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PREFACE

Physics is a fundamental aspect of science on which all engineering sciences are made.
The fundamental concepts of physics have given the way for the development of
engineering branch and technologies. All modern technological advances from laser
micro surgery to television, from computers to mobile phones, from remote controlled
toys to space vehicles, directly work on the principles of physics. Accordingly the
syllabus of engineering courses includes physics as an essential subject. The physics
syllabus in engineering course is primarily divided into two parts i.e. applied physics &
Engineering physics as per curriculum requirement in universities & engineering
colleges in India. The scope of applied physics course is widely extended to various
areas of engineering disciplines and emerging new technologies. Applied physics is very
vast subject and hence important topics have been shortlisted and included in the hand-
book /material. The present hand-book/material of Applied physics is divided into five
units i.e. Unit-1 deals with Laser & fiber-optics, Unit-2 deals with Quantum Mechanics,
Unit-3 deals with Electronic materials, Unit-4 deals with Semiconductor physics, Unit-5
deals with Dielectrics and Magnetic properties of materials.

The first chapter of unit-1 deals with lasers where students were able to study the laser
principles and features, absorption and emission(spontaneous & stimulated
mechanisms), Population inversion and various pumping schemes of laser systems,
laser mechanism and types of laser systems such as Ruby, He-Ne & Semiconductor
lasers & its applications.

The second chapter of unit-1 deals with fiber-optics where students were able to know
about principle & construction of optical fibers, Acceptance angle & N.A. relations,
modes of propagation of light through step-index and graded index fibers(Single &
Multi-mode fibers),optical communication system & applications of fibers. Students
were able to know the importance of optical fiber & lasers in photonics and fiber-optics
industry. Optical fibers find application in communication and broadcasting the
information from place to place.

Unit-2 covers quantum mechanics which deals with origin of quantum mechanics, de-
Broglie concepts of matter waves, experimental procedures adopted to verify the wave
nature of matter waves and discuss about Schrodinger matter wave equation & its
applications. Students able to know dual nature of light (wave & particle) & its
interaction with micro-scopic particles at the atomic scale.

Unit-3 covers Electronic materials deals with free electronic theory(Classical &
Quantum), Fermi level, density of energy states, periodic potential, Bloch’s theorem,
Kronig-Penny model , E-K diagram & effective mass of an electron, Origin of energy
bands & classification of materials into metals, insulators & semiconductors. Students
will be to think and judge the electric response of materials/solids largely stems from
the dynamics of electrons, and their interplay with atoms and molecules. Students will
be familiar with Fermi level and classification of materials based on band -gap of solids.

Unit-4 covers semiconductor physics which deals with various types of semiconducting
materials, carrier concentration in both intrinsic and extrinsic semiconductor, carrier



transport, formation and V-I characteristics of PN-diode , Hall-effect, semiconductor
devices-LED and solar cell. Students try to know the scope & usage of semiconductors in
a wide range of components and devices such as diodes, transistors, photo sensor, and
microcontroller, microprocessor and integrated chips.

Unit-5 covers Dielectric & Magnetic properties of materials. The dielectric materials
deals with introduction & basic definitions of dielectric materials, types of
polarizations(Electronic & lonic) and calculation of their polarizabilities, internal fields
in a solid , Clausius-Mossotti relation. Magnetic materials with introduction & basic
definitions, Origin of magnetic moment(Bohr magneton), classification of dia, para &
ferro magnetic materials, properties of anti-ferro and ferri magnetic materials,
Hysteresis curve based on domain theory, soft and hard magnetic materials. Dielectric
materials finds useful in capacitor, power transformer, cables, spark generators,
transducers. A magnetic material finds application in making of permanent magnets,
core materials for inductance coils & transformers, relays & heavy current engineering.

The concepts in this material are explained in very lucid manner & the contents are
optimised so that student will follow & digest the content. Language is simple & self
explanatory. Authors express their happiness on the encouraging welcome given to
hand book/material made by physics faculty all over. We are thankful to all physics
faculty in taking pain in preparation of the digital content/hand-book. Comments and
feedback for the improvement of hand book is welcome & appreciated. I hope this
material will be beneficial to both students for preparation of internal & final semester
exams.

Authors



CONTENTS

UNIT

NAME OF THE UNIT

LASERS AND FIBEROPTICS

QUANTUM MECHANICS

ELECTRONIC MATERIALS

SEMICONDUCTOR PHYSICS

DIELECTRICS AND MAGNETIC PROPERTIES OF
MATERIALS




MALLA REDDY COLLEGE OF ENGINEERING & TECHNOLOGY

B. TECH- |- YEAR- II-SEM

(R20A0011) APPLIED PHYSICS

COURSE OBIJECTIVES:

1 To analyze the ordinary light with a laser light and realize the transfer of light through
optical fibers.
To identify dual nature of the matter and behavior of a particle quantum mechanically.
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5 To Compare dielectric and magnetic properties of the materials and enable them to design
and apply in different fields.
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materials.

COURSE OUTCOMES:After completion of studying Applied Physics the student is able to

1 Observe the properties of light and its engineering applications of laser in fiber optic
communication systems.

2 Apply the basic principles of quantum mechanics and the importance of behavior of a
particle.

3 Find the importance of band structure of solids and their applications in various electronic
devices.

4 Evaluate concentration & estimation of charge carriers in semiconductors and working
principles of PN diode.

5 Examine dielectric, magnetic properties of the materials and apply them in material
technology.
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APPLIED PHYSICS

UNIT — | LASER& FIBER-OPTICS

INTRODUCTION:

LASER stands for Light Amplification by Stimulated Emission of Radiation. Laser
technology started with Albert Einstein in 1917, he has given theoretical basis for the
development of Laser. The technology further evolved in 1960 when the very first laser
called Ruby Laser was built at Hughes Research Laboratoriesby T.H. Mainmann.

CHARACTERISTIC OF LASER RADIATION:

The laser beam has the properties given below which distinguish it from an ordinary beam of
light. Those are

Highly directional

Highly monochromatic
Highly intense
Highly coherence

o

1. Highly directional:

A conventional light source emits light in all directions. On the other hand, Laser
emits light only in one direction. The width of Laser beam is extremely narrow and hence a
laser beam can travel to long distances without spreading.
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The directionality of laser beam is expressedin terms of divergence
AG = r,—n
S dy—d;

Where riand reare the radii of laser beam spots at distances of di and da respectively from
laser source.
2. Highly monochromatic:

A monochromatic source is a single frequency or single wavelength source of light.
The laser light is more monochromatic than that of a convectional light source. This may be
due to the stimulated characteristic of laser light. The band width of convectional
monochromatic light source is 1000A°. But the band width of ordinary light source is 10 A°,
For high sensitive laser source is 10% A°.

3. Highly intense:

Laser light is highly intense than the conventional light. A one milli-Watt He-Ne laser
is highly intense than the sun intensity. This is because of coherence and directionality of
laser. Suppose when two photons each of amplitude ‘A’ are in phase with other, then young’s
principle of superposition, the resultant amplitude of two photons is 2A and the intensity is
432, Since in laser many numbers of photons are in phase with each other, the amplitude of
the resulting wave becomes ‘nA’ and hence the intensity of laser is proportional to n?A2. So
1mw He-Ne laser is highly intense than the sun.
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APPLIED PHYSICS

4. Highly coherence

A predictable correlation of the amplitude and phase at any one point with other point
is called coherence.In case of conventional light, the property of coherence exhibits between
a source and its virtual source where as in case of laser the property coherence exists between
any two sources of same phase.

There are two types of coherence
i) Temporal coherence
ii) Spatial coherence.

Temporal coherence (or longitudinal coherence):
The predictable correlation of amplitude and phase at one point on the wave train w .r.
t another point on the same wave train, then the wave is said to be temporal coherence.

Py
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Spatial coherence (or transverse coherence):

The predictable correlation of amplitude and phase /\/\/\/\\/\

at one point on the wave train w. r .t another point on a

second wave, then the waves are said to be spatial /—\/\W
coherence (or transverse coherence). Two waves are said to

be coherent when the waves must have same phase & amplitude.

INTERACTION OF LIGHT WITH MATTER AND THE THREE QUANTUM
PROCESSES:

When the radiation interacts with matter, results in the following three important
phenomena. They are

() Induced or Stimulated Absorption
(ii)Spontaneous Emission
(iii)Stimulated Emission

STIMULATED ABSORPTION (OR) INDUCED ABSORPTION (OR) ABSORPTION:
An atom in the lower energy level or ground state energy level (E1) absorbs the incident
photon and goes to excited state (E2) as shown in figure below. This process is called induced
or stimulated absorption.

Let E;and E> be the energies of ground and excited states of an atom. Suppose, if a
photon of energy E>—E1 = hv interacts with an atom present in the ground state, the atom gets

E xcited " Exviled

Eq‘ ST ] E_ T state
K., E, = e /J’?,E/E‘ T
- .-:: = . )
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APPLIED PHYSICS

excitation form ground state E: to excited state E> . This process is called stimulated
absorption.

Stimulated absorption rate depends upon the number of atoms available in the lowest
energy state as well as the energy density of photons.

SPONTANEOUS EMISSION:

The atom in the excited state returns to ground state emitting a photon of energy (E) =
E> — E1 = hv, without applying an external energy spontaneously is known as spontaneous
emission.

Let E; and E> be the energies of ground and excited states of an atom. Suppose, if
photon of energy E>— E1 = hv interacts with an atom present in the ground state, the atom gets
excitation form ground state E; to excited state E>

The excited atom does not stay for a long time in the excited state. The excited atom
gets de-excitation after its life time by emitting a photon of energy E>— E1 = hv . This process
is called spontaneous emission.

The spontaneous emission rate depends up on the number of atoms present in the excited
state.
The probability of spontaneous emission (P21) is independent of u(?9).

Pyy = Ay
. P Excited Excited
.lr; - o sitale ,|F‘ - slate
i-.-.-"'-,_-"_".,.l"'n..:" ¥ E,-E =hv
) . . P
Jir' S ——— Ground ‘E: | — 4 J Ground
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STIMULATED-EMISSION:

The atom in the excited state can also returns to the ground state by applying external
energy or inducement of photon thereby emitting two photons which are having same energy
as that of incident photon. This process is called as stimulated emission.

Stimulated emission was postulated by Einstein. Let E; and E2 be the energies of
ground and excited states of an atom. Let a Photon of energy Ez-Ei=hv interacts with the
excited atom with in their life time The atom gets de-excitation to ground state by emitting of
another photon. These photons have same phase and it follows coherence. This phenomenon
is

E,—E —hv/
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E,—O— &= o5
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APPLIED PHYSICS

called stimulated emission

Stimulated emission rate depends upon the number of atoms available in the
excitedstate as well as the energy density of photons.

Comparison between Spontaneous and Stimulated emission:

Spontaneous emission Stimulated emission
1. The spontaneous emission  Was|L.The stimulated emission was
Postulated by Bobhr. Postulated by Einstein.

2. Additional photons are not required [2.Additional photons are required in

in spontaneous emission. Stimulated emission.
3. OnePhoton is emitted in 3. Two photons are emitted in
spontaneous emission. stimulated emission.

4. The emitted radiation is incoherent. 5. The emitted radiation is coherent.

5. The emitted radiation is less intense. 6. The emitted radiation is high intense.

Light Amplification:

Light amplification requires stimulated emission exclusively. In practice, absorption
and spontaneous emission always occur together with stimulated emission. The laser
operation is achieved when stimulated emission exceeds the other two processes due to its
higher transitions rates of atomic energy levels.

POPULATION INVERSION:

The number of atoms present in the excited (or higher) state is greater than the number
of atoms present in the ground energy state (or lower state) is called population inversion.

Let us consider two level energy systems of energies Eiand Ezas shown in figure. Let
N; and N2 be the population (means number of atoms per unit volume) of Eiand E;
respectively.
According to Boltzmann’s distribution the population of an energy level E, at temperature T
is given by

E;
N, = N,e %P wherei = 1,2,3, ... N;
where ‘No’ is the number of atoms in ground or lower energy states & k is the Boltzmann
constant.

From the above equation the population of energy levels E1& E> are given by
Eq

Ny = Nye et
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e
N, = N,e ks

At ordinary conditions N:>N> i.e., the population in the ground or lower state is
always greater than the population in the excited or higher states. The stage of making,
population of higher energy level greater than the population of lower energy level is called
population inversion i.e., N2>Nj.

E, 2| . Ny £, | =—— .
N At
At normal eonditions Ny = N; After population inversion 1s nchieved N; = N,
METASTABLE STATE:

In general the number of excited particles in a system is smaller than the non excited
particles. The time during which a particle can exist in the ground state is unlimited. On the
other hand, the particle can remain in the excited state for a limited time known as life time.
The life time of the excited hydrogen atom is of the order of 108sec. However there exist
such excited states in which the life time is greater than 10®sec. These states are called as
Meta stable states.

PUMPING MECHANISMS (OR TECHNIQUEYS):

Pumping:

The process of rising more no of atoms to the excited state by artificial means is called
pumping.

A system in which population inversion is achieved is called as an active system. The
method of raising the particles from lower energy state to higher energy state is called
pumping. (or the process of achieving of population inversion is called pumping). This can be
done by number of ways. The most commonly used pumping methods are

» Optical pumping

> Electrical discharge pumping
» Chemical pumping

» Injection current pumping

Optical pumping:

Optical pumping is used in solid laser. Xenon flash tubes are used for optical
pumping. Since these materials have very broad band absorption, sufficient amount of energy
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is absorbed from the emission band of flash lamp and population inversion is created.
Examples of optically pumped lasers are ruby, Nd: YAG Laser ( Y3 ALsG12)

(Neodymium: Yttrium Aluminum Garnet), Nd: Glass Laser
Electrical discharge pumping:

Electrical discharge pumping is used in gas lasers. Since gas lasers have very narrow
absorption band pumping them any flash lamp is not possible. Examples of Electrical
discharge pumped lasers are He-Ne laser, CO: laser, argon-ion laser, etc
Chemical pumping:

Chemical reaction may also result in excitation and hence creation of population
inversion in few systems. Examples of such systems are HF and DF lasers.

Injection current pumping:

In semiconductors, injection of current through the junction results in creates of
population inversion among the minority charge carriers. Examples of such systems are InP
and GaAs.

PRINCIPLE OF LASER/LASING ACTION:

Let us consider many no of atoms in the excited state. Now the stimulating photon
interacts with any one of the atoms in the excited state, the stimulated emission will occur. It
emits two photons, having same energy & same frequency move in the same direction. These
two photons will interact with another two atoms in excited state & emit 8-photons. In a
similar way chain reaction is produced this phenomenon is called “Principle of lasing —
action”. We get a monochromatic, coherent, directional & intense beam is obtained. This is
called laser beam. This is the principle of working of a laser.

Ez Ez

el

Ez Ea Ex Ez

ﬂv\/

® m
N

/\l\[‘\/\/ Mary,
NV =2
(*\P{\-\S\J\:\r\ﬁ
v - P
E E E,y Ey E Ey Ey
. [pump source
Components of a LASER: FLASHLANP
Any laser system consists of 3-important components. They are a5 A
(|) Sour_ce of eg.ergy or pumping §o|urce [_—_1
(") ACt'_Ve'me um (Laser Material) TOTAL REFLECTOR - PAATIAL REFLECTOR
(iii)Optical cavity or resonator ¢ IR e ol M
(i) Energy Source : It supply energies & pumps the atoms or ~  Fepii il ASER
molecules in the active medium to excited states. As a result we N LASERMATERML, OUTRUT
get population inversion in the active medium which emits '

" fopieal caviny
laser.

Ex: Xenon flash lamp, electric field.
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(i1) Active medium: The medium in which the population inversion takes place is called as
active medium.

Active-centre: The material in which the atoms are raised to excited state to achieve
population inversion is called as active center.

(iii) Optical-cavity or resonator: The active medium is enclosed between a fully reflected
mirror & a partially reflective mirror. This arrangement is called as cavity or resonator. As a
result, we get highly intense monochromatic, coherence laser light through the non-reflecting
portion of the mirror.

DIFFERENT TYPES OF LASERS
On the basis of active medium used in the laser systems, lasers are classified into several

types

I.  Solid lasers : Ruby laser, Nd;YAG laser, Nd;Glass
I. Liquid lasers : Europium Chelate laser, SeOCl;
I1l. Gas lasers : CO2, He-Ne, Argon-lon Laser
IV. Dye lasers : Rhodamine 6G
V. Semiconductor lasers : InP, GaAs.

RUBY LASER

Ruby laser is a three level solid state laser and was developed by Mainmann in 1960.
Ruby (AlOs+Cr,03) is a crystal of Aluminium oxide, in which 0.05% of AI*® ions are
replaced by the Cr*® ions. The colour of the ruby rod is pink. The active medium in the ruby

rod is Cr*2 ions.

Principle or Characteristics of a ruby laser:
Due to optical pumping, the chromium atoms are raised to excited states then the atoms come
to metastable state by non-radiative transition. Due to stimulated emission the transition of
atoms takes place from metastable state to ground state and gives a laser beam.

Construction:

> In ruby laser 4cm length and 5mm diameter rod is generally used.

> Both the ends of the rods are highly polished and made strictly parallel.

» The ends are silvered in such a way, one becomes partially reflected and the other end
fully reflected.

» The ruby rod is surrounded
by xenon flash tube, which
provides the pumping light
to excite the chromium ions ). |
in to upper energy levels. SN = = R
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» Xenon flash tube emits thousands joules of energy in few milli seconds, but only a
part of that energy is utilized by the chromium ions while the rest energy heats up the
apparatus.

» A cooling arrangement is provided to keep the experimental set up at normal
temperatures.

Working:

» The energy level diagram of chromium ions is shown in figure.

> The chromium ions get excitation into higher energy levels by absorbing of 5600A°

of wave length radiation.

> The excited chromium ions stay in the level H for short interval of time (10 Sec).

» After their life time most of the chromium ions are de-excited from H to G and a few

chromium ions are de-excited from H to M.

H G Higher state
Non- Eadioactive Transition
A =56004" Mo = 1 Wetastable state
FAVAVAV AW ) 2 =6943 4°
A=69434" PR Fofes
AV AV AV ANS FAVAVAV AW
LE] Gironmd state

» The transition between H and M is non-radioactive transition i.e. the chromium ions
gives their energy to the lattice in the form of heat.

> In the Meta stable state the life time of chromium ions is 10 sec.

» Due to the continuous working of flash lamp, the chromium ions are excited to
higher state H and returned to M level.

» After few milli seconds the level M is more populated than the level G and hence
the desired population inversion is achieved.

» The state of population inversion is not a stable one.

» The process of spontaneous transition is very high.

» When the excited chromium ion passes spontaneously from H to M it emits one
photon of wave length 6943A°.

» The photon reflects back and forth by the silver ends and until it stimulates an
excited chromium ion in M state and it to emit fresh photon in phase with the earlier
photon.

» The process is repeated again and again until the laser beam intensity is reached to a
sufficient value.

» When the photon beam becomes sufficient intense, it emerges through the partially
silvered end of the rod.

> The wave length 6943A° is in the red region of the visible spectrum on returning to

ground state (G).
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Uses of Ruby laser:

- Used in distance measurement using ‘pulse echo technique’

- Used for measurement of plasma properties such as electron density and temperature.
- Used to remove the melanin of the skin.

- Used for recording pulsed holograms.

- Used as target designators and range finders in military.

Draw backs of Ruby laser:

- It requires high pumping power.

- The efficiency of ruby laser is very small. It is a pulse laser.

He-Ne LASER
It was discovered by A. Javan & his co-workers in 1960. It is a continuous wave gas laser. It
consists of mixture of He & Ne in 10:1 ratio as a active medium.
Principle/Characteristics of He-Ne laser:
This laser is based on the principle of stimulated emission, produced in the He & Ne. The
population inversion is achieved due to the interaction between He & Ne gases.Using gas
lasers, we can achieve highly coherent, directional and high monochromatic beam.
Construction:
» In He-Ne gas laser, the He and Ne gases are taken in the ratio 10:1 in the discharge
tube.
» Two reflecting mirrors are fixed on either ends of the discharge tube, in that, one is
partially reflecting and the other is fully reflecting.
» In He-Ne laser 80cm length and 1cm diameter discharge tube is generally used.

» The output power of these lasers depends on the length of the discharge tube and
pressure of the gas mixture.

» Energy source of laser is provided by an electrical discharge of around 1000V through
an anode and cathode at each end of the glass tube.

. . . Pastmlly volloctcd
, s ngdl
Fally dles R

R
",
s,

Y i, —

He z MNe D A N
I o e -
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Working:

» When the electric discharge is passing through the gas mixture, the electrons
accelerated towards the positive electrode.

» During their passage, they collide with He atoms and excite them into higher levels.

» F2and Fs form F1. In higher levels F2 and Fs, the life time of He atoms is more.

» So there is a maximum possibility of energy transfer between He and Ne atoms
through atomic collisions.

» When He atoms present in the levels F» and Fz collide with Ne atoms present ground
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» state Ey, the Ne atoms gets excitation into higher levels E4 andEe.

Energy exchange through
atonic collions Es

Fa A ¥ £ \ B.BQ wm
. 6328 A°
Fa t.z E4 \r—m..._‘
o
S E
3 2
T
0.6 um
_§ g t{‘* Spontaneous
8 - emission
e E>
= = o
w = De-excitation
8 by collision
|:‘| 2 E4 A 4
He Ne

> Due to the continuous excitation of Ne atoms, we can achieve the population
inversion between the higher levels E4 (Es) and lower levels Ez (Es).

> The various transitions E¢— Es, Es— Es and Es— E3 leads to the emission of
wavelengths 3.39A°, 1.15 A° and 6328A°.

» The first two corresponding to the infrared region while the last wavelength is
corresponding to the visible region.

» The Ne atoms present in the Ez level are de-excited into E> level, by spontaneously
emission of photon.

» When a narrow discharge tube is used, the Ne atoms present in the level E: collide
with the walls of the tube and get de-excited to ground level E;.

Uses of He-Ne laser:
- Used in laboratories foe all interferometric experiments.

- Used widely in metrology in surveying, alignment etc.

- Used to read barcodes and He-Ne laser scanners also used for optical character
recognition.

- Used in holography.

SEMICONDUCTOR LASER

A Semiconductor diode laser is specially fabricated p-n junction device that emits coherent
light when it is forward biased. The wavelength of the emitted photon depends upon the
activation energy of crystal.

Principle: When a p-n junction diode is forward biased, the electrons from n — region and the
holes from the p- region cross the junction and recombine with each other.During the
recombination process, the light radiation (photons) is released from a certain specified direct
band gap semiconductors like Ga-As. This light radiation is known as recombination
radiation.

DEPARTMENT OF HUMANITIES & SCIENCES ©MRCET (EAMCET CODE: MLRD) 10




APPLIED PHYSICS

The photon emitted during recombination stimulates other electrons and holes to recombine.
As a result, stimulated emission takes place which produces laser.

Construction

Figure shows the basic construction of
semiconductor laser. F*A_TA 1
/ ¥ )(/I'z/ |

Metal \\\/ 4 ;/"' “u
> The active medium is a p-n junction diode il ’ N //” |
. . pper 1 junction
made from the single crystal of gallium NS\ oot \> /f” :

~— S/

arsenide.

» This crystal is cut in the form of a platter
having thickness of 0.5pmm.

» The platelet consists of two parts having
an electron conductivity (n-type) and hole
conductivity (p-type).

» The photon emission is stimulated in a
very thin layer of PN junction (in order of
few microns).

> The electrical voltage is applied to the crystal through the electrode fixed on the upper
surface.

» The end faces of the junction diode are well polished and parallel to each other. They act
as an optical resonator through which the emitted light comes out

_n-region
P g

— Forward

\
o ‘ — biasing

&cgiu

n

il

__ Metl

b=
contact |

Lower
\ Electrode

Working:
Figure shows the energy level diagram of semiconductor laser.

conduction band

T energy barrier\\ ——————————— . free electrons
_____ \ 4

electron energy

laser light
++++++++\
++++++++®

free holes

" band gap (.Eg)-

valence band

» When the PN junction is forward biased with large applied voltage, the electrons and
holes are injected into junction region in considerable concentration.

» The region around the junction contains a large amount of electrons in the conduction
band and a large amount of holes in the valence band.

» If the population density is high, a condition of population inversion is achieved.
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» The electrons and holes recombine with each other and this recombination’s produce
radiation in the form of light.

» When the forward — biased voltage is increased, more and more light photons are emitted
and the light production instantly becomes stronger.

» These photons will trigger a chain of stimulated recombination resulting in the release of
photons in phase.

» The photons moving at the plane of the junction travels back and forth by reflection
between two sides placed parallel and opposite to each other and grow in strength.

» After gaining enough strength, it gives out the laser beam of wavelength 84000 A . The
wavelength of laser light is given by

E,=hv=h<
A
P
E

Where E,. is the band gap energy in Joule.The power output from this laser is ImW. The nature
of output is continuous wave or pulsed output

Advantages:

1. Itis very small in dimension and the arrangement is simple and compact.

2. It exhibits high efficiency.lIt can have a continuous wave output or pulsed output.
3. The laser output can be easily increased by controlling the junction current

4. ltis operated with lesser power than ruby and CO2 laser.

Disadvantages:

1. The output is usually from 5 degree to 15 degree i.e., laser beam has large divergence.
2. Threshold current density is very large (400A/mm2).

3. It has poor coherence and poor stability.
Applications:

1. Itis well suited for interface with fiber optic cables used in communication.
2. Itis used to heal the wounds by infrared radiation

APPLICATIONS OF LASERS
Due to high intensity, high mono-chromaticity and high directionality of lasers, they
are widely used in various fields like
1. communication
2. computers
3. chemistry
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photography
industry

medicine

military

scientific research

© N O

1. Communication:

In case of optical communication, semiconductors laser diodes are used as optical
sources.

More channels can be sent simultaneously Signal cannot be tapped as the band
width is large, more data can be sent.

A laser is highly directional and less divergence, hence it has greater potential use
in space crafts and submarines.

2. Computers:

w

In LAN (local area network), data can be transferred from memory storage of one
computer to other computer using laser for short time.

Lasers are used in CD-ROMS during recording and reading the data.

Chemistry :

Lasers are used in molecular structure identification.

Lasers are also used to accelerate some chemical reactions.

Using lasers, new chemical compound can be created by breaking bonds between
atoms or molecules.

4. Photography :

o

Lasers can be used to get 3-D lens lessphotography.
Lasers are also used in the construction of holograms.

Industry :

Lasers can be used to blast holes in diamonds and hard

steel.

Lasers are also used as a source of intense heat.

Carbon dioxide laser is used for cutting drilling of metals and nonmetals, such as
ceramics plastics, glass etc.

High power lasers are used to weld or melt any material.

Lasers are also used to cut teeth in saws and test the quality of fabric.

6. Medicine :

Pulsed neodymium laser is employed in the treatment of liver cancer.
Argon and carbon dioxide lasers are used in the treat men of liver and lungs.
Lasers used in the treatment of Glaucoma.

7. Military :

Lasers can be used as a war weapon.
High energy lasers are used to destroy the enemy air-crafts and missiles.
Lasers can be used in the detection and ranging likes RADAR.
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8. Scientific research:

Lasers are used in the field of 3D-photography.

Lasers used in Recording and reconstruction of hologram.

Lasers are employed to create plasma.

Lasers used to produce certain chemical reactions.

Lasers are used in Raman spectroscopy to identify the structure of the molecule.

Lasers are used in the Michelson- Morley experiment.
A laser beam is used to confirm Doppler shifts in frequency for moving objects.
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FIBER-OPTICS

INTRODUCTION TO OPTICAL FIBER:

Fiber optics is a branch of physics which deals with the transmission & reception of light
waves using optical fibers which acts as a guiding media. The transmission of light waves by
fiber optics was first demonstrated by John Tyndall in 1870.

Optical Fiber:

Optical fiber is a thin & transparent guiding medium or material which guides the
information carrying light waves. It is a cylindrical wave-guide system which propagates the
data & speech signals in the optical frequency range.

A light beam acting as a carrier wave is capable of carrying more information than radio
waves & microwaves because of its high frequency as shown below.

Radio waves - 10* Hz , Micro waves - 10 Hz, Light waves - 10%° Hz

Construction:

An optical fiber is a very thin, flexible transparent
made with plastic or glass.

It has cylindrical shape consisting of three layers or =
sections =
1) The Core ( (O

2) The Cladding 8

3) The Outer jacket or Buffer jacket

1)The Core:lt is the central layer surrounded by another layer called cladding. Light is
transmitted within the core which has refractive index (ni). It is a denser medium. Core is
made of silica (SiO,).

2)The Cladding:It is the second layer, surrounded by a third layer called the outer jacket. It
has refractive index nz which is less than the refractive index of core i.e (ny>n2). It acts as a
rarer medium. It keeps the light within the core because ni>n,. To lower the refractive index
of cladding the silica is doped with phosphorous or bismuth material.

3)The Outer or Buffer Jacket:It is the third layer it protects the fiber from moisture &
abrasion. To provide necessary toughness & tensile strength, a layer of strength member is
arranged surrounding buffer jacket. It is made of polyurethane material.

Working Principle of Optical Fiber:

OUTER JACKET
— CLADDING
7

Total Internal Reflection: The principle of optical fiber is total internal reflection.
Condition for Total Internal Reflection:

1) The light ray should move from denser to rarer medium.

2) The refractive index of core must be greater than cladding i.e. n1>n»

3) The angle of incidence (i) must be greater than the critical angle(6c) i.e. i>6c.

4) The critical angleg, = sin™?! %

1
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Explanation:

Let us consider a denser medium & rarer medium of refractive indices ni& ny respectively
and ni>ny. Let a light ray move from denser to rare medium with ‘i’ as the angle of incidence
& ‘v’ as angle of refraction. The refracted ray bends away from the normal as it travels from
denser to rarer medium with increase of angle of incidence ‘i’.

Figure 1

medium one

I
I
I
I
I
I
I
I
I
I
: medium two
I
1
I
I
I
I

i i . Total intemal reflection
=0, =8, =8,

In this we get three cases

Case-1: When i<0c, Then the light ray refracts into rarer medium as shown in figure.

Case-2: When i= ¢ , then the light ray traverses along the two media as shown in figure.
For the two media, applying Snell’s law

n.sini = n,sinr
(« i=6.&r=90°

n,s5inf, = n,sin90

n,sinf, = n,

, n;
sinf, = —
ny
Where n1>n;
For air, ny =1,
1
0, = sin~t—
ny

Case-3:When i> 0c, then the light ray reflected back into the medium as shown in figure

ACCEPTANCE ANGLE & ACCEPTANCE CONE:

Def: Acceptance angle is the maximum angle of incidence at the core of an optical fiber so
that the light can be guided though the fiber by total internal reflection. This angle is called as
acceptance angle. It is denoted by ‘ai’.
» Consider a cross-sectional view of an optical fiber having core & cladding of
refractive indices ni and ny.
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> Let the fiber be in air medium (no). The incident light while entering into the core at
‘A’ makes an incident angle of ‘ai’ with the fiber-axis.

> Incore it travels along AB & is incident at part B on cladding interface.

» Let ar be the angle of refraction at part ‘A’ & ‘0’ be the angle of incidence at ‘B’.

» When ‘0’ is greater than the critical angle ‘Oc’, then total internal reflection takes
place into the core & light takes the path BD.

> Due to multiple total internal reflections the propagation of light ray takes place

through the fiber.
» Applying Snell’s law at AC core-air interface :-
sino nq
singy  mo

n,sina; = nqsind, - (D)

» Let anormal ‘BC’ be drawn from the point ‘B’ to the fiber axis. Then from AABC,

we get n>n,
o, =90°— 06 - (2)
Acceptancecone i
) ) I (e - Cladding(n,)
Substitute eq - (2) ineq - (1) | o /]
| /\ /.
. . ~ /7 \ / - Core(n,)
nysina; = n,sin(90° — 6) f NA ST AN ,
‘\ 57 18, rc\l / \J / > Fiberaxis
n,sin; = nycosf - (3) "
> To get total internal reflection at -f'_; 's_.-: /o / F/ ~Cladding(,

point B
(Core-Classing Interface) i.e. & = &,
» Let the maximum angle of incidence at point A be o; (max)for which& = &..
From eqgn (3), we get
ny,sina; = nycosf - (4)
a;(max) = a;,when 6 = 6,

sin o;(max) = %cos@c - (5)

We know that ~ sinf, = =2

1

2 - - —_—
ny n1 ny o,
~(6)
Substitute the eq(6) in eq(5) , we get
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. ng mf—nj
sin a;(max) = —
L n
. ni —nj
sin q;(max) = V
No
(OR)
2 2
. 1 /mi—n
a;(max) = sin 1\/% - (7)
0
; ; — o —1\/ 2 _ .2
For air medium, ng=1 a;(max) = sin “Vvni—n;5 - (8)

Fractional Index Change (A):

It is the ratio of refractive index difference in core & cladding to the refractive index of core.
n;-Np
A=

n,

ny —n, =Any - (1)
NUMERICAL APERTURE (N.A.):

Def:It is defined as light accepting efficiency of the fiber and is equal to sine of the
acceptance angle of the fiber i.e. N.A.= sina;(max)

2_2
N.A=sin a;(max) = \/nln—TlZ
0

na

We know that A = =2
nq
n, —n, =An; - (2)
Weknow ,N.A.= Sin a;(max) = Vn? — n? for air no=1
N.A.=V(n, + ny)(n; —ny)
Ifn; = n,,thenN.A.= V2n, X Any

N.A.= nV2A- (3)
TYPES OF OPTICAL FIBERS:

optical fibers

|
] b

based on mode

based on refractive based on material
[} index profile of fiber
i ul
single mode fibers multi mode fibers |
G U glass fibers plastic fibers
step index fiber ghraded index fiber

Optical fibers can be classified based on either the mode they support or the refractive index
profile of the fiber. They can also be classified based on the material of the fiber.
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Based on Mode:

The rays travelling in the fiber by total internal reflection are called modes.
1) Single mode fibers:

> If the thickness of the fiber is so small that it supports only one mode then the fiber is
called single modefiberor mono mode fiber.

» The core diameter of this fiber is about 8 to 10um and the outer diameter of cladding
IS 60 to 70um.

Cladding r Inner core

Light ray Light ray

Cladding

2)Multi mode fibers:

> If the thickness of the fiber is very large that it supports more than one mode then the
fiber is called multi mode fiber.

» The core diameter of this fiber is about 50 to 200um and the outer diameter of
cladding is 100 to 250pm.

Cladding /
I (P fa” n,_ . Inner cone
.
rj\v’:f:’b'(’ F AT

mm"‘p’ --';'f r -.-\“‘. 74 Ty W
. "\J,f ) \7d Vs

e TRNAY; =
Highet Cladding
order <
win |

Based on refractive index profile:
1) Step-Index Optical fiber:

> In a step-index optical fiber, the entire core has uniform refractive index ni slightly
greater than the refractive index of the cladding n..

» Since the index profile is in the form of a step, these fibers are called step-index
fibers.

> The transmission of information will be in the , (pdexof A
form of signals or pulses. Refrastion |

> These are extensively used because distortion and )
transmission losses are very less.

» Step-index optical fibers are of two types. They
are

(‘1) Single mode step-index fiber 5 : Radine
(‘1) Multi-mode step-index fiber

Core

Cladding
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Transmission / propagation of signal in Step-index fibers:

>
>

>

>
>

Generally the signal is sent through the fiber in digital form i.e. in the form of pulses.

The same pulsed signal travels in different

paths.

Let us now consider a signal pulse travelling \

through step index fiber in two different paths ﬁ/_;( “\ @ o
7

cladding

(1) and (2). (T N yd
The pulse (1) travelling along the axis of the N

fiber and pulse (2) travelling away from the cladding

axis.

At the receiving end only the pulse (1)which travels along the fiber axis reaches first
while the pulse(2) reaches after some time delay.

Hence the pulsed signal received at the other end is broadened. This is called internal
dispersion.

This reduces transmission rate capacity of the signal.

This difficulty is overcome by graded index fibers.

2) Graded index optical fiber:

>
>

In this fiber, the refractive index of the core varies radially.
It has maximum refractive index at its centre, CoreCenter

. Index of C ore

which gradually falls with increase of radius and g.fraction = v

at the core-cladding interface matches with (Graded |
refractive index of cladding. Clafdmg

Variation of refractive index of the core with
radius is given by

p 0l r.Radci;-s
n(X) = nl[l — 24 (g) ]2 Core Center

Where n, -> refractive index at the centre of the core

a-> radius of the core

A-> Fractional index change,A = =2

>

nz
n
p-> grating profile index number
This fiber divided into two types.

(1) Single-mode graded index fiber

(‘i) Multi-mode graded index fiber
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Transmission / propagation of signal in Step-index fibers:

» Let us now consider a signal pulse
travelling through graded index

fiber in two different paths (1) and -
(2).

» The pulse (1) travelling along the
axis of the fiber though travels along Bath curves ave sinewaves
shorter route it travels through higher refractive index.

» The pulse (2) travelling away from the axis undergo refraction and bend as shown in
fig. though it travels longer distance, it travels along lesser refractive index medium.

» Hence both the pulses reach the other end simultaneously.

» Thus the problem of inter model dispersion can be overcome by using graded index
fibers.

Based on types of materials:

1) glass-glass optical fiber

2) glass-plastic optical fiber

3) plastic-plastic optical fiber
ATTENUATION (POWER-LOSS) IN OPTICAL FIBERS
When light propagates through an optical fiber, then the power of the light at the output end
is found to be always less than the power launched at the input end. The loss of power is
called Attenuation. It is measured in terms of decibels per kilometer.
Attenuation:It is defined as the ratio of the optical power output (Pout) from a fiber of length
‘L’ to the power input (Pin).

Attenuation(a) = T

Attenuation occurs because of the following reasons
(1) Absorption (2) Scattering loss 3) Bending loss

10(Pin)dB/km

Pout

(1) Absorption:
» It occurs in two ways, i)Absorption by impurity or CLADDING
impurity absorption ; \, i
.. . O . . . 4 T 1
i) Intrinsic absorption or internal absorption LT\

» Impurity absorption: The impurities present in the ”‘4‘:,:\ !
fiber are transition metal ions, such as iron, f—"—
chromium, cobalt & copper. During signal
propagation when photons interact with these impurity atoms, then the photons are
absorbed by atoms. Hence loss occurs in light power.

» Intrinsic absorption or internal absorption: The fiber itself as a material has a
tendency to absorb light energy however small it may be. The absorption that takes
place in fiber material assuming that there are no impurities in it, is called intrinsic
absorption.

CLADDING
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(I1) Scattering loss:

» When the signals travels in the fiber, the photons
may be scattered due to variations in the refractive
index inside the fiber. This scattering is called as
Rayleigh scattering. It is also a wavelength

. . 1 + ——— .
dependent loss.Rayleighscatteringloss «< — " os 09 10 11 12 13 W 15 1

A4
Wavelength (A) um ez>

Fig.1  Scattering loss

(111)Bending losses:
» These losses occur due to (a) Macroscopic bending (b) Microscopic bending
» Macroscopic bending: If the radius of core is large

compared to fiber diameter causes large curvature at the — e

bends. At these bends, the light will not satisfy the WD |
condition for total internal reflection & light escapes
out from the fiber. It is called as macroscopic bending.

» Microscopic bending: These are caused due to non-
uniform pressures created during the cabling of the
fiber or during the manufacturing the fiber. It causes
irregular reflections. This lead to loss of light by
leakage through the fiber.

OPTICAL FIBER IN COMMUNICATION SYSTEM
The most important application of optical fibers occurs in the field of communication.
Fiber optic communication systems comprise of the following units.

Electrical
input Transmitter
signal .
Modulator optical signal
{} Drive Light
Circuit Source

Optical Fiber

Receiver Electrical
signal
Demodulator g
output
Photo . Signal
detector - restorer
Amplifier
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Information signal source:
» The information signal to be transmitted may be voice, video or computer data
(analog signals).
> In order to communicate through optical fiber, the analog signals are converted into
electrical signals.( by Analog to Digital converter)
» The converted electrical signals are passed through the transmitter.

Transmitter:

» The transmitter is a modulator device used to receive electrical input signal, and then
modulate it into digital pulses for propagation into an optical fiber.

» The modulator consists of a driver and a light source as shown in fig.

» The driver receives the electrical signals and then converts into the digital pulses.

» These digital pulses are converted into optical signals after passing through a light
source, generally either light emitting diodes (LED’s) or a semi conductor laser is
used as light source.

» The optical signals are then focused into the optical fiber as shown in fig.

Optical Fiber (or) Transmission medium:

» The optical fiber is used as transmission medium between the transmitter and the
receiver.

» The optical signals are then fed into an optical fiber cable where they are transmitted
over long distances using the principle of total internal reflection.

Receiver:

» The receiver is a demodulator device used to receive the optical signals from the
optical fiber and then convert into electrical signals.
» The demodulator consists of a photodetector, an amplifier and a signal restorer.
» The optical signals which are emerging from the optical fiber are received by photo
detector.
» The photodetector converts the optical signals into electrical signals.
» The electrical signals are then amplified by the amplifier and the amplified electrical
signals are converted into digital form.
» The amplified electrical signals are fed to a signal restorer where the original voice is
recovered.
Advantages of Optical Fibers in communication system:
» High data transmission rates and bandwidth.
Low losses.
Small cable size and weight.
Immunity to EM radiations.
Safety due to lack of sparks.
> Data security.

APPLICATIONS OF OPTICAL FIBERS:

1) Due to high band-width, light can transmit at a higher rate up to 10 to 10* Hz. Than
radio or micro-frequencies.

YV V VYV
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2) Long distance signal transmission.
3) They are used for exchange of information in cable television, space vehicles, sub-marines

4) Optical fibers are used in industry in security alarm systems, process control & industrial
automation.

5) They are used in pressure sensors in biomedical & engine control applications.
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Unit 11 QUANTUM MECHANICS

Quantum Mechanics:-

It is the branch of physics which explains about the motion of microscopic particles like
electrons, protons etc. It was introduced by Max Planck in 1900.

Waves & particles:

Wave:- A wave is nothing but spreading of disturbance in a medium. The
characteristics/properties of waves are 1) Amplitude 2) Time period 3) Frequency 4) Wave-
length 5) Phase 6) Intensity.

Particle:- A particle is a point in space which has mass & occupies space or region. The
characteristics/properties of a particle are 1) Mass 2) velocity 3) Momentum 4) Energy etc.
Matter Waves or de-broglie-waves: The waves associated with a material particle are called
as matter waves.

Difference between matter waves and electro-magnetic waves:-

Matter Wave Electromagnetic waves(Light waves)
1. Matter wave is associated with moving 1. Oscillating charged particle gives rise to
particle or material particle. EM wave.

2. Wavelength of matter wave is given as 2. Wavelength of an electromagnetic wave is
' h given by
A =— hc

A=—
mv E

3. Wavelength of an electromagnetic wave

3. Wavelength of matter wave depends depends upon the energy of the photon.

upon mass of the particle & velocity.

4. 1t can travel with a velocity greater than | 4. It can travel with a velocity equal to the

the velocity of light in vacuum. speed of light in vacuum i.e ¢ = 3 x 108m/s .
5. Electric field and Magnetic field oscillate
5. It is not a EM wave. perpendicular to each other & generate EM
Waves.

de-broglie concept of dual nature of matter waves:-
In 1924 ,Louis de-broglie suggested that matter waves also exhibit dual nature like
radiation(light). They are
I.  Wave nature

I1.  Particle nature
Wave nature of matter waves is verified by Davisson & Germer experiment, G.P.Thomson
experiment etc.
Particle nature of matter waves is verified by photo-electric effect, Compton effect etc.
de-broglie hypothesis:-

1)  The universe consists of matter and radiation(light) only

2)  Matter waves also exhibit dual nature like radiation.
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3) The waves associated with the material particles are called as debroglie-waves or
matter waves & the wave length associated with matter waves are called as de-broglie
wave-length or matter wave-length ().

4)  de-broglie wave-length is given by 4 = g =L

mv
Expression for de-broglie wave-length(}) in various form:-
According to the planck’s theory of radiation, the energy of photon is given by

E =hv = 7----(1)
h- planck’s constant, v-frequency of photon
According to Einstein mass energy relation

m-mass of a photon
c-velocity of light
From equation of (1) & (2)

he _ 2
A—mc
/'l—h—h 3
= 3)

Where p-momentum of of photon = mc
m-mass of photon, c-speed of light

But according to de-broglie theory

Momentum of electron particle(p) = mv

m-mass of ¢’s, v-velocity of electron particle
i =" _h
de-broglie wave-length(L) =4 = o 4)
Eq.(4) gives the expression for de-broglie wave-length.
Other forms of de-broglie wavelength(’):-

(i)In_terms of Energy(E):-

we know that the kinetic energy of particle i.e. E = %mvz -———()
Multiply Eg-(5) by ‘m” on both sides, we get

mE = %mv2

2Em = m??

mv = \2mE

A =——r(6)

V2mE
(ii) de-broglie wavelength in terms of voltage(V):-

If a charged particle is accelerated through a potential difference(V), then the Kkinetic energy
of the particle is given as

E =eV---(7)
But we have kinetic energy(E) of particle i.e. E = %mvz

1
eV = E muv?
2eV = mv?
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Multiply by ‘m’ on both sides we get

2meV = m2v? =>mv =+2mev
h=6.6x 10734 J-S
1227 o

We have de-broglie wavelength 1 = % = or A =—7-

h = 6.625x 10734 Js
m, = 9.1 x 10731Kg

e =16x10"¢

(iii) de-broglie wavelength in terms of Temperature(T):-
According to the kinetic theory of gases, the average kinetic energy of a particle at
temperature ‘T’ is given by
E=2kyT

h h B h

VZmE  2m x ST " V3mk,T
kp is the Boltzmann constant.
Properties or characteristics of matter waves or de-broglie waves:-

e Lesser the mass of the particle, greater is the wavelength associated with it.

e Smaller the velocity of the particle, longer is the wav-length associated with the
particle.

WhenV =0, =0 &V =0o0,1=0.
Matter waves produced when the particles in motion are charged or uncharged.
Matter wave are not electro-magnetic waves.
Matter waves travel faster than the velocity of light.

e Wave nature of matter gives an uncertainty in the position of the particle.
Experimental Verification of matter waves:-
Here, we have two methods to verify the dual natureof matter waves. They are

1. Davisson and Germer’s experiment

2. G.P. Thomson’s experiment

1. Davisson and Germer’s experiment:-
First practical evidence for the wave nature of matter waves was given by C.J.Davisson
and L.H. Germer in 1927. This was the first experimental support to debroglie’s
hypothesis.
Principle: The e’s which are coming from the source are incident on the target and the e’s
get diffracted. These diffracted e’s produce a diffraction pattern. It shows(explains)the
wave nature of matter waves.
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Experimental Arrangement:-

SH.T&
(By)
Target (N;)
|

| Bttt
i A el
L‘ = Evac ST o 'r’ Scattered or
B4 yacuated o~ L1 | diffracted
chamber £ 1 electrons
. :
Movable !
collector ‘Y
o —GO
counter Galvanometer—> =

Construction:

The experimental setup is shown in above figure. It consists of mainly 3-parts

(i)Filament

(i) Target

(ii)Circular scale arrangement.

It also consists of a low tension battery(LTB), High tension battery(HTB) & a cylinder(A).
Working:

When tungsten filament ‘F’ is heated by a LTB then e’s are produced. Thesee’s are
accelerated by High voltage(HTB). The accelerated ¢’s are collimated into a fine beam of
pencil by passing them through a system of pin-holes in the cylinder’A’.This beam of
electrons is allowed to incident on nickel crystal which acts as target. Then e’s are scattered
in all the directions. The intensity of scattered e’s is measured by the circular scale
arrangement. In this arrangement, an electron or movable collector(Double walled faraday
cylinder) is fixed to circular scale which can collect the electrons and can move along the
circular scale. The electron collector(Double walled faraday cylinder) is connected to a
sensitive galvanometer to measure the intensity of electron beam entering the collector at
different scattering angles(®).

A graph is plotted between the scattering angle(@) and the number of scattered electron’s as
shown in above figure.

The intensity of scattered e’s is maximum at @ = 50°& accelerating voltage =54V.
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= NN “ 1 Lo i
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Calculation of wave-length associated with e’s:

2dsin 6 = nA---(1)
For nickel crystal, d = 0.9094° = 0.909 x 10~ 1m
n =1, First order
())Angle of diffraction(8) (Practical value):
From the the figure,

180" =6+ 6 +50°

180° =20 +50°
- Diffraction angle((8) = 65°----(2)
Substituting the above values in eq — 1 we get
2% 0.909 X Sin65" = 1xA
A = 1.654"---(3)

(ii) From de-broglie wave length(4):

1227
WV

But V = 54v

12.27 . \
A=—""A =1.67A
V54

A= 1.67A°----(4)

From eg-(3) & eg-(4) it was been proved both the practical & theoretical wavelengths
are almost equal. Hence the wave nature of particle is proved experimentally.
(2) G.P.Thomson experiment:

In 1928, G.P.Thomson, experimentally proved the dual nature of matter(particles).
Principle: The electrons which are coming from the source are incident on the thin metal foil
¢’s are diffracted . These diffracted electrons produce a diffraction fringes on the
photographic plate placed behind the foil. It explain the dual nature of matter.

Experimental Arrangement :

Cathode Anode

> Slit Gold foil

C (A

M e = -
|

+ N s D
Battery

~  Tovacuum pump

o
1

b .
Photograp hic plate

Diffraction
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Construction: The experimental set up is shown in fig. It consists of

(i) Filament(F)

(i) Anode(A)

(iii) Cathode(C)

(iv) Slit(S)

(v) Gold foil(G)

(vi) Photographic plate(P)

(vii) Evacuated chamber.

Working:

Using a suitable battery the filament’F’ can be heated, so that electrons get emitted and pass
through a high positive potential to the anode(A).Then ‘e’ beam passes through a slit
incident on the gold foil(G) of thickness 1078 cm.

The e’s passing through the gold foil’G’ are recorded on a photographic plate(p). Since the
gold foil consists of large no of micro crystals oriented at random ,the e’s striking the gold
foil diffracts according to bragg’s law.
2dsin 8 = nA
After developing the plate, the diffraction pattern consists of concentric rings about a central
spot is obtained. This pattern is similar as produced by x-rays.

To make sure this ,the pattern or fringes is deflected by application of magnetic field. Since
the e’s are deflected by magnetic field so that pattern is shifted. But x-rays are not deflected
by electric & magnetic fields.So Thomson concluded that e’s(matter) behave like waves.

Calculation’s of wavelength of e’s:

From fig, let us consider ‘OA”’ is the radius(r) of the ring, ‘O’ is the center of the ring.
Let ‘L’ be the distance between the gold foil(G) and the photographic plate(p).

Then from A!® QOA, ,

tan 20 = r
an 26 = I [
If <'8" is small, then '
r 2 g

— P s L —
) /7

According to Bragg’s law,
2dsin 8 = nA
If '6' issmall, then sinf =0 =>2d.60 = ni

r
A=2XdX—
n 2L

= Y=
nl= T=>1 = S(1)

de-Broglie wavelength of e’s:
12.27

A= —————-(2
N A
eq-(1) & eg-(2) are almost equal. This confirms the existence of matter waves. The wave
nature of matter(particles) is verified experimentally.
Heisenberg uncertainty principle:-

The discovery of dual nature of material particle imposes a serious hurdle in locating the
exact position and momentum of a particle simultaneously.
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This wax was removed by “Werner. Heisenberg” in 1927 by proposing a significant
principle. Later it was called Heisenberg’s uncertainty principle or Heisenberg’s principle of
indeterminacy.

“It is impossible to measure both the position and momentum of a particle simultaneously to
any desired degree of accuracy.” If 'Ax'& 'Ap’ are uncertainties in the measurement of
position & momentum of the particle then mathematically this uncertainties of this physical
variables is written as

Ax. Ap 2 | -----(1)

Similarly the uncertainties in measuring energy and time interval we can write
() AE. At > % and the uncertainties in measuring angular momentum &
angular displacement as
.. h
(i)  AJ.AB = o

Explanation:-
(DIf Ax = 0. i.e., the position of a particle is measured accurately, then from eqg-(1).
h
Ap =
p Ax. 4T
Ap :% = 00

It means that, the momentum of the particle can’t be measured.

(ii)If Ap = 0.i.e., the momentum of a particle is measured accurately, from eq. (1).
h h

~ Ap.4m 0
From the above said observations made by Heisenberg, he clearly states that it is impossible
to design an experiment to prove the wave & particle nature of matter at any given instant of
time.
If one measures position or momentum accurately, then there will be an uncertainty in the
other.Thus, the Heisenberg’s uncertainty principle gives the probability of determining the
particle at any given instant of time in place of certainty.
Applications:-
(i).1t explains the non-existence of e’s in the nucleus.
(ii).It gives the binding energy of an e’s in atom.
(ii1).It calculates the radius of Bohr’s first orbit.
Schrodinger Wave Equation:-
Schrodinger describes the wave nature of a particle in mathematical form and is known as
Schrodinger wave equation(SWE). There are two types of SWE

(). Schrodinger Time independent wave equation(STIWE)

(ii). Schrodinger Time dependent wave equation(STDWE)
(i) Schrodinger Time independent wave equation(STIWE):-
To derive an expression for “(STIWE)” let us consider an electron(particle)moving along a
positive direction along the axes . Let x,y,z be the coordinates of the particle &'’ is the

Ax
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wave-displacement or wave-function of the matter wave at any time’t’. It is assumed that "’
is finite, single-valued, continuous and periodic function.

We can express the classical differential wave equation of the material particle in three-
dimension axes is given as

02 o2y 9%y 92
\V_V2< v 0% w)

otz " \ox? ' ay? ' 0z?
2
In Three dimension we write ZT\ZV =VV2y—— — (1)
The solution of eg-(1) is given by
Vv =y, sinot———(2)
v =y, sin2mot — — — (3)

Where w = 27v is the angular frequency of the particle
Differentiating eq-(3) w.r.t. ‘t’ twice we get

oy _
50 = Vo X cos 2mot X 2mo
0’y :
Froie —y, X sin 2wt X 270 X 210
v _ _pr292 ..
e = A y—(3)
9= C _ \%
A A
a n?v?
Froial T ()
Substituting eg-(4) in eq-(1), we get,
4y
V2V2L|J — _ }\2
g 41?
Vay +_AZ_ =0—-——(5
According to de-broglie wave-length
.
A= - (6)
Sub. eq(6) in eq(5), we get
5 4Am%m2v?
Vy + ey =0-——(7)
We have, the total energy (E) is given by
E=P.E. +KE.
E=V+ %mv2
L v = E-V
Emv = -
mv? =2(E-V)
m?v? = 2m(E—-V) — — — (8)

Sub. eg-(8) in eg-(7) we get,
2

4m
V2\|I + ? 2m(E —V)\V =0
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8m?m(E — V)y
V2y + = =0———(9)
viy + 2N = 0 — — — (10) Where h = —~

Eg-(9) & Eqg-(10) is called as Schrodinger time independent wave equation in three
dimension
For a free particle, V=0,

2mEvy
hz
(i)Schrodinger Time dependent wave equation:-

Viy +

=0-——(11)

Hy = Ey where H= —%VZ + V = Hamiltonian operator
E= ih% = Energy operator
Physical significance of wave-function(y)(Eigen — function): —
Wave-function(¢r) or Eigen-function(¢):-
It is a variable or complex quantity that is associated with a moving particle at any
position (x,y,z) and at any time ‘t’.
(i) “y of a particle is represented by y = v, e~lot
(ii) “y’ explains the motion of microscopic particles.
(i) “y' is a complex quantity & it does not have any meaning.
(iv) |y|? = yy* is real and positive, it has physical meaning.
(v) |y|%represents the probability of finding the particle per unit volume.
(vi) For a given volume dt, the probability of finding the particle is given by

probability density(p) = [f/|@|? dt where dt = dxdydz
(vii) “y'gives the information about the particle behavior.
(viii) ‘p’ values are between 0 to 1.
(xi) wave-function “y/'is a single valued, finite and periodic function.

(x) If p=[f[1w|? dTt =1, then “y'is called normalized wave function.
Application of Schrodinger Time independent wave equation(STIWE):-

(1) Particle or electron in a one dimensional box or particle in an infinite square well
potential:-
Consider a particle or electron of mass 'm’ moving along X-axis enclosed in a one
dimensional potential box as shown in figure.Since the walls are of infinite potential the
particle does not penetrate out from the box. i.e. potential energy of the particle V=co at
the walls.
The particle is free to move between the walls A & B at x=0 and x=L.
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The potential energy of the particle between the walls is constant because no force is

acting on the particle.

= The particle energy is taken as zero for simplicity - Tv--
i.e. V=0 between x=0 & x=L. ' ) vo |
Boundary Conditions:- v '7
() The potential energy for particle is given as electron é
V() =0 for O0<x<lL v [ v- =
--------- (1) e 3 X 01k
V(X) =co,when 0= x > L :.::g(h of the B::l'

The Schrédinger time independent wave equation for the
particle is given by,

d?y  8n’m
et e E-Vv=0

But v=0, between walls,

d?y 8n’m _
Ty 4 S By = 0-(2)

8n?
Let == (E) = k?
Then eg-(2), becomes

Y oy
Tzt =0---(3)
The general solution of eq-(3) is given by
Y (x) = Asinkx + Bcoskx------ 4)
Where A, B are two constants, ‘k’ is the wave-vector
Applying the boundary conditions eg-(4), we get
(N Y=0atx=0
0 = Asink(0) + Bcosk(0)
0=0+B
B=0
Then eg-(4) is written as
Y(x) = Asinkx or y,(x) = Asin(kx)----(6)
(i) Yy=0atx=1L
Eg-(6) can be written as
0 =ASin(kL) => A# 0, and sin(kL) =0
sin(kL) = sin(nm)
kL = nm => k:nT” ----- 7
1) Energy of the particle(Electron):-

2KH2

nm 2 n<h
=—=> [
K L k L2

But we have, &

2
hzm (E) = k2
n?n? _ 8n?m
h2 = h2 (E)
232 232
E:nh:>E __n“h (8)

8mlL2 n 7 gmir2

DEPARTMENT OF HUMANITIES & SCIENCES ©MRCET (EAMCET CODE: MLRD) 34




APPLIED PHYSICS

(i)Energy levels of an particle(Electron):-

hen n=1 n
whenn=1,  E; = —
4h?
whenn=2, E, = —— =4E;
8mL
In general, E, = n%E,

=~ Energy levels of an electron are discrete.
(iii) Normalization of the wave-function of the particle to
find ‘A’:-
To find the ‘A’ value, by applying the normalization
conditions.

[ Tp(ol2dx = 1
L , nmx
J, A*Sin? (T) dx =1

A2 fOLSinz (nLﬂ) dx = 1

.
E=16E
n=4
E=9E n=3
E,=4E n=2
£ = h2ml* e
> X

x=L

Discrete energy levels of a particle in a deep potential well

By integrating and applying the appropriate limits , finally we obtain the value of ‘A as

(iv) Electron wave functions ,probability

density functions and energy functions:- ¥ vl
(i) Wave function of electron/particle o s e n=3
y (%) = \Em(#) ----- (10) g o - 2 )
(ii) Probability density function(P) N
P=[p(x)|? = 25in? (*=)----(12) . /m\
(iii)Energy function of the particle n=1 n=1
E, = :;’;""(12) Ol g o g N

Wave function and probabllity density of a particle Inside an infinite potential well
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Unit III ELECTRONIC MATERIALS

Free electron theory:

In solids, electrons in outer most orbits of atoms determine its electrical properties. Electron

theory is applicable to all solids, both metals and non-metals. In addition, it explains the

electrical, thermal and magnetic properties of solids. The structure and properties of solids
are explained employing their electronic structure by the electron theory of solids.
It has been developed in three main stages:

1. Classical free electron theory

2. Quantum Free Electron Theory.

3. Zone Theory.

e Classical free electron theory: The first theory was developed by Drude & Lorentz in
1900. According to this theory, metalcontains free electrons which are responsible for the
electrical conductivity and metals obey the laws of classical mechanics.

e Quantum Free Electron Theory: In 1928Sommerfield developed the quantum free
electron theory. According toSommerfield, the free electrons move with a constant
potential. This theory obeys quantum laws.

e Zone Theory: Bloch introduced the band theory in 1928. According to this theory, free
electrons move in a periodic potential provided by the lattice. This theory is also called
“Band Theory of Solids”. It gives complete informational study of electrons.

Classical free electron theory:
Even though the classical free electron theory is the first theory developed to explain the
electrical conduction of metals, it has many practical applications. The advantages and
disadvantages of the classical free electron theory are as follows:
Advantages:

1. It explains the electrical conductivity and thermal conductivity of metals.

2. It verifies ohm’s law.

3. The free electrons moves in random directions and collide with either positive ions or

other free electrons. Collision is independent of charges and is elastic in nature

4. The movements of free electrons obey the laws of classical kinetic theory of gases

5. Potential field remains constant throughout the lattice.
Drawbacks:

1. It fails to explain the electric specific heat and the specific heat capacity of metals.

2. It fails to explain Electrical conductivity (perfectly) of semiconductors or insulators.

3. The classical free electron model predicts the incorrect temperature dependence of
o.According to the classical free electron theory ,oc a T™1.

4. It fails to give a correct mathematical expression for thermal conductivity.

5. Ferromagnetism couldn’t be explained by this theory.
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Quantum free electron theory of metals:
Advantages:

1. All the electrons are not present in the ground state at 0 K, but the distribution obeys
Pauli’s exclusion principle. At 0 K, the highest energy level filled is called Fermi-
level.

2. The potential remains constant throughout the lattice.

Energy levels are discrete.

4. 1t was successful to explain not only conductivity, but also thermionic emission

paramagnetism, specific heat.
Drawbacks:

w

1. It fails to explain classification of solids as conductors, semiconductors and insulators.

Fermi level and Fermi energy:
The distribution of energy states in a semiconductor is explained by Fermi —Dirac statistics
since it deals with the particles having half integral spin like
electrons. Consider that the assembly of electrons as electron

gas which behaves like a system of Fermi particles or AR T=0K
fermions. The Fermions obeying Fermi —Dirac statistics i.e., ‘ 1

Pouli, s exclusion principle.

Fermi energy: lItis the energy of state at which the

probability of electron occupation is ¥ at any temperature

above OK. It separates filled energy states and unfilled energy 0 £ ;

states. The highest energy level that can be occupied by an
electron at 0 K is called Fermi energy level

Fermi level: It is a level at which the electron probability is %2 at any temp above 0K (or)
always it is 1 or 0 at OK.

Therefore, the probability function F(E) of an electron occupying [

an energy level E is given by, TRk

1
F(E)=—————— e e (1) M —~~—_1k
1+ exp(—_") \+ .
Where E known as Fermi energy and it is constant for a system, \ 1

K is the Boltzmann constant and T is the absolute
temperature.
Case | : Probability of occupation at T= 0K,and E < Ey
Case I1:Probability of occupation at T= 0K, and E > E; 00
Then
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1 1 1

1
F(E) = = o = = —
14 e% 1+e 1+ o
i.e., all levels below E are completely filled and al levels above Erare completely empty. As
the temperature rises F (E).
Case I11:Probability of occupation at T= 0K, and E = E;
1 1 1

==05

FIE) = 1750= 131°2

The probability function F(E) lies between 0 and 1.

Hence there are three possible probabilitities namely

Density of States (DOS):

The number of electrons per unit volume in an energy level at a given temperature is equal to
the product of density of states (number of energy levels per unit volume) and Fermi Dirac
distribution function (the probability to find an electron).

n, = j g(E) X f(EYE e . (1)

wheren, is the concentration of electrons, g (E) is the density of states & F(E) is the
occupancy probability.

The number of energy states with a particular energy value E is depending on how many
combinations of quantum numbers resulting in the same value n.

To calculate the number of energy states with all possible energies,

we construct a sphere in 3D- space with ‘n’ as radius and every point (nx, Ny and nz) in the
sphere represents an energy state.

As every integer represents one energy state, unit
volume of this space contains exactly one state .Hence; the
number of states in any volume is equal to the volume
expressed in units of cubes of lattice parameters).Also
n? =nZ +nj +nZ

Consider a sphere of radius n and another sphere of
radius n+dn with the energy values are E and (E+dE)
respectively.

Therefore, the number of energy states available in
the sphere of radius ‘n’ is
by considering one octant of the sphere
(Here, the number of states in a shell of thickness dn at a
distance ‘n’ in coordinate system formed by
n,,n, and n, and will take only positive values ,in that

sphere % of the volume will satisfy this condition).
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The number of energy states within a sphere of radius (n+dn) is
1 (477) +dn)?
s\3 (n+dn)
Thus the number of energy states having energy values between E and E+dE is given by

DA TSw I

1 /4n s T
— (= 3 _ 93] — 2 — .2
—8<3)[(n+dn) n3| 6(3ndn) i dn
compared to ‘dn’,dn? and dn® are very small .

Neglecting higher powers of dn

T
g(E)dE = Enz dn........(2)
The expression fornt" energy level can be written as ,
_ n?h? , _8mL’E 3
=g’ = Tz e (3)
8mL2E 1
=n= 2 )2 ve e (4)
Differentiating eg. (3):
8mlL? 1 (8mlL?
2ndn = PP dE.  => dn= o\ iz dE
*+ by substituting 1/n value in dn,
1 (8mL2)1 dE )
n=-— I, ...
2" h? E%
Substitute n? and dn from eq. (3) and (5), we get
(B)dE T 8ml? £ dE x 1 8mlL? 3 dE
—_— —_—)2 —
& 7 Che) AR

231

o(B)dE == i aE 6)

1
According to Pauli’s Exclusion Principle, two electrons of opposite spin can occupy each
energy state

Equation (6) should be multiplied by 2

L?2 3 1

)2Ez2dE

T 8
g(E)dE = ZXZ( 2

After mathematical simplification, we get g

4m 3 1
(E)dE = s (2m)2EzL3dE

The density of energy states g(E) dE per unit volume is given by,
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i 3.1
g(E)dE = el (2m)zEzdE v 13=1

Bloch Theorem: According
to free electron model, a conduction electron in metal experiences constant potential. But in
real crystal, there exists a periodic arrangement of positively charged ions through which the
electrons move. As a consequence, the potential experienced by electrons is not constant but
it varies with the periodicity of the lattice.In zone theory, as per Bloch, potential energy of
electrons considered as varying potential with respect to lattice ‘a’.

Distance through ions
Positiveion core or nuclei

AV(x) % s A s Al i
potential /\ / .

Fig: Variation of potential energy in a periodic lattice.

Let us examine one dimensional lattice as shown in figure. It consists of array of ionic cores
along X-axis. A plot of potential V as a function of its position is shown in figure.

From graph:

At nuclei or positive ion cores, the potential energy of electron is minimum and in-between

nuclei, the P.E.is considered as maximum w.r.to. Lattice constant ‘a’.

This periodic potential V(x) changes with the help of lattice constant a, V(x) = V(x + a) (‘@’

is the periodicity of the lattice)

To solve, by considering Schrodinger’s time independent wave equation in one dimension,
d*y 8m?m

dx? + 2 [E-V(X)]p=0.... (D

Bloch’s 1D solution for Schrodinger wave equation (1), (x) = wu, (x)exp(ikx) ..........(2)
where u;, (x) = up(x + a)

Here wu,, (x) -periodicity of crystal lattice, modulating function, k- propagation vector :ZT"e“‘x
is plane wave.

By applying eg.n (2) to eqg.n (1),it is not easy to solve Schrodinger wave equation and Bloch
cannot explains complete physical information about an e~ in periodic potential field. Then
Kronig Penny model was adopted to explains the electrical properties of an e™.

Kronig-Penney model:
Kronig —penny approximated the potentials of an e~s inside the crystal in terms of the shapes
of rectangular steps as shown, i.e. square wells is known as Kronig Penny model.
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I.e. The periodic potential is taken in the form of rectangular one dimensional array of square

well potentials and it is the best suited to solve Schrodinger wave equation.
Vi(x)

=V

Width

X

—(a+b) —b 0 a a-+ b
It is assumed that the potential energy is zero when x lies between 0 and a, and is considered
as | region. Potential energy is V, , when x lies between —b and 0. And considered as Il
region.

Boundary conditions:
V(x) = 0,where x lies between 0 < x < a- [regionV(x)
=V, ,where x lies between —b < x < 0- Il region
This model explains many of the characteristic features of the behavior of electrons in a
periodic lattice.
The wave function related to this model may be obtained by solving Schrodinger equations
for the two regions,

dzl,[)
dx2 El,[) =0,for0< x <a with V(x) =0.. .. (1)
dzl,[)
dxz (E Vo)y = 0,for —b < x <0 with V(x) =V, ......... (2)
Again,
d? 2mE 211
d_l/) + P =0.......(3) where o? = = 2mE
d?y 2m
el - B =0.....(4) where B2 = e (Vo — E)

The solution of these equations from Bloch theorem, y,(x) = u,(x)exp(ikx).From
figure, square well potentials, if V; increases, the width of barrier ‘w’ decreases, if V,
decreases the width of barrier w increases. But the (product) barrier strength V,w remains
constant.

To get this, differentiating above Schrodinger wave equations 3 & 4 w.r.to x, and by applying
boundary conditions of x (w.r.to their corresponding¥), to known the values of constants
A, B of region -1, C,D-for reg-I1,we get mathematical expression (by simplification)
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sinaa

coska =P — + cosaa where,
4°ma 2T
P= PP Vow and a=-- 2mE

P-varying term, known as scattering power.
And ‘vo b’ is known as barrier strength.

R
P singa/uva+ cosua

Forbidden

=+Inra

k= + (ma+2wr/a)

Conclusions:

1. The L.H.S is a cosine term which varies between the limits -1 and +1, and hence the
R.H.S also varies between these limits. It means energy is restricted within -1 to +1
only.

2. If the energy of e~ lies between -1 to +1, are called allowed energy bands and it is
shown by shaded portion in energy spectrum. This means that ‘ca’ can take only
certain range of values belonging to allowed energy band.

3. As the value of aa increases, the width of the allowed energy bands also increases.

4. If energy ofe~s not lies between -1 to +1 are known as forbidden energy bands and
it is decreases w.r.to increment of aa.

5. Thus, motion of e~s. in a periodic lattice is characterized by the bands of allowed &
forbidden energy levels.

Case 1:
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If P—oo, the allowed band reduces to a single (line) energy level, gives us steeper lines.

We have

sinaa

coska =P
aa

+ cosaa

aa
coska (—) = sinaa + cosaa (—)
p p

P>, —=0
[00)

then sinaa =0

sinaa = sinnm

aa = nm

ala? = n2m2
n?m?

a? =

aZ
2mE  n®m?

hZ

a2
n?m?h? n?mw?h?
2ma?  2ma? 4m?
n?h?
~ 8ma?
It means, it (zone theory) supports quantum free electron theory.
Case 2:
P—0, We have

sinaa

,here a islattice constant

coska =P + cosaa

aa = ka
a=k
a? = k?
2mE  2m , 4172
hz2 A7 22
B 4% h?
© 2mA?
B 472%h?
© 2mA2? 4m2

It gives us kinetic energy of an electron. It means zone theory supports classical free electron
theory at this situation electron completely free electron not bounded with allowed and
forbidden gaps (and no energy level exists).
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Thus by varying P from 0 to oo, we find that the completely free electron(s) becomes
completely bound to Brillouin Zone.

Brillouin Zone OR E-K diagram:

ﬁ

The Brillouin zone are the
boundaries that are marked

!' : : : ! | | |
' [ M p ) | { '
by the values of wave S F vae 3 ? Lo e Fres slection
. . ¥ ¢ 90 ] S B ParapoL
vector k,in which electrons B 3 N R
can have allowed energy '\\/4'\ : / \: / \\ ; / ------ [ ‘ .....
values. These represent the R S AN T/ S 1 SR | prcsam—
allowed values of k of the A R A F tetasdan
electrons in 1D, 2D,&3D. 0. K33 i Rl R O e e S gt =
| INANANA T
' ‘s, ' M e -: e r .............
We have th fth | ,}\ : 1 et
e have ,the energy of the R Y . e T e
electron in a constant : _,L/ - \:/ \ .' Gt 163 NEN UREEEE pA e
- - ' ' ) '
potential box is, o 4w el N & G Forteisn
- : e~ P _: i = X -‘o ------ | |
Pt e et ranyl [ Anoweas
-4x 2% -x 0 X Zx Mx
- &
n?h?
= 8maZ " (1)where a = length of the box.
But,
nm n?I?
= — kZ = 2
a
n2 kZ
F = F ......... (2)

2hKL2
X hz ; E o k2. It represents parabolic equation.

Substitute eqgn (2) in (1) ,we get E = p—
A graph is drawn between the total energy (E) and the wave vector k,for various values of k.
ek ="";n=11,42,143, ...

It is the energy spectrum of an electron moving in presence of a periodic potential field and is
divided into allowed energy regions (allowed zones) or forbidden energy gaps (forbidden

Zones).
Allowed energy values lie in the region k=-m/a to =+n/a. This zone is called the first

Brillouin zone. After a break in the energy values, called forbidden energy band, we have
another allowed zone spread from k=-mt/a to -2n/a and +n/a to +2n/a. This zone is called the
second Brillouin zone. Similarly, higher Brillouin zones are formed

Concept of effective mass of electron:
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When an electron in a periodic potential of lattice is accelerated by an known electric field or
magnetic field, then the mass of the electron is called effective mass and is represented by
m *,

To explain, let us consider an electron of charge ‘e’ and mass ‘m’ moving inside a crystal
lattice of electric field E.
Then by taking known expression F=ma, can be considered hereas F = m*a ........(1)

The accelerationa = %is not constant in the periodic lattice but varies due to the change in

electronic mass.
If free electron under wave packet, the group velocity Vg corresponding to the particle’s
velocity can be written as
_dw_ dv_27TdE_1dE
Vo= Gk = "ak~ hdk ndk
The rate of change of velocity is known as

....... (2)whereE = hv

Accelerati _dy, 1d°E
cceleration,a = — ==+

_ 1dEdk _1d2Edk 3)

" hdtdk hdk?dt "

From quantum mechanics relation,p = hk ... (4)

a

aF=2 (s
andF =— .. ...(5)
By dif ferentiating eq (4) w.r.to t ,and by substituting eq(5)
dk_dp_F dk F ©)
de dt © _dt h B
by substituting eq.(6) in eq (3),
_1d%EF
T
By rearranging the above term and by comparing with eq.(1)
hZ
F=|7————=<]|a
d’E
(“/ i)
hZ
“(E;
(“ /)

Is known as expression for m*and it is depends on E and K.

Origin of energy band formation in Solids:

The band theory of solids explains the formation of energy bands and determines
whether a solid is a conductor, semiconductor or insulator.
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When two identical atoms are brought closer, the outermost orbits of these atoms
overlap and interact. When the wave functions of the electrons of different atoms begin to
overlap considerably, the energy levels corresponding to those wave functions split.

If more atoms are brought together more levels are formed and for a solid of N atoms,
each of the energy levels of an atom splits into N energy levels. These energy levels are so
close that they form an almost continuous band. The width of the band depends upon the

degree of overlap of electrons of adjacent atoms and is largest for the outermost atomic
electrons.

As a result of the finite width of the energy bands, gaps are essentially leftover
between the bands called forbidden energy gap.

The electrons first occupy the lower energy levels (and are of no importance) then the

__Metal

$ Semicondu tor

Empty

4 »
T Conduction Band g; rtally <— Insulator
T filled Energy Isolated atom
§ — EE _— Conduction band
] orbidden:Energy ban
i v N—"""Valenceband
T Fully or
© Valence Band Partially
m 2
filled
Completely enn . Is -
Inner bands filled Atomic distance

Fig: Formation of energy bands when atoms are closer

electrons in the higher energy levels
are of important to explain electrical properties of solids and these are called valence band
and conduction band.
Valence band:A band occupied by valence electrons and is responsible for electrical,
thermal and optical properties of solids and it is filled at OK.

Conduction band: A band corresponding to outer most orbit is called conduction band and is
the highest energy band and it is completely empty at OK.

The forbidden energy gap between valence band conduction band is known as the energy
band gap.

By this solids are classified in to conductors, semiconductors and insulators.

Classification of solids into conductors , Semiconductors & Insulators:

Based on the energy band diagram materials or solids are classified as follows:
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Conductors:In this kind of materials, there is no forbidden gap
between the valence band and conduction band. It is observed that the
valence band overlaps with the conduction band in metals as shown in
figure. There are sufficient numbers of free electrons, available for
electrical conduction and due to the overlapping of the two bands
there is an easy transition of electrons from one band to another band
takes place, and there no chance for the presence of holes. Resistivity
of conductors is very small and it is very few milli ohm meters.(Q2 m
).

Examples: All metals (Na, Mg, Al, Cu, Ni Cu, Ag, Li, Ar etc)

Semiconductors:

In semiconductors, there is a band gap exists between the valence
band and conduction band and it is very less and it is the order of -
1 to 2 eV are known as semiconductors.It will conduct electricity
partially at normal conditions. The electrical resistivity values are
0.5 to 103 ohm meter. Due to thermal vibrations within the solid,
some electrons gain enough energy to overcome the band gap (or
barrier) and behave as conduction electrons. Conductivity exists
here due to electronics and holes.

Examples: Silicon, Germanium, Ga As.

Insulators:

In insulators, the width of forbidden energy gap between the
valence band and conduction band is very large. Due to large
energy gap, electrons cannot jump from V.B to C.B.Energy gap is
of the order of ~ 10 eV and higher than semiconductors.
Resistivity values of insulators are 107 to 10'2 ohm-m. Electrons
are tightly bound to the nucleus, no valence electrons are
available. Examples: Wood, rubber, glass.

Electron

Energy

LIPS

Con n ban
® ./w.ductvoeba d

Q

(-}
®  valence band

Conductor

Exergy

Conduction band
Q

s [ e
° °
©  ®yalence band

Semnionductor

Band Gap E.= 1V

Conduction band

Erergy

Band Gap E_ =10

=]
©  ®valence band

Insulator
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SEMICONDCUTORS: The substances whose conductivity lies in between conductors and
insulators are called as semiconductors.
Properties:
1. The conductivity of semiconductors depends on its temperature and it is increased with
increase in temperature.
2. They have resistivity less than insulators and more than conductors.
3. When suitable metallic impurity like arsenic, gallium etc is added to semiconductor ,its
conducting properties changes appreciably.
4. The energy gap of a semiconductor decreases with rise in temperature.
5. At 0K a semiconductor becomes an insulator.
6. The absence of an electron in the VB of a semiconductor is called hole. Hole occur only
in the VB. Or An empty electron state is called a hole.
7. Like electrons, the hole in the VB also conduct electricity in case of a semiconductor.
8. The electric current in a semiconductor is the sum of the currents due to electron and
hole.
9. Hole is a positive charge carrier of current.

TYPES:
Depending on the relative concentration of holes and electrons the semiconductors are
classified into two types.

1. Intrinsic Semiconductor

2. Extrinsic Semiconductor.

Semiconductors

) |

Extrinsic or Impure
Semiconductor

P-Type N-type

Intrinsic or Pure Semiconductor

Intrinsic Semiconductor: The semiconductor which is pure and having the number of
electrons in CB equal to number of holes in VB is called as intrinsic semiconductor. The
examples of intrinsic semiconductor are pure silicon and pure germanium crystals.

The intrinsic semiconductors at 0 K - The valence band is completely filled at 0 K and all
the states in the conduction bands are vacant.
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The intrinsic semiconductors at T > 0 K - The valence band is not completely filled whenT >
0 K and some of the states in the conduction bands are occupied.
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CARRIER CONCENTRATION IN AN INTRINSIC SEMICONDUCTOR:

El

kinetic

Electron
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E.
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qpolenthl energy

Hole potential
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Hole

Hole
kinetic
energy

0K
Holes
—E

E,

Di

Energies above the bottom edge £, of the conduction band correspond to electron kinetic energy
and energies below the top edge £, of the valence band correspond to kinetic energy of holes.
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The carrier concentration in an intrinsic semiconductor is determined by finding the
concentration of electrons in the conduction band and the concentration of holes in the
valence band and by applying the law of mass action.

At temperature above 0Ktwo types of free charge carriers exist in a semiconductor,
electrons in the conduction band and holes in the valence band. In general, it is taken that the
conduction band is extended from E.to + o and the valence band is extended from —otoEy.
Concentration of electrons in the conduction band:

In a semiconductor, the conduction band is completely empty and the valence band is
completely filled at OK. If the temperature becomes greater than 0K, some of the electrons
in valence band get excited into the conduction band.

Let us calculate the electrons available in the conduction band, when T > 0 K. The
electron concentration in the conduction band can be obtained using the equation

TopofCB

n= j (densityofstates)(fermifunction)

BottomofCB
o0

= [ s@r@aEw

Ec

Where  g(E) =2 (2m)*?EY2  and  F(E) =

1
1+exp (EI_{?: )

The electrons are moving in energy band but not in free space, so ‘m’ should be replaced by
the effective mass(m;). The term ‘E’ is replaced by (E — E) because the bottom edge in the
conduction band ‘E.’ is the potential energy of an electron at rest in the conduction band then
(E — E;) represents the Kkinetic energy of the electron at high energy level.

nsz[ (@my)*/2(E — Ec)™?] I—”F)ldE(z) Since, E>Ejp |

KT

the term exp( ) > 1, Therefore , neglecting 1. Eq.(2) can be written as

o f [ (2m2)3/2(E — E)l/Z]exp[ ( TEF)]dE(S)

The above mtegral is solved by substituting E — E; = x , then dE = dx, the lower
limit of this integral becomes zero and the upper limit is ‘oo‘. EQ.(3) becomes

(x+E

_ i_’:(Zmz)yz f[(x)l/z]exp[ )] dx(4)

Equation (4) can be written as

= h—f (2m})3/? f[(x)l/z]exp [— (ECK_TEF>] exp (I_(_;C‘) dx

— E¢

= ampy e (o f ) [ orvzenp () dx(s)
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The integral [, (x)/2exp (;—;‘,) dxcan be evaluated by substituting —— = y

Then KTdy = dx. There is no change in the upper and lower limit
Values.fgo(x)l/zexp (;{—;) dx = f;o(yKT)l/zexp(—y)(KT)dy =
(KT)¥2 [ (y)/2exp(—y)dy(6)

Er — Ec

n = %(Zmé)mexP( >(KT)3/ i f ) 2exp(=y)dy(7)
0

The integral f;o(y)l/zexp(—y)dy can be solved using the Gamma function.
The Gamma function is

f y®Vexp(=y)dy = TI(n)
0
(3/2-1) 3
y exp(=y)dy = T|3
0
=13 +1)
— 1(1 —
=1 (3) [T+ 1) = nl ()]
© 1 (3/2-1) gy (— _ v A
oy exp(=y)dy = = F(Z) S
Substituting  f, ¥®/2~Vexp(—y)dyin equation (7)
41 Ep —E Vr
- *)3/2 F_C_> 3/2 Y
n 3 (2m}) exp( 7T (KT) 3
L 2nm;KT]3/2 o (EF —EC>
h? P\"kr
- «m13/2
n = Nyexp (%) Where N, = Z[MZZ?KT]

The above eq. gives the electron concentration in the conduction band.

Concentration of holes in the valence band:
In a semiconductor the conduction band is completely empty and valence band is completely filled at
OK.If the temperature becomes greater than 0K , some of the electrons in valence band gets excited
into the conduction band.

Let us calculate the number of holes available in the valence band, when T > 0 K. The
concentration of holes in the valence band is calculated by

TopofVB

p= j (density of state)(fermifunction)

BottomofVB
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TopofVB

p= | a@REaE
BottomofVB
We know that, the hole and electron occupation probability of the state of energy ‘E’ is always equal
to 1.
It can be writtenas F,(E) + F,(E) =1
The probability of occupancy of state by hole Fp(E) =1 — F.(E)

Ey

p= f 9(B)[1 — F,(E)AE(D)
J 1

1+exp(EI:,iF)

Where g(E)=:—Z(2m)3/2E1/2 and F(E) =

1—F,(E)=1-— L

1+exp(E;::,F)

exv (")

- 1+exp(EI:,5F)
Since, E < Eg, the term exp (E;fp

)in the denominator is less than 1. So, it is negligible, Therefore

E—F
1_F6(E):ex”( KT F)

Substituteg(E) and 1 — F,(E) values in eq.(1)

Ey
4
p=f h—Z(Zm)WZEl/Z”exp(

The term E in eq.(2) is replaced by (E, — E) because Ey, is the potential energy of a hole at rest .
Then (E, — E) represents the kinetic energy of a hole at higher energy level. Note that the levels
below the level Egin the diagram are higher energy levels for holes. The hole is in energy band not in
free space, so it’s mass is replaced by effective mass my,

Then eq.(2) becomes

E

)y

E

Ey
A | RO |

Ey

4 E: —E
p = @my /[ (8 -y /exp |- (=

KT

)| az@

Let Ey, —E =x, Then -dE = dx
The lower limit of this integral becomes coand the upper limit is zero.
The integral (4) can be written as

Er — (EV —x)

= )] (-dx)(5)

0
4n
= i [ e |-
The above eq.(5) can be written as

4 i Ey —E —-X

I *\3/2 1/2 4 F A
p= e (2my) J(x) exp ( KT ) exp (KT) dx
0
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= ;LI—Z (2m},)32exp (EVK_TEF) f(x) Y2exp ( ) dx(6)

0
The integral [;"(x)'/ exp( ) dxcan be evaluated by substituting — =y

Then KTdy = dx. There is no change in the upper and lower limit values.
e, f; (x)l/zexp( )dx = [, GKT)2exp(—y)KTdy

= (KT)¥? f )Y 2exp(—y)dy(7)

P=13 (th)3/zexp<

B K2 [ 03 2emn(—)dv(®)
0

The above integral f:’ (»)V2exp(—y)dycan be solved using the Gamma functions
The Gamma function is

[Ly™ Dexp(-y)dy = T'(n)
i 3
f yC/2 Dexp(—y)dy = F(E)
0
- )
= %r(%) ﬁn +1) = nF(n)|
© (3/2-1) _ _ Vr 1) _
Jo ¥ exp(=y)dy = = r()=vm
Eq. (8) can be written as
41 E,—E Vr
= 5 @my)¥2exp (“o=E ) (KTY
h3 2
_ , [zomikT | » (EV —EF)
p h2 PAUTkT
E 2nmi KT 3/2
p—NVexp(V F) WhereNV—Z[ b ]

The above equations gives the hole concentration in the valence band.

FERMI LEVEL IN INTRINSIC SEMICONDUCTOR

In an intrinsic semiconductor the concentration of in the valence band is equal to the
concentration of electron in the conduction band.

ie., n=p(1)
Substituting n&p values in eq.(1)
Neexp (EFKTEC> = Nvexp (EVKTEF>
N¢ E, — Er—Er + E;

N, exp( KT )

N¢ E, + E.—2E;

N, exp( KT )

Taking log both sides we get,
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NC _ EV + EC_ZEF
log| — —xT

Ny

N¢

Ny

E,+E. KT (N,
Br=—%— s (NV) )

Now

2nm;KT]3/ 2

e = 2[ . ]3/2 = <m2>3/2 (3)

Ny ) [anZEIKT my,

Fromeg. (2) and eq.(3) we get

e =2t - o (1) )

The above eq.(4) gives the value of the Fermi level in intrinsic semiconductor.

As KT is small and the effective mass m; and m,, do not usually differ much, the second

term in the eq.(4) may be ignored.

If the effective mass of a free electron is assumed to be equal to the effective mass of a hole.
m; =m,

_ Ey+Ec

We get Er .
Thus, the Fermi level in a semiconductor lies at the center of the energy gap.

Variation Of Fermi Level With Temperature: .
The Fermi level in an intrinsic semiconductor may be ——
considered as independent of temperature as staying - P
in the middle of the band gap.
v If mj >my, E displaced downward to the
top edge of the valence band.
v If m; <my , with increase in temperature,

the Fermi level gets displaced upward to the o e ° " %o
bottom edge of the conduction band. Valence band
I 20‘0 K I 406 K I 60(‘) K !

Variation of Fermi level with
temperature in an intrinsic semiconductor

EXTRINISIC SEMICONDUCTOR

When small quantities of selected impurities are added to an intrinsic semiconductor it
becomes an extrinsic semiconductor. Depending upon the type of impurity extrinsic
semiconductors are of two types, namely

1. P —type semiconductor.
2. N —type semiconductor.
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Carrier Concentration:

The number of charge carriers present per unit volume of a semiconductor
material is called carrier concentration.
Carrier Concentration In Extrinsic Semiconductor:

Consider an extrinsic semiconductor in which N, acceptor atoms and N, donor
atoms are doped per unit volume of the semiconductor. Then at some room temperature TK
the material contains n.p.N;andN}, .

The material will be electrically neutral if

In+N; =p+ Nj|

Where n — concentrationof freeelectrons.

p — concentrationofholes.

N, = concentrationofacceptorionsperunitvolume.

N} - concentrationofdonorionsperunitvolume.

That is total concentration of negative charge in the semiconductor is equal to total
concentration of positive charge in the semiconductor. The above equation is called charge
neutrality equation.

P —TYPE SEMICONDUCTOR: ,@,

Generally pure semiconductor has 4

{ 4 t Conduction band

valence electrons and can form four covalent N =
bonds. When a trivalent impure atoms G+ + &) - - K- %
(which have three valence electrons) like e T B e
Gallium (Ga), Al, In or Boron (B) is added, Valence band
these three valerTce electrons form three o Wity o Eroray o .
covalent bonds with, say Ge atom. But the Doping in p-type semiconductors
4t electron doesn’t have a pair, so a ‘hole’ exists. This
means that it’s ready to ‘accept’ an electron to fill the l Conduction band ]
hole. Thus a small amount of trivalent impurity creates .
‘majority of holes’, which are positive, and are called as Bmmmmcmccmccaaaa E
‘ 5 y ¢ 5 F
p-type semiconductor’ or “‘Acceptors’. ["W

In a P- type semiconductor holes are majority

current carriers and electrons are minority current (@)
carriers. In a P- type semiconductor, the energy level of §
this acceptor impurity lies just above the valence band. [ Conduction band |

This energy level is called acceptor level and it is
represented as E,.

Y
k= 4

Valence band
Y o
Sl A

k.= &

(b)

@ T=0Kandb) 7>0K
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CARRIER CONCENTRATION IN P- TYPE SEMICONDUCTOR:

Intrinsic
electron

Conduction Band

lewvel

Boron ion
with accepted Boron E

electron atam ’
A"
e, -o--(é/%i--o--ol

E. 7B ~o o

Valence band
AN
W
Hole left by the

Intrinsic
hole electron accepted

by borom atom

Acceptor energy I

Energy band diagram for a p-type
semiconductor

In ap — type semiconductor, the doping concentration of acceptor atom is very large in
comparison to the donor atoms, So N3} is negligible. Further, in p — type semiconductors
‘n’ is due to thermal generation only, so it will also be very small in comparison to Nj.
Therefore, the charge neutrality equation for thep — type semiconductor as

P = N;(1)
Where
p — concentrationofholes N; —
concentrationofacceporionsavailableinthe acceptorlevel

orlonisedacceptorimpurity.
The concentration of acceptor ion N is equal to the product of concentration of acceptor
atoms N4 and the probability of finding an electron in acceptor level f(E4).

Ni = Naf(En)(2)
Where, N4is acceptor concentration.
f(E,) is the probability that a quantum state is occupied by an electron in the
acceptor level

From the Fermi dirac distribution function

1
f(EQ) = ——(3)
Y exp (—EAKTEF )
Substituting eq.(3) in eq.(2) we get,
Ny
Ny = —— (4)
gy exp (—EAKTEF )

Since, the acceptor level lies above the Fermi level, E, — E is positive.

Therefore, the term 1 is neglected, compared to exp (%) Therefore,
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Eq.(4) can be written as
Ny = NAexp[ ( . EF)] (5),

Subeq.(5) ineq.(1)
_ E, — Er

= e |- (25|

The concentration of holes in the valence band is

Ey,

p = Nyexp ( KT ) (7)

Sub eq.(7) ineq.(6)

Ey — Ep _ E,— Er

Nvexp ( KT ) = Naexp [_ ( KT )]

EV_EF+EA_EF] _ Ny
KT T Ny

In the above eq, taking Iog on both sides, we get,

E, +E, KT
Ep=—g o g( >(8)

ie., exp[

Eq.(8) represents the Fermi level ina p — type semiconductor. At T = 0 K, Eq.(8)
becomes

E,+E
Er =——2(9)
At T = O K , the Fermi energy level lies at the middle of the top of the VB and the acceptor
level.
The concentration of hole in the valence band in an intrinsic semiconductor is

Ey, — E
p = Nvexp( - F) (10)
Sub eq.(8) ineq.(10)
Ey, +E, KT (NA>]
2KT  2KT °®2\N,

174
=N LA
p vexp [KT

N,
_N"exp[ 2KT ](NV>

— 1/2
= ) 2exp [P (1)
Substituting the value of Ny ineq. (11) we get.
2mmi KT*
- an ] e B
p = (2N,) [ 2 exp [—pr

The above eq. represents the concentration of carriers in a p — type semiconductor.
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VARIATION OF FERMI LEVEL WITH TEMPERATURE AND CONCENTRATION

p —type SEMICONDUCTOR

v

v

At T =0 K , the Fermi energy level lies at
the middle of the VB and the acceptor level.
At very high temperatures, it lies at middle
of the energy gap. It shows that at very high
temperature, the p — type material behave
as an intrinsic material.

As the acceptor concentration is increased
the increase in Fermi energy is minimized

Ec

and hence the Fermi level is moves down.

N - TYPE SEMICONDUCTOR:

Generally pure semiconductors has
four valence electrons and can form four
covalent bonds. When a pentavalent
impurity, like P or Antimony(Sh),(which
have five valence electrons) is added to any
Ge, the four electrons of Ge bond with 4
electrons of ‘P’ and one extra electron is
left out alone. That, it is ready to ’donate’
this electron. Such type of semiconductor

Variation of E.in P-type
semiconductor with temperature
and carrier concentration.
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is called ‘N-type semiconductor’ or
‘DONOR’.

Ina N - type semiconductor holes
are minority current carriers and electrons

Conduction band

l Conduction band
[ 0000000000 | | 4 P8 Yot

d

Valence band

Valence band I

are majority current carriers. In a N- type
semiconductor, the energy level of this

(@)

(b)

donor impurity lies just below the conduction band of the (&) T=0Kand (b) T>0K
semiconductor. This energy level is called donor level and it is represented as Ep,.

CARRIER CONCENTRATION IN N

TYPE

SEMICONDUCTOR:

E4 !
— Conduction Band

Donated
alectran

Ea **O***O*****O***ﬁw
e \ > -
Phosphorus ion

Donor Energy level

Intrinsic
electron

Phosphorus atom

E.
(ﬂ Valence band
Intrinsic hole
Energy band diagram of n-type
semiconductor
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In n —type  semiconductor, there IS no acceptor atoms
(andhencetheacceptorions), so acceptor ions (N, = 0) are negligible . Further in n —
type semiconductors, holes are due to thermal generation only, therefore 'p’ will be very
small in comparison to Nj,, so we can write the charge neutrality equation for the n —
typesemiconductor as

= gl

Where n — concentrationof freeelectrons

-

N} - concentrationofdonorions .
Concentration of donor ions N}, is equal to the product of concentration of donor atoms N
and the probability of the absence of electrons in the donor level E,.
N} = Np[1 - f(Ep)](2)
Ep—E
1 _ exp( ®T F)

1+ exp (EDK_TEF ) 1+ exp (ED Er )

1_f(ED)=1_

Since, Ep < Er, exp (—T) < 1 and hence the term exp( TEF) in the denominator is
negligible.

1 f(Ep) = exp (P2
Subeq.(3) ineq.(2)

Ep — Ep
N5=NDexp( ~ )

EF) 3)

Substitute nandN7jvalues in eq. (1)

Er — E¢ Ep — E
Ncexp( KT )zNDexp( KT )
. Nc Ec—EFr Ep—EFf
I'e"E —exp( ~ )exp( . )
—2E, +E. +Ep

- exp( KT ) )
Taking logon both sides of eq.(4) we get

—2Er +E; + Ep 1 (NC>
=lo

KT &\,
E-+E KT
&=CZD—7w()®

Eq.(5) gives the equation for the Fermi level in an n — typesemiconductor.
The concentration of electron in the conduction band is

216

EF_
n = Ncexp( KT

Sub eq.(5) ineq.(6)
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_ N (EC+ED E- 1 NC>
= NP\ TKT 2% N,
_ N (EC+ED> (ND)”Z
= NP\t )\,
E; +Ep
= (NcNp)/2 ( d ) 7
n = (NcNp)*/?exp KT (7)

¢ m13/2
Substituting the value of N, = 2 [2’":—;’”] in the eq.(7)

2mmiKT3/* Ep, — E;
h2 ] exp [ 2KT ] ®)
Eq.(8) gives the carrier concentration of electron in an n — type semiconductor material.

n = (2Np)*'/?2

VARIATION OF FERMI LEVEL WITH TEMPERATURE AND CONCENTRATION
n — typesemiconductor

v' At OK the Fermi level lies in between %
the conduction band and the donor level. & x
v As the temperature increases from 0K, Ep -
the Fermi level falls. Nt 108
v At higher temperature, it falls below the ’ Np= 104
donor level and hence, it approaches the B
centre of the forbidden gap. It shows
that the material behaving as an intrinsic
semiconductor. 1
v" As the donor concentration is increased, & ;. 500K
the Fermi level will move up. Variation of fermi level in an n-type semiconductor with

temperature

DIRECT AND INDIRECT BAND GAP SEMICONDCUTORS:

According to the band theory of solids, the energy spectrum of electrons consists of a
large number of energy bands and are separated by forbidden regions. The band gap is the
difference in the energy between the lowest point of conduction band and highest point of
valence band.

Based on the structure of energy bands and type of energy emission, semiconductors
are classified into two types.

e Direct band gap semi conductor I

e Indirect band gap semiconductor & \f%
DIRECT BAND GAP SEMICONDUCTOR: {7 minimum of CB
v" The maximum of VB and the minimum of CB Eoll PR PRy

exists at the same value of wave number (K). Such l Phten il

semiconductors are called direct band gap /éo r:a.mum o

semiconductor.

v In this type during the recombination of holes and

K —
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v' electron, a photon of light is released. This process is known as radiative recombination.

INDIRECT BAND GAP SEMICONDUCTOR:

Also called as spontaneous emission.

It is more effective, because the direction of motion of electron remains unchanged.
In this type of semiconductors life time(i. e., recombinationtime) of charge carrier is

very less.

Electron — hole pair can be easily generated because it requires less momentum.

Recombination probability is much high.

These are used to fabricate LEDs and laser diodes.
These are mostly from the compound semiconductors.

Ex: InP, GaAs .......

v

The maximum value of VB and the minimum value of CB exists at the different values

of wave number (K) . Such semiconductors are called

Semiconductor.

In this type, heat energy is produced
during the recombination of holes and
electrons. This process is known as non
radiative recombination.

It is less efficient, because the direction of
motion of electron changed.

In this type of semiconductors life
time(i.e., recombinationtime)of charge
carrier is high.

The incident process is slower, because it
requires an electron, hole and phonon for
interaction.

Recombination occurs through some
defect states.

Indirect Band Gap

Holes

Electrons
& min of CB

Eg=hv

Photon emission

maximum value of VB

Due to the longer life time of charge carriers, these are used to amplify the signals as in

the case of diodes and transistors.

These are mostly from the elemental semiconductors.

Ex:Si(0.7 eV),Ge(1.12 eV).

CARRIER TRANSPORT

DIFFUSION CURRENT: The current that flows across the junction of a diode due to the
difference in the concentration of holes or conduction electrons on it’s either side is called
diffusion current.
DRIFT CURRENT: The current that flows through the diode due to the electric field is
called drift current.
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JUNCTION DIODE:
Diode is a device with two electrodes.
Formation of p — n Junction diode:

. Hole
(minority carrier)

Electron
(Majority carrier)

Depletion
laver

(€3]

o-n junction diode without biasing (a) VWhen p-type and n-type are brought in
contract (b) Depletion region in p-n junction (c) Energy band diagram

v' When a p — type semiconductor is suitably joined with n — type semiconductor ap — n

junction diode is formed and the symbol of the p — n junction diode is A k

v Because of the contact, some of the electrons from n — side enter into p - side and holes
from p — side goes to n — side.

v At junction the electrons and hole combine and neutralize each other.

v’ Later in the region close to the junction only negative ions are left behind on p — side and
only positive ions on n — side.

v' As a result a narrow charged region on either side of the junction is formed where there
are no mobile charge carriers.

v" Since this region is depleted of mobile charge carriers it is called depletion region or
charge free region or space charge region or transition region.

v' The thickness of this region is usually in the order of 0.5 ymor10=°to10~7" m.

v The depletion layer contains positive and negative immobile ions on either side of the p
— n junction. These ions set up a potential difference across the p — n junction which
opposes the further diffusion of electrons and holes through the junction. This potential
difference is called ‘Potential barrier’.

The potential barrier is about 0.7 V for Si’ and 0.38 V for ‘Ge’ at room
temperature.

USES:

1. Itis used as an electronic switch. A
2. In a rectifier circuit, it is used to convert
a.ctod.c
3. Certain p — n diodes glow on supply of BJ_+
electricity. ‘T- Rh
| -V CHARACTERISTICS:
Semiconductor diode is connected to a battery
through a rheostat R;, . A 'mA’is connected in
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series to the diode to measure current (1) and a voltmeter is connected across the diode to
measure the voltage (V). The diode is forward biased and by varying the voltage across the
diode, the current is measured. The polarity of diode is reversed so that it gets reverse biased
and mAis replaced with micro ammeter uA. The voltage across the diode is varied and the
corresponding current is measured.

FORWARD BIAS CHARACTERISTICS:

When the battery voltage is zero diode does not conduct and current is zero. As the
forward battery voltage increases, the barrier potential starts decreasing and a small current
begins to flow. The forward current increases slowly at first but as soon as the battery voltage
increases, the forward current increases rapidly. The battery voltage at which the forward
current starts increasing rapidly is known as ‘knee voltage Vg or threshold or cut in or offset
voltage. The value of cut in voltage for Ge is around 0.2 V to 0.3 V and for Si it is around 0.6
V to 0.7 V. If the voltage is increased beyond threshold voltage, the forward current increase
exponentially and large current flows.

REVERSE BIAS CHARACTERISTICS:

In the reverse bias, small current flows in the
circuit due to minority charge carriers. The applied
reverse voltage appears as forward bias to these
minority charge carriers. Therefore a small current V
flows in the reverse direction. This current is called =V
reverse saturation current. If the reverse voltage is )
increased further after some voltage, there will be a

Forward

sudden rise of reverse current. This region is (pAl)
named as break down region. Reverse A

ENERGY LEVEL DIAGRAMS OF p —n JUCTION DIODE:

p-type n-type

E. E,.
________________ Eg
Ep
E,
o
E, E,
{a)
E, il Sl
\ Ie Vﬂ
EA ET. "
o E,
Ey, Ep

(b)

(a) Energy levels in p-and n-type semiconductors before contact (b) Energy levels in the
junction after p-and n-type semiconductors are put in contact.
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HALL EXPERIMENT:

When magnetic field is applied perpendicular to a current carrying conductor (metal
or semiconductor) then a voltage is developed in the material perpendicular to both magnetic
field and current in the conductor. This effect is known as Hall effect and the voltage is
developed is known as Hall voltage (V).

Explanation:
Consider a rectangular block of extrinsic semiconductor. Let a current ‘i’ is passed in

the conductor along X — directio and magnetic field (B) is established along ¥ —
direction , then the charge carrier experiencea Lorentz force(F,) along the

Z — direction.The direction of this force is noted by Fleming left hand rule. As a result of
this force (downward), the charge carriers .
are forced down into the bottom surface. ARy
If the specimen is a P —type Feralid) //
semiconductor, Since the holes are the k
charge carriers, they are forced down into the ¢ X
bottom surface and hence the upper surface v
is occupied by the electrons. Therefore, a cummn—e I
potential difference is developed between the
upper and bottom surface.  This Hall
potential Vcan be measured by connecting P - TYPE SEMICONDUCTOR
two surfaces to a voltmeter.
This separation of charge carriers creates an electric field (Ey) in the upward
direction (positivez — direction).
Theses charge carrier are moving in a magnetic field in the semiconductor, they experience
Lorentz force

- _EH -
—>,,d<—@ d
+ + + |+ + +l +

F, = q(v(; X E)(Vd = driftvelocityofthecarriers)

= qV; B sin@,
= qV;Bsin90° (8 = 90 bczforceactingonchargeperpendicularly)
=qVyB(q =e)
F, = eV,B
The electric force due to electric field created by the surface charges.
Fy =qE

Where, E}; is the hall electrical field.

After some time both the forces become in equal in magnitude and act in opposite direction,
the situation is said to be under equilibrium.
At equilibrium, Fy = F;,
eEy =eV;B
Cancelling common terms , we get
Ey =V,;B(1)
The current density is

DEPARTMENT OF HUMANITIES & SCIENCES ©MRCET (EAMCET CODE: MLRD) 64




APPLIED PHYSICS

J =neVy(2)
Fromeq.(2) and (3)
Ey =1, (3)
The current density is also given by
I
J=- (4)
Fromeq.(3) and (4)
BI
Ey = oA (5)

If E;; be the Hall voltage in equilibrium, the Hall electrical field E, = %”

H

Substituting Ey = % in equation(5)

vV, BI
—=_—(6
d neA (®)
Eq.(6)can be written by taking |Ry = i (whereRyistheHall coefficient) as
V, BI
~—=-__R
L= Ry(7)
By substituting A = w X d(Areaofcrosssection = width X thickness) in eq.(8)
Vy BI
d  wd ¥
Cancelling common terms , we get
Vy = BIR (8)
H= tH
From eg.(8) the Hall coefficient is
Vyw
Ry =——|(9
w=5r|®

Eq. (9) gives the value of the Ry by measuring I,B,w,andV, the Hall coefficient is

determined. From Ry = 1e one can find the value of the concentration of the carriers.

n
By knowing the concentration of the carriers the mobility of the charge carriers is determined
using the relation.
o =neu
Where aistheelectricalconductivityofthematerial.
The above Rpyequations are derived by assuming that the velocity of the electron is constant.
But due to thermal agitation the velocity of the electron is not a constant. It is randomly

distributed. So, a correction factor (%”) is introduced in the Hall coefficient. Therefore Ry

can be written as

Ru = 3n(1>( Nt )
n="35 5 for ype

R _37‘[(1)( p_¢ )
1 =g \pe for ype
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1.18 1.18
RH = —-— = —
ne pe

For N — type material, Since, the charge is negative,Ryalso negative and for a P — type
material, Ryis positive.
Uses:
v" Itis used to find out whether the given semiconductor is N — type or P — type .
v It is used to measure carrier concentration, mobility and conductivity of a
semiconducting material.
v" Hall voltage is produced of two input quantities namely the current and the magnetic
field. Using this principle, the Hall effect device is used as a multiplier.
v’ It is used as a magnetic field sensor. Using the Hall effect devices, the magnetic field
ranging from 1uTto1T is sensed.

SEMICONDUCTOR MATERIALS FOR OPTOELECTRONIC DEVICES

Light Emitting Diode (LED):

Hole Electron
-

) ~Sgeseee as e oonduction band
- ng?_t_w\_:. -‘};"" ~=—————Fermi level

Band gap (forbidden gap)

OO0 oo oo o0
— -

L&) o Valence band
Recombination

Representation of recombination of electron—hole pairs in LEDs

LED is a p — njunction device which emits light when forward biased, by /'/‘
a phenomenon called electro luminescence in the in the UV, Visible or IR E>,|«|

regions of the electromagnetic spectrum. The quanta of light energy
released are approximately proportional to the band gap of the
semiconductors. The symbol of LED is
Principle & Working: :
When a voltage is applied across a p-— T
njunction(forwardbiased), the electron crosses p — njunction
from the n —type semiconducting material to p — type
semiconductor material. These free electrons stay in conduction
band (higherenergystate) for a few seconds and while holes —V
present in the valence band. The electron make downward transition from conduction band,
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recombine with the majority holes in the valence band (spontaneousemission).
During the recombination, the difference in the energy is given up in the form of heat and
light radiation. i.e. photon. In normal diode this energy release in the form of heat.

The energy of light radiation
depends on the strength of the recombination. The emitted light is very small in intensity and
is of the order of microampere range. Similar, action takes place in n — region also. Under
reverse bias no photons (radiation) emitted.

The wavelength of emitted photon is

A_hc
_Eg

Where, h = plancksconstant(6.625 x 10734]5)

__ hc _ 6.625x1073*x3x108x101° _ 12400
= o =
Eg 1.602x10~19E, Eg

Where, E,, is the energy gap in electron volt.
Therefore, colour of the emitted light depends on the type of material used.

Ao

Applications:
e Indicator light.
e Large scale video displays.
e Status indicator on equipment.
e Message display at airport and railway station.
SOLAR CELLS:
Def: A special p —n junction diode which converts sun light into electrical energy is
known as solar cell or photo voltaic device. The symbol of solar cell is

Materials: *@4
Main considerations while selecting a material for solar cell fabrication: -
e Bandgap(1to2eV):
Semiconductors commonly used for making solar cells are
Si(1.1 eV),GaAs(1.43 eV),
CdTe(1.45 eV),Cu(InGa)Se,(1.01 — 1.5 eV).
e High optical absorption.
e Electrical Conductivity.

” Sunhght e

construction:
1. A simple solar cell consist ofap — n Glass — i i i i

junction diode having large junction e M’\ .

surface to caught large radiation. s Q n
2. In this p —n junction diode n — R,

region(0.3 X 107%m) is very thin & =

and p—region(100 x 107°m) is :

thick. Metal contact

3. In the solar cell the thin region is
called the emitter and the other base, light incident on the emitter.

DEPARTMENT OF HUMANITIES & SCIENCES ©MRCET (EAMCET CODE: MLRD) 67




APPLIED PHYSICS

4. Ni plated contacts are connected through a load resistance.
Working: " Voe

f\ Bl S S NP

o@ by P

(a) (b) )

Working of a solar cell

Three steps are involved in working of a solar cell, when light falls on it.
1. Generation of charge carriers (electron — holepair):
When light energy falls on a p —n junction diode, photon collide with valence
electrons and impart them sufficient energy enabling them to leave their parent atoms.
Thus, electron — hole pairs are generated in both p and n sides of the junction.

2. Separation of charge carriers:

The electron from p — region diffuse through the junction to a n —region
and holes from n —region diffuse through the junction to the p —region due to
electric field of depletion layer. Thus, hole and electrons are separated out. The
accumulation of electron and holes on the two sides of the junction gives rise to open
circuit voltage(Vy).

For better hole, electron separation under the effect of junction field, it is
required that photo emission takes place in the junction area only.
3. Collection of charge carriers:
The flow of electrons and holes constitutes the minority current. The d.c is
collected
by the metal electrodes and flows through the external load (R,). The d.c is directly
proportional to the illumination and also depends on the surface are being exposed to
light.
| -V _Characteristics:

220y @ {i —:9 C"j /?,LOAD

The | — V characteristics of solar cell can be determined
by connecting load resistance across the voltmeter in series with

ammeter. By keeping the light intensity constant we will vary the . & poveer pont
load resistance in a sequential manner to observe corresponding Pro= b Vi

voltmeter and ammeter reading. A graph is plotted by taking R v
voltage and current along xandyaxis with the given scale. An of & solar cell with the maximum

power point.
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exponential curve decay in power is obtained. The curve passes through three
significant points.
A. Short circuit current(Ig¢): It occurs on a point of the curve where the voltage is zero.
At this point the power output of the solar cell is zero.
B. Open circuit voltage (V¢): It occurs on a point of the curve where the current is
zero. At this point the power output of the solar cell is zero.
The product of above two quantities(Ig¢ X Vo)
gives the ideal power of the cell.

C. Maximum Power (P,,4.): The cell delivers the maximum power, where the product

I,V 1S maximum. The position of the maximum power is the area of the largest
rectangle that can be formed in the V — I curve.
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UNIT V DIELECTRIC PROPERTIES

Introduction:

All dielectric materials are insulators but all insulators are not perfect dielectric

materials. There are no free charges available for conduction in a dielectric. All the electrons
are tightly bound to their nucleus of the atoms. When the dielectric is placed in an electric
field, then separation of positive and negative charges takes place in a dielectric, causing
polarization of dielectric. Dielectrics are characterized by polarization & dielectric constant.
Dielectrics materials store large amounts of electro-static fields.
There are two principal methods by which a dielectric can be polarized: stretching and
rotation. Stretching an atom or molecule results in an induced dipole moment added to every
atom or molecule. Rotation occurs only in polar molecules — those with a permanent dipole
moment like the water molecule shown in the diagram below.

Basic Definitions: L
(1)Electric Dipole: Two opposite charges of equal magnitude 7
separated by a finite distance constitutes an electric dipole. £ d

(i) Dipole moment(p): Electric dipole moment is defined as -
the product of one of the charges and the charge separating |
distance. N
Units: coulomb meter or Debye, 1 Debye =3.3 x 10%°¢c-m u=qr

(iii) Permittivity (¢): Permittivity represents the easily polar sable nature of the dielectric or
medium.

go=permittivity of free space=8.854x1012 F/m
(iv)Dielectric constant(gr): Dielectric constant is the

ratio between the permittivity of the medium and the + + + + ]

permittivity of free space. N L
Let us take a parallel plate capacitor. Suppose ;L J, r J/ \l/

the separation distance between the plates is d. Use [ = E' _7

air or vacuum as a medium for this experiment. d
Suppose +Q is the charge on
one plate and —Q is charge on the second plate. Bring +\L +\LE \l/ \L
a rectangular slab made up of conducting material L=
between the plates of the capacitor. The thickness of
the slab must be less than the distance between the plates of the capacitor. When the electric
field will be applied then polarization of molecules will be started. The polarization will take
place in the direction same as that of electric field. Consider a vector that must be polarized,
name it as P. The polarization vector must be in the direction of electric field Eo. Then this
vector will start its functioning and will produce an electric field Ep in the opposite direction

to that of Eo. The net electric field in the circuit is shown by the figure. &r = €/€o

Conducting Slab

e
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E=Eo—Ep
Dielectric constant, property of an electrical insulating material (a dielectric) equal to the ratio of
the capacitance of a capacitor filled with the given material(c) to the capacitance of an
identical capacitor(Co)(in a vacuum without the dielectric material.
g = c/cy
(v) Dielectric polarization (p): Diectric polarization or Electric polarization is the induced
dipole moment () per unit volume (v) of the dielectric in the presence of an electric field.

Electric polarization, slight relative shift of positive and negative electric charge in opposite
directions within an insulator, or dielectric, induced by an external electrical field.
P = p/v
Units: c-m™2
If“n” is the average dipole moment per molecule and “N” is the number of
molecules per unit volume then
P =Nyu
(vi) Dielectric polarisability (a):
Di-electric polarisability is the net dipole moment induced per unit applied electric
field.
P = Ny = NaFE
Units: F-m?
(vii)Electric susceptibility (y):

It measures the amount of polarization in a given electric field produced in a
dielectric. Polarization proportional to the product of ‘e’ and applied electric field.
x=P/eE

(viii)Electric flux density or Electric displacement (D):
It is defined as the total number of electric lines of force passing through the dielectric
material is known as electric flux density (D).
Mathematically it is represented by the following equation
D=¢E +p
&E = &E +p
E = &&r
go&rE = ¢E + p
p= k(s —1)

Types of polarization in dielectrics:

There are four types of polarization processes in dielectric.
1. Electronic —polarization(pe)
2. lonic — polarization(pi)
3. Orientation-polarization or di-polar polarization(po)
4. Space-charge polarization(ps)
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1.Electronic —polarization(pe)or Atomic Polarization:

It is defined as polarization of rare-gas atoms in the presence of a static electric field
or polarization due to displacement of an electron-cloud from positive charge of nucleus in an
atom in the presence of an electric field in a dielectric material is known as electronic-
polarization(pe). This involves the separation of the centre of the electron cloud around an
atom with respect to the centre of its nucleus under the application of electric field.

e It occurs in monoatomic gases like He, Ne, Ar, Xe, Kr
e It occurs at optical frequencies (10%° Hz)
e Itis independent of temperature.

Expression for Electronic polarization of a dielectric material:

The displacement i . -
of the positively charged ' .' A f . = =
nucleus and the = _ -
(negative) electron of an
atom in opposite et o i ol |

directions, on application
of an electric field, result in electronic polarization.

On application of external electric field E, the electron cloud around the nucleus
readily shifts towards the positive end of the field. Because of this, dipole moment is created,
within each atom due to the separation of positive and negative charges. This separation or
shift is proportional to field strength (E).
=~ Dipole moment is the product of charge and the separation between the charges.

~Induced dipole moment u < E
U= a.E
ae IS constant of proportionality or electronic polarizability and it is independent of
temperature.
Calculation of Electronic polarizability:
By taking classical model of an atom, the nucleus of change Ze is surrounded by an electron
cloud of charge —Ze distributed in a sphere of radius R.
Then the charge density (Z — atomic humber) is given by
—Ze 3/ Ze
P= 2R3 - _Z(W> -
3
When an external electric field E is applied, the nucleus and electrons experience Lorentz
forces of magnitude ZeE in opposite direction. Because of this, the nucleus and electron
cloud are pulled apart. If separation is there in between nucleus and electron cloud, a
coulomb force develops which is attractive.

When Lorentz and Coulomb force are equal and opposite, equilibrium is reached.

Let ‘x’ be the displacement under this condition. Here, nucleus is much heavier than
the electron cloud; it is assumed that only the electron cloud is displaced when the external
field is applied.
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Lorentz force = —ZeE
chargeenclosedinthesphereofradiusx

41€H x>

Coulombforce = Ze X The charge enclosed
4

= §7Tx3p

4

TR3  R3

4 [ —Ze 4 (—3\ Ze —Zex?
3 T o3| 3™ ( )
ET[R

—Zex3 1 —Z%e?x
R3 > % 4megx? - 4meyR3

—Z%e?x

4megR3

Coulomb force = Ze X <

In the equilibrium position, —ZeE =

Ame R3E
B Ze
Thus, displacement of electron cloud is proportional to applied field
X X FE
The electric charges +Ze and —Ze are separated by a distance x under the influence of E

or | X

constituting induced dipoles (moment).
Induced electric dipole moment,
Ue = Zex
Ame R3E

=Ze.———— = 4meyR3E
e~ TEg

ey, = a.E
wherea, = 4me,R3 is called electronic polarizability
It is the dipole moment per unit volume & is independent of temperature.
P, =Ny,
=No, e E (where, N is the no. of atom/m°®)

Na,
P, =€,E(e, —1) =Na,e, — 1= -
0
Hence a, = —60(61;_1)

2. lonic — polarization (pi):

The polarization that occurs due to relative displacement of ions of the molecules in
the presence of an external electrical field. This happens in solids with ionic bonding which
automatically have dipoles but which get cancelled due to symmetry of the crystals. Here,
external field leads to small displacement of ions from their equilibrium positions and hence
inducing a net dipole moment.

e Ex:Nacl, KCl or KBrmolecules.

e Itoccurs at a frequency of around 10 Hz.

e ltis aslower process when compared to electronic polarization.
e ltis independent of temperature.
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Expression for lonic polarization of a molecule:

The ionic polarization is due to the displacement of cation No (T) C_P
and anions in opposite direction and occurs in an ionic solid. field

Consider an electric field is applied in the positive X
direction then the positive ions move to the right by xi1 and the .

. . With

negative ions move to left by x.. If we assume, each unit cell has field .(,:J @
one cation and one anion. T

The resultant dipole moment per unit cell due to ionic _.'.,,:-2..__..._“.._
displacement is

p = e(x1+x3)

If Brand B2 are restoring force constants of cation and anion, Newton is the force due
to applied field. Then

F = Bix; = Box;

Hence, X1

_ F
B
Restoring force constants depends upon the mass of the ion and angular frequency of

the molecule in which the ions are present.
eE eE

mws 2=y w?
where m- mass of the positive ion & M-mass of the negative ion
1

)

X1 =

1

u
“=F )

eE 1 1 e’ 1 e? 1
x1+x2:w_g(MJFE)“:e(xl”Z):w_g(MJr :w_g(ﬁ+

The polarizabilitya; is inversely proportional to the square of natural frequency of the ionic

molecule and to its reduced mass which is equal to
1 1

_ 31
m+M)

Internal fields in solids [Lorentz Method]:

Now a dielectric material is placed between the
two parallel plate capacitor and there be an imaginary
spherical cavity around the atom ‘A’ inside the
dielectric. By taking that the radius of the cavity is
large compared to the radius of the atom. Now, the . 23
internal field at the atom site ‘A’ can be considered to t JQ’f
be made up of four components namely E1, E2, Es and s

+ e b b

—
+
—

s

s

E4 ettt ettt
Field Ei: -
E. is the field intensity at A due to the charge density ’

on the plates.From the field theory.
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E—D
1 e

D=P+E60
_P+ekE

P
E,L=—|"E, =E+— 1
1 e 1 E()"()

Field E2: -
E>is the field intensity at A due to charge density induced on the two sides of the dielectric.
Therefore,

E,=— > (2
2 60_’()

FieldE;:-
Eais the field intensity at A due to other atoms contained in the cavity. If we assume a
cubic structure then E3=0 because of symmetry.

FieldE,:
E4is the field density due to polarization charges on the surface of the cavity and it is
calculated by Lorentz. The enlarged view of the cavity is shown.

If dA is the surface area of the sphere of radius r lying between 6 and 6+d6
(where 0 is the direction with reference to the direction of the applied force)ThendA =

2n(PQ)(QR)
_-¥ Surlace charges “__
: on the dielectric

P o
sine=7Q=> PQ = rsind ::/ = Arbo \: :
= - +
R -|=

anddOzQT=>QR=rd6 3= ::

Hence, 3 E : +
The charge dq on the surface dA is equal to the == S [Pl
normal component of the polarization multiplied by |- +|+
the surface area. g : +
~dq = pcosOdA = P(2nr?sinfcosHdo) 3 E : +

Field due to this charge at the centre ‘A’ is denoted = ot

by dE, and is obtained by imagining a unit charge at Egargec xiew ofSphenien) region
point ‘A’

JF - dq X | X cosO B P(2nr?sinfcos8dB)cosO E
* T 4meyr? B 4meyr? *

= 20sin6do 3
- N
2e, cos“0sin (3)

Thus, the total field E4 due to the charges on the surface of the entire cavity is obtained by
integrating.. [ dE, = %f: cos?6 sin6do
0
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s
= Lfo” cos?0 d(—cos0 = —L(C"Ssg) = L1-np==L
0

2€g 2€p 3 6€g 3€g

i.el|E; =E+3%—> (4)

wherekE; is the internal field (or) Lorentz field.
Clausius — Mosotti relation: -

The relation between the dielectric constant and the polarizability of a polarized
dielectric is known as Clasius — Mosotti equation. Consider the dielectric having cubic
structure, here there are no ions and permanent dipoles in these materials, the ionic
polarizabilitya; and orientational polarizability «, are zero.
lea; =a,=0
PolarizationP = Na,E;

= N, (E+ P)
- e 3¢,

P(1 Nae) Na,E(or)P Na.E 1

_ = = —

36 ) en T (1 — e M
360

We have, D = P + €4E

P=D_60E
P D
ETE©
=€_60
= €0y — €y
- [P=Eeole, — D]~ ()
Using (1) and (2):
Na.E
P=Eele, — 1) =71~
(1_360)
1 — Nae _ _ Nae
3¢p  €o(er—1)
1—Na"’(1+ ’ )
36 e —1
Na, 1
e =
oo (14:5)
& —1
e +2

N is the no. of atoms,

By knowinge,., we can determine a,
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MAGNETIC MATERIALS

Introduction:

Magnetism has its own application in the field of physics. Magnetic properties have
been the subject of special interest because of the information they yield about the
constitution of matter. Magnetics have wide range of application in electrical machinery and
in magnetic tapes in computers. Magnetic materials are classified into three, namely
diamagnetic, paramagnetic and ferromagnetic materials.

Magnetic field: The 3D region around a magnet in which it’s magnetic force is felt is called
magnetic field of that magnet. It is a scalar quantity.

Magnetic dipole: It's a system consisting of two equal and opposite magnetic poles
separated by a small distance of 2im
Or
Two poles of equal strength separated by a very small distance is called a
magnetic dipole.

Pole strength (m): The ability of a pole of magnet to attract or repel another magnetic pole
is called it's pole strength.

Magnetic dipole moment (u):1t can define in three ways depending on situation.

1. In case of bar magnet it is defined as the product of pole strength and distance
between them.

2. In case of current carrying conductor, it is the product of current (i) and cross section
area (A) of the conductor.
3. Incase of atom, it is the product of current (i) developed by orbital motion of electron
and the area covered by the orbital.
It is a vector quantity. Its direction is from South Pole to the north pole.
Its Sl unit is ampere/m?2.
Magnetic flux(@): The total number of magnetic lines of force passing normal to a surface in
a magnetic field is called magnetic flux.
Or
The number of magnetic lines of force passing through a point is called magnetic flux.
Its Sl unit is weberortesla — m?
Magnetic field induction or magnetic flux density (B):The magnetic flux passing through
a unit normal area of substance is defined as magnetic flux density and is denoted by B. It is
commonly known as magnetic induction. Let @ be the flux passing through a substance of
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area A, then flux density is

p=2="

A_m

or) =B.A = BA cos?9.

It is a vector quantity.

Its Sl unit is weber/m?ortesla and CGS unit is Gauss(= maxwell/cm?).

1Tesla= 10*Gauss.

Magnetisingfield(force) or Magnetic intensity(H): The force acting on a unit north pole
placed at the point. It is independent of the medium.

It is vector quantity. Its SI unit is ampere/m.
Permeability: It's ability to allow the magnetic lines of force to pass through it or to allow

itself to be influenced by magnetic field (u).

Relative magnetic permeability (u,.): The ratio of its absolute magnetic permeability(u) of
the material to the magnetic permeability of free space ([Lo).

‘Ll— —i
" Ho

It is purely a number, it has no units.
The permeability of free space or vacuum isp, = 41 X 1077 H/m.

Magnetization: The ability of a material to get magnetized when placed in an external
magnetic field is called magnetization.
It is measured by a quantity called intensity of magnetization(I).
The net magnetic dipole moment acquired by a substance per unit volume is

defined as intensity of magnetization (1).
__ net magnetic dipole moment of material

m

Volume of the material

It is vector quantity. Its Sl unit is A/m .
Relation between B,H and I:

The flux density B in a material due a to magnetizing force H, as the sum of the flux density
B, in vacuum produced by magnetizing force and flux density B,,, due to magnetization of
material.

Therefore B =B,+ B,

Also we know that B, = uyHandB,, = u,l

Therefore, B = poH + ppl
B=p,(H+1D

It is the relation in SI unit
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Magnetic Susceptibility(x):The ratio of magnetization to the magnetic intensity.

|
X=4

It has no units when a material has high susceptibility then it can be easily magnetized.

Relation between Permeability and Susceptibility:
We know that ~ Bo (H+I1)

B = o (H+1)

In vacuumB= poH + ol

B N I
- Ho T Ho H
Also,
% = u(permeability of the material)and
X = %(Susceptibility) S U = Mo+ Hoxoru = Ho(1 + )
U
—=01+
Ho 2
e = (147
W —=1=7y
b =x+1

Origin of magnetic moment:

Materials are made up of atoms. These atoms consist of positively charged
nucleus, surrounded by cloud of electrons. In all atoms electrons are revolving around the
nucleus in different orbits and also spin about their own axis. These revolving electrons
constitute an electrical current in the orbits. These revolving electrons produces its own
orbital magnetic dipole moment, measured in Bohr magneton(u) and there is also a spin
magnetic moment associated with it (spin of orbital electrons and spin of nucleus) .In
most materials there is no resultant magnetic moments, due to the electrons being grouped in
pairs causing the magnetic moment to be cancelled by its neighbour. Under external applied
magnetic field these dipoles experience torque in the direction of applied field and the atom
acquires certain magnetism.

So, the magnetic moment of an atom is due to

1. Orbital magnetic moment of the electrons.
2. Spin magnetic moment of the electrons.
3. Spin magnetic moment of the nucleus.
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The orbital magnetic moment of the electrons(BohrMagneton):

The magnetic moment contributed by a single electron is known as Bohr Magneton.
Mathematically it can express as

eh

#B=2m

Proof:

Electron

Nucleus

Motion of electron in a orbital
The orbit of a spinning electron about the nucleus of an atom

Let us consider an electron revolving in a circular orbit of radius r with a speed v .Consider a

pointp on the circle. The electron crosses this point once in every revolution. In one
revolution the electron travels 2rr distance.
The current i due to the electron motion in the circular loop (orbit) is

. chargeofelectron(q) —e
= - = —
time(T) T
Where, T is time for one revolution of electron about the nucleus.
distancetravelledbyanelectron 2mr . —-e
T = . = — | A= T =
peedofanelectron v [T]
Zev
an - - - - - - -
The magnetic moment y; associated with the orbit due to orbital motion of electron is
W =14

Where, ’i’ is current produced by the orbital motion of the electron and A is area covered by

the orbital(ttr?).
SN r?
- - - - - Hl an
Dividing and multiplying above eg. by the mass of the electron
—evr m (—e —e

= x— = (5-) mor] = () [L]

2 m 2m 2m

w.k.t the angular momentum of an electron revolving in circular orbit is equal to integral
. h
multiple of —
27

L= B lh
= mvr = ?
_ (—eh)l
= 4mm
W = uBl wherel=0,1,2........

Where, | = orbital quantum number.
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Bhormagneton

Up =

_lex 10719 x 6.626 x 10734

—eh
4mm

4x%x3.14x9.1x1031

=927 %x1073*A-m

Here — sign indicates that magnetic moment is anti-parallel to the angular momentum L.

CLASSIFICATION OF MAGNETIC MATERIAL:
Depending on the direction and magnitude of magnetization and also the effect of
temperature on magnetic properties, all magnetic materials are classified into dia ,para and
ferro materials.Depending upon the spin orientation of the electrons, ferro magnetic materials
are classified into two types. They are
a.Antiferro magnetic material.
Ferrimagnetic materials.

b.

DIA MAGNETIC

PARA MAGNETIC

FERRO MAGNETIC

electrons.

PROPERTY SUBSTANCES SUBSTANCES SUBSTANCES
The substance in which
The substance in| The substance in |the resultant magnetic
which the resultant | which the resultant | moments of individual
Defination magnetic moment of | magnetic moment of | atoms align themselves
individual atoms is | individual atoms is | in parallel by giving rise
zero. not zero. to spontaneous
magnetization
Cause Orbital motion of Spin motion of Formation of domains.

electrons.

Susceptibility
09)

Low and negative

Low and positive.

High and positive.

x dependon T

Does not depend on T.
except Bi at low T.

C .
X=7 (curie law)
c is curie constant.

c . .
)(—T_—TC.T>TC(cur|e

wises law)
Te is curie temperature.

Relative
permeability

(ur)

<1

>1

> 1

spin alignment

No spin alignment is
present.

All spins or magnetic
moments are
randomly oriented.

\/\ S

All spins or magnetic
moments are orderly
oriented.

1111
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T
¥ 4
x — T curve
T — T
On cooling these are .
Transition  of converted into Converted into .
. Do not change. . para magnetic material
material at T ferromagnetic aboveT
material. ¢
The magnetic lines of | The magnetic lines of | The magnetic lines of
force are pulled out | force are attracted | force are highly attracted
from the material | towards the centre of | towards the centre of the
.Hence, magnetic flux | the material and hence | material and hence the
density is greater, | the Bin material is | Bin material is very
outside the material | greater than the B out. | greater than the B out.
In the presence | than inside. ‘
of  magnetic T T
field. ] ) )
Blodr / R
Diamagnetic material Bin > Bout
Example: Bi, Zn, H0, Gold..... Al, Pt, Mn , cucly.... Eg’zOS NI, Co, Mo,

Antiferro magnetic materials:
These are the ferromagnetic materials in which the magnetic interaction between any
two dipoles aligns themselves anti parallel to each other. All the

dipoles are equal

in magnitude.

magnetization is zero.

Properties:

Therefore the

resultant

1. Susceptibility is small and positive for these materials.
2. Spin alignment is systematic, but in anti parallel manner.
3. [Initially, the susceptibility increases slightly as the temperature increases, and beyond
a particular temperature known as Neel temperature the 4
susceptibility decreases with temperature.
4. The temperature at which anti ferromagnetic material

converts into paramagnetic material is known as Neel's

temperature.
5. Susceptibility is inversely proportional to the temperature.
The variation of susceptibility with temperature is expressed

as

p

i

N
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Cc
X =t WhenT > Tn
xxT WhenT < Tn
Where ‘¢’ is the curie constant and the Ty is Neel temperature.
Ex: FeO, MnO, Cr,03

Ferrimagnetic materials:
These are the ferromagnetic materials in which
the magnetic interaction between any two dipoles aligns themselves ‘ ‘ ]
anti parallel to each other. But the magnitudes of any two adjacent
dipoles are not equal. Therefore, if we apply a small value of
magnetic field, it will produce a large value of magnetization.

Properties: 4
: Para
1. Susceptibility is positive and very large for these materials. rogor| | ™
2. Spin alignment is systematic, but in anti parallel of different
magnitudes.

3. Ferrimagnetic materials possess net magnetic moment.

4. Above curie temperature becomes paramagnetic while below it
behaves as ferrimagnetic material. - >

5. Ferrimagnetic domains become magnetic bubbles to act as
memory elements.

6. Susceptibility is inversely proportional to the temperature. The variation of susceptibility
with temperature is

c
X = forT > Ty

Where, C is curie constant and T is Neel temperature.

7. Ferrites are the best examples of ferromagnetic materials.
8. General formula of ferrites are Me?*OFe;03 or Me?*Fe,0x
Examples: Zn**Fe,04, CuFe;04

DOMAIN THEORY OF FERROMAGNETISM:
The concept of domains was proposed by Weiss in order to
explain the properties of ferromagnetic materials and their
hysteresis effects.
Magnetic Domains: Every ferromagnetic material is made of
a very large number of miniature (very small) regions which
are known as domains. The boundaries separating the
domains are called domain walls, also known as Bloch walls.
In each domain the magnetic dipoles align parallel to each
other and produce spontaneous magnetization. The direction of spontaneous magnetization
varies from domain to domain.
Process of Domain magnetization:

When the external field is applied there are two possible ways of alignment of random
domains.

Domain

Direction of
Domain
Magnetization

Domain
Walls
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1. By the motion of domain walls.
2. By rotation of domains.

Motion of Domain walls:When a small amount of magnetic fieldis applied on a ferro
magnetic material then the domains of the material whose magnetic moments are parallel or
nearly parallel to the direction of applied field can grow in size where as the domains are not
parallel to field can diminish in size. This change produces large magnetization for the bulk
material.

Rotation of Domains:

When the magnetic field is increased further to a large
value(i. e., near saturation), further domains growth becomes impossible and hence fully
grown domains can rotate into the field direction and specimen is said to be saturated.

—_—

I—p
’
I —p

| ‘ TTTT

-\

=y
A
i
]

Unmagnetized Magnetization by Magnetization by
week field strong field

Magnetization of a_ferro magnetic material

HYSTERESIS CURVE:

It means retardation. [or] Lagging of an effect
behind the cause of the effect [or] The phenomenon of B
lagging H. [or] It is also defined as a phenomenon of flux
density (B) with the change in magnetic field strength (H)
in a ferromagnetic material.

Explanation: When the magnetic field H is applied on an
un magnetized ferromagnetic material the magnetic
induction increases first rapidly and then slowly from o
to a. The increase is non linear, after that the rate of
induction slows down and attaining a saturation value Bsat, o
with further increase in H , there is no increase in B.If

applied magnetic field H on the material is decreased at this stage, naturally B decreases and
B will not travel in that initial path, creates a new path.

When H is reduced to zero, B does not vanish , the value of B that remains in the material is
called as retentivity By or reduce magnetisation. To remove retentivity in the material
sufficient negative magnetic field —Hc or Hc is applied in opposite direction then the
retentivity B, becomes zero .This is (field) known as coherceive field. On increasing H
further B reaches saturation in the opposite direction denoted by ’c’. Then reducing H to zero
B reaches ‘d’ and then increasing H in the positive direction B reaches again to Bs and a
curve is obtained. This completes a closed loop called hysteresis loop. It includes some area.
This area indicates the amount of energy wasted in one cycle of operation.

Retentivity

!
=
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SOFT AND HARD MAGNETIC MATERIALS:

Ferromagnetic materials are classified into two types based on the characteristic parameters

such as hystersis and magnetisation. They are
1. Hard magnetic materials
2. Soft magnetic materials

S.NO | SOFT MAGNETIC MATERIAL HARD MAGNETIC MATERIAL
Materials which can be easily | Materials which can’t be easily
1 magnetized and demagnetized are | magnetized and demagnetized are
called Soft magnetic materials. called hard magnetic materials.
The nature of hysteresis loop is very | The nature of hysteresis loop is very
steep large.
: 7 .
T P
3 They are prepared by annealing | They are prepared by quenching
process. process.
4 Due to small hysteresis loop area, | Due to large hysteresis loop area, they
they have small hysteresis loss. have large hysteresis loss.
They have large value of | They have low value of permeability
permeability and susceptibility. and susceptibility.
5 The coercivity and retentivity are | The coercivity and retentivity are
small. large.
- They are free from irregularities. They have large amount of impurities
and lattice defects.
They are used They are used
e To produce temporary magnets. e To produce permanent magnets.
e In the preparation of magnetic| e In loud speakers, toys, in
8 core materials used in measuring meters, microphones,
transformers, electric motors , magnetic  detectors,  magnetic
magnetic amplifiers, magnetic separators, etc.,
switching circuits, etc.,
Ex: Iron and silicon alloys ,Nickel — | Ex: High carbon steel, Cobalt steel,
9 : )
Iron alloy, Iron — Cobalt alloy. Barium ferrite .
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