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Is The Wave-Particle Duality of Electrons the Single Most Important
Quantum Principle Underpinning Modern Semiconductor Technology?

Harsh Sobti

ABSTRACT

Rapidly growing technology Artificial intelligence and the need for the digital devices such as smartphones computers
and advanced chips is increasing the demand for modern semiconductor Technology. Semiconductor Technology is
completely based on quantum physics that explains the behaviour of electrons at a very small scale. An important
theory that explains the behaviour of electrons is the idea of wave-particle duality. This theory states that electrons
exhibit the property of both particles and waves.

This study is an attempt to understand if the wave particle duality is the single most important Quantum principle in
semiconductor technology of modern time. To understand and explain Analysis and the concept the study uses a
combination of theoretical discussions and practical applications including transistors, integrated circuits, and
microprocessors. Bhai examining how wave nature of electrons contribute to the formation of energy bands electron
mobility and Quantum confinement effect of .

This paper evaluates whether wave—particle duality is the single most important quantum principle in semiconductor
technology. The analysis uses both theoretical explanations and real-world applications, including transistors and
microchips. It explains the key concepts and how the wave nature of electrons contributes to the formation of energy
bands, electron mobility, and quantum confinement effects in nanoscale devices. The study and its finding explains
how the wave particle duality is the most fundamental as it explains the electron behaviour and supports the
development of key models such as band theory. As band theory and the quantum tunneling please more important
and direct role in device designing and semiconductor Devices Technology performance and scaling. These principles
explain the transport of charges mechanism about data storage in modern electronics and conductivity before
understanding wave particle duality is fundamental but not sufficient on its own .As semiconductor technology relies
on a combination of quantum principles rather than a single dominant one.

KEYWORDS: Wave-particle duality, Semiconductors, Quantum mechanics, Electron behavior, Band theory,
Quantum tunneling

and becoming more important. Reports show that it
supports technologies that drive the digital economy,
including cloud computing and advanced processors
(Semiconductor Industry Association, 2023).

1. INTRODUCTION

Modern electronic devices use semiconductors to
function and operate. A semiconductor is a special
material that controls and regulates the flow of electric

Quantum mechanics is an important branch of Physics
current in the device. One of the most common

_ o that explains the behaviour of electrons at a very small
semiconductor metals is Silicon.

scale level as it cannot be explained by theories of

. g . classical physics. It mainly explains how electrons
semiconductors as building blocks are used in PRy 'y P . .
. . . . . carry energy, how they interact with other material
microchip transistors, integrated circuits and other . . . .
. ] ) around it and how they move. Unlike classical particles
important components of electronic devices. These
electrons do not follow a fixed path as the energy and

components are commonly used and found in .. . . . )
P Y position changes with time. Their motion and

smartphones, laptops, artificial intelligence (Al)

.. probability of position path can be calculated using
systems, and communication networks. As the . . o g .
S . wave function using Schrodinger equation. The theory
technology and demand for smart devices is increasing . o .
) : ) ) ) further explains that electrons can only exist in specific

the Global semiconductor industry is also increasing L .
energy levels which is commonly known as quantized
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state. Working of transistors or semiconductors
depends on the behaviour of electrons at atomic level
(Intel, 2022).
The idea of quantum mechanics explains that electrons
behave both like particles and like waves. Electrons
work as a charge carrier as particles when they move
through the circuits. On the other hand electrons show
interference and diffraction When they behave like
waves .At nanometer scale this behaviour becomes
important as it supports Small devices specially chips.
However there are other Quantum principles such as
Quantum tunneling and Band theory, that are used in
semiconductor Technology. Concept of quantum
Tunneling explain how electrons pass through the
barriers. While the band theory explains the
arrangement of electrons at different energy levels and
the flow of electricity. The answer to this question is
key in modern memory devices and very small
transistors. Leading to the key question of this research
paper- Is wave—particle duality the single most
important quantum principle in semiconductor
technology?

This study argues that wave particle duality is the key
concept to understand behaviour of electrons at atomic
level But there are other Quantum principles on which
semiconductor Technology depends which includes
band theory and Quantum tunneling therefore wave
particle duality is not the single most important
principle.

2. THEORETICAL BACKGROUND

Wave—Particle Duality

Wave particle duality is the most important concept of
quantum mechanics. It explains the dual behaviour of
electrons. as particles electrons show that they have
charge and mass and they carry electrical current

when they move through the circuits. as waves patterns
such as interference and diffraction are observed in
electrons.This dual nature was first explained by Louis
de Broglie. He proposed that every moving particle has
a wavelength. This is given by the formula:

A=h/p

Here, A is the wavelength, h is Planck’s constant, and p
is momentum. This formula explains that electrons
wave properties can be measured as well.

In case of larger systems electrons usually behave like
particles as their wavelengths are extremely small
compared to the system size. For this reason the wave
nature of electrons becomes key when it comes to
small scale or nanoscale devices. In nano scale devices
such as semiconductors or transistors the size of the
entire system is very much similar to the wavelength of
electrons. In this scale electrons wave properties
dominate its behaviour, therefore it cannot be treated
as a simple particle. At this scale electrons mostly do
not follow the fixed path instead they are spread out
waves inside the materials. Concept of wave function
is used to show the probability of locating the electrons
in certain regions. When electrons are inside small
regions such as in atom or layer of thin semiconductor
metals These electrons form standing wave patterns.

Movement of electrons through any material is
impacted by the wave behaviour. For instance during
constructive interference, the probability of electrons
to be for certain reasons increases compared to the case
of destructive interference. The smoothness of flow of
electrons influences the conductivity of charges and
the performance of device. For instance the behaviour
of electrons passing through the narrow channels in
small digital devices is influenced by diffraction effect.
These behaviours of electrons in nano scale devices
help the designers and engineers to make a structures
like Quantum walls and Quantum dots. In order to
improve the efficiency of the devices these structures
are designed to control the motion of electrons to
achieve precise energy control and they depend on
Wave confinement. Therefore we can say that wave
particle duality is a practical tool that is used in
modern semiconductor design Technology. It also
helps to understand the other concepts of quantum
mechanics such as energy bands and Quantum
transport [NIST], 2020).
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(A) Quantum Tunneling ~

Another key principle in quantum mechanics is 1 4 IR B
quantum panelling that explains how electrons can . A E<V B>V
pass through different energy barriers even if they do

not have enough energy.According to the classical

physics particles are unable to cross a barrier if the

energy levels are too low however quantum physics

Concept explain that electrons can cross these barriers

because of their wave nature.This allows the electrons

to appear on the other side of the barrier at a finite

probability regions .Schrodinger equation Help us to

understand that if the barriers are thin enough the wave

functions can leak through it. The chances of tunneling

increases if the width and height of barrier are thin and

lower.With advance in technology the Semiconductor

devices and transistors are becoming smaller which

means the barriers between the regions are becoming

thinner.This allows the electrons to tunnel through

these barriers even in the presence of certain design

that Tryst to block them. This directly influences the
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Figure 2: Potential barrier and tunneling probability

(B) Band Theory

Band theory is used to explain the arrangement of
electrons in solids to describe the Combination of
different energy levels to form bands. Two types of
bands are valence band and conduction band. The
valence band carries a group of electrons that are
connected to the atoms while the conduction band has
free electrons which can move and carry current freely.
The gap that is created between these two bands is
known as band gap that determines If the material is
conductor ,semiconductor or insulator. In case of
conductor materials these two bands overlap which
allows the electrons to move and pass through easily.
In insulator materials the band gap is relatively larger
which prevents the movement of electrons .In
semiconductors the gap is small which allows the
controlled movement of electrons.

In the case of semiconductor design band theory is an
important concept as it explains how semiconductor
materials like Silicon can be used to control current. A
process called doping which means adding impurities
is used to change the number of free electrons in any
material. It is used to create p-type and n-type
materials, which are essential for transistors
(HyperPhysics, n.d.) .The concept of banned theory is
widely applied in all the Semiconductor devices to
design particular type of circuits to control voltage and
improve the efficiency of device. We can say that band
theory is an important and practical tool in
semiconductor technology in addition to Quantum
tuning and wave- particles Duality.
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Figure 3: Energy band structure of a semiconductor

(C) Pauli Exclusion Principle

Pauli exclusion principle states that two electrons
cannot have the same Quantum state at the same time
as electrons occupy different energy states. This
concept helps us to understand the rule about the
control of electrons and how they fill the energy levels
in atoms and solids.

It also helps us to understand the formation of bands as
it explains why different energy levels are spread into
bands instead of staying together as a single level.lt
also gives an idea about how many electrons can stay
together in a given energy state. This principle mainly
helps to determine the distribution of electrons in
different energy bands that controls the current flow
and device behaviour in semiconductors .This principle
also plays an important role to define the Fermi level
that explains how devices operate under different
conditions .This principle confirms the formation of
bands and the properties of electrons and how they
move in material. This shows that technology we are
using for making Semiconductor devices depends on
multiple Quantum principles working together instead
of a single dominant one.
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Role of Wave—Particle Duality in Semiconductor
Technology

Wave particle duality in semiconductor Technology is
used to explain the behaviour of electrons inside the
material. In simple terms we can say that electrons do
not act like a tiny particle, they can act like waves as
well.Modern Semiconductor devices are designed and
manufactured at nanometre scale which Restrict the
concepts of classical physics to properly explain the
motion of electrons. Therefore, the concept of quantum
effect is used to explain the behaviour of electrons on
such a small scale(National Institute of Standards and
Technology [NIST], 2020).

The concept of classical physics explains that small
particles move in a fixed path which is not true for
electrons when they act like waves or inside a
semiconductor. The theory explains that electrons are
more spread out and exist in the form of probability
waves. The wave function allows us to predict the
likely location or regions of electrons. This system of
existing in a wave form affects the flow of charge in a
material. Wave functions help us to determine how
electrons react to electric fields and how easily they
can move in the material. Property of electron mobility
is directly linked to its behaviour and the material.
Devices that allow high electron mobility have better
and  efficient  performance under  different
conditions.(OpenStax, 2022).

Wave particle duality also explains the different wave
patterns formed inside atoms and solids. These patterns
indicate the energy levels. In solids these levels
combine to form energy bands therefore we can say the
idea of energy bands are directly linked to wave
behaviour of electrons at small scales.This shows that
wave—particle duality is a foundation for understanding
how semiconductors work. It helps explain why some
materials conduct electricity and others do not.

Without understanding the way behaviour of electron
engineers wouldn't be able to control the efficiency and
proper functioning of semiconductor devices. As
technology is advancing the size of Semiconductor
devices and transistors are shrinking devices are
becoming more miniature in size and more powerful.
With shrinking size of devices, wave behaviour of
electrons becomes more important and stronger. As the
size of device is similar to the wavelength of electrons
.Sometimes the smaller in size also interferes with the
efficiency and effectiveness of flow of electrons; it can

also cause leaking tunnel effects through
barriers.(Semiconductor Industry Association, 2023).

Modern day Small electronic components like
transistors control the flow of electrons. As result of
the controlled flow the speed energy loss and
efficiency is determined Advanced transistor designs,
such as FinFETs and gate-all-around transistors,
depend on precise control of electron behavior at the
quantum level (Intel, 2022).

Another key example is quantum well. Quantum well
can be defined as a very thin layer where electrons are
confined in small space. Due to small space and wave
behaviour of electrons they form discrete energy levels
that allows precise control. These systems are used in
devices like laser and high speed electronics as it
improves the efficiency by controlling the interaction
of electrons.This shows how wave behavior directly
affects device function.

Mobility of electrons is also determined by wave
particle duality. Impurities in semiconductor metal
affect how effectively current will flow in them as the
wave nature of electrons dominate.For faster and more
efficient devices engineers use Better material that
allows high
Wave particle duality Offers a basis for understanding

electron mobility.
the behaviour of electrons at nanometre scale. without
the proper understanding of nature and behaviour of
electrons in this scales and concepts like band structure
electron mobility Quantum confinement would not be
clear.
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Process Inside a Semiconductor

Figure 4: Electron wave — band formation — device
function

Engineers and product designers use other Quantum
mechanics principles such as band theory and
Quantum tunneling for practical applications in
addition to Wave particle duality. as the wave particle
duality alone is not enough to explain and design
Semiconductor devices.

3. COMPARISON WITH OTHER QUANTUM
PRINCIPLES

Importance of Band Theory

Another important concept of quantum mechanics is
banned theory which is wused in designing the
semiconductor devices and components. Band theory
explains the arrangement of electrons and the pattern
of their movement. In solids, Energy levels combine to
form bands and electrons do exist in isolated energy
levels. Valence and conduction bands are two
important bands. Gap found between these to band
controls the movement and capacity of carrying the
current.Conductors have good electron conductivity as
electron can move freely in them because bands
overlap. In insulators the band gap is so large that
electrons cannot move ends; they are bad conductors
of electricity or electric charge. In semiconductor the
gap is small that allows and give scope to the product
designers to control the flow of electron using
particular voltage temperature or by adding impurity

in the material to change the number of Free charge
Careers in the matter. These concepts are used to make
transistors, Solar cells, integrated circuits and modern
day diodes. Use of band diagrams to understand and
predict the behaviour of electrons and its response to
different conditions makes it more essential for
engineers to understand and apply to design circuits.
For example designing a microchip require good
carrier concentration and voltage level. Understanding
of Band theory is more helpful as it gives clear and
usable result when compared with theory of wave
particle duality this explains. that band theory has a
stronger rule in actual device designing and operation
but wave particle duality makes the basis of it.
Importance of Quantum Tunneling

Quantum Tunneling explains how the electrons pass
through barriers even when they do not have enough
energy as they behave like waves. This concept is very
useful specially when it comes to flash memory. flash
memory stores the data by trapping the electrons in
small regions or pockets. In order to write or erase the
data in flash drive electrons need to move in and out of
these regions or selected pockets (Intel, 2022).

Another important area where Quantum tunneling is
used are nano transistors. Nano transistors are so small
in size that tunneling of electrons and passing through
of electrons through barriers becomes more likely.
however it creates problem sometimes when unwanted
tunneling causes the leakage of current and heating of
the device.Does engineers need to make sure that the
devices well controlled and designed in a way that
does not increases the power loss due to unwanted
tunneling. Special devices like tunnel diode are design
to achieve very fast switching speed they are mainly
used in high speed electronics. As technology is
progressing and growing, Modern day -electronic
devices are becoming more powerful and smaller this
make the efficient use of space and importance of
tunneling increases in modern day devices. Therefore
Tunneling has more direct role in advanced
applications and advanced electronic items compared
to Wave particle Duality as tunneling effects how
devices work

Evaluation

It is important to compare the rules of principles like
wave particle duality, band theory and Quantum
tunneling. Wave particle duality concept explains the
basic nature of electrons and its behaviour as waves
and particles and different situations .The
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understanding of this concept is essential to understand
quantum physics and to understand the energy levels
of band formation and tunneling. However the wave
particle to already is only a fundamental and Basic
concept that provides a good base to understand other
Quantum theories. engineers and production designers
who design Semiconductor devices do not directly take
help of wave particle duality.

Behaviour of different materials and the flow of
current is more dependent on band theory. This makes
it more useful and practical to use in real life.

On the other hand concept of quantum tunneling is also
very important in modern technology mainly because
the devices are becoming more smaller compact in size
and faster. It plays an active role in operation and
efficiency of the device as it can improve the
performance or create challenges. On comparison of
these principles we found that each concept has a
different role. No single concept or principal is most
important, wave particle duality is necessary but not
sufficient on its own as Wave—particle duality provides
the foundation. Band theory provides the design
framework. Quantum tunneling provides advanced
functionality in small devices.

Therefore, wave—particle duality is necessary but not
sufficient on its own. It is one of the most important
principles, but it is not the single most important.
Semiconductor technology depends on a combination
of quantum ideas. Each principle contributes in a
different way.

Comparison Table

Principle Role Importance
Level

Wave— Explains  basic = Foundational

particle electron behavior

duality

Band Explains Very high

theory conductivity and

design
Quantum Enables High
tunneling nanoscale device @ (growing)

functions

4. REAL-WORLD APPLICATIONS

The concepts of quantum physics and quantum
principles are not just theoretical ideas, they are widely
used in real life and for practical purposes. For
instance, microchip digital devices based on
semiconductors, solar cells, transistors and other
modern electronics depend heavily on Quantum
principles.Wave particle duality, band theory and
Quantum Tunneling all play rolls different kind of
rules in different applications and used by engineers
for designing and making efficient devices which are
smaller and faster.One very common and important
application of quantum mechanics is making the
transistors. especially the metal-oxide—semiconductor
field-effect transistor (MOSFET). They are the quick
switches Milly used in integrated circuits to control the
current. In a MOSFET Electron moves through a small
channel between two reasons. to understand how the
current will flow in what voltage band theory is used.It
takes place the formation of conducting path and how
the impurity or doping changes the material . However,
wave particle duality also plays a role. At very small
sizes, electrons behave as waves. This affects how they
move through a channel. Their probability distribution
changes the switching behavior of the device. In very
small transistors, quantum tunneling can also occur.
Electrons may leak through barriers, which can reduce
efficiency (Intel, 2022).

NMOS PMOS

Gate

Gate
Source 0 Drain Source 0 Drain  Bulk

\Une ) P,
PA. 4 - | 5
N p-type p-type 3
S substrate subsirate )
1 0 O
Gate Bulk Dran
Drain Source
Gate o—l %{‘ Bulk Gate o—{ %-@ Buk
Source Drain
NMOS PMOS

© 2026, IJSREM | https://ijsrem.com

DOI: 10.55041/IJ]SREM67349 |  Page7


https://ijsrem.com/

157 2
Iﬂ«@ International Journal of Scientific Research in Engineering and Management (IJSREM)

w Volume: 10 Issue: 09 | Sep - 2026

SJIF Rating: 8.659

ISSN: 2582-3930

Gate
|- )__mm
Source I Channel ’ Drain

+ o+ o+ + Body + o+ + o+

Figure 5: Structure and working of a MOSFET
transistor

Integrated circuits are the most common places
where these are used and these concepts are most
widely used. Integrated circuits contain billions of
transistors on a single chip itself. Band theory is the
most important concept that is used for designing
the Integrated circuit that helps to control the flow
of current in each transistor and these integrated
circuits are used in all types of electronic devices.
Wave particle duality also supports the explanation
of behaviour of electrons in small scales like
nanometer size. The quantum effect of electrons
becomes even stronger as the size strings
(Semiconductor Industry Association, 2023).

Microprocessors are advanced forms of integrated
circuits. They act as the brain of computers,
smartphones, and Al systems. They perform
calculations and control operations. Modern processors
use billions of transistors. Their performance depends
on fast and controlled electron movement. Band theory
helps design these systems, while wave—particle
duality explains electron behavior at nanoscale levels.
As processors become smaller, quantum tunneling also
becomes more important. It can cause leakage current,
which affects power consumption and heat generation
(OpenStax, 2022).

Another important area or device where concept of
quantum mechanics are used or flash memory such as
USB devices, solid-state drives (SSD) Used inside the
computers laptops etc. Tunneling allows electrons to
move in and out of this region. This makes it possible
to write and erase data (Intel, 2022). . Quantum
tunneling is the key principle here. It allows electrons
to move in and out of this region. This makes it
possible to write and erase data. Wave—particle duality
supports this process because tunneling depends on the
wave nature of electrons. Without this wave behavior,
tunneling would not occur.

Multi-core CPU chip

registerfle —— registerfile —— registerfile — registerfle —

A

Figure 6: Integrated circuit and microprocessor
structure

In all these applications, different quantum principles
work together. Band theory is used for designing and
controlling devices. Quantum tunneling is used in
memory and nanoscale systems. Wave—particle duality
provides the basic understanding of electron behavior.
It supports all other principles but is not always
directly applied in engineering.

MOSFETs are one of the most prominent uses of
semiconductors in the electronic industry. These are
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very simple looking but intricate circuit elements that
are used to control the amount flow of charge in a
circuit. To understand how it works, we must
understand the concept of doping.

Doping is of two types: N-type and P-type. In a pure
semiconductor like silicon, atoms are bonded in a way
such that its electrons are covalently bonded though a
sigma and pi bond to each other, creating a lattice-like
structure. This structure has no excess or lack of
electrons in it and thus does not have the ability to give
out free electrons, i.e. electrons that are not involved in
bonding. However, the addition of an element like
phosphorus, which has five electrons in its valence
shell, will have an extra electron left out per atom after
bonding with the silicon. Since electrons are negatively
charged, there is a surplus of negative charge on this
semiconductor, and thus it is called a negative type or
N-type semiconductor. On the contrary, if we add
boron to the semiconductor instead of phosphorus,
there is one electron missing from the usual 8 that
make the atom the most stable. Thus, we have a

deficiency of electrons and forms a positive type or P-
type semiconductor.

Pure semiconductor

P-Type semiconductor

When a N-type and a P-type are brought into contact,
there is a small flow of electrons from the N-type to
the P-type. This flow causes charges to position
themselves in an orientation that blocks any current
trying to flow through this point of contact. This is
called P-N Junction.

This is a general MOSFET. Here, when no potential is
provided at the gate, the two N-types aren’t connected
and thus charge cannot flow through the source and the
drain.

However, when a potential is provided, a positive
charge accumulates at the gate. However due to the
presence of a strong inductor, silicon dioxide, the
charge cannot pass through, but still polarizes the
semiconductor. Thus, electrons free in the N-type
begin to move towards the gate, making a small tunnel
of N-type connecting the two already existing N-types.
By controlling the magnitude of the potential
difference, we can change the amount of charge we
allow to pass through. Thus, using a potentiometer, we
can change the amount of charge passing through a
MOSFET continuously. Since the appliance consists of
a Metal Oxide, a doped Semiconductor, a gate
creating a Field Effect, and this being a Transistor, its
thus named, MOSFET.

Now, the smaller that MOSFET gets, the more
susceptible they are to Quantum Tunneling, which
would allow charge to bypass the SiO, barrier we’ve
created, and thus we reach some size limitations to the
device.

Quantum Tunneling is also used in storing memory.
This in the form of an SSD card allows charges to
move in and out through Quantum tunneling, which is
enabled by wave-particle duality. This allows us to add
and erase data from our memory cards. From here we
can conclude that modern technology works on
multiple different quantum aspects of matter, and the
limitations that size brings to us.

In summary, real-world semiconductor devices depend
on multiple quantum ideas. Each principle has a
specific role. This shows that no single principle is
enough on its own. Instead, modern technology is built
on a combination of quantum concepts working
together.

Above analysis explains that the wave particle duality
concept is an important theory but not the only
principle that matters when it comes to designing
modern day devices based on Semiconductor
Technology.One major advantage of the wave particle

duality concept is that it clearly explains the wave and
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particle behaviour of electrons which help us
understand all quantum behaviour. It clearly explains
different energy levels of electrons and how it moves
inside the materials and how it interacts with barriers.
The concept of Band theory and Quantum Tunneling
would not exist without the basic theory of wave
particle duality. In this sense, wave particle duality acts
as a foundation for understanding semiconductor
physics (National Institute of Standards and
Technology, 2020).

Furthermore it clearly explains that when components
or Semiconductor devices become extremely small
specially at Nano metre in size. The wave effect
becomes more strong and dominant. The performance
of the device depends on factors like electron
interference, diffraction and probability behaviour.
This makes the wave particle duality concept highly
relevant in modern day shift designing and
semiconductor Technology and it is likely that in
future the scope will increase even more
(Semiconductor Industry Association, 2023).

However, on the limitation side many experts argue
that wave particle duality is just a theoretical concept.
As it explains why electrons behave in a certain way in
certain conditions. but it does not help the engineers to
design modern day integrated circuits or
Semiconductor devices. Expert designers and
engineers rely on band theory and Quantum Tunneling
as it provides a clear model for controlling the current
and circuits which makes it more useful.

Another limitation of wave particle duality is it does
not explain all the behaviour that is why other concepts
are needed to explain how electrons pass through
barriers in flash memory and nano transistors Without
tunneling, many modern technologies would not work.
This shows that multiple quantum principles are
required for a complete understanding.

CONCLUSION

This study aimed to answer the question whether the
wave particle duality of electrons is the single most
important Quantum principle in modern semiconductor
Technology. The above analysis shows that particle
duality plays an important role as it explains the
fundamental nature of electrons at Nanos ki level and it
also explains why electrons demonstrate both localised
and Delocalised behaviour. Understanding of these
behaviours are essential to understand energy levels,

transport of charges and Quantum effect in smaller
scales. Jaipur the theory of wave particle duality
provides theoretical basis to understand other
important models such as Quantum tunneling and band
theory. In depth evaluation of the theory shows that it
is more conceptual then operational. as in practical and
semiconductor engineering engineers and product
designers depend and apply band theory and Quantum
Tunneling to control the conductivity and behaviour of
devices. These two principals directly influence the
electronic devices that are built and used in modern
day Times which requires high Precision, low power
Consumption, faster speed, at more compact and
smaller space. Moreover modern devices require better
Energy Efficiency And compact design Which makes
these two concepts more relevant. Continuous
advancement in Quantum computing and Ultra skill
transistors makes the interaction between multiple
Quantum principles more important. Therefore we can
say that a single concept is not enough to explain or
control the performance of any device. A combined
approach is needed to support applied models the final
conclusion is that wave—particle duality is a
fundamental and indispensable principle, but it is not
the single most important one. Its true importance lies
in enabling and supporting other quantum principles
that are more directly used in the design, optimisation,
and operation of modern semiconductor devices.
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