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� FIGURE 1–18

Trivalent impurity atom in a silicon
crystal structure. A boron (B) impu-
rity atom is shown in the center.

1. Define doping.

2. What is the difference between a pentavalent atom and a trivalent atom?

3. What are other names for the pentavalent and trivalent atoms?

4. How is an n-type semiconductor formed?

5. How is a p-type semiconductor formed?

6. What is the majority carrier in an n-type semiconductor?

7. What is the majority carrier in a p-type semiconductor?

8. By what process are the majority carriers produced?

9. By what process are the minority carriers produced?

10. What is the difference between intrinsic and extrinsic semiconductors?

SECTION 1–4 
CHECKUP

1–5 THE PN JUNCTION

When you take a block of silicon and dope part of it with a trivalent impurity and the other
part with a pentavalent impurity, a boundary called the pn junction is formed between the
resulting p-type and n-type portions. The pn junction is the basis for diodes, certain transis-
tors, solar cells, and other devices, as you will learn later.

After completing this section, you should be able to

❏ Describe how a pn junction is formed
◆ Discuss diffusion across a pn junction

❏ Explain the formation of the depletion region
◆ Define barrier potential and discuss its significance ◆ State the values of barrier
potential in silicon and germanium

❏ Discuss energy diagrams
◆ Define energy hill

A p-type material consists of silicon atoms and trivalent impurity atoms such as boron.
The boron atom adds a hole when it bonds with the silicon atoms. However, since the num-
ber of protons and the number of electrons are equal throughout the material, there is no
net charge in the material and so it is neutral.
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An n-type silicon material consists of silicon atoms and pentavalent impurity atoms such as
antimony. As you have seen, an impurity atom releases an electron when it bonds with four
silicon atoms. Since there is still an equal number of protons and electrons (including the free
electrons) throughout the material, there is no net charge in the material and so it is neutral.

If a piece of intrinsic silicon is doped so that part is n-type and the other part is p-type,
a pn junction forms at the boundary between the two regions and a diode is created, as
indicated in Figure 1–19(a). The p region has many holes (majority carriers) from the
impurity atoms and only a few thermally generated free electrons (minority carriers). The
n region has many free electrons (majority carriers) from the impurity atoms and only a
few thermally generated holes (minority carriers).

p region n region

pn junction

(a) The basic silicon structure at the instant of junction formation
showing only the majority and minority carriers. Free electrons
in the n region near the pn junction begin to diffuse across the
junction and fall into holes near the junction in the p region.
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For every electron that diffuses across the junction and
combines with a hole, a positive charge is left in the n region
and a negative charge is created in the p region, forming a
barrier potential. This action continues until the voltage of
the barrier repels further diffusion. The blue arrows between
the positive and negative charges in the depletion region
represent the electric field.

(b)

� FIGURE 1–19

Formation of the depletion region. The width of the depletion region is exaggerated for illustration
purposes.

After the invention of the light bulb,
Edison continued to experiment and
in 1883 found that he could detect
electrons flowing through the
vacuum from the lighted filament to
a metal plate mounted inside the
bulb. This discovery became known
as the Edison effect.

An English physicist, John
Fleming, took up where Edison left
off and found that the Edison effect
could also be used to detect radio
waves and convert them to electrical
signals. He went on to develop a
two-element vacuum tube called the
Fleming valve, later known as the
diode. Modern pn junction devices
are an outgrowth of this.

H I S T O R Y  N O T E
Formation of the Depletion Region

The free electrons in the n region are randomly drifting in all directions. At the instant of
the pn junction formation, the free electrons near the junction in the n region begin to dif-
fuse across the junction into the p region where they combine with holes near the junction,
as shown in Figure 1–19(b).

Before the pn junction is formed, recall that there are as many electrons as protons in
the n-type material, making the material neutral in terms of net charge. The same is true for
the p-type material.

When the pn junction is formed, the n region loses free electrons as they diffuse across
the junction. This creates a layer of positive charges (pentavalent ions) near the junction.
As the electrons move across the junction, the p region loses holes as the electrons and
holes combine. This creates a layer of negative charges (trivalent ions) near the junction.
These two layers of positive and negative charges form the depletion region, as shown in
Figure 1–19(b). The term depletion refers to the fact that the region near the pn junction is
depleted of charge carriers (electrons and holes) due to diffusion across the junction. Keep
in mind that the depletion region is formed very quickly and is very thin compared to the n
region and p region. 

After the initial surge of free electrons across the pn junction, the depletion region has
expanded to a point where equilibrium is established and there is no further diffusion of
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electrons across the junction. This occurs as follows. As electrons continue to diffuse
across the junction, more and more positive and negative charges are created near the junc-
tion as the depletion region is formed. A point is reached where the total negative charge in
the depletion region repels any further diffusion of electrons (negatively charged particles)
into the p region (like charges repel) and the diffusion stops. In other words, the depletion
region acts as a barrier to the further movement of electrons across the junction.

Barrier Potential Any time there is a positive charge and a negative charge near each
other, there is a force acting on the charges as described by Coulomb’s law. In the depletion re-
gion there are many positive charges and many negative charges on opposite sides of the pn
junction. The forces between the opposite charges form an electric field, as illustrated in
Figure 1–19(b) by the blue arrows between the positive charges and the negative charges. This
electric field is a barrier to the free electrons in the n region, and energy must be expended to
move an electron through the electric field. That is, external energy must be applied to get the
electrons to move across the barrier of the electric field in the depletion region.

The potential difference of the electric field across the depletion region is the amount of
voltage required to move electrons through the electric field. This potential difference is
called the barrier potential and is expressed in volts. Stated another way, a certain
amount of voltage equal to the barrier potential and with the proper polarity must be ap-
plied across a pn junction before electrons will begin to flow across the junction. You will
learn more about this when we discuss biasing in Chapter 2.

The barrier potential of a pn junction depends on several factors, including the type of
semiconductive material, the amount of doping, and the temperature. The typical barrier
potential is approximately 0.7 V for silicon and 0.3 V for germanium at Because ger-
manium devices are not widely used, silicon will be used throughout the rest of the book.

Energy Diagrams of the PN Junction and Depletion Region

The valence and conduction bands in an n-type material are at slightly lower energy levels
than the valence and conduction bands in a p-type material. Recall that p-type material has
trivalent impurities and n-type material has pentavalent impurities. The trivalent impurities
exert lower forces on the outer-shell electrons than the pentavalent impurities. The lower
forces in p-type materials mean that the electron orbits are slightly larger and hence have
greater energy than the electron orbits in the n-type materials.

An energy diagram for a pn junction at the instant of formation is shown in Figure
1–20(a). As you can see, the valence and conduction bands in the n region are at lower en-
ergy levels than those in the p region, but there is a significant amount of overlapping.

The free electrons in the n region that occupy the upper part of the conduction band in
terms of their energy can easily diffuse across the junction (they do not have to gain addi-
tional energy) and temporarily become free electrons in the lower part of the p-region con-
duction band. After crossing the junction, the electrons quickly lose energy and fall into
the holes in the p-region valence band as indicated in Figure 1-20(a).

As the diffusion continues, the depletion region begins to form and the energy level of
the n-region conduction band decreases. The decrease in the energy level of the conduction
band in the n region is due to the loss of the higher-energy electrons that have diffused
across the junction to the p region. Soon, there are no electrons left in the n-region conduc-
tion band with enough energy to get across the junction to the p-region conduction band, as
indicated by the alignment of the top of the n-region conduction band and the bottom of the
p-region conduction band in Figure 1–20(b). At this point, the junction is at equilibrium;
and the depletion region is complete because diffusion has ceased. There is an energy gra-
diant across the depletion region which acts as an “energy hill” that an n-region electron
must climb to get to the p region.

Notice that as the energy level of the n-region conduction band has shifted downward,
the energy level of the valence band has also shifted downward. It still takes the same
amount of energy for a valence electron to become a free electron. In other words, the en-
ergy gap between the valence band and the conduction band remains the same.

25°C.

Russell Ohl, working at Bell Labs
in 1940, stumbled on the
semiconductor pn junction. Ohl
was working with a silicon sample
that had an accidental crack down
its middle. He was using an
ohmmeter to test the electrical
resistance of the sample when he
noted that when the sample was
exposed to light, the current that
flowed between the two sides of
the crack made a significant jump.
This discovery was fundamental to
the work of the team that invented
the transistor in 1947.

H I S T O R Y  N O T E
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1. What is a pn junction?

2. Explain diffusion.

3. Describe the depletion region.

4. Explain what the barrier potential is and how it is created.

5. What is the typical value of the barrier potential for a silicon diode?

6. What is the typical value of the barrier potential for a germanium diode?

SECTION 1–5 
CHECKUP

Majority carriers
Minority carriers

Majority carriers
Minority carriers

Conduction
band

Valence
band

0
p region pn junction n region

Conduction
band

Valence
band

0
p region pn junction

and depletion
region

n region

EnergyEnergy

(b) At equilibrium(a) At the instant of junction formation

� FIGURE 1–20

Energy diagrams illustrating the formation of the pn junction and depletion region.

SUMMARY

Section 1–1 ◆ According to the classical Bohr model, the atom is viewed as having a planetary-type structure
with electrons orbiting at various distances around the central nucleus.

◆ According to the quantum model, electrons do not exist in precise circular orbits as particles as
in the Bohr model. The electrons can be waves or particles and precise location at any time is
uncertain.

◆ The nucleus of an atom consists of protons and neutrons. The protons have a positive charge and
the neutrons are uncharged. The number of protons is the atomic number of the atom.

◆ Electrons have a negative charge and orbit around the nucleus at distances that depend on their
energy level. An atom has discrete bands of energy called shells in which the electrons orbit.
Atomic structure allows a certain maximum number of electrons in each shell. In their natural
state, all atoms are neutral because they have an equal number of protons and electrons.

◆ The outermost shell or band of an atom is called the valence band, and electrons that orbit in
this band are called valence electrons. These electrons have the highest energy of all those in the
atom. If a valence electron acquires enough energy from an outside source such as heat, it can
jump out of the valence band and break away from its atom.

Section 1–2 ◆ Insulating materials have very few free electrons and do not conduct current at all under normal
circumstances.

◆ Materials that are conductors have a large number of free electrons and conduct current very well.

◆ Semiconductive materials fall in between conductors and insulators in their ability to conduct
current.

◆ Semiconductor atoms have four valence electrons. Silicon is the most widely used semiconduc-
tive material.


	1 Introduction to Electronics
	1–5 The PN Junction


