hypothesis after-the-fact to explain existing experimental data, and many
do. What sets a scientific hypothesis apart from post hoc speculation is the prediction of future
experimental data yet uncollected, and the possibility of disproof as a result of that data. To boldly
follow a hypothesis to its logical conclusion(s) and dare to predict the results of future experiments
is not a dogmatic leap of faith, but rather a public test of that hypothesis, open to challenge
from anyone able to produce contradictory data. In other words, scientific hypotheses are always
"risky” in the sense that they claim to predict the results of experiments not yet conducted, and
are therefore susceptible to disproof if the experiments do not turn out as predicted. Thus, if a
hypothesis successfully predicts the results of repeated experiments, there is little probability of its
falsehood.

Quantum mechanics, first as a hypothesis and later as a theory, has proven to be extremely
successful in predicting experimental results, hence the high degree of scientific confidence placed in
it. Many scientists have reason to believe that it is an incomplete theory, though, as its predictions
hold true more so at very small physical scales than at macroscopic dimensions, but nevertheless it
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is a tremendously useful theory in explaining and predicting the interactions of particles and atoms.

As you have already seen in this chapter, quantum physics is essential in describing and pre-
dicting many different phenomena. In the next section, we will see its significance in the electrical
conductivity of solid substances, including semiconductors. Simply put, nothing in chemistry or
solid-state physics makes sense within the popular theoretical framework of electrons existing as
discrete chunks of matter, whirling around atomic nuclei like miniature satellites. It is only when
electrons are viewed as ”wavefunctions” existing in definite, discrete states that the regular and
periodic behavior of matter can be explained.

e REVIEW:

e Electrons in atoms exist in ”clouds” of distributed probability, not as discrete chunks of matter
orbiting the nucleus like tiny satellites, as common illustrations of atoms show.

e Individual electrons around an atomic nucleus seek unique ”states,” described by four quan-
tum numbers: the Principal Quantum Number, otherwise known as the shell; the Angular
Momentum Quantum Number, otherwise known as the subshell; the Magnetic Quantum Num-
ber, describing the orbital (subshell orientation); and the Spin Quantum Number, or simply
spin. These states are quantized, meaning that there are no ”in-between” conditions for an
electron other than those states that fit into the quantum numbering scheme.

e The Principal Quantum Number (n) describes the basic level or shell that an electron resides in.
The larger this number, the greater radius the electron cloud has from the atom’s nucleus, and
the greater than electron’s energy. Principal quantum numbers are whole numbers (positive
integers).

e The Angular Momentum Quantum Number (1) describes the shape of the electron cloud within
a particular shell or level, and is often known as the ”subshell.” There are as many subshells
(electron cloud shapes) in any given shell as that shell’s principal quantum number. Angular
momentum quantum numbers are positive integers beginning at zero and terminating at one
less than the principal quantum number (n-1).

e The Magnetic Quantum Number (my) describes which orientation a subshell (electron cloud
shape) has. There are as many different orientations for each subshell as the subshell number
(1) plus 1, and each unique orientation is called an orbital. These numbers are integers ranging
from the negative value of the subshell number (I) through 0 to the positive value of the
subshell number.

e The Spin Quantum Number (mg) describes another property of an electron, and can be a value
of +1/2 or -1/2.

e Pauli’s Fxclusion Principle says that no two electrons in an atom may share the exact same
set of quantum numbers. Therefore, there is room for two electrons in each orbital (spin=1/2
and spin=-1/2), 2l+1 orbitals in every subshell, and n subshells in every shell, and no more.

e Spectroscopic notation is a convention for denoting the electron configuration of an atom.
Shells are shown as whole numbers, followed by subshell letters (s,p,d,f), with superscripted
numbers totaling the number of electrons residing in each respective subshell.



2.3. BAND THEORY OF SOLIDS 27

e An atom’s chemical behavior is solely determined by the electrons in the unfilled shells. Low-
level shells that are completely filled have little or no effect on the chemical bonding charac-
teristics of elements.

e Elements with completely filled electron shells are almost entirely unreactive, and are called
noble (formerly known as inert).

2.3 Band theory of solids

Quantum physics describes the states of electrons in an atom according to the four-fold scheme
of quantum numbers. The quantum number system describes the allowable states electrons may
assume in an atom. To use the analogy of an amphitheater, quantum numbers describe how many
rows and seats there are. Individual electrons may be described by the combination of quantum
numbers they possess, like a spectator in an amphitheater assigned to a particular row and seat.

Like spectators in an amphitheater moving between seats and/or rows, electrons may change
their statuses, given the presence of available spaces for them to fit, and available energy. Since
shell level is closely related to the amount of energy that an electron possesses, ”leaps” between shell
(and even subshell) levels requires transfers of energy. If an electron is to move into a higher-order
shell, it requires that additional energy be given to the electron from an external source. Using
the amphitheater analogy, it takes an increase in energy for a person to move into a higher row of
seats, because that person must climb to a greater height against the force of gravity. Conversely,
an electron ”leaping” into a lower shell gives up some of its energy, like a person jumping down into
a lower row of seats, the expended energy manifesting as heat and sound released upon impact.

Not all ”leaps” are equal. Leaps between different shells requires a substantial exchange of energy,
while leaps between subshells or between orbitals require lesser exchanges.

When atoms combine to form substances, the outermost shells, subshells, and orbitals merge,
providing a greater number of available energy levels for electrons to assume. When large numbers
of atoms exist in close proximity to each other, these available energy levels form a nearly continuous
band wherein electrons may transition.

Electron band overlap in metallic elements

— % —3 3p
Overlap
—3s g 3s 3
Single atom Five atoms Multitudes of atoms

in close proximity in close proximity
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It is the width of these bands and their proximity to existing electrons that determines how
mobile those electrons will be when exposed to an electric field. In metallic substances, empty
bands overlap with bands containing electrons, meaning that electrons may move to what would
normally be (in the case of a single atom) a higher-level state with little or no additional energy
imparted. Thus, the outer electrons are said to be ”free,” and ready to move at the beckoning of an
electric field.

Band overlap will not occur in all substances, no matter how many atoms are in close proximity
to each other. In some substances, a substantial gap remains between the highest band containing
electrons (the so-called valence band) and the next band, which is empty (the so-called conduction
band). As a result, valence electrons are "bound” to their constituent atoms and cannot become
mobile within the substance without a significant amount of imparted energy. These substances are
electrical insulators:

Electron band separation in insulating substances

Conduction band

KR
Ba

Valence band

'Energy gap”

Multitudes of atoms
in close proximity

Materials that fall within the category of semiconductors have a narrow gap between the valence
and conduction bands. Thus, the amount of energy required to motivate a valence electron into the
conduction band where it becomes mobile is quite modest:

Electron band separation in
semiconducting substances
Conduction band
___"Energy gap"

Valence band

Multitudes of atoms
in close proximity
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At low temperatures, there is little thermal energy available to push valence electrons across this
gap, and the semiconducting material acts as an insulator. At higher temperatures, though, the
ambient thermal energy becomes sufficient to force electrons across the gap, and the material will
conduct electricity.

It is difficult to predict the conductive properties of a substance by examining the electron
configurations of its constituent atoms. While it is true that the best metallic conductors of electricity
(silver, copper, and gold) all have outer s subshells with a single electron, the relationship between
conductivity and valence electron count is not necessarily consistent:

Specific resistance Electron

Element (p) at 20° Celsius  configuration
Silver (Ag) 9.546 Q@mil/ft 4d*5st
Copper (Cu) 10.09 Q@mil/ft 3d'%s!
Gold (Au) 13.32 Qemil/ft 5d'%s!
Aluminum (Al)  15.94 Q@mil/ft 3p!
Tungsten (W)  31.76 Q@mil/ft 5d*6s?
Molybdenum (Mo) 32.12 Q@mil/ft 4d°5s!
Zinc (zZn) 35.49 Q@mil/ft 3d'%s?
Nickel (Ni) 41.69 QGmil/ft 3d®4s?
Iron (Fe) 57.81 QGmil/ft 3d%4s?
Platinum (Pt)  63.16 Q@mil/ft 5d%6s’

Likewise, the electron band configurations produced by compounds of different elements defies
easy association with the electron configurations of its constituent elements.

e REVIEW:
°
°

2.4 Electrons and ”holes”

e REVIEW:
°
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2.5 The P-N junction

REVIEW:

2.6 Junction diodes

Cross-section Diode
Anode
| Schematic symbol
P J
Anode
v Y
Cathode
N+
Cathode

e REVIEW:



2.7. BIPOLAR JUNCTION TRANSISTORS

2.7 Bipolar junction transistors

Cross-section Bipolar junction transistor
Collector
Schematic symbol
N+
Collector
N Base ~'<
P N Emitter
N

Base Emitter

e REVIEW:

2.8 Junction field-effect transistors

Cross-section Junction field-effect transistor

Drain
Schematic symbol
N Drain
N Gate

m ﬁ\ﬁ m Source
._/I\_l

Gate Source

31
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Cross-section Junction field-effect transistor
(static induction type)

Drain
| Schematic symbol
N Drain
N
Gate
Gate — P} (P (P)) (P
N Source
Source

e REVIEW:

2.9 Insulated-gate field-effect transistors

Cross-section N-channel MOSFET
(enhancement-type)
Drain
Schematic symbol
N+

Drain

N Gate J ﬁ

P Source

|

Gate Source



2.10. THYRISTORS

Cross-section N-channel "VMOS" transistor
Drain
Schematic symbol
N Drain
N JJ
Gate :4_—1
Source

Gate Source

e REVIEW:
[ ]
[ ]

2.10 Thyristors

Cross-section Silicon-controlled rectifier (SCR)
and Gate Turn-Off thyristor (GTO)

Anode
Schematic symbols
P+
Anode Anode
N
Gate Gate
P Cathode Cathode
(EN (N

Gate Cathode

e REVIEW:
[ ]
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2.11 Semiconductor manufacturing techniques

e REVIEW:
°
°

2.12 Superconducting devices

e REVIEW:
°
[ ]

2.13 Quantum devices

e REVIEW:
[ ]
.

2.14 Semiconductor devices in SPICE

e REVIEW:
°
°

2.15 Contributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to first. See Appendix 2 (Contributor List) for dates and contact information.

Maciej Noszczyski (December 2003): Corrected spelling of Niels Bohr’s name.

Bill Heath (September 2002): Pointed out error in illustration of carbon atom — the nucleus
was shown with seven protons instead of six.



Chapter 3

DIODES AND RECTIFIERS

*¥** INCOMPLETE ***

3.1 Introduction

A diode is an electrical device allowing current to move through it in one direction with far greater
ease than in the other. The most common type of diode in modern circuit design is the semiconductor
diode, although other diode technologies exist. Semiconductor diodes are symbolized in schematic
diagrams as such:

Semiconductor diode

-

<— permitted direction <—
of electron flow

When placed in a simple battery-lamp circuit, the diode will either allow or prevent current
through the lamp, depending on the polarity of the applied voltage:

Diode operation

g P
+ -
T T
Current permitted Current prohibited
Diode is forward-biased Diode is reverse-biased

When the polarity of the battery is such that electrons are allowed to flow through the diode,
the diode is said to be forward-biased. Conversely, when the battery is ”backward” and the diode

35
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blocks current, the diode is said to be reverse-biased. A diode may be thought of as a kind of switch:
”closed” when forward-biased and ”open” when reverse-biased.

Oddly enough, the direction of the diode symbol’s ”arrowhead” points against the direction of
electron flow. This is because the diode symbol was invented by engineers, who predominantly use
conventional flow notation in their schematics, showing current as a flow of charge from the positive
(+) side of the voltage source to the negative (-). This convention holds true for all semiconductor
symbols possessing ”arrowheads:” the arrow points in the permitted direction of conventional flow,
and against the permitted direction of electron flow.

Diode behavior is analogous to the behavior of a hydraulic device called a check valve. A check
valve allows fluid flow through it in one direction only:

4—' <

Flow permitted <::I /: <j
D
Qo ©

Flow prohibited |:>

Hydraulic check valve

-+

_»|_

Check valves are essentially pressure-operated devices: they open and allow flow if the pressure
across them is of the correct ”polarity” to open the gate (in the analogy shown, greater fluid pressure
on the right than on the left). If the pressure is of the opposite ”polarity,” the pressure difference
across the check valve will close and hold the gate so that no flow occurs.

Like check valves, diodes are essentially ”pressure-” operated (voltage-operated) devices. The
essential difference between forward-bias and reverse-bias is the polarity of the voltage dropped
across the diode. Let’s take a closer look at the simple battery-diode-lamp circuit shown earlier, this
time investigating voltage drops across the various components:
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=+ -
Forward-biased —*—N—\V~ 5av

)

6.0V
N
* @
s cw’
_ C +
Reverse-biased 00V

)

+ |

When the diode is forward-biased and conducting current, there is a small voltage dropped
across it, leaving most of the battery voltage dropped across the lamp. When the battery’s polarity
is reversed and the diode becomes reverse-biased, it drops all of the battery’s voltage and leaves none
for the lamp. If we consider the diode to be a sort of self-actuating switch (closed in the forward-bias
mode and open in the reverse-bias mode), this behavior makes sense. The most substantial difference
here is that the diode drops a lot more voltage when conducting than the average mechanical switch
(0.7 volts versus tens of millivolts).

This forward-bias voltage drop exhibited by the diode is due to the action of the depletion region
formed by the P-N junction under the influence of an applied voltage. When there is no voltage
applied across a semiconductor diode, a thin depletion region exists around the region of the P-N
junction, preventing current through it. The depletion region is for the most part devoid of available
charge carriers and so acts as an insulator:
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P-type N-type

material material T P-N junction representation

.
Depletion region

Anode Cathode

Schematic symbol

4-]7 Real component appearance

Stripe marks cathode

If a reverse-biasing voltage is applied across the P-N junction, this depletion region expands,
further resisting any current through it:

Reverse-biased

Depletion region

Conversely, if a forward-biasing voltage is applied across the P-N junction, the depletion region
will collapse and become thinner, so that the diode becomes less resistive to current through it. In
order for a sustained current to go through the diode, though, the depletion region must be fully
collapsed by the applied voltage. This takes a certain minimum voltage to accomplish, called the
forward voltage:
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Forward-biased

Depletion region

0.7V
|| |
L

| > >

Forward-biased

T N2

Depletion region
fully collapsed

For silicon diodes, the typical forward voltage is 0.7 volts, nominal. For germanium diodes, the
forward voltage is only 0.3 volts. The chemical constituency of the P-N junction comprising the
diode accounts for its nominal forward voltage figure, which is why silicon and germanium diodes
have such different forward voltages. Forward voltage drop remains approximately equal for a wide
range of diode currents, meaning that diode voltage drop not like that of a resistor or even a normal
(closed) switch. For most purposes of circuit analysis, it may be assumed that the voltage drop
across a conducting diode remains constant at the nominal figure and is not related to the amount
of current going through it.

In actuality, things are more complex than this. There is an equation describing the exact current
through a diode, given the voltage dropped across the junction, the temperature of the junction,
and several physical constants. It is commonly known as the diode equation:
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Where,
I = Diode current in amps

| = Saturation currenltzin amps
(typically 1 x 10 amps)
e = Euler’s constant (~ 2.718281828)
q = charge of electron (1.6 x 10™° coulombs)

Vp = Voltage applied across diode in volts

N = "Nonideality" or "emission” coefficient
(typically between 1 and 2)

k = Boltzmann's constant (1.38 x 10°%%)

T = Junction temperature in degrees Kelvin

The equation kT/q describes the voltage produced within the P-N junction due to the action of
temperature, and is called the thermal voltage, or V; of the junction. At room temperature, this is
about 26 millivolts. Knowing this, and assuming a "nonideality” coefficient of 1, we may simplify
the diode equation and re-write it as such:

ID - IS (eVD/0.026 _1)

Where,
| = Diode current in amps

| = Saturation currenltzin amps
(typically 1 x 10™° amps)

e = Euler’s constant (~ 2.718281828)
Vp = Voltage applied across diode in volts

You need not be familiar with the ”diode equation” in order to analyze simple diode circuits. Just
understand that the voltage dropped across a current-conducting diode does change with the amount
of current going through it, but that this change is fairly small over a wide range of currents. This is
why many textbooks simply say the voltage drop across a conducting, semiconductor diode remains
constant at 0.7 volts for silicon and 0.3 volts for germanium. However, some circuits intentionally
make use of the P-N junction’s inherent exponential current/voltage relationship and thus can only
be understood in the context of this equation. Also, since temperature is a factor in the diode
equation, a forward-biased P-N junction may also be used as a temperature-sensing device, and thus
can only be understood if one has a conceptual grasp on this mathematical relationship.

A reverse-biased diode prevents current from going through it, due to the expanded depletion
region. In actuality, a very small amount of current can and does go through a reverse-biased
diode, called the leakage current, but it can be ignored for most purposes. The ability of a diode
to withstand reverse-bias voltages is limited, like it is for any insulating substance or device. If
the applied reverse-bias voltage becomes too great, the diode will experience a condition known as
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breakdown, which is usually destructive. A diode’s maximum reverse-bias voltage rating is known
as the Peak Inverse Voltage, or PIV, and may be obtained from the manufacturer. Like forward
voltage, the PIV rating of a diode varies with temperature, except that PIV increases with increased
temperature and decreases as the diode becomes cooler — exactly opposite that of forward voltage.

Ip

forward T

forward-bias
: Vp

reverse-bias

reverse l

breakdown!

Typically, the PIV rating of a generic "rectifier” diode is at least 50 volts at room temperature.
Diodes with PIV ratings in the many thousands of volts are available for modest prices.

e REVIEW:
e A diode is an electrical component acting as a one-way valve for current.

e When voltage is applied across a diode in such a way that the diode allows current, the diode
is said to be forward-biased.

e When voltage is applied across a diode in such a way that the diode prohibits current, the
diode is said to be reverse-biased.

e The voltage dropped across a conducting, forward-biased diode is called the forward voltage.
Forward voltage for a diode varies only slightly for changes in forward current and temperature,
and is fixed principally by the chemical composition of the P-N junction.

e Silicon diodes have a forward voltage of approximately 0.7 volts.

e Germanium diodes have a forward voltage of approximately 0.3 volts.

e The maximum reverse-bias voltage that a diode can withstand without ”breaking down” is
called the Peak Inverse Voltage, or PIV rating.
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3.2 Meter check of a diode

Being able to determine the polarity (cathode versus anode) and basic functionality of a diode is a
very important skill for the electronics hobbyist or technician to have. Since we know that a diode
is essentially nothing more than a one-way valve for electricity, it makes sense we should be able to
verify its one-way nature using a DC (battery-powered) ohmmeter. Connected one way across the
diode, the meter should show a very low resistance. Connected the other way across the diode, it
should show a very high resistance (”OL” on some digital meter models):

Diode is forward-biased by
ohmmeter -- shows 0 ohms
of resistance.

- Diode is reverse-biased by

Q ohmmeter -- shows infinite
resistance.

Cathode

$

Anode

Of course, in order to determine which end of the diode is the cathode and which is the anode,
you must know with certainty which test lead of the meter is positive (+) and which is negative (-)
when set to the "resistance” or 7§27 function. With most digital multimeters I've seen, the red lead
becomes positive and the black lead negative when set to measure resistance, in accordance with
standard electronics color-code convention. However, this is not guaranteed for all meters. Many
analog multimeters, for example, actually make their black leads positive (+) and their red leads
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negative (-) when switched to the ”resistance” function, because it is easier to manufacture it that
way!

One problem with using an ohmmeter to check a diode is that the readings obtained only have
qualitative value, not quantitative. In other words, an ohmmeter only tells you which way the diode
conducts; the low-value resistance indication obtained while conducting is useless. If an ohmmeter
shows a value of ”1.73 ohms” while forward-biasing a diode, that figure of 1.73 €2 doesn’t represent
any real-world quantity useful to us as technicians or circuit designers. It neither represents the
forward voltage drop nor any ”bulk” resistance in the semiconductor material of the diode itself,
but rather is a figure dependent upon both quantities and will vary substantially with the particular
ohmmeter used to take the reading.

For this reason, some digital multimeter manufacturers equip their meters with a special ”diode
check” function which displays the actual forward voltage drop of the diode in volts, rather than a
"resistance” figure in ohms. These meters work by forcing a small current through the diode and
measuring the voltage dropped between the two test leads:

D-E LIE Diode is forward-biased by

meter -- shows a forward
voltage drop of 0.548 volts.

/ .

Anode

Cathode

The forward voltage reading obtained with such a meter will typically be less than the "normal”
drop of 0.7 volts for silicon and 0.3 volts for germanium, because the current provided by the meter
is of trivial proportions. If a multimeter with diode-check function isn’t available, or you would like
to measure a diode’s forward voltage drop at some non-trivial current, the following circuit may be
constructed using nothing but a battery, resistor, and a normal voltmeter:
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[0.65c

Resistor

/

o | D
com Battery ]

Schematic diagram

MA R Resistor sized to obtain diode
current of desired magnitude.

Connecting the diode backwards to this testing circuit will simply result in the voltmeter indi-
cating the full voltage of the battery.

If this circuit were designed so as to provide a constant or nearly constant current through
the diode despite changes in forward voltage drop, it could be used as the basis of a temperature-
measurement instrument, the voltage measured across the diode being inversely proportional to diode
junction temperature. Of course, diode current should be kept to a minimum to avoid self-heating
(the diode dissipating substantial amounts of heat energy), which would interfere with temperature
measurement.

Beware that some digital multimeters equipped with a ”diode check” function may output a very
low test voltage (less than 0.3 volts) when set to the regular "resistance” (£2) function: too low to
fully collapse the depletion region of a PN junction. The philosophy here is that the ”diode check”
function is to be used for testing semiconductor devices, and the "resistance” function for anything
else. By using a very low test voltage to measure resistance, it is easier for a technician to measure
the resistance of non-semiconductor components connected to semiconductor components, since the
semiconductor component junctions will not become forward-biased with such low voltages.

Consider the example of a resistor and diode connected in parallel, soldered in place on a printed
circuit board (PCB). Normally, one would have to unsolder the resistor from the circuit (disconnect
it from all other components) before being able to measure its resistance, otherwise any parallel-
connected components would affect the reading obtained. However, using a multimeter that outputs
a very low test voltage to the probes in the ”resistance” function mode, the diode’s PN junction
will not have enough voltage impressed across it to become forward-biased, and as such will pass
negligible current. Consequently, the meter ”sees” the diode as an open (no continuity), and only
registers the resistor’s resistance:
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- Test voltage too low to
forward-bias the diode,

a so only R1’s resistance
A A is indicated.

If such an ohmmeter were used to test a diode, it would indicate a very high resistance (many
mega-ohms) even if connected to the diode in the ”correct” (forward-biased) direction:

- Test voltage too low to
forward-bias the diode,

a so the meter registers
A _| ahigh resistance figure.
v X

Reverse voltage strength of a diode is not as easily tested, because exceeding a normal diode’s
PIV usually results in destruction of the diode. There are special types of diodes, though, which
are designed to ”break down” in reverse-bias mode without damage (called Zener diodes), and they
are best tested with the same type of voltage source / resistor / voltmeter circuit, provided that the
voltage source is of high enough value to force the diode into its breakdown region. More on this
subject in a later section of this chapter.

¢ REVIEW:

e An ohmmeter may be used to qualitatively check diode function. There should be low resistance
measured one way and very high resistance measured the other way. When using an ohmmeter
for this purpose, be sure you know which test lead is positive and which is negative! The actual
polarity may not follow the colors of the leads as you might expect, depending on the particular
design of meter.
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e Some multimeters provide a ”diode check” function that displays the actual forward voltage of
the diode when it’s conducting current. Such meters typically indicate a slightly lower forward
voltage than what is "nominal” for a diode, due to the very small amount of current used
during the check.

3.3 Diode ratings

In addition to forward voltage drop (V) and peak inverse voltage (PIV), there are many other ratings
of diodes important to circuit design and component selection. Semiconductor manufacturers provide
detailed specifications on their products — diodes included — in publications known as datasheets.
Datasheets for a wide variety of semiconductor components may be found in reference books and on
the internet. I personally prefer the internet as a source of component specifications because all the
data obtained from manufacturer websites are up-to-date.

A typical diode datasheet will contain figures for the following parameters:

Maximum repetitive reverse voltage = Vggas, the maximum amount of voltage the diode can
withstand in reverse-bias mode, in repeated pulses. Ideally, this figure would be infinite.

Maximum DC reverse voltage = Vg or Vpe, the maximum amount of voltage the diode can
withstand in reverse-bias mode on a continual basis. Ideally, this figure would be infinite.

Maximum forward voltage = Vg, usually specified at the diode’s rated forward current. Ideally,
this figure would be zero: the diode providing no opposition whatsoever to forward current. In
reality, the forward voltage is described by the ”diode equation.”

Maximum (average) forward current = Ir(av), the maximum average amount of current the
diode is able to conduct in forward bias mode. This is fundamentally a thermal limitation: how
much heat can the PN junction handle, given that dissipation power is equal to current (I) multiplied
by voltage (V or E) and forward voltage is dependent upon both current and junction temperature.
Ideally, this figure would be infinite.

Maximum (peak or surge) forward current = Ipgar Or if(surge), the maximum peak amount of
current the diode is able to conduct in forward bias mode. Again, this rating is limited by the
diode junction’s thermal capacity, and is usually much higher than the average current rating due
to thermal inertia (the fact that it takes a finite amount of time for the diode to reach maximum
temperature for a given current). Ideally, this figure would be infinite.

Maximum total dissipation = Pp, the amount of power (in watts) allowable for the diode to
dissipate, given the dissipation (P=IE) of diode current multiplied by diode voltage drop, and also
the dissipation (P=I?R) of diode current squared multiplied by bulk resistance. Fundamentally
limited by the diode’s thermal capacity (ability to tolerate high temperatures).

Operating junction temperature = T ;, the maximum allowable temperature for the diode’s PN
junction, usually given in degrees Celsius (°C). Heat is the ” Achilles’ heel” of semiconductor devices:
they must be kept cool to function properly and give long service life.

Storage temperature range = Tgrq, the range of allowable temperatures for storing a diode (un-
powered). Sometimes given in conjunction with operating junction temperature (T ;), because the
maximum storage temperature and the maximum operating temperature ratings are often identi-
cal. If anything, though, maximum storage temperature rating will be greater than the maximum
operating temperature rating.

Thermal resistance = R(©), the temperature difference between junction and outside air (R(©) y4)
or between junction and leads (R(©) ;1) for a given power dissipation. Expressed in units of degrees
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Celsius per watt (°C/W). Ideally, this figure would be zero, meaning that the diode package was
a perfect thermal conductor and radiator, able to transfer all heat energy from the junction to the
outside air (or to the leads) with no difference in temperature across the thickness of the diode
package. A high thermal resistance means that the diode will build up excessive temperature at the
junction (where it’s critical) despite best efforts at cooling the outside of the diode, and thus will
limit its maximum power dissipation.

Maximum reverse current = Ir, the amount of current through the diode in reverse-bias oper-
ation, with the maximum rated inverse voltage applied (Vpc). Sometimes referred to as leakage
current. Ideally, this figure would be zero, as a perfect diode would block all current when reverse-
biased. In reality, it is very small compared to the maximum forward current.

Typical junction capacitance = C, the typical amount of capacitance intrinsic to the junction,
due to the depletion region acting as a dielectric separating the anode and cathode connections.
This is usually a very small figure, measured in the range of picofarads (pF).

Reverse recovery time = t,,., the amount of time it takes for a diode to "turn off” when the
voltage across it alternates from forward-bias to reverse-bias polarity. Ideally, this figure would be
zero: the diode halting conduction immediately upon polarity reversal. For a typical rectifier diode,
reverse recovery time is in the range of tens of microseconds; for a ”fast switching” diode, it may
only be a few nanoseconds.

Most of these parameters vary with temperature or other operating conditions, and so a single
figure fails to fully describe any given rating. Therefore, manufacturers provide graphs of component
ratings plotted against other variables (such as temperature), so that the circuit designer has a better
idea of what the device is capable of.

3.4 Rectifier circuits

Now we come to the most popular application of the diode: rectification. Simply defined, rectifica