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ILOS

• In this section, we will learn:

• The basic properties of semiconductors and, in particular, silicone – the

material used to make most modern electronic circuits.

• How doping a pure silicon crystal dramatically changes electrical

conductivity – the fundamental idea in underlying the use of

semiconductors in the implementation of electronic devices.

• The two mechanisms by which current flows in semiconductors – drift

and diffusion charge carriers.

• The structure and operation of the pn junction – a basic semiconductor

structure that implements the diode and plays a dominant role in

semiconductors.
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Agenda
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 Introduction

 Intrinsic Semiconductors

 Extrinsic (Doped) Semiconductors

 Current Flow in Semiconductors

 The pn Junction with Open-Circuit Terminals (Equilibrium)

 The pn Junction with Applied Voltage

 Capacitive Effects in the pn Junction
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Solid state electronic devices
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Solid-state electronics are those circuits or devices built entirely from

solid materials and in which the electrons, or other charge carriers, are

confined entirely within the solid material.

The term is often used to contrast with the earlier technologies of vacuum

and gas-discharge tube devices, and it is also conventional to exclude

electro-mechanical devices (relays, switches, hard drives and other devices

with moving parts) from the term solid state.



Earlier Technologies
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Vacuum Tubes



Earlier Technologies
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Vacuum Tubes



The transistor was probably 

the most important invention 

of the 20th Century, and the 

story behind the invention is 

one of clashing egos and top 

secret research.

First - BJTs

Reference:
Bell Labs Museum

B. G. Streetman & S. Banerjee ‘Solid State Electronic Devices’, Prentice Hall 1999.
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Point-Contact Transistor –
first transistor ever made
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Qualitative basic operation of point-
contact transistor  

Problems with first transistor…
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First Bipolar Junction Transistors
W. Shockley invented the p-n junction transistor
The physically relevant region is moved to the bulk of the 
material
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Why semiconductors?

SEMICONDUCTORS: They are here, there, everywhere and in anything “intelligent” 

• Computers, laptops Silicon (Si) MOSFETs, ICs, CMOS

• Cell phones, pagers Si ICs, GaAs FETs, BJTs

• CD players    AlGaAs and InGaP laser diodes, Si photodiodes

• TV remotes, mobile terminals Light emitting diodes (LEDs)

• Satellite dishes InGaAs MMICs (Monolithic Microwave ICs)

• Fiber networks InGaAsP laser diodes, pin photodiodes

• Traffic signals, car taillights GaN LEDs (green, blue)

InGaAsP LEDs (red, amber)

• Air bags Si MEMs, Si ICs
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Why semiconductors?
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Semiconductor devices are WIDELY used



Why semiconductors?
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Solid Materials

• Conductors: Allow Electric current to flow

through them

• Insulators: Do not Allow Electric current to flow

through them

10/15/2017Lecture 02 - Semiconductors 15

• Semiconductors: Materials whose conductivity  lies in between that of  

Conductors (copper) and insulators (glass). They have conductivities in 

the range of  10-4 to 10+4 S/m.



Semiconductors

• single-element – such as germanium and silicon. (column IV of  periodic 

table) –compose of  single species of  atoms

• compound – such as gallium-arsenide. – combinations of  atoms of  column 

III and column V and some atoms from column II and VI. (combination of  

two atoms results in binary compounds).
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Semiconductor 
materials
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Atomic Structure
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A lithium atom
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Atomic Structure
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Electron shells and sub-shells



The octet rule
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Atoms are most stable if they have a filled or empty outer layer of

electrons.

Except for H and He, a filled layer contains 8 electrons – an octet

Atoms will

gain or lose (ionic compounds)

share (covalent compounds)

Electrons to make a filler or empty outer layer.



Atomic Structure

• valence electron – is an electron that
participates in the formation of chemical bonds.
It can exist only in the outermost electron shell.

• Atoms with one or two valence electrons more than
are needed for a "closed" shell are highly reactive
because the extra electrons are easily removed to form
positive ions.

• covalent bond – is a form of chemical bond in
which two atoms share a pair of atoms.
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Covalent Bonding And Intrinsic Materials
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Covalent bonding of  the silicon atom. Covalent bonding of  the GaAs crystal.
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Solid state structures
A crystalline solid is distinguished by the fact that atoms making the

crystal are arranged in a periodic fashion. That is, there is some basic

arrangement of atoms that is repeated throughout the entire solid. Thus

the crystal appears exactly the same at one point as it does at a series of

other equivalent points, once the basic periodicity is discovered. However,

not all solids are crystals; some have no periodic structure at all (amorphous

solids), and other are composed of many small regions of single-crystal

material (polycrystalline solids).

The periodic arrangement of atoms in crystal is called the lattice; the lattice 
contains a volume, called a unit cell, which is representative of the entire 

lattice and is regularly repeated throughout the crystal.



Solid state structures
• Cubic lattices:

Simple cubic (sc) Body-centered cubic (bcc) Face-centered cubic (fcc)

Unit cells for types of cubic lattice structure.

Diamond lattice unit cell, showing the four nearest neighbour structure

The basic lattice structure for many important 
semiconductors is the diamond lattice, which is 
characteristic of Si and Ge. In many compound 
semiconductors, atoms are arranged in a basic 
diamond structure but are different on alternating 
sites. This is called a zincblende lattice and is 
typical of the III-V compounds.  The diamond lattice 
can be thought of as an fcc structure with an extra 
atom placed at a/4+b/4+c/4 from each of the fcc
atoms. 10/15/2017Lecture 02 - Semiconductors 25



The Bohr model
To develop the atom model, Bohr made

several postulates:
1. Electrons exist in certain stable,

circular orbits about the nucleus.
2. The electron may shift to an orbit of

higher or lower energy, thereby
gaining or losing energy equal to the
difference in the energy levels (by
absorption or emission of a photon
of energy hν).
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The Silicon Atom

Finally, the work of  Bohr, Boltzmann, Plank, Einstein and 
others has developed an understanding of  the atomic 
structure which shows that electrons circle the nucleus in 
orbits having different associated energies. The electrons also 
spin on their own axes. The energy of  electrons is quantised 
in that only certain discrete levels of  energy can be possessed 
by electrons and no values in between these discrete levels are 
allowed. The levels exist in groups which are referred to as 
shells and there are sub-shells (l) within main shells (n).

Silicon, Si, is a group IV material having an atomic number of 14. Consequently it has

14 positively charged protons and 14 neutrons in its nucleus. It has 14 orbiting

negatively charged electrons: 2 in a full K shell; 8 in a full L shell and 4 in a half-full M

sub-shell. With a half full outer sub-shell the atom has an affinity for 4 additional

electrons to try to complete the outer sub-shell.

The Pauli’s Exclusion Principle

states that no two electrons in an atom or molecule can share the exact

same quantum specification. In practice, this means that no more than two

electrons can share precisely the same orbit or energy level and the two

must have opposite spins.
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Si

14

-

-
-

-

-

-

-

-

-

-

-

- -

-
However, like all other elements 
it would prefer to have 8 
electrons in its outer shell

The Silicon Atomic Structure

Silicon: our primary example and focus

Atomic no. 14

14 electrons in three shells: 2 ) 8 ) 4

i.e., 4 electrons in the outer "bonding" shell

Silicon forms strong covalent bonds with 4 neighbors
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Band theory of  a solid

• A solid is formed by bringing together isolated single atoms. 

• Consider the combination of  two atoms. If  the atoms are far apart there is no interaction 

between them and the energy levels are the same for each atom. The numbers of  levels at 

a particular energy is simply doubled

• If the atoms are close together the electron wave functions will overlap 
and the energy levels are shifted with respect to each other.

n=1 n=1

n=2 n=2

n=3 n=3

Atom 1 Atom 2

n=1 n=1

n=2 n=2

n=3 n=3

Atom 1 Atom 2

n=1

n=2

n=3

Atom 1 + 210/15/2017Lecture 02 - Semiconductors 29



• A solid will have millions of  atoms close 
together in a lattice so these energy levels 
will creates bands each separated by a gap.

• Conductors:

If  we have used up all the electrons 
available and a band is still only half  
filled, the solid is said to be a good 
conductor. The half  filled band is 
known as the conduction band.

• Insulators:

If, when we have used up all the 
electrons the highest band is full and the 
next one is empty with a large gap 
between the two bands, the material is 
said to be a good insulator. The highest 
filled band is known as the valence band 
while the empty next band is known as 
the conduction band.

n=1

n=2

n=3

Conduction band, 

half filled with 

electrons

Valence band, 

filled with 

electrons

Empty 

conduction band

Large energy gap

Valence band, 

filled with 

electrons
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Semiconductors:

• Some materials have a filled valence band just like 

insulators but a small gap to the conduction band. 

• At zero Kelvin the material behave just like an 

insulator but at room temperature, it is possible for 

some electrons to acquire the energy to jump up to 

the conduction band. The electrons move easily 

through this conduction band under the application 

of  an electric field. This is an intrinsic 

semiconductor.

Top valence 

band now 

missing some 

electrons

Conduction 

band, with some 

electrons

At room temperature – some conduction

Valence bands, 

filled with 

electrons

Empty 

conduction band

At zero Kelvin – no conduction

Small energy gap

So where are all these materials 

to be found in the periodic table ?
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Semiconductors
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Semiconductors
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Possible Semiconductor Materials

Carbon C 6

1. Very Expensive

2. Band Gap Large: 6eV

3. Difficult to produce without high contamination

Silicon Si 14

1. Cheap

2. Ultra High Purity

3. Oxide is amazingly perfect for IC applications

Germanium Ge 32

1. High Mobility

2. High Purity Material 

3. Oxide is porous to water/hydrogen (problematic)

Gallium 
arsenide

GaAs
1. High Mobility

2. High speed switching
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Silicon : It’s a Group 4 element which means it has 4 electrons 
in outer shell

Si

14

-

-
-

-

-

-

-

-

-

-

-

- -

-

However, like all other elements it would prefer to have 8 
electrons in its outer shell

The Silicon Atomic Structure
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Bonding of  Si atoms

This results in the covalent bonding of  Si atoms in the 

crystal matrix

A Covalent Bond Formed by the Sharing of 

Electrons in an Outer Energy Level
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Si and Ge are tetravalent elements – each atom of Si (Ge) has 4 valence 

electrons in crystal matrix

T=0 all electrons are bound in

covalent bonds

no carriers available for conduction. 

For T> 0 thermal fluctuations can

break electrons free creating

electron-hole pairs

Both can move throughout the lattice

and therefore conduct current.

Electrons and Holes
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Electrons and Holes

Electron-hole pairs in a 

semiconductor. The bottom of the 

conduction band denotes as Ec and 

the top of the valence band denotes 

as Ev.

For T>0

some electrons in the valence band receive 

enough thermal energy to be excited across the 

band gap to the conduction band. 

The result is a material with some electrons in an 

otherwise empty conduction band and some 

unoccupied states in an otherwise filled valence 

band.

An empty state in the valence band is referred to 

as a hole. 

If the conduction band electron and the hole are 

created by the excitation of a valence band 

electron to the conduction band, they are called 

an electron-hole pair (EHP).
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Silicon Lattice Structure
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with 4 neighbouring 
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no current 
flow

Adding heat (even to room temperature) 
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can flow
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Overall 
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+
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Intrinsic Material
A perfect semiconductor crystal with no impurities or lattice defects is 

called an intrinsic semiconductor. 

At T=0 K –

No charge carriers                 

Valence band is filled with electrons 

Conduction band is empty

At T>0                                    

Electron-hole pairs are 

generated

EHPs are the only charge 

carriers in intrinsic material

Since electron and holes are created 

in pairs – the electron concentration 

in conduction band, n (electron/cm3) 

is equal to the concentration of holes 

in the valence band, p (holes/cm3).

Each of these intrinsic carrier 

concentrations is denoted  ni. 

Thus for intrinsic materials 

n=p=ni

Electron-hole pairs in the covalent bonding 

model in the Si crystal.
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Intrinsic Material
• At a given temperature there is a certain concentration of  electron-hole pairs  ni. If  

a steady state carrier concentration is maintained, there must be recombination of  

EHPs at the same rate at which they are generated. Recombination occurs when an 

electron in the conduction band makes a transition to an empty state (hole) in the 

valence band, thus annihilating the pair. If  we denote the generation rate of  EHPs 

as gi (EHP/cm3·s) and the recombination rate as ri, equilibrium requires that

ri = gi

• Each of  these rates is temperature dependent. For example, gi(T) increases when 

the temperature is raised, and a new carrier concentration ni is established such that 

the higher recombination rate ri (T) just balances generation. At any temperature, 

we can predict that the rate of  recombination of  electrons and holes ri, is 

proportional to the equilibrium concentration of  electrons n0 and the 

concentration of  holes p0:

ri = r no po = r ni
2 = gi

• The factor r is a constant of  proportionality which depends on the particular 

mechanism by which recombination takes place. 10/15/2017Lecture 02 - Semiconductors 41



Increasing conductivity by temperature
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Therefore the conductivity of a semiconductor is influenced by temperature

As temperature increases, the number of free electrons 
and holes created increases exponentially.
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Intrinsic Semiconductors

• silicon at low temps

• all covalent bonds – are intact

• no electrons – are available for conduction

• conducitivity – is zero

• silicon at room temp

• some covalent bonds – break, freeing an electron and creating 
hole, due to thermal energy

• some electrons – will wander from their parent atoms, becoming 
available for conduction

• conductivity – is greater than zero
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The process of freeing electrons, creating holes, 
and filling them facilitates current flow…
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• The conductivity of  the semiconductor material increases when the temperature increases. 

• This is because the application of  heat makes it possible for some electrons in the valence 

band to move to the conduction band.

• Obviously the more heat applied the higher the number of  electrons that can gain the 

required energy to make the conduction band transition and become available as charge 

carriers.

• This is how temperature affects the carrier concentration. 

• Another way to increase the number of  charge carriers is to add them in from an external 

source.

• Doping or implant is the term given to a process whereby one element is injected with 

atoms of  another element in order to change its properties.

• Semiconductors (Si or Ge) are typically doped with elements such as Boron, Arsenic and 

Phosphorous to change and enhance their electrical properties.

Increasing conductivity
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Extrinsic Material
By doping, a crystal can be altered so that it has a predominance of  either electrons or holes. 

Thus there are two types of  doped semiconductors, n-type (mostly electrons) and p-type 

(mostly holes). When a crystal is doped such that the equilibrium carrier concentrations n0 and 

po are different from the intrinsic carrier concentration ni, the material is said to be extrinsic.

Donor impurities (elements 

of group V): P, Sb, As

Acceptor elements (group 

III): B, Al, Ga, In 

The valence and conduction bands of 

silicon with additional impurity energy 

levels within the energy gap.

When impurities or lattice 
defects are introduced, 
additional levels are created 
in the energy bands 
structure, usually within the 
band gap.

Total number of electrons

III – Al – 13

IV – Si – 14

V - P - 15
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• Inject Arsenic into the crystal with an implant step.

• Arsenic is Group5 element with 5 electrons in its outer shell, (one more than silicon).

• This introduces extra electrons into the lattice which can be released through the 
application of heat and so produces and electron current

• The result here is an N-type semiconductor (n for negative current carrier)

Increasing conductivity by doping
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Increasing conductivity by doping
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• Inject Boron into the crystal with an implant step.
• Boron is Group3 element is has 3 electrons in its outer shell (one less than 

silicon)
• This introduces holes into the lattice which can be made mobile by applying 

heat. This gives us a hole current
• The result is a P-type semiconductor (p for positive current carrier)



The Fermi – Dirac 
distribution function

• The density of electrons in a semiconductor is related

to the density of available states and the probability

that each of these states is occupied.

• The density of occupied states per unit volume and

energy is simply the product of the density of states and

the Fermi-Dirac probability function (also called

the Fermi function):
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Electrons in solids obey Fermi - Dirac distribution given by:

 kTEE Fe
EF

/)(
1

1
)(






The function F(E) called the Fermi-Dirac distribution function which gives the 

probability that an electron occupies an electronic state with energy E.

The quantity EF is called the Fermi level, and it represents the energy level at which 

the probability to find an electron is 50%. For an energy E = EF the occupation 

probability is

where k is Boltzmann’s constant  k =1.38x10-23 J/K.

T is the temperature in kelvin

  
2

1

11

1
1)(

1/)(





 kTEE

F
FFeEF

This is the probability for electrons to occupy the Fermi level.

(2.1)
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The Fermi – Dirac distribution function

The Fermi – Dirac distribution 

function for different temperatures

At 0 К every available energy state up to EF is filled with electrons, and all states above EF

are empty.

At temperatures higher than 0 K, some probability F(E) exists for states above the Fermi 

level to be filled with electrons and there is a corresponding probability [1 - F(E)] that states 

below EF are empty. 

The Fermi function is symmetrical about EF for all temperatures. 

At T=0 K, F(E) has rectangular shape

the denominator of the exponent is

1/(1+0) = 1 when (E<Ef), exp. negative

1/(1+) = 0 when (E>Ef), exp. positive
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carrier concentration in Intrinsic Semiconductor


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Electron and Hole Concentrations at Equilibrium

The Fermi distribution function can be used to calculate the concentrations of 

electrons and holes in a semiconductor if the densities of available states in the 

valence and conduction bands are known. The concentration of electrons in the 

conduction band is






cE

o dEESEFn )()(

where S(E)dE is the density of states (cm-3) in the energy range dE. The subscript

o used for the electron and hole concentration symbols (no, po) indicates

equilibrium conditions.

(2.2)
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Calculation of Density of Electrons

dEESEFdn )()(

Let ‘dn’ be the Number of Electrons available between energy 

interval ‘E and E+ dE’ in the Conduction band






cE

o dEESEFn )()(

Where S(E) dE is the Density of states in the energy interval E and E 

+ dE and F(E) is the Probability of Electron occupancy.
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Number of  electrons in an energy level 

(E) in the conduction band is given by

Number of  holes in an energy level (E) 

in the valence band is given by

ceC EEm
h

ES  2/3

3
)2(

4
)(


EEm

h
ES vhv  2/3

3
)2(

4
)(



Where 𝑆𝑐 and 𝑆𝑣 are the density of  energy states and given by:

Where:

ℎ: Planck's constant, 

𝑚𝑒: effective mass of  electron,

𝑚ℎ: effective mass of  hole

Hence, the carrier densities can be given by








dEEpp

dEEnn

oo

oo

)(
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𝑁𝑐and 𝑁𝑣 are the effective density of states in the conduction band and 

the valence band, respectively
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The product of no and po at equilibrium is a constant for a particular material and 

temperature (what is called the mass action law), even if the doping is varied:
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For intrinsic semiconductors:

(2.7)

(2.8)



)2/( kTE

vci
geNNn


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2

ioo npn 

The intrinsic electron and hole concentrations are equal (since the carriers are 

created in pairs), ni = pi ; thus the intrinsic concentration is

The constant product of electron and hole concentrations can be written 

conveniently as

This is an important relation, and we shall use it extensively in later calculations. 

The intrinsic concentration for Si at room temperature is approximately ni = 1.5 x 

1010 cm-3.
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(2.8)

(2.9)
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Temperature effect on carrier concentration
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An extrinsic semiconductor is one that has been doped, that

is, into which a doping agent has been introduced, giving it

different electrical properties than the intrinsic (pure)

semiconductor.

extrinsic semiconductor 

Intrinsic 

semiconductor
Donor atoms Acceptor atoms

Group IV 

semiconductors
Silicon, Germanium

Phosphorus, Arsenic,

Antimony

Boron, Aluminium,

Gallium

Group III-V 

semiconductors

Aluminum 

phosphide, Aluminum 

arsenide, Gallium 

arsenide, Gallium 

nitride

Selenium, Tellurium,

Silicon, Germanium

Beryllium, Zinc, Ca

dmium, Silicon, Ge

rmanium

https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium
https://en.wikipedia.org/wiki/Phosphorus
https://en.wikipedia.org/wiki/Arsenic
https://en.wikipedia.org/wiki/Antimony
https://en.wikipedia.org/wiki/Boron
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Gallium
https://en.wikipedia.org/wiki/Aluminium_phosphide
https://en.wikipedia.org/wiki/Aluminium_arsenide
https://en.wikipedia.org/wiki/Gallium_arsenide
https://en.wikipedia.org/wiki/Gallium_nitride
https://en.wikipedia.org/wiki/Selenium
https://en.wikipedia.org/wiki/Tellurium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium
https://en.wikipedia.org/wiki/Beryllium
https://en.wikipedia.org/wiki/Zinc
https://en.wikipedia.org/wiki/Cadmium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium
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n-type extrinsic semiconductors

Formed by adding donor atoms to the intrinsic semiconductor  (Si) 

e.g., Arsenic “As”, antimony 

“Sb”, and Phosphorus “P”

donors: pentavalent elements from group V (P, As, Sb, Bi) → 
release of electrons → n-type semiconductor
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n-type semiconductors

Before doping
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n-type semiconductors






cE

dEESEFn )()(

After doping
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Under complete ionization 
condition DNn 

Number of  

donor atoms

n-type semiconductors

D
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(2.11)

(2.12)
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Electron concentration in doped semiconductor 
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p-type semiconductors

e.g., Aluminum “Al”, Boron “B”, 

and Gallium “Ga”

Formed by adding acceptor atoms to the intrinsic semiconductor  (Si) 

acceptors: trivalent elements from group III (B, Al, Ga, In) → capture 
of electron → hole remains → p-type semiconductor
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carrier concentrations (p-type)

Before doping
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carrier concentrations (p-type)

 
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After doping
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Under complete ionization 
condition ANp 

Number of  

acceptor atoms

p-type semiconductors

A

kTEE

V NeNp VFp 
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)ln(

)ln(

AVVFp
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(2.15)

(2.16)
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Electron concentration in doped semiconductor 
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Mass Action Law

For any S.C., at thermal equilibrium, there is a unique law 

which governs the carrier densities n and p
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Band diagram, density of states, Fermi-Dirac distribution, 
and the carrier concentrations at thermal equilibrium

Intrinsic semiconductor

n-type semiconductor

p-type semiconductor
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Charge neutrality 
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Both acceptors and donors can be present simultaneously 

The Fermi level must adjust itself to preserve charge neutrality 
(zero net charge)

DA NpNn 

negative ions Positive ions 

(2.19)



Majority and minority carriers
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electrons holes

n-doped 

(ND > NA)

MAJORITY

carrier

MINORITY

carrier

p-doped 

(ND < NA)

MINORITY

carrier

MAJORITY

carrier



n-type Majority and minority carrier 
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In n-type semiconductors,

electrons are the majority carriers

and holes are the minority

carriers.

N-type semiconductors are

created by doping an intrinsic

semiconductor with donor

impurities



n-type Majority and minority carrier 
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2

inn npn  DnAn NpNn andfrom

Majority electrons:

 




  22

4
2

1
iADADn nNNNNn

ADniAD NNnnNN  2

Minority holes:
nin nnp /2

(2.20)

(2.21)



p-type Majority and minority carrier 

In p-type semiconductors, 

holes are the majority carriers 

and electrons are the minority 

carriers.

P-type semiconductors are 

created by doping an 

intrinsic semiconductor with 

acceptor impurities
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p-type Majority and minority carrier 
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2

ipp npn  DpAp NpNn andfrom

Majority electrons:

 




  22

4
2

1
iDADAp nNNNNp

DApiDA NNpnNN  2

Minority holes: pip pnn /2

(2.22)

(2.23)



Summary

2

ioo npn 
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Intrinsic semiconductors

Doped semiconductors
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Production steps of  silicon
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“95% of materials used by the electronic industry is silicon”
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Summary (1)

• Today’s microelectronics technology is almost 
entirely based on the semiconductor silicon.  If  a 
circuit is to be fabricated as a monolithic integrated 
circuit (IC), it is made using a single silicon crystal, 
no matter how large the circuit is.  

• In a crystal of  intrinsic or pure silicon, the atoms are 
held in position by covalent bonds.  At very low 
temperatures, all the bonds are intact; No charge 
carriers are available to conduct current.  As such, at 
these low temperatures, silicone acts as an insulator.
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Summary (2)

• At room temperature, thermal energy causes some 
of  the covalent bonds to break, thus generating 
free electrons and holes that become available to 
conduct electricity.

• Current in semiconductors is carried by free 
electrons and holes.  Their numbers are equal and 
relatively small in intrinsic silicon.

• The conductivity of  silicon may be increased 
drastically by introducing small amounts of  
appropriate impurity materials into the silicon 
crystal – via process called doping.
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Summary (3)

• There are two kinds of  doped semiconductor: 

n-type in which electrons are abundant, p-type 

in which holes are abundant.
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