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Preface

Welcome to Optoelectronics — Recent Advances an anthology that delves into the fascinating
realm of optoelectronics through the lens of diverse expertise and perspectives. As the
editor of this compilation, I am thrilled to present a collection of chapters that collectively
illuminate the multifaceted recent landscape of optoelectronic research.

The journey begins with an enlightening Introductory Chapter that sets the stage for our
exploration of the intricate world of optoelectronics. Each subsequent chapter contributes
a unique thread to this narrative, offering insights and discoveries that span the breadth
of this dynamic field.

Chapter 2 takes us on a journey through the longitudinal assembly of gold nanorods on vari-
ous templates, showcasing the versatility of optoelectronics in material science. Meanwhile,
Chapter 3 explores the intersection of optoelectronics and quantum information processing,
revealing the potential for groundbreaking advancements at the nexus of these two fields.

In Chapter 4, we encounter an algorithm designed for calculating the coordinates of images
in an optoelectronic device with a matrix photodetector, highlighting the crucial role of
computational methods in optimizing device functionality. Chapter 5 pushes the boundaries
with an exploration of advances in colloidal quantum dot laser diodes, demonstrating the
cutting-edge developments that propel the field forward.

Chapter 6 introduces us to the concept of a device fingerprint as a transmission security
paradigm, showcasing the evolving strategies for ensuring the integrity and security of
optoelectronic systems. Finally, in Chapter 7, we gain a broader perspective on the integra-
tion of optoelectronics into neural interfaces, opening new horizons for the intersection
of technology and neuroscience.

This collection is a testament to the collaborative effort of experts in the field, each chapter
representing a unique facet of optoelectronics. I extend my sincere appreciation to all the
contributors who have shared their knowledge and insights, enriching this anthology with
atapestry of ideas.

As you embark on this journey through the chapters of this book, I invite you to explore the
ever-expanding boundaries of optoelectronics and witness the transformative potential
that lies within this dynamic field.

Enjoy.

Touseef Para

Department of Energy Science and Engineering,
Indian Institute of Technology Bombay,
Mumbai, India
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Chapter 1

Introductory Chapter:
Optoelectronics

Touseef Para

1. Introduction

Optoelectronics, the seamless union of optics and electronics, represents one of the
most captivating and transformative fields of modern science and technology. It
delves into the intricate interactions between light and electronic devices, giving birth
to an array of innovations that have revolutionized the modern world. From the crisp
color rendition of a smartphone screen to the precise pulse of a laser surgery tool,
optoelectronics is powering the modern world in unimaginable ways.

The interaction between light and electricity has been harnessed by humankind for
centuries. From the earliest observations of sunlight magnified through a glass lens to
the development of the first solid-state lasers, our fascination with manipulating light
and harnessing its properties has led to a profound understanding of the fundamental
principles governing this intriguing realm. The subject of optics has been fascinating to
the world from ancient times, either in the form of myths or the purely stupendous
scientific inquisition. People often depicted light, optical phenomena, and sources of
light as divine and heavenly, so much so that many civilizations prayed to them or
considered them gods. And civilizations that did not concur with this idea sought light as
the pathway to salvation, tranquility, and serendipity. Many skeptical minds arose from
these ranks who tried to understand the light as materialistic as other physical quantities.
Among the first who actually used light as the source of power and energy was Archi-
medes. Although not replicable, his infamous and alleged blaze of Roman ships on the
Tyrrhenian Sea is more progressive as a concept. What followed the incident in the
coming centuries propelled the world into a new light (or fire).

The journey of optoelectronics began long before the term was even coined. In the
nineteenth century, Thomas Young’ double-slit experiment laid the foundation for
wave-particle duality, which would become fundamental in understanding light’s
nature. Building upon Young’s work, James Clerk Maxwell’s equations revolutionized
our understanding of electromagnetism and light propagation. This newfound knowl-
edge opened the doors to the development of telegraphy and, eventually, fiber optic
communications that connect our world today.

In the early twentieth century, Albert Einstein’s groundbreaking work on the
photoelectric effect unveiled the particle nature of light and inspired the development
of photodetectors. World War II saw the emergence of optoelectronic devices such as
night-vision goggles and proximity fuzes, laying the groundwork for modern military
technology.

The term “optoelectronics” emerged in the mid-twentieth century to describe a
burgeoning field that sought to exploit the symbiotic relationship between optics and
electronics. Researchers began to explore the potential of materials capable of
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controlling and manipulating light through electronic means. This era witnessed
the birth of key optoelectronic devices, including the light-emitting diode (LED)
and the semiconductor laser, both of which would become indispensable in modern
technology.

Today, optoelectronics finds applications across an astonishingly diverse range of
fields, from information and communication technologies, where it underpins the
internet and enables high-speed data transmission, to healthcare, where it plays a
pivotal role in medical imaging and non-invasive diagnostics. Optoelectronics also
enhances our understanding of the cosmos through telescopes and space-based sen-
sors, while simultaneously transforming industries such as automotive, energy, and
manufacturing.

As we embark on this journey into the realm of optoelectronics, we will explore the
fundamental principles that govern the interactions between light and electronic
materials. We will delve into the construction and operation of key optoelectronic
devices, understanding their significance in both historical and contemporary con-
texts. Moreover, we will uncover the latest innovations and future prospects of opto-
electronics, contemplating the remarkable advancements that lie ahead and their
potential to shape our world.

In the following sections, we will navigate the intricate pathways of photons and
electrons, seeking to unravel the mysteries and harness the potential of optoelectron-
ics. Join us on this captivating voyage as we explore the boundless possibilities that
emerge when light and electronics converge, paving the way for a brighter and more
connected future.

2. Nature of light
2.1 Wave nature of light

Light, as we perceive it in our everyday lives, is a phenomenon that can be
understood through the lens of both wave and particle characteristics. In this section,
we will delve into the wave nature of light, which provides a fundamental framework
for comprehending its behavior and interactions. However, another aspect of light
needs to be considered first, the geometric optics.

2.1.1 Reflection and vefraction

The first scientific description of propagation and interaction of light with objects
around us was made using geometric optics and few obsolete ideas [1]. The geometric
optics led to the optical revolution, where we could peek into the world invisible to the
naked eye both in size and distance, with the advent of microscopes and telescopes. At
the heart of it were the laws of reflection and refraction.

2.1.1.1 Reflection

Reflection is a fundamental optical phenomenon that occurs when light encounters
a surface and bounces back in accordance with the law of reflection [1]. This law states
that the angle of incidence (jucigens) is equal to the angle of reflection (Oyefrecrion), both
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measured with respect to the normal (an imaginary line perpendicular to the surface)
at the point of incidence.
Mathematically, the law of reflection can be expressed as:

eincident = erq‘lected (1)

Reflection is responsible for a wide range of everyday experiences, from seeing
your own reflection in a mirror to the way light interacts with polished surfaces. It is
also the basis for various optical devices, such as periscopes and retroreflectors, which
use multiple reflections to redirect light.

2.1.1.2 Refraction

Refraction, on the other hand, is the bending of light as it passes from one
medium into another with a different optical density. The optical density of a
medium is characterized by its refractive index (1), which is a measure of how
much light slows down or speeds up when entering that medium compared to a
vacuum.

Snell’s law describes the relationship between the angles of incidence and refrac-
tion (@incident and Oyefacrea) and the refractive indices of the two media:

N Sin(eincident) = 1p*sin (anmcted) (2)

Key points about refraction include:

* When light enters a medium with a higher refractive index, it bends toward the
normal line, and when it enters a medium with a lower refractive index, it bends
away from the normal line.

* The change in speed of light when it enters a different medium results in a change
in wavelength and frequency. This phenomenon is responsible for the dispersion
of light, where different colors of light are separated when passing through a
prism.

* Lenses, such as those found in eyeglasses and cameras, rely on refraction to focus
and manipulate light. Concave lenses cause light to diverge, while convex lenses
converge light to a point.

* Atmospheric refraction is responsible for optical illusions like the mirage, where
objects appear displaced from their actual positions due to the bending of light in
different layers of the atmosphere.

Reflection and refraction are essential concepts in the field of optics and optoelec-
tronics, forming the basis for the design of optical components, lenses, and imaging
systems. These principles are also at the core of how we perceive the world around us
and are integral to many aspects of our daily lives, from the operation of optical
sensors to the functioning of eyeglasses and cameras. Understanding these phenom-
ena is crucial for engineers and scientists working in optoelectronics, as they enable
the manipulation and control of light for various applications.
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2.1.2 Wave-particle duality

The wave-particle duality of light is a fundamental concept in physics that
emerged in the late 17th and early 18th centuries. It posits that light exhibits both
wave-like and particle-like properties depending on the circumstances of observation.
This duality is not limited to light; it extends to all particles and is encapsulated in the
famous principle enunciated by Louis de Broglie in the 1920s, which states that
particles, like electrons and photons (the particles of light), can exhibit both wave and
particle characteristics.

2.1.3 Wavelength and frequency

At its core, the wave nature of light can be characterized by its wavelength (A) and
frequency (v). Wavelength represents the spatial extent of one complete cycle of the
wave, usually measured in units such as meters (m) or nanometers (nm). Frequency,
on the other hand, denotes the number of oscillations or cycles that occur in 1 second,
typically measured in hertz (Hz).

The relationship between wavelength and frequency is described by the wave
equation:

c=M (3)
where:
e ¢ is the speed of light in a vacuum (approximately 3 x 10% meters per second),
* 1 is the wavelength of the light,
* vis the frequency of the light.

This equation illustrates a fundamental principle: as the wavelength of light
decreases, its frequency increases, and vice versa. This relationship has profound
implications for the behavior of light.

2.1.4 Interference and diffraction

One of the key phenomena associated with the wave nature of light is interference.
When two or more light waves of the same frequency meet, they can either reinforce
each other (constructive interference) or cancel each other out (destructive interfer-
ence). This phenomenon is the basis for various optical devices like diffraction grat-
ings, which split light into its constituent colors or patterns.

Diffraction, another consequence of the wave nature of light, occurs when light
waves encounter an obstacle or aperture. Instead of producing a sharp shadow, as
particles would, light exhibits a diffraction pattern characterized by bright and dark
regions. This behavior is instrumental in fields such as optics, where it allows for
precise measurements and the design of optical elements.

2.1.5 Polarization

The wave nature of light is also responsible for polarization, a property that
describes the orientation of the electric field vector within a light wave. Polarizers,
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such as those used in sunglasses, selectively allow light waves with a particular orien-
tation of the electric field to pass through while blocking others. Understanding
polarization is crucial in applications like 3D cinema, liquid crystal displays (LCDs),
and optical communications.

In summary, the wave nature of light is a foundational concept that underpins our
understanding of how light propagates and interacts with matter. It enables us to
explain a wide range of optical phenomena and serves as the basis for many optical
technologies and devices. To fully appreciate the world of optoelectronics, it is essen-
tial to grasp the intricate wave-like properties of light and how they influence the
design and operation of optoelectronic systems.

2.2 Particle nature of light

While the wave nature of light provides a comprehensive framework for under-
standing many optical phenomena, the particle nature of light, as described by quan-
tum theory, offers a different perspective that is equally essential for a complete
understanding of light’s behavior. This duality, wherein light exhibits characteristics
of both waves and particles, is known as wave-particle duality and is a cornerstone of
modern physics.

2.2.1 Photons: Quantum particles of light

In the early twentieth century, Albert Einstein, in his groundbreaking work on the
photoelectric effect, proposed that light consists of discrete packets of energy, each
carrying a quantum of electromagnetic energy. These packets of energy were named
“photons.” Photons are quantum particles that behave both as particles and as waves,
depending on the context of observation.

The particle nature of light is described by photons, which are discrete packets of
energy. This concept is crucial in understanding the behavior of light at the quantum
level. Photons are fundamental in various optoelectronic devices, including photode-
tectors, lasers, and solar cells.

The energy (E) of a photon is directly proportional to its frequency (v) or inversely
proportional to its wavelength (1) and can be calculated using the following equation:

E=hv 4)

where:

E = Energy of the photon (in joules, J).

h = Planck’s constant (6.626 x 10734 joule-seconds, J-s).

v = Frequency of the photon (in hertz, Hz).

Additionally, the speed of light (c) is related to the frequency and wavelength of
light by Eq. (4).

This particle-like behavior of light is crucial in understanding phenomena like the
photoelectric effect, where photons striking a material surface can eject electrons
from it. It also plays a key role in the operation of devices like photodetectors, which
convert incident photons into electrical current.

In quantum mechanics, the probability of finding a photon with a specific energy
E in a given state is described by the photon’s wavefunction, typically represented by
the symbol y. The square of the magnitude of this wavefunction, |y|*2, represents the
probability density of finding the photon with energy E in a particular region of space.
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Key characteristics of photons include:

Energy quantization: Photons have discrete energy levels determined by their fre-
quency. Higher-frequency light (shorter wavelengths) carries more energy per pho-
ton than lower-frequency light.

Wave-particle duality: Photons exhibit wave-like behavior, such as interference and
diffraction, when considered collectively. However, when interacting with matter,
they manifest as discrete particles with well-defined energy.

No mass: Photons are massless particles, which is a unique feature among elemen-
tary particles in the Standard Model of particle physics.

Travel at the speed of light: Photons always travel at the speed of light (\(c\)) in a
vacuum and undergo no acceleration. In other media, their speed is slightly reduced
due to interactions with atoms and molecules [2].

2.2.2 Particle aspects of light: The photoelectric effect

The photoelectric effect, first observed by Heinrich Hertz and later explained by
Albert Einstein, provides strong evidence for the particle nature of light [3]. In this
phenomenon, photons striking the surface of a material can transfer their energy to
electrons within the material. If the energy of a photon exceeds the work function of
the material (the minimum energy required to release an electron), the electron is
emitted from the material. The energy of the emitted electrons depends on the fre-
quency (or wavelength) of the incident light, not its intensity. This phenomenon
forms the basis for photodetectors and solar cells.

The photoelectric effect is a phenomenon in which electrons are emitted from a
material’s surface when it is exposed to light. This effect played a crucial role in
establishing the particle nature of light and is described by several key equations.

Einstein’s photoelectric equation: The energy E of electrons emitted in the photoelec-
tric effect is given by Einstein’s photoelectric equation:

E=hv—¢ (5)

where:

E = Energy of the emitted electron (in electronvolts, eV).

h = Planck’s constant (\(6.626 \times 10~{—34}\) joule-seconds, J-s).

v = Frequency of the incident light (in hertz, Hz).

¢ = Work function of the material (in electronvolts, eV).

The work function represents the minimum energy required to release an electron
from the material’s surface. If the energy of the incident photons (4v) is greater than
the work function (¢), electrons are emitted with kinetic energy (Ey).

Kinetic energy of emitted electrons: The kinetic energy of the emitted electrons can be
calculated as:

EkZhD—(I) (6)

where:

E}, = Kinetic energy of the emitted electron (in electronvolts, eV).

Maxwell’s equation for the photoelectric current: The photoelectric current (\(I\)) is
the flow of electrons emitted from the material. It is described by Maxwell’s equation:

I =nAe @
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where:

I = Photoelectric current (in amperes, A).

n = Number of electrons emitted per second.

A = Area of the material’s surface exposed to light (in square meters, m?).

e = Elementary charge ((1.602 x 10~") coulombs, C).

The photoelectric effect has important applications, such as in photodetectors and
solar cells, where it is used to convert light energy into electrical energy.

2.2.3 Complementarity of wave and particle descriptions

Wave-particle duality implies that the description of light depends on the context
of observation. In some experiments, light behaves as a wave, exhibiting interference
and diffraction patterns. In others, it behaves as discrete particles (photons), particu-
larly in interactions with matter. This dual nature is not unique to light; it extends to
other particles, such as electrons and even larger molecules, although the manifesta-
tions differ.

Understanding the particle nature of light is vital in the realm of optoelectronics,
particularly in the design and operation of photodetectors, imaging sensors, and
photon sources. Photons play a crucial role in the transmission of information in
optical fiber communication and the generation of light in lasers, making the concept
of light as both a wave and a particle central to the advancement of optical technolo-
gies and quantum optics.

3. Electronics revolution
3.1 Light blubs
3.1.1 Incandescent light bulbs

Incandescent light bulbs, often associated with the pioneering work of
Thomas Edison, are one of the oldest and most familiar types of electric lighting [4].
These bulbs operate on a relatively simple principle: when an electric current passes
through a filament, the filament heats up to a high temperature, causing it to emit
visible light. The filament inside an incandescent bulb is typically made of tungsten, a
material with a high melting point. When electricity flows through the filament, it
heats up due to resistance, reaching temperatures of around 2700 to 3300 degrees
Celsius (4800 to 5900 degrees Fahrenheit). This extreme heat causes the filament to
glow, producing visible light. Incandescent bulbs are known for their inefficiency.
A significant portion of the electrical energy they consume is transformed into heat
rather than visible light. This makes them energy-inefficient compared to other light-
ing technologies. Incandescent bulbs emit a warm and pleasing quality of light, with a
color temperature that is often described as “soft white” or “warm white.” This warm
color rendering is favored in some residential and decorative lighting applications.
Due to their inefficiency and energy consumption, incandescent bulbs have been
phased out or banned in many countries in favor of more energy-efficient
lighting technologies like compact fluorescent lamps (CFLs) and light-emitting
diodes (LEDs).
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3.1.2 Fluorescent light bulbs

Fluorescent light bulbs, commonly known as CFLs (compact fluorescent lamps),
are a more energy-efficient alternative to incandescent bulbs [5]. They operate based
on the principle of fluorescence and offer several advantages. Inside a fluorescent
bulb, a gas (typically mercury vapor) emits ultraviolet (UV) light when excited by an
electric current. The UV light then interacts with a phosphor coating on the interior
surface of the bulb, causing it to fluoresce and emit visible light.

Energy efficiency: CFLs are significantly more energy-efficient than incandescent
bulbs. They produce the same amount of light while consuming a fraction of the
electricity. This energy efficiency results in lower energy bills and reduced greenhouse
gas emissions.

Longer lifespan: CFLs have a longer lifespan compared to incandescent bulbs,
typically lasting around 8000 to 10,000 hours. This longer lifespan reduces the fre-
quency of bulb replacement.

Cooler operation: Unlike incandescent bulbs, CFLs operate at lower temperatures,
making them a safer choice, especially in enclosed fixtures. They are also more suit-
able for applications where heat can be a concern.

Different color temperatures: CFLs are available in various color temperatures,
ranging from warm white to cool white. This versatility allows users to select the
desired lighting ambiance for different settings.

Mercury content: It is important to note that CFLs contain a small amount of
mercury, which can be a concern for environmental disposal. Recycling programs are
available to properly handle and dispose of used CFLs.

While CFLs have gained popularity for their energy efficiency, they are gradually
being replaced by LED (light-emitting diode) bulbs, which are even more energy-
efficient, have a longer lifespan, and do not contain hazardous materials like mercury.
LEDs have become the preferred choice for energy-conscious consumers and are
rapidly advancing in terms of technology and affordability.

3.2 Lasers and laser diodes

Lasers (light amplification by stimulated emission of radiation) and their minia-
ture counterparts, laser diodes, represent a remarkable class of devices with applica-
tions spanning from telecommunications to medical surgery [6, 7]. These devices
generate intense, coherent, and monochromatic light, making them indispensable in
various fields.

3.2.1 How lasers work

Lasers operate on the principle of stimulated emission within a gain medium. Here
is a simplified explanation of how lasers work:

Gain medium: A laser contains a gain medium, which can be a solid, gas, liquid, or
semiconductor material. When energy is applied to this medium (through electrical
current, optical pumping, or other means), electrons are excited to higher energy
levels.

Stimulated emission: When an excited electron encounters a photon with the same
energy level (frequency), it can be stimulated to emit another photon of the same
energy. This process creates a cascade of photon emissions, resulting in a population
inversion—more electrons in higher energy states than lower ones.
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Coherent light: As electrons return to lower energy levels, they emit photons that
are coherent (in phase) with the stimulating photons. This coherence results in laser
light that is highly directional and maintains a single wavelength (monochromatic).

Optical resonator: The gain medium is placed between two mirrors, forming an
optical resonator. One of these mirrors is partially reflective, allowing some laser light
to escape, while the other is highly reflective, causing photons to repeatedly bounce
back and forth through the gain medium, amplifying the light in the process.

Laser emission: Eventually, the intensity of the emitted light exceeds the losses
within the optical resonator, and a coherent, intense beam of laser light is emitted
through the partially reflective mirror.

3.2.2 Laser diodes

Laser diodes, also known as semiconductor lasers, are compact, efficient, and
versatile laser sources that have become integral in various applications [7]. They
operate on a similar principle to traditional lasers but with semiconductor materials.
Key features and applications of laser diodes include:

Semiconductor Materials: Laser diodes are typically constructed using semicon-
ductor materials like gallium arsenide (GaAs) or indium phosphide (InP). These
materials allow for compact and efficient devices.

Diverse wavelengths: Laser diodes can emit light at various wavelengths, making
them suitable for applications ranging from telecommunications (e.g., optical fiber
communication) to medical devices (e.g., laser surgery).

Small size: The miniature size of laser diodes makes them ideal for integration into
electronic devices, including laser pointers, barcode scanners, DVD players, and opti-
cal communication transmitters.

Efficiency: Laser diodes are energy-efficient compared to other laser technologies,
such as gas lasers. They convert a significant portion of electrical input into laser light.
Modulation: Laser diodes can be modulated rapidly, allowing for applications in

data transmission and laser printing.

3.2.3 Applications of lasers and laser diodes

Lasers and laser diodes have a multitude of applications, including:

Telecommunications: They are used in optical fiber communication systems for
transmitting data over long distances.

Medical and suvgery: Lasers are employed in various medical procedures, such as
eye surgery (LASIK), skin treatments, and dental procedures.

Material processing: Lasers are used for cutting, welding, engraving, and marking
materials in industries ranging from manufacturing to aerospace.

Scientific research: Lasers play a crucial role in scientific experiments, such as
spectroscopy and laser cooling, enabling the study of atomic and molecular behavior.

Entertainment: Laser light shows and laser projectors are popular in entertainment
and artistic displays.

In conclusion, lasers and laser diodes are transformative technologies that have
found a multitude of applications across diverse fields. Their ability to generate
intense and coherent light has paved the way for advancements in communication,
healthcare, manufacturing, and scientific research, among many other areas. Their
continued development and integration into new technologies hold promise for fur-
ther innovation and discoveries in the future.
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3.3 Displays
3.3.1 Laser displays, LCDs, and TFTs

Optoelectronic devices have found applications in a variety of display technolo-
gies, including liquid crystal displays (LCDs) and thin-film transistor (TFT) displays
[8]. These technologies have revolutionized the way we view and interact with digital
content, from computer monitors to flat-screen televisions.

3.3.1.1 Liquid crystal displays (LCDs)

Liquid crystal displays (LCDs) are a prevalent type of display technology
used in a wide range of electronic devices, including computer monitors,
televisions, smartphones, and digital watches. LCDs rely on the interaction
of liquid crystals and polarized light to produce images. Key features of LCDs
include:

Liquid crystals: LCDs contain a layer of liquid crystals sandwiched between two
layers of glass or plastic. These liquid crystals can change their orientation when
subjected to an electric field.

Polarization: In an LCD, polarized light passes through the liquid crystal layer. The
orientation of the liquid crystals can be controlled individually by applying an electric
field, thereby modulating the passage of light.

Color generation: LCDs typically use three sub-pixels (red, green, and blue) to
create a full spectrum of colors. By adjusting the intensity of each sub-pixel, the
display can reproduce a wide range of colors and shades.

Backlighting: Most LCDs require a backlight source to illuminate the liquid crystal
layer. This backlight can be provided by LEDs (light-emitting diodes) or CCFLs (cold
cathode fluorescent lamps).

Thin-film transistors (TFTs): In Active Matrix LCDs, each pixel is controlled by a
thin-film transistor (TFT), which allows for precise and rapid pixel switching. This
results in faster refresh rates and improved image quality.

3.3.1.2 Thin-film transistor (TFT) displays

Thin-film transistor (TFT) displays are a specific type of LCD that employs thin-
film transistor technology for improved image quality and faster response times. Key
characteristics of TFT displays include:

High resolution: TFT displays are known for their high-resolution capabilities,
making them suitable for applications where fine details are crucial, such as computer
monitors and modern televisions.

Fast response times: The integration of thin-film transistors allows for individual
pixel control, resulting in faster response times and reduced motion blur compared to
traditional passive matrix LCDs.

Wide viewing angles: TFT displays typically offer wide viewing angles, ensuring
that the image quality remains consistent even when viewed from different angles.

Variety of sizes: TFT displays come in various sizes, from small screens used
in smartphones and tablets to larger screens for laptops, desktop monitors, and
televisions.
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3.3.1.3 Laser displays

Laser displays represent an emerging technology that utilizes lasers as the light
source for creating images. They offer several advantages, including:

Bright and vivid colors: Lasers can produce exceptionally bright and saturated
colors, making laser displays suitable for applications like high-end projectors and
large-screen displays.

Long lifespan: Laser diodes have a longer lifespan compared to traditional lamps or
bulbs used in projectors, reducing maintenance costs.

Energy efficiency: Laser displays can be energy-efficient, especially when combined
with efficient modulation techniques, resulting in energy savings and reduced heat
generation.

Laser projection: Laser projectors use lasers as the light source to create images on
screens or surfaces. They are becoming popular for home theaters, business presenta-
tions, and large-scale events.

In summary, laser displays, LCDs, and TFTs are diverse display technologies that
have transformed the way we interact with digital content. Each technology has its
own set of advantages and applications, catering to various needs in consumer elec-
tronics, information displays, and projection systems. The choice between these tech-
nologies often depends on factors such as image quality, power efficiency, and cost-
effectiveness for a given application.

3.4 Light-emitting diodes
3.4.1 Red, green, and blue LEDs (Light-emitting diodes)

Light-emitting diodes (LEDs) are semiconductor devices that emit light when
current flows through them [9]. LEDs have become ubiquitous in modern technology
and lighting due to their energy efficiency, durability, and versatility. Red, green, and
blue LEDs, in particular, play a vital role in color displays and lighting applications.

3.4.1.1 Red LEDs

Red LEDs emit light in the red portion of the visible spectrum. They are typically
fabricated using semiconductor materials like gallium arsenide phosphide (GaAsP) or
aluminum gallium arsenide (AlGaAs). Key characteristics and applications of red
LEDs include:

Wavelength: Red LEDs typically emit light with wavelengths in the range of
approximately 620 to 750 nanometers (nm).

Applications: Red LEDs are commonly used in applications such as indicator lights
on electronic devices, traffic signals, brake lights in vehicles, and some types of
display technologies.

Color mixing: In combination with green and blue LEDs, red LEDs are used to
create a wide range of colors in RGB color displays and screens.

3.4.1.2 Green LEDs

Green LEDs emit light in the green portion of the visible spectrum. They are
fabricated using materials like aluminum gallium indium phosphide (AlGalnP). Some
key characteristics and applications of green LEDs include:
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Wavelength: Green LEDs typically emit light with wavelengths ranging from
approximately 495 to 570 nm.

Applications: Green LEDs are used in applications similar to red LEDs, such as
indicator lights and traffic signals. They are also crucial in creating a full spectrum of
colors in RGB displays.

Brightness and visibility: Green LEDs are known for their high brightness, making
them suitable for outdoor and daylight-visible applications.

3.4.1.3 Blue LEDs

Blue LEDs emit light in the blue portion of the visible spectrum and are made using
materials like gallium nitride (GaN) [7, 9]. They played a pivotal role in the develop-
ment of energy-efficient white LED lighting. Key characteristics and applications of
blue LEDs include:

The invention of the blue LED (light-emitting diode) by Shuji Nakamura and his
team in the 1990s marked a groundbreaking moment in the world of lighting and
display technology. Blue LEDs paved the way for energy-efficient and long-lasting
white LED lighting, which has revolutionized the illumination industry, leading to
significant energy savings and reduced environmental impact. Furthermore, blue
LEDs were instrumental in the development of Blu-ray disc technology, enabling
high-capacity optical storage and transforming the way we store and access digital
data. This innovation not only earned Nakamura a Nobel Prize but also profoundly
impacted various aspects of our daily lives, from the way we light our homes to the
way we enjoy high-definition entertainment.

White LEDs, an innovation largely enabled by the combination of blue LEDs and
phosphor materials, have revolutionized the lighting industry. These LEDs emit a
broad spectrum of light that appears white to the human eye. One remarkable feature
of white LEDs is the ability to control the color temperature of the emitted light.

By adjusting the composition and thickness of the phosphor coating, manufacturers
can fine-tune the color temperature, offering a range of warm to cool white light
options. This temperature control allows for the creation of lighting environments
that can mimic the warmth of incandescent bulbs or the crispness of daylight. As a
result, white LEDs have become the preferred choice for energy-efficient lighting

in homes, offices, and public spaces, offering not only significant energy savings but
also the flexibility to adapt the lighting ambiance to suit various needs and prefer-
ences.

Wavelength: Blue LEDs typically emit light with wavelengths in the range of
approximately 450 to 495 nm.

3.4.1.4 White LED lighting and color temperature

Blue LEDs, when combined with a phosphor coating, can produce white light. This
innovation has led to the widespread use of white LEDs in general lighting applica-
tions, including residential and commercial lighting.

Color mixing: Blue LEDs, in combination with red and green LEDs, form the basis
of RGB color displays, screens, and illumination systems. By adjusting the intensity of
each color, a broad spectrum of colors can be achieved.

Optical storage: Blue lasers, which are a specific type of blue LED, are used in
optical storage devices like Blu-ray disc players.
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RGB LEDs: RGB LEDs are devices that combine red, green, and blue LEDs into a
single package. By individually controlling the brightness of these three colors, RGB
LEDs enable a wide range of color possibilities. They are commonly used in:

Color displays: RGB LEDs are employed in displays and screens, including LED
TVs, computer monitors, and large-scale video walls.

Decorative lighting: RGB LEDs are popular in decorative lighting applications,
allowing users to customize and change the color of lighting fixtures.

Artistic displays: RGB LEDs are used in art installations, stage lighting, and archi-
tectural lighting to create dynamic and colorful visual effects.

In summary, red, green, and blue LEDs, along with RGB LEDs, have revolution-
ized lighting and display technologies. They are the building blocks of modern color
displays and lighting systems, offering energy-efficient and versatile solutions for a
wide range of applications in consumer electronics, lighting design, and visual com-
munication.

3.5 Optical fiber

Optical fiber: Optical fibers are thin, flexible strands of glass or plastic that can
transmit data in the form of light pulses [10]. They are a cornerstone of modern
telecommunications and data transmission systems. The key advantage of optical
fibers is their ability to carry vast amounts of data over long distances at incredibly
high speeds.

The principle behind optical fibers is total internal reflection. When light enters
the fiber at a shallow angle, it reflects off the inner walls due to the higher refractive
index of the core compared to the cladding. This reflection keeps the light confined
within the core, allowing it to travel long distances without significant loss of signal.

Optical fibers are widely used in telecommunications networks, including the
internet’s backbone. They are also essential in various industries, such as healthcare
(endoscopy), manufacturing (industrial lasers), and military applications. The reli-
ability, speed, and capacity of optical fiber communication have transformed the way
we connect, share information, and communicate globally.

3.5.1 Fiber optic communication systems

Fiber optic communication systems: Fiber optic communication systems represent a
revolutionary means of transmitting data, voice, and video information over long
distances using optical fibers. These systems have become the backbone of modern
global communication networks. Here are some key aspects of fiber optic communi-
cation systems:

Data transmission: Fiber optic systems transmit data by modulating light signals,
typically in the infrared range. Information is encoded into the light, which is then
transmitted through the optical fiber.

Low signal loss: Optical fibers have minimal signal loss compared to traditional
copper cables. This allows for data transmission over vast distances without the need
for frequent signal regeneration.

High bandwidth: Fiber optic systems offer exceptionally high bandwidth capabili-
ties, enabling the transmission of large volumes of data at incredibly high speeds. This
is crucial for supporting modern internet services, streaming media, and other data-
intensive applications.
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Security: Fiber optic cables are difficult to tap into without being detected, making
them more secure than traditional copper cables, which can be vulnerable to
eavesdropping.

Immunity to electromagnetic interference (EMI): Unlike copper cables, fiber optics
are not affected by electromagnetic interference, making them suitable for use in
environments with high levels of EMI, such as industrial settings.

Longevity and reliability: Fiber optic cables have a long lifespan and are highly
durable, requiring less maintenance compared to traditional cables. They are also less
susceptible to environmental factors like moisture and temperature variations.

Versatility: Fiber optic communication systems are used in various applications,
including long-distance telecommunications, local area networks (LANs), internet
connections, cable television (CATV), and submarine communications.

Multiplexing: Optical fibers support techniques like wavelength-division
multiplexing (WDM) and time-division multiplexing (TDM), allowing multiple data
streams to be transmitted simultaneously over a single fiber.

Future-proofing: Fiber optic networks are considered future-proof because they
have the potential to support even higher data rates as technology advances, making
them a wise investment for long-term infrastructure planning.

Overall, fiber optic communication systems have transformed the way the world
communicates and shares information. They have become essential for global con-
nectivity, enabling real-time communication, high-definition video streaming, and
rapid data exchange on a scale that was once unimaginable.

3.6 Photosensors: capturing light for information

Photosensors, also known as photodetectors or light sensors, are devices designed
to detect and measure light or other electromagnetic radiation. They play a critical role
in various applications, ranging from cameras and smartphones to industrial automa-
tion and scientific instruments. Photosensors convert incoming photons of light into
electrical signals, allowing us to capture and quantify light in many forms. Some
common types of photosensors include:

Photodiodes: These semiconductor devices generate a current or voltage when
exposed to light. Photodiodes are commonly used in applications like light meters,
optical communication systems, and cameras to capture images.

Phototransistors: Similar to photodiodes, phototransistors are also light-sensitive
semiconductor devices, but they provide amplification of the incoming light signal,
making them useful for low-light detection and optical switching applications.

Photomultiplier tubes (PMTs): PMTs are highly sensitive detectors that can amplify
single photon signals. They find applications in nuclear physics, fluorescence mea-
surements, and other low-light situations where extreme sensitivity is required.

Photovoltaic cells (Solar Cells): Photovoltaic cells convert sunlight into electricity,
providing a sustainable and renewable energy source for various applications, includ-
ing solar panels for generating electrical power.

Avalanche photodiodes (APDs): APDs are specialized photodiodes that operate in
high-gain avalanche mode. They are used in applications demanding high sensitivity,
such as LIDAR (light detection and ranging) systems and laser rangefinders.

Photosensors are crucial components in modern technology, enabling everything
from digital photography and remote sensing to medical diagnostics and automation.
The ability to convert light into electrical signals has transformed the way we collect
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data, monitor our environment, and capture images, making photosensors indispens-
able in our daily lives and numerous scientific and industrial applications.

3.7 Solar cells: Harnessing the power of the sun

Solar cells, also known as photovoltaic cells, are devices that convert sunlight into
electricity through a process known as the photovoltaic effect [11-16]. They are a
sustainable and renewable energy source with a wide range of applications, from
powering small electronic devices to generating electricity for homes and large-scale
power plants. Here, we explore various types of solar cells:

3.7.1 Silicon crystal solar cells

Monocrystalline silicon solar cells: These solar cells are made from a single crystal
structure, providing high efficiency and a long lifespan. They are known for their
uniform appearance and high cost.

Polycrystalline silicon solar cells: Polycrystalline cells consist of multiple silicon crys-
tals. They are less expensive to manufacture but slightly less efficient than monocrys-
talline cells.

3.7.2 Thin-film solar cells

Thin-film silicon solar cells: These cells use a thin layer of silicon material, resulting
in lightweight and flexible panels. They are used in various applications, including
building-integrated photovoltaics (BIPV).

Organic solar cells: Organic photovoltaics use organic materials like polymers and
small molecules to absorb and convert sunlight into electricity. They are lightweight,
flexible, and suitable for low-power applications.

Perovskite solar cells: Perovskite materials have shown tremendous potential for
high-efficiency and low-cost solar cells. They are still under development but offer
exciting possibilities for the future of photovoltaics.

3.7.3 Other solar cell types

Tandem solar cells: Tandem cells stack multiple layers of different materials to
capture a broader spectrum of sunlight and increase efficiency. They often combine
materials like silicon and perovskite.

Dye-sensitiged solar cells (DSSCs): DSSCs use a dye-coated semiconductor to capture
sunlight. They are cost-effective and flexible, making them suitable for portable
applications.

Multi-junction solar cells: These solar cells have multiple p-n junctions stacked on
top of each other, each designed to absorb a specific part of the solar spectrum. They
are commonly used in concentrated photovoltaic systems.

Each type of solar cell has its advantages and limitations, with factors like
efficiency, cost, and application-specific requirements influencing the choice of
technology. Solar cell research continues to advance, aiming to improve efficiency,
reduce costs, and expand the range of applications for clean and sustainable energy
generation.
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4. Unification of optics, electronics, and quantum mechanics

The unification of optics, electronics, and quantum mechanics represents a pivotal
convergence in the world of science and technology. Traditionally, optics, mechanics,
and electronics were separate fields, dealing with the manipulation of light, matter,
and the control of electrical currents, respectively. However, in recent decades, the
boundaries between these disciplines have blurred, giving rise to the field of opto-
electronics.

Optoelectronic devices bridge the gap between optics and electronics by integrat-
ing light-based functionalities with electronic components and, more recently, quan-
tum mechanical phenomena. Some notable examples include light-emitting diodes
(LEDs), photodetectors, laser diodes, solar cells, optical communication systems,
liquid crystal displays (LCDs), and organic light-emitting diode (OLED) displays. The
emerging field of quantum optoelectronics explores the interaction between light and
quantum states of matter, thereby unifying the three. It holds promise for quantum
computing, quantum communication, and quantum cryptography, where photons are
harnessed for advanced information processing and secure communication.

The unification of optics, quantum mechanics and electronics has not only
expanded the capabilities of existing technologies but has also opened up new fron-
tiers in research and innovation. This interdisciplinary approach continues to drive
advancements in various sectors, from telecommunications and energy production to
healthcare and fundamental science. As optoelectronic technologies evolve, they
promise to shape the future of how we communicate, interact with the digital world,
and understand the fundamental properties of light and matter.

This book is a collection of reports of such recent, though limited, advancements in
the field of optoelectronics. Each chapter presents a unique solution to the research
problem along with a specific technological and research objective.
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Longitudinal Assembly of Gold
Nanorods on Various Templates for
Optoelectronics
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Abstract

Different synthesis methods such as lithography, physical vapor deposition,
layer-by-layer deposition, self-assembly, and laser irradiation are commonly used to
deposit and arrange functional nanoparticles on a substrate. The properties of these
hierarchically organized materials can be fine-tuned by controlling the shape, size,
and crystallinity of the fundamental building blocks. However, achieving controlled
organization of the building blocks in a desired architecture on a substrate remains a
formidable challenge. This topic will discuss the most recent progress in self-assembly
technique and challenges in achieving linear assembly of gold nanorods on a suitable
substrate in one, two, or three dimensions and their impact on photonic applications.

Keywords: self-assembly, linear array, gold nanorods, different templates,
optoelectronics

1. Introduction

Gold nanorods (GNRs) are valuable materials for fundamental studies because of
their stability, ease of synthesis using wet-chemical methods, controllable yield, and
cost efficiency. Moreover, their shape, size, and crystallinity can be readily adjusted,
allowing modification of their plasmonic properties. Consequently, GNRs are pre-
ferred for various applications such as sensors, surface-enhanced Raman spectros-
copy (SERS), catalysis, and photothermal applications [1-5].

To harness the unique properties and controllable characteristics of GNRs, these
particles are commonly assembled in a host material to create a hybrid material.
This organization of particles on un-patterned/pre-patterned surfaces of substrates
enables the modification of individual particle properties related to electronics,
magnetism, and optics, opening exciting potential applications in sensors, catalysis,
and biomedicine. As an illustration, consider the optical properties, such as the
longitudinal surface plasmon resonance peaks, which are correlated with the local
orientation of the GNRs. The axial interaction leads to a red-shift of the longitudinal
plasmon resonance peak, whereas the lateral interaction leads to a blue-shift of the
main plasmon band. It has been reported that the lateral orientation yields more
pronounced spectral changes than the axial case [6]. Therefore, GNRs play a vital role
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as key materials and building blocks in the bottom-up fabrication of new materials,
shaping the future of novel optoelectronic devices [7]. These devices exploit not
only the collective behavior of the ensemble but also preserve the directionality and
long-range order while controlling the spacing between them. Thus, it is crucial to
understand the properties of GNRs along with their interaction with the support-
ing material to effectively utilize and enhance the functionality of such an ordered
system [8].

Various methods have been employed to generate efficient, reliable, and sustain-
able micro/nanodevices on predefined geometries through self-assembly [3, 9, 10],
layer-by-layer [11, 12], and physical vapor deposition [13, 14]. Here, we limit our-
selves to the discussion of the self-assembly technique for the organization of particles
in alinear array. The self-assembly is a simple powerful technique due to its easiness,
low cost, flexibility, and reproducibility. Therefore, it is considered the most promis-
ing approach for organizing particles with the desired properties into higher-order
structures [10]. However, the construction of organized arrays of GNRs with tangible
functionality on a desired platform presents several challenges. These challenges
include the quantum size effect of GNRs, choice of the host material, arrangement of
nanoparticles within the pattern, nucleation onto the platform, grain boundaries, and
the coupling among the rods [8, 15, 16]. Usually, particle size, shape, and composition
can be adjusted during chemical synthesis. The coupling or interparticle spacing can
be addressed by selecting capping or cross-linking molecules. The rod arrangement
can be controlled via assembly or guiding through a patterned surface. These steps
are mutually exclusive and do not affect one another. Thus, the strength of creating
hierarchically organized materials through self-assembly lies in the independence of
the building blocks and assembly process [8].

As mentioned earlier, the ensemble of GNRs displays distinct properties arising
from the coupling of surface plasmons, and the interaction of electric or magnetic
moments among particles collectively, or through external fields. Organizing GNRs
into self-assemblies shows potential applications as electrodes for light-harvesting
devices, electrochemical cells, conductive platforms for plasmon-enhanced imaging,
solar cells, photodetectors, and plasmonic waveguides [3, 17, 18]. The bottom-up
self-assembly approach miniaturizes modern optoelectronic devices while offering an
alternative to conventional top-down nanodevice fabrication. Currently, self-assem-
bled GNR arrays are primarily used for sensing biological or chemical agents and
identifying molecules through SERS. Detection of biochemical components of these
sensors relies on changes in UV-Vis or photoluminescence spectroscopy of plasmon
wavelength peaks [19, 20]. Limited applications exist in the area of photothermal and
cancer treatments. Compared to conventional sensors, GNR-assembled sensors dem-
onstrate enhanced selectivity, sensitivity, and improved charge dynamics. In SERS
detection, the array shows several times enhancement in Raman scattering compared
to discrete gold nanorods [21]. The intensity of scattering and hot spot locations
(points with the highest electromagnetic field concentration) is found to be sensitive
to the shape and size of the GNRs [22]. Overall, the self-assembled GNR arrays hold
great promise for advancing nanotechnology and finding practical applications in
fields such as sensing, molecular detection, imaging, and medical treatments.

In the following section, we begin our discussion with the common host materials
used in self-assembly. We then explore the strategies for GNR self-assembly, fol-
lowed by its effect on optoelectronic properties, and potential applications of such
ensemble.
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2. Self-assembly across various platforms
2.1 Self-assembly on glass substrates

Glass is a popular host material due to its rigidity, low cost, and abundance of
exposed surface OH groups. The optical transparency of glass substrates is another
major benefit. To prepare the glass surface to bind the GNRs suspended in colloids,
the substrates must first be treated with an acidic solution and then rinsed in silox-
ane. Thus, functionalized glass introduces chemical groups that can easily tie GNRs
either covalently or electrostatically. Typically, a monolayer of GNRs is deposited
using this method [23]. Thiosilane is a widely used molecule that can create uniform
high-quality monolayers of GNR on glass substrates [24]. Similarly, a glass substrate
modified with polyanionic polymers can facilitate the end-to-end assembly of GNRs
[25]. An efficient, reusable, thermal, and photochemical GNR-catalyst assembly was
created on glass through electrostatic interactions by treating glass with (3-aminopro-
pyl) trimethoxysilane and polystyrene sulfonate [26]. Additionally, the self-assembly
of GNRs can be performed directly in a bulk solution or on a glass surface. Despite the
high yield of GNR dimers in both cases, assembling particles directly on the substrate
was reported to be more flexible in controlling the shape and size of NR within the
dimer. In addition, these GNR dimers can be used to enhance two-photon-excited
fluorescence signals at the single-molecule level [22]. The evaporative self-assembly
of noble metal nanorods into ordered structures on glass holds great promise for
fabricating optical and plasmonic devices [10]. These studies suggest that glass plays a
crucial role in the fabrication of hybrid nanostructures for plasmonic nanophotonics.

2.2 Self-assembly on metal

The assembly of GNRs on metal surfaces was similar to that on glass substrates. In
both cases, the surface must first be functionalized for the adsorption of GNRs. The
organization of GNRs on metals has shown superior quality in optoelectrical applica-
tions. For example, the assembly of a GNR core in Zr-based metal-organic framework
composites exhibited a remarkable enhancement of SERS by a factor of two and
eight times higher than that of ordered bare GNR arrays and random stacking of bare
GNRs, respectively [21]. The self-assembly of GNRs on a Cu substrate has shown
that it is possible to create thin films of one-, two-, and three-dimensional structures.
Some of the three-dimensional assemblies can be extended to the superlattices of
GNRs [9].

2.3 Self-assembly on silicon (Si) wafers

Si is a common material used for fabricating micro/nanostructured devices.
The self-assembly technique, which is based on convective and capillary forces,
was used to create standing arrays of GNRs on lithographically predefined areas of
functionalized Si wafers. The hexagonal close-packed structure of GNRs thus creates
an ideal substrate for SERS [27]. A wire-like superstructure was built by evaporative
self-assembly of GNRs onto a functionalized 3-mercaptopropyl trimethoxysilane Si
substrate. This procedure enabled the generation of single wire-like superstructures
together with double and triple repeating wire-like arrays [28]. In another report,
controlled self-assembly of gold nanoarrows was achieved through the bulk solution
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evaporation method on a Si wafer, resulting in nanoparticles with distinct packing
and interlocking capabilities in two- and three-dimensional supercrystals. This
approach enables the creation of tunable self-assembled complex superstructures
on configurable architecture, offering unusual functionality for nanophotonics and
metamaterials [29].

2.4 Self-assembly on carbon

The electrodeposition of gold structures onto carbon electrodes has potential
applications in electrocatalysis. For instance, direct electrodeposition of Au nano-
structures onto glassy carbon electrodes can be used for the non-enzymatic detection
of glucose [30]. GNRs can be self-assembled into long fibers by inserting graphene
quantum dots between rods, which is useful for optical properties. This is due to elec-
trostatic interactions between the functional groups of CTAB and the amine groups
of graphene [19]. Combining the plasmonic properties of self-guided GNRs with the
superior electronic, chemical, and mechanical properties of single-walled carbon
nanotubes (SWCNTs) creates multifunctional hybrid nanocomposites for optoelec-
tronic applications. This was supported by drop-cast deposition of GNRs on SWCNT
films/fibers, resulting in macroscopic arrays of ordered composites [17]. Layer-by-
layer self-assembly of GNRs and glucose oxidase onto an SWCNT-functionalized
three-dimensional sol-gel matrix for biosensor applications [31]. Similarly, the
self-assembly of GNRs can form a ring-like structure on polystyrene microspheres at
the fluid-fluid interface via dip coating followed by solvent evaporation [32].

Spontaneous self-assembly of GNRs functionalized with polyethylene glycol
(PEG) has shown tremendous potential for bioimaging and photothermal [33]. A
thermoplastic polymer mixed with a small amount of glycerol can be used as a matrix
material for making GNR-composite films, which behave like a dichroic polarizer
with a transmission axis perpendicular to the stretch direction [34]. The self-assembly
of polymer nanocomposite films containing GNRs and poly (2-vinyl pyridine) has
shown that, depending on the nanorod volume and thickness of the film, the particles
are aligned side-by-side or end-to-end. This research demonstrated a strong correla-
tion between nanoparticle dispersion and optical absorption, showing that side-by-
side and end-to-end alignments induce blue and red shifts, respectively [35-37].

2.5 Self-assembly at metal/dielectric interfaces

Interface plasmons, which propagate along metal-dielectric film boundaries,
have the potential to guide waves along patterned films, stripes, and nanowires.
Additionally, this can enhance Raman scattering and nonlinear processes [38]. The
self-assembly of polymer end-tethered GNRs into two-dimensional arrays with tilted
structures has been shown to have tunable physicochemical properties. These proper-
ties are useful in photonics, electronics, plasmonics, and other applications [39].

The functionalization of GNRs with (11-mercaptoundecyl) hexa(ethylene glycol)
and self-assembly using ethanol/water resulted in highly regular side-by-side arrays.
This hierarchically structured material has sizes ranging from 200 nm to 10 pm and
periodicities ranging from 400 nm to 20 pm. This structure has been demonstrated as
a SERS sensor for biomolecule detection in water and complex biological media [12].

Incorporating octadecyltrimethoxysilane -functionalized, gold/silica (Au/SiO,)
core/shell nanospheres and nanorods into the active layer of an organic photovoltaic
device increased the photoconversion efficiency [40]. Surface plasmon-enhanced
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photoluminescence was also demonstrated in monolayer MoS, in the presence of
GNRs. However, the enhancement did not increase monotonically with an increase
in the metal plasmonic treatment. Instead, emissions dropped after a certain
coverage [12].

Once the functionalized surface of a suitable host material is prepared, appro-
priate assembly methods can be selected to create highly ordered materials. In this
section, we explore different methods for organizing noble metal particles.

3. Approaches to self-assemble GNRs
3.1 Drop-casting (spin-coating)

Drop-casting is a versatile, cost-effective technique that enables nanoparticles to
spread on a solid substrate for an ordered structure because by precisely controlling
the evaporation of droplets on hydrophobic substrates, a large-scale ordered assembly
of GNRs can be achieved (Figure 1). Upon solvent evaporation, dispersion forces
between particles and the substrate or between particles facilitate the self-organiza-
tion of materials into desired mono- or multilayer structures [8]. As an illustration,
hydrophobic substrates were created by spin-coating silicone oil onto glass slides
followed by annealing to create the desired arrays. These arrays exhibit immense
potential for SERS in rhodamine detection [41].

Figure 1.

Influence of pre-evaporation and correlation between droplet appearance and the vesulting assembly structure.
Partial evaporation of EtOH leads to the pre-assembly of the AuNRs at the liquid-air interface, causing a golden
shimmer at the droplet surface due to interparticle coupling (a and inset droplet photos). For identical initial
composition and volume of the dispersion, contact with the tavget substrate at different times leads to distinct
substrate qualities (b—d). The degree of pre-assembly divectly correlates with the amount of particles deposited on
the structured substrate area, where the underfilled surface is marked with a red frame, the optimally prepared
sample with a green frame, and a vastly overfilled array with a blue one. Reprinted with permission from

Ref. [12]. Copyright @2019, American Chemical Society.
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3.2 Langmuir-Blodgett technique

The Langmuir-Blodgett (LB) technique involves the self-assembly of molecules
or other hydrophobic materials into an ordered monolayer at an air-water interface,
followed by transferring the monolayer onto a solid substrate [42]. This method has
been successful in creating highly packed two-dimensional arrays of GNRs with vari-
ous structures by adjusting the surface pressure in the LB trough [34].

3.3 Cross-linking through molecules

Accurate particle linking is essential for bottom-up device fabrication, which can
be achieved through molecular linkers [43]. These cross-linked molecules facilitate
the formation of transport channels between individual GNRs, enabling collective
optoelectronic behavior as a single entity. This technique generates not only GNR
dimers but also trimers or higher-order alignments, allowing control over the shape
and size of each rod in the final product [22]. Moreover, sandwiched molecules,
nanoparticles, and molecules have been reported to exhibit superior charge transport.
This is because of the combination of the electrical properties of nanoparticles and
organic ligands, indicating the potential for large-area devices [44]. Electrical mea-
surements conducted on connected GNRs via thiol end-capped oligophenylenevin-
ylene solution for both before and after immersion in the solution, demonstrated a
three-order-of-magnitude increase in conductance, highlighting molecular-mediated
transport for nanoelectronics, and photonics [45]. GNRs synthesized by radiolysis
were selectively end-functionalized by a fully conjugated thiol bearing a pendant
terpyridine group; the addition of ferrous ions led to end-to-end one-dimensional
self-assembly of the nanorods [46], and the linkers can create three-dimensional
assemblies of covalently linked particles [47]. Varying the concentrations of these
ligands can alter the organization of the group, as shown by Zhou et al. [48], who
observed a change in the orientation of rods from end-to-end to side-by-side by
adjusting the linker density.

3.4 External perturbation-assisted assembly

External stimuli, such as pH, temperature, light, magnetic field, and electric
field, are commonly utilized to control the self-assembly of plasmonic particles.
While pH, temperature, and light indirectly impact nanoparticles by primarily
affecting linker molecules, electric and magnetic field-driven assembly directly
influences particles through thermal gradients, magnetic dipole-dipole forces, and
dielectrophoretic forces. In the case of field-guided self-assembly, surface modifica-
tion is not necessary, making it easier to control GNRs. Field-driven assembly offers
the potential for reversible control over particle arrangement, which may not apply
in the former case [49].

3.4.1 Self-assembly by variation of pH

By changing the pH of the solution, GNRs can be self-assembled in an end-to-
end fashion. Sethi et al. [50] demonstrated the self-assembly of GNRs into linear
structures using cysteine. Cysteine controlled the assembly through thiol and amine
attached to the tips of the individual NRs. End-to-end assemblies of nanorods were
formed through cysteine mediation by varying the pH. The activity of cysteine was
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highest below the pK, value of the R-carboxylate group, preventing two-point elec-
trostatic assemblies. No assembly of GNRs was observed at higher pH values when a
zwitterionic structure was present. In another study, self-assembly of GNRs was initi-
ated in the presence of L-cysteine molecules at a pH level of 3.1. Moreover, by block-
ing the assembling process with a negative layer of poly (sodium-p-styrene sulfonate)
polyelectrolyte, the average number of connected GNRs could be fixed at any given
moment in the solution to achieve the desired plasmonic response. The electric field
between the linked nanoparticles was found to be sensitive to para-amino thiophenol.
This end-to-end arrangement demonstrated an SERS application with a significantly
higher enhancement factor than that of individual GNRs [51].

3.4.2 Self-assembly by laser irradiation

By irradiating a linearly polarized laser and utilizing the geometrically oriented
attachment and self-assembly of GNRs single-crystalline Au nanowires can be
synthesized [18] (Figure 2). Reinhardt et al. [52] employed laser simultaneously to
reorganize and fuse GNRs to build nanowire arrays through directed assembly or self-
organization on a Si-wafer. This process involves the initial creation of laser-induced
periodic surface structures, followed by concomitant melting facilitated by optical
heating, which promotes the formation of continuous structures, such as periodic
gold nanowire arrays.

Figure 2.

A %Lypothesis for the plasmonic-mediated synthesis of single-crystalline Au NWs. A schematic illustration for the
light-driven formation of Au NWs including the plasmonic-mediated oriented attachment of Au NRs (primary
building blocks) and 3D self-assembly of the secondary, tertiary, and even higher-order building units, as well
as the last stage of plasmonic heat treatment for recrystallization. Reprinted with permission from Ref. [18].
Copyright @2017, The Author(s), Spinger Nature.
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3.4.3 Self-assembly by variation of temperature and humidity

Temperature is a critical factor in the self-assembly of GNRs as observed in a
climate chamber. According to Liang et al. [53], the optimal temperature for achiev-
ing nematic, curved end-to-end assembly and transition mode is 30" C— 50" C ona
wrinkled template. Moreover, GNRs can be molded at room temperature using Au-Si
alloy as feedstock [54]. By thermal annealing the GNRs after the evaporation of
the solvent and gradually increasing the temperature from 20°C to 140°C, a quasi-
continuous wire-like structure was obtained [28]. Rey et al. [45] also discovered
that a higher yield of linear arrays for broader impact in nano-electronics, photon-
ics, medicine, and sensors can be attained at the optimum temperature difference
between the assembly and the dew point of the solvent. Similarly, humidity also plays
arole in the arrangement of GNRs. In low humidity, GNRs tend to form the nematic
arrangement, while in high humidity, GNRs prefer the curved end-to-end fashion as
mentioned in ref. [54].

3.4.4 Self-assembly under magnetic field

Self-assembled arrays of GNRs can be created using a magnetic field by exploit-
ing the magnetic behavior of bare plasmonic particles or by reincorporating super-
paramagnetic materials. An external magnetic field must be used to manipulate
or reorient the assembly. For instance, in the case of pristine GNRs, the assembly
process involves partial capping with either laterally or terminally attached nematic
liquid crystals. Subsequently, the incorporation of organic matter on TEM grids was
performed, which caused the orientation of rods to be quasi-planar to vertical under
the influence of an external magnetic field [55]. Similarly, in another study, dispersed
GNRs were self-aligned through cylindrical micelle self-assembly in nematic and
hexagonal liquid crystalline phases of anisotropic fluids (Figure 3). In this case, the
external magnetic field along with shearing is responsible for the alignment and
realignment of the liquid [56].

Theoretical [57] and experimental [58, 59] studies have shown that magnetic-
field-assisted self-assembly of one-dimensional chains of colloidal Fe;0,@Au is
possible for optical, photothermal, and SERS detection. The volume fraction and
surface charge of plasmonic particles play a significant role in the formation and
distribution of chains. As a chain forms, its absorption peak redshifts and approaches

Figure 3.

(a) Schematic illustration of GNR alignment in the nematic liquid crystal (LC). (b) GNR alignment in a
columnar hexagonal lyotropic LC phase. The diameter of micelles is 2-3 nm. GNRs have diameter within 15-25 nm
and length of 50 nm. Reprinted with permission from Ref. [56]. Copyright @ 2010, American Chemical Society.
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that of an infinite chain, while photothermal transduction concentrates at its center.
Rizvi et al. [60] demonstrated the magnetic alignment of GNRs covered with Fe;0,
nanoparticles carbon-coated Cu substrate and colloidal solution. The magnetic
dipolar interactions among the neighboring core-shell structures give rise to mag-
netic anisotropy, which causes the composite material to align parallel to the applied
magnetic field, thereby modifying the surface plasmon resonances. These composite
materials exhibit useful magnetic properties while preserving their optical properties.
The magnetic-field-induced alignment was sensitive to the core-shell size, and satura-
tion could be achieved under a low magnetic field.

3.4.5 Self-assembly under electric field

An alternating electric-field-assisted assembly can be used to position individual
nanowires suspended in a dielectric medium between two electrodes defined
lithographically on a SiO, substrate [61]. An external electric field can control the
orientation and direct the self-assembly of anisotropic Au nanoparticles into highly
organized two- and three-dimensional assemblies for optical applications [62, 63].
The assembly of polystyrene-tethered AuNRs was confined and reoriented in a
one-dimensional cylindrical system with the assistance of an electric field for dual
applications in optoelectronics and magneto-storage [64] as shown in Figure 4.
Droplet evaporation and application of dielectrophoretic forces have been employed
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Figure 4.
Hllustration showing the strategy for confined assembly of polymer-tethered AuNRs in anodic aluminum oxide

Cylindrical Channel with the assistance of electric field. Reprinted with permission from Ref. [64]. Copyright @
2016, American Chemical Society.
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to self-organize GNRs into ordered arrays into end-to-end lines of one-dimensional,
side-to-side fashion for two-dimensional or hexagonal arrangements for three-
dimensional [65].

3.4.6 Capillary self-assembly or template-assisted self-assembly

An alternative pathway to position and orient nanoscale particles on a target
substrate involves directed pathways, such as capillary or template-assisted methods,
either individually or in combination. Capillary assembly involves casting a con-
trolled drop of a colloidal solution onto a structured template to organize particles
at predetermined sites. Microscopically, particles at the assembly sites experience
capillary forces from the liquid-air interface. These forces apply for a moment as the
contact line is pinned at the assembly site. Therefore, for successful assembly, par-
ticles must be present at the assembly site during a capillary breakup [66] (Figure 5).
Evaporative self-assembly of noble metal nanoparticles into ordered structures by
strong unidirectional microflow in the capillary of a monolayer membrane in glass
cells [10]. Similarly, capillary-force-assisted self-assembly of AuNPs into highly
ordered plasmonic thin films could be useful for ultrasensitive SERS [67].

In template-assisted assembly, GNRs are assembled into restructured surfaces,
particularly polymers, to preserve their positions and orientations [68]. Hierarchical
self-assembly of GNRs into patterned nanostructures, thereby achieving high control
over supercrystal morphology and tuning the topography of the patterned substrate
on the millimeter scale for SERS [69].

Nanorods

Assembly site

= |

\

Si slide i.éﬂ.-..—
\ :

Colloid

PDMS template Arrays of assembly sites
Si carrier

Figures.

Capillary assembly and experimental setup. Nanorods are assembled in holes at the three-phase contact line by
capillary forces. The silicon slide and the colloidal drop are stationary while the PDMS template is moved to the
right. Reprinted with permission from Ref. [66]. Copyright @ 2011, American Chemical Society.
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4. Optoelectronic applications of self-assembled GNR-arrays
4.1 Sensors

The organized ensemble of GNRs has enormous potential for fabricating high-
performance enzyme-based biosensors. For instance, in ref. [31], a novel amperomet-
ric glucose biosensor was fabricated using layer-by-layer self-assembly of GNRs and
glucose oxidase onto SWCNTs functionalized three-dimensional sol-gel matrix. These
sensors demonstrated high sensitivity, fast recovery, and response time as compared
to conventional biosensors. Moreover, another study [50] showed that this assembly
approach could be applied to larger biological species like peptides and proteins.

4.2 Luminescence

A localized surface plasmon of GNRs around the monolayer of MoS, resonates
with MoS, gain spectrum. The spatial and spectral overlapping of the localized
surface plasmon polariton and waves emitted from MoS, thus further enhance the
light emission from the MoS, monolayer. This approach couples GNRs with two-
dimensional nanomaterials to boost emission efficiency for future optoelectronic
devices [20]. In another photoluminescence study, long fibers of GNRs self-assembled
on graphene demonstrate modification of the absorption peak along with photolumi-
nescence quenching over time. This unique arrangement of GNRs on graphene shows
potential for biomedical-based nanoscale devices [19].

4.3 Electrical applications, photovoltaics and charge dynamics

Gold nanowires, formed on a Si-substrate using an electric-field assisted assem-
bly technique, exhibit room-temperature resistivities of approximately 2.9 and
4.5 x 10"® ohm-cm [61]. This indicates the suitability of the composite for electrical
devices. Additionally, the coupling of external fields and cylindrically confined
self-assembly holds promise for generating ordered hybrid assemblies with hierarchi-
cal structures. These structures have potential applications in photoelectric devices,
biosensors, and data storage devices [64]. If the self-assembled GNRs are sandwiched
between a double layer of alkanedithiol linkers, this could enhance conductance, as
measured by current-voltage curves. The presence of GNRs offers more efficient elec-
tron transport pathways in this complex, hierarchically arranged material. Therefore,
the self-assembly of gold nanoparticles can be beneficial for photovoltaic devices by
controlling the charge dynamics between different layers of constituent materials
[44]. Similarly in ref. [40], the incorporation of self-assembled GNRs with different
aspect ratios into organic photovoltaic active layers enhances LSPR near-field absorp-
tion over a wide range of wavelengths. This adjustment has shown enhancement in
photoconversion efficiency and short-circuit current of two organic photovoltaic
polymer systems.

4.4 Photothermal/cancer treatment
Despite limited research on self-assembly of GNRs, the complex arrange-

ment has demonstrated its potential for photothermal cancer treatment [33].
A self-assembled DNA origami-GNR complex has also shown promise for cancer
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theranostics [70]. Additionally, self-assembled thermal GNR-loaded thermosensi-
tive liposome-encapsulated ganoderic acid has proved effective in cancer photo-
chemotherapy [71].

4.5 SERS

Self-organization of GNRs has significant potential in SERS. Hybrid nanostruc-
tures of plasmonic nanocrystals caged in a metal-organic framework exhibit superior
SERS sensitivity [21]. The orientation of the GNRs within the arrays plays a critical
role in SERS performance. For instance, vertically ordered GNR arrays show higher
SERS signals than tilted arrays [39]. Moreover, the face-face stacked orientation yields
larger SERS enhancements for Rhodamine 6G detection [48]. The lattice periodicity
also influences molecule detection. Decreasing the lattice periodicity can enhance the
signal significantly [12].

To broaden the application of SERS, controlling the chemical kinetics of droplet
evaporation might be useful to alter packing arrangements while improving the
mechanism behind SERS [41, 63]. Additionally, an optimum surface coverage of
more than 60% ensures higher efficiency of SERS and superior accumulation of hot
spots. Too much particle aggregation deteriorates SERS performance [42, 43]. The
electromagnetic hot spots localized in linear assemblies of GNRs can be controlled by
monitoring the pH of the assembly in the presence of L-cysteine for minutes to hours
[51]. Preparation methods of the assembly could also influence SERS-based perfor-
mance as in probe molecule rhodamine 6G [63, 67, 69]. Coating GNRs with magnetic
materials and supplying an external magnetic field can improve the efficiency of
SERS by two orders of magnitude [58].

5. Conclusion

In summary, a bottom-up approach for GNR assembly on patterned surfaces can
potentially yield a highly organized, multifunctional nanostructure with tunable
properties. In this chapter, we highlighted recent studies on creating GNR-ensemble
to exploit their collective behavior for optoelectronic devices. Surface functional-
ization of rods or host materials and coupling of nanorods through physical and
chemical processes are crucial for generating elegant devices. Despite progress in the
self-assembly of GNRs and understanding the underlying mechanisms, large-scale
production with reproducible results and controllable nanogaps between the rods
remain significant challenges in this field. Furthermore, investigating solvent evapo-
ration and drying kinetics is also essential for a better understanding of the fabrica-
tion mechanism of hierarchically arranged nanostructures [3, 72, 73]. Efforts should
be made to assemble structures comprising anisotropic shapes, such as triangles,
plates, stars, or multipods to explore the broader implication of the anisotropic
properties of gold particles.
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Chapter 3

Optoelectronic Devices for
Quantum Information Processing

Hai-Zhi Song, Qiang Zhou, Guangwei Deng, Qian Dai,
Zichang Zhang and You Wang

Abstract

The recent developments of optoelectronics do promote the progress in many
other fields. For quantum information processing, we made efforts in manufacturing
quantum devices by using optoelectronic techniques. We designed quantum dot
embedded nanocavities to serve as efficient quantum emitters; using spectral
multiplexing technique, we fabricated a heralded single-photon source, emitting
highly pure and speedy single photons; and defects in GaN were observed serving
as room temperature quantum random number generators. An entangled photon
emitter with visibility of 97% was developed using cascaded second-order nonlinear
optical process in PPLN waveguides; and Si;N, microrings were effectively applied
to establish photon entanglers. Readout circuits were optimized to fabricate specific
single-photon avalanche detectors, and telecomm-band single-photon avalanche
detectors have been improved to 128 x 32 arrays for quantum imaging. A multiplexed
quantum memory was explored to simultaneously store 1650 single photons. Opto-
electro-mechanical devices were studied or fabricated in order to measure minor
quantities in quantum level. These works may shed light on quantum information
technology for the future.

Keywords: optoelectronics, device, quantum information, single photon, entanglement

1. Introduction

Quantum information science has now attracted significant attention, since it
has been well proved and is believed to support quantum computation, quantum
communication, and quantum metrology in the near future by using unique quantum
mechanical characteristics [1]. Characteristics of quantum states have opened the
opportunities to accomplish tasks beyond classical limits, resulting in a frontier field
of quantum technologies [2-8]. Among them, quantum computation technology can
accelerate the speed of computers exponentially with respect to the classical machine,
quantum communication technology guarantees completely secure communication
[9-14], and quantum measurement technology can greatly optimize the sensitivity
and/or resolution of many instruments [15-18]. These potential accomplishments
have led to the development of innovative and advanced applications in various
sectors such as the military, communication, and therefore, people are presently
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struggling to construct efficient quantum information systems and quantum net-
works [10, 19-23].

To realize practical quantum information systems and quantum networks,
fundamental devices must be firstly well developed. The successful fabrication of
superconductor quantum circuit chips led to an achievement of constructing quan-
tum computer of 127 qubits [24]. Realization of more general quantum computers
needs much larger scaled, more robust, more quantum logic circuit chip consisting
of probably superconductors [25], cold atoms [26], semiconductors [27], photonic
crystals [28], etc. The primary obstacles in establishing a quantum network involve
the distribution of entangled qubits among nodes that are physically distant from
each other, which need high-performance entangled photon source and quantum
memory [29]. Among various types of quantum devices, optoelectronic devices play a
key and central role, since the advanced microelectronic, optical, and optoelectronic
platforms enable fabricating the building blocks for most of the quantum information
processing systems [30]. Technologies based on optoelectronics have the potential to
realize a complete product chain in the field of quantum information [31, 32].

Materials with optoelectronic properties for quantum information applications
encompass crystals exhibiting optical nonlinearity [33], semiconductors with wide-
band characteristics [34], semiconductor quantum dots [35], optical fibers, photonic
crystals, diamonds, 2D materials [36], perovskites [37], metamaterials [38], topologic
insulators, etc. These materials have been utilized in the development of various
quantum devices such as circuits, emitters, detectors, memories, repeaters, channels
[33-38], but further developments are still strongly required, for example, to improve
the scalability of quantum information networks. To face up with the coming chal-
lenges, we need first look back what we have really resolved and probably see how we
can step forward.

In this chapter, the optoelectronic devices we manufactured for quantum informa-
tion processing will be reviewed. Our works on single-photon emitters, entangled
photon sources, single-photon detectors, and other devices will be described in
sections 2, 3, 4, and 5, respectively. At the same time, we also discuss some demon-
strations and applications using these devices. We hope this review is helpful for the
realization of quantum information network in the future.

2. Single-photon emitters

Single-photon emitters refer to light sources that release light in the form of indi-
vidual particles or photons. Single-photon emitters are the fundamental devices for
quantum communication. They are also well used in quantum detection and photonic
quantum computation. In this direction, we have studied single-photon emitters
based on quantum dot [32, 39-42], heralded single-photon sources [43], identity of
single photon [44], and a quantum random number generator [45].

2.1 Quantum dot single-photon emitters

Most of the single-photon emitters in use are probabilistic devices [46], which are
not well satisfying the sophisticated requirements of quantum information system.
Semiconductor quantum dots (QDs) are tiny particles, typically a few nanometers
in size, which exhibit distinct optical and electronic characteristics due to the prin-
ciples of quantum mechanics. QDs are believed to be ideal candidate for on-demand,
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deterministic single photon emitters, so materials containing QDs were deeply
investigated to pursue quantum emitters based on QDs, for which we have a review
paper [47]. Early in 2005, we participated in the work from Ref. [43], where remark-
able photon antibunching was obtained from the InAlAs single QD, and its further
strengthened single-photon generation was demonstrated [39]. These devices were
designed to match the visible light range of the highly efficient Si single-photon detec-
tors, but higher requirements lie in the telecommunication bands. For the application
in optical fiber-based quantum communication, we have fabricated InAs/InP quan-
tum dot single-photon emitter and achieved the highest single-photon purity (~107%)
[40]. This source has been applied in a conventional system of quantum key distribu-
tion and effectively practiced secure key transmitting over 50 km of commercial fiber.
These single photo-emitters, however, were subject to low-emitting rates, which is
hindering its application in quantum communication. Using the cavity Purcell effect
to modulate the QD lifetime, we designed Si/SiO, distributed Bragg reflectors (DBR)-
based micropillar cavities in hybrid with InP-based semiconductors for weak [48]

and strong coupling (with tapered DBR) [49] of telecom-band photons with QDs to
achieve highly efficient, indistinguishable, and even coherent single-photon emitters.

Considering the difficulty in hybrid processing, we then designed monolithic
micropillar InP-based single-photon emitters [41, 50, 51]. In these works, new designs
for pillar cavities operating at a wavelength of 1.55 pm were proposed and investigated.
These structures consist of layers made from InP, air apertures, and InGaAsP materials.
It has been verified that these structures can be manufactured using a single-integrated
process. By incorporating air apertures and tapered DBRs, it is possible to achieve a
high-quality factor ranging from 10* to 10 at the desired wavelength of 1.55 pm.

The diagram of the proposed cavity is schematically demonstrated in Figure 1(a).
Figure 1(b) displays the instances of the computed optical mode spectra accompa-
nied by corresponding DBR optical bands. This nanocavity exhibits potential as a
promising option for QD single-photon sources in the 1.55-pm telecom band, owing
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(a) A visual vepresentation of the proposed cavity in three dimensions. (b) Optical mode spectra and
corresponding DBR optical bands were calculated, with vertical shifts applied to lines representing different
design conditions for clarity. From vef. [41] (veused with approved CC BY license).
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to its capability to achieve both weak coupling and strong coupling between a single
semiconductor QD and an optical cavity mode. The above cavity design using adia-
batic tapering technique was later extended to a general method, by which one can
realize different types of highly efficient quantum emitters [52, 53].

Based on these proposals, we further studied their possible advancements to
achieve high experimental availability [42, 54]. The impact of fabrication tolerance
on the InGaAsP/InP-air-aperture micro—/nano-pillar cavity was investigated in our
work. A finite-difference time-domain method was employed to simulate the effects
of fabrication imperfections, encompassing uncertainties in layer thickness, material
diameter, surface and interface roughness, and distortion of the cavity shape. The
results indicated the cavity quality was robust to the imperfection of the fabrication
processing. The cavity quality remained sufficiently high to create highly efficient
and coherent single-photon sources at a wavelength of 1.55 pm, even with thickness
errors within the range of +2 nm, diameter uncertainties within +2%, surface rough-
ness variations up to +2.5 nm, and sidewall inclinations of 0.5°. Consequently, an
InGaAsP/InP-air-aperture micropillar cavity containing quantum dots shows promis-
ing potential as a realizable choice for single-photon emitters in quantum information
networks based on silica fibers.

2.2 Heralded single-photon source

The above QD single-photon emitters are currently not practical enough yet,
so people have to seek more useful candidates for on-demand single-photon emis-
sion. Heralded single-photon source (HSPS) represents such efforts. Although still
probabilistic, it can partially approach the deterministic character. It is based on
correlated photon pairs, in which one photon (the heralding photon) is detected and
the existence of the other photon (the heralded photon) can be indicated. The genera-
tion of correlated photon pairs can be realized through the processes of spontaneous
parametric down-conversion (SPDC) or spontaneous four-wave mixing. Besides the
nearly deterministic property, such HSPSs have the advantages of convenient demon-
stration, flexible emission wavelength, and high indistinguishability. Lithium niobate
is the most advanced material for optoelectronic and optical quantum devices, for
which we have a review paper [55]. In Ref. [43], we have proposed a 1.5 pm chip-scale
HSPS made of lithium niobate on insulator (LNOI) by utilizing spectrum multiplex-
ing and active feedforward spectrum processing technology, as shown in Figure 2.

Furthermore, we have successfully demonstrated a preliminary experiment using
discrete fiber-based elements, as depicted in Figure 3. The broadband correlated
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Figure 2.

A view on the future chip-scale spectrally multiplexed HSPS using LNOI technology, where a single photonic
chip integrates all essential components including modules of a pump laser, a photon-pairs generator, a filter and
detector, and a feedforward and frequency shifter. From vef. [43] (reuse with approved CC BY license).
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Figure 3.
Experimental setup for spectrally multiplexed HSPS. From ref. [43] (reuse with approved CC BY license).

photon pairs were generated within a fiber-connected periodically polarized lithium
niobate (PPLN) waveguide. Next, the dense wavelength-division multiplexers
(DWDMs) were utilized to segregate the signal photons and heralding photons,
which had a bandwidth of approximately 100 GHz. The heralding photons from three
paths were individually detected by three superconductor nanowire single-photon
detectors (SNSPDs).

As aresult, the detecting events of those photons were directed to the feedforward
logic where every detecting event activates the logic circuit, causing electronic devices
emit an associated frequency-shifting signal to the electro-optical modulator (EOM).
The signal photons underwent a delay through a fiber loop in order to synchronize
their timing with the electronic frequency shifting signal. Subsequently, the signal
photons experienced frequency shifting and were combined into a shared spectral
mode. Ultimately, an exceptionally low second-order correlation index g*(0) of
0.0006 + 0.0001 was achieved at a tested single-photon emitting rate of 3.1 kHz,
indicating that spectral multiplexing has enhanced the heralded single-photon rate by
nearly threefold. Moreover, by implementing Hong—Ou-Mandel (HOM) interference
between these spectra-multiplexing single photons and photons from independent
and weakly coherent sources, it was demonstrated that the indistinguishability of
multiplexed single photons after spectrum manipulation is ensured. This research
opens up possibilities for scalable and highly performing HSPS on-chip with spectral
multiplexing toward deterministic single-photon emitters.

2.3 The identity of single photons

For quantum information processing, for example, quantum teleportation and
quantum key distribution, the issue of indistinguishability between wave packets
of individual photons has been emphasized. At present, the indistinguishability of
single photons has been characterized from different perspectives, such as space,
time, polarization, frequency, and orbital angular momentum. From Ref. [44], we
have specifically studied the evolution law of photon identity from the perspective of
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dispersion through the HOM interference. In this work, a theoretical analysis model
of photon identity from the perspective of dispersion was established based on HOM
interference. We initially generated two wave packets with weakly coherent single
photons by attenuating pulses from a mode-locked laser and subsequently manipu-
lated them in a dispersive manner prior to their interference. The outcome demon-
strated that the second-order dispersion related disparity between the two optical
paths of the HOM interferometer can be correlated with the interference pattern.
When both paths experienced an equal amount of dispersion, the pattern was deter-
mined by the inherent indistinguishability of the wave packets. Conversely, if there
was an imbalance in dispersion between the paths, it would broaden the interference
pattern and diminish its visibility. This study offers a more comprehensive compre-
hension of single-photon wave packets and explores potential applications of HOM
interference in quantum information processing based on single photons.

2.4 Application: Quantum random number generator

Random numbers have a widely application in field of quantum information pro-
cessing. Among the different types of random number generators, quantum random
number generators (QRNGs) can generate true and unpredictable random numbers
by utilizing inherent randomness in a system based on quantum mechanics.

Firstly, we have successfully demonstrated the single-photon emission at room
temperature from a single defect in a GaN layer grown on a patterned sapphire
substrate [45]. This emission exhibited a rate of 2 MHz and an auto-correlation value
of 0.36 + 0.01. Additionally, we have conducted an experimental validation of a real-
time quantum random number generator utilizing the aforementioned single-photon
emitter, as depicted in Figure 4. The excitation of the single emitter was achieved
using a continuous wave laser with a wavelength of 532 nm. By employing a dichroic
mirror (DM) with its cutoff wavelength set at 560 nm, the laser beam was reflected
and focused onto the GaN wafer through an objective lens with numerical aperture
(NA) equal to 0.9. Subsequently, the obtained luminescence resulting from this pro-
cess was collected by the objective lens as above configured in confocal mode before
being directed toward our detection system via the dichroic mirror. Consequently, we
were able to achieve an initial raw bit generation rate approximately equal to 1.8 MHz
while obtaining an unbiased bit generation rate around 420 kHz following von
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Figure 4.

Scheme of a random bit generator with branching paths. (a) the experimental setup, which involved a self-
made confocal scanning microscope to stimulate the single-photon emission in the GaN wafer and capture the
luminescence from individual photons. (b) the HBT configuration, employed to assess the purity of single photons
emitted and genevate binary random numbers. From vef. [45] (reuse with approved CC BY license).
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Neumann’s randomness extraction procedure. To further enhance photon count rates
within our QRNG setup, it is possible to improve collection efficiency by optimiz-

ing free space optics for capturing emitted light—an area that still holds significant
untapped potential for improvement within this framework. This study effectively
demonstrates how commercially available GaN wafers possess immense promise for
advancing integrated devices capable of emitting single photons and facilitating high-
speed quantum random number generation processes.

3. Entangled photon sources

Quantum entanglement is a phenomenon that arises when a collection of particles
is created, interact, or exist in close proximity to each other in such a manner that the
individual quantum states of each particle cannot be figured out independently from
the states of the others, even if these particles are widely separated. As a fundamental
resource, quantum entangled light sources are widely used in quantum informa-
tion processing [56-58]. We have made a comprehensive study on the theory [59],
performance improvement [60, 61], integration [62, 63], and application [64-66] of
entangled photon sources.

3.1 Theoretical study on entangled photon sources

Entangled photons with a wider wavelength range are conducive to expanding
their application scenarios in quantum information processing. However, typical
materials for the preparation of spectrally uncorrelated entangled photon pairs are
limited to a few nonlinear crystals, making the range of photon wavelengths not as
wide as ideal. To explore new schemes for obtaining a wider wavelength range, we
have theoretically studied the spectrally uncorrelated entangled photon pairs pro-
duced by 15 isomorphs of potassium dihydrogen phosphate (KDP) crystal [59]. The
results show that eight crystals in the “KDP family” have nonlinear optical properties
similar to KDP and have the ability to generate spectrally uncorrelated entangled
photon pairs within a wavelength range of ~300 nm (i.e., 792 ~ 1092 nm) according
to the group velocity matching condition. Furthermore, we have investigated the
preparation of heralded pure-state single photon with a purity of 0.97; namely, the
output of one single photon was herald from the detection signal of another photon in
the photon pair. The HOM interference between photons from independent emitters
also achieved a visibility around 97%. The work expands the preparation of entangled
photon pairs as well as heralded pure-state single photons with a wider wavelength
range in the near-infrared band.

3.2 Performance improvement of entangled photon sources

Acting as information carriers, photons can be entangled in various degrees of
freedom, such as polarization, frequency-bin, time-energy, orbital angular momen-
tum, time-bin. To obtain high-performance discrete frequency-bin entangled photon
pairs, we have proposed and demonstrated a scheme consisting of a modified Sagnac
interferometer by using a single piece of PPLN waveguide [60]. The correlated two-
photon states were prepared in different directions of a Sagnac interferometer based
on cascaded SHG/SPDC processes. The output two-photon states could be manipu-
lated by introducing the relative phase difference between two transmission paths
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Figure 5.

The photon pair performance of frequency-bin entangled sources. (a) the spatial quantum beating; (b) the real
part; and (c) the imaginary part of the density matrices, vespectively. From ref. [60] (reuse with approved CC BY
license).

with the change of polarization state of pump laser. Then, the discrete frequency-bin
entangled photon pairs were obtained by using a fiber polarization splitter without
post-selection. The performance of frequency-bin entangled photon-pairs is shown in
Figure 5. The prepared frequency-bin entanglement achieved a fidelity of 98.0 + 3.0%
based on the visibility of spatial quantum beating of 96.0 + 6.1%. It provides a practi-
cal frequency entangled photon source compatible with the modern telecommunica-
tion for quantum information processing.

The practicality of entangled photon sources limits their application in quantum
information processing. To obtain entangled photon pairs with high performance, we
have proposed a scheme of fiber-integrated PPLN waveguide module that consists of a
PPLN waveguide and two noise-rejecting filters [61]. Figure 6 shows the structure of
the module and the measured spectra of correlated photon pairs and Raman photons
from the module. The correlated photon pairs were prepared by cascade SHG/SPDC
processes in a PPLN waveguide of a single piece. As a result, the coincidence-to-acci-
dental ratio (CAR) of photon pairs achieved a maximum value of 52,600, and the gen-
eration rate and detection rate were 52.36 kHz and 3.51 kHz, respectively. It was actually
improved for nearly one order of magnitude with respect to the previous reports.

Based on the coherently superposition of correlated photon pairs, we have further
prepared energy-time, time-bin, and frequency-bin entangled photon pairs to cope
with different application scenarios, respectively, as shown in Figure 7. The vis-
ibility of the two-photon interference of the energy-time entangled photon pair was
95.74 + 0.86%, and the maximum S = 2.71 + 0.02 of the Clauser—-Horne—Shimony-
Holt (CHSH)-Bell inequality could be calculated. The fidelity of the frequency-bin
entangled photon pairs was measured to be 97.56 + 1.79%, while the visibility of the
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Figure 6.

(a) The structure of the PPLN waveguide module. (b) the spectra of correlated photon pairs generated from the
module. (c), (d) the spectra of co- and cross-polarized Raman photons from the module. From vef. [61] (veuse
with approved CC BY license).
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Figure7.

Experimental setups. (a) Generation of corvelated photon pairs. (b) Characterization of correlated photon
pairs. (c) Characterization of energy-time and time-bin entangled photon pairs. (d) Coherently manipulation
of energy-time entangled photon pairs. (¢) Generation and characterization of frequency-bin entangled photon
pairs. From vef. [61] (veuse with approved CC BY license).

spatial quantum beating reached 96.85 + 2.46%. Quantum tomography revealed
fidelity of 89.07 + 4.35% for the time-bin entangled photon pairs. Our results provide
a high-performance entangled photon source in quantum information processing,
which can cope with various application scenarios.

3.3 Efforts on chip-level entangled photon sources

As is well known, in order to realize highly-performing quantum information
processing, the development of thoroughly integrated photonic chips based on
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various materials and schemes has become an inevitable tendency. We have investi-
gated the generation of multi-wavelength correlated photon pairs via silicon nitride
(Si3N4) micro-ring resonator (MRR) [62]. The single-photon spectrum in the range
of 1480-1620 nm was shown. Furthermore, the dependence of core parameters, such
as CAR, generation rate, and the collection efficiency, on pump laser powers, were
completely demonstrated.

In addition, we have experimentally demonstrated a multi-wavelength quantum
light source with a Si;Ny MRR [63]. The device design and characterization are shown
in Figure 8. The optimized over-coupling Si;N; MRR was designed and fabricated
with the free spectral range around 200 GHz and the quality-factor about 1.0 x 10°.
The generation of eight high-quality correlated photon pairs with high photon
generation rate, CAR, and single-photon purity was achieved by the natural reso-
nance characteristics. With device optimization and noise-rejecting filters, we further
prepared heralded single photons and energy-time entanglement for each wavelength
pair. The results show a second-order auto-correlation value of g (0)=0.014+0.001

atarate of 62 kHz and a Franson interference visibility of 99.39 + 0.45%, respectively.
This multi-wavelength quantum light source represents a potential candidate for the
developing of quantum information processing in an integrated platform [33].

3.4 Application of entangle photon sources

Based on the previous works on high-performance entangled photon pair, we have
explored their application in quantum information processing including quantum
teleportation [64, 65] and quantum key distribution (QKD).

Quantum teleportation is one of the methods of quantum communication,
which could transfer an unknown quantum state between two remote nodes via
quantum entangled photon pairs and Bell-state measurement (BSM). By utiliz-
ing the mentioned entangled photon pair source [61], we have experimentally
demonstrated quantum teleportation based on 40-km-long fiber spool, and the
results showed that the transmission rate and fidelity were 6.41 + 0.37 Hz and
87.70 £ 5.75%, respectively [64].

» Experimental results (b)
—— Lorentz fitting results

0=1.0x10°
0.~1.4x10°
07352100

600 400 -200 0 200 400 600
FrequencyAv (MHz)

Figure 8.

Device design and characterization for Si;N, micro-ring entangled photon source. (a) Microscopy image of
the silicon nitride micro-ving with a thickness of 0.8 ym, width of 1.8 um, radius of 113 um, and gap width of
0.35 pm. (b) Resonance dip at 1540.5 nm, with a Q = 1.0 x 10%, Q, = 1.4 x 10%, and Q; = 3.5 x 10°. [63].
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Based on the experience of previous experiment in the lab, we have further imple-
mented the quantum teleportation system via campus backbone network [65]. In this
scheme, a three-node quantum teleportation system was established in the University
of Electronic Science and Technology of China (UESTC) campus. The three-node
quantum teleportation system is shown in Figure 9. Alice prepared the single-photon
quantum state that carries relevant information. Then, the single-photon quantum state
transmitted to Charlie via a quantum channel. Bob prepared a pair of entangled photons
and transmitted one of them, called the idler photon, to Charlie through another quan-
tum channel. Subsequently, Charlie conducted a joint Bell State Measurement (BSM)
on the photons from Alice and Bob, and communicated the outcome to Bob using a
classical channel. Finally, Bob successfully retrieved the single-photon quantum state
from Alice by applying a unitary transformation on the signal photon.

The characteristics of the system relied on a high-performance time-bin entangled
photon source mentioned before [61]. In our system, we also have built a real-time
feedback system to adjust arrival time and polarization of single photons. In this
way, the indistinguishability of photons distributed through fiber channels could be
guaranteed, thus achieving efficient BSM. As a consequence, we have successfully
implemented a quantum teleportation system operating at a rate of 71 + 0.4 Hz over a
fiber channel spanning 64 km in a metropolitan area. Moreover, employing the decoy
state technique, we achieved an average fidelity of single photons at approximately
90.6 + 2.6%. This implementation marks a significant achievement in the develop-
ment of quantum internet and paves the way for investigating applications of quan-
tum information utilizing a source of entangled photons.

Quantum key distribution (QKD) establishes a private, shared cryptographic key
between the remote parties. The QKD based on quantum entanglement is important for
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Figure 9.
(a) Aerial view of the teleportation system based on UESTC backbone network. (b) Scheme of the teleportation
system. From ref. [65] (reuse with approved CC BY license).
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(a) Illustration of entanglement distribution coexisting with classical fiber communication system. Entangled
photons ave distributed to Alice and bob. (b) Experimental setup in 40-km fiber [66].

future quantum secure communication networks, because photonic entanglement could
be extended over remote notes and may not require additional quantum random number
generators. To date, most of works on this topic have employed dark fibers. It would be
more preferable to develop quantum network coexisting with classical fiber communica-
tion system. Therefore, we have successfully demonstrated the coexistence of energy-time
entanglement-based QKD and classical optical communication using DWDM in the
telecom C-band [66]. The configuration is illustrated in Figure 10. Consequently, we
have experimentally verified that energy-time entanglement-based QKD can coexist with
bidirectional 20 Gbps data communication over a 40-km-long optical fiber. Ultimately,
employing the BBM92 protocol for QKD, we achieved a raw key generation rate of 245
bits per second and a quantum bit error rate of 8.88%. This experimental demonstration
highlights the convenient compatibility between entanglement-based QKD and classical
fiber communication, showcasing its immense potential for quantum networks.

4. Single-photon detectors

A single-photon detector is a photodetector, which can respond to incident light
signal as weak as one single photon. Single-photon detectors play a widespread role
in the field of quantum information processing since they serve as key devices, for
example, readout in quantum computing, receiving in quantum communication
and photon measurement in quantum metrology. We have had a review paper on
a single-photon detector [67]. We focused our research on Geiger-mode avalanche
photodiodes (single-photon avalanche diodes [68, 69], negative feedback avalanche
diodes [70]) and the application of the two-dimensional (2D) materials for photon-
level detectors [71]. Moreover, we have proposed fiber Bragg grating sensing system
by utilizing single-photon detectors [72, 73].
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4.1 Single-photon avalanche detectors

Avalanche photodiodes (APD) have been well studied and well fabricated for the
application in many fields, for which we had a review paper on our previous works [74].
Geiger-mode (GM) avalanche photodiodes (APD) have detecting sensitivity as precise as
single-photon level, so they are usually also termed as single-photon avalanche detectors
(SPADs). Based on our previous works [69, 74], we recently performed more studies on
Gm-APD or SPAD design and fabrication. In Ref. [68], we have proposed a detecting
system of high-speed photon counting rates with an active quench and reset integrated
circuit (AQR-IC) driving a InGaAs GM-APD at near-infrared range. The APD’s parasitic
capacitance and the circuit’s input port were utilized to convert avalanche current into
a voltage signal. This signal was then sent to an FPGA system for calculating counting
rates, with the dead time being adjusted by the FPGA for greater flexibility in photon
counting applications. The AQR-IC chip and PCB-based photon counting system are
depicted in Figure 11. Fabricated using SMIC 0.18 pm CMOS technology, this proposed
AQR-IC can achieve the maximum photon-counting rate as high as 15.6 MHz, with
dead time tunable from 64 ns up to 163.6 ps at 20 ns of resolution—thereby enhancing
single photon detection flexibility when operated in free-running mode. In addition, we
recently fabricated a specific free-running InGaAs SPAD device, which has a very low
dark count rate of 1.6 kHz and quite high photon counting rate of ~10 MHz. This device
may be more available for quantum application than those reported so far.

Besides the performance improvement in single-element SPAD devices, progress
has also been made on single photon imaging, that is, focal-plane single photon
detecting arrays. By epitaxially growing the precise material structure and diffus-
ing dopants locally and accurately using metalorganic chemical vapor deposition
(MOCVD), fabricating the device structure using lithography, inductive coupled
plasma etching (ICP), metal deposition, etc., designing and processing the integrated
readout circuit chip, performing flip-chip In-shot bonding, and TEC cooled packag-
ing, InGaAs SPAD arrays scaled 128 x 32 were successfully formed. Figure 12 shows
the measured results of photon detection efficiency (PDE) and dark count rate
(DCR) for one of the fabricated arrays. It indicates an average PDE of 25% and DCR
mostly lower than 9 kHz. These characteristics are as good as available for application,
and we are actually trying to test their performance in some application scenes such as
single-photon imaging Lidar and quantum Lidar [75].

Figure 11.
(a) AQR-IC chip and (b) the photon counting system on PCB. From vef. [68] (veuse with approved IEEE license
5,606,570,125,207).
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Figure 12.
The measured (a) PDE and (b) DCR of a newly fabricated 128 x 32 InGaAs SPAD array.

4.2 Negative feedback avalanche diodes for single-photon detection

With the advantages of fast quenching speed, low afterpulsing, and easy integra-
tion, negative feedback avalanche diodes (NFADs) can be used in quantum com-
munication, fluorescence spectrum detection, single-photon counting imaging, and
other application [76]. The research on NFAD devices and their application in single-
photon detecting system has thus been of great significance. In Ref. [70], we have
described the novel design of NFAD, and reviewed the development and application
of NFAD devices in recent years. By monolithically integrating a film resistance onto
SPAD, the formed self-passive quenching circuit in NFAD brings about improvements
in especially afterpulsing and effectively enables photon number resolution. Further
hybridizing active quenching circuit, the single-photon detection system composed of
NFAD performs much better than that of conventional SPAD. Single-photon NFADs
demonstrate more practical application potential in quantum information processing.

For further improvement in this field, we design new readout circuit for NFAD.

To resolve the problems of avalanche signal detection and processing, afterpulsing
suppression, dark counting rate, and detection efficiency of NFAD, we propose a
free-running readout circuit architecture design based on InGaAs NFAD [77]. In

this circuit, an ultra-low noise amplification circuit was designed, in which the noise
was only ~651 pV,y,,. At the same time, the circuit uses digital coding to control the
discrimination threshold voltage and realizes precise modulation of the threshold
voltage with an accuracy of 150 pV. A control circuit module based on FPGA was then
constructed. The combination of digital coding control and feedback resistance was
adopted to realize a large range (4.5~90 V) and high precision (0.5%), high-voltage
power output. The high precision adjustable dead time delay was realized by counting
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the high-frequency clock pulse signal. The photon pulse is accumulated by a 32-bit
counter with high-speed (4 ns) and large-capacity counting (1 ~2%). As a result, the
minimum dead time becomes 20 ns, shorted by at least 70 ns. Finally, a single-photon
counting module is built for testing the manufactured physical circuits. The results
showed that the circuit can realize 0.1~100 ps dead time adjustment, and the NFAD
can be much faster than before in quenching and recovering. This work provides a
reference for the subsequent design of NFAD single-photon imaging system with
integrated readout circuit.

4.3 Two-dimensional materials for photodetectors

The utilization of 2D substances presents a novel approach in creating nanoscale
photodetectors [78]. Recent advancements have demonstrated that these 2D materi-
als can be employed to fabricate both APDs and SPADs [79]. Our study in Ref. [80]
extensively examined the structural, electronic, and optical characteristics of black
phosphorus (BP) and indium selenide (InSe) monolayers, along with their BP/InSe
heterojunctions using first-principle calculations. The analysis revealed that these
materials possess remarkable geometric symmetry alongside appropriate bandgap
values. Based on the findings regarding band offset, charge decomposition in bands,
and electrostatic potential, it can be concluded that the heterojunction structure
effectively suppresses the electron-hole pair recombination. This suppression is
advantageous for enhancing carrier mobility in photoelectric devices. Furthermore,
exceptional optical performance is observed in terms of refractive index, electron
energy loss, reflectivity, absorption coefficient, extinction coefficient, and photon
optical conductivity. The above outcomes suggest a promising future application
potential for 2D materials in avalanche diodes or even single-photon detectors.

4.4 Application of single-photon detectors

Due to its compact size, ability to sense multiple points simultaneously, and
resistance to electromagnetic interference, the optical fiber sensor that utilizes fiber
Bragg gratings (FBG) is well-suited for monitoring physical variables in challeng-
ing environments including extreme temperatures [81], high pressures [82], and
intense radiation [83]. By employing single-photon detectors, the FBG sensor has the
potential to achieve quantum-level measurements. In a previous study [72], we have
successfully demonstrated a highly efficient FBG sensing system with dense temporal
multiplexing using single photon detection at 1.5-pm wavelength. A spatial accuracy
of 5.0 cm has been accomplished, mainly depending on the time jitter of a single-
photon detector and the duration of laser pulses. By employing the dual-wavelength
differential detection (DWDD) technique, we achieved a wavelength precision of
0.5 pm within a range of 550 pm, resulting in an associated temperature sensitivity of
0.05°C. This sensitivity can be further enhanced to 0.01°C by elevating the repetition
rate of laser pulses.

However, a shorter probe pulse width reaches a higher spatial resolution, which
inevitably causes a spectrum broadening according to the Fourier transform theory.
Namely, high-precision FBG sensing in the time and spectrum domains cannot be
performed simultaneously. In Ref. [73], we have investigated the effect of spectrum
broadening on a photon-counting FBG sensing system with a DWDD method. We
built a theoretical model and characterized the photon-counting FBG sensing systems
at different spatial resolutions. Figure 13 shows the experimental setup of high spatial
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Figure 13.
Experimental setup of high spatial resolution DWDD. From vef. [73] (reuse with approved CC BY license).

resolution DWDD. A broadband coherent probe laser was generated from a mode-
locked pulsed laser, and then divided into two parts by an optical coupler (OC, 90:10).
One was received by an InGaAs photoelectric detector to generate a synchronizing
electronic signal for a high-resolution time-to-digital converter (TDC). Then, another
probe light was injected in a tunable filter to generate a pulse light with different
spectral width at the central wavelength of 1550.1 nm or 1550.2 nm in turn. In order

to avoid the saturation of a single-photon detector, the mean photon number of the
probe laser was attenuated to 0.003 per pulse by adjusting a variable optical attenuator
(VOA). As aresult, a commercial FBG with a spectral width of 0.6 nm, an optimal spa-
tial resolution of 3 mm and a corresponding sensitivity of 2.03 nm™" can be achieved.

5. Other devices

In addition to the optoelectronic devices described above, we have also conducted
abundant research on quantum memory [13, 84, 85], optomechanical system [86-88],
and nano-opto-electro-mechanical system [89-91], including experimental studies
and topic reviews.

5.1 Quantum memory

Quantum networks will probably be the main working platforms of the
future quantum information technology and thus is very important in current
quantum information science. Quantum memory, which is at the core of long-
distance quantum repeater architectures, is the key element for quantum networks.
Quantum memories have the capability to retain the quantum state of a photon or
any other entangled particle while preserving its quantum information intact. In this
field, we have studied photonic quantum memory based on rare-earth ions doped in
solid-state materials. Erbium-doped optical fibers, which involve the incorporation
of rare-earth ions into solid-state materials, exhibit efficient interaction between
photons and atoms in the telecom-C band. These fibers are considered prospective
candidates for quantum information processing applications, particularly in photonic
quantum memory. In an experimental setting at temperatures below 10 mK, we suc-
cessfully observed optical nutation in a 9.5-meter-long fiber doped with erbium ions
at a concentration of 200 ppm [84]. The coherent interaction between the laser and
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ensemble of erbium ions resulted in the reduction of optical nutation and provided
valuable insights into transition dipole moments. We investigated how transition
dipole moments vary with laser wavelength and magnetic strength, finding thata
transition dipole moment about 3.4 x 107> Cm was achieved at 1537 nm and 0.2 T.
This research lays the foundation for realizing quantum networks in the solid-state
form and operating within the telecom-C band frequency range.

Furthermore, we have demonstrated both high-bandwidth and multiplexed quantum
memory for C-band photons by utilizing the atomic frequency comb (AFC) quan-
tum memory protocol in erbium-doped silica-fiber (EDF) [85]. Figure 14 shows the
experimental setup in this demonstration. The main advantage of this protocol is that
the number of photons that can be stored at the same time is determined only by the
time-bandwidth product. However, due to the significant inhomogeneous broadening
and limited homogeneous linewidth exhibited by the employed EDF, the demonstrated
quantum memory has a large storage bandwidth and a long storage time. There could be
more than five spectral modes multiplexed—each 10 GHz wide—as well as over up to 330
temporal modes. As a result, we achieved the highest demonstrated multimode capacity
to date, namely the simultaneous storage of 1650 heralded single photons. By making
some improvements to our experimental scheme, a maximum major-mode capacity of
11,500 modes yielded by the time bandwidth product of this quantum memory could
be attained. This work provides important guidance for the implementation of quantum
networks based on multiplexed and broadband solid-state quantum memories.

As described above, we have made numerous significant advances in quantum
networks, including quantum photon source, quantum teleportation, quantum key
distribution, quantum memory, etc.

To provide a clear understanding of the current progress and future direction of
quantum networks, we conducted an analysis on the significant advancements in
both theory and experimentation over the last 20 years toward establishing entangled
quantum nodes and ultimately constructing a global quantum network [13]. This
comprehensive review encompasses the achievements made in various physical
frames including single atoms, trapped ions, cold atomic ensembles, solid-state
hosts doped with rare-earth ions and diamonds with nitrogen-vacancy centers.
Additionally, we explored the available methods and encountered challenges associ-
ated with building practical quantum networks.

Erbium doped silica fibre
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Figure 14.
The experimental setup consists of (I) multi-channel AFCs, (II) full telecom C-band heralded single photon
source, and (III) measurement system. From vef. [85] (reuse with approved CC BY license).
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5.2 Optomechanical system

A novel nanostructure called an optomechanical crystal nanobeam cavity has
been developed, which combines both optical cavity and mechanical resonator. This
innovative structure shows great potential in various applications such as modulators,
sensors, and transducers. In our research, we have conducted a theoretical analysis on
the impact of fabrication imperfections on the characteristics of nanobeam cavities
[86]. Our findings indicate that altering the size of air holes leads to an increase in both
the optomechanical coupling parameter and the optical resonance frequency, with
coefficients of 0.01 MHz/nm and 0.36 THz/nm, respectively. Conversely, changing the
size of air holes results in a decrease in mechanical resonance frequency at a coefficient
of —0.03 GHz/nm. Interestingly, shifting the air hole line does not significantly affect
any of these investigated characteristics. These insights provide valuable guidance for
improving the fabrication process involved in creating nanobeam cavities.

After decades of research on entanglement generation, various schemes based
on different physical platforms and information carriers have reported. Among the
schemes, optomechanical systems have become a particularly promising platform
due to their versatility in design, fabrication, and control. In this perspective, we
have conducted a theoretical study on the generation of steady-state entanglement
between optical and mechanical modes in single optomechanical crystal nanobeam
[87]. As shown in Figure 15(a), we considered a single optomechanical crystal cav-
ity, including an integrated mechanical and optical nanoscale resonator within two
mirror regions, formed on the surface of a microchip based on silicon-on-insulator.
Figure 15(b) and (c) shows the E; component of optical fundamental mode at
telecom band and the placement field of the corresponding fundamental breathing
mode, respectively. By using finite element simulations and logarithmic negativity as
the entanglement measure, we have comprehensively studied the optimized param-
eter regimes in red- and blue-detuned optical pump situations. The results showed
that the entanglement is robust against temperature and could reach an order of 1072,
This work suggests important clues for the design of nanobeam structures for differ-
ent application scenarios.
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(a) The schematic diagram of the plane-viewed silicon optomechanical crystal nanobeam cavity and unit

cell geometry in the mirror vegion; (b) E, component of the fundamental optical mode at telecom-band; (c)
displacement field of the corresponding fundamental breathing mode [87].
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Exploration of fundamental quantum physics and advancements in quantum
information technologies greatly benefit from the significant role played by quan-
tum entanglement in optomechanical systems. In this particular domain, we have
reviewed the advancements in theory and experimentation concerning entangled
states at a macroscopic level within optomechanical systems, and have provided
insights into the future potential applications of this field [88]. The review also
includes a concise introduction to key theoretical tools that aid in comprehending
and addressing entanglement issues in opto-mechanics. Furthermore, we have intro-
duced the entangling interaction between the electromagnetic fields and a mechani-
cal oscillator, as well as that among multiple mechanical oscillators and that of
electromagnetic fields associated with a mechanical oscillator. Additionally, we have
summarized various approaches to mitigate the effect from thermal noise, which can
enhance experimental feasibility and practical applicability. In conclusion, cryogenic
environments will continue to play a pivotal role in future experimental studies
in this field for an extended period. Maintaining quantum characteristics in more
conventional settings will be an essential focus for practical applications in quantum
optomechanical system.

5.3 Nano-opto-electro-mechanical system

The nano-opto-electro-mechanical system (NOEMS) is an emerging category
of hybrid systems that integrate optical, electrical, and mechanical functionalities
within nanoscale devices. Among them, graphene has emerged as a promising mate-
rial for implementing mechanical resonators due to its exceptional characteristics,
including lightweight composition, high-quality factors, and adjustable resonant
frequencies. In our study, we have introduced a phonon laser operating at room tem-
perature by utilizing an opto-mechanic cavity [89]. This cavity consisted of graphene
and a silicon substrate forming an optical enclosure, with the added functionality of
the graphene sheet serving as both the coupling mirror and the mechanical resonator.

The phonon dissipations decreased as the power of the pumping laser increased,
and ceased when the pump power reached a sufficient level. Subsequently, the
phonon transitioned into a state referred to as stimulated emission, resembling the
process of photon lasing. The occurrence of phonon lasing was confirmed through
observation of a distinct threshold in oscillation amplitude and a reduction in vibra-
tion mode linewidth. We anticipate that our discoveries will provide novel perspec-
tives for developing functional devices based on mechanical graphene resonators and
potentially find applications in quantum information processing.

Considering the 2D antiferromagnetic semiconductor chromium thiophosphate
(CrPS,) for its excellent structure, photoelectric properties, and potential magnetic
characteristics, we have experimentally studied the mechanical properties of layered
CrPS, and explored the resonance characteristics of a new few-layer CrPS, nanome-
chanical resonator [90]. Figure 16 shows the material properties of layered CrPS, and
preparation of mechanical resonators in this work. The results exhibited exceptional
vibration properties using the laser interferometry setup, showcasing the distinct
resonant mode, capability to operate at extremely high frequency and gate tuning.
Additionally, by analyzing temperature-regulated resonant frequencies, we success-
fully detected the magnetic phase transition of CrPS, strips. This discovery validates
the correlation between mechanical vibration and magnetic phase. These results lay
a solid foundation for future exploration and utilization of 2D magnetic material
resonators in quantum metrology research.
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Figure 16.

Material properties of layered CrPS, and preparation of mechanical vesonators. (a) the crystal structure of CrPS,
is presented as an ab plane. (b) Layered CrPS, obtained by mechanical exfoliation under optical microscope. (c)
Detailed process flowchart of CrPS, mechanical resonators. From vef. [90] (reuse with approved CC BY license).

Given the extensive activity in this emerging field, we have reviewed recent
advancements and significant accomplishments in NOEMSs, with a particular
focus on the fundamental aspects of the hybrid system and its diverse range of
applications [91]. Additionally, our review delves into the distinctions between
classical information transduction and quantum information processing when
applying NOEMS, thereby presenting an expanded scope for engineering and
enhancing NOEMS within the realm of quantum mechanics.

6. Conclusion

In order to realize practical quantum systems in the future, our group have made
efforts to create and investigate quantum devices by using optoelectronic techniques.
QD-embedded nanocavities were designed to improve the efficiency of and to realize
on demand single photon emitters. Spectral multiplexing technique enabled the fab-
rication of a heralded single photon source with high purity and speed, approaching
on-demand single photon emitting. A quantum random number generator working at
room temperature was constructed based on single-photon emission from defects in
commercial GaN material. Applying cascaded second-order nonlinear optical process
in PPLN waveguides, we developed an entangled photon emitter with visibility of
97% and noise level nearly 10 times better. Another photon entangler with visibility
of over 99% was established using Si;N, micro-rings. Readout circuits were optimized
to help fabricating high-quality SPAD devices, and SPAD focal plane devices were
improved to 128 x 32 array for single photon and quantum imaging. A quantum
memory was achieved to simultaneously store 1650 single photons at low tempera-
tures, and a few opto-electro-mechanical devices were experimentally tried to obtain
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quantum-level measurement ability for minor quantities. Our studies might be a step
forward to the realization of practical quantum information networks.
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Chapter 4

Algorithm for Calculating
Coordinates of Images in an
Optoelectronic Device with a
Matrix Photodetector

Viktor Pachkov

Abstract

The algorithm described below simulates the functions of an optoelectronic
CCD array angle meter. This algorithm makes it possible to generate
implementations of useful signals from point emitters, external interference, and
internal noise, as well as their additive mixture at the output of the device. In addition,
it makes it possible to solve the problem of extracting a useful signal from a mixture
with a constant background and external and internal noises, as well as determine the
coordinates of images of emitters and evaluate the accuracy of determining these
coordinates.

Keywords: CCD, simulation, optical electronic, simulation flowchart, background,
noise

1. Introduction

Autonomous optical navigation and astro-orientation of spacecrafts is one
possible way of improving the reliability of the spacecraft. Self-determination of
the spacecraft is inextricably linked to the need to determine its exact orientation,
which can be carried out using onboard optical devices based on multi-pixel
converters. This work consists of an introduction, six chapters, a conclusion, and a list
of literature. The first chapter is devoted to the review and analysis of Optical Elec-
tronic Instruments (OEIs) at the CCD. The second and third chapters discuss the
features of signal conversion and processing in OEI with CCD, and the development
of quasi-optimal methods for estimating the coordinates of images. The fourth chapter
considers methods of estimating the coordinates of moving images of point emitters.
The fifth chapter is devoted to the method of modeling angular OEIs. The sixth
chapter shows the results of the simulation. In conclusion, the main results of the
work are formulated. Attached are the modeling algorithms. This work is intended for
engineers, researchers, and students.
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2. Algorithm for calculating coordinates of images in an optoelectronic
device with a matrix photodetector

2.1 Mathematical setting of the problem
The algorithm requires the following source data.

* Characteristics of emitters: stellar values for stars, their spectral class; radiation
force, and its spectrum of emitters illuminated by the sun, as well as range to
them. You must also specify the number of point sources and their angular
coordinates;

* Characteristics of the optical system: angular field, diameter of the entrance
pupil, focal length, and point scattering function (PSF);

* CCD matrix characteristics: format, pixel sizes, organization (frame, line-frame),
operation mode (frame transfer or full illumination mode), quantum efficiency
(spectral sensitivity), aperture characteristic (pixel sensitivity), charge transfer
inefficiency, dark current density, noise at the output, dark current unevenness
(“geometric noise”), and potential hole depth (wall);

* Characteristics of output circuit: discharge of analog-to-digital converter.

Then, based on the initial data, the implementation of the signal at the output of
the CCD can be calculated according to formula (26), a useful signal is extracted
according to formulae (27)-(29), its coordinates are determined using expressions
(31)-(39), and a posterior probability of detecting a signal in a frame according to
formulae (40)—(42) is calculated.

2.2 Algorithm description

The characteristics of an optoelectronic device with a CCD matrix can be investi-
gated by simulation modeling. To this end, the processes taking place in such a device
can be presented in the form of a flowchart shown in Figure 1. We will consider the
simulation flowchart [1-3].

Unit 1 simulates a background-target situation in object space. Here, the number of
point emitters “n” is set as spatial 8-functions, their coordinates a;, f;, and their
radiation characteristics are stellar values, mv for stars and the radiation force I for
mobile objects, including those irradiated by the sun.

The background is modeled based on initial data on its brightness at each point.
The background emission force at the point is defined as:

0102
NM

lp = B——L 1
where:

o, is the angular field along the axis “x,” rad;

o, is angular field along the axis “y,” rad.;

M is the number of matrix pixels along the “x” axis;

N is the number of matrix pixels along the y axis;
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Input initial data |

|1 Calculation of BTE in object space |

Accumulation | | 2 Calculation of BTE in the CCD plate ]
mode |

| 3 Calculation of noise in accumulation mode

1
| 4 Computation of signal + noise + background I

Recording
in memory [5 Computing the Implementation at the Output ]

| 6 Signal detection |
i

Processing
| 7 Image Coordinate Estimation I
Fralmes no
8 mmber>_)
yes k = K
Efficiency [ 9 Compute Coordinate Estimation Error I
evaluation |
10 Detection probability calculation |
Figure 1.
Simulation flowchart.

L is range to objects space (range to target), m; and
B is the brightness of the background at this point.
Calculation sequence.

(1) Calculation of photodetector diagonal d

& = (MAx)’ + (NAy)? )

(2) Focal length of the lens
f' =d/(2tgw), (3)

where, w: angular field of the lens, rad.
(3) Calculation of w,w 5

!
0 = 2arccos d (4)
(MAx/2) + £
fl
®; = 2arccos
(NAy/2)" + €7

Then, the background is calculated by the formula (1).

In block 2, the signal from the point objects and the signal from the background in
the plane of the photodetector matrix are simulated. We will simulate only those areas
of the matrix where the useful signal is located. Assume that the region of the matrix
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where the useful signal is generated, and the background is 16 x 16 pixels. This is
based on the experience of developing an OEP with a CCD matrix O31-1 (optical star
sensor) by the Institute of Space Research of the Russian Academy of Sciences. Such
submatrices must be “n.” We determine the coordinates of the pixel where the useful
signal from the nth emitter enters

Xy = f/tg(xn;yn =f'tgP, (5)
or in number of pixels
M1=x,/Ax;N1=y, /Ay

M1, N1: radiator coordinates in matrix pixels counted from the matrix center.
If the beginning of the reference is taken as the upper left corner of the matrix,
then we get

M2 = M/2 + M1 (6)
N2 =N/2 - N1

Thus, the final formulas for calculating the coordinates of the nth emitter in the
plane of the matrix take the form.

M2 = M/2 + f tga, /Ax @)
N2 = N/2 — f'tgB, /Ay

The main beam from the point source is projected to this point.

Now you need to form a submatrix occupied by the image of the point source. As
mentioned above, such a submatrix should occupy 16 x 16 pixels. The value of the
useful signal from the radiation force source I in the pixels is defined as:

2 I(A)n (Acp ) tAAN,
Q| = 22, o cos i, | Uen) B, ®

where

D: diameter of the inlet pupil of the optical system, m;

1: lens transmission, rel. unit;

x [i, j] is a factor that takes into account the share of energy accounted for 1 pixel,
rel. units;

I (A): source radiation force, W/(cf. pm);

n(Aep): quantum efficiency, rel. unit;

AM: spectral range, m;

t: accumulation time, s;

h: Planck constant, ] x s; and

C: speed of light, m/s;

Signals from stars are calculated by formulas:

forGO : Q[i,j|] = 0,25xtD? ty[i, j] cos *@, 1043~ 04mv )
forB3V : Q[i, j] = 0, 25xtD?tx[i, j] cos “w, 10+411-04m:
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Calculation sequence

1. Calculation of coefficients y [i, j]

The image of the point source is projected onto the submatrix of the 4 x 4 pixel.
The main beam hits the point with coordinates M2, N2 or in the coordinates of
the submatrix given in Figure 2 for one of the pixels:1=2,j=2;i=3,j=2;i= 2,
j=3;i=3,j=3.

The total signal from the PSF image equal to Iy is determined as the sum of the

«“__»

signals from the polychromatic light beams of the entire PSF along the “x” and

«__

y” axes.
b= Y YAl
y X

where Al is the number of rays (or the proportion of illumination) that falls on
the elementary resolution cell of the PSF (it is 1.5 + 3 pm, sometimes 5 pm).

The share of illumination per pixel will be

[, j] = J JI(X, y)dxdy = > > AL

Ax Ay Ax Ay

thus

2axayAl I, )

M TS AT T A a0

2.Calculation cos on

!
CoS Wy = I S (11)

V2 +y2 7

3.Calculation of useful signal value in submatrix pixels 4 x 4 from the radiator
with radiation force I taking into account lens transmission

Y(i)
I L,
Ly| - - B X
1‘11 - I’M

Figure 2.
Radiation distribution by submatrix.
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D% ty[i, j] cos *mnInt AAL

12
412hC (12)

Qfijl =

4.Background calculation

Background calculated on 16 x 16 pixels submatrix

D21y 1[k, 1] cos *a[k, JItm[k, IntAXA D%t cos *@[k, jntA AL
Q[k, 1] = 5 = 3 X

4L°hC 4L°hC
x{ylk — 1,1 = 1Tk — 1,1 — 1] + y1[k,1 — 1JI[k, 1 — 1] + y1[k + 1,1 — Ik + 1,1 — 1]+
1k — LIk — 1,1 + y1[k, I[k, 1] + ¥1[k + 1, JI[k + 1, 1]+
w1k — 1,1+ 11k — 1,1+ 1) + 1k, 1 + 1I[k, 1+ 1] + 31 [k + 1,1+ 1Tk + 1,1 + 1]}
(13)

Unit 3 performs the procedure of generating noise of the CCD matrix of the visible
range in the accumulation mode. The mathematical expectation of charge in the pixel
will be defined as [3, 4]

qk,1 = 1072 (14)

AxAyj,t
e
where j: average dark current density, A/cm?* and
e: charge of the electron, the coulomb (C).
The value of MSE “geometric noise” will be

H

=5009 (15)

or

where H is dark current nonuniformity, %.
The implementation of dark current taking into account “geometric noise” will be
defined as:

qr[k’ ] =q+ort (16)

where € are random numbers (hereinafter referred to as) having a normal distri-
bution density with parameters (0, 1).
The MSE of dark charge fluctuations in the pixel will be calculated by the formula

Son = /qr (17)
Then, the realization of the dark charge in the pixel will be defined as:
qlk, 1] = g7 + /qré: (18)

Thus, a noise array of 16 x 16 pixels in the signal accumulation mode is to be
formed. The implementation of the background signal will be determined similarly.

Qo[ 1] = Qu[k, 1] + v/ Qob, (19)

In block 4, a signal mixture with noise and background is calculated.
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Formulas for calculating noise and background implementations were given above.
The implementation of the useful signal can be calculated similarly.

Qufi,jl = Qli,j + 1/ Qi jl&s (20)

where Q [i, j] is a signal from a star or a point emitter.

Then, the realization of the mixture of signal, noise, and background in each pixel
of the matrix 16 x 16, where part of the matrix is occupied by the signal, will be
calculated as an additive mixture.

Q,lk, 1] = Qo [k, I + gy [k, 1] + Q4[i, j] (21)

In this case, the signal accumulation process in each nth submatrix

16 x 16 pixels end. Now, it is necessary to calculate the implementation of the
signal at the output of the matrix and when writing it to the RAM.

In block 5, the signal implementation at the output of the matrix is calculated.

The value of the signal when transmitting charge to the CCD output, taking into
account losses, will be determined as:

Qslk, I = [1— 3(M3 + N3)e]Q, [k, 1], (22)

where M3 and N3 correspond to indices k and 1, respectively, but only in coordi-
nates (column and row numbers) of the entire matrix.

When reading a signal, noise is added to it, the MSE of which is determined by the
value

Gcy =

=\ B/3KT /g, (o + Ca), (23)

where

e: charge of the electron,

K: Boltzmann constant, J/k.

T: absolute temperature, deg. K,

gm: transistor slope, mA/V,

f: clock frequency, Hz, and

C2 + C3 =1:5pf.

Then, the implementation of the signal at the output of the reader (before the
ADC) will be defined as:

Qulk, 1] = Q;lk, [JocqE, (24)

Now, it is necessary to determine the price of one ADC discharge in electrons. It
can be calculated as:

DN =Q,,/2 (25)

where Qp,: maximum charge that can be accumulated in potential wall (for matrix
with volume channel is ~130,000 €), and

b: number of ADC bits,

Then, the value of the signal after digitization will be determined as:
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Q;[k, 1] = Q4[k,1)/DN, (26)

wherein Qs must be written as an integer.

If Qs [k, 1] > 2b, you must assign Qs [k, 1] = 2P (saturation mode).

Thus, “n” digitized array 16 x 16 pixels to be processed in subsequent blocks will
be formed.

Block 6 solves the task of detecting a useful signal. To do this, line-by-line viewing
of each of the “n” matrices is carried out. To this end, first, the mathematical expec-
tation of a constant background on the line in the vicinity of the useful signal and the
MSE of this value in the rate of arrival of samples and taking into account their

accumulation is estimated, that is,

1
BV == Qulk (27)

1 16 2
MSE = \/E > (EV—Qulk,1) (28)
Then, the signal is detected in the following lines by the condition
Qulk,1] — EV>3MSE (29)

If the condition is met, then the corresponding pixel (or line pixels) is registered, if
not, then again, after passing the line, the expected value (EV) and MSE are refined
and again the condition (29) is checked for the next line. In this way, all lines are
viewed and all item numbers where condition (29) is met are recorded, as well as the
item where the signal is maximum.

The next step is to determine the sub-array 4 x 4 of the pixels occupied by the
useful signal.

Set the submatrix to Q,, as shown in Figure 3 and find the sum signal for all
submatrix pixels.

4 4
QUM =3 > Qfij (30)
i=1 j=1

Then, we move the window one pixel to the right and again calculate the sum
according to formula (30) and compare it with the previous one. If it is larger, then we
remember it, if it is smaller, we leave it first. From this position, the window is shifted

Ql] * " QM .]

Qm " " Q41

Figure 3.
Charge distribution in submatrix.
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one pixel down and again we find the sum according to formula (30) and compare it
with the sum that is recorded. If the new amount is larger, then we remember it and
the new position of the window. The last position of the window is a shift by one pixel
to the left, again calculating the sum, comparing it with the recorded one, and if the
resulting sum is larger, then its record, if not, then the previous largest sum remains.
Thus, the signal selection (window setting) is completed. Now you need to highlight
the “clean” signal. To do this, subtract the mathematical expectation of a constant
background from the signal values in the 4 x 4 pixels submatrix. Thus, a useful signal
with zero mathematical expectation in each formed sub-array of 16 x 16 pixels will be
extracted, which is supplied to the unit for estimating the coordinates of the obtained
images.

The following quasi-optimal methods are used to estimate the coordinates of the
images in block 7.

1.Estimation of image coordinates by energy center (method “weighings”).
2.Modified “weighing” method.

3.Finite difference method.

4.Least squares estimation.

5.An iterative method for estimating a Kalman filter-based mismatch.

6. Nine-pixel algorithm.

Methods 1 = 5 assume the formation of one-dimensional lines along the axes “x”
and “y.” Method 6 involves working with the original submatrix without converting it
into one-dimensional signals. One-dimensional rulers from the submatrix are formed
as shown in Figure 4. Then, expressions for estimating the coordinate of the image
(similar to for) using methods 1 + 4 have the form [3, 4].

_Ax (-3Q; —Q; +Q3+3Q,) (31)

T T QT QL+ Qs+ Q)

o _Ax (3Q1-Q3+Q5+3Q)) 32)
T2 (@il

¥,
Q\ Q z Q—‘ Qt-‘- bar on axes "y"
Ql - |- |1QAdx 0,=0Q,+..4+Q,,
Ql - 5 ()_u Q,=Qy... +Qy

bar on axes "x"

Q=Q i 4Q ey Q= 4Qy

Figure 4.
Lines of readings by axes.
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But for certainty that the signal Q.3 is maximum (although it may be another
pixel), then the finite difference method has the form

. Q, —Q3
3)&m = Ax (Qz —2Q3+ Q4)
. Q, - Q4
b) &m = Ax <—Qz ~ 205+ Q4) (33)

. Q; - Q4 )
€) m = AX<Q2 —2Q3+ Q4

where the expressions (a)-(c) are derived from the interpolation formulas of
Newton, Newton-Bessel, and Newton-Stirling.

. 3Ax —Q; —-Q,+Q3+Qq4
m=T arctg(_Q1 +Q,+Q;5— Q4) (34

The mismatch between the reference function and the x-axis ruler formed from
the image can be determined as follows (the algorithm for calculating the reference
function will be given below). For this, an analytical description of the distribution of
samples over the ruler in the form of a truncated Fourier series can be used.

. WX X
Q(x) =ap+ar;sin — +a,cos ——

2Ax 2Ax
where
20 = 7 Qs + Quz + Qua + Q)
a =?( Qa1 — Qe + Qus + Qua)s
2 ?( Q1 + Qx2 + Qu3 — Qxs)

Such a description makes it possible to normalize the reference function and
generated ruler, as well as determine the required mismatches at points. x; =
—-1,5A%;%, = —0,5A%;x3 = 0,5A%; x4 = 1, 5Ax Consider the normalization opera-
tion first. To do this, you need to find the position and value of the maximum Q (x). In
accordance with (34), the maximum position is defined as:

S ZAXarCtg(_Qxl - QX2 + Qx3 + Qx4>
" _Qxl =+ QXZ + Qx3 - Qx4 ’

thus

. WX X,
Qm:ao—i-alsanA + ap cos 2AI;1(’

and the normalized values of the generated reference function ruler are defined as:

Q4 Qy Fy F4
Qi = er, s Qyan :Q—:§F1H :E’ . Fan :ﬁ
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Further, on newly formed rulers Q. y, ..., Qgan; Fin, .., Fau where F; is the ref-
erence function sample, you must define new coefficients agy, ajy,a;i for the refer-
ence function and the signal implementation being processed. As a result of these
procedures, we will obtain those inconsistencies §x;+8x4 that can be defined as:

AF; AF,

6X1 ...,6X4 =

(?))P:)x—fl S5AX , (%)X:I,SAX’

where
AF; =Fin — Qg1 s AFs =Fap — Quup-
Derivatives in the denominator are defined as:

aF_a bd cos X . b sin X
ox  '2Ax O 2Ax  P2Ax . 2Ax

and will have values at the appropriate points

oF T \/_ \/— .
- _ _ T g r ;
(ax>x_1,5Ax 2Ax< 2 + a 5 > 4AX( 2H 4H)
F F .
(i> E(EH_Fm)(a> :_<i) ;
ox x=-0,5Ax 4A 0x x=0,5A% ox X=—1,5A%

(0F> B (0F>
ox x=1,5A x ox x=—0,5A%

Now you need to process the presented series of values in order to obtain an
assessment 8. The definition of the latter can be produced using the Kalman filter,
which in our case has the form [3]

P*(k + 1) = P(k)
k) = P* (k)/[P* (k) + A%]

B(l
P(k) — [1 - B(k)]P* (k)
d%(k) = 8%(k — 1) + B(k)[dx(k) — 8%(k — 1)]

(35)

where A% variance of systematic (or methodical) error definitions 8x, in our case
does not exceed (0.05 A x)?; and

P * is in the general case a matrix of dispersions, and in our case the variance of
random error of “measurement” of value 6x.

It is determined in the real device by both external interference and internal noise.
Since we are now considering the system without interference, the random error is
determined only by the error of calculating and rounding the signal values. In (35), P *
is a nominal value and is defined as:

=[5 (),

where o, is the MSE of interference error.

79



Optoelectronics — Recent Advances

Note that P * ~ is 2 orders of magnitude less than A That will do to calculate the
first B value of the filter gain.

Algorithmic calibration of optoelectronic system

The essence of the algorithmic calibration is to estimate the impulse response or
reference function of the primary path of the meter. The main stages of a stellar
sensor-type EPR, which are as follows:

1. A portion of the starry sky is shot so as to register as many stars as possible in one
frame throughout the field of the device, and this data is recorded in the
computer memory.

2.The corresponding method is used to subtract the background,

normalizing, bring images to a common origin, and average them. If you are
performing an algorithmic calibration, you can obtain both a one-dimensional and a
two-dimensional reference function, consider the calibration procedure in more
detail.

Obtaining a one-dimensional reference function

As mentioned above, OEI with CCD as the first step must register a piece of a
starry sky. Received frame representing a digitized signal matrix is recorded in com-
puter memory. The signal from each individual star, which is an ideal point source, is
nothing more than a function of scattering the point of the lens. Moreover, the latter
has already been spatial sampled and digitized. The initial step of processing is to
determine the mathematical expectation of the background and variance (or MSE) of
the background (this procedure has already been described above).

Applicable to 1616 pixels fragments. First, the sub-array 4 x4 of the pixels occu-
pied by the useful signal from the stars is eliminated, then the mathematical background
expectation and background or noise variance are determined in a known manner.
Further, from the signals (samples) of the 4x4 submatrix occupied by the useful signal,
the background signal is subtracted and a new submatrix containing only the useful
signal and random noise with zero mathematical expectation is obtained.

The next step of processing is the formation of lines along the axes “x,” “y,” each of
which contains 4 pixels. This procedure is described above. Since the position of the
datum function relative to the coordinate center of the 4x4 submatrix of the pixel is
random, it is necessary to bring it to the coordinate center of the submatrix. For this,
the above analytical description can be used, then the operation of bringing the
reference function to the center of the submatrix is reduced to calculating derivatives
and determining corrections AFy to F at points

x1 = —1,5A%x;% = —0,5A%x;x3 = 0,5A%x; x4 = 1,5A%,

that is,

dF dF dF oF
AFl)A(m<> ;AFz)A(m<> ;AFg)A(m<> ;AF4§(m() 5
0x/, ox/, 00X/ 5 0x/,

where X, and (%), defined by the expressions given above, that is,

oF b JoF b1
<0x>1 = KX(QXZ — Qx4)s <0X>2 = KX(Q)G — Qx1);
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oF OF
<&)3 = 4AX(QX2 Qx4); (&)4 4AX(QX3 Qxl);

Then, considering %, and ( ) we obtain

aF; = (B2 e
AR = (227
aF; = (Rt

AF4 _ (Qxl 5 Qx3>arctg

x1 Qx2+Qx3+Qx4
)arCtg ( Qx1+Qx2+Qx3 Qx4
QXl)arctg

x1 QXZ + Qx3 + Qx4> (36)

( Q1+ Qx2+ Qy3 — Qs
( x1 QX2+QX3+QX4

x1 + QX2 + Qx3

Qxl B QX2 + Qx3 + QX4>
Qxl + QXZ + Qx3 - Qx4

Corrected values of the given reference function are determined by expressions
Fi =F1+AF,, ...,F, =F4 + AF,
and the maximum TFT value at point x = 0 is

V2

4FH+E+%*H) (37)

1

Froas = 7 (F1+ Fy + F3 +Fy) +
To get the average of the reference function the frame (and, accordingly, the

angular field) should be normalized for each image, which is reduced to dividing F; by

F/_ and calculating the average value F, of all L images of stars in the frame along each
coordinate axis

F, LZ( Fruay 3] = 1,2,3,4 (38)

Thus, we get normalized and centered, relative to the origin, submatrices of the
values of the datum function along the axes “x” and “y.” For ease of calculation, a
suitable analytical description may be adopted as the reference function. Thus, for
example, to describe the reference function of the OEI O3I-1 (optical star sensor),
Student distribution is the most suitable.

2

F(x) :n\/g

1+

(x— xo)2 -
3

The distribution of illumination over the image of the point emitter, as a rule, has
one maximum, so it is often described by the Gaussian of rotation. Based on these
representations, an algorithm can be obtained for estimating the parameters of such a
Gaussian: The position of the maximum Xy,, §,, and the parameters of the distribution
Ox, Oy of taking into account the averaging by samples within the submatrix occupied
by the useful signal. Suppose that the envelope of the distribution of counts over the
image can be described by a two-dimensional gauss function [4]
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s 2 5 2
Qxy) = Qo exp [_ (-5l (7~ ) ]

2 2
202 207,

where Qo: signal amplitude;

Xm, ¥,,: Maximum position (note that it is in.

within pixel Qs;;—Figure 5);

Ox,0 y: distribution parameters.

Expressions for image coordinate estimates have the form

2 2 2
52 —3/] ( Q23 Q3;Q%5 )
% =3/ Q) Qs U Qs Ur Qs
. &2 Q24 Q34 Q44)
= g [ =2 s e
e n(sz Qs Q2

Q3,Q3Q3, )
=3/1
/ “<Q24 Qs Qs Qs Qo U

& (QpQuQ
N 22 Q2304
Ym =6 H(Q4z Qs Q44)

(39)

Estimates of the formulas given will be obtained in the matrix decomposition
pixels. It should also be noted here that the resulting values X, y, will differ from the
estimates for previous algorithms by 0.5 pixel for each coordinate since the center of
the coordinate system is placed in the center of the pixel.

Block 9 is intended for the calculation of error of coordinate estimation. Its Ax,,
value is defined as follows. Sets the original position of the image. It calculates the
value of the signal in the pixels taking into account external and internal interference
within the image, according to the modeling algorithms given above. The original
image position values xg, yo range from —0,5Ax to +0,5Ax. Further, a values
AXm =X — Xm, Ay, =V, — ¥,, are determined from the expressions for estimating
coordinates. Thus, at least 250 implementations in each position of the image are
processed and the law of distribution of this error is constructed, by which its param-
eters can be determined.

In the last block 10, a posteriori estimation of the probability of detecting a signal
in one frame for each image is made [5]. The calculation sequence is as follows. We set
the relative detection threshold for each of the “n” images z, = 3 MSE,

Y
Qui| Q7 1 = Qs

QSI' 1 = [ Qss

Figure 5.
Distribution of signals caused by the image over the matrix.
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where MSE is the mean square deviation calculated in block 7.
Next, we find the signal-to-noise ratio p in the pixel containing the maximum
signal within the image

Qi
MSE ’

where Qy, is the maximum count (minus the constant background) in the
submatrix. By these values, we find z, — p = zg

Zt

®(zo) = \/% Je*%e, (40)
0

that allows to calculate probability of signal detection
P06H = 0, 5[1 — zq)(Z())] (41)

each of the “n” images in the frame.
The probability of a false alarm will be determined by the expression

P =0,5— ®(z) (42)

This procedure ends the process of simulating the primary processing of still
images in the ECU with a matrix photodetector.

Replace the entirety of this text with the main body of your chapter. The body is
where the author explains experiments, and presents and interprets data of one’s
research. Authors are free to decide how the main body will be structured. However,
you are required to have at least one heading. Please ensure that either British or
American English is used consistently in your chapter.

3. Conclusion

The studies carried out in this work produced the following results. The method of
modeling the angular OEI with CCD and assessing its accuracy and detection charac-
teristics, as well as assessing the requirements for the parameters of such devices,
including.

* External input impact model;

¢ EIA internal interference model;

* Model of operation of the OEI pixels;

* Model of processes of detection, extraction of useful signal, and estimation of its
parameters.
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Chapter 5

Advances in Colloidal Quantum
Dot Laser Diodes

Jie Lin, Geng He, Yun Hu and Jingsong Huang

Abstract

Colloidal quantum dots possess distinctive optoelectronic properties, rendering
them a promising material for gain applications. Additionally, colloidal quantum
dot lasers can emit light over a broad range of wavelengths, spanning from the
near-infrared to the visible spectrum, which makes them suitable for various applica-
tions. The potential impact of colloidal quantum dot lasers on various industries and
technologies cannot be overstated. Their continued development and optimization
represent an exciting area of research that could revolutionize numerous fields. The
review examines the challenges related to achieving lasing with colloidal quantum
dots, discusses potential approaches to overcome these challenges, and surveys the
latest advances made toward achieving this objective.

Keywords: colloidal quantum dot, optical microcavity, low threshold, laser, electrically
pumped

1. Introduction

Since its first demonstrations in the early 1960s [1], the laser has become a crucial
tool for research, but available materials can not cover all visible light emissions.
Materials that produce optical gain and sustain laser emission with tunable wave-
lengths would spark research interest [2-4]. Colloidal quantum dots (CQDs) are
promising laser materials due to their photophysical properties, solution processabil-
ity, and production capability. They offer advantages over epitaxial and dry process-
ing methods, simplifying device preparation and reducing production costs. CQDs
offer advantages of both inorganic and organic materials, allowing large-area and
low-cost solution processing in device fabrication, making them a typical example of
a solution-processable laser device [5]. The unique technological advantages of CQD
lasers have been widely acknowledged since they first appeared [3], including on-chip
optical interconnects [6, 7] and integrated photonic circuits [8, 9], wearable devices
[10, 11] and advanced medical imaging and diagnostics [12], clandestine markers
[13], and many others. Extensive research efforts have led to significant progress in
achieving CQD lasing with both optical and electrical pumping. Advances include
continuous-wave optical pumping [14], optical gain in electrically-driven QLEDs
[15], on-chip integrated CQD lasers [8], and dual-function devices combining opti-
cally pumped lasing and electrically-driven LED [16].
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However, despite these advances, CQD lasers are still in the stage of laboratory
demonstrations. In most reported studies of CQD lasing, shape control is one of the
primary strategies used to suppress Auger recombination and reduce the laser thresh-
old. Many materials scientists have utilized various strategies from the perspective of
designing and synthesizing colloidal quantum dots to suppress Auger recombination,
enhance the emission efficiency of biexcitons and multiexcitons, and achieve lasing
using colloidal quantum dots with different shapes, for example, spherical CQDs
[17], hetero-CQDs of type I [18], type II [19] and quasi-type II [20], nanorods [21],
dot-in-rods [22], nanoplatelets [23], hetero-NPLs [24], and cube-shaped perovskite
CQDs [25]. Relevant studies have shown that increasing the volume of nanomateri-
als can effectively reduce the threshold [26, 27]. At present, continuously graded
quantum dots (cg-QDs) are considered ideal laser gain materials because they can
suppress Auger recombination by eliminating sharp discontinuities in the confine-
ment potential [28].

CQD laser presents challenges due to the need for a high-quality feedback struc-
ture or optical cavity [29]. Although CQD lasers have been achieved using various
cavity designs, research on this topic is not as systematic as the methods proposed to
suppress Auger decay. The optical gain threshold of CQDs is still too high for practical
applications, and there are still key issues that need to be addressed when coupling
CQDs with optical resonators. This chapter focuses on the development of lasers
based on different cavity designs, discussing the working mechanisms in optically
pumped CQD lasers and the key factors influencing the performance of different
optical resonators. It also presents progress made in developing high current density
light-emitting diodes (LEDs) using various strategies and discusses the challenges
and future development of electrically pumped CQD lasers.

2. CQD lasing with various optical resonators

Current optoelectronic technology relies on expensive and rigid epitaxially grown
semiconductors, while CQDs offer tunable optical bandgap from UV to mid-IR,
cost-effective processing, substrate independence, and potential long-term stabil-
ity. This creates an opportunity for CQDs to revolutionize the field of laser-based
optoelectronics [29]. Therefore, CQDs are compatible with nearly all types of cavity
architectures [30].

The resonator cavity is essential for optical feedback in light amplification.
Resonator design determines resonant modes and output beam characteristics,
making it crucial for high-quality, low-threshold CQD laser development. Resonators
come in various forms and shapes, ranging from simple Fabry-Perot cavities to more
complex geometries that require complex theories and precise preparation facilities.
Examples of resonator geometries include planar distributed Bragg reflector (DBR)
cavities, distributed feedback (DFB), whispering gallery modes (WGM) cavities of
different geometries, microspheres, microdiscs, photonic crystals, etc. (as shown in
Figure 1). Among them, DFB and DBR resonators are the most widely used architec-
tures for CQD lasers. Each of these geometries has unique properties that affect their
lasing performance.

Lasing phenomena have been observed in various optical structures for CQDs,
including cylindrical [31-33], spherical [34, 35], and microring [36] WGMs, as well
as DFB [14, 16-18, 37-42], F-P [43, 44], and VCSELSs [45, 46]. Table 1 below sum-
marizes the performance parameters of CQD lasers in various optical structures since
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a

DBR

b

DFB

C
WGM Photonic crystals
Figure 1.
Resonator structures used for CQD lasers. (a) DBR cavities. (b) 1D DFB gratings. (c) WGM cavities. (d) Photonic
crystals.
Materials Optical Threshold =~ Wavelength  Pumpsource  Publication  Ref.
structure date
CdSe/ZnS WGM 1.25 mJ/cm? ~614 nm 400 nm 2002 [31]
(Cylindrical) 100 fs
CdSe/ZnS WGM 3m]J/0.75 mJ 547/626 nm 532 nm 2002 [32]
(Cylindrical)
CdSe/ZnS DFB 1uJ 583-625 nm 400 nm 2002 [37]
100 fs
CdSe/CdZnS WGM 0.74 mJ/cm? 669 nm 400 nm 2005 [34]
(spherical) 100 fs
CdSe/ZnS Fabry-Perot 3 mJ/cm? 614 nm 390 nm 2010 [43]
(Self-assembled) 150 fs
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Materials Optical Threshold Wavelength Pump source Publication  Ref.
structure date
InP/ZnS DFB 2 mJ/cm’® 616 nm 400 nm 2011 [17]
80 fs
CdSe/ZnS Flexible DFB 4mjiem®  610-640 nm 355 nm 2011 [38]
5ns
CdSe/Zno.5 VCSEL 60 uJ/cm? 620 nm 400 nm 2012 [45]
Cdo.5S CQD (Combined) 100 fs
CcQD Flexible DFB ~500 uJ/cm? 607 nm 355 nm 2014 [39]
5ns
CdSe/ZnCdS 2D DFB 120/280/330 610/575/ 355 nm/ 2014 [40]
uJ/cm?® 455 nm 532 nm
0.4 ns
CdSe/CdS VCSEL 249 m]/cm2 597-603 nm 800 nm 2014 [46]
(Combined) 120 fs
CdZnS/ZnS WGM 252mJ/em®  597-603 nm 385 nm 2015 [33]
(Cylindrical) S5ns
CdSe/CdS Fabry-Perot 10 uJ/cm? 632 nm 400 nm 2015 [44]
(Self-assembled) 70 fs
CdSe/CdS/ZnS 2D-DFB 88 kW/cm? ~645 nm 442 nm 2015 [41]
1.8 us
CdSe-CdS 2D-DFB 6.4-8.4 kW/ ~639 nm CW 442 nm 2017 [14]
cm’
CdSe/CdS WGM 10 uJ/cm? ~638 nm 400 nm 2018 [35]
(spherical) 100-200 fs
CdSe/CdS/ZnS WGM 22 u]/cm2 610 nm 405 nm 2018 [36]
(microring) 340 fs
CdSe/CdxZnil- 2D-DFB 9 wJ/cm? ~628 nm 400 nm 2019 [18]
xSe cg-QDs 130 fs
cg 2D-DFB 5.5 uj/cm?® ~630.9 nm 400 nm 2020 [16]
CdSe/ 130 fs
CdxZn1-xS
e/ZnSeo.5S50.5/
ZnS
CdSe/CdxZn1- 2D-DFB 82 u]/cm2 ~615 nm 343 nm 2023 [42]
xSe cg-QDs 190 fs
Table 1.

Representative CQD lasers with various optical structures.

Malko et al. pioneered coating CQD solid films onto the inside wall of microcapillary

tubes and claimed the observation of lasing in whispering-gallery modes in 2002.

Besides the resonator geometry, other factors can also affect the performance of CQD

lasers, such as the quality and uniformity of the gain medium, and the optical cou-

pling efficiency between the gain medium and the resonator.

The DFB structure has proven to be an effective and versatile optical resonator

for CQD lasers, with numerous research advances made in recent years, as shown in

Figure 2. In CQD DFB lasers, the grating structure is typically created by periodic

modulation of the refractive index or the gain/loss of the waveguide. This modulation
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Figure 2.

Representative CQD laser with DFB as optical vesonator. (a) Earlier demonstrated DFB CQD laser. (b)

DFB laser based on InP/ZnS CQD. (c) Flexible DFB CQD laser. (d) Surface-emitting DFB CQD laser. (e)
Wavelength-tunable DFB CQD laser. (f) Quasi-continuous-wave DFB CQD laser. (g) Continuous-wave DFB
CQD laser. (h) LED-coupled DFB dual-function devices. (i) DFB-based, high-curvent density QLED. Reprinted
with permission from refs. [16-18, 37-42].

can be achieved through various techniques, such as electron beam, holographic,

and nanoimprint lithography. Among various optical structures, DFB is one of the
earliest and most popular choices. In a survey of 20 representative articles on CQD
lasers, DFB was used as an optical resonator in 10 of them. Adachi et al. and Fan et
al. achieved quasi-continuous [41] and continuous wave [14] CQD laser emission
using the DFB structure, which further increased its popularity. Due to its compat-
ibility with a QD-LED-like device [16], DFB has become one of the feasible resonator
structures for realizing electrically driven devices. The incorporation of DFB into a
QD-LED-like device enables the device to operate in both electrical and optical pump-
ing modes. This has led to the development of electrically pumped CQD DFB lasers
with low-threshold current densities and high efficiencies. Recent research progress
indicates that this hybrid structure can achieve high current injection [42].

From the statistical results in Table 1, it can be seen that WGM-based optical reso-
nators are the second most commonly used optical structure for CQD lasers. Figure 3
shows a comparison between the various geometries based on WGM-based CQD
lasers. WGM-based CQD lasers have several advantages, such as low threshold, single-
mode operation, high efficiency, and wavelength tunability. The resonant modes in
WGM-based cavities are confined by total internal reflection at the curved surface
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Figure 3.

Representative CQD laser with WGMs as optical resonator. (a) CQD laser with cylindrical microcavities. (b)
Lasing from semiconductor quantum rods in a cylindrical microcavity. (c) Quasi-continuous CQD laser with
fused silica hollow fibers as the resonators. (d) CQD laser with self-assembled spherical resonators. (e) CQD laser
from a microsphere resonator composite. Reprinted with permission from. (f) Active color-controlled CQD ring
laser. Reprinted with permission from refs. [31-36].

of the cavity, which allows for high-Q modes and strong light-matter interaction.
WGM-based CQD lasers have been demonstrated in various geometries, including
cylindrical, spherical, and microring resonators. These resonators can be fabricated
using various techniques, such as lithography, etching, and self-assembly. WGM-
based CQD lasers are a promising candidate for various applications, such as bio-
sensing, spectroscopy, and on-chip optical communication systems. However, there
are also challenges to be addressed, such as the optimization of the cavity geometry
for specific applications, the stability of the resonant modes, and the development of
efficient injection schemes for electrically pumped WGM-based CQD lasers.

Finally, it is important to also focus on another type of optical resonator structure
commonly used in other types of lasers, the Fabry-Perot cavity, also known as the ver-
tical-cavity surface-emitting laser (VCSEL) cavity (Figure 4). Compared to WGM-
based CQD lasers, VCSELs have a simpler cavity geometry and can be fabricated more
easily and with higher yield. They also have excellent beam quality and can emit light
perpendicular to the surface. However, VCSELs typically have a higher threshold and
lower efficiency. They also suffer from wavelength tuning limitations due to the fixed
cavity geometry. It is worth noting that some recent studies have also explored the use
of VCSEL-like geometries for CQD lasers, such as the use of sub-wavelength metallic
grating structures as the top mirror to enhance the light-matter interaction and reduce
the lasing threshold. These structures have shown promising results in terms of high
efficiency and wavelength tunability. In summary, while WGM-based CQD lasers
and VCSELs have their own advantages and disadvantages, both have demonstrated
significant progress in recent years and are expected to continue to play important
roles in various fields of photonics and optoelectronics.

Optically pumped CQD lasers have achieved significant progress, and recent
advancements have allowed for electrically driven devices, which have expanded the
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Representative CQD laser with F-P or VCSEL as optical vesonator. (a) Self-assembled F-P CQD resonator laser.
(b) Single-mode CQD laser lasing from self-assembled F-P resonator. (c) Optically pumped CQD-VCSELs in red
and green. (d) Colloidal nanoplatelets lasing with combining two DBRs together. Reprinted with permission from
vefs. [33, 43-45].

possibilities of designing optical resonators for CQD lasers to support high-current
injection. The choice of resonator geometry and material composition depends on
specific application requirements, and integration with other components is crucial.
Research is focused on developing efficient cavity structures such as DFB-coupled
and planar microcavities, ring resonators, and photonic crystal cavities, among oth-
ers. The development of suitable optical resonators for high-current injection CQD
lasers is an ongoing and challenging area of research but holds promise for various
applications. Advances in resonator design, material composition, and integration
with other components will continue to drive progress toward practical and efficient
CQD laser devices.

3. High-current-density light-emitting diodes (LEDs)

Recent research in CQD laser technology has resulted in advancements in reducing
Auger recombination, leading to lower lasing thresholds and continuous wave
CQD emission. However, achieving an electrically pumped device, comparable to
conventional LED devices, requires a significant reduction in the threshold, which
is currently relatively high. To realize an LED-style electrically-pumped CQD laser,
new structural designs or electrical-driven methods may help enhance the current
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injection of LEDs. Innovative approaches involving materials engineering and device
fabrication strategies may also be necessary.

As the device structures of organic light-emitting diodes (OLEDs), CQD light-
emitting diodes (QLEDs), and perovskite light-emitting diodes (PeLEDs) are similar,
the maximum injection current density of these three types of devices under direct
current injection is not significantly different. However, the difference in their lumi-
nescence efficiency is substantial. The maximum external quantum efficiency (EQE)
of small-molecule OLEDs is usually around 5%, while that of QLEDs and PeLEDs
exceeds 20%. This is clearly reflected in the maximum brightness or output power
of the devices. Currently, the highest brightness of OLEDs is about 1,500,000 cd/ m’
[47], while that of QLEDs and PeLEDs is 7,646,245 cd/m? [48] and 9,800,000 cd/m?
[28], respectively. While QLED and PeLED technologies are based on OLED technol-
ogy, CQDs are more suitable for achieving high-performance laser devices in terms of
efficiency and output power.

Table 2 summarizes representative high-current density amorphous thin-film
LED devices over the past 18 years. The mobility of holes and electrons in high-effi-
ciency LED devices typically ranges from 10™* to 10 “cm”V " 57!, making it challenging
to effectively enhance carrier injection by increasing the mobility of functional layer
materials. However, achieving high current injection is crucial for the performance of
the LED devices. To this end, it is necessary to address and reduce the negative effects
of Joule heating, which can increase device temperature and impact the performance
and lifespan of the device. Previous studies have shown that Joule heating can cause
OLEDs to overheat by tens or even hundreds of degrees Celsius, even at moderate cur-
rent densities of only a few amperes per square centimeter due to their high resistivity
[58]. Consequently, reducing device resistance and improving its heat dissipation
ability are effective methods for mitigating Joule heating. One potential approach
is to use a substrate with good thermal conductivity or to perform low-temperature
testing. Hajime Nakanotani et al. conducted a study in which OLED devices with
identical structures were fabricated on substrates with different thermal conduc-
tivities, namely Si, sapphire, and glass [49]. The results showed that the maximum
current density achieved in these devices were 1163, 823, and 567 Alcm?, respectively,
indicating that the thermal conductivity of the substrate has a significant impact on
Joule heating. Additionally, the implementation of optically pumped CQD lasers at
low temperatures is another example of a technique utilized to mitigate Joule heating
[37]. By operating the device at a lower temperature, the amount of heat generated
due to Joule heating can be reduced, thus preventing thermal damage and lowing the
device’s threshold.

In addition to these methods, pulsed driving can be used to control the impact of
Joule heating. In amorphous thin-film LEDs, using short-pulsed driving can easily
increase the injected current density to over 1000 A/cm? [15, 28, 48, 52, 54, 60].
Additionally, the width of the electrical driving pulses gradually becomes shorter,
transitioning from microseconds [53, 56] to nanoseconds [54, 60]. Using short pulses
with a low duty ratio for electrical injection can reduce the effects of Joule heating
while maintaining the desired current injection level.

The injected current density in amorphous thin-film LED devices is influenced by
the driving method and is closely related to the active area, as shown in Figure 5, which
illustrates the maximum injected current density as a function of the emission area’s
size. When the active area is 1-10 mm”, the maximum injected current typically ranges
from1to 4 A/cm? [28, 51, 57]. However, when the active area is reduced to 0.01-0.1
mm’, the maximum injected current density can reach up to 600 A/cm” [42, 56].
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Figure 5.

Enhance the injection current density vs varying the active area and using pulsed-driven mode. The injection
curvent density plotted as a function active area for OLEDs (ved circles with pulsed driven [52—54], red solid
circles with DC driven [47, 49, 50] ), QLEDs (ved pentagram with pulsed driven [15, 28, 42], red solid pentagram

with DC driven [15, 28, 57] ), and PeLEDs (green hexagon with pulsed driven [48, 56, 60], green solid hexagon
with DC driven [48]).

The range of 0.001-0.01 mm” for the active area is currently the most commonly used
for high-current injection LEDs, with the lowest current density exceeding 1000 A/
cm? [15, 28], and the highest exceeding 10,000 A/cm? even under DC driving [47].
However, reducing the active area below 0.001mm? will not result in further increases
in the maximum injected current [48, 52]. As the active area decreases in amorphous
thin-film LEDs, the increase in injected current density can cause thermal effects that
affect the device’s electrical and optical performance. Balancing the active area and
injected current density is crucial for achieving better performance in LED design.
The previous section discussed the effects of the driving method and the active
area on the injection current. However, there are also challenges in achieving small-
area LEDs. Currently, there are three main methods for obtaining effective areas
ranging from tens to thousands of square micrometer, as shown in Figure 6. These
methods are electron beam lithography [52], photolithography [48], and current-
focusing method achieved by depositing wide bandgap LiF in the functional layer
[42]. Each method has its own advantages and disadvantages. The first two can be
combined with advanced processing technology to obtain high-quality patterns, but
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Figure 6.
Representative pattern methods for the small-area LED. (a) E-beam lithography [52]. (b) Photolithography [48].
(c) Current-focusing [42]. Reprinted with permission from vefs. [42, 48, 52].

the processing inevitably produces negative effects on the substrate, especially the
transparent electrode, which is difficult to eliminate. The last method is particularly
suitable for amorphous thin film LEDs, as it can obtain a controllable emitting area
without significantly affecting the device performance and fabrication process [15,
28, 42]. However, attention should be paid to the insulation properties of the thinner
LiF under high electric fields and the possible manifestation of current diffusion in
this structure. Under the premise of not affecting the device’s performance, it may be
possible to achieve true current-focusing by introducing similar insulation layers in
both the hole and electron transport layers.

4. Toward electrical pumping CQD lasing

Electrically pumped CQD lasers have unique optical properties that make them
promising for optoelectronic applications, but developing an optical resonator that
is compatible with CQD electrical injection is crucial. To achieve this, careful consid-
eration is required for material selection, resonator structure design, CQD material
characteristics, compatibility with high-efficiency QLED structures, and fabrication
process compatibility. Future development of electrically pumped CQD lasers will
require continued improvements in resonator design, such as developing new micro-
cavity structures and design theories to eliminate light scattering, and optimizing the
integration processes for resonant cavity and QLED device fabrication to minimize
optical losses. With continued research and development in these areas, electrically
pumped CQD lasers have the potential to become highly efficient and tunable light
sources for various optoelectronic applications.

Yue Wang et al. have pointed out that the scattering problem caused by the
nonuniformity of film thickness in CQD results in difficulties or obtaining high-
quality factor optical resonant cavities [30]. Klimov et al. have specifically discussed
this issue in several review articles [26, 27, 61]. As discussed in the first part of this
article, DFB is currently the most commonly used optical resonant cavity for CQD. In
recent years, Klimov et al. have made significant progress in the use of DFB structures
in continuous-wave pumped CQD lasers [14], LED, and CQD laser dual-function
devices [16], and thus, the DFB structure is considered one of the optional structures
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for electrically pumped devices. Another optical structure, the planar microcavity or
VCSEL, is considered unsuitable for CQD due to high optical. In fact, even in the field
of optically pumped CQD lasers, or even QLED, devices based on planar microcavi-
ties are rare. Currently, the optically pumped VCSEL CQD laser uses a combination
structure [45, 46], where two DBRs are combined physically. There have been no
reports of monolithic VCSEL CQD devices. The principle of using planar microcavi-
ties to adjust the emission characteristics of CQD is simple in theory, but in practice,
there are few reports, and most of them are based on metal microcavities [62-66],
which do not significantly improve device performance or regulate emission and laser
properties. Wang et al’s report is one of the few research results that demonstrate the
advantages of planar microcavities [67]. If we can combine the above discussion and
analyze why the use of planar optical microcavities cannot effectively regulate the
emission and laser properties of CQD, it may be possible to develop a new resonant
cavity structure to assist in achieving electrically driven CQD lasers.

The use of planar microcavities or VCSELSs to regulate the emission and laser
properties of CQD lasers has been considered unsuitable due to high optical losses and
complex preparation processes. However, a recent study by Wang et al. demonstrates
successful use of planar microcavities to regulate CQD laser properties, which may
be due to targeted improvements and optimized preparation processes. Overcoming
optical losses and preparing high-quality factor planar microcavities remains a chal-
lenge. Nonetheless, planar microcavities offer advantages such as simplicity, control,
scalability, and wider wavelength tuning range compared to distributed feedback
structures. Combining the advantages of planar microcavities and distributed feed-
back structures may lead to better solutions for improving CQD laser performance.
Further research is needed to explore the effective regulation of CQD laser properties
using planar microcavities or other optical structures and to develop new resonant
cavity structures for electrically driven CQD lasers.

In this case, researchers need to explore new methods to address these issues. Gao
et al’s research has shown that interface engineering can effectively reduce optical
losses caused by interface states [68], thereby improving the quality factor and laser
characteristics of microcavities (Figure 7).

As shown in Figure 8, Lin and coauthors have proposed a novel design strategy for
microcavities light and laser devices. The non-quarter wave microcavity structural
design is a promising approach for enhancing the performance of optoelectronic
devices, such as OLEDs [69] and Pe LEDs [70]. The use of non-quarter-wave DBRs
in MOLEDs leads to a higher EQE and narrower emission spectrum compared to
quarter-wave DBRs. Additionally, the use of non-quarter wave DBRs in metal-
dielectric microcavities can provide further enhancements in device performance.
This novel microcavity design presents new research opportunities for electrically
driven lasers based on planar microcavity structures. The proposed design enables
flexible tuning of the cavity resonance modes by adjusting the thickness of the optical
spacer layer while maintaining high-performance QLED devices. This approach
facilitates efficient coupling between the microcavity modes and the CQD emitting
layer, enhancing the laser’s overall performance. By employing this new microcavity
design, researchers can achieve effective control over the emission characteristics of
CQD lasers while maintaining high device performance.

The application of non-quarter-wave microcavity designs in OLED and PeLED
devices is a promising approach for optimizing the performance of CQD technol-
ogy. The design approach solves the challenges associated with balancing the optical
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Strguctures of OLED and PeLED with non-quarter wave microcavity structural design. (a) Structure and
cross-sectional SEM image of MOLEDs. (b) EL spectra of MOLEDs with different non-quarter wave DBRs. (c)
Schematic of a metal-dielectric microcavity with different DBRs, including quarter wave DBR and non-quarter
wave DBR, forming a Fabry-Perot resonator that surrounds a cavity medium of vefractive index n and thickness
L. (d) Cross-sectional SEM image of the perovskite microcavity device. (e) the refractive index of each layer and
standing wave electric field distribution in the designed MPeLED. Reprinted with permission from refs. [69, 70].
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Figure 9.
A proposed planar microcavity structure based on non-quarter-wave DBR for high-efficiency electrical injection
based on CQD.

and electrical performance of CQD devices, and enables the optimization of both
aspects in tandem. By employing non-quarter-wave DBRs, the actual reflection
interface of the microcavity can be relocated inside the DBR, effectively mitigat-
ing the optical interface issues that typically arise when reducing the nanometer
functional layer and contacting the optical resonant cavity. A novel optical resonant
cavity structure has been designed for CQD lasers based on this approach, which
improves the coupling efficiency between the microcavity mode and the CQD emit-
ting layer, while also resolving optical interface issues, as illustrated in Figure 9.
The proposed planar microcavity structure based on non-quarter-wave DBR offers
a promising avenue for the development of high-efficiency optoelectronic devices
based on colloidal quantum dots. Its unique design enables flexible tuning of the
cavity resonance modes and efficient coupling with the CQD emitting layer, which
are critical for achieving high-performance CQD devices. The proposed approach
provides a simple and effective solution for realizing efficient coupling between

the CQD emitting layer and the microcavity modes, which is critical for achieving
high-performance CQD lasers.

5. Summary and outlook

After years of extensive research, electrically driven CQD lasers are on the verge
of becoming a reality. However, researchers have found that the challenges faced by
CQD lasers are similar to those encountered by organic semiconductor lasers [71,

72]. Therefore, there may be potential synergies between these two technologies,

and it is essential to explore how to leverage these synergies to the fullest [27, 61].

The latest research progress in CQD has leveraged the design approach of inorganic
optoelectronic devices to achieve high current injection through current focusing

[73, 74], enabling CQD optical-pumping lasers and LED functional devices [16]. This
approach is also inspired by the DFB electrical-driven organic devices [75]. Although
many teams have made significant efforts in this regard, the differences between
CQD materials and devices have made it challenging to implement promising ideas.
Based on the basic principles of optics and materials science [76], and considering the
characteristics of colloidal quantum dots, the characteristics of QLED are studied.
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Developing a microcavity for efficient electrical injection of CQDs, overcoming
optical-electrical balance issues [69].

In summary, the realization of electrically driven CQD lasers still lacks several
critical pieces. To address this issue, the novel optical microcavity design theory
mentioned in this article, as well as the optical resonant cavity constructed based on
the characteristics of CQD materials and devices, successfully separates the optical
and electrical interfaces of the electrically driven device. This separation may become
a crucial puzzle piece in achieving electrically driven CQD lasers. The potential
synergies between CQD and organic semiconductor lasers should be explored further,
and leveraging the latest research progress in the field of inorganic optoelectronic
devices and organic lasers [77, 78] may hold the key to realizing electrically driven
CQD lasers. The novel optical microcavity design theory and the constructed opti-
cal resonant cavity may provide an essential breakthrough in this regard. Recent
advancements in CQD lasers indicate that unlocking the potential synergies between
different technologies will play a critical role in achieving breakthrough progress [79].
Perhaps, the final implementation of electrically driven CQD lasers may depend on
the synergistic effects of numerous research fields.
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Transmission Security Paradigm
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Abstract

Optoelectronics plays a crucial role in the field of telecommunications and
networks. Specifically, optoelectronic constructions serve as sources, detectors, and
light controllers in communication and optical network systems. One of the require-
ments of a secure system is evaluating the optical components of optoelectronic
assemblies and ensuring their security against malicious attacks. To address this, we
introduce the concept of optical fingerprints in optical communications and networks.
This concept includes reading the fingerprints of devices, sub-systems, and systems to
address services that comprise security, authentication, identification, and monitor-
ing. Using optical fingerprints as a signature of optical fibers, it becomes possible to
identify and evaluate any optical component of optoelectronic assemblies through
their pigtail.

Keywords: security, authentication, identification, monitoring, optical fingerprints,
optical physical unclonable functions, digital signature, optical network,
communication systems

1. Introduction

The rapid development of optical telecommunication technologies has necessitated
the evolution of telecommunication security techniques and protocols. The increasing
adoption of fiber optic communication systems, which constitute the foundation of
global telecommunications infrastructure [1], poses challenges to ensuring the acces-
sibility and confidentiality of networks and data in the presence of adversarial attacks.
Adversarial potency is constantly increasing through the utilization of high-
performance devices and the exploitation of intensive machine-learning algorithms to
enhance attack effectiveness.

Security and confidentiality within the open systems interconnection (OSI)
(framework, which describes the functions of networking or telecommunications
systems) are primarily governed by the upper layers. The OSI security architecture,
recommended by ITU-T, establishes a standard for data security by identifying the
attacks, security services, and security mechanisms. In this model, security protocols
are applied from the top layer down. The application layer, which is the layer most
users interact with, may include end-to-end cryptography (e.g., WhatsApp messages
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are encrypted to be recognized just by users). Additionally, the presentation and
session layers, which are responsible for syntax processing and creating communica-
tion channels between devices, respectively, may benefit from data cryptography. The
transport layer, responsible for transmitting the data across network connections, can
utilize protocols such as Secure Sockets Layer (SSL) or Transport Layer Security
(TLS). These protocols provide authentication between parties, data integrity, and
digital signature. The network layer, which handles the routing of the data, is respon-
sible for security at the network level using functions such as packet authentication,
cryptography, and integrity (e.g., Internet Protocol Security — IPsec). In contrast,
admission control performs a check at the link layer to guarantee the proposed con-
nection. Wireless systems developed Wi-Fi Protected Access (WPA) protocols to add
protection mainly to wireless computer networks. Regarding the physical layer
(PHY), security implementation is typically lacking as the establishment of optimal
security protocols at this level remains a worldwide problem.

Despite security and confidentiality primarily being addressed at the upper layers,
the implementation of physical layer security offers an extra level of protection that is
currently lacking in communication networks and remains a significant global tech-
nical challenge. With that objective in mind, we introduce optical identification (OI),
a novel method that aims to implement a novel (ID) technique for enhancing physical
layer security (PLS).

Despite the numerous studies, suggestions, and experimental works reported on
physical layer security (PLS) [2, 3], there remains a significant need to establish a
practical and effective protocol or technique for physical layer security. In refs. [4,5],
PLS has been defined through keys generated by digital signal processing (DSP). The
disadvantage of such a method is its vulnerability to digital attacks, similar to other
cryptography-based PLS [6]. The PLS enhancement through the monitoring of optical
communication with quantum-level sensitivity using a quantum pilot tone, as pro-
posed in ref. [7], or more commonly through the Quantum key distribution (QKD)
[8, 9] provides intrinsic security. However, these approaches are not cost-effective
and often challenging to implement. Recently, an approach for boosting PLS was
introduced with a subcarrier identification process in the receiver DSP [10], which is
vulnerable if attackers have knowledge of the transceiver DSP configurations. The
investigation of PLS-based optical chaos communication has explored various struc-
tures [11-13]. However, the impracticality of this approach arises from the high-level
synchronization requirement between the transmitter and the receiver [14]. Addi-
tionally, the security of chaotic communication can be compromised by the problems
created by the feedback loop of the chaotic system [15]. A viable approach has been
proposed lately, in refs. [16, 17], involving the use of optical steganography to hide
messages below the noise level, thereby ensuring secure communication. Although
this technique is practical, it cannot detect the existence of an eavesdropper. This
technique has vulnerability to adversaries who know the system and are able to
acquire and analyze the whole spectrum [18, 19]. In recent investigations of security
techniques, physical unclonable function (PUF), as a new approach for PLS, attracted
considerable attention.

The PUF approach is based on the material’s physical features, in which a physical
device provides unique output for a given input thanks to its unclonable and
unpredictable response. These types of devices are usually implemented in comple-
mentary metal-oxide-semiconductor (CMOS) [20, 21]. PUF overcomes the disadvan-
tages of computational cryptography, steganography, and other techniques, and its
security level is subject to the difficulty of cloning the function response [22, 23].
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Therefore, a specific input function called challenge (Challenge) ends with the indi-
vidual output function called response (Response). New challenges will not end with
the same response, and every single challenge has its unique response. The significant
fact about PUFs is that any PUF material has its own unique function, which means
applying the same challenge to two different PUF materials results in two different
responses. This feature makes PUFs a strong security technique, and a viable alterna-
tive to today’s techniques based on cryptography. It is worth mentioning that the term
PUF includes several technical and technological categories. Among them, electrical
PUF has been considered in ref. [24] as a PLS technique, however, this technique is
not practical because both the transmitter and receiver should have access to the same
PUF to synchronize their channel [25]. Optical PUF (OPUF), based on the optical
token, has also been investigated in several studies to generate secure cryptography
keys [26] and for authentication applications [27].

In this Chapter, we introduce the concept of optical identification by reading the
optical fingerprint in optical communications and networks, exploiting OPUF, which
is a practical technique to enhance network PLS based on OPUF. The fundamental
principle of the proposed technique is to identify networks, optical links, systems,
sub-systems, network elements, and any optical component of optoelectronic assem-
blies that possess optical fiber or fiber pigtail. The proposed technique is carried out
based on the following procedures: in the first step, the optical fingerprint of the
device under test (DUT) is read and stored. The fingerprint is generated using the
Rayleigh backscattering pattern (RBP) of the fiber (or fiber pigtail), which is consid-
ered a strong OPUF [28]. In this manner, every DUT possesses its unique fingerprint.
The second step is DUT identification through the simple technique of comparison
between a stored fingerprint and the DUT to be identified. We demonstrate the
validation of fingerprints through several different metrics, including security,
uniqueness, unpredictability, unlclonability, and reproducibility. The benefit of our
proposed technique is that it does not require receiver-transmitter synchronization
[25] or the fabrication of OPUF [29] as the inherent feature of the fibers serves as our
proposed OPUF.

The proposed method can be used for communication security, authentication,
identification, and monitoring purposes, both in point-to-point communication and
optical networks. It could be considered an effective security implementation to
evaluate the optical components of optoelectronic assemblies and ensure their security
against malicious attacks.

The following sections will provide a detailed description of the proposed tech-
nique. Section 2 presents an overview of physical unclonable functions, which form
the security basis of the proposed method. Section 3 introduces the concept of optical
fingerprints in networks and communication systems. The performance evaluation of
optical identification (OI) is described in Section 4. Section 5 shows possible applica-
tions and discussion. Finally, conclusions are summarized in Section 6.

2. An overview of PUF

Physical unclonable functions (PUFs) [30] can be considered like biometrics [31]
for physical objects such as sensors, devices, integrated circuits, and so on. In fact, as it
happens for living beings, and for humans in particular, in which biometrics (e. g.
fingerprints, DNA) can be adopted to identify and distinguish different exemplars
and subjects, PFUs can be similarly used to make a distinction among diverse physical
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objects involved in a specific process. The reference to the word “physical” indicates
that PUFs are generated by resorting to some physical characteristics that are intrin-
sically present within a certain electronic device. Such features are generally embed-
ded during the fabrication step and are usually due to some small manufacturing
imperfections induced by the construction procedure itself. Such imperfections are
randomly generated but remain persistent within each device and, above all, they
grant distinctiveness among each different physical object; this desirable aspect can be
effectively exploited for security mechanisms in various application scenarios such as
IoT (Internet of Things). The other particularly interesting aspect concerns the adjec-
tive “unclonable,” which means these features, and especially the measurements they
determine, cannot be easily duplicated in order to induce a falsification and/or
exchange an identity. In addition to this, PUFs do not need to be stored within an
electronic memory as it normally happens for a digital secret, but they intrinsically
belong to the physical object as a classical fingerprint. This is advantageous because,
for instance, specific secure hardware solutions are not required and, furthermore, it
is more difficult to perpetrate invasive attacks. This can be better understood if we
imagine using a PUF to generate a cryptographic root key for a specific device. In this
case, such a key is created by the PUF and neither any key injection is required, nor it
can be copied from one device to be used onto another one. The crypto key does not
need to be stored anywhere but it can be recovered from the device’s fingerprint
whenever it is necessary during, for example, an authentication procedure.

PUF-based security systems can be generally implemented as identification mech-
anisms based on a well-known challenge-response pairs (CRPs) protocol. As evidenced
in Eq. (1), each time a PUF receives a “challenge” (CH) as input, it outputs a
“response” that is highly difficult to be predicted and replicated.

PUF4(CH;) # PUF4(CH;),Vi # j 6Y)

A PUF-based circuit can be seen as a black-box model where the input challenge is
processed by the function F(.), whose characteristics are determined by the PUF
itself; the resulting output is the response such that response = F(challenge). The
internal behavior of the function F(.) (namely the PUF) is strictly correlated to the
peculiar inner manufacturing variabilities and cannot be manipulated.

PUFs can be categorized in different ways, anyway, a primary mode for their
classification is to subdivide them into soft and strong PUFs. Such a distinction is
basically related to the number of challenges, when this number is quite limited, they
are generally indicated as soft ones and, on the contrary, in the case, such value is
higher (e.g., a complete determination of the CRPs would not be possible within a
feasible time) they are labeled as strong PUFs. Other important characteristics that
permit to catalog PUFs concern uniqueness and reliability. The term uniqueness is
intended in that the response provided by a PUF is different for different input
challenges (see Eq. (1)) and, furthermore, the same input challenge should generate
distinctive output responses when applied to diverse PUFs (as evidenced in Eq. (2)).

PUF4(CH;) # PUFy(CH;,),VA # B )

The distinctiveness between diverse PUF’s output is generally evaluated in terms
of Hamming distance when it is a binary vector/matrix, but other kinds of measure-
ments can be adopted such as mean squared error (MSE) or cross-correlation (CC).
Diversely, the term reliability regards the capacity of a PUF to provide always the
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same answer when a fixed challenge is passed as input (i.e., an intra-Hamming
distance that should be ideally equal to zero). Reliability has not to be confused with
steadiness, though they are strictly related to each other; steadiness refers to the degree
of response variability but is possibly determined by some changes that occurred in
the operative scenario such as variations in temperature or electric supply or even due
to aging effect [32].

Different kinds of PUFs exist, one of the first examples of an optical PUF is
probably the system introduced in ref. [33]. Such a system is constituted by an input
laser beam directed toward a stationary scattering medium afterward the speckle
output pattern is recorded. In this case, the challenge is based on the laser XY location
and its polarization while the response is the associated speckle pattern. Such a pattern
is strongly dependent on the input location/polarization since multiple scattering
events can occur inside the scattering medium. A simple example of a soft PUF
is represented by the “power-on” state of an SRAM. In fact, though an SRAM cell is
symmetric, manufacturing anomalies can induce a tendency toward a logical “0” or
“1” when the power is switched on. This variability is random across the entire SRAM
and this determines a univocal fingerprint that can provide a distinctiveness. Another
interesting kind of soft PUF can be determined by the acquisition process of digital
images (videos). In fact, when a photo is taken, the camera sensor, which is composed
of a two-dimensional array of CCDs (Charge Coupled Devices), is hit by light photons
whose energy is then converted into electron charges. Due to manufacturing imper-
fections in the silicon wafer, each cell of the camera’s sensor differently answers to a
uniform incoming light. Consequently, this determines the superimposition, onto
each content it takes (images and/or videos), of a systematic noise, named PRNU
(photo response nonuniformity noise [34]) Such noise is not perceivable and does not
degrade the visual quality of the acquired contents, but it effectively constitutes a sort
of fingerprint that is embedded within the image pixels. Such a fingerprint can be
successively extracted by means of high-pass filtering and compared with the avail-
able reference fingerprints of different cameras to perform a source identification
similar to what happens for the association process between the gun and the bullet in
ballistics.

Though the possible advantages are significant, PUFs are anyway prone to security
issues as well as other security mechanisms and these crucial aspects have to be
carefully tackled in relation to the application scenario where PUFs are adopted for
security purposes. Above all, the reliability of the verification system has to be
assessed in order to avoid false alarms and missing detections, furthermore, PUFs
are not immune to malicious security attacks such as spoofing attacks and have to be
properly designed to effectively deal with personal data management and user
privacy.

3. Optical fingerprint

Clearly, physical elements possess distinctive fingerprints, much like humans do.
While we have the capability to identify and potentially render them impervious to
cloning, this notable feature remains underutilized in communication systems and
networks. The scope of our research covers the concept of optical fingerprinting (ID);
where every photonic device, optoelectronic component, sub-system, or system is
assigned an exclusive fingerprint extracted from their physical characteristics and the
nonideality of the optical object in physical process. This approach serves as an
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effective security technique. By assuming the ability to read these fingerprints, we
model security, authentication, identification, and monitoring in point-to-point com-
munication and extend it to optical networks.

3.1 Concept

A point-to-point communication system can be represented by three essential sub-
systems: transmitter, channel, and receiver (Figure 1). As previously mentioned in
the introduction, each sub-system possesses its unique fingerprint, which may be
labeled as IDtx, IDcy, and IDgyx, respectively. We make the initial assumption that
each fingerprint can be acquired independently, forming a strong basis for our
analysis.

Passive sub-system: In this scenario, where the channel is considered to be a passive
sub-system, three potential security approaches may be envisaged:

1.The transmitter reads ID¢;, and IDgx to ensure that the information will pass the
designated channel and reaches the intended receiver;

2.The receiver reads IDtx and ID¢y, to determine the sender’s identity and the
physical path of transmission;

3.The transmitter reads IDgrx, while the receiver acquires IDx enabling both sub-
systems to identify each other. Additionally, they can also verify ID¢, to ensure
the integrity of the communication path.

In this simple case, each signature can be a sufficiently long binary sequence that
can be compared to stored signatures for the purpose of identification. A binary XOR
operation would be enough for such a comparison. In a real system, a signature match
will occur with a certain probability Py, which represents X the specific sub-system,
and 0 <P, <1.

Active sub-system: In a slightly more advanced scenario, when the channel is an
active sub-system that includes devices, the method is extended to enable reading and
validating the signature of the entire system and/or every single sub-system. A direct
extension can be represented as illustrated in Figure 2, which depicts a network
architecture comprising N subsystems each with its unique identifier ID; where
1 <i< N (% represents the itk subsystem). In an optical network, sub-systems can
encompass various components such as transceivers, optical fibers, and optical nodes,
as well as, filters, optical cross-connects, reconfigurable optical add/drop multi-
plexers, and more. The signature (ID) of each sub-system will be generated and stored
in a database. The identification of each subsystem ID; will be evaluated based on a

TX Channel RX

IDTx IDch IDRx

Figure 1.
Point-to-point communications system. IDrx, IDcy,, and IDgx ave physical signatures for the transmitter, channel,
and receiver, respectively.
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Figure 2.
Network architecture example. Each sub-system has its own physical signature (ID), including transceivers, nodes,
and links.

certain probability (P;), which represents the likelihood of the ID being correct. Any
sub-system within the network has the capability to identify other sub-systems and, if
necessary, validate each sub-system or even the entire path. In Figure 2, a specific
path is highlighted in bold. ID; has a connection with ID; through IDy, IDg, IDy 4, IDy,
IDy 2, ID1g, and IDy , 3. Similar to the previous scenario of point-to-point communi-
cation, in this case as well, there is a possibility that ID; may want to verify the path
and/or receiver (IDi). ID; will have the capability to evaluate the probability “Pi” for
each identification, indicating the likelihood that the sub-system is the expected one.
In the case of independent interrogation of sub-systems, it will be easy to evaluate the
probability of any sub-set of subsystems or even the entire path by simply multiplying
independent probabilities. Thus, the probability can be calculated as follows:

ppath = H p; (3)
ie{path}

where Pp.q, represents the probability of passing through all subsystems included
in the path. In the real system, P; <1 so that even Pp.y, < 1. By utilizing the
thresholding operation, it is possible to validate the security of the path (as well as the
individual sub-systems) with a specific probability. Furthermore, with the capability
to independently acquire the fingerprint of each individual sub-system, the system
can identify whether any changes have occurred in the path and discover the location
of the changes. This approach provides a robust framework for enhancing, authenti-
cation, identification, and monitoring. In a more generic approach, it is important to
note that the acquisition of signatures may exhibit correlation, rendering them no
longer independent. In this case, a more intricate model based on the specific identi-
fication technique must be developed, However, we postpone this approach to future
studies.

In both scenarios, in the ideal case when a perfect match is achieved (P, = 1),
security is guaranteed, and five operations become possible:

1.Layer security: If an attack is conducted on one of the identified sub-systems, the
match is disrupted, and the attack is unsuccessful.
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2. Authentication: Authentication can be automatically provided once the sub-
system is securely identified.

3.Identification: Once the sub-system is securely identified, authentication can be
automatically granted.

4.Monitoring: By continuously verifying the signature, any changes in the system
can be identified.

5.QoT estimation: The identification method based on “signature” could enhance
the accuracy of estimation.

Regarding network device census [35], it is common for the network operators to
have limited knowledge of all the fiber types deployed in a network. This situation
poses challenges to the quality of transmission estimation, leading to increased esti-
mation inaccuracies. As a result, network operators may need to adopt higher network
margins than initially anticipated, with a consequent underestimation of the optical
reach and an increase in the costs for regeneration [36].

We consider the Rayleigh backscattering pattern (RBP), which is a robust OPUF,
due to the inherent imperfections in the fabrication process to generate the finger-
print. The RBP of an optical fiber can be measured using optical frequency domain
reflectometry OFDR, and this measurement can be converted into a digital signature,
which becomes the unclonable and unique signature of each sub-system. In the next
sections generating a signature (ID) will be explained in detail.

3.2 Signature

We propose to use the Rayleigh backscattering pattern (RBP) as a signature of the
optical fiber. This approach enables us not only to identify the fiber link but also to
identify any optical and optoelectronic sub-systems through their pigtail. The Ray-
leigh backscattering phenomenon that occurs when optical fibers are stimulated by
propagating light is an optical physical unclonable function (OPUF), due to the ran-
dom density fluctuations caused by the fabrication process [37]. The acquisition of
RPB can be accomplished through the utilization of an optical frequency or time
domain reflectometry (OFDR or OTDR) technique [38, 39]. In this work, we consider
the coherent OFDR (COFDR) since it allows us to increase the sensitivity and resolu-
tion [40, 41]. COFDR is implemented as follows:

1. A continuous wave (CW) laser emitting light with an amplitude of E_0 is used in
the experiment. The laser frequency is linearly swept over time with a sweep rate

of v, and propagates into the fiber under test (FUT).

2.The RBP refers to the photocurrent obtained after self-coherent balance
detection. It can be mathematically modeled as follows:

1(t) = E3 Zn: \/Ri cos (2zytz;) (4)
i—1

when there are # reflection points with reflectivity R; and roundtrip time z; [37, 41].
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It should be noted that in this work, the random phase noise is disregarded, and all
signatures are simulated based on a fiber pigtail length of 0.5 m. The RBP is measured
using the COFDR technique with a sweep time of 0.5 s. For long-distance measure-
ments, where the distance exceeds half of the laser coherence length, it is crucial to
appropriately compensate for phase noise and frequency sweeping nonlinearity. This
compensation method is described in detail in ref. [41].

The RBP-based signatures rely on the OPUF challenge-response protocol. Thus,
any stimulus (called challenge) maps a unique result (called response) and provides a
challenge-response pair (CRP). The following CRP protocol procedure is to generate
the signature:

Challenge (C): The frequency-modulated continuous wave (FMCW) parameters
on the Tx side represent the challenge.

Challenge parameters: (i) sweep rate (y=Hz/s), which indicates the rate at which
the frequency changed in FMCW; (ii) sweep range (AF=A¢op — Agart), which indicates
the distance between the start and stop wavelength in FMCW; and the value of (iii)
stop and (iv) start sweep wavelengths. Every single parameter has an important role
in the spatial resolution and quality of the obtained RBP. This fact is beyond the scope
of this work and is clarified in ref. [41].

Response (R): The obtained RBP represents the response.

By changing FMCW parameters, that is, changing the challenge, the RBP will
change accordingly. Therefore, if we stimulate the fiber with various challenges, we
can extract different RBP patterns from the same fiber. It is important to note that due
to the characteristics of the PUF, each challenge will result in a unique response,
meaning that different challenges will not produce the same response (as illustrated
in Figure 3). As a result of this characteristic, even if an adversary gains access to
the fiber, they cannot generate the desired signature without using the correct
challenge.

To generate the signature, only a single challenge (e.g., C;) will be applied, and the
corresponding response (e.g., R;) will be used to create the binary signature (ID),
which will then be stored in the database (Figure 4). For identification, the same
challenge will be used.

Using a single-bit analog-to-digital converter (ADC), the RBP is digitized with N
samples. Part of the RBP will be selected to generate the binary signal [42]. Depending
on the scenario and type of signature, it is straightforward to use quick response (QR)
codes to represent signatures.

|| Challenge(C,) Response(R,)

| Challenge(C,) Response(R,)

|

Figure 3.
By changing the challenge, the vesponse will be changed. Therefove, even if the adversary has access to the fiber, he
cannot generate the intended signature without applying the correct challenge.

117



Optoelectronics — Recent Advances

Challenge(C,) Response(Rl)m

Figure 4.
OPUF protocol to generate OPUF-based signature. Challenge 1 (C,) ends with vesponse 1 (R,), which is a specific
pattern of RBS of fiber (shown in blue) associated with the specific challenge C,.

4. System identification and performance evaluation

The identification process can be carried out using either Hamming distance (HD)
[43] or the Pearson cross-correlation coefficient (XCOR-C) [42] between the stored
signature and the intended signature. Both techniques thoroughly enable us to distin-
guish the noisy signature from the imposter one, as illustrated in Figure 5.

In both techniques, it is possible to define a threshold (TH) can be defined to
determine whether the signature should be accepted or rejected as genuine
Consequently, the decision rule will be as follow for each method:

XCOR-C: if obtained XCOR-C, between the intended signature and the original one,
is below a certain threshold, the signature will be considered an imposter. Conversely, if
the XCOR-C is above the TH, it will be deemed a genuine signature (Figure 5a).

HD: if obtained HD, between the intended signature and the original one, is
beyond a certain threshold, the signature will be considered an imposter. On the other
hand, if it is below the TH, it will be deemed genuine (Figure 5b, c).

In order to successfully implement the identification process, it is essential for the
acquired signatures to be reproducible. This means that when measurements are taken
at different times, they should consistently result in the same signature as the original
one stored in the database. Due to the measurement noises, there may be slight devia-
tions between the obtained signature and the original one. However, these deviations
are still discernible and distinguishable from the imposter signature. This fact has been
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Figure 5.

Two different identification methods: Cross-correlation coefficient (XCOR-C) between the oviginal signature, (a)
and a bunch of signatures, that among them the genuine signature is detected (peak). The histogram of hamming
distance (HD) between original signature, (b) and a bunch of noisy signatures (mean 144), (c) and a bunch of
imposters (mean 1994). Defined threshold: Green dashed line.
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shown in Figure 5b, c. Regarding Figure 5b, c, the mean value of the HD histogram of
the noisy signatures is about 144, while the mean value of the HD histogram of the
imposter signatures is around 1994. This fact demonstrates the reproducibility as well as
the level of security of signatures. The security of the generated signatures relies on the
intrinsic unclonability of the OPUF [44-46]. That means the obtained signatures are
unique, unclonable, and unpredictable either digitally or physically.

To describe the security validation technique, we assume to have a long binary
word provided by the process of fingerprint identification. Such ID is encoded and
converted to the two-dimensional (2D) binary image comprising 60 x 60 pixels,
Figure 6. To assess the robustness of the IDs against digital cloning, we conducted an
investigation into their resistance to brute force trials (BFT attacks). This type of
attack requires nondeterministic exponential time for data decryption, which shows
their robustness in front of digital cloning. We investigate the security level of the
generated ID (QR code) against BFT's by considering the number of identical bits in
each row of the code with the following process.

The encoded binary image was divided into 60 one-dimensional segments (rows),
each including 60 bits, Figure 6. Therefore, according to Eq. (5), there are C,(n) pairs
of 1D segments, C,(60) = 1770 pairs for each binary image of 60x60 bits.

n!

) = et — o1

5

As a metric for security validation, we consider the Hamming distance between the
pairs of 1D segments. The Hamming distance between a pair of 1D segments refers to
the number of nonidentical bits that need to be flipped in order for two segments to be
similar. The crucial point is that 1D segments with too short or too long Hamming
distances are relatively easy to decipher through BFTs, where a Hamming distance
equal to half of the segment length ensures maximum uniqueness [47].

The Hamming distance histogram of 1770 segment pairs is illustrated in Figure 7,
which goes like a Gaussian distribution with a mean value of around 29, ensuring close
to maximum uniqueness of the 1D segments. The histogram demonstrates the need
for a large number of BFT trials to decipher a single segment of a binary image. This
indicates that a significant number of BFTs would be required to decipher the entire
2D image. (i.e., ID).
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Figure 6.
The system’s ID. (left) 2D binary ID data consists of 60 segments (S), each including 60 bits (60x60) bits. (right)
the QR code. P1: A pair of sequences.
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Figure 7.

Validation of the ID robustness against BFT attacks. Histogram of the hamming distance between the C,(60) =
1770 pairs of 1D segments. The obtained mean value is about 29 using a Gaussian fit, which shows close to
maximum uniqueness for the 1D segment, and thus for the ID (2D).

It should be noted that the signature length can be defined based on the expected
level of security from the signatures [42].

5. Discussion

Based on the proposed technique, any network or its fiber-optical constituent
element can be identified and authenticated. Thereby, any attack, whether physical or
digital, can be detected. Physically invading the system will cause a change in the
system signature that could confirm the presence of an imposter. Even digital invaders
with advanced machine learning (ML) knowledge cannot predict the system’s signa-
ture [48] since every system or device has its unique and unpredictable signature.

Device identification (DI) through optical identification (OI) through the optical
signature is a perfect security complementary tool to the networks and guarantees the
security of the systems, sub-systems, and devices. Such a DI identification method
may find applications within several use cases. It can be used in applications related to
classic network security, Quantum network security [43], network census, or network
quality of transmission (QoT) [42, 49]. Depending on the scenarios, applications, and
the required level of security, the CRP database will be generated and used for
identification implementation. Regarding network security, OI can be implemented
for different network scenarios [49] to identify, authenticate, and monitor networks.

6. Conclusion

This chapter introduces the concept of optical identification (OI) for network
security purposes at the physical layer in optical communication systems and
networks. The unique fingerprint of each physical subsystem enables direct
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identification, offering new strategies for transmission security, layer security,
authentication, identification, and monitoring. This approach allows for the identifi-
cation of each network’s component just using its pigtail (or the fiber itself for a link),
without the need for an additional device operating directly at the physical layer. Such
a novel security layer concept will play a key role when linked to other security
strategies that come from upper OSI layers.

This approach might open an innovative way to impact network security at several
layers. The reproducibility and uniqueness of the IDs’ have been demonstrated using
Hamming distances, ensuring reliable identification. The security validation of the
proposed model has been investigated, demonstrating its robustness against various
attack types, both physical and digital. The proposed model encompasses various
methods and strategies for generating and exerting identification databases.

Future works will be dedicated to extending the technique applications and to
further investigating the signature robustness against malicious attacks. These ongo-
ing efforts aim to enhance the security performance of the proposed model and pave
the way for new advancements in the field of network security.
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Perspective Chapter: Optoelectronics
for Neural Interfaces

Abhivyakti Gautam

Abstract

Optoelectronics for neural interfaces is a growing field developing light-based
methods for recording and stimulating neural activity. It has the potential to
revolutionize the treatment of neurological disorders. The chapter will delve into
optoelectronics’ basic principles, its applications, and various devices such as
implantable optical fibers, microelectrode arrays, and integration with flexible
materials. The chapter will highlight the challenges and opportunities facing the
field, such as developing small, flexible, and biocompatible devices, controlling
light delivery, understanding optogenetic stimulation effects and their scalable
integration to achieve high spatiotemporal precision and low invasiveness. Despite
challenges, optoelectronics for neural interfaces is a promising approach that could
open up new avenues to restore vision to the blind, control prosthetic limbs, and
treat diseases like epilepsy.

Keywords: optical neural stimulation, implantable optoelectronics probes, flexible
microelectrode arrays, neurological disorders, brain-computer interface

1. Introduction

Human nervous system is made up of billions of neurons that communicate with
each other through multiple synapses and therefore create vast web of neural net-
works, making the brain an exceptionally powerful system. Understanding correla-
tion between animal behavior and these neuronal pathways is one of the primary aim
of neuroscience. Another research domain called Brain Computer Interface (BCI),
aims to form a direct hardware-based communication link between the brain and the
external world. As input, these systems convert the electrical activity from neuron
and translate it to control signals, which are used to connect with an external assistive
device. BCI systems range from implantable electrocardiography (ECoG) to neuro-
prosthetics that can rehabilitate vision and hearing. These systems can be utilized
to improve our understanding of organization and operation of nervous system and
may lead to advancing the current state-of- the-art technologies for treating severe
neurological disorders such as paralysis, Alzheimer’s disease etc. To achieve this,
development of multimodal systems, with capability to record and regulate activities
of target neurons is required.

Optoelectronic devices have become ubiquitous in our daily lives, seamlessly inte-
grated into consumer electronics, communication systems, automobiles, and medical
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technologies. Their remarkable versatility and ability to bridge the gap between light
and electricity have opened a world of possibilities, revolutionizing various aspects of
modern life. Optogenetics combines genetic and optical techniques to control neural
activities with light. It is a promising tool for selectively targeting nerve cells that
allow extensive studies of cell activity which can eventually be extended to neural
network connectivities. In more detail, light sensitive ion channels called opsins are
injected into target tissue. These opsins are extracted from algae or bacteria and light
activation can be of excitatory (e.g. channelrhodopsin i.e. ChR2) or inhibitory (e.g.
halorhodopsin i.e. NpHR) nature [1-3]. Therefore, in contrast to traditional electrical
stimulation where the surrounding electrode tissue is also affected by the stimulation,
optogenetics permits regulation of neural activity with both cell-type specificity and
high temporal resolution.

High spatiotemporal resolution is essential to track neuronal activity in order to
understand how information is regulated in neural networks. MEAs can be used to
detect extracellular action potentials (APs) as well as transient electrical signals gener-
ated from summation of excitatory and inhibitory potentials from a cluster of neurons
called as local field potentials (LFPs). Synchronous recording and modulation of specific
neuronal population in target tissue can be achieved with integration of electrical record-
ing and optogenetic capabilities. This is important to establish their role in information
regulation process and therefore gain further insights into animal behavior [4, 5].

Research in the last decade has indicate that integrating electrophysiology and
optogenetics capabilities has created a powerful tool to enhance our understanding of
neural activity, behavioral outputs as well as sources of defects in nervous system that
lead to neurological disorders [6-8]. However, substantial challenges exist in current
combined optogenetics & electrophysiology techniques which need to be addressed.
This chapter delves into advances in implantable neural probes along with their mate-
rial and design requirements. It further provides an overview of recent developments
in multimodal neural probes for simultaneous optoelectronic modulation and record-
ing via two distinct approaches i.e. using active and passive optical probes. Finally,
challenges faced and potential opportunities of further developing these multimodal
neural interfaces to potentially use for clinical applications is discussed.

2. Neural Interface technology
2.1 Advancement of microelectrode arrays (MEAs)

Neural prosthetics are BCI devices intended to revive the lost functionality of
motor or sensory organs in patients suffering from neural injuries and disorders.
Advancement of fabrication of neural prosthetics from single channel devices to
flexible Microelectrode arrays (MEAs) consisting of few hundred to thousands of
channels (thus improving spatial resolution of input electrical signal as well as the
signal-to-noise ratio) has made the clinical applications of these devices more viable.
These arrays can be utilized for recording neuronal activity to aid in gaining further
insights into functioning of specific areas of the brain, that may eventually lead to
diagnosis of neurodegenerative diseases. Another application of these arrays involves
electrical stimulation of the brain by injecting electrical impulses with an aim to
restore degenerating or impaired motor systems by activating damaged neurons and
creating an alternate neural pathway. Additionally, these arrays can also be used for
detection of neurotransmitters, which has been an effective approach to gain a better
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understanding of neurological disorders such as Alzheimer’s disease, Parkinson’s
disease as these are characteristically associated with imbalance. Another interesting
area of research using these arrays is the field of drug delivery which has been plau-
sible by addition of microfluidic channels [9].

Microelectrode arrays (MEAs) have been employed for neural recording and
stimulation application with different degrees of precision and invasiveness [10].

For example, Electroencephalography (EEG) electrodes which is non-invasive as the
electrodes are implanted on the surface of the brain and thus offer low-resolution data
of smoothed field potentials representative of neural activity of the whole cortical
surface. Electrocorticography (ECoG) electrodes which is semi-invasive as the elec-
trodes may be positioned outside the dura mater (epidural) or under the dura mater
(subdural) and it requires craniotomy for implantation of the electrodes and multiple
layers of cortical laminae can be targeted with different designs (e.g. shank type) of
electrodes. These provide higher temporal and spatial resolution and are routinely
used to identify seizure loci in epilepsy patients [11].

Accurate mapping of neural activity is of significant clinical importance extending
beyond the cortex to encompass deep brain regions (such as the subthalamic nucleus
in individuals with Parkinson’s disease), the spinal cord, and peripheral nerves
(particularly in cases of trauma or chronic pain). Furthermore, many nervous system
related disorders are associated with atypical activity in specific neuronal classes,
justifying the critical need to achieve single-neuron resolution for development of
effective therapeutic strategies.

2.2 Material and design requirements for MEAs

Essential requirements for a prospective material for neural probes are as follows:

The material must be biocompatible in order to promote seamless integration with
neurons and therefore minimize foreign-body response by causing minimal inflam-
mation and neuronal cell loss.

* The material must be exhibit adequate mechanical strength to withstand com-
pression and tension forces during insertion and retraction stages of implanta-
tion procedure. Additionally, it must decrease the mechanical mismatch between
the sensing electrode material and the surrounding tissue for suppressing
chronic tissue encapsulation.

* The material must be able to inject sufficient charge in the surrounding tissue
to cause electrical brain stimulation at clinically relevant charge densities with-
out causing any significant tissue damage due to corrosion or delamination of
insulating or substrate layers of the implant.

* During stimulation operation, irreversible reaction should not occur in the
brain i.e. the material should have the ability to provide safe levels of therapeutic
stimulation.

* The material should be able to withstand implantation as well as exhibit stable
electrochemical characteristics for long-term.

Materials for neural probes can be categorized based on their mechanism of charge
injection during stimulation i.e. capacitive or faradaic. Capacitive charge injection
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involves charging and discharging of the electrode-electrolyte (in-vitro testing)

or electrode-tissue (in-vivo testing) double layer while the faradic charge injection
involves transfer of electrons resulting in oxidation or reduction of surface bound spe-
cies. Examples of some capacitive charge-injection materials employed for the purpose
of neural stimulation are Titanium nitride, Tantalum/Tantalum oxide while some of
the Faradaic materials include noble metals like Platinum and Platinum-iridium alloys,
Iridium-oxide, PEDOT. Some of the common materials used for recording electrodes
are stainless-steel, tungsten, PEDOT, platinum, platinum-iridium alloys [9].

3. Integration of optoelectronics

As the field of optogenetics has progressed, it has become possible to selectively
excite or inhibit specific neurons with millisecond precision [2, 12]. This is realized by
genetically targeting light-sensitive proteins called ‘opsins’ (extracted from algae or
bacteria) to demonstrate neuronal response (sensitivity) to various wavelength in vis-
ible spectrum of light. Opsins can play excitatory (e.g. channelrhodopsin i.e. ChR2)
or inhibitory role (e.g. halorhodopsin i.e. NpHR) based on application of interest.
Optogenetics offers a distinct advantage over the electrical stimulation by enabling
the precise activation of specific target cell population without impacting the sur-
rounding tissue [13].

A major challenge for these light-based techniques is the highly scattering and
absorptive behavior of mammalian tissue in the visible light range, especially in deep
neural tissue. Therefore, inclusion of optical waveguides or light emitting device
integrated at site of intervention is essential for efficient light delivery and collection
within deep tissue. Materials, design and biocompatibility considerations must be
addressed for these waveguides similar to considerations for neural recording and
stimulation electrodes.

Factors such as proposed implantation site and therefore volume and density of
neuron population to be optically stimulated, dictates the required size and illumina-
tion area for optical part of probe. Based on the mechanism of light source, probes
can be categorized as ‘Passive optical neural probes’ which route light into tissue
from light sources located outside the body while ‘Active optical neural probes’ where
light source directly assembled on source. Using passive probes minimizes the risk
of thermal damage to the tissue as the light source is located outside the body while
active implants generate light directly inside tissue by converting electricity to light.

3.1 Passive optical neural probes

Essential requirement of optical waveguide for passive optical neural probes is a
high refractive index core engulfed by a lower refractive index cladding layer to sup-
port optimal transmission of light to the desired neuronal population in target area.
Materials exhibiting this behavior in addition to flexibility and biocompatibility, as
described in Section 2.2, are needed to form a flexible optical waveguide to integrate
into neural implants. As silicon micromachining has the longest history of producing
successful neural probes and allows easy integration of electronic circuity, it was a
go-to choice as a substrate material in many designs [14, 15]. Other examples include
use of silicon dioxide, silicon nitride and zinc oxide as waveguide materials [16].

Alternatively, polymer materials like SU8, Parylene and ORMOCER [17-22] have
been used but transparency in most cases is not as high as silicon-based materials.
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Using silicon as a substrate is a well-established practice, but it’s known for its rigidity,
which could potentially result in elevated foreign body responses when compared to
more pliable materials. As an alternative substrate, polymers have been employed, fea-
turing integrated waveguides and the possibility of fluidic channels for precise vector
injection during optical stimulation and electrical recording at the desired location.
Polymer probes are preferred due to their flexibility and reduction in mechani-
cal mismatch to the tissue i.e. polymers are less stiff than silicon but their flexibility
i.e. Young’s modulus is still some orders of magnitude larger than nervous tissue.
Additionally, larger attenuation of light is observed in polymers as compared to wave-
guides based on dielectrics. Parylene photonic waveguides have been implemented by
[20, 23] where Parylene N is used as core and Parylene C is used as cladding material.
A high contrast of refractive index between Parylene-C (used as core here) and PDMS
(used as cladding) is favorable and results in highly restricted optical modes [24, 25].
While the overall design of these passive flexible neural probes is important, care-
ful consideration muse be given to the input ports for each optical waveguide. These
ports need to be specifically designed to enable efficient light coupling from external
backend sources, ensuring optimal performance.

3.2 Active optical neural probes

To avoid connecting an external light source, Active optical neural probes intro-
duce a light source to the neural probe, either in combination with a waveguide or
directly on an electrode array. This ensures delivery of light deep into the target tissue
with high spatial resolution. These light sources include light emitting diodes (LEDs)
or lasers that emit light when powered by electricity [26]. There have been recent
developments of implants with LDs and LEDs assembled or monolithically integrated
on silicon based as well as polymer-based substrates [18, 27-30].

For example, Gallium Nitride (GaN) LEDs have been utilized in the creating active
photonic neural implants that produce blue light within the wavelength spectrum that
aligns with the absorption range of Channelrhodopsin (ChR2), a frequently employed
opsin in optogenetics, as well as fluorescent markers used for both structural and
functional brain imaging. Pre-made LEDs have been packaged with neural probes
such that metal traces and bondpads on neural probes are lithographically defined on
a polymer substrate and LEDs are subsequently flip-chip bonded onto the polymer via
bondpads. This method provides lot of flexibility such that LEDs emitting light at dif-
ferent wavelengths can be integrated on the same array to stimulate different opsins in
any arbitrary arrangement, e.g. in cochlear implants [31].

Powering these light sources can result in substantial temperature increment
which must be restricted in order to prevent damage to surrounding tissue. To prevent
this — pulsing of light pulses can be incorporated rather than continuous use, to
keep below the advised temperature increment of ~2 K for medical devices per ISO
14708-1. Additionally, design can be adjusted to incorporate wide spatial distribution
between LEDs that stimulate simultaneously by distributing to multiple shanks or
levels in the electrode array. Using waveguide internally, light source and illumination
volume can be segregated to prevent overheating the tissue [19].

The materials employed for encapsulation, packaging, and waveguides must
demonstrate biostability in terms of both insulation and optical transmission to
guarantee the extended lifespan of devices during chronic implantation. Recently, a
new monolithic fabrication process has been developed where flexible micro-LEDs
are directly fabricated on silicon substrate with epitaxially grown GaN layers such
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that silicon layer is fully etched to release flexible devices. This approach provides
flexibility in terms of size and arrangement of micro-LEDs that can be integrated

in conjunction with recording electrodes [32]. Most of the approaches have only
been tested for weeks and successful demonstration of reliable stimulation and
recording performance is yet to be performed. Apart from shank type arrays, some
studies on modification of planar electrodes for electrocardiograms [24, 25, 33, 34]
and cuff-electrodes for peripheral nerves [35, 36] with optoelectronic stimulation
capabilities are going on. Research efforts in this domain are gaining momentum
and progressing along the right trajectory to enhance material capabilities and yield
promising results.

4. Challenges and opportunities for optoelectronics in neural interfaces

Neuroscience has significantly progressed with advancement in neural modulation
and recording techniques. Specific neuronal populations in target brain regions can
be simultaneously recorded and stimulated using multimodal neural interfaces that
combine optogenetics with electrophysiology and thus provide a powerful technique
for understanding neural circuit functionality. Research and development on the
optoelectronic front have emerged relatively recently with promising results for
both passive and active optical neural implants. However, many challenges remain
to be addressed in the development of multimodal tools for combined optogenetics
and electrophysiology. Given the diverse strengths and limitations of each technol-
ogy platform and their impact on suitability for specific applications, this section
compares the current state of passive and active flexible optoelectronic technologies,
focusing on the present challenges and opportunities for achieving a high longevity
combined optogenetics and electrophysiology platform.

The active optoelectronic implants with micro-LEDs as functional element
potentially allow a very high density of light sources. Miniature electrical traces can
be densely routed (using advanced lithography techniques) to power these active light
sources. On the other hand, passive optoelectronic implants require entire routing
from backend to probe shank and cannot be defined over trajectories with sudden
sharp bends. However, heat generation and dissipation in the probe shank due to
lower efficiency of micro-LEDs is concerning. Temperature change of less than 1°C
is prescribed as safe operating condition [37] but it depends upon the duration of
exposure as well [38]. Two potential approaches can be adopted to alleviate this — (1)
adding a heat-sink layer [39] (2) pulsing active light source to avoid heat accumula-
tion [29]. Different geometric profiles of the micro-LEDs such as integrated planar
[40] and hemispherical mirrors [41] have been explored to enhance efficiency of
optical stimulation. Additional research is required to improve efficiency of these
light sources and control heat dissipation into tissue. Conversely, passive optical
waveguides deliver light from external sources to brain regions while minimizing heat
transfer to the surrounding tissue in case of passive optoelectronic implants.

Majority of passive flexible optoelectronic interfaces developed so far consist of
few optical channels. Miniaturization of waveguide core dimensions and therefore
reduction of pitch between adjacent waveguides for high density routing (and
therefore high number of channels) is limited by core waveguide materials as well as
manufacturing methods. Additional overhead is added from assembly methods for
integration of optical elements. Innovative approaches to ease this manufacturing
overhead are required. One design-based approach to increase the density of optical
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channels, can be exploring multilevel metal traces as well as multilevel photonic
guides while maintaining minimal crosstalk between adjacent channels.

Alternatively, a simple thermal drawing process has been explored by Polina et.

Al [42], which is inspired by optical fiber production as a method of fabrication for
multi-functional neural probes. During this process, using low-end manufacturing
processing, a macroscale preform is fabricated which can be drawn into fiber such
that lateral dimension can be scaled as much as 10,000-fold using multiple drawing
processes & length can be stretched by a factor of ~100. This creates an extended
fibrous device where cross-section structures on nanoscale can be created without the
need of high-resolution fabrication technology. Another approach to achieve multi-
site illumination without modifying the design or fabrication process is wavelength-
based multiplexing. This technique involves routing multiple wavelengths of light
from a single input waveguide to different output waveguides located at various
spatial locations along the probe shank. Each output waveguide then transmits its
assigned wavelength to a specific target site, enabling simultaneous stimulation at
multiple locations. This unique assignment of different wavelengths neither requires
additional power to operate nor generates additional heat [36].

Development of hermetic packaging for both active and passive optoelectronic
approaches is another area of focus, where one approach being explored is combining
inorganic layers with polymers to protect integrated micro-electronic circuits and
conductors [43]. Longevity is a critical aspect to enable transfer of all the exciting
approaches to chronic studies. Proof of concept experiments with multimodal process
have demonstrated general feasibility such that existing active flexible optoelectronic
probes are best suited for acute studies, where high-density light illumination is
expected while passive optoelectronic probes have the potential for chronic long-term
studies. However, current passive optoelectronic systems are too bulky with fragility
concerns regarding the assembly of optoelectronic components to neural probes and
therefore challenging to use for the chronic studies in freely behaving animals. Only
a few groups have explored passive optoelectronic systems for small animal models
[44, 45]. Development of fully implantable systems with wireless power supply and
bidirectional data transmission would be the ideal direction to enable translational
studies aimed at exploring therapeutic potential of optogenetics and employ minia-
turized optoelectronic probes to potentially revolutionize bioelectronic medicine.

5. Conclusion

Progress in the field of neuroscience have been driven by the evolution of tech-
niques for neural recording and stimulation. Multimodal neural probes, seamlessly
integrating optoelectronics and electrophysiology, offer the potential for ground-
breaking advancements in the field. These probes enable simultaneous recording
and stimulation of specific neuronal populations within targeted brain tissue,
making them powerful tools for fundamental neuroscientific research. Notably, in a
groundbreaking study, Canales et al. (2015) presented a novel multifunctional fiber
capable of simultaneously performing optical stimulation, neural recording, and drug
delivery [46].

Further research efforts can be directed to development of a high longevity
multifaceted probe combining additional capabilities like microfluidic drug deliv-
ery to potentially alter gene expression, deliver peptide ligands, and eventually
manipulate animal behavior. Implementing these modalities with optoelectronics
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and electrophysiology, especially wirelessly [5, 47-49] is extremely challenging but
if executed, it holds massive potential to enhance our understanding of mysteries of
the brain and potentially develop promising solutions for diagnosis and treatment of
neurological disorders.
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