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1. Semiconductor Theory

[This material relates predominantly to module ELP033]

1.1 Atomic Structure

The atom is basically composed of electrons, protons, and neutrons. 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 number and the
arrangement of electrons and protons are different for each element.

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.

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.

Based on a crude analogy, the electrons, protons, and neutrons of the atoms could be
thought to be arranged in a manner similar to a miniature solar system. The helium
atom is shown in figure 1. Two protons and two neutrons form the heavy nucleus with
a positive charge around which two very light electrons revolve. 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 on 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.
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Fig 1 The composition of a simple helium atom.

The orbiting electrons do not follow random paths but are confined to definite energy
levels. Visualise 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%) or 8 electrons when full.
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 the figure 2.
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, labelled s, p, d,
and f. 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 "t"
subshell when it contains 14 electrons.
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Fig. 2 Shell designation.

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.
Adding the electrons in the s, p, and d subshells gives 18, the exact number required
to fill the M shell. Notice the electron configuration of copper illustrated in figure 3.
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 known
elements, with the number of electrons in each atom, is contained in the PERIODIC
TABLE OF ELEMENTS.
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Fig3 Copper atom.

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 valance 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.

1.2 Energy Bands

As stated earlier, orbiting electrons contain energy and are confined to definite energy
levels. The various shells in an atom represent these 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. 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).

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 or light.

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
ionisation. When an atom loses electrons or gains electrons in this process of electron
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exchange, it is said to be ionised. For ionisation to take place, there must be a transfer
of energy that results in a change in the internal energy of the atom. 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 ionisation as the process by which an atom loses or gains electrons.

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 isolated atoms. But atoms within a solid have a
marked effect upon each other. The forces that bind these atoms together greatly
modify the behaviour 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 4 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.
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Fig4 The energy arrangement in atoms.

The upper band in the solid lines in the figure 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 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.
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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 contribute to
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 5 uses energy level diagrams to show the difference between
insulators, semiconductors, and conductors.
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Fig 5 Energy level diagram.

The energy diagram for the insulator shows 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 level of applied voltage, more current will flow in the semiconductor
than in the insulator.

The last energy level diagram 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 release electrons very easily.

1.3 Covalent Bonding

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. 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.

Silicon and germanium, for example, are the most frequently used semiconductors.
Both are quite similar in their structure and chemical behaviour. Each has four
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electrons in the valence shell. Consider just silicon. Since it has fewer than the
required number of eight electrons 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 6 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.

Fig. 6 A 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 7.
The circles in the 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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Fig. 7 A two-dimensional view of a silicon cubic lattice.

1. 4 Conduction Process

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 positive end of the applied voltage. This movement of electrons
in a semiconductor is referred to as electron current flow.

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. 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

10
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conduction band energy and can, therefore, move throughout the crystal. A good
analogy of hole flow is the movement of a hole through a tube filled with balls as in
fig. 8.
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Fig. 8  Analogy of hole flow.

When ball number 1 is removed from the tube, a hole is left. This hole is then filled
by ball number 2, which leaves still another hole. Ball number 3 then moves into the
hole left by ball number 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.

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 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 intrinsic. The term intrinsic is also
used to distinguish the pure semiconductor that we have been working with from one
containing impurities.

1.5 Doping Process

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 to them
very small amounts of selected additives, 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 firee 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.

11
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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.

1.6 N-Type Semiconductor

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. 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.

When a pentavalent (donor) impurity, like arsenic, is added to germanium, it will
form covalent bonds with the germanium atoms. Figure 9 illustrates this by showing
an arsenic atom (AS) in a germanium (GE) lattice structure. Notice the arsenic atom
in the centre 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.

EXCESS
ELECTRON

Fig. 9 Germanium crystal doped with arsenic.
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1.7 P-Type Semiconductor

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
neighbour. Impurities of this type have only 3 valence electrons and are called
trivalent impurities. Aluminium, indium, gallium, and boron are trivalent impurities.
Because these materials accept 1 electron from the doped material, they are also
called acceptor impurities.

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 neighbouring 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 10 illustrates this case 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 neighbouring 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 of 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.

Figure 1.1 Germanium crystal doped with indium.
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