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Abstract:

In this comprehensive project, we delve deep into the fascinating world of energy bands in
semiconductors and explore the intricacies of various semiconductor types, employing a user-
friendly approach that integrates diagrams and MATLAB simulation to facilitate understanding.
Energy bands, akin to roadmaps for electrons within semiconductors, serve as fundamental
guides to their behavior. Through an exhaustive examination facilitated by illustrative diagrams
and interactive MATLAB simulation, we aim to demystify the complexities surrounding these
energy bands, making them accessible to learners of all levels.

Our exploration extends to the exploration of intrinsic and extrinsic semiconductors. Intrinsic
semiconductors represent the purest form, characterized by pristine energy band configurations,
while extrinsic semiconductors are intentionally modified to enhance their functional properties.
Through MATLAB simulations, we offer an immersive learning experience, allowing readers to
visualize the intricate interactions of electrons within energy bands and comprehend the effects
of different parameters on semiconductor behavior. By providing hands-on learning
opportunities, we empower readers to deepen their understanding and engage with the material
actively.

Furthermore, we discuss practical implications and potential applications of energy bands in
semiconductors, highlighting their significance in various technological advancements. From
transistors to solar cells, energy bands play a crucial role in shaping the functionality of
semiconductor devices, driving innovation and progress in diverse fields.
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Ultimately, our project aims to equip readers with a comprehensive understanding of energy
bands in semiconductors and semiconductor types, empowering them to grasp the foundational
principles underlying semiconductor physics and appreciate their importance in modern
technology. Through accessible language, illustrative diagrams, and interactive simulations, we
aim to make complex concepts more approachable and foster a deeper appreciation for the
fascinating world of semiconductors.

Keywords: Energy bands, Semiconductors, Intrinsic semiconductors, Extrinsic semiconductors,
Band gap, Valence band, Conduction band, Dopants, Donor impurities, Acceptor impurities,
MATLAB simulations, Electrical conductivity, Optical properties, Charge carriers, Semiconductor
devices, Transistors, Diodes, Photovoltaic cells, Optoelectronic applications.

Introduction:

Semiconductors are at the core of modern electronic devices, playing an indispensable role in
powering technologies that have revolutionized our lives. From the microprocessors that drive
our computers and smartphones to the solar cells that harness renewable energy,
semiconductors form the foundation upon which much of our modern world is built.

At the heart of semiconductor behavior lies the concept of energy band structures. These
structures provide a framework for understanding how electrons move within semiconductor
materials, influencing their electrical conductivity and optical properties. Energy band theory is
crucial for predicting and engineering the behavior of semiconductor devices, enabling the
design of advanced electronics with ever-increasing performance and efficiency.

Fundamentals of Energy Bands:

Energy bands in semiconductors play a pivotal role in determining the electronic properties of
the material. They represent the distribution of electron energy levels within the semiconductor
lattice and are essential for understanding how electrons behave within the material. In this
section, we delve into the intricacies of energy bands, focusing on two fundamental bands: the
valence band (E},) and the conduction band (E).

The valence band is the highest energy band in a semiconductor that is fully occupied by
electrons at absolute zero temperature. It contains electrons that are tightly bound to the atomic
nuclei of the semiconductor material. These electrons are in their lowest energy states and are
not free to move around the crystal lattice.
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On the other hand, the conduction band lies just above the valence band and contains vacant
energy states. Electrons in the conduction band have higher energies and are free to move
throughout the crystal lattice under the influence of an external electric field. It is the movement
of these electrons in the conduction band that gives rise to electrical conductivity in
semiconductors.

The energy difference between the valence band and the conduction band is known as the band
gap (Eg). This band gap determines the semiconductor's electrical conductivity properties.
Semiconductors with larger band gaps are insulators, as the energy required to excite electrons
from the valence band to the conduction band is significant. In contrast, semiconductors with
smaller band gaps are conductors, as thermal energy is often sufficient to promote electrons into
the conduction band.

Mathematically, the band gap (Ej) is expressed as the energy difference between the conduction
band (E.) and the valence band (E,):

E, = E, —E,

Understanding the band gap is crucial for predicting and engineering the electronic properties of
semiconductors. By manipulating the band gap through techniques such as doping and alloying,
engineers can tailor semiconductor materials to suit specific applications. For instance, reducing
the band gap can enhance the semiconductor's conductivity, making it suitable for electronic
devices like transistors and diodes.

In summary, energy bands in semiconductors, comprising the valence band and the conduction
band, govern the material's electronic behavior. The band gap, representing the energy
difference between these bands, plays a pivotal role in determining the semiconductor's
conductivity properties. By comprehending the principles of energy bands and band gap
engineering, researchers and engineers can develop novel semiconductor materials with tailored
electronic properties for diverse applications in electronics and optoelectronics.
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Semiconductor Classification:
Semiconductors are broadly classified into two categories: intrinsic and extrinsic.

. Intrinsic Semiconductors: Intrinsic semiconductors stand as the elemental building blocks of
semiconductor physics, embodying purity and fundamental properties. Within their pristine
structure lies a well-defined energy band arrangement: the valence band, brimming with tightly
bound electrons, and the conduction band, awaiting with open vacancies. The band gap, a
defining characteristic, dictates their behavior, with larger gaps rendering them insulating and
smaller ones imparting conductivity. At thermal equilibrium, carriers—electrons and holes—
harmonize in a delicate dance, their concentrations balanced by intrinsic properties. Optical
phenomena come to play as photons of sufficient energy spark transitions, generating electron-
hole pairs. And as temperature rises, so does conductivity, as thermal energy liberates carriers
across the band gap. Intrinsic semiconductors thus serve as the bedrock of semiconductor
technology, offering insights into the core principles that underpin electronic and optical
functionalities, driving innovation and progress in the field.

Extrinsic Semiconductors: Extrinsic semiconductors represent a deliberate departure from the
pristine purity of intrinsic materials, as they are intentionally modified through doping to
enhance or alter their electrical properties. Doping involves the deliberate introduction of
specific impurities, known as dopants, into the semiconductor lattice, thereby disrupting its
perfect crystalline structure. This deliberate introduction of dopants allows engineers to exert
precise control over the semiconductor's conductivity and optical characteristics, making them
highly versatile for a wide range of applications.

Extrinsic semiconductors are categorized into two main types based on the type of dopants
added: n-type and p-type semiconductors.

. N-type Semiconductors: N-type semiconductors are doped with donor impurities, atoms that
contribute extra electrons to the semiconductor lattice. Common donor dopants include
phosphorus (P), arsenic (As), and antimony (Sb). When incorporated into the semiconductor
lattice, these donor atoms introduce additional electrons into the conduction band, increasing
the concentration of negative charge carriers. As a result, n-type semiconductors exhibit an
excess of electrons as majority charge carriers, leading to enhanced electrical conductivity.

. P-type Semiconductors: P-type semiconductors, on the other hand, are doped with acceptor
impurities, atoms that create holes (electron deficiencies) in the semiconductor lattice. Common
acceptor dopants include boron (B), gallium (Ga), and indium (In). When incorporated into the
semiconductor lattice, these acceptor atoms capture electrons from neighboring atoms, creating
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holes in the valence band. As a result, p-type semiconductors exhibit an excess of holes as
majority charge carriers, leading to enhanced electrical conductivity through hole conduction.

The deliberate addition of dopants in extrinsic semiconductors allows engineers to tailor their
electrical properties to suit specific application requirements. By carefully controlling the type
and concentration of dopants, as well as their spatial distribution within the semiconductor
material, engineers can fine-tune parameters such as carrier mobility, resistivity, and optical
absorption characteristics. This ability to customize the electrical and optical properties of
semiconductors makes extrinsic semiconductors indispensable for a wide range of electronic and
optoelectronic devices, including transistors, diodes, solar cells, and integrated circuits.

Here’s the MATLAB Code for Semiconductors energy band gap diagram for semiconductors using
the plot function:

% Define constants

Eg=1.12; % Band gap energy in eV

E_V =0; % Valence band energy level
E_C=Eg; % Conduction band energy level

% Define energy range
E = linspace(-0.5*Eg, 1.5*Eg, 1000);

% Define the energy bands
VB = ones(size(E)) * E_V;
CB = ones(size(E)) * E_C;

% Plot the energy bands

hold on;

plot(E, VB, 'r', 'LineWidth', 2); % Valence band
plot(E, CB, 'b', 'LineWidth', 2); % Conduction band

% Highlight the band gap region
fill([0, Eg, Eg, 0], [0, 0, max([VB, CB]), max([VB, CB])], 'k', 'FaceAlpha’, 0.1, 'EdgeColor’, 'none’);

% Add labels and title

xlabel('Energy (eV)');

ylabel('Energy Level');

title('Band Gap Diagram for Semiconductors');
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% Add legend
legend('Valence Band', 'Conduction Band', 'Band Gap');

% Adjust plot limits and appearance
xlim([-0.5*Eg, 1.5*Eg]);
ylim([min([VB, CB]), max([VB, CB])]);
grid on;

box on;

hold off;

Below is diagram for semiconductors generated using MATLAB. This diagram illustrates the
separation between the valence band edge, conduction band edge, and the energy band gap,
which plays a crucial role in determining the electronic properties of semiconductor materials.
The code used to generate this plot is provided above.
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Carrier Dynamics and Fermi Level:

1. Electron and Hole Transport:

In semiconductors, electrons in the conduction band and holes in the valence band are the
primary charge carriers responsible for electrical conduction. The movement of these charge
carriers under the influence of an external electric field determines the semiconductor's
conductivity. Electrons move from areas of high electron concentration to low concentration,
while holes move in the opposite direction.

The mobility of charge carriers—their ability to move through the semiconductor lattice—is
influenced by factors such as carrier scattering, crystal defects, and doping concentration.
Understanding carrier mobility is crucial for optimizing semiconductor device performance, as it
directly impacts parameters like conductivity and response time.

2. Fermi-Dirac Distribution:

At thermodynamic equilibrium, the distribution of electrons and holes in a semiconductor
follows the Fermi-Dirac distribution function. This distribution describes the probability of finding
an electron in a given energy state at a specific temperature. At absolute zero temperature, the
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Fermi level coincides with the highest occupied energy level in the valence band, and the
probability of finding an electron above this level is effectively zero.

As the temperature increases, electrons are excited to higher energy levels, leading to a shift in
the Fermi level towards the conduction band. At a certain temperature, known as the Fermi
temperature, the Fermi level lies halfway between the valence and conduction bands. Above this
temperature, the semiconductor behaves as a degenerate semiconductor, where the Fermi level

lies within the band gap and a significant number of electrons are present in the conduction
band.

3. Semiconductor Doping and Carrier Concentration:

Doping—a process of intentionally introducing impurities into the semiconductor lattice—affects
the concentration and mobility of charge carriers. N-type doping introduces donor impurities
that contribute additional electrons to the conduction band, while P-type doping introduces
acceptor impurities that create holes in the valence band. The concentration of electrons and
holes in a doped semiconductor is determined by the doping level and temperature.

4. Impact of Carrier Dynamics on Semiconductor Devices:

Carrier dynamics play a crucial role in the performance of semiconductor devices such as
transistors, diodes, and solar cells. For example, in field-effect transistors (FETs), the mobility of
charge carriers determines the switching speed and power consumption of the device. In
photovoltaic solar cells, the recombination of electrons and holes influences the efficiency of
converting sunlight into electricity.

In summary, carrier dynamics and the Fermi level are fundamental concepts in semiconductor
physics, governing the behavior of charge carriers in semiconductor materials. Understanding
these principles is essential for designing and optimizing semiconductor devices for a wide range
of applications in electronics, optoelectronics, and renewable energy.

Conclusion:

In conclusion, the study of energy band structures in semiconductors is paramount to
understanding and harnessing the electronic properties of these materials. Throughout this
project, we have delved into the intricacies of energy bands, exploring concepts such as band
classification, band gap engineering, carrier dynamics, and the Fermi level.
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Energy bands serve as the foundation upon which semiconductor physics is built, dictating the
behavior of electrons and holes within the material. The valence band, conduction band, and
energy band gap play crucial roles in determining the semiconductor's electrical conductivity,
optical properties, and suitability for various applications.

Semiconductors are classified into intrinsic and extrinsic types based on their purity and doping.
By intentionally introducing impurities into the semiconductor lattice, engineers can tailor the
electronic properties of semiconductors to meet specific requirements. Techniques such as
alloying, quantum confinement, and strain engineering enable precise control over the band gap,
opening up new possibilities for semiconductor device design and optimization.

Carrier dynamics, governed by principles of quantum mechanics and statistical mechanics, play a
pivotal role in semiconductor device performance. Understanding the movement of electrons
and holes, as well as the distribution of charge carriers at thermodynamic equilibrium, is
essential for optimizing device characteristics such as conductivity, mobility, and response time.

The Fermi level, a key parameter in semiconductor physics, provides insights into the distribution
of charge carriers in a semiconductor material. By analyzing the position of the Fermi level
relative to the energy bands, researchers and engineers can predict and manipulate the
electronic behavior of semiconductors for diverse applications.

In the realm of semiconductor device technology, the principles of energy band structures find
application in a wide range of devices, including transistors, diodes, solar cells, and sensors. By
leveraging the knowledge gained from energy band theory, researchers and engineers continue
to push the boundaries of semiconductor technology, driving innovation and progress in
electronics, optoelectronics, and renewable energy.

As we conclude this project, it is evident that energy band structures form the cornerstone of
semiconductor physics, providing a framework for understanding and engineering the electronic
properties of semiconductor materials. By mastering these concepts and their practical
implications, we are poised to unlock the full potential of semiconductors, ushering in a new era
of technological advancement and societal impact.

References:
Kittel, Charles. Introduction to Solid State Physics. John Wiley & Sons, 2004.
Sze, Simon M., and Kwok K. Ng. Physics of Semiconductor Devices. John Wiley & Sons, 2007.

MATLAB Documentation and Tutorials.

JETIR2404D43 \ Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org \ n363


http://www.jetir.org/

