through the base. A small variation in the base voltage due to an input signal
causes a large change in the collector current and therefore a large change in
the voltage drop across the output resistor R, Hence a transistor can amplify a
small signal into a larger one.

Transistors are the basic elements in modern electronic amplifiers of all
sorts. In digital circuits, where “ofl” and “on” (or zero and one) are basic, transis-
tors can act like a “gate” or switch. That is, they let current pass (“on”) or they
block it (“off”).

A pnp transistor operates like an npn, except that holes move instead of
electrons. The collector voltage is negative, and so is the base voltage in normal
operation,

Transistors were a greal advance in miniaturization of electronic circuits.
Although individual transistors are very small compared to the once used
vacuum tubes, they are huge compared to integrated circuits or chips (see photo
at start of this Chapter). Tiny amounts of impurities can be placed at particular
locations within a single silicon erystal. These can be arranged to form diodes,
transistors, and resistors (undoped semiconductors). Capacitors and inductors
can also be formed, although they are often connected separately. A tiny chip,
a few mm on a side, may contain millions of transistors and other circuit
clements. Integrated circuits are the heart of computers, television, calculators,
cameras, and the electronic instruments that control aircraft, space vehicles, and
automobiles. The “miniaturization™ produced by integrated circuits not only
allows extremely complicated circuits to be placed in a small space, but also has
allowed a great increase in the speed of operation of, say, computers, because
the distances the electronic signals travel are so tiny.

Amplifiers

Digital circuits
and gates

*J] Summary

Quantum mechanics explains the bonding together of atoms
to form molecules. In a covalent bond. the electron clouds of
two or more atoms overlap because of constructive interfer-
ence between the electron waves. The positive nuclei are
attracted to this concentration of negative charge between
them, forming the bond.

An ionic bond is an extreme case of a covalent bond in
which one or more electrons from one atom spend much
more time around the other atom than around their own. The
atoms then act as oppositely charged ions that attract each
other, forming the bond.

These strong bonds hold molecules together, and also
hold atoms and molecules together in solids. Also important
are weak bonds (or van der Waals bonds). which are generally
dipole attractions between molecules.

When atoms combine to form molecules, the energy
levels of the outer electrons are altered because they now
interact with each other. Additional energy levels also
become possible because the atoms can vibrate with respect
to each other, and the molecule as a whole can rotate. The
energy levels for both vibrational and rotational motion are
quantized. and are very close together (typically. 107! eV to
107 ¢V apart). Each atomic energy level thus becomes a set
of closely spaced levels corresponding to the vibrational and
rotational motions, Transitions from one level to another
appear as many very closely spaced lines. The resulting
spectra are called band spectra.

The quantized rotational energy levels are given by

-

ﬁ;
2

Erot = L(L + 1) L=0.1.2-. (29-1)

where [ is the moment of inertia of the molecule.

The energy levels for vibrational motion are given by
Egp=1(v+hf, »=012-, (29-3)

where f is the classical natural frequency of vibration for the
molecule. Transitions between energy levels are subject to the
selection rules AL = +1 and Av = £1.

Some solids are bound together by covalent and ionic
bonds, just as molecules are. In metals, the electrostatic force
between free electrons and positive ions helps form the
metallic bond.

In a crystalline solid. the possible energy states for elec-
trons are arranged in bands. Within each band the levels are
very close together, but between the bands there may be
forbidden energy gaps. Good conductors are characterized by
the highest occupied band (the conduction band) being only
partially full, so there are many accessible states available to
electrons to move about and accelerate when a voltage is
applied. In a good insulator, the highest occupied energy band
(the valence band) is completely full. and there is a large energy
gap (5 to 10eV) to the next highest band, the conduction band.
At room temperature, molecular kinetic energy (thermal
energy) available due to collisions is only about 0.04 eV, so
almost no electrons can jump from the valence Lo the conduc-
tion band. In a semiconductor. the gap between valence and
conduction bands is much smaller, on the order of 1 ¢V, s0 a
few electrons can make the transition from the essentially full
valence band to the nearly empty conduction band.

In a doped semiconductor, a small percentage of impurity
atoms with five or three valence electrons replace a few of the
normal silicon atoms with their four valence electrons. A five-
electron impurity produces an n-type semiconductor with nega-
tive electrons as carriers of current. A three-electron impurity
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