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CHAPTER 1
SEMICONDUCTOR MATERIALS, DIODES

AND TRANSISTORS

1.0 PREVIEW

This text deals with the analysis and design of circuits containing of circuits containing

electronic devices, such as diodes and transistors. These electronic devices are fabricated using
semiconductor materials, so we begin Chapter 1 with a brief discussion of the properties and
characteristics of semiconductors. The intent of this brief discussion is to become familiar with
some of the semiconductor material terminology.

A basic electronic device is the pn junction diode. One of the more interesting characteristics
of the diode is its nonlinear current —voltage properties. The resistor, for example, has a linear
relation between the current through it and the voltage across the element. The diode is also a
two-terminal device, but the /-v relationship is nonlinear. The current is an exponential function of
voltage in one direction and is essentially zero in the other direction. As we will see, this nonlinear
characteristic makes possible the generation of a dc voltage from an ac voltage source and the
design of digital logic circuits, for example.

Since the diode is a nonlinear element, the analysis of circuits containing diodes is not as
straightforward as is the analysis of simple resistor circuits. A mathematical model of the diode,
describing the nonlinear i—v properties, is developed. However, the circuit cannot be analyzed, in
general, by direct mathematical calculations. In many engineering problems, approximate “bace-of
the envelope” solutions replace difficult complex solutions. We develop one such approximation
technique using the piecewise linear model of the diode. In this case, we replace the nonlinear
diode properties by linear characteristics that are approximately valid over a limited region of
operation. This concept is used throughout the study of electronics.

Besides the pn junction diode, we consider five other types of diodes that are used in
specialized electronic applications. These include the solar cell, photodiode, light-emitting diode,
Schottky barrier diode, and the Zener diode.

The general properties of the diode are considered in this chapter. Simple diode circuits are
analyzed with the intent of developing a basic understanding of analysis techniques and diode
circuit characteristics.

Then the techniques and concepts developed are used to analyze and design electronic circuits
containing diodes. A general goal of this chapter is to develop the ability to use the piecewise linear
model and approximation techniques in the hand analysis and design of various diode circuits.
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Each circuit to be considered accepts an input signal at a set of input terminals and produces
an output signal at a set of input terminal and produces an output signal at a set of output terminals.
This process is called signal processing. The circuit “processes” the input signal and produces an
output signal that is a different shape or a different function compared to the input signal. We will
see in this chapter how diodes are used to perform these various signal processing functions.

Circuits to be considered perform functions such as rectification, clipping, and clamping.
These functions are possible only because of the nonlinear properties of the pn junction diode. The
conversion of an ac voltage to a dc voltage, such as for a dc power supply, is called rectification.
Clipper diode circuits clip portions of a signal that are above or below some reference level.
Clamper circuits shift the entire signal by some dc value.

Zener diodes, which operate in the reverse-bias breakdown region, have the advantage that the
voltage across the diode in this region is nearly constant over a wide range of currents. Such diodes
are used in voltage reference or voltage regulator circuits. Finally, we look at the circuits of two
special diodes: the light-emitting diode (LED) and the photodiode. An LED circuit is used in visual
display, such as the seven-segment numerical display. The photodiode circuit is used to detect the
presence or absence of light and convert this information into an electrical signal.

In this chapter we still introduce the physical structure and operation of the bipolar transistor,
mainly dealing with the transistor characteristics. The dc analysis and ac analysis of bipolar circuits
will discuss in chapter 2.

1.1 SEMICONDUCTOR MATERIALS AND PROPERTIES

Most electronic devices are fabricated by using semiconductor materials along with
conductors and insulators. To gain a better understanding of the behavior of the electronic devices
in circuits, we must first understand a few of the characteristics of the semiconductor material.

Silicon is by far the most common semiconductor material used for semiconductor devices and
integrated circuits. Other semiconductor materials are used for specialized applications. For
example, gallium arsenide and related compounds are used for very-high-speed devices and optical
devices.

1.1.1 Intrinsic Semiconductors

An atom is composed of a nucleus, which contains positively charged protons and neutrons,
and negatively charged electrons that, in the classical sense, orbit the nucleus. The electrons are
distributed in various “shells” at different distances from the nucleus, and electron energy increases
as shells radius. Electrons in the outermost shells are called valence electrons, and the chemical
activity of a material is determined primarily by the number of such electrons.

Elements in the period Tablecan be grouped according to the number of valence electrons.
Tablel-1 shows a portion of the periodic Tablein which the more common semiconductors are
found. Silicon (Si) and germanium (Ge) are in group IV and elemental semiconductors. In
contrast, gallium arsenide is a group ITT-V compound semiconductors. We will show that the
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elements in group III and group V are also I, important in semiconductors.

i - shows five noninteracting silicon
Figure 1-1 (a) sho € Table 1-1 A portion of the periodic table

atoms, with the four valence electrons of each atom

shown as dashed lines emanating from the atom. As I v \%
silicon atoms come into close proximity to each other, B C

the valence electrons interact to form a crystal. The Al Si P
final crystal structure is a tetrahedral configuration in Ga Ge As

which each silicon atom has four nearest neighbors, as
shown in Figure 1-1 (b). The valence electrons are shared between atoms, forming what are called
covalent bonds. Germanium, gallium arsenide, and many other semiconductor materials have the
same tetrahedral configuration.

Figure 1-1 (c) is a two-dimensional representation of the lattice formed by the five silicon
atoms in Figure 1-1 (a). An important property of such a lattice is that valence electrons are always
available on the outer edge of the silicon crystal so that additional atoms can be added to form very

large single-crystal structures.
|

_Sl'— I
| i

| | | . Lo
— S — — Si— — Si— N — Sj == Si=§; —
| | | A | I |
| , ~ = S~
s — |
|
(a) Five noniteracting silicon atoms, (b) The tetrahedral configuration ~ (€) A two-dimensional representation
each with four valence electrons showing the covalent bonding

Figure 1-1 Silicon atoms in a crystal matrix

A two-dimensional representation of a silicon single crystal is shown in Figure 1.2, for 7 =
0°K , where T = temperature. Each line between atoms represents a valence electron. At 7=0°K ,
each electron is in its lowest possible energy state, so each covalent bonding position is filled. If a
small electric field is applied to this material, the electrons will not move, because they will still be
bound to their individual atoms. Therefore, at 7= 0°K, silicon is an insulator; that is, no charge
flows through it.

If the temperature increases, the valence electrons will gain thermal energy. Any such electron
may gain enough thermal energy to break the covalent bond and move away from its original
position (Figure 1-3). The electron will then be free to move within the crystal.

Since the net charge of the materiai is neutral, if a negatively charged electron breaks its
covalent bond and moves away from its original position, a positively charged “empty state™ is
created at that position (Figure 1-3). As the temperature increases, more covalent bonds are broken
and more free electrons and positive empty states are created.

In order to break the covalent bond, a valence electron must gain a minimum energy, E,,
called the bandgap energy. Materials that have large bandgap energies, in the range of 3 to 6
electron-volts (eV)(An electron-volt is the energy of an electron that has been accelerated through a
potential difference of a volt, and a 1 eV = 1.6 x107"? joules), are insulators because, at room
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temperature, essentially no free electrons exist in these materials. In contrast, materials that contain
very large numbers of free electrons at room temperature are conductors.

In a semiconductor, the bandgap energy is on the order of 1 eV. The not flow of free electrons
in a semiconductor causes a current. In addition, a valence electron that has a certain thermal
energy and is adjacent to an empty state may move into that position, as shown in Figure 1.4
making it appear as if a positive charge is moving through the semiconductor. This positively
charge “particle” is called a hole. In semiconductors, then, two types of charged particles contribute
to the current: the negatively charged free electron, and the positively charged hole.

o I T e S8y S

— Sj=— Si=§;= Si — — Si==S;=Sj=Si—
N Iy gy )
— 8i=Si=8j=Si— —Sl'—'—"sl—S,=51— — S : SRS B
I I Il I I [
I I I Il Il I
— Si= Si=§;j= Si— — Si== Si= §j = Si— — Si=Si=8i=Si—
[ | [ | | I | | l l | I
Figure 1-2 Two-dimensional Figure 1-3  The breaking of a Figure 1-4 A two-dimensional
representation of  the silicon covalent bond for TS0 °K representation of the silicon crystal
crystal at T=0°K showing the mov- ement of the

positively charged hole

The concentrations (#/cm3) of electrons and holes are important parameters in the
characteristics of a semiconductor material, because they directly influence the magnitude of the
current. An intrinsic semiconductor is a single-crystal semiconductor material with no other types
of atoms within the crystal. In an intrinsic semiconductor, the densities of electrons and holes are
equal, since the thermally generated electrons and holes are the only source of such particles.
Therefore, we use the notation #; as the intrinsic carrier concentration for the concentration of the
free electrons, as well as that of the holes. The equation for #; is as follows:

4,.-,1) .
(% Table 1-2  Semiconductor constants
n = BT e\ (1-1) e
where B is a constant related to the Material Fafel) Bem K2
. . . . Silicon (Si 1.1 5.23x10"
specific semiconductor material. E, is the Hican (55
) Gallium arsenide (GaAs) 1.4 2.10x10"
bandgap energy (eV). T is the temperature ] .
Germanium (Ge) 0.66 1.66x10"

(°K), and k is Boltzmann’s constant
(86x10 %V/°K ). The values for B and E, for several semiconductor materials are given in

Table1-2. The bandgap energy is not a strong function of temperature.

EXAMPLE 1-1 Calculate the intrinsic carrier concentration in silicon at 7= 300K .
Solution For silicon at 7=300°K , we can write

~kg

1.1
ni = BT”e(“’ )= (5.23x10"%)(300)*? e(““*"’ ')‘3"0’]: 1.5%10"cm

Comment An intrinsic electron concentration of 1.5%x10'%cm ™ may appear to be large, but it is
relatively small compared to the concentration of silicon atoms, which is 5x10% cm ™.
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The intrinsic concentration », is an important parameter that appears often in the

current-voltage equations for semiconductor devices.

1.1.2 Extrinsic Semiconductors

Because the electron and hole concentrations in an intrinsic semiconductor are relatively small,
only very small currents are possible. However, these concentrations can be greatly increased by
adding controlled amounts of certain impurities. A desirable impurity is one that enters the crystal
lattice and replaces (i.e., substitutes for ) one of the semiconductor atoms, even though the impurity
atom does not have the same valence electron structure. For silicon, the desirable substitutional

impurities are form the group III and V element (see Tablel-1).

The most common group V elements used for this purpose are phosphorus and arsenic. For
example, when a phosphorus atom substitutes for a silicon atom, as shown in Figure 1-5, four of its
valence electrons are used to satisfy the covalent bond requirements. The fifth valence electron is
more loosely bound to the phosphorus atom. At room temperature, this electron has enough thermal
energy to break the bond, thus being free to move through the crystal and contribute to the electron
current in the semiconductor.

The phosphorus atom is called a donor impurity, since it donates an electron that is free to
move. Although the remaining phosphorus atom has a net positive charge, the atom is immobile in
the crystal and cannot contribute to the current. Therefore, when a donor impurity is added to a
semiconductor, free electrons are created without generating holes. This process is called doping,
and it allows us to control the concentration of free electrons in a semiconductor.

A semiconductor that contains donor impurity atoms is called an n-type semiconductor (for
the negatively charged electrons).

The most common group III element used for silicon doping is boron. When a boron atom
replaces a silicon atom, its three valence electrons are used to satisfy the covalent bond
requirements for three of the four nearest silicon atoms (Figure 1-6). This leaves one bond position
open. At room temperature, adjacent silicon valence electrons have sufficient thermal energy to
move into this position, thereby creating a hole. The boron atom then has a net negative charge, but
cannot move, and a hole is created that can contribute to a hole current.

| | | | I | | |

— 8j=8i=—=9j=— Si— — 8i = Si=— 8; = Si —
(I O | [ [ |

__Si=®’=-/{5+/i=si— — Sil==@)= §; = Si —
| I II I | I [ Il

— 8i = Si = §; — Si — — Sj = Si= 8j = Sij —

l | I | | | | l

Figure 1-5 Two dimensional Representation of

‘ ) Figure 1-6 Two-dimensional repre- sentation
a silicon lattice  Doped with a phosphorus atom

of a silicon lattice doped with a boron atom
Because the boron atom has accepted a valence electron, the boron is therefore called an

acceptor impurity. Acceptor atoms lead to the creation of holes without electrons being generated.

This process, also called doping, can be used to control the concentration of holes in a
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semiconductor.

A semiconductor that contains acceptor impurity atoms is called a p-type semiconductor (for
the positively charged holes created).

The materials containing impurity atoms are called extrinsic semiconductors, or doped
semiconductors. The doping process, which allows us to control the concentrations of free
electrons and holes, determines the conductivity and currents in the material.

In an n-type semiconductor, electrons are called the majority carrier because they far
outnumber the holes, which are termed the minority carrier. In contrast, in a p-type semiconductor,
the holes are the majority carrier and the electrons are the minority carrier.

1.1.3 Drift and Diffusion Currents

The two basic processes which cause electrons and holes to move in a semiconductor are: (a)
drift, which is the movement caused by electric fields; and (b) diffusion, which is the flow caused
by variations in the concentration, that is, concentration gradients. Such gradients can be caused by
a nonhomogeneous doping distribution, or by the injection of a quantity of electrons or holes into a
region, using methods to be discussed later in this chapter.

To understand drift, assume an electric field is applied to a semiconductor. The field produces
a force that acts on free electrons and holes, which then experience a net drift velocity and net
movement. Consider an n-type semiconductor with a large number of free electrons (Figure 1-7 (a)).
An electric field E applied in one direction produces a force on the electrons in the opposite
direction, because of the electrons’ negative charge. The electrons acquire a drift velocity which is
opposite to that of the applied electric field as shown in Figure 1-7 (a). The electron drift produces
a drift current density. The conventional drift current is in the opposite direction from the flow of
negative charge, which means that the drift current in an n-type semiconductor is in the same
direction as the applied electric field.

Next consider a p-type semiconductor with a large number of holes (Figure 1-7(b)). An
electric field E applied in one direction produces a force on the holes in the same direction, because
of the positive charge on the holes. The holes also acquire a drift velocity which is in the same
direction as the applied electric field as shown in Figure 1-7(b). The hole drift produces a drift
current density. The conventional drift current is in the same direction as the flow of positive charge,

which means that the drift current in a p-type material is also in the same direction as the applied

electric field.
n-type p-type
— F —_—
Ty e @ @ —— T
—_— —_—
Jy ?

Figure 1-7  Applied electric field, carrier drift velocity, and drift current density in
(a) an n-type semiconductor and (b) a p-type semiconductor

Since a semiconductor contains both electrons and holes, the total drift current density is the
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sum of the electron and hole components. If the electric field is the result of applying a voltage to
the semiconductor, a linear relationship between current and voltage is one form of Ohm’s law.

With diffusion, particles flow from a region of high concentration to a region of lower
concentration. This is a statistical phenomenon related to kinetic theory. To explain, the electrons
and holes in a semiconductor are in continuous motion, with an average speed determined by the
temperature, and with the directions randomized by interactions with the lattice atoms. Statistically,
we can assume that, at any particular instant, approximately half of the particles in the
high-concentration region are moving away from that region toward the lower-concentration region.
We can also assume that, at the same time, approximately half of the particles in the
lower-concentration region are moving foward the high-concentration region. However, by
definition, there are fewer particles in the lower-concentration region than there are in the
high-concentration region. Therefore, the net result is a flow of particles away from the
high-concentration region and toward the lower-concentration region. This is the basic diffusion
process.

For example. Consider an electron concentration that varies as a function of distance x, as
shown in Figure 1-8 (a). The diffusion of electrons from a high-concentration region to a
low-concentration region produces a flow of electrons in the negative x direction. Since electrons
are negatively charged, the conventional current direction is in the positive x direction.

In Figure 1-8 (b), the hole concentration is a function of distance. The diffusion of holes from
a high-concentration region to a low-concentration region produces a flow of holes in the negative
x direction.

The total current density is the sum of the drift and the diffusion components. Fortunately, in
most cases only one component dominates the current at any one time in a given region of a

semiconductor.
n P

Electron Hole
diffusion diffusion

Electron diffusion Hole diffusion

current density current density

x x
(a) Electron diffusion and corresponding current density (b) Hole diffusion and corresponding current density

Figure 1-8 Current density caused by concentration gradients

1.2 THE pn JUNCTION

In the preceding sections, we looked at characteristics of semiconductor materials. The real
power of semiconductor electronics occurs when p- and n-regions are directly adjacent to each
other, forming a pn junction. One important concept to remember is that in most integrated circuit
applications, the entire semiconductor material is a single crystal, with one region doped to be
p-type and the adjacent region doped to be n-type.
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1.2.1 The Equilibrium pn Junction

Figure 1-9(a) is a simplified block diagram of a pn junction assuming uniform the minority
carrier concentrations in each region, assuming thermal equilibrium.

The interface at x = 0 is called the metallurgical junction. A large density gradient in both the
hole and electron concentrations occurs across this junction. Initially, then there is a diffusion of
holes from the p-region into the n-region, and a diffusion of electrons form the n-region into the
p-region (Figure 1-9(b)). The flow of holes from the p-region uncovers negatively charged acceptor
ions, and the flow of electrons from the n-region uncovers positively charged donor ions. This
action creates a charge separation (Figure 1-10(a)), which sets up an electric field oriented in the
direction from the positive charge to the negative charge.

@) @
I x=0 \
; s Potential i ! .
p-region n-region i :
Ve e l !
diffusion | |
- Election &) | i Vai ®)
diffusion : !
L A !
Figure 1-9 (a) simplified geometry of a pn Figure 1-10 The pn junction in thermal equilibrium:
junction and (b) Initial diffusion of electrons and (a) the space-charge region and electric field
holes at the Metallurgical junction, establishing and (b) the potential through the junction

thermal equilibrium

If no voltage is applied to the pn junction, the diffusion of holes and electrons must eventually
cease. The direction of the induced electric field will cause the resulting force to repel the diffusion
of holes from the p-region and the diffusion of electrons from the n-region. Thermal equilibrium
occurs when the force produced by the electric field and the “force™ produced by the density
gradient exactly balance.

The Positively charge region and the negatively charged region comprise the space-charge
region, or depletion region, of the pn junction, in which there are essentially no mobile electrons or
holes. Because of the electric field in the space-charge region, there is a potential difference across
that region (Figure 1-10(b)). This potential difference V), is called the built-in potential barrier, or
built-in voltage, and is about 0.7V for a Si pn junction, and 0.2V for a Ge pn junction.

The potential difference across the space-charge region cannot be measured by a voltmeter
because new potential barriers form between the probes of the voltmeter and the semiconductor,
canceling the effects of V. In essence, Vj; maintains equilibrium, so no current is produced by this
voltage. However, the magnitude of ¥} becomes important when we apply a forward-bias voltage,
as discussed later in this chapter.



