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Quantum dot lasers integrated on silicon have attracted significant attention
in recent years due to the excellent optical properties of quantum dots. These lasers

utilize semiconductor quantum dots as the active medium.

The integration of quantum dot lasers on silicon represents a crucial step toward
achieving fully integrated photonic circuits. This integration enables low threshold
operation, high thermal stability, and reduced sensitivity to defects and optical
feedback compared to quantum well or conventional lasers. Moreover,
compatibility with existing CMOS fabrication technologies allows for the

development of cost-effective and compact optoelectronic devices.

Silicon-based quantum dot lasers are widely employed in high-speed optical
communication systems, on-chip data transmission, and integrated photonic
circuits. They also hold great promise for applications in quantum information
processing, optical interconnects between processors, and sensing technologies,

owing to their high efficiency, compact size, and tunable emission wavelengths.

In recent years, scientific literature has extensively discussed quantum dot lasers
(QDLs) as a next-generation class of semiconductor light sources that exhibit
superior optical performance compared to quantum well or conventional lasers.
These lasers are based on nanoscale quantum dots that act as an active medium,

emitting photons through transitions between discrete energy levels.

Studies have also examined the significant influence of quantum dot size
distribution and density on the spectral and dynamic characteristics of the laser.
Moreover, recent research has focused on the integration of quantum dot lasers with
silicon platforms, which represents a crucial step toward realizing fully integrated

and cost-effective photonic systems.



In Chapter One, several fundamental concepts were introduced and discussed in
detail. These include the fabrication techniques of quantum dots and their various
applications, the concept of optical gain along with the distinction between
homogeneous and inhomogeneous broadening, the crystal structure of silicon and

the Miller indices, as well as the physical characteristics of quantum dot lasers.

In Chapter Two, using a quantum disc model a detailed analysis of the energy
levels within the valence and conduction bands was conducted by systematically
varying the quantum dot height, radius, and the wetting layer thickness. The
obtained results revealed an inverse relationship between the quantum dot
dimensions (height and radius) and the corresponding energy levels, indicating that
an increase in the quantum dot height leads to a decrease in the energy levels.
Additionally, a schematic diagram was constructed to illustrate the possible

electronic transitions occurring between these quantized energy states.

In Chapter Three, a comprehensive analysis was conducted on the relationship
between the emission wavelength and optical gain by changed the quantum dot
height, radius, composition, and injection current density. The results demonstrated
that these parameters have a significant impact on the laser’s optical performance.
Notably, the study revealed that the maximum linear optical gain was achieved at
a molar fraction of 0.15 barrier region for material (SiOx)and we noted upper high

in more far in the wavelength in visible region.

In Chapter four, QD-L structures studied above are then modeled using the rate
equations system to see the power-gain relation and to specify their dynamics.

In addition to QD ground and excited states, WL, the barrier layer is also included
which is not gets an importance in the earlier studies. The results explain the
interested of the barrier region in the quantum dot laser accounts. The structure
S1/Si0Ox when the concentration (0.15 mole fraction) is more appropriate for inline

static amplification applications.
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Chapter One Fundamental Concepts

1.1 Introduction

Nanotechnology has emerged in recent years as one of the most significant and
fascinating frontier areas in biology, chemistry, engineering, and physics. It has a lot
of promise to give us several innovations shortly that will alter the course of

technological development for a variety of uses[1].

Understanding and controlling matter at sizes between 1 and 100 nm is known as

Nanotechnology[2].

The Greek word nanos, which means dwarf, is where the prefix "nano-" originates. (At
first, scientists only used the word to denote "very small," as in "nanoplankton," but
today it denotes a billionth (1 X 10~°). Particles that are smaller than the typical
lengths linked to specific phenomena frequently exhibit novel chemistry and physics,
resulting in size-dependent behavior. Thus, for instance, it has been noted that as
particles shrink below a threshold size, changes occur in their electrical structure,

conductivity, reactivity, melting temperature, and mechanical properties [3].

1.1.1 History of Nanotechnology

Nanoparticle research is not a novel field. In 1925, Nobel Prize winner in
chemistry, Richard Zsigmondy, was the first to suggest the idea of a "nanometer.". The
American physicist and Nobel Prize laureate Richard Feynman introduced the specific
concept of nano technology in 1959 in his speech during the American Physical
Society’s annual meeting. This is considered to be the first academic talk about

nanotechnology[4].

He presented a lecture that was entitled “There’s Plenty of Room at the Bottom”.
During this meeting, the following concept was presented: “why can’t we write the
entire 24 volumes of the Encyclopedia Britannica on the head of a pin?” The vision

was to develop smaller machines, down to the molecular level[5].
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In this talk, Feynman explained that the laws of nature do not limit our ability to work
at the atomic and molecular levels, but rather it is a lack of appropriate equipment and
techniques that limit this. Through this, the concept of modern technology was seeded.

Due to this, he is often considered the father of modern nanotechnology|[6].

The term "nanotechnology" was first used to refer to semiconductor operations that
took place on the order of a nanometer by a Japanese scientist named Norio Taniguchi.
He encouraged that Materials could be processed, separated, consolidated, and doped

by a single atom or molecule using nanotechnology[2].

1.1.2 Properties of Nanomaterials

1.1.2.1 PHYSICAL PROPERTIES

1) Size: The characteristics and uses of nanomaterials are largely determined by their
size. The synthesis process and the reaction conditions have a significant impact on
the size of the nanostructures small size particles are more reactive than large size
particles[7]. Properties including melting point, fluorescence, electrical
conductivity, magnetic permeability, and chemical reactivity vary with particle size
as it reaches the nanoscale[8].

2) Surface area: All nanomaterials have the characteristic of having surface areas that
are typically significantly larger than those of their bulk counterparts, it is an
important feature for adsorption, catalysis, and electrochemical. sensing
applications. Nanomaterials have higher "surface" dependent material
characteristics because of their extremely high surface area to volume ratio. surface
effects become increasingly significant at the nanoscale due to the higher ratio of
surface atoms to bulk atoms, which substantially alters the optical and electronic
properties of the material. In addition, the assembly of nanoparticles can further
influence electronic states through inter-particle coupling, thereby modifying the

overall physical and functional characteristics of the nanostructured system.
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3) Shape: Significant aspect. The shapes of nanoparticles that are part of the same
bulk material might vary. Indeed, by regulating the synthesis process and reaction
conditions, nanomaterials with certain forms may now be created[6].

1.1.2.2 OPTICAL PROPERTIES: The size-dependent optical characteristics of
nanomaterials are significantly influenced by two factors: surface plasmon

resonance and increased energy level spacing (quantum effect).

a) Quantum confinement effects: The quantum confinement effect is one of the
fundamental phenomena that distinguish nanomaterials, as it directly influences the
behavior of electrons by altering their energy levels and the bandgap between the
valence and conduction bands, in contrast to bulk materials. When the crystallite size
is reduced to the nanometer scale, the bandgap becomes strongly size-dependent,
leading to the emergence of discrete energy levels.

The so-called quantum size effect arises when the particle dimensions approach or
fall below the electron de Broglie wavelength, thereby modifying the electronic
structure of the nanomaterial. As a result, a wide spectrum of fluorescence emissions
can be observed, depending on the particle size. Smaller particles exhibit a larger
bandgap, resulting in higher-energy emissions at shorter wavelengths (blue shift),
whereas larger particles possess a narrower bandgap and emit at longer wavelengths

(red shift)[8].

b) Surface Plasmon Resonance: Surface Plasmon Resonance (SPR) is an optical
phenomenon that occurs in metallic nanoparticles when their size is smaller than
the wavelength of the incident light. It originates from the coherent oscillations of
free electrons in the conduction band at the nanoparticle surface, which resonate
with the energy of the incident electromagnetic field. [9]. Noble metals such as gold,
silver, and aluminum are well-known for their ability to sustain SPR because of
their high density of free electrons. The resonance characteristics are strongly
influenced by several factors, including the number of excited electrons, the

dielectric constant of the surrounding medium, and the particle's size, shape, and
3
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composition. Variations in these parameters lead to distinct shifts in the resonance
frequency and intensity, which in turn determine the optical response of the

nanostructures|[8][10].

1.1.2.3 ELECTRICAL PROPERTIES OF NANOMATERIALS
When the size of a material is reduced to the nanometer scale, its electrical properties
change significantly due to quantum effects. The movement of electrons (charge
carriers) is altered, which can cause conductive materials (e.g. copper) to lose
conductivity when extremely small, while insulating materials (e.g. silicon dioxide)
may become conductive. These changes are caused by factors such as: Increased
surface atoms and grain boundaries, Presence of defects or impurities, changes in the

energy band gap[11].

which controls electron movement between energy levels. As nanoparticles become
smaller, the available energy states for electrons decrease, and the spacing between
them increases. This can shift the material’s behavior from metallic to
semiconducting or insulating. For instance, carbon nanotubes can act as insulators,

conductors, or superconductors depending on their size, shape, and structure.

In summary: The electrical behaviour of materials is significantly changed when they
are reduced to the nanoscale. The composition, size, and form of a material can cause

it to change from conducting to insulating, or the other way around[12].

1.1.3 Types of Nanomaterials

Nanomaterials can be classified in several ways, including according to
dimension, according to origin and environment, and according to chemical
composition. However, the most common classification is based on their shape and
nanoscale dimensions. nanostructured materials are classified as: zero- dimensional
(OD), one-dimensional (1D), two-dimensional (2D) and three- dimensional (3D)

nanomaterials.

1) Based on Dimensionality
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Zero-Dimensional (0D) Nanomaterials: All dimensions are within the 1-16 nm range.

Examples: quantum dots, fullerenes, nanoparticles.

One-Dimensional (1D) Nanomaterials: One dimension is larger than 100 nm, while the

other two are in the nanoscale range. Examples: nanotubes, nanowires, nanorods.

Two-Dimensional (2D) Nanomaterials: Two dimensions are larger than 100 nm, while

the thickness is within the nanoscale range. Examples: nanosheets, nanofilms.

Three-Dimensional (3D) Nanomaterials: Structures made of nanoscale building blocks
but extended in all three dimensions, such as porous materials, nanostructured

powders, or bulk nanocomposites[13].

2) Based on Origin
Natural Nanomaterials; Formed through natural physical or chemical processes,
Incidental Nanomaterials; Produced unintentionally as byproducts of human activities
(e.g., industrial emissions), Bioinspired Nanomaterials; Designed to mimic natural
nanostructures, Engineered Nanomaterials; Intentionally manufactured for specific

purposes.

3) Based on Chemical Composition
Carbon-based; e.g., fullerenes, graphene, carbon nanotubes, Metal-based / Inorganic;
Nanoparticles, metal oxides, ceramics, Dendrimers; Highly branched, tree-like
polymeric nanostructures, Composites; Hybrids combining different types of

nanomaterials[14].

1.1.4 Application of Nanomaterials

Nanomaterials possess a diverse and extensive range of advanced applications
that have revolutionized numerous scientific and industrial fields, owing to their unique
properties at the nanoscale. The following sections outline the most prominent of these

applications:
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In Medicine and Biomedical Fields:

Nanomaterials contribute significantly to advancements in healthcare and medical
treatments. Key applications include the targeted drug delivery of pharmaceuticals to
specific sites within the body, and the early-stage diagnosis of diseases utilizing
nanoparticles. Furthermore, they are employed in cancer treatment by directing thermal
energy or therapeutic agents directly to cancerous cells, thereby enhancing treatment
efficacy and minimizing adverse side effects. Additional applications encompass tissue
engineering for the regeneration of damaged tissues and their use as contrast agents in
medical imaging techniques such as Magnetic Resonance Imaging (MRI) and

fluorescence imaging[15].
In Agriculture and Environmental:

The role of nanomaterials is evident in enhancing agricultural productivity and
environmental protection. Nano-fertilizers and nano-pesticides are utilized to improve
crop growth and bolster resistance to diseases. Moreover, nano-remediation techniques

are applied for the purification of water and soil from contaminants.
In Energy and Industry:

Nanomaterials have contributed to the development of renewable energy
technologies and advanced storage solutions. The use of materials such as quantum
dots and carbon nanotubes has led to the development of solar cells with higher
conversion efficiency. They have also facilitated the innovation of advanced energy
storage devices, including lithium-ion batteries, fuel cells, and supercapacitors.
Furthermore, nanomaterials are used in developing protective coatings with

properties such as anti-wear, anti-corrosion, and self-cleaning capabilities[16]
In Electronics and Communications:

Nanomaterials have driven notable progress in the electronics industry by enabling the

miniaturization of transistors, which contributes to the fabrication of faster and more
6
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efficient processors. They have also facilitated the development of flexible electronics
and high-resolution displays, in addition to highly sensitive sensors for environmental

and medical monitoring.
In Textiles and Materials:

Nanotechnology has introduced substantial improvements to the textiles and materials
industry. This includes the development of smart fabrics resistant to stains, wrinkles,
and microbial growth. Furthermore, nanomaterials have enabled the production of
lightweight, high-strength composite materials for use in sporting goods and military

applications.
In Forensic Science:

Nanotechnologies have become effective tools in forensic analysis. They are employed
in the analysis of trace evidence, such as fingerprints, gunshot residues, and toxic
substances. They are also utilized for the extraction and analysis of DNA with very

high sensitivity[13].
In Food and Packaging:

Nanomaterials have improved food quality and safety through the development of
smart packaging capable of detecting food spoilage. Nano-coatings are also used to
extend the shelf life of food products by acting as barriers against oxygen and moisture

permeation[15].
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Medicine and Biomedical Fields Forensic Science

Food and Packaging . .. Energy and Industry

Figuerl.1 Application of nanotechnology. Prepared by the researcher.

1.2 Optical Gain

Optical gain has long been considered an important parameter for evaluating the
potential utility of laser systems. The optical gain factor g can be determined directly
by measuring the intensity of the amplified spontaneous emission as a function of the

length of the excitation region. The gain is usually localized to a narrow region[17].

Optical gain can be defined as: The increase in the proportion of photon density (light

intensity) per unit length of light transmission,

The optical gain coefficient (g) is also expressed in inverse centimeters (cm™1), just

as the optical absorption coefficient a.

When an electron relocates moving from a band with lower energy to one with more
energy due to photon absorption, an electron—hole pair is formed. When an existing
electron-hole pair is induced to recombine, gain is produced. Producing an additional
photon. The amplitude of the monochromatic wave is doubled by the second photon,

which has the same wavelength and phase as the first. When this process is repeated,
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considerable amplification of light results. The absorbing of photons through the

creation of new electron—hole pairs, however, is the competing process.

When the conduction band, which is the higher energy level, contains more electrons,
than at the lower energy level, stimulated emission predominates. Valence band level.
By supplying valence band holes from the p-doped side and conduction band electrons

from the n-doped side, np-junctions can investigation this inversion of the carrier

population[18].
=L _ oyl
=10 e’ [1.1]

where: g Amplification factor, y (v)gain constant , I,,(0)incident irradiance, L distance

through the medium.
Where:

y(v)) = 0, the beam can travel through the medium without any profit or loss is
regarded as transparent.

y(v)) > 0, when the gain constant bigger than zero the medium functions as an
amplifier

y(v)< 0, when the gain constant smaller than zero the medium functions as an
attenuator

1.2.1 Gain in Homogeneously Broadened Laser Systems

Homogeneous broadening; all atoms, molecules behave similarly in the light-
matter interaction, they have the same individual lineshape function. This interaction
typically results in a Lorentzian spectral shape, which is characterized by a bell-shaped
curve. The broadening of these spectral lines can be attributed to several common

factors, including: lifetime or natural broadening, collision or pressure broadening[19].
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Absorption / Emission

Figurel.2 Homogeneously broadened Laser[20]

To achieve optical amplification, the population distribution of atoms must deviate
from the natural Boltzmann distribution through the establishment of a population
inversion. This inversion can only be realized by supplying external energy that
selectively excites one or more energy levels. This selective excitation process is

referred to as optical pumping.

1.2.2 Gain in Inhomogeneously Broadened Laser Systems

Group of atoms and molecules behave differently in the light matter interaction,
the whole system can be characterized by an average lineshape function, The
phenomenon results in a Gaussian spectral shape characterized by overlapping narrow
spectra emitted by each individual capsule within the medium. This interplay leads to
the formation of a broad spectrum that is partially multi-peaked, highlighting the

complexity of the spectral distribution.

Several factors can contribute to this intricate broadening of the spectral lines. One
notable factor is Doppler broadening, which occurs due to the thermal motion of atoms

in gaseous environments. As atoms move at varying speeds, the frequency of the
10
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emitted light waves is shifted—those moving toward the observer exhibit a higher
frequency (blue shift), while those moving away exhibit a lower frequency (red shift).
This collective movement results in a spread of wavelengths rather than a singular

frequency.

When the gain medium is inhomogeneously broadened, the velocity of the atomic
particles mostly determines the line shape for stimulated emission. Collisional
broadening and each particle's inherent linewidth determine its line shape.
Nevertheless, the motion of the particles causes a Doppler shift that is far greater than
the linewidths of the individual particles. Thus, the resulting line shape can be
described as the superposition of many overlapping Lorentzian distributions that arise
from the random motion of particles. The subset of particles whose absorption
frequency coincides with the incident wavelength interacts most effectively with the
incoming narrowband beam, while other groups of particles contribute differently as

the beam propagates through the medium [21].

Absorption / Emission

Figurel.3 Inhomogeneously broadened laser[20]
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1.2.3 The Difference Between Homogeneously and inhomogeneously

Broadened Gain Saturation

How the behavior of a laser medium under saturation differs between two
fundamental cases: homogeneous broadening and inhomogeneous broadening, and
how this difference directly affects the laser’s efficiency and its ability to produce more

than one frequency.

In inhomogeneously broadened media, the particles in the medium do not all share the
same resonant frequency; instead, they are distributed over a broad spectral range.
When a laser beam passes through and saturates a specific group of particles (those
resonant with its frequency), other groups lying outside this exact frequency range can
still absorb or amplify radiation at different frequencies. As a result, the gain does not
suddenly disappear after saturation it continues to be provided by other groups. This
phenomenon is known as hole burning (Spectral hole burning is a high-resolution
spectroscopic technique that enables the investigation of heterogeneous nanoscopic
environments. It operates through the creation of a 'hole' or dip in the spectral
absorption of a material at a specific optical frequency, which is achieved by irradiating
the material with an intense, frequency-selective laser), and it is the reason why
inhomogeneously broadened media can support and operate at multiple laser

frequencies simultaneously[22].

In homogeneously broadened media, nearly all particles share the same resonant
frequency. Here, when the laser beam reaches saturation, it affects all particles at once,
causing a rapid and uniform drop in gain across the entire spectrum. As a result, this
type of medium cannot easily support multiple laser frequencies, since any strong beam

will saturate the whole medium at once.

The core idea is that saturation in inhomogeneous broadening is slower and more

“selective,” whereas in homogeneous broadening it is faster and more “global.” This
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difference determines how the laser operates and how many wavelengths it can

produce at the same time[23].

Small-signal b
gain (yg(r))

Saturated
gain \

Figure 1.4 (a) Homogeneously and (b) Inhomogeneously broadened gain[23].

1.3 Silicon

1.3.1 Definition and Fundamental Characteristics of Silicon

Silicon is classified as a semiconductor characterized by an indirect band gap,
Whose energy gap is 1.12eV,which significantly reduces the likelihood of phonon-
assisted radiative electron-hole recombination[24]. This property leads to spontaneous
photon emission under specific conditions. When the particle size approaches the bulk
Bohr radius (4 nm for silicon), the element exhibits notable changes in its optical and
electrical characteristics, demonstrating quantum confinement effects that are of

considerable interest applications in nanotechnology [25].

It is a covalent crystal that has a diamond cubic lattice structure. The lattice constant
of silicon is 5.43A°, and the distance between the neighboring covalently bonded
silicon atoms is 2.35 A°, the unit cell contains eight atoms, and the atoms follow a face

centered cubic (fcc) Bravais lattice [26].

1.3.2 Historical Development and Discovery
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The discovery of silicon dates back to 1824, when Swedish chemist Jacob
Berzelius first identified it as a distinct element. Scientific advancement continued until
Henry Sainte-Claire Deville successfully synthesized the first crystalline silicon in
1854. This scientific achievement laid the groundwork for advanced technological
applications of the element in the modern era, particularly in the development of

semiconductor technology and electronic devices[27].

1.3.3 Chemical Properties and Periodic Classification

Silicon is denoted by the chemical symbol Si and possesses an atomic number
of 14, positioning it in Group 14 of the periodic table, they are arranged in the electron
configuration [Ne]3s?3p>. The element is classified as a tetravalent metalloid,
characterized by its hardness and brittleness as a crystalline solid with a distinctive
blue-grey metallic luster. Its tetravalent nature enables the formation of four covalent
bonds, making it fundamental to various chemical. Compounds and crystalline

structures[28]

1.3.4 Physical and Thermal Properties

Silicon exhibits remarkable thermal stability with a melting point of 1414°C and
a boiling point of 3265°C. These values represent the second highest melting and
boiling points among metalloids and nonmetals, surpassed only by boron. This
exceptional thermal stability makes silicon particularly valuable in high-temperature
applications and contributes to its widespread use in industrial processes requiring

materials capable of withstanding extreme thermal conditions[28].

1.3.5 CRYSTAL STRUCTURE OF SILICON
1. Monocrystalline Si (mono-Si): Silicon atoms are arranged in a single homogeneous

lattice without any grain boundaries.
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2. Polycrystalline Si (poly-Si): Composed of several small crystals adjacent contains
several granules.

3. Amorphous Si(a-Si): It does not possess a regular periodic, crystal structure, with
atoms distributed in a random manner.

4. Hydrogenated amorphous Si(a-Si:H): is an improvement over conventional
amorphous silicon, characterized by the addition of hydrogen atoms during the
deposition process to reduce structural defects and improve electronic

properties.[29]

Figure 1.5: Atomic structure of the of (a) crystalline,(b) amorphous, and (¢) amorphous
hydrogenated silicon[30].

1.3.6 MILLER INDEX

Miller indices are a convenient mathematical system used to describe atomic planes
and directions in crystal lattices. They are written in the format (h k I). Miller indices
are easy to use when the crystal lattice has: Cubic structure (like silicon lattice)
Maximum symmetry Orthogonal axes Identical lattice parameters in all x, y, z

directions[31].
1.3.6.1 How to Calculate Miller Indices

1. Determine the intercept points where the plane intersects the x, y, z axes

2. Take the reciprocals of these intercept points

3. Obtain the numbers (h k 1)
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1.3.6.2 Miller Indices of silicon

1. The (100) plane intersects the x-axis at 1, y-axis at oo, z-axis at oco.Inverted
(1,0,0).
2. The (110) plane intersects the x-axis at 1, y-axis at 1, z-axis at co.Inverted
(1,1,0).
3. The (111) plane intersects the x-axis at 1, y-axis at 1, z-axis at 1. Inverted
(1,1,1).[31]
Silicon dots (Si dots) can be synthesized through a variety of methodologies, which
can be broadly categorized into physical, physicochemical, chemical, and

electrochemical procedures.

Physical methods often involve high-temperature processes combined with vacuum
deposition techniques, such as sputtering or thermal evaporation. These techniques are
typically employed to produce small quantities of Si dots, which are vital for physical
and electronic applications, including photovoltaic cells and semiconductor devices.
The high-temperature environment enables precise control over the dot size and
morphology, which are crucial factors in determining the electronic and optical

properties of the resulting materials[24].

physicochemical routes may include sol-gel processes and other hybrid methods that
combine chemical and physical approaches to create nanoparticles in a more controlled
setting. These methods can lead to uniformity in size and enhanced surface properties,

making them suitable for various applications in nanotechnology and materials science.

Chemical methods, such as liquid-phase synthesis, enable the production of Si dots at
lower temperatures and can be tailored to create dots of various sizes and surface
modifications. These approaches are beneficial for applications in biomedicine and

sensor technology.

Finally, electrochemical procedures involve the electrochemical etching of silicon in

solutions, a method that can yield highly uniform Si dots with specific surface
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characteristics. This versatility in preparation methods makes Si dots a fascinating
subject of study with significant implications across multiple fields, including

electronics and photonics[32].

1.4 Quantum Dots (QDs)

Quantum dots (QDs) have attracted considerable attention from physicists,
chemists, and materials engineers over the years due to their fascinating carrier
confinement effects. These effects arise when the motion of charge carriers within a
solid is limited in certain directions to dimensions comparable to their de Broglie
wavelength, leading to discrete energy levels along those dimensions. This
quantization of energy levels is especially significant when charge carriers are confined

in all three dimensions, as is characteristic of quantum dots[33].

Due to quantum confinement phenomena, quantum dots—nanoscale semiconductor
particles that are usually between 2—10 nanometers in size—display special optical
and electrical characteristics. Because electrons in quantum dots are restricted to such
small dimensions, their energy levels become discrete, much like those of atoms. This
enables quantum dots to produce light at specific wavelengths depending on their

size[34].

Herbert Frohlich first proposed in 1937 that the macroscopic size of a tiny particle
might affect its material qualities. He noted that the conclusions of the free-electron
gas model for metals[35] are significantly different for tiny particles than for bulk
metals, and that these variations ought to show up in a measurable material attribute,
specifically the specific heat of the electrons. He calculated that temperatures of a few
degrees Kelvin and metal particles smaller than 10 nm would be enough to observe

this phenomenon[36] [37].

17



Chapter One Fundamental Concepts

An intense interest in the electrical characteristics of thin films was sparked by the
advancement of microelectronics in the 1960s. Quantum effects showed up as
oscillations of resistivity, Hall resistance, and magnetoresistance as a function of film
thickness in studies carried out in thin bismuth layers and in two-dimensional electron
gas generated at silicon surfaces. The measured oscillations' periodicity matched the
wavelength of the electron at the anticipated effective mass. It was determined that low
temperatures and long enough carrier relaxation durations are necessary for

energetically resolving quantization effects[38].

In the context of colored glass, quantum size effects in nanoparticles were initially
discovered. In the past, glassmakers were well aware that dopants such as cadmium,
gold, selenium and silver, may change the optical properties of glass. For instance,
Schott glasses, or optical filters with different cut-off frequencies, were made by
controlling the kind and amount of dopant and the details of the thermal process after

glass melting.

At the S.I. Vavilov State Optical Institute, Alexei Ekimov started developing doped
glasses in 1979. His goal was to comprehend the structure, chemical makeup, and
development process of the colloidal particles in colored glasses. He and his colleagues
evaluated the optical absorption spectra of heat-treated silicate glasses with additions
of Cu and Cl of the order of a few percent, exceeding the matrix's solubility limit, using

methods he was accustomed to from his Ph. D. training in semiconductor physics.

Ekimov's discovery of semiconductor quantum dots in a glass matrix showed that, in
addition to thin films, suspended, independent nanoparticles created using a fairly
simple conventional glass process may also exhibit notable indications of quantum size
effects. But the fact that Ekimov's team's quantum dots were "frozen" in glass and could

not be processed further19 hampered his ground-breaking discovery[39].
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1.4.1 Synthesis of Quantum Dots

Numerous approaches and strategies have been developed for the
manufacture and synthesis of quantum dots (QDs). These techniques seek
to precisely manage the size, shape, internal structure, and geometric
dimensions of quantum dots, among other physical characteristics. Through
these techniques, quantum dots' performance may now be optimised for a
range of energy, photonic, and electronics applications. In generally
speaking, the two primary approaches that are most frequently employed in

this subject are as follows:

A. Bottom-up approach
B. top-down approach
Top-down approach

depends on dissolving or fracturing solid (bulky) materials into particles or structures
at the nanoscale. Physical techniques are the foundation of this strategy. These
approaches are extensions and advancements of the same procedures that were
previously employed to create particles the size of micrometers; thus, they are not
wholly novel. Because it just requires removing a portion of the solid material or
breaking it up into tiny bits, or by scaling down the standard manufacturing processes
to the nanoscale to get the appropriate size structures, this approach is comparatively
easier than certain other approaches. This approach's disadvantage is that it creates
imperfect surfaces; the resulting nanostructures are a little rough, have surface faults
known as structural defects, and may contain impurities. This approach or process can

be illustrated by the figure (1.7)[40].
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figure 1.6 Top-down approach.
Bottom-up approach

In these methods, building block atoms or molecules are carefully deposited via
controlled chemical reactions, thus making the process cheaper and nanostructures of
the 2-10 nm range could be easily made by these processes. Self- assembly of few
hundred and molecules could make nanostructures. The bottom-up approach is
generally divided into two main types: wet chemical and vapor-phase methods. The
majority of these techniques rely on chemicals. These are also cost-effective. Using
this method, a material is constructed from the bottom up—atom by atom, molecule
by molecule, cluster by cluster, etc. In this diagram we show the methods used in this

approach.[41]

[I-Wet Chemical Method

Hot-solution
Decomposition process

[ Microemulsion
process
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Diagraml.1: Diagrams showing wet chemical methods and vapor-phase methods for preparing

nanomaterials. Prepared by the researcher,
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figure 1.7 Bottom-up approach
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In figure (1.8), the size-dependent energy bandgap is one of the main distinctions
between QDs and bulk materials. The bandgap of bulk materials remains constant
regardless of size, as it is a feature of the material itself. In contrast, the bandgap in
QDs, is inversely proportional to the QDs size. Because it affects the strength of the
quantum confinement effect, the size of the QDs is significant. Compared to bigger
QDs, smaller QDs have greater energy levels and better quantum confinement. For the
development and production of novel devices and their uses, controlling the QD's size
throughout growth is crucial. This size-dependent bandgap results in a variety of

optical characteristics, such as adjustable emission and absorption spectra[39].

Decreasing size

Increasing band gap

Energy
band gap

N
-

Bulk Quantum dots (6 nm to 2 nm)
Semiconductor

Figure 1.8 energy band structures in bulk material and quantum nanostructure[39]

1.4.2 Applications of quantum dots

While quantum dots have several uses that span a broad spectrum, the following are
the primary uses:

1) Quantum Dot Solar Cells (QDSCs): represent a promising next-generation

photovoltaic technology due to their high efficiency, tunable optical properties,
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low-cost potential, and flexibility. They offer significant opportunities for
commercial applications, especially in building-integrated photovoltaics (BIPV)
and portable/wearable devices, such as smart textiles and self-powered electronics.
[42]

2) Cancer therapy: Cancer incidence and mortality rates are continuously rising,
largely due to the difficulty of detecting the disease at early stages, which reduces
treatment effectiveness and increases the risk of recurrence. To address this
challenge, nanotechnology has emerged as a promising field, with carbon quantum
dots (CQDs) receiving considerable attention because of their unique optical
properties, high fluorescence stability, and tunable size and structure. CQDs show
great potential in cancer applications. In diagnostics, they enable the development
of advanced devices that accurately distinguish between normal and malignant
cells, thereby improving early detection and the reliability of assays. In therapeutics,
they facilitate targeted drug delivery to cancer cells, which minimizes side effects
on healthy tissues and enhances the bioavailability of drugs[43].

3) Bioimaging: Quantum dots (QDs) are considered highly promising materials for
biomedical applications, particularly in live cell imaging and in vivo imaging, due
to their unique optical properties such as high quantum yield, strong brightness,
large extinction coefficient, and remarkable resistance to photobleaching QDs also
serve as excellent fluorescent probes for detecting intracellular components, as they
are readily internalized by living cells and provide strong optical signals that can be
visualized using fluorescence microscopy techniques such as confocal laser
scanning microscopy (CLSM). Furthermore, their surfaces can be functionalized
with specific ligands to enhance selectivity toward certain proteins or receptors,
thereby broadening their potential in high-resolution biomedical imaging and
diagnostic applications[44].

4) Light-emitting diodes (LEDs): Used in displays and LEDs for purer and brighter

color, due to their distinctive photoluminescence, narrow emission bandwidth, and
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wide color gamut coverage, quantum dots offer unparalleled advantages in
advanced display technologies, enabling the production of full-color micro-LED
displays. It is essential to understand how the properties of quantum dots affect the
performance of micro-LED displays to develop the most energy-efficient display
devices in the near future. However, in-depth investigation of stability issues and
loading methods in quantum dots is critically important to accelerate the

commercialization of QD-based LED technologies[45].

1.4.3 Advantages and Disadvantages
Advantages

1. exhibit high quantum yields, meaning they produce intense and bright fluorescence
upon excitation. A substantial proportion of the absorbed energy is converted into
photon emission rather than being dissipated as heat [46].

2. High Photostability Unlike many organic fluorophores and conventional dyes,
quantum dots demonstrate exceptional photostability. They maintain their emission
capabilities over extended periods without significant photobleaching, ensuring
sustained and reliable fluorescence signals during prolonged exposure[47].

3. Symmetric and Narrow Emission Spectra Quantum dots produce emission spectra
characterized by narrow, symmetric peaks. This spectral purity provides well-
defined, monochromatic emission with minimal spectral overlap, enabling precise
wavelength selection and reducing interference in multiplexed detection
systems[47].

4. Longer Lifetime Quantum dots possess significantly longer fluorescence lifetimes
compared to organic fluorescent molecules.

5. Size-Tunable Optical Properties The emission wavelength of quantum dots can be
precisely controlled by modulating their size and morphology. Smaller nanocrystals

emit at shorter wavelengths (e.g., blue region), while larger particles shift emission
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toward longer wavelengths (e.g., red region), enabling wavelength tunability across
the visible and near-infrared spectrum.
Disadvantages
a) Extended lifetime may create a problem when rapid degradation is required.
b) High toxicity, when used in vivo.
c) Blinking of quantum dots makes them invisible sometimes.

d) Decline of fluorescence exponentially

1.5 Quantum Dot Lasers

Originally the idea to exploit quantum effects in heterostructure semiconductor
lasers to produce wavelength tunability and achieve lower lasing thresholds via the
change in the density of states which results from reducing number of translational

degrees of freedom of the carriers was introduced in 1976 by Dingle and Henry.

The history of semiconductor lasers, starting with bulk lasers, moving on to
heterostructure lasers, and culminating with quantum-based lasers, is closely linked to

the history of quantum dot lasers.[48]

1.5.1 Physical Properties of Quantum Dot Lasers

The quantum dot (QD) structure provides a unique physical basis for lasers, as
it generates an electronic energy distribution comparable to that of an isolated atom.
Owing to their narrow bandwidth, quantum dots emit photons of well-defined energy
when excited. Since the emission wavelength is directly related to the size of the
quantum dot, it becomes possible to tune the photon wavelength by adjusting the dot
dimensions. This size-dependent quantum confinement effect allows for flexible
wavelength control, which is a critical advantage in laser design. Compared to quantum
well lasers, quantum dot lasers exhibit several superior properties. These include higher
temperature stability, lower threshold current density, enhanced modulation speed, and

narrower linewidth. Additionally, QD lasers display a reduced linewidth enhancement
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factor, minimized reflection sensitivity, and improved resistance to material defects.
Such characteristics result in improved coherence and reduced susceptibility to
performance degradation under varying operating conditions. From a structural
perspective, quantum dots can be regarded as zero-dimensional counterparts of
quantum wells. Their three-dimensional confinement leads to discrete energy states,
which contribute to their distinctive optical and electronic properties. In practice,
fabricating quantum dots requires embedding a narrow-bandgap material within a
wide-bandgap host matrix. The physical characteristics of quantum dot lasers—
stemming from their discrete energy levels, size-tunable emission wavelengths, high
temperature resilience, and reduced noise—make them exceptionally promising for
advanced optoelectronic applications. These properties not only distinguish them from
traditional quantum well lasers but also enable their use in demanding environments
such as high-speed optical communication, integrated photonic circuits, and low-

power photonic devices[49].

1.5.2 Reflection Insensitivity of Quantum Dot Lasers

One of the major challenges facing on-chip laser sources is their sensitivity to
optical feedback, particularly in silicon-based photonics. This phenomenon can lead to
instability in laser operation, which negatively affects performance in practical
applications. In this regard, quantum dot lasers monolithically integrated on silicon
have demonstrated a remarkable ability to resist feedback effects, while simultaneously
maintaining key advantages such as low-cost, high-energy efficiency, and scalable
fabrication. The mechanism of optical feedback arises from the re-coupling of a portion
of the emitted radiation back into the laser cavity, which induces perturbations in the
photon density. These perturbations manifest as fluctuations in both amplitude and
phase. Amplitude fluctuations are linked to carrier density and optical gain, whereas
phase fluctuations result in wavelength shifts. In certain cases, the interaction between

these fluctuations can give rise to severe instabilities in the laser output, including
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chaotic oscillations or coherence collapse. In the field of optical communications, this
phenomenon is typically analyzed by identifying the critical feedback level, which
marks the onset of laser destabilization due to the interaction between the returned and
emitted optical powers. Once this threshold is exceeded, undesirable dynamic
behaviors emerge, ultimately degrading the stability and performance of the laser.
Figure (1.9) schematically describes the fundamental processes involved when a

semiconductor QD laser operates under optical feedback[50].
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Figure 1.9 Fundamental processes involved in a quantum dot laser subject to external optical

feedback[50].

1.5.3 Applications of QD-Lasers

Applications of QD Lasers The use of quantum dot (QD) lasers is steadily
expanding, opening new avenues for laser applications. Currently, QD laser technology
covers nearly the entire spectral range of 1.15-1.25 pum, which is particularly
significant for medical applications. Within this range, InP-based lasers show limited
efficiency at wavelengths below 1.3 um[51], while InGaAs quantum well (QW) GaAs-
based lasers face challenges at wavelengths above 1.15 um due to limitations
associated with InGaAs material properties. A major advancement in the field has been

achieved with the development of InGaN—AlInGaN QD lasers, which benefit from the
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wide bandgap of InGaN. The formation of InGaN QDs arises from the natural phase
separation effect induced by local strain relaxation, driven by compositional
fluctuations. Since I1I-V semiconductors are prone to strain caused by lattice mismatch
with substrates (in multilayer systems) or with bulk lattice constants, the resulting
strain relaxation in localized regions promotes phase separation. This structural
phenomenon has been observed in a wide range of III-V materials such as InGaP,

InGaAISb, InGaAsP, and InGaAsN [52].

1.6 Literary Reviews

In 2010, Bager et al. They study both linear and nonlinear gain spectra in optical
amplifiers (SOAs) based on Sb-based quantum-dot (QD) semiconductors. Additionally
examined are the effects of Sb-composition, quantum size, and homogeneous linewidth
in the QD, wetting, and barrier layers. InAs3Sbp7 and InSb QD-SOAs provide
sufficient gain saturation. The study covers the wavelength range of 1000—7000
nm|[53].

In 2011, Zhenhui et al. concentrate on the production and PL characteristics of tiny Si
nanoparticles as well as their possible uses in nano catalysis and bioimaging. In

addition and further highlight major challenges and promises in this area[24].

In 2012, Muaffak et al. Studied the CdSe/ZnSe quantum dot semiconductor optical
amplifier i1s studied theoretically where the core/shell composition is clarified.
Coefficients of absorption and emission as well as the noise figure are examined.
Comparing the obtained emission coefficient to the same structure of InGaAs/InP, it is

greater. A 25dB gain is obtained. A low noise figure (5.5dB) is obtained[54].
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In 2013, Lorenzo. The author discussed the characteristics and production of silicon
nanocrystals. A number of methods have been put forth for the controlled production
of silicon nanoparticles, including gas-phase nucleation and growth in silane-
containing nonthermal plasmas and nucleation in substoichiometric thin films. The use
of silicon nanocrystals for the development of novel electronic devices, light emitting
devices, photovoltaic cells, and for biorelated applications, Waste heat recovery and

energy storage applications are also discussed [55].

In 2014, Omar. The study linear optical gain of gain-clamped quantum dot
semiconductor optical amplifiers (GCSOAs explained When the amplifier runs at
ground state and the laser emits 90meV above ground state, a significant linear optical
gain may be achieved, resulting in an energy separation of 81MeV between the laser
and amplifier and fund that larger detuning between the laser and amplifier energy

result in gain saturation[56]

In 2015, Alan et al. talked the latest developments in silicon quantum dot laser
technology. The device's performance, dependability, and comparability to other
comparable silicon-grown quantum well lasers outlined and they studied the potential
for future short-reach silicon photonics interconnects using scalable, low-size, low-
weight, and low-power nano lasers generated on silicon made possible by quantum dot

active areas[57].

In 2018, Norman, Justin. The study discussed the results achieved include continuous-
wave threshold currents below 1 mA in micro-scale ring laser cavities, single-facet
output powers of 175 mW at 20 °C, continuous wave lasing up to 105°C, near zero
linewidth enhancement factor, isolator-free xvi stability at optical feedback levels of
up to 90%, and record long device lifetimes on silicon of more than 100 years at 35°C
based on extrapolated 8,000-hour aging studies, and >100,000 h lifetimes at 60°C from

extrapolated 4,000-hour aging studies. These results show potential to revolutionize
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integrated photonics through economic advantages and performance capabilities not

achievable in quantum well lasers[58].

In 2019, Justin et al. The gain bandwidth can designed to emit at a variety of near-
infrared wavelengths and be either broad or narrow and Quantum dots for laser gain
regions provide several advantages over quantum wells for photonic integration. Even
when epitaxially grown on silicon at high dislocation densities, the extended device
lifetimes are made possible by the high carrier confinement and areal dot density, which

limit susceptibility to crystalline defects[59].

In 2020, Ali Gehad et al. The overall gain of the InTIAsSb quantum dot structure is
investigated. Three quaternary thallium structures InossTlo.1sAsSb, Ino93Tlo.o7AsSb,
and Inoo7Tlo03AsSb are chosen to study the nonlinear influence of the injected signal
power. The gain peak was increased by four times and the wavelength was shifted to
longer one for the Inoo7Tlo0sAsSb quantum, additionally covered is the nonlinear

behaviour of these QD structures[60].

In 2021, Bozhang. Examining the nonlinear dynamics and characteristics of QD lasers
on Si for PIC applications is the aim of this research. examined how epitaxial QD lasers
on Si behave when exposed to external optical feedback (EOF). The QD laser provides
additional information for creating isolator-free PICs because of its remarkable
resilience against parasitic reflections in the short-cavity domain. To accomplish this,

a nearly zero linewidth enhancement factor is also important[61].

In 2022, G.O. Kornyshov et al. Using quantum dots (0D), a number of InGaAs/GaAs
lasers in the 1—1.3um optical range have been studied. The lasing wavelength
dependency on the layer gain constant is measured and analyzed across a broad range

of pump currents. It is demonstrated that edge-emitting lasers without external
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resonators may achieve a broader range of lasing wavelengths and have a far greater

maximum optical gain than lasers based on quantum dots[62].

In 2023, Bager et al. Under the assumption of inhomogeneous broadening, gain spectra
of CdxZn, «Te’/AlGaN undoped and doped quantum dot (QD) structures are examined
at four Cd mole fractions (x =0.25, 0.5, 0.75, 0.95). With increasing Cd concentration,
the gain rises while the wavelength decreases because of the wider band discontinuities

between the QD states; the impact of the QD size effect is also investigated[63].

In 2024, Huiwen et al. The co-doping approach is shown to offer robust high-
temperature performance and a much lower threshold current density through the
whole temperature range, Additionally, the rate equation simulation of the lasers

reveals the enhancements in the doping schemes[51].

In 2025, Konstantinos et al. This study showed that InAs/GaAs-on-Si lasers can
operate on native GaAs substrates with performance comparable to that of top-tier
lasers. The III-V-on-silicon ridge-waveguide lasers that have been optimised exhibit
high-temperature functioning up to 165 °C and a continuous-wave threshold current as
low as 6 mA. , lasers fabricated on both Si and GaAs substrates using x identical

processes exhibit virtually identical average threshold current[64].
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1.7 Aim of The Work

1) calculate the subband energy levels in the conduction band and the valence band.
of S1 QD.

2) calculate the subband energy levels in the conduction band and the valence band
at differ (height, radius)

3) determine the subband energy levels in the conduction band and the valence
band for barrier

4) Study of the optical gain Si-QDL and explain the relationship between
wavelength and optical gain.

5) Calculate the gain at change QD size height

6) Calculate the gain at change QD size radius

7) Calculate the gain at change SiOx WL

8) study rate equation for system

9) Study carrier density probability for QD and WL

10) The relation between the power saturation dBm vs gain dB
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Chapter Two Electronic Properties of Semiconductors

2.1. Electronic Properties of Semiconductors

The electrons and holes in the conduction and valence bands, respectively, are

primarily responsible for the electrical characteristics of semiconductors.

Nearly all holes and electrons are produced by thermally exciting electrons across
the energy gap. When the quantity of electrons and holes in a semiconductor is

equal, the semiconductor is said to be intrinsic.[65]

2.2. Theoretical Model

This chapter treats Si Semiconductor QDs as a quantum - quantum-disk with
height (h) and radius (p). For the structures under study, this model is employed to
compute the energy levels in the valence band (VB) and conduction band (CB). For
instance, energy levels for Si/ SiOx QD-structure are calculated where Si is the QD
material, Si is the wetting layer (WL) and SiOx 1s the barrier layer. By using the parabolic
band model to solve the Schrodinger equation, the energy levels of the quantum

disc are found.

2.3. Quantum Disk Model

For the quantum disk with a radius (p) and height (h). The Hamiltonian in the

cylindrical coordinates (p)(p, Z)is given by[66]:

R 10 (10 1 92
H‘{ Zm*[;5(55)+—zg+ +V}¢(p<pz) e [201]

If the separation of variables is assumed in the solution of the Hamiltonian, an
approximate wave function of the quantum disk can be obtained by solving the

well-known problems of the two-dimensional circular potential well in the p-¢
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direction and the one-dimensional square potential well in the z direction. In the p-

¢ direction, we have a solution of the form

_ime (Cy ]y (pp) p<a
o) = m{ Gl (a0) bsa e [2.2]

p= V2mg(Ez=Va) [2.3]

h e

_ ,[sz(Vb—Ep) .41

q= )

Where m; = my is the effective mass inside the disk and mj, = m;, in the WL. In
the same way, the electric potential is V' = V,; inside the disk and V = V;, in the WL.
When the variables are separated for the Hamiltonian, the well-known problems of
the one-dimensional square potential well in the Z direction and the two-
dimensional cylindrical potential well in the p-¢ direction may be solved to

produce an approximate wave function of the quantum disc.

After some mathematical manipulation from the corresponding wave function in

the dot and the barrier, the constant p and q has the relation;

Zle(Vb -Va)a?

2 m_:} 2 _
(pay (@)’ =———— [2.5]
ing the boundary condition in which the wave function ¥ and its first derivative

. : aw : .
divided by the effective mass (mi E) are continuous at the interface between the

WL and the dot, we obtain

CJm(Pa) = C;Kp(Q@) L [2.6]
G (P /my)m(pa) = C;(q/mpdkm(qa) [2.7]

Eliminating C1 and C2, we obtain the eigen-equation
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pa' Jin(Pa) qakm(qa)
_ Saknd 2.8
malm(pa) | myKm(qq) .

The quantized constants p and q can be obtained from a graphical solution based
on Egs. [2.5] and [2.8].[66]

if the potential in the disk is taken as V; = 0, the transverse eigen-energy E,, is

obtained by:
_ h? (pa)?
Ep = e e [2.9]

The solution of the wave function for the Z-dependence is the same as that of a

quantum well. The solution of the even wave function is expressed as

_ h h
cze % (|z| — E) |z| = >
W(z) = U [2.10]
c, cos(k,z) |z] < >
Where
k, = —Vz’”f‘“) ......... [2.11]
and
Q= —Vzm(h"’"“ ......... [2.12]

The constant k, and a are related as:

(k. %)2 +24 (g 2)2 = ZmaChVa) (g)2 ......... [2.13]

b

From the boundary condition referred above, we obtain

C; = C, cos (kz %) ......... [2.14]
a k, . h
wG=asCesin(kg) L [2.15]

Eliminating and C5 and C, lead to the eigen-equation for the even wave function

a="0wn (k) L. [2.16]

*

mg
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the longitudinal eigen-energy E,is obtained by:

_ h%? (ph/2)?
2m} (h/z)z

V4

The total eigen-energy of the quantum disk Ej; is, approximately, the summation of

the transverse and longitudinal eigen-energies, and expressed as

E,=E,+E, . [2.18]

The discrete energy levels of quantum dots vary with their size. The energy gap
widens as the nanocrystal's size shrinks, producing a rainbow of colors that varies
in size. The size of the dot, not the substance it is formed of, determines the
emission photon's wavelength, The manufacturer may decide the wavelength of
emission, which in turn defines the color of light that the human eye perceives, by
manipulating the size of the quantum dot. The smaller the dot, closer it’s to the blue
end of the spectrum and the large the dot, closer to the red. The closer quantum dots
are to one another, the more their optical characteristics will change [67]as shown

in the figure 1.

Quantum Dot Size and Color
Biue light % % % % %
Quantum Dots Znm D [2,50m 3nm 5nm || Gnm
Size dependent
color

Fluorescence

t
450 500 550 600 650 A (nm)

Figure 2.1 The Electronic Structure Of Quantum Dots Varies With The Size Of The Dot[68]

The figure (2.2) illustrates the energy band diagram of a structure composed of
silicon quantum dots (Si-QDs) embedded between two layers of silicon dioxide

(S10:2 or Si0Oy). This configuration represents a fundamental model widely used in
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the design of quantum dot lasers, quantum dot light-emitting diodes (QD-LEDs),
and optoelectronic conversion systems. The operating principle of this structure is
based on the quantum confinement effect, which leads to the quantization of energy
levels within the quantum dots and an increase in the effective bandgap compared

to that of bulk silicon.

The structure consists of three main regions: Two insulating SiO: barrier layers at
the top and bottom, and an active region in the middle containing the Si quantum
dots. The SiO: layers serve as high-energy barriers with a large bandgap of
approximately ~9 eV, which enables the confinement of both electrons and holes
within the nanoscale silicon region. In contrast, the Si-QDs possess a smaller
intrinsic bandgap (about 1.1 eV in bulk form), but this gap increases as the quantum

dot size decreases due to the strong quantum confinement effect.

The active region (Si-QD) is the central part of the structure, where discrete energy
levels are formed instead of continuous bands. The levels (E¢; ,Ec2,Ec3) correspond
to the quantized conduction states, while (Ey; ,Enz ,Ens ,Eng) represent the quantized
valence states. In this region, electrons are injected from the upper n-type layer into
the conduction levels, while holes are injected from the lower p-type layer into the
valence levels. The radiative recombination between these carriers inside the
quantum dots results in photon emission, where the photon energy corresponds to

the transition energy difference according to:
Ephoton: E¢i — Ehj

The Si/SiO: interface represents a semiconductor—insulator junction in which
silicon dioxide forms large potential barriers for both electrons and holes. The
conduction band offset (AE.) is approximately 3.1 eV[69], and the valence band
offset (AEy) is about 4.5 eV[70]. These significant energy barriers effectively
confine charge carriers within the Si-QDs, preventing leakage and enhancing

radiative efficiency and optical stability.
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Consequently, the Si-QD region serves as the core active zone of the device, where
the optical and electronic properties can be engineered by controlling the quantum
dot size, doping level, or barrier thickness. Such characteristics make silicon
quantum dots embedded in SiO: a promising platform for nanoscale optoelectronic
applications, including low-threshold quantum dot lasers and high-efficiency light-

emitting diodes.

N Si0, — WL EP
E cQw
A EC3
A EC A ECZ
A EC1
v
Si-QD
Eg v Ehl
Eh,
A Y FEhs
AE, Ehq
Ens
E VQwy
Sio, ED

Figure 2.2. The Diagram Shows the Energy Levels Between The Valence Bands And The
Conduction Bands In The Si/Si0, in quantum dot And quantum well.
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The presented table (2.1) provides a systematic study of the electronic structure of
semiconductor quantum dots and their associated wetting layer, focusing on the
effect of changing the geometric diameter of the quantum dot on the electronic
energy levels. This study represents a theoretical or computational model aimed at
understanding the relationship between nanoscale dimensions and the quantum
properties of the material. The table covers four different diameters ranging from 8
nm to 16 nm, which constitute a critical range within the strong quantum
confinement regime, where quantum effects become clearly observable and

significant.

The data related to the conduction band energies of the quantum dots reveal a
physically consistent behavior that aligns with the fundamental theory of quantum
confinement. The first conduction energy level E¢; starts at 1.2521 eV for a
diameter of 8 nm and gradually decreases to 1.2475 eV at 16 nm. This relatively
small decrease—about 0.0046 eV as the diameter doubles—reflects the response of
the conduction levels to size variation. The second and third levels (Ec,and Ec;3)
follow the same decreasing trend, exhibiting parallel shifts as the size increases.
This behavior can be interpreted within the framework of the three-dimensional
particle-in-a-box model, where the quantum state energy is inversely proportional
to the square of the characteristic dimension of the box. For larger quantum dots,
the confinement effect weakens gradually, leading to lower quantum energy levels
that approach the values of the bulk material. An important observation is that the
variation in conduction levels is relatively moderate compared to the valence bands,
which reflects the relatively low effective mass of electrons in the conduction band
of most semiconductors. Holes in the valence band possess a larger effective mass

than electrons, making them more sensitive to quantum confinement effects.
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Table 2.1 subband energy Levels for QD and WL at change dot size (radius effect p )for the

Structure Si/SiO,
Energy p =8nm p = 10nm p=12nm p =16nm
E:ergt:' Ec;=1.2521eV Ec;=1.2500eV | Eci=1.2488eV Eci= 1.2475eV
::l’;'ba“: ds°2f Ec;=1.2791eV Ec,=1.2677eV | Ec;=1.2613eV Ec,= 1.2475eV
oD) Ecs=1.3280eV Ecs= 1.2997eV | Ec3=1.2839eV Ecs= 1.2547eV

Energy valance

Eh;:=0.0067eV
Eh2=0.0068eV

Eh1=0.0043eV
Ehz= 0.0044eV

Eh1=0.0030eV
Eh2=0.0031eV

Eh1=0.0017eV
Eh2=0.0017eV

subbands (QD) Eh3=0.0361eV Eh3=0.0232eV | Eh3=0.0162eV Eh3=0.0092eV
Ehs= 0.0887eV Ehs=0.0571eV | Ehs=0.0398eV Ehs=0.0225eV
Ehs=0.1647eV Ehs=0.1060eV | Ehs=0.0739eV Ehs=0.0418eV

Energy

conduction 2.114 eV 2.1144 eV 2.1144 eV 2.1144 eV

subbands of (WL)

Energy valance

subbands of (WL) | 6.6170 eV 6.6170 eV 6.6170 eV 6.6170 eV

The (2.2) illustrates the calculated subband energy levels for both the quantum dots
(QDs) and the wetting layer (WL) at different quantum dot heights (h =0.2 nm, 0.5
nm, 1 nm, and 1.5 nm). The purpose of this data is to investigate the influence of
the geometrical size of the QDs on their electronic structure by examining the

variation of energy levels within the conduction and valence bands.

In the first section of the table, the energy subbands of the conduction band within
the QD (Ec¢;, Ecs, Ec3) are presented. It is evident that these energy values gradually
decrease as the QD height increases. For instance, (E¢;) decreases from 1.9007 eV
ath=0.2 nm to 1.2934 eV at h = 1.5 nm. This trend clearly reflects the reduction
of the quantum confinement effect with increasing QD size, as a larger quantum
dot provides weaker carrier confinement, resulting in lower quantized energy

levels.
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the last section of the tables (2.1) (2.2) shows the energy subbands of the conduction

and valence bands in the wetting layer (WL). These values remain constant at

approximately 2.1144 eV and 6.6170 eV, respectively, suggesting that the WL is

not significantly affected by changes in the QD dimensions, since it represents a

relatively stable layer in the system.

Overall, the table demonstrates an inverse relationship between the QD size and the

electron energy levels in the conduction band, a key factor in understanding and

controlling the optical and electronic properties of quantum dots for various

photonic and optoelectronic applications.

Table 2.2 subband energy Levels for QD and WL at change dot size (height effect h ) for the

Structure Si/SiO,

high

h=0.2nm

h0.5nm

h=1nm

h=1.5nm

Energy valance
subbands (QD)

Eci= 1.9007eV
Ec;=1.9132eV
Ec3=1.9358eV

Eci= 1.5774eV
Ec,=1.5899eV
Ec3=1.6125eV

Eci= 1.3746eV
Ec;=1.3872eV
Ec3=1.4097eV

Eci= 1.2934eV
Ec;= 1.3059eV
Ecs= 1.3285eV

Energy valance
subbands (QD)

Eh1=0.0030eV
Eh2=0.0031eV
Eh3=0.0162eV
Ehs=0.0398eV
Ehs=0.0739eV

Eh1=0.0030eV
Eh2=0.0031 eV
Eh3=0.0162eV
Ehs=0.0398eV
Ehs=0.0739eV

Eh1=0.0030eV
Eh2=0.0031eV
Eh3=0.0162eV
Ehs=0.0398eV
Ehs=0.0739eV

Eh1=0.0030eV
Eh2=0.0031eV
Eh3=0.0162eV
Ehs=0.0398eV
Ehs=0.0739eV

Energy conduction

subbands of (WL) | 2.1144eVv 2.1144eV 2.1144eV 2.1144eV
Energy valance
subbands of (WL) | 6.6170eV 6.6170eV 6.6170eV 6.6170eV
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The table (2.3) presents the energy values of subbands in both quantum dots (QD)
and the wetting layer (WL) at different concentrations of the alloy component (x =

0.11, 0.15, 0.25, and 0.35).

The first section shows the energy conduction subbands of the quantum dots (E¢;
,Ec> ,Ec3), where the energy levels increase gradually with higher concentration
values of x. This trend indicates a widening of the energy band gap as the content

of the material with a larger band gap increases.

The second section displays the energy valence subbands of the quantum dots (Ey—
Ens), which represent different quantized energy states of holes in the valence band.
These energy values are relatively small and negative, showing a gradual increase
with increasing x, which reflects the modification of the electronic structure of the

quantum dots and the influence of composition on the valence band behavior.

In the third section, the energy conduction subbands of the wetting layer (WL) are
listed, ranging from 2.2056 eV at x = 0.11 to 2.2156 eV at x = 0.35. This slight
increase also suggests a moderate widening of the band gap as the alloy
concentration rises. Finally, the fourth section presents the energy valence subbands
of the wetting layer, with values ranging from 6.7024 eV to 6.7088 eV. These
values are relatively high and nearly constant, indicating that the effect of alloy
concentration on the valence band of the wetting layer is minimal compared to that

in the quantum dots.

Overall, the table demonstrates that increasing the alloy concentration x leads to
higher conduction band energies in both quantum dots and the wetting layer, with
minor variations in the valence subbands. This behavior highlights the direct
relationship between chemical composition and the electronic properties of the

nanostructure
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Table 2.3 subband energy Levels for QD and WL at change mole fraction (concentration effect

x )for the Structure Si/SiO,

Concentration

x=0.11

x=0.15

x=0.25

x=0.35

Energy valance

subbands (QD)

Eci= 2.3218eV
Ec= 2.3297 eV
Ecs= 2.3439 eV

Eci1= 2.4605 eV
Ec2=2.4691eV
Ecs= 2.4846 eV

Eci= 2.4618 eV
Ec= 2.4759 eV
Ecs= 2.5014 eV

Eci=2.5143 eV
Ec,= 2.5268 eV
Ecs= 2.5514 eV

Energy valance

Eh:=0.0017 eV
Eh,=0.0018 eV

Eh;=0.0022 eV
Eh2=0.0023 eV

Eh;:=0.0034 eV
Eh2=0.0035 eV

Eh;:=0.0048 eV
Eh,=0.0050 eV

subbands (QD) | Eh3=0.0096 eV Eh3=0.0123 eV Eh3=0.0184 eV Eh3=0.059 eV
Ehs=0.0235 eV Ehs=0.0304 eV Ehs=0.0452 eV Ehs=0.0134 eV
Ehs=0.0437 eV Ehs=0.0565 eV Ehs=0.0841 eV Ehs=0.0963 eV
Energy 2.2056 eV 2.2072 eV 2.2091 eV 2.2156 eV
conduction
subbands of
(WL)
Energy valance
subbands of 6.7024 eV 6.7057 eV 6=7076 eV 6.7088 eV

(wi)

Table 2.4 The values of important Parameters for Si and S102[71]°[72]’[73]°[74]1°[75]

parameter Si SiO:
Energy gap (eV)at 300k 1.12 8.9
Dielectric constant at 300k 11.7¢, 3.9¢
Density(g/cm3) 2.32 2.2
1 *
Effective mass of electron 1.08%m, 0.42%*m,
(m,)
* *
Effective mass of hole (m;,) 0.49%my 0.58%m,
The background refractive 3.48 1.46

index

43




\”.’ \

% ’\ng\bw

Chapter Three

R o

Optical Gain



Chapter Three Optical Gain

3.1 Linear Optical Gain

The expression for the modal optical gain is[76]:
rg(hw) =rlg®(w) — g®(w)IEI?] [3.1]

The terms I' and I35 are used in the modal, linear and nonlinear gain, respectively,
as their optical confinement factors. Eg is the optical electric field of mode s.
g1 (hw) represents the linear gain, g3 (fw) is refer to the third-order nonlinear gain
suppression that resulted from the beating between the laser oscillating mode (s)
and other modes. The self-organization mode produces size and shape variations in
the QDs, which may be taken into account in the gain spectra for theory and
experiment coinciding. To achieve this, the Lorentzian lineshape function and an
inhomogeneous broadening function in the QD density of states D(E") for the

optical transition energy E’are used.

The modal optical linear gain per QD layer of the self-organized QDs is then
determined by multiplying the gain by the optical confinement factor, which

denotes the advantageous portion of the gain.is given by[76]:

rg®(how) =TCy X J .. dE'|Menyl?[8.Pey|? X D(E)L(E’, o) [f.(E', F,) —
f,(ELFY [3.2]

where all of the radiative energy transitions are taken into consideration by
calculating the summation i over the conduction and valence QD energy subbands.
Depended the term |é.P.,|? is the QD momentum matrix element on the light
polarization considered with & is a unit vector in the polarization direction. The
envelope function term |M,,,,|? is taken between the QD electron and hole energy
states that have the same quantum numbers.Considering the parabolic form of the
band, the momentum matrices of QDs are taken to be the same as those of QW near

the zone center (k, = 0) for heavy hole band and, are expressed as:

44



Chapter Three Optical Gain

N 3
|é.P.,|? = E(Mg) ......... [3.3]

where the bulk momentum matrix element given by:

my

M? =E,~° e [34]

And E, is the optical matrix energy parameter, it is given by[77]:

_(mo _ Eg.(Eg4+Ao)
E, = (me 1) <—Eg+ng ) o [35]

Where A, is spin-orbit splitting energy, E, is the energy gap of the QD and m, 1s

the free electron mass.

2
Co = —— e [3.6]

npCEgMpyw

Where n;, is the material background refractive index, c is the light speed in the
free space, ¢ is the free space permittivity, w is the optical angular frequency and

e is the electron charge.

The self-assembled QDs state density with inhomogeneous broadening is

determined by[76]:

D(E') = efw_ p(M> e [3.7]

s' represents the degree of degeneracy at each energy state of the QD. E},

is the transition energy at the peak of QD distribution of the optical transition

energy. o is the spectral variance of the QD distribution.[76]

Using the quantum disc model to determine the energy states of the QDs after they
have taken the shape of a disc [78]’[79].Considering that the average height of QDs

is h and their areal density is Np,.
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Vil =h/Np e [3.8]

Table 3.1 Radius p undoped for the Structure Si / SiO,

Radius (p) wavelength(4) Gain (1/cm)
p =8nm 498 nm 2.927 x 103¢m™t
p =10nm 501nm 1.85 x 103¢m™t
p =12nm 503nm 1.443 x 103cm™!
p =16nm 505nm 580cm™t

Table 3.2 Radius p p-type for the Structure Si / SiO,

Radius (p) wavelength(4) Gain (g)
p =8nm 498 nm 6.56 x 103cm™1!
p =10nm 501nm 426 x 103cm™1!
p =12nm 503nm 3.31 x 103cm™?
p =16nm 505nm 1.34 x 103¢m™t

Table 3.3 Radius p n-type for the Structure Si / SiO,

Radius (p) wavelength(4) Gain (g)
p =8nm 498 nm 5.86 X 103cm™?
p =10nm 501nm 3.71 x 103cm™?
p =12nm 503nm 2.83 x 103cm™?
p =16nm 505nm 1.29 x 103cm™!
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Table 3.4 High h undoped for the Structure Si / SiO,
High(h) wavelength(4) Gain (g)
h = 0.2nm 663.75nm 1.147 x 103cm™?!
h = 0.5nm 800.714nm 1.53 x 103¢m™?
h =1nm 923.75nm 1.765 x 103¢cm™?!
h = 1.5nm 983.333nm 1.868 x 103cm™1
Table 3.5 High h n-type for the Structure Si / Siox
High(h) wavelength(4) Gain (g)
h=0.2nm 661.429nm 1.367 x 103cm™1
h=0.5nm 794.805nm 1.878 x 103cm™1
h=1nm 914nm 2.157 x 103¢m™t
h=1.5nm 972.5nm 2.287 x 103cm™1
Table 3.6 High h p-type for the Structure Si / SiO,
High(h) wavelength(4) Gain (g)
h=0.2nm 660.976nm 1.5 x 103cm™?
h=0.5nm 798.182nm 1.95 x 103cm ™!
h=1nm 916.364nm 2.25x 103cm™?
h=1.5nm 978.049nm 2.375 x 103¢m™t
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Table 3.7 different mole fraction x for barrier layer undoped for the structure Si/SiO,.

mole fractions wavelength(A) Gain (g)
x=0.35 630 nm 519cm™1
x=0.25 580 nm 509cm™1!
x=0.15 539nm 598cm~1
x=0.11 493nm 599cm 1

Table 3.8 different mole fraction for barrier layer n-type for the Structure Si/SiO,

mole fractions wavelength(4) Gain (g)
x=0.35 630 nm 731.23cm™?
x=0.25 580 nm 719.56cm™1
x=0.15 539nm 796.431cm™1
x=0.11 493nm 797.75cm™1!

Table 3.9 different mole fraction for barrier layer p-type for the Structure Si / SiO,

mole fractions wavelength(4) Gain (g)
x=0.35 630 nm 728.11cm™?
x=0.25 580 nm 778cm™1
x=0.15 539nm 819.52cm™?
x=0.11 493nm 800cm™1

48



Chapter Three Optical Gain

Table 3.10 values the optical gain and wavelength for different carrier surface density of

structure Si / Si0,

carrier density wavelength(4) Gain (g)
nyp = 1.2 x 101 cm=2 685 nm 322cm™?!
nyp = 3.2 x 101 cm=2 665 nm 1000 cm™1!
nyp = 5.2 x 10 cm=2 664nm 1225cm™?!
nyp = 7.2 x 10 cm=2 662 nm 1455 cm™?!

3.2 Simulation Results and Discussion

The linear optical gain can be derived using the equation of motion of the
density matrix with the perturbation approach.
In this chapter, we theoretically investigate of the linear optical gain characteristics
of QD-L, focusing on the linear optical gain mechanisms. The optical gain
suppression due to coherent and incoherent the total carrier density depletion
(TCDD) in the active region modeled by the shift of the global quasi-Fermi level,

1s not including here since it appears when there is an input single (here Pg = 0).

3.2.1 Quantum Size Effect (QDL Height)

Figure.3.1 shows the plots of (Gain 1/cm) versus wavelength (height from
h=0.2 nm, h=0.5 nm, h=Inm to h=1.5 nm), the disc height QD-L size effect on the
gain, the dot height as a parameter. Figure 3.1(A) un-doped Si/SiOx system, shorter
wavelength and gain less are obtained by decreasing QDL size height. For every
0.5 nm drop in height, the wavelength is shortened by about 60 nm and the gain is
decrease by 100 cm™'. The gain peak increases and shifted to longer wavelength
with increasing S1/Si0Ox QD-L height size. where the wavelength is initially in the

visible region (660 nm) and then moves to the infrared (980 nm).
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Fig. 3.1(B) explain p-type doped for QD-L size (height), the gain is same or very
small change and shifted to longer wavelength with increasing dot height A
comparison done in Table (3.6) shows that the main change in the spectrum is
obtained by changing disc height in the QD-L layer. This is due to reducing barrier
potential in the dot layer, i.e. increasing carrier confinement for the overall system.
when QD height in the layer increased by (0.5 nm), the wavelength is green solid
line shifted by ~80 nm, we assume that the homogeneous linewidth due to gain

recovery is the same as the linewidth due to pure dephasing.

Fig. 3.1(C) n-type doped at different system the experimental and theoretical
observations where it is found that the variation between conduction- valence- band
ground state energies is more sensitive to the height fluctuation than the change of
base. red dash line gives lower gain and shorter wavelength than other spectra
(green dash line, blue dash line, black dash line) due to QD size effect (where at
decrease dot height) while black dash line have bigger gain and longer wavelength

shift for red dash line compared blue dash line, we noted when increase.

The physical explanation for the increase in wavelength is due to the following

relationship:
hc
E = ~ [3.9]

As the size of the quantum dot increases, it leads to a decrease in quantum
confinement, meaning that the energy gap decreases and thus the wavelength
increases. The physical explanation for the increase in gain when the size of the
quantum dot increases is that when the density of DOS states increases, this means

that the number of allowed transitions between electrons and holes increases.
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S1/Si0x N-type doped
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Figure 3.1(C): Calculated Gain Spectra at Different Values Of, QD-L Disc Height for Structure
S1/S10x, N-type doped structure is solid line

3.2.2 Quantum Size Effect (QD-L Radii)

Figure. 3.2 show that disc radius QDL size effect on gain-wavelength relation
(p=8 nm, p=10 nm, p=12 nm and p=16 nm). where at increase QDL radius (p=8
nm) the gain lower and shift wavelength amount (7 nm) to right, Fig. 3.2 (a) show
that gain value for black line curve is (580cm™) when radius QD is (p=16 nm),
while the gain value for red line spectrum is bigger (5 times) from black line curve
and lower wavelength. The impact of altering the quantum disc radius where there
is a slight change in the wave length is depicted in Figure3.2 The gain increases by
about 200 cm™! for every 1 nm increase in the disc radius, which is the only variation

that can be taken into account.

Fig. 3.2 (A) shows the gain spectra of undoped QD radii of Si/SiOy. This is in line
with theoretical and experimental findings that show[80] that the difference

between valence- and conduction-band ground state energies
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Fig. 3.2 (B) illustrate p-type doped for QD radii of Si/SiOx, for the doped structure,
one peaks have the differ height. The bandwidth of the doped peaks is reduced for

higher transition peaks. The gain is so high. The spectrum covers 460-550 nm

wavelength.

Fig. 3.2 (C) show the gain spectra versus wavelength for n-type system When radius
concentration is increasing from 8 to 16 nm, the peak gain in both TE and TM

reduced by 3 times. A neglected change in the wavelength with this few change in

the S104 in the WL.
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Figure 3.2(A): Calculated Gain Spectra at Different Values Of, QDL Disc Radii for Structure

Si/Siox, Spectra of an Undoped structure is dash line
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S1/S10x p-type doped
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Figure 3.2(B): Calculated Gain Spectra at Different Values Of, QDL Disc Radii for Structure
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3.2.3 Concentration Effect WL

Figure 3.3: shows gain curves vs wavelength for Si/SiOy, system, at different
concentrations in the SiOx WL layer (mole fractions in the WL), the gain for four
Si0x -mole fractions, (0.11, 0.15, 0.25 and 0.35). The gain peak reduced and shifted
to down (absorption) for tow curve (green solid line and black solid line) with

increasing SiOx concentration in the WL.

Fig 3.3 (A) Undoped Si/SiOx Structure. In the undoped structure, the gain is
relatively low compared to doped samples. At higher oxygen content (x = 0.35),
the gain i1s only 519 cm™, corresponding to a longer wavelength (630 nm). As
decreases to 0.15 and 0.11, the emission peak shifts toward shorter wavelengths
(green-blue region) and the optical gain increases significantly. This enhancement
can be attributed to the increase in silicon content, which strengthens quantum
confinement and improves radiative recombination inside the silicon-rich SiOx

layer.

Fig 3.3 (B) The p-type doped samples show similar behavior to n-type ones but
with slightly higher gain values. The maximum optical gain of 819.52 cm™ is
obtained at x = 0.15 , indicating that hole doping also plays an important role in
enhancing radiative transitions. Although x = 0.11 gives a shorter wavelength, the
gain slightly decreases due to increased non-radiative recombination or fast
carrier trapping at higher silicon content. Thus, the optimal mole fraction is
around x = 0.15, which provides the best trade-off between quantum confinement

and carrier concentration.

Fig 3.3 (C) The n-type doped sample exhibits a noticeable increase in optical gain
compared to the undoped case for all mole fractions. This is because electron
doping enhances the population inversion, which is a key condition for achieving

optical amplification. The spectral peaks in the figure shift progressively toward
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shorter wavelengths as decreases, consistent with the widening of the energy
bandgap. The highest gain value (~800 cm™) occurs at x =0.11 and x =0.15, where
the overlap between electron and hole wavefunctions is optimal for stimulated

emission.

The observed increase in optical gain with doping is mainly due to the improvement
of carrier population inversion and the enhancement of radiative transition
probability. Lowering the oxygen mole fraction reduces the oxide barrier, increases
the silicon-rich region, and strengthens the carrier confinement effect. The blue
shift of the emission peaks confirms the quantum confinement effect, where smaller
potential wells or Si nanoclusters lead to a larger bandgap and higher energy
transitions. The study demonstrates that the Si/SiOx structure exhibits improved
optical gain as the mole fraction decreases, with the highest gain achieved under p-
type doping at x = 0.15. These results confirm that controlling both the oxygen mole
fraction and the doping type are crucial factors for optimizing the optical properties

of S1/S104 structures.
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Figure 3.3(A): Calculated Gain Spectra at different values of, WL mole fraction for structure

Si/Siox, spectra of an undoped structure is dash line
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Si/Si0x p-type doped
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Fig. 3.4 shows Si/Si0, doped QD structures at different injection carrier

current, show at increase injection current density.

Density from 1.2 x 10 to 7.2 x 10" cm™2, a shift in the peak gain wavelength from
685 nm to 662 nm is observed. This shift is toward shorter wavelengths (Blue
Shift). This blue shift is primarily attributed to two phenomena:

Band Filling Effect: At low injection levels, carriers (electrons and holes) occupy
energy states closest to the conduction band minimum and valence band maximum,
respectively. As carrier concentration increases, these lower energy states begin to
fill, forcing subsequent recombination processes (photon emission) to occur
between higher energy states, resulting in emission of photons with higher energy

(and thus shorter wavelength) [81].

Burstein-Moss Shift: In heavily doped semiconductors or two-dimensional
systems, the filling of certain energy states blocks electron transitions from the
valence band maximum to the conduction band minimum (because these states are
already occupied). Consequently, transitions must start from deeper levels in the
valence band to higher levels in the conduction band, increasing the apparent band

gap energy and causing the observed blue shift[82].

There is a strong direct proportional relationship between surface density and
optical gain coefficient. The gain increases from 322 cm™ to 1455 cm™ with
increasing npp. This behavior explains the concept of Population Inversion, which
is the fundamental condition for optical gain and lasing to occur.Optical gain results
when the rate of stimulated transitions (which emit photons) exceeds the rate of
absorptive transitions (which absorb photons). This occurs only when the number
of carriers in the upper energy state (conduction band) is greater than in the lower

energy state (valence band) for a specific spectral region.
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Increasing carrier concentration (nyp) leads to an increase in the number of electrons
in the conduction band and holes in the valence band. Upon exceeding a critical
carrier density (known as Transparency Carrier Density), the population inversion

condition is achieved for certain photon energies, and gain begins to appear.

With continued increase in nap, population inversion is achieved for a broader range
of energies and the peak gain increases significantly, which is exactly what the data
shows. The sharp rise in gain from 1000 to 1455 cm™ indicates that the system is

entering an effective and practical gain region for laser applications.

Si/SiOx p-type doped h=0.2 nmn
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Figure 3.4: explain linear gain curves doped system Si/SiO,at different injection current carrier
concentration.
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Chapter Four Dynamic of Electron in Si QD-Laser

4.1. Rate Equation in Laser

This section introduces basic laser equations that explain the dynamics of
laser oscillation.
Using a rate equation theory for clarifying the dynamical processes that take place
in a laser; the rate equations match first-order differential equations. The four-level
laser is treated. The idea is equally applicable to the three-level laser (where the

pump level is identical as the top laser level) without any changes[19].

The physical processes that bind atomic groups to densities usually have very
simple shapes, defined as spontaneous emission, stimulation, and absorption in the
simplest sense.

Einstein created these equations in 1916 and used them to derive fundamental
relationships between the coefficients of the spontaneous emission rate and the

catalyst.[83]

2 2,2
Ay == — 2 fi e [A1]
&
Bon=m a2 [4.2]
8mhv3
Ay = =By e [43]

Where A,4, B,; The Einstein coefficients, n refractive index, ¢ speed of light in a

vacuum, v The frequency[83]

In the Centre of the four-level laser (Fig.4.1) is a two-level atomic system with the
upper laser level 2 and the lower laser level 1. where after the process of absorption,
which is the transfer of an atom from a lower energy level to a higher energy level,

the atom will remain at the higher level for a period of time, and the
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higher level may be able to relax to the lower level by a time called the (relaxation
time 7,; ). Pumping into the pump level (level 3) and fast relaxation leads to a
population of the upper laser level. Relaxation depopulates the lower laser level
(relaxation time 15 ). Thus, Systems engage with laser radiation through stimulated

radiation absorption and emission[19].

pump band
E short life time
A
T3 2 fast
E, 0000 Long life time
E
= T30
g Laser transition
< T71| slow
v [
/ short life time
: v T20 T1o Jfast
0 B0 0000000000)

Figure4.1 Four-level laser. Prepared by the researcher

It's crucial to remember that the only physical mechanism responsible for lasing is
stimulated emission; one photon entering an atom results in twice as many photons
with the same frequency leaving the atom. An avalanche of photons, a desired laser

characteristic[84].

4.2. Rate Equation

In the three rate equations system, the barrier layer effect is disregarded and

carriers are assumed to be injected with current density, J, in WL.
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2mpinpNg
S = — R I X
AVE hwpAc [ ]

This equation [4.1] expresses the average photon density or optical power inside

the quantum laser[85].

ONGg _ 8maxL _ ¢ (A-Npg)Ng | Ng(1-Npg) | Ng
% T Ng Nrr(2Ng 1)SAVEngF — + m— +TGR ....... [4.5]

In eq. [4.2] the rate of change of the number of electrons in the ground state. In this
eq. describes how the number of electrons in the ground state change over time in

QD-L[86].

ONrg _ (1-Ng)Nrg 4 Ng(1-Npg) = NwLw(1-Npg)  NwLwNgg [4.6]
ot TFEG TGFE Nqtwse Nqtsew TR
ONsg _ (1-Ng)Nsg 4 Ng(1-Nsg)  NwLw(1-Nsg)  NywLwNgg [4.7]
ot TFEG TGFE Nqtwse Nqtsew C R

In eq. [4.3], [4.4] the rate of change of the number of electrons in the first excited
state and second excited state. This equations calculates the change in the number
of electrons in the FES and SES, show the transition interactions between it and
other energy level[87]°[88].

an _ NWNE _ Nw _ Nw(l_NE) + ]NE

ot TSEW  TWSER TWSE eLw

In eq. [4.5] the rate of change of the number of electrons in the wetting layer. This
equation explains how the number of electrons in the wetting layer changes as a

result of transitions and feedback from the injected current[88].

Where wy, is the energy of the signal at the peak, g¢ single-pass gain, pjp, is the
power of the input signal and c is the velocity of light in free space, A is the active
region area, No:number of quantum dots, Lw the effective thickness of the active

layer, J is the injection current and Nw number of electrons in the wetting layer.
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injection current
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Figure 4.2 Levels scheme diagram of QD-Laser. Prepared by the researcher

Table 4.1 Parameters used in the calculations[89]°[90]°[91]°[92]°[93]

Parameter Symbol Value Unit
Spontaneous radiative life time in QDs TGR 0.4 ns
Spontaneous radiative life time in WL Twr 1 ns
Carrier escapes time from SES to WL TsEw 1 ns
Time transfer elections from high (barrier region) level ty/¢g 3 ps

to second level in QD-L

Time transfer elections from lower level to high level t;pg 1.2 ps
in QD-L

Carrier relaxation time from FES to GS TFEG 0.16 ps
Diffusion time in the barrier layer Ts 6 ns
Separate confinement heterostructure Tor 4.5 ns
Recombination

Time rate for wetting layer Tge 0.11 ns
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interior wastage Aint 2 Cm™1
photonic parameter r 0.007

Laser length L 2000 mm
The effective thickness of the active layer Ly, 0.2 mm
Surface density of QDs ng 2x 101 Cm™2

4.3 Saturation Power Effect For (Si/SiOx QD Laser)

The saturation power is an amplifier's primary parameter that has a
significant impact on both linear and non-linear characteristics and This optical
power is known as the one that cuts the modal gain in half of the unsaturated
gain[94]. Gain saturation is primarily brought on by carrier depletion, and as QDL
pump current increases, so do the gain saturation power and gain saturation pulse

energy[95].

4.3.1 Saturation Input-Power Effect For (Si/SiOx QD Laser)

Saturation input-power It refers to the power level at which the device's
capacity to greatly amplify or absorb the signal and is used to describe the incident
optical power level at which a saturable absorber or gain media begins to deviate
from linearly. The output power no longer rises in proportion to the input power at

this point, and the gain begins to fall as the input power rises[96].

Figure 4.3 input power-gain for Si/SiOy Fig 4.3 (a) show that the change QD size
(height from h=0.2 nm, h=0.5 nm, h=1 nm to h=1.5 nm), illustrate the effect disc
height QDL size on input power-gain relation where we note high gain at height
dot size at (8 nm) to its high bandgap, Fig 4.3 (b) illustrate the change radius QD
size (from p=8 nm, p=10 nm, p=12 nm to p=16 nm), show that disc radius QDL

size on input power-gain relation where low gain at radius QD size at (p=16)
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because bigger to its low bandgap , and The relation input power-gain for the

structure SiOy is displayed in Figure (4.3)(c). with a greater gain at 0.11 Ox-mole

fraction.
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Figure 4.3: Calculated Gain-Input Power Relation at J=1.335 Ka/Cm? for the Structure Si/Siox ,
(A): The Disc Height for QDI (h), (B): The Disc Radius(p) for QDI and (C) Mole
Fraction Siox WL.

4.3.2 Saturation Output-Power Effect For (Si/SiOx QD Laser)

Output saturation power refers to the maximum output power an amplifier
can deliver before its output no longer increases proportionally with the input
signal. It's the point where the amplifier's gain begins to diminish, and do not lead

to significant increases in output power, further increases in input power[97]°[98].

Figure (4.4) explained the effect QD-L size (radius, height for QD and mole fraction
for WL) on input power-gain relation and mole fraction for wet layer SiOy are
shown in Fig. 4.4 (A), (B), (C), where the contribution due to changing SiOx-
composition in WL is minor as in Fig. 4.4 (C). The output saturation power is
calculated and stated in Table (4-3). Comparing these results with the measured
values of some other QD-L, for example it is measured in [99] Fig. 4.4 (A) illustrate
that QD-red dash line have a saturation power of 56 dBm, height QD-blue dash line
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have a saturation power of 45 dBm, QD size -green dash line have a saturation
power of 37 dBm and disc height (h=1.5 nm)-black dash line have a saturation
power of 30 dBm, Here we get a saturation power until 20 dBm which in
comparison with QDL shows a high value and confirms the prediction of high
saturation power due to spatially distributed optical gain, the fast recovery time and
the small confinement factor.

Fig. 4.4 (B) The gain saturates at low input power, then it declines at high input
powers. This can be attributed to the carrier depletion in the QDs where the output

power begins to increase.

Fig. 4.4 (C) saturation power of 15 dBm for black dash line have a low gain 7 dB
while red dash line has high gain at 10 dB and more stability
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Figure 4.4: Calculated Gain-Output Power Relation At J=1.335 Ka/Cm? for the Structure Si/Siox,
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Table 4.2 Gain-Input Power for the Structure Si/Siox

The Structure Input Power (dBm) Gain(dB)

h=02nm 55

h = 0.5nm 45

Si/SiOx h=1nm 38
h=15nm 30

p=8nm 34

p=10nm 27

Si/Si0x p=12nm 26
p=16nm 22

x =0.11 10

x = 0.15 8.8

Si/SiOx ¥=02 °
x =0.35 6.9

Table 4.3 Gain-Output Power for the Structure Si/Siox

The Structure Output Power(dBm) Gain(dBm)

h=02nm 56

h = 0.5nm 45

Si/SiOx h = 1nm 38
h=15nm 30

p=8nm 35

p=10nm 26

Si/Si0x p=12nm 29
p =16 nm 22

x =0.11 10

x =0.15 8.8

Si/SiOx *= 02 °
x =0.35 6.9
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4.4. Dynamical Effects for Si/SiOy

A silicon (S1) quantum dot (QD) laser's electron dynamics are complicated,
involving elements such as temperature, optical feedback, and electron escape rate.
To maximum laser performance, it is essential to comprehend these dynamics,
which include stability, emission wavelength, and lasing properties .

The carrier density of the structures Si/SiOy in the WL is displayed Because the
barrier layer was neglected,

The steady state is reached in each of these curves when the rate of carrier loss
(from spontaneous and nonradiative recombination) and carrier capture are
balanced. A slight alteration is seen in Fig. 4.4 (C) upon altering the Si/SiOy -mole
fraction in the WL., where it takes a little longer to saturate than in Fig.2 A
significant effect is seen when the QD shifts from height (h=0.2 nm to h=1.5 nm)
Si/S10x

4.5. Dynamical Effects

In Fig. 4.5 shows carrier occupation probabilities vs time at the change QD
size (height from h=0.2 nm, h=0.5 nm, h=1 nm to h=1.5 nm), Fig. 4.5 (A) GS
occupation probabilities for Si QD where it takes here a somewhat long time. Fig.
4.5 (B) illustrate the ES occupation probabilities for Si QD, the barrier region take
more interval time from ground state and excited state by 20 ps to stability case this
mean the difference between barrier region and ground state in the interval time to
S-T be (20 to 30 ps).

4.5 (C) explain the electrons concentration for the barrier region at mole fraction
different we noted that upper height (h=2nm) is faster to (S-T) in 4.5 (C) It show
the lines for disc high different be low in barrier region compared in ground state
and excited state. The carrier density (3.6x10 2 cm™) for WL is lower than the
value obtained in[100] due to the neglect of barrier layer. The value of steady state

carrier density in the wetting layer is ~ (5x10'* cm™) which is in the range of the
70



Chapter Four Dynamic of Electron in Si QD-Laser

carrier density used in chapter three. at the steady state the carrier density (3.6
10'?) for barrier layer is less than the number found in[100]. The significance of

incorporating the WL into the SiOx computations can be determined from these

graphs.
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Figure 4.5: plot the relation between Carrier occupation probability verse time four disc high for
QD-L (h=0.5 nm,1nm, 1.5 nm ,2 nm) (A) excited state. (B) ground state (C) carrier

density in barrier region layer

In Fig. 4.6 shows carrier occupation probabilities vs time at the change radius QD
size (from p=8 nm, p=10 nm, p=12 nm to p=16 nm), Fig. 4.6 (A) GS occupation
probabilities for Si QD. The excited state in the figures sum slow from ground state
access to stable case and so laxation between ground state and excited state be
quicker from laxation between excited state and wetting region.

Fig. 4.6 (B)illustrate the ES occupation probabilities for Si QD Fig. 4.6 (C) explain
WL occupation probabilities for SiOx wetting layer. Sum figures show the stability
case (ST) be between average of density losses due to non- radiative recombination
and the spontaneous possibility ground state and excited state.

where it takes here a somewhat long time (compared with Fig. 4.5) to saturate.
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Figure 4.6: plot the relation between Carrier occupation probability verse time four-disc radius
for QD-L (p=8 nm,10 nm, 12 nm ,16 nm) (A) excited state. (B) ground state (C) carrier

density in barrier region layer

In Fig. 4.7 shows carrier occupation probabilities vs time at the change mole
fraction WL size (from x=0.11,x=.15,x=0.25 to x=0.35 ), we note a small change
is observed when SiOy -mole fraction in the WL is changed Fig. 4.7 (A) GS
occupation probabilities for Si QD, Fig. 4.7 (B) illustrate the ES occupation
probabilities for Si QD Fig. 4.6 (C) explain WL occupation probabilities for SiOx
wetting layer. The figures one explains the importance of including the barrier
(S10y) in the QD-L accounts. Figure. 4.7 explain the (Ground State) is the upper
one with 10 ps but it takes a longer time to reach steady state than WL although of

the longer rate for transition between the ground state and excited state.
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Figure 4.8: compare between Carrier density for QD Si/Si0; structure for GS and
ES where we noted that GS red dash line be high from ES blue dash line because

GS have more between Carrier density at started pumping

76



Chapter Four Dynamic of Electron in Si QD-Laser

= = = Gs -
0.9 - = ES
A
0.8 o
0.7F e wm mm am'mm e’ mE mE mm Sm = wm = Y. - |
’
0.6 4 -
— /
o™
'E 05k 1 -
171
04 ! -
I
03F -
02k! -
I NS R R N [N R R e -
0.1 g -
h,
0' | ] | ] | ] | ] | ] | ] | ] | ] | ]
0 01 02 03 04 05 06 07 08 09 1
time(s) x107°
== == yndoped QD ES
== == yndoped QD GS — o mm = = == =
- - -
» -
> B -,
% 04 / V4 =
‘E’, 0.35 / -
o
c 03} / -
= /
g 025F / -
g
o 02F ] -
Loasp ! -
g |1 ded el ==
%1 - |
-
0051 L 7 -
-~
O lP ] ] ] 'l 'l 'l ] ] ] "1
0 1 2 3 4 5 6 7 8 9
%10

Figure 4.8: Carrier Density of QD Occupation of GS (Red Curve) And ES (Blue Curve). for
Structure for Si/Si02 (A) Undoped QD-L (B) Doped QD-L

77



W\;
[
\? &
Conclusions and

Recommendations and Future

Work



Chapter Five Conclusions and Recommendations and Future Work

5.1 Conclusions

1. The energy levels (subbands) for both conduction and valence bands are calculated
using the quantum disc mode.

2. The parameters required for calculation are specified and computed using relevant
relations

3. Electronic and optical, linear, static and dynamic properties of SI-based quantum
dot laser structures are specified to cover the effects of layers (QD, WL

4. Calculate energy levels (subbands) for both conduction and valence bands for
composition WL

5. Calculate energy levels (subbands) for both conduction and valence for quantum
size (height and radius) effects

6. The effect of homogenous linewidth on saturation behavior of these amplifiers is
studied. According to this there are four groups of structures

7. the gain peak reduced and shifted to longer wavelength with increasing SiOx-mole
fraction in the WL.

8. The number of peaks depends on the transitions taken (ground- and excited-state
transitions). The wavelength shift is small for the ES peak.

9. A smaller effect of WL layer on the gain is shown. The wavelength is red shifted
by ~100 nm when Al mole fraction in the WL is increased by 0.2 the highest gain
obtained in these group of Si-structures is 70 cm™ for QDL.

10.The gain is increased by 50cm-1 for each Inm height reduction while the
wavelength is shortened by~230nm.

11.QD structure well confinement of gives good gain saturation. This can be done by
using a QD with low gap or by using a WL with enough (high) gap.

12.Changing QD-radius is efficient to get gain saturation than changing QD- height.

13.The inhomogeneous Gaussian function is shown to increases gain.
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14.1t is shown that the structure Si/SiOy, with is better using for inline electrostatic
amplifiers applications primarily in scientific and industrial because we get the
linear optical gain upper .

15.The contribution due to changing SiOx -composition in WL layer on input power-
gain relation is minor

16.The results explain the interested of the barrier region in the quantum dot laser
accounts. The structure Si/SiOx when the concentration (0.15 mole fraction) is more
appropriate for inline static amplification applications.

17.The occupation probabilities of ES and GS when the QD changes from disc height
to disc radius.

18.Calculate the effect on input power-gain relation for disc height QDL size where
we note high gain at height dot size at (8 nm) .

19.Show that disc radius QDL size on input power-gain relation where low gain at
radius QD size at (p=16) because bigger to its low bandgap

20.Carrier occupation probabilities vs time at the change QD size (height and radii

QDL)

5.2 Recommendations and Future Work
As a continuation to the work in this thesis the following points can

be addressed in the future

1- Study of type Si/SiO QD for nonlinear gain

2- Completely Inhomogeneous Density-Matrix Theory.

3- Gain as a Function of Homogeneous Linewidth

4- The used of Si/SiO QD structures in bio-sensors applications.

5- The study of QD efficiency Si/Si0O - photonic structures
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