
4.1 CLASSIFICATION OF OPTICAL MATERIALS

Generally, optical materials are classified into three types
based on the nature of propagation of light namely,

(i)   Transparent

(ii) Translucent

(iii) Opaque

(i) Transparent

Transparent materials are the materials which transmit the

light with little absorption and reflection. These materials are

transparent in nature and hence, one can clearly view the object

through the material.

Electrical insulated materials are transparent. Similarly,

few semiconducting materials are also transparent.

(ii) Translucent

The incident light gets scattered within the materials and

hence, the diffused light is transmitted with the other side of

the materials.

One cannot clearly view the object while viewing through

the materials. These materials are known as translucent

material.

(iii) Opaque

The material which absorbs the visible light is termed as
opaque. When an electromagnetic radiation in the entire visible
spectrum is incident on this material, either it gets reflected or
absorbed.

Thus, the materials are opaque. Few semiconducting

materials also exhibit this opaque nature.
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Interaction of light with solids

When a light beam (electromagnetic radiation) incidents on
a solid, the light radiation undergoes three processes (Fig. 4.1).
They are

(i)   Scattered by the sample at various angles

(ii)  Absorbed by the sample

(iii) Transmitted through the sample

Light scattered in the opposite direction of the incident beam
leads to reflection. Light scattered in the same direction as the
incident beam and recombining with it gives rise to refraction.
Scattered incoherent radiation on the other hand leads to other
forms of scattering such as Rayleigh scattering.

For a total incident flux of photons I
o
, energy conservation

requires that

I
o
  I

T
  I

R
  I

A ...(1)

where I
T
 – transmitted light intensity

I
R
 – reflected light intensity

I
A
 – absorbed light intensity

Fig. 4.1 Various interactions between light radiation with solids
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Let I
o
 be the energy flux per unit area J/m

2
 s. Dividing

both sides of the eqn (1) by I
o
 we have 
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1    T    R    A ...(3)

where T – fraction of light transmitted

R – fraction of light reflected

A – fraction of light absorbed

4.2 SCATTERING OF LIGHT

It is a process by which the intensity of the wave

attenuates as it travels through a medium.

Light scattering is a common phenomena occurring in
nature. 

Let us understand three types of scattering of light.

(i)   Rayleigh scattering

(ii)  Raman scattering

(iii) Compton scattering

Rayleigh scattering:

In elastic scattering of light, the wavelength of the
scattered light is the same as that of the incident light. This
is known as Rayleigh scattering. (Fig. 4.1)

Rayleigh studied this type of light scattering in air. He
observed that the molecules of air are responsible for this
scattering.
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In this scattering, the light behaves like a wave. The
molecules behave like dipoles by which the electromagnetic
waves get scattered.

The intensity of the scattered light is inversely proportional

to the fourth power of the wavelength 



  

1

4 



. Therefore, the

light of shorter wavelengths are scattered more than the longer
wavelength.

Note: The sunlight appears yellow because the blue part of
the spectrum is scattered out. The sky appears blue because
in all directions the blue light is scattered as it suffered
multiple scattering.

During the sunset, the sun appears red as the sunlight travels
a larger distance and even larger part of its blue region is lost
by scattering.

Raman scattering

When the wavelength of the scattered light is different from that
of incident light, then it is called Raman effect. This is inelastic

scattering of light. The intensity of the scattered light by Raman
scattering is about 0.001% of the Rayleigh scattering. (Fig. 4.1)

Compton scattering

A smaller wavelength of ultraviolet and X-ray scattering
occurs by the electrons. This results in scattered radiation
having smaller frequency (longer wavelength) than the incident
wave. Such scattering is called Compton scattering. 

4.3 ABSORPTION AND EMISSION OF LIGHT

IN METALS

Metals are opaque because the incident light radiation
(visible range) excites electrons into unoccupied energy states
above the Fermi energy as shown in fig. 4.2 (a).

As a result, the incident radiation is absorbed. Total
light absorption is within a very thin outer layer, usually less

than 0.1 m.
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Thus, only metallic films thinner than 0.1 m are capable
of transmitting visible light.

All frequencies of visible light are absorbed by metals. This
is due to the continuously available empty electron states which
permit electron transitions as in fig. 4.2 (a).

In fact, metals are opaque to all electromagnetic radiation
on the lower end of the frequency spectrum from radio waves,
through infrared, visible and about to the middle of the
ultraviolet radiation.

Metals are transparent to high-frequency (shorter
wavelength) X-rays and  - rays.

Most of the absorbed radiation is re-emitted from the
surface in the form of visible light of the same wavelength which
appears as reflected light.

An electron transition accompanying emission is shown in
fig. 4.2(b). The reflectivity of most metals is between 0.90 and
0.95. Some small fraction of the energy from electron decay
processes is dissipated as heat.

The colour of a metal is determined by the wavelength
distribution of the reflected radiation.

Fig. 4.2 (a) Photon absorption in which an electron is excited 

               into a higher energy unoccupied state

      (b) Photon emission by the direct transition of an

             electron from a higher to a lower energy state
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Some metals when exposed to white light show a bright
‘silvery’ appearance. It indicates that the metal is highly
reflective and strongly reflects all parts of the visible spectrum.

Note: The frequency and wavelength of the reflected beam is
approximately the same as that of the incident beam.
Aluminium and silver are two metals which exhibit this
reflective behaviour.

In the case of copper and gold, there is a greater absorption
of the shorter wavelengths of blue and green and a greater
reflection of longer wavelengths of yellow, orange and red.

Thus, smooth surfaces of these metals show the reflected
colours and hence copper and gold appear red-orange and yellow
respectively.

4.4 ABSORPTION AND EMISSION OF LIGHT IN

INSULATORS

Absorption of a light photon may occur in an insulator. It
results in excitation of an electron from valence band to
conduction band after crossing the energy gap E

g
 as shown in

fig. 4.3 (a).

Fig. 4.3 (a) Electron excitation due to absorption of photon of

               energy  E in insulators

        (b) Electron deexcitation resulting in the emission of

               photon in insulators
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A free electron in the conduction band and a hole in the
valence band are created.

The excitation of an electron due to absorption of light can
take place only if the light photon energy  E  h is greater
than that of band gap E

g
.

i.e.,  E  h
...(1)

where h – Planck’s constant

 – frequency of the light photon.

Hence, light photon absorption can take place only if

h  E
g ...(2)

hc


    E

g
...(3)   




 . . .   

c


 




where c – velocity of light.

 – wavelength of the light photon.

The minimum wavelength min for visible light is about

0.4 m and since c  3  10
8
 m / s and 6.62  10

 34
 Js the

maximum band gap energy E
g
 (max) for which absorption of

visible light is possible ie., 

E
g
 max  

hc

min
     

  
6.62  10

 34
  3  10

8

0.4  10
 6
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       4.96  10
 19

 J

  
4.96  10

 19

1.6  10
 19

. . . 1 eV  1.6  10 19 J

 E
g
 max  3.1 eV ...(4)

Thus no visible light is absorbed by materials having band
gap energies greater than about 3.1 eV. These materials appear
transparent and colourless if they are high purity state.

4.5 ABSORPTION AND EMISSION OF LIGHT IN 

SEMICONDUCTORS

In semiconductors, light photons is absorbed in several
ways. In intrinsic (pure) semiconductors such as Si, Ge and
GaAs, light photons is absorbed to create electron-hole pairs.

This absorption causes electrons to jump across the energy
band gap from the valence band to the conduction band as
shown in fig. 4.4(a). 

This transition occurs ie., the excitation of electrons due
to absorption can take place if the photon energy is greater than
that of the band gap E

g
, that is if

h  E
g ...(1)

where h – Planck’s constant
 – Frequency of the light photon.

Fig. 4.4 Absorption of photons in semiconductors
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In terms of wavelength 

hc


      E

g




 . . .   

c


 


...(2)
The maximum wavelength for visible light max is about

0.7 m. Therefore, the minimum band gap energy E
g min for

which there is absorption of visible light is given by

E
g min    

hc

max

...(3)

Substituting the corresponding values, we have

E
g min    

6.62  10
 34 3  10

8

0.7  10
 6

  2.84  10
 19

 J

   
2.84  10

 19

1.6  10
 19

. . . 1 eV  1.6  10 19 J

E
g min    1.8 eV ...(4)

The result indicates that all visible light is absorbed by

those semiconductors having band gap energies less than about

1.8 eV. Thus, these semiconductors are opaque.

In extrinsic (impure) semiconductors, the presence of

acceptor and donor impurities creates new energy levels namely

acceptor level E
a
 (p-type semiconductor) and donor level

E
d
 (n-type semiconductor) as shown in fig. 4.4 (b) and (c).

These impurity levels lie within the band gap of the material.
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Light radiation of specific wavelength may be absorbed as
a result of electron transitions from or to these impurity levels
within the band gap.

4.6 CARRIER GENERATION AND RECOMBINATION

PROCESSES

The carrier generation is the process whereby

electrons and holes are created. The recombination is the

process whereby electrons and holes are annihilated.

Carrier Generation

Basically, there are three types of carrier generations. They are

(i)  Photogeneration

(ii)  Phonon generation

(iii) Impact ionization

(i) Photogeneration

In photogeneration, light of frequency  falls on a
semiconductor. Let h be the energy of light photon greater than
the bandgap of the semiconductor.

By absorption of light photon, one electron jumps from
valence band to conduction band generating an electron-hole pair.

Figure 4.5 shows the absorption of light of energy
h   E

g
.

Fig. 4..5
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For different wavelengths of light with different energies
h2, h3 it can take an electron in higher conduction band states.

(ii) Phonon Generation

Phonon generation occurs when a semiconductor is under
thermal excitation. With increase of temperature of the
semiconductor, lattice vibrations increase which give rise to more
phonons.

Due to more lattice vibrations, covalent bonds in the
semiconductor break down and electron-hole pairs are generated.
(Fig. 4.6)

(iii) Impact Ionization

In this process, one energetic charge carrier will create
another charge carrier. When a semiconductor is under an
electric field, electrons gain energy from the applied electric field
and hit other Si-atoms.

In this process, a bond breaks out generating more carriers.
For a very high electric field, it results in a avalanche
breakdown. (Fig. 4.7)

Fig. 4.6 (a) Phonon generation            

                      (b) Lattice vibration generating phonon
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Recombination

In recombination, a pair of electron and hole gets
recombined. When a free electron in the conduction band falls
to valence band and recombines with a hole, it becomes a bound
electron in valence band.

  
Free electron in
conduction band

   hole  
Recombination

    
bound electron in
valence band

Recombination occurs in three ways:

(a) Radiative Recombination

(b) Shockley-Read-Hall Recombination

(c) Auger Recombination

(a) Radiative Recombination

It occurs for direct band semiconductors (like GaAs). In this
process, electrons from conduction band minimum falls to valence
band maximum without changing the momentum. In this
process, one photon of energy h   E

g
 is emitted.

Electrons which are excited to higher energy states in
conduction band will come to the conduction band minimum by
releasing energy as heat.

Then, from conduction band minimum it falls to valence
band maximum emitting light of energy h  E

g
. It is also called

direct recombination. (Fig. 4.8)

Fig. 4.7 Impact ionization
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Shockley-Read-Hall Recombination

In this recombination process, electrons from conduction
band minimum come to a defect level intermediate between
E

c
 and E

v
 by radiating energy as photons or phonons. Then,

electron turns from that intermediate level to the valence band.

This type of recombination is basically seen in impure
semiconductor which has defects levels. Generally, the defect
level lies in the middle of the forbidden gap. (Fig. 4.9)

Auger Recombination

In Auger recombination, three carriers are involved. In this

process, an electron and a hole recombine and the energy is

given to the third free electron in the conduction band.

Then, the third excited electron comes back to the conduction

band edge by emitting energy as heat. Generally, an Auger

recombination occurs for heavily doped material. (Fig. 4.10)

Fig. 4.8 Radiative recombination

Fig. 4.9 SRH recombination process
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 4.7 EXCITONS

The combination of an electron in an excited state

(below conduction band) and the associated hole in

valence band (electron - hole pair) is known as an

exciton.

Explanation

When the photons of energy less than the band gap E
g


is absorbed by a crystal, the electrons from the filled valance
band will not go to the empty conduction band exactly. 

But, instead they will go to a level below the conduction
band called excited state or excited level.

It is noted that the electron in the excited state does not
become free even after leaving valence band. That is, it is still
bound to some extent by the coulomb force of attraction.

[  o]    o 

[Bound electron  hole ]  exciton.

In general, exciton as a whole is neutral and hence, the
contribution to the electrical conductivity in a material is zero.
But, it will transfer its energy from one ion to the next ion.

The bound state has energy less than that of separated
electron - hole pair. Therefore, the exciton energy levels lie in

Fig. 4.10 Auger - Recombination process
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the forbidden gap just below the conduction band. These exciton
energy levels are called exciton bands.

The transitions leading to the formation of excitons below
the conduction bands are shown in fig 4.11.

The energy required to form an exciton is less than the
band gap energy and it is given by

h  E
g
  E

ex

where E
ex

 is the exciton binding energy. Its value is in the range

of 1 meV to 1 eV and hence, the exciton levels fall very slightly
below the edge of the conduction band as shown in fig. 4.11.

Excitons are formed in all types of crystals. They are
unstable due to the recombination of electron and hole.

Types of excitons

Excitons are classified into two types.

(i) Frenkel excitons - Strongly (tightly) bound excitons

(ii) Mott and Wannier excitons - Weakly bound excitons

(i) Frenkel exciton

This model is due to Frenkel. The electron and holes are

bound together within a short distance which is less than

the lattice constant. (ie., electron-hole interparticle distance is
small in comparison with lattice constant (i.e., r  a)

Fig. 4.11 Exciton energy levels
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This means that excitation in this type of exciton is
localized on or near a single atom in the sense that the hole
is present on the same atom as of electron. (Fig 4.12).

Thus a Frenkel exciton may be thought as an excited state
of a single atom. But, the excitons may jump from one atom to
another as the atoms are coupled.

Therefore, these excitons are also known as strongly

bound excitons or tightly bound excitons.

Example

This type of excitons present in alkali halide crystals like
NaBr and KBr.

(ii) Mott and Wannier excition

This model of excitons is due to Mott and Wannier. The

electrons and holes are bound at larger distance which

is higher than lattice constant. The electron - hole
interparticle distance is large as compared with a lattice
constant i.e., r  a (Fig. 4.13. These excitons are also known

as weakly bound excitons. 

Fig. 4.12 Frenkel exciton

Fig. 4.13 Mott and Wannier excitons
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Example

This type of excition found in Cuprous oxide Cu2O.

Importance of excitons

 The excitons play an important role in the luminescence
of solids.

 Excitons are unstable and they will separate at high
temperature.

 The excitons can move through the  semiconductor and
transport energy.

 The excitons does not transport any charge as it is
electrically neutral.

4.8 PHOTO CURRENT IN A P-N DIODE

Photo Diode

Definition

It is a reverse biased P  N junction diode which

responds to light absorption.

Principle

When light is incident on the depletion region of the
reverse-biased pn junction, the concentration of minority carriers
increases. Therefore, reverse saturation current increases.

Construction

A photo diode consists of a P  N junction which is placed
in a transparent plastic capsule fig. 4.14 (a). Light is allowed
to fall on the surface of the junction. The symbol of the photo
diode is shown in fig. 4.14 (b).  
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Working

When the photo diode is kept under dark condition and a
voltage is applied, then a constant current independent of
reverse bias voltage is obtained.

This reverse saturation current is due to thermally
generated minority charge carriers. It is called dark current.

It is proportional to the concentrations of minority carriers and
it is denoted by I

d
.

When the light falls on the diode surface, additional
electron-hole pairs are generated. These injected minority
carriers diffuse to junction and contribute to the additional
current.

Thus under reverse bias conditions, total reverse current
is given by

I  Is  I
d

where I
s
 is the short circuit current and it is proportional to

the intensity of light.

The volt-ampere characteristic curve of the photo diode is
shown in fig. 4.15. From the curve, it is noted that

(i) The current increases with increase in the level of
illumination for a given reverse voltage.

Fig. 4.14 (a) Photo diode with reverse bias (b) Photodiode symbol
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(ii) Only for the dark current at zero voltage the current
is zero.

Applications

The photo diode finds wide application in

 Light detection system.

 Reading of sound track in film.

 Light operated switches.

 High-speed reading of computer punched cards and tapes.

 It can be used as variable resistance device controlled
by light intensity.

 It can be used to switch on the current at a very fast
rate (in nano second).

4.9 SOLAR CELL

It is a P  N junction diode which converts solar

energy (light energy) into electrical energy. 

Fig. 1.15 V-I characteristic of the photodiode
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Common materials for solar cells include silicon (Si),
Galliumaresnide (GaAs), Indium Arsenide (InAs) and Cadmium
Arsenide (CdAs). The most common is silicon.

For silicon, the band gap (the energy necessary to transfer
an electron from upper valance level to conduction band) is
1.12 eV.

Construction

It consists of P  N junction diode made of Silicon
(fig. 4.16 (a)). The P  N diode is packed in a can with glass
window on top such that light may fall upon P and N type
materials. The symbol of the solar cell is shown in fig. 4.16 (b).
The inward arrow indicates the incoming light.

The thickness of the P-region is kept very small. Therefore,
electrons generated in P region can diffuse to the junction before
recombination takes place.

The thickness of N-region is also kept small to allow holes
generated near the surface to diffuse to the junction before they
recombine.

A nickel ring is provided around the P-layer which acts
as the positive output terminal. A metal contact at the bottom
serves as the negative output terminal.

Fig. 4.16 Solar cell
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Working

When light radiation from sun falls on the P  N junction
diode, the photon energy is sufficient to break the covalent-bond
and produce electron-hole pair. Thus, electron-hole pairs are
generated in both P and N sides of the junction.

These electrons and holes reach the depletion region by
diffusion (fig.4.17 (a)) and they are separated by the strong
barrier electrical field existing there.

The minority carrier electrons in the P-side cross the barrier
potential to reach  N-side and the holes in N-side move to the
P-side (fig. 4.17 (b)). Their flow constitutes the minority current
which is directly proportional to the illumination of light and the
surface area being exposed to light.

The electrons and holes are accumulated on the two sides
of the junction. This leads to an open circuit voltage V

oc
 which

is a function of illumination.

The open-circuit voltage produced for a silicon solar cell is
typically 0.6 volt and the short-circuit current is about

40 mA/cm
2
 in bright noon day sun light.

V - I Characteristics

The V  I characteristics of the solar cell, corresponding to
different levels of illumination is shown in fig. 4.18. The
maximum power output is obtained when the solar cell is opened
at the knee of the curve.

Fig. 4.17 Energy band diagram
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Advantage

1. The solar cell operates with fair efficiency.

2. It has unlimited life.

3. It can be mass produced.

4. It has a high power capacity per weight.

5. Its size is small and compact.

Disadvantages

Solar energy is not available round the clock. It cannot be
obtained during night time.

Uses

 Solar cells are used in satellites and space vehicles to
supply power to electronic and other equipments and to
charge storage batteries.

 They are used to give power to the calculators and
watches.

 They are used to provide commercial electricity.

Fig. 4.18 VI charactristics of the solar cell
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4.10 PHOTO DETECTORS

There are several semiconductor devices that can be

used to detect the presence of photons. These devices are

known as photodetectors. They convert optical signals

into electrical signals. 

Types of photo-detectors

There are three types of photo-detectors

(i) Photo emissive      (ii) Photo conductive

(iii) Photo voltaic

Photoconductor

The simplest solid - state photo detector is a piece of photo-
conducting semiconductor. It is also called a photoresistive device.

It is based on the decrease in the resistance of certain
semiconductors when they are exposed to light radiation (both
infrared and visible). Such materials have a high dark resistance
and low resistance on irradiation.

Construction

The four materials generally used in photoconductive
devices are: Cadmium Sulphide (CdS), Cadmium Selenide
(CdSe), Lead Sulphide (PbS) and Thallium Sulphide (TlS).

The constuction of photoconductive device and its circuit
symbol are shown in fig. 4.19

Fig. 4.19 (a) Photoconductive cell (b) circuit symbol
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Thin film of cadmium sulphide is deposited on an insulating

substrate. The metal electrodes deposited as comb-like pattern as

shown in fig. 4.19(a) to increase the sensitivity of the device.

When the device under the bias is illuminated with light,

the electron-hole pairs are generated. These electons and holes

move in opposite directions (fig. 4.20). This results in a

photocurrent.

The illumination characteristics of the photo-conductive cell is
shown in fig. 4.21.

Fig. 4.20 Photoconductor in a circuit

Fig. 4.21
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Applications:

 Light meters

 Light controlled On-Off switch

 Automatic street lighting control

 Camera exposure setting

 Counting

 Relay control

 Aircraft and missle tracking system

 Burglar alarm

 Voltage regulator

Advantages:

 High sensitivity

 Low cost

 Long life

 High dissipation

 High voltage (100 – 300 V)

 High dark to light resistance.

Disadvantages:

 Cutrent change with intensity of light with a time lag
(high response time)

 Relatively narrow spectral response.

Photo-Voltaic Devices

Semiconductor junction photo diodes are called photo-voltaic
devices.
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Types of photo-voltaic devices

There are three forms of these devices.

1. PN junction photo detector

2. PIN photo diode

3. Avalanche Photo Diode (APD)

1. PN junction photo detector

(Refer section 4.8)

4.11  LIGHT EMITTING DIODE (LED)

It is a p-n junction diode which emits light when it

is forward biased.

Principle

The injection of electrons into the p - region from n- region
makes a direct transition from the conduction band to valence
band. Then, the electrons recombine with holes and emits
photons of energy E

g
.

The forbidden gap energy is given by 

E
g
  h ... (1)

where h – Planck’s constant

 – Frequency of the emitted radiation.

But   
c


... (2)

where c – velocity of the light

 – wave length of the light.

                  E
g
  

hc


... (3)
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Hence, the wavelength of the emitted photon is given by
the relation

  
hc

E
g

... (4)

The wave length of the light emitted purely depends on
the band gap energy.

Note: Band gap energy E
g
 (generally in eV) should be

converted into joule unit. [1 eV  1.6  10
 19

 J]

Construction:

Fig. 4.22 shows cross sectional view of a LED.

Fig: 4.22. Cross sectional view of LED

A n  type layer is grown on a substrate and a p  type

layer is deposited on it by diffusion. Since carrier recombination

takes place in the p   layer, it is deposited upper most. 

For maximum light emission, a metal film anode is

deposited at the outer edges of the p  type layer. The bottom

of the substrate is coated with a metal (gold) film. It reflects
most of the light to the surface of the device and also provides
cathode connection. Fig. 4.23 shows circuit and symbol of LED
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Working:

When the p-n junction diode is forward biased, the barrier
width is reduced, raising the potential energy on the n side
and lowering that of the pside.

The free electrons and holes have sufficient energy to move
into the junction region. If a free electron meets a hole, it recombines
with each other resulting in the release of a light photon.

Thus, light radiation from LED is caused by the
recombination of holes and electrons that are injected into the
junction by a forward bias voltage. (Fig. 4.24)

Fig: 4.24 Energy band for LED

Advantages of LEDs

 LEDs are smaller in size. A number of LEDs can be stacked
together in a small space to form numerical display.

 LED’s can be turned ON and OFF in less than 1 nano

second 10
 9

 second). So, they are known as fast

devices. 

Fig. 4.23. Circuit and symbol of LED
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 Variety of LEDs are available which emit light in
different colours like red, green, yellow etc.

 Light modulation can be achieved with pulse supply.

 It has long life time.

 It has low drive voltage and low noise.

 It is easily interfaced to digital logic circuits.

 It can be operated over a wide range of temperatures.

Disadvantages of LEDs

 They require high power.

 Their preparation cost is high when compared to LCD.

Applications and uses of LEDs

 Because of their miniature size, they are widely used in
numeric and alphanumeric display devices. (Fig. 4.25)

 They are used as indicator lamps.

 They are used as light sources in fiber-optic
communication system.

Fig. 4.25
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 Infrared LEDs are used in burglar alarms.

 They are used in image sensing circuits used for picture

phone.

 They are used as a pilot light.

 Infra red LEDs are widely used with photo diodes or
photo transistors to enable short range wire-less

communication.

4.12 LASER DOIDES

Definition

It is a specially fabricated p - n junction diode. This

diode emits laser light when it is forward - biased.

Principle

When the p-n junction diode is forward-biased (fig. 4.26
(a)), the electrons from n-region and holes from p-region cross
the junction and recombine with each other.

During the recombination process, the light radiation
(photons) is released from a direct band gap semiconductors like
GaAs. This light radiation is known as recombination

radiation (fig. 4.26 (b)).

(a)     (b)   

Fig. 4.26 Semiconductor diode laser principle
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The photon emitted during recombination stimulates other
electrons and holes to recombine. As a result, stimulated
emission takes place and laser light is produced.

Construction

The construction of laser diode is shown in fig 4.27. 

 The active medium is a p - n junction diode made from
a single crystal of gallium arsenide. This crystal is cut
in the form of a platelet having a thickness of 0.5 mm.
This platelet consists of two regions n type and ptype.

 The metal electrodes are connected to both upper

(p-region) and lower (n-region) surfaces of the

semiconductor diode. The forward bias voltage is applied

through metal electrodes.

 Now the photon emission is stimulated in a very thin

layer of pn junction.

 The end faces of the pn junction are well polished and

parallel to each other. They act as an optical resonator

through which the emitted light comes out.

Fig. 4.27 Semiconductor diode laser

4.32 Physics for Electronics Engineering



Working

 The energy level diagram of diode laser is shown in
fig 4.28.

 When the pn junction is forward-biased, the electrons
and holes are injected into junction region.

 The region around junction contains a large number of
electrons in the conduction band and holes in the valance
band.

 Now the electrons and holes recombine with each other.
During recombination, light photons are produced.

Fig. 4.28 Energy level diagram of a Laser diode

 When the forward - biased voltage is increased, more
light photons are emitted. These photons trigger a chain
of stimulated recombinations resulting in the emission
of more light photons in phase.

These photons moving at the plane of the junction travel
back and forth by reflection between two polished surfaces of
the junction. Thus, the light photons grow in strength

After gaining enough strength, laser beam of wavelength
8400 Å is emitted from the junction.

The wavelength of laser light is given by 

Eg    h    
hc



P               N
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where Eg  band gap energy in joule

Characteristics

 Type : Solid state semiconductor laser.

 Active medium : A pn junction diode made from a 
                 single crystal of gallium arsenide.

 Pumping method : Direct conversion method.

 Power output : a few mW.

 Nature of output : Continuous wave or pulsed output.

 Wavelength of output : 8300 Å to 8500 Å.

Advantages

 This laser is very small in size and compact.

 It has high efficiency.

 The laser output can be easily increased by increasing
the junction current.

 It is operated with less power than ruby and CO2 lasers.

 It requires very little additional equipment.

 It emits a continuous wave output or pulsed output.

Disadvantages

 Laser output beam has large divergence.

 The purity and monochromacity are poor.

 It has poor coherence and stability.
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Applications of Laser Diode

 Used in fibre optic communication.

 Used in various measuring devices such as range finders,
bar-code readers.

 Used in printing industry both as light sources for
scanning images and for resolution printing plate
manufacturing.

 Infrared and red laser diodes are common in CD players,
CD - ROM and DVD technology. Violet lasers are used
in HD - DVD and Blue-ray technology.

 High power laser diodes are used in industrial
applications such as heat treating, cladding, seam
welding and for pumping other lasers.

 Used in laser medicine especially, dentistry.

4.13 ORGANIC LIGHT EMITTING DIODE (OLED)

Organic light emitting diodes (OLEDs) are solid state

devices made up of thin films of organic molecules that

produce light with the application of electricity.

Like a LED, a OLED is a solid state semiconductor device
made up of 100 to 500 nm thick.

The organic light emitting diode (OLED) is also

called light emitting polymer (LEP) or Organic Electro

Luminescence (OEL) and it consists of a film of organic

compounds.

The layer usually combines a polymer substance that

allows suitable organic compound to be deposited. They can emit

light of different colours.

The OLED consists of an emissive layer, a conductive layer,

a substrate anode and cathode terminals. (Fig. 4.30)
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The layers are made of special organic polymer molecules that
conduct electricity. Their conductivity range is between insulators
and conductors and so they are called organic semiconductors.

Working

An organic film is contacted by a metal electrodes on both
sides. When a voltage is applied, positive charges (holes) are injected
into the organic material (conducting layer) from one contact.

The negative charges (electrons) are injected from the other
side into emissive layer.

When two different charge carriers meet, they recombine
each other produce energy in the form of light photon.

Types of OLEDs

There are five types of OLEDs. They are

(i)    PLED

(ii)   POLED

(iii)  TOLED

(iv)  SOLED

(v)   IOLED

Fig. 4.30 Structure of OLED

4.36 Physics for Electronics Engineering



(i) PLED

Polymer Light-Emitting Diodes (PLED) involve an
electroluminescent conductive polymer that emits light when it
is subjected to an electric current. 

(ii) POLED

Patternable Organic Light-Emitting Device (POLED) uses
a light or heat activated electroactive layer. 

(iii) TOLED

Transparent Organic Light-Emitting Device (TOLED) uses
a transparent contact to create displays. 

(iv) SOLED

Stacked OLED (SOLED) uses a novel pixel architecture
that is based on stacking the red, green, and blue subpixels on
top of one another. 

(v) IOLED

Inverted OLED (IOLED) uses a bottom cathode that can
be connected to the drain end of n-channel TFT.

Advantages

 Robust Design - OLED’s are tough enough to use in
portable devices such as cellular phones, digital video
cameras, DVD players, car audio equipment etc.,

 Viewing Angles - Can be viewed up to 160 degrees.

 High Resolution - High information applications
including videos and graphics (Active matrix)

 Electronic Paper - OLEDs are paper-thin. 

 Production Advantages - Upto 20% to 50% cheaper
than LCD processes. 

 Video Capabilities - They hold the ability to handle
streamlined video, which could revolutionize the display
and cellular phone market.
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 Power Usage - Takes less power.

Drawbacks

 The biggest technical problem for OLEDs is the limited
lifetime of the organic materials.

 The intrusion of water into displays can damage or
destroy the organic materials. 

 Color - The reliability of the OLED is still not upto the
mark. After a month of use, the screen becomes
non-uniform. 

Applications

 OLED technology is used in commercial applications such
as small screens for mobile phones and portable digital audio
players (MP3 players), car radios, digital cameras and
high-resolution micro displays for head-mounted displays.

 They can be used in television screens, computer
displays, advertising, information and indication.

 OLEDs can also be used in light sources for general space
illumination and large-area light-emitting elements.

Stark effect

The change in atomic energy upon the application of an
electric field is called the Stark effect. The electric field affects
the higher order, or outer orbits of electrons and splitting of
energy states occurs. This reduces the bandgap.

Quantum well

When two semiconductors of different bandgap energies and
of thickness comparable to the electron mean free path alternate
to form a synthetically modulated structure as shown in Fig. 4.30(a),
then such a structure is called quantum well structure.

L
z
 and L

B
 are the well and barrier widths of the structure

with dimension of the order of electron mean free path of the
electron.
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It is nano structure in which thin layer of small band gap
material (GaAs) is kept in between thick layers of large band
gap material (AlGaAs) (Fig. 4.30(b))

Fig. 4.30 Semiconductor heterostructure composed of AlGaAs

          (large bandgap material) and GaAs (small bandgap

material)                                                             

4.14 QUANTUM - CONFINED STARK EFFECT (QCSE)

In quantum well structure, with the application of an
electric field, the electron and hole wavefunctions are separated
and pushed towards opposite sides of the well. The reduced
overlap results in corresponding reduction in absorption.

This results in a shift of the absorption spectrum to longer
wave-length (red shift). This shift is known as the quantum

confined Stark effect.

In the absence of an external electric field, electrons and
holes within the quantum well occupy a discrete energy states.
Only the discrete set of frequencies of light may be absorbed
or emitted by the quantum well.

When an external electric field is applied, the electron
states shift to lower energies, while the hole states shift to
higher energies. This reduces the light absorption or emission
frequencies (Fig. 4.31).

Besides, the external electric field shifts electrons and holes

to opposite sides of the quantum well. This decreases the

overlaping of wave function as shown in fig. 4.31. This in turn

reduces the recombination efficiency of the system.
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The spatial separation between the electrons and holes is
limited by the presence of the potential barriers around the
quantum well. 

Fig. 4.31 Quantum Confined Stark Effect

Uses

 It is used mainly for high-speed, low power dissipation
optical modulators such as in telecommunications.

 It is also used in large arrays of low power devices.

Quantum Dots (QD)

Rapid progress in the fabrication of semiconductor
structures has resulted into the reduction of three dimensional
systems to two-dimensional, one-dimensional, and finally to zero
dimensional systems.

Quantum dots represent the ultimate reduction in the

dimensionality of semiconductor devices. These are three
dimensional semiconductors structures only nanometers in size
confining electrons and holes.
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QDs operate at the level of a single electron which is
certainly the ultimate limit for an electronic device and they
are used as the gain material in lasers.

Definition

Quantum dots are tiny particles or nanocrystals of

a semiconducting material with diameters in the range

of 2 - 10 nanometers (10 - 50 atoms).

Size effects Band gap of quantum dot

Quantum dots exhibit unique electronic properties,
intermediate between those of bulk semiconductors and discrete
molecules.

For example, fluorescence, where the nanocrystals produce
varying colors depends on the size of the particles.

Generally, as the size of the crystal decreases, the
difference in energy gap between the valence band and the
conduction band increases.

4.32 Band gap of Quantum dot
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Thus, more energy is needed to excite the dot. At the same
time, more energy is released when the crystal returns to its
ground state, This results in a color shift from red to blue in
the emitted light.

Therefore, quantum dots can emit any color of light from
the same material simply by changing the dot size.

The splitting of energy levels in quantum dot and increase
of band gap with decreasing dot size is shown in figure 4.32.

Applications of Quantum dots

 QDs are used in quantum dot lasers, QD memory
devices, QD photo-detectors and quantum cryptography.

 The emission wavelength of a quantum dot is a function
of its size. Obviously, by making QDs different sizes, we
can create light of different colours.

 They have potential uses in LED displays, amplifiers,
biological sensors, tumor targeting and diagnostics,
molecular electronics, and catalysis.

4.15 QUANTUM DOT LASERS

They are the new generation semiconductor lasers.

They consist of several million nano-sized crystals called

quantum dots in the active region and they act as light

emitters. 

Quantum dot laser consists of an active layer (QD)
embedded in a waveguide, surrounded by layers of lower
refractive index material. This arrangement ensures light
confinement.

The active layer consists of quantum wells or quantum dots
where the band gap is lower than that of the waveguide
material.

The wavelength of the emitted light is determined by the
energy levels of the quantum dot.
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Therefore, the emission wavelength can be tuned by

changing the average size of the dots.

The band-gap of the quantum dot material is lower than

the band gap of the surrounding medium. It ensures charge

carrier confinement.

The structure of a quantum dot laser based on InAs dots

in the InGaAs quantum well layer is shown in fig. 4.34(a).

The structure is grown on an n - type GaAs substrate,

which also serves as the lower contact to the device. The active

layer is formed using InGaAs with the inclusion of InAs dots.

The active layer in placed in between the two cladding

layers of n-AlGaAs (lower) and p-AlGaAs (upper).

Fig. 4.33 Heterostructure of a QDL 
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This arrangement forms a p-i-n structure for carrier
injection and optical pumping of the dots.

After growing these three layers successively on the GaAs
substrate, a doped p-GaAs contact layer is grown. Then, on the
top of the p-GaAs layer, the metal contact is deposited, serving
as the outer contact to the device.

The waveguide formed between the cladding layers pass
the emitted laser light to the exit faces. The lasing faces of the
waveguide are polished to form laser cavity.

The cross-section of the active layer, consists of several
layers (5-15) of stacked InAs QDs in a well of a InGaAs
nanostructure (shown in the zoom-in view). The band diagram
active region is shown in fig. 4.34 (b)

When a forward bias is applied, the quantum dot laser
emits laser light.

Advantages

The QDLs have several advantages over the conventional
semiconductor lasers as follows.

 High gain as well as high differential gain due to high
density of states in the discrete levels.

 Low threshold current density J
th

 and large output power

at much lower power consumption.

 Higher modulation frequency for high speed operation
with reduced wavelength shift.

 High temperature stability.

 Tunable wavelength of emission and absorption by
variation of the size of the quantum dot.
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Disadvantages

 Fabrication process is complicated leading to
non-homogenous in size and shape of the QDs.

 High material gain but low optical confinement factor
leads to low modal gain.

 There is a carrier leakage out of the QD due to finite
barrier height.

 Strained wells might lead to shift in wavelength.
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Part - A ‘2’ Marks Q & A

 1. What are optical materials?

The materials which are sensitive to light are known as
Optical materials. These optical materials exhibit a variety of
optical properties.

 2. What are the type of optical materials?

Generally, optical materials are classified into three types
based on the nature of propagation of light namely,

(i)   Transparent

(ii)  Translucent

(iii) Opaque

 3. Define scattering of light.

It is a process by which the intensity of the wave
attenuates as it travels through a medium.

 4. Define carrier generation and recombination.

The carrier generation is the process whereby electrons and
holes are created. The recombination is the process whereby
electrons and holes are annihilated.

 5. What are types of carrier generations?

(i) Photogeneration

(ii) Phonon generation

(iii) Impact ionization

 6. What are types of recombination process?

(a) Radiative Recombination
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(b) Shockley-Read-Hall Recombination

(c) Auger Recombination

 7. What is exciton?

The combination of an electron in an excited state (below
conduction band) and the associated hole in valence band
(electron - hole pair) is known as an exciton.

 8. What are types of excitons?

Types of excitons

(i) Frenkel excitons - Strongly (tightly) bound excitons

(ii) Mott and Wannier excitons - Weakly bound excitons

 9. Give the importance of excitons.

 The excitons play an important role in the luminescence
of solids.

 Excitons are unstable and they will separate at high
temperature.

 The excitons can move through the  semiconductor and
transport energy.

 The excitons does not transport any charge as it is
electrically neutral.

10. What is photo diode?

It is a reverse biased P  N junction diode which responds
to light absorption.

11. What is the basic principle of photo diode?

When light is incident on the depletion region of the
reverse-biased pn junction, the concentration of minority carriers
increases. Therefore, reverse saturation current increases.
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12. What is solar cell?

It is a P  N junction diode which converts solar energy
(light energy) into electrical energy.

13. What is a photo detector?

It is a semiconductor device which is used to detect the
presence of photons. This device is known as photodetector. It
converts optical signals into electrical signals.

14. What are the types of photo detector?

There are three types of Photo-detectors

(i) Photo emissive;      

(ii) Photo conductive

(iii) Photo voltaic

15. What is a photo conductor?

The simplest solid - state photo detector is a piece of photo-
conducting semiconductor. It is also called a photoresistive device.

It is based on the decrease in the resistance of certain
semiconductors when they are exposed to light radiation (both
infrared and visible). Such materials have a high dark resistance
and low resistance on irradiation.

16. What is a photo-voltaic device?

Semiconductor junction photo diodes are called photo-voltaic
devices.

17. What are types of photo-voltaic devices?

There are three the of photo-voltaic devices.

1. PN junction photo detector
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2. PIN photo diode

3. Avalanche Photo Diode (APD)

18. What is LED?

It is a p-n junction diode which emits light when it is
forward biased.

19. What is the basic principle behold LED?

The injection of electrons into the p - region from n- region
makes a direct transition from the conduction band to valence
band. Then, the electrons recombine with holes and emits
photons of energy E

g
.

The forbidden gap energy is given by 

E
g
  h ... (1)

20. What are the advantages of LEDs?

 LEDs are smaller in size. A number of LEDs can be stacked
together in a small space to form numerical display.

 LED’s can be turned ON and OFF in less than 1 nano

second 10
 9

 second). So, they are known as fast devices.

 Variety of LEDs are available which emit light in
different colours like red, green, yellow etc.

 Light modulation can be achieved with pulse supply.

 It has long life time.

 It has low drive voltage and low noise.

 It is easily interfaced to digital logic circuits.

 It can be operated over a wide range of temperatures.
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21. What are the disadvantages of LEDs?

 They require high power.

 Their preparation cost is high when compared to LCD.

22. What are the applications uses of LEDs?

 Because of their miniature size, they are widely used in
numeric and alphanumeric display devices.

 They are used as indicator lamps.

 They are used as light sources in fiber-optic
communication system.

 Infrared LEDs are used in burglar alarms.

 They are used in image sensing circuits used for picture
phone.

23. What is a laser diode?

It is a specially fabricated p - n junction diode. This diode
emits laser light when it is forward - biased.

24. What are the advantages of Laser diodes?

 This laser is very small in size and compact.

 It has high efficiency.

 The laser output can be easily increased by increasing
the junction current.

 It is operated with less power than ruby and CO2 lasers.

 It requires very little additional equipment.

 It emits a continuous wave output or pulsed output.

25. What are the applications of Laser diodes?

 Used in fibre optic communication.
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 Used in various measuring devices such as range finders,
bar-code readers.

 Used in printing industry both as light sources for
scanning images and for resolution printing plate
manufacturing.

 Infrared and red laser diodes are common in CD players,
CD - ROM and DVD technology. Violet lasers are used
in HD - DVD and Blue-ray technology.

 High power laser diodes are used in industrial
applications such as heat treating, cladding, seam
welding and for pumping other lasers.

 Used in laser medicine especially, dentistry.

26. What is an organic light emitting diodes?

Organic light emitting diodes (OLEDs) are solid state
devices made up of thin films of organic molecules that produce
light with the application of electricity.

27. What are advantages of OLED?

 OLED’s are tough enough to use in portable devices such
as cellular phones, digital video cameras, DVD players,
car audio equipment etc.,

 Can be viewed up to 160 degrees.

 High information applications including videos and
graphics (Active matrix)

 OLEDs are paper-thin. 

 Upto 20% to 50% cheaper than LCD processes. 

 They hold the ability to handle streamlined video, which
could revolutionize the display and cellular phone
market.

 Takes less power.
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28. What are drawbacks of OLED?

 The biggest technical problem for OLEDs is the limited
lifetime of the organic materials.

 The intrusion of water into displays can damage or
destroy the organic materials. 

 Color - The reliability of the OLED is still not upto the
mark. After a month of use, the screen becomes
non-uniform. 

29. What are the applications of OLED?

 OLED technology is used in commercial applications such
as small screens for mobile phones and portable digital
audio players (MP3 players), car radios, digital cameras
and high-resolution micro displays for head-mounted
displays.

 They can be used in television screens, computer
displays, advertising, information and indication.

 OLEDs can also be used in light sources for general space
illumination and large-area light-emitting elements.

30. State Quantum confined state effect.

In quantum well structure, with the application of an
electric field, the electron and hole wavefunctions are separated
and pushed towards opposite sides of the well. The reduced
overlap results in corresponding reduction in absorption.

This results in a shift of the absorption spectrum to longer
wave-length (red shift). This shift is known as the quantum
confined Stark effect.

31. What is a quantum dot?

Quantum dots are tiny particles or nanocrystals of a
semiconducting material with diameters in the range of 2 - 10
nanometers (10 - 50 atoms).
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32. What are quantum dot lasers?

They are the new generation semiconductor lasers. They
consist of several million nano-sized crystals called quantum dots
in the active region and they act as light emitters.

33. What are the advantages of quantum dot laser?

 High gain as well as high differential gain due to high
density of states in the discrete levels.

 Low threshold current density J
th

 and large output power

at much lower power consumption.

 Higher modulation frequency for high speed operation
with reduced wavelength shift.

 High temperature stability.

34. What are the drawbacks of QD lasers?

 Fabrication process is complicated leading to
non-homogenous in size and shape of the QDs.

 High material gain but low optical confinement factor
leads to low modal gain.

 There is a carrier leakage out of the QD due to finite
barrier height.

 Strained wells might lead to shift in wavelength.
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PART - B (16 Marks Questions)

 1. Explain scattering of light in solids

 2. Describe absorption and emission of light in metal, insulator
and semiconductor.

 3. Explain carrier generation and recombination in
semiconductor.

 4. Describe excitons with example.

 5. Describe the construction and working of photodiode.

 6. Explain the construction and working of a solar cell.

 7. Describe the construction and working of photodetector.

 8. Explain the construction and working of a LED with energy
bond diagram.

 9. Describe the construction and working of laser diodes. What
are the advantages of these diodes?

10. What is OLED? Explain the basic concept of OLED, types,
advantages, disadvantages and application.

11. Explain quantum-confined stark effect.

12. Explain quantum dot lasers what are their advantages and
applications.
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