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CHAPTER 4

Semiconductor Physics

4.1 INTRODUCTION

In this chapter we consider some of the basic features of the physics of
semiconductors that will enable us to understand physically why a transistor
can be made to amplify signals, why transistor parameters depend so
strongly upon temperature and the magnitudes of the various resistances,
voltages, and currents in transistor circuits. Most semiconductor devices are
made from either germanium or silicon crystals; hence particular emphasis
will be placed upon these elements.

42 ENERGY LEVELS

In classical physics energy can be thought of as the ability to do work. It has
units of joules (in mks units) or ergs (in cgs units) or electron volts. One
electron volt (eV) is equal to 1.6 X 1072 erg or 1.6 x 107" joule and is
defined as the energy an electron gains when it falls through a potential
drop (or voltage drop) of one volt. The electron volt is commonly used to
measure energy in nuclear, atomic, and semiconductor physics. A useful
number to remember is 1/40eV = 0.025eV, which is the approximate
average translational kinetic energy an atom or free electron has in thermal
equilibrium at room temperature.

Classically, there is no restriction on the amount of energy an object
may have. However, in quantum physics where we are dealing with very
small objects such as nuclei, atoms, electrons, or molecules, the energy an
object may have is often restricted by the basic quantum-mechanical laws
Fhat apply in such situations. If we calculate the energy possible for a single
isolated atom according to the quantum theory, we find that there are a
number of sharp or discrete energy values or levels possible. These energy
levels depend mostly on the orbital electronic properties, not on the nuclear
Properties, because the nuclear states are usually so stable. The higher
levels are usually more closely spaced than the lower levels, but the main
point to remember is that the energy levels are discrete. It is impossible for
the atom to have any energy between these discrete energy levels, which
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FIGURE 4.1 Energy levels for a single hydrogen atom,

are usually spaced of the order of electron volts apart. The energy level
diagram for a hydrogen atom, for example, is given in Fig. 4.1. The
horizontal axis is essentially meaningless. Larger atoms containing more
electrons in general have more complicated energy level diagrams, but the
levels are still discrete with forbidden gaps between them and look basically

like those in Fig. 4.1.

4.3 CRYSTALS

A crystal is a solid in which the atoms are arranged in a regular periodic
way. Most elements, if extremely pure, will form crystals when cooled
carefully from the liquid. The exact geometry of the atoms depends on the
chemical bonds formed among the outer or valence electrons of the atoms.
The electrons in the inner shells ordinarily take no part in bonds between
atoms because they are so tightly bound to their own nucleus. Thus, the
crystal structure depends on the atomic number and the valence of the atom
involved. Some compounds, particularly the simpler ones, also form crystals
easily: for example, NaCl, KCl, GaAs, and others. If the regular, periodic
arrangement of atoms is unbroken throughout the entire piece of material,
then we have a perfect “single” crystal. A solid is called polycrystalline if it
consists of a large number of smaller single crystals oriented randomly with
respect to one another. In general, a substance takes on a polycrystalline
form upon solidifying from the liquid and special experimental techniques
and extremely pure samples must be used to make a single crystal of an
appreciable size. In fact, much of the recent progress in transistor and chip
technology has come from improvements in the purification techniques for

silicon.
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FIGURE 4.2 Cubic crystal lattice.
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occur at the eight corners of a cube and in the centers of the six faces of the
cube. The length of one side of the cube is called the lattice constant; it is
5.66 A in germanium and 5.43 A insilicon (1A =10"%cm=10"""m).

If several face-centered cubic cells are drawn together, as they occur in
either a germanium or a silicon crystal, a very complicated interlocking
structure results in which each atom has four nearest neighbors. Both
germanium and silicon are Group IV elements in the chemical periodic
table and hence have four outer or valence electrons. The four valence
electrons enter into covalent electronic bonds with the four nearest-neigh-
bor atoms in the lattice. The resulting covalent chemical bonds literally
hold the lattice together, and energy must be supplied from some source to
break a valence electron loose from such a bond. The inner electrons are
much more tightly bound to the atom’s nucleus and are never free to move
in the lattice.

44 ENERGY LEVELS IN A CRYSTAL LATTICE

If several identical atoms are brought together, the energy levels of the
individual isolated atoms split into a closely spaced set of energy levels, as
shown in Fig. 4.4(a) and (b).

If we calculate, from quantum theory, the possible energy levels for an
electron of an atom in a crystal containing a large number of atoms (e.g.,
10 atoms for a tiny crystal composing a transistor), we find that the
allowed energy levels are very closely spaced together and that there are
large forbidden energy gaps between groups of closely spaced energy
levels. A group of many closely spaced energy levels is called an energy
band. The most important two bands for the purpose of understanding
transistors are the valence band and the conduction band shown in Fig. 4.4.
The gap between the valence and conduction bands is 0.72eV in ger-
manium and 1.09eV in silicon. Note that these energy gaps are much
greater than kT, which is equal to 0.025eV at room temperature. The
electron energy levels in either band are so closely spaced in energy that the
band may be regarded as a continuum for most purposes.

The electrons in the conduction band are bound only very weakly to
individual atoms in the lattice; hence they are essentially free to move
throughout the lattice and take part in conduction of electrical current.
Electrons in the valence band are those electrons that form the covalent
bonds between atoms of the lattice. They are “valence electrons” in
chemical terminology, hence the name “valence” band. Electrons in atomic
shells inside the valence electrons lie in energy bands of the order of
electron volts below the valence band. These electrons play no part in
conduction at temperatures under several thousand degrees, and so from
now on we will consider only the valence and conduction band electrons.
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FIGURE 4.4 Atomic electron energy levels.

The physical reason for the energy gap is simply that it takes a certain
amount of energy or work, Eg,,, to pull an electron loose from a bond
between lattice atoms and make it free to move through the crystal. Thus,
the energy gap is physically the amount of energy that must be given an
electron in a bond to free it from that bond. We can now see that at
absglutc zero, when all the electrons must fall into the bonds between the
lattice atoms, all the electrons must lie in the valence band, and none lies in
the conduction band.

The problem of conduction in a crystal is more complicated than we
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have just stated because of two quantum-mechanical laws we have not yet .

considered: the Pauli exclusion principle and the Fermi-Dirac statistics.

45 PAULI EXCLUSION PRINCIPLE

An energy level is characterized by a set of quantum numbers that come
from a quantum-mechanical calculation of the physical system’s allowed
energies. In the simplest case of a hydrogen atom each electron has four
quantum numbers: n, I, m;, and m,. It can be shown from gquantum
mechanics that the energy of a hydrogen atom depends only upon n, the
principal quantum number according to the formula E = —pue*/24%n?
The electronic charge is e, u is the reduced mass of the electron and
nucleus, # = h/2a, where h is Planck’s constant, { is called the azimuthal
quantum number. The electron’s orbital angular momentum L is given by
L=Vl +1)4, where {=0,1,2,3,...,n—1. The symbol my is called the
magnetic quantum number; the z component L, of the orbital angular
momentum is given by L, = m#, where m; = —1, ..., +[. The value of m,
determines the 2z component of the electron spin angular momentum
according to S; = m,4, and m, = —} or +4. Hence the n = 2 energy level,
for example, can contain electrons with quantum numbers n, I, m, and m,
equaling 2,0,0, +4 or 2,0,0,~40r2,1,1,+30r2,1,1, -4 0r 2, 1, 0, +4
or2,1,0,-4o0r2,1, -1, +3or 2, 1, —1, -4, a total of eight possible states
or sets of quantum numbers.

The Pauli exclusion principle says that no two (or more) electrons can
have exactly the same set of quantum numbers. Thus, in an energy level
characterized by the quantum numbers n, I, my, my, if n = 2 there can be at
most eight electrons. We say that the n =2 level is “filled” with eight
electrons. A hydrogen atom never has eight electrons, but a hydrogen-like
energy level can exist in many heavy atoms. For an energy band in a crystal,
each of the closely spaced energy levels has its own set of quantum
numbers. Electrons in the crystal will naturally tend to fill up the lowest
energy levels first but always subject to the restriction that no two electrons
can occupy the same state; that is, no two can have the same set of quantum
numbers.

The most important implication of the exclusion principle is that a

completely full energy band of electrons cannot conduct, This can be seen’

by realizing that conduction implies that an electron is raised from a lower
to a slightly higher energy state. However, in a completely full band the
higher energy state is already occupied by an electron, and the exclusion
principle prevents a second electron from jumping up to this higher state.
Thus for conduction to occur, an energy band must be only partially full;
there must be empty higher energy states for the electron to jump up to.
Another implication of the exclusion principle is that electrons for conduc-.

tion come mainly from near the top of the partially filled band because these

SEC. 4.6  Formi-Dirac Statistics ° 187

electrons need only a small increase in energy to jump up to an unfilled
level in the band.

4.6 FERMI-DIRAC STATISTICS

To understand the electrical behavior of a semiconductor, we clearly must
know how many electrons are in the conduction band and how many are in
the valence band, because only these electrons in the conduction band can
move and create a current flow in response to an applied voltage. The basic
problem is then to calculate the distribution of the electrons in the crystal
among the various allowable energy levels. We have already stated that a
quantum-mechanical calculation of the energy levels in a crystal lattice
yields the result that the allowable energy levels lie in two bands (conduc-
tion and valence), separated by a forbidden energy region or gap. The
next thing to calculate is the probability F(E) that a given energy level E
somewhere in a band is actually occupied by an electron. If we let N(E) dE
equal the number of electrons per unit volume between E and E + dE,
then we write N(E) dE as the product of the number p(E) dE of allowable
or available energy states per unit volume in the range E to E + dE [where
p(E) is often called the density of states) and the probability F(E) that the _
energy level E is actually occupied. ’

N(E) dE = p(E) dE F(E) “.1)

The p(E) and therefore N(E) dE will be zero in the energy gap and positive
in the conduction and valence bands. The exact form of p(E) dE comes
from the quantum-mechanical solution to the problem of calculating the

fallowable energy levels for electrons in a periodic crystal lattice. The result
is

712 0372
o(B) = 2T “2)
for electrons not too near the top of the band. E = 0 represents the energy
of the bottom of the band,' m is the mass of the electron, and h is Planck’s
constant.

The Fermi function F(E) tells us the probability that the energy level E
is actually occupied by an electron. It seems intuitively reasonable that
F(E) should depend on temperature, because the higher the temperature,
the more thermal energy is available to be distributed among the electrons

*Near the top of the band electrons undergo Bragg reflections from atoms in the lattice,

‘:.:g)lhc net result is that fewer energy levels are allowable than are predicted from equation
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and the nuclei of the lattice atoms. And the more energetic the electrons,
the greater the probability that a higher energy state is occupied. At :
absolute zero when there is zero' thermal energy available, all vibrational ; Eg are filled and that no levels above Eg are filled, which is just what we
motion of the atoms in the lattice should cease: and all the electrons should | expect physically. Eg represents the highest energy level filled at absolute
be lying in the lowest possible energy levels, subject only to the restriction B zero.
of the Pauli exclusion principle. Thus we would expect the Fermi function | The physical meaning may become clearer if we refer to Fig. 4.6,
F(E) to be temperature dependent and, at absolute zero, to be a constant ’
value from E = 0 up to some maximum energy, which is the energy of the
highest filled state. i
F(E) is calculated by an involved statistical argument. The problem is E
to calculate the probability that an energy level E is occupied subject to '3
four conditions: (1) The total number of electrons is constant (conservation
of charge). (2) The total energy of all the electrons remains constant .
(conservation of energy). (3) No two electrons can be distinguished from
- one another. (4) No two (or more) electrons can lie in the same quantum
state. This total energy depends on the temperature, which is assumed to be
constant (i.e., the particles are assumed to be in thermal equilibrium). Once 4
the probability is known, the maximum probability is calculated, because we s
know nature in equilibrium always assumes the most probable configura- ‘ ’ 1.0 FE)
tion. There are clearly many ways to distribute a fixed total amount of B

F(E) is 1.0 from E =0 up to E = Eg; for energies above Eg, F(E) = 0.
This says that at absolute zero all the allowable energy levels from 0 up to

E| E

|

Ld

Er

Eg

<

§

;

energy among N electrons; this calculation gives us the most likely or most 1 T'= 0K (absolute zero)
probable distribution of electrons among the various energy levels. : E £l
The net result of the calculation is that the Fermi function is given by
1 +
F(E) = SEEET ] 4.3) —_—
where Eg is a constant energy called the Fermi energy, k is Boltzmann’s B s ? ik
constant equal to 1.38 x 107"® ergs/deg = 1.38 % 1072 J/deg, and T is the i P s "
temperature in kelvins. To see the physical meaning of F(E), let us graphit | —_—
for various temperatures (see Fig. 4.5). At absolute zero the Fermi function B R sa——
: ——
F(E) = 0+ 4
B 1.0 F(E)
1.0 = T=0K A ;
N e B T>0K
: X / high temperature FIGURE 4.6 Simple energy level picture and Fermi function,
E 4]
ks
\;‘-.,‘ low temperature
N o - which is a simple energy level picture of a hypothetical solid with evenly
1 ~lee - - spaced, allowed energy levels. The density of states p(E) gives the number
v - of these energy levels per unit energy. At absolute zero the electrons have

. cascaded down to the lowest energy states possible, subject to the restric-
- tion of the Pauli exclusion principle, namely, that no more than one electron
- tan occupy any one energy level with a specific set of quantum numbers. In
Fig. 4.6 we have assumed that the spin quantum number does not affect the

FIGURE 4.5 The Fermi function vs. E.

TActually at absolute zero, there is a nonzero, fixed minimum value of energy available to
the electrons and atoms; this is called the zero-point energy and comes from a careful
consideration of the uncertainty principle of quantum mechanics. 3
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energy; that is, the energy does not depend upon the quantum number m;.
Thus two electrons, one with spin “fup” (m, = +4) and one with spin
“down” (m, = —1), can occupy the same energy level. The Fermi energy
will be at the topmost occupied energy level at 0 K. Notice that the only.
way to change the Fermi energy would be to add more electrons or to
change the spacing of the energy levels. Figure 4.6(b) shows the distribution
of the electrons at a temperature above absolute zero. The density of the
electrons per unit energy increases for energies above the Fermi level as the
temperature is raised.

4.7 ELECTRON ENERGY DISTRIBUTION

Before we can multiply the density of states p(E) dE by the Fermi function
to obtain the number of electrons actually between E and E + dE, we must
first know Eg. If we note that at absolute zero all the electrons in the lattice
will be bound in the covalent bonds between the atoms, we see that the
conduction band must be empty and the valence band full. Therefore, since
the Fermi level is the maximum energy an electron can have at absolute
zero, the Fermi energy must be somewhere above the valence band and
below the bottom of the conduction band. An exact treatment gives the
result that

4.4)

where E = 0 is the top of the valence band and E,,, is the energy gap. In
other words, the Fermi energy lies exactly haliway between the valence and
conduction bands. If we take E = 0 to be the top of the valence band, then
from (4.2) the density of states in the conduction band must be

5
27y

p(E) = ——5—"(E ~ B (4.5)

Thus the number N(E) dE of electrons in the conduction band be-
tween E and E + dE will be given by N(E) dE = p(E) dE F(E). F(E),
p(E), and N(E) are graphed on an energy level diagram in Fig. 4.7,

Substituting for p(E) and F(E), we obtain

~7i2

27 m32 5 1
N(E) dE = T (E - Egap)”' m dE (4.6)

For pure silicon or germanium with E in the conduction band, E — Ey »
kT. Hence,

EmEQIKT 4 | o J(E-E kT
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FIGURE 4.7 Density of electrons in conduction band.

So we may write

27;‘2 "ljlz‘ﬂ'

N(E) dE = =5

(E - Egnp)lﬂ e—[E*EF)IkT dE (4'7)

The total number N, of electrons in the conduction band can be obtained
by integrating N(E) dE from the bottom of the conduction band to the top,
which can be taken to be E = <« for all practical purposes. The result is

252 (mmkT)??
( ) e~ Egupl 26T

Rig= [ N(E) dE = : 4.8)
Egap h

where we have set Ep = Egapl2. It is useful to rewrite N, as

Ny = AT Egunl2kT

4.9)

252 (mark)??
h?

where A= =46x1 (deg)™?

0! cleclr;ms
cm

The most important thing to remember is that the total number of electrons
in the conduction band depends on the temperature according to T2 times
e Fe2KT Table 4.1 gives some numerical values for various temperatures.
Note that the exponential factor e Ze/*” is much smaller for silicon
because of the larger value of Egap. Therefore, the number of electrons
thermally excited to the conduction band is much less for silicon than for
germanium.

Also notice that the exponential factor e™Eee®*T is a much stronger
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© lly Excited
ABLE 4.1. N, (cm™) Equals the Number of _Therma .
;lectronsfcm’ i‘:1 the Conduction Band for Various Temperatures in Silicon
- and Germanium

T T o ~Fuspl2kT AT EuelT = N
20°C = 293K 5000 621 %1077 151 % 10°
Ge 30°C = 303K 5280 103 % 107 2,65 % 10
(E..=072eV) 40°C=313K 5560 162107 439 % 10°
o S0°C = 323K 5800 28.8 % 107 8.15 x 10"
- 3y 10
20°C = 293K 5000 3.52% 10 0858 % 10
si 30°C = 303K 5280  7.09 x 107 182 % 10°
(E.. =11eV) 40°C=313K 5560 13.56x 107" 3.67 % 10°
- 50°C = 323K 5800  26.1x 107" 7.36 % 10

function of temperature than T*2. Therefore, the gap energy Egap mainly

determines the number of electrons in the conduction band for pure

germanium and silicon. . ) )
From the graphs in Fig. 4.8 we see that, starting at 20°C, the electron

z
-
&

% o

® 1013 e |(_):n
(cm™) (em™")

[ SR

= T(°C) . ‘T(°C)
1 1 1 1

L
20 30 40 50 20 30 40 50

(a) pure germanium (b) pure silicon

FIGURE 4.8 Conduction band electron density N, as a function of temperature.

3 o el - 1<
density in the conduction band N, doubles for a 13°C temperature rise for
germanium; for silicon N, doubles for only an 8°C rise. However, there are
far fewer electrons in absolute number in silicon for the same temperature.

4.8 CONDUCTION IN SEMICONDUCTORS

The Fermi level in pure semiconductdrs lies halfway between the top of the
valence band and the bottom of the conduction band. Hence, at absolute
zero all the electrons are in the valence band, which is then full and 111'us
can carry no current. At higher temperatures some clectrons acquire
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enough thermal energy to break loose from a valence bond in the lattice,
thus jumping from the valence band up to the conduction band. The
conductivity of a semiconductor then increases with increasing tem-
perature.

In a metal the Fermi level lies in the conduction band, which is only
partially full. Hence the metal is a good conductor at any temperature
because of the many empty energy levels in the conduction band above the
filled levels. There is no energy gap that the electrons must jump to get into
the conduction band.

In a crystalline insulator the energy level picture is qualitatively the
same as for a semiconductor, but the energy gap is much larger. For
example, in diamond the energy gap is SeV, which is so large that an
enormous temperature (approximately 60,000°C!) is required to thermally
excite an clectron from the valence band all the way up to the conduction
band, where it may then contribute to conduction (see Fig. 4.9).

E| E E
E conduction band
Fermi level e
Ep b
E conduction band E conduction band
o e Fermi level
Ep pmmmmmemee Do
Fermi level
-
0 0 0

valence band valence band valence band

semiconductor metal crystalline insulator

FIGURE 4.9 Location of Fermi level in various materials.

If we are to use semiconductors as practical components in electrical
circuits, then they must be able to carry a reasonable amount of current,
From the preceding section the total number N

v Of electrons per unit
volume in the conduction band of

a pure semiconductor was given by
Nop = AT g=Egi2kT
Substituting numerical values gives us

L. N, = 1.5 x 10 electrons/cm® for Ge at room temperature,
2. N, = 8.6 x 10° electrons/cm? for Si at room temperature,




CHAP. 4 Semiconductor Physics

164
Are there enough electrons in either pure germanium or pure silicon to
carry a practical amount of current? The answer is no, for the following
reasons. The maximum current I that can be passed is the number of
electrons flowing per second multiplied by the charge per electron. The
number flowing per second is the number per unit volume times the area
times the speed. Thus, I = Ne,Aev, where e is the electronic charge. It can
be shown that the average speed v of electrons flowing in germanium is of
the order of 4 x 10*cm/s for a 10 V/cm electric field (voltage gradient)
applied." If we assume a generous cross-sectional area of 1 mm X 1 mm,
then the current [ is

—~
|

= NgpAev = (1.5 X 10" em™)(0.1 em)*(1.6 % 107*? C)(4 % 10* cm/s)
9.6 % 107 C/s = 960 pA = 0.96 mA

A value of 0.96 mA is too small a current for many practical applications.
In addition, the actual current will be less than that because not every
electron in the conduction band will contribute to conduction, The current
passed by a silicon cube is even less because the number of electrons in the
conduction band is smaller and also because, for a given applied electric
field the electrons move more slowly than in germanium.

Because of the temperature dependence of the number of electrons
available for conduction, one might try to increase the number of electrons
by warming the semiconductor. However, a quick numerical calculation
shows that even for a temperature of 100°C, the maximum current passed is
still too small for practical use in circuits.

There is another way of exciting electrons up into the conduction band,
and that is by the absorption of electromagnetic radiation. An electron in
the valence band can jump up to the conduction band if it absorbs an
electromagnetic photon of energy greater than the gap, hv = Eg,,, where »
is the frequency of the photon. This process is called photoconduction. Some
devices (photocells) detect light using this process, and the photovoltaic cell
converts sunlight into electrical energy by photoconduction.

The practical way of increasing the number of electrons in the conduc-
tion band so that the semiconductor can carry a reasonable amount of
current is to effectively add more electrons by introducing “impurity” or
“donor” atoms to the lattice. The process of adding impurity atoms is called
doping the crystal. Consider a silicon lattice at absolute zero. All the
valence electrons are locked in covalent bonds between the atoms, so none

"The speed is calculated from the electron mobility p, which is defined as the electron
drift speed per unit electric field.

Ge Si
v(cm/s) = !
p= m u=3600 1200 for electrons
pw=1700 250 for holes

&
]
b
]

- called a donor atom because it donay

- thermal agitation energy kT = 0.025 eV, almost

- concentration of donor impurj i
| rit 16 3
elgrtint purity atoms is 10'%/cm
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FIGURE 4.12 Electron and hole motion.

electron motion

hole motion

semiconductor points from left to right, as shown in Fig. 4.12, then
electrons will move from right to left against the electric field, and holes will
move from left to right. A positive hole moving from left to right actually
involves electrons moving from right to left, but from now on we will speak
of the holes as if they were positively charged particles capable of moving
in the direction of the applied electric field. It can be shown that one can
treat the motion of the holes exactly by treating them as positively charged
particles with an effective mass slightly larger than the electron mass. The
larger hole mass simply means that for a given applied electric field, a hole
will accelerate less rapidly than will an electron.

To sum up: In an n-type semiconductor the impurity or donor atoms
have one more valence electron than the atoms composing the crystal
lattice. These donor atoms readily donate their extra valence electron to the
conduction band, thus producing mobile electrons in the conduction band
to carry current and positively charged donor atoms or ions locked in the
lattice. In a p-type semiconductor the impurity or acceptor atoms have one
less valence electron than the atoms composing the lattice. These acceptor
atoms readily attract electrons up out of the valence band, thus producing
mobile positive holes in the valence band to carry current and negatively
charged acceptor atoms or ions locked in the lattice. In both n- and p-type
semiconductors, at room temperature, there are always present a few
(102 em™ in Ge and 10'"cm™ in Si) holes in the valence band and
electrons in the conduction band caused by thermal breaking of lattice
bonds.

49 p-n JUNCTIONS

If a p-type semiconductor is joined to an n-type semiconductor to form a
“good” junction, that is, a junction at which there are few breaks or
imperfections in the lattice structure, then this junction will act as a
rectifier—it will conduct current readily in one direction and only very
poorly in the other direction. Such a junction cannot be formed by merely
pressing together a p-type semiconductor and an n-type semiconductor; this
procedure would produce a poor junction with gaps at the junction larger
than the lattice spacing. A good junction is usually made by changing over
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cj:)ss 1bc junction; 1h|'5 type of junction is called an abrupt junction.
e \n abrupt p-n Junction is shown in Fig. 4.13. Let us first consider the
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Diﬁusi‘:)p, I]lLlS tcndmlg to diffuse the holes back toward the junction
n always results in a flow from regions of hi ion
towards regions of lower conce i it i e e
c ntration. Similarly, if electrons in the n
. - . . ’ -t e
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of course, the electrons in the filled valence band. These fixed charges
produce an electric field Eq in the depletion region pointing from the n-type
toward the p-type material. This field tends to sweep any electrons near the
junction back toward the n-type material, and any holes back toward the
p-type material. Thus, the depletion region has no free charge carriers, and
the electric field produced tends to keep the depletion region free of any
mobile charge carriers that are either created in it by thermal excitation or
that may diffuse into it. In effect, the depletion region is a thin slab of
insulator sandwiched between the p- and n-type materials. A typical thick-
ness d for the depletion region is about one micron, which is 107 ecm or
10,000 A. If the doping of the p- and n-type materials is equal—that is, if
the number of acceptor atoms per cubic centimeter, [p], equals the number
of donor atoms per cubic centimeter, [n]—then the depletion region
extends equally into the p- and n-type materials on either side of the p-n
interface. However, if [p] # [n], then the depletion region extends unequally
into the p- and n-type materials, It can be shown that d./d, = [pl/[n], where
d, is the depletion region thickness in.the n-type material, and d, is the
depletion region thickness in the p-type material. The total depletion region
thickness d = d, + d,. This result is reasonable because the clectrons and
holes diffuse across the p-n interface and then recombine. If there are many
more donor atoms per cm® in the n-type material than there are acceptor
atoms per cm® in the p-type material ([n]> [p]), then the electrons
diffusing into the p-type material will have to diffuse a long way before they
all recombine with the holes. Thus we expect a large d,. Conversely, the
few holes from the p-type material that diffuse over into the n-type material
very quickly recombine with the plentiful electrons there; thus we get a
small d,.

The effective voltage V. developed between the p- and n-type materi-
als is called the contact potential and, if we assume parallel plate geometry,
is given by V. = E,d, where d is the thickness of the depletion region. V.
is about 0.2 V for a germanium junction and 0.5V for a silicon junction.
The electric field in the depletion region points from the n-type material
toward the p-type material. This field thus tends to keep the majority
carriers out of the depletion region, but notice that any minority carriers
thermally generated in the depletion region will be swept across the
depletion region by this same electric field.

When equilibrium is established for an isolated p-n junction, there is no
net current flowing across the junction. For every majority hole from the
p-type material diffusing across against the electric field to the n-type
material, there will be a minority hole from the n-type material accelerated
back by the electric field to the p-type material. A similar two-way flow will
occur for electrons.

If a battery is connected to a p-n junction with a polarity to make [see
Fig. 4.14(a)] the p-type material negative with respect to the n-type
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FIGURE 4.14 Biased p-n junction.

“la[ﬁ“al, On]y a very small current w W nd t nction is said to be
ill flo , @ he ju
reverse bmsed.

© It is only in the depletion region that the p-n junction has a high

resistance due to the absence of mobile charge carriers; hence the batter
- will appl)'r an electric field Ey across the depletion region only. In thg
- reverse bias configuration Eg is in the same direction as E, and wili tend to
.pu.ll the mobile charge carriers away from the junction, thus increasing the
_tthkl:.IﬁSS of the charge depletion region, which acts lik,c an insulatin gslab
and little current will flow through the junction, Actually the prcscding:
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argument applies only to the majority charge carri.crs. The minority carricrf
(electrons in the p-type and holes in the n-type) will be fmractcd rovf)ard .lht.
junction by the electric field introduced by the battery. I‘hu§ at the JuI‘lCl‘lOn
the minority carriers will recombine, and the junction will pass current,
More minority carriers are continually being created by thermal excitation
on both sides of the junction, so this current passed due to the minority
carriers will continue to be passed. This is called the reverse current. In a
germanium junction at room temperature the reverse current is on the
Brdcr of several microamperes (107 A), whereas in a silicon Junc_uon it is on
the order of 10nA (107% A). Because the number of minority carriers
created depends on thermal excitation across the energy gap, we expect the
reverse current of a p-n junction to be temperature dc.pcndcm. At room
temperature a 10°C increase in temperature wﬂ! appmxlm_mely doulblc the
reverse current in a germanium junction; a 6°C increase will apprommalcly
double the reverse current in a silicon junction. At 70"9 a ty_plcal_revcrsc
current for a germanium junction is 100 A, but for a mhcc_m junction o.nly
1 pA. Thus, if low reverse currents are important, purucularly at high
temperatures, one must use silicon. Virtually all modern transistors and
chips are silicon. ) _

Because of the fixed charges present in the depletion la;{er due to the
ionized donor and acceptor atoms, the depletion layer acts 11‘ke a cha}rgcd
capacitor. Even though the depletion region_as a whole is electrically
neutral, there is positive charge on the n-type side of the p-n interface due
to ionized donor atoms and negative charge on the p-type side due to the
ionized acceptor atoms. Thus we have two layers of learge in a parallel
plate configuration, which makes up a capacitor. Thc situation is somewhat
different from a parallel plate capacitor where .the m.sulau_ng region between
the plates contains no charge. In the reverse blasc}d junction the charges are
distributed throughout the volume of the depletion region. As the reverse
bias increases in magnitude, the depletion region grows thicker (the capaci-
tor “plates” become farther apart), and the capacitance dccrcases_. An.exac.t
calculation shows that the junction capacitance for an abrupt junction is
given by

Oy (4.10)
IV

where 9 is a constant depending on the transistor material and geometry,
and V is the reverse bias voltage across the juncfion. C; may vary fr_om
several pF for a low-power transistor especially designed to operate at high
frequencies, to several hundred pF for a high-power trunmstor._ln generi:il,
with transistors, as with any device, the higher the power handimg capabil-
ity is, the worse the high-frequency response is.‘becaus.e h{gher powers
mean physically larger structures for heat dissipation, which in turn mean
larger capacitances. . _ )

If a battery is connected across the p-n junction with a polarity to make
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the p-type material positive with respect to the n-type material [see Fig.
4.14(b)], a large current will flow, and the junction is said to be forward
biased. The resistance R is present only as a precaution to limit the current
flow. In this case, the electric field from the battery Eg set up across the
depletion layer is in a direction to pull the mobile charge carriers across the
depletion layer; that is, electrons will be attracted from the n-type material
over into the p-type material, and holes from the p-type material over into
the n-type material. Recombination will take place when the electrons
reach the p-type material and when the holes reach the n-type material;
thus a current will flow through the junction. More electrons will con-
tinually be injected into the n-type material by the wire connected to the
negative terminal of the battery, and electrons will continually be taken out
of the p-type material by the wire connected to the positive terminal of the
battery. The taking out of electrons from the p-type material is electrically
equivalent to injecting positive holes into the p-type material. Thus, a
continual flow of electrons and holes moves toward the junction from the
n-type and p-type materials, respectively, and the junction passes current.
Notice that the electric field Ey in the depletion layer due to the contact
potential opposes the forward bias electric field of the battery, so no current
will flow through the junction until the battery voltage applied to the
junction exceeds the contact potential. In other words, it takes a finite
voltage to “turn on” a forward biased p-n junction, about 0.5 V for a silicon
junction. Once the turn-on voltage is exceeded, the forward biased junction
presents essentially a short circuit to the flow of current; that is, I =
(Vi = Viumon)/ R, where R is the external resistance in series with the
forward biased junction.

The turn-on voltage Viymon is slightly temperature dependent because
of the weak temperature dependence of the Fermi energy. In a pure or
intrinsic semiconductor with no doping, the Fermi level is in the energy gap

- halfway between the valence and the conduction band. In a doped n-type

semiconductor the Fermi level is between the donor levels and the bottom
of the conduction band (see Fig. 4.10).

Thus, an increase in temperature lowers the Fermi energy for n-type
material, because at higher temperatures a larger fraction of the mobile
charge carriers are from electrons thermally excited across the gap from the
valence band to the conduction band. A similar argument shows that the
Fermi level is raised for an increase in temperature in p-type material. The
net result is that if the temperature increases, a smaller forward bias voltage
is required to maintain a constant current flowing through a forward biased

'_ p-n junction. If the temperature rises and the forward bias voltage is

maintained constant by the circuit, then the current flowing through the

" junction will increase. In other words, a temperature rise will lower the

effective turn-on voltage. Empirically, for silicon p-n junctions near room
temperature, the turn-on voltage decreases by approximately 2.5mV for
every degree Celsius temperature rise.
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In the reverse biased configuration the electric field within the semi-

conductor exists only in the depletion region. Thus, the motion of the
mobile charge carriers in the rest of the semiconductor is governed mainly
by diffusion—there simply is little or no electric field present to “hurry” the
charges along. Charge will flow through the semiconductor because of the
concentration gradients set up by the depletion layer absorbing charge
carriers and the wire contacts injecting more carriers. The charge carriers
will then diffuse from regions of greater concentration toward regions of
lesser concentration. Thus, there is a certain definite lag in the propagation
of a current through a semiconductor, but this lag or transif time does not
become important until frequencies of the order of tens or hundreds of
megahertz or higher are considered. And the diode manufacturers make the
physical size of the semiconductor material used as small as possible to
minimize the time necessary for a charge carrier to diffuse from the
connecting wire to the depletion layer. In some diodes the conductivity of
the semiconductor material is deliberately made less so as 1o have an
clectric field exist inside the material; this field moves the charge carriers
faster than by diffusion alone.

In summary, we have seen that a p-n semiconductor junction will
conduct current very well in one direction (the forward direction) and very
poorly in the other direction (the backward direction). This one-way type of
conduction is called rectification, and the device is called a diode.

An ideal or perfect diode would present zero resistance in the forward
direction and infinite resistance in the backward direction. If we plot a
graph of current I passed by an ideal diode versus V the voltage difference
across it, we would get a 90° break in the curve as is shown in Fig. 4.15(a).

An equivalent circuit for a forward biased diode is thus a resistance Ry,

Viernon
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;
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(a) IV curve (forward bias) (b) equivalent circuit (forward bias)

Ae———AMM—0C
R=10"Q
(¢) equivalent circuit (reverse bias)

FIGURE 4.15 Ideal diode.
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_..wv_.amn_._:”:m the forward dc resistance of the diode, in series with a batter
representing ﬂ.rn turn-on voltage Viymon, as shown in Fig. 4.15(b). §
. The equivalent circuit for a reverse biased diode is simply a large
resistance about 10° €. This simply means that if a reverse bias of several
volts exists across a diode, it will conduct a current of about 0.01 pA
,;.m 4_m_:n of Ry depends on how strongly the diode is nouncn:m A
small Si signal diode might conduct 10 mA with a 0.7-V drop across w If
<.._=.5= =06V then Ry =0.1V/10mA =10Q. If it conducted 20 : A
s_:s.m 0.75-V drop across it, then R, = 0.15V/20mA = 7.5, "
e NMMM_ nh_.o_,mwﬂéo:mmn curve for a real semiconductor diode differs from
s e curve in several ways: ﬁ.ﬁ reverse current is not exactly
0 because the thermally generated minority carriers will pass current
even s._.ﬁz the diode is reverse biased; the forward current is finite because
H,:.n .ma_d_no:n_:nﬂo_, material composing the diode has some resistance; and a
S.__H_:&:B <o=mm.n (the turn-on voltage) must exist across the diode _ummo_,n it
will pass appreciable current. The reverse current increases with increasin
temperature because there are more minority carriers at higher Eam.
WW.EM_.M.M. ..W,S.:.nm_ curves for germanium and silicon diodes are shown in
.ﬂanzo.: m.m t can be shown that the current-voltage equation for a p-n

I = L(es¥s*T - 1) @.11)

silicon diode

ideal diode
T germanium diode

) . v
A1 02 06 Va (V)

reverse bias -
- forward bias

FIGURE 4.16 Current-voltage curves for real diodes.

.i:n_d <m_mw the applied bias voltage, e is the electronic charge, k is
: mo:ﬁsm:q s constant, and T is the absolute temperature. Vg is vomm:.«.n for
forward c._mm and negative for reverse bias. I, is the reverse current for large
reverse bias. Notice that the silicon diode passes much less reverse ncz.nwﬁ
than does the germanium diode, and that the turn-on voltage differs
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appreciably between the two types. .EE._.EOE. in uvm:nuzc:m. requiring pm
extremely small reverse current, silicon is used, m:.n. if one has only m,m:E
voltage to turn on the diode, germanium is used. m:_.nc: &on_nm can be used
at temperatures up to about 200°C, whereas germanium a_.caaw can U.n E..na
only up to about 85°C. Silicon diodes are now almost universally used in-
stead of germanium. ' .

The explanation for the turn-on voltage and :E. equation for the
current-voltage curve for a p-n junction can ca.ocs._:ca from a more
detailed energy level picture of both sides of the junction. We recall that

E L mobile electrons
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(b) joined p-type and n-type materials

FIGURE 4,17 Energy levels in an unbiased p-n junction.
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the Fermi energy for n-type material lies just above the donor levels and in
p-type material lies just below the acceptor levels. When any two materi-
als—metal, semiconductor, or insulator—are brought together, their Fermi
levels must equalize. If the Fermi levels are not initially equal, then
electrons will flow from the material having the higher Fermi level into the
other material until the Fermi levels are equalized, as shown in Fig. 4.17(b).

Referring to Fig. 4.17, we can draw some conclusions. The conduction
band of the p-type material is higher in energy than that of the n-type
material by an amount AE equal to the difference in the Fermi energies,
which is approximately equal to the gap energy Eg,,. The electric field Ey in
the depletion region (pointing from n-type to p-type) simply arises from the
slope of the bottom of the conduction band as we go across the junction,
Eys = AE/ed. Thus, an electron at the bottom of the conduction band in the
n-type material must somehow get AE energy to climb up the potential hill
and arrive in the conduction band of the p-type material. The turn-on
voltage Viymon Of the junction is approximately given by eVimon = AE,
because for any electrons to flow from the n-side to the p-side, they must
attain a minimum of AE energy, which means a forward bias of at least
Ve = AE/e volts must be applied. The reason for the larger turn-on
voltage of silicon as compared to germanium p-n junctions is simply that
the energy gap (and therefore AE) is larger for silicon than for germanium.

There are four types of current which can flow across the junction: two
from majority carriers and two from minority carriers. Let J represent
current densities due to majority carriers and j current densities due to
minority carriers,

Any electrons in the conduction band of the n-type material are
majority carriers and are due to the ionized donor atoms. They will flow
over to the p-type material only if their total energy is greater than Ey, the
energy of the bottom of the conduction band in the p-type material. The

number of such electrons is represented by the shaded area in Fig. 4.18 and
will provide a current density J,, which is given by

Lo % No(E) dE @.12)
E

v

where N, (E) is the density of electrons in the n-type conduction band as a
function of energy. If the junction is forward biased (see Fig. 4.18) by an
applied voltage Vp, then all energy levels on the n-type side will be raised
by an amount eV if we assume the p-side is grounded. (Grounding the
p-side merely fixes all the energy levels in the p-type material.) Therefore,

o

I % Ne(E) dE & e™EveValkT o geVulhT  (413)
Ey—eVp

Let J., be the current density when no bias is applied (Vp = 0). Then J, can
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FIGURE 4.18 Forward biased p-n junction energy level diagram.

be written simply as

=T et ValtT (4.14)

Any electrons in the p-type material thermally excited from the valence
band to the conduction band will be minority carriers and will tend to *fall
down” the potential hill, thus flowing from the p-type to the n-type
material, The resulting current density jo will be proportional only to the
number of minority carriers and, hence, to the temperature so long as there
is a downhill potential slope over to the n-type material. The net current
flow from these two electron currents will then be J. — je, Where positive
current means effective positive charge flowing from the p-type side to the
n-type side of the junction.

Any holes in the valence band of the p-type material are majority
carriers and are due to the ionized acceptor atoms. They will flow over to
the n-type material only if their energy is less than E, of Fig. 4.18. An
argument similar to that given for the majority carrier electrons in the
n-type material shows that the resulting current density J,, from these
majority carrier holes is given by

Iy = Jy eVelkT (4.15)

Any holes in the valence band of the n-type material are minority
carriers and are produced by thermal excitation. They give rise to a
voltage-independent current density j, because the holes spontaneously
flow up the potential hill from the n-type side to the p-type side of the

it

e

A
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junction. The net current flow from these two hole currents is then J,
with the same sign convention. !

The net current densit i j i
y flowing across the junction is the al i
of these four current densities: ez

~Jn

Joe = Ty = o+ T = e (4.16)

we n alize th q
urrent J must e
If w Oow rea e that lile net cur t ual zero when no bias is
ﬂpplled (VB = Ol, we must have

=it Jeg—je=10 4.17)

It can be shown that the h
i ole and electron currents must s
zero in equilibrium, so e d o

Jo=Jn and I, = (4.18)
Therefore,
Jner = Jpe Vot — o+ Jo e VelkT — . (4.19)
Rewriting yields
J = (Jng + Je ) (eVu/kT — 1) (4.20)
Letting Jy = J,, + Je,, we have
J = Jo(eValkT — 1) (4.21)

]jsql:]z:;l:)r; (4.};’21) is called !_.he diode equation or the rectifier equation and tells
» : shl e ror.warfi bias Vi >0 is increased, the total current passed
(V0u<g h the junction increases rapidly with V. And for large reverse bias
5 B 0) the currcnlt will decrease to a value of —J,. For large forward bias
bec increase of_J will be sqmcwhat slower than implied by equation (4 21)
cause of the inherent resistance of the semiconductor material which.
have neglected in this treatment. | "
S'e’miD:o:;]t:s‘ can also be made lwith a sharp junction between a metal and a
Ca“e;on uctor, the m‘ctal acting like a p-type material. Such diodes are
frequc::;(;f" ;o;uact diodes. They are superior to junction diodes at high
:s but can carr - an ei ij i
il y far less current than either Ge or Si junction
digd:\ ?tc]}oltky tlalarricrddiode is another example of a metal-semiconductor
- It 15 usually made with n-type silicon and alumi in i
ode ! ¢ a minum in integrated
circuits and is the basis of Schottk .
ircui ! ; y and low-power Schottky inte
circuits, which will be discussed in Chapter 12, P kiR
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The aluminum is evaporated on the n-type silicon, and a depletion
region or Schottky barrier region is formed (in the silicon), containing only
positive ionized donor atoms. The Fermi levels of the aluminum and the
n-type silicon equalize, and a rectifying metal-semiconductor junction is
formed with a low turn-on voltage of 0.3 V. If the doping of the silicon is
very heavy, the junction is ohmic—it conducts almost equally well for both
polarities of bias voltages. This technique is used in manufacturing in-
tegrated circuits.

All metal-semiconductor contacts do not act as rectifying junctions.
Only extremely sharp p-n junctions will rectify. The gradual junctions
found between the metal leads and the semiconductor material of diodes
and transistors do not rectify; they pass current equally well in both
directions. These contacts are usually made by depositing a thin metal
coating on the semiconductor and soldering the thin wire to the metal
coating.

Another type of diode, called the zener or avalanche or reference diode,
can be made to break down at a specified reverse voltage V,. The
breakdown process occurs, briefly, because an electron or hole obtains
enough energy (from the reverse bias electric field) between collisions to
break a covalent bond in the crystal lattice and thereby create two new
charge carriers, which in turn are accelerated and create more charge
carriers. This process occurs very sharply at a certain voltage V,. If one
tries to increase the voltage drop across the diode above V,, then enough
additional charge carriers are produced in the diode to increase the voltage
drop across whatever resistance is in series with the diode. The net result is
that the zener diode draws just enough current to keep the voltage drop
across it constant at essentially V., volts. The zener diode circuit symbol and
current-voltage curve are shown in Fig. 4.19. Its principal use is in
regulating voltages, for if its reverse current changes from I, to Iy, the
voltage across the diode will remain essentially constant at the zener
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FIGURE 4.1 The zener or voltage regulator diode.
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voltage V.. In a typical zener diode a 1-mA change in current will result in
only a l‘m\." change in the voltage across the diode, corresponding to a
dy_namlc resistance of only about 1 (). Special zener diodes can be made
with a very low temperature coeflicient to provide an extremely stable
reference voltage.

I the amount of impurities is increased to the order of 10" cm=3 then
the impurity energy levels merge to form a small band, and the diod,e, can
conduct due to a quantum-mechanical “tunneling” process for small for-
ward biases on the order of several tenths of a volt. The tunneling falls to
zero for larger forward biases, yielding the current-voltage curve shown in
Fig. 4.20. This device is, appropriately, called a tunnel diode and is useful

rh
/
I
/ | .— tunnel diode
i
; A ’,/ ordinary p-n junction diode
P /
4
l,,
LY. B
______ -== ¥ v

FIGURE 4.20 Tunnel diode current-voltage curve,

not as a rectifier, but because it exhibits a negative dynamic resistance from
point A to point B on the current-voltage curve, The peak current I, is
typically from 1 to 10 mA; the valley current Iy is 1 mA or less, and VP is
only about 50 mV. Oscillators and amplifiers utilizing this neg;uive re:is-
lan‘ce ) phenomenon can be made. Because the tunneling occurs with
majority rather than minority carriers, it can be shown that the tunnel
device will operate at extremely high frequencies—up to 10 Hz (10 GHz)
w:htch 1s well up in the so-called microwave or radar region. The tunnei
diofie is also useful because from points 0 to A its current increases more
rapidly with voltage than for ordinary p-n diodes.

Another useful semiconductor device is the silicon controlled rectifier
(SCR). The SCR is a four-layer device (p-n-p-n or n-p-n-p) with three
terminals called the anode, the cathode, and the gate, as shown in Fig. 4.21
The SCR will not conduct in the forward direction until the anodc—cath;:ade-
voltage V¢ exceeds a certain value Ve, which depends on the (small) gate

- current I. Once the SCR conducts or “fires,” Vac drops to a very small

value, and the SCR current I, is independent of the gate current—the SCR

acts just like a forward biased diode. The SCR current I, drops to zero only
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(b) circuit symbol (c) characteristic curve

FIGURE 4.21 Silicon controlled rectifier (SCR).

when the polarity of V,c is reversed. .‘H.,:m &oan can be made to nM:.n_cmn
again only when the anode is made positive with respect to the cathode; t e
exact value that will fire the diode depends on :H.n gate current. q,._._n SCR is
commonly used to control high-power ac circuits such as o_.nn:._o motors.
One SCR can control currents of tens of amperes. The SCR is a solid-state

“\—-ﬂﬂomﬂ f
SCR ) - -
N z,\ﬁ
110 V 60 Hz \ _ \ _ -
n T T !
| 2 | !
1 = |
1 | ”
I | |
lad | i !
! W 1
=[]~ | [ [
= I | _
n = 4
TRIGGER 3
CIRCUIT i
A 180° — 6
]
1
N N[
1 T T T !

FIGURE 4.22 SCR operation.
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equivalent of a thyratron vacuum tube. A gate current of 50 mA can turn

.... on an SCR, which can then carry a current of 20 A,

The basic operation of an SCR in controlling an ac current is to fire the
SCR at various phases of the ac voltage across the SCR, as shown in Fig.
- 4.22. If a trigger circuit supplies a pulse of current to the SCR gate at 1,
- the SCR will fire and conduct so long as its anode voltage remains positive

with respect to its cathode. The phase angle corresponding to #, is often

called the firing angle, 6;; the number of electrical degrees during which
the SCR conducts equals 180° — 6. The trigger pulse must last ap-
proximately 30 us or more. The time 1, of the trigger pulse will determine
at what voltage the SCR will fire. The current passed by the SCR will then
last from ¢, to T/2 on each cycle. By varying the time 1, at which the
trigger pulses occur, the average current passed by the SCR can be
* adjusted. SCR trigger circuits commonly use small neon lamps that will not
" conduct until the voltage across the lamp terminals reaches approximately
80 V. One such circuit is shown in Fig. 4.23. The capacitor C is charged up

Ve
v
110 V 60 Hz ;11 8 R

Is

. positively through R by the 110-V, 60-Hz supply. When Vg reaches the
i firing voltage of the neon lamp, it fires and C is discharged through the
SCR gate, thus providing a pulse of gate current to turn on the SCR. The

.~ capacitor should be large enough so that the Is pulse is large enough to
~ turn on the SCR even for a very low anode-cathode voltage, which would
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be the situation when the firing angle is close to 180°, When the 110-V ac
reverses polarity, a gate pulse is again applied to the SCR, bl:ll the SCR
does not fire because its anode is now negative with respect to its cathode.
As R is increased, it takes a longer time for C to charge up to the neon
bulb firing voltage, and 8 is larger, resulting in a smaller average current
through the load.

The triac is useful to control ac current. It is basically two SCRs
connected so that it can conduct current in either direction, ur!llke the
SCR. The triac symbol and characteristic curves are shown in Fig. 4.2f1.
The two triac terminals are called main terminal #1 (MT1) _and main
terminal #2 (MT2) instead of anode and cathode. When the triac gate ‘.S
triggered by a brief current pulse Ic (longer than approximately 50 us), it

MT2 I L
; v
v =
gate
MTI
'
(a) circuit symbol (b) characteristic curve
I 1
110 V 60 Hz
A N
Al __ \C | : |V |
|
I |
I V'\(‘T/I\ | :
|
LOAD D 17N ;
| |
| Nt | L
| |
MT1 MT2 -'C[ [ i i
= . | 1 .
= G
TRIGGER |
CIRCUIT

(c) circuit of control current (d) waveforms

FIGURE 4.24 The triac.
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conducts current regardless of the polarity of the voltage between MT1 and
MT?2. The current drops to zero only when this voltage drops to zero, as
shown in Fig. 4.24(d). Thus, the phase of the gate current pulse relative to

the phase of the ac voltage determines the average current through the
load.

4.10 THE PHOTOVOLTAIC DIODE

A p-n junction can be used to convert the solar energy in sunlight directly
into electrical energy; the device is called a photovoliaic diode or a photo-
voltaic cell or a solar cell. Many of the space satellites presently in orbit use
arrays of photovoltaic cells to supply power to their electronic circuits.

The basic operation of a solar cell is simply that a photon is absorbed
by a semiconductor atom, and an electron is raised across the energy gap
from the valence band to the conduction band, leaving a hole behind in
the valence band. For silicon the energy gap is 1.09 eV, so the minimum
photon energy for this type of absorption is 1.09 eV, corresponding to a
photon wavelength of 1140 nm, which is in the near infrared. All visible
photons are more energetic than this because the visible range of
wavelengths is from approximately 350 to 700 nm.

The electric field in the depletion region of the junction then ac-
celerates the electron and hole and thereby produces a photocurrent I,
which is a reverse current, flowing out of the p material, as shown in Fig.
4.25(a). Neglecting recombination of the electrons and holes (which is
appreciable in real cells), we determine the cell current to be

I = Io{e:kaT 2 1) o IL

- where I is the light-induced current.

The maximum voltage of a silicon cell is 1.09 V, the gap energy in
volts, because any electron excited by photon absorption to a level above
the bottom of the conduction band quickly returns to the bottom of the
conduction band by emitting phonons (quanta of vibrational energy). These
low-energy phonons produce heat not electrical energy. A practical silicon
solar cell has an open-circuit voltage V,. of approximately 0.7 V.

The maximum theoretical power efficiency of a silicon single-crystal
solar cell is 27%; real commercial cells have a 12%-14% efficiency. The
ncident solar-power density at the carth’s surface on a clear sunny day
winter or summer) is approximately 900 W/m?, so a 12% efficient cell

Wwould give approximately 108 W power for each square-meter area. Pro-
~ cesses contributing to the inefficiency are reflection from the silicon surface
 (30% from untreated silicon, much less from a surface with an antireflection

oating), recombination of electron-hole pairs, I’R losses due to bulk

silicon resistance and contact resistance, phonon production, blocking of
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FIGURE 4.25 Photovoltaic cell.

some incident light by the electrical connections aL thﬁe t}iyp_sur;zz;i Ellt)ttl)c
i i hin to absorb all the inci zht).
11, and thinness of the cell (i.e., too t . : i
“ The physics of such a cell is rather complicated. The n})l(?o;mn]g] Photo(r;;
i = a thi 11 is better. But a thick cell is mu
are exponentially absorbed, so a thick ce! - hick :
more r;xpensive because of the expense of the Illgp-purlty single cr)lfsta;
material, and recombination can be higher in _thlck cells. T‘?';r? is :
continuous recombination of the electron-hole Pmrs, sO an equi 1b'r151:1_10n
reached between the photoproduction of the pairs and the In_com,.md :and
The electrons and holes move by diffusion out51d<? the depletion .I'EEIOH,!.{]"
they drift in response to the electric field inside the depletion region.
Finally, Poisson’s equation must be satisfied.

Diode Applications 187

. SEC.4.11
An interesting recent development is the manufacture of inexpensive
amorphous silicon solar cells. The amorphous silicon does not have the
long-range crystalline order of a single crystal, and small microcrystals are
separated from each other by small microvoids. The result of this structure
is that there are many (unwanted) energy levels in the forbidden 1.09-eV
gap, thus rendering the material useless for a good p-n junction solar cell.
E However, when an amorphous silicon film from a glow discharge of
B SiH. is deposited on a substrate, some of the hydrogen is trapped in the
B amorphous silicon film and effectively quenches or saturates the unwanted
| energy levels in the gap. The resultant energy level picture is similar to that
~ of single-crystal silicon. Such amorphous silicon can be doped in the usual
. way to form a p-n junction that can be made into a solar cell, Amorphous
silicon solar cells have recently been made with about the same efficiency as
single-crystal silicon cells and are widely used to power small solar-powered
pocket calculators. Considerable research in amorphous cell technology is
presently being conducted.

£ 411 DIODE APPLICATIONS

One of the most common uses of the diode is in power supplies where the
standard 110-V, 60-Hz ac line voltage is converted into a dc voltage, A
simple diode-resistance circuit shown in Fig. 4.26(a) will convert the input
ac voltage vy, = Vap = Vi sin wt into a pulsating dc voltage. The explana-
tion is simply that the diode conducts only on the positive half-cycles and

Vout

(b) with RC filter
. FIGURE 4.26 Half-wave diode rectification.
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not on the negative half-cycles of the input. We assume in this section that
the diode has an infinite resistance in the reverse direction and has zero
turn-on voltage. Thus the current i passed by the diode is unidirectional;
that is, it is pulsating direct current always flowing in the direction shown in
Fig. 4.26(a). The positive output voltage is the iR voltage drop across R.
Notice that when the 60-Hz input voltage makes point A negative with
respect to point B, the diode is reverse biased, and essentially all the 60-Hz
voltage appears across the diode because i = 0. For the circuit to function
properly the diode must be capable of withstanding this reverse voltage
without breaking down. The appropriate diode rating is the peak reverse
voltage (PRV) or peak inverse voltage (PIV). Modern silicon rectifier diodes
come with PIV ratings up to 500V or more. Diodes are also rated
according to how much current they may safely pass when forward biased.
The maximum current rating usually refers to the average dc current that
the diode may safely pass. The peak or surge current rating is generally
much higher and refers to the maximum peak current the diode may safely
pass in a very short interval of time. Typical modern silicon rectifier diodes
cost less than $1 each, can carry average currents of one ampere and peak
currents of tens of amperes, and have peak inverse ratings of 500 V.

If a steady dc output voltage is desired, an RC low-pass filter is added,
as shown in Fig. 4.26(b). The resistance R also limits the current surge
through the diode when the circuit is turned on, when C is completely
uncharged. The capacitance C is charged and serves to smooth out the
amplitude variations in the output. Another view of the filter is that it passes
de and the lower-frequency Fourier components of the pulsating voltage of
Fig. 4.26(a) and attenuates the higher-frequency components. The lower
the breakpoint frequency wg=1/RC, the more effective is the filtering.
Thus, the larger RC is, the better the filtering will be. The remaining ac
variation in the output voltage is called ripple. Too large a resistance R
cannot be used because the output de voltage will fall if an appreciable dc
current is drawn from the output. For example, if f = /27 = 60 Hz, then
we desire wg = 1/RC <27 x 60 or 1/RC < 1207 = 377. The maximum
dc output current usually fixed an upper limit for R. Thus, if we desire the
output voltage to fall by less than 1V as L increases from 0 to 100 mA,
then the maximum voltage drop across R is (Joumax) R = 1V or Rpax =
1V/100 mA = 10 €. Thus C is determined from

1 1
C®377R ~ 3770
We would therefore try to use C = 1000 uF or 2000 uF if the budget
permits.

It should also be noted that a larger dc output current implies a smaller
load resistance R;. When the diode is not conducting, the capacitance C is
discharging through R, . Thus, the smaller R;, the more rapid the discharge
of C and the more the output voltage falls before the next positive

=2.65 % 107 F = 265 pF
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FIGURE 4.27 Full-wave rectifier,

half-cycle, when D conducts an

d charges C again. In other words, the

larger the dc output current, the larger the ripple.

Practical power supply circui
the half-wave‘ circuit of Fig. 4.26. Usually,
voltage are utilized, either in a full ,

full-wave bridge circuit

- change the 110-V, 60-Hz line v
~ voltage. V. is the seco
half-wave circuit ripple is 60 Hz,
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. secondary voltage the h

“twice the output voltage

be drawn from the half-

circuit transformer only during 50% of the ti

50%. A complete schema
“In Appendix A.
A simple AM detecto

The diode rectifies the am

eaks appear at the input
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s are considerably more complicated than
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-wave circuit shown in Fig. 4,27 or in the
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p[“gT“ t?n the transformer:
not. For the same
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wave circuit than the full-wave circuit without
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me; that is, the duty cycle is
gulated power supply is given

of Fig.

ndary v

tic for a practical re

T can be made with a diode as shown in Fj

: . ig. 4.29,
plitude-modulated input so that only the gositive
to the low-pass RC filter. If the time constant of
t T. < RC < T,, the carrier oscillations will be
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FIGURE 4.28 Full-wave bridge rectifier.
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audio output
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FIGURE 4.29 AM diode detector.

filtered out but not the modulation. Thus, the output voltage across C will
follow the audio modulation envelope of the AM wave; the output will be
the desired audio. For AM radio the carrier frequency is from 550 to
1500 kHz, so T. = 1 ps. The audio modulation is from 20 Hz to 10 kHz, so

T,, is from 50 ms to 100 us. Thus, a reasonable choice for the time constant
would be RC = 10 ps.
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A simple FM (frequency modulation) detector can be constructed from
diodes using the circuit of Fig. 4.30. The top half of the transformer

-

—0

M R
: - C
input audio output
w, %R l ¢ amplitude = w,,

1

vy
T.<<RC<< T, we=27lT, carrier
wy = 27@/T,, audio modulation
(a) circuit
L ]

(@~ 8) w(w +8)
(b) frequency response
FIGURE 4.30 FM discriminator or detector.

secondary (L; and C,;) is turned to a frequency slightly higher than the

. carrier frequency (w. + 8), and the bottom half (L; and C;) is tuned to a

~ slightly lower frequency (w. — 8). The response of the tuned transformer

secondary is shown in Fig. 4.30(b). The difference voltage (v, — v;) across
the output terminals is proportional to (w — w.), that is, to how far the

- frequency has been modulated from the unmodulated carrier frequency w..
- Thus, if RC is large enough to filter out the carrier (RC > T, = 2n/w.) and

small enough to pass the audio modulation (RC < T,, = 27/ wy,), the output
v — v2) will be proportional to the audio modulation signal. In other
words, the FM signal will have been demodulated.

. Another common use of diodes is in clipping circuits where the
amplitude of a signal must be limited or clipped. In Fig. 4.31(b) the diode
conducts only on the negative half-cycle of the input; thus for the negative
portion of the input the output is limited to the turn-on voltage. The

' Positive portion of the input is passed through to the output, provided only

hat R < R,, where R, is the reverse resistance of the diode. If a battery Vi,
s added, as shown in Fig. 4.31(c), then the diode will not start to conduct
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FIGURE 4.31 Dlode clipping circuits.
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until the input is more negative than —(Vjy, + Viumon). Thus the negative
excursion of the output is clipped off at —( Vi, + Viumon) volts. The circuit
in Fig. 4.31(d) will pass voltages of either polarity only if the amplitude is
less than approximately the diode turn-on voltage; that is, this circuit
rejects large-amplitude inputs and passes small-amplitude inputs.
High-voltage transformers are expensive and impractical at voltages
much above several thousand volts. A useful diode power supply circuit
with no high-voltage transformer is a voltage doubler, shown in Fig. 4.32.

D,

C.
A -» al
| ]
Iov
m.o Hz x D,
primary
B

Var = Vi sin wr

+

il
o

b<-—------’0

Vout &2V,

(a) circuit

(b) D, conducts (¢) Dy conducts

FIGURE 4.32 Voltage doubler.

%The dc output voltage will be equal to twice the zero-to-peak input voltage

4gbetween terminals A and B, which is usually the voltage from the secondary

of a transformer. This can be seen by the following argument. If A is
egative with respect to B, then diode D, conducts and diode D, does not.
urrent § flows through D, to charge up C,, as shown in Fig. 4.32(b). The
voltage across C, will be V., the peak secondary transformer voltage. On
he next half-cycle when A is positive with respect to B, D, conducts and
i), does not. Thus current i’ flows as shown in Fig. 4.32(c). C, is thus

arged up to a voltage 2V,.. because the peak transformer secondary
oltage Vap = V,,. and the voltage on C, = V,.. add. C; can be an
tlectrolytic capacitor because the voltage drop across it is always of the
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same polarity. The value of V.. depends on the turns ratio of the trans-
former; it can be up to several kilovolts.

Higher output voltages can be achieved with similar circuits. A voltage
tripler is possible, and a voltage quadrupler is shown in Fig. 4.33. In

\%

out

= 4Viee

c
A
110V % g 2C
o ——
B
Van = Vi sin wt

FIGURE 4.33 Voltage quadrupler.

general, these circuits can be extended to yield higher output voltages
limited only by the breakdown of the capacitors and the diodes (when
reverse biased). The first successful atom-smashing experiment was per-
formed in 1932 by Cockroft and Walton in the Cavendish Laboratory,
England, using a voltage multiplier containing vacuum tube diodes and
capacitors as the source of high dc voltage. Protons were accelerated
through a voltage drop of 250,000V dc and struck a lithium target,
producing disintegration of the lithium nuclei.

A simple diode clipping circuit provides for dc baseline restoration as
mentioned in Chapter 2, Recall that when a positive pulse is passed through
an RC coupling network (an RC high-pass filter), the output pulse area
above and below the zero voltage axis must be equal. For negligible
distortion of the pulse shape, the time constant of the circuit should be
much larger than the pulse width T. The output pulse, shown in Fig.
4.34(a), then has a long negative tail that decays with the characteristic time
constant RCs. If many pulses come along at the input in a time of the order
of RCs or less, then the cumulative effect of all the negative pulse tails is to
appreciably depress the dc voltage level or baseline of the output as shown
in Fig. 4.34(b). The addition of a diode across the output as shown in Fig.
4.34(c) and (d) will essentially cure the problem by providing a low-
impedance path to ground for negative outputs. There are many other
possible diode clipping or limiting circuits. Several diode circuits useful in
computers are discussed in Chapter 12.

CHAP. 4  Problems
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FIGURE 4.34 Elementary diode baseline restoration circuit.

1L A new atom, confusium, is discovered with the following energy level diagram,

How mu_ch work must be done (how much energy must be expended) to ionize
a confusium atom in the ground state?
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energy - 13 MM___.”EN.,S%-.. puvmoiaﬁn temperature at which most of the donor atoms would

v b ionized in a do - ¥ . I
e _Q:||||| 1 = diagram., ped n type semiconductor with the %OM_OS_EH energy level

e |

3

conduction band
_ 4 f———————— =— ground state R——— == 10,05 eV
! energy

gap 14 eV

valence band

A /2. In the energy level diagram of confusium in Question 1, at what _n_.:vnn::nw o
, (approximately) would you expect o have the energy level at =3 eV populated?
3. Approximately how large would the energy gap in a pure semiconductor have

to be for it to be a nonconductor at room temperature? What is the physical : A_ 14. At Fongkis At tekipeate worli

.. : ! N i . you expect a conventional silicon transist
significance of the n.:o_.ru_ gap? e R T . ] 10 cease operating as it is cooled down? Explain briefly. or
.u.Om_n:_uﬂnunmvﬁuoz_am_cmvanamo_.nmgm:n_an:.o“:s:S.:Em@: . x.mm.mxwmmm:s&

silicon lattice at room temperature, and (b) an electron in thermal equilibrium : b
with a germanium lattice at room temperature. The electron mass m = | ; . ; .
9 x 107" kg. “ E - M“u ﬂ:..mgcﬁ. p-il junction with no applied bias, why will there be a small
. - etio : :
5. Calculate an approximate speed for the random thermal motion of a silicon pietion region formed at the junction?

atom (atomic weight = 28) in thermal equilibrium at room temperature. Repeat 17. Why does an n-type do

; Shirgs ! ; pe d semiconductor have many more mobile negative
. : & 3 % 3 { carniers than positive carriers? Gi ic i
anium (atomic weight = 73) at room temperature. lamu = § e lers: Give typical approximat
for mﬁﬁa a & 3 i m__._nO: and WOH:_D_..—mﬂ:.._ 70 il e numbers HO-.

Y a positively ionized donor atom does not contri i
E > ribute to cond
In an n-type semiconductor, vetion

1.7 x 107 kg. ]
6. Calculate the total number of mobile charge carriers in a pure semiconductor if TS % 18. Carefully state the Pauli exclusion principle. Why does this principle imply that

10" valence bonds/cm® are broken.on the average due to thermal agitation. B a noiv_nﬁn:\ filled band cannot conduct?

Does one distinguish between majority and minority charge carriers in a pure : : 19. Unmmq_c@. in words and sketch a diagram of the motion of minority charge

semiconductor? 1 i nu.qn._nam .5 a reverse biased abrupt p-n junction. Include the depletion nammomu
7. At roughly what temperature would you expect large numbers of .nmnnﬁo:m tobe 20. Uum::m:_.m: among a metal, a semiconductor, and an insulator on the basis c_..

excited from the valence band to the conduction band in pure silicon? In pure 3 x the location of the Fermi level,

germanium? : - 2L Setup (do not evaluate) an expression for the number of electrons/em’ in th
8. A silicon crystal is doped with pentavalent arsenic. Is .:._a resulting mn_.:._nouwman. . - conduction band of an n-type semiconductor with energies more than 0.1 n<n

tor p-type or n-type? If the crystal is doped with trivalent phosphorus, is the ; above the bottom of the conduction band. Define all symbols carefully, k

resulting semiconductor p-type or n-type? ; L2 Sketch the energy level diagram (to scale) for an abrupt p-n silicon junction
9. Calculate the average distance between arsenic doping atoms in a silicon crystal @ | witha H.u.w-< forward bias applied. Include the pegiitbng ohiia Temc H._cnum o

if there are 10'® As atoms per cm®. ; 3 the various bands.
10. Briefly explain physically why the donor atom energy levels in an n-type N.u. mwo:.“: a full-wave diode rectifier circuit to produce a ~12-V dc output voltage

semiconductor lie so close to the conduction band. 3 relative to ground. Include approximate numerical values for the _anﬁoﬂam_.
11. Briefly give a physical interpretation of the Fermi energy. Why can’t the Fermi A and the other components used.

energy lic in the conduction band for a pure semiconductor? What does the 1 4. Repeat Problem 23, using a full-wave bridge rectifier circuit.

Fermi factor mean physically? 91 5. Design a diode clipping circuit to clip off negative-going pulses so that th
12. Briefly explain why the Fermi energy cannot lie below the donor energy levels = |}y Output is never more negative than —3 V., 8

in an n-type semiconductor. ] 6. Sketch the output waveform to scale for the following.
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§ In this chapter we will consider the physical construction of the bipolar
? transistor, explain transistor properties on the basis of how forward biased
ing i and reverse biased p-n junctions work. and design a common emitter
ay to scale for the following, : 4,z L pn »
4 27. Sketch the output waveform to sc : transistor amplifier circuit.
Vin d Si diode
(V)
+201 5.2 TRANSISTOR CONSTRUCTION
_ _ y input R outpul
@ ’ _ _ f A transistor consists of three layers of doped semiconductor material in the
-20+ order p-n-p, which is called a pnp transistor, or in the order n-p-n, which is
called an npn transistor. Figure 5.1 shows the construction and the circuit
symbols used for pnp and npn transistors. The center layer is always called
Vin the base. The outside layers are called the emitter and the collector. They
RN R look identical in Fig. 5.1, but they are not. Briefly, the collector is thermally
+3.0 = . connected to the outside world for better heat dissipation, whereas the
it 2V output emitter is not; also, the emitter is more heavily doped.
(b) 0 r The boundary between the different types of semiconductors must be
o t o abrupt; that is, the type of impurity atom must suddenly change from donor
=307 = to acceptor as we go from n-type to p-type and from p-type to n-type. Also,
i o R R the crystal lattice structure must be undistorted or unbroken as we go from
28. Explain why the ripple amplitude in a power supply increases as th P-type to n-type material, or vice versa. One cannot make a transistor by
drawn from it is increased. . T R gluing or clamping together separate pieces of doped semiconductor
% 29. Diagram a simple half-wave power m.%uw ,”Hmmmsmhwnm_a%w mo,smo and S because there would be too many imperfections in the crystal structure at
voltage of approximately —5 V. Specify the | . the interface. The entire transistor must be grown from one single crystal
the RC values. * with the type of impurity changed abruptly to create the p-n junctions.
= 3 tput voltage of g . > -
30. Repeat Problem 29 for a full-wave power supply to supply an outp Starting with an n-type single crystal of silicon for the collector, a
+5V. i harge group IIT p impurity atom such as boron is diffused downward from the top
. > 3 ea of solar cells would be required to charge
31. (a) Approximately how large an area o

up a 12-V battery with a charging current of 1.0 A? >$&:n a Eﬁ._cu__wo_u_\ Mrﬂ
ﬂwc”.oq efficiency of 12% and 0.7V per solar cell. ﬁm__:m You wﬁc\w _ﬁ.no:_n
i ima harge a 12-V battery.
g voltage of approximately 14 < 1o ¢ ) ;
M__“M“m_wm cells Fm.n hooked up in series or in parallel? How much area would each

cell have?

- phosphorus is diffused downward to form the n-type emitter.

to form the p-type base. Then a group V n impurity atoms such as

A thin layer
of insulating SiO, is formed on the top by exposing the silicon to oxygen gas

at a high temperature. A stencil of organic polymer deposited directly on

the top surface of the silicon determines where the impurity atoms diffuse
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