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ABSTRACT: Semiconductors are a class of materials with unique electrical properties that lie
between those of conductors (metals) and insulators (nonmetals). Unlike conductors, which
readily allow the flow of electrons, and insulators, which inhibit electron flow, semiconductors
exhibit a moderate level of electrical conductivity that can be manipulated by external factors.

One of the defining characteristics of semiconductors is their band structure, which consists of
valence and conduction bands separated by a band gap. Intrinsic semiconductors, such as pure
silicon (Si) and germanium (Ge), have a small bandgap, allowing electrons to move between the
valence and conduction bands with relatively low energy input.
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Semiconductors are broadly categorized into two types: intrinsic and extrinsic.

Intrinsic Semiconductors

Intrinsic semiconductors are pure semiconductor materials, such as silicon (Si) and germanium
(Ge), with no intentional impurities added. In their pure form, these materials have a crystalline
structure where every atom forms covalent bonds with its neighboring atoms. At absolute zero
temperature (0 Kelvin), intrinsic semiconductors behave as insulators due to the complete filling
of the valence band and the absence of free charge carriers in the conduction band. However, as
temperature increases, some electrons gain enough thermal energy to break free from their
covalent bonds, creating electron-hole pairs and contributing to electrical conductivity.
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Extrinsic Semiconductors

Extrinsic semiconductors, also known as doped semiconductors, are semiconductor materials that
have been intentionally modified by adding impurities, known as dopants, to their crystal lattice.
Doping introduces additional charge carriers into the semiconductor, significantly altering its
electrical properties. Extrinsic semiconductors are further classified into P-type and N-type based
on the type of dopants used and the resulting majority charge carriers.

Introduction to Extrinsic Semiconductors

Extrinsic semiconductors are engineered to enhance specific electrical characteristics for practical
applications. The process of doping introduces impurity atoms into the semiconductor lattice,
which disrupts the crystal structure and creates either electron-deficient (P-type) or electron-rich
(N-type) regions within the material. This deliberate modification allows for precise control over
the conductivity and other electrical properties of the semiconductor.
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Purpose of Doping
The primary purpose of doping is to modify the conductivity and charge carrier concentration of
semiconductors to suit specific device requirements. By selectively doping semiconductor
materials, engineers can tailor their electrical properties to optimize device performance for
various applications.
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Methods of Doping
Doping can be achieved through various methods, including:
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« lon Implantation: Bombarding the semiconductor material with high-energy ions to embed
dopant atoms into the crystal lattice.
. Diffusion: Heating the semiconductor material in the presence of dopant atoms, causing
them to diffuse into the crystal lattice.
. Epitaxial Growth: Growing a thin layer of doped semiconductor material on top of a
substrate using chemical vapor deposition or molecular beam epitaxy.

Types of Dopants and Their Effects

Dopants used in semiconductor doping are typically elements from groups Il and V of the
periodic table, known as trivalent and pentavalent dopants, respectively. Common dopants for P-
type semiconductors include boron (B), aluminum (Al), and gallium (Ga), which have one fewer
valence electron than the host semiconductor material. For N-type semiconductors, phosphorus
(P), arsenic (As), and antimony (Sb) are commonly used as dopants, as they have one additional
valence electron.

Effects of Dopants

The choice of dopant and its concentration significantly impacts the electrical properties of the
semiconductor. Dopants alter the conductivity, carrier concentration, and mobility of charge
carriers within the material. Higher dopant concentrations result in increased carrier density and
conductivity, while the type of dopant determines the majority charge carrier (holes for P-type
and electrons for N-type).

In summary, intrinsic and extrinsic semiconductors represent two fundamental categories of
semiconductor materials, each with distinct electrical properties and characteristics. Extrinsic
semiconductors, achieved through intentional doping, offer enhanced flexibility and control over
conductivity, making them indispensable for semiconductor device fabrication and modern
technology.

Doping Process and Dopants

Purpose of Doping

Doping is a crucial process in semiconductor fabrication that involves intentionally introducing
impurity atoms, known as dopants, into the crystal lattice of semiconductor materials. The
primary purpose of doping is to modify the electrical properties of the semiconductor, such as
conductivity, carrier concentration, and mobility, to meet specific device requirements.

Methods of Doping

Several methods are employed to introduce dopants into semiconductor materials, each with its
advantages and limitations:

1.lon Implantation

lon implantation is a widely used technique for precise and controlled doping of semiconductors.
In this method, high-energy ions of the desired dopant species are accelerated and bombarded
onto the surface of the semiconductor wafer. The implanted ions penetrate the crystal lattice and
come to rest at specific depths, determined by the implantation energy and angle. Subsequent
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annealing processes are often employed to activate the dopants and repair lattice damage caused
by ion bombardment.

2. Diffusion

Diffusion doping involves heating the semiconductor material in the presence of dopant atoms,
allowing them to diffuse into the crystal lattice. The dopant atoms migrate through the
semiconductor material due to concentration gradients until they reach equilibrium positions. The
diffusion process is typically carried out in a controlled atmosphere, such as a furnace, at elevated
temperatures. Diffusion doping offers good control over dopant profile depth but requires careful
optimization of temperature, time, and dopant concentration.

3.Epitaxial Growth

Epitaxial growth is a method used to deposit a thin layer of semiconductor material with
controlled doping onto a substrate. In this technique, the semiconductor material is grown layer-
by-layer on a single-crystal substrate using methods such as chemical vapor deposition (CVD) or
molecular beam epitaxy (MBE). By introducing dopant gases during the epitaxial growth process,
precise control over dopant concentration and distribution can be achieved, making it suitable for
fabricating complex semiconductor structures and integrated circuits.

Types of Dopants and Their Effects

Dopants used in semiconductor doping are typically elements from groups Il and V of the
periodic table, known as trivalent and pentavalent dopants, respectively. The choice of dopant
and its concentration significantly influences the electrical properties of the semiconductor
material.

P-type Dopants

P-type dopants, such as boron (B), aluminum (Al), and gallium (Ga), have one fewer valence
electron than the host semiconductor material. When incorporated into the crystal lattice, these
dopants create "holes" or acceptor states in the valence band, resulting in an excess of positive
charge carriers. P-type dopants are used to create regions of positive conductivity in
semiconductor devices.

N-type Dopants

N-type dopants, such as phosphorus (P), arsenic (As), and antimony (Sb), have one additional
valence electron compared to the host semiconductor material. These dopants introduce
additional electrons into the conduction band, leading to an excess of negative charge carriers. N-
type dopants are used to create regions of negative conductivity in semiconductor devices.

Effects of Dopants on Electrical Properties

The incorporation of dopants into the semiconductor lattice alters its electrical properties in
several ways:

. Conductivity: Dopants increase the concentration of charge carriers in the semiconductor
material, thereby enhancing its conductivity.
« Carrier Concentration: The type and concentration of dopants determine the density of free
charge carriers (electrons or holes) in the semiconductor.
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Mobility: Dopants can affect the mobility of charge carriers, influencing their ability to
move through the semiconductor lattice under an applied electric field.

Band Theory

The band theory of extrinsic semiconductors builds upon the principles of semiconductor physics,
particularly the concept of energy bands and bandgaps. In intrinsic semiconductors, such as pure
silicon or germanium, the valence band is fully occupied by electrons at absolute zero
temperature, and the conduction band is empty. However, in extrinsic semiconductors, intentional
doping introduces impurity atoms into the crystal lattice, altering the energy band structure and
electrical properties.
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1. Energy Bands in Extrinsic Semiconductors:

Valence Band: The valence band in extrinsic semiconductors remains similar to that in
intrinsic semiconductors. It consists of closely spaced energy levels corresponding to the
valence electrons of the constituent atoms. At absolute zero temperature, the valence band
Is fully occupied by electrons.

Conduction Band: The conduction band lies above the valence band and is separated by the
bandgap. In extrinsic semiconductors, doping introduces additional energy levels within
the bandgap, influencing the behavior of charge carriers. These energy levels can be either
donor levels or acceptor levels, depending on the type of doping.

2. Donor Levels and Acceptor Levels:

Donor Levels: When extrinsic semiconductors are doped with atoms from group V of the
periodic table (e.g., phosphorus, arsenic), additional energy levels called donor levels are
introduced just below the conduction band. These donor levels have energy states that are
close to the conduction band and are typically associated with electrons that are relatively
loosely bound to the impurity atoms.

Acceptor Levels: Conversely, when extrinsic semiconductors are doped with atoms from
group Il of the periodic table (e.g., boron, gallium), additional energy levels called
acceptor levels are introduced just above the valence band. These acceptor levels have
energy states that are close to the valence band and are typically associated with "holes," or
vacancies in the valence band created by the absence of electrons.
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3. Band Diagrams and Electrical Behavior:

« n-Type Extrinsic Semiconductor: In n-type extrinsic semiconductors, the presence of donor
levels introduces additional electrons into the conduction band, increasing the electron
concentration. These additional electrons contribute to the conductivity of the material,
resulting in n-type conductivity.

« p-Type Extrinsic Semiconductor: In p-type extrinsic semiconductors, the presence of
acceptor levels creates additional holes in the valence band, increasing the hole
concentration. These additional holes contribute to the conductivity of the material,
resulting in p-type conductivity.

4. Carrier Concentration and Mobility:

. Carrier Concentration: The concentration of charge carriers (either electrons or holes) in
extrinsic semiconductors is determined by the doping level, temperature, and material
properties. Donor doping increases the electron concentration in n-type semiconductors,
while acceptor doping increases the hole concentration in p-type semiconductors.

« Carrier Mobility: Carrier mobility refers to the ability of charge carriers to move through
the semiconductor lattice in response to an electric field. In extrinsic semiconductors,
carrier mobility depends on factors such as scattering mechanisms, crystal defects, and
material properties.

5. Application in Semiconductor Devices:

The band theory of extrinsic semiconductors forms the basis for the operation of various
semiconductor devices, including diodes, transistors, and integrated circuits. By controlling the
doping level and type, engineers can tailor the electrical properties of semiconductor materials to
meet the requirements of specific applications, enabling the development of advanced electronic
devices with enhanced performance and functionality.

Electrical Properties of Extrinsic Semiconductors

1. Conductivity

Conductivity is a fundamental electrical property of semiconductors that describes their ability to
conduct electrical current. In extrinsic semiconductors, conductivity is primarily influenced by
the concentration and mobility of charge carriers (electrons and holes). Extrinsic semiconductors
can exhibit both n-type and p-type conductivity, depending on the type of dopants introduced.

n-type Conductivity

In n-type semiconductors, such as silicon doped with phosphorus, electrons are the majority
charge carriers. These electrons are introduced into the crystal lattice by donor dopants, resulting
in an excess of negative charge carriers. The conductivity of n-type semiconductors increases
with increasing dopant concentration and electron mobility.

p-type Conductivity

In p-type semiconductors, such as silicon doped with boron, holes are the majority charge
carriers. These holes are created by acceptor dopants, resulting in an excess of positive charge
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carriers. The conductivity of p-type semiconductors increases with increasing dopant
concentration and hole mobility.

2. Resistivity

Resistivity is the inverse of conductivity and quantifies a material's resistance to the flow of
electrical current. It is determined by the concentration and mobility of charge carriers and is
often used to characterize the electrical properties of semiconductors. Resistivity is typically
measured in units of ohm-centimeters (Q-cm) or ohm-meters (Q'm).

Relationship with Carrier Concentration and Mobility

The resistivity of a semiconductor material is inversely proportional to its carrier concentration
and mobility. Higher carrier concentrations and mobilities lead to lower resistivity and higher
conductivity. Resistivity measurements provide valuable insights into the doping level, purity,
and overall quality of semiconductor materials.

3.Bandgap

The bandgap is another critical electrical property of semiconductors that determines their ability
to absorb and emit photons and their suitability for electronic and optoelectronic applications. It
represents the energy difference between the valence band, where electrons are bound to atoms,
and the conduction band, where electrons are free to move and participate in electrical
conduction.

Influence on Conductivity

The bandgap indirectly influences conductivity by affecting the generation and recombination of
charge carriers. Semiconductors with narrower bandgaps tend to have higher intrinsic carrier
concentrations and lower resistivities at room temperature. However, the bandgap also influences
the maximum operating temperature and energy efficiency of semiconductor devices.

4. Temperature Dependence

The electrical properties of extrinsic semiconductors, including conductivity, resistivity, and
bandgap, exhibit temperature dependence. As temperature increases, thermal energy promotes the
generation of charge carriers, leading to increased conductivity and decreased resistivity.
However, excessive temperature can also induce carrier recombination and degrade device
performance.

Activation Energy

The temperature dependence of semiconductor conductivity is characterized by an activation
energy, which represents the energy required to promote charge carriers from the valence band to
the conduction band. Activation energy varies depending on the semiconductor material and
doping level and influences the temperature coefficient of resistivity.

5. Voltage Dependence

The electrical properties of extrinsic semiconductors can also exhibit voltage dependence,
particularly under applied electric fields. At high electric fields, carrier mobility may decrease
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due to scattering mechanisms such as impact ionization and velocity saturation, leading to
nonlinear behavior in current-voltage characteristics..

Future of extrinsic semiconductor.

The fabrication processes of extrinsic semiconductors involve intricate steps such as wafer
preparation, doping, photolithography, etching, deposition, and pacThe future of extrinsic
semiconductors is poised to be dynamic, with ongoing research and development focusing on
several key areas to address emerging challenges and capitalize on new opportunities in
semiconductor technology. Here are some aspects that shape the future of extrinsic
semiconductors:

1. Advanced Materials and Fabrication Techniques:

Novel Semiconductor Materials: Researchers are exploring new semiconductor materials
with enhanced electrical, optical, and thermal properties to overcome limitations of
traditional materials like silicon and gallium arsenide. These materials may include wide-
bandgap semiconductors (e.g., silicon carbide, gallium nitride) for high-power and high-
frequency applications, as well as two-dimensional materials (e.g., graphene, transition
metal dichalcogenides) for nanoelectronics and optoelectronics.

Advanced Fabrication Techniques: Advances in fabrication techniques, such as atomic
layer deposition (ALD), molecular beam epitaxy (MBE), and nanoimprint lithography,
enable precise control over material properties, device structures, and dimensions at the
nanoscale. These techniques facilitate the development of next-generation semiconductor
devices with improved performance, reliability, and energy efficiency.

2. Heterogeneous Integration and System Integration:

System-in-Package (SiP) Technology: SiP technology integrates multiple semiconductor
dies, passive components, and interconnects within a single package, enabling
miniaturization, increased functionality, and improved performance in compact electronic
devices. SiP facilitates the integration of diverse materials and technologies, including
extrinsic semiconductors, MEMS devices, RF components, and sensors, to meet the
demands of emerging applications such as Internet of Things (loT), wearable electronics,
and biomedical devices.

3D Integration: 3D integration techniques stack multiple semiconductor dies vertically to
increase device integration density and functionality. Through-silicon via (TSV)
technology enables vertical interconnects between stacked dies, facilitating high-speed
signal routing, reduced interconnect lengths, and compact system designs. 3D integration
enables the integration of heterogeneous materials and technologies, including extrinsic
semiconductors, advanced packaging materials, and emerging devices such as microfluidic
systems and biosensors.

3. Energy Efficiency and Sustainability:

Energy-Efficient Devices: The demand for energy-efficient semiconductor devices drives
research and development efforts to reduce power consumption, enhance device
performance, and minimize environmental impact. Extrinsic semiconductors play a crucial
role in enabling energy-efficient technologies such as power electronics, solid-state
lighting, and renewable energy systems. Doping techniques, material engineering, and
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device design optimizations contribute to improving energy efficiency and sustainability
across various applications.

« Green Manufacturing Processes: The semiconductor industry is increasingly focused on
adopting green manufacturing processes and sustainable materials to minimize resource
consumption, waste generation, and environmental pollution. Green semiconductor
fabrication techniques, such as water-based etching, environmentally friendly solvents, and
eco-friendly packaging materials, promote sustainable manufacturing practices while
maintaining high product quality and performance.

4. Emerging Applications and Market Trends:

o Internet of Things (IoT) and Edge Computing: The proliferation of 10T devices and edge
computing platforms drives demand for low-power, high-performance semiconductor
solutions capable of processing, storing, and transmitting data at the network edge.
Extrinsic semiconductors, with their tunable electrical properties and compatibility with
advanced packaging technologies, are essential for enabling 10T devices, sensors, and edge
computing systems in smart cities, industrial automation, and healthcare applications.

« Artificial Intelligence (Al) and Machine Learning: Al and machine learning applications
require semiconductor devices with high computational power, memory bandwidth, and
energy efficiency to perform complex data processing tasks. Extrinsic semiconductors,
particularly wide-bandgap materials and neuromorphic computing architectures, hold
promise for accelerating Al algorithms, enabling real-time decision-making, and advancing
autonomous systems in robotics, automotive, and aerospace industries.

Conclusion

In conclusion, the study of extrinsic semiconductors offers valuable insights into the fundamental
principles of semiconductor physics and their practical applications in modern electronic devices.
Through careful manipulation of doping techniques and material properties, extrinsic
semiconductors play a pivotal role in enabling the development of high-performance
semiconductor devices with diverse functionalities and applications.

Throughout this project report, we have explored various aspects of extrinsic semiconductors,
including their band theory, electrical properties, fabrication processes, and future prospects.
Extrinsic semiconductors exhibit unique electrical behavior due to the introduction of dopant
atoms, which create additional energy levels within the bandgap and influence the conductivity
and carrier concentration of the material. Understanding these properties is essential for designing
and optimizing semiconductor devices for a wide range of applications, from microelectronics
and photonics to renewable energy and skaging. These processes require precise control and
sophisticated techniques to achieve desired device performance and reliability. Advanced
materials and fabrication techniques, along with innovative packaging technologies such as
system-in-package (SiP) and 3D integration, are driving the future of extrinsic semiconductors
towards enhanced functionality, miniaturization, and energy efficiency.

Looking ahead, the future of extrinsic semiconductors holds promise for continued advancements
In materials science, device engineering, and system integration. Emerging technologies such as
Internet of Things (loT), artificial intelligence (Al), and edge computing present new
opportunities and challenges for semiconductor researchers and engineers. By leveraging
interdisciplinary collaborations and adopting sustainable manufacturing practices, we can harness

JETIR2404D15 \ Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org \ nllo


http://www.jetir.org/

© 2024 JETIR April 2024, Volume 11, Issue 4 www.jetir.org (ISSN-2349-5162)
the full potential of extrinsic semiconductors to address societal needs, drive economic growth,
and shape the future of technology in the digital age.
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