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Chapter – 1: Semiconductors 
 

1.1 Introduction to Semiconductors 

 

Introduction 

A semiconductor is a material whose electrical conductivity lies between that of a conductor 

(such as copper and aluminium) and an insulator (such as glass and rubber). Unlike conductors, 

which allow electric current to flow freely, and insulators, which almost completely block the 

flow of current, semiconductors conduct electricity only under certain conditions. Their 

conductivity can be controlled by changing temperature, light intensity, voltage, or by adding 

small amounts of impurities. This unique property makes semiconductors the foundation of 

modern electronic devices. 

The most commonly used semiconductor materials are silicon (Si) and germanium (Ge). Among 

these, silicon is the most widely used because it is abundant, inexpensive, has excellent thermal 

stability, and forms a protective layer of silicon dioxide (SiO₂), which is very useful in 

manufacturing electronic circuits. 

 

Atomic Structure of Semiconductors 

Semiconductor atoms have four valence electrons in their outermost shell. These electrons form 

covalent bonds with neighbouring atoms, creating a stable crystal structure. 

● At absolute zero temperature (0 K), all valence electrons are tightly bound in covalent 

bonds, so no free electrons are available for conduction. Therefore, a semiconductor 

behaves like an insulator. 

● At room temperature, some covalent bonds break due to thermal energy. This releases 

free electrons into the conduction band and leaves behind vacancies called holes in the 

valence band. Both electrons and holes act as charge carriers and contribute to electric 

current. 

 

Energy Band Theory 

The electrical behaviour of semiconductors is explained by energy band theory. There are three 

important energy regions: 

1. Valence Band (VB): Contains electrons involved in covalent bonding. 

2. Conduction Band (CB): Contains free electrons responsible for electrical conduction. 

3. Forbidden Energy Gap (Band Gap): The energy difference between the valence band 

and conduction band. 
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In semiconductors, the band gap is small enough that electrons can move to the conduction band 

with a small amount of energy. 

Typical band gap values are: 

● Silicon (Si): 1.12 eV 

● Germanium (Ge): 0.72 eV 

Charge Carriers: Current in a semiconductor is carried by two types of charge carriers: 

1. Electrons 

● Negatively charged particles. 

● Move through the conduction band. 

● Responsible for most of the current in n-type semiconductors. 

2. Holes 

● Positively charged vacancies created when electrons leave covalent bonds. 

● Move through the valence band as neighbouring electrons fill the vacancies. 

● Responsible for most of the current in p-type semiconductors. 

Thus, current in semiconductors is due to the movement of both electrons and holes. 

 

Types of Semiconductors 

1. Intrinsic Semiconductor 

An intrinsic semiconductor is a pure semiconductor without any added impurities. 

Characteristics: 

● Equal number of electrons and holes. 

● Low electrical conductivity. 

● Conductivity increases with temperature. 

● Examples: Pure silicon and pure germanium. 

2. Extrinsic Semiconductor 

An extrinsic semiconductor is formed by adding controlled impurities to increase conductivity. 

This process is called doping. 

There are two types: 

a) N-type Semiconductor 

● Formed by adding pentavalent impurities such as phosphorus, arsenic, or antimony. 

● Provides extra free electrons. 

● Electrons are the majority carriers. 

● Holes are the minority carriers. 

b) P-type Semiconductor 

● Formed by adding trivalent impurities such as boron, aluminium, gallium, or indium. 

● Creates holes in the crystal. 

● Holes are the majority carriers. 

● Electrons are the minority carriers. 

 



OPTO-ELECTRONICS BY PRADEEP KUMAR DHAL SAMANT, LECTURER STAGE II, BOSE, KATAKA        Page 3 
 

Applications of Semiconductors 

Semiconductors are used in almost every electronic system, including: 

● Diodes for rectification. 

● Transistors for switching and amplification. 

● Integrated Circuits (ICs) used in computers and smartphones. 

● Solar cells for converting sunlight into electricity. 

● LEDs for lighting and displays. 

● Photodiodes and optical sensors. 

● Microprocessors and memory chips. 

● Communication systems. 

● Consumer electronics. 

● Medical and industrial equipment. 

 

Comparison of Conductors, Semiconductors, and Insulators 

Property Conductors Semiconductors Insulators 

Conductivity Very high Moderate Very low 

Examples Copper, Silver Silicon, Germanium Glass, Rubber 

Free electrons Large number Few Almost none 

Band gap 0 eV Small (≈0.7–1.1 eV) Large (>3 eV) 

Temperature effect Resistance increases Conductivity increases Almost no conduction 

 

1.2 Doping 

Doping is the process of adding a very small and controlled amount of impurity atoms to a pure 

(intrinsic) semiconductor, such as silicon (Si) or germanium (Ge), to increase its electrical 

conductivity. Pure semiconductors have very few free charge carriers at room temperature, so 

their conductivity is low. By introducing impurities, the number of free electrons or holes 

increases significantly, making the semiconductor more suitable for electronic applications. The 

amount of impurity added is extremely small—typically one impurity atom for every million to 

hundred million semiconductor atoms.  

 

Need for Doping 

● Increase the electrical conductivity of the semiconductor. 

● Increase the number of free charge carriers (electrons or holes). 

● Control the electrical properties of the material. 

● Produce n-type and p-type semiconductors. 

● Enable the fabrication of electronic devices such as diodes, transistors, LEDs, ICs, and 

solar cells. 

 

Principle of Doping 

Silicon and germanium atoms have four valence electrons and form four covalent bonds with 

neighbouring atoms. 

When impurity atoms are added: 

● Pentavalent impurities (having five valence electrons) donate one extra electron, 

increasing the number of free electrons. 
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● Trivalent impurities (having three valence electrons) create a deficiency of one electron, 

producing a hole. 

Thus, doping increases the number of charge carriers and improves conductivity. 

 

Types of Doping 

1. N-type Doping (Donor Doping) 

N-type doping is obtained by adding pentavalent impurity atoms to a pure semiconductor. 

Examples of pentavalent impurities: Phosphorus (P), Arsenic (As), Antimony (Sb). 

Each impurity atom has five valence electrons. Four electrons form covalent bonds with 

neighbouring silicon atoms, while the fifth electron remains loosely bound and becomes a free 

electron. Hence, current mainly flows due to the movement of electrons. 

2. P-type Doping (Acceptor Doping) 

P-type doping is obtained by adding trivalent impurity atoms to a pure semiconductor. 

Examples of trivalent impurities: Boron (B), Aluminium (Al), Gallium (Ga), Indium (In). 

Each impurity atom has three valence electrons, so it can form only three covalent bonds with 

neighbouring silicon atoms. One bond remains incomplete, creating a hole. Thus, electrical 

conduction mainly occurs due to the movement of holes. 

 

Comparison Between N-type and P-type Semiconductors 

Property N-type Semiconductor P-type Semiconductor 

Doped with Pentavalent impurity Trivalent impurity 

Examples Phosphorus, Arsenic, Antimony Boron, Aluminium, Gallium 

Majority carriers Electrons Holes 

Minority carriers Holes Electrons 

Type of impurity Donor impurity Acceptor impurity 

Conductivity due to Free electrons Holes 

 

1.3 Alloy Semiconductors 

Alloy semiconductors are semiconductor materials formed by combining two or more 

semiconductor elements in suitable proportions to obtain improved electrical and optical 

properties. Unlike pure semiconductors such as silicon (Si) and germanium (Ge), alloy 

semiconductors have properties that can be adjusted by changing the composition of the 

materials.  

Alloy semiconductors are widely used in high-speed communication systems, LEDs, laser diodes, 

solar cells, and microwave devices because they offer better performance than single-element 

semiconductors for many applications. 

 
Need for Alloy Semiconductors 
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Pure semiconductors cannot always satisfy the requirements of modern high-speed and optical 

devices. Alloy semiconductors are developed to: 

● Obtain a desired energy band gap. 

● Improve electrical conductivity. 

● Increase electron mobility, thus used for high speed operation. 

● Improve optical efficiency. 

● Enhance high-frequency performance. 

● Reduce power consumption. 

● Improve device reliability. 

 

Examples of Alloy Semiconductors 

1. Silicon-Germanium (SiGe) 

● Formed by combining silicon and germanium. 

● Used in high-speed integrated circuits and communication devices. 

● Offers higher carrier mobility than pure silicon. 

2. Aluminium Gallium Arsenide (AlGaAs) 

● Formed from aluminium arsenide and gallium arsenide. 

● Used in LEDs and laser diodes. 

● Provides excellent optical properties. 

3. Indium Gallium Arsenide (InGaAs) 

● Used in optical communication systems. 

● Suitable for infrared detectors and high-speed photodetectors. 

4. Gallium Indium Phosphide (GaInP) 

● Used in high-efficiency solar cells. 

● Also used in LEDs and laser devices. 

 

Applications of Alloy Semiconductors 

● High-speed transistors. 

● Integrated Circuits (ICs). 

● LEDs (Light Emitting Diodes). 

● Laser diodes. 

● Optical fiber communication systems. 

● Solar cells. 

● Photodetectors. 

● Microwave communication devices. 

● Satellite communication systems. 

● Mobile and wireless communication equipment. 

 

1.4 Electron–Hole Pair Formation and Recombination 

The electrical conductivity of a semiconductor depends on the presence of free electrons and 

holes, which are known as charge carriers. In a pure semiconductor such as silicon (Si) or 

germanium (Ge), electrons are normally held in place by covalent bonds. At room temperature or 

when energy is supplied in the form of heat or light, some electrons gain enough energy to break 

these covalent bonds. As a result, free electrons and holes are created. This process is called 

electron–hole pair formation. When a free electron later fills a hole, both disappear, and this 
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process is called recombination. These two processes continuously occur in semiconductors and 

determine their electrical behaviour. 

 

Electron–Hole Pair Formation 

Electron–hole pair formation is the process in which a valence electron gains sufficient energy to 

break its covalent bond and move into the conduction band, leaving behind a hole in the valence 

band. The free electron and the hole are created together and are therefore called an electron–

hole pair (EHP). 

Characteristics of Electron–Hole Pair Formation 

● Electrons and holes are generated in equal numbers. 

● Both electrons and holes act as charge carriers. 

● The conductivity of the semiconductor increases due to the increase in charge carriers. 

● The number of electron–hole pairs increases with temperature. 

● Light energy can also generate electron–hole pairs in photoconductive devices. 

 

Carrier Lifetime (τ): It is the average time between the generation of an excess carrier and its 

recombination. The excess carrier concentration decays exponentially with time: Δn(t)=Δn(0)e−t/τ 

where: 

 Δn(t) = Excess carrier concentration at time t 

 Δn(0) = Initial excess carrier concentration 

 τ = Carrier lifetime (in seconds) 

 

Electron–Hole Recombination 

Recombination is the process in which a free electron loses energy and falls into a hole, thereby 

eliminating both the electron and the hole. This process reduces the number of free charge 

carriers in the semiconductor. 

Characteristics of Recombination Process 

1. A free electron moves randomly through the conduction band. 

2. It eventually encounters a hole in the valence band. 

3. The electron loses its excess energy and fills the hole. 

4. The free electron disappears, and the hole is also removed. 

5. The released energy may appear as heat or, in some materials, as light. 

6. It decreases the electrical conductivity of the semiconductor. 

7. It helps to maintain equilibrium in intrinsic semiconductors. 

Thus, both charge carriers are eliminated during recombination. 

 

Generation and Recombination Equilibrium 

In a semiconductor at a constant temperature: 

● New electron–hole pairs are continuously generated. 

● Existing electrons and holes continuously recombine. 

After some time, an equilibrium is reached where: 

Rate of electron–hole pair generation = Rate of recombination 

At this condition, the average number of free electrons and holes remains constant. 

 

Importance of Electron–Hole Pair Formation and Recombination 

● Determines the electrical conductivity of semiconductors. 
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● Essential for the operation of diodes, transistors, and integrated circuits. 

● Plays a major role in solar cells, where sunlight generates electron–hole pairs to produce 

electricity. 

● Forms the working principle of photodiodes and phototransistors. 

● Responsible for light emission in LEDs during electron–hole recombination. 

● Important in semiconductor lasers and optical communication systems. 

 

Difference Between Electron–Hole Pair Formation and Recombination 

Electron–Hole Pair Formation Recombination 

Produces free electrons and holes Eliminates free electrons and holes 

Increases conductivity Decreases conductivity 

Requires external energy (heat or light) Releases energy as heat or light 

Charge carriers increase Charge carriers decrease 

Occurs by breaking covalent bonds Occurs when an electron fills a hole 

 

1.5 Energy Bands in Solids 

The Energy Band Theory explains the electrical behaviour of solids such as conductors, 

semiconductors, and insulators. In an isolated atom, electrons occupy discrete energy levels. 

However, when a large number of atoms come together to form a solid, these energy levels split 

into many closely spaced levels, forming energy bands. The movement of electrons between 

these energy bands determines whether a material behaves as a conductor, semiconductor, or 

insulator.  

An energy band is a range of allowed energy levels occupied by electrons in a solid. The two 

important energy bands are: 

1. Valence Band (VB) 

● The valence band is the highest energy band that contains electrons involved in chemical 

bonding. 

● Electrons in this band are tightly bound to the atoms. 

● They normally do not contribute to electrical conduction. 

● At low temperatures, the valence band is almost completely filled with electrons. 

2. Conduction Band (CB) 

● The conduction band lies above the valence band. 

● Electrons present in this band are free to move throughout the material. 

● These free electrons are responsible for electrical conduction. 

● When electrons gain sufficient energy, they move from the valence band to the 

conduction band. 

3. Forbidden Energy Gap (Band Gap) 

The forbidden energy gap is the energy difference between the valence band and the conduction 

band. 

● It is represented by Eg. 

● No electrons can normally exist within this gap. 

● Electrons must gain energy equal to or greater than the band gap to move into the 

conduction band. 

The size of the band gap determines the electrical conductivity of a material. 
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Energy Band Diagram 

 
 

Energy Bands in Different Materials 

1. Conductors 

● The valence band and conduction band overlap. 

● There is no forbidden energy gap. 

● Electrons move freely from one band to another. 

● Therefore, conductors have very high electrical conductivity. 

Examples: Copper, Silver, Aluminium etc. 

2. Semiconductors 

● A small forbidden energy gap (nearly 1 ev) exists between the valence band and 

conduction band. 

● At room temperature, some electrons gain enough thermal energy to cross the band gap. 

● Both electrons and holes participate in electrical conduction. 

Examples: Silicon, Germanium etc. 

Band Gap Values: Silicon (Si): 1.12 eV, Germanium (Ge): 0.72 eV 

3. Insulators 

● The forbidden energy gap is very large (more than 15 ev). 

● Electrons cannot easily move to the conduction band. 

● Therefore, electrical conduction is almost impossible under normal conditions. 

Examples: Glass, Rubber, Plastic, Mica etc. 

 

Comparison of Conductors, Semiconductors, and Insulators 

Property Conductors Semiconductors Insulators 

Band Gap 0 eV (overlap) Small (0.7–1.2 eV) Large (>3 eV) 

Conductivity Very high Moderate Very low 

Free Electrons Large number Moderate Almost none 

Temperature Effect Resistance increases Conductivity increases Almost no effect 

Examples Copper, Silver Silicon, Germanium Glass, Rubber 
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Chapter – 2: Optical Processes in Semiconductors 

 
2.1 Absorption in Semiconductors 

Absorption in semiconductors is the process by which a semiconductor material absorbs the 

energy of incident light (photons). When light falls on a semiconductor, photons with sufficient 

energy transfer their energy to the electrons in the valence band. These electrons gain energy and 

move to the conduction band, leaving behind holes in the valence band. This process creates 

electron–hole pairs, which increase the electrical conductivity of the semiconductor. 

Optical absorption is one of the most important optical processes in semiconductors because it 

forms the basis of devices such as photodiodes, solar cells, phototransistors, optical sensors, and 

CCD image sensors. 

 
Principle of Absorption 

The absorption of light depends on the energy of the incident photon and the band gap energy 

(Eg) of the semiconductor. 

● If the photon energy (hν) is greater than or equal to the band gap energy (Eg), the photon 

is absorbed. 

● The absorbed energy excites an electron from the valence band to the conduction band. 

● A hole is left behind in the valence band. 

● Thus, an electron–hole pair is generated. The generated electron–hole pair contributes to 

electrical conduction. 

If the photon energy is less than the band gap energy, the photon passes through the 

semiconductor without being absorbed. 

Mathematically, Photon Energy (hν) ≥ Band Gap Energy (Eg) 

where: 

● h = Planck's constant 

● ν = Frequency of incident light 

● Eg = Band gap energy 

Types of Absorption 

1. Intrinsic Absorption 

● Occurs in pure (intrinsic) semiconductors. 

● Electrons move directly from the valence band to the conduction band. 

● Requires photon energy greater than or equal to the band gap. 

2. Extrinsic Absorption 

● Occurs in doped semiconductors. 

● Impurity atoms introduce additional energy levels inside the band gap. 

● Electrons require less energy to move into the conduction band. 

● Common in infrared detectors. 
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Factors Affecting Absorption 

1. Band Gap Energy 

● Smaller band gap → Higher absorption for lower-energy photons. 

● Larger band gap → Only high-energy photons are absorbed. 

2. Wavelength of Light 

● Shorter wavelengths have higher photon energy and are more easily absorbed. 

● Longer wavelengths may not have sufficient energy. 

3. Material Used 

● Different semiconductors have different absorption characteristics. 

● Silicon, germanium, and gallium arsenide absorb different wavelength ranges. 

4. Temperature 

● Increasing temperature slightly reduces the band gap. 

● This allows absorption of lower-energy photons. 

5. Thickness of Semiconductor 

● Thicker materials absorb more light than thinner materials. 

 

Absorption Coefficient 

The absorption coefficient (α) indicates how strongly a semiconductor absorbs light. 

● High absorption coefficient → Light is absorbed quickly. 

● Low absorption coefficient → Light penetrates deeper before being absorbed. 

The absorption coefficient depends on wavelength, material, temperature and band gap. 

 

Importance of Absorption 

Absorption is essential because it: 

● Produces electron–hole pairs. 

● Converts light energy into electrical energy. 

● Forms the basis of photo detection. 

● Enables photovoltaic energy conversion. 

● Supports optical communication systems. 

 

2.1.1 Indirect Intrinsic Transitions 

An indirect intrinsic transition is an optical absorption process that occurs in indirect band gap 

semiconductors, such as silicon (Si) and germanium (Ge). In this process, an electron moves from 

the valence band to the conduction band by absorbing a photon. However, because the minimum 

of the conduction band and the maximum of the valence band occur at different momentum 

values, the electron cannot make the transition by absorbing a photon alone. A phonon (a 

quantum of lattice vibration) is also required to conserve momentum. 

Indirect intrinsic transitions are called intrinsic because they occur in pure (undoped) 

semiconductors. 

 

Working Principle 

The process takes place as follows: 

1. Light falls on the semiconductor. 

2. The semiconductor absorbs a photon. 

3. The electron gains energy but still requires a change in momentum. The photon provides 

the required energy. 
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4. A phonon is absorbed or emitted to provide the required momentum. The phonon 

provides the required momentum. 

5. The electron moves from the valence band to the conduction band. 

6. A hole is left in the valence band, forming an electron–hole pair. 

Examples: Indirect intrinsic transitions occur in Silicon (Si) and Germanium (Ge). 

These materials are widely used in electronic devices because of their excellent electrical 

properties, although they are less efficient for light emission. 

 

Energy Band Representation 

 
Advantages 

● Enables optical absorption in indirect band gap semiconductors. 

● Generates electron–hole pairs for electrical conduction. 

● Essential for the operation of silicon-based photodetectors and solar cells. 

● Widely used in semiconductor electronics. 

 

Applications 

Indirect intrinsic transitions are important in: 

● Silicon solar cells. 

● Silicon photodiodes. 

● Optical detectors. 

● Integrated circuits. 

● Semiconductor sensors. 

● Electronic devices based on silicon and germanium. 

 

2.1.2 Exciton Absorption  

When light falls on a semiconductor, the energy of the incoming photons can excite electrons 

from the valence band to the conduction band. Normally, the excited electron and the hole left 

behind move independently. However, in some cases, the electron and hole remain attracted to 

each other by the Coulomb (electrostatic) force and form a bound state called an exciton. An 

exciton is a neutral quasiparticle consisting of one electron in the conduction band and one 

hole in the valence band. The absorption of light that leads to the formation of an exciton is 

known as exciton absorption. 

Exciton absorption is the optical absorption process in which a semiconductor absorbs a 

photon and creates an exciton instead of producing completely free charge carriers. This 
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absorption occurs at energy slightly lower than the semiconductor band-gap energy because a 

small amount of energy (called the binding energy) keeps the electron and hole bound together. 

 

Energy Band Diagram 

 
Characteristics of Exciton Absorption 

● Occurs near the band edge. 

● Produces sharp absorption peaks. 

● More visible at low temperatures. 

● Excitons are electrically neutral. 

● They transport energy but not electric charge. 

● Highly sensitive to crystal quality. 

 

Advantages 

● Enhances light absorption near the band edge. 

● Improves the efficiency of LEDs and laser diodes. 

● Useful in designing high-performance photodetectors. 

 

Applications 

● LED technology 

● Laser diodes 

● Solar cells 

● Optical sensors 

● Photodetectors 

● Semiconductor spectroscopy 

● Optoelectronic devices 

 

2.2 Donor, Acceptor and Impurity Band Absorption  

Optical absorption in semiconductors is not limited to transitions between the valence band (VB) 

and conduction band (CB). When impurities (dopants) are added to a semiconductor, they create 

energy levels inside the forbidden energy gap (band gap). Light can then be absorbed by causing 

electrons to move between these impurity levels and the energy bands. This process is called 

impurity absorption. 
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1. Donor Absorption 

Donor absorption is the absorption of light that excites an electron from the donor energy level to 

the conduction band. A donor impurity (such as phosphorus or arsenic in silicon) introduces an 

energy level slightly below the conduction band. At low temperatures, electrons remain in the 

donor level. When a photon with suitable energy is absorbed, the electron gains energy and 

moves into the conduction band. 

 

Energy Band Diagram 

 
Characteristics 

● Occurs mainly in n-type semiconductors. 

● Requires small photon energy because the donor level is close to the conduction band. 

● Increases electrical conductivity. 

 

2. Acceptor Absorption 

Acceptor absorption is the absorption of light that excites an electron from the valence band to 

the acceptor energy level. An acceptor impurity (such as boron in silicon) creates an energy level 

slightly above the valence band. When light is absorbed, an electron moves from the valence 

band to the acceptor level. This leaves behind a free hole in the valence band. 

 

Energy Band Diagram 
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Characteristics 

● Occurs mainly in p-type semiconductors. 

● Requires low photon energy. 

● Increases hole concentration. 

 

3. Impurity Band Absorption 

When the concentration of donor or acceptor atoms becomes very high, the individual impurity 

levels overlap and form a continuous impurity band inside the band gap. Optical absorption 

involving this impurity band is called impurity band absorption. At low impurity concentration, 

donor and acceptor atoms produce isolated energy levels. At high impurity concentration, these 

levels merge into an impurity band. Electrons can move from the impurity band to the conduction 

band and from the valence band to the impurity band. 

 

Energy Band Diagram 

 
Characteristics 

● Found in heavily doped semiconductors. 

● Requires lower photon energy than band-to-band absorption. 

● Increases optical absorption. 

 

Applications 

● Infrared photodetectors 

● Optical sensors 

● Semiconductor lasers 

● Solar cells 

● Electronic and optoelectronic devices 

 

Advantages 

● Enables absorption of low-energy photons. 

● Improves the sensitivity of semiconductor devices. 

● Useful in infrared detection. 

● Enhances the performance of photodetectors and solar cells. 

 

Remember: 

Donor → Donates electron → Electron moves to the Conduction Band (CB). 

Acceptor → Accepts electron → Electron moves from the Valence Band (VB). 

Heavy doping → Impurity levels merge → Impurity Band forms. 
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2.3 Effect of Electric Field on Absorption (Electro-Absorption) 

The effect of an electric field on absorption refers to the change in the optical absorption 

properties of a semiconductor when an external electric field is applied. The electric field 

modifies the energy levels of electrons and holes, causing a change in the absorption coefficient 

and shifting the absorption edge. This phenomenon is called electro-absorption.  

 

Working Principle 

A semiconductor is placed in an external electric field. The electric field distorts the energy 

bands. Electrons require slightly less energy to move to the conduction band. Light with lower 

energy can now be absorbed. As a result, the optical absorption coefficient changes.  

 

Energy Band Diagram 

 

(a) Without Electric Field    (b) With Electric Field 

                             
The tilted bands indicate the influence of the applied electric field. 

 

Effects of Electric Field 

● Changes the absorption coefficient. 

● Shifts the absorption edge. 

● Reduces the effective band gap. 

● Increases carrier generation. 

● Improves sensitivity of photodetectors. 

● Enables fast optical switching. 

 

Applications: It is used in electro-optic modulators, optical communication systems, 

photodetectors, laser diodes, optical switches, high-speed communication systems and optical 

sensors 

 

Advantages 

● Fast response time. 

● Low power consumption. 

● High-speed modulation of light. 

● Improves performance of optoelectronic devices. 

● Enables compact integrated optical circuits. 
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2.4 Radiation in Semiconductors  

Radiation in semiconductors is the process in which energy is emitted from a semiconductor in 

the form of electromagnetic waves (photons/light) when excited electrons return from the 

conduction band (CB) to the valence band (VB). 

 

When a semiconductor absorbs electrical or optical energy, electrons are excited from the valence 

band to the conduction band, leaving holes in the valence band. As these electrons return to lower 

energy states, they release energy and recombines with holes. This released energy may be 

emitted as light (radiative recombination) or as heat (non-radiative recombination). 

 

Radiation in semiconductors is the basic operating principle of LEDs, laser diodes, and 

semiconductor light sources. 

 

Energy Band Diagram 

 
 

Types of Radiation in Semiconductors 

1. Radiative Recombination 

Radiative recombination is the process in which an electron recombines with a hole and releases 

its energy in the form of a photon (light). Examples - Gallium Arsenide (GaAs), Gallium Nitride 

(GaN), Indium Phosphide (InP) 

Characteristics 

● Produces visible or infrared light. 

● Highly efficient in direct band-gap semiconductors. 

● Used in LEDs and laser diodes. 

 

2. Non-Radiative Recombination 

In non-radiative recombination, the electron-hole pair recombines without emitting light. The 

energy is released as heat or transferred to lattice vibrations (phonons). Example - Silicon (Si), 

Germanium (Ge). 

Characteristics 

● No light emission. 

● Common in indirect band-gap semiconductors. 

● Reduces the efficiency of light-emitting devices. 
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Direct and Indirect Band-Gap Semiconductors 

Direct Band-Gap Semiconductor: Electron recombines directly with the hole and emits a 

photon efficiently. It is a good light emitter. It is used in LEDs and lasers. Examples: GaAs, 

GaN, InP 

Indirect Band-Gap Semiconductor: Recombination requires the participation of a phonon. 

Most energy is released as heat. It is a poor light emitter. Examples: Silicon (Si), Germanium 

(Ge) 

 

Factors Affecting Radiation 

● Band-gap energy 

● Semiconductor material 

● Temperature 

● Impurity concentration 

● Carrier concentration 

● Crystal quality 

 

2.4.1 Relation between Absorption and Emission Spectra  

In semiconductors, absorption and emission are two opposite optical processes. Absorption 

occurs when a semiconductor absorbs photons and electrons move from the valence band (VB) to 

the conduction band (CB). Emission occurs when excited electrons return from the conduction 

band to the valence band and release energy as photons. The absorption spectrum is a graph 

showing how much light of different wavelengths or frequencies is absorbed by a semiconductor. 

The emission spectrum is a graph showing the light emitted by a semiconductor when excited 

electrons return to lower energy levels. 

 

Relationship 

1. Same Energy Levels: Both involve transitions between conduction band and valence band. 

2. Opposite Processes: Absorption: Photon energy is absorbed. Emission: Photon energy is 

released. 

3. Band-Gap Dependence: The photon energy in both processes is approximately equal to the 

band-gap energy: Photon Energy (E) = Band Gap (Eg) = hν = hc/λ 

4. Similar Spectral Position: The emission peak usually appears close to the absorption edge. 

In practice, the emission wavelength is often slightly longer due to energy losses (Stokes shift). 

 

Energy Band Diagram 
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Factors Affecting Both Spectra 

● Band-gap energy 

● Temperature 

● Impurity concentration 

● Crystal quality 

● External electric field 

● Semiconductor material 

 

2.4.2 Near Band-Gap Radiative Transitions  

Near band-gap radiative transitions are optical transitions in which an electron recombines with a 

hole near the band-gap energy (Eg) of a semiconductor and emits a photon (light). These 

transitions are called radiative because the recombination releases energy in the form of 

electromagnetic radiation (photons). They are responsible for light emission in LEDs, laser 

diodes, and other optoelectronic devices. 

 

The energy of the emitted photon or photon energy is approximately: Ephoton ≈  Eg  

where: Eg = Band-gap energy 

 

Working Principle 

External energy (electrical or optical) excites electrons from the valence band to the conduction 

band. Holes are created in the valence band. The excited electrons lose excess energy and move 

near the bottom of the conduction band. Electrons recombine with holes near the band edge. The 

released energy is emitted as a photon. 

 

Energy Band Diagram 

 
 

Characteristics 

● Photon energy is nearly equal to the band-gap energy. 

● Produces visible, infrared, or ultraviolet light depending on the semiconductor. 

● Highly efficient in direct band-gap semiconductors. 

● Used in LEDs, laser diodes, optical communication systems, semiconductor lasers, and 

optical sensors. 
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Chapter 3: Optoelectronic Detectors 
 

3.1 Photoconductors 

A photoconductor is an optoelectronic device whose electrical conductivity increases when light 

falls on it. It works on the principle of photoconductivity, where incident light generates electron-

hole pairs, increasing the number of charge carriers and reducing the electrical resistance of the 

semiconductor. Photoconductors are widely used for detecting light in automatic lighting 

systems, optical sensors, burglar alarms, cameras, and industrial control systems. 

 

Working Principle 

A voltage is applied across the photoconductor. In darkness, very few free charge carriers are 

available, so only a small current flows because of high resistance. When light falls on the 

semiconductor, photons generate electron-hole pairs. The conductivity increases due to more free 

charge carriers. A larger current flows through the circuit. The output current is proportional to 

the intensity of the incident light. 

 

Energy Band Diagram 

                                 
Construction 

A photoconductor consists of a semiconductor material (such as Cadmium Sulphide (CdS) or 

Cadmium Selenide (CdSe), Lead Sulphide (PbS), Lead Selenide (PbSe), Silicon (Si)), two metal 

electrodes, an insulating substrate and a transparent cover to allow light to reach the 

semiconductor. 

 

Advantages 

● Simple and inexpensive. 

● High sensitivity. 

● Easy to manufacture. 

● Long operating life. 

● Suitable for detecting low levels of light. 

 

Disadvantages 

● Slower response than photodiodes. 
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● Requires an external voltage source. 

● Performance changes with temperature. 

● Less suitable for high-speed communication. 

 

Applications 

● Automatic street lights 

● Light meters 

● Camera exposure control 

● Burglar alarm systems 

● Smoke detectors 

● Industrial automation 

● Optical sensors 

● Flame detectors 

 

3.2 Junction Photodiodes  

A junction photodiode is a reverse biased P-N junction semiconductor device that detects light by 

converting incident photons or light energy into electrical current. It works on the internal 

photoelectric effect.  

 

When light falls on the depletion region of the PN junction, electron-hole pairs are generated. The 

electric field in the depletion region separates these charge carriers, producing a photocurrent. 

The photocurrent is directly proportional to the intensity of the incident light.  

 

Energy Band Diagram 

 
Types of Photodiodes 

1. PN Junction Photodiode 

● Basic photodiode. 

● Moderate speed and sensitivity. 

2. PIN Photodiode 

● Contains an intrinsic (I) layer between P and N regions. 

● Higher sensitivity. 

● Faster response than PN photodiodes. 
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3. Avalanche Photodiode (APD) 

● Operates at high reverse voltage. 

● Provides internal current amplification. 

● Very high sensitivity. 

 

Advantages 

● High-speed operation. 

● Small size. 

● Long operating life. 

● Low power consumption. 

● Reliable and stable performance. 

● Good sensitivity. 

 

Disadvantages 

● Requires reverse-bias voltage. 

● Sensitive to temperature changes. 

● Lower output current compared to photoconductors. 

● Output current is very small and may require amplification. 

 

Applications 

● Optical fiber communication 

● Barcode scanners 

● Medical equipment 

● Optical sensors 

● Automatic lighting systems 

● Smoke detectors 

● Remote control receivers 

● Camera light sensors 

 

3.3 PIN Photodiodes  

A PIN photodiode is a special type of photodiode that consists of three semiconductor layers: P-

type, Intrinsic (I-type), and N-type. It is a reverse-biased semiconductor photodetector which 

converts incident light into electrical current. Compared to a PN junction photodiode, the PIN 

photodiode has a wider depletion region, making it more sensitive to light, faster in response, and 

suitable for high-speed optical communication. 

 

Principle of Operation 

A PIN photodiode works on the internal photoelectric effect. The PIN photodiode is connected in 

reverse biased. The intrinsic layer is a pure, undoped semiconductor placed between the P and N 

regions. The intrinsic layer increases the width of the depletion region, allowing more photons to 

be absorbed. 

In darkness, only a very small dark current flows. When light with energy greater than or 

equal to the band-gap energy (Eg) falls on the intrinsic region, Photons are absorbed and electron-

hole pairs are generated. The reverse electric field separates the electrons and holes. Electrons 

move toward the N-region, and holes move toward the P-region. A photocurrent flows through 

the external circuit. The photocurrent is directly proportional to the intensity of the incident light. 
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Structure Diagram 

 
Advantages 

● Faster than PN photodiodes. 

● High sensitivity. 

● Suitable for high-frequency signals. 

● Low capacitance. 

● Wide bandwidth. 

● Reliable operation. 

● Good linearity. 

 

Disadvantages 

● Requires reverse-bias voltage. 

● Higher cost than PN photodiodes. 

● Small dark current is present. 

● Output current may require amplification. 

 

Applications 

● Optical fiber communication 

● High-speed data transmission 

● Laser communication systems 

● Medical instruments 

● Optical sensors 

● Barcode scanners 

● Optical receivers 

● Industrial automation 
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3.4 Heterojunction Diodes  

A heterojunction diode is a semiconductor diode formed by joining two different semiconductor 

materials having different band-gap energies and electron affinities. Unlike a homojunction 

diode, where both sides are made of the same semiconductor (such as silicon-silicon), a 

heterojunction diode uses different materials (such as Gallium Arsenide (GaAs) and Aluminium 

Gallium Arsenide (AlGaAs), Indium Phosphide (InP) / Indium Gallium Arsenide (InGaAs), 

Silicon (Si) / Germanium (Ge)). 

 

Because of their superior electrical and optical properties, heterojunction diodes are widely used 

in high-speed photodetectors, LEDs, laser diodes, solar cells, and optical communication systems. 

 

Principle of Operation 

A heterojunction diode works on the internal photoelectric effect. The diode is usually operated 

in reverse bias. When light falls on the junction, photons are absorbed and electron-hole pairs are 

generated near the heterojunction. The built-in electric field separates the charge carriers. The 

charge carriers move toward opposite terminals and a photocurrent flows through the external 

circuit. The output current increases with light intensity. 

 

Because the two semiconductor materials have different band gaps, carrier movement is more 

efficient, leading to improved sensitivity and speed. 

 

Structure Diagram 

 
Advantages 

● Higher efficiency than homojunction diodes. 

● Faster carrier transport. 

● Better light absorption. 

● Lower recombination losses. 

● High-speed operation. 
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● High reliability. 

● Suitable for optical communication. 

 

Disadvantages 

● Complex fabrication process. 

● Higher manufacturing cost. 

● Requires high-quality crystal growth. 

● Different materials must be carefully matched. 

 

Applications 

● Optical fiber communication 

● High-speed photodetectors 

● LEDs 

● Laser diodes 

● Solar cells 

● Optical sensors 

● Satellite communication 

● Medical optical instruments 

 

3.5 Avalanche Photodiodes (APD)  

An Avalanche Photodiode (APD) is a highly sensitive semiconductor photodetector that converts 

light into electrical current. It operates under high reverse-bias voltage and uses the avalanche 

multiplication process to amplify the photocurrent internally. An Avalanche Photodiode consists 

of a P-type semiconductor, Intrinsic (I) or multiplication region and a N-type semiconductor. 

Compared to a PIN photodiode, an APD provides higher sensitivity because a single photon can 

generate many charge carriers through impact ionization.  

 

Structure Diagram 
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Principle of Operation 

An APD works on the principles of: 

1. Internal Photoelectric Effect 

2. Impact Ionization (Avalanche Multiplication) 

 

When light falls on the depletion region, photons generate electron-hole pairs. Due to the high 

reverse voltage, these charge carriers accelerate rapidly. The fast-moving electrons collide with 

semiconductor atoms, creating additional electron-hole pairs. This chain reaction is called 

avalanche multiplication. As a result, a large photocurrent is produced. 

 

Advantages 

● Very high sensitivity. 

● Internal signal amplification. 

● Fast response. 

● Excellent performance for weak light detection. 

● Suitable for long-distance optical communication. 

● High quantum efficiency. 

 

Disadvantages 

● Requires a high reverse-bias voltage. 

● More expensive than PIN photodiodes. 

● Sensitive to temperature changes. 

● Generates higher noise due to avalanche multiplication. 

● Requires precise bias control. 

 

Applications 

● Optical fiber communication 

● LiDAR (Light Detection and Ranging) 

● Laser range finders 

● Medical imaging equipment 

● Optical receivers 

● Night vision systems 

● Scientific instruments 

● Satellite communication 

 

3.6 Phototransistors  

A phototransistor is a light-sensitive semiconductor device that converts light into an electrical 

signal. It is similar to a normal bipolar junction transistor (BJT), but instead of using a large base 

current, it uses incident light to control the collector current. A phototransistor is more sensitive 

than a photodiode because it provides current amplification. 

 

Principle of Operation 

A phototransistor works on the internal photoelectric effect. The phototransistor is connected in 

reverse bias between the collector and base junction. When photons with energy greater than or 

equal to the band-gap energy (Eg) fall on the base-collector junction, electron-hole pairs are 

generated. These carriers produce a small photocurrent, which acts as the base current. The 
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transistor amplifies this current. A much larger collector current flows through the circuit. Thus, 

even a small amount of light can produce a large output current.  

 

Structure Diagram 

 
Advantages 

● High sensitivity to light. 

● Current amplification. 

● Simple circuit design. 

● Low cost. 

● Good output signal. 

● Suitable for detecting weak light. 

 

Disadvantages 

● Slower response than photodiodes. 

● Sensitive to temperature changes. 

● Limited high-frequency performance. 

● Higher dark current than photodiodes. 

 

Applications 

● Automatic street lights 

● Smoke detectors 

● Object detection systems 

● Optical switches 

● Barcode readers 

● Infrared receivers 

● Security systems 

● Industrial automation 
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3.7 Modulated Barrier Photodiode (MBP) 

A Modulated Barrier Photodiode (MBP) is a special type of photodetector in which the potential 

barrier of a semiconductor is controlled (modulated) by incident light. The change in the barrier 

height causes a change in the output current which is proportional to the light falling on the 

device. A typical MBP consists of a semiconductor layer, barrier (Schottky or heterojunction) 

region, ohmic contact, metal contact and a transparent window for light entry. 

 

Structure Diagram 

 
Principle of Operation 

The MBP works on the modulation of the barrier potential. When light falls on the 

semiconductor, photons generate electron-hole pairs. These carriers reduce or modify the barrier 

height. The lowered barrier allows more charge carriers to cross the junction. As a result, the 

output current increases. The output current is directly proportional to the intensity of the incident 

light. 

 

Energy Band Diagram  
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Advantages 

● High photo-detection efficiency. 

● Low dark current. 

● Fast switching speed. 

● High signal-to-noise ratio. 

● Better sensitivity than ordinary photodiodes. 

● Stable operation. 

 

Disadvantages 

● Complex fabrication. 

● Higher manufacturing cost. 

● Performance depends on material quality. 

● Limited commercial availability compared to PIN and APD photodiodes. 

 

Applications 

● Optical fiber communication 

● Optical sensors 

● Scientific instruments 

● Imaging systems 

● High-speed optical receivers 

● Industrial automation 

● Laser detection systems 

 

3.8 Metal–Semiconductor–Metal (MSM) Photodiode 

A Metal–Semiconductor–Metal (MSM) photodiode is a high-speed photodetector in which two 

metal electrodes are deposited on the surface of a semiconductor, forming two Schottky (metal–

semiconductor) junctions. It converts incident light into electrical current and is known for its 

high-speed operation. 

Unlike a PN or PIN photodiode, the MSM photodiode has two metal contacts separated 

by a small gap. When light falls on the semiconductor between the electrodes, electron-hole pairs 

are generated, producing a photocurrent. 

 

Construction 

An MSM photodiode consists of two metal electrodes (Schottky contacts), semiconductor 

substrate (usually Silicon (Si) or Gallium Arsenide (GaAs)), small gap between the electrodes 

and a transparent surface for light entry. 
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Principle of Operation 

The MSM photodiode works on the internal photoelectric effect. When light with energy greater 

than or equal to the band-gap energy (Eg) falls on the semiconductor, electron-hole pairs are 

generated. An applied electric field separates the electrons and holes. The charge carriers move 

toward opposite metal contacts. A photocurrent flows through the external circuit. The 

photocurrent is directly proportional to the intensity of the incident light. 

 

Advantages 

● Very high-speed operation. 

● Low capacitance. 

● Simple fabrication process. 

● Compact structure. 

● High bandwidth. 

● Compatible with integrated circuits. 

 

Disadvantages 

● Higher dark current than PIN photodiodes. 

● Lower quantum efficiency. 

● Requires external bias. 

● Less sensitive than Avalanche Photodiodes (APDs). 

 

Applications 

● Optical fiber communication 

● High-speed optical receivers 

● Optical switching 

● Optical sensors 

● High-speed data transmission 

● Integrated optoelectronic circuits 

● Laser communication systems 
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Chapter – 4: Photovoltaic Devices 
 

4.1 Solar Energy Spectrum 

The solar energy spectrum is the distribution of the Sun's electromagnetic radiation over different 

wavelengths. It represents the amount of solar energy available at each wavelength, ranging from 

ultraviolet (UV) rays to visible light and infrared (IR) radiation. This spectrum is the primary 

source of energy used by photovoltaic (solar cell) devices to generate electricity. Solar energy is 

one of the most abundant and renewable energy sources available on Earth.  

 

Electromagnetic Spectrum of Solar Radiation 

The Sun emits radiation over a broad range of wavelengths. 

 
1. Ultraviolet (UV) Radiation 

● Has the shortest wavelength (100 nm to 400 nm) and highest photon energy. 

● Makes up approximately 7% of the total solar energy. 

● Much of the UV radiation is absorbed by the Earth's ozone layer. 

● High-energy UV photons can damage photovoltaic materials over time. 

2. Visible Radiation 

● Covers wavelengths from 400 nm to 700 nm. 

● Accounts for approximately 43% of solar energy. 

● This is the portion visible to the human eye. 

● Most photovoltaic cells absorb visible light very efficiently, making it the most useful part 

of the solar spectrum. 

3. Infrared (IR) Radiation 

● Covers wavelengths from 700 nm to about 1 mm. 

● Contributes nearly 50% of the solar energy reaching Earth. 

● Lower-energy infrared photons mainly produce heat. 

● Some infrared photons have insufficient energy to generate electron-hole pairs in silicon 

solar cells. 

 

Interaction of Solar Radiation with the Atmosphere 

As sunlight passes through the Earth's atmosphere, several processes occur: 

Absorption 

Atmospheric gases such as ozone, oxygen, carbon dioxide, and water vapor absorb certain 

wavelengths of sunlight. 
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Scattering 

Dust particles, water droplets, and air molecules scatter sunlight, reducing its intensity before it 

reaches the Earth. 

Reflection 

Clouds and atmospheric particles reflect a portion of the incoming solar radiation back into space. 

As a result, only about 70–75% of the Sun's energy reaches the Earth's surface under clear 

weather conditions. 

 

Importance of Solar Spectrum in Photovoltaic Devices 

The solar spectrum plays a crucial role in determining the efficiency of solar cells. 

● Solar cells convert light into electricity by absorbing photons. 

● Only photons having energy greater than the semiconductor band gap can create electron-

hole pairs. 

● Photons with energy lower than the band gap pass through the material without generating 

electricity. 

● Excess photon energy above the band gap is converted into heat, reducing efficiency. 

● Different semiconductor materials are selected based on how well they match the solar 

spectrum. 

● Silicon is the most commonly used photovoltaic material because its band gap of 1.12 eV 

matches a large portion of the visible and near-infrared spectrum. Silicon solar cells 

convert approximately 15–25% of incident sunlight into electrical energy in commercial 

modules. 

 

4.2 Device Principles 

The device principle of a photovoltaic device is based on the photovoltaic effect, where sunlight 

is converted directly into electrical energy using a semiconductor p-n junction. When photons are 

absorbed, electron-hole pairs are generated and separated by the built-in electric field, producing 

a flow of electric current through an external circuit. Photovoltaic devices are usually made from 

silicon that generates electricity without any moving parts or external fuel. 

 

Construction of a Photovoltaic Device 
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A typical photovoltaic device consists of the following components: 

1. P-type Semiconductor Layer 

● Formed by doping silicon with trivalent impurities such as boron. 

2. N-type Semiconductor Layer 

● Formed by doping silicon with pentavalent impurities such as phosphorus. 

3. P-N Junction 

● Formed where the P-type and N-type layers meet. 

● Creates a depletion region with a built-in electric field. 

● Responsible for separating electrons and holes. 

4. Front Metal Contact 

● Collects electrons generated inside the solar cell. 

● Designed as thin metal grid lines to allow maximum sunlight to enter. 

5. Back Metal Contact 

● Completes the electrical circuit. 

● Collects holes and provides external connection. 

6. Anti-Reflection Coating 

● Reduces reflection losses. 

● Increases the amount of sunlight absorbed by the cell. 

7. Protective Glass Cover 

● Protects the solar cell from dust, moisture, and mechanical damage. 

● Allows sunlight to pass with minimal loss. 

 

Working Principle of a Photovoltaic Device 

 
The operation of a photovoltaic device can be explained in the following steps: 

Step 1: Absorption of Sunlight 

When sunlight falls on the surface of the solar cell, photons enter the semiconductor material. If 

the photon energy is greater than or equal to the band gap energy, the photons are absorbed. 

Step 2: Generation of Electron-Hole Pairs 

The absorbed photon transfers its energy to an electron. The electron gains sufficient energy to 

move from the valence band to the conduction band, leaving behind a hole. Thus, an electron-

hole pair is generated. 

Step 3: Separation of Charge Carriers 

The built-in electric field in the depletion region separates the generated carriers. 
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● Electrons move toward the N-region. 

● Holes move toward the P-region. 

This separation prevents recombination. 

Step 4: Collection of Charge Carriers 

The separated electrons and holes are collected by the metal contacts. The front contact collects 

electrons while the back contact collects holes. 

Step 5: Flow of Electric Current 

When an external load is connected, electrons flow through the external circuit from the N-side to 

the P-side. This flow of electrons produces direct current (DC) electricity, which can power 

electrical devices. 

 
(Symbol of Photovoltaic Cell) 

 

Advantages of Photovoltaic Devices 

● Generate clean and renewable energy. 

● No fuel is required. 

● Environment-friendly and pollution-free. 

● Low maintenance. 

● Long service life. 

● Reliable and durable. 

● Suitable for remote and off-grid locations. 

● Can be installed on rooftops and open fields. 

● Reduce dependence on fossil fuels. 

 

Limitations of Photovoltaic Devices 

● High initial installation cost. 

● Dependence on sunlight availability. 

● Energy storage (batteries) may be required for night-time use. 

● Efficiency decreases with increasing temperature. 

 

Applications of Photovoltaic Devices 

● Residential rooftop solar systems. 

● Commercial and industrial solar power plants. 

● Street lighting. 

● Solar-powered water pumps. 

● Traffic signals. 

● Calculators and watches. 

● Satellites and spacecraft. 

● Remote communication systems. 

● Portable electronic devices. 

● Rural electrification. 
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4.3 I–V Characteristics of Photovoltaic Devices 

The I–V (Current–Voltage) characteristics of a photovoltaic (PV) device describe the relationship 

between the output current (I) and the output voltage (V) of a solar cell under a given level of 

sunlight and temperature. The I–V curve is one of the most important characteristics used to 

evaluate the performance and efficiency of a solar cell. 

The shape of the I–V curve helps to determine important parameters such as short-circuits 

current (ISC), open-circuit voltage (VOC), maximum power point (MPP), fill factor (FF), 

and conversion efficiency (η). 

 
Where: 

● ISC = Short-Circuit Current 

● VOC = Open-Circuit Voltage 

● MPP = Maximum Power Point 

1. Short-Circuit Current (ISC) - It is the maximum current produced by the solar cell when the 

output terminals are shorted. It increases with increasing solar radiation. 

2. Open-Circuit Voltage (VOC) - It is the maximum voltage produced when no load is 

connected. It depends on semiconductor material and temperature. It decreases as temperature 

increases. 

3. Maximum Power Point (MPP) – It is the operating point where the product of voltage and 

current is maximum. Solar cells operate most efficiently at the MPP. At this point,  

Maximum Power (Pmax) = Vm × Im 

Where,  

● Vm = Voltage at maximum power   

● Im = Current at maximum power 

4. Fill Factor (FF) – It is the ratio of the maximum power delivered by the solar cell to the 

product of the open-circuit voltage and short-circuit current. FF Indicates the quality of the solar 

cell. 

FF = (Vm X Im)  / (Voc  X  Isc) 

Where,  

● Vm = Voltage at maximum power 

● Im = Current at maximum power 

● Voc = Open-circuit voltage 

● Isc = Short-circuit current 

Higher FF means better performance. Typical value of FF for silicon solar cells is 0.70–0.85. 

5. Conversion Efficiency (η) – It is the percentage of incident solar energy converted into 

electrical energy. Higher efficiency indicates better energy conversion. 

η = Pout / Pin  X 100% 
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Where, 

● Pout = Electrical output power 

● Pin = Incident solar power 

 

Effect of Sunlight Intensity on I–V Characteristics 

When sunlight intensity increases: 

● Short-circuit current increases significantly. 

● Maximum power increases. 

● Open-circuit voltage increases slightly. 

● Overall efficiency improves. 

 

Effect of Temperature on I–V Characteristics 

As temperature increases: 

● Open-circuit voltage decreases. 

● Efficiency decreases. 

● Maximum power decreases. 

● Short-circuit current increases slightly. 

Therefore, solar cells perform better at lower temperatures. 

 

Power–Voltage (P–V) Characteristics 

The power produced by the solar cell is: P = V X I 

The P–V curve rises with voltage, reaches the Maximum Power Point (MPP), and then falls to 

zero at the open-circuit voltage. 

 

4.4 Equivalent Circuit of a Photovoltaic Device 

The equivalent circuit of a photovoltaic (PV) device is an electrical model that represents the 

behaviour of a solar cell using basic electrical components such as a current source, diode, series 

resistance (Rs), and shunt resistance (Rsh). This model helps in understanding, analyzing, and 

predicting the electrical performance of a solar cell under different operating conditions. 

 
1. Photocurrent Source (IL) - The photocurrent source represents the electric current generated 

when sunlight falls on the solar cell. 

2. Diode - The diode represents the p–n junction of the solar cell. 

3. Series Resistance (Rs) - Series resistance represents the internal resistance encountered by 

current flowing through the solar cell. The value of Rs should be as low as possible. 

4. Shunt Resistance (Rsh) - Shunt resistance represents the leakage current path inside the solar 

cell. The value of Rsh should be as high as possible. 
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Output Current Equation 

The output current of a practical solar cell is given by: 

I = Il  -  Id  -  Ish 

Where, 

● I = Output current 

● Il = Photocurrent generated by sunlight 

● Id = Diode current 

● Ish = Shunt leakage current 

 

4.5 Materials, Devices and Efficiencies 

Different semiconductor materials are used to manufacture various types of solar cells, each 

having different characteristics, efficiencies, costs, and applications. The efficiency of a 

photovoltaic device is the measure of how effectively it converts incident solar energy into 

electrical energy. 

An ideal photovoltaic material should have an appropriate band gap, high optical absorption, 

good electrical conductivity, long carrier lifetime, and high stability under sunlight. 

 

Types of Photovoltaic Materials 

1. Crystalline Silicon (c-Si) – It is the most widely used photovoltaic material because of its 

excellent electrical properties and long-term reliability. 

Types: (i) Monocrystalline Silicon (ii) Polycrystalline Silicon 

2. Thin-Film Solar Cell Material – It is manufactured by depositing very thin semiconductor 

layers onto substrates such as glass, metal, or plastic. 

Types: (i) Amorphous Silicon (a-Si) (ii) Cadmium Telluride (CdTe)    

(iii) Copper Indium Gallium Selenide (CIGS) 

3. Gallium Arsenide (GaAs) – Gallium arsenide is a high-performance semiconductor used 

mainly in satellites and space applications. 

4. Perovskite Solar Cells – Perovskite solar cells are an emerging photovoltaic technology that 

has gained attention because of their rapid improvement in efficiency. 

 

Comparison of Different Photovoltaic Materials 

Material Efficiency Advantages Limitations 

Monocrystalline Silicon 20–27% 
Highest silicon efficiency, long 

life 
Expensive 

Polycrystalline Silicon 15–22% Low cost, reliable Lower efficiency 

Amorphous Silicon 6–12% Flexible, lightweight Low efficiency 

Cadmium Telluride 

(CdTe) 
16–22% Low manufacturing cost 

Cadmium toxicity 

concerns 

Copper Indium Gallium 

Selenide (CIGS) 
15–23% 

Flexible, good low-light 

performance 
Complex manufacturing 

Gallium Arsenide (GaAs) 25–35% Very high efficiency Very expensive 

Perovskite 20–30% High efficiency, low cost Stability issues 
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Types of Photovoltaic Devices 

1. Single-Junction Solar Cells 

● Made using one semiconductor material. 

● Simple structure. 

● Lower efficiency than multi-junction cells. 

● Widely used in residential solar panels. 

 

2. Multi-Junction Solar Cells 

● Consist of multiple semiconductor layers. 

● Each layer absorbs different wavelengths of sunlight. 

● Higher efficiency. 

● Mainly used in satellites and concentrated solar systems. 

 

3. Thin-Film Solar Cells 

● Flexible and lightweight. 

● Lower manufacturing cost. 

● Suitable for portable devices and building-integrated photovoltaics. 

 

4. Concentrated Photovoltaic (CPV) Devices 

● Use lenses or mirrors to focus sunlight onto high-efficiency solar cells. 

● Produce high power output. 

● Require solar tracking systems. 

 

Efficiency of Photovoltaic Devices 

The efficiency of a photovoltaic device is the ratio of electrical output power to the incident solar 

power. 

η = Pout / Pin  X 100% 

Where: 

● η = Efficiency 

● Pout = Electrical output power 

● Pin = Incident solar power 

Higher efficiency means more sunlight is converted into electricity. 

 

Factors Affecting Efficiency 

1. Semiconductor Material: Materials with suitable band gaps produce higher efficiencies. 

2. Sunlight Intensity: Greater solar irradiance generates more electrical power. 

3. Temperature: High temperatures reduce the output voltage and overall efficiency. 

4. Surface Reflection: Reflection reduces light absorption and decreases efficiency. 

5. Recombination of Charge Carriers: Electron-hole recombination before collection lowers 

efficiency. 

6. Internal Resistive Losses: High series resistance and low shunt resistance reduce power output. 

7. Dust and Shading: Dust accumulation and partial shading decrease the amount of sunlight 

reaching the solar cell. 
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Chapter – 5: Light Emitting Diode (LED) 
 

5.1 Electroluminescent Process 

The electroluminescent process is the phenomenon in which a semiconductor material emits light 

when an electric current passes through it. This process occurs in a Light Emitting Diode (LED) 

when electrons and holes recombine at the p-n junction, releasing energy in the form of photons 

(light). 

Electroluminescence is the fundamental operating principle of LEDs and is widely used in 

lighting, display systems, communication, and optoelectronic devices. 

 

Working of the Electroluminescent Process 

The electroluminescent process takes place in the following steps: 

Step 1: Forward Biasing - A forward voltage is applied across the LED. 

● Positive terminal is connected to the P-region. 

● Negative terminal is connected to the N-region. 

This reduces the width of the depletion region. 

Step 2: Injection of Charge Carriers - Electrons from the N-region move toward the junction. 

Holes from the P-region also move toward the junction. 

Step 3: Recombination - Electrons combine with holes near the p-n junction. The electron falls 

from the conduction band to the valence band. 

Step 4: Emission of Light - During recombination, the energy difference between the conduction 

band and the valence band is released as photons. These photons emerge from the LED as visible 

or infrared light. 

The emitted photon energy is approximately: E = hv = hc / λ 

Where,  h = Planck's constant = 6.626 x 10−34 Joule-sec  

 ν = Frequency of light 

 c = Speed of light = 3 x 108 m/sec 

 λ = Wavelength of emitted light 

 

5.2 Choice of LED Materials 

The choice of LED materials refers to the selection of suitable semiconductor materials for 

manufacturing Light Emitting Diodes (LEDs).  

LEDs are specially designed using direct band-gap semiconductor materials such as 

Gallium Arsenide (GaAs), Gallium Phosphide (GaP), Gallium Arsenide Phosphide (GaAsP), and 

Gallium Nitride (GaN). These materials efficiently convert electrical energy into visible or 

infrared light through the electroluminescent process. Different semiconductor materials emit 

different colors of light. The selection of LED material depends on colour, band-gap energy, 

emission wavelength, efficiency, operating temperature, cost, reliability and brightness. 

 

Requirements of an Ideal LED Material 

A good LED material should have the following properties: 

● Direct band-gap semiconductor. 

● High light-emission efficiency. 

● Suitable band-gap energy for the required wavelength. 

● High electrical conductivity. 

● Low power consumption. 
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● High thermal stability. 

● Long operating life. 

● High reliability. 

● Good mechanical strength. 

● Easy fabrication and low manufacturing cost. 

 

Common LED Materials and Their Characteristics 

Semiconductor Material 
Band-Gap 

Nature 
Emitted Light Characteristics 

Gallium Arsenide (GaAs) Direct Infrared 

High efficiency. Used in Remote 

controls, optical fiber communication, 

Infrared sensors. 

Gallium Phosphide (GaP) Direct Green or Red 

Moderate efficiency and good 

brightness. Used in Indicator lamps, 

display panels, signal lights. 

Gallium Arsenide 

Phosphide (GaAsP) 
Direct 

Red, Orange, 

Yellow 

Good efficiency. Used in digital 

displays, seven-segment displays, 

indicator LEDs. 

Gallium Nitride (GaN) Direct Blue, Violet 

High brightness and high-temperature 

operation. Used in white LEDs, blue 

LEDs, solid-state lighting.  

Indium Gallium Nitride 

(InGaN) 
Direct Blue, Green 

Very high efficiency and high 

brightness. Used in LED televisions, 

mobile phone displays, general lighting. 

Aluminum Gallium Indium 

Phosphide (AlGaInP) 
Direct 

Red, Orange, 

Yellow 

High efficiency and very high 

brightness. Used in traffic signals, 

automotive lighting, outdoor displays. 

Silicon (Si) Indirect Not suitable for LEDs 

Germanium (Ge) Indirect Not suitable for LEDs 

 

5.3 Device Configuration and Efficiency 

Device configuration refers to the physical structure and arrangement of the different layers and 

components of a Light Emitting Diode (LED), such as the semiconductor layers, p-n junction, 

electrical contacts, reflector, and encapsulation. The configuration determines how efficiently 

electrical energy is converted into light and how effectively the emitted light is extracted from the 

device. 

Basic Device Configuration of an LED: A typical LED consists of the following parts: 

1. P-Type Semiconductor Layer 

● Doped with trivalent impurities. 

● Contains holes as majority charge carriers. 

● Forms one side of the p-n junction. 

2. N-Type Semiconductor Layer 

● Doped with pentavalent impurities. 

● Contains electrons as majority charge carriers. 

● Forms the other side of the p-n junction. 
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3. P–N Junction (Active Region) 

● Region where electrons and holes recombine. 

● Light is generated in this active region. 

● Determines the wavelength of emitted light. 

4. Metal Contacts 

● Provide electrical connection to the LED. 

● Front contact allows current injection. 

● Back contact completes the electrical circuit. 

● Designed to minimize resistance and maximize current flow. 

5. Reflector Cup 

● Reflects light emitted toward the rear of the LED. 

● Directs more light toward the front. 

● Improves light extraction efficiency. 

6. Transparent Encapsulation (Epoxy Lens) 

● Protects the semiconductor chip. 

● Acts as a lens to focus and distribute light. 

● Reduces internal reflection losses. 

● Improves brightness and durability. 

7. Semiconductor Substrate 

● Supports the active layers. 

● Provides mechanical strength. 

● Helps in heat dissipation. 

 

Types of LED Configurations 

1. Homojunction LED 

● Made from a single semiconductor material. 

● Simple construction. 

● Lower efficiency. 

● Used in early LED designs. 

2. Heterojunction LED 

● Made from two different semiconductor materials. 

● Better carrier confinement. 

● Higher light output and improved efficiency. 

3. Double Heterojunction LED 

● Active region is sandwiched between two wider band-gap materials. 

● Better confinement of electrons, holes, and photons. 

● Reduced carrier recombination losses. 

● Widely used in modern high-brightness LEDs. 

4. Surface-Emitting LED 

● Light is emitted perpendicular to the junction surface. 

● Simple design. 

● Commonly used in indicators and displays. 

5. Edge-Emitting LED 

● Light is emitted from the edge of the semiconductor chip. 

● Higher directional output. 

● Used in optical fiber communication. 
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Efficiency of LED 

LED efficiency is the ability of an LED to convert electrical energy into visible or infrared light. 

It is the ratio of the optical output power to the electrical input power. 

η = (Optical Output Power / Electrical Input Power) X 100% 

Higher efficiency means more electrical energy is converted into useful light. 

 

Types of LED Efficiency 

1. Internal Quantum Efficiency 

● Ratio of photons generated inside the LED to the number of injected electrons. 

● Depends on recombination efficiency and material quality. 

2. External Quantum Efficiency 

● Ratio of photons emitted from the LED to the injected electrons. 

● Includes internal generation and light extraction efficiency. 

3. Power Efficiency 

● Ratio of optical output power to electrical input power. 

● Indicates overall energy conversion efficiency. 

4. Luminous Efficiency 

● Measures the amount of visible light produced per unit electrical power. 

● Expressed in lumens per watt (lm/W). 

 

Factors Affecting LED Efficiency 

1. Semiconductor Material: Direct band-gap materials provide higher efficiency. 

2. Band-Gap Energy: Determines the wavelength and energy of emitted photons. 

3. Current: Increasing current increases light output up to the rated limit. Excessive current 

reduces efficiency. 

4. Temperature: Higher temperatures decrease brightness and efficiency. 

5. Light Extraction: Internal reflection can trap photons inside the LED. Proper encapsulation 

and reflectors improve light extraction. 

6. Crystal Defects: Defects increase non-radiative recombination and reduce light output. 

7. Device Structure: Double heterojunctions and optimized chip designs significantly improve 

efficiency. 

 

5.4 Light Output from LED and LED Structure 

Light output from an LED is the visible or infrared light emitted when electrons and holes 

recombine in the active region of a forward-biased p–n junction. The light output of an LED is 

produced by the radiative recombination of electrons and holes. The amount of light emitted 

depends on the semiconductor material, forward current, device structure, and light extraction 

efficiency. 

The LED structure refers to the physical construction and arrangement of the semiconductor 

layers, electrical contacts, reflector, substrate, and encapsulation that together enable efficient 

generation and emission of light. 

 

Factors Affecting Light Output 

Several factors influence the brightness and intensity of an LED. 

1. Forward Current: Higher forward current increases light output up to the rated operating 

limit. 
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2. Semiconductor Material: Different semiconductor materials emit different wavelengths and 

brightness levels. 

3. Band-Gap Energy: The band-gap energy determines the color and energy of the emitted light. 

4. Temperature: As temperature increases: 

● Light output decreases. 

● Efficiency decreases. 

● Device lifetime may be reduced. 

5. Light Extraction Efficiency: Some photons remain trapped inside the semiconductor because 

of internal reflection. Proper LED design increases the amount of useful emitted light. 

6. Crystal Quality: High-quality semiconductor crystals reduce defects and improve radiative 

recombination. 

 

Methods to Increase Light Output 

The light output of an LED can be improved by: 

● Using direct band-gap semiconductor materials. 

● Employing double heterojunction structures. 

● Using transparent substrates. 

● Applying anti-reflection coatings. 

● Using reflector cups. 

● Improving heat dissipation. 

● Using dome-shaped epoxy lenses. 

● Reducing internal optical losses. 

 

LED Structure 

A typical LED consists of the following components: 

1. P-Type Semiconductor Layer 

● Contains holes as majority carriers. 

● Forms one side of the p–n junction. 

● Connected to the positive terminal. 

2. N-Type Semiconductor Layer 

● Contains electrons as majority carriers. 

● Forms the other side of the junction. 

● Connected to the negative terminal. 

3. Active Region 

● Located near the p–n junction. 

● Electron-hole recombination occurs here. 

● Light is generated in this region. 

4. Metal Contacts 

Anode Contact 

● Connected to the P-region. 

● Supplies positive voltage. 

Cathode Contact 

● Connected to the N-region. 

● Completes the electrical circuit. 

5. Reflector Cup 

● Positioned beneath the semiconductor chip. 
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● Reflects downward-emitted light toward the front. 

● Improves light extraction efficiency. 

6. Semiconductor Substrate 

● Provides mechanical support. 

● Helps dissipate heat. 

● Supports the active layers. 

7. Transparent Encapsulation (Epoxy Lens) 

● Protects the LED chip. 

● Increases light output. 

● Acts as a focusing lens. 

● Prevents damage from dust and moisture. 

 

Simple Structure of an LED  

 
5.5 Heterojunction LED 

A Heterojunction LED is a Light Emitting Diode in which the p-type and n-type regions are made 

from two different semiconductor materials having different band-gap energies. The junction 

formed between these different semiconductor materials is called a heterojunction. 

Heterojunction LEDs provide higher efficiency, greater brightness, and improved carrier 

confinement compared to ordinary homojunction LEDs. 

 

Construction of a Heterojunction LED 

A heterojunction LED consists of the following parts: 

1. P-Type Semiconductor Layer 

● Made from a wide band-gap semiconductor. 

● Contains holes as majority charge carriers. 

● Forms one side of the heterojunction. 

2. Active Region 

● Thin layer of narrow band-gap semiconductor. 

● Region where electron-hole recombination occurs. 

● Generates most of the emitted light. 

3. N-Type Semiconductor Layer 

● Made from a wide band-gap semiconductor. 

● Contains electrons as majority charge carriers. 

● Forms the other side of the heterojunction. 
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4. Metal Contacts 

● Provide electrical connections. 

● Allow current to flow through the LED. 

5. Transparent Encapsulation 

● Protects the semiconductor chip. 

● Improves light extraction. 

● Acts as a lens to increase brightness. 

 

Simple Structure of a Heterojunction LED 

 
 

Working Principle of a Heterojunction LED 

A heterojunction LED operates on the electroluminescent effect. The operation of a 

heterojunction LED takes place in the following steps: 

Step 1: Forward Bias 

The positive terminal is connected to the P-region, and the negative terminal is connected to the 

N-region. 

Step 2: Injection of Charge Carriers 

Electrons move from the N-region toward the active region. Holes move from the P-region 

toward the active region. 

Step 3: Carrier Confinement 

Because the surrounding layers have a larger band-gap energy, electrons and holes remain 

confined within the narrow band-gap active region. 

Step 4: Recombination 

Electrons and holes recombine efficiently in the active region. 

Step 5: Light Emission 

The recombination releases energy as photons. The emitted light passes through the transparent 

encapsulation. 

 

Advantages of Heterojunction LEDs 

● Higher efficiency than homojunction LEDs. 

● Greater brightness. 

● Better carrier confinement. 

● Lower power consumption. 

● Reduced heat generation. 

● Longer operating life. 

● Faster response time. 

● Higher reliability. 
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● Improved light extraction. 

● Suitable for high-speed communication. 

 

Limitations 

● More complex manufacturing process. 

● Higher production cost. 

● Requires precise material growth techniques. 

● Sensitive to fabrication defects. 

● Advanced equipment is required for manufacturing. 

 

Applications 

● Optical fiber communication. 

● High-brightness LED lighting and LED display boards. 

● Traffic signals. 

● Automotive lighting. 

● Medical instruments. 

● Infrared remote controls. 

● Optical sensors. 

● Laser diode technology. 

● Consumer electronics. 

 

5.6 Surface Emitting LED (SLED) 

A Surface Emitting LED (SLED) is a type of LED in which light is emitted perpendicular 

(normal) to the surface of the PN junction. The light comes out through the top surface of the 

device. It is the simplest and most widely used LED in fiber optic communication systems for 

short-distance and low-speed communication. Surface-emitting LEDs produce a wider beam of 

light compared to edge-emitting LEDs.  

 

Construction 

A Surface Emitting LED consists of: 

• P-type and N-type semiconductor layer 

• Active region (PN junction) where light is generated 

• Metal contacts (Anode and Cathode) 

• Reflector to direct more light toward the emitting surface 

• Transparent epoxy lens or window for efficient light emission 

 

Simple Structure:- 
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Working Principle:- 

 

The Surface Emitting LED works on the principle of electroluminescence. 

Step 1: Forward Bias 

The LED is connected in forward bias. 

Step 2: Carrier Injection 

Electrons from the N-region and holes from the P-region move towards the active region. 

Step 3: Recombination 

Electrons and holes recombine in the active region. 

Step 4: Light Emission 

The recombination releases energy in the form of photons (light). The photons are emitted 

through the top surface of the LED. 

 

Advantages:- 

● Simple and compact structure. 

● Low cost. 

● Easy fabrication. 

● Low power consumption. 

● High reliability. 

● Long operating life. 

● Suitable for short-distance optical communication. 

 

Disadvantages:- 

● Lower optical output power. 

● Wide beam causes lower coupling efficiency with optical fibers. 

● Lower modulation speed than Edge Emitting LED. 

● Not suitable for long-distance communication. 

 

Applications:- 

● Fiber optic communication (short-distance links) 

● Local Area Networks (LAN) 

● Indicator lamps 

● Display systems 

● Optical sensors 

● Consumer electronic devices 

 

5.7 Device Performance Characteristics of LED:- 

The device performance characteristics of an LED describe how efficiently and effectively the 

LED operates as an optical source. These characteristics determine its suitability for applications 

such as fiber optic communication, where reliable light transmission is required. 

 

1. Optical Output Power:- 

Optical output power is the amount of light emitted by the LED. It increases with the forward 

current up to a certain limit. Higher optical output power improves signal transmission through 

the optical fiber. 
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2. Spectral Width:- 

Spectral width is the range of wavelengths emitted by the LED. LEDs emit light over a broad 

range of wavelengths (typically 30–100 nm). A wider spectral width causes chromatic dispersion 

in optical fibers, limiting long-distance communication. 

 

3. Modulation Bandwidth (Response Speed):- 

Modulation bandwidth is the maximum speed at which the LED can switch ON and OFF. LEDs 

have a moderate modulation speed, generally suitable for low- and medium-speed 

communication. 

It is lower than that of laser diodes. 

 

4. Efficiency:- 

LED efficiency is the ability to convert electrical energy into light energy. It depends on: 

• Internal and external quantum efficiency 

• Semiconductor material and device structure 

• Temperature 

 

5. Forward Voltage:- 

LEDs require a small forward voltage (typically 1.5–3.5 V, depending on the material and color). 

When forward biased, current flows and light is emitted. 

 

6. Operating Temperature:- 

The performance of an LED decreases as temperature increases. High temperatures reduce 

optical output power and efficiency. Proper cooling improves reliability and lifespan. 

 

7. Reliability and Lifetime:- 

LEDs are highly reliable devices. They have a long operating life, often exceeding 50,000 hours 

under normal operating conditions. They require very little maintenance. 

 

8. Coupling Efficiency:- 

Coupling efficiency is the percentage of emitted light that enters the optical fiber. It depends on 

the LED structure, lens design, and alignment with the fiber. Higher coupling efficiency improves 

communication performance. 

 

5.8 Frequency Response and Modulation Bandwidth of LED:- 

In fiber optic communication, the transmitted information is carried by modulating the light 

output of the LED. The performance of an LED depends on how quickly it can respond to 

changes in the input electrical signal. This is described by its frequency response and modulation 

bandwidth. 

 

Frequency response is the ability of an LED to follow changes in the input electrical signal at 

different frequencies. It indicates how accurately the LED converts an electrical signal into a light 

signal as the signal frequency increases. At low frequencies, the LED follows the input signal 

accurately. As the frequency increases, the LED cannot respond instantly due to the finite 

recombination time of electrons and holes. Therefore, the light output gradually decreases at 

higher frequencies. 
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Factors Affecting Frequency Response:- 

The frequency response of an LED depends on: 

● Carrier recombination lifetime: Shorter lifetime gives a faster response. 

● Junction capacitance: Higher capacitance slows down the LED. 

● Semiconductor material: Better materials improve response speed. 

● Device structure: Double heterojunction LEDs have better frequency response than 

homojunction LEDs. 

 

Modulation Bandwidth:- 

Modulation bandwidth is the maximum frequency up to which an LED can be modulated while 

maintaining effective light output. It determines the maximum data transmission rate of the LED. 

An LED with a higher modulation bandwidth can transmit data at higher speeds. 

 

Factors Affecting Modulation Bandwidth:- 

● Carrier recombination lifetime 

● Junction capacitance 

● Device configuration 

● Operating current 

● Temperature 

● Reducing recombination time and capacitance increases the modulation bandwidth. 

 

Relationship between Frequency Response and Modulation Bandwidth:- 

Wider modulation bandwidth means better frequency response and higher data transmission 

capability. Typical Values of LED modulation bandwidth is approximately 10 MHz to 200 MHz. 

Laser diodes have much higher bandwidths, making them suitable for very high-speed 

communication. 
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Chapter 6: Laser Diode 
 

6.1 Junction Laser Operating Principles (Brief and Extensive Explanation) 

A junction laser or laser diode is a semiconductor device that converts electrical energy directly 

into coherent light through the process of stimulated emission. It is one of the most important 

light sources used in optical fiber communication, barcode scanners, laser printers, CD/DVD/Blu-

ray players, medical equipment, and industrial applications. 

A laser diode is usually made from direct band-gap semiconductor materials such as Gallium 

Arsenide (GaAs), Indium Phosphide (InP), or their alloys. 

 

Operating Principle of a Junction Laser 

A junction laser works on the principle of stimulated emission of radiation in a forward-biased 

p-n junction. When sufficient current is passed through the junction, electrons and holes 

recombine in the active region and emit photons. If the current exceeds a certain value called the 

threshold current, stimulated emission dominates, producing intense, coherent, monochromatic, 

and directional laser light. 

 

Construction of a Junction Laser 

 
A junction laser consists of: 

1. P-type semiconductor layer 

2. N-type semiconductor layer 

3. Active region (junction where recombination occurs) 

4. Reflecting end faces (mirrors) forming an optical resonator (Fabry–Perot cavity) 

5. Metal contacts for electrical connections 

The cleaved surfaces of the semiconductor crystal act as mirrors: 

● One mirror is 100% reflecting. 

● The other is partially reflecting so that laser light can emerge. 
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Working of a Junction Laser 

Step 1: Forward Biasing 

The p-n junction is heavily forward biased. 

● Electrons from the n-region move toward the p-region. 

● Holes from the p-region move toward the n-region. 

● Both accumulate in the thin active region. 

Step 2: Carrier Injection 

Large numbers of electrons and holes are injected into the active region. Because of heavy 

injection, carrier concentration becomes extremely high. 

Step 3: Population Inversion 

Normally, lower energy level contains more electrons. After heavy injection, upper energy level 

contains more electrons than the lower level. This condition is called population inversion. 

Population inversion is essential for laser action. 

Step 4: Spontaneous Emission 

Initially, electrons recombine with holes naturally. Each recombination releases one photon. 

These photons: 

● Have random direction 

● Random phase 

● Random polarization 

This is called spontaneous emission. 

Step 5: Stimulated Emission 

Some photons travel parallel to the junction. These photons strike excited electrons. Each photon 

stimulates another excited electron to emit a second photon. 

The new photon has: 

● Same frequency 

● Same wavelength 

● Same phase 

● Same direction 

This process is called stimulated emission. 

Step 6: Optical Amplification 

The mirrors at both ends reflect photons back and forth. As photons repeatedly pass through the 

active region, more stimulated emissions occur. Light intensity increases rapidly. This process is 

called optical amplification. 

Step 7: Laser Output 

When the optical gain exceeds the losses, Laser oscillation begins. The partially reflecting mirror 

allows some light to escape. The output is a highly intense laser beam. 

 

Threshold Current 

The minimum forward current required to start laser action is called the threshold current. 

● Below threshold current → LED-like spontaneous emission. 

● Above threshold current → Laser action due to stimulated emission. 

 

Energy Band Diagram Explanation 

During forward bias: 

1. Electrons are injected into the conduction band. 

2. Holes are injected into the valence band. 
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3. Electrons recombine with holes. 

4. Energy difference between conduction band and valence band is released as photons. 

Photon energy is: 

E = hv = hc/ λ 

where: 

● E = Photon energy 

● h = Planck's constant 

● v = Frequency 

● c = Speed of light 

● λ = Wavelength 

 

Conditions Required for Laser Action 

1. Forward-biased p-n junction 

2. Direct band-gap semiconductor 

3. Population inversion 

4. Optical resonator (mirrors) 

5. Stimulated emission 

6. Current greater than threshold current 

 

Characteristics of Laser Diode 

● High efficiency 

● Small size 

● Low operating voltage 

● Low power consumption 

● High modulation speed 

● Narrow spectral width 

● Coherent light output 

● Monochromatic light 

● Highly directional beam 

 

Advantages 

1. Compact and lightweight 

2. High efficiency 

3. Low power consumption 

4. Fast switching speed 

5. Long operational life 

6. Easy modulation 

7. Low manufacturing cost 

8. Suitable for optical fiber communication 

 

Disadvantages 

1. Temperature sensitive 

2. Requires precise current control 

3. Shorter lifetime than some gas lasers 

4. Output power is comparatively lower 

5. Beam divergence is higher than some other laser types 
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Applications 

● Optical fiber communication 

● CD/DVD/Blu-ray drives 

● Barcode scanners 

● Laser printers 

● Medical surgery 

● Laser pointers 

● Industrial cutting and welding 

● Distance measurement 

● Optical sensors 

● Military range finders 

 

6.2 Threshold Current (Laser Diode) 

Threshold current ((Ith) is the minimum forward current required for a laser diode to start 

producing laser light by stimulated emission. It is measured in milliamperes (mA). Below this 

current, the device behaves like an LED and emits only weak, incoherent light due to 

spontaneous emission. When the forward current reaches or exceeds the threshold current, the 

optical gain becomes equal to or greater than the internal losses, and laser action begins. 

 

Importance of Threshold Current 

● It determines the minimum operating current of a laser diode. 

● A lower threshold current means: 

o Lower power consumption 

o Higher efficiency 

o Less heat generation 

o Longer device life 

● A higher threshold current increases power consumption and reduces efficiency. 

● It depends on semiconductor material, temperature, active region thickness, cavity length, 

and mirror reflectivity. 

 

Graph of Output Power vs. Forward Current 

● Below threshold current (I <Ith) Output power increases slowly due to spontaneous 

emission. 

● At threshold current (I = Ith): Laser action begins. 

● Above threshold current (I >Ith): Output power increases rapidly because of stimulated 

emission. 

 

6.3 Heterojunction Lasers 

A heterojunction laser is a type of semiconductor laser in which the p-type and n-type regions are 

made of two different semiconductor materials having different band-gap energies. The junction 

formed between these different materials is called a heterojunction. 

A common example is Gallium Arsenide (GaAs) and Aluminium Gallium Arsenide (AlGaAs). 

 

Construction of a Heterojunction Laser 

A heterojunction laser consists of: 

1. P-type AlGaAs (cladding layer) 
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2. Thin GaAs active layer 

3. N-type AlGaAs (cladding layer) 

4. Metal contacts 

5. Reflecting end faces (mirrors) that form an optical cavity 

The thin GaAs active region is sandwiched between two AlGaAs cladding layers. This 

structure is called a double heterojunction (DH) laser. 

 

 
Working Principle 

A heterojunction laser works on the principle of stimulated emission. 

Step 1: Forward Biasing 

The p-n junction is heavily forward biased, causing electrons and holes to be injected into the 

active region. 

Step 2: Carrier Confinement 

Because the active layer has a smaller band gap than the surrounding cladding layers, electrons 

and holes are confined to the thin active region. This increases the probability of recombination. 

Step 3: Population Inversion 

The high concentration of carriers in the active region creates population inversion, which is 

necessary for laser action. 

Step 4: Stimulated Emission 

When electrons recombine with holes, photons are emitted. These photons stimulate other excited 

electrons to emit identical photons with the same wavelength, phase, and direction. 

Step 5: Optical Amplification 

The mirrors at the ends of the laser reflect photons back and forth through the active region. This 

amplifies the light by repeated stimulated emission. 
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Step 6: Laser Output 

When the optical gain exceeds the losses, a coherent laser beam emerges through the partially 

reflecting mirror. 

 

Advantages of Heterojunction Lasers 

● Low threshold current 

● High efficiency 

● Better carrier and optical confinement 

● Low power consumption 

● High output power 

● High-speed operation 

● Longer operating life 

● Stable performance at higher temperatures 

 

Disadvantages 

● More complex fabrication 

● Higher manufacturing cost 

● Requires precise material growth and layer thickness control 

 

Applications 

● Optical fiber communication 

● Laser printers 

● CD/DVD/Blu-ray drives 

● Barcode scanners 

● Medical equipment 

● Optical sensors 

● Industrial measurement systems 

● High-speed data communication 

 

Difference Between Homojunction and Heterojunction Lasers 

Homojunction Laser Heterojunction Laser 

Made from the same semiconductor material Made from two different semiconductor materials 

Higher threshold current Lower threshold current 

Lower efficiency Higher efficiency 

Poor carrier confinement Excellent carrier confinement 

Higher power loss Lower power loss 

Less commonly used Widely used in modern laser diodes 

 

6.4 Distributed Feedback (DFB) Lasers 

A Distributed Feedback (DFB) laser is a type of semiconductor laser in which a periodic grating 

(Bragg grating) is built into the active region of the laser. Instead of using only the end mirrors 

for optical feedback, the grating provides distributed feedback along the entire length of the laser 

cavity. 

DFB lasers produce single-wavelength, highly stable, and narrow-linewidth laser light, making 

them ideal for high-speed optical communication. 
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Construction of a DFB Laser 

 
A DFB laser consists of: 

1. P-type semiconductor layer 

2. Active region 

3. N-type semiconductor layer 

4. Periodic Bragg grating along the active region 

5. Metal contacts 

6. Laser output facet 

The Bragg grating is a series of closely spaced grooves or variations in the refractive index that 

reflect only a specific wavelength of light. 

 

Working Principle 

A DFB laser works on the principle of stimulated emission with distributed optical feedback. 

Step 1: Forward Biasing 

The p-n junction is heavily forward biased, injecting electrons and holes into the active region. 

Step 2: Population Inversion 

A large number of electrons and holes accumulate in the active region, creating population 

inversion. 

Step 3: Stimulated Emission 

Electrons recombine with holes and emit photons. These photons stimulate other excited 

electrons to emit identical photons with the same wavelength, phase, and direction. 

Step 4: Distributed Feedback 

The Bragg grating reflects only the desired wavelength while allowing other wavelengths to be 

suppressed. This distributed reflection occurs throughout the cavity, providing continuous optical 

feedback. 

Step 5: Laser Output 

When the optical gain exceeds the losses, the laser emits a single-mode, coherent, 

monochromatic, and highly stable laser beam. 
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Bragg Condition 

The wavelength selected by the grating is given by the Bragg condition: 

λB = 2n \ λ 

where: 

● λB = Bragg wavelength (laser wavelength) 

● n = Effective refractive index 

● λ = Grating period (spacing between grating lines) 

 

Advantages 

● Produces single-wavelength output 

● Very narrow linewidth 

● Excellent wavelength stability 

● High-speed modulation capability 

● Low signal distortion 

● Suitable for long-distance communication 

● Low chirping (small wavelength variation during modulation) 

 

Disadvantages 

● Complex fabrication 

● Higher manufacturing cost 

● Temperature-sensitive (often requires temperature control) 

● Difficult to manufacture compared with ordinary laser diodes 

 

Applications 

● Optical fiber communication 

● High-speed internet networks 

● Wavelength Division Multiplexing (WDM) systems 

● Fiber optic sensors 

● Cable television (CATV) 

● Medical instruments 

● Spectroscopy 

● Precision measurement systems 

 

6.5 Cleaved Coupled Cavity (C³) Laser 

A Cleaved Coupled Cavity (C³) Laser is a semiconductor laser in which two optical cavities are 

coupled together by a cleaved gap. The interaction between these cavities provides selective 

optical feedback, allowing the laser to emit a single wavelength with high stability and a narrow 

spectral linewidth. This design improves wavelength control compared with a conventional 

Fabry–Perot laser. 

 

Construction 

A Cleaved Coupled Cavity laser consists of: 

1. Active semiconductor region 

2. Primary laser cavity 

3. Secondary (coupled) cavity 

4. Cleaved air gap between the two cavities 
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5. Reflecting end faces (mirrors) 

6. Metal contacts for forward biasing 

The cleaved gap couples the two cavities optically and acts as a wavelength-selective feedback 

element. 

 
Working Principle 

The C³ laser works on the principle of stimulated emission with coupled-cavity optical 

feedback. 

Step 1: Forward Biasing 

The p-n junction is heavily forward biased, injecting electrons and holes into the active region. 

Step 2: Population Inversion 

A high concentration of electrons and holes creates population inversion, which is necessary for 

laser action. 

Step 3: Stimulated Emission 

Electrons recombine with holes, emitting photons. These photons stimulate other excited 

electrons to emit identical photons with the same wavelength, phase, and direction. 

Step 4: Coupled Cavity Feedback 

The light travels between the two coupled cavities through the cleaved gap. Only specific 

resonant wavelengths receive strong feedback, while other wavelengths are suppressed. 

Step 5: Laser Output 

When the optical gain exceeds the cavity losses, the laser emits a stable, coherent, 

monochromatic, and nearly single-mode laser beam. 

 

Advantages 

● Better wavelength stability than Fabry–Perot lasers 

● Narrow linewidth 

● High spectral purity 

● Improved single-mode operation 

● Suitable for high-speed optical communication 

● Reliable performance 
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Disadvantages 

● Complex structure 

● Difficult fabrication 

● Higher manufacturing cost 

● Requires precise alignment of the coupled cavities 

 

Applications 

● Optical fiber communication 

● Long-distance telecommunication systems 

● Wavelength Division Multiplexing (WDM) 

● Optical sensing 

● High-speed data transmission 

● Scientific and laboratory instruments 

 

6.6 Quantum Well Lasers 

A Quantum Well Laser (QWL) is a semiconductor laser in which the active region is made 

extremely thin (typically 5–20 nm), forming one or more quantum wells. These quantum wells 

confine electrons and holes in a very small region, increasing the probability of recombination 

and improving laser performance. 

Quantum well lasers have low threshold current, high efficiency, high output power, and high-

speed operation, making them widely used in modern optical communication systems. 

 

Construction 

 
A quantum well laser consists of: 

1. P-type cladding layer 

2. Barrier layer 

3. Thin quantum well (active region) 

4. Barrier layer 

5. N-type cladding layer 
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6. Metal contacts 

7. Reflecting end faces (optical cavity) 

The quantum well is a very thin semiconductor layer (such as GaAs) placed between higher 

band-gap materials (such as AlGaAs), which act as barrier layers. 

 

Working Principle 

A quantum well laser works on the principle of stimulated emission. 

Step 1: Forward Biasing 

The p-n junction is heavily forward biased, injecting electrons and holes into the active region. 

Step 2: Carrier Confinement 

The thin quantum well confines electrons and holes in a very small space due to quantum effects, 

increasing their concentration. 

Step 3: Population Inversion 

As carrier concentration increases, population inversion is achieved inside the quantum well. 

Step 4: Stimulated Emission 

Electrons recombine with holes and emit photons. These photons stimulate other excited 

electrons to emit identical photons with the same wavelength, phase, and direction. 

Step 5: Optical Amplification 

Photons are reflected between the mirrors, producing repeated stimulated emission and 

amplifying the light. 

Step 6: Laser Output 

When the optical gain exceeds the cavity losses, the laser emits a coherent, monochromatic, 

and highly directional beam. 

 

Types of Quantum Well Lasers 

1. Single Quantum Well (SQW) Laser 

o Contains one quantum well. 

o Simple structure and good performance. 

2. Multiple Quantum Well (MQW) Laser 

o Contains several quantum wells separated by barrier layers. 

o Provides higher output power, better efficiency, and lower threshold current. 

o Most widely used in practical applications. 

 

Advantages 

● Low threshold current 

● High efficiency 

● High output power 

● High-speed operation 

● Low power consumption 

● Better temperature stability 

● Long operating life 

● Compact size 

 

Disadvantages 

● Complex fabrication process 

● Higher manufacturing cost 
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● Requires precise control of layer thickness 

● Sensitive to fabrication defects 

 

Applications 

● Optical fiber communication 

● High-speed internet networks 

● Laser printers 

● CD/DVD/Blu-ray drives 

● Optical sensors 

● Medical instruments 

● Scientific research 

● Fiber-optic communication systems 

 

6.7 Modulation of Lasers – Rate Equations 

Laser modulation is the process of varying the output intensity (power) of a laser according to an 

input electrical signal so that information (voice, data, or video) can be transmitted through an 

optical fiber. The behavior of a laser during modulation is described by rate equations, which 

explain how the number of charge carriers (electrons and holes) and photons changes with time. 

 

Types of Laser Modulation 

1. Direct Modulation 

● The laser output is controlled by changing the injection current. 

● Simple and inexpensive. 

● Widely used in short- and medium-distance optical communication. 

2. External Modulation 

● The laser operates continuously, and an external optical modulator changes the light 

intensity. 

● Used for high-speed and long-distance communication. 

● Produces lower signal distortion. 

 

Rate Equations 

The operation of a laser diode is described by two coupled rate equations: 

1. Carrier Rate Equation 

dN / dt= I / qV - N / τn - GS 

where: 

● N = Carrier density 

● I = Injection current 

● q = Electronic charge 

● V = Active region volume 

● τn = Carrier lifetime 

● G = Optical gain 

● S = Photon density 

Explanation: 

● The first term represents carrier injection. 

● The second term represents carrier loss due to spontaneous recombination. 

● The third term represents carrier loss due to stimulated emission. 
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2. Photon Rate Equation 

 

 
Explanation: 

● The first term represents photon generation by stimulated emission. 

● The second term represents photons produced by spontaneous emission. 

● The third term represents photon loss from the laser cavity. 

 

Advantages of Laser Modulation 

● Enables transmission of digital and analog signals. 

● Supports very high data rates. 

● High bandwidth. 

● Low signal loss. 

● Suitable for long-distance optical communication. 

 

6.8 Steady State Solution (Laser Diode) 

The steady state solution of a laser diode is the operating condition in which the carrier density 

and photon density remain constant with time. In this condition, the rate of generation equals the 

rate of loss, so the laser operates with a constant output power. 

Mathematically, at steady state: 

 
where: 

● (N) = Carrier density 

● (S) = Photon density 

Explanation 

When a laser diode is continuously forward biased: 

1. Electrons and holes are injected into the active region.  

2. They recombine to produce photons. 

3. After a short time, the number of injected carriers becomes equal to the number of carriers 

lost by recombination. 

4. Similarly, the number of photons generated becomes equal to the number of photons lost 

through the cavity. 
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5. As a result, the carrier density and photon density become constant. This condition is 

called the steady state. 

 

Steady State Rate Equations: At steady state, 

1. Carrier Rate Equation 

dN / dt = 0 

Therefore, 

dN / dt= I / qV - N / τn - GS 

where: 

● N = Carrier density 

● I = Injection current 

● q = Electronic charge 

● V = Active region volume 

● τn = Carrier lifetime 

● G = Optical gain 

● S = Photon density 

This equation shows that the injected carriers are balanced by carrier losses due to 

spontaneous and stimulated recombination. 

2. Photon Rate Equation 

dn / dt = 0 and dp / dt = 0 

Therefore, 

 
where: 

 
This equation indicates that the photons generated inside the cavity are equal to the photons lost 

from the cavity. 

 

Conditions for Steady State 

● Continuous forward bias 

● Constant injection current 

● Population inversion is maintained 

● Optical gain equals cavity losses 

● Carrier density and photon density remain constant 
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Importance of Steady State Solution 

● Ensures stable laser operation. 

● Produces constant output power. 

● Helps determine threshold current. 

● Used in laser design and performance analysis. 

● Essential for optical communication systems. 

 

Advantages 

● Stable laser output 

● Constant optical power 

● Improved communication performance 

● Simplifies laser analysis and design 

 

6.9 Transient Phenomena and Frequency Response (Laser Diode) 

1. Transient Phenomena 

Transient phenomena are the temporary changes in the output of a laser diode that occur 

immediately after the injection current is switched on or suddenly changed. During this period, 

the laser does not reach its stable output instantly. Instead, the carrier density and photon density 

vary with time until a steady state is achieved. 

 

Causes of Transient Phenomena 

● Sudden switching of injection current. 

● Rapid changes in current during modulation. 

● Carrier accumulation in the active region. 

● Delay in photon generation. 

 

2. Frequency Response 

Frequency response is the ability of a laser diode to follow changes in the input modulation 

signal. It indicates how effectively the laser can transmit information at different modulation 

frequencies. At low modulation frequencies, the laser output follows the input signal accurately. 

As the modulation frequency increases, the laser cannot respond instantly because of finite carrier 

and photon lifetimes. Beyond a certain frequency, the output decreases significantly. This 

limiting frequency is called the modulation bandwidth or 3-dB bandwidth. 

 

Factors Affecting Frequency Response 

1. Carrier lifetime and Photon lifetime 

2. Threshold current and Injection current 

3. Active region design 

4. Temperature 

 

Importance of Frequency Response 

● Determines the maximum data transmission rate. 

● Essential for high-speed optical communication. 

● Helps in designing high-bandwidth laser systems. 

● Improves communication efficiency. 
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Chapter 7: Optical Fiber 

 
7.1 Introduction to Optical Fiber 

An optical fiber is a thin, flexible, transparent strand made of glass (silica) or plastic that 

transmits information in the form of light signals. It works on the principle of Total Internal 

Reflection (TIR), allowing light to travel through the fiber with very low loss. 

Optical fibers are widely used in telecommunication, internet, cable television, medical 

instruments, and sensing applications because they can transmit data over long distances at very 

high speeds. 

 

Principle of Optical Fiber 

An optical fiber operates on the principle of Total Internal Reflection (TIR). Total Internal 

Reflection occurs when: 

1. Light travels from a denser medium to a rarer medium. 

2. The angle of incidence is greater than the critical angle. 

Under these conditions, light is completely reflected back into the denser medium and continues 

to propagate through the fiber. 

 

Construction of Optical Fiber 

 
An optical fiber consists of three main parts: 

1. Core: It is the central region through which light travels. It has a higher refractive index than 

the cladding. 

2. Cladding: It surrounds the core which causes total internal reflection and prevents light from 

escaping. It has a lower refractive index than the core. 

3. Protective Coating (Jacket): It covers the cladding and protects the fiber from moisture, dust, 

scratches, and mechanical damage. 

 

Working of Optical Fiber 

1. A light source (LED or laser diode) sends light into the fiber core. 

2. The light strikes the core–cladding boundary. 

3. Since the angle of incidence is greater than the critical angle, total internal reflection 

occurs. 

4. The light reflects repeatedly along the length of the fiber. 

5. The light reaches the receiving end with very little loss. 

Thus, information is transmitted efficiently through the optical fiber. 
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Types of Optical Fiber 

1. Single-Mode Fiber (SMF) 

● Very small core diameter (about 8–10 µm). 

● Allows only one light path (mode). 

● Suitable for long-distance communication. 

● Has very low signal loss and high bandwidth. 

2. Multi-Mode Fiber (MMF) 

● Larger core diameter (about 50–100 µm). 

● Allows many light paths (modes). 

● Used for short-distance communication. 

● Lower bandwidth than single-mode fiber. 

 

Characteristics of Optical Fiber 

● High bandwidth 

● Very low transmission loss 

● Lightweight and flexible 

● Immune to electromagnetic interference (EMI) 

● High data transmission speed 

● Secure communication 

● Corrosion resistant 

● Long operating life 

 

Advantages 

● High-speed data transmission 

● Low signal attenuation 

● Large bandwidth 

● Small size, lightweight, reliable and durable 

● Immune to electrical and magnetic interference 

● Secure communication 

● Long-distance transmission without significant loss 

 

Disadvantages 

● High installation cost 

● Fragile compared to copper cables 

● Difficult to splice and repair. It requires specialized equipment and skilled technicians 

 

Applications 

● Optical fiber communication 

● Internet and broadband services 

● Cable television (CATV) 

● Telephone networks 

● Medical endoscopy 

● Industrial automation 

● Military communication 

● Optical sensors 

● Computer networking 
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7.2 Structure of Optical Fiber 

The structure of an optical fiber consists of three main parts: the core, cladding, and protective 

coating (jacket). These parts work together to transmit light efficiently through the principle of 

Total Internal Reflection (TIR). 

An optical fiber has the following three layers: 

1. Core 

● The core is the central part of the optical fiber. 

● It is made of high-quality glass (silica) or plastic. 

● Light signals travel through the core. 

● It has a higher refractive index than the cladding. 

Functions: 

● Carries the light signal. 

● Provides the path for light transmission. 

2. Cladding 

● The cladding surrounds the core. 

● It is also made of glass or plastic. 

● It has a lower refractive index than the core. 

Functions: 

● Causes Total Internal Reflection (TIR). 

● Prevents light from escaping from the core. 

● Reduces transmission loss. 

3. Protective Coating (Jacket or Buffer Coating) 

● The outermost layer of the optical fiber. 

● Made of plastic or polymer material. 

● It does not transmit light. 

Functions: 

● Protects the fiber from moisture, dust, scratches, and mechanical damage. 

● Increases the strength and durability of the fiber. 
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Working of the Structure 

1. Light enters the core from a laser diode or LED. 

2. Since the core has a higher refractive index than the cladding, the light undergoes Total 

Internal Reflection at the core–cladding interface. 

3. The light reflects repeatedly inside the core and travels along the fiber with very little loss. 

4. The protective coating shields the fiber from external damage without affecting light 

transmission. 

 

Typical Dimensions 

Part Typical Size 

Core 8–10 µm (Single-mode), 50–100 µm (Multimode) 

Cladding 125 µm 

Protective Coating 250–900 µm 

 

Advantages 

● Efficient light transmission 

● Low signal attenuation 

● High bandwidth 

● Excellent protection against physical damage 

● Long service life 

● Reliable communication 

 

Applications 

● Optical fiber communication 

● Internet and broadband services 

● Cable television (CATV) 

● Telephone networks 

● Medical endoscopy 

● Fiber-optic sensors 

● Industrial automation 

● Military communication 

 

7.3 Propagation of Light Through an Optical Fiber and Numerical Aperture (NA) 

An optical fiber works on the principle of Total Internal Reflection (TIR). The propagation of 

light in an optical fiber is the process by which light travels through the core by repeated Total 

Internal Reflection (TIR) at the core–cladding boundary.  

 

Conditions for Total Internal Reflection 

1. Light must travel from the core (denser medium) to the cladding (rarer medium). 

2. The angle of incidence at the core–cladding interface must be greater than the critical 

angle. 

 

Working of Light Propagation 

Step 1: Light Enters the Fiber 

A light source such as a laser diode or LED sends light into the core of the optical fiber. 

Step 2: Refraction at the Fiber End 
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The light bends (refracts) as it enters the core. 

Step 3: Total Internal Reflection 

When the light reaches the core–cladding boundary at an angle greater than the critical angle, it is 

completely reflected back into the core. 

Step 4: Repeated Reflections 

The light continues to undergo repeated total internal reflections and travels along the fiber with 

very little loss. 

Step 5: Light Reaches the Output End 

The light emerges from the other end of the fiber carrying the transmitted information. 

 

Numerical Aperture (NA) 

The Numerical Aperture (NA) is a measure of the light-gathering ability of an optical fiber. It 

indicates the maximum angle at which light can enter the fiber and still be guided through the 

core. NA means the fiber can accept light over a wider range of angles. 

Formula for Numerical Aperture 

 

𝑁𝐴 

 

Where n0 = refractive index of external medium i.e. for air =1 

 

Hence, NA  

where: 

● n1 = Refractive index of the core 

● n2 = Refractive index of the cladding 

The numerical aperture is also related to the acceptance angle: 

NA = n0 sinƟ 

where, θ = Acceptance angle (maximum angle at which light can enter the fiber) 

 

Acceptance Angle 

The acceptance angle is the maximum angle at which light can enter the fiber and still undergo 

total internal reflection inside the core. 

 
● Larger acceptance angle → Larger NA 

● Smaller acceptance angle → Smaller NA 

 

Importance of Numerical Aperture 

● Determines the light-collecting efficiency of the fiber. 

● Affects the amount of optical power entering the fiber. 

● Influences coupling efficiency between the light source and the fiber. 

● Helps determine communication performance. 

 

Advantages of High Numerical Aperture 

● Easier light coupling. 

● More light enters the fiber. 
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● Better signal transmission. 

● Less alignment difficulty. 

 

7.4 Pulse Broadening (Dispersion in Optical Fiber) 

Pulse broadening is the spreading or widening of a light pulse as it travels through an optical 

fiber. Because of this spreading, adjacent pulses may overlap, causing signal distortion and 

limiting the data transmission rate. Pulse broadening is also known as dispersion. 

 

Causes of Pulse Broadening 

Pulse broadening occurs because different light rays or wavelengths travel through the fiber at 

different speeds or along different paths. 

The main causes are: 

1. Modal Dispersion (Intermodal Dispersion) 

● Occurs mainly in multimode fibers. 

● Different light rays (modes) travel along different paths. 

● Some rays travel a longer path and arrive later than others. 

● This causes the pulse to spread. 

Characteristics: 

● Present only in multimode fibers. 

● Major cause of pulse broadening in multimode communication. 

● Absent in single-mode fibers. 

2. Material (Chromatic) Dispersion 

● Caused by different wavelengths of light traveling at different speeds in the fiber material. 

● Even a light source with a small wavelength range produces slight pulse spreading. 

Characteristics: 

● Occurs in both single-mode and multimode fibers. 

● Depends on the properties of the fiber material. 

3. Waveguide Dispersion 

● Occurs because part of the light travels in the core and part travels in the cladding. 

● Different portions of the light wave propagate at slightly different speeds. 

Characteristics: 

● Mainly observed in single-mode fibers. 

● Depends on the fiber design and dimensions. 

 

Effects of Pulse Broadening 

● Signal distortion 

● Overlapping of adjacent pulses (Inter-Symbol Interference) 

● Reduced transmission distance 

● Reduced bandwidth 

● Lower data transmission rate 

● Increased probability of communication errors 

 

Methods to Reduce Pulse Broadening 

1. Use single-mode optical fibers. 

2. Use laser diodes instead of LEDs because they emit a narrower range of wavelengths. 

3. Operate at wavelengths where material dispersion is minimum. 
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4. Use dispersion-compensating fibers or optical compensators. 

5. Improve fiber design and manufacturing quality. 

 

7.5 Advantages and Disadvantages of Fiber Optics 

Fiber optics is a communication technology in which information is transmitted as light signals 

through thin strands of glass or plastic called optical fibers. It provides high-speed, long-distance, 

and reliable communication with very low signal loss. 

 

Advantages of Fiber Optics 

1. High Bandwidth 

● Optical fibers can carry a very large amount of data. 

● Suitable for high-speed internet and communication systems. 

2. Low Transmission Loss 

● Light signals experience very little attenuation. 

● Information can travel over long distances without significant loss. 

3. High-Speed Communication 

● Data is transmitted at very high speeds. 

● Supports modern broadband and telecommunication networks. 

4. Immunity to Electromagnetic Interference (EMI) 

● Optical fibers are not affected by electromagnetic or radio-frequency interference. 

● Ensures clear and reliable communication. 

5. Small Size and Lightweight 

● Fiber optic cables are thinner and lighter than copper cables. 

● Easy to transport and install. 

6. Secure Communication 

● Optical fibers are difficult to tap. 

● Provides better security for data transmission. 

7. Electrical Insulation 

● Optical fibers do not conduct electricity. 

● Safe to use in high-voltage and lightning-prone areas. 

8. Corrosion Resistant 

● Glass fibers are resistant to corrosion and many chemicals. 

● Suitable for harsh environments. 

9. Long-Distance Transmission 

● Signals can travel long distances with fewer repeaters. 

● Reduces maintenance costs. 

10. High Reliability 

● Long service life and stable performance. 

● Suitable for continuous communication systems. 

 

Disadvantages of Fiber Optics 

1. High Initial Cost 

● Installation and equipment costs are higher than copper cable systems. 

2. Fragile 

● Glass fibers can break if bent excessively or handled roughly. 

3. Difficult Installation 
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● Requires careful handling and precise alignment during installation. 

4. Complex Splicing 

● Joining two optical fibers requires specialized tools and skilled technicians. 

5. Expensive Equipment 

● Optical transmitters, receivers, and testing equipment are costly. 

6. Difficult Repair 

● Fault detection and repair require specialized instruments and expertise. 

7. Limited Power Transmission 

● Optical fibers transmit light, not electrical power. 

● Separate power cables are required for electrical devices. 

 

Applications of Fiber Optics 

● Optical fiber communication 

● Internet and broadband services 

● Telephone networks 

● Cable television (CATV) 

● Medical endoscopy 

● Industrial automation 

● Military communication 

● Fiber-optic sensors 

● Computer networking 

● Undersea communication cables 


