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A. Basic Semiconductor Theory

1.

Introduction

Since the invention of the transistor, solid-state devices have been
developed and improved at an unbelievable rate. Great strides have
been made in the manufacturing techniques, and there is no foreseeable
limit to the future of these devices. Solid-state devices made from
semiconductor materials offer compactness, efficiency, ruggedness, and
versatility. Consequently, these devices have invaded virtually every field
of science and industry. In addition to the junction diode and transistor,
a whole new family of related devices has been developed: the ZENER
DIODE, LIGHT-EMITTING DIODE, FIELD EFFECT TRANSISTOR, etc.

One development that has dominated solid-state technology, and
probably has had a greater impact on the electronics industry than either
the electron tube or transistor, is the INTEGRATED CIRCUIT. The
integrated circuit is a minute piece of semiconductor material that can

produce complete electronic circuit functions.

As the applications of solid-state devices mount, the need for knowledge
of these devices becomes increasingly important. Personnel in the Navy
today will have to understand solid-state devices if they are to become
proficient in the repair and maintenance of electronic equipment.
Therefore, our objective in this module is to provide a broad coverage of
solid-state devices and, as a broad application, power supplies. We will
begin our discussion with some background information on the
development of the semiconductor. We will then proceed to the
semiconductor diode, the transistor, special devices and, finally, solid-

state power supplies.
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2. Semiconductor Development

a. Although the semiconductor was late in reaching its present
development, its story began long before the electron tube. Historically,
we can go as far back as 1883 when Michael Faraday discovered that
silver sulfide, a semiconductor, has a negative temperature coefficient.
The term negative temperature coefficient is just another way of saying
its resistance to electrical current flow decreases as temperature
increases. The opposite is true of the conductor. It has a positive
temperature coefficient. Because of this particular characteristic,

semiconductors are used extensively in power-measuring equipment.

b. Only 2 years later, another valuable characteristic was reported by Munk
A. Rosenshold. He found that certain materials have rectifying
properties. Strange as it may seem, his finding was given such little

notice that it had to be rediscovered 39 years later by F. Braun.

c. Toward the close of the 19th century, experimenters began to notice the
peculiar characteristics of the chemical element SELENIUM. They
discovered that in addition to its rectifying properties (the ability to
convert ac into dc), selenium was also light sensitive-its resistance
decreased with an increase in light intensity. This discovery eventually

led to the invention of the photophone by Alexander Graham Bell.

d. The photophone, which converted variations of light into sound, was a
predecessor of the radio receiver; however, it wasn't until the actual
birth of radio that selenium was used to any extent. Today, selenium is

an important and widely used semiconductor.

e. Many other materials were tried and tested for use in communications.
SILICON was found to be the most stable of the materials tested while
GALENA, a crystalline form of lead sulfide, was found the most sensitive

for use in early radio receivers. By 1915, Carl Beredicks discovered that
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GERMANIUM, another metallic element, also had rectifying capabilities.
Later, it became widely used in electronics for low-power, low-frequency

applications.

f.  Although the semiconductor was known long before the electron tube
was invented, the semiconductor devices of that time could not match
the performance of the tube. Radio needed a device that could not only
handle power and amplify but rectify and detect a signal as well. Since
tubes could do all these things, whereas semiconductor devices of that

day could not, the semiconductor soon lost out.

g. It wasn’t until the beginning of World War II that interest was renewed in
the semiconductor. There was a dire need for a device that could work
within the ultra-high frequencies of radar. Electron tubes had
interelectrode capacitances that were too high to do the job. The point-
contact semiconductor diode, on the other hand, had a very low internal
capacitance. Consequently, it filled the bill; it could be designed to work
within the ultra-high frequencies used in radar, whereas the electron

tube could not.

h. As radar took on greater importance and communication-electronic
equipment became more sophisticated, the demands for better solid-
state devices mounted. The limitations of the electron tube made
necessary a quest for something new and different. An amplifying device
was needed that was smaller, lighter, more efficient, and capable of
handling extremely high frequencies. This was asking a lot, but if
progress was to be made, these requirements had to be met. A serious
study of semiconductor materials began in the early 1940’s and has

continued since.

i. InJune 1948, a significant breakthrough took place in semiconductor
development. This was the discovery of POINT-CONTACT TRANSISTOR.
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Here at last was a semiconductor that could amplify. This discovery

brought the semiconductor back into competition with the electron tube.

j. A vyear later, JUNCTION DIODES and TRANSISTORS were developed. The
junction transistor was found superior to the point-contact type in many
respects. By comparison, the junction transistor was more reliable,
generated less noise, and had higher power-handling ability than its
point-contact brother. Texas Instruments began mass producing

junction transistors.

k. The junction transistor became a rival of the electron tube in many uses

previously uncontested.

. Semiconductor diodes were not to be slighted. The initial work of Dr. Carl
Zener led to the development of ZENER DIODE, which is frequently used
today to regulate power supply voltages at precise levels. Considerably
more interest in the solid-state diode was generated when Dr. Leo Esaki,
a Japanese scientist, fabricated a diode that could amplify. The device,
named the TUNNEL DIODE, has amazing gain and fast switching
capabilities. Although it is used in the conventional amplifying and

oscillating circuits, its primary use is in computer logic circuits.

m. Another breakthrough came in the late 1950’s when it was discovered
that semiconductor materials could be combined and treated so that
they functioned as an entire circuit or subassembly rather than as a
circuit component. Many names have been given to this solid-circuit
concept, such as INTEGRATED CIRCUITS, MICROELECTRONICS, and
MICROCIRCUITRY.

3. Atomic Structure

a. The universe, as we know it today, is divided into two parts: matter and
energy. Matter, which is our main concern at this time, is anything that

occupies space and has weight. Rocks, water, air, automobiles, clothing,
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and even our own bodies are good examples of matter. From this, we
can conclude that matter may be found in any one of three states:
SOLIDS, LIQUIDS, and GASES. All matter is composed of either an
element or combination of elements. As you know, an element is a

substance that cannot be reduced to a simpler form by chemical means.

b. Examples of elements with which you are in contact everyday are iron,
gold, silver, copper, and oxygen. At present, there are over 100 known
elements of which all matter is composed. As we work our way down
the size scale, we come to the atom, the smallest particle into which an
element can be broken down and still retain all its original properties.
The atoms of one element, however, differ from the atoms of all other
elements. Since there are over 100 known elements, there must be over

100 different atoms, or a different atom for each element.

c. Now let us consider more than one element at a time. This brings us to
the term "compound." A compound is a chemical combination of two or
more elements. Water, table salt, ethyl alcohol, and ammonia are all
examples of compounds. The smallest part of a compound, which has all
the characteristics of the compound, is the molecule. Each molecule
contains some of the atoms of each of the elements forming the

compound.

d. Consider sugar, for example. Sugar in general terms is matter, since it
occupies space and has weight. It is also a compound because it consists
of two or more elements. Take a lump of sugar and crush it into small
particles; each of the particles still retains its original identifying
properties of sugar. The only thing that changed was the physical size of
the sugar. If we continue this subdividing process by grinding the sugar
into a fine power, the results are the same. Even dissolving sugar in

water does not change its identifying properties, in spite of the fact that
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the particles of sugar are now too small to be seen even with a
microscope. Eventually, we end up with a quantity of sugar that cannot
be further divided without its ceasing to be sugar. This quantity is known
as a molecule of sugar. If the molecule is further divided, it is found to

consist of three simpler kinds of matter: carbon, hydrogen, and oxygen.

e. These simpler forms are called elements. Therefore, since elements
consist of atoms, then a molecule of sugar is made up of atoms of
carbon, hydrogen, and oxygen. As we investigate the atom, we find that

it is basically composed of electrons, protons, and neutrons.

f.  Furthermore, the electrons, protons, and neutrons of one element are
identical to those of any other element. There are different kinds of
elements because the humber and the arrangement of electrons and

protons are different for each element.

g. The electron carries a small negative charge of electricity. The proton
carries a positive charge of electricity equal and opposite to the charge
of the electron. Scientists have measured the mass and size of the
electron and proton, and they know how much charge each possesses.
Both the electron and proton have the same quantity of charge, although
the mass of the proton is approximately 1,827 times that of the electron.
In some atoms there exists a neutral particle called a neutron. The
neutron has a mass approximately equal to that of a proton, but it has

no electrical charge.

h. According to theory, the electrons, protons, and neutrons of the atoms
are thought to be arranged in a manner similar to a miniature solar
system. Notice the helium atom in figure 1-2. Two protons and two
neutrons form the heavy nucleus with a positive charge around which

two very light electrons revolve.
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The path each electron takes around the nucleus is called an orbit. The
electrons are continuously being acted upon in their orbits by the force of
attraction of the nucleus. To maintain an orbit around the nucleus, the
electrons travel at a speed that produces a counterforce equal to the
attraction force of the nucleus. Just as energy is required to move a
space vehicle away from the earth, energy is also required to move an
electron away from the nucleus. Like a space vehicle, the electron is said
to be at a higher energy level when it travels a larger orbit. Scientific
experiments have shown that the electron requires a certain amount of
energy to stay in orbit. This quantity is called the electron’s energy level.
By virtue of just its motion alone, the electron contains kinetic energy.
Because of its position, it also contains potential energy. The total
energy contained by an electron (kinetic energy plus potential energy) is
the main factor that determines the radius of the electron’s orbit. For an

electron to remain in this orbit, it must neither gain nor lose energy

Helium Atom

G, Nucleus7
. (e
: ¢ e

(+ Proton \
& Electron Orbits
@ Nuetron

Figure 1, Semiconductor-Theory-001 Helium Atom
Composition
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j.  The orbiting electrons do not follow random paths, instead they are
confined to definite energy levels. Visualize these levels as shells with
each successive shell being spaced a greater distance from the nucleus.
The shells, and the number of electrons required to fill them, may be
predicted by using Pauli’s exclusion principle. Simply stated, this
principle specifies that each shell will contain a maximum of 2n?

electrons, where n corresponds to the shell number starting with the one

closest to the nucleus. By this principle, the second shell, for example,

would contain 2(2)2 or 8 electrons when full.

k. In addition to being numbered, the shells are also given letter
designations starting with the shell closest to the nucleus and
progressing outward as shown in figure "Semiconductor-Theory-002".
The shells are considered to be full, or complete, when they contain the
following quantities of electrons: 2 in the K(1st) shell, 8 in the L(2nd)
shell, 18 in the M(3rd) shell, and so on, in accordance with the exclusion
principle. Each of these shells is a major shell and can be divided into

subshells, of which there are four, labeled s, p, d, and f.

I.  Like the major shells, the subshells are also limited as to the number of
electrons they contain. Thus, the "s" subshell is complete when it

contains 2 electrons, the "p" subshell when it contains 6, the "d" subshell

when it contains 10, and the "f" subshell when it contains 14 electrons.
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Letter Designation:7

Q

L Shell Number

Figure 2, Semiconductor-Theory-002 Shell Designations

m. Inasmuch as the K shell can contain no more than 2 electrons, it must
have only one subshell, the s subshell. The M shell is composed of three
subshells: s, p, and d. If the electrons in the s, p, and d subshells are
added together, their total is found to be 18, the exact humber required
to fill the M shell.

n. Notice the electron configuration of copper illustrated in figure
"Semiconductor-Theory-002". The copper atom contains 29 electrons,
which completely fill the first three shells and subshells, leaving one
electron in the "s" subshell of the N shell. A list of all the other known
elements, with the number of electrons in each atom, is contained in the
PERIODIC TABLE OF ELEMENTS.
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Figure 3, Semiconductor-Theory-003 Copper Atom

0. Valence is an atom’s ability to combine with other atoms. The number of
electrons in the outermost shell of an atom determines its valence. For
this reason, the outer shell of an atom is called VALENCE SHELL, and the
electrons contained in this shell are called VALENCE ELECTRONS. The
valence of an atom determines its ability to gain or lose an electron,
which in turn determines the chemical and electrical properties of the
atom. An atom that is lacking only one or two electrons from its outer
shell will easily gain electrons to complete its shell, but a large amount of
energy is required to free any of its electrons. An atom having a
relatively small number of electrons in its outer shell in comparison to
the number of electrons required to fill the shell will easily lose these

valence electrons. The valence shell always refers to the outermost shell.
p. Energy Bands

g. As stated earlier, orbiting electrons contain energy and are confined to

definite energy levels. The various shells in an atom represent these
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levels. Therefore, to move an electron from a lower shell to a higher
shell a certain amount of energy is required. This energy can be in the
form of electric fields, heat, light, and even bombardment by other
particles. Failure to provide enough energy to the electron, even if the
energy supplied is just short of the required amount, will cause it to

remain at its present energy level.

r. Supplying more energy than is needed will only cause the electron to
move to the next higher shell and the remaining energy will be wasted.
In simple terms, energy is required in definite units to move electrons
from one shell to the next higher shell. These units are called QUANTA

(for example 1, 2, or 3 quanta).

s. Electrons can also lose energy as well as receive it. When an electron
loses energy, it moves to a lower shell. The lost energy, in some cases,
appears as heat. If a sufficient amount of energy is absorbed by an
electron, it is possible for that electron to be completely removed from
the influence of the atom. This is called IONIZATION. When an atom
loses electrons or gains electrons in this process of electron exchange, it
is said to be ionized. For ionization to take place, there must be a
transfer of energy that results in a change in the internal energy of the

atom.

t. An atom having more than its normal amount of electrons acquires a
negative charge, and is called a NEGATIVE ION. The atom that gives up
some of its normal electrons is left with fewer negative charges than
positive charges and is called a POSITIVE ION. Thus, we can define

ionization as the process by which an atom loses or gains electrons.

u. Up to this point in our discussion, we have spoken only of isolated
atoms. When atoms are spaced far enough apart, as in a gas, they have

very little influence upon each other, and are very much like lone atoms.
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But atoms within a solid have a marked effect upon each other. The
forces that bind these atoms together greatly modify the behavior of the
other electrons. One consequence of this close proximity of atoms is to
cause the individual energy levels of an atom to break up and form
bands of energy. Discrete (separate and complete) energy levels still
exist within these energy bands, but there are many more energy levels
than there were with the isolated atom. In some cases, energy levels will
have disappeared. Figure "Semiconductor-Theory-004" shows the
difference in the energy arrangement between an isolated atom and the
atom in a solid. Notice that the isolated atom (such as in gas) has
energy levels, whereas the atom in a solid has energy levels grouped
into ENERGY BANDS.

Electron's Electron's
Enxgy Energy
No. 5
No. 4
No. 3 \
Energy
Levels pr— N O, 2
Forbidden Energy Energy
Band Gap Levels
No. 1
—— Valence Band=—=

Isolated Atom

Atom in a Solid

Figure 4, Semiconductor-Theory-004 Energy
Arrangement in Atoms

v. The upper band in the solid lines in figure "Semiconductor-Theory-004"
is called the CONDUCTION BAND because electrons in this band are
easily removed by the application of external electric fields. Materials
that have a large number of electrons in the conduction band act as
good conductors of electricity. Below the conduction band is the
FORBIDDEN BAND or energy gap. Electrons are never found in this band,

but may travel back and forth through it, provided they do not come to
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rest in the band. The last band or VALENCE BAND is composed of a
series of energy levels containing valence electrons. Electrons in this
band are more tightly bound to the individual atom than the electrons in
the conduction band. However, the electrons in the valence band can still
be moved to the conduction band with the application of energy, usually
thermal energy. There are more bands below the valence band, but they
are not important to the understanding of semiconductor theory and will

not be discussed.

w. The concept of energy bands is particularly important in classifying
materials as conductors, semiconductors, and insulators. An electron can
exist in either of two energy bands, the conduction band or the valence
band. All that is necessary to move an electron from the valence band to
the conduction band so it can be used for electric current, is enough
energy to carry the electron through the forbidden band. The width of
the forbidden band or the separation between the conduction and
valence bands determines whether a substance is an insulator,
semiconductor, or conductor. Figure "Semiconductor-Theory-005 " uses
energy level diagrams to show the difference between insulators,

semiconductors, and conductors.

Conduction Conduction Conduction
Band Band Band
Forbidden Forbidden
Band Band
Valence Valence Valence
Band Band Band

Insulator Semiconductor Conductor

Figure 5, Semiconductor-Theory-005 Energy Level
Diagram

INSTRUCTOR GUIDE 13 of 26 Printed: 1/10/2022



Basic Semiconductor Theory

X. The energy diagram for the insulator shows the insulator with a very
wide energy gap. The wider this gap, the greater the amount of energy
required to move the electron from the valence band to the conduction
band. Therefore, an insulator requires a large amount of energy to
obtain a small amount of current. The insulator "insulates" because of
the wide forbidden band or energy gap. The semiconductor, on the
other hand, has a smaller forbidden band and requires less energy to
move an electron from the valence band to the conduction band.
Therefore, for a certain amount of applied voltage, more current will flow

in the semiconductor than in the insulator.

y. The last energy level diagram in figure 1-6 is that of a conductor. Notice,
there is no forbidden band or energy gap and the valence and conduction
bands overlap. With no energy gap, it takes a small amount of energy to
move electrons into the conduction band; consequently, conductors pass

electrons very easily.
z. Covalent Bonding

aa. The chemical activity of an atom is determined by the number of
electrons in its valence shell. When the valence shell is complete, the
atom is stable and shows little tendency to combine with other atoms to
form solids. Only atoms that possess eight valence electrons have a
complete outer shell. These atoms are referred to as inert or inactive
atoms. However, if the valence shell of an atom lacks the required
number of electrons to complete the shell, then the activity of the atom

increases.

bb. Silicon and germanium, for example, are the most frequently used
semiconductors. Both are quite similar in their structure and chemical
behavior. Each has four electrons in the valence shell. Consider just

silicon. Since it has fewer than the required number of eight electrons
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CC.

needed in the outer shell, its atoms will unite with other atoms until
eight electrons are shared. This gives each atom a total of eight
electrons in its valence shell; four of its own and four that it borrowed
from the surrounding atoms. The sharing of valence electrons between
two or more atoms produces a COVALENT BOND between the atoms. It
is this bond that holds the atoms together in an orderly structure called a
CRYSTAL. A crystal is just another name for a solid whose atoms or
molecules are arranged in a three-dimensional geometrical pattern
commonly referred to as a lattice. Figure "Semiconductor-Theory-006"
shows a typical crystal structure. Each sphere in the figure represents
the nucleus of an atom, and the arms that join the atoms and support

the structure are the covalent bonds.

Figure 6, Semiconductor-Theory-006 Typical Crystal
Structure

As a result of this sharing process, the valence electrons are held tightly
together. This can best be illustrated by the two-dimensional view of the

silicon lattice in figure "Semiconductor-Theory-007". The circles in the
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figure represent the nuclei of the atoms. The +4 in the circles is the net

charge of the nucleus plus the inner shells (minus the valence shell). The

short lines indicate valence electrons. Because every atom in this pattern

is bonded to four other atoms, the electrons are not free to move within

the crystal. As a result of this bonding, pure silicon and germanium are

poor conductors of electricity. The reason they are not insulators but

semiconductors is that with the proper application of heat or electrical

pressure, electrons can be caused to break free of their bonds and move

into the conduction band. Once in this band, they wander aimlessly

through the crystal.
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Figure 7, Semiconductor-Theory-007 Two-dimensional

View of a Silicon Cubic Lattice

dd. Conduction Process
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ee. As stated earlier, energy can be added to electrons by applying heat.
When enough energy is absorbed by the valence electrons, it is possible
for them to break some of their covalent bonds. Once the bonds are
broken, the electrons move to the conduction band where they are
capable of supporting electric current. When a voltage is applied to a
crystal containing these conduction band electrons, the electrons move
through the crystal toward the applied voltage. This movement of

electrons in a semiconductor is referred to as electron current flow.

ff. There is still another type of current in a pure semiconductor. This
current occurs when a covalent bond is broken and a vacancy is left in
the atom by the missing valence electron. This vacancy is commonly
referred to as a "hole." The hole is considered to have a positive charge
because its atom is deficient by one electron, which causes the protons
to outnumber the electrons. As a result of this hole, a chain reaction
begins when a nearby electron breaks its own covalent bond to fill the
hole, leaving another hole. Then another electron breaks its bond to fill
the previous hole, leaving still another hole. Each time an electron in this
process fills a hole, it enters into a covalent bond. Even though an
electron has moved from one covalent bond to another, the most

important thing to remember is that the hole is also moving.

gg. Therefore, since this process of conduction resembles the movement of
holes rather than electrons, it is termed hole flow (short for hole current
flow or conduction by holes). Hole flow is very similar to electron flow
except that the holes move toward a negative potential and in an
opposite direction to that of the electron. Since hole flow results from the
breaking of covalent bonds, which are at the valence band level, the
electrons associated with this type of conduction contain only valence
band energy and must remain in the valence band. However, the

electrons associated with electron flow have conduction band energy and
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can, therefore, move throughout the crystal. A good analogy of hole flow

is the movement of a hole through a tube filled with balls (Figure

"Semiconductor-Theory-008").

Tube
Space Left By Ball No. 1 ]
Y ' "
©- $9000000

Ball No. 1 Removed

Space Left By Ball No. 2

NG C G X s )Xo K7 X8

Space Movement ———»

Space Left By Ball No. 3

32 (3 )C K4 s e K7 K8 )

Space Movement ——»

Space Left By Ball No. 8
<+<—— Ball Movement

000060009

Space Movement ————»

Figure 8, Semiconductor-Theory-008 Analolgy of Hole

Flow

hh. When ball number 1 is removed from the tube, a hole is left. This hole is

then filled by ball humber 2, which leaves still another hole. Ball number

3 then moves into the hole left by ball nhumber 2. This causes still

another hole to appear where ball 3 was. Notice the holes are moving to

the right side of the tube. This action continues until all the balls have

moved one space to the left in which time the hole moved eight spaces

to the right and came to rest at the right-hand end of the tube.

ii. In the theory just described, two current carriers were created by the

breaking of covalent bonds: the negative electron and the positive hole.

These carriers are referred to as electron-hole pairs. Since the

semiconductor we have been discussing contains no impurities, the
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number of holes in the electron-hole pairs is always equal to the number
of conduction electrons. Another way of describing this condition where
no impurities exist is by saying the semiconductor is INTRINSIC. The
term intrinsic is also used to distinguish the pure semiconductor that we

have been working with from one containing impurities.
jj. Doping Process

kk. The pure semiconductor mentioned earlier is basically neutral. It
contains no free electrons in its conduction bands. Even with the
application of thermal energy, only a few covalent bonds are broken,
yielding a relatively small current flow. A much more efficient method of
increasing current flow in semiconductors is by adding very small
amounts of selected additives to them, generally no more than a few
parts per million. These additives are called impurities and the process of
adding them to crystals is referred to as DOPING. The purpose of
semiconductor doping is to increase the number of free charges that can
be moved by an external applied voltage. When an impurity increases
the number of free electrons, the doped semiconductor is NEGATIVE or N
TYPE, and the impurity that is added is known as an N-type impurity.
However, an impurity that reduces the number of free electrons, causing
more holes, creates a POSITIVE or P-TYPE semiconductor, and the
impurity that was added to it is known as a P-type impurity.
Semiconductors which are doped in this manner — either with N- or P-

type impurities — are referred to as EXTRINSIC semiconductors.
II.  N-Type Semiconductor

mm. The N-type impurity loses its extra valence electron easily when
added to a semiconductor material, and in so doing, increases the
conductivity of the material by contributing a free electron. This type of

impurity has 5 valence electrons and is called a PENTAVALENT impurity.
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Arsenic, antimony, bismuth, and phosphorous are pentavalent
impurities. Because these materials give or donate one electron to the

doped material, they are also called DONOR impurities.

nn. When a pentavalent (donor) impurity, like arsenic, is added to
germanium, it will form covalent bonds with the germanium atoms.
Figure " Semiconductor-Theory-009" illustrates this by showing an
arsenic atom (AS) in a germanium (GE) lattice structure. Notice the
arsenic atom in the center of the lattice. It has 5 valence electrons in its
outer shell but uses only 4 of them to form covalent bonds with the
germanium atoms, leaving 1 electron relatively free in the crystal
structure. Pure germanium may be converted into an N-type
semiconductor by "doping" it with any donor impurity having 5 valence
electrons in its outer shell. Since this type of semiconductor (N-type) has
a surplus of electrons, the electrons are considered MAJORITY carriers,

while the holes, being few in number, are the MINORITY carriers.

00. P-Type Semiconductor

EXCESS
ELECTRON

Figure 9, Semiconductor-Theory-009 Germanium Crystal
Doped With Arsenic.
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pp. P-Type Semiconductor

qq. The second type of impurity, when added to a semiconductor material,
tends to compensate for its deficiency of 1 valence electron by acquiring
an electron from its neighbor. Impurities of this type have only 3 valence
electrons and are called TRIVALENT impurities. Aluminum, indium,
gallium, and boron are trivalent impurities. Because these materials
accept 1 electron from the doped material, they are also called
ACCEPTOR impurities.

rr. A trivalent (acceptor) impurity element can also be used to dope
germanium. In this case, the impurity is 1 electron short of the required
amount of electrons needed to establish covalent bonds with 4
neighboring atoms. Thus, in a single covalent bond, there will be only 1
electron instead of 2. This arrangement leaves a hole in that covalent
bond. Figure "Semiconductor-Theory-010" illustrates this theory by
showing what happens when germanium is doped with an indium (In)
atom. Notice, the indium atom in the figure is 1 electron short of the
required amount of electrons needed to form covalent bonds with 4
neighboring atoms and, therefore, creates a hole in the structure.
Gallium and boron, which are also trivalent impurities, exhibit these
same characteristics when added to germanium. The holes can only be
present in this type semiconductor when a trivalent impurity is used.
Note that a hole carrier is not created by the removal of an electron from
a neutral atom, but is created when a trivalent impurity enters into
covalent bonds with a tetravalent (4 valence electrons) crystal structure.
The holes in this type of semiconductor (P-type) are considered the
MAJORITY carriers since they are present in the material in the greatest

quantity. The electrons, on the other hand, are the MINORITY carriers.
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Figure 10, Semiconductor-Theory-010 Germanium
Crystal Doped With Indium

Merely pressing together a section of P material and a section of N
material, however, is not sufficient to produce a rectifying junction. The
semiconductor should be in one piece to form a proper PN junction, but
divided into a P-type impurity region and an N-type impurity region. This
can be done in various ways. One way is to mix P-type and N-type
impurities into a single crystal during the manufacturing process. By so
doing, a P-region is grown over part of a semiconductor's length and N-
region is grown over the other part. This is called a GROWN junction and
is illustrated in view A of figure "Semiconductor-Theory-011". Another
way to produce a PN junction is to melt one type of impurity into a
semiconductor of the opposite type impurity. For example, a pellet of
acceptor impurity is placed on a wafer of N-type germanium and heated.
Under controlled temperature conditions, the acceptor impurity fuses
into the wafer to form a P-region within it, as shown in view B of figure
"Semiconductor-Theory-011". This type of junction is known as an
ALLOY or FUSED-ALLQY junction, and is one of the most commonly used
junctions. In figure "Semiconductor-Theory-012", a POINT-CONTACT

type of construction is shown. It consists of a fine metal wire, called a
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cat whisker, that makes contact with a small area on the surface of an
N-type semiconductor as shown in view A of the figure. The PN union is
formed in this process by momentarily applying a high-surge current to
the wire and the N-type semiconductor. The heat generated by this
current converts the material nearest the point of contact to a P-type

material (view B).

ACCEPTOR
IMPURITY PELLET

CUT BAR

Figure 11, Semiconductor-Theory-011 Grown P-N
Junction
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Figure 12, Semiconductor-Theory-012 Point Contact
Junction

tt. Still another process is to heat a section of semiconductor material to
near melting and then diffuse impurity atoms into a surface layer.
Regardless of the process, the objective is to have a perfect bond
everywhere along the union (interface) between P and N materials.
Proper contact along the union is important because, as we will see later,

the union (junction or interface) is the rectifying agent in the diode.
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PRACTICE:
1 What is the outer shell of an atom called?

Q1. Valence shell

2. Label the following as to which represents an insulator, semiconductor, and

conductor.

Conduction Conduction Conduction

Band Band Band
Forbidden Forbidden

Band Band

Valence Valence Valence
Band Band Band
A B Cc

Figure 13, Semiconductor-Theory-011 Question 2

Q2 A-Insulator, B-Conductor, C-Semiconductor
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Figure 14, Semiconductor-Theory-012 - Periodic Table
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