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NANO ELECTRONICS VI SEMESTER 

PRE-REQUISITE:  

Basic knowledge of Material Science and Electronics 

OBJECTIVES: 

• To learn and understand basic concepts of Nano electronics.  

• To know the techniques of fabrication and measurement.  

• To gain knowledge about Nanostructure devices and logic devices.  

UNIT I INTRODUCTION TO NANO TECHNOLOGY Introduction to nano technology, 

meso structures, Basics of Quantum Mechanics: Schrodinger equation, Density of States. 

Particle in a box Concepts, Degeneracy. Band Theory of Solids. Kronig-Penny Model. 

Brillouin Zones.  

UNIT II CMOS SCALING AND ITS LIMITS Shrink-down approaches: Introduction, CMOS 

Scaling, The nanoscale MOSFET, Finfets, Vertical MOSFETs, limits to scaling, system 

integration limits (interconnect issues etc.), Nano Materials - Measurement and Fabrication of 

Nano materials. 

UNIT III FUNDAMENTALS OF NANOELECTRONICS Fundamentals of logic devices:- 

physical limits to computations; concepts of logic devices:- classifications – two terminal 

devices – field effect devices – coulomb blockade devices – spintronics – quantum cellular 

automata – quantum computing – DNA computer; Ultimate computation:- power dissipation 

limit – dissipation in reversible computation.  

UNIT IV NANO STRUCTURE DEVICES Resonant Tunnelling Diode, Coulomb dots, 

Quantum blockade, Single electron transistors, Carbon nanotube electronics, Band structure 

and transport, devices, applications, 2D semiconductors and electronic devices, Graphene, 

atomistic simulation.  

UNIT V LOGIC DEVICES AND APPLICATIONS Logic Devices-Silicon MOSFETs-

Ferroelectric Field Effect Transistors-Quantum Transport Devices Based on Resonant 



Tunnelling-Single-Electron Devices for Logic Applications-Superconductor Digital 

Electronics-Quantum Computing Using Superconductors-Carbon Nanotubes for Data 

Processing, Molecular Electronics. MEMS/NEMS. Future applications and Trends.  

OUTCOMES:  

At the end of the course, students will demonstrate the ability to:  

• Understand various aspects of Nano-technology and the processes involved in making nano 

components and material.  

• Leverage advantages of the Nano-materials and appropriate use in solving practical problems  

TEXT/ REFERENCE BOOKS:  

1. G.W. Hanson, Fundamentals of Nano electronics, Pearson, 2009.  

2. W. Ranier, Nano electronics and Information Technology, Wiley-VCH, 2003.  

3. K.E. Drexler, Nano systems, Wiley, 1992.  

4. J.H. Davies, The Physics of Low-Dimensional Semiconductors, Cambridge University 

Press, 1998.  

5. C.P. Poole, F. J. Owens, Introduction to Nanotechnology, Wiley, 2003 

 

 

 

 

 

 

 

 

 

 



UNIT I INTRODUCTION TO NANO TECHNOLOGY 

Introduction to nano technology, meso structures, Basics of Quantum Mechanics: Schrodinger 

equation, Density of States. Particle in a box Concepts, Degeneracy. Band Theory of Solids. 

Kronig-Penny Model. Brillouin Zones.  

Nanotechnology 

Nanotechnology is science, engineering, and technology conducted at the nanoscale, which is 

about 1 to 100 nanometres. Nanoscience and nanotechnology are the study and application of 

extremely small things and can be used across all the other science fields, such as chemistry, 

biology, physics, materials science, and engineering.  

The ideas and concepts behind nanoscience and nanotechnology started with a talk entitled 

“There’s Plenty of Room at the Bottom” by physicist Richard Feynman at an American 

Physical Society meeting at the California Institute of Technology (CalTech) on December 29, 

1959, long before the term nanotechnology was used.  

In his talk, Feynman described a process in which scientists would be able to manipulate and 

control individual atoms and molecules. Over a decade later, in his explorations of 

ultraprecision machining, Professor Norio Taniguchi coined the term nanotechnology. It wasn't 

until 1981, with the development of the scanning tunneling microscope that could "see" 

individual atoms, that modern nanotechnology began. 



 

Comparison of Nano material Sizes 

Fundamental Concepts in Nanoscience and Nanotechnology 

It’s hard to imagine just how small nanotechnology is. One nanometer is a billionth of a meter, 

or 10-9 of a meter. Nanoscience and nanotechnology involve the ability to see and to control 

individual atoms and molecules. Once scientists had the right tools, such as the scanning 

tunneling microscope (STM) and the atomic force microscope (AFM), the age of 

nanotechnology was born. Although modern nanoscience and nanotechnology are quite new, 

nanoscale materials were used for centuries. Alternate-sized gold and silver particles created 

colors in the stained glass windows of medieval churches hundreds of years ago. The artists 

back then just didn’t know that the process they used to create these beautiful works of art 

actually led to changes in the composition of the materials they were working with. 

Today's scientists and engineers are finding a wide variety of ways to deliberately make 

materials at the nanoscale to take advantage of their enhanced properties such as higher 



strength, lighter weight, increased control of light spectrum, and greater chemical reactivity 

than their larger-scale counterparts. 

Quantum mechanics is a fundamental theory in physics that provides a description of the 

physical properties of nature at the scale of atoms and subatomic particles.  It is the foundation 

of all quantum physics including quantum chemistry, quantum field theory, quantum 

technology, and quantum information science. 

Classical physics, the collection of theories that existed before the advent of quantum 

mechanics, describes many aspects of nature at an ordinary (macroscopic) scale, but is not 

sufficient for describing them at small (atomic and subatomic) scales. Most theories in classical 

physics can be derived from quantum mechanics as an approximation valid at large 

(macroscopic) scale.  

 

Wave functions of the electron in a hydrogen atom at different energy levels. Quantum 

mechanics cannot predict the exact location of a particle in space, only the probability of 

finding it at different locations. The brighter areas represent a higher probability of finding the 

electron. 
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Quantum mechanics differs from classical physics in that energy, momentum, angular 

momentum, and other quantities of a bound system are restricted to discrete 

values (quantization), objects have characteristics of both particles and waves (wave-particle 

duality), and there are limits to how accurately the value of a physical quantity can be predicted 

prior to its measurement, given a complete set of initial conditions (the uncertainty principle). 

Quantum mechanics arose gradually from theories to explain observations which could not be 

reconciled with classical physics, such as Max Planck's solution in 1900 to the black-body 

radiation problem, and the correspondence between energy and frequency in Albert 

Einstein's 1905 paper which explained the photoelectric effect. These early attempts to 

understand microscopic phenomena, now known as the "old quantum theory", led to the full 

development of quantum mechanics in the mid-1920s by Niels Bohr, Erwin 

Schrödinger, Werner Heisenberg, Max Born and others. The modern theory is formulated in 

various specially developed mathematical formalisms. 

Uncertainty principle 

One consequence of the basic quantum formalism is the uncertainty principle. In its most 

familiar form, this states that no preparation of a quantum particle can imply simultaneously 

precise predictions both for a measurement of its position and for a measurement of its 

momentum. The Schrodinger equation is a linear partial differential equation that governs 

the wave function of a quantum-mechanical system. It is a key result in quantum mechanics, 

and its discovery was a significant landmark in the development of the subject. The equation 

is named after Erwin Schrodinger, who postulated the equation in 1925, and published it in 

1926, forming the basis for the work that resulted in his Nobel Prize in Physics in 1933.  

Conceptually, the Schrödinger equation is the quantum counterpart of Newton's second 

law in classical mechanics. Given a set of known initial conditions, Newton's second law 

makes a mathematical prediction as to what path a given physical system will take over time. 
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The Schrödinger equation gives the evolution over time of a wave function, the quantum-

mechanical characterization of an isolated physical system. The equation can be derived from 

the fact that the time-evolution operator must be unitary, and must therefore be generated by 

the exponential of a self-adjoint operator, which is the quantum Hamiltonian. 

 

 

 

The Schrödinger equation is not the only way to study quantum mechanical systems and make 

predictions. The other formulations of quantum mechanics include matrix mechanics, 

introduced by Werner Heisenberg, and the path integral formulation, developed chiefly 

by Richard Feynman. Paul Dirac incorporated matrix mechanics and the Schrödinger equation 

into a single formulation. When these approaches are compared, the use of the Schrödinger 

equation is sometimes called "wave mechanics". 
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Each of these three rows is a wave function which satisfies the time-dependent Schrödinger 

equation for a harmonic oscillator. Left: The real part (blue) and imaginary part (red) of the 

wave function. Right: The probability distribution of finding the particle with this wave 

function at a given position. The top two rows are examples of stationary states, which 

correspond to standing waves. The bottom row is an example of a state which is not a stationary 

state. The right column illustrates why stationary states are called "stationary". 

Density of states 

In solid state physics and condensed matter physics, the density of states (DOS) of a system 

describes the proportion of states that are to be occupied by the system at each energy. The 

density of states related to volume V and N countable energy levels is defined as: 

     

Particle in a box 

In quantum mechanics, the particle in a box model (also known as the infinite potential 

well or the infinite square well) describes a particle free to move in a small space surrounded 

by impenetrable barriers. The model is mainly used as a hypothetical example to illustrate the 

differences between classical and quantum systems. 

In classical systems, for example, a particle trapped inside a large box can move at any speed 

within the box and it is no more likely to be found at one position than another. However, when 

the well becomes very narrow (on the scale of a few nanometers), quantum effects become 

important. The particle may only occupy certain positive energy levels. Likewise, it can never 

have zero energy, meaning that the particle can never "sit still". Additionally, it is more likely 

to be found at certain positions than at others, depending on its energy level. The particle may 

never be detected at certain positions, known as spatial nodes. 
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The particle in a box model is one of the very few problems in quantum mechanics which can 

be solved analytically, without approximations. Due to its simplicity, the model allows insight 

into quantum effects without the need for complicated mathematics. It serves as a simple 

illustration of how energy quantization (energy levels), which are found in more complicated 

quantum systems such as atoms and molecules, come about. It is one of the first quantum 

mechanics problems taught in undergraduate physics courses, and it is commonly used as an 

approximation for more complicated quantum systems. 

 

 

Some trajectories of a particle in a box according to Newton's laws of classical mechanics (A), 

and according to the Schrödinger equation of quantum mechanics (B–F). In (B–F), the 

horizontal axis is position, and the vertical axis is the real part (blue) and imaginary part (red) 

of the wavefunction. The states (B, C, D) are energy eigenstates, but (E, F) are not. 

Degeneracy 

In quantum mechanics, an energy level is degenerate if it corresponds to two or more different 

measurable states of a quantum system. Conversely, two or more different states of a quantum 

mechanical system are said to be degenerate if they give the same value of energy upon 

measurement. The number of different states corresponding to a particular energy level is 

known as the degree of degeneracy of the level. It is represented mathematically by 

the Hamiltonian for the system having more than one linearly independent eigenstate with the 

same energy eigenvalue. 
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When this is the case, energy alone is not enough to characterize what state the system is in, 

and other quantum numbers are needed to characterize the exact state when distinction is 

desired. In classical mechanics, this can be understood in terms of different possible trajectories 

corresponding to the same energy. 

 

Degenerate states in a quantum system 

Degeneracy plays a fundamental role in quantum statistical mechanics. For an N-particle 

system in three dimensions, a single energy level may correspond to several different wave 

functions or energy states. These degenerate states at the same level all have an equal 

probability of being filled. The number of such states gives the degeneracy of a particular 

energy level. 

 

The Kronig-Penney Model assumed that the potential due to the fixed positive ions in a solid 

is a cosine function. Inserting the same into the Schrodinger's equation, gives you a wave 

function for which the energy is the same for the values of K separated by π / a. According to 

this theory, the wave function turns out such that the electron with a higher energy is more 

probable to be found away from the fixed positive ions and the electron with a smaller size 

energy is more probable to be found near the fixed positive ions. 

https://en.wikipedia.org/wiki/Quantum_number
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Hence, its sufficient to look at the spectrum between −π/a, π/a. This region is called the (first) 

Brillouin zone. 

In mathematics and solid state physics, the first Brillouin zone is a uniquely defined primitive 

cell in reciprocal space. In the same way the Bravais lattice is divided up into Wigner–Seitz 

cells in the real lattice, the reciprocal lattice is broken up into Brillouin zones. The boundaries 

of this cell are given by planes related to points on the reciprocal lattice. 

 

The reciprocal lattices (dots) and corresponding first Brillouin zones of (a) square lattice and 

(b) hexagonal lattice. 

The importance of the Brillouin zone stems from the description of waves in a periodic medium 

given by Bloch's theorem, in which it is found that the solutions can be completely 

characterized by their behaviour in a single Brillouin zone. The first Brillouin zone is 

the locus of points in reciprocal space that are closer to the origin of the reciprocal lattice than 

they are to any other reciprocal lattice points (see the derivation of the Wigner–Seitz cell). 

Another definition is as the set of points in k-space that can be reached from the origin without 

crossing any Bragg plane. Equivalently, this is the Voronoi cell around the origin of the 

reciprocal lattice. 
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Assignment : 

1) Behavior of a Particle in a box in 1d, 2d and 3 d structures. 

2) Schrodinger time independent and time dependent Wave equations. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



UNIT II CMOS SCALING AND ITS LIMITS  

Shrink-down approaches: Introduction, CMOS Scaling, The nanoscale MOSFET, Finfets, 

Vertical MOSFETs, limits to scaling, system integration limits (interconnect issues etc.), Nano 

Materials - Measurement and Fabrication of Nano materials. 

Technology Scaling and Its Limits 

Over the past three decades, CMOS technology scaling has been a primary driver of the 

electronics industry and has provided a path toward both denser and faster integration. The 

transistors manufactured today are 20 times faster and occupy less than 1% of the area of those 

built 20 years ago.   

The number of devices per chip and the system performance has been 

improving exponentially over the last two decades. As the channel length is reduced, the 

performance improves, the power per switching event decreases, and the density improves. But 

the power density, total circuits per chip, and the total chip power consumption has been 

increasing. 

The need for more performance and integration has accelerated the scaling trends in almost 

every device parameter, such as lithography, effective channel length, gate dielectric 

thickness, supply voltage, device leakage, etc. 

Some of these parameters are approaching fundamental limits, and alternatives to the existing 

material and structures may need to be identified in order to continue scaling. 

MOS scaling theory 

During the early 1970s, both Mead and Dennard noted that the basic MOS transistor structure 

could be scaled to smaller physical dimensions. The scaling theory developed by Mead and 

Dennard allows a “photocopy reduction” approach to feature size reduction in CMOS 

https://meroli.web.cern.ch/thesis_silicon_pixel.html
https://meroli.web.cern.ch/lecture_cmos_vs_ccd_pixel_sensor.html
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technology, and while the dimensions shrink, scaling theory causes the field strengths in the 

MOS transistor to remain the same across different process generations. 

Thus, the “original” form of scaling theory is constant field scaling. Constant field scaling 

requires a reduction of the power supply voltage with each technology generation. In the 1980s, 

CMOS adopted the 5V power supply, which was compatible with the power supply of bipolar 

TTL logic. 

Constant field scaling was replaced with constant voltage scaling, and instead of remaining 

constant, the fields inside the device increased from generation to generation until the early 

1990s, when excessive power dissipation and heating, gate dielectrics TDDB and channel hot 

carrier aging caused serious problems with the increasing electric field. As a result, constant 

field scaling was applied to technology scaling in the 1990s. 

Moore’s Law 

It was the realization of scaling theory and its usage in practice which has made possible the 

better-known “Moore’s Law.” Moore’s Law is a phenomenological observation that the 

number of transistors on integrated circuits doubles every two years, as shown in Figure. 

 

Moore’s Law 



It is intuitive that Moore’s Law cannot be sustained forever. However, predictions of size 

reduction limits due to material or design constraints, or even the pace of size reduction, have 

proven to elude the most insightful scientists. 

Scaling to its limits 

The trends of power supply voltage, threshold voltage, and gate oxide thickness versus channel 

length for high performance CMOS logic technologies in Figure. 

 

Sub-threshold non-scaling and standby power limitations bound the threshold voltage to a 

minimum of 0.2 V at the operating temperature. Thus, a significant reduction in performance 

gains is predicted below 1.5 V due to the fact that the threshold voltage decreases more slowly 

than the historical trend, leading to more aggressive device designs at higher electric fields. 

Further technology scaling requires major changes in many areas, including: 

1) improved lithography techniques and non-optical exposure technologies;  

2) improved transistor design to achieve higher performance with smaller dimensions; 

3) migration from current bulk CMOS devices to novel materials and structures, including 

silicon-on- insulator, strained Si and novel dielectric materials;  



4) circuit sensitivity to soft errors from radiation;  

5) smaller wiring for on-chip interconnection of the circuits; 

6) stable circuits;  

7) more productive design automation tools. 

In addition, packaging technology needs to progress at a rate consistent with on- going CMOS 

technology scaling at sustainable cost/performance levels. This requires advances in I/O 

density, bandwidth, power distribution, and heat extraction. System architecture will also be 

required to maximize the performance gains achieved in advanced CMOS and packaging 

technologies. 

Scaling impact on circuit performance 

Transistor scaling is the primary factor in achieving high-performance microprocessors and 

memories. Each 30% reduction in CMOS IC technology node scaling has., 

1) reduced the gate delay by 30% allowing an increase in maximum clock frequency of 43%; 

2) doubled the device density;  

3) reduced the parasitic capacitance by 30%; and  

4) reduced energy and active power per transition by 65% and 50%, respectively. 

 

CMOS performance, power density and circuit density trends 



The figure shows CMOS performance, power density and circuit density trends, 

indicating a linear circuit performance as a result of technology scaling. 

Nano Scale MOSFET  

Gate All Around MOSFET  

 

GAA MOSFET 

Basically in GAA MOSFETs, the gate is wrapped all around the channel. By all-around 

covering of the gate over a channel, it is a promising structure of better gate control and better 

short channel performance. There are undoped and doped channels, both the type of channels 

are used in GAA technology. 

FINFET 

A fin field-effect transistor (FinFET) is a multigate device, a MOSFET (metal-oxide-

semiconductor field-effect transistor) built on a substrate where the gate is placed on two, 

three, or four sides of the channel or wrapped around the channel, forming a double or even 

multi gate structure. These devices have been given the generic name "FinFETs" because the 

source/drain region forms fins on the silicon surface. The FinFET devices have significantly 

faster switching times and higher current density than planar CMOS (complementary metal-

oxide-semiconductor) technology. 
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https://en.wikipedia.org/wiki/MOSFET
https://en.wikipedia.org/wiki/Field-effect_transistor
https://en.wikipedia.org/wiki/Wafer_(electronics)
https://en.wikipedia.org/wiki/Switching_time
https://en.wikipedia.org/wiki/Current_density
https://en.wikipedia.org/wiki/CMOS


FinFET is a type of non-planar transistor, or "3D" transistor. It is the basis for 

modern nanoelectronic semiconductor device fabrication. Microchips utilizing FinFET gates 

first became commercialized in the first half of the 2010s, and became the dominant gate design 

at 14 nm, 10 nm and 7 nm process nodes. 

It is common for a single FinFET transistor to contain several fins, arranged side by side and 

all covered by the same gate, that act electrically as one, to increase drive strength and 

performance.  

 

Double Gate FINFET Device 

FinFETs are three-dimensional structures with vertical fins forming a drain and source. 

MOSFETs are planar devices with metal, oxide, and semiconductors involved in their basic 

structure. 

Vertical MOSFET 

Power MOSFET 

A type of metal oxide semiconductor field effect transistor (MOSFET) used to switch 

large amounts of current.  

Power MOSFETs use a vertical structure with source and drain terminals at opposite sides of 

the chip.  

https://en.wikipedia.org/wiki/Transistor
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The vertical orientation eliminates crowding at the gate and offers larger channel widths.  

In addition, thousands of these transistor "cells" are combined into one in order to handle the 

high currents and voltage required of such devices. 

 

Vertical MOSFET 

System Integration Limits - Interconnect Issues 

Interconnects are metal or polysilicon structures used to connect different cells/devices. 

The function of interconnects or wiring systems is to distribute clock and other signals and to 

provide power/ground to and among the various circuits/systems functions on the chip. 

 

Interconnect Issues 



Interconnects limit the performance of integrated circuits (IC) because they add extra delay to 

critical paths, dissipate dynamic power, disturb signal integrity, and impose reliability concerns 

due to electromigration (EM) and time-dependent dielectric breakdown (TDDB). Interconnect 

delay is the difference between the time a signal is first applied to the net and the time it 

reaches other devices connected to that net. It is due to the finite resistance and capacitance 

of the net. It is also known as wire delay. The interconnect issues plays role in the further 

scaling limits of current MOSFET technology. 

Nano Materials - Measurement and Fabrication of Nano materials 

Nanotechnology Fabrication Methods. 

Even nanotechnology is a recent technology, there are many manufacturing methods and tools, 

used for the fabrication of nanomaterials, including nanostructured surfaces, nanoparticles, etc. 

Nanotechnology fabrication methods can be usually subdivided into two groups: top-down 

methods and bottom-up methods. On one hand we have the top-down methods, nanomaterials 

are derived from a bulk substrate and obtained by removing material, until the desired 

nanomaterial is obtained, this category includes the printing methods. On the other hand, 

bottom-up methods are just the opposite, the nanomaterial is obtained starting from the atomic 

or molecular level and gradually assembling it, until the desired structure is formed. 

In both methods is important to have a good control of the fabrication conditions, such as 

presence of dust, control of the electron beam, etc. 

Top-down Methods: 

The main idea of Top-down methods derived from the fabrication methods used in the 

semiconductor industry to fabricate elements for computer chips. These methods, called 

lithography, removes layers of material, from a precursor material, selectively using a light or 



electron beam, and thanks to the advances of the lithography fabrication methods, has been 

possible to reduce the size of electronic devices. 

• Conventional Lithography: 

The main idea of lithography is to transfer an image from a mask to a receiving substrate. The 

lithographic process consists of three steps. Coating a substrate with a sensitive polymer layer, 

called resist, exposing this resist to light or electron beams and develop the resist image with, 

commonly, a chemical substance, called developer, which reveals a positive or negative image 

on the substrate. 

The next step is to transfer the pattern from the resist to the underlying substrate, through a 

number of transfer techniques, such as chemical etching and dry plasma etching. This technique 

can be divided in two groups, methods that use a physical mask, where the resist is irradiated 

through the mask which is in contact with the resist (mask lithography). The other group of 

methods use a software mask, a scanning beam irradiates the surface of the resist sequentially 

through a controlled program, where the mask pattern is defined (scanning lithography). Speed 

is the main difference between mask and scanning lithography, whereas mask lithography is 

a fast technique, scanning lithography is slow.  

 



• Photolithography: 

Photolithography uses light, UV, deep UV, extreme UV or X ray, which exposes a layer of 

radiation sensitive polymer though a mask. The mask is usually an optically flat glass plate 

which contains the desired pattern, made of an absorber metal. 

The image on the mask can be replicated as it is, placing the mask in contact with the resist 

(contact mode photolithography) or reduced, projecting the image of the mask using an optical 

system (projection mode photolithography). 

 

The resolution of contact mode is near 0.6 μm, using UV light, for more resolution we need to 

use projection mode or go to next-generation photolithography, using extreme UV or X ray, 

but this technologies use very expensive equipment. 

• Scanning lithography: 

Scanning lithography uses energetic particles, such as electrons and ions, to pattern appropriate 

resist films of nanometre resolution. The most commonly know is using electrons, e-beam 

lithography. 

 



In an e-beam lithography process, a beam of electrons scans across the surface of an 

electrosensitive resist film, such as polymethil methacrylate, that polymer is used as the mask. 

Then we applied the same process as the photolithography, using UV light we replicate the 

image of the mask in the resist. 

The process is the same for focused ion beam lithography, and resolution in both techniques is 

higher than photolithography, near 50 nm, the main disadvantage is that both are serial 

techniques, that involves a very slow process. 

• Soft lithography: 

In soft lithography we use a soft mould prepared previously by casting a liquid polymer 

precursor against a rigid master. These methods have been developed specifically for making 

large-scale nanostructures with equipment that is easier to use and cheaper. The mould is 

usually made of polymers such as polymides or polydimethylsiloxane, which is a non toxic 

polymer, so it can be used safely with biological materials. This is a big advantage in devices 

that aim to integrate nanostructures with biological systems. The master is normally fabricated 

via a conventional lithographic method. 

 

 



• Nano-imprint lithography: 

The main concept of nano-imprint lithography is to use a hard master with a 3D nanostructure 

to mould another material, which assumes its reverse 3D structure. Since the master has a fine 

nanostructure, to be successful the process must be done under pressure, also we must place a 

coating on the master to avoid adhesion to the mould. The mould after this must be heated, 

above its Tg temperature, in order to be soft enough to completely enter the fine master 

nanostructure. 

 

The method is the equivalent of embossing at the nanoscale, and it is required specialised 

equipment to be done. 

• Nanosphere lithography: 

In the nanosphere lithography an ensemble of nanospheres ordered on a surface are used as a 

mask. The nanospheres are dispersed in a liquid, known as colloid, depending on the surface 

properties and the type of media used in the colloid, the nanospheres will self-assemble in an 

ordered pattern. 

There will be an empty space between the nanospheres, which is regularly repeated in the entire 

surface, this space is usually employed to crate relatively flat nanopatterns on the surface. The 



nanosphere patter is used as a mask, and a material such as gold or silver is sputtered on it, 

after removing the nanospheres a regular pattern of dots is left. 

Nowadays nanosphere lithography has evolved into a method that allows the fabrication of 

very complex structures as carbon nanotubes, arrays of nanostructures and 3D structures with 

small holes. 

• Colloidal lithography: 

Colloidal lithography is similar to nanosphere lithography, we use a colloid as a mask for the 

fabrication on nanostructures on surfaces but in this method we use electrostatic forces to 

obtain short-range ordered arrays of nanospheres on the surface. 

The interesting of this method is that there are plenty of nanostructures that can be formed: 

holes, cones, rings, “sandwiches” of different materials. 

 

• Scanning probe lithography: 

Scanning probe lithography uses small tips to image surfaces with atomic resolution in a 

pattern. We have two different methods, SPL (Scanning probe lithography) which uses the tip 



of an AFM to selectively remove certain areas on a surface and on the other hand, DPN (Dip-

Pen nanolithography) which also uses an AFM tip to deposit material on a surface with 

nanometre resolution. 

 

The main advantages of this techniques are the high resolution and the ability to generate 

complex patterns with arbitrary geometries, but the main limitation is the speed, because they 

are serial techniques as e-beam lithography. 

Bottom-up Methods: 

Bottom-up methods can be divided into two groups, gas-phase methods and liquid phase 

methods. In both cases the nanomaterial is fabricated through a controlled fabrication route that 

starts from the single atom or molecule. 

• Plasma arcing: 

Plasma arcing is the most common method for fabricating nanotubes. In this method we use a 

plasma, which is an ionised gas. Then we applied a potential difference between two electrodes 

and the gas between ionises. The electrode (anode) vaporises as electrons are taken from it, for 

instance, a carbon electrode is used to produce the carbon nanotubes. 



 

This electrode is consumed during the reaction producing carbon cations, these positively 

changed ions pass to the other electrode, to pick up electrons and are deposited to form the 

nanotubes. This method is also used to deposit nanolayers on surfaces, but it must be 1 nm 

thick to be considered as a nanomaterial. 

• Chemical vapour deposition: 

To be able of making a good Chemical vapour deposition, the material to be deposited is first 

heated to its gas form and then allowed to deposit as a solid on a surface. 

 

It’s usually done under vacuum, and the deposition can be direct or through a chemical reaction 

so that the material deposited is different from the one heated. Is often used to deposit a material 

on a flat surface. 

 

 



• Sol-gel synthesis: 

Sol-gel synthesis is performed in the liquid phase, and can be used for fabricating nanoparticles 

as well as nanostructured surfaces or 3D materials. The sol is a colloid, a chemical mixture 

where the particles of one substance are suspended in the mixture. The first phase of the process 

is the synthesis of the colloid, this colloidal suspension evolves forming networks to a process 

called gelation, forming a network in a continuous liquid phase. 

 

The first phase is the hydrolysis reaction, using a catalyst, it can be a base or an acid. After 

hydrolysis the sol starts to condense and polymerise, and depending on some conditions such 

as pH, can reach dimensions of a few nanometres. Then the particles agglomerate, and a 

network starts to form throughout the liquid medium, which forms a gel. 

• Molecular self-assembly: 

 



Self-assembly is how all natural materials, organic and inorganic are produced. In natural 

biological processes, molecules self-assemble to create complex structures with nanoscale 

precision. In self-assembly sub units spontaneously organise and aggregate into stable 

structures. This process is guided by information that is coded into the characteristics of the 

sub units and the final structure is reached by equilibrating to the form of the lowest free energy. 

 

 

 

 

 



UNIT III FUNDAMENTALS OF NANOELECTRONICS  

Fundamentals of logic Devices: physical limits to computations; concepts of logic devices: 

classifications – two terminal devices – field effect devices – coulomb blockade devices – 

spintronics – quantum cellular automata – quantum computing – DNA computer; Ultimate 

computation : power dissipation limit – dissipation in reversible computation. 

Fundamentals of Logic Devices 

Physical limits to Computations: 

Computers are physical systems: the laws of physics dictate what they can and cannot do. In 

particular, the speed with which a physical device can process information is limited by its 

energy and the amount of information that it can process is limited by the number of degrees 

of freedom it possesses. The factors which contribute to the Physical limits of computation are 

maximum speed per logical operation, performing quantum logic operations, parallel and series 

operation, entropy, energy and temperature. 

Concept of Logic Devices 

 

 

 

 

 

               

   Examples of input and output signals of logic devices 



Classifications: 

The physical properties representing logical states must arise from a non-linear behaviour of 

the carrier in order to generate the discrete logical states of the digital logic. 

The physical origin of the non-linearity or discretisation does not matter.  

It may be., the classical non-linearity of the function, the discreteness of the electrical charge, 

and the quantum-mechanical discreteness of energy states in microscopic systems. 

Another classification refers to the number of terminals: 

➢ two-terminal devices in which the input signal to modify the output state and the 

reading of the output signal use the same terminals; examples are: switches and diodes. 

➢ three-terminal devices in which the input signal uses a separate terminal than the output 

signal; example: transistors, biological neurons. 

Field Effect Devices 

The basic principle of field effect devices is the charging of a gate electrode which creates an 

electric field in the channel between the source and drain. Depending on the polarity of the gate 

potential and the characteristics of the channel, this field leads to an enhancement or a 

suppression of the conduction. 

The by far most important device in digital logic is the Si-based Metal-Oxide- Semiconductor 

Field Effect Transistor (MOSFET). The challenges on the route to further reduced sizes and 

the potential of new materials and devices concepts. 

The introduction of ferroelectrics as a gate oxide (Ferroelectric FET) gives the chance to 

conserve the charge on the gate electrode if the supply voltage is switched off. 



Carbon Nanotubes can also be employed as channels of a field effect device. A gate electrode 

made from any conductor (metal, aqueous electrolyte, etc.) attached to the tube wall can be 

used to control the current flow. Organic semiconductors are used as a thin-film channel 

material for organic FETs (OFETs, also called organic thin-film transistors, OTFTs). 

Spintronics 

Spintronics ( spin transport electronics), also known as spin electronics, is the study of the 

intrinsic spin of the electron and its associated magnetic moment, in addition to its 

fundamental electronic charge, in solid-state devices. The field of spintronics concerns spin-

charge coupling in metallic systems; the analogous effects in insulators fall into the field 

of multiferroics. 

 

Applications of Spintronics 

Spintronics fundamentally differs from traditional electronics in that, in addition to charge 

state, electron spins are exploited as a further degree of freedom, with implications in the 

efficiency of data storage and transfer. Spintronic systems are most often realised in dilute 

magnetic semiconductors (DMS) and Heusler alloys and are of particular interest in the field 

of quantum computing and neuromorphic computing. 
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Materials used for Spintronics: Ferromagnetic metals include Fe, Co, Ni metals, and also their 

alloys. They are the oldest spintronics materials that were used to construct spin valves and 

magnetic tunnel junctions. These materials are abundant and cheap, and can be handled easily. 

Quantum Dot cellular Automata 

Logic circuits based on the Quantum Cellular Automaton (QCA) concept offer an alternative 

to traditional architectures used for computation. The first consistent scheme for the producing 

logic functions with two-dimensional quantum dot arrays dates from 1993 and is commonly 

called the “Notre Dame architecture”. 

 

The basic building block of the Notre Dame architecture is a cell made up of four or five 

quantum dots, containing two electrons, which can align along one of the two diagonals. 

Coulomb repulsion between the electrons in a single cell causes the charge in the cell to align 

along one of two directions, giving rise to two possible “polarisation states”, representing 

binary data. The polarisation propagates along a chain of cells by minimising the electrostatic 

energy. Properly assembled two-dimensional arrays of cells allow the implementation of logic 

functions. The result of any computation performed with such arrays consists in the polarisation 

state of some output cells.  



 

QCA Wire 

Therefore, the cellular automata is a concept for possible circuit applications of quantum 

devices, because they overcome some important problems, such as the very limited available 

fan-out, the difficulty to drive efficiently interconnect lines or the power dissipation. 

 

In the past QCA was supposed to suffer from having to control the number of electrons in each 

cell or interface the cellular automaton system with the outer world and, in particular, with 

conventional electronics without perturbing its operation. Indeed, these problems do exist, but 

it has been determined that cell operation without any significant performance degradation is 

possible using 4N+2 excess electrons in each cell, N being any integer. Contrary to some 

previous hypotheses, there is a seamless transition from two-electron-cells to cells made with 

metallic dots, which may contain a large number of excess electrons. An example of the logic 

functions that can be performed with QCA arrays is the majority voting gate as shown in 

Figure. The three inputs of this configuration are the polarisation states of the three input cells, 

and the output cell polarises along the direction corresponding to the majority of the inputs, in 

order to minimise the electrostatic energy. 



Quantum Computing: 

 

A Quantum Computer  

Quantum bits are the fundamental units of information in quantum information processing in 

much the same way that bits are the fundamental units of information for classical processing. 

The field of quantum information processing developed slowly in the 1980s and early 1990s 

as a small group of researchers worked out a theory of quantum information and quantum 

information processing.  

David Deutsch developed a notion of a quantum mechanical Turing machine. Daniel Bernstein, 

Vijay Vazirani, and Andrew Yao improved upon his model and showed that a quantum Turing 

machine could simulate a classical Turing machine, and hence any classical computation, with 

at most a polynomial time slowdown. 

The standard quantum circuit model was then defined, which led to an understanding of 

quantum complexity in terms of a set of basic quantum transformations called quantum gates. 

These gates are theoretical constructs that may or may not have direct analogy in the physical 

components of an actual quantum computer. There are various gates like Hadamard gates, 

Toffoli gates and Pauli’s gates which are used for performing quantum computation and which 

are reversible in nature. 



 

Quantum Gates  

DNA computation 

DNA computing, the performing of computations using biological molecules, rather than 

traditional silicon chips. The idea that individual molecules (or even atoms) could be used for 

computation dates to 1959, when American physicist Richard Feynman presented his ideas 

on nanotechnology. However, DNA computing was not physically realized until 1994, when 

American computer scientist Leonard Adleman showed how molecules could be used to solve 

a computational problem. 

 

DNA Computation (Credits: Nature.com) 
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The parallel power of DNA computing can be known from solving Hamilton path problem as 

given in the Figure. 

Ultimate Computation and Reversible Computation 

Landauer's principle is a physical principle pertaining to the lower theoretical limit of energy 

consumption of computation. It holds that "any logically irreversible manipulation 

of information, such as the erasure of a bit or the merging of two computation paths, must be 

accompanied by a corresponding entropy increase in non-information-bearing degrees of 

freedom of the information-processing apparatus or its environment". 

Another way of phrasing Landauer's principle is that if an observer loses information about 

a physical system, the observer loses the ability to extract work from that system. 

A so-called logically reversible computation, in which no information is erased, may in 

principle be carried out without releasing any heat. This has led to considerable interest in the 

study of reversible computing. Indeed, without reversible computing, increases in the number 

of computations per joule of energy dissipated must eventually come to a halt.  

Reversible computing is any model of computation where the computational process, to some 

extent, is time-reversible. In a model of computation that uses deterministic transitions from 

one state of the abstract machine to another, a necessary condition for reversibility is that 

the relation of the mapping from states to their successors must be one-to-one. Reversible 

computing is a form of unconventional computing. 

Due to the unitarity of quantum mechanics, quantum circuits are reversible, as long as they do 

not "collapse" the quantum states they operate on. 

There are two major, closely related types of reversibility that are of particular interest for this 

purpose: physical reversibility and logical reversibility.  

https://en.wikipedia.org/wiki/Principle#Principle_as_scientific_law
https://en.wikipedia.org/wiki/Theoretical_physics
https://en.wikipedia.org/wiki/Energy_conservation
https://en.wikipedia.org/wiki/Energy_conservation
https://en.wikipedia.org/wiki/Computation
https://en.wikipedia.org/wiki/Information#As_a_property_in_physics
https://en.wikipedia.org/wiki/Bit
https://en.wikipedia.org/wiki/Computation
https://en.wikipedia.org/wiki/Entropy
https://en.wikipedia.org/wiki/Degrees_of_freedom_(physics_and_chemistry)
https://en.wikipedia.org/wiki/Degrees_of_freedom_(physics_and_chemistry)
https://en.wikipedia.org/wiki/Physical_system
https://en.wikipedia.org/wiki/Reversible_computing
https://en.wikipedia.org/wiki/Model_of_computation
https://en.wikipedia.org/wiki/Computational_process
https://en.wikipedia.org/wiki/Time-reversible
https://en.wikipedia.org/wiki/Deterministic
https://en.wikipedia.org/wiki/State_transition_system
https://en.wikipedia.org/wiki/Binary_relation
https://en.wikipedia.org/wiki/Map_(mathematics)
https://en.wikipedia.org/wiki/Injective_function
https://en.wikipedia.org/wiki/Unconventional_computing
https://en.wikipedia.org/wiki/Unitarity_(physics)
https://en.wikipedia.org/wiki/Quantum_mechanics
https://en.wikipedia.org/wiki/Quantum_circuit
https://en.wikipedia.org/wiki/Wave_function_collapse
https://en.wikipedia.org/wiki/Quantum_state
https://en.wikipedia.org/wiki/Reversible_process_(thermodynamics)


A process is said to be physically reversible if it results in no increase in physical entropy; it 

is isentropic. There is a style of circuit design ideally exhibiting this property that is referred to 

as charge recovery logic, adiabatic circuits, or adiabatic computing. Although in practice no 

nonstationary physical process can be exactly physically reversible or isentropic, there is no 

known limit to the closeness with which we can approach perfect reversibility, in systems that 

are sufficiently well isolated from interactions with unknown external environments, when the 

laws of physics describing the system's evolution are precisely known. 
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UNIT IV NANO STRUCTURE DEVICES  

Resonant Tunnelling Diode, Coulomb dots, Quantum blockade, Single electron transistors, 

Carbon nanotube electronics, Band structure and transport, devices, applications, 2D 

semiconductors and electronic devices, Graphene, atomistic simulation. 

Resonant - Tunnelling diode 

A resonant-tunneling diode (RTD) is a diode with a resonant-tunneling structure in which 

electrons can tunnel through some resonant states at certain energy levels. The current–voltage 

characteristic often exhibits negative differential resistance regions. 

All types of tunneling diodes make use of quantum mechanical tunneling. Characteristic to the 

current – voltage relationship of a tunneling diode is the presence of one or more negative 

differential resistance regions, which enables many unique applications. Tunneling diodes can 

be very compact and are also capable of ultra-high-speed operation because the quantum 

tunneling effect through the very thin layers is a very fast process. One area of active research 

is directed toward building oscillators and switching devices that can operate 

at terahertz frequencies. 

An RTD can be fabricated using many different types of materials (such as III–V, type IV, II–

VI semiconductor) and different types of resonant tunneling structures, such as the heavily 

doped p–n junction in Esaki diodes, double barrier, triple barrier, quantum well, or quantum 

wire. The structure and fabrication process of Si/SiGe resonant interband tunneling diodes are 

suitable for integration with modern Si complementary metal–oxide–semiconductor (CMOS) 

and Si/SiGe heterojunction bipolar technology. 

One type of RTDs is formed as a single quantum well structure surrounded by very thin layer 

barriers. This structure is called a double barrier structure. Carriers such as electrons and holes 

can only have discrete energy values inside the quantum well. When a voltage is placed across 
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an RTD, a terahertz wave is emitted, which is why the energy value inside the quantum well is 

equal to that of the emitter side. As voltage is increased, the terahertz wave dies out because 

the energy value in the quantum well is outside the emitter side energy. 

Another feature seen in RTD structures is the negative resistance on application of bias as can 

be seen in the image generated from Nanohub. The forming of negative resistance will be 

examined in detail in operation section below. 

 

Resonant Tunneling Diode 

This structure can be grown by molecular beam heteroepitaxy. GaAs and AlAs in particular 

are used to form this structure. AlAs/InGaAs or InAlAs/InGaAs can be used. 

The operation of electronic circuits containing RTDs can be described by a Lienard system of 

equations, which are a generalization of the Van der Pol oscillator equation.  

Single Electron Transistor: 

A single-electron transistor (SET) is a sensitive electronic device based on the Coulomb 

blockade effect. In this device the electrons flow through a tunnel junction between 

source/drain to a quantum dot (conductive island). Moreover, the electrical potential of the 
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island can be tuned by a third electrode, known as the gate, which is capacitively coupled to 

the island. The conductive island is sandwiched between two tunnel junctions, which are 

modeled by a capacitor and a resistor in parallel. 

 

Schematic of a basic SET and its internal electrical components 

 

Schematic diagram of a single-electron transistor 

The SET has, like the FET, three electrodes: source, drain, and a gate. The main technological 

difference between the transistor types is in the channel concept. While the channel changes 

from insulated to conductive with applied gate voltage in the FET, the SET is always insulated. 

The source and drain are coupled through two tunnel junctions, separated by a metallic or 

semiconductor-based quantum nanodot (QD), also known as the "island". The electrical 

potential of the QD can be tuned with the capacitively coupled gate electrode to alter the 

resistance, by applying a positive voltage the QD will change from blocking to non-blocking 

state and electrons will start tunnelling to the QD. This phenomenon is known as the Coulomb 

blockade. 
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energy levels of source, island and drain in a single-electron transistor for the blocking state 

(upper part) and transmitting state (lower part) 

Carbon nanotubes in electronics 

Carbon nanotubes (CNTs) are quasi-one-dimensional materials with unique properties and 

are ideal materials for applications in electronic devices. Significant progress has been made 

on CNT electronics, and a doping-free approach has been emerged. 

Carbon Nano Tubes 

Carbon nanotubes (CNTs) are tubes made of carbon with diameters typically measured 

in nanometres. Carbon nanotubes often refer to single-wall carbon nanotubes (SWCNTs) with 

diameters in the range of a nanometer. Single-wall carbon nanotubes are one of the allotropes 

of carbon, intermediate between fullerene cages and flat graphene. 
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Single Walled CNT (STM Image) 

 

Rotating Single Walled Zig Zag Carbon Nano Tube 

Single Walled and Multi Walled Carbon Nano Tubes are the two types of Carbon Nano tubes. 

And Zig Zag, arm chair and Chiral are the different configurations of Carbon nano tubes. 

Carbon nanotubes can exhibit remarkable electrical conductivity, while others are 

semiconductors. They also have exceptional tensile strength and thermal conductivity because 

of their nanostructure and strength of the bonds between carbon atoms. In addition, they can 

be chemically modified. These properties are expected to be valuable in many areas of 

technology, such as electronics, optics, composite materials (replacing or complementing 

carbon fibers), nanotechnology, and other applications of materials science. 

Carbon Nano tube Field Effect Transistor 

A carbon nanotube field-effect transistor (CNTFET) is a field-effect transistor that utilizes 

a single carbon nanotube or an array of carbon nanotubes as the channel material instead of 
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bulk silicon in the traditional MOSFET structure. First demonstrated in 1998, there have been 

major developments in CNTFETs since. 

Types of Carbon Nano Tube FET 

Back-gated CNTFETs 

 

Top view      Side view 

Top and side view of a silicon back-gated CNTFET. The CNTFET consists of carbon 

nanotubes deposited on a silicon oxide substrate pre-patterned with chromium/gold source and 

drain contacts. 

The earliest techniques for fabricating carbon nanotube (CNT) field-effect transistors involved 

pre-patterning parallel strips of metal across a silicon dioxide substrate, and then depositing the 

CNTs on top in a random pattern. The semiconducting CNTs that happened to fall across two 

metal strips meet all the requirements necessary for a rudimentary field-effect transistor. One 

metal strip is the "source" contact while the other is the "drain" contact. The silicon oxide 

substrate can be used as the gate oxide and adding a metal contact on the back makes the 

semiconducting CNT gateable. 

This technique suffered from several drawbacks, which made for non-optimized transistors. 

The first was the metal contact, which actually had very little contact to the CNT, since the 

nanotube just lay on top of it and the contact area was therefore very small. Also, due to the 

semiconducting nature of the CNT, a Schottky barrier forms at the metal–semiconductor 

interface, increasing the contact resistance. The second drawback was due to the back-gate 
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device geometry. Its thickness made it difficult to switch the devices on and off using low 

voltages, and the fabrication process led to poor contact between the gate dielectric and CNT.  

Top-gated CNTFETs 

 

The process for fabricating a top-gated CNTFET 

Eventually, researchers migrated from the back-gate approach to a more advanced top-gate 

fabrication process. In the first step, single-walled carbon nanotubes are solution deposited onto 

a silicon oxide substrate. Individual nanotubes are then located via atomic force microscope or 

scanning electron microscope. After an individual tube is isolated, source and drain contacts 

are defined and patterned using high resolution electron beam lithography. A high temperature 

anneal step reduces the contact resistance by improving adhesion between the contacts and 

CNT. A thin top-gate dielectric is then deposited on top of the nanotube, either via evaporation 

or atomic layer deposition. Finally, the top gate contact is deposited on the gate dielectric, 

completing the process. 

Arrays of top-gated CNTFETs can be fabricated on the same wafer, since the gate contacts are 

electrically isolated from each other, unlike in the back-gated case. Also, due to the thinness of 

the gate dielectric, a larger electric field can be generated with respect to the nanotube using a 
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lower gate voltage. These advantages mean top-gated devices are generally preferred over 

back-gated CNTFETs, despite their more complex fabrication process. 

Wrap-around gate CNTFETs 

 

Sheathed CNT              Gate all-around CNT Device 

Wrap-around gate CNTFETs, also known as gate-all-around CNTFETs were developed in 

2008, and are a further improvement upon the top-gate device geometry. In this device, instead 

of gating just the part of the CNT that is closer to the metal gate contact, the entire 

circumference of the nanotube is gated. This should ideally improve the electrical performance 

of the CNTFET, reducing leakage current and improving the device on/off ratio. 

Device fabrication begins by first wrapping CNTs in a gate dielectric and gate contact via 

atomic layer deposition. These wrapped nanotubes are then solution-deposited on an insulating 

substrate, where the wrappings are partially etched off, exposing the ends of the nanotube. The 

source, drain, and gate contacts are then deposited onto the CNT ends and the metallic outer 

gate wrapping. 

Suspended CNTFETs 

Yet another CNTFET device geometry involves suspending the nanotube over a trench to 

reduce contact with the substrate and gate oxide. This technique has the advantage of reduced 

scattering at the CNT-substrate interface, improving device performance. There are many 

methods used to fabricate suspended CNTFETs, ranging from growing them over trenches 
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using catalyst particles, transferring them onto a substrate and then under-etching the dielectric 

beneath, and transfer-printing onto a trenched substrate.  

 

 

A suspended CNTFET device  

The main problem suffered by suspended CNTFETs is that they have very limited material 

options for use as a gate dielectric (generally air or vacuum), and applying a gate bias has the 

effect of pulling the nanotube closer to the gate, which places an upper limit on how much the 

nanotube can be gated. This technique will also only work for shorter nanotubes, as longer 

tubes will flex in the middle and droop towards the gate, possibly touching the metal contact 

and shorting the device. In general, suspended CNTFETs are not practical for commercial 

applications, but they can be useful for studying the intrinsic properties of clean nanotubes. 

Band Structure and Transport 

Band structures are a representation of the allowed electronic energy levels of solid 

materials and are used to better inform their electrical properties. A band structure is a 2D 

representation of the energies of the crystal orbitals in a crystalline material. This formation of 

bands is mostly a feature of the outermost electrons (valence electrons) in the atom, which 

are the ones involved in chemical bonding and electrical conductivity. The inner electron 

orbitals do not overlap to a significant degree, so their bands are very narrow. 

https://en.wikipedia.org/wiki/File:Wiki6.jpg


 

Electronic Band Structure 

Band Structure Semiconductor: Semiconductors are materials with a (relatively) small band 

gap (typically 1eV) between a filled valence band and an empty conduction band. 

Chemical potential μ (often called Fermi energy) lies in the band gap. Insulators at T=0, with 

a small density of electrons excited at finite temperatures. 

2D Semiconductors and Electronic Devices: 

Two – dimensional materials are substances with a thickness of a few nanometres or less. 

Electrons in these materials are free to move in to two – dimensional plane, but their restricted 

in the third direction is governed by Quantum Mechanics. Prominent examples include 

quantum wells and graphene. 

Graphene: 

Graphene is an allotrope of carbon consisting of a single layer of atoms arranged in a two-

dimensional honeycomb lattice nanostructure. The name is derived from "graphite" and the 

suffixene, reflecting the fact that the graphite allotrope of carbon contains numerous double 

bonds. 

Each atom in a graphene sheet is connected to its three nearest neighbours by a σ - bond, and 

contributes one electron to a conduction band that extends over the whole sheet. This is the 
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same type of bonding seen in carbon nanotubes and polycyclic aromatic hydrocarbons, and 

(partially) in fullerenes and glassy carbon. These conduction bands make graphene 

a semimetal with unusual electronic properties that are best described by theories for massless 

relativistic particles.  

Charge carriers in graphene show linear, rather than quadratic, dependence of energy on 

momentum, and field-effect transistors with graphene can be made that show bipolar 

conduction. Charge transport is ballistic over long distances; the material exhibits 

large quantum oscillations and large and nonlinear diamagnetism. Graphene conducts heat and 

electricity very efficiently along its plane. The material strongly absorbs light of all visible 

wavelengths, which accounts for the black colour of graphite; yet a single graphene sheet is 

nearly transparent because of its extreme thinness. The material is also about 100 times stronger 

than would be the strongest steel of the same thickness. 

 

Graphene is an atomic – scale hexagonal lattice made up of carbon atoms 

Atomistic Simulations 

Atomistic simulations, the most widely used methods in the nano mechanics field, are 

important numerical methods for the investigation of magnetic, electronic, chemical, and 

mechanical properties of carbon nanostructures since these modelling approaches can 

accurately trace atomic position and precisely capture the microscale physical mechanism, such 

https://en.wikipedia.org/wiki/Carbon_nanotube
https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
https://en.wikipedia.org/wiki/Fullerene
https://en.wikipedia.org/wiki/Glassy_carbon
https://en.wikipedia.org/wiki/Semimetal
https://en.wikipedia.org/wiki/Electronic_properties_of_graphene
https://en.wikipedia.org/wiki/Ballistic_conduction
https://en.wikipedia.org/wiki/Quantum_oscillations
https://en.wikipedia.org/wiki/Diamagnetism
https://www.sciencedirect.com/topics/materials-science/nanostructure


as buckling. There has been already much research of carbon nanostructures using atomistic 

simulation. 

 



UNIT V LOGIC DEVICES AND APPLICATIONS  

Logic Devices - Silicon MOSFETs - Ferroelectric Field Effect Transistors - Quantum 

Transport Devices Based on Resonant Tunnelling – Single - Electron Devices for Logic 

Applications - Superconductor Digital Electronics - Quantum Computing Using 

Superconductors - Carbon Nanotubes for Data Processing - Molecular Electronics. 

MEMS/NEMS. Future applications and Trends. 

Silicon MOSFETs  

The metal–oxide–semiconductor field-effect transistor (MOSFET, MOS-FET, or MOS FET), 

also known as the metal–oxide–silicon transistor (MOS transistor, or MOS), is a type of 

insulated-gate field-effect transistor that is fabricated by the controlled oxidation of a 

semiconductor, typically silicon. 

 

Silicon MOSFET 

Ferroelectric Field Effect Transistors  

A ferroelectric field-effect transistor (Fe FET) is a type of field-effect transistor that 

includes a ferroelectric material sandwiched between the gate electrode and source-drain 

conduction region of the device (the channel). Permanent electrical field polarisation in the 

ferroelectric causes this type of device to retain the transistor's state (on or off) in the absence 
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of any electrical bias. FeFET based devices are used in FeFET memory - a type of single 

transistor non-volatile memory. 

Use of a ferroelectric (triglycine sulfate) in a solid state memory was proposed by Moll and 

Tarui in 1963 using a thin film transistor. Early field effect transistor based devices 

used bismuth titanate (Bi4Ti3O12) ferroelectric, or Pb1−xLnxTiO3 (PLT) and related mixed 

zironconate/titanates (PLZT). In the late 1980 Ferroelectric RAM was developed, using a 

ferroelectric thin film as capacitor, connected to an addressing FET.  

FeFET based memory devices are read using voltages below the coercive voltage for the 

ferrolectric.  

Issues involved in realising a practical FeFET memory device include (as of 2006): choice of 

a high permittivity, highly insulating layer between ferroelectric and gate; issues with high 

remanent polarisation of ferrolectrics; limited retention time. Provided the ferroelectric layer 

can be scaled accordingly FeFET based memory devices are expected to scale (shrink) as well 

as MOSFET devices; however a limit of ~20 nm laterally may exist. Other challenges to 

feature shrinks include : reduced film thickness causing additional (undesired) polarisation 

effects; charge injection; and leakage currents.  

 

          Structure of a 1 Transistor FeRAM cell 

In 2017 FeFET based non-volatile memory was reported as having been built at 22nm node 

using FDSOI CMOS (fully depleted silicon on insulator) with hafnium dioxide (HfO2) as the 
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ferroelectric- the smallest FeFET cell size reported was 0.025 μm2, the devices were built as 

32Mbit arrays, using set/reset pulses of ~10ns duration at 4.2V - the devices showed endurance 

of 105 cycles and data retention up to 300C.  

As of 2017 the start - up 'Ferroelectric Memory Company' is attempting to develop FeFET 

memory into a commercial device, based on Hafnium dioxide. The company's technology is 

claimed to scale to modern process node sizes, and to integrate with contemporary production 

processes, i.e. HKMG, and is easily integrable in to conventional CMOS processes, requiring 

only two additional masks.  

Superconductor Digital Electronics  

Superconducting logic refers to a class of logic circuits or logic gates that use the unique 

properties of  superconductors, including zero-resistance wires, ultrafast Josephson 

junction switches, and quantization of magnetic flux. Superconducting computing is a form 

of cryogenic computing, as superconductive electronic circuits require cooling 

to cryogenic temperatures for operation, typically below 10 kelvin. Often superconducting 

computing is applied to quantum computing, with an important application known 

as superconducting quantum computing. 

Superconducting digital logic circuits use single flux quanta (SFQ), also known as magnetic 

flux quanta, to encode, process, and transport data. SFQ circuits are made up of active 

Josephson junctions and passive elements such as inductors, resistors, transformers, and 

transmission lines. Whereas voltages and capacitors are important in semiconductor logic 

circuits such as CMOS, currents and inductors are most important in SFQ logic circuits. Power 

can be supplied by either direct current or alternating current, depending on the SFQ logic 

family. 
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Carbon Nanotubes for Data Processing  

 

Carbon nanotubes  as FET are used for Data Processing in memory and processor circuits. 

Molecular Electronics 

Molecular electronics is the study and application of molecular building blocks for the 

fabrication of electronic components. It is an interdisciplinary area that 

spans physics, chemistry, and materials science. The unifying feature is use of molecular 

building blocks to fabricate electronic components. Due to the prospect of size reduction in 

electronics offered by molecular-level control of properties, molecular electronics has 

generated much excitement. It provides a potential means to extend Moore's Law beyond the 

foreseen limits of small-scale conventional silicon integrated circuits. 

 

Molecular Switch 

Molecular scale electronics, also called single-molecule electronics, is a branch 

of nanotechnology that uses single molecules, or nanoscale collections of single molecules, 

as electronic components. Because single molecules constitute the smallest stable structures 

possible, this miniaturization is the ultimate goal for shrinking electrical circuits. 
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Conventional electronic devices are traditionally made from bulk materials. Bulk methods have 

inherent limits, and are growing increasingly demanding and costly. Thus, the idea was born 

that the components could instead be built up atom by atom in a chemistry lab (bottom up) as 

opposed to carving them out of bulk material (top down). 

In single-molecule electronics, the bulk material is replaced by single molecules. That is, 

instead of creating structures by removing or applying material after a pattern scaffold, the 

atoms are put together in a chemistry lab. The molecules used have properties that resemble 

traditional electronic components such as a wire, transistor, or rectifier.  

MEMS/NEMS 

Nanoelectromechanical systems (NEMS) are a class of devices integrating electrical and 

mechanical functionality on the nanoscale. NEMS form the next logical miniaturization step 

from so-called microelectromechanical systems, or MEMS devices. NEMS typically integrate 

transistor-like nanoelectronics with mechanical actuators, pumps, or motors, and may thereby 

form physical, biological, and chemical sensors. The name derives from typical device 

dimensions in the nanometer range, leading to low mass, high mechanical resonance 

frequencies, potentially large quantum mechanical effects such as zero point motion, and a 

high surface-to-volume ratio useful for surface-based sensing mechanisms. Applications 

include accelerometers and sensors to detect chemical substances in the air. 

Two complementary approaches to fabrication of NEMS can be found. The top-

down approach uses the traditional microfabrication methods, i.e. optical, electron-beam 

lithography and thermal treatments, to manufacture devices. While being limited by the 

resolution of these methods, it allows a large degree of control over the resulting structures. In 

this manner devices such as nanowires, nanorods, and patterned nanostructures are fabricated 
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from metallic thin films or etched semiconductor layers. For top-down approaches, increasing 

surface area to volume ratio enhances the reactivity of nanomaterials.  

Bottom-up approaches, in contrast, use the chemical properties of single molecules to cause 

single-molecule components to self-organize or self-assemble into some useful conformation, 

or rely on positional assembly. These approaches utilize the concepts of molecular self-

assembly and/or molecular recognition. This allows fabrication of much smaller structures, 

albeit often at the cost of limited control of the fabrication process. Furthermore, while there 

are residue materials removed from the original structure for the top-down approach, minimal 

material is removed or wasted for the bottom-up approach.  

 

MEMS/NEMS 

A combination of these approaches may also be used, in which nanoscale molecules are 

integrated into a top-down framework. One such example is the carbon nanotube nanomotor.  
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