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ASSESMENT METHOD 

S.No Assessment Title Max.Mark Weightage %

1 Digital Assignment-1 20 10

2 CAT-1 50 15

3 Digital Assignment-2 20 10

4 CAT-2 50 15

5 Digital Assignment-3/Quiz 20 10

6 FAT 100 40

100

*Tentative
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What are electronic materials?

Those materials that are useful in the applications related to electronics are

electronic materials.

Microelectronics

Power electronics

Consumer electronics

Flexible and wearable electronics

Medical electronics

Energy electronics

Basic electronics
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Applications of Electronic Materials

➢ All electronic elements like resistors, capacitors, inductors, transistors, diodes, thyristors etc.

➢ All machines like transformers, motors, generators, etc.

➢ Power electronics like power transistors, power MOSFETs, IGBTs and diodes.

➢ Solar cells and semiconductors for solar panels, photovoltaics, heating elements etc.

➢ Integrated circuits, IC packaging, MOSFETs, on-chip elements, PCBs, microstrip lines,

antennas.

➢ Consumer electronics, laptops, mobiles and other electronic gadgets.

➢ Future devices like Nano transistors, flexible and wearable electronics, Nano materials etc..

➢ Energy electronics like batteries, supercapacitors, electrodes, packaging, etc.
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Why Electronic Material?

The type of material selected for a particular application can affect its
performance.

• Electronic properties

• Band gap

• Dielectric constant

• Electrical Conductivity

• Thermal conductivity

• Magnetic properties including spin

• Electron mobility

• Electron density

• Structure effects



Intended Learning Outcomes

At the end of this section, students will be able to:-

• Identify with examples the different classes of materials.

• Describe the distinctive chemical features of different 

materials.

• Identify ‘Advanced Materials’ and how these differ from 

the classical material classes.



Materials science: Studies the relationships that exist
between the structures and properties of materials.

Materials engineering: Designing or engineering a

material with a predetermined set of properties on the

basis of the structure property correlations.

Why should we know about materials? Because it is the job

of the engineer to select materials for given application

based of materials structure, properties, processing,

performance and cost.

What is Materials science and engineering?  
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Example - Screwdriver
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It was built with the wrong steel (containing excessive ratios of sulphur 

and phosphor) which undergo brittle fracture at low temperature.

Why did Titanic sink in 

1912?

What happens when
we get it wrong?

http://sites.google.com/site/polymorphismmyhomepage/investigating-material-failures/Fracture_Eng011.jpg?attredirects=0
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Caused by metal fatigue of the wheels.

Train disaster:

What happens when
we get it wrong?

Recent example: CHANDRAYAAN-3

http://upload.wikimedia.org/wikipedia/commons/7/7a/Ice_eschede_1.jpg
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Structure:

The structure of a material is usually the arrangement of its internal components.

Things we need to know about materials

Atomic structure: the organisation of atoms or molecules relative to one another.

Microscopic structure: a larger structural realm, which contains large groups of

atoms that are normally agglomerated together, which is subject to direct

observation using some type of microscope.

Macroscopic structure: comprises structural elements that may be viewed with

the naked eye.
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Properties:

“A property is a material trait in terms of the kind and magnitude of response to a

specific imposed stimulus.”

Mechanical properties: for example, would relate deformation to an applied

load or force; examples include elastic modulus and strength.

Electrical properties: such as electrical conductivity and dielectric constant, the

stimulus is an electric field.

Thermal properties: measure for the behaviour of a material in response to

temperature such as heat capacity and thermal conductivity.

Magnetic properties: the response of a material to the application of a magnetic

field.

Optical properties: the stimulus is electromagnetic or light radiation. Index of

refraction and reflectivity are representative optical properties.
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Processing: The series of operations that transforms industrial materials from a

raw-material state into finished parts or products.

Performance:
processing

structure properties

composition

structure determines

properties

processing effects 

structure and structure

determines processing 

routes

processing influences 

properties and properties

determines processing 

routes

composition influences processing 

routes, structure & properties
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Same material – aluminium oxide – different processing 

method – different structure

Single crystal
Polycrystalline

made of very small 

single crystals

Polycrystalline 

with pores 

Adapted from Fig. 1.2,

Callister & Rethwisch 8e.

(Specimen preparation,

P.A. Lessing; photo by S. 

Tanner.)

Structure, Processing, & Properties are mutually related



TEXT BOOK: S.O. Kasap “Principles of Electronic
Materials and Devices” Second Edition, McGraw-Hill,
New York. (Click below link to download).
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https://drive.google.com/file/d/1e2qhsOdr2tMLy

4PlUN5ZIKzfr6HmB02J/view?usp=sharing

https://drive.google.com/file/d/1e2qhsOdr2tMLy4PlUN5ZIKzfr6HmB02J/view?usp=sharing


Dr. Mallikarjuna Golla

Assistant professor

Dept. of Electrical Engineering, SELECT
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BEEE102L- Basic Electrical and Electronics Engineering

Module-1 : Physics of material



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 21

Atomic structure and atomic number,

Electron spin and Pauli’s exclusion principle, bonding and types of solids,

Concept of Fermi level, Energy bands in solids;

Classification of materials- Metals, Semiconductors and insulators;

Potential barrier problems,

crystal directions and planes, crystal properties, defects and vacancies.

Content of Module-1:
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Atomic structure and atomic number

• The model of an atom is called as shell model is

based on the Bohr Model (1913)

• Mass of the atom is concentrated at the nucleus,

which contains protons and neutrons

• Protons are positively charged particles, whereas

neutrons are neutral particles, and both protons and

neutrons have about the same mass.

• Atomic Number (Z): Number of protons in the

nucleus of an atom = Number of electrons in a

neutral atom.
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• Electrons are assumed to be orbiting the nucleus at very large

distances compared to the size of the nucleus.

• No of electrons orbiting is same as the number of protons.

• Certain orbits with fixed radii are stable around the nucleus

• For example the closest orbit for hydrogen atom can only have a

radius of 0.053nm

• Electron is constantly moving around an orbit, the electron would

appear as a spherical negative-charge cloud around the nucleus

(Shell) and not as a single dot representing a finite particle.
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Table 1 Properties of Fundamental Particles



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 25

Atom Structure

Dual Behaviour of Matter

The French physicist, de Broglie, in 1924 proposed that matter, like radiation, should also
exhibit dual behavior i.e., both particle and wavelike properties.

This means that just as the photon has momentum as well as wavelength, electrons
should also have momentum as well as wavelength,

De Broglie's equation

λ =
ℎ

𝑚𝑣
=
ℎ

𝑝
Where λ is wavelength in m, mass in kg, v is velocity in m/s.

Planck constant h is equal to exactly 6.626 ×10-34 Joule seconds.
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Exercise

• 1. What will be the wavelength of a ball of mass 0.1 kg moving with a velocity of 10 m
s–1 ?

• 2. The mass of an electron is 9.1×10–31 kg. If its K.E. is 3.0×10–25 J, calculate its
wavelength.

• Microscopic particle motion have wave like properties are significant.
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Heisenberg Uncertainty Principle

Werner Heisenberg a German physicist in 1927, stated uncertainty principle which is the
consequence of dual behavior of matter and radiation.

It states that it is impossible to determine simultaneously, the exact position and
exact momentum (or velocity) of an electron.

∆𝑥 ∆𝑝 ≥
ℎ

4π

∆𝑥 𝑚∆𝑣 ≥
ℎ

4π

∆𝑥 ∆𝑣 ≥
ℎ

4π𝑚



Heisenberg Uncertainty Principle

where ∆x is the uncertainty in position and ∆p (or ∆v) is the uncertainty in

momentum (or velocity) of the particle.

If the position of the electron is known with high degree of accuracy (∆x is small),

then the velocity of the electron will be uncertain [∆(v) is large].

On the other hand, if the velocity of the electron is known precisely (∆(v) is small),

then the position of the electron will be uncertain (∆x will be large).

Thus, if we carry out some physical measurements on the electron’s position or

velocity, the outcome will always depict a fuzzy or blur picture.



Atom Structure

Significance of Uncertainty Principle

One of the important implications of the Heisenberg Uncertainty Principle is that

it rules out existence of definite paths or trajectories of electrons and other

similar particles.

The trajectory of an object is determined by its location and velocity at various

moments.

The effect of Heisenberg Uncertainty Principle is significant only for motion of

microscopic objects and is negligible for that of macroscopic objects.



Orbit and Orbital

An orbit, as proposed by Bohr, is a circular path around the nucleus in which an

electron moves, its two dimensional representation. An orbital is the probable

area of finding the maximum density of electrons in an atom, it’s a three

dimensional representation.

A precise description of this path of the electron is impossible according to

Heisenberg uncertainty principle. Bohr orbits, therefore, have no real meaning and

their existence can never be demonstrated experimentally.

An atomic orbital, on the other hand, is a quantum mechanical concept and refers to

the one electron wave function ψ in an atom. It is characterized by three quantum

numbers (n, l and ml ) and its value depends upon the coordinates of the electron.

|ψ|2 at any point in an atom gives the value of probability density of finding the

electron at that point.



Exercise

1. A microscope using suitable photons is employed to locate an electron in an

atom within a distance of 0.1 Å. What is the uncertainty involved in the

measurement of its velocity?

1 Å (Angstrom)= 10-10m

2. A golf ball has a mass of 40g, and a speed of 45 m/s. If the speed can be

measured within accuracy of 2%, calculate the uncertainty in the position.



Quantum Mechanical Model of Atom

Quantum mechanics is a theoretical science that deals with the study

of the motions of the microscopic objects that have both observable

wave like and particle like properties.

The fundamental equation of quantum mechanics was developed by

Schrödinger and it won him the Nobel Prize in Physics in 1933.



Quantum Mechanical Model of Atom

When Schrödinger equation is solved for hydrogen atom, the solution gives

the possible energy levels the electron can occupy and the corresponding wave

function(s) (ψ) of the electron associated with each energy level.

These quantized energy states and corresponding wave functions which are characterized

by a set of three quantum numbers (principal quantum number n, azimuthal

quantum number l and magnetic quantum number ml ) arise as a natural consequence

in the solution of the Schrödinger equation.

When an electron is in any energy state, the wave function corresponding to that

energy state contains all information about the electron.



Quantum Mechanical Model of Atom

Where n=1,2, 3, …. n is Principal quantum number

• The negative energy indicates that the electron is bound to the nucleus, and

we again see that the energy of the bound electron is quantized.

• If the energy were to become positive, then the electron would no longer be

a bound particle and the total energy would no longer be quantized.



Quantum Mechanical Model of Atom

Orbitals and Quantum Numbers

A large number of orbitals are possible in an atom.

Qualitatively these orbitals can be distinguished by their size, shape and

orientation.

Atomic orbitals are precisely distinguished by what are known as quantum

numbers.

Each orbital is designated by three quantum numbers labelled as n, l and ml.



Quantum Mechanical Model of Atom

The principal quantum number ‘n’ is a positive integer with value of n = 1,2,3.......

The principal quantum number determines the size and to large extent the energy

of the orbital.

The principal quantum number also identifies the shell.

Principal Quantum Number (n)

Size of an orbital increases with increase of principal quantum number ‘n’. It

represents the main energy level occupied by the electron. In other words, the

electron will be located away from the nucleus.

Since energy is required in shifting away the negatively charged electron from the

positively charged nucleus, the energy of the orbital will increase with increase of n.



Quantum Mechanical Model of Atom

Azimuthal Quantum Number (l)

Azimuthal quantum number. ‘l’ is also known as orbital angular momentum.

It defines the three-dimensional shape of the orbital.

For a given value of n, l can have n values ranging

from 0 to n – 1, that is, for a given value of n, the

possible value of l are : l = 0, 1, 2, .......... (n–1).

Each shell consists of one or more subshells or

sub-levels. The number of sub-shells in a principal

shell is equal to the value of n.



Quantum Mechanical Model of Atom

Figure: The shell model of the carbon atom, in which the electrons

are confined to certain shells and subshells within shells.



Quantum Mechanical Model of Atom



Quantum Mechanical Model of Atom



Quantum Mechanical Model of Atom

Magnetic orbital Quantum Number (ml)

Gives information about the spatial orientation of the orbital with respect to

standard set of co-ordinate axis.

For any sub-shell (defined by ‘l’ value) 2l+1 values of ml are possible and these

values are given by

ml = – l, – (l –1), – (l–2)... 0, 1... (l –2), (l–1), l

It should be noted that the values of ml are derived from l and that the value of l

are derived from n.

Sublevel s p d f

‘l’ value 0 1 2 3

‘ml’ value 0 -1, 0, +1 -2,-1, 0, +1, +2 -3, -2,-1, 0, +1, +2, +3



Quantum Mechanical Model of Atom

Magnetic orbital Quantum Number (ml)
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Quantum Mechanical Model of Atom

Electron spin quantum number (ms)

The three quantum numbers labelling an atomic orbital can be used equally well

to define its energy, shape and orientation.

An electron spins around its own axis, much in a similar way as earth spins

around its own axis while revolving around the sun.

In other words, an electron has, besides charge and mass, intrinsic spin angular

quantum number.

Spin angular momentum of the electron — a vector quantity, can have two

orientations relative to the chosen axis.



Quantum Mechanical Model of Atom

Electron spin quantum number (ms)

These two orientations are distinguished by the spin quantum numbers ms which

can take the values of +½ or –½. These are called the two spin states of the

electron and are normally represented by two arrows, ↑ (spin up) and ↓ (spin

down).

Two electrons that have different ms values (one +½

and the other –½) are said to have opposite spins.

An orbital cannot hold more than two electrons and

these two electrons should have opposite spins.



Highlights
To sum up, the four quantum numbers provide the following information :

i) n defines the shell, determines the size of the orbital and also to a large extent

the energy of the orbital.

ii) There are n subshells in the nth shell. l identifies the subshell and determines

the shape of the orbital. There are (2l+1) orbitals of each type in a subshell, that is,

one s orbital (l = 0), three p orbitals (l = 1) and five d orbitals (l = 2) per subshell.

To some extent l also determines the energy of the orbital in a multi-electron atom.

iii) ml designates the orientation of the orbital. For a given value of l, ml has (2l+1)

values, the same as the number of orbitals per subshell. It means that the number

of orbitals is equal to the number of ways in which they are oriented.

iv) ms refers to orientation of the spin of the electron.



Exercise

1. What are four quantum numbers? What is the importance of each quantum

number? How are they mathematically related?

2. What is the total number of orbitals associated with the principal quantum

number n = 3?



Quantum Mechanical Model of Atom

Energies of Orbitals

Figure: Energy level diagrams for the few electronic shells of (a)

hydrogen atom and (b) multi-electronic atoms.

• Note that orbitals for the same value

of principal quantum number, have

the same energies even for different

azimuthal quantum number for

hydrogen atom.

• In case of multi-electron atoms,

orbitals with same principal

quantum number possess different

energies for different azimuthal

quantum numbers.



Quantum Mechanical Model of Atom

Energies of Orbitals

The energy of an electron in a multielectron atom, unlike that of the hydrogen

atom, depends not only on its principal quantum number (shell), but also on its

azimuthal quantum number (subshell).

Within a given principal quantum number, the energy of orbitals increases in the

order s<p<d<f

The main reason for having different energies of the subshells is the mutual

repulsion among the electrons in multielectron atoms.

The energy of orbitals refers to the energy required to take an electron

present in that orbital to infinity or the energy released when an electron is

added to that orbital from infinity.



Quantum Mechanical Model of Atom

Energies of Orbitals

Due to the presence of electrons in the inner shells, the electron in the outer shell

will not experience the full positive charge of the nucleus (Ze).

The effect will be lowered due to the partial screening of positive charge on the

nucleus by the inner shell electrons. This is known as the shielding of the outer

shell electrons from the nucleus by the inner shell electrons, and the net positive

charge experienced by the outer electrons is known as effective nuclear charge

(Zeff e).



Quantum Mechanical Model of Atom

Energies of Orbitals

For a given shell (principal quantum number), the Zeff experienced by the electron

decreases with increase of azimuthal quantum number (l), that is, the s orbital electron

will be more tightly bound to the nucleus than p orbital electron which in turn will be

better tightly bound than the d orbital electron.

The energy of electrons in s orbital will be lower (more negative) than that of p orbital

electron which will have less energy than that of d orbital electron and so on.

The lower the value of (n + l) for an orbital, the lower is its energy. If two orbitals have

the same value of (n + l), the orbital with lower value of n will have the lower energy.



Quantum Mechanical Model of Atom

Table: Arrangement of Orbitals

with Increasing Energy on the Basis

of (n+l) Rule



Quantum Mechanical Model of Atom

Energies of Orbitals

Energies of the orbitals in the same subshell decrease with increase in the atomic

number (Zeff).

For example, energy of 2s orbital of hydrogen atom is greater than that of 2s

orbital of lithium and that of lithium is greater than that of sodium and so on, that

is, E2s (H) > E2s (Li) > E2s (Na) > E2s (K).



Filling of Orbitals in Atom

Aufbau Principle: In the ground state of the atoms, the orbitals are filled in

order of their increasing energies.

Fig. Order of filling of orbitals



Filling of Orbitals in Atom

Pauli Exclusion Principle:

No two electrons in an atom can have

the same set of four quantum numbers.

“Only two electrons may exist in the same orbital and these electrons must

have opposite spin.”

This means that the two electrons can have the same value of three quantum

numbers n, l and ml, but must have the opposite spin quantum number.



Filling of Orbitals in Atom

Hund’s Rule of Maximum Multiplicity:

This rule deals with the filling of electrons into the orbitals belonging

to the same subshell

It states: Pairing of electrons in the

orbitals belonging to the same

subshell (p, d or f) does not take

place until each orbital belonging to

that subshell has got one electron

each i.e., it is singly occupied.



Filling of Orbitals in Atom

• The electrons in the completely filled shells are known as core electrons and the

electrons that are added to the electronic shell with the highest principal

quantum number are called valence electrons.

• Valence electrons occupy the outermost shell or highest energy level of an atom

while core electrons are those occupying the innermost shell or lowest energy

levels.
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Virial Theorem 

• Virial theorem allows us to relate the average kinetic energy KE,
average potential energy PE, and average total or overall
energy E of an electron in an atom, or electrons and nuclei in a
molecule
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Numerical

Consider the hydrogen atom in Figure 1.2 in which the electron is in the stable 1s

orbit with a radius 𝑟0. The ionization energy of the hydrogen atom is 13.6 eV.

a). It takes 13.6 eV to ionize the hydrogen atom, i.e., to remove the electron to

infinity. If the condition when the electron is far removed from the hydrogen nucleus

defines the zero reference of energy, then the total energy of the electron within the H

atom is −13.6 eV. Calculate the average PE and average KE of the electron.

b). Assume that the electron is in a stable orbit of radius 𝑟0 around the positive

nucleus. What is the Coulombic PE of the electron? Hence, what is the radius 𝑟0 of

the electron orbit?

c). What is the velocity of the electron?

d). What is the frequency of rotation (oscillation) of the electron around the nucleus?
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Bonding and Types of Solids

The attraction and repulsion forces that tend to hold the adjacent atoms,
molecules, or ions at a certain spacing to keep a balance between the
opposing forces are known as bonds.
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• When the distance between atoms is very high, then the force of
attraction 𝐹𝐴will be more than the force of repulsion 𝐹𝑅.

• As the distance between atoms reduces, the force of repulsion
increases and 𝐹𝑁 resultant force at Equilibrium

• This distance is called the equilibrium separation and is effectively the
bond length.

• On the energy diagram, 𝐹𝑁 = 0 means dE/dr = 0, which means that the
equilibrium of two atoms corresponds to the potential energy of the
system acquiring its minimum value.
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• When two atoms are brought together, the valence electrons interact

with each other and with the neighbor’s positively charged nucleus.

• The result of this interaction is often the formation of a bond between

the two atoms, producing a molecule.

• The formation of a bond means that the energy of the system of two

atoms together must be less than that of the two atoms separated, so

that the molecule formation is energetically favorable, that is, more

stable.

• Atoms when brough together experience forces of attraction and

repulsion, the state of equilibrium is reached when:

𝐹𝑁 = 𝐹𝑅 + 𝐹𝐴 = 0……(1)
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• The potential energy (PE(r)) of the atoms can be found by

𝑃𝐸 𝑟 = −න𝐹𝑁𝑑𝑟 ……(2)

• Equilibrium distance: The distance between the atoms when they are in

state of equilibrium and is also known as bond length.

• Bond Energy: Energy required to separate the two atoms from the state of

equilibrium is termed as bond energy.

• The argument discussed here is applicable to between many atoms.
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Types of Bonding's 

1. Metallic Bonding: (Metals)

Metallic bonding is a type of chemical bonding that arises from the electrostatic

attractive force between conduction electrons (in the form of an electron cloud of

delocalized electrons) and positively charged metal ions.

Ex:- Al, Cu, Mg (magnesium), Ca (Calcium)
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➢ Metal atoms have only a few valence electrons, which are not very difficult to remove.

➢ When many metal atoms are brought together to form a solid, these valence electrons are lost from individual 

atoms and become collectively shared by all the ions. 

➢ The valence electrons therefore become delocalized and form an electron gas or electron cloud, permeating 

the space between the ions.

➢ Bonding in a metal is essentially due to the attraction between the stationary metal ions and the freely 

wandering electrons between the ions.  

➢ The bond is a collective sharing of electrons and is therefore nondirectional.

➢ Consequently, the metal ions try to get as close as possible, which leads to close-packed crystal structures with 

high coordination numbers, compared to covalently bonded solids. 

➢ Very good conductors, as electrons can move freely under the

externally applied electric field.

➢ Good conductor of heat: If there is a temperature gradient along a

metal bar, the free electrons can also contribute to the energy

transfer from the hot to the cold regions, since they frequently

collide with the metal ions and thereby transfer energy.
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2. Covalent (Non-Metals)

A covalent bond is formed by equal sharing of electrons from both the participating

atoms. The pair of electrons participating in this type of bonding is called shared pair

or bonding pair. The covalent bonds are also termed as molecular bonds.
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Covalently bonded solids:

• Two atoms can form a bond with each other by sharing some or all of their
valence electrons and thereby reducing the overall potential energy of the
combination.

• The covalent bond results from the sharing of valence electrons to complete
the subshells of each atom.

• Due to the strong Coulombic attraction between the shared electrons and the
positive nuclei, the covalent bond energy is usually the highest for all bond
types, leading to very high melting temperatures and very hard solids: diamond
is one of the hardest known materials.

• As all the valence electrons are locked in the bonds between the atoms, these
electrons are not free to drift in the crystal when an electric field is applied.
Consequently, the electrical conductivity of such materials is very poor.
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3. Ionic (Metals and Non-Metals)

The electrostatic force of attraction which holds the two oppositely

charged ions together is called the ionic bond.
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➢ In ionic bonds, the complete transfer of one or more electrons occurs between

the donor and acceptor elements.

➢ There are few factors that cause the formation of ionic bonds; one of them is

the large differences in electronegativity of atoms, which attract other

atoms for the transfer of their electrons.

➢ An ionic bond is formed by the complete transfer of some electrons from one

atom to another.

➢ The atom losing one or more electrons becomes a cation—a positively

charged ion.

➢ The atom gaining one or more electron becomes an anion—a negatively

charged ion.

➢ When the transfer of electrons occurs, an electrostatic attraction between the

two ions of opposite charge takes place and an ionic bond is formed.
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Classification of Materials

• Materials can be mainly classified as metals, semiconductors or insulators
based on conductivity or resistivity and energy bands in electronics.

• This concept also helps in understanding the band theory and importance of
valance and covalent bands in solids.

• Metals have very high conductivity and low resistivity, hence, 

Metals: 𝜎~102 𝑡𝑜108 𝑆/𝑚 and 𝝆~10−2 𝑡𝑜10−8 𝑂ℎ𝑚 ∗ 𝑚

Semiconductors: 𝜎~105 𝑡𝑜10−6 𝑆/𝑚 and 𝝆~10−5 𝑡𝑜106 𝑂ℎ𝑚 ∗ 𝑚

Insulators: 𝜎~10−11 𝑡𝑜10−19 𝑆/𝑚 and 𝝆~1011 𝑡𝑜1019 𝑂ℎ𝑚 ∗ 𝑚
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Classification based on Energy Band  

• In case of metallic conductors, conduction band overlaps on the electrons in
the valence band. The energy gap is 𝒆𝒈 = 𝟎𝒆𝒗.

• Semiconductors have a small gap between both these bands. Some valence
electrons gain energy from external sources and cross the gap between the
valence and conduction bands. By this movement, they create a free
electron in the conduction band and a vacant energy level in the valence
band for other valence electrons to move. This creates the possibility of
conduction. The energy gap is 𝒆𝒈 = 𝟏𝒆𝒗.

• In insulators, there is a large gap between both these bands. Hence, the
electrons in the valence band remain bound and no free electrons are
available in the conduction band. The energy gap is 𝒆𝒈 > 𝟓𝒆𝒗.
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The conduction band is the band of electron orbitals that electrons can bounce up into from

the valence band when energized. At the point when the electrons are in these orbitals, they

have enough energy to move freely in the material. This movement of electrons makes an

electric current flow.
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Case 1

Ec denotes the lowest energy level of the conduction band and
Ev denotes the highest energy level of the valence band. The
above diagram describes a solid where the valence band is
partially empty. Hence, electrons from the lower energy levels
can move to the higher levels making conduction possible. Also,
the resistivity of such solids is low or the conductivity is high
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Case 2

Ec and Ev are the same as case 1 and Eg is the energy gap. This
diagram describes a solid where the conduction and valence
bands overlap each other. Hence, electrons can easily move from
the valence to the conduction band. This makes a large number
of electrons available for conduction. Also, the resistivity of such
solids is low or the conductivity is high.
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Case 3

This diagram describes a solid where the energy gap (Eg) is very
large (>3 eV). Due to this large gap, electrons cannot be excited
to move from the valence to the conduction band by thermal
excitation. Hence, there are no free electrons in the conduction
band and no conductivity. These are insulators.
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Case 4

This diagram describes a solid where the energy gap is small (< 3
eV). Since the gap is small, some electrons acquire enough
energy even at room temperature and enter the conduction
band. These electrons can move in the conduction band
increasing the conductivity of the solid. These are
semiconductors. The resistivity of semiconductors is lower than
that of insulators but higher than that of metals.
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Concept of Fermi Level

Fermi Energy:

➢A Fermi level is the measure of the energy of the least tightly held electrons within

a solid. It is important in determining the thermal and electrical properties of solids.

It can be defined as:

o Fermi energy is a concept in quantum mechanics that usually refers to the

energy difference between the highest and lowest occupied single-particle

states in a quantum system of non-interacting fermions at absolute zero

temperature.

o The highest energy level that an electron can occupy at the absolute zero

temperature is known as the Fermi Level. The Fermi level lies between the

valence band and conduction band because at absolute zero temperature

(−273.15 °C or 0K), the electrons are all in the lowest energy state.

o Fermi energy is constant for each solid.
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Metal Conductor at  T > 0

At T1 At T2 At T3

T1 < T2 < T3
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Figure . The Fermi probability function versus energy

for different temperatures.
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Crystal directions and Planes, Crystal Properties, Defects and Vacancies

➢ In solids, the constituent atoms or molecules are very tightly packed and strongly bonded to

each other. Solid constituent a very large preparation of materials used in engineering and

technology. Therefore, it is necessary to study their properties.

➢ A crystal consists of three dimensional arrays of regularly spaced atoms.

➢ As the separation between the atoms is of the order of 1A°

➢ Diffraction pattern can be obtained by making X-rays incident on the atomic planes, by

analyzing the diffraction pattern, crystal structure can be studied.

➢ The smallest fundamental building unit having definite arrangement of atoms, ions or

molecules which is repeated to form a crystal is called as the unit cell.
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➢ The most important property of a crystal is periodicity, which leads to what is termed long-range

order. In a crystal, the local bonding geometry is repeated many times at regular intervals, to

produce a periodic array of atoms that constitutes the crystal structure.

➢ All crystals can be described in terms of a lattice and a basis.

➢ A lattice is an infinite periodic array of geometric points in space, without any atoms.

➢ When we place an identical group of atoms (or molecules), called a basis, at each lattice point, we

obtain the actual crystal structure.

➢ Crystal = Lattice + basis @ each lattice point.



Dr. Mallikarjuna Golla, Asst. Prof., SELECT 90

➢ A crystalline solid is a solid in which the atoms bond with each other in a regular pattern to form

a periodic collection (or array) of atoms, as shown for the copper crystal in Figure 1.32.

Cube √2a=4R
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➢ The most important property of a crystal is periodicity, which leads to what is termed

long-range order. In a crystal, the local bonding geometry is repeated many times at

regular intervals, to produce a periodic array of atoms that constitutes the crystal structure.

➢ The unit cell of Cu is thus said to have a face-centered cubic (FCC) structure. The Cu

atoms are shared with neighboring unit cells.

➢ Effectively, then, only one-eighth of a corner atom is in the unit cell and one-half of the

face-centered atom belongs to the unit cell, as shown in Figure 1.32b.

➢ This means there are effectively four atoms in the unit cell. The length of the cubic unit

cell is termed the lattice parameter a of the crystal structure.

➢ For Cu, for example, a is 0.362 nm, whereas the radius R of the Cu atom in the crystal is

0.128 nm. Assuming the Cu atoms are spheres that touch each other, we can geometrically

relate a and R. For clarity, it is often more convenient to draw the unit cell with the

spheres reduced, as in Figure 1.32c.
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Solution
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EXAMPLE 1.17
Go through EXAMPLE 1.17 in Kasap Text Book

Go through TABLE 1.3 in Kasap Text Book
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Crystal Defects and Vacancies Ideal Crystal =Lattice + Basic

Real Crystal=deviation from ideality

Controls the physical and mechanical properties

Classification of Defects:

Based on Dimensionality

1. Zero Dimensional or Point Defects: Vacancies and Impurities.

2. One dimensional or Line defects : Edge and Screw Dislocation.

3. Two dimensional or Surface defects: Free Surface, Grain boundary, Twin

boundary, stacking fault.

Real crystal are finite crystal has a boundary line and that boundary has an

external surface or free surface
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What happens when the crystal is grown from a liquid or vapor?

Do you always get a perfect crystal?

What happens when the temperature is raised?

What happens when impurities are added to the solid?

We must therefore understand the types of defects that can exist in a given crystal

structure. Quite often, key mechanical and electrical properties are controlled by

these defects.

Above the absolute zero temperature, all crystals have atomic vacancies or atoms

missing from lattice sites in the crystal structure. The vacancies exist as a requirement

of thermal equilibrium and are called thermodynamic defects. Vacancies introduce

disorder into the crystal by upsetting the perfect periodicity of atomic arrangements.
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At some instant, there may be one atom with sufficient energy to break its bonds and

jump to an adjoining site on the surface, as depicted in Figure 1.45. This leaves a

vacancy behind, just below the surface. This vacancy can then diffuse into the bulk of the

crystal, because a neighboring atom can diffuse into it.

1. Zero Dimensional or Point Defects: Vacancies and Impurities
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Vacancies are only one type of point defect in a crystal structure. Point defects generally involve lattice changes

or distortions of a few atomic distances, as depicted in Figure 1.46a. The crystal structure may contain

impurities, either naturally or as a consequence of intentional addition, as in the case of silicon crystals grown for

microelectronics. If the impurity atom substitutes directly for the host atom, the result is called a substitutional

impurity and the resulting crystal structure is that of a substitutional solid solution, as shown in Figure 1.46b

and c. When a Si crystal is “doped” with small amounts of arsenic (As) atoms, the As atoms substitute directly

for the Si atoms in the Si crystal; that is, the arsenic atoms are substitutional impurities. The impurity atom can

also place itself in an interstitial site, that is, in a void between
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In an ionic crystal, such as NaCl, which consists of anions (Cl−) and cations (Na+), one common type of defect is called a

Schottky defect. This involves a missing cation–anion pair (which may have migrated to the surface), so the neutrality is

maintained, as indicated in Figure 1.47a.

Another type of defect in the ionic crystal is the Frenkel defect, which occurs when a host ion is displaced into an

interstitial position, leaving a vacancy at its original site. The interstitial ion and the vacancy pair constitute the Frenkel

defect, as identified in Figure 1.47a.
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A line defect is formed in a crystal when an atomic plane terminates within the crystal instead of passing all

the way to the end of the crystal, as depicted in Figure 1.48a. The edge of this short plane of atoms is therefore like

a line running inside the crystal. The planes neighboring (i.e., above) this short plane are dislocated with respect to

those below the line. We therefore call this type of defect an edge dislocation and use an inverted ⊤ symbol.

2. One dimensional or Line defects : Edge and Screw Dislocation
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Another type of dislocation is the screw dislocation, which is essentially a shearing of one portion of the

crystal with respect to another, by one atomic distance, as illustrated in Figure 1.49a. The displacement

occurs on either side of the screw dislocation line.
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3. Two dimensional or Surface defects: Free Surface, Grain boundary, Twin

boundary, Stacking fault.

When the crystal lattice is abruptly terminated by a surface, the atoms at the surface cannot fulfill

their bonding requirements as illustrated in Figure 1.55. For simplicity, the figure shows a Si crystal

schematically sketched in two dimensions where each atom in the bulk of the crystal has four

covalent bonds, each covalent bond having two electrons.

Free Surface: 
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• The atoms at the surface are left with dangling bonds, bonds that are half full, only

having one electron. These dangling bonds are looking for atoms to which they can

bond. Two neighboring surface atoms can share each other’s dangling bond electrons.

This bonding between surface atoms causes a slight displacement of the surface atoms

and leads to a surface that has been reconstructed.

• Atoms from the environment can also bond with the atoms on the crystal surface. For

example, a hydrogen atom can be captured by a dangling bond at the surface to form a

chemical bond as a result of which hydrogen becomes absorbed.

• The H atom in Figure 1.55 forms a covalent bond with a Si atom and hence becomes

chemisorbed.

• However, the H2O molecule cannot form a covalent bond, but, because of hydrogen

bonding, it can form a secondary bond with a surface Si atom and become adsorbed.

• Water molecules in the air can readily become adsorbed at the surface of a crystal.

Although the figure also shows a physisorbed H2 molecule as an example.
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• Grain boundaries are internal boundaries inside a crystal. Dislocation inside a crystal can end an grain boundary.

• If the sample has same orientation of crystal right through, all the units are parallel act as single crystal.

• Instead, if it has internal boundary, if crystal has one side oriented in one way, another side orientation is

different. This boundary as grain boundary between two grains. Its called biocrystal.

Grain boundary defects
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• Many materials are polycrystalline; that is, they are

composed of many small crystals oriented in different

directions. They have multiple grains separated by grain

boundaries.
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Twin boundary defects

• Twin boundaries are types of planar surface defects.

• The atomic arrangement on one side of a twin boundary is a mirror reflection of the

arrangement on the other side.

• Twin boundaries occur in pairs such that the orientation change introduced by one boundary is

restored by the other.

Tilt boundary defects

with perpendicular to

each other
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Stacking Fault

• Fault in the stacking sequence of a crystal.

• For a perfect crystal the stacking sequence of plains is ABCABCABC…. (from bottom to top), it

produce FCC crystal.

• In Faulted structure, the C plane is missing and remaining will continue the same. It produce

ABCABABCA…., The fault plane ABA produce HCP crystal and before and after produce FCC only.
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