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Unit-1 

Introduction Nanoscale technology: Consequences of the nanoscale for technology and society. Molecular 

building blocks for nanostructure systems, Nanoscale 1D to 3D structures, Band structure and density of 

states at low dimensional structure. Size dependent properties (Electrical, mechanical, optical, thermal 

etc).top down and bottom up technique, lithographic, nanolithography and non-lithographic techniques: 

pulsed laser deposition, plasma arc discharge, e-beam sputtering, ball milling, sol gel, electrode position, 

chemical vapor deposition. 

-------------------------------------------------------------------------------------------------------------------------------------------------- 

Concept of Nanotechnology: Nanotechnology (sometimes shortened to "nanotech") is the study of 

manipulating matter on an atomic and molecular scale. Generally a nanotechnology deal with structures sized 

between 1to 100nanometer in at least one dimension, and involves developing materials or devices within 

that size. Quantum mechanical effects are very important at this scale. Nanotechnology is very diverse, 

ranging from extensions of conventional device physics to completely new approaches based upon molecular 

self-assembly, from developing new materials with dimensions on the nanoscale to investigating whether we 

can directly control matter on the atomic scale. . Nanotechnology may be able to create many new materials 

and devices with a vast range of applications, such as in medicine, electronics, biomaterials and energy 

production. Two main approaches are used in nanotechnology. In the "bottom-up" approach, materials and 

devices are built from molecular components which assemble themselves chemically by principles of 

molecular recognition. In the "top-down" approach, nanoobjects are constructed from larger entities without 

atomic-level control.  

Concept of Nanomaterials: The nanomaterials field includes subfields which study materials having unique 

properties arising from their nanoscale dimensions. 

 Interface and colloid science has given rise to many materials which may be useful in nanotechnology, 

such as carbon nanotubes and other fullerenes, and various nanoparticles and nanords. Nanomaterials 

with fast ion transport are related also to nanoionics and nanoelectronics. 

 Nanoscale materials can also be used for bulk applications; most present commercial applications of 

nanotechnology are of this flavor. 

 Progress has been made in using these materials for medical applications; e.g. Nanomedicine.  

 Nanoscale materials are sometimes used in solar cells which combats the cost of traditional Silicon 

solar cells. 

 Development of applications incorporating semiconductor nanoparticles to be used in the next 

generation of products, such as display technology, lighting, solar cells and biological imaging. 

 As silicon technology enters the nanoelectronics era, remarkable opportunities exist to combine 

nanomaterials, quantum phenomena and microelectronics technology in creative ways to produce 

new types of silicon-compatible device for a wide range of applications. 

 The world-class electron beam lithography capability in the NSI Group allows us to research new 

nanomaterials that have interesting electrical, optical and magnetic properties, and also to apply these 

nanomaterials to improve the performance of silicon devices. One example of our research is the use 

biomimetic and plasmonic nanostructures on the surface of a silicon solar cell to improve its efficiency. 

Nanoelectronics: The aim of Nanoelectronics is to process, transmit and store information by taking 

advantage of properties of matter that are distinctly different from macroscopic properties. The relevant 

length scale depends on the phenomena listed: it is a few nm for molecules that act like transistors or memory 

devices can be 999 nm for quantum dot where the spin of the electron is being used to process information. 
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Microelectronics, even if the gate size of the transistor is 50 nm, is not an implementation of nanoelectronics, 

as no new qualitative physical property related to reduction in size are being exploited. 

One nanometer (nm) is one billionth, or 10−9, of a meter.  

By comparison, typical carbon-carbon bond lengths, or the spacing between these atoms in a molecule, are in 

the range 0.12–0.15 nm, and a DNA double-helix has a diameter around 2 nm. On the other hand, the 

smallest Cellular life-forms, the bacteria of the genus plasma, are around 200 nm in length. To put that scale in 

another context, the comparative size of a nanometer to a meter is the same as that of a marble to the size of 

the earth. Or another way of putting it: a nanometer is the amount an average man's beard grows in the time 

it takes him to raise the razor to his face.  

The term nanoelectronics refer to electronic devices in which dimensions are in the range of atoms up to 100 

nm. Nanoelectronics are regarded as the successor to microelectronics because it is capable of extending 

miniaturization further toward the ultimate limit of individual atoms and molecules. The implementation 

schemes and device architectures for nanoelectronics may involve conceptually different approaches to future 

computational devices, such as DNA (deoxyribonucleic acid) computing and quantum computing, where atoms 

could act as quantum logic gates. Both of these concepts rely on controlling individual atoms or molecules, and 

may also be regarded as being in the realm of nanoelectronics. 

One popular approach has been to use small conducting islands in which electrons are confined and quantized 

in a definite state. These islands are typically connected to electrodes by thin tunneling barriers. Quantum dots, 

resonant tunnel devices, and single-electron transistors are examples of devices that use this basic concept, 

albeit in different ways. Single-electron transistors are an example of a three-terminal device in which the 

charge of a single electron is sufficient to switch the source-to-drain current. The tiny energy required to drive 

single-electron transistor devices makes this approach very appealing. Nevertheless, a variety of drawbacks 

and obstacles limit the application of such devices in solid-state nanoelectronics, for example, their sensitivity 

to small fluctuations in voltage and background charges, which tend to accumulate in semiconductors. Such 

problems suggest that single-electron devices may be used for storage rather than logic functions. Currently, 

such devices operate at cryogenic temperatures, although there are a few examples of room temperature 

operation.  

Why nanoelectronics? 

First, nanoelectronics is a wide open field with vast potential for breakthroughs coming from fundamental 

research. Some of the major issues that need to be addressed are the following: 

1. Understand nanoscale transport! (Closed loop between theory and experiment necessary). Most 

experiments and modeling concentrate on DC properties, AC properties at THz frequencies are however 

expected to be relevant. 

2. Develop/understand self-assembly techniques to do conventional things cheaper. This has the future 

potential to displace a large fraction of conventional semiconductor applications. One needs to solve the 

interconnect problem and find a replacement of the transistor. If this can be done by self-assembly, a major 

cost advantage compared to conventional silicon technology would result. 

3. Find new ways of doing electronics and find ways of implementing them (e.g. quantum computing; 

electronics modeled after living systems; hybrid Si-biological systems; cellular automata). Do not try and 

duplicate a transistor, but instead investigate new electronics paradigms! Do research as a graduate student in 

this field and lay the foundation for the Intel of the New Millennium. 
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Nanoelectronics are used for the following applications are: 

 Field electron emission.   

 Nanocircuitry.  

 Nano batteries. 

 Nanotube nanomotor. 

 Nano intergrated circuit and Chip fabrication. 

Current research activities include: 

 Carbon nanotube growth and devices. 

 Silicon compatible nanomaterials. 

 Thin film solar cells and transi. 

 Silicon compatible spintronics. 

 Ultimate CMOS. 

Density of energy states 

To finish the calculation for DOS find the number of states per unit sample volume at an energy E inside an 

interval [E, E + dE]. The general form of DOS of a system is given as the scheme sketched so far only applies to 

continuously rising and spherically symmetric dispersion relations. In general the dispersion relation E(k) is 

not spherically symmetric and in many cases it isn't continuously rising either. To express D as a function of E 

the inverse of the dispersion relation E (k) has to be substituted into the expression of Ωn (k) as a function of k 

to get the expression of Ωn (E) as a function of the energy. If the dispersion relation is not spherically 

symmetric or continuously rising and can't be inverted easily then in most cases the DOS has to be calculated 

numerically. More detailed derivations are available.  

Density of states and distribution functions 

The density of states plays an important role in the kinetic theory of solids. The product of the density of states 

and the probability distribution function is the number of occupied states per unit volume at a given energy for 

a system in thermal equilibrium. This value is widely used to investigate various physical properties of matter. 

The following are examples, using two common distribution functions, of how applying a distribution function 

to the density of states can give rise to physical properties. 

Fermi-Dirac statistics: The Fermi-Dirac probability distribution function, Fig.1, is used to find the probability 

that fermion occupies a specific quantum state in a system at thermal equilibrium. Fermions are particles 

which obey the Pauli Exclusion Principle (e.g. electrons, protons, neutrons). The distribution function can be 

written as  is the chemical potential (also denoted as EF and called the Fermi level), kB is the Boltzmann 

constant, and T is temperature. Fig. 1 illustrates how the product of the Fermi-Dirac distribution function and 

the three dimensional density of states for a semiconductor can give insight to physical properties such as 

carrier concentration and Energy band gaps. 
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Figure 1: The density of states (red), the Fermi-Dirac probability distribution (black), and their product (blue) 

for a semiconductor. The valence band and the conduction band are labeled on the ordinate. 

Bose-Einstein statistics: The Bose-Einstein probability distribution function is used to find the probability that a 

boson occupies a specific quantum state in a system at thermal equilibrium. Bosons are particles which do not 

obey the Pauli Exclusion Principle (e.g. phonons and photons). The distribution function can be written as from 

these two distributions it is possible to calculate properties such as the internal energy U, the density of 

particles n, specific heat capacity C, and thermal conductivity k. The relationships between these properties 

and the product of the density of states and the probability distribution, denoting the density of states by 

instead of, are given by d is dimensionality,  is sound velocity and Λ is mean free path. 

Applications: The density of states appears in many areas of physics, and helps to explain a number of 

quantum mechanical phenomena. 

 K-space topologies 

 

 

Figure 2: Spherical surface in k-space for electrons in three dimensions 

Density of wave vector states 

The calculation for DOS starts by counting the N allowed states at a certain k that are contained within [k, k+dk] 

inside the volume of the system. This is done by differentiating the whole k-space volume Ωn,k in n-dimensions 
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at an arbitrary k, with respect to k. The volume, area or length in 3, 2 or 1-dimensional k-spaces are expressed 

by 

Ωn (k) = cnkn  

For a n-dimensional k-space with the topologically determined constants 

For linear, disk and spherical symmetrical shaped functions in 1, 2 and 3-dimensional Euclidian k-spaces 

respectively. 

According to this scheme the density of wave vector states N is, by differentiating Ωn,k with respect to k, 

expressed by 

The 1, 2 and 3-dimensional density of wave vector states are explicitly written as 

N1(k) = 1  

N2(k) = 2πk  

N3(k) = 4πk2  

O e state is la ge e ough to co tai  pa ticles ha i g a ele gth . The a ele gth is elated to k through the 

relationship. 

I  a ua tu  syste  the le gth of  ill depe d o  a cha acte istic spaci g of the syste  L that is co fi i g 
the particles. Finally the density of states Nis multiplied by a factor s, where s is a constant degeneracy factor 

that accounts for internal degrees of freedom due to such physical phenomena as spin or polarization. If no 

such phenomenon is present then s = 1. Vk is the volume in k-space containing all states whose wave vectors 

are smaller than a certain k serving as a parameter. 

Fabrication schemes: There are two possible approaches to the fabrication of nanoelectronic devices: top 

down and bottom up shown in (Figure3).      

Top-down and bottom-up are two approaches for the manufacture of products. These terms were first applied 

to the field of nanotechnology by the Foresight Institute in 1989 in order to distinguish between molecular 

manufacturing (to mass-produce large atomically precise objects) and conventional manufacturing (which can 

mass-produce large objects that are not atomically precise). Bottom-up approaches seek to have smaller 

(usually molecular) components built up into more complex assemblies, while top-down approaches seek to 

create nanoscale devices by using larger, externally-controlled ones to direct their assembly.  

Top-down and bottom-up are strategies of information processing and knowledge ordering, mostly involving 

software, but also other humanistic and scientific theories. In practice, they can be seen as a style of thinking 

and teaching. In many cases top-down is used as a synonym of analysis or decomposition, and bottom-

up of synthesis. 

A top-down approach (is also known as step-wise design) is essentially the breaking down of a system to gain 

insight into its compositional sub-systems. In a top-down approach an overview of the system is formulated, 

specifying but not detailing any first-level subsystems. Each subsystem is then refined in yet greater detail, 

sometimes in many additional subsystem levels, until the entire specification is reduced to base elements. A 

top-down model is often specified with the assistance of "black boxes", these make it easier to manipulate. 
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However, black boxes may fail to elucidate elementary mechanisms or be detailed enough to realistically 

validate the model. 

(1) Top-down approaches        

 Top-down is the extension of established methods of engineering and microelectronics processing that relies 

on a patterning process often described in terms of depositing, patterning, and etching layers of material to 

define the circuitry and active elements. Top-down approaches rely on control of damage, and as the 

structures become smaller the defects make device operation increasingly problematic. Moreover, as these 

technologies are pushed to smaller sizes, the cost increases drastically, tolerances become more difficult to 

maintain, and the engineering laws of scaling become inapplicable. To scale such technologies to the atomic 

and molecular level, the use of softer methods with atomic tolerances based on bottom-up approaches will 

eventually become mandatory.  

Present top-down fabrication is limited by the wavelength of the light used in the photolithography process, 

which illuminates proximity masks containing the pattern to be transferred to the substrate. To overcome this 

limit, shorter wavelengths are required, such as in extreme ultraviolet lithography. X-ray lithography is 

currently the leading technology in the drive to replace photolithography as a large-scale production tool 

because it uses masks, which are suited to high-volume production. Major challenges are mask fabrication and 

placement accuracy. Electron-beam lithography uses a finely focused beam of high-energy electrons to define 

a pattern. However, because the beam must be scanned to define the pattern, the technique in its present 

form is considered too slow for anything but the production of masks.  

 

 

 

 

 

 

 

 

 

 

Figure3. Developments in solid-state technology and chemistry. Miniaturization in technology is based on ever 

smaller and simpler components. Macromolecular chemistry involves a bottom-up approach, in which units of 

atoms are connected to form structures of ever-increasing complexity. Understanding and control of biology is 

also approaching the scale of individual atoms and molecules (for example, in drug design), and so converges 

with chemistry and microelectronics. Concepts in all three fields may be used in the design, fabrication, and 

operational principles of nanoelectronic devices. 
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(2) Bottom-up approach 

This term describes device fabrication on an atom-by-atom basis. Molecules, which are prefabricated 

arrangements of atoms in a functional form, are also appealing for bottom-up fabrication. The advantage of 

the bottom-up approach lies in the design and chemical synthesis of functional molecules by the billions, 

which can then be assembled into nano-electronic devices. The assembly of these perfect molecular units is 

more problematic, but two principal methods for engineering atoms and molecules currently exist. 

A bottom-up approach is the piecing together of systems to give rise to grander systems, thus making the 

original systems sub-systems of the emergent system. In a bottom-up approach the individual base elements 

of the system are first specified in great detail. These elements are then linked together to form larger 

subsystems, which then in turn are linked, sometimes in many levels, until a complete top-level system is 

formed. This strategy often resembles a "seed" model, whereby the beginnings are small but eventually grow 

in complexity and completeness. However, "organic strategies" may result in a tangle of elements and 

subsystems, developed in isolation and subject to local optimization as opposed to meeting a global purpose. 

A thin film is a layer of material ranging from fractions of a nanometer (monolayer) to several micrometers in 

thickness. Electronic semiconductor devices and optical coatings are the main applications benefiting from thin 

film construction. 

A familiar application of thin films is the household mirror which typically has a thin metal coating on the back 

of a sheet of glass to form a reflective interface. The process of silvering was once commonly used to produce 

mirrors. A very thin film coating (less than a nanometer) is used to produce two-way mirrors. 

The performance of optical coatings (e.g. antireflective, or AR, coatings) are typically enhanced when the thin 

film coating consists of multiple layers having varying thicknesses and refractive indices. Similarly, a periodic 

structure of alternating thin films of different materials may collectively form a so-called super lattice which 

exploits the phenomenon of quantum confinement by restricting electronic phenomena to two-dimensions. 

Work is being done with ferromagnetic and ferroelectric thin films for use as computer memory. It is also being 

applied to pharmaceuticals, via thin film drug delivery. Thin-films are used to produce thin-film batteries. Thin 

film application also is adopted on Dye-sensitized solar cell. 

Ceramic thin films are in wide use. The relatively high hardness and inertness of ceramic materials make this 

type of thin coating of interest for protection of substrate materials against corrosion, oxidation and wear. In 

particular, the use of such coatings on cutting tools can extend the life of these items by several orders of 

magnitude. Research is being done on a new class of thin film inorganic oxide materials, called amorphous 

heavy-metal cation multicomponent oxide, which could be used to make transparent transistors that are 

inexpensive, stable, and environmentally benign 

Deposition 

The act of applying a thin film to a surface is thin-film deposition - any technique for depositing a thin film of 

material onto a substrate or onto previously deposited layers. "Thin" is a relative term, but most deposition 

techniques control layer thickness within a few tens of nanometers. Molecular beam epitaxial allows a single 

layer of atoms to be deposited at a time. 

It is useful in the manufacture of optics (for reflective, anti-reflective coatings or self-cleaning glass, for 

instance), electronics (layers of insulators, semiconductors, and conductors form integrated circuits), packaging 

(i.e., aluminum-coated PET film), and in contemporary art (see the work of Larry Bell). Similar processes are 
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sometimes used where thickness is not important: for instance, the purification of copper by electroplating 

and the deposition of silicon and enriched uranium by a CVD-like process after gas-phase processing. 

Deposition techniques fall into two broad categories, depending on whether the process is primarily chemical 

or physical. 

Fabrication Technology 

(1) Nanolithography   

Nanolithography is the branch of nanotechnology concerned with the study and application of fabricating 

nanometer-scale structures, meaning patterns with at least one lateral dimension between the size of an 

individual atom and approximately 100 nm. Nanolithography is used during the fabrication of leading-edge 

semiconductor integrated circuits (nanocircuitry) or nanoelectromechanical systems (NEMS). 

(2) Optical lithography  

Optical lithography, which has been the predominant patterning technique since the advent of the 

semiconductor age, is capable of producing sub-100-nm patterns with the use of very short wavelengths 

(currently 193 nm). Optical lithography will require the use of liquid immersion and a host 

of resolution enhancement technologies (phase-shift masks (PSM), optical proximity correction(OPC)) at the 

32 nm node. Most experts feel that traditional optical lithography techniques will not be cost effective below 

22 nm. At that point, it may be replaced by a next-generation lithography (NGL) technique 

    (3)  Others Nonlithographics techniques: 

  X-ray lithography  

Can be extended to an optical resolution of 15 nm by using the short wavelengths of 1 nm for the illumination. 

This is implemented by the proximity printing approach. The technique is developed to the extent of batch 

processing. The extension of the method relies on Near Field X-rays in Fresnel diffraction: a clear mask feature 

is "demagnified" by proximity to a wafer that is set near to a "Critical Condition". This Condition determines 

the mask-to-wafer Gap and depends on both the size of the clear mask feature and on the wavelength. The 

method is simple because it requires no lenses. 

A method of pitch resolution enhancement which is gaining acceptance is double patterning. This technique 

increases feature density by printing new features in between pre-printed features on the same layer. It is 

flexible because it can be adapted for any exposure or patterning technique. The feature size is reduced by 

non-lithographic techniques such as etching or sidewall spacers. 

Work is in progress on an optical mask less lithography tool. This uses a digital micro-mirror array to directly 

manipulate reflected light without the need for an intervening mask. Throughput is inherently low, but the 

elimination of mask-related production costs - which are rising exponentially with every technology generation 

- means that such a system might be more cost effective in the case of small production runs of state of the art 

circuits, such as in a research lab, where tool throughput is not a concern. 

The most common nanolithography technique is Electron-Beam Direct-Write Lithography (EBDW), the use of a 

beam of electrons to produce a pattern — typically in a polymeric resist such as PMMA. 

Extreme ultraviolet lithography (EUV) is a form of optical lithography using ultra short wavelengths (13.5 nm). 

It is the most popularly considered NGL technique. 
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Charged-particle lithography, such as ion- or electron-projection lithographies (PREVAIL, SCALPEL, LEEPL), are 

also capable of very-high-resolution patterning. Ion beam lithography uses a focused or broad beam of 

energetic lightweight ions (like He+) for transferring pattern to a surface. Using Ion Beam Proximity Lithography 

(IBL) nanoscale features can be transferred on non-planar surfaces.  

Neutral Particle Lithography (NPL) uses a broad beam of energetic neutral particle for pattern transfer on a 

surface. 

Nanoimprint lithography (NIL), and its variants, such as Step-and-Flash Imprint Lithography, LISA and LADI are 

promising nanopattern replication technologies. This technique can be combined with contact printing. 

Scanning probe lithography (SPL) is a promising tool for patterning at the deep nanometer-scale. For example, 

individual atoms may be manipulated using the tip of a scanning tunneling microscope (STM). Dip-Pen 

Nanolithography (DPN) is the first commercially available SPL technology based on atomic force microscopy. 

Atomic Force Microscopic Nanolithography (AFM) is a chemo mechanical surface patterning technique that 

uses an atomic force microscope 

Tools and techniques 

 

Figure 4: Typical AFM setup.  

A micro fabricated cantilever with a sharp tip is deflected by features on a sample surface, much like in a 

phonograph but on a much smaller scale. A laser beam reflects off the backside of the cantilever into a set of 

photo detectors, allowing the deflection to be measured and assembled into an image of the surface. 

Magneto lithography (ML) based on applying a magnetic field on the substrate using paramagnetic metal 

masks call "magnetic mask". Magnetic mask which is analog to photo mask define the spatial distribution and 

shape of the applied magnetic field. The second component is ferromagnetic nano particles (analog to 

the photo resist) that are assembled onto the substrate according to the field induced by the magnetic mask. 

Commercially available SPL technology based on atomic force microscopy. 
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Atomic Force Microscopic Nanolithography (AFM) is a chemo mechanical surface patterning technique that 

uses an atomic force microscope.  

Magneto lithography (ML) based on applying a magnetic field on the substrate using paramagnetic metal 

masks call "magnetic mask". Magnetic mask which is analog to photo mask define the spatial distribution and 

shape of the applied magnetic field. The second component is ferromagnetic nanoparticles (analog to 

the photo resist) that are assembled onto the substrate according to the field induced by the magnetic mask. 

 Nanosphere lithography uses self-assembled monolayers of spheres (typically made of polystyrene) as 

evaporation masks. This method has been used to fabricate arrays of gold nanodots with precisely 

co t olled spaci g’s.  

It is possible that molecular self-assembly methods will take over as the primary nanolithography approach, 

due to ever-increasing complexity of the top-down approaches listed above. Self-assembly of dense lines less 

than 20 nm wide in large pre-patterned trenches has been demonstrated. The degree of dimension and 

orientation control as well as prevention of lamella merging still need to be addressed for this to be an 

effective patterning technique. The important issue of line edge roughness is also highlighted by this technique.  

Self-assembled ripple patterns and dot arrays formed by low-energy ion-beam sputtering are another 

emerging form of bottom-up lithography. Aligned arrays of plasmonic and magnetic wires and nanoparticles 

are deposited on these templates via oblique evaporation. The templates are easily produced over large areas 

with periods down to 25 nm. 

Pulsed laser deposition (PLD) is a thin film deposition (specifically a physical vapor deposition, PVD) technique 

where a high power pulsed laser beam is focused inside a vacuum chamber to strike a target of the material 

that is to be deposited. This material is vaporized from the target (in a plasma plume) which deposits it as a 

thin film on a substrate (such as a silicon wafer facing the target). This process can occur in ultra high vacuum 

or in the presence of a background gas, such as oxygen which is commonly used when depositing oxides to 

fully oxygenate the deposited films. 

The detailed mechanisms of PLD are very complex including the ablation process of the target material by the 

laser irradiation, the development of a plasma plume with high energetic ions, electrons as well as neutrals 

and the crystalline growth of the film itself on the heated substrate. The process of PLD can generally be 

divided into four stages: 

 Laser ablation of the target material and creation of a plasma  

 Dynamic of the plasma  

 Deposition of the ablation material on the substrate  

 Nucleation and growth of the film on the substrate surface  

Each of these steps is crucial for the crystalline, uniformity and stoichiometry of the resulting film. 

Laser ablation of the target material and creation of a plasma 

The ablation of the target material upon laser irradiation and the creation of plasma are very complex 

processes. The removal of atoms from the bulk material is done by vaporization of the bulk at the surface 

region in a state of non-equilibrium and is caused by a Coulomb explosion. In this the incident laser pulse 

penetrates into the surface of the material within the penetration depth. This dimension is dependent on the 

laser wavelength and the index of refraction of the target material at the applied laser wavelength and is 

typically in the region of 10 nm for most materials. The strong electrical field generated by the laser light is 
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sufficiently strong to remove the electrons from the bulk material of the penetrated volume. This process 

occurs within 10 ps of an ns laser pulse and is caused by non-linear processes such as multiphoton ionization 

which are enhanced by microscopic cracks at the surface, voids, and nodules, which increase the electric field. 

The free electrons oscillate within the electromagnetic field of the laser light and can collide with the atoms of 

the bulk material thus transferring some of their energy to the lattice of the target material within the surface 

region. The surface of the target is then heated up and the material is vaporized. 

Dynamic of the plasma 

In the second stage the material expands in plasma parallel to the normal vector of the target surface towards 

the substrate due to Coulomb repulsion and recoil from the target surface. The spatial distribution of the 

plume is dependent on the background pressure inside the PLD chamber. The density of the plume can be 

described by a cosn(x) law with a shape similar to a Gaussian curve. The dependency of the plume shape on 

the pressure can be described in three stages: 

 The vacuum stage, where the plume is very narrow and forward directed; almost no scattering occurs 

with the background gases.  

 The intermediate region where a splitting of the high energetic ions from the less energetic species can 

be observed. The time-of-flight (TOF) data can be fitted to a shock wave model; however, other models 

could also be possible.  

 High pressure region where we find a more diffusion-like expansion of the ablated material. Naturally 

this scattering is also dependent on the mass of the background gas and can influence the 

stoichiometry of the deposited film.  

The most important consequence of increasing the background pressure is the slowing down of the high 

energetic species in the expanding plasma plume. It has been shown that particles with kinetic energies 

around 50 eV can resputter the film already deposited on the substrate. This results in a lower deposition rate 

and can furthermore result in a change in the stoichiometry of the film. 

Deposition of the ablation material on the substrate 

The third stage is important to determine the quality of the deposited films. The high energetic species ablated 

from the target are bombarding the substrate surface and may cause damage to the surface by sputtering off 

atoms from the surface but also by causing defect formation in the deposited film. The sputtered species from 

the substrate and the particles emitted from the target form a collision region, which serves as a source for 

condensation of particles. When the condensation rate is high enough, a thermal equilibrium can be reached 

and the film grows on the substrate surface at the expense of the direct flow of ablation particles and the 

thermal equilibrium obtained.. 

Nucleation and growth of the film on the substrate surface 

The nucleation process and growth kinetics of the film depend on several growth parameters including: 

 Laser parameters – several factors such as the laser fluence [Joule/cm2], laser energy, and ionization 

degree of the ablated material will affect the film quality, the stoichiometry, and the deposition flux. 

Generally, the nucleation density increases when the deposition flux is increased.  

 Surface temperature – The surface temperature has a large affect on the nucleation density. Generally, 

the nucleation density decreases as the temperature is increased.  
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 Substrate surface – The nucleation and growth can be affected by the surface preparation (such as 

chemical etching, the miscut of the substrate, as well as the roughness of the substrate.  

 Background pressure – Common in oxide deposition, an oxygen background is needed to ensure 

stoichiometric transfer from the target to the film. If, for example, the oxygen background is too low, 

the film will grow off stoichiometry which will affect the nucleation density and film quality.  

In PLD, a large supersaturation occurs on the substrate during the pulse duration. The pulse lasts around 10–40 

microseconds depending on the laser parameters. This high supersaturation causes a very large nucleation 

density on the surface as compared to Molecular Beam Epitaxy or Sputtering Deposition. This nucleation 

density increases the smoothness of the deposited film. 

In PLD, [depending on the deposition parameters above] three growth modes are possible: 

 Step-flow growth – All substrates have a miscut associated with the crystal. These miscuts give rise to 

atomic steps on the surface. In step-flow growth, atoms land on the surface and diffuse to a step edge 

before they have a chance to nucleate a surface island. The growing surface is viewed as steps traveling 

across the surface. This growth mode is obtained by deposition on a high miscut substrate, or 

depositing at elevated temperatures[7]  

 Layer-by-layer growth – In this growth mode, islands nucleate on the surface until a critical island 

density is reached. As more material is added, the islands continue to grow until the islands begin to 

run into each other. This knows coalescence. Once coalescence is reached, the surface has a large 

density of pits. When additional material is added to the surface the atoms diffuse into these pits to 

complete the layer. This process is repeated for each subsequent layer.  

 3D growth – This mode is similar to the layer-by-layer growth, except that once an island is formed an 

additional island will nucleate on top of the 1st island. Therefore the growth does not persist in a layer 

by layer fashion, and the surface roughens each time material is added.  

Sputtering is a process whereby atoms are ejected from a solid target material due to bombardment of the 

target by energetic particles. It is commonly used for thin-film deposition, etching and analytical techniques  

Sputtering from a linear collision cascade. The thick line illustrates the position of the surface, and the thinner 

lines the ballistic movement paths of the atoms from beginning until they stop in the material. The purple 

circle is the incoming ion. Red, blue, green and yellow circles illustrate primary, secondary, tertiary and 

quaternary recoils, respectively. Two of the atoms happen to move out from the sample, i.e. be sputtered. 

The incident ions set off collision cascades in the target. When such cascades recoil and reach the target 

surface with energy above the surface binding energy, an atom can be ejected. If the target is thin on an 

atomic scale the collision cascade can reach the back side of the target and atoms can escape the surface 

binding energy `in transmission'. The average number of atoms ejected from the target per incident ion is 

called the sputter yield and depends on the ion incident angle, the energy of the ion, the masses of the ion and 

target atoms, and the surface binding energy of atoms in the target. For a crystalline target the orientation of 

the crystal axes with respect to the target surface is relevant. 

The primary particles for the sputtering process can be supplied in a number of ways, for example by plasma, 

an ion source, an accelerator or by a radioactive material emitting alpha particles. 

A model for describing sputtering in the cascade regime for amorphous flat targets is Thompson's analytical 

model. An algorithm that simulates sputtering based on a quantum mechanical treatment including electrons 

stripping at high energy is implemented in the program TRIM.  
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A different mechanism of physical sputtering is heat spike sputtering. This may occur when the solid is dense 

enough, and the incoming ion heavy enough, that the collisions occur very close to each other. Then the binary 

collision approximation is no longer valid, but rather the collisional process should be understood as a many-

body process. The dense collisions induce a heat spike (also called thermal spike), which essentially melts the 

crystal locally. If the molten zone is close enough to surface, large amounts of atoms may sputter due to flow 

of liquid to the surface and/or micro explosions. Heat spike sputtering is most important for heavy ions (say Xe 

or Au or cluster ions) with energies in the keV–MeV range bombarding dense but soft metals with a low 

melting point (Ag, Au, Pb, ...). The heat spike sputtering often increases nonlinearly with energy, and can for 

small cluster ions lead to dramatic sputtering yields per cluster of the order of 10000. Physical sputtering has a 

well-defined minimum energy threshold which is equal to or larger than the ion energy at which the maximum 

energy transfer of the ion to a sample atom equals the binding energy of a surface atom. This threshold 

typically is somewhere in the range 10–100 eV. 

Electronic sputtering 

The term electronic sputtering can mean either sputtering induced by energetic electrons (for example in a 

transmission electron microscope), or sputtering due to very high-energy or highly charged heavy ions which 

lose energy to the solid mostly by electronic stopping power, where the electronic excitations cause 

sputtering.[8] Electronic sputtering produces high sputtering yields from insulators, as the electronic excitations 

that cause sputtering are not immediately quenched, as they would be in a conductor. One example of this is 

Jupiter's ice-covered moon Europa, where a MeV sulfur ion from Jupiter's magnetosphere can eject up to 

10,000 H2O molecules.  

The sol-gel process, also known as chemical solution deposition, is a wet-chemical technique widely used in 

the fields of materials science and ceramic engineering. Such methods are used primarily for the fabrication of 

materials (typically a metal oxide) starting from a chemical solution (or sol) that acts as the precursor for an 

integrated network (or gel) of either discrete particles or network polymers. Typical precursors are metal 

alkoxides and metal chlorides, which undergo various forms of hydrolysis and polycondensation reactions. 

Introduction 

In this chemical procedure, the 'sol' (or solution) gradually evolves towards the formation of a gel-like diphasic 

system containing both a liquid phase and solid phase whose morphologies range from discrete particles to 

continuous polymer networks. In the case of the colloid, the volume fraction of particles (or particle density) 

may be so low that a significant amount of fluid may need to be removed initially for the gel-like properties to 

be recognized. This can be accomplished in any number of ways. The simplest method is to allow time for 

sedimentation to occur, and then pour off the remaining liquid. Centrifugation can also be used to accelerate 

the process of phase separation. 

Removal of the remaining liquid (solvent) phase requires a drying process, which is typically accompanied by a 

significant amount of shrinkage and densification. The rate at which the solvent can be removed is ultimately 

determined by the distribution of porosity in the gel. The ultimate microstructure of the final component will 

clearly be strongly influenced by changes imposed upon the structural template during this phase of 

processing. 

Afterwards, a thermal treatment, or firing process, is often necessary in order to favor further 

polycondensation and enhance mechanical properties and structural stability via final sintering, densification 

and grain growth. One of the distinct advantages of using this methodology as opposed to the more traditional 

processing techniques is that densification is often achieved at a much lower temperature. 
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The precursor sol can be either deposited on a substrate to form a film (e.g., by dip coating or spin coating), 

cast into a suitable container with the desired shape (e.g., to obtain monolithic ceramics, glasses, fibers, 

membranes, aerogels), or used to synthesize powders (e.g., microspheres, nanospheres). The sol-gel approach 

is a cheap and low-te pe atu e tech i ue that allo s fo  the fi e co t ol of the p oduct’s che ical 
composition. Even small quantities of dopants, such as organic dyes and rare earth elements, can be 

introduced in the sol and end up uniformly dispersed in the final product. It can be used in ceramics processing 

and manufacturing as an investment casting material, or as a means of producing very thin films of metal 

oxides for various purposes. Sol-gel derived materials have diverse applications in optics, electronics, energy, 

space, (bio) sensors, medicine (e.g., controlled drug release), reactive material and separation (e.g., 

chromatography) technology. 

The interest in sol-gel processing can be traced back in the mid-1980s with the observation that the hydrolysis 

of tetraethyl orthosilicate (TEOS) under acidic conditions led to the formation of SiO2 in the form of fibers and 

monoliths. Sol-gel research grew to be so important that in the 1990s more than 35,000 papers were 

published worldwide on the process.  

Particles and polymers 

The sol-gel process is a wet-chemical technique used for the fabrication of both glassy and ceramic materials. 

In this process, the sol (or solution) evolves gradually towards the formation of a gel-like network containing 

both a liquid phase and a solid phase. Typical precursors are metal alkoxides and metal chlorides, which 

undergo hydrolysis and polycondensation reactions to form a colloid. The basic structure or morphology of the 

solid phase can range anywhere from discrete colloidal particles to continuous chain-like polymer networks. 

The term colloid is used primarily to describe a broad range of solid-liquid (and/or liquid-liquid) mixtures, all of 

which contain distinct solid (and/or liquid) particles which are dispersed to various degrees in a liquid medium. 

The term is specific to the size of the individual particles, which are larger than atomic dimensions but small 

enough to exhibit Brownian motion. If the particles are large enough, then their dynamic behavior in any given 

period of time in suspension would be governed by forces of gravity and sedimentation. But if they are small 

enough to be colloids, then their irregular motion in suspension can be attributed to the collective 

bombardment of a myriad of thermally agitated molecules in the liquid suspending medium, as described 

originally by Albert Einstein in his dissertation. Einstein concluded that this erratic behavior could adequately 

be described using the theory of Brownian motion, with sedimentation being a possible long term result. This 

critical size range (or particle diameter) typically ranges from tens of angstroms (10−10 m) to a few micrometres 

(10−6 m).  

 Under certain chemical conditions (typically in base-catalyzed sols), the particles may grow to 

sufficient size to become colloids, which are affected both by sedimentation and forces of gravity. 

Stabilized suspensions of such sub-micrometre spherical particles may eventually result in their self-

assembly yielding highly ordered microstructures reminiscent of the prototype colloidal crystal: 

precious opal.  

 Under certain chemical conditions (typically in acid-catalyzed sols), the interparticle forces have 

sufficient strength to cause considerable aggregation and/or flocculation prior to their growth. The 

formation of a more open continuous network of low density polymers exhibits certain advantages 

with regard to physical properties in the formation of high performance glass and glass/ceramic 

components in 2 and 3 dimensions.  

In either case (discrete particles or continuous polymer network) the sol evolves then towards the formation of 

an inorganic network containing a liquid phase (gel). Formation of a metal oxide involves connecting the metal 
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centers with oxo (M-O-M) or hydroxo (M-OH-M) bridges, therefore generating metal-oxo or metal-hydroxo 

polymers in solution. 

In both cases (discrete particles or continuous polymer network), the drying process serves to remove the 

liquid phase from the gel, yielding a micro-porous amorphous glass or micro-crystalline ceramic. Subsequent 

thermal treatment (firing) may be performed in order to favor further polycondensation and enhance 

mechanical properties. 

With the viscosity of a sol adjusted into a proper range, both optical quality glass fiber and refractory ceramic 

fiber can be drawn which are used for fiber optic sensors and thermal insulation, respectively. In addition, 

uniform ceramic powders of a wide range of chemical composition can be formed by precipitation. 

Chemical vapor deposition (CVD) 

 

 

Figure 5 Chemical vapor depositions (CVD) 

Chemical vapor deposition (CVD) is a chemical process used to produce high-purity, high-performance solid 

materials. The process is often used in the semiconductor industry to produce thin films. In a typical CVD 

process, the wafer (substrate) is exposed to one or more volatile precursors, which react and/or decompose 

on the substrate surface to produce the desired deposit. Frequently, volatile by-products are also produced, 

which are removed by gas flow through the reaction chamber. 

Micro fabrication processes widely use CVD to deposit materials in various forms, including: 

monocrystalline, polycrystalline, amorphous, and epitaxial. These materials include: silicon, carbon fiber, 

carbon nanofibers, filaments, carbon nanotubes, SiO2, silicon-germanium, tungsten, silicon carbide, 

silicon nitride, silicon oxynitride, titanium nitride, and various high-k dielectrics. The CVD process is also used 

to produce synthetic diamonds. 

Types of chemical vapor deposition 

A number of forms of CVD are in wide use and are frequently referenced in the literature. These processes 

differ in the means by which chemical reactions are initiated (e.g., activation process) and process conditions. 

 Classified by operating pressure  
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o Atmospheric pressure CVD (APCVD) - CVD processes at atmospheric pressure.  

o Low-pressure CVD (LPCVD) - CVD processes at sub atmospheric pressures. Reduced pressures 

tend to reduce unwanted gas-phase reactions and improve film uniformity across the wafer. 

Most modern CVD processes are either LPCVD or UHVCVD.  

o Ultrahigh vacuum CVD (UHVCVD) - CVD processes at a very low pressure, typically below 10−6 

Pa (~10−8 torr). Note that in other fields, a lower division between high and ultra-high vacuum is 

common, often 10−7 Pa.  

 Classified by physical characteristics of vapor  

o Aerosol assisted CVD (AACVD) - A CVD process in which the precursors are transported to the 

substrate by means of a liquid/gas aerosol, which can be generated ultrasonically. This 

technique is suitable for use with non-volatile precursors.  

o Direct liquid injection CVD (DLICVD) - A CVD process in which the precursors are in liquid form 

(liquid or solid dissolved in a convenient solvent). Liquid solutions are injected in a vaporization 

chamber towards injectors (typically car injectors). Then the precursor vapors are transported 

to the substrate as in classical CVD process. This technique is suitable for use on liquid or solid 

precursors. High growth rates can be reached using this technique.  

Plasma methods  

o Microwave plasma-assisted CVD (MPCVD)  

o Plasma-Enhanced CVD (PECVD) - CVD processes that utilize plasma to enhance chemical 

reaction rates of the precursors. PECVD processing allows deposition at lower temperatures, 

which is often critical in the manufacture of semiconductors.  

o Remote plasma-enhanced CVD (RPECVD) - Similar to PECVD except that the wafer substrate is 

not directly in the plasma discharge region. Removing the wafer from the plasma region allows 

processing temperatures down to room temperature.  

 Atomic layer CVD (ALCVD) – Deposits successive layers of different substances to produce layered 

crystalline films. See Atomic layer epitaxy.  

 Combustion Chemical Vapor Deposition (CCVD) - nGimat's proprietary Combustion Chemical Vapor 

Deposition process is an open-atmosphere, flame-based technique for depositing high-quality thin 

films and nanomaterials.  

 Hot wire CVD (HWCVD) - also known as catalytic CVD (Cat-CVD) or hot filament CVD (HFCVD). Uses a 

hot filament to chemically decompose the source gases.[3]  

 Metalorganic chemical vapor deposition (MOCVD) - CVD processes based on metal organic precursors.  

 Hybrid Physical-Chemical Vapor Deposition (HPCVD) - Vapor deposition processes that involve both 

chemical decomposition of precursor gas and vaporization of a solid source.  

 Rapid thermal CVD (RTCVD) - CVD processes that use heating lamps or other methods to rapidly heat 

the wafer substrate. Heating only the substrate rather than the gas or chamber walls helps reduce 

unwanted gas phase reactions that can lead to particle formation.  

 Vapor phase epitaxy (VPE).  
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