
Electrons in materials
(where are they, what is their energy)
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Lone atoms
A single atom has 
electrons in ‘shells’ and 
‘sub shells’. Each of 
these have a distinct 
energy level. The 
diagram shows an 
example of energy levels 
in an oxygen atom.

According to the Pauli exclusion principle, no two 
electrons can have the same energy (and this is 
easily achievable for single lone electrons).

http://media.wiley.com/Lux/65/167865.image2.jpg
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CHAPTER 12 THE DEVELOPMENT AND APPLICATION OF TRANSISTORS 213

In this chapter you will extend your knowledge of the electrical nature of

matter and how this electrical nature led to the development of transis-

tors and integrated circuits. Thermionic (radio) valves, although often

unreliable, were used in all electronic appliances during the first part of

the twentieth century. The invention of the transistor — that did the

same job more reliably in most applications — enabled the miniaturis-

ation of electronics. This miniaturisation has enabled the invention of

the integrated circuit used in portable radios, CD players, computers and

digital phones.

12.1 CONDUCTORS, INSULATORS AND 

SEMICONDUCTORS
Different materials vary greatly in their ability to conduct electricity.

Their conduction strength depends on the ease with which electrons are

able to move through the crystal lattice. In materials that are good

insulators, the atoms in the lattice are held by strong covalent bonds in

which electron pairs are shared between atoms. This sharing means that

Band structure in solids

ou may previously have encountered the shell

structure of electrons in atoms, and you may

have related this to the spectra emitted when

atoms are excited by electrical discharge or

heating. (Sprinkle some sodium chloride into a

Bunsen flame to observe the bright orange spec-

trum of sodium.)

These spectral lines are produced by electrons

being excited into a higher energy shell and

jumping back to a lower energy shell, emitting

light of a particular frequency as they do so. All

atoms of an element have

the same electron shells or

energy levels when they exist

as individual atoms, but this

situation changes when they

are present in solids.

In 1925, Wolfgang Pauli

proposed what became

known as the Pauli Exclu-

sion Principle. It can be

stated simply that no two

electrons can simultaneously

occupy the same energy

state. (This is important in

the electron structure of

individual atoms. All the

electrons cannot collapse

into the lowest energy shell

in an atom.)

In a gas, there is no problem with two well-

separated atoms having electrons in precisely the

same energy state, but this does become a problem

as the atoms are brought closer together and the

electrons from different atoms begin to interact

with each other. This interaction results in a slight

change in energy of the levels so that no two elec-

trons have identical energy. As more and more

atoms are pushed closer together, this results in

what were precise energy levels in the individual

atoms being spread into energy bands in the solid.

Y

PHYSICS IN FOCUS
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Figure 12.2 The band structure of different types of solids, semiconductors in particular, 

is important in the development of the solid state devices studied in this chapter.

Nearby atoms
When multiple, identical atoms are brought near 
together in a solid, there is a smearing of the energy 
levels so that none occupy the same energy state.
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continued...
• This smearing causes electrons to occupy ‘bands’ 

of energy instead of specific energy levels. The 
outer shell of electrons forms the valance band.

• Electrons which can freely move through the 
solid are said to occupy a different energy band, 
known as the conduction band.

• We can classify conductors, insulators and semi 
conductors by their band structures and the 
energy gaps between these structures.
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A conductor has electrons which can easily move 
between the conduction and valance bands, whereas 
this gap is too large for electrons to bridge in 
insulators.

Semiconductors have a small band gap (which can be 
bridged in certain conditions).
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12.2 BAND STRUCTURES IN 
SEMICONDUCTORS
In a semiconductor, the gap between the valence and the conduction

bands is smaller than that in an insulator (see figure 12.5).

Table 12.1 Differences between the structure of conductors and 

non-conductors

pattern consisting of a ‘whole’ number of wave-

lengths is possible. Intermediate electron energy

levels can’t be stable as they would produce an

interfering wave character in the orbiting elec-

tron. The electron can absorb energy and move

to a higher standing-wave energy level but this

energy absorption must be of a specific amount;

that is, a quantum. The same electron can move

to a lower energy orbital (that produces a

standing-wave pattern of orbit) by emitting radi-

ation energy as a photon. This photon must

have an energy precisely equal to the energy dif-

ference between the orbital energy levels. Again

this energy release must be of a specific size — a

quantum. De Broglie’s hypothesis is discussed

further in the option topic ‘From Quanta to

Quarks’ (see pages 444–447).

De Broglie’s wave model of electrons allowed

electrons to orbit the nucleus only when the cir-

cumference of the circular orbit was a whole

number of wavelengths (see figure 12.5). 

Figure 12.5 A model of the atom showing an electron as a standing wave
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Figure 12.6 Energy bands in 

(a) a conductor (b) semiconductor 

and (c) an insulator

TYPE OF MATERIAL

INSULATOR

(NON-CONDUCTOR) SEMI-CONDUCTOR CONDUCTOR

Valence band Completely filled Almost filled Partly filled

Conduction band Well separated Just separated Overlapping

Energy gap Large Small Very small/

non-existent

FROM IDEAS TO IMPLEMENTATION216

12.2 BAND STRUCTURES IN 
SEMICONDUCTORS
In a semiconductor, the gap between the valence and the conduction

bands is smaller than that in an insulator (see figure 12.5).

Table 12.1 Differences between the structure of conductors and 

non-conductors

pattern consisting of a ‘whole’ number of wave-

lengths is possible. Intermediate electron energy

levels can’t be stable as they would produce an

interfering wave character in the orbiting elec-

tron. The electron can absorb energy and move

to a higher standing-wave energy level but this

energy absorption must be of a specific amount;

that is, a quantum. The same electron can move

to a lower energy orbital (that produces a

standing-wave pattern of orbit) by emitting radi-

ation energy as a photon. This photon must

have an energy precisely equal to the energy dif-

ference between the orbital energy levels. Again

this energy release must be of a specific size — a

quantum. De Broglie’s hypothesis is discussed

further in the option topic ‘From Quanta to

Quarks’ (see pages 444–447).

De Broglie’s wave model of electrons allowed

electrons to orbit the nucleus only when the cir-

cumference of the circular orbit was a whole

number of wavelengths (see figure 12.5). 

Figure 12.5 A model of the atom showing an electron as a standing wave

(a) (b)

Circumference =

2 wavelengths

Unless a whole number of wavelengths

fit into the circular hoop, destructive

interference occurs and causes the

vibrations to die out rapidly.

Circumference =

4 wavelengths

Circumference =

9 wavelengths

Valence band

Conduction band

(b) Semiconductor

Energy gap

Energy gap

Valence band

Conduction band

(c) Insulator

E
n

e
r
g

y
 
l
e

v
e

l
s

Valence band

(a) Conductor

Conduction band

Overlap

Figure 12.6 Energy bands in 

(a) a conductor (b) semiconductor 

and (c) an insulator

TYPE OF MATERIAL

INSULATOR

(NON-CONDUCTOR) SEMI-CONDUCTOR CONDUCTOR

Valence band Completely filled Almost filled Partly filled

Conduction band Well separated Just separated Overlapping

Energy gap Large Small Very small/

non-existent

FROM IDEAS TO IMPLEMENTATION216

12.2 BAND STRUCTURES IN 
SEMICONDUCTORS
In a semiconductor, the gap between the valence and the conduction

bands is smaller than that in an insulator (see figure 12.5).

Table 12.1 Differences between the structure of conductors and 

non-conductors

pattern consisting of a ‘whole’ number of wave-

lengths is possible. Intermediate electron energy

levels can’t be stable as they would produce an

interfering wave character in the orbiting elec-

tron. The electron can absorb energy and move

to a higher standing-wave energy level but this

energy absorption must be of a specific amount;

that is, a quantum. The same electron can move

to a lower energy orbital (that produces a

standing-wave pattern of orbit) by emitting radi-

ation energy as a photon. This photon must

have an energy precisely equal to the energy dif-

ference between the orbital energy levels. Again

this energy release must be of a specific size — a

quantum. De Broglie’s hypothesis is discussed

further in the option topic ‘From Quanta to

Quarks’ (see pages 444–447).

De Broglie’s wave model of electrons allowed

electrons to orbit the nucleus only when the cir-

cumference of the circular orbit was a whole

number of wavelengths (see figure 12.5). 

Figure 12.5 A model of the atom showing an electron as a standing wave

(a) (b)

Circumference =

2 wavelengths

Unless a whole number of wavelengths

fit into the circular hoop, destructive

interference occurs and causes the

vibrations to die out rapidly.

Circumference =

4 wavelengths

Circumference =

9 wavelengths

Valence band

Conduction band

(b) Semiconductor

Energy gap

Energy gap

Valence band

Conduction band

(c) Insulator

E
n
e
r
g
y
 
l
e
v
e
l
s

Valence band

(a) Conductor

Conduction band

Overlap

Figure 12.6 Energy bands in 

(a) a conductor (b) semiconductor 

and (c) an insulator

TYPE OF MATERIAL

INSULATOR

(NON-CONDUCTOR) SEMI-CONDUCTOR CONDUCTOR

Valence band Completely filled Almost filled Partly filled

Conduction band Well separated Just separated Overlapping

Energy gap Large Small Very small/

non-existent

Jacaranda Physics 2, 3rd Ed. p345
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Semiconductors
• Conductors are usually metal and contain free 

(unbound) electrons which are able to conduct 
electricity through the material.

• Semiconductors are much more similar to 
insulators in which electrons are part of specific 
covalent and ionic bonds.

• However, semiconductors are ‘weak insulators’ 
because the electrons can still be released from 
such bonds into the conduction band.
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Semiconductors cont...

• Semiconductors are normally made 
from group 4 elements on the 
periodic table - these have 4 valence 
electrons. The most common is silicon 
(germanium has also been used).

• The silicon atoms form a ‘diamond 
cubic’ crystal structure, where each 
valence electron is shared with 
another nearby silicon atom.

http://cac-science8.wikispaces.com/file/view/periodic_table2.png/32894291/periodic_table2.png
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Silicon bonding 
structure. Covalent 
bonds are formed
where electrons
are shared. 
http://www.pfk.ff.vu.lt/lectures/funkc_dariniai/images/silicon3.gif
http://www.alpcentauri.info/Silicon_covalent_bond.gif
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Silicon crystal 
structure

atomic spacing
=0.54nm

http://upload.wikimedia.org/wikipedia/commons/f/f1/
Silicon-unit-cell-3D-balls.png
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Semiconductors cont...
• If an electron is excited from the valence band 

into the conduction band (by thermionic 
processes, or incident radiation etc), it leaves 
behind a ‘hole’ in the valence band.

• The ‘hole’ can move through the material in the 
valence band because electrons move to fill it, 
leaving a hole elsewhere.

• So both the ‘hole’ and the conduction band 
electron are free to move through the material. 
Their direction will be determined by a potential 
difference (holes to negative, electrons to positive)
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Doping
• A very common way of altering the electrical 

properties of a semiconductor is to add ‘dopant’ 
atoms into the uniform (silicon) crystal structure.

• The effect of doping is to introduce new energy 
levels between the conduction and valence bands. 
This is a bit like a ‘ladder’, helping electrons move 
between the two levels.

• The dopant atoms only have to be present in very 
small quantities to change the electrical behaviour 
of the semiconductor (1 in 200,000 atoms). There 
are two types of doped semiconductors:
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N-type semiconductors

• These are doped with 
group 5 elements, 
providing a surplus 
electron (since they have 
five valence electrons).

• The extra electron cannot 
remain in the valence 
band and so moves to the 
conduction band.

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/dope.html
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P-type semiconductors

• These are doped with 
group 3 elements, creating 
an extra ‘hole’ (since they 
only have three valence 
electrons).

• The hole allows electrons 
to move through the 
material as other 
electrons ‘fill’ the hole.

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/dope.html
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Questions
1. Describe the model we used to demonstrate the 

propagation of holes and electrons in a semi 
conductor.

2. Compare qualitatively the number of electrons 
which are free to drift from one atom to another in 
semiconductors, conductors and insulators.

3. What normally happens to the resistance of a wire 
when you heat it?

4. Would you expect a semiconductor such as silicon 
to behave differently? How?
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