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Preface

The purposes of this text are to provide a single source of reference to
those individuals involved in the processing of semiconductors, and to
introducc students of other technologies to the technology of semicon-
ductor processing. The text arose from a sequence of college courses for
the semiconductor technician, and was expanded to include many aspects
of process design of interest to the processing engineer.

The more complex lessons in the text are approached at two
levels of detail. The first level covers the basics of the particular topic
and terminates at the technician level. The second level covers more
advanced material and should be used at the engineering level.

Each lesson should take an average of two hours to complete. For
such self-paced study audio cassettes are available. The set may be pur-
chased from Fairchild Camera & Instrument Corporation, Corporate
Training, Mountain View, California.
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Semiconductor Physics |

1-1  ATOMIC STRUCTURE

Early structural models of the atom pictured it as having a nucleus
composed of positively charged protons and electrically neutral neu-
trons, surrounded by orbitals or shells containing negatively charged
electrons. (Figure 1-1). This model of the atom is being continuously
refined by atomic physicists, but the features of the model are sufficient
to explain many of the physical phenomena observed in many materials,
including most semiconductors.

An atom that has the same number of electrons and protons is
electrically neutral. However, the gain or loss of electrons from the
orbitals surrounding the nucleus produces an atom that is charged
either positively or negatively. An atom charged in such a fashion is
called an ionized atom or an ion. The majority of the physical and
chemical properties of an atom are determined by the number of elec-
trons in the outermost orbital, since these electrons are the means by
which the atom interacts with the outside world.

All atoms with the same number of protons (regardless of the
number of neutrons or electrons) are the same element. Unionized
atoms with the same number of protons must also have the same num-
ber of electrons. Hence, only the number of neutrons contained in the
nucleus can differ. Atoms with the same number of protons but a dif-
ferent number of neutrons are isotopes of the element.

Studies by several nineteenth century chemists detected simi-
larities in the physical and chemical properties of elements having

1
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Electrons

Protons

Nucleus

Figure 1-1 A silicon atom.

different densities. Grouping of elements with similar properties based
on their densities led to the Periodic Table (Figure 1-2). This table
was arrived at largely by experimental means, but it offers large insights
into the behavior of materials. The uncomplicated but accurate picture
of semiconductors obtained through use of the Periodic Table is suffi-
cient for all but advanced work in semiconductors.

The Periodic Table (modified from Mendeleev’s) is based upon
the arrangement of electrons around the nucleus of an atom. Every
atom has orbitals or shells that can be occupied by electrons. The
orbitals closer to the nucleus can hold fewer electrons than the orbitals
farther away. Electrons fill orbitals starting from the innermost. The
rows of elements in the Periodic Table correspond to the filling of an
orbital with electrons. When an orbital is filled, a new row in the Peri-
odic Table is begun. Elements that are in the same column in the
Periodic Table have the same number of electrons in the outermost
orbital. The columns are given “group numbers” which tell the number
of electrons in the outer orbital. (We will now concentrate on the
Group I elements. )
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Dimitri Ivanovich Mendeleev, the Russian chemist who devised
the Periodic Table, noted that atoms with eight electrons in their outer
orbitals are chemically inert. The observation that atoms have a com-
plete set of electrons when they have eight electrons in the outer shell,
explains the way elements reacted to form compounds. Group I ele-
ments (with one electron in their outer shell) react with Group VII
elements (with seven electrons in their outer shell). The Group VII
atom “borrows” the electron to complete its outer shell, leaving the
Group I atom with zero electrons in its outer shell, but with completed
shells beneath. Each element then has a full complement of electrons in
its outer shell. The atoms are held together by the electric force be-
tween the atoms with one extra electron and the atom with one less
electron. This type of bonding is known as ionic bonding.

If a Group II and a Group VI element combine, each atom
satisfies its need for electrons. However, the Group VI atom has diffi-
culty capturing the extra electrons, so it shares them instead. The bond
formed is less ionic (electron-taking) and more covalent (electron-
sharing). In a similar fashion, Group III atoms combine with Group V
atoms, and group IV atoms combine with Group IV atoms. A Group
IV atom will share one of its four electrons with each of its four nearest
neighbors part of the time, and borrow one electron from its neighbors
part of the time.

1-2 CLASSIFICATION OF MATERIALS

One method used by scientists to classify materials is to group them by
their ability to conduct electricity. Three broad classifications of ma-
terials are:

1. Insulator—does not conduct electricity to an appreciable
degree.

2. Metal—conducts electricity easily.

3. Semiconductor—conducts electricity poorly when pure.

If we look at the electron structure of these three classifications of ma-
terials (Figure 1-3), we see that:

1. Insulators have all electrons tightly bound, so none are free
to carry current.

2. Metals have many electrons readily available to carry cur-
rent.

3. Semiconductors have some electrons free to carry current.
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Figure 1-3 Bonding diagrams of a metai, an insulator, and a semiconductor.

Taking a closer look at semiconductors, of which silicon and
germanium are the most widely used, we see that they both belong to
Group IV in the Periodic Table. When these elements are crystalline,
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an atom shares one of its four electrons with each of its nearest neigh-
bors (Figure 1-4a). However, at any temperature greater than absolute
zero (0°K), some of the bonds linking the atoms are broken (Figure
1-4b). The broken bonds produce electrons free to conduct electricity.
In addition, the broken bond corresponding to the absence of an elec-
tron is also free to move in the lattice (Figure 1-4c). (The absence of
an electron is called a hole; this concept is similar to that calling the
absence of water a bubble.) In a pure semiconductor crystal, the num-
ber of broken bonds depends only on the temperature. Since every
broken bond produces both a hole and an electron, they are present in
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Figure 1-4 (a} Silicon at absolute zero; (b) electron conduction in silicon; ()
hole conduction in silicon.
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equal numbers. The symbol 7 is used to signify the number of elec-
trons/cm?® in a semiconductor, while the symbol p signifies the number
of holes/cm? in a semiconductor. Since they are equal in pure or “in-
trinsic” silicon, we can say that n equals p. The number of broken
bonds in an intrinsic sample is called n;, and it follows that

n=p=mn, and (1-1)
n-:p= niz (1'2)

where n;? depends only on temperature. In silicon at room temperature
(27°C) m; = 1.4 x 10'°/cm?, and n;2 = 2 X 102°/cm®.

The presence of equal numbers of holes and electrons leads to
no interesting phenomena, but the ability to increase the number of
holes or electrons by adding trace amounts of impurities called dopants,
means that regions of semiconductor materials can be altered to per-
form useful functions. Silicon has four electrons in the outer shell which
it shares with its four nearest neighbors. The substitution for silicon of
an atom from Group V, for example phosphorus, results in the phos-
phorus sharing one of its five electrons with each of its four nearest
neighbors (Figure 1-5a). The extra electron is not needed for bonding
purposes, and is free to conduct electrical current. Semiconductors con-
taining an excess of conduction electrons are called n-type. In an anal-
ogous manner, additional holes can be provided by substituting an.atom
like boron for a silicon atom (Figure 1-5b). Semiconductors contain-
ing an excess of holes are called p-type. Atoms supplying additional
electrons for the conduction process are called donors; the number of
donors/cm?® in a semiconductor is Np. Atoms that supply additional
holes for the coduction process are called acceptors; the number of
acceptors/cm® in a semiconductor is N4. For silicon, potential donor
atoms are the atoms of Group V with five electrons in their outer shell.

U U
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Figure 1-5 (a) Extra electron easy to remove; (b) extra hole easy to remove.
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The atoms frequently used to dope silicon n-type are phosphorus, ar-
senic, and antimony. Potential acceptors for silicon are the Group III
atoms with three electrons in their outer shell. The atoms used to dope
silicon p-type are boron, aluminum, and gallium (boron is used most
frequently).

An increase in the number of conduction electrons present in a
semiconductor causes a corresponding decrease in the number of holes,
and vice versa. The equation n - p = n? is valid even when n does not
equal p (n 5 p). If only donor atoms have been added to silicon and
the number of donors is less than 10'®/cm3, (Np < 10'?/cm?3), all of

the donors produce conduction electrons. It follows that, in this case,
2

ny
n=Np, and p =N In a similar fashion, if only acceptors are added
D

to a bar of silicon, and their number is less than 10'®/cm3, (N4 < 10*®
/cm®), each acceptor atom produces one hole. In this case, p = N,, and

When both donors and acceptors are added to a semiconductor,
they tend to cancel each other out. When more donor than acceptor
atoms are added, (N, < Np), the donor atoms cancel out the effect of
all of the acceptor atoms, and the number of electrons is the difference
between the number of donors and the number of acceptors (n = Np
— N4). In an analogous manner, if more acceptor atoms are added
than donor atoms, the acceptor atoms cancel out the effect of all of the
donor atoms, and the number of holes is the difference between the
number of acceptors and the number of donors (p = N4 — Np). In
both cases, the product of n * p remains constant, so the carrier type in
the minority can be determined using the formula n - p = né.

The amount of dopant present in a semiconductor is deter-
mined by measuring its conductivity or resistivity. The resistivity of a
material is the opposing force a material has to a voltage placed across
it. The symbol for resistivity is the Greek letter p. The units of resis-
tivity are ohm-centimeters (Q2-cm). The conductivity is related to the
resistivity by the equation

o= (1-3)

The conductivity of a sample depends upon the number of free carriers
(holes and/or electrons) and their mobility or the ease with which
they move through the sample. If the resistivity (or the conductivity)
of a material is known, the resistance of a box-shaped piece of ma-
terial is determined by the formula:
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pL
R="r (1-4)
where R = the resistance of the material (units of ohms)

L = the length of the material from contact to contact
A = the cross-sectional area of the material (area =
height x width)

The resistance of a piece of material is related to the applied voltage
(V') and the current that flows (I) by the equation:

14
V=Rlor R=+ (1-5)

In a semiconductor (and in other industrial materials as well)
the “sheet resistance” of a material is an often-measured parameter.
The symbol for sheet resistance is R,. Sheet resistance is measured in
ohms per square (/7). The resistance of a resistor made up of n
squares laid in a row is nR,. (For instance, if 10 squares of material
are laid in a row with R, = 100 Q/(], nR, = 10R, = 1000 (2.) Sheet
resistance is measured using a four-point probe. (Figure 1-6.). The
formula relating sheet resistance to current and voltage is:

14
R, = 4.53 7 (1-6)

This equation is valid when:

1. The thickness of the layer being measured is much less than
the spacing between the probes, and

2. The size of the piece of material being measured is much
greater in length and width than the probe spacing.

A4
T K

Insulating boundry
Figure 146 Four-point probe.




