Nanomaterials—
Definition and Methods of Preparation

1.1 DEFINITION OF NANOMATERIALS AND NANOTECHNOLOGY

Though nanomaterials have taken the centre stage of materials research today an exact/definition of nano
materials is still a point of contention. This is evident from the following definitions provided by different
researchers from their points of view., (Only the essential lines from each of these definitions are
reproduced here and for the original full text of the definitions the readers can look uphttp://
www.nanowerk.com/ nalnm:.‘-:hnnlt'rg}'.finlt'mducliunfinll‘miuuliun_In_nun()techlwIugy_] Jhtml).

“For me, nanotechnology is all about building things. Judging by current rates of progress in fields as
diverse as protein engineering and nanoelectronics. the emergence of atomic-precision manufacturing on
an industrial scale is still some decades away... “Thomas Theis is director of physical sciences at the IBM
Watson Research Center.

"One way of defining nanotechnology is to talk about length scales. A different way is to see it as an
upcoming economic, business and social phenomenon. Nano-advocates argue it will revolutionize the
way we live, work and communicate. I it will dramatical ly affect everyone, shouldn’t everyone have a say
in what developments take place — with wha impacts, under whose control, and with who benefiting (and
losing)?...... " Doug Parr, is the chief scientist for G reenpeace in the UK -

“There isn’t just one nanotechnology; there are many nanotechnologies and these are primarily
enabling technologies and not end products in themselves. It would not surprise me if the term
nanotechnology disappeared from general use in the next decade, with the terms nanomaterials and
nanobiotechnology assuming greater currency....” Peter Binks is chief executive officer of
Nanotechnology Victoria, a consortium of Jour research organizations focused on the
commercialization of nanotechnologies in Australia.

"I see nanotechnology as a toolbox that provides nanometre-sized building blocks for the tailoring of
New materials, devices and systems. The nanometre length scale (that is < 100 nm) offers unique size-
dependent properties in physico—chemical phenomena..... “Jackie Ying is the executive director of the
Institute of Bioengineering and Nanotechnology in Singapore, and adjunct professor of chemical
Eﬂgiueerfng ar the Massachusetts In.?.f:'mfe of Technology.

“Nanoscience and nanotechnology can be regarded as areas defined by a chosen boundary, but I ﬁn.d
itmore fruitful to see them as directions united by shared objectives. Central among these is the atomistic
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“Indeed. one could reasonably argue that it is meaningless to refer to the innate properties of “af‘DS‘f“le
systems without due reference to the influence of environmental factors such as surface lermmatm_n.
substrate interactions and electrical and mechanical contacts. Although this sensitivity is a challenge for
nanoscale materials processing, it brings with it the potential for unprecedented levels of control of
material and device properties......." John J. Boland is pr fessor of chemistry and director of the Centre
for Research on Adaptive Nanostructures and Nanodevices at Trinity College, Dublin, Ireland.

{ Nanotechnology is concerned with work at the atomic, molecular and supramolecular levels in order to
understand and create materials, devices and systems with fundamentally new properties and functions
because of their small structure....” Robert Langer is the Institute Professor at the Massachusetts
Institute of Technology, the recipient of the 2002 Draper Prize and a member of the National Academies
of Sciences and Engineering and the Institute of Medicine.

“Actually, nanotechnology has been around for over a hundred years. Irving Langmuir was one of the
first to truly develop the technology in the General Electric labs in the 1920s and 1930s. Nanoscience is a
label given now to the new work emerging from the technology we have developed to manipulate, visualize
and make atomic and molecular structures. It would have been called surface science in the {%UR and
1970s. In the immediate future, we will see incremental changes in materials fo S &
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For generating a working definition of nanotechnology, it can be defined as “development and
utilization of structures and devices with organizational features at the intermediate scale between
individual molecules and about 100 nanometers where novel properties occur as compared to the bulk
materials.” Though the term nanotechnology was first employed by Tokyo Science University Prof. Norio
Taniguchi of Tokyo Science University in 1974 to describe the precision manufacture of materials with
nanometer tolerances, the idea has been around for many centuries and it is often credited to Prof Richard
Feynman for his 1959 lecture at Cal Tech titled there is plenty of room at the bottom. It is interesting to
quote a few lines of this famous lecture.

“People tell me about miniaturization and how far it has progressed today (1959). They tell me about
electric motors that are the size of the nail on your small finger. And there is a device on the market, they tell
me, by which you can write the Lord’s Prayer on the head of a pin. But that's nothing’ that's the most
- primitive, halting step in the direction [ intend to discuss. Itis a staggeringly small world that is below. In
the year 2000, when they look back at this age, they will wonder why it was not until the year 1960 that any
body began seriously to move in this direction. Why cannot we write the entire 24 volumes of Enclopedia
Brittanica on the head of a pin?” How true his prophesy for 2000 has come true.

However, it has often been credited to K. Eric Drexler as the reinvetor (1980) of the term nano
technology, since he used this term in his 1986 book on Engines of creation where he expanded the term
into nanosystems to mean molecular machinery, manufacturing and computation.

In spite of all these definitions from the point of perceptions of different people it is necessary to have
a working definition for nanomaterials and nanotechnology. The accepted definition is “the design.
characterization. production, and application of structures, devices, and systems by controlled
manipulation of size and shape at the nanometer scale (atomic, molecular, and macromolecular scale) that
produces structures, devices, and systems with at least one novel/superior characteristic or property .

1.2 | SIZE DEPENDENT PROPERTIES OF NANOMATERIALS

It is therefore clear that nanomaterials and nanotechnology, depend on size dependent properties. In
general they can be recognized as follows:
(i) Chemical properties — reactivity, catalysis
(i) Thermal property — melting temperature
(iii) Mechanical property — adhesion, capillary forces
(iv) Optical properties — absorption and scattering of light
(v) Electrical properties — tunneling of current
(vi) Magnetic properties — super paramagnetic effect.
This list can be extended to include many other sensing and biochemical properties and functions.
Normally the size of a nanometer is compared to that of the human hair which is 80,000 nm wide. To

illustrate the comparison, in Fig. 1.1. the human hair fragment together with a net work of single-walled
carbon nanotubes is given.

1.3 ALTERNATE APPROACHES FOR THE PREPARATION OF
NANOMATERIALS

Nanochemistry, as opposed to nanophysics is an emerging constituent of solid state materials chemistry.
Itemphaseized the synthesis rather than the engineering aspects of preparing minute pieces of matter with
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in appropriately organized arrays with uniform size and space distribution. Two exemplary
. »aches involve™ patterning and templating” principles. In patterning, nanolithography is used to

2 y define physically or chemically active foundation sites usually on planar substrates upon which
‘subsequent site — specific chemical synthesis allows the growth of the nano scale objects. Templating on
the other hand, exploits the preexisting perfectly periodic, singe-size and single shape void spaces found
in porous materials for performing host-guest inclusion chemistry.”

1.4 SYNTHETIC STRATEGIES

In this section we shall briefly consider the various synthetic strategies adopted for the preparation of
nano materials. Even though this section is subdivided in subsections, it should be remarked that there
exists a certain overlap between the different methods.

1.4.1 Gas Phase Evaporation Method

This technique is based on the vapourizaton of metals in a pressure of static inert gas. Vapourization can
be achieved by using resistive heating, electron beam or laser vapourization. Cluster growth occurs n gas
phase and depends on the gas temperature and pressure. The clusters formed can be condensed on
suitable substrates.

1.4.2 Matrix Isolation Technique

Matrix isolation is based on the con-condensation of metal vapours with weakly interactive supports such
as inert gases (Ar. Kr, Xe) at low temperatures. This has been widely used to isolate small and well defined
ligand free metal clusters.

1.4.3 Metal Vapour-colvent Codeposition Method

Co-Condensation of metal vapours with organic compounds as weakly coordinated solvents followed by

warming to room temperature is adopted method to produce solvated metal particles, Co-condensation is

usually carried out at surfaces cooled to low temperatures (say 77 K). At these temperatures almost all

organic substances are in the solid state, so upon co-condensation, metals atoms and clusters are

embedded into solid organic matrices. A variation of this method is to react the metal atoms with reactive
organic substrates (like arenes) and this will result in formation of metal arene complex thus resulting in
cluster arene complex containing strained ring substituents. Other variations are metal vapour deposition
into a polymer, decomposition of organo-metal compounds and cluster complexes for the preparation of
metal clusters.

1.4.4 Sol Gel Processing

One of the most successful methods adopted for the synthesis of nano materials is the sol gel processing
route under appropriate experimental conditions.

The sol gel process involves the combination of chemical reactions which turns a homogeneous
solution of reactants into an infinite molecular weight polymer. This polymer is a three dimensional
interconnected pores. The polymer is isotropic, homogeneous and uniform and it replicates its mold

e X
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Fig. 1.4 Pictorial representation of the formation of metal nanoparticles employing capping agents

The factors that control the nucleation and growth routes of the nano particles formed are given in

Table 1.1.

»

Table 1.1 _ Governing factors for the growth of nanostructures

-

Kinetics of nucleation and growth
Concentration of stabilizing agent

Structure of the stabilizing agent

Nature of the capping agent

pH of the medium employed and temperature
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T!'le nucleation and growth of the particles are the crucial factors for controlling the size of the nano
P!ﬂli:lles formed This is usually achieved by choice of the suitable capping agents and also the
functionality of the capping agents, their hydrophobic and hydrophilic parts interacting suitably with
the particles formed and thus preventing the growth mechanism. The nucleation and growth kinetics is
determined by various factors and this is illustrated pictorially in Fig. 1.5.

Homogeneous nucleation
All nuclei will be formed
simultaneously
Monodispersed particles

Solute concentration

Heterogonous nucleation
Nucleated at different time
Polydispersed particles

Once the nucleus is furmed'the
growth starts

Fig. 1.5 The Nucleation and Growth curve and concentration dependence

There are various other methods that can be employed for the preparation of nano materials. One of the
methods is termed as reverse micellar technique. A pictonal representation of this method is shown in
Fig.1.6.

The reactivity of nano materials is usually attributed to the ratio of the number of surface to bulk

species. This number can be as high as 60 % in the case of nanomaterials. This can be illustrated with the
following data. -

1.5 SURFACE VERSUS BULK SPECIES

A typical material possesses approximately 10™ atoms/cm” (volume densit y) and approximately 10" atoms
fem® (surface density). For a cube with a side length of | nm the total number of atoms is ~ 10> atoms/em’
x (1077 cm)® ~ 100 whereas the number of surface atoms is ~10"* atoms/cm? x 6 x (10~"cm)* ~ 60 and this
gives a ratio of surface to total atoms of 60%. Since surface atoms possess more energy than bulk atoms
and hence the surface atoms are chemically more reactive.

Nanomaterials thus exhibit remarkable reactivity and this can be exploited in a number ways. It is
envisaged that nanomaterials find applications in every sector of human life requirements. The book

attemplts to outline some of the applications of nano materials in a few of the essential sectors of human life
in the subsequent chapters.



Properties of Nanomaterials

2.1 INTRODUCTION

The particles size of the material has significant influence on its physical and chemical properties.
Especially, when the particle size is reduced to nanometer scale, it behaves completely different form their
bulk counterpart. Unusual physico-chemical properties of nanoparticles are due to three main reasons. (1)
The size of nanoparticles is comparable to the Bohr radius of the excitons. This significantly alters the
optical, luminescent and redox properties of nanoparticles when compared to the bulk material. (ii) The
surface atoms constitute a considerable fraction of the total number of the atoms of the nanoparticle. The
surface atoms contribute largely to the thermodynamic characteristics of solids and also determine the
melting temperature and structural transitions of nanoparticles in the bulk material, atoms are evenly
surrounded and the cohesive forces between the atoms tend to balance. However, there are atoms on only
one side of a free nanoparticle surface, and there is an internal cohesive force. As the particle size
decreases. the net internal cohesive force increases, and as a consequence the surface energy that
depends on the internal cohesive force should increase with decreasing particle size. (iii) The natural size
of the nanoparticles is comparable with the size of molecules. This determines the peculiarities of the
kinetics of chemical processes on the surface of nanoparticles.
In general, it is easily noticeable that, the reduction in the particle size results in

I. Increase in surface to bulk atom ratio

2. Increase in the surface area

The increases in the surface area can be understood from the following example. The total surface area
proportional to a given lem® volume filled by particles with lem’cube in size is 6 cm”, whereas when the
particle size is reduced to l|.Lm3 cubes and 1nm’ cubes in size, the surface area increases 10 6 m?and 6000 m’
respectively. Similarly the proportion of number of surface atoms to bulk atoms in 1cm’ cube and 1mm’
cube particles is < 10 %. While, in the case of particles in the nanometer range, i.e. Inm’ cube, 80% of atoms
will be present on the surface. This is shown in a pictorial representation in Fig. 2.1.

It can be seen from the figure that when the number of shells increases, the
decreases, the decrease in the cluster size results exposure of more number of surfac
compared to the bulk clusters. In many cases, it is observed that 80- 95 % surface atoms can be achieved
when the size of the particle is reduced to nanometer range. The increase in the number of surface atoms

alters the physical and chemical properties of the corresponding materials.

¢, of surface atom
e atoms when
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Fig. 2.1 Variation of surface atom (%) with respect 10 number of clusters [1]

\}M/Formntlon of Dangling Bonds

The presence of dangling bonds is due to the missing of one or two adjacent aloms Of the unsautlratio.n

existing in the coordination. It is well known that, surface atoms are suffering due to the unsaturatiuon in

the coordination. The increase in the number of surface atom results in an increase in the presence of so-
called “Dangling bonds”. Generally the dangling bond arises when an atom is missing a neighbor to which
it would be able to bind. Such dangling bonds are defects that disrupt the flow of electrons and that are
able to collect the electrons. Dangling bonds are generally found on the surface of most of the crystalline
materials due to the absence of lattice atoms on the surface. The Si (00T) surface would have two dangling
bonds per surface atoms. The greater the number of dangling bonds the higher the surface free energy.
Therefore, it is energetically favorable for a structural rearrangement of the surface to occur that will lower

Dangling
bonds

(a) (b)

Fig.2.2 Schematic diagram of (a) an unrelaxed vacancy involving four dangl
|
relaxed vacancy with no dangling bonds (2] 4 g:four dangfihg bonds,and. ()8



Mvﬁcs of Nanomaterials 23

the number of dangling bonds and thereby reduce the surface free energy. A wide range of surfaces
lmdgrsu such a structural change or relax or reconstruct and/or adsorb atoms to reduce the surface energy.
Siﬂuiflrly. the dangling bonds can also arise by lattice relaxation in deep centers. That is the missing of an
atom in the bulk will also lead to the formation of dangling bonds (Fig. 2.2a). The four dangling bonds can
be rearra.nged by forming two pairs of bonds among neighboring dangling bonds. The distances between
atoms with dangling bonds are larger than the bond lengths in the perfect crystal, atoms with dangling
bonds have to move closer to each other in order to form new bonds (Fig. 2.2b).

The energy required for this displacement of neighboring atoms is compensated by the lowering of the
energy of the four electrons originally in the dangling bonds. Since each new bond can accommodate two
electrons in the bonding state, the decrease in the energy of each electron in the dangling bond is
proportional to the overlap parameters (extent of overlapping) [2].

2.1.2 Atom Like Behavior of Nanoparticles

When the particle size is reduced to nanorange, the particle behaves like in individual atoms due to the
formation of discrete energy level rather than the continuum in the energy levels. When conduction
electrons are confined within a particle smaller than about 10 nm in diameter. it is not appropriate to use the
usual assumption that the electronic energy levels inside the metal form a continuum of states. The energy
spacing between the “electrons-in-a-box™ quantum levels can be greater than the thermal energy. kgT. at
low temperature, so that the energy levels must be considered as discrete energy levels. Fig. 2.3 shows the
pictorial representation of atom like behavior when the particle size is decreased. When the particle in the
3 D nature the energy levels are continuous, where as when moving from 3 dimension to zero dimension,
formation discrete energy levels occurs which results in the atom like behavior of the nanoparticles [1].

DOS DOS DOS
Energy Energy Energy Energy

Fig.2.3 Formation of zero-dimensional (0D) quantum dots by formal reduction of dimension,
correlating with continuing the discretization of the energy states [1]
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22 PHYSICOCHEMICAL PROPERTIES

The physical properties of nanostructured materials differ fundamentally from that of the corresponding
bulk materials. This is due to the reduced dimensionality on the one hand, and to the modification of
fundamental properties on the other hand as the system size approaches quantum mechanical chale-
Optimization of geometry, structure, morphology and the electronic, mechanical, and optical properties of
nanometer-sized systems are of fundamental importance for the design of nanostructures with favorable

rties. Essentially, the reduction in the particle size from bulk to nanosize results in an increase in the
proportion of surface energy and also alters the interparticle spacing.
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2.3~ OPTICAL PROPERTIES OF NANOMATERIALS

Nanocrystalline systems have attracted interest for their novel optical properties, which differ remarkably
from bulk crystals. The factors include quantum confinement of electrical carriers within nanoparticles,
efficient energy and charge transfer over nanoscale distances and in many systems a highly enhanced role
of interfaces. With the growing technology of these materials, it is essential to understand the detailed
basis for photonic properties of nanoparticles. The linear and nonlinear optical properties of such

|
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materials can be finely tailored by controlling the crystal dimensions, and the chemistry of their surfaces,
fabrication technology becomes a key factor for the applications.

The size dependence of optical properties has been explained by the following example, in which the
luluminescence spectra of Eu™*: Y,0, nanocrystals has been shown for various particle sizes [4].

Fig. 2.6 shows the broad-band 'F, — D, excitation spectra of bulk and nanocrystalline 0.1% Europium-
doped Y,0;. The spectrum (a) shows three lines at 579.41, 582.72, and 582.86 nm for the bulk material. For
nanoparticles, the same peaks were observed. One can see two significant changes in the broad-band
excitation spectra as the particle size decreases. When the particle size decreases from 15 nm to 7 nm, the
widths of the three sharp lines become broader. This broadening could be explained due to disorder
induced by the increase in the surface area with decreasing particle size. Also, decreasing particle size
results in the appearance of additional phases or sites at 580.6 nm. The spectrum of the 7-nm sample (d)
shows a narrow line at 580.6 nm, which is the C, site in cubic-phase of ¥,0,. But, there is an overlap
between the first two excitation lines. This broad band can be seen in the spectra of the 10- and 7-nm
particles, but it is also present in the 15- and 13-nm samples with weaker intensity.
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Fig.2.6 'F, — °D, excitation spectra of 0.1% Eu®*: Y,0, The spectra were recorded with monochro-
mator at 614 nm. (a) Bulk; (b) 15 nm; (c) 13 nm; (d) 7 nm.

2.3.1 Semiconductor Nanoparticles

The reduction in the particle size inthe case of semiconductors results in the increase in the bamli gaP
which results in the shift of the light absorption towards in the high-energy region (blue shift). In add.luon.
the band edge position of valence and the conduction bands are stabilized and destabilized respectively.
This leads to an increase in the oxidation and reduction ability of the semiconductor. Certainly, the rate of
recombination of photoexcited electron-hole pair is also reduced greatly. The energy level diagram for
various orbitals in the molecules, clusters and semiconductors are shown in Fig. 2.7 [1].
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Fig. 2.7 Energy level diagram (or) band diagram

2.3.2 Metal Nanoparticles

When the particle size of the metal atom is reduced. the energy levels are altered like in the case of

semiconductor. In bulk metal, the valence and conduction band of the metal are overlapping, which results

in the continuous electronic states. Whereas when the particle size 1s reduced, the valence and conduction

band energy levels are separated to a certain extent (Fig. 2.8). As a result, the movement of electron

(conductivity) and the optical absorption of light are different form that of the bulk metal. It can be seen in

many cases that when the particle size of the metal nanoparticle is varied, the color of the metal
nanoparticles are also changed. The origin of the color for metal nanoparticles is due to the surface
plasmons. The surface plasmon is a natural oscillation of the electron gas inside a given nanosphere. 1f the
sphere is small compared to a wavelength of light, and the light has a frequency close to that of the surface
plasmons, then the surface plasmons will absorb energy. The frequency of the surface plasmons depends
on the dielectric function of the nanomaterial, and the shape of the nanoparticie. For a gold spherical

(b) (c)
Fig.2.8 Energy level diagram of (a) bulk metal (b) large metal cluster and (c) small metal cluster [1]




m#m is about half of the bulk plasma frequency. Thus, although the bulk plasma
frequency is in the UV region, the surface plasmon frequency is in the visible region (close to 520 nm).
Suppose we have a suspension of nanoparticles in a host. If a wave of light is applied, the local electric
field may be hugely enhanced near surface plasmons resonance. If so, one expects various nonlinear
susceptibilities, which depend on higher powers of the electric field, to be enhanced even more. Surface
plasmons of metals like Au, Ag are discussed in detail in the subsequent chapters.

2.4 ELECTRICAL AND ELECTRONIC PROPERTIES

It is well known that the electrical conductivity of the solids is determined by its electronic structure or
band structure. Generally in solids, the valence band is completely filled by electrons and separated form
the empty conduction band with the energy gap of E, (band gap). For metals, E, = 0, which results in the
mixing of the valence and conduction bands. In the case of semiconductors, the value of E, is small. The
electrons can be excited from the valence band to conduction band using light or heat, which results in
partial conductivity. In insulator, the E, is high and the electrical conductivity is restricted. The conducting
nature of the solids can be affected by various factors like, temperature and particle size. When the particle
size is reduced to nanometer range, the E, is increases and hence the conductivity is reduced. In the case
of metal nanoparticles, the density of states in the conduction and valence bands are reduced and
electronic properties changed drastically, i.e.. the quasi-continues density of states is replacec.l by
quantized levels with a size dependent spacing. In this situation, the metal does not exhibit bulk metallic or
semiconducting behavior. This size quantization effect may be regarded as the onset of the metal to non-
metal transition. The size at which the transition occurs depends on the nature of the metal.

2.4.1 Electronic Properties of Carbon Nanotubes

Carbon based materials are extensively used in the electronic industry due to its high conductivity and
mechanical stab-ility. Recently, the carbon nanostructured materials like carbon nanolubes_ hawi: :?everal
applications in various fields. The electronic property of carbon na1n0tuhe3-: depends on _lheu hehcu:f and
diameter. The armchair tubes are metallic, and zigzag and chiral lubefs can be either meta.lhc t?r
semiconductor. Generally, the electronic conduction process in nanotubes 1s guantum confined, _Slnce in
the radial direction, the electrons are confined in a singular plane of the graphite sht::et. In armchair mb'es.
the valence and conduction bands always cross each other at Fermi energy far‘c::rlam wave vector, which
results the metallic behavior. Whereas, the chiral tubes, shows a gap at Ferr.m energy and henc:*e behaves
like semiconductor. When the diameter of the tubes increases, the band gap is decreased, yielding a zero-
which is essentially equivalent to the planar graphitic sheet. '
rials can hold or store considerably more energy than ctynventifJnal matcn.als
They are materials in which an optical absorption
d by the passage of current through these

gap semiconductor,

Also, the nanomate
because of their large grain boundary (surface) area.
band can be introduced, or an existing band can be altere

materials, or by the application of an electric field.

2.5 REDOX PROPERTIES

The reduction in the particle size always sho ;
levels (valence and conduction band), this will result in change

s shows significant shift in the position of the electron energy
in the Fermi energy level of the metal,
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Fig. 2.9 Particle size effect on the shift in the flat band potential
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2.5.1 Semiconductor Nanoparticles

Changes in the semiconductor particle size results in the change in the band position of valence and
conduction band energy levels, which have an effect on the formation of electron — hole pair and redox
properties of semiconductor. Generally, the conduction and valence bands are shifted towards more
negative and more positive potentials, respectively by decreasing the size of semiconductor size. It can be
explained by the following band diagram of CdTe nanocrystals with various particie size (Fig.2.10) [6]. It
can be seen that, the decrease in the size of particles affects more strongly on the position of the energy
levels.
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Reduction in the particle size
Fig. 2.10 The energy diagram of various sizes CdTe nanoparticle



2.6 MECHANICAL PROPERTIES

Because the nanosize, many of the mechanical properties of the materials are modified, among others,
hardness and elastic modulus, fracture toughness, scratch resistance, fatigue strength, and hardness.
Cutting tools made of nanomaterials, such as tungsten carbide, tantalum carbide, and titanium carbide, are
harder, more wear-resistant, erosion-resistant, and last longer than their conventional (large-grained)
counterparts. Similarly, ductile nature of the ceramics materials is also modified when the particle size is
reduced to nanometer scale. Generally, ceramics are very hard, brittle, and hard to machine even at high
temperatures. However, with a reduction in grain size, the propertics change drastically that, the
nanocrystalline ceramics can be pressed and sintered into various shapes at significantly lower
temperatures. Energy dissipation, mechanical coupling within arrays of components, and mechanical
nonlinearities are influenced by structuring components at the nanometer scale [7].

One of the essential properties required for the aircraft components is the fatigue strength, which
decreases with the component’s age. The fatigue strength increases with a reduction in the grain size of
the material. Nanomaterials provide such a significant reduction in the grain size over conventional
materials that the fatigue life is increased by an average of 250 %.

2.7 MAGNETIC PROPERTIES

Many properties of magnetic systems are fundamentally determined by the underlying electronic
structure. Magnetic behavior, electronic transport, and even structural stability are intimately related to
electronic properties. Reducing the size or dimension of magnetic systems changes the electronic
properties by reducing the symmetry of the system and by introducing a quantum confinement. The
strength of a magnet is measured in terms of coercivity and saturation magnetization values. These values
increase with a decrease in the grain size and an increase in the specific surface area (surface area per unit
volume) of the grains.

Nanoparticles exhibit magnetic propertics that are different from bulk materials. These are due Lu_lhle
following reasons: (i) As the size of these systems reaches the typical lengths of few nanometers, it 15
expected that the response of the system depends on the boundary conditions {whichl are no longer
periodic, but determined by the particle size) and therefore, to be different from bulk material. (u_) Because
of the large ratio of surface to volume atoms in nanoparticless, the. surt:ua.:e energy .bccomes important
when compared with volume energy, and therefore, the equilibrium situation can be dlffe?cm that .fur bulk
materials. The energy barrier (o overcome for magnetization inversion is KV, where K is the amsotmpy
constant and V the particle volume. In the case of nanoparticles, the vg]urr!e is so small, t‘hez*etore the
thermal energy (KgT) is enough to invert the magnetization Wl[h. relaxation times as low as few second‘s..
Thus, the material looses coercivity and remanence, giving rise to the so-called superparamagnefic
behaviour. _

Fig. 2.11 presents the room temperature saturation magnetization (M,) and coercive field (H,) versuslﬂ:e
average particle size D. It can be seen from the figure that, M, and H,_ drop ;hurply as the avera§§ particle
size decreases below 12 nm. A fit of the experimental data for H, to the relation H ot [1 - {Dppr) lt.lcﬁnes
the critical size of D, is equal to 8.6 nm, below which the particles become super paramagnetic behavior [8].

Therefore, it is difficult to get nanoparticles exhibiting ferromagnetism at room temperature. However
controversial results have been published [9].
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2.7.1 Magnetic Properties of Fe,O, Nanoparticles
structure, in which the oxygen

Magnetite (Fe;0,) is a ferrimagnetic iron oxide. It has cubi:: inverse spinel el e
anions forming face centered closed packing and iron (cations) ln-i:ated al't el i W
and octahedral sites. The electron can hop between Fe2* and Fe' " ions in the octahedra : e :
temperature imparting semi metallic property 10 magnetite. The magnetic moment of thtl: u?ll C{::E ::mcs
only due to the presence of Fe’* ions. This has the magnetic moment of 4uB. As the particie :llzel s laszls‘
] 5 ; : ] 1 onsequently, leads to the
there is a relative decrease in amount of oxygen ion contentin the sample, which ¢ 4 Fe:g* e

3+ = .
lowering of the valance state of the cations, i.e., some of the Fe* ions are converted into :
results in an increase in the number of Fe2* ions in the unit cell. Consequently, due 10 the larger size of the

. 3 e
Fe* ions compared to Fe’* ions (ionic radius of Fe?*(0.74 A) is larger than Fe’* (0.64 A)), it is observed
that the increase in unit cell volume with reduction in particle size of Fe,O, particles. Since the resultant
magnetic moment in Fe;0, ions (Fe’*), the increase in magnetization with

is observed is due to the divalent i
decrease in size could be explained. Nevertheless, this explanation does not hold good for sizes below 10
nm. Since, when the particle size is decreased to certain extent, the surface effects are more predominant.
When the size of the particle is reduced the ratio of surface to bulk atoms increases, when particles < 5 nm,
more than 80% of the atoms lie on the surface and, therefore, the effects are more prominent. Even in the
bulk particles, the magnetization near the surface is generally lower than that in the interior.
In addition to the increase in the magnetic moment, the reduction in particle size creates negative
pressure on the lattice due to lattice cell volume expansion and the magnetic transition temperature (T )
also decreases. This may be attributed to negative pressure exerted on the lattice due to unit cell volume

expansion. The decreases in the Ty, are attributed due to its sensitivity to pressure.

2.8 CATALYTIC ACTIVITY

i;:e#h? ;wn ﬂm,mgur:fd“m”“ in the particle size results in higher surface area and number surface
i Essenﬁa]mtm‘ in surface area is always associated with increase in the catalytic activity in many
. ¥, ncrease in the surface area provides increased adsorption of reactant molecules on its
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Composite Materials

12.1 INTRODUCTION

Nanomaterials have become increasingly ;

applications. Despite extensive '1nnkqnw.,..i-}J ‘Mportant in the development of new materials for enhanced

growing demand for multifunctiona] ";.]:”“_-‘ ‘ljtl'f: remains a need for improvement to match the ever-

purpose. The notation of AT v ‘J—'rfdih-E\unummpmiles are a versatile class of materials for this
OMposites defines organization presenting one of its components of

panometric scale. Nature’s remarkahle fo.
it : emarkable feature has been producing nanocomposites for millions of years. It
has ability to combine at the nanosc

ale (bio) organic and inoreanic ¢ 5 i
. . € vanic components allowing the construction
of smart natural materials that found . 3 ;

densit rmeabili | a compromise between different properties or functions (mechanics,
L v e ; . 3 = : :
nsity, permeabtlity, color, hydrophobia, etc.). Such a high level of integration associates several aspects:

miniaturization whose object is to accommodate a maximum of elementary functions in a small volume,

hybridization between inorganic and organic components optimizing complementary possibilities,

functions and hierarchy. Current examples of natural organic-inorganic composites are crustacean

carapaces or mollusc shells and bone or teeth tissues in vertebrates. As far as man-made materials are

concerned, the possibility to combine properties of organic and inorganic components for materials

design and processing is a very old challenge that likely started since ages (Egyptian inks, green bodies of
& china ceramics, prehistoric frescos, etc.).

By controlling the properties of a material by engineering it on the nanoscale. offers w:'ide area 'Df- new
uses of conventional materials. There is an immense quest for the compos‘l.tr: materials cnm;almpg
nanomaterials for securing Or alterering the prppcrties of .two or more materials Fo create a m.atenal
designed for a specific purpose with high efficiency. In this chapter, we shall see in a systematic way

| ; ' ndamentals.
" various nanocomposites starting from the fu

?
- 122 WHAT ARE COMPOSITE MATERIALS?

ation of two or more separate materials that has characteristics not shown

:ﬁmmposite material is a COI‘ﬂblﬂatEly Or it can be defined as two or more materials combined on a

either of the materials separ
: scopic scale to form a usefu

| material.

221 What are Nanocgmposite Materials?

 ation of two or more building blocks in one ngmﬁaL cm_naining, atleast
Merials derived by th? cg:ll?::omewr length scale, are entitled nanocomposites materials.
of the components in 1€
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1222 Why to go for Nannaﬂmpﬂﬂw Materials? - I size, |
: : - ries that arise from their small size, JaIEE surfac
Nanoparticles and nanocomposites offer unigue ProP® active for their potential to imprmz

{ their interfaces. and are attr

lysts and other high-value— dded materials.

;l " Y
“e'c'f* and the interactions of phases &
performance of drugs, biomaterials, catd

OCOMPOSITES

y classified into t

12.3 CLASSIFICATION OF NAN

le can be simpl .
the composite:

he following main classes base(

Many composite materials that are availab

on the presence or absence of polymer material 10
polymer based

Nanocomposites
Non polymer based

12.3.1 Nonpolymer Based Nanocomposites

als can further be classified as follows:

Nonpolymer based nanocomposite materi

12.3.1.1 Metal/Metal Nanocomposites
The discovery of new alloys has often been accompanied by major developments in the history of
mankind: for example. the era of bronze Was initiated by the discOVeTy that intimate mixing of copper and
tin yielded a much stronger metal than copper iself. Years later, yet stronget alloy was to be discovered by
nce of charcoal. The ancestor of steel was born, which owes its hardness and

heating iron in the prese
in iron. Yet, only with the invention of steam engines

toughness to controlled solubilization of carbon
couild the massive and controlled production of steel begin. Four thousand years of practice and recent

scientific understanding culminate in the development of super ductile and super resistant alloys. Today,
plastics might be going through similar revolutions, though at a much higher pace. There is insatiable
de_ry_an_d_ for new m_mocryalalline alloy materials with new compositions for purposeful construction of
nanomaterials with structures and properties able to meet the demands of tOMOTITOW'S needs.

There are many ways (0 synthesize nanocrystalline atloys, one of which is mechanical alloying (MA)or
mechan ical milling (MM). Because MA needs a secondary process to form bulk alloys deeradation 10
mechanical properties caused by grain growth during the secondary processing be ‘Dm%:r‘s‘a n:ain concer
in this process. It is therefore important to understand grain gTOW;t.l bh-hf "' AT
_nanocrysta]line materials to optimize the grain-size-dependent properties. S 5 d‘:for En u‘ i

the stability of grain size have been carried out using various nan % Ur_ﬂe recent .mvebuca 1_ -un:
“metals, oxides. compounds and composites) Regardless of meth dff'CT}'Stallmel materials such 3,5 aljjlin-:
basedmnfﬂ-metﬂl nanocomposites exhibita remarkable resist sl §ynthe515, o nanucr}fh_l ;
the mechanisms involved in nanocrystalline materials are n ‘;.aﬂce to gl'_al.n growth. Thermal stability
compositional parameters but also related to porosity, | ‘mllly asso.cmted to the microstructurd <
microstrain resulted during the processing of “aﬂﬂcryﬂy{l-lmpumy'. grain size distribution, exture &
alline matenals) The structure of grain bound

and hence the diffusion behavior can vary stro
n . .
came class of nanocrystalline material. gly depending on the processing method even within
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Mc nanoparticles, either iy, .
in some depth because of their

) ! _ im‘:rif:;r(;n :nf i 3‘”03' or in core-shell structures, are being imfesﬁgmed
es relative to the individual, ge catalytic properties and changes in the electronic/optical
proF erties result from the combin;;ticﬁar?le me‘fﬂs. Itis postulated that their interesting physicochemical
na oparticles are concerned, the ¢ b'ﬂ Ly kinds of metals and their fine structures. So far, as alloy

ombination of gold and palladium is popular since these metals are

miscible atany ratio. Due to the high catalytic activi
combination with Pd and Pt (Ag—pqg :“‘- activity of Pd and Pt, bimetallic colloids of gold and silver *En
Bimetallic nanoparticles as alloys are c-o nvg—l_’l. Au-Pt, anaft AurPd_} have been sludierd in great detail.
rmBEI_ ions. Pt- Ru based alloy e ;i_ﬂ{iemly synthesized by simultaneous reduction of l.u?ru or more
electrocatalyst compared to Pt alone < cles when supported on cfarbnn was resulted as efficient anode
ability of Pt-Ru alloy nanoparticles ?“Ppﬁﬂed on carbon. This is due to the enhanccd“ CO tolerance
BReelled the simple metal na 3 rather than Pt alone nanoparticles. Afloy SRIOPRGEES L e .
S hemical processes Thl “?PJFHCIL‘_.'-‘. rh:med electrocatalysts in terms of acuvity ?“d for o
i sses. The simple mixing of two different metal nanoparticles also will end up with
oW pm_pu'_ues_ H{TWE\":"- a major problem in utilizing mixture of different nanoparticles is that they often
lose the“'_ high surface area due to agglomeration of the individual nanoparticle constituents. Preclusion of
nanoparticles during mixing of metal nanoparticles is the current field of interest. Gas fluidization is one of
the best techniques available to disperse and process dry powders without agglomeration of the particles.
Or we have to introduce an external force such as vibration, sound waves. magnetic excitation and/or a
centrifugal field, by using a rotating fluidized bed. This can significantly improve the fluidization of
cohesive nanopowders, reducing the minimum fluidization velocity, eliminating plug formation.
channeling and spouting. and resulting in a smooth, homogeneous. virtually bubbleless fluidization with

negligible elutriation.

12.3.1.2 Metal/Ceramic Nanocomposites

CII] metal-ceramic composites the clectric. magnetic, chemical, optical and mechanical properties of both
phases are combined. Size reduction of the components O the nano-scale causes improvement of the
above-mentioned properties and leads to new applications (e.g. non-linear optical response‘,l_;'['he polymer
precursor technique offers an attractive route (o such composites providing a chemically inert and hard
ceramic matrix. Noble metal nanoparticles showing surface plasmon resonance can easily be introduced
into the ceramics. The incorporation of iron-containing nanoparticles in preceramic polymer leads to super
paramagnetic composites and 1s interesting fﬁur high-frequency applications. One special effect of
polymer-derived metal-ceramic nanocomposites is the in-situ formation of nanotubes and more
complicated nanostructures with their potential ability to reinforce the desired material and control the
electrical and optical properties. Polysi Iazanvtffpolysilnxane derived nanocomposites are potentially useful
for high frequency and bio-medical applications.

Metal/ceramic nanocomposite components have numerous potential applications where enhanced
strength and stiffness with excellent high temperature properties are the major criteria for materials
selection. There exist a number of disparities and conflicting views on the processing and successful
consolidation of nanoparticles retaining their nanoscale structure to harness the beneficial properties. The
ess know-how will be ccaled up to make real components, which can be evaluated by putting in
e for novel applications and the design, synthesis and characterization of hlgh-toughuessltcwﬁﬁ-
tant) ceramic nanocomposites that retain superior properties to high temperatures is a major
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< dustry to structural materia)
—-— for applications from the 33"0593: ‘:r::irial:.: i
: _ nee of grea need . lize suc o
lec: nolngicaallcl:?:: g:ite ceramics offer an opportunﬂ.‘t' WSS ocnmposites are:
R Potc s involved in the Prﬂparation of these nan
Various important St€p

12.3.1.2.1 Powﬂerﬂemk)pmenf i T sol-gel process route to yield narrow size
ioles will be 4 P iolan urh
Synthesis of the nnnnparhcl:r:;e m:llﬂicles. The mixture of ceramic and metallic {}?.Ildt partu.le.sl will be
distribution and agglomerate- 'inti:ring powder mix of ceramic oxidcs. and' rnf:talhc nanoparticles by
partially fﬂd"c"‘? o ratures based on the thermodynamic pri nciple. Also an elc-ctm]m_\
hydrogen reduction at suitable tempe ix to produce metal/oxide mix,

G meters
12.3.1.2.2 Optimization of Process Para Ty s
Powder Synthesis process and consolidation processes will be upnmu.f.fd for ‘l_h(tll‘ pl‘Oc:f:;rh P;:lr:lm;tcrs: *tr
}’Iﬂld nanosized, IT‘l{}ﬂDdiSD’CrSfd pnwdcrs and cnrrc:-:pnnding compact with uniform an 'LhOEC | ;l : e 994
of the theoretical density of each system. The design of experiment methodology may be used for such

parametric optimi zation.

Infiltration by a melt is an attractive but rarely utili .
When applying pressures in the GPa range the technique allows for a syI
nanomaterials. The process is done in a toroid high-pressure high-temperature cell at pressures up to 7.7
GPa and temperatures up to 2000"C. The nanoporous matrix is prepared by compacting nanopowders of
high-hardness materials such as Al,0;, SiC, or diamond. The infiltrating m
with the melting temperature (at a given pressure) below the processing temperature.

zed technique of synthesis of composite materials.
1thesis of multi-phase

aterial can be any substance

When the infiltrant melts the pressure forces it to fill the pores in the matrix. The resulting composite
contains a continuous network of solidified injected material with embedded grains of the ceramic
powder. The crystallite size of the secondary phase depends on the grain size of the ceramic powder
used and can be as low as 10 nm. The technique proved successful with metals (Mg, Sn, Zn, Al, Ag,
Cu). semiconductors (Si, Ge, GaAs, CdTe), and ionic glasses as the injected material. Under certain p-T
conditions the infiltrating material can chemically react with the matrix. In such cases the interfaces
betweer} the naﬂograins.uf [I'Il:. two conﬁmponems become chemically bonded which improves mechanical
B e s e e e o
technique may produce materials serving diff&l’&[’;l obj i s s le{lltlﬁljlfs lhe.
a given material embedded in an ambi ' ik The process can produce nanograins o!

: . mbient matrix. Such composites are used to study electrical, 0 tical
and magnetic properties of nanoparticles of metals and semi - [-0 o
s semiconductors. Chemically-bonded composites

12.3.1.3 Ceramic/Ceramic Nanocomposites

) -y W l‘anuc.-"ueram C nNanoco i 1 1 articia o



al factors that distinguish na}nocnmposues from traditioy,,
sever b Nkl o ptical, and electrical defects com pﬂ'rcd 10 Microp.
all me et does not necessarily lead to a decrease in the du-;-m-“}_

helow abo 50 nm, many types of f;
[ and m can increase it. It also means that oW A .[:: with allc::.l Yl .
'ﬂlﬁPU!!'“'e . A ; . ~omposIes electrie:
| i I;n i ?ff;:tl}' Thus it is possible 10 make cOMPOY ectrical o
: i nily g :
do not scatter light sig

; v Fi s small electrical defects, nanofiller
: ‘es that maintain their optical clarity. Finally. 800 dindeed may actto o
mechanical properties BT | ¢ sharply as micron-scale fillers an y rap charge
s cen™ electmmagnctligl o sal:renglh of polymers.
- ! an “ . - .
and increase the electrical brea o aeealar said to be intrinsic, they often depend upon marte,

Secondly. although many %‘?“ﬂ*““‘“‘“‘""lhfl ale. When the nanoparticle decrease below this size, e
being assembled above a critical leng_ - cantly from the bulk material: thus variations in melting
properties of the particles can differ signi e ohiED S,
temperature, color, magnetization and charge capacity _ , e &

# ‘ he fillers leads to an exceptionally large interfacial area in the Composites, |f
. i ers lead: : ,
L e small 57 ae 11‘ | 0-micrometer carbon fiber 10 that of a 1 nm single walled nanotube foy
; «e area of 10-microme 2 : ‘s _
one compares the surface ar .~ area increases by a factor of 10.000. In addition the inter-
the same total volume of the two, the surface area IMEIECEES 72 o _ _ N
4 ‘mall volume fractions of filler, the inter-particle spacing is
particle spacing decreases such that at small vo é : ) . . R
e z . tvmer (~100 A) The high surface area becomes even more
similar to the radius of gyration of the polymer = g, ding the filler. This is
significant when one coincides that there is an interaction zone (1Z) surroun g tHE DT, 1385
region in which the structure and properties have been altered because of the presence of the _flﬂer. It
could be the region of altered chemistry. polymer conformation, chain mobility, and degree of cure or
crystallinity. This zone of affected polymer has been approximated to be between 2 and 9 nm thick but
may be much larger if we assume that this zone is about 10 nm in thickness, then at 2.5 vol% of a 20nm
equiaxed nanoparticle well dispersed, 37% of the polymer. Therefore the 1Z can be a significant portion,
if not the entire bulk. of the matrix. Thus nanofillers can alter the expected properties of the composite
considerably.

Carbon nanotubes have considerable potential for composite fabrication. In recent years they have
been an enormous number of important developments in this area. The interest in nanotubes as the
“ltimate carbon fiber” arises from the very desirable mechanical properties with the potential for a very
high Young's modulus which can be close to that of in-plane value for perfect graphite, some 10 to 100
times greater than currently available carbon fibers. Single wall nanotubes have good flexibility unlike
carbon ﬁl?ers* and thus composites with such nanotubes would be unlikely to fracture when Exposed 10
compressive str 0 axis » fiber. in ¢ aG - . -

P ess along the axis of the fiber, in contrast to carbon fibers reinforced composites.

There has been little success so far in replacing carbon fibers with carbon nanotubes in composite

fabrication. The principal b i iffi - : . .
| ke E—lamﬁ problem is the difficulty of getting good interaction between the carbon

The small size of nanofillers |eads 10
m sites. Firstof all. nanofillers are sm

scale fillers. This addition of panofillers toa pol

Polymer based nanocomposite materials can be further classified as follows:
12.3.2.1 Polymer/Ceramic Nanocomposites

Nanocomposites consist of single ' continuoy
sin : ol
gle ceramic layers (1 nm thick) homogeneously dispersed in a contin 5

matrix. The host ceramic layers te ' po
. nd to orie ‘ i
interaction. nt themselves parallel to each other due to dipole-di le
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p;as"sivﬂ device is defined as a ¢

sistive, capacitive, or imductiwe'fnr
ss lenses. Integral passive offers ;
cal performance, eliminatic;
jincreased reliability), and efficient
yield at reduced cost.

D‘t;z:l:a[ d“‘_’“ not require an energy source for operation. They can
numer;y:‘ ay include diodes, optical fibers, cables, wires, ﬁ'hers, and
o &a : ad"ﬂ“mgezs such as increased silicon eﬁicient.:y. improved
circuit dpa?‘mc packaging (no assembly to board soldering and thus

esign. However, these benefits demand extremely high product

The polymer-cerami ! :
capacitﬂ?sﬁn m-gani?:;;?;;g:f:fﬂ?}te“ﬁch““"«"g}’ asa !1i ghly favorable law-cmft option for embedded
Nanocomposite dielectrics are cqsent?elf “:‘} i T ten‘,perature-{-:‘.'lﬂ(]“(,} - ccfm advantage?..
phase. The cormerstone of this tEi;hnol a Y‘dmpersmns of nano-sized pamclea:. (< 200nm) in a pn?ym_enc
high packing density of the ceramic f?gy IS lch devclop}’nenlu[defcct-frce thin film{i (<2 mlcrc‘ms;l with a
B & hich diclectric const mic Ille}'. Hngh ceramic filler content (:vSF) vol%) is needed in order to
Ty stant. Capacitors integrated on low-loss organic package substrates can find
numerous applications (such as bandpass filters), in which IC chips are flip-chip mounted on the package
subsltrale. T? address the high capacitance density requirements of integral capacitors, a series of organic
and 1n0r,jgamc based materials that are compatible to organic based laminate process has been developed.
p (::ap:;'lCIliincc density of ~30 nF/cm® has been achieved in polyrnerfceramic nanocomposites through
optimization of particle dispersion. For higher capacitance densities (>200 nF/cm®), hydrothermal
synthesis of barium titanate particles and deposition of non-stoichiometric inorganics by metal-organic

chemical vapor deposition showed promising results.

Significant size reduction and improvement in electrical performance of microelectronic systems can be

realized through integration of passive elements like capacitors, resistors and inductors. Integration of
capacitors poses unique challenges because of the need for a wide range of capacitances (from 0.1 pF to
10 yF) and low dielectric losses. Nearly 50 % of these capacitors will be used as decoupling capacitors,
which requires 0.1 — 10 p}* and are the hardest to integrate on organic boards. A number of existing material
systems, like polymers with low dielectric constant and loss stable with frequency, can be used for
embedding small capacitance values. Further, these polymers can be filled with ferroelectric powder,
resulting in a polymer-matrix composite with processable capacitance density up to 5-10 nF/cm’.

12.3.2.2 ,'ng,vgan;c/organfc Polymer Nanocomposites
Metal/polymer nanocomposites attract attention because of unique properties of metal clusters, which are
i d in polymer matrix. The typical size of such metal cluster is approximately 1-10nm. The properties
of clusters and nanoparticles (band gap, spectral properties, the transport of electrons) are very different
from those of bulk materials and individual atom or molecules. Itis often advantageous (o incorporate them
into a matrix material, €.g-, @ polymer solution or melt, or an elastomer, in order to obtain a ‘nanomaterial’
with additional properties brought in by the filler particles. One of the basic but nonetheless crucial
 properties is the mechanical strength of such polymer nanocomposites, whose rheological (or mechanical)
Properties are usually better than those of the pure matrix. The precise origin of this mechanical
\forcement effect, however, remains unclear. Zero valent metal nanopartices can readily be dispersed in
in inert polymer thin film matrix inorder to study a variety of physical and chemical properties as a function
e, shape especially volume fraction of such nano particles composites. Advances in nanoscience and
ology are closely linked to the development of new methods for the synthesis and assembly of nano
es. Atomic and molecular assemblies at the nanoscale are important candidates for a wide range of
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poi: :-.Lg,-h,:in:“:z?;i, E?fz :?; it:]e pf*faparafion of long polg,-:mer-basﬂd nar.mﬁbcrs is -ele.ctrospinrmi?g.

eters and polymer Chamcw::;lfms].:?hapes and ppmsny can be obtained b.y variation 9!" spinning

mpiodl o of polymes blends md b lti. . iber properties can be further rnud.ulfted by spinning and

Beparticles, and cnzymes elc‘ e EH;: ticpnlymer§. In addition, numerous additives such as c.atalyslﬁ,

IR i vasiation of func e e loaded. Variation of fibers properties can be als.u'accomphshe.d by

unctional polymers. Electrospun polymer fibers have been utilized for specialty

filters and are on.the edge to application in the fields of drug release, tissue engineering, catalysis, textiles
and crop protection.

Polymer nanofibers can also be utilized foe the preparation of long polymer nanotubes by the TUFT-
process (TUFT = tubes by fiber templates) simply by coating of polymer nanofibers acting as templates
and subsequent selective removal of fictionalized template nanofibers or by multistep coatings including
nanopolymer coatings such as metals or ceramics. These polymer nanotubes are of interest for release
applications or applications in catalysis.

Rubber is a polymer and a composite made by using rubber as a component is also a task of interest.
Metal Rubber is a unique self-assembled num;cmn]msitc material that combines the high electrical
conductivity of metals with the low mechanical modulus of elastomers. Self-assembly processing allows
the simultaneous modification of both conductivity and modulus during manufacturing. It has wide range
of possible applications, from mechanically flexible electrical interconnections and electromagnetic
shielding to the measurement of large mechanical deformations.

12.3.2.3 Inorganic/Organic Hybrid Nanocomposites

Hybrid organic—inorganic materials are not simply physical mixtures. They can be broadly defined as
nanocomposites with organic and inorganic components, intimately mixed. Indeed, hybrids are either
homogeneous systems derived from monomers and miscible organic and inorganic components, or
heterogeneous systems (nanocomposites) where at least one of the components’ domains has a
dimension ranging from some A to several nanometers. It is obvious that properties of these materials
are not only the sum of the individual contributions of both phases, but the role of the inner interfaces
could be predominant. The nature of the interface has been used to grossly divide these materials into
two distinct classes. In class I, organic and inorganic components are embedded and only weak bonds
(hydrogen, Van der Waals or ionic bonds) give the cohesion to the whole structure. In class II
materials. the two phases are linked together through strong chemical bonds (covalent or iono-
covalent bonds).

Considering the industrial era, successful commercial hybrid organic-inorganic polymers have been
part of manufacturing technology since the 1950s. The wide increase of work on organic-inorganic
structures was pursued with the development of the polymer industry. The concept of **hybrid organic—
inorganic’’ nanocomposites exploded in the eighties with the expansion of soft inorganic chemistry
processes. Indeed the mild synthetic conditions offered by the sol-gel process (metallo-organic
precursors, organic solvents, low processing temperatures, processing versatility of the colloidal state)
~ allows the mixing of inorganic and organic components at the nanometric scale. Since then, the study of

‘so-called functional hybrid nanocomposites became a mushrooming field of investigation yielding
innovative advanced materials with high added value. These materials being at the interface of organic and
anic realms are highly versatile offering a wide range of possibilities to elaborate tailor-made materials

wrins of processing and chemical and physical properties.
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those i ' | nano particles are known to be
i i i electronics and photonics. Meta i ' |
Enpee i { of optical limiters. The ‘bottom-up’ approach to the synthesis of

the colloidal route involving rr:ductiun' of metal ions by
{ the metal nanopartilces by suitable surfactants,
lications and health hazard issues make it
s such as polymers. Techniques, which

applications,
promising materials for the developmen
metal nanoparticles have largely relied on th
appropriate chemical reagents and smbﬂuz_atmn 0
However, several factors including potential dt.:vlnce.appamce

to fabricate and assemble nanoparticles 1 Mt : i o8, i
:::2:::533;5 satisfy further significant requirements of particle size tuning, control of size/shape

distribution and simplicity of fabrication procedure, are rarc. Among the number of possible synthetic

iti i s sputtering of any metal is
ur deposition of polymer and simultaneous _ .
approaches, plasma enhanced vapour dep P o ot ot b Gl g ow

especially well studied to make a large variety of such —— ;
temperature processing throughout. Pulsed laser deposition (PLD) 15 a suitable technique for the growth
i ith di ies in a one-
of polymer/metal nano composites with different morphologies )
; : nocluster:
Jaser of certain nanometer wavelength is used to first deposit polymer and then meta.!_hc n?tt?dmt:?im
the polymer surface by island growth. Depositing a second polymer layer on {0 lhfh"“‘e s | ‘T metal can
embed these. The number of laser pulses used can systematically :—ldjll.'ill the size of the meta L us.t.ers_ For
small clusters, facetted grains or spherical clusters arc observed. While coalescence processes in some

cases leads to a bimodal size distribution. The size and grains depends on mobility of the metal atoms on
the polymer surface. For example in the case of polymethyl methacrylate( PMMA) pn!yrne‘r the cluster size
depends on the amount of crosslinking of the polymer, which obviously changes the mobility of the metal
atoms.

Optical, electrical, magnetic and mechanical properties reflect drama

volume fraction of this nano particle composite. Especially when reac

Post deposition annealing above the glass/rubber transition temperature of the polymer matrix leads to

metal nanoparticle migration and coalescence. Irradiating such polymer composite films with spatially
confined, scanning heat sources can lead to a variety of applications such as circuit writing or single
domain ferromagnetic arrays.noble metal and transition metal dispertion in hydrocarbon and fluorocarbon
thin film matrices will be described as prototype systems for this approach.

Conducting polymers and nanoparticles are two classes of materials with distinct properties. Recently,
an interesting electrical bistable behavior was observed with a polymer film containing metallic
nanoparticles sandwiched between two electrodes. This bistability does not exist in either of the
individual materials.Promising application areas for polymer metal-nanowires composites are asymmetric
conductive transparent foils, coatings with a low metal filling factor that can be produced by wet chemistry
or isolated metal nanowires with contacts for sensor devices. Typical advantages of polymer are large area
production, low costs and mechanical flexibility. To maintain these advantages for the composites,
cnmpli.cated structuring techniques cannot be applied. In this procedure first one will create surface
nanowires :;.md is based on thin film fracture. A brittle film, e.g., modified photo resist, is deposited on a
polymer fu{l. Subs?quent fracture can be carried out, e.g., by creating uniaxial stress by bending the
substrate foil. As thin ﬁ]m c.racks will relax stress only in a limited area. A template consisting of parallel
racks can be produced in this manner. A filling of cracks with metal and a removal of the brittle thin film

together w1tl.1 the excess material create metal nanowires on the polymer surface. By modifying the process
more complicated structures can be realized.

step process. In this an excimer

tic changes as a function of size and
hing the onset percolation.

The above described Process needs a solid substrate and creates nanowires on the top of the polymer
film. Often embedded wires and a wet chemical processing are desired.
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' 12.3.1.3.1 Ceramic Nanoco :
‘Ceramic n-::mocomponilcs could *:IT osites in Artificial Joint
extenq F.'a“cm mobility and elim; na[: :-:Z Eroble|11 of fracture failures in artificial joint implants. This would
knee-joint replacements are fitted igh cost of reparative surgery. Today, more than 500 000 hip- and
successful in restoring mobility to «;uﬁ‘:n“u“]‘ly throughout the world. Such procedures are extremely
average lifetime of a hip Prnﬁlht‘:‘;']-q r"—'FerH from arthritic and other degenerative conditions. However, the
patients being particularly Pmn;: 1 Sy Examplet is around 10 to 15 years — with active and heavyweight
younger and other vulnerable reci o Pfﬂ‘malure failure. This clearly poses a quality-of-life problem for
cost of the original operation. I IP‘E|1’6‘~ Mt.)rcnvcr. revisionary surgery adds a further 70 to 100% to the
which the spherical head of the thighbone (fewsar ey atae s cup-shot i
in the pelvis. To duplicate this : '“E \bone (femur) moves inside a cup-shaped hollow socket (acetabulum)
1S action, a total hip replacement implant has three parts: a metallic stem fits

into the femur and provides stability-
wﬂm-nul h]p anket‘ S hh'l.hlll.lbl'. a ball TCPIZICES the spherif_al hBad Df the fcmul' and a L'Up lines the

fen:)i;:‘:it:i:(‘tl: ::3{]:1‘:51;[:::]';,:1:: t_““jd with polyethylene having an qltra—high molecular weight, while the
B . i cobalt/chromium alloys or of ceramics. Because the wear resistance of'the
head is a key factor in implants longevity, durable ceramics formed from 2 irconia or alumina has tended to
supersede metallic construction. Yet neithe by 4 i o g

: . cither of these materials is optimal for the task, as they are relatively
b".“ﬂ': and susceptible to crack propagation at the sites of small surface defects. Even without complete
fallure‘. suc!1 m:rf;l.ccs irregularities can also cause wear in the polymer cup, releasing particles of debris
that give rise to irritation and possible osteolytic changes. The use of zirconia-toughened alumina
panocomposites to form ceramic-ceramic implants with potential life spans of more than 30 years. In these
composites polymers also plays an important role so we can see these composites in polymer ceramic
composites in elaborate manner.

12.3.2 Polymer Based Nanocomposites

Polymer nanocomposites are composites with a polymer matrix and filler with at least one dimension less
than 100nm. The fillers can be plate-like (clays), high aspect ratio nanotubes and lower aspect ratio or
nanopartilces. While some nanofilled composites (carbon black and fumed silica filled polymers) have
been used for over a century, in recent years the dedicated research and development of nanofilled
polymers has greatly increased. This is due toour increased ability to synthesize and manipulate a broad
range of nanofillers and significant nvestment by government and industry in this field.

Current interest in nanocomposite has been generated and maintained because nanoparticle and
carbon nanotube filled polymers exhibit unique combination {li: properties not achif.:vable with Fradilionfﬂ
composites. For example, the inclusion of equia‘xed nanoparticles in thermoplastics and pm}mulariy in
semicrystalline thermoplastics increases the yield stress, t!:u: tensile strength and youngs moduh}s
compared to pure polymer. Other examples include s:cralch resistant transparent -fmmrPhous thermoplastic
coatings. This combination of properties can be achleved‘becausc of tlhe small size of the fillers, the ‘!arge
B face area the fillers provide and in many cases the ur_uque propfames of‘ fillers themselves. As will be
shown, in many cases these large changes in the !'natenal properties require small to modest n'anuﬁller
loadings. Unlike traditional micron-filled c?mpo'sltes, t!lesc novel ﬁll_ers ot-'ten alter the prop!?mes uf'the
entire polymer matrix while, at the same ume, imparting new functionality because of their chemical

‘composition and nanoscale size.

.11




12.3.2.3.1 n of 'photocorliductivi.l}r and
Photorefractivity, : research due 1© its potential application
electrooptic activity. e focus of anb:am clean Up and amp]iﬁcatiﬁn. dynamic nl'lterfzromulry.
: : :an processing: : : onlinearities, low ielectrio

to real-time optical 'ti(gm " {o their large optical - lectric
phase conjugation, and pattert recognition . © pR) materials ricular have significant
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ths, none have been reported 1,

constants and low cost. polym o
amount of attention during the past 10 years. e Saveleng
f1.310r 1.55 pm, commonly used in

development. Although many dyes are W€
photosensitize PR polymeric composites ‘_“ th 1o alter the absorption spectra of
optical communications. Although considera { chromophore, the observed

recognized organic photosensitizers through fic
' redictable. N
spectral shifts have been meager and unp ich to photosensitize polymer

whi
With the advent of nanocrystal (NC) technology. 2 il n.‘lea?sa?;c_mgamc hybrid photoconductive
composites has been realized. esta | class of INOre the ease with whichihe

blishing a nove h concerns
. & : " ¥ L . i.l: C .
materials. Perhaps the primary advantage here the magnitude of

gained throug S
' e

spectral properties of NCs are nodified, made possible bY ¢ i

the optical bandgap is inversely stal. _ feria

al to the 517¢€ i
. . N 3 ap semiconductors
conjunction with the wide range = '

able, including narro : _ con¢
permits this approach o be used for ultra-violet and visible as well as for applications involving infrared
wavelengths. In addition, superior phnmctmrgc gencrmi{m effic

iency, Y4. associated with inorganic
semiconductor materials incorporated into these hybrid composites, may resultina notable PR figure-of-
merit obtained with a relatively small applied electric field. Photorefractivity

in the visible spectral range
has been obtained using nanocomposites of a polymer, poly N-vinylcarbazole (PVK), :‘\d CdS
incorporation of narrow band-gap semiconductor NCs into a PR poly

/meric matrix to
produce, to our knowledge for the first time. photorefractivity at a communication w avelength (1.3 imin the
present case). Two composites were studied: in both cases the photoconductor, PVK, was the primary
for the transport of the photogenerated charge-carriers ( holes).
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4 Polymer/Layered Silicate Nanocomposite
posite materials are attracting considerable interest in polymer science
ayered silicate (PLS) nanocomposites have attracted great interest,

because they often exhibit remarkable improvement in materials
posites. These

12.3.2.
Polymer/layered silicate nanocom
research. In recent years polymer/l

both in industry and in academia,
properties when compared with virgin polymer or conventional micro- and macro-com

improvements can include high moduli increased strength and heat resistance, decreased gas penneabiii“’
and flammability, and increased biodegradability of biodegradable polymers 10,1 the ;}lhe%‘ t;and there has
been considerable interest in theory and simulations addressing the preparz.nion — e '.—, of these
materials, and they are also considered to be unique model systems to study the Stmcl:;?i?;;iynamiﬂs

of polymers in confined environments.
Hectorite and montmorillonite are among the most commonly used smectite-type layered silic

the preparation of nanocomposites. Smectites are v :
N ; aluable mineral cl i :  cations
because of their high cation exchange capacities, surface area, surface n:;ﬂi?:_ mc(ljusmal appllcaitil:s
. . : s : ; ] e 1 1 '
and, in the case of hectorite, high viscosity and transparency in solution. In th Ys a -Solrptuffe proEe A

- = . . 2
hydmplnhc in nature, and this property makes them very difficult to S t11' pns:me orm t.eyThe
into a polymer matrix-

ates for
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com is di i : :
miost . mon way to remove this difficulty is to replace interlayer cations with quarternized ammonium or
phosphonium cations, preferably with long alkyl chains.

~ In general, polymer/layered silicate nanocomposites are of three different types, namely (1)
nfrer mfa:ed nanocomposites, for which insertion of polymer chains into a layered silicate structure
occurs in a crystallographically regular fashion, with a repeat distance of few nanometers, regardless of
polymer to clay ratio, (2) flocculated nanocomposites, for which intercalated and stacked silicate layers
flocculated to some extent due to the hydroxylated edge—edge interactions of the silicate layers, and (3)
exfnﬁa.’er{ nranocomposites. for which the individual silicate layers are separated in the polymer matrix by
average distances that depend only on the clay loading. This new family of composite materials frequently
exhibits remarkable improvements of material properties when compared with the matrix polymers alone or
conventional micro- and macro-composite materials. Improvements can include a high storage modulus,
both in solid and melt states, increased tensile and flexural properties, a decrease in gas permeability and
flammability, increased heat distortion lemperature, an increase in the biodegradability rate of
biodegradable polymers. and so forth.

Although the intercalation chemistry of polymers when mixed with appropriately modified layered
silicate and synthetic layered silicates has long been known and, the field of PLS nanocomposites has
gained momentum recently. Two major findings have stimulated the revival of interest in these materials:
first, Nylon-6 (N6)/montmorillonite (MMT) nanocomposite, for which very small amounts SiSERIeReS
silicate loadings resulted in pronounced improvements of thermal and mechanical properties; and second,
that it is possible to melt-mix polymers with layered silicates, without the use of organic solvents. Today,
efforts are being conducted globally, using almost all types of polymer matrices.

12.3.2.3 Polymer/Polymer Nanocomposites

In this era of portability and rapid technological advances, polymers are more than ever under pressure to
be cheap and offer tailored property profiles. Often, the key lies in designing blends and alloys carefully
structured at the appropriate scale (preferably less than a micrometre) from existing polymers. Block
copolymers — two or more different polymer chains linked together — have long been thought to offer the
solution. Local segregation of the different polymer blocks yields molecular-scale aggregates of
nanometre size. Recent progress in synthetic chemistry has unveiled unprecedented opportunities to
prepare tailored block copolymers at reasonable cost. Over twenty years of intense academic research and
the advent of powerful statistical theories and computational methods should help predict the equilibrium
and even non-equilibrium behaviour of copolymers and their blends with other polymers. The gap
between block copolymer self-assembly and affordable nanostructured plastics endowed with still-
unexplored combinations of properties is getting narrower.

Very few instances of complete miscibility between different polymers have been readily exploited to
prepare superior plastics through blending. Noryl, amiscible blend commercialized by General Electric,
combines the heat resistance, dimentional stability and ductility of poly(p-phenylene oxide) to the low
cost and fluidity of polystyrene. In most cases, however, macromolecules are not keen on mixing. Mixtures
of different polymers often phase separale, even when their monomers mix homogeneously. This comes
from the very low entropy of mixing two polymer chains of N momomers each, roughly 1/N smaller than
that of mixing the monomers they are made of. Yet, over 50 years of research and practise have led to rich
expertise on how to exploit this immiscibility to create novel heterogeneous plastics with sometimes
radically improved combinations of mechanical, flow, optical, barrier or other physico-chemical properties
from polymers. In other applications, blending facilitates processing, lowers material costs, or is the mere
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ycling. In all cases, control ov:r disPersioT\, I-I;Trph?lugy ,gld aidbission

== . ial. Dispersion of a lymer A in an immiscible polymer B is typically
bcth\ivec; ':1";:;:‘1&“?‘:;;?::15:3;:‘:g]?wli‘i“ it cnmespfo block copolymers th_ey also have the properties
;‘l:ce?c:mp:sites, Most block copolymers used today are preparces by living anmn.ic polymerization. This
has been the method of choice for preparing block cnporlymers of controlled archneclu.re .lhrnugh precise
sequencing of two. three OF €Ven more Monomers. In this pr§ce§s. eatfh copolymer chain is grown fmm_‘ a
single reactive site through sequential additions and polymerization of, say, A and B monomer batches, for

a simple A-B diblock. This requires that the growing polymer chains remain alive throughout the
nination or transfer reactions.

consequence of plastic scrap rec

polymerization process, that is. they are free of tert .

With the progressive democratization of block copolymer synthesis, the :
unprecedented blooming of nanostructures and copolymers. Already -fm their own, some of t}?eﬁe present
truly superior combinations of properties that might justify cnmmerc@ devcinpl?"lcnl._They 1url1her open
up unexplored opportunities 10 nanostructure all kinds of commodity or cngl_neenng plastics at the
nanoscle by judisciously choosing copolymer architecture and degrees of interaction between copolymer
blocks and homopolymers. Moleculaer disorder and selfassembly happily coexist to yield unique
combinations of properties in commercially viable nanostructured block copolymer/homopolymer blends.
Predicting the future of polymeric materials has always been a very tricky business. Yet this is a strong
message of hope for the future of commodity or engineering polymer blends nanostructured by affordable
copolymers.

past decade has witnessed an

12.3.3 Biocomposites

The field of biomaterials is extensive, covering all divisions of materials science and many other scientific
disciplines. Metals and metal alloys are used in orthopaedics, dentistry and other load bearing
applications; ceramics are used with emphasis on either their chemically inert nature or their high
bioactivity; polymers are used for soft tissue replacement and used for many other non-structural
applications. All biomaterials are used to maintain a balance between the mechanical properties of the
replaced tissues and the biochemical effects of the material on the tissue. Both areas are of great
importance and key to a materials clinical success. However, in most (if not all) biological systems a range
of properties is required, biological activity, mechanical strength, chemical durability etc. Therefore, often
a material that exhibits a complex combination of properties can only fulfill a clinical need. Use of composite
technology has enabled biomedical material researchers to develop a wide range of new. tailored materials,
‘biocomposites’, which offer the promise to greatly improve the quality of life of many people. The quality
of natural tissues is usually a key factor in governing people’s quality of life. and because ‘the quality of
life" is something that concerns us all, there is a large amount of research on biocomposites.

Naturally occurring composites are within us all. On the macro scale, soft and hard tissues are formed
from a complex structural array of organic fibres and matrix. Soft tissues are formed from elastic (elastin)
and non-elastic fibres (collagen) with a cellular matrix between the fibres. Biological structures such as
tendon, linking muscles to bone, are low in elastin thus allowing muscle movement 1o be translated to the
bone. However, ligaments, linking bone to bone, are high in elastin allowing movement between bones but
r.elaming sufficient support to stop joints dislocating. It is at the microstructural level that the natural
tissues tr:ﬂy have the advantage over synthetic materials. Collagen is a highly abundant and varied
protein with more than 14 types discovered. All variations are formed from tropocollagen molecules, which
are inelastic. The tropocollagen molecule is formed from three peptide chains. Each chain is formed from 1/
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2.1.QUANTUM PHENOMEN:
What are Low-Dimensional Structures?

When one or more of the dimensions of a solid are reducedficiently,suf
its physicochemical characteristics notably depart from those of the bulk
solid. With reduction in size, novel electrical, mechanical, chemical, magnetic,
and optical properties can be introduced. The resulting structure is then
called a low-dimensional structure (or system). The confinemen t o f p
articles, u su ally electro ns or h oes,1 to a lo w - dimensional structure leads
to a dramatic change in their behaviour and to the manifestation of size

effects that usually fall into the category of quantum-size effects.

The low dimensional materials exhibit new physicochemical properties
not shown by the corresponding large-scale structures of the same
composition. Nanostructures constitute a bridge between molecules and bulk
materials. Suitable control of the properties and responses of nanostructures

can lead to new devices and technologies.

2.2. CLASSIFICATION OF LOW-DIMENSIONAL MATERIALS
Low-dimensional structures are usually classified according to the

number of reduced dimensions they have. More precisely, the dimensionality
refers to the number of degrees of freedom in the particle momentum.
Accordingly, depending on the dimensionality, the following classification is

made:

Three-dimensional (3D) structure or bulk structure: No quantization of the

particle motion occurs, i.e., the particle is free.



Two-dimensional (2D) structure or quantum well: Quantization of the
particle motion occurs in one direction, while the particle is free to move in the

other two directions.

One-dimensional (1D) structure or quantum wire: Quantization occurs in

two directions, leading to free movement along only one direction.

Zero-dimensional (0D) structure or quantum dot (sometimes called

“quantum box”): Quantization occurs in all three directions.

Table 1. Nanostructures and their typical nano scale dimensions

Nanostructures Typical nanoscale dimension
Thin films and quantum wells (two-dimensional structures) 1-1000 nm (thickness)

Quantum wires, nanowires, nanorods and nanopillars 1-100 nm (radius)
(one-dimensional structures)

Nanotubes 1-100 nm (radius)

Quantum dots, nanodots (zero-dimensional structures) 1-10 nm (radius)

Porous nanomaterials, aerogels 1-50 nm (particle size, pore size)
Sculptured thin films 10-500 nm

Tradition has determined that reduced-dimensionality structures are
labeled by the remaining degrees of freedom in the particle motion, rather

than by the number of directions with confinement.

Why we need Quantum Mechanics?

As a spatial dimension approaches the atomic scale, a transition occurs from
the classical laws to the quantum-mechanical laws of physics. Phenomena that
occur on the atomic or subatomic scale cannot be explained outside the

framework of quantum-mechanical laws.

For example, the existence and properties of atoms, the chemical bond, and
themotion of an electron in a crystal cannot be understood in terms of classical

laws. Moreover, many phenomena exhibited on a macroscopic scale reveal



underlying quantum phenomena. It is in this reductionist sense that quantum
mechanics is proclaimed as the basis of our present understanding of all natural
phenomena studied and exploited in chemistry, biology, physics, materials

science, engineering, etc.

Physical behaviour at the nanoscale is accurately predicted by quantum
mechanics, as represented by the Schrodinger equation, which therefore
provides a quantitative understanding of the properties of low-dimensional

structures.

In quantum mechanics, the trajectory of a moving particle loses its meaning
when the distance over which potential energy varies is on the order of the de

Broglie wavelength:

A= h (1)

where h is the reduced Planck constant, m is the mass of the particle, and E is
its energy. In other words, a basic characteristic of all matter at the nanoscale
is the manifestation of the wave-particle duality —a fundamental quantum-
mechanical principle that states that all matter (electrons, nuclei, photons,
etc.) behaves as both waves and particles.. The quantum effects of
confinement become significant when at least one of the dimensions of a
structure is comparable in length to the deBroglie wavelength. If at least one
dimension of a solid is comparable to the de Broglie wavelength of the
particle, a quantum-mechanical treatment of particle motion becomes
necessary. In the Schrodinger description of quantum mechanics, an
elementary particlee.g., an electron, a hole and a photon—or even a physical
system such as an atom is described by a wave function ¥ (r t), which

depends on the variables describing the degrees of freedom of the particle



(system). Thesquare of the wave function is interpreted as the probability of

finding a particle at spatial location f =(x, y, z) and time t.

The wave function contains all of the information that may be obtained
about a physical entity and is sufficient to describe a particle or syste m of
particles. In other words, if the wave function of, for example, an ensemble of
electrons in a device, is known, it is possible in principle —though limited by
computational abilities—to calculate all of the macroscopic parameters that

define the electronic performance of that device.

The wave function of an uncharged particle with no spin satisfies the

Schrodinger equation

B s g Lo L OY(E D)
(—%V + V(7, 1)) Y(7r,t) = ih oy
2 01 @ -
where, V2= + +  isthe Laplacian operator, i= -1, and V(r t) is the
o2 oy 072

spatio temporally varying potential influencing the particle’s motion. The
particle’s mass m in the equation has to be carefully handled. For a particle
(electron or hole) in a solid, this mass is its effective mass m, which is usually
less than the mass of an isolated electron. In the above equation the action of

Hamiltonian operator

H(# 1) = -1 2mV*+ V(7 1)



on the wave function yields the total energy of the particle. The first part of
H(r,t)p (r,t) is the kinetic energy, and the second part is the potential
energy. For many real systems, the potential does not depend on time, ie
V(r,t)=V(1). Then, the dependences on time and spatial coordinates of y( z) (r

t) are separated as V(R 1) = Re [e—iE//nw(?)]’

Where y( r) is a complex-valued function of space only, and E is the energy of the

system. Using this representation of the wave function in the Schrodinger
equation, the time harmonic Shcrodinger equation is obtained and can be
written as,

72

(-Lv 4 v v = Ew)
m

Analytical solutions of the time-harmonic Schrodinger equation can be obtained

for a variety of relatively simple.

Molecular vibrations are often approximated as harmonic oscillators.
Several of the more common analytical solutions are for a free (isolated) particle:
a particle in a box, finitea potential well, 1D lattice, ring, or spherically symmetric
potential; the hydrogen atom or hydrogen-like atom; the quantum harmonic

oscillator; the linear rigid rotor; and the symmetric top.

For many systems, however, there is no analytic solution to the
Schrodinger equation, and the use of approximate solutions becomes necessary.
Some commonly used numerical techniques are: perturbation theory, density
functional theory, variational methods (such as the popular Hartree-Fock
method which is the basis of many post-Hartree-Fock methods), quantum Monte
Carlo methods, the Wentzel- Kramers-Brillouin (WKB) approximation, and the
discrete delta- potential method. The interested reader is encouraged to consult

specialized books on these methods.



2.3.FERMI'S GOLDEN RULE
The transition rate and probability of observing the system in a state k\ after

applying a perturbation to !\from the constant first-order perturbation doesn’t allow for
the feedback between quantum states, so it turns out to be most useful in cases where
we are interested just the rate of leaving a state. This question shows up commonly
when we calculate the transition probability not to an individual eigenstate, but a
distribution of eigenstates. Often the set of eigen states form a continuum of accepting

states, for instance, vibrational relaxation or ionization.

Transfer to a set of continuum (or bath) states forms the basis for a describing

irreversible relaxation. You can think of the material Hamiltonian for our problem being
partitioned into two portions, HIJHs[1Hp[]Vsp L[] , where you are interested in the

loss of amplitude in the Hs states as it leaks into Hp . Qualitatively, you expect
deterministic, oscillatory feedback between discrete quantum states. However, the
amplitude of one discrete state coupled to a continuum will decay due to destructive

interferences between the oscillating frequencies for each member of the continuum.

c : , iy )
So, using the same ideas as before, let’s calculate the transition probability from !
\to a distribution of final states: Py .

[ EkD :Density of states —units in 1/ Ei, describes distribution of finalstates —

all eigenstates of Ho

If we start in a state the total transition probability is a sum of probabilities
2.4. THE INDEPENDENT QUANTUM APPROXIMATION METHODS

2.4.1. INTRODUCTION
In Quantum Mechanics as in Classical Mechanics exactly solvable problems are

rare and one must frequently resort to approximation. Approximations are therefore
expected to play an important part. So various methods of approximate solution of the
wave equation have been devised, leading to the more or less accurate approximate

evaluation of energy values and wave-functions. Of these methods the first and in



many respects the most interesting is simple wave mechanical perturbation theory
developed by Schroedinger. Perturbation theories are to two kinds: time independent
or stationary perturbation theory and time dependent. In this chapter we shall discuss
several time independent quantum approximation methods and apply them to

problems.

2.4.2.STATIONARY PERTURBATION THEORY (NON-DEGENERATE CASE) :
The stationary perturbation theory is concerned with finding the changes in the

energy levels and eigen functions of a system when a small disturbance is applied. In
such cases, the Hamiltionian can be broken up into two parts, one of which is large and
represents a system for which the Schroedinger equation can be solved exactly, while
other part is small and can be treated as perturbation term. If the potential energy is
disturbed by the influence of additional forces, the energy levels are shifted and for a
weak perturbation, the amount of shift can be estimated if the original unperturbed

states are known.

Consider a physical system subjected to a perturbation which shifts the energy
levels slightly : of course the arrangement remains the same : Mathematically the effect
of perturbation is to introduce additional terms in the Hamiltonian of the unperturbed
system (or unchanged system). This additional term may be constant or it may be a

function of both the space and momentum co-ordinates.

In other words, the Hamiltonian H in the Schroedinger equation can be written

as the sum of two parts ; one of these parts HO corresponds to unperturbed system and

other H' corresponds to perturbation effect. Let us write Schroedinger wave equation.

Hy=Ey (1)

in which Hamiltonian H represents the operator

A 2
oy 1 VZ+V
2 5m



Let E be the eigen value and ¥ is eigen function of operator H . H is the sum of two

terms H) and H' already defined.
H=H°+H" (3)

where H' is small perturbation term.

Let ¥, andE; be particular orthonormal eigen function and eigen value of
unperturbed Hamiltonian HY, ie.,

H,’ =E’w

If we consider non-degenerate system that is the system for which there is one eigen
function corresponding to each eigen value. In the stationary system, the Hamiltonian

H does not depend upon time and it is possible to expand H in terms of some

parameter 4 yielding the expression.
H=H°+AH+A°H"+... ... (4)

in which 4 has been chosen in such a way that equation (1) for 4 = 0 reduces to the

form
Ho%°—E%°=0 ... (5)

It is to be remembered that there is one eigen function ¥ and energy level E0

corresponding to operator HO. Eugation (5) can be directly solved. This equation is

said to be the ‘wave equation of unperturbed system” while the terms AH '+ A°H "+....

are called the perturbation terms.

The unperturbed equation (5) has solutions

VA V7NN 1/



Called the unperturbed eigen functions and corresponding eigen values are

ELECEL oo B
The functions y, form a complete orthonormal set, i.e. they satisfy the condition

j wlyld T =5 (6)

Where &; is Kronecker delta symbol defined as

o; = 0 for i=]
=0 for i=]

Now let wus consider the effect of perturbation.  The application of
perturbation does not cause large changes : hence the energy values and wave-
functions for the perturbed system will be near to those for the unperturbed

system. We can expand the energy E and the wave-function v for the perturbed

system in terms of 4, so
v, =w Ay, A% (7)
E, =E°’+AE +A°E "+.....

If the perturbation is small, then terms of the series (7) and (8) will become

rapidly smaller i.e., the series will be convergent.

Now substituting (6), (7) and (8) in equation (1), we get

=(H +AH+ 2°H"+..) (' + Ay, + Ay, ") = (BEP+AE + A°E " +.0)Wp  + Ay, + A+ L)
On collecting the coefficients of like powers of 4

Hw"-Elv) + (Hy +H v B -E'w ) 4 +(H p "t H "+ H v B " E v -E ) 2 +...=0



If this series is properly convergent i.e., equal to zero for all possible values of 4 ,

then coefficients of various powers of 4 must vanish separately. These equations will

have successively higher orders of the perturbation. The coefficient of 4 0 gives.
(H°-E”) w,°=0 ... (10a)

The coefficient of 4 gives the equation.

(H% +H'v," ~E'w,~E,'y,") =0

(HO - Eko)""//k +(H'-E, l)Wko) =0

................. (10b)
The coefficient of 1 2 gives the equation
(H%,"+H'v, +v, +Hw ~-E’w,"-E v, —E "v,") =0
(H*-E)+y,"+(H-EWw,°=0 ... (10c)
Similarly, the coefficient of 4 3 yield
(H-E) v,"+(H-E') w,"+(H™—E") w, +(H"-E,") v, =0 ........ (10d)

But if we limit the total Hamiltonian 4 H' upto , i.e., if we putH=H0+1 H'

, then equations (10) will be modified as
(H°-E°) v.° =0 N )]
(HO_EkO) v, +(H'-E) V/kozo ..... (b)

(HO - Eko) Wy "+(H'- E, ) o = ‘//ko =0

(H'-E") w,"+(H-E) w,"-E" w,~E," y,° =0



First order perturbation: Equation (11b) is
(H-E’) y, +(H'-E,) " =0

To solve this equation we use expansion theorem. As perturbation is very small,
the deviations form unperturbed state are small, therefore the first order perturbation

correction function  w,'can be expanded in terms of unperturbed functions

W' W, ey, since .’ form a normalized orthonormal set. Hence we write

0

l//k'=z aw” (12)

1-0

Substituting w, 'from (12) in (11b), we get

(HO_EkO) Z q ‘//|0+(H —E) l//kO:O
[

ie Z &y’ —E’ za| v +(H'-E) v =0
|

Using H w'=E’y,” we get

Z 3 v’ -E’ Z v +(H'-E) y,”=0
i

Y aE -E)w'=E-H)y' (13)

Multiplying above equation by w, % and integrating over configuration space, we get
plymg q y g g g p g

Z a (E° -E”) J- Vi W dT=.[ Vo (E'—H) ' dr



Using the condition of orthonormalisation of s,

0 fori = j

. 0. 0

Le i dr=9,= . .
Jviw, o lforio= j

weget > &(E°~E’) 5, =] vn Ecpidr—[ vy H' yidr

=E S —[ wo H' vy d7 Using this notation I wa H' . dz = <m|H'|k> we get

Za, (E°-E") S, =E, &, — <m|H'|k> ... (14)

Evaluation of first order energy E, : Setting m = k in eqn. (14), we observe that

> a (E°-E°) 6, =0 always

Since for I =k, E°—E»=0 and for I £k, &, =0 so that, we get

0=E',—<km|H'|k >
Or E'=<k|H'lk>= [pd H yodr ... (15)

This expression gives first order perturbation energy correction. Accordingly
the “first order perturbation energy correction for a non-degenerate system is just th
expectation value of first order perturbed hamiltonian (H") over the unperturbed state

of the system.”

2.4.3. EVALUATION OF FIRST ORDER CORRECTION TO WAVEFUNCTION:
Equation (14) may be expressed as

a, (E,—E0)=E, 8, —<m|H'|k> ... (16)



. 0 forl # m
Since o,
1forl = m

For m#Kk, equation (16) gives

a, (E.—E%= —<m|H'|k>
m 1 1
or a < LH |k > _ <mLH |k >
E,—E. E, -E,
Setting

<I|H'"|k>
=, g ———

Ek - EIO

If we retain only first order correction terms, then

E,=E'+1E,  ..(a)
V= tAy .. (b)

Keeping in view equation (12) and (17), we get from (18b)

I|H'|k>
l//k Wk IZ Eko_EIo

where prime (or dash) on summation indicates that the term |=m has been

omitted from the summation (or it reminds thatl #K ).

The value of constant a may be evaluated by requiring that is normalised, i.e.

jy/: ydr=1 (20)

Substituting ¥, from (19) and retaining only first order terms in/ : we get



. <I|H'|k> < H 'k >]*
Il//f' yy dr+ 23, Il/’f“//f dz +1a, IV’E pedr+a), ﬁ Sk A, % o =1
[ k — =

k 1 |

Or Aa, +Aa *=01ie a +a*=0 ... (21)

This equation indicates that the real part of ay is zero and still it leaves an arbitrary

choice for the imaginary part.

Let us takea, =iy .The wavefunction y, can then be expressed as

. <I|H'[k >
v, =y +Aiy wﬁMZ% et
I Ek _E|

=p? (L+ Aiy) +AZ-M 0
I E - -F
The term containing » merely gives a phase shift in the unperturbed function v, and

for normalisation, this shift can be put equal to zero, so that equation (22) gives.

<I|H'lk>
7 Zl//'? +12ﬁ l//o| ................. (23)
k — =l

The arbitrary 4 can be put equal to 1 and it may be included in symbols, i.e.
AH'—>H"; then Eigen values and Eigen functions of the system upto first order

perturbation correction terms are expressible as

E.=E‘’+<k|H'lk> (a)

<k|H'lk>

And t//k:g//k°+Z' SoET Vi e () T (24)
k |

2.4.4 PHYSICAL APPLICATIONS OF NON-DEGENERATE PERTURBATION THEORY:
(a). Normal Helium Atom (without spin considerations) as an application of first

order perturbation theory for a non-degenerate state




A normal helium atom consists of a nucleus of chargeze (z = 2) and two
electrons circulating about the nucleus. The potential energy for a system of two

electrons 1 and 2 and a nucleus of charge + ze (Fig. 3.1) is

V=r— - — + — (1)

electrons. Then Hamiltonian of system

2 2 2
Hee o weavyy - 2 2 L8
2m0 r;l. r2 r;LZ

The wave equation for unperturbed Hamiltonian

H 0,0 — EO 0
4 4 (3)
Fig. 3.1 Normal Helium Atom

Can be solved easily, taking as sum of two hydrogen atoms.

The wave equation for two electrons in helium atom is

This equation is a applicable to He, Li*, Bet™ etc. with z = 2, 3, 4 etc. respectively.

Equation (4) can be written as

h? ze’ ze? e’
Hw{—— (Vi +V,)") = — - = }/1+— v =Ey
2m r

0 1 r-2 r;I.2



if we write the Hamiltonian in the form H = HO + H’, we note that unperturbed

Hamiltonian
n? e’ ze?
H® =— (V2+V,)7) — — — —
My h I
and perturbation correction term
2
, €
H'=—
hy

The wave equation for unperturbed state would then be

0 h I

h? ze’ ze’
(_R Vi+vy) - & & J vy =E%°  ...(5

If we substitute v, =y, .’ and energy E°=E° +E, , then equation (5) may be

split into component equations one for each hydrogen like atom, viz.

The equation for y,” is

2m ze?
AR +h_20 [(El0 +—)j w,' =0 - ()]
' I
and equation for l//zO is
2m ze?
sz l//zo + hzo [EZO +r—} WZO = 0 (7)
2

These two equations are hydrogen - like wave equations and their solutions for Eigen
values and Eigen functions are
z’me* Z°W,,

E10:E20: - W = - n2 (8)




. H
Where, Wy = o 28, (Wlthao 2] )]

z —r Z —r,
And (//10:\/_( 3J e 1/307 WZOZ\/_{ SJ e o8y
T T

So total unperturbed energy is
E°=E°+E,’=-2z°W, for n=1 (ground state)

The f first order perturbation energy E' 1is the average value of the perturbation

function H'=¢2/ r17 over the unperturbed state of the system.

1 * 1 ez
E :jWo H" v, dT:_[r_lylo * dz,

12

3 3
Where (//Ozl//lo Wzo :\/_( z 3) e—Zﬁ/ao \/_[ Z 3} e—zrzlao
a a,

0

3
— Z - e—pllz e—p2/2
7a,

2 2
Where P = Lrl, P, = 20
ER 8
z° PP
ie = exp | ——2%
‘//0 7Z'a03 p [ 2 j

Volume element for two electrons in spherical polar coordinates (r,8,®) is
dr= r?dr, sin 6 dg, d®, r,’ dr, sin 6, d6, dD,

So that



Em T 2 p2dp sin 6,d6,dd,x pdp, sin 6, d6, do
- 32r%a, -[o jo .[o Io .[o jo P P ap SIN 6 00, dO, x p,- dp, SIN 0, 40, dD,

.....(10)

Where P, = —=

This may be expressed as

2 P aP2
E= o [[ & avav
3274, Prz ’

Where dV,=p>dp, sin 6,d6, dd, & dV, =p,” dp, sin 6, d6, do,

: ze?
The integral (aSI de the factor o ZaoJ represents the mutual electrostatic energy
r

for two spherically symmetrical distribution of electricity with density functions €™

and € " respectively.
The integral may be evaluated by calculating the potential due to first of these by

integrating over dV and then finding the energy of second charge distribution in that

potential field.

The potential at a point r due to a spherical shell of radius p, and dp, thickness ie..

of total charge 47r,012 e dp, falls off with distance outside the shell as if the total

charge were concentrated at the centre, so that forr > p, , the potential

4rp’ e dp
r

® (r>p)= F -



Within the shell the potential is constant and has value equal to that at shell’s surface.

Arple ™ d
= dap e dp @ (r<p)= T ETh

P

The potential due to the whole charge distribution is therefore given by

cp(r)——j e pldp, +47zj e dp,
=== [(—rZ—Zr—Z)e‘r+2]+47z [r+1] e

=— [(-r*=2r-2+r+r?)e"+2
( )

el [2-e7(r+2)]
The energy of the second charge distribution in this potential is, then

[ @ (p)e” v, j—[z e” (p,+2)] e dV,

—j = [2 e (p,+2)] e 4xp,” dp,
=167° Jj {2—67"2 (,02+2)} e’ p,dp,

=167° x% =207° s (11)

that is the value of integral in equation (10) is 207

26 526 26 5 zmye

5 5
h E'=—2_ 2022 = 2 -2 _3 5w
enee 2%, 8a, 8 mime 8 a4 M




Total energy E=E + E’
2 o 2 _ D
=-27"W, +Z zW, :—(22 - sz W, (12)

For Helium atom z=2

E:—(2x4— —XZj WH:—%'WH
4 4 2 2
oM me Ume M o5&
2 2h 4 h 4 a, a,

Total energy of helium atom is ground state without perturbation is

2

e
—22%W, = —8W, = —4—
H H

Which is less than the corrected energy by means of perturbation theory.
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Energy dependence curves of Number of electronsvand Density of states
Fig. 79.24 shows number of electrons N(E) (left

side) and density of states D(E) (right side) plotted e.:';,";:gj;{a wo“’a
against the energy £ for three quantum structures and y O 4 e
their bulk counterpart in the square well-Fermi gas N(E) D(E) \\ e -
“approximations. | \ \ 1“.

(i) The number of electrons N(E) increases with  Quantum ‘_ L& ) |
the energy E for all the four structures. So Dot \ \ \ =
the four types vary only qualitatively from — \ \ b )

L) o)
each other. —— —
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(1) The density of states D(E) differ dramatically
for each of the three nanostructure types.
This means that the nature of the
dimensionality and of the confinement
associated with a particular nanostructure
have a pronounced effect on its properties.
These considerations can be used to predict
properties of nanostructures. We can also
identify types of nanostructures from their
properties.

Some of the properties of solids that depend on
the density of states are: electron heat capacity, Pauli
susceptibility, the intensity of x-ray emission, electron
and hole concentrations in semiconductors, the
superconducting energy gap, and Josephson junction
tunneling 1n superconductors. Experimental
measurements of these various properties permit us to
determine the form of the density of states D(E). both at
the Fermi level £_ and over a broad range of temperature.

T

N(E)

Quantum
Wire

|
|
|
|
|
|

D(E)

i

N(E)!

Quantum
Well

N(E)

Bulk
Conductor

D(TE)
B
§ et P
/ t
f D(E) /_,,,/
/ /
j
,// |
E—>» | o
Fig. 79.24

Scanned by TapScanner




Nuclear Zeeman Splitting

In an asymmetric electric field there are M; degenerate states. This degeneracy
is removed by placing the absorber in a magnetic field, which arises either internally
as in a ferromagnetic material such as metallic iron or Fe,O3 , or which is generated
by an external magnetic field. Nuclear Zeeman splitting i1s observed in which each

nuclear level splits into (2|MI‘ - 1) components (Fig-5.22). The Hamiltonian describing

the interaction of the magnetic field of flux density B with nuclear spin 1s given by

Hpae = 1B =-gnunlB 5.75

Scanned by TapScanner
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and an external variable ( the flux density B ). The latter
external magnet. In case external magnetic field

spectrum, the magnitude of internal field can be fou
20 - 50 T have been found for various compounds
large compared with 5 - 10 T fields created by s
unpaired electron in an atom induces
density at the nucleus because it inter

may be applied by an
is employed to “calibrate” the
nd and by this method fields of

uperconducting magnets. Any
a slight imbalanc_:e in the s-electron Spin

up to 100 T at the nucleus. In a magnetically ordered s
unpaired spin and thus of the filled are effectively frozen,
hyperfine splitting. In a paramagnetic solid, the directi

olid, the direction of the
and the result is magnetic

on of the spin is rapidly
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changing by electronic spin-relaxation, and the time average of B is usually zero

within the life time of the MOssbauer excited state, SO No splitting 1s seen.

Combined Zeeman and quadrupole splittings are also possible although
relatively few compounds show such effects. In general, in order to simplify the
spectra, the source material is selected to give a single transition line. For iron this
is achieved by using 57Co diffused into metallic chromium and no net electric field
gradient and magnetic field are present at the cobalt nucleus.

- — - - - - - Lo
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 aling o hydrﬂx}’l group on the metal center (M), y o
® ondensation reaction ngressively generating the silicon netw :

"‘QWE for imparting various propenjt:es to the silica network. In Class-II typat.
d inorganic components can be covalent, iong.cue 20
Oy F"

s Won that holds the organic an

17.3 PREPARATION OF ORG

The methods used for making organic-
gélmthods, self-assembly route and nano-building-

ANIC-INORGANIC HYBRIDS

inorganic hybrids are classified into three ’
block approach. tYPES.’l]W

Route 1: This route involves the hydrolysis of t
of the alkoxides can be written as R'M(OR),_,,
controlled hydrolysis followed by condensation of it leac

imparting various properties.
Route 2: This method uses bridged siloxanes with the general formula,
spacer, X may be OR, Cl or Br).

Route 3: Thisinvolves hydrothermal synthesis of materials in polar solvents in the presence oforgse
templates. The medium is normally a polar solvent, like water or formamide. This method is used®

make zeolites.

he organically modified alkoxides. The generalf " :

}

wherein the R’ group contains the ﬁlncﬁm.

Is to silica network with the organic e

X, Si-R-X, (R is an o

17.3.2 Nano-building Blocks

ﬁ“—buﬂdmg blocks are preformed, perfectly calibrated building units. Nano-building blocks ket
> uienutym Fhe ﬁnal material. This path utilises clusters, pre- or PUSt-ﬁmctionalised nanopi

giaymd e n:a;nalshkelayered silicates and layered double hydroxides, in order to disperse® g
i &alhyb::ld mat:;:.f of nano-building blocks leads to a better definition of the inorganic P

,-;3._3 Self-Assembly

e Organic llﬁllm:]lyct SElf’-,asseFﬁ‘bles to give the mold, over which one can ’
2 | . . -directing agents normally used include surfactants and ==

I

xample fo & bybrd produced by this method is periodic P53
Yice periodic mesoporous materials with the walls dé COrvEta
24 ':d (H s




the metal ion added MAFE™" . ;cesenc® ™ ouj===" . S ) U T

As a result of this, thm ?fnﬁ,b::::t i) a]thoushbt:;. A typical example is Fe@a,, 1_:":‘5“ pi:i-l

uncoated nanoparticl®s @ red toas core @ pproach can b¢ extended to g, aigf:
ppl‘()a

cles. . ]taneous reductio
is and o mes the ¢ - e,
noble metal becor® O asin pg s Wy
. the microemulsmn roqte. g

O has been synthesised. The -

S. Fejlol 3 E‘O* has heen preparcd.'l.‘u ]_he 5 I

e could coat the surface of th, ntnq_lr_,‘
E|

. as 2.5 nm us. i
diameter and the shell b pe numero The polymerisation cap o O,
Cur

can ) . ture.

i f the core-shell system ¢ tion MIXtUre - rl
3’3‘1"3“‘3:}' Oer that is prepared in-sifu n the l‘ffi‘th “ ameP”ate group on which pf‘)l}tmerig M,
‘:lm:f;igll:suﬁ‘f' which is already coated W g inﬂfgﬂnic shells as well. This i the
P g;old nanopartic[e.' 10 Here, the approach inﬁ‘i}"

i The amino .

used by Liz-Marzan t0 3 f innPrOP}’ltrimethoIY"'la”E' [he group bings,
er of am b hydrOIYSEd in the presence of tetraethoxyop

up can oIL. The shell thickness can be increased fur:x
: d for other nanoparticles aswel-]"”

'!r'ir:.

il

growth of a thir :
131 This synthetic approdc - e i

terials can also be achieve dbya single step, in w hich ol magy
a an als :

The synthesis n.f core-sheltlj:nThis appmach b pid duced Au@Ti 0, and Ag@TiO, particl
i adde‘d . Olrll:esed‘b}? dimethylformamide (DMF) and the precursor speciesare
Here, the reaqudfﬂn 1'5 ¥ oxide. A similar method can be used for Au{@i‘-’ZrO_.l and Ag@Zr0,4
AgNO,and i : ling alloys can also be prepared. Al

the Zr precursor is zirconium isopropoxide. 133 Corresponc |
core-shell materials, namely Au@SiO, Au@TiO, and Au@Zr0O,, and their Ag analogues if

dispersible in organic media. In order to increase the dispersibility. the oxide surf:n:'es can be o
with long chain carboxylates. In this case, the material obtained can be taken out of the solutio:
powder form and stored for extended periods and redispe rsed."

Colloidal core-shell particles can be used to control the optical absorption of nanopartice::
assemblies of these structures in various forms are also important ways of co ntrolling optical absor
Various aspects of such control are discussed in the article by Liz-Marzan.'”

(TEOS) resulting in the h can be us€

using a method of Stober.

9.6 SOLVOTHERMAL SYNTHESIS

Solvothermal meth :
a possibility to ach?;:iim & cur}qucnng the reaction in a closed vessel, in which the
374°C and 218 atm for w:t:SPi’l‘:;thal state. The temperatures and pressures are high Lek'“
: ough many reactions are not conducted at the suPercﬁtlﬁJf
fh

the reactions are done i
liquid-vapour bou::;},mdf:::ssfe pambs typ ically with Teflon lining. In the supercritic i
Ppears. The ﬂllld achjeves PfUPErties of bl)th tl‘lE liqllid ;mdrjg'

Increased solubility i
and increased i
reaction rate favour many reactions, and therefore, pro¢
j i

solve
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done at the supe;critica] state. However, for many reactions

be i trolled condition is th ; /

eraturesinacon e sole aspect of interest. If £ : 57,

e thermal, and in the case of other solvents it i s
s it is referred to as solvothermal. Several reviews

called hydro

ofe qvailable on tl:us topic and an-inter ef’"tEd reader may consult them for details, such as the pressure
conditions EIPenmental apparatus, various materials synthesised, etc,'* 1 : :

One of the aspects of particular interest in this method is the significant reduction in the reaction

eratures, evenl for man?f ceramic materials. Materials thus synthesized are highly crystalline and
Jften post syntl‘lEtlf: annealmg operations are not necessary. They are monodisperse and often, are
suspendable in a suitable medium. Besides, the methodology can be adapted to suit several synti;etic
conditions and also can be used for large-scale synthesis. The heating process itself can be conducted
inamicrowave oven making it also energy efficient in addition to the distinct advantages the technique
oﬁ'ers-m The process can also be adopted to continuos flow conditions."** All of these make it an
interesting methodology for synthesis. Besides, the synthetic procedures have the advantages of being
relatively inexpensive in terms o f the solvents used, arguably green (when water is the solvent).'*

increased reactivity at higher

In a typical method, the precursor species are mixed with suitable reagents for reduction,
precipitation, etc., in a suitable medium. Often stabilisation and complexation agents are added so that
the process takes place happenes at controlled conditions. The synthesis of anatase TiO, is achieved
by controlled hydrolysis of Ti(OEt), in ethanol.'** Monodisperse particles were prepared by this
route.¥” The starting material can be TiCL,"" " and one can also use stabilisers, such as citric acid.™
Microemulsion-based synthesis often includes a solvothermal step and TiO, was prepared that way
also.'”! Large-scale synthesis of TiO, is significant in view of its application in photocatalysis, solar
cells, etc., CeQ, synthesis has been achieved with'** and without'*® stabilisers. Complex oxides, such
2s y-Fe,0,, CoFe,0,'s! and ZnFe,0,"” were prepared by the hydrothermal route. The microwave-
hydrothermal route is very useful for many complex oxides, such as the ferrites (MFe,O,, M=Mn, Co,
Ni, Zn),'s$ BaTiO,'* a-Fe,0,."* The methodology is also useful in making several other materials,

especially mesoporous solids. The applications of these materials are numerous in catalysis and are

extensively covered in other places.

Hydrothermal processes are used to make metal chalcogemdcs.”" CdSe particles were made from
elemental Cd and Se at 180°C in a hyd rothermal route.'** The products were aggregated in the absence
of suitable stabilisers. In presence of TOPO, the synthesis of CdSe produces ~3 nm particles."”” Many

other chalcogenides-SnS,, NiS,, CoS,, FeS, and NiSe,-have been synthesised."" "’

9.7 SYNTHESIS USING SUPPORTS

Sstiowy synthetic approaches are available to use supports
’::ftnm the use of nanoparticles themselves to materials
i'ﬂ.lne. can be used for subsequent growth. This results in :

in e surfaces. If the growth of smaller particles is avoided, one can get pfogm‘nmed maeaf,e
e This i possible by the use of suitable reactants. For example, hydroxylamine will reduce Au™,

h‘ﬁnﬁo 50 better on Au particles. As a result, larger particles can be grown by adding Au*' to a

for the preparation of nanoparticles. These
with nano cavities. Particles prepared by
the controlled growth of particles at the

i
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4| saw the angel in the marble and carved until | set him free.”
5
'“iChF'larIEE-r
BU”, GF_-r';rge ’Jlmi"-r_;r
Michelangelo: A Biography. New York: Viking 1_,:1.,'.

Wriﬁng at Hw nauasmle is nanu]jrhggmphv_ Th:'s ETI"::IH-:.‘JI hﬁ:; br.‘amlc one :lf the most lmp::lrmrrf dreas uf researth
as nanometer scale structures are the cornerstone of modern devices. This chapter is an illustration of the variety o
techniques used for this application. Nanoscale patterns are made with atoms, molecules and even nanomggerg,
The kind of patterns derived and the modern research frontiers in this area are briefly outlined.

Learning Objectives

* What is nanolithography?

* What are the diverse tools in this branch?

* What are clean room facilities?

* How do we create patterns in conventional lithography?
* How is scanning probe microscopy used in lithography?

e —

20.1 NANOLITHOGRAPHY
s ono thography isthe lthography at the nanoscale. Although the basic ideas of lithography &% “

fabrication of structures on the | nanometer-length s : exciting 1% ™
mﬁg the last one decade or sa.-Titt}: stcuat;; };?qﬁii:ur;mitiijir:f: fna:nnﬁnedgiﬂuiﬁ
dema.ll'lds patterning periodic arrays, gratings or address Epbeinis ft e e ool made of des®
ma'ienals. -Em has ::esulte dinanew class of electronic devices with inte resting functionalities e bl
cations demand the availability of highly sophisticated techniques capable of fabricating ™ 'ou;“’
structures and devices in the nanometer regime. Nanolithogra qh thusp has far-reaching implcs”
the fabrication and integration of nanodevices, which Explaii fhg:' irnpo,rtance given to it
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reate new ang
. either lndwldua]
R itive structures, such as line grating or arrays of dots or nanopillars, haye been
e varying structural parameters such the feature size and inter-feature distance, The

nfpaﬂerned materials, especially electronic, magnetic and optical, have been studied

__ s templates for the catalytic growth of oth
, er
_tures such as carbon nanotubes and nanowires 2 .

e or field of nanoscience where lithography
. v Here, the materials are to be patterned acr
aracteristics. There are a few important issyes

is on high demand, is the fabrication of

oss specified nanoelectrodes and studied for
that come into play, namely,

nan
{heir ch

1. laying nanoelectrodes;
2. placing an active element like a nanotube or a
nanomanipulation or by selective masking;

3. soldering to improve the nanoelement-n

quantum dot at the desired location either by

anoelectrode coupling and finally; and

4, feeding and deriving electrical or optical signals from the nanocircuit.

Indeed, each of these issues has developed into matured fields of research and technology.

Both repetitive and non-repetitive nanopatternings borrow several ideas from conventional
microlithography. The lithography beam is essentially a photon or charged particle (electron or ion)
beam. In order to achieve the desired resolution, light of smaller wavelength is used—extreme UV
and even soft X-ray photons. A new set of techniques unique to nanolithography have emerged in
the recent years. These techniques essentially make use of the scanning probe microscopy set-

ups.
Stamping methods have also been downsized to reach nanoscale dimensions.

202 LITHOGRAPHY: CONCEPTS AND DEFINITION

In Greek, litho means ‘stone’ and griphein means to ‘write. It is virtually creating impressions on any
surface, Although, caveman knew writing on the wall, it is was Aloys Senefelder in 1791?, who invented
* Tepetitive process of reproducing a drawing on Bavanan.hm.esto.ne, then transferring wygel %
Lithﬂgraphy is a generic term for a process, in which something is printed on a surface that r.s receptive
'0'ink’ in some regions and repels ‘ink’ in other regions. In presen.t-day i of ths s, h!::lljograg gy
refers to creating repetitive or non-repetitive patterns of a m?.terlal on a given trsiu *Stndit; wi ; a 1;111 e
choice for both, the patterns being anywhere between _SUB_Tmcmn .to e C(g.l 2.0?3513\? : ﬁne
Processes involved are not very different from creating mk @Presmz:ls on E;f:; wllipe . ; uﬂ; arg
“n be done in three different ways, the easiest of i djrﬁ:hwt:e fttl:ms are'createdl:shxmas
“Ieated on the surface directly using the ink. The surface,on w pat . ) :

. ; other method, the impression of a pattern is first
Substrate and the ink can be referred to as resist. Inan

surfac mask or stencil, which is then used to transfer the pattern onto
?tﬁw;b#:? In ? ; e,i?ilerauy knoﬁ :k or sp‘:-aygd on’the substratebwith tcl;e mask. The advantages of
Using this :::Eﬁsl; ﬁr;ﬂy, the sfencil or mask, which is cut-out can be used several times to create the




574 Nanoscience and Nanotechnology

- i d by lift- :
dly, the excess of resist/ink used is remove Yl_lﬂ ?ffﬂfstenul after,
same pattern, and secon li’; wn in the Fig. 20.1 is to create an 'lmpress.mn 1S to raise 4 ¢
process. Yet another way sho & bpdard stamped to create the impression.
is i

as a mould or stamp, which
e

o
mirrﬂ}r p:::lhﬁ
ETnI

JNC Ink a pattern |

Cut a paltern and
brush or spray ink

Raise a ‘mirror’
pattern, apply ink
and stamp itor
emboss it with or
without ink

Lithography materials: ‘ink’, ‘paper’, 'pen’, ‘brush’, ‘mask’ and ‘'stamp’

m Different ways of creating ink impressions on paper.

20.3 CONVENTIONAL LITHOGRAPHY
butmuch

Microlithography, where the feature size is of the order of microns, is considered conventional,

of the ingredients and terminology remain similar for nanolithography. Typically, in micm]ithogl??lh"
based on light, a substrate is coated with a light sensitive resin (resist), which, upon exposure tolg
transforms in such regions to another form with different properties so that such regions & "
selectively retained or washed away. The active (desired) material such as a metal,is brought in &%
the second stage to finally create metal patterns on the substrate.

20.3.1 Preparing the Substrate
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Al deaning is done to remove the organic dirt while RCA2
e The composition of RCA1 and RCA2 reaction mixtures ;S P;Tl:;cr}n;ed to remove metal
1 ] re : . selal]le-
hﬂl’u;f;:ﬂz()::l:l:ﬁ, respectively (Caution: this mixture reacts viol 11 ?U;-Hzﬂ).‘.l.l.s and
O™ in each case is done by heating the reaction mixture at 80 itg;f' with ql‘ganlc matter).
The inse s followed after every chemical treatment. After the oty thei:' tl)ﬂt rntm, T;e distilled
. ' ubstrate is dried und
agon " biioge™ gas._Other mEthOd.S employed for cleaning the substrates are heating the subs!i?at::
i emperatures in vacuum or in oxygen or to use plasma etching techniques. The commonl
4 substrates are Si substrates or Si substrates with thermally grown oxide as a dielectric layer (fot
nic apphcatmns), quartz, glass, etc. For growing the oxide, the cleaned substrate is subjected to

© : o
Jhigh temperature (>850°C) in the presence of oxygen flow. Depending on the required thickness of
e oxide, the temperature and duration of oxidation is controlled.?

Once the cleaning process is completed and the substrate is spin-coated with the resist to produce a
thin uniform layer. This is a crucial step for effective pattern transfer. The thickness of the resist is varied
depending on its application. The volume of resist taken, its viscosity and the spinning rate are crucial
foruniform resist film. In some cases, a monolayer of adhesion promoter, hexamethyldisilazane vapours
{H_DMS) is employed to make the surface hydrophobic. Sometimes, dry film resists, a photosensitive
«esin in a multilayer configuration with a carrier film and cover films are used in photolithography to
form precision patterns.

203.2 Positive and Negative Resists

The main component to perform lithography is the resist, which undergoes the chemical changes
on exposure of light or electron beam. The polymers that on exposure to light undergo chemical
transformations are known as photoresists. Polymers undergo chain scission or cross-linking on
exposure of light resulting in an effective decrease or increase, respectively in their molecular weight
(Fig. 20.2). After exposure to light, these polymers show selective dissolution in some solvents known
asdevelopers. Based on this property, photoresists can be classified into two types, positive and negative
photoresists. In the case of a positive resist, the region exposed to light solubilises in the developer (due
to chain scission and decrease in the molecular weight) and the unexposed regions remains insoluble.

In other words, the exposed resist Jeaves windows of the bare underlying matﬂ?ial; he‘nce, “whatf:ver
shows, goes” Negative resists behave in just the opposite manner. For a negative resist, the regions
“posed to light become relatively insoluble in the developer compared to the unexposed regions
(Fig.20.2)

o ) he negative type, but since 1970s, the positive resists have
%(:Dngmall“ the resists were mostl};:;;;e 2% a positive photoresist is polymethylmethylacylate
( m)e Il.tntu 1ni:lany. A w:lel}-k:l;::;n under UV illumination. Sometimes, to increase the sensitivity
i undergoes ¢ ain i Diazonapthoquinine is an example of such resist,

l‘esist, a s:.ansltiser is a:dCi;d- h:;acﬂ"e species and phenoli:c novo]alf is the resin. E.xamples for
Me_. diazoquinone ester is the I;CTFR which is an azide-sensitised polyisoprene rubber. Similarly,
8 i '_&. Ve photoresists are Kodak : me;s which underge chemical change on exposure to electron
" electron beam lithography, PO

Novolak-
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oPeSe® T S
Chain scission
/ (Soluble: Positive)
Photon/
Electron
R .

Crosslinking
(Insoluble: Negative)

m Schematic of the chemical changes undergone by positive and negative resist o, EXposia
to photon/electron source.

beam are used. The best example for a positive e-resist is PMMA and f"_nr negative tone, examples s
polystyrene and calixarene. There are Dt[‘lf.'.[' commcrm.l‘lly Lnuul:]l)‘lc rus;lsts fmj both_photollithngraphy
and electron beam lithography, such as Shipley, DUV, SU and ZEP series. After spin-coating a resist
the excess of solvent is removed by prebaking or soft baking. This step is performed in order to achieve
the maximum adhesion of the resist to the substrate. Over-baking should be avoided as the resist film
can decompose or it can degrade the photosensitivity of the resist either by reducing the developer
solubility or actually destroying a portion of the sensitizer. Under-baking will prevent the light from
reaching the sensitiser.

A “mask” is defined as a tool that contains patterns, which can be transferred to a resist coated
substrate or to another mask in a single exposure. A reticle is defined as a tool that contains a pattem
image that needs to be stepped and repeated in order to expose the entire wafer or mask. The mask
used for a positive resist contains an exact copy of the pattern, which is to remain on the subsEratEs
whereas the mask used for negative photoresist contains the inverse (or photographic “negative ) :{f
the pattern to be transferred. Figure 20.3 shows the difference in the patterns generated from the use
positive and negative resist using a same mask.

Photon/electron
exposure

Mask =

f Substrate %

e B Paositive resist
L P : . : k.
- Patterns generated on positive and negative resist using a M

Negative resist '
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0 - ere "
fthe pattern. In case of photnhthngmph},' dasage 5 da:ﬁ:: €Xposure may cause undue
as the energy (in m}J) dosed

; 1) whereas in the case of ¢]
in cm ) ; Of electron be i
al .+ area (in cm?). The s Sl el b:dn:; ht.hography dosage is defined as charge

IJIﬂrlmr U:tte m writing speed, Compared to serial
pighe” P.:an pe written at a time. Photolithography is more popular
Jpaﬂl?;ngﬁ?hﬁ and therefore, !arge areas can be patterned in a ve ’

il pased techniques which use charged particles like elect

gjpu ingthe patterning process slow.

30-3'3 DEVEIOPing

the exposUres the substrate is d"“"_"‘]‘:'P“d in a developing solution. Development is carried out by
gamersion developl_ﬂg. i develo}?mg or puddle dev.elnping. For example, in the case of PMMA,
amixture ofmeﬂ-lyhsc’buryl keme: isopropyl alcohol (MIBK: IPA) in the ratio 1:3 has been found
fobe the best developing solution. At low-exposure energies, the negative resist remains completely
le in the developer solution. As the exposure is increased above the threshold energy, more of
tberESiStﬁhn remains after development. At exposures two or three times the threshold energy, very
jtle of the resist film is dissolved. For positive resists, the resist solubility in its developer is finite
sien al Ze10-eXpOSUTE energy. The solubility gradually increases until, at some threshold, it becomes
cmpletely soluble. Developing time varies from a few seconds to minutes. Higher the developing time,
one has a better control for high definition patterns. Regardless of the method used, it should always
e followed by thorough rinsing and drying to ensure that the developing action will not continue
der the developer has been removed from the wafer surface. In order to remove the excess so_lverft
adto harden the photoresist and improve adhesion of the photoresist, post baking/ I‘Jard-bahng is
mcessary. There are also physical methods such as reactive ion etching and plasma etching to develop

ttepattern. In these cases, the polymer does not come in contact with the solvents. 'Ih?s is particularly
alvantageous in the case of negative photoresists as the swelling of the polymer is avoided.

writing of the focused beam, where only small areas

because it is mainly a projection
ry short span of time, whereas the
rons, are mostly focused scanning

034 Resolution, Sensitivity and Contrast -
_width to be consistently patterned. For positive
f solubility with the molecular weight. Lower

: ek . A disadvantage of negative resists
g weight of the polymeric resist, higher the resolution le dissolved by the developer.

fact that their exposed portions swell as f the developer solution into
| %g' RIS dHply fotome increas® bl 1 This swelling phenomenon can limit
"t material, results in distortions in the pattern R sists do not exhibit swelling and
lution of 5 negative resist. The unexposed regions

of positive re
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, LITHOGRAPHY TECHNIQUES b

111L'

. lithography techniques are brief] . s

dlﬂ‘ereﬂt : rietly described in the fn]lnwing sections
41 Photolithography

20.%

ution |ijmit in L?onventmnal pn.:jectinn optical Iithograph is largel i
ghs . i peebiting, ltand o Y 1s largely determined by the well-

orrespondj i :
mt:he &]lﬂwmggl ponding depth of focus (DOF)

R =k\/NA, and
DOF = k\/NA%; e
(11)

aperture of the optical system, and k, and

k are : : _ | al, process technology, and image formation
ique used. High resolution photolithography, therefore relies, photon beam wavelengths shorter

fhan visible range, deep in UV such as from excimer lasers (248 nm and 193 nm) (Fig. 20.7). At such
dhort wavelengths, absorption loss from the optical components and air is considerable and may call

fmpmemive measures using suitable instrumentation involving vacuum. There are many variations
U{Phomlithﬂgfﬂph?’ aimed at circumventing the diffraction limit. '

are given

here M 15 the exposure wavelength, NA is the numerical
W -
constants that depend on the specific resist materi

70 nm
_ " ~nroduced from ref. 10).
m Patterns generated on PMMA by EUV microlithography system (repraducec il

The sim

ateq

' .k and the resist-
Plest photolithography technique is contact lithography, willf:z: thlfr:;;bd;:;nds on the
Ubstrate are brought intimate contact and exposed. The re:-l.t: u.s . [Eodjﬁcatiﬂn of contact
imensjop, and diffraction at mask edges: Proximity lll:lhog:a’:;[; :n; & s b ——
. the m
The hy, where there is a small gap of 3-50 pm St :1 ces the final pattern. In another type
on source gets diffracted by the mask patterns i
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es an image of the mask on the resist-coated gyhe

: tem provid
y, the optical system P ¢ brought down to 0.2 um easily.

iection lithograph
m reduction projection, features of lym can b .
thod of phase shift lithography includes forntnng ac "
A me P rs. The phase shift reticle is placed between an exposure source (ag

?ﬂaﬂd} Spﬂce‘ibl;l:‘;i: ::-.rizg a layer resist formed thereon. Following an initial exposure, the:
ht?ihf:) at?jl 3;1 rotated and the substrate is exposed a second time. The resist is then developed to
[ Te €

. . areas of resist that have not been exposed. These areas c_orres.pond to the projected
fea:tures e f the phase shifters. Using positive tone resist, solid resist features are formed. Thees
of ltirét;rs:;:tlor:.:n be Esed as mask blocks for etching the substrate to form field emitter sites fﬂraﬁgﬁ'
solid features one resist, open areas are formed in the resist and can be used o

emission display. Using a negative t : s SR to
deposit a material on the substrate, such as a contacts for a semiconductor structure. The method of

B tisicin olio be implemented using two different reticles with intersecting patterns or using
a single reticle having intersecting phase shift areas.

The stencil method is based on selective deposition 0 f material through shadow masks (micro-and
nanostencils). The main added value of this technique is that it does not rely on photoresist processes.
Although photolithography is still the main method used for creating micro- and nanostructuresin thin
films, it requires several process steps, for example, application of photoresist, exposure, development,
evaporation of a thin film, and lift off. The stencil method can create a structured thin film in one process
step. The deposited structures can either be used directly, transferred into a sub-layer, combined by
lift-off processes, or refined by self-assembly or other growth processes. The ste ncil method typically
uses solid-state membranes with structures in the nanometer range (<100 nm) in combination with
micrometer features (>10 pm). These patterns can be transferred to a substrate in a single process step;
potentially in a non-contact mode. These specifics make the stencil method applicable to surfaces that
are either mechanically unstable, such as cantilevers and membranes, and/or functionalized for, &g
bio-sensor applications.

Collimated X-rays are also used as source and this process is known as X-ray lithography (XRL).
Being much shorter in wavelength (~1 nm), X-rays provide increased lateral resolution and in
addition, a higher depth of focus. Scattering is also relatively less in case of X-rays. The most co
known X-ray resist is PMMA, which is a positive resist and is being extensively used whereas negative
resi.s.ts, such as polyglycidylmethacrylate (PGMA), have also been developed. The mask used for XRL
basically consists D.f a pattern of X-ray absorbing materials, such as Au (high atomic number i 1
ona ststrite relatvt'ely transparent to X-rays such as Tj, Si, SiC, Si,N,, BN and B (low atomic number
materials)."" For resist removal and etching, usually physical methods are employed (Fig: 20.8). .

20.4.2 Charged Particles-based Techniques

Apart from using light sources for lithography, charged particle beams of electrons, pm&'
are e#enswely used for patterning the polymeric films. These are preferred over the li
techniques because the de Broglie wavelengths of these particles arI: sufficiently sho
that I:hf:]'r minimise the effects of diffraction that currently limit many photolitho rraphic

In addition, they allow high depth and fine focus. These techniquesyare gené P
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patterns generated by X-ray lithography on a 10 pm SU-8 film, fields of columns with
different diameter and pitch. Patterns themselves indicate for the limit of stability

r'repmduced from ref. 11).

cuum conditions unlike photolithography. The exposure dose has units of charge deposited by the
(uC. m™). Electron beam lithography (EBL), in which a beam of electrons is used

beam per unit area
righ-resolution capabilities combined with a large depth of

;s the exposure source, has extremely |
focus, The patterning can be done in serial or parallel method depending on the type of patterns to be
E“’-“mt'?d' Field emission sources are preferred over thermionic guns, because of high achievable beam
arrents and focus. The beam current is in the range of pico to nanoamperes. The shorter wavelength
ossessed by the 2-50 kV electrons are not limited by diffraction unlike p hotolithography. While using
2 finely-focused electron beam makes it possible to delineate extraordinarily fine petscing diin i
10nm, EBL does suffer from proximity effect due to secondary electrons.'’ Besides, writing of chip-
scale patterns with a single e-beam is rather a slow process. According to the pattern complexity, the
exposure time for writing also becomes very long, hence low throughput. Therefore, EBL remained
s a high-end technique and was primarily employed to make high resolution masks and reticular

structures. However, with the advent of high current sources and faster electronics for the last two

decades, EBL is now being applied for raised patte
scale devices, EBL is also used in the small-scale produ
devices (Fig. 20.9).

PMMA was one of the first resists developed for EBL in 1968 and is the highest resolution
fesists commonly available. PMMA is a chain-scission type resist, which a.llnw‘s for high resolution
because of its high contrast. Another popular positive resist is ZEP. Negative resists such as hydrogen

ilsesquioxane (HSQ), work by cross-linking and in general the patterns they 1producle in EBL are not
%g00d as those produced with positive resists. The patterns cuffer due to swelling durmg develc:pgqem
and by dging between features. The sensitivity of a e-resist i dependent on the beEmF%ur;en; and the
tbeam voltage. Sol gel precursors are also cast into the patterns genera % b}; 4 F( it ?)Jzkza
fule of thumb, the sensitivity scales proportionally with the acceleration VO tage. For example, ZEP

rns of metals, semiconductors and polymers in fine-
ction of the specialised very high frequency
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TPTK]  SEM image of the stripe-electrode structure fabricated by e-beam lithography, wi, , detaif

(reproduced from ref. 13).

has its sensitivity of 200 pC.cm™ at an acceleration voltage of 100 kV. This dose will be reduced g

around 60 pC.cm * at 30 kV! PMMA can be partt-rned using electron dosage of 10 uC.cm™ 3 30ky
If the dosage is increased, it behaves like a negative resist, however, the resolution will be degradedps
about 50 nm. Generally for most resists, the e-c
calculated based on the dose given per pixel.

Josage varies from few uC.cm “to C.cm™. The dﬂs&geis

Fig. 20.10 ; - - .
8 Backscattered electron image of ZnO patterns starting with sol-gel precursor oA Si0,

subs n ai “C for 20 mi
bstrates annealed in air at 700 °C for 20 min (reproduced from ref. 14).
Ar = 1

ea dose = (beam current x exposure time x number of

Line dose = passes)/area per pixel (12)

b ; .
(beam current x €xposure time X number of passes) /length of the pixel (13)

By analogy to EBL, focused-i :
4 -l10n h 5 16 T
form a pattern. Application of a Very hieam llthﬂgraphy (FIB) " scans an fon beam across 3 sl"rfa’;ﬂtfii

p h ' R 24
ions (Ga*), which are focused by Eleg electric field onto a liquid metal source, such as Ga, gene

(LMIS) is crucial for the develo ctrostatic lenses. The development of liquid metal ion soul
pment of FIB. The ion beam may be used for directly spul‘tﬂﬂﬂﬂ




or to induce chemical reactions in

common occnmnfers ‘;];]c;af—ems;he final surface prnﬁleR[e deposition of the sputtered m

he beam SpOt 12€ 77 T, secondary electrons |imjq s ot
400 mmonly used fDl" repair of photomasks, such ag
for parterning. Oth'er 3 l.ised are H", He' and Ay io
sed in lithographic techniques, known as proton

Jlso be used for particle-based lithography. Neyt,

elecnvsraticall}’ interact with one another, Their neutral;
s of optics based on light forces. Initial resylts are En._lg requires,
ll]‘ﬂg

heen fabricated in a single step over large areas with stencil
stencil m

Au on ;.

fonence
factive partly, because they do not

however, development of new

ing:
8: features as smal] as ~50 nm have

asks and ~70 nm features have been

GI(RRN 3-D inverse cylinder structure created using FIB (reproduced from ref. 17)

204.3 Scanning Probe Lithography Techniques

Scanning probe lithography (SPL)' encompasses techniques that use sharp (<50 nm) tips scanned
near the surface of a sample in the configuration of scanning tunneling microscopes (STMs) and
stomic force microscopes (AFMs) or many variations. Although scanning probes were originally
designed to provide high-resolution images of surfaces, their lithographic capability was demonstrated
inaset of experiments with an STM, just five years after the first STM images were recorded. A large
f?eﬂricai bias applied between a tungsten tip and a Ge surface caused transfer of a single atom from the
iptothe surface.'* Since then, STMs and AFMs are being employed in many different ways to perform
Ophisticated lithography. Of the two, AFM is more popular due to variations oA ili
Advamages of SPL methods include resolution that 3Ppr?a.Ches e atonufri";};c‘;h;;zg;zi:;
tdemtﬁs significantly from planarity. Howevey thESEf lT}l:mtlin:r. and the piezoelectric elements th.at
ate Yypically limited by the mechanical resonances © t e| p'Ihis. problem is partially overcome i
tain constant separation between the tips and the samp’e

. a =
thGStmg parallel cantilever tips t0 P€ rform repetitive patterning

ques.
ifﬂ:: are many variations of AFM-based uth?glrapth 4 tec::t;gre (usuall
of water from the ambient can Jocally oxidise

A biased AFM tip under the
y Si), which is termed as
he su




. i tern also been probed
l. entity of nmﬂpﬂﬂﬂﬂs have pro Pitiinin .
.i(ggN ;yanombes has also been demonstrated, Large-sc At
el pen plotters and inkwells. Recently, nanofountain

en t
liquid materials directly on to the substrate (Fig, 20.13), Pentechnology a4 been utiliseq :nn:l?: ng
pense
(b) AFM Tip
Writin
direcﬁ{?n

-—
Water o
i L
HM 'M-_r_“."_';g
Substrate

M (a) Nanoscale dotarrays written on a polycrystafine s
acid and (b) A schematic of the DPN IFE'J:HHQU(J

surtace with mercaptohexadecan oic
(reproduced from ref. 25),

20.4.4 Soft Lithography

This is an extension O‘f Sta""}‘i'E method to micro and nanolithography. Soft lithography® 2" (see
Fig'zal4}isuwcon?dwenan:lemrnsemﬂit]mgr‘lphmte‘:h“iqu%:rePlicamolding(REM),micmcontact
Prjnﬁng (FCP), mfcmm‘u]dmg in capillaries (MIMIC), microtransfer molding (WTM), solvent-
assisted micromolding (SAMIM), and near-field conformal photolithography using an elastomeric
phase-shifting mask. These t:?l:hmques use a patterned elastomer (usually PDMS) as the mold, stamp,
or mask to generate or transfer the pattern with feature sizes down to 100 nm. Soft lithography offers
immediate advantages over photolithography and other conventional microfabrication techniques for
applications, in which patterning of nonplanar substrates, unusual materials, or large area patterning
are the major concerns. It provides a convenient, effective, and low-cost method for the formation
and manufacturing of micro- and nanostructures. It is especially promising for microfabrication of
relatively simple, single-layer structures for uses in cell culture, as Sensors, as micrc-a.malytical systen:?s,
inMEMS, and in applied optics. The initial success of soft lithograph)f' mc?tcatﬂ thaF it ha.ls th_e potenu]:l
tobecome an important addition to the field of micro- and nanofab:l*lca.tmn. Nanoimprint hthogriﬂ E
isa novel method of fabricating nanometer scale patterns. Itis a simple prolcess w_xth lc?w cof.t, gd
i on : by mechanical deformation of imprint resist an

throughput and high resolution. It creates patterns by A e
mbs‘equ*‘-‘ﬂt processes. The imprint resist is typlcally a2 monomer or poly

' late is controlled
byheat or UV light during the imprinting. Adhesion between the resist and the template 1

to allow proper release.

45 RUECE Write Techniques Jite technique. Direct write techniques are

direct w i qally ‘filling
ample of 2 lber of process steps ¢ mmunal,uds Wi
ds, the num . EBL or FIB base

be as simple as drying in air:

DIP’Pm]ithOgraphy (DPN)isa good ex
and Straightforward. In other wor
and ‘Wl‘iting’. Post processing may
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Master: prepared by |
phmoligharaphy. micromolding

LR R e
or other techniques.
pour prepolymer
and cure

Remove stamp

A) REM ) uGP

V|
Metal layer v 3 [

\ B
“ Alkanethiol Si n

D) Near-field phase-shifting
photolithogra phy

%

C) SAMIM

- =

B PDMS Photoresist
Solvent I s B s
Polymer [ Sl _——
+ Expose to uv light
and develop
Embossed [ 8 ]
polymer
F)uT™

PDMS

- '
S Precursor | O o |

[ Substrate |

[ Substrate | Cured polymer r—%ﬁm—‘ - 1um

TBTREY Different soft lithographic process ' ;
: ; 5565 : i Y _
ref. 26-31) graphic p with some typical examples

E) MIMIC /._\
- Prepolymer E—\‘iﬁ?ﬁ"*—i }

(reproduced from

nduced deposition

1 focused plectron
or

E"E‘;;In];‘:l::;;gﬁ‘)w bE;;e araunfl for quite some time. Electron orfocused ion beam-i
Nk wiﬂ-m;:n ;:‘ti-}:;rl:;l process, in which a pattern is defined directly by
molecules Egenerally ot}f\?\? l;e {;L Pl‘;cmes el B typical setup, metal-organic PRl
vacuum chamber. Under l;he ;nﬁu and Pt) are directed onto a substrate by a gas nozzle in the e-bHi3
into volatile and non-volatile &aﬂﬂ::et Of;. focused e-beam, the adsorbed molecules are dissociat
fragments form a metal rich depoi‘l'r;l: ( l'g-ﬂ 20.15). Depending on the precursor molecules, these
‘These techniques are usually employed tov;egtn B nts are pumped away by the vacuum it
B B¢ e slectrical characteristi einterconnects soldering nanoelements in arflﬂtffrﬂ*
' acteristics, because of carbon contamination from the organi®
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{ cracking the vapour phase precursors by the electron beam, there is increasin
read .0 to innovatively come up with direct write resist precursors (
worldiﬂd.‘:" form on substrates. These resists uniquely possess the abil
in the soli time, transform into desired nanomaterial in 1 sin
it the 5;2:; in stamping methods that allow direct p
innova

g interest
Fig. 20.16), that may be coated
ity to pattern (resist action) and
gle-step processing, Recently, there are
atterning of the nanomaterial (Fig. 20.17)

res of /i ed from
m SEM image showing thermolyzed Pd nanowires of ~30 nm width (reproduc
ref. 36).

204.6 Sub-100-nm Lithography

: istingui e recipes, which
The terminology, sub-100-nm lithography, is i cll,eaﬂywﬁlisc:ncig: il;ttgzih a difﬁncﬁon is
nable one to perform patterning below 100 i ag::]lnS(;:e T;E uantum confinement. Accordingly,
* 1atural as materials below 100 nm behaw.ure dlﬁ.erer;ir):'lmense 'i:lmportance. The sub-100-nm recipe
®implications and their potential appiicatlon:*: are 0 hy technique or from a new combinati.on of
May have been derived from any known 11th:g; :i }'les for sub-100-nm lithography techniques.
te‘:h"i'iiua'.s. SPL techniques, such as DPN* are goo t:n g bap;is, can reach below 100 nm. The smallest
EBL' EBID and FIBID techniques as el cndr:; L';’Z nm for dots! The de Broglie wa‘veIEngths S
oo e 190 forliin:ts (a:ll] .nm). keeping broadening due ;o tilliﬁt:cuc;n ;ﬂ':;t;
s ed particles can be sufficiently sh.D approaches. However, phase-contrast g _Onﬁstszﬁ BpMyhave
m]mma]} S s Phuml:lngzll;f::thl: resolution down to below 100 nm. Scie
thods have intelligently br




SeLF-ASSEMBLED MONOLAYERS

: 0-di [ .
Self-assembled monolayers are important nanostructured systems which are two-dimensional nano assemblig; n

structure of this assembly is such that it facilitates precise control of molecules. Various spectroscopic, Scattering anq in

4 ) gy
techniques have been used to understand the structure of self-assembled monolayers in detail. These assemblies have by
used in a number of applications, mostly in the area of sensors. A protoptypical molecular nanomachine has beg by buj

by using SAMs. The diversity of SAMs allows almost anything to be grown on them through appropriate chepg,
2 )

Learning Objectives

e What are the various kinds of monolayers?

e What are self-assembled monolayers? What are their properties?

e What are their applications?

* How can one use them for nanotechnology?

\

3.1 Introduction

The bottom-up approach of manufacturing nano devices has been demonstrated very well. The 1
celebrated example ; i Al

However, the use of such

les of such interactions in the world around us. 1

. lec
uk thl_n layers Prepared on surfaces. They can be assumed t0 ¢ I'I:O 5)"@’
1, just like ultra thin foils.They are among the simplest chem!

: Monolayers are single-molec
thin sheets of infinjte dimensio
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which namotechnological approaches can be practised. This feasib

:; gmplicity of their design and molecular structure
The possibility of bringing about patterns of nano

ultiple functions within a small area.

-~ The concept of monolayers was first introduced by Irving Langmuir in 1917, during his study of
,mphiphﬂcs in water (Ref. 2). While spreading the amphiphiles on water, he found that the film formed
had the thickness of one molecule. Later Katherine Blodgett was able to transfer the monolayer onto a
solid SUPPOI't"(Ref- 3). The spontaneous formation of a monolayer was first reported by Zisman, et al.
in 1946 (Ref. 4). They observed the spontaneous monolayer formation of alkyl amines on a platinum
qrface. The field observed a tremendous growth when in 1983 Nuzzo and Allara found that ordered
monolayer of thiols can be prepared on a gold surface by the adsorption of di-n-alkyl disulfides from
dilute solutions (Ref. 5). '

The name self-assembled monolayers (SAMs) indicates that their formation does not require the
application of external pressure. The study of SAMs generates both fundamental as well as technological
interest. Nature uses the same process of self-assembly to produce complex architectures. One sich example
is the formation of the cell membrane from lipid molecules through self-assembly. SAMs are ideal systems
which can answer fundamental questions related to interfacial properties like friction, adhesion and wetting.
They have been used to alter the wetting behavior of the condenser plates in steam engines. This is
because the drop-wise condensation of steam enhances the efficiency of the engine as compared to the
film-like condensation. In the latter case, the film acts as an insulator between the metal plate and steam.,
The two approaches used to make a monolayer of a molecule on a metal surface are discussed as follows!

L}
ility of using monolayers arises from
and from the user’s ability to manipulate them at
meter spatial resolution allows one to incorporate

IMEL?WIIII'—Klﬂdgeﬂ léﬂﬁﬂl‘qﬂe The Langmuir film is prepared by spreading amphiphilic molecules

on a liquid surface. Considerable order can be achieved in these films by applying pressure. The film is
then transferred to a solid substrate. The various steps involved during the preparation of Langmuir—

Blodgett (L-B) films are shown in Fig. 5.1.

ZMWMbb’ As mentioned earlier, the formation of a self-assembled monolayer does not require the
help of an external driving force. Such a monolayer is formed when the metal (or any other substrate)
turface s exposed to a solution containing the surfactant (Fig. 5.2).

52Mlayers on Gold

coinage metals (Au, Ag, Pt)—the molecular sheet is made

the substrate is one of the above metals—are structurally
er number of studies have been conducted on them. It is
kinds of monolayers and a review of these is available in

:f%date monolayers (Ref. 6) grown on
Wﬂ - Species (with long alkyl chains) and
oo md €asy to construct, which is why a larg
t0 mention that there are several other
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i e, X

_0.3 and +1.5V versus Ag{ AgCl in a voltammetric cell. During the positive potential sweep, the surface
s oxidized and in the negat_l\fe sweep, the oxide is reductively removed. Cyclic voltammetric measurements
carried out in this way facilitate the calculation of the effective surface area from the peak area.

52.1 Preparation

SAM:s are prepared by dipping substrates such as evaporated gold films into a millimolar solution of the

surfactant. The gold films of 500-2000 A thickness are made on substrates. The solution is normally made

in hexane for long-chain surfactants and in ethanol for short chain surfactants. The process of assembly of
monolayers on the surface involves two stages. During the first stage, the surfactants are rapidly pinned on

the surface, followed by a slow reorganization step, during the second stage, extending over several hours

(Ref. 8). The exact kinetics of both these steps depend on parameters such as the concentration of the

solution, length of the alkyl chain, etc. It is a standard practice to leave the substrate in the solution, face up
(‘face’ refers to the gold coating), for periods ranging from 12-24 hours for complete self-assembly. Before
being used, the monolayer surfaces are washed and blown dry with nitrogen. The kinetics of initial pinning
can be monitored by a quartz crystal microbalance whereas the extent of organization can be studied
through infrared spectroscopy. A monolayer of a mixture of alkane thiols can be prepared starting with a
mixed solution of the concerned thiols. A mixed thiol monolayer can also be formed through a ligand
place exchange reaction in which one surfactant molecule replaces another that is already present on the
surface. Monolayers can be formed by microcontact printing wherein the thiol solution is used as ink on
a stamp that is prepared from a polymer.This approach is especially useful in preparing patterned surfaces
(see Section 5.5). Other methods that have been used to make SAMs include vapour phase deposition on
molecules, LB methodology and potential-assisted deposition.

5.2.2 Structure

Two types of sites are available for the thiol chemisorption on the Au(111) surface, the on-top site and the
hollow site. Ab-Initio calculations have shown that the charge of sulphur at the hollow site is —0.7e and that
at the on-top site is —0.4e. Hence the hollow site is the energetically favorable one from the point of view
of charge-transfer. Thiolate can migrate between the two adjacent hollow sites. This can happen either
through the on-top site or through the bridge site. In both cases, the excited state will be polar. The
excited state during such migration will then be stabilized by polar solvents. This is confirmed by the fact
that ordered SAM:s are formed in ethanol. Figure 5.3 shows the overlayer structure of the monolayer with
sulphur atoms occupying alternative hollow sites above the Au(111) layer, giving a hexagonal (\/5 X /3)
R30° unit cell (the symbolism refers to the crystallographic structure of an overlayer).

In this assembly, alkyl chains are in close contact with each other and the chains are fully stretched to
form a zig-zag assembly. As a result of this close contact and due to the large distance between the sulphur
atoms, the chains tilt. The tilt angle is 34° in the case of Au(111), but it is 5° in Au(100).The chaiqs have
fotational freedom at room temperature, which means there is no three-dimensional order in the
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onally disordered and this persists 5 :
a

ional disorder can be seen in low temperature i

groups at the tail end can affect this order, as mg|, areg
i c

5. The structure of alkane thiol monolayers op Au(ll;l;;

)

arrangement of different chains. The adjacent chains are rotati
temperature. In fact, the freezing of the rotaltk
spectroscopy (Ref. 9). The presence of very bu y
may not get attached to all the available surface s1t€

is shown <chematically in Fig. R

B

S(CHz)n - X

C C% : f/ g { g {’/%’
v : % m"‘* L
. C‘% L {;‘ v L |

T,

¥ (c)

Fig.5.3: Schemati
atoms (tggt:;:;i;tel:;z Cg:) "lronz/ayer Ofalkan.ethiOI on Au(111). (a) Layer of hexagonally arranged gold
atom. On top of thisgSUrf;—,;C: Cth corner of .thls dotted hexagon corresponds to the center of the gold
is also hexagonal (solid h ot a/kane?hlq/ molecules chemisorb. The structure of the sulpht! atom
id hexagon), as indicated. These atoms sit on three-fold sites creat

gold atoms. (b i ;
(b) Assembly of thiolate chains. This will form a two-dimensional sheet on the surface

- (0 Extended chain. |
,7 i o . It shows a zig- .
-~ chains have rotational freedom. Xg i:ag assembly. The tilt angle is shown. It is also show" haf

a functional group.

et
i
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: enﬁO“Cd above, this structure is present for sever
w7 arface itself is not ordered over an extended
¢ qrface structure is uniform) is of the above dimens;
heS . area of the substrate. At the edges of the

al hundreds of angstrom square area. The
area : i in si ithi

e 1:111‘11d~ th.e typical grain size (within this region,
1. This limits the growth of an ordered SAM over

grain, the monolaye ~
e & in the seructure of the gold. There are ways to increase th layer structure is not ordered due to
L ase the area of the ordered region such as high

[ature annealing.

t ‘ ~ Q ~f -
SAMs can - Zﬂ other surfaces such as Cu, Ag, Pt, GaAs, etc. The coverage of molecules on
e & ~ S : = - ’. Sy .
arfaces 15 10 the order Cu>Ag>Pt>Au>GaAs, which is a direct consequence of iR adUIRRE

hese ° On Ag(111), the overlayer structure is

qructure: 0 g(111), : erlayer structure is the same as that of gold, but the tilt angle is only 12° and
. 34°,Thjs reduced tilt angle l’t“d”CCS the contact distance between the chains (4.1 A and not 4.95 A)
ond GaAg(lOO) surface, a large tilt angle of 57° is reported (Ref. 10).

The chain length affects the order of the alkyl chain assembly. In the case of chains of longer thiols,
the van der Waals interaction between the chains is large to enable all the chains to stand up. This makes
e carbon chain assembly all-trans and reduces the number of defects. ‘All-trans’ means that the carbon
soms on either end of a C—C bond are trans to each other. This makes the alkyl chain appear like a zig-

jadder-like structure. However, as the chain length decreases, the van der Waals interaction becomes
seak and defects occur. These defects imply the incorporation of gauche conformations. The extent of
order in the alkyl chain assembly manifested depends on the technique used for its investigation. The best
wol to see the order is surface infrared spectroscopy, which shows a red shift in the methylene C-H
wetches as a function of order. Peaks at 2918 and 2846 cm " are characteristic of ordered alkyl chain
asembly. Decreased order 1s observed when the chain length is less than 11, and when the length is less
than 6, the assembly is assumed to be disordered. When the groups at the chain ends have a smaller cross-
sectional area than that of the alkyl chain, the hydrocarbon chain assembly is the same as that of the alkyl
thiol. This is the case with all monolayers with chain ends such as —OH, -NH,, -CONH,, -CO,H, —
CO,CH, in addition to simple —CH,. However, in the case of larger end groups, the chains cannot pack
u efficiently as in the case of simple thiols.

BB icture of the monolayer varies with the structure of the gold below it. Au(111) is
them“(’dynal‘ﬂically the most stable surface due to the largest surface density of gold atoms. Therefore, in
the case of evaporated or annealed gold, the surface is principally Au(111). A film of this kind can be
#OWn on mica wherein the surface will be atomically flat. An atomic force microscopic image of
gmdecmethiolate monolayer grown on this Au(111) film 1s presented in Fig. 5.4. The image scale is
X302 nm The nearest neighbor is located at a distance of 0.52 £ 0.03 nm (a) while the next nearest

"ighbor is located at a distance of 0.90 £ 0.04 nm (b) (Ref. 11).
w site have been observed—one with the Au-S-C bond

Two bindin :
g modes of alkanethiol on a hollo :
%igﬂ.of 180° called the sp mode, and the other with Au-S-C bond angle 104° (sp’ mode) (see Fig. 5.5

" €nergy difference between the two modes is 2.5 kcal mol . Thus the thiolate can change from one

Aﬁ"e other without much difficulty. _
) shows different types of lattice as shown in Fig. 5.6.The

layer structure of thiols on Ag(111 . :
7 x J7) R10.9° structure. The tilt angle in the case of thiols on Ag(111) surface is small
\ ; the values were even close to zero

®d to gold. The observed value is about 5°. In some €ases,

A - —‘-‘“ . -
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ectrons do not Partic;
C CI

clectrons. Deep €OT€ el
from which they originate. Hence XPS |
er. At lower take-off angles, the Lc
as compared to those from gh

Pate i
g hc(‘n
Cligp "

AP ¢
sition of the monolayer dCCPw

[n XPS, X-ray is used to knock O}lt the core
bonding. Their energies are clmracter'ls.tlc of the atgms :
used to find the clemental composition of the monoldy
oelectrons from the atoms at the top layer will be much more
layers. Hence ang dent XPS can be used to find the compoO
can be used to measure the Chiciun

55 of ¢

le-depenc
The capacitive ch hert e]ectr-olyte |
er by the equation o where d is the thickness of the monolayer and ¢ .
overed is the permittivity of the free space ;gdlﬁ the
€ i

arating material. 1 redox couple, one can observe the F, ¢
Tady

ts in the monolayer.

arging current in an 11
= £,€,/4,
with a monolayer. &
By adding

monolay
capacitance of the electrode ¢

the dielectric constant of the sep
current. This gives the number of defec
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Fig. 5.9
Fig. 598

)

Fig. 5.9: STMim
e ed. age of octa ' :
running along [hefftt’h;zaorn Au”_i 1). Fig. 5.9(b) is the plot of the cross section labeled Bin
along the Au next—nearest-f;sr- n:'ghbou_’ direction. C and D are cross-sectional plots of
eighbour directions. Reprinted with permission frompPoirier (Ret. 1

Copyright (1994) American Chemical Society.

N

3.3 Growth Process
/
3.3.1 Growth from the Solution Phase

Various steps i
eps in the growth of monolayers are shown i F
n in Fig. 5.10.

The growth of the m T ;
onolayer can be ex ained b owth law.
y plained : % he raté Of'g'
y using the Langmuir growt b where g5 s

is proportional t \¢ -
o the number of available sites given by the ion, d@/dt = k(1 )
equation, t :
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\‘%_ =

<= Au on glass
AP 1L
N\/
‘ Adsorption

Thiol solution

i ]

l Organization

\z—' ~,

Juittty ;)
(a) (b)

\/’____,'

F,g,5.102 (a) Various steps during the formation of self-assembly. Gold coated glass slide is dipped in an
—— ethanolic solution of thiol. The initial chemisorption process is very fast. This is followed by a slow

step during which organization happens which takes several hours. (b) Structure of organized
monolayer using a space filling model,

fction of sites occupied and k is the rate constant. Sum frequency generation (SFG) studies show three
distinct steps during the growth of the monolayer. The first step corresponds to the chemisorption of the
head group onto the metal surface and takes place very fast. Then the alkane chains start ordering into all-
trans configuration, which is slower than the first process. During this straightening of the alkyl chain, the
signal due to the d_mode (antisymmetric CH, vibration) decreases in intensity. The gradual reorientation
ofthe terminal methyl group during the final step is indicated by the slow evolution of r” mode (symmetric
CH,).The evolution of different modes is shown in Fig. 5.11.

332 Growth from the Gas Phase

’I_’he growth of monolayer from the gas phase in UHV allows one to study the process by using various in-
Mmeasurements The study by low energy electron diffraction (LEED) shows that the first phase, occurring
Jmediately after dosing with the adsorbent molecule, is the stripped phase. On continued deposition,
fMucture changes to the standing phase with C (4%X2) lattice.
(%T?le growth of mercaptohexanol monolayer on a gold surface has been inves.tigated-by using STM
“Fig. 5.12) Exposi concentration of mercaptohexanol gives strips as shown in
Bg 5 Xposing the surface to low : ek
%12 (_pointing finger, Fig. 5.12(b)). In these strips, the sulphur atoms will be sitting in Fhe next-
the “heighboyy three-fold hollow sites and the alkane chain will be Parallel to the sub.strat:e.Qn mncreasing
d\edosmg’ this stripe starts growing and covers the whole surface (Fig. 5.12(c) and Flg- 5.12(d)). Towards
. &ﬁii;m’%-?fmumﬁom a new feature called ‘islands’ starts appearing (P?intif.lg finger, Fig. 5.12(e)). me this
%Wl’ds, B oo starts taking place in the perpendicular direction and the alkane chain will be
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Fig. 5.11: Intensities of the various modes upon the a adsorption of docosanethiol on Au(111). The three regio
— indicate the three steps during the growth process. Intensity of the features is plotted as a function on
immersion time. Reprinted with permission from Schreiber F. (Ref. 14). Copyright (2000), wif

permission from Elsevier.

perpendicular to the substrate in these islands. The Au vacancies will appear as deep pits after the il

formation (Fig. 5.12(f)).
Even though the stripped phase with the alkane chain parallel to the surface, and the standing®

phase with the alkane chain perpendicular to the surface, are the two important phases during the growt
of the monolayer, metastable phases exist between the two extremes. This has been shown in Fig. 5.13

5.3.3 Stability and Surface Dynamics

l’fhe a;l?ermal §tab1hty of SAM§ depends on: (1) the strength of surface binding, and (2)
ter. interaction, For alkanethiols on gold the thermal stability increases as a function of the ch
While butanethiol monolayers desorb starting from a temperature of 75 °C, octadecane monolayer’ deso
ghfcmperajpres ranging from 170 to 230 °C (Ref. 15). Increasing the latera,l T interaction incress®

thermal stab_1hty. Electrochemically the stability range of —0.1 to +0.1V is very high providiﬂgal !
electrochemical window for most applications. This implies that a nl.lnlbel' of electroéhemica] processﬁ{
can be conducted without monolayer desorption. The exposure of shorter chain thiols in SOIuﬁonaﬂ

the stengh L
ain Jend®
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(e) () J

Fig. 5.12: Constant current STM topographs showing the growth of mercaptohexanol monolayer from gas
phase on Au (111) surface. (a) Clean Au (111) surface. (b) Stripped phase‘ islands. (c) Striped phase
growth. (d) Stripped phase growth showing Au vacancies. (e) C‘Irovyth‘of stan.ding up phase at Fhe
cost of the stripped phase. () Standing up phase growth at saturation limit. Reprrnted with permission
from Schreiber F. (Ref. 14). Copyright (2000) with permission from Elsevier.

leadto the removal of defects on the SAM surface. This occurs by the exchange of monolayers at the gFain
‘ v‘l':ﬁﬂﬂndariCS, called ‘ligand place exchange’ .nd the diffusion of the monolayers, which occurs over a time
oW of several hours. The exposure of reactive gases such as ozone can affect the stability of the

yer as the thiolate group can be oxidized (Ref. 16).

‘nase Transitions

monolayers form crystalline phases on the metal

f the van der Waals interaction, alkane thiol . : e : o
... f the system increases the orientational disorder increases. This weakens
s the temperature o ;
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structure area per horm g
modecule (A% o0t aliy
©rage g
@) o= = nattice gas"
a
A, g A, MWW AW, W = 0(23 X ‘/5) 82.8 0.28
(b) (also found: p(11x J3) 79.2 -
) i s BRI 19 x3) R 032
MMMMMW h(sﬁx\/g) R30° 54.0 By
21.6 1.00

(also denoted “c(4 x 2)")

Fig. 5.13: Various phases that can exist

and surface coverage have a
Copyright (2000) with permission from Elsevier.

The corresponding lattice structure, area per moleg|
2

on a metal surface.
nted with permission from Schreiber F. (Ref. 14

Iso been given. Repri

the van der Waals interactions, which give rise to liquid-like phases. Reflection absorption IR spectro
(RAIRS) has been used to study the phase transitions in planar SAMS. The position of the Symmetr'scopy
anti.-symmetric stretching mode of the methylene mode is indicative of the crystallinity of the allckﬁd
chains. The phase transitions in HS-(CH,), ,CH,/Au have been studied in detail by Bensebaa, ef al. (Ref. | f
When thf: temperature was increased, the peak corresponding to d, showed broadeni’ . eli :
decrease in intensity. The same trend was shown by the d_ mode also :I:he melting 1 olere il
The position of the d, and d_bands at this point exactl i ot o Co'mplete "
y matches with that of the liquid alkanethiol

confirming the liquid-like isotropic phase at this temperature.

3.5 Patterning Monolayers

SAMs are ideal templ
ates fc : :
C;ﬂ be produced. Seseralsm::hzu;fa:rz Ts:jlfficau}?m. With appropriate modifications, patterned surfac®
. s or t : 7 ;
of routes: (1) decomposition, and ) COmposiiiOHC patterning of monolayers. These belong to rwo kind

2.5.1 Decomposition
In this case, an alr
» eady formed y
of the surface with : monolayer is giy i |
e . given a desired pattern b : . Dacternif?
nctionality in a specific area is import}’n?z?nr;p?ﬂn% 4 art;filtti-:: ong
a olecular reco -
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eral applications, one of : .
the sev: 5 Particular i :
I orta 3 s
material is anchored to the surface. This cap E nee 1s biorecognition wherein a biologically important
‘ ; ally yrtan

. € used for oy

a DNA strand on the surface can be used to reco 'ZDl\}I)A fecognition, as for instance, the binding of
i (5 ’
change 1n the property of the monolayer or thie Suir: the COmplementary strand in the solution. A
analyte. In one of the approaches yseq a mixed

& p .
monralte can be used to identify the presence of the
. . 5 ; LS :
B ccid (M) o o W ayer with Mercaptopropionic acid (MPA) and
The electrochemical potential for reductive desor

.T'he resultant monolayer formed segregated regions.
P can o selectively Fyerian rel Spt10r1 for MPA is lower than that of MHA and as a
to the region vacated by MPA (Ref. 18)

urface. By exposing a thiolated DNA, it can be bound

Lithography is another means of achievi

° 0 abllevIng patterned monolayers. Th it ‘
' i -The traditional li ay
is to expose the surface to be patterned to ultraviolet (UV) lig} ’ i i g
reils ) light at specific locations. On a SAM surface.

UV exposure In the presence of oxygen leads to . qdi i i

B e e S+ =4 1o an oxidized SAM and this region can be removed by
was ung, S dp gb 1€ bare metal su.ﬁace.The exposed areas can be deposited with a new monolayer
or can be e Ig\ 1; 139W2|I}_II y an etchant. This process has been demonstrated on SAMs with patterns as small
as 100 nm (Ref. 19). However, the pFobleIn with such methods is that the wavelength of light and patterns
cannot be drawn beyond the resolution of the light used. If one wants to go to lower limits, wavelength of
light has to be reduced, bl}t in the X-ray regime, it is difficult to obtain reliable optics for manipulating
light. This problem also affects the semiconductor industry.

Another lithographic method involves the use of particle beams. In this method, neutral atoms, ions
or electrons are used to remove part of the surface. Patterns as small as 100 nm have been drawn with

neutral Cs and Ar beams (Ref. 20).

In another method called ‘nanoshaving’, the adsorbate is removed physically (Ref. 21). This is achieved
by scanning an atomic force microscope (AFM) tip at a load that is higher than the displacement threshold.
The features can be as small as 20 nm. By conducting the shaving in a solution of another thiol, the second
thiol can be deposited in regions vacated by the first, and a pattern can be created. The process is called
‘nanografting’. A similar methodology can be used with scanning tunneling microscopy (STM) where the

tip potential is kept high to cause thiol desorption.

5.0.2 Composition

b

[ Rl t lntln 4 (Ref 22) : P

;;tif:;iganes C;mcilt';)::ltll:j;l %p - fontaCt with the surface, the mask transfers the ink tod spectltui: aitrcejrsl
1 . . : T

of th o ] surface can be deposited with another thiol or t}}e €XPOSES EIASSE .

IR = Tl cxposed meta | SU lithography methods, microcontact printing has

etk R e ot st . t;l;resilarsfjlcoefsb';;r: principal problem in this case, however, appears
an :

been used to make non-pl
patterns on anat : ;
t be one of finding ways to reduce the dimension of’ t;:z Ejgjr::ere i
The second approach is called ‘dip-pen lithography” (Ret. 22)- travels with it and solubilizes some

i ing the ti
(ink) is drawn over a wet surface. The water meniscus touching p

e ———
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roach, the ink can be made of a variety of materials inclu ding
Angy

&rtic]

b,

sarily make a monolayer.
ed in such a way that deposition occurs only in the g |
5¢ eCt

e potential was controlled on a
P i electryg,, "
5

d areas of an already coated electrode, a part of the monolayers can be .. '
. . . esOr I
be coated on such locations. It is also possible to control the potentiy] onb a

lerate or decelerate deposition. Both these¢’ approachey |, Peci,
a\le be ;
f

of the molecules. In this app
The approach need not neces

If the substrate can be controll

patterns can be drawn. In one such approach, th

is done on selecte

another monolayer can
areas of an uncoated electrode to acce

used to make patterned monolayers.

5.6 Mixed Monolayers
R

One can obtain a mixed monolayer by mixing two monolayer forming species in an appropriate
1 itut : ny b ) Tatin 1

the chemical constitutions of the two monolayer-forming entities are similar in terms of the alky] tl;[r
C am

1ength and the functionality, the mixed monolayer is similar to a two-dimensional alloy (two-dimepg;

' ' : ) , s
in the sense that the film is planar, while the thickness 1s molecular). However, chemical diffe ony
- TENce

PeF\veen F:e species can lead to the segregation of one entity. If the two chemical constituents are se
i ; : an
it is possible to anchor two different kinds of materials at these locations by using selective rnf))l zi
eCulr

chemustry.

5.7 SAMS and Applications

5.7.1 Sensors

The interest generated b
y the study of SAMs has shifted fi
iy Bent ; rom fundamental studi . Th
}(:))f thr; lm Oa:gfcatlons of SAMs include molecular recognition and wetting control T}ise (ﬁ?lewrncihal.]ldffy Cfﬁ;
i ﬁrz;ireirss tc;n b}:: us<.3d for sensing applications. There are two important. elements iri a}:en}s)or 0
bl Z 1cthertmczdll})r select.1ve recognition layer, while the second is the signal !.’riillsd“;er
e %VnhiCh adeca:nde momtored.f_\ number of approaches have been used to make selectiv
elements can be lo,cated on aZ’iverSl erathe SP'):;lefs to be detected. The fact that several of these sensing
e 1), provides the capability to sense several species simultaneously (%
A variety of metal i

o e b Bl e sl i
surface with 2,2”-thiobi - ors selective to Cu’* were made by functionalizin the gOI
e S:’Cb}iszt}tﬂ zcletoacetate. The selective detection of perchloz"oet}rll;leze in thge presen®
e 54 richloroethylene, tetrachloromethane, chloroform, and toluene was achie’®

rcin[4]arene as the monolayer (;ee Fig.5.14).The incorpor,ation of perchloroethle]cn

|
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/ ‘

into the receptor site results in mass changes in terms of nanograms, which are detected with the help of
quartz microbalance oscillator.
a

- :

C /
Molecule ./ \ Cl_ °

e © G ©

/
gas c-Cs C ¢
phase C

Molecular
recognition
sites at the
surface

1 Resorcin
[4]-arene

Fig. 5.14: Molecular recognition by a monolayer of resorcinol on Au (111) surface. The receptor site showed
high selectivity to perchloroethylene when dosed with a mixture of halocarbons. Reprinted with
permission from Schierbaum, et al. (Ref. 24). Copyright (1994) AAAS.

Among the most common examples of SAM-based sensors are enzyme biosensors. As enzymes are
catalytic in action, they are also called catalytic biosensors. Here an enzyme acts as the recognition element.
The signal is transduced by detecting either the molecule consumed or that generated. An example of this
kind of sensor is the glucose biosensor which uses glucose oxidase (GOD), to oxidize glucose to
gluconolactone. In this process, the enzyme is reduced and a mediator used in the process gets the enzyme
back to the original state. In nature, O, s the oxidizer and H,O, is produceq in th'? process. The medptors
used typically in experiments are ferrocene and ferricyanide,and their <-:hange is monitored electrochemically.
The reduced form of the mediator gets oxidized at the electrochemical surface and the .current generated
I proportional to the amount of glucose oxidized. The immobilization of the enzyme is more controlled
When it takes place on a SAM surface.

: Enzyme immobilization on the monolayer surface can be achieved by several. means. Qne method
Sto covalently modify the SAM by selected reactions. An approach used.for t.hlS 1s descrlbeFi beloy;i
M mercaptopropionic acid monolayer is made on Au. The monolayer 1s activated b?r .rea_ztmig\l \;{/1;
1~ethyl‘?’(3-dimethyla.minopropyl)carbodiirnide: hydrochloride (EDC) flnd N'bYdTOXYSUCCImn“ e (NHS).

s process makes a succinimide ester on the monolayer surface, helping amine groups of the enzyme to
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: ind of recognition el .
on the kin gn cment, a sensor may be biochemical or chemical. In the chemical

ition element 1 -bi v ok i
the recogmu'cal e, Wl; n}i)n biological in origin and is synthesized in the laborato
. ich use SAMs and utilize a variety of properties. Electrochemjcl:f

) resonance and ma .

ance, plasmon T ss are the most common properties utilized for transduction of the
don event.

One of the mOSF R PRSI (SVELIRS 1 the quantitative detection of transition metal ions, especiall
- Y fotherions. The detection of Cu(ll) i : iz 2 y
_ch oy b ded b 1) In presence of Fe(I1I) is an example. The four-coordination
Wﬂce of Cu”" can be provided by attaching a tetradentate ligand and the other end of the molecule
e anchored onto tbe gold surfacc'*.Thc* sensor sites can be kept separated by preparing a mixed SAM.
The Presence of otheF ions does not mﬂuence the detection as they do not get attached to the electrode

ace. A variety of ligands and metal ions can be used to implement this approach.

Molecular imprinting is another approach that has been developed for sensing. Here the shape of a
olecule s imprinted on the monolayer surface and when the location is occupied by the analyte molecule,
i is 1.ecognized as a sensing event. In one of the approaches demonstrated, a mould for the analyte
parbituric acid, in the form of thiobarbituric acid, is made to bind the surface. The shape is imprinted on
ihe surface by co-adsorbing another monolayer forming thiols. When the analyte molecule is exposed to
the surface, it can bind to the cavities imprinted on the surface. This binding event changes the capacitance
of the surface. Several molecules such as cholesterol, barburates, quinines, etc. have been detected in this

way (Ref. 30).

574 pH Sensing is lon Sensing

SAMs have been used for pH sensing by several investigators. The general approach 1s to have two
hile one is pH-sensitive, the other is insensitive and acts
2 2 reference. This is seen in the case of quinine and ferrocene, both of which are immobilized on the
monolayer surface. While 1n the first, the oxidation and reduction shift linearly with pH, the second does
notshow any response to pH. It 1s also possible to make the pH-independent electrochemistry of ferrocene

"@;fdcpendent by having a bifunctional molecule. In one of the approaches used, ferrocene carboxylic

dis linked to the surface through a =5 linkage. The oxidized state of ferrocene is stabilized by the

protonation of the carboxylic acid group, which makes the redox chemistry of ferrocene pH-dependent.

dlectroactive species on the monolayer surface. W

Corrosion Prevention

sed as coatings, SAMs offer corrosion resistance. In this regard, several monolayers have been
’ he molecule has to be long enough to offer

urfaces such as Au, Cu, Fe, etc. The chain length of t _ oo
g complete protection against ion

i ing is 1 in offerin
rotection. The monolayer coating 15 inadequate 1n O . St
The permeability of ions through the assembly poses a Serious problem, thereby necessitauing

\
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roach that has been tried to resolve this brol
Qm‘
s

on the monolayer. An app
b

dditional coating
g f the SAM. - \

a siloxane polymer ©

5.7.6 Other Areas

£ bled monolayers on 2 gold surface constitute an ideal system for practising i, &
Self-assemble

he electron transfer process. The electrode surface used‘for this Purpose i m:n.q\
related to the © ¢1 ers through self-assembly. The attachment of thiols with the acy, h _ﬁuj‘
electoactive m‘(’ino_::tization through classical organic reactio.ns. In one attempt, Cydoadditiolwh
auo;v :oﬁ(liit:;ff;tizir; surface modified with thiol containing azide at the termini (Fig, 5 1 \
use

O Feﬁ 0 :
NC N N N ﬁ
N Nt &b J
b N /N ; W

:

Bies S S S

J

Fig. 5.18: FElectrode surface before and after cycloaddition. Reprinted with permission from Collman &
(Ref 31). Copyright (2004) American Chemical Society.

Chemical force microscopy (CFM) combined with chiral discrimination by a molecule Ca[‘,bel'ﬂ
to distinguish different chiral forms of the same molecule. In this technique, an AFM tip B fun Cuonif}:
with a chiral molecule. This chiral probe is then used to discriminate between the two chira forms":«
same molecule on a surface. The gold-coated AFM tip is functionalized with a chiral p robe ! o
acylated phenyl glycine modified with alkanethiol. The changes in the friction or adhesion forces ¥
to distinguish between the two enantiomers of mandeljc acid.

3.1.7 Wetting Control |
- .

The wetting Pr(?perties of a surface can be modified, to a great extent, by coating it with 23 teBM
molecules. This is one of the important applications of SAMs. A low coverage surface is gt j
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Self-assembled Monolayers

embly of alkanethiol with a bulky end group on an A

to form a carboxy terminated monolayer with low s rfu(
by the hydrolysis can be attracted to the gold surfaceubal
1 now be made hydrophilic or hydrophobic by chan I
»;pffhe sensor is schematically shown in Fig. 5.19 (Plate i‘)“g

111) surface. The end group is then
c¢ coverage. The carboxylate groups
applying an electric field. Thus the
the electrochemical potential. The

| Molecular Electronics

@Ms ar; ;]kS:allsS;ffatC(L 1:;::(; f:i;ter;]iatlh§01it:1cts. By using a self-assembled monolaye'r of dithiol on gold,
one can : I 10l groups and can also attach a gold nanoparticle. This attach
with a covalent linkage showed four orders of magnitude higher current than when the ;lano articl:n &

orbed on the SAM surface at the same tip bias voltage. This showed that monolayer—basfd electr‘i::
contacts are feasible. In various studies, different kinds of interactions such as van der Waals, hydrogen
ponding and covalent interactions have been made between monolayers attached to metallic su;'faces sﬁch
a gold and mercury. These studies have shown that the electron transfer rates increased in the order, van
der Waals > hydrogen bonding < covalent. .

In all these experiments, it is necessary to make a contact. This is done through monolayers. The
experimental protocol is illustrated in Fig. 5.20. In the experiment, a nanoparticle solution is exposed to
a monolayer making nanoparticles sit on the monolayer. The current flowing between the tip and the

surface is measured at a bias voltage.

Conducting AFM

Current meter

Nanoparticle

—_—

Surface

Experimental approach for making electrical contactto a nanoparticle.

i
ture can be produced

done. A given struc
o used for

fabrication can be Agl
o copic objects can be

thodologies. Various nanos
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Nanoscience and Nanotechnology

h A Scanning probe technique, a probe of nanometer dimensions is used.to nvestigyy a
The Investigation is on the surface of the material. This is done by hOId,mg g ationary andm\
the sample or vice versa. The information, that is collected by moving 'the sa,m,p]e’ an b J"q
kinds, which differ from technique to technique. The collected data a.md its (\lrarlatlon ACrogg the\
are used to create an image of the sample. The resolution of such an image depends o , SQmL?‘

i nt nature of th
control one has on the movement on the tip/sample and the inhere e daty,

3.1.1 Scanning Tunneling Microscopy

STM was developed' in 1982 and the inventors o d to image the topography of the gu.e
In STM, the phenomenon of electron tunneling is used to t ngnelingprobe andasurfac oy
utilisestheprincipleofvacuumtunneling. Heretwosurfaces,z}du S fe;arsb

near contact at a small bias voltage. If two conductors are he }C} - rgistjc e; s f- Nt
overlap. The electron wavefunctions at the Femi level have a charac P 1a InVerse g,

length K, which can be given as, K= W , where m s ma\f\s] }‘:f electrOﬁ,b? Is thle localFu
barrier height or the average work function of the tip and sample. on asma ; as voltage Vg,
between the tip and the sample, the overlapped elect'ron wavefunction permits quégltlum @echam
tunneling and a current I to flow through. The tunneling current I deca}Ts exponentially with dig,
of separation as I « Ve V@md/h  where d is the distance between the tip and the.sample andpg
work function of the tip. The tunneling current is a result of the overlap of electromc wave functiog
the tip and the sample. By considering the actual values of electron work functlons of most matq
(typically about 4 eV), we find that tunneling current drops by an order of magmtudej for every 1}
distance. The important aspect is that the tunneling current itself is very small, and in addition
strongly distance dependent. As a result, direct measurement of vacuum tunneling was not obsen
till 1970s. Tunneling, however, was observed and was limited to tunneling through a barrier.

awarded the Nobel Prize for Physicg

Tip Sample
Vacuum level
? ©>
m
E )
E- | €

\/ Y&y

e Extension of electronic wavefunction
m Electron ene

pd
‘. bory I8y states of t/7e sample and tip before the bias. When a sample and IZ;J’E
... eldciose together, there is a possibility of their electronic wave functions to 0"
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_ . instrumental aspects in such a device are simple and is illustrated in Figs 3.1 and 3.2

this, a tip is brought close to the sample so that electrons can tunnel through the vacum'n barri . :[}l,n

osition of the tip is adjusted by two piezoelectric scanners, with x and y control. The z-axis os?:. e
continuously adjusted, taking feedback from the tunneling current, so that a constant tunneli;r’\ cul:)rn lst
is maintained. The position of the z-axis piezo, therefore, reproduces the surface of the mategrial ';;\‘

osition of the piezo is directly related to the voltage supplied to the piezoelectric drives. Scanni.n ies

ossible in the constant height mode as well, but this is done only on extremely flat surfaces, so t%\at
the tip (distance modulation) does not crash by accident. The other mode of imaging is by mo;iulating
the tip at some frequency and measuring the resulting current variations. This is informative in
understanding the compositional variation across the sample.

External bias

EVACUUM

EVACUUM f

ABisuz

=

AL
Overlap of electronic wavefunctions

-

d, spatial separation between

the tip and the sample

MW Flectronic wavefunctions overlap at lower separations and a tunneling current is observed.

Tunneling takes place through a few atoms and it is believed that the STM images occur as a result
of tunneling to a simple atom or to a few atoms. The tip manufacturing process does not make one
atomically sharp tip alone. However, what appears to be happening is that electron tunneling takes
place to whichever atomically sharp tip, which is closer to the surface.

STM has been used to understand numerous processes and a review of these is out of place he.re.
Most of these studies relate to understanding various surface processes. The techniques available earber
forthese studies before the arrival of STM, are low-energy electron diffraction (LEED), reflected high
energy electron diffraction (RHEED), X-ray diffraction and variations of these techniques. Instead
of probing the average structure of the surface as is possible with these techniques, STM allovyed
investigation of local structures. These studies focused on surface reconstruction, adsorption, chemical
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culating surfaces (under ,
transformations, etc. at metal, semiconductor and even on Ins g Ppro

- AR shall illu ity
conditions to observe tunneling current). In the brief discussion below, we strate a fey, Of
experiments of relevance to nanoscience and technology.

STM gives information on local density of states. fonSitY of state; (l?igti?'l Zpg:wmts the Quantjy,
of electrons exist at specific values of energy in a material. Keepmglt] 1' My €en lt)l’\e 5
and the tip constant, a measure of the current change with respect to th e LISSOS Tl%is o p;‘lo © thelogy
DOS of the sample. A plot of dI/dV as a function of V represents the e : .ST I\/115' called scanniy
tunneling spectroscopy (STS). An average of the density of st’ates o RS IS Comparabley,
the results from ultraviolet photoelectron spectroscopy and inverse photoemission spectroscopy (
below). Such comparisons have been done in a few cases an : ' .
are unimportant. The important aspect is that such mapping of density of states is possible with spag;
specificity.

Electrons can only tunnel to states, which are present in the sample or tip. When the tip is negatiy y
biased, electrons from the tip tunnel from the occupied states of the tip to the unoccupied states ofthe
sample. Ifit is the other way, electrons tunnel from the occupied states of the sample to the UNoccupied
states of the tip. Thus, change in polarity makes it possible to probe the occupied or unoccupied states
of the sample as illustrated in Fig. 3.3.

Mmple

d the results indicate that the tip e

External bias External bias
{
11 i
Sample
Tip
\ — Sample
Ti A
...... p E\/ACUUM
EVACUUM @ [0y -
,,J P, 3
J Z‘\ 3
1 E/j e
£ E- ~sanf
E | TR q[@ Ec
Electron jumps from sample to tip

Probing occupied states of the sample

[2EEY Depending o ’
P 8 on the sample bias one can probe various kinds of states of the sample.
STM has revolutionised a
samples with atomic resolution,

EIeptron jumps from tip to the sample
Probing unoccupied states of the sample

we cite an example here. STM has
and properties of carbon nanotubes:
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ammicaﬂ)' resolved image® of asingle-walled carbon nanotube is shown in the Fig, 3.4. The arrangement
of the hexagons is seen. One has to remember that the graphitic sheet has been folded, so t%xat the
hexagons are not planar. From this, we can determine the tube axis and the chiral angl,e. This is 7°
for this tube and the tube diameter.is 1.3 nm. STS measurements determine the band gap and 1;>cal

electronic structure of the tubes.

-
o
H

WAL

Atomically resolved STM images of an individual single-walled carbon nanotube. The
lattice on the surface of the cylinders allows a clear identification of the tube chirality.
Dashed arrow represents the tube axis T and the solid arrow indicates the direction of
nearest-neighbour hexagon rows H. The tube has a chiral angle ® = 7° and a diameter
d = 1.3 nm, which corresponds to the (11, 7) type tube (Source: J.W.G. Wildoer, L.C.
Venema, A.G. Rinzler, R.E. Smalley and C. Dekker, Nature, 391, 1998, 59).

3.1.2 STM Based Atomic Manipulations

In a normal STM imaging process, the tip-sample interaction is kept small. This makes the analysis
non-destructive. However, if the interaction is made big and, as a result, the tip can move atoms on
the substrate, there is a distinct possibility to write atomic structures using STM. This was done in
1990 by Eigler. When he manipulated Xe atoms on the surface of Ni(110) in a low temperature ultra
high vacuum (UHV) STM instrument, a new branch of science was born.® Process of manipulating

atoms is technically simple. This is schematically illustrated in Fig. 3.5. The STM scanning process is

at position a is brought to position
large. Then the tip is slid over
e tip is brought back to initial

m Process of manipulating atoms on the surface. An STM tip
b by vertical movement such that the tunneling current is
the surface to the desired location d, and subsequently, th
height e.
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' tip is lowered to increase the j
stopped and the tip is brought just above the s:fnmple afton:. ?:Zn rlljeling il tut:: ;Iflteraction
between the tip and the atom- This is done bY mcr'eaSI’ng e oxlasOF eiil Avasteriboh il ~30 ]
Note that typical tunneling current used for imagB ; ed to the desired location. The j o thegy, |
atom interaction is made strong and the tip can NOW be moV e el imemsnlh Intera,
potential between the tip and the atom is strong to OI’erf‘mT;mm e A’ft .- mzz.atom |
glide on the surface. It is, however, not transferred to the 1p S et This process can b;:i pt:a:hs |
&

: - lin
desired location, the tip is withdrawn by reducing the tunnerralgbuﬂt it s e
to get the desired structure, atom by atom. A quantum €0 ms op ,

' rral are seen in this pi
Cu(111) surface’is shown in Fig. 3.6. The electron waves confined in tthiC:OﬂStmctEd ;tl thls};l Pictur,
Confinement is the electrons come about as a result of the nanostructul : . At suc ]eflgth,

ing @ iptical corra
scales quantum mechanical phenomena can be observed. By 113v111gf1nt ell(l)}:n 5t fl Otf Co atoms
and placing another Co atom at one of its foci, the other focus mantfests sf o eatures of the

; ) . o8
atom, where no atom exists. When the atom is moved from the focus, the effect disappears. Thi

- : . the -hanical size limit.
quantum mirage effect suggests transportation of data in the quantum mechanical it

Numerous other manipulation strategies have been demons
used to break chemical bonds. This has been shown in the case 0
the case of organic molecules, the detached fragments have been move

desired fashion. Feynman’s pre d matter has come true.

trated. Tunneling current has been

f oxygen and organic molecules, [
d and further recombined inq

diction of atomically constructe

Quantum corral made of 48 Fe atoms on a Cu(111) surface

: . L G ;

website, http://www.almaden.lbm.COm/v,-s/stm fstm. htm. Origi :;;Jg; image taken from tﬁe

M:F. Crorr{m{e, C.P. Lutz apd E. Eigler, Science, 262 (1993) 218 (Cage was publfshed in,
with permission.). (For clarity see colour figure.) . (Copyright AAAS, Used

Numerous modifications of STM are available. We reproduce a list of varj Toble 3l
1ants in Table O

reproduced from Reference 9. An interested reader may consult the references and add d
additional reading
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material listed at the end of the chapter. The most current developments are in the areas of fast scannin
STM, ultra low temperature STM and spin polarised STM. In the first, dynamical processes taking
place at the surface, such as a chemical reaction, are monitored and the images are captured so as to
construct a movie. This can be combined with a solution phase STM, so that reactions in solutions can
be investigated. In spin polarised STM, a magnetic tip is used so that the tunneling current is sensitive
to the spin. In ultra low temperature STM, the measurements are done at temperatures of the order
of mK, so that phenomena at low temperatures can be probed.

8

Table 3.1  SXM techniques and capabilities (from reference 9)

e —

1. Scanning Tunneling Microscope (1981), G. Binnig, H. Rohrer, ‘Surface studies by scanning tunneling microscopy’

G. Binning, H. Rohrer, Ch. Gerber and E. Weibel, Phys. Rev. Lett., 49 (1982), 57-61.

2. Scanning Near-Field Optical Microscope (1982), D.W. Pohl, ‘Optical stethoscopy: Image recording with resolution
L/20’

DW. Pohl, W. Denk and M. Lanz, Appl. Phys. Lett., 44 (1984), 651,
A. Harootunian, E. Betzig, A. Lewis and M. Isaacson, Appl. Phys. Lett., 49 (1986), 674.
3.  Scanning Capacitance Microscope (1984), J.R. Matey, J. Blanc, ‘Scanning capacitance microscopy’.
JR. Matey and J. Blanc, J. Appl. Phys., 57 (1984 ), 1437-44.
4.  Scanning Thermal Microscope (1985), C.C. Williams, H.K. Wickramasinghe, ‘Scanning thermal profiler’
C.C. Williams and H.K. Wickramasinghe, Appl. Phys. Lett., 49 (1985), 1587-89.
S. Atomic Force Microscope (1986), G. Binnig, C.F. Quate, Ch. Gerber, ‘Atomic force microscope.
G. Binnig, C.F. Quate, and Ch. Gerber, Phys. Rev. Lett., 56 (1986), 930-33.

6. Scanning Attractive Force Microscope (1987), Y. Martin, C.C. Williams, H.K. Wickramasinghe, ‘Atomic force
microscope—force mapping and profiling on a sub 100 A scale’

Y. Martin, C.C. Williams, H.K. Wickramasinghe, J. Appl. Phys., 61 (1987), 4723-29.

7. Magnetic Force Microscopy (1987), Y. Martin, H.K. Wickramasinghe, ‘Magnetic imaging by “force microscopy” with
1000 A resolution’

Y. Martin and H.K. Wickramasinghe, Appl. Phys. Lett., 50 (1987), 1455-57.

8. “Frictional” Force Microscope (1987), C.M. Mate, G.M. McClelland, S. Chiang, ‘Atomic scale friction of a e
tip on a graphite surface’
C.M. Mate, G.M. McClelland, R. Erlandsson, and S. Chiang, Phys. Rev. Lett.,, 59 (1987), 1942-45.

9. Electrostatic Force Microscope (1987), Y. Martin, DW. Abraham, H.K. Wickramasinghe, ‘High resolution capacitance

Measurement and potentiometry by force microscopy’

Y. Martin, DW. Abraham, and H.K. Wickramasinghe Appl. Phys. Lett., 52 (1988) 1103-1105.

WC Tunneling Spectroscopy STM (1987), D.P.E. Smith, D. Kirk, C.F. Quate, ‘Detection of phonons will scanning
‘aneling microscope’

=£ Smith, G. Binnig, and C.F. Quate, Appl. Phys. Lett., 49 (1987), 1641-43.

(Contd...)
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3.1.3 Atomic Force Microscopy

In this technique, interactions between a sharp probe and a sample are used for imaging. The cantilever,
which probes the surface, has an atomically sharp tip and this is brought in contact with the surface.
The Jarge-scale use of AFM today is because of the use of microfabricated tips of Si or Si,N,. The spring
constant of the tip is of the order of 1 N/m, and the shortest vertical displacement d measurable is
<1/2 kd*> ~ V2 ke T. With k, T of the order of 4 x 10 J at 298 K, the smallest vertical displacement
observable is 0.5 A. The interaction between the tip and the sample is of the order of a nano Newton,
which is not directly measured in AFM. The extend of interaction between them is measured by the
displacement of the cantilever. The displacement of the cantilever is monitored by the reflection of a
Jaser from the back of the cantilever, detected on a segmented photodetector. A 4-segment photodiode
is used for this purpose. In the very first AFM, the interaction was measured by the difference in
tunneling current, the tip being fixed on the back of the cantilever. This allows the detection of normal
and lateral displacements of the cantilever. Optical detection is far superior to other forms of detection,
although there are problems associated with the laser, such as the heating of the cantilever and the
sample. The image is generated from the interaction force. In the scan, the interaction force is kept
constant by a feed-back control. The increase in the interaction force, when the tip approaches an
elevated part, is related to the vertical displacement of the scanner needed to eliminate this increase in
signal. This is converted to height. Thus, the basic components of the microscope are the cantilever,
the detection system, scanners and the electronics. These components are schematically represented
in Fig. 3.7. This also suggests that depending on the kind of interactions between the cantilever and the

Feedback loop [ Controller
electronics

Laser
Tube
XY scanner
\”/
zt '
Segmented
photodiode 5’1'3'7
detector Cantilever and tip
T )
Sample

m Schematic representation of an atomic force microscope. The sample surface is scanned by
the cantilever connected to a tubular scanner; the principal functional units in it are three
piezoelectric scanners. The deflections of the cantilever are monitored by the segmented
photodiode detector.
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surface, various kinds of microscopies are possible. The probe can be made magnetic to investigate th,

magnetic interactions with materials. This makes magnetic force microscopy: The tip can hf\ve specific
temperature probes or the tip itself can be made of a thermocouple. This mgkes scanning thermy
microscopy (SThM). The tip may be attached with molecules, which are designed to have specifi
molecular interactions with the surface. This makes chemical force microscopy- There are several sy,

variations, some of which were listed before (Table 3.1).
y cannot be de
hievable resolutio

fined similar to optical methods, where the
1. SPM is a 3-D imaging technique and
As would be seen from Fig. 3.8, improved resolution can
ption of resolution, especially in the biological context,
of resolution. DNA, inits B form, is known to have
e the resolution as SPM is a 3-D technique

Resolution in scanning probe microscop
diffraction limit determines the practically ac
the resolution is affected by the tip geometry.
be obtained for sharper tips. In practical descri
width of DNA measured is considered as a measure
a diameter of 2 nm. Width alone is not enough to describ

and height is important.

Narrow tip

Image formed

Original surface

Wider tip

Image formed

Original surface
(b)

TRER]  Resolution in SPM depends on the tip details: (a) gives better resolution in comparison to (b

AFM is commonly operated in two modes, the contact mode and the non-contact or tapping
intermittent contact mode. In the contact mode, the tip comes into contact with the surface. The force
between the sample and the tip is the product of the displacement of the tip and the force constant of
the cantilever (f = —kx). The contact with the surface allows evaluation of surface friction. When the
interaction is strong, the surface damage can be significant and as a result contact mode can be difficult

to use for soft materials.

fuator
ed t0
The

In the non-contact mode of operation, the tip is oscillated at its resonant frequency by anac
The decrease in the amplitude of the motion when the cantilever comes close tgl the Szmyle s
measure the tip-sample interaction. The drop in the amplitude is set to a re-determinfd value.
intermittent contact the tip makes is gentle and does not damage the maf;ri alcalthamelitthe probes
are generally harder. As a result of this gentle mode of scanning, this is the 5 . oug ol
method, especially with materials, whose surfaces are important’suCh . Omli:;te :1) : E:lc ;l;ewafer,
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T ypical AFM images get resolution of the order of § nm.

this is not routine. With especially fabricated tips,
but peen demonstrated in specific cases. The best kno
h;:i ds. Images of DNA spread on mica are shown in Fi
4 ,

d width of the curved structures depending on the type of imaging. The width of the molecule seen
.an AFM images need not be the actual width due to several factors, One corresponds to the relaxation
Ir;the molecule on the substrate, on which it is held for imaging. The other is to do with the tip induced
0

Jeformation in the sample. The contour length of the macromolecule, on the contrary,
e :
the molecular weight of the material.

Mechanical properties are measured using AFM. Correlation of these properties to' the chemical
composition and structure has to happen fora complete understanding of the material. This can be done
by combining spectroscopy with imaging. Although a few such tools as confoca}l Raman mlcros;op);
and infrared microscopy, are available, the spatial resolution is of the order of microns or hundre ﬁs ;)d
nanometers. A combination of AFM with spectroscopy will be immensely useful. Scanning Near-fie

Optical Microscopy with Raman will be useful in this regard, but the current resolution of this is only
of the order of 50 nm.

Atomic features have been observed,
1 nm can be observed. True atomic features
wn examples of nanoscale structures are DNA
g 3.8." These images show variation in the shape

is a measure of

Height (nm)

(©)

T | I 1
10 20 30 40

Distance (nm)

mica.

(a) Height image obtained with an SWNT tip for ‘,jOUble-SUanC\f\(;ﬁ/a,\il? 53252::.6?00 [;ypical

¢ (b) T C?’cal height cross-section from the image in (a). The F itk A convantional & tip.
heigf)l/tpcross-section from an image of the lambda-DNA obtained wi

_L. Huang, P. Kim,
The FWHM is 14.4 nm (Source: 5.S. Wong, A.T. WgOIllegég ?;6(;(—122} : :
D.V. Vezenov, and C.M. Lieber, App. Phys. Lett., 73, 4
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UNIT IV

NANO SYSTEMS
4.1.QUANTUM DOT

4.1.1.AN ARTIFICIAL AND TUNABLE ATOM (QUANTUM DOT)

Quantum dots (QD) are very small semiconductor particles, only several nano

metres in size, so small that their optical and electronic properties differ from those of
larger LED particles. They are a central theme in nanotechnology. Many types of
quantum dot will emit light of specific frequencies if electricity or light is applied to
them, and these frequencies can be precisely tuned by changing the dots' size, shape

and material, giving rise to many applications.

In the language of materials science, nanoscale semiconductor materials tightly

confine either electrons or electron holes. Quantum dots are also sometimes referred to

as artificial atoms, a term that emphasizes that a quantum dot is a single object
with bound, discrete electronic states, as is the case with naturally

occurring atoms or molecules.

Quantum dots exhibit properties that are intermediate between those of bulk
semiconductors and those of discrete atoms or molecules. Their optoelectronic properties change
as a function of both size and shape. Larger QDs (diameter of 5-6 nm, for example) emit longer
wavelengths resulting in emission colors such as orange or red. Smaller QDs (diameter of 2-
3 nm, for example) emit shorter wavelengths resulting in colors like blue and green,

although the specific colors and sizes vary depending on the exact composition of the

QD.

Because of their highly tunable properties, QDs are of wide interest. Potential

applications include transistors, solar cells, LEDs, diode lasers and second-harmonic

generation, quantum computing, and medical imaging. Additionally, their small size

allows for QDs to be suspended in solution which leads to possible uses in inkjet



printing and spin-coating. They have also been used in Langmuir-Blodgett thin-films

processing techniques result in less expensive and less time-consuming methods

of semiconductor fabrication.

4.1.2.2NANO WIRE
A nanowire is an extremely thin wire with a diameter on the order of a

few nanometers (nm) or less, where 1 nm = 10 meters. Two processes

in nanotechnology by which nanowires can be manufactured are suspension and
deposition. A suspended nanowire is held up by the ends in an evacuated chamber, and

then is chemically etched or bombarded with high-speed atom s or molecule s to reduce

its diameter. Another method involves indenting the surface of a wire in the center of a
suspended span, raising the temperature, and then stretching the wire while it is near
its melting point. A deposited nanowire is fabricated on a surface consisting of some
non-conducting substance such as plastic or glass. The process is similar to that by
which semiconductor chips are grown, except that the result is a linear (one-
dimensional) structure rather than a flat (two-dimensional) or solid (three-dimensional)

structure.

Fields expected to benefit from nanotechnology include water purification,
sanitation, agriculture, alternative energy (particularly photovoltaics), home and

business construction, computer manufacturing, communications, and medicine.

4.1.3.APPLICATIONS

Electronic devices

Nanowires can be used for transistors. Transistors are used widely as
fundamental building element in today's electronic circuits. As predicted by Moore's
law, the dimension of transistors is shrinking smaller and smaller into nanoscale. One of
the key challenges of building future nanoscale transistors is ensuring good gate control

over the channel. Due to the high aspect ratio, if the gate dielectric is wrapped around



the nanowire channel, we can get good control of channel electrostatic potential,

thereby turning the transistor on and off efficiently.

Due to the unique one-dimensional structure with remarkable optical properties, the
nanowire also opens new opportunities for realizing high efficiency photovoltaic
devices. Compared with its bulk counterparts, the nanowire solar cells are less sensitive
to impurities due to bulk recombination, and thus silicon wafers with lower purity can
be used to achieve acceptable efficiency, leading to the a reduction on material

consumption.

To create active electronic elements, the first key step was to chemically dope a
semiconductor nanowire. This has already been done to individual nanowires to create

p-type and n-type semiconductors.

The next step was to find a way to create a p-n junction, one of the simplest
electronic devices. This was achieved in two ways. The first way was to physically cross
a p-type wire over an n-type wire. The second method involved chemically doping a
single wire with different dopants along the length. This method created a p-n junction

with only one wire.

After p-n junctions were built with nanowires, the next logical step was to
build logic gates. By connecting several p-n junctions together, researchers have been
able to create the basis of all logic circuits: the AND, OR, and NOT gates have all been

built from semiconductor nanowire crossings.

In August 2012, researchers reported constructing the first NAND gate from
undoped silicon nanowires. This avoids the problem of how to achieve precision
doping of complementary nanocircuits, which is unsolved. They were able to control

the Schottky barrier to achieve low-resistance contacts by placing a silicide layer in the

metal-silicon interface.

It is possible that semiconductor nanowire crossings will be important to the

future of digital computing. Though there are other uses for nanowires beyond these,



the only ones that actually take advantage of physics in the nanometer regime are

electronic.

In addition, nanowires are also being studied for use as photon ballistic
waveguides as interconnects in quantum dot/quantum effect well photon logic arrays.

Photons travel inside the tube, electrons travel on the outside shell.

When two nanowires acting as photon waveguides cross each other the juncture acts as
a quantum dot.

Conducting nanowires offer the possibility of connecting molecular-scale entities
in a molecular computer. Dispersions of conducting nanowires in different polymers

are being investigated for use as transparent electrodes for flexible flat-screen displays.

Because of their high Young's moduli, their use in mechanically enhancing

composites is being investigated. Because nanowires appear in bundles, they may be
used as tribological additives to improve friction characteristics and reliability of

electronic transducers and actuators.

Because of their high aspect ratio, nanowires are also uniquely suited

to dielectrophoretic manipulation, which offers a low-cost, bottom-up approach to

integrating suspended dielectric metal oxide nanowires in electronic devices such as

UV, water vapor, and ethanol sensors.

4.1.4.NANOWIRE LASERS

Nanowire lasers for ultrafast transmission of information in light pulsesNanowire
lasers are nano-scaled lasers with potential as optical interconnects and optical data
communication on chip. Nanowire lasers are built from III-V semiconductor hetero structures,
the high refractive index allows for low optical loss in the nanowire core. Nanowire lasers are
sub wavelength lasers of only a few hundred nanometers. Nanowire lasers are Fabry-Perot
resonator cavities defined by the end facets of the wire with high-reflectivity, recent
developments have demonstrated repetition rates greater than 200 GHz offering possibilities for

optical chip level communications.



Sensing of proteins and chemicals using semiconductor nanowires In an
analogous way to FET devices in which the modulation of conductance (flow of
electrons/holes) in the semiconductor, between the input (source) and the output (drain)
terminals, is controlled by electrostatic potential variation (gate-electrode) of the charge carriers
in the device conduction channel, the methodology of a Bio/Chem-FET is based on the
detection of the local change in charge density, or so-called “field effect”, that characterizes the

recognition event between a target molecule and the surface receptor.

This change in the surface potential influences the Chem-FET device exactly as a
‘gate’ voltage does, leading to a detectable and measurable change in the device
conduction. When these devices are fabricated using semiconductor nanowires as the
transistor element the binding of a chemical or biological species to the surface of the
sensor can lead to the depletion or accumulation of charge carriers in the "bulk" of the
nanometer diameter nanowire i.e. (small cross section available for conduction
channels). Moreover, the wire, which serves as a tunable conducting channel, is in close
contact with the sensing environment of the target, leading to a short response time,
along with orders of magnitude increase in the sensitivity of the device as a result of the

huge S/V ratio of the nanowires.

While several inorganic semiconducting materials such as Si, Ge, and metal
oxides (e.g. In203, SnO2, ZnO, etc.) have been used for the preparation of nanowires, Si
is usually the material of choice when fabricating nanowire FET-based

chemo/biosensors.

Several examples of the use of silicon nanowire(SiNW) sensing devices include
the ultra sensitive, real-time sensing of biomarker proteins for cancer, detection of
single virus particles, and the detection of nitro-aromatic explosive materials such as
2,4,6 Tri-nitrotoluene (TNT) in sensitives superior to these of canines. Silicon nanowires
could also be used in their twisted form, as electromechanical devices, to measure

intermolecular forces with great precision.



4.1.5.LIMITATIONS OF SENSING WITH SILICON NANOWIRE FET DEVICES

Generally, the charges on dissolved molecules and macromolecules are screened
by dissolved counterions, since in most cases molecules bound to the devices are
separated from the sensor surface by approximately 2-12 nm (the size of the receptor
proteins or DNA linkers bound to the sensor surface). As a result of the screening, the
electrostatic potential that arises from charges on the analyte molecule decays
exponentially toward zero with distance. Thus, for optimal sensing, the Debye
length must be carefully selected for nanowire FET measurements. One approach of
overcoming this limitation employs fragmentation of the antibody-capturing units and
control over surface receptor density, allowing more intimate binding to the nanowire

of the target protein. This approach proved useful for dramatically enhancing the

sensitivity of cardiac biomarkers (e.g. Troponin) detection directly from serum for the

diagnosis of acute myocardial infarction

4.2.QUANTUM HALL EFFECT

The quantum Hall effect (or integer quantum Hall effect) is a quantum-

mechanical version of the Hall effect, observed intwo-dimensional electron

systems subjected to low temperatures and strong magnetic fields, in which the

Hall conductanceo undergoes quantum Hall transitions to take on the quantized values

__Ichannel __ e2

VHall h

where Lchannel is the channel current, Vuan is the Hall voltage, e is the elementary

charge and h is Planck's constant. The prefactor v is known as the filling factor, and can

take on either integer (v= 1, 2, 3,...) or fractional
(v=1/3,2/53/72/33/51/52/93/13,5/212/5...) values. The quantum Hall effect is
referred to as the integer or fractional quantum Hall effect depending on whether v is

an integer or fraction, respectively.

The striking feature of the integer quantum Hall effect is the persistence of the

quantization (i.e. the Hall plateau) as the electron density is varied. Since the electron



density remains constant when the Fermi level is in a clean spectral gap, this situation
corresponds to one where the Fermi level is an energy with a finite density of states,

though these states are localized (see Anderson localization).

The fractional quantum Hall effectis more complicated, as its existence relies

fundamentally on electron-electron interactions. The fractional quantum Hall effect is
also understood as an integer quantum Hall effect, although not of electrons but of

charge-flux composites known as composite fermions. In 1988, it was proposed that

there was quantum Hall effect without Landau levels.[l This quantum Hall effect is

referred to as the quantum anomalous Hall (QAH) effect. There is also a new concept of

the quantum spin Hall effect which is an analogue of the quantum Hall effect, where

spin currents flow instead of charge currents.

4.3.CARBON NANOTUBES

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nano

structure. These cylindrical carbon molecules have unusual properties, which are

valuable for nanotechnology, electronics, optics and  other  fields  of materials

science and technology. Owing to the material's exceptional strength and stiffness,
nanotubes have been constructed with length-to-diameter ratio of up to

132,000,000:1, significantly larger than for any other material.

In addition, owing to their extraordinary thermal conductivity, mechanical,

and electrical properties, carbon nanotubes find applications as additives to various structural
materials. For instance, nanotubes form a tiny portion of the material(s) in some

(primarily carbon fiber) baseball bats, golf clubs, car parts or damascus steel.

Nanotubes are members of the fullerene structural family. Their name is derived from
their long, hollow structure with the walls formed by one-atom-thick sheets of carbon,
called graphene. These sheets are rolled at specific and discrete ("chiral") angles, and the
combination of the rolling angle and radius decides the nanotube properties; for example,

whether the individual nanotube shell is a metal or semiconductor. Nanotubes are categorized

as single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs). Individual




nanotubes naturally align themselves into "ropes" held together by van der Waals forces, more

specifically, pi-stacking.

Applied quantum chemistry, specifically, orbital hybridization best describes chemical

bonding in nanotubes. The chemical bonding of nanotubes involves entirely sp2-hybrid carbon

atoms. These bonds, which are similar to those of graphite and stronger than those found

in alkanes and diamond (which employ sp3-hybrid carbon atoms), provide nanotubes with their

unique strength.

4.3.1.TYPES OF CNT'S

There is no consensus on some terms describing carbon nanotubes in scientific
literature: both "-wall" and "-walled" are being used in combination with "single",
"double", "triple" or "multi", and the letter C is often omitted in the abbreviation; for

example, multi-walled carbon nanotube (MWNT)
Properties

4.3.2.MECHANICAL

Carbon nanotubes are the strongest and stiffest materials yet discovered in terms

of tensile strength and elastic modulusrespectively. This strength results from the

covalent sp?bonds formed between the individual carbon atoms. In 2000, a multi-
walled carbon nanotube was tested to have a tensile strength of 63 gigapascals
(9,100,000 psi). (For illustration, this translates into the ability to endure tension of a
weight equivalent to 6,422 kilograms-force (62,980 N; 14,160 1bf) on a cable with cross-
section of 1 square millimetre (0.0016 sq in).) Further studies, such as one conducted in
2008, revealed that individual CNT shells have strengths of up to ~100 gigapascals
(15,000,000 psi), which is in agreement with quantum/atomistic models.[38l Since carbon

nanotubes have a low density for a solid of 1.3 to 1.4 g/cm3,[# its specific strength of up

to 48,000 kN m kgis the best of known materials, compared to high-carbon steel's

154 kKN m kg™



Although the strength of individual CNT shells is extremely high, weak shear
interactions between adjacent shells and tubes lead to significant reduction in the
effective strength of multi-walled carbon nanotubes and carbon nanotube bundles

down to only a few GPa.

This limitation has been recently addressed by applying high-energy electron
irradiation, which crosslinks inner shells and tubes, and effectively increases the
strength of these materials to ~60 GPa for multi-walled carbon nanotubes and =17 GPa
for double-walled carbon nanotube bundles.[* CNTs are not nearly as strong under
compression. Because of their hollow structure and high aspect ratio, they tend to

undergo buckling when placed under compressive, torsional, or bending stress.

On the other hand, there was evidence that in the radial direction they are rather

soft. The first transmission electron microscope observation of radial elasticity

suggested that even the van der Waals forces can deform two adjacent nanotubes.

Later, nanoindentations with atomic force microscope were performed by several

groups to quantitatively measure radial elasticity of multiwalled carbon nanotubes and

tapping/contact mode atomic force microscopy was also performed on single-walled

carbon nanotubes. Young's modulus of on the order of several GPa showed that CNTs

are in fact very soft in the radial direction.

4.3.3.ELECTRICAL

Unlike graphene, which is a two-dimensional semimetal, carbon nanotubes are
either metallic or semiconducting along the tubular axis. For a given (n,m) nanotube,
if n = m, the nanotube is metallic; if n — m is a multiple of 3 and n # m and nm # 0, then
the nanotube is quasi-metallic with a very small band gap, otherwise the nanotube is a

moderate semiconductor. Thus all armchair (n=m) nanotubes are metallic, and

nanotubes (6,4), (9,1), etc. are semiconducting. Carbon nanotubes are not semimetallic

because the degenerate point (that point where the i1 [bonding] band meets the o* [anti-



bonding] band, at which the energy goes to zero) is slightly shifted away from
the K point in the Brillouin zone due to the curvature of the tube surface, causing
hybridization between the o* and n* anti-bonding bands, modifying the band

dispersion.

The rule regarding metallic versus semiconductor behavior has exceptions,
because curvature effects in small diameter tubes can strongly influence electrical
properties. Thus, a (5,0) SWCNT that should be semiconducting in fact is metallic
according to the calculations. Likewise, zigzag and chiral SWCNTs with small
diameters that should be metallic have a finite gap (armchair nanotubes remain
metallic). In theory, metallic nanotubes can carry an electric current density of 4 x
102 A/cm?, which is more than 1,000 times greater than those of metals such as copper,

where for copper interconnects current densities are limited by electromigration.

Carbon nanotubes are thus being explored as interconnects, conductivity enhancing
components in composite materials and many groups are attempting to commercialize

highly conducting electrical wire assembled from individual carbon nanotubes.

There are significant challenges to be overcome, however, such as undesired
current saturation under voltage, the much more resistive nanotube-to-nanotube
junctions and impurities, all of which lower the electrical conductivity of the
macroscopic nanotube wires by orders of magnitude, as compared to the conductivity

of the individual nanotubes.

Because of its nanoscale cross-section, electrons propagate only along the tube's
axis. As a result, carbon nanotubes are frequently referred to as one-dimensional

conductors. The maximum electrical conductance of a single-walled carbon nanotube is

2Go, where Go = 2e2/h is the conductance of a single ballistic quantum channel.

Due to the role of the m-electron system in determining the electronic properties

of graphene, dopingin carbon nanotubes differs from that of bulk crystalline

semiconductors from the same group of the periodic table (e.g. silicon). Graphitic



substitution of carbon atoms in the nanotube wall by boron or nitrogen dopants leads to

p-type and n-type behavior, respectively, as would be expected in silicon.

However, some non-substitutional (intercalated or adsorbed) dopants
introduced into a carbon nanotube, such as alkali metals as well as electron-rich
metallocenes, result in n-type conduction because they donate electrons to the m-
electron system of the nanotube. By contrast, m-electron acceptors such as FeClsor
electron-deficient metallocenes function as p-type dopants since they draw m-electrons

away from the top of the valence band.Intrinsic superconductivity has been

reported, although other experiments found no evidence of this, leaving the claim a

subject of debate.

4.3.4.0PTICAL

Carbon nanotubes have useful absorption, photoluminescence (fluorescence),

and Raman spectroscopy properties. Spectroscopic methods offer the possibility of

quick and non-destructive characterization of relatively large amounts of carbon
nanotubes. There is a strong demand for such characterization from the industrial point

of view: numerous parameters of the nanotube synthesis can be changed, intentionally

or unintentionally, to alter the nanotube quality. As shown below, optical absorption,
photoluminescence and Raman spectroscopies allow quick and reliable characterization
of this "nanotube quality" in terms of non-tubular carbon content, structure (chirality) of
the produced nanotubes, and structural defects. Those features determine nearly any

other properties such as optical, mechanical, and electrical properties.

Carbon nanotubes are unique '"one-dimensional systems" which can be

envisioned as rolled single sheets of graphite (or more precisely graphene). This rolling
can be done at different angles and curvatures resulting in different nanotube
properties. The diameter typically varies in the range 0.4-40 nm (i.e. "only" ~100 times),
but the length can vary ~100,000,000,000 times, from 0.14 nm to 55.5cm. The
nanotube aspect ratio, or the length-to-diameter ratio, can be as high as
132,000,000:1, which is unequalled by any other material. Consequently, all the



properties of the carbon nanotubes relative to those of typical semiconductors are

extremely anisotropic (directionally dependent) and tunable.

Whereas mechanical, electrical and electrochemical (supercapacitor) properties of

the carbon nanotubes are well established and have immediate applications, the
practical use of optical properties is yet unclear. The aforementioned tunability of

properties is potentially useful in optics and photonics. In particular, light-emitting

diodes (LEDs) and photo-detectors based on a single nanotube have been produced in

the lab. Their unique feature is not the efficiency, which is yet relatively low, but the
narrow selectivity in the wavelength of emission and detection of light and the
possibility of its fine tuning through the nanotube structure. In addition, bolometer and
optoelectronic memory devices have been realised on ensembles of single-walled

carbon nanotubes.

Crystallographic defects also affect the tube's electrical properties. A common
result is lowered conductivity through the defective region of the tube. A defect in
armchair-type tubes (which can conduct electricity) can cause the surrounding region to

become semiconducting, and single monatomic vacancies induce magnetic properties

4.3.5.THERMAL

All nanotubes are expected to be very good thermal conductors along the tube,

exhibiting a property known as "ballistic conduction", but good insulators lateral to the

tube axis. Measurements show that an individual SWNT has a room-temperature
thermal conductivity along its axis of about 3500 W m™1 K157 compare this to copper,

a metal well known for its good thermal conductivity, which transmits 385 W m™1 K-1.

An individual SWNT has a room-temperature thermal conductivity across its axis (in
the radial direction) of about 1.52 W m™ K1,38] which is about as thermally conductive
as soil. Macroscopic assemblies of nanotubes such as films or fibres have reached up to
1500 W m™1 K1 so far. The temperature stability of carbon nanotubes is estimated to be

up to 2800 °C in vacuum and about 750 °C in air.



Crystallographic defects strongly affect the tube's thermal properties. Such
defects lead to phonon scattering, which in turn increases the relaxation rate of the

phonons. This reduces the mean free path and reduces the thermal conductivity of

nanotube structures. Phonon transport simulations indicate that substitutional defects
such as nitrogen or boron will primarily lead to scattering of high-frequency optical

phonons. However, larger-scale defects such as Stone Wales defects cause phonon

scattering over a wide range of frequencies, leading to a greater reduction in thermal

conductivity.
Applications

4.3.6.CURRENT

Current use and application of nanotubes has mostly been limited to the use of
bulk nanotubes, which is a mass of rather unorganized fragments of nanotubes. Bulk
nanotube materials may never achieve a tensile strength similar to that of individual
tubes, but such composites may, nevertheless, yield strengths sufficient for many
applications. Bulk carbon nanotubes have already been used as composite fibers
in polymers to improve the mechanical, thermal and electrical properties of the bulk

product.

o Easton-Bell Sports, Inc. have been in partnership with Zyvex Performance Materials,

using CNT technology in a number of their bicycle components - including flat and
riser handlebars, cranks, forks, seatposts, stems and aero bars.

o Zyvex Technologies has also built a 54' maritime vessel, the Piranha Unmanned

Surface Vessel, as a technology demonstrator for what is possible using CNT
technology. CNTs help improve the structural performance of the vessel, resulting
in a lightweight 8,000 Ib boat that can carry a payload of 15,000 Ib over a range of
2,500 miles.

e Amroy Europe Oy manufactures Hybtonite carbon nanoepoxy resins where carbon

nanotubes have been chemically activated to bond to epoxy, resulting in a



composite material that is 20% to 30% stronger than other composite materials. It
has been used for wind turbines, marine paints and a variety of sports gear such as

skis, ice hockey sticks, baseball bats, hunting arrows, and surfboards.

o The Boeing Company has patented the use of carbon nanotubes for structural health

monitoring of composites used in aircraft structures. This technology will greatly

reduce the risk of an in-flight failure caused by structural degradation of aircraft.

Other current applications include:

 tips for atomic force microscope probes/8el

e in tissue engineering, carbon nanotubes can act as scaffolding for bone growth

Current research for modern applications include:

e using carbon nanotubes as a scaffold for diverse microfabrication techniques.

e energy dissipation in self-organized nanostructures under influence of an electric
field.

e using carbon nanotubes for environmental monitoring due to their active surface
area and their ability to absorb gases.2U

4.3.7.POTENTIAL

The strength and flexibility of carbon nanotubes makes them of potential use in
controlling other nanoscale structures, which suggests they will have an important role

in nanotechnology engineering. The highest tensile strength of an individual multi-

walled carbon nanotube has been tested to be 63 GPa.[37 Carbon nanotubes were found

in Damascus steel from the 17th century, possibly helping to account for the legendary

strength of the swords made of it.

Recently, several studies have highlighted the prospect of using carbon
nanotubes as building blocks to fabricate three-dimensional macroscopic (>1mm in all
three dimensions) all-carbon devices. Lalwani et al. have reported a novel radical

initiated thermal crosslinking method to fabricated macroscopic, free-standing, porous,



all-carbon scaffolds using single- and multi-walled carbon nanotubes as building

blocks.

These scaffolds possess macro-, micro-, and nano- structured pores and the
porosity can be tailored for specific applications. These 3D all-carbon
scaffolds/architectures may be used for the fabrication of the next generation of energy
storage, supercapacitors,  field  emission  transistors, = high-performance

catalysis, photovoltaics, and biomedical devices and implants.

CNTs are potential candidates for future via and wire material in nano-scale
VLSI circuits. Eliminating electromigration reliability concerns that plague
today's Cu interconnects, isolated (single and multi-wall) CNTs can carry current

densities in excess of 1000 MA /sq-cm without electromigration damage.

Large quantities of pure CNTs can be made into a freestanding sheet or film by
surface-engineered tape-casting (SETC) fabrication technique which is a scalable
method to fabricate flexible and foldable sheets with superior properties. Another
reported form factor is CNT fiber (a.k.a. filament) by wet spinning. The fiber is either
directly spun from the synthesis pot or spun from pre-made dissolved CNTs.

Individual fibers can be turned into ayarn. Apart from its strength and

flexibility, the main advantage is making an electrically conducting yarn. The electronic

properties of individual CNT fibers (i.e. bundle of individual CNT) are governed by the
two-dimensional structure of CNTs. The fibers were measured to have a resistivity only
one order of magnitude higher than metallic conductors at 300K. By further optimizing
the CNTs and CNT fibers, CNT fibers with improved electrical properties could be
developed.

CNT-based yarns are suitable for applications in energy and electrochemical

water treatment when coated with an ion-exchange membrane.[?2 Also, CNT-based

yarns could replace copper as a winding material. Pyrhonen et al. (2015) have built a

motor using CNT winding



4.4 TUNNEL DIODE

A two-terminal semiconductor diode using tunneling electrons to perform high-

speed switching operations.A Tunnel diode is a heavily doped p-n junction diode in

which the electric current decreases as the voltage increases.In tunnel diode, electric
current is caused by “Tunneling”. The tunnel diode is used as a very fast switching

device in computers. It is also used in high-frequency oscillators and amplifiers.

4.4.1. SYMBOL OF TUNNEL DIODE

The circuit symbol of tunnel diode is shown in the below figure. In tunnel diode,

the p-type semiconductor act as an anode and the n-type semiconductor act as a

cathode.

Anode Cathode

Tunnel diode symbol

We know that a anode is a positively charged electrode which attracts electrons
whereas cathode is a negatively charged electrode which emits electrons. In tunnel
diode, n-type semiconductor emits or produces electrons so it is referred to as the
cathode. On the other hand, p-type semiconductor attracts electrons emitted from the n-

type semiconductor so p-type semiconductor is referred to as the anode.
4.4.2.WHAT IS A TUNNEL DIODE?

Tunnel diodes are one of the most significant solid-state electronic devices which
havemade their appearance in the last decade. Tunnel diode was invented in 1958 by
Leo Esaki.Leo Esaki observed that if a semiconductor diode is heavily doped with

impurities, it will exhibit negative resistance.



Negative resistance means the current across the tunnel diode decreases when
the voltage increases. In 1973 Leo Esaki received the Nobel Prize in physics for
discovering the electron tunneling effect used in these diodes.A tunnel diode is also
known as Esaki diode which is named after Leo Esaki for his work on the tunneling
effect. The operation of tunnel diode depends on the quantum mechanics principle
known as “Tunneling”. In electronics, tunneling means a direct flow of electrons across

the small depletion region from n-side conduction band into the p-side valence band.
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The germanium material is commonly used to make the tunnel diodes. They are
also made from other types of materials such as gallium arsenide, gallium antimonide,

and silicon.
4.4.3.WIDTH OF THE DEPLETION REGION IN TUNNEL DIODE

The depletion region is a region in a p-n junction diode where mobile charge

carriers (free electrons and holes) are absent. Depletion region acts like a barrier that

opposes the flow of electrons from the n-type semiconductor and holes from the p-type

semiconductor.



The width of a depletion region depends on the number of impurities added.

Impurities are the atoms introduced into the p-type and n-type semiconductor to

increase electrical conductivity.

If a small number of impurities are added to the p-n junction diode (p-type and
n-type semiconductor), a wide depletion region is formed. On the other hand, if large

number of impurities are added to the p-n junction diode, a narrow depletion region is

formed.
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In tunnel diode, the p-type and n-type semiconductor is heavily doped which
means a large number of impurities are introduced into the p-type and n-type
semiconductor. This heavy doping process produces an extremely narrow depletion
region. The concentration of impurities in tunnel diode is 1000 times greater than the

normal p-n junction diode.

In normal p-n junction diode, the depletion width is large as compared to the
tunnel diode. This wide depletion layer or depletion region in normal diode opposes

the flow of current. Hence, depletion layer acts as a barrier. To overcome this barrier,



we need to apply sufficient voltage. When sufficient voltage is applied, electric current

starts flowing through the normal p-n junction diode.

Unlike the normal p-n junction diode, the width of a depletion layer in tunnel
diode is extremely narrow. So applying a small voltage is enough to produce electric
current in tunnel diode.Tunnel diodes are capable of remaining stable for a long
duration of time than the ordinary p-n junction diodes. They are also capable of high-

speed operations.

4.4.4.CONCEPT OF TUNNELING

The depletion region or depletion layer in a p-n junction diode is made up of positive
ions and negative ions. Because of these positive and negative ions, there exists a built-in-
potential or electric field in the depletion region. This electric field in the depletion region
exerts electric force in a direction opposite to that of the external electric field (voltage). Another
thing we need to remember is that the valence band and conduction band energy levels in the
n-type semiconductor are slightly lower than the valence band and conduction band energy
levels in the p-type semiconductor. This difference in energy levels is due to the differences in
the energy levels of the dopant atoms (donor or acceptor atoms) used to form the n-type and p-

type semiconductor.

Electric current in ordinary p-n junction diode When a forward bias voltage is
applied to the ordinary p-n junction diode, the width of depletion region decreases and
at the same time the barrier height also decreases. However, the electrons in the n-type
semiconductor cannot penetrate through the depletion layer because the built-in

voltage of depletion layer opposes the flow of electrons.
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If the applied voltage is greater than the built-in voltage of depletion layer, the
electrons from n-side overcomes the opposing force from depletion layer and then
enters into p-side. In simple words, the electrons can pass over the barrier (depletion

layer) if the energy of the electrons is greater than the barrier height or barrier potential.

4.5.MOLECULAR TRANSISTOR

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 imaginable, this miniaturization is the ultimate goal for

shrinking electrical circuits.

The field is often termed simply as "molecular electronics", but this term is also

used to refer to the distantly related field of conductive polymers and organic

electronics, which uses the properties of molecules to affect the bulk properties of a
material. A nomenclature distinction has been suggested so that molecular materials for
electronics refers to this latter field of bulk applications, while molecular scale

electronics refers to the nanoscale single-molecule applications treated here.[112]



4.5.1.TRANSISTORS

Single-molecule transistors are fundamentally different from the ones known
from bulk electronics. The gate in a conventional (field-effect) transistor determines the
conductance between the source and drain electrode by controlling the density of
charge carriers between them, whereas the gate in a single-molecule transistor controls
the possibility of a single electron to jump on and off the molecule by modifying the
energy of the molecular orbitals. One of the effects of this difference is that the single-
molecule transistor is almost binary: it is either on or off. This opposes its bulk

counterparts, which have quadratic responses to gate voltage.

It is the quantization of charge into electrons that is responsible for the markedly
different behavior compared to bulk electronics. Because of the size of a single
molecule, the charging due to a single electron is significant and provides means to turn

a transistor on or off (see Coulomb blockade). For this to work, the electronic orbitals on

the transistor molecule cannot be too well integrated with the orbitals on the electrodes.

If they are, an electron cannot be said to be located on the molecule or the

electrodes and the molecule will function as a wire.

A popular group of molecules, that can work as the semiconducting channel

material in a molecular transistor, is the oligopolyphenylenevinylenes (OPVs) that
works by the Coulomb blockade mechanism when placed between the source and drain
electrode in an appropriate way.4l Fullerenes work by the same mechanism and have

also been commonly used.

Semiconducting carbon nanotubes have also been demonstrated to work as
channel material but although molecular, these molecules are sufficiently large to

behave almost as bulk semiconductors.

The size of the molecules, and the low temperature of the measurements being

conducted, makes the quantum mechanical states well defined. Thus, it is being



researched if the quantum mechanical properties can be used for more advanced

purposes than simple transistors (e.g. spintronics

4.5.2.METHODS

One of the biggest problems with measuring on single molecules is to establish
producible electrical contact with only one molecule and doing so without shortcutting

the electrodes. Because the current photolithographic technology is unable to produce

electrode gaps small enough to contact both ends of the molecules tested (on the order

of nanometers), alternative strategies are applied.

4.5.3.MOLECULAR GAPS

One way to produce electrodes with a molecular sized gap between them is
break junctions, in which a thin electrode is stretched until it breaks. Another is electro
migration. Here a current is led through a thin wire until it melts and the atoms migrate
to produce the gap. Further, the reach of conventional photolithography can be

enhanced by chemically etching or depositing metal on the electrodes.

Probably the easiest way to conduct measurements on several molecules is to use

the tip of a scanning tunneling microscope (STM) to contact molecules adhered at the

other end to a metal substrate.

Fullerene nano electronics

In polymers, classical organic molecules are composed of both carbon and
hydrogen (and sometimes additional compounds such as nitrogen, chlorine or sulphur).
They are obtained from petrol and can often be synthesized in large amounts. Most of
these molecules are insulating when their length exceeds a few nanometers. However,
naturally occurring carbon is conducting, especially graphite recovered from coal or
encountered otherwise. From a theoretical viewpoint, graphite is a semi-metal, a

category in between metals and semi-conductors. It has a layered structure, each sheet



being one atom thick. Between each sheet, the interactions are weak enough to allow an

easy manual cleavage.

Tailoring the graphite sheet to obtain well defined nanometer-sized objects
remains a challenge. However, by the close of the twentieth century, chemists were
exploring methods to fabricate extremely small graphitic objects that could be
considered single molecules. After studying the interstellar conditions under which

carbon is known to form clusters, Richard Smalley's group (Rice University, Texas) set

up an experiment in which graphite was vaporized via laser irradiation. Mass
spectrometry revealed that clusters containing specific magic numbers of atoms were
stable, especially those clusters of 60 atoms. Harry Kroto, an English chemist who
assisted in the experiment, suggested a possible geometry for these clusters - atoms

covalently bound with the exact symmetry of a soccer ball. Coined buck

minsterfullerenes, buckyballs, or Ceo, the clusters retained some properties of graphite,
such as conductivity. These objects were rapidly envisioned as possible building blocks

for molecular electronics.

Single E
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Therefore, an ordinary p-n junction diode produces electric current only if the

applied voltage is greater than the built-in voltage of the depletion region.
4.54.ELECTRIC CURRENT IN TUNNEL DIODE

In tunnel diode, the valence band and conduction band energy levels in the n-
type semiconductor are lower than the valence band and conduction band energy levels



in the p-type semiconductor. Unlike the ordinary p-n junction diode, the difference in
energy levels is very high in tunnel diode. Because of this high difference in energy

levels, the conduction band of the n-type material overlaps with the valence band of the

p-type material.

Electrons tunneling
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Quantum mechanics says that the electrons will directly penetrate through the

depletion layer or barrier if the depletion width is very small.

The depletion layer of tunnel diode is very small. It is in nanometers. So the
electrons can directly tunnel across the small depletion region from n-side conduction

band into the p-side valence band.

4.6.SINGLE ELECTRON TRANSISTOR

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

the Coulomb blockade effect. In this device the electron flows through a tunnel junction

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

capacitively coupled to the island. Fig. 1 shows the basic schematic of a SET device. The



conductive island is sandwiched between two tunnel junctions,[ll which are modeled by

a capacitance (Cp and Cs) and a resistor (Rp and Rs) in parallel.
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The increasing relevance of the Internet of things and the healthcare applications

give more relevant impact to the electronic device power consumption. For this
purpose, ultra-low-power consumption is one of the main research topics into the
current electronics world. The amazing number of tiny computers used in the day-to-
day world, e.g. mobile phones and home electronics; requires a significant power

consumption level of the implemented devices.

In this scenario, the single-electron transistor has appeared as a suitable
candidate to achieve this low power range with high level of device integration. The
main technological difference between the well-established MOSFET device (metal-
oxide-semiconductor field-effect transistor) and the SET lies on the device channel
concept. Instead of having a conduction channel as in case of MOSFET, which is not
allowing further reduction in its length; this channel is replaced by a small conducting

"island" or quantum dot (QD).2IBy taking advantage of the Coulomb blockade

phenomenon in controlling the transfer of individual electrons to the QD. Source and
drain regions are separated from the QD by tunnel junctions. The research on SET is

mainly supported on "orthodox theory" based on three assumptions:



1. The electron energy quantization inside the conductors is ignored, i.e. the

electron energy spectrum is treated as continuous, what is valid only if ,

where kg is Boltzmann's constant and T is the temperature.

2. The time (1) of electron tunnelling through the barrier is assumed to be
negligibly small in comparison with the other time scales. This assumption is
valid for tunnel barriers used in single-electron devices of practical interest,

where t:~10-15s.

3. Coherent quantum processes consisting of several simultaneous tunnelling
events, i.e. co-tunnelling, are ignored. This assumption is valid if the resistance
of all the tunnel barriers of the system is much higher than the quantum

resistance (~26 k), to confine the electrons to the island.
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The main benefits of the SET use are a high device integration level and ultra-low
power consumption. Moreover, the SET fabrication process is CMOS-compatible
(complementary metal-oxide-semiconductor), which increases the possibilities for
integrating them into complex circuits. At this point some drawbacks appear to be
overcome such as low current level and the low temperature operation. The current
level of the SET can be amplified by manufacturing together with a field-effect
transistor (FET), by generating a hybrid SET-FET circuit



Afterwards, the thermal fluctuations can suppress the Coulomb blockade; then,

the electrostatic charging energy (e2/Cy) must be greater than kgT. This condition
implies the maximum allowed island capacitance is inversely proportional to
temperature. For these systems, to solve the drawback related to the SET operative
only at cryogenic temperature it should be considered that an island capacitance
below 1 aF is required to be room temperature operative. Note that the island
capacitance is a function of their size. In this sense, to manufacture room
temperature operative SETs the island size should be reduced towards 10 nm. Note

that this level of device dimensions can jeopardize the SET manufacturability.

4.6.1. NEW MANUFACTURING PROPOSALS

In this context, the relevance of the SET-based circuits have been recently
highlighted through the granting of a project by the European Union, IONS4SET
(#688072). The project looks for the manufacturing feasibility of SET-FET circuits
operative at room temperature. The main goal of this project is to design SET
manufacturability process-flow for large-scale operations seeking to extend the use

of the hybrid SET-CMOS architectures.

To assure room temperature operation, single dots of diameters below
5nm have to be fabricated and located between source and drain with tunnel
distances of a few nanometers. Up to now there is no reliable process-flow to
manufacture a hybrid SET-FET circuit operative at room temperature. In this
context, this EU project explores a more feasible way to manufacture the SET-FET

circuit by using pillar dimensions of approximately 10 nm.

4.7.SPIN POLARIZED FIELD EFFECT TRANSISTOR (SPIN-FET)

Spin polarized field effect transistor (Spin FET) was proposed by Datta
Das in 1990 . This has not been realized yet, but is regarded as one of the most

advanced applications of spintoronics in the future.



In these devices a non magnetic layer which is used for transmitting and
controlling the spin polarized electrons from source to drain plays a crucial role. For
functioning of this device first the spins have to be injected from source into this
non-magnetic layer and then transmitted to the collector. These non-magnetic layers
are also called as semimetals, because they have very large spin diffusion lengths.

The injected spins which are transmitted through this layer start
precessing as illustrated in Figure 1 before they reach the collector due to the spin-

orbit coupling effect.

FM
or

FM Half metal

or
Half metal
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or g
Non-magnetic metal

Spin polarized field effect transistor. Vg is the gate voltage. When Vg is zero the injected
spins which are transmitted through the 2DEG layer starts precessing before they reach
the collector, thereby reducing the net spin polarization. Vg is the gate voltage. When
Vg >> 0 the precession of the electrons is controlled with electric filed thereby

allowingthe spins to reach at the collector with the same polarization.

Hence the net spin polarization is reduced. In order to solve this problem an
electric field is applied perpendicularly to the plane of the film by depositing a gate

electrode on the top to reduce the spin-orbit coupling effect as illustrated in Figure 4. By



controlling the gate voltage and polarity can the current in the collector can be
modulated there by mimicking the MOSFET of the conventional electronics. Here again
the problem of conductivity mismatch between the source and the transmitting layer is

an important issue.

The interesting thing would be if a Heusler alloy is used as the spin source and a
semimetallic Heusler alloy as the transmitting layer, the problem of conductivity
mismatch may be solved. For example from the Slater-Pauling curve Mt = Zt - 24,
Heusler alloys with Mt  >>0 can act as spin sources and alloys with Mt ~ 0 can act as
semimetals. Since both the constituents are of same structure the possibility of

conductivity mismatch may be less.

4.8. THIN FILM

A thin filmis a layer of material ranging from fractions of a nanometer
(monolayer) to several micrometers in thickness. The controlled synthesis of materials
as thin films (a process referred to as deposition) is a fundamental step in many

applications.

A familiar example 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, while more recently the metal
layer is deposited using techniques such as sputtering. Advances in thin film deposition
techniques during the 20th century have enabled a wide range of technological

breakthroughs in areas such as magnetic recording media, electronic semiconductor

devices, LEDs, optical coatings (such as antireflective coatings), hard coatings on cutting

tools, and for both energy generation (e.g. thin-film solar cells) and storage (thin-film

batteries). It is also being applied to pharmaceuticals, via thin-film drug delivery. A

stack of thin films is called a multilayer.

In addition to their applied interest, thin films play an important role in

the development and study of materials with new and unique properties. Examples



include multiferroic materials, and superlattices that allow the study of quantum

confinement by creating two-dimensional electron states.

4.8.1. 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 nanometres. Molecular beam epitaxy, Langmuir-Blodgett

method and atomic layer depositionallow a single layer of atoms or molecules to be

deposited at a time.

It is wuseful in the manufacture of optics (for reflective, anti-reflective

coatings or self-cleaning olass, for instance), electronics(layers
of insulators, semiconductors, and conductors form integrated

circuits), packaging (i.e., aluminium-coated PET film), and in contemporary art (see the

work of Larry Bell). Similar processes are 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.

4.8.2.CHEMICAL DEPOSITION

Here, a fluid precursor undergoes a chemical change at a solid surface, leaving a
solid layer. An everyday example is the formation of soot on a cool object when it is
placed inside a flame. Since the fluid surrounds the solid object, deposition happens on
every surface, with little regard to direction; thin films from chemical deposition
techniques tend to be conformal, rather than directional. Chemical deposition is further

categorized by the phase of the precursor:

Plating relies on liquid precursors, often a solution of water with a salt of the

metal to be deposited. Some plating processes are driven entirely by reagents in the



solution (usually for noble metals), but by far the most commercially important process

is electroplating. It was not commonly used in semiconductor processing for many

years, but has seen a resurgence with more widespread use of chemical-mechanical

polishing techniques.

Chemical solution deposition (CSD) or chemical bath deposition (CBD) uses a

liquid precursor, usually a solution of organometallic powders dissolved in an organic

solvent. This is a relatively inexpensive, simple thin-film process that produces
stoichiometrically accurate crystalline phases. This technique is also known as the sol-
gel method because the 'sol' (or solution) gradually evolves towards the formation of a

gel-like diphasic system.

Langmuir-Blodgett method uses molecules floating on top of an aqueous

subphase. The packing density of molecules is controlled, and the packed monolayer is
transferred on a solid substrate by controlled withdrawal of the solid substrate from the
subphase. This allows creating thin films of various molecules such as nanoparticles,

polymers and lipids with controlled particle packing density and layer thickness.

Spin coating or spin casting, uses a liquid precursor, or sol-gel precursor

deposited onto a smooth, flat substrate which is subsequently spun at a high velocity to
centrifugally spread the solution over the substrate. The speed at which the solution is
spun and the viscosity of the sol determine the ultimate thickness of the deposited film.

Repeated depositions can be carried out to increase the thickness of films as desired.

Thermal treatment is often carried out in order to crystallize the amorphous spin
coated film. Such crystalline films can exhibit certain preferred orientations after

crystallization on single crystal substrates.

Dip coatingis similar to spin coating in that a liquid precursor or sol-gel
precursor is deposited on a substrate, but in this case the substrate is completely
submerged in the solution and then withdrawn under controlled conditions. By

controlling the withdrawal speed, the evaporation conditions (principally the humidity,



temperature) and the volatility / viscosity of the solvent, the film thickness, homogeneity
and nanoscopic morphology are controlled. There are two evaporation regimes: the
capillary zone at very low withdrawal speeds, and the draining zone at faster

evaporation speeds.

Chemical vapor deposition (CVD) generally uses a gas-phase precursor, often

a halide or hydride of the element to be deposited. In the case of MOCVD

an organometallic gas is used. Commercial techniques often use very low pressures of

precursor gas.

Plasma enhanced CVD (PECVD) uses an ionized vapor, or plasma, as a

precursor. Unlike the soot example above, commercial PECVD relies on electromagnetic
means (electric current, microwave excitation), rather than a chemical-reaction, to

produce a plasma.

Atomic layer deposition (ALD) uses gaseous precursor to deposit conformal thin

films one layer at a time. The process is split up into two half reactions, run in sequence
and repeated for each layer, in order to ensure total layer saturation before beginning
the next layer. Therefore, one reactant is deposited first, and then the second reactant is
deposited, during which a chemical reaction occurs on the substrate, forming the
desired composition. As a result of the stepwise, the process is slower than CVD,

however it can be run at low temperatures, unlike CVD.

4.8.3.PHYSICAL DEPOSITION

Physical deposition uses mechanical, electromechanical or thermodynamic
means to produce a thin film of solid. An everyday example is the formation of frost.
Since most engineering materials are held together by relatively high energies, and
chemical reactions are not used to store these energies, commercial physical deposition

systems tend to require a low-pressure vapor environment to function properly; most

can be classified as physical vapor deposition (PVD).



The material to be deposited is placed in an energetic, entropic environment, so

that particles of material escape its surface. Facing this source is a cooler surface which
draws energy from these particles as they arrive, allowing them to form a solid layer.
The whole system is kept in a vacuum deposition chamber, to allow the particles to
travel as freely as possible. Since particles tend to follow a straight path, films deposited

by physical means are commonly directional, rather than conformal.

Examples of physical deposition include: A thermal evaporator that uses an
electric resistance heater to melt the material and raise its vapor pressure to a useful
range. This is done in a high vacuum, both to allow the vapor to reach the substrate
without reacting with or scattering against other gas-phase atoms in the chamber, and
reduce the incorporation of impurities from the residual gas in the vacuum chamber.

Obviously, only materials with a much higher vapor pressure than the heating

element can be deposited without contamination of the film. Molecular beam epitaxy is

a particularly sophisticated form of thermal evaporation.

An electron beam evaporator fires a high-energy beam from an electron gun to

boil a small spot of material; since the heating is not uniform, lower vapor
pressure materials can be deposited. The beam is usually bent through an angle of 270°
in order to ensure that the gun filament is not directly exposed to the evaporant flux.
Typical deposition rates for electron beam evaporation range from 1 to 10 nanometres

per second.

In molecular beam epitaxy (MBE), slow streams of an element can be directed at

the substrate, so that material deposits one atomic layer at a time. Compounds such

as gallium arsenide are usually deposited by repeatedly applying a layer of one element

(i.e., gallium), then a layer of the other (i.e., arsenic), so that the process is chemical, as

well as physical; this is known also as atomic layer deposition. The beam of material can

be generated by either physical means (that is, by a furnace) or by a chemical reaction

(chemical beam epitaxy).




Sputtering relies on a plasma (usually anoble gas, such asargon) to knock
material from a "target" a few atoms at a time. The target can be kept at a relatively low
temperature, since the process is not one of evaporation, making this one of the most
flexible deposition techniques. It is especially useful for compounds or mixtures, where
different components would otherwise tend to evaporate at different rates. Note,
sputtering's step coverage is more or less conformal. It is also widely used in the optical
media. The manufacturing of all formats of CD, DVD, and BD are done with the help of
this technique. It is a fast technique and also it provides a good thickness control.

Presently, nitrogen and oxygen gases are also being used in sputtering.

Pulsed laser deposition systems work by an ablation process. Pulses of

focused laser light vaporize the surface of the target material and convert it to plasma;

this plasma usually reverts to a gas before it reaches the substrate. 5]

Cathodic arc deposition (arc-PVD) which is a kind of ion beam deposition where

an electrical arc is created that literally blasts ions from the cathode. The arc has an

extremely high power density resulting in a high level of ionization (30-100%), multiply

charged ions, neutral particles, clusters and macro-particles (droplets). If a reactive gas

is introduced during the evaporation process, dissociation, ionization and excitation can

occur during interaction with the ion flux and a compound film will be deposited.

Electrohydrodynamic deposition (electrospray deposition) is a relatively new process of

thin-film deposition. The liquid to be deposited, either in the form of nanoparticle
solution or simply a solution, is fed to a small capillary nozzle (usually metallic) which

is connected to a high voltage.

The substrate on which the film has to be deposited is connected to ground. Through
the influence of electric field, the liquid coming out of the nozzle takes a conical shape
(Taylor cone) and at the apex of the cone a thin jet emanates which disintegrates into
very fine and small positively charged droplets under the influence of Rayleigh charge

limit.



The droplets keep getting smaller and smaller and ultimately get deposited on the

substrate as a uniform thin layer.

.8.4.GROWTH MODES

In this growth mode the adsorbate-surface and adsorbate-adsorbate interactions
are balanced. This type of growth requires lattice matching, and hence considered an

"ideal" growth mechanism.

Stranski-Krastanov growth ("joint islands" or "layer-plus-island"). In this growth mode

the adsorbate-surface interactions are stronger than adsorbate-adsorbate interactions.

Volmer-Weber ("isolated islands"). In this growth mode the adsorbate-adsorbate
interactions are stronger than adsorbate-surface interactions, hence "islands" are formed

right away.

4.8.5.EPITAXY

A subset of thin-film deposition processes and applications is focused on the so-
called epitaxial growth of materials, the deposition of crystalline thin films that grow
following the crystalline structure of the substrate. The term epitaxy comes from the
Greek roots epi , meaning "above", and taxis , meaning "an ordered manner". It can be

translated as "arranging upon'".

The term homoepitaxy refers to the specific case in which a film of the same
material is grown on a crystalline substrate. This technology is used, for instance, to
grow a film which is more pure than the substrate, has a lower density of defects, and to
fabricate layers having different doping levels. Heteroepitaxy refers to the case in which

the film being deposited is different than the substrate.

Techniques used for epitaxial growth of thin films include molecular beam

epitaxy, chemical vapor deposition, and pulsed laser deposition.[11l




4.8.6.APPLICATIONS

Decorative coatings The usage of thin films for decorative coatings probably represents their
oldest application. This encompasses ca. 100 nm thin gold leafs that were already used in
ancient India more than 5000 years ago. It may also be understood as any form of painting,
although this kind of work is generally considered as an arts craft rather than an engineering or
scientific discipline. Today, thin-film materials of variable thickness and high refractive

index like titanium dioxide are often applied for decorative coatings on glass for instance,

causing a rainbow-color appearance like oil on water. In addition, intransparent gold-colored

surfaces may either be prepared by sputtering of gold or titanium nitride.

Optical coatings

Further information: Optical coating

These layers serve in both reflective and refractive systems. Large-area
(reflective) mirrors became available during the 19th century and were produced by

sputtering of metallic silver or aluminum on glass.

Refractive lenses for optical instruments like cameras and microscopes typically
exhibit aberrations, i.e. non-ideal refractive behavior. While large sets of lenses had to
be lined up along the optical path previously, nowadays, the coating of optical lenses

with transparent multilayers of titanium dioxide, silicon nitride or silicon oxide etc. may

correct these aberrations. A well-known example for the progress in optical systems by
thin-film technology is represented by the only a few mm wide lens in smart phone

cameras. Other examples are given by anti-reflection coatings on eyeglasses or solar
panels.

Protective coatings

Thin films are often deposited to protect an underlying work piece from external
influences. The protection may operate by minimizing the contact with the exterior
medium in order to reduce the diffusion from the medium to the work piece or vice

versa. For instance, plastic lemonade bottles are frequently coated by anti-diffusion



layers to avoid the out-diffusion of CO,, into which carbonic acid decomposes that was
introduced into the beverage under high pressure. Another example is represented by

thin TiN films in microelectronic chips separating electrically conducting aluminum

lines from the embedding insulator SiO: in order to suppress the formation of AlOs.
Often, thin films serve as protection against abrasion between mechanically moving

parts. Examples for the latter application are diamond-like carbon (DLC) layers used in

car engines or thin films made of nanocomposites.
Electrically operating coatings
Thin layers from elemental metals like copper, aluminum, gold or silver etc. and

alloys have found numerous applications in electrical devices. Due to their

high electrical conductivitythey are able to transport electrical currents or supply

voltages. Thin metal layers serve in conventional electrical system, for instance, as Cu

layers on printed circuit boards, as the outer ground conductor in coaxial cables and
various other forms like sensors etc.[131 A major field of application became their use

in integrated circuits, where the electrical network among active and passive devices

like transistors and capacitors etc. is built up from thin Al or Cu layers. These layers
dispose of thicknesses in the range of a few 100 nm up to a few um, and they are often

embedded into a few nm thin titanium nitride layers in order to block a chemical

reaction with the surrounding dielectric like SiO>. The figure shows a micrograph of a

laterally structured TiN/Al/TiN metal stack in a microelectronic chip.

Thin-film photovoltaic cells

Thin-film technologies are also being developed as a means of substantially

reducing the cost of solar cells. The rationale for this is thin-film solar cells are cheaper

to manufacture owing to their reduced material costs, energy costs, handling costs and

capital costs. This is especially represented in the use of printed electronics (roll-to-roll)

processes. Other thin-film technologies, that are still in an early stage of ongoing

research or with limited commercial availability, are often classified as emerging



or third generation photovoltaic cells and include, organic, dye-sensitized, and polymer

solar cells, as well as quantum dot, copper zinc tin sulfide, nanocrystal and perovskite

solar cells.

Thin-film batteries

Thin-film printing technology is being used to apply solid-state lithium

polymersto a variety of substratesto create unique batteries for specialized

applications. Thin-film batteries can be deposited directly onto chips or chip packages

in any shape or size. Flexible batteries can be made by printing onto plastic, thin metal

foil, or paper.



UNIT-V

5.1APPLICATIONS OF NANOTECHNOLOGY:

The driving force behind the fundamental research into nanocrystals is the
perceived and demonstrated properties that can be exploited into applications. The
application of these properties falls largely into two broad categories: improved
properties and unique properties. The improved, or incremental, group covers those
applications that have already been conceived but can benefit from the use of

nanocrystals in terms of either particle size or surface area.

Many of these types of applications have found nearly instant commercial
success and have opened the door to larger use. The —uniquel group of applications is a
smaller set but holds the greatest potential. This group consists of properties that are
exclusively attributed to nanostructuring and includes electronic and optical quantum
confinement effects, super paramagnetism, and ceramic super plasticity, to name a few.
To date, these have created niche commercial opportunities, but acceptance and interest

are growing.
HISTORICAL:

One might ask, whether nanocrystals are really new. The answer would have to
be yes and no, with a qualification for each. For over a century the properties of small
particles have been exploited in applications ranging from catalysis to the colors of
stained glass. Some of the earliest recorded evidence came in 1856 when Michael
Faraday discovered that nanometer-sized particles create the color variations of metal-

particle colloids through surface charge effects.

He found that colloids of 6 nm gold particles are red and those of 12 nm particles
are blue. There is even evidence that nature has made use of nanoparticles in areas of

biomineralization that take place in bones and teeth. The reason we might say that



nanostructuring is new is largely attributable to the developments of modern science as

it has investigated the ever-shrinking world of matter.

Advances in theoretical and experimental tools and techniques have increased
our understanding of matter in both the micro and the nano regimes, largely motivated
by the development of applications and technology. Consider the development of
atomic force and scanning tunneling microscopy that has led to sophisticated machines

that change the landscape of surfaces atom byatom.

An obvious example of this revolution is in the world of semiconductor
electronics, which is driven by the demand to reduce the size of circuits, pushing the
envelope of both science and technology. This applies not only to materials, but to a

host of areas including optics, manufacturing, chemicals, and electronic design.

5.2. OPTOELECTRONIC PROPERTIES OF MOLECULAR MATERIALS
Nano-technology, among which Nano-electronic is one of the most used
branches, is a meeting point for different sciences in the future. Nanoelectronic is

nanotechnology applied in the context of electronic circuits and systems.

Today’s knowledge requires increasing the capacity of data restoration, data
transition, advancements in sensor manufacturing technologies and making electronic
components as small as possible; the electronic components” being smaller not only
increases the speed of the process, but also reduces the amount of consumed energy,
two important goals which are accessible through Nano-electronic technique. Today’s
electronic industry is based on silicon; this industry is 50 years old and has gradually
matured technologically, industrially, and financially. Molecular electronic, which is
supposed to replace silicon electronic in the future, is an incipient branch of
Nanotechnology. Since minifying the size of electronic components on Nano-scale
confronts various limitations, focusing on the molecular electronic is a considerable

point which should attract attention. The molecular electronic is a branch of science



based on Nanotechnology with multiple applications in electronic industry in which
organic molecules are central. Aromatic hydrocarbon from the root of benzene can
provide suitable environments for electron transition due to p orbitals, upper and lower
electron clouds, and resonance phenomenon. Electronic circuits and logic gates are

designed out of the joining of this hydrocarbons.

Circumacenes is a family of organic molecules with the chemical formula of
Csn+16)/3H2n+22),3 which is focused in molecular electronic. The size of Circumacenes is a
few nanometers to several hundred nanometers, particularly for heavy circumacenes.
Since recognizing and examining this family of Nanostructures needs huge time and
money, an appropriate pattern to predict electronic features is very beneficial;
Topological Indices Method (TIM), is a cheap and useful approach to gain this goal. A
single number, representing a chemical structure in graph-theoretical terms via the
molecular graph, is called a topological descriptor and if it, in addition, correlates with a
molecular property it is called topological index; it is used to understand
physicochemical properties of chemical compounds. Topological indices are interesting
since they capture some of the properties of a molecule in a single number. Hundreds of
topological indices have been introduced and studied, starting with the seminal work
by Wiener in which he used the sum of all shortest-path distances of a (molecular)

graph for modeling physical properties of alkanes.

5.3. NANOTECHNOLOGY DEVICES

5.3.1.NANODEVICES

Nano devices are critical enablers that will allow mankind to exploit the ultimate
technological capabilities of electronic, magnetic, mechanical, and biological systems.
While the best examples of nano devices at present are clearly associated with the
semiconductor industry, the potential for such devices is much broader. Nano devices
will ultimately have an enormous impact on our ability to enhance energy conversion,

control pollution, produce food, and improve human health and longevity.



At the CUNY ASRC (City University of New York Advanced Science and
Research Centre ), several faculty conduct research in Nanodevices. These efforts are
based in the basic and applied sciences as well as technology aspects of electronics,
photonics and biomedical devices. Much of this research focuses on the understanding
of various physical phenomena that arise from novel material systems or novel device

structures fabricated in our in-house NanoFabrication Facility.

Examples of research efforts underway at the ASRC and CUNY in NanoDevices

research include: Photonic, plasmonic and metamaterial devices
v' Bio/chemical /nano sensing devices
v" Electron and nuclear spin devices
v" Energy harvesting systems (photonic)
v" Micro-electromechanical systems (MEMS)
v" Microfluidics and Microsystems
v Low dimensional nanostructures
v" Topological insulator electric and photonic systems

5.3.2.EVERYDAY APPLICATIONS OF NANOTECHNOLOGY
Though nanotechnology is a relatively new science, it already has numerous
applications in everyday life, ranging from consumer goods to medicine to improving

theenvironment.

Medicine
One application of nanotechnology in medicine currently being developed
involves employing nanoparticles to deliver drugs, heat, light or other substances to

specific types of cells, such as cancer cells. Particles are engineered so that they are



attracted to diseased cells, which allowdirect treatment of those cells. This technique
reduces damage to healthy cells in the body and allows for earlier detection of disease.
For example, nanoparticles that deliver chemotherapy drugs directly to cancer cells are

under development.

Electronics

Nanoelectronics holds some answers on expanding the capabilities of electronics
devices can be expanded while reducing their weight and power consumption. These
include improving display screens on electronics devices and increasing the density of
memory chips. Nanotechnology can also reduce the size of transistors used in
integrated circuits. One researcher believes it may be possible to put the power of all of

today’s present computers in the palm of your hand.
Environment

Nanotechnology is being used in several applications to improve the
environment. This includes cleaning up existing pollution, improving manufacturing
methods to reduce the generation of new pollution, and making alternative energy
sources more cost effective. Potential applications include: Cleaning up organic
chemicals polluting groundwater. Researchers have shown that iron nanoparticles can
be effective in cleaning up organic solvents that are polluting groundwater. The iron
nanoparticles disperse throughout the body of water and decompose the organic
solvent in place. This method can be more effective and cost significantly less than

treatment methods that require the water to be pumped out of the ground.

Generating less pollution during the manufacture of materials. Researchers have
demonstrated that the use of silver nanoclusters as catalysys can significantly reduce
the polluting byproducts generated in the process used to manufacture propylene
oxide. Propylene oxide is used to produce common materials such as plastics, paint,

detergents and brake fluid.



Increasing the electricity generated by windmills. Epoxy containing carbon
nanotubes is being used to make windmill blades. The resulting blades are stronger and
lower weight and therefore the amount of electricity generated by each windmill is

greater.

Producing solar cells that generate electricity at a competitive cost. Researchers
have demonstrated that an array silicon nano wires embedded in a polymer results in
low-cost but high-efficiency solar cells. This may result in solar cells that generate

electricity as cost effectively as coal or oil.
Consumer Products

Nanotechnology has already found its way into numerous consumer products
you use every day, from clothing to skin lotion. They include:Silver nano particles in
fabric that kill bacteria making clothing odor-resistant.Skin care products that use
nanoparticles to deliver vitamins deeper into the skinLithium ion batteries that use
nano particle-based electrodes powering plug-in electric carsFlame retardant formed by

coating the foam used in furniture with carbon nanofiers

5.4.O0RGANIC LIGHT EMITTING DIODES (OLEDS)
An organic light-emitting diode (OLED) is a light-emitting diode (LED) in which

the emissive electroluminescent layer is a film of organic compound that emits light in

response to an electric current. This organic layer is situated between two electrodes;
typically, at least one of these electrodes is transparent. OLEDs are used to create digital

displays in devices such as television screens, computer monitors, portable systems

such as smartphones, handheld game consoles and PDAs. A major area of research is

the development of white OLED devices for use in solid-state lighting applications.

There are two main families of OLED: those based on small molecules and those

employing polymers. Adding mobileionsto an OLED creates a light-emitting

electrochemical cell (LEC) which has a slightly different mode of operation. An OLED




display can be driven with a passive-matrix (PMOLED) or active-matrix (AMOLED)

control scheme. In the PMOLED scheme, each row (and line) in the display is controlled
sequentially, one by one/4whereas AMOLED control uses a thin-film
transistor backplane to directly access and switch each individual pixel on or off,

allowing for higher resolution and larger display sizes.

An OLED display works without a backlight because it emits visible light. Thus, it can
display deep black levelsand can be thinner and lighter than aliquid crystal

display (LCD). In low ambient light conditions (such as a dark room), an OLED screen
can achieve a higher contrast ratio than an LCD, regardless of whether the LCD

uses cold cathode fluorescent lamps or an LED backlight.

5.5. ORGANIC THIN-FILM TRANSISTOR (OTFT)

Organic thin-film transistor (OTFT) technology involves the use of organic

semiconducting compounds in electronic components, notably computer displays. Such
displays are bright, the colors are vivid, they provide fast response times, and they are

easy to read in most ambient lighting environments.

Several factors have motivated engineers to conduct and continue research in

organic semiconductor technology. One of these factors is cost. Organic displays are

relatively cheap, but until recently, they have proven slow in terms of carrier mobility
(the ease with which an atom shares electron s and hole s with other atoms). Slow
carrier mobility translates into sluggish response time, which limits the ability of a
display to render motion such as is common in animated computer games and,
increasingly, on the Web. Researchers at Lucent Technologies and Pennsylvania State
University have, however, recently developed a process for growing organic crystals
with carrier mobility rivaling that of traditional TFT materials. Further improvements

are expected.



Another factor that motivates research in OTFT technology is application
diversity. Organic substrates allow for displays to be fabricated on flexible surfaces,
rather than on rigid materials as is necessary in traditional TFT displays. A piece of
flexible plastic might be coated with OTFT material and made into a display that can be
handled like a paper document. Sets of such displays might be bundled, producing
magazines or newspapers whose page contents can be varied periodically, or even
animated. This has far-reaching ramifications. For example, comic book characters
might move around the pages and speak audible words. More likely, such displays will

find use in portable computers and communications systems.

5.6.BIOELECTRONICS AND BIOSENSORS:

5.6.1.BIOSENSOR
A biosensor is an analytical device, used for the detection of a chemical
substance, that combines a biological component with

a physicochemical detector. The sensitive biological element, e.g. tissue,

microorganisms, organelles, cell receptors, enzymes, antibodies, nucleic acids, etc., is a

biologically derived material or biomimetic component that interacts, binds, or
recognizes with the analyte under study. The biologically sensitive elements can also be

created by biological engineering. The transducer or the detector element, which

transforms one signal into another one, works in a physicochemical way:

optical, piezoelectric, electrochemical, electro chemiluminescence etc., resulting from

the interaction of the analyte with the biological element, to easily measure and
quantify. The biosensor reader device with the associated electronics or signal
processors that are primarily responsible for the display of the results in a user-friendly
way. This sometimes accounts for the most expensive part of the sensor device,
however it is possible to generate a user friendly display that includes transducer and

sensitive element (holographic sensor). The readers are usually custom-designed and

manufactured to suit the different working principles of biosensors.



5.6.2.BIOELECTRONICS

The branch of science concerned with the application of biological materials and
processes in electronics, and the use of electronic devices in living systems.
Health issues have been a primary concern for humans since the early ages. As the
years rolled by, there have been various improvements in the field of medicine. The
introduction of various revolutionary techniques, approaches, and methods have seen
great leaps in the field of medicine. Less pain in the approach to cure disease and other
effects with better results has led to people having more faith in modern medical
sciences. Now let us see how bioelectronics plays a vital role in the field of medicine

and other areas.

Bioelectronics is the application of the principles of electronics to biology and medicine.
Hollywood has expanded the horizons with its imagination, and movies like Star Wars,
Star Trek, iRobot, Minority Report and many other sci-fi movies have shown us what
modern technology is capable of. The potential of bioelectronics is also shown in these
movies. Artificial limbs, humanoids, the various sensors that are attached to the body,

etc. are the applications of bioelectronics.

5.6.3.DNA AND PROTEIN FUNCTIONAL SYSTEMS

Recent advances in nucleic acid recognition can enhance the power of DNA
biosensors. For example, the introduction of peptide nucleic acid (PNA) has opened up
exciting opportunities for DNA biosensors. PNA is a DNA mimic in which the sugar-

phosphate backbone is replaced with a pseudopeptide one.

5.6.4. ELECTRONIC NOSES AND BIOSENSORS

An electronic nose is a device intended to detect odors or flavors.

Over the last decades, "electronic sensing" or "e-sensing" technologies have undergone
important developments from a technical and commercial point of view. The expression
"electronic sensing" refers to the capability of reproducing human senses using sensor

arrays and pattern recognition systems. Since 1982, research has been conducted to




develop technologies, commonly referred to as electronic noses, that could detect and
recognize odors and flavors. The stages of the recognition process are similar to

human olfaction and are performed for identification, comparison, quantification and

other applications, including data storage and retrieval. However, hedonic evaluation is
a specificity of the human nose given that it is related to subjective opinions. These

devices have undergone much development and are now used to fulfill industrial needs

Biosensors

A biosensor consists of an immobilised biologic molecule (enzymes, cellules or
antibodies) next to a transducer, which transforms chemical signal into an electric signal
or into other kind of output as optical, acoustic and heat signal when an analyte reaches
to it. . Arnold and Meyerhoff defined biosensors as “a self contained analytical device
that responds selectively and reversibly to the concentration or activity of chemical
species in biological samples”. Biosensors then consist of a biological sensing element

and a transduction element.

Optical biosensors are based on optical changes while the biochemical reaction takes
place. If a light beam is propagated through a waveguide, then the internally reflected
light generates an electromagnetic “evanescent wave” that can be used to excite
fluorescent molecules at the surface of the waveguide. The “evanescent wave” can
couple with the electron plasma of a metal when the waveguide is coated with a metal
thin layer. It causes the electrons to oscillate and thus generating a surface plasmon
wave that is characterized by high sensitivity and specificity. The surface plasmon is an
electromagnetic wave associated with the longitudinal oscillation of the free electron
gas on the interface of the metal and the dielectric. Recently, surface plasmon resonance
interferometry (SPRI) has been established as a novel method that gains in sensitivity

and resolution for the detection of a multiplicity of analytes.

THE ELECTRONIC NOSE



Recently, sensors with sensitivity to a wide range of volatiles compounds have
been integrated in a system called electronic nose. The name of “electronic nose” is due

to the similarities between this instrument and the physiological system.

5.7. BIOMEDICAL APPLICATIONS:

A wealth of interest has developed for nanocrystals as applied to health and
biological systems. In the area of medical diagnostics, colloidal or imbedded iron-based
particles are being used to separate specific substances present in body fluid samples.
Antibodies can be attached to magnetic colloidal particles, typically silica-coated iron
oxides or polystyrene spheres with embedded iron oxides; when these are mixed with a

blood sample the antibody reacts and binds with the target hormone.

Because the nanoparticle size creates both high surface area for reaction and a
tendency to move rapidly in solution due to thermal Brownian motion, reactions can be
quite rapid. The magnetic functionality of the particle permits detection of the
antibody=hormone complex by separating and concentrating the reacted material from
the blood sample. Even DNA detection through colorimetric techniques has been
developed through the use of oligonucleotide-functionalized gold nanocrystals that can

be assembled into periodic network materials.

Similar particles are also being developed for drug delivery. In this application,
biochemical drugs can be bound to the magnetic nanocrystals and with applied
magnetic fields can be steered into regions of the body where they are required. For
example, malignant tumors can be attached with targeted drug delivery and

concentration through the use of magnetic fields.

Rare, tumor-causing cells can also be targeted by nanocrystals with attached
chemicals that bind to the cells and sweep them from the bloodstream before they have
had a chance to degrade. Some previous examples showed that 100 tumor cells could be

captured and removed from 50 million blood cells in less than one hour.



5.8 TYPES OF OPTO ELECTRONICS DEVICES ABD THEIR APPLICATIONS:
Optoelectronics is the communication between optics and electronics which
includes the study, design and manufacture of a hardware device that converts

electrical energy into light and light into energy through semiconductors. This device is

made from solid crystalline materials which are lighter than metals and heavier than
insulators. Optoelectronics device is basically an electronic device involving light. This
device can be found in many optoelectronics applications like military services,

telecommunications, automatic access control systems and medical equipments.

This academic field covers a wide range of devices including LEDs and elements,
image pick up devices, information displays, optical communication systems, optical
storages and remote sensing systems, etc. Examples of optoelectronic devices include

telecommunication laser, blue laser, optical fiber, LED traffic lights, photo diodes and

solar cells. Majority of the optoelectronic devices (direct conversion between electrons

and photons) are LEDs, laser diodes, photo diodes and solar cells.

Types of Optoelectronics Devices:
Optoelectronics are classified into different types such as
v Photodiode
v" Solar Cells
v" Light Emitting Diodes
v" Optical Fiber
v" Laser Diodes

Photo Diode:



A photo diode is a semiconductor light sensor that generates a voltage or current
when light falls on the junction. It consists of an active P-N junction, which is operated
in reverse bias. When a photon with plenty of energy strikes the semiconductor, an
electron or hole pair is created. The electrons diffuse to the junction to form an electric

field.
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This electric field across the depletion zone is equal to a negative voltage across
the unbiased diode. This method is also known as the inner photoelectric effect. This
device can be used in three modes: photovoltaic as a solar cell, forward biased as an

LED and reverse biased as a photo detector.

Photodiodes are used in many types of circuits and different applications such
as cameras, medical instruments, safety equipments, industries, communication devices

and industrial equipments.
Solar Cells:

A solar cell or photo-voltaic cell is an electronic device that directly converts
sun’s energy into electricity. When sunlight falls on a solar cell, it produces both a
current and a voltage to produce electric power. Sunlight, which is composed of

photons, radiates from the sun. When photons hit the silicon atoms of the solar cell,



they transfer their energy to lose electrons; and then, these high-energy electron flow to

an external circuit.
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Solar Cells

The solar cell is composed of two layers which are struck together. The first layer
is loaded with electrons, so these electrons are ready to jump from the first layer to the
second layer. The second layer has some electrons taken away, and therefore, it is ready
to take more electrons. The advantages of solar cells are that, there is no fuel supply and

cost problem. These are very dependable and require little maintenance.

The solar cells are applicable in rural electrification, telecommunication systems,

ocean navigation aids, electric power generation system in space and_remote

monitoring and control systems.

Light-Emitting Diodes:

Light-emitting diode is a P-N semiconductor diode in which the recombination

of electrons and holes yields a photon. When the diode is electrically biased in the
forward direction, it emits incoherent narrow spectrum light. When a voltage is applied
to the leads of the LED, the electrons recombine with the holes within the device and

release energy in the form of photons. This effect is called as electroluminescence. It is



the conversion of electrical energy into light. The color of the light is decided by the
energy band gap of the material.

Light Emitting Diode

The usage of LED is advantageous as it consumes less power and produces less
heat. LEDs last longer than incandescent lamps. LEDs could become the next generation

of lighting and used anywhere like in indication lights, computer components, medical

devices, watches, instrument panels, switches, fiber-optic communication, consumer

electronics, household appliances, etc.

Applications of Optoelectronics Devices:

1. LEDs could become the next generation of lighting and used anywhere like in
indication lights, computer components, medical devices, watches, instrument panels,
switches, fiber-optic communication, consumer electronics, household appliances,
traffic signals, automobile brake lights, 7 segment displays and inactive displays, and

also used in different electronic and electrical engineering projects such as

Propeller Display of Message by Virtual LEDs
LED Based Automatic Emergency Light

Mains Operated LED Light



Display of Dialed Telephone Numbers on Seven Segment Display
Solar Powered Led Street Light with Auto Intensity Control

2. The solar cells are applicable in rural electrification, telecommunication
systems, ocean navigation aids, and electric power generation in space and remote

monitoring and control systems and also used in different solar energy based projects

such as

Solar Energy Measurement System
Arduino based Solar Street Light

Solar Powered Auto Irrigation System
Solar Power Charge Controller

Sun Tracking Solar Panel

Solar based Project from edgefxkits.com

3. Photodiodes are used in many types of circuits and different applications such
as cameras, medical instruments, safety equipments, industries, communication devices

and industrial equipments.

4. Optical fibers are used in telecommunications, sensors, fiber lasers, bio-

medicals and in many other industries.

5. The laser diodes are used in fiber optic communication, optical memories,

military applications, CD players, surgical procedures, Local Area Networks, long

distance communications, optical memories, fiber optic communications and in

electrical projects such as RF Controlled Robotic Vehicle with Laser Beam Arrangement

and so on.



Thus, this is all about the optoelectronic devices which include laser diodes,
photo diodes, solar cells, LEDs, optical fibers.These optoelectronic devices are used in

different electronic project kits as well as in telecommunications, military services and

in medical applications. For more information regarding the same, please post your

queries by commenting below.

5.9. CNTs:

Many electronic applications of carbon nanotubes crucially rely on techniques of
selectively producing either semiconducting or metallic CNTs, preferably of a certain
chirality. Several methods of separating semiconducting and metallic CNTs are known,
but most of them are not yet suitable for large-scale technological processes. The most
efficient method relies on density-gradient ultracentrifugation, which separates

surfactant-wrapped nanotubes by the minute difference in their density.

This density difference often translates into difference in the nanotube diameter
and (semi)conducting properties. Another method of separation uses a sequence of
freezing, thawing, and compression of SWNTs embedded in agarose gel. This process
results in a solution containing 70% metallic SWNTs and leaves a gel containing 95%
semiconducting SWNTs. The diluted solutions separated by this method show various
colors. Moreover, SWNTs can be separated by the column chromatography method.

Yield is 95% in semiconductor type SWNT and 90% in metallic type SWNT.

In addition to separation of semiconducting and metallic SWNTs, it is possible to
sort SWNTs by length, diameter, and chirality. The highest resolution length sorting,
with length variation of <10%, has thus far been achieved by size exclusion
chromatography (SEC) of DNA-dispersed carbon nanotubes (DNA-SWNT). SWNT
diameter separation has been achieved by density-gradient ultracentrifugation (DGU)
using surfactant-dispersed SWNTs and by ion-exchange chromatography (IEC) for
DNA-SWNT.



Purification of individual chiralities has also been demonstrated with IEC of
DNA-SWNT: specific short DNA oligomers can be used to isolate individual SWNT
chiralities. Thus far, 12 chiralities have been isolated at purities ranging from 70% for
(8,3) and (9,5) SWNTs to 90% for (6,5), (7,5) and (10,5 SWNTs. There have been

successful efforts to integrate these purified nanotubes into devices, e. g. FETs.

An alternative to separation is development of a selective growth of
semiconducting or metallic CNTs. Recently, a new CVD recipe that involves a
combination of ethanol and methanol gases and quartz substrates resulting in

horizontally aligned arrays of 95-98% semiconducting nanotubes was announced.

Nanotubes are usually grown on nanoparticles of magnetic metal (Fe, Co), which
facilitates production of electronic (spintronic) devices. In particular, control of current
through a field-effect transistor by magnetic field has been demonstrated in such a

single-tube nanostructure.
Structural:

Because of the carbon nanotube's superior mechanical properties, many
structures have been proposed ranging from everyday items like clothes and sports
gear to combat jackets and space elevators. However, the space elevator will require
further efforts in refining carbon nanotube technology, as the practical tensile strength

of carbon nanotubes can still be greatly improved.

For perspective, outstanding breakthroughs have already been made. Pioneering
work led by Ray H. Baughman at the NanoTech Institute has shown that single and
multi-walled nanotubes can produce materials with toughness unmatched in the man-

made and natural worlds.

Carbon nanotubes are also a promising material as building blocks in bio-
mimetic hierarchical composite materials given their exceptional mechanical properties

(~1TPa in modulus, and ~100 GPa in strength). Initial attempts to incorporate CNTs



into hierarchical structures led to mechanical properties that were significantly lower
than these achievable limits. Windle et al. have used an in situ chemical vapor
deposition (CVD) spinning method to produce continuous CNT yarns from CVD
grown CNT aerogels.

With this technology, they fabricated CNT yarns with strengths as high as ~9
GPa at small gage lengths of ~1 mm, however, defects resulted in a reduction of specific
strength to ~1 GPa at 20 mm gage length. Espinosa et al. developed high performance
DWNT-polymer composite yarns by twisting and stretching ribbons of randomly

oriented bundles of DWNTs thinly coated with polymeric organic compounds.

These DWNT-polymer yarns exhibited unusually high energy to failure of ~100
J ¢! (comparable to one of the toughest natural materials - spider silk), and strength as
high as ~1.4 GPa. Effort is ongoing to produce CNT composites that incorporate
tougher matrix materials, such as Kevlar, to further improve on the mechanical

properties toward those of individual CNTs.

Because of the high mechanical strength of carbon nanotubes, research is being
made into weaving them into clothes to create stab-proof and bulletproof clothing. The
nanotubes would effectively stop the bullet from penetrating the body, although the

bullet's kinetic energy would likely cause broken bones and internal bleeding.
In electrical circuits:

Nanotube-based transistors, also known as carbon nanotube field-effect
transistors (CNFETs), have been made that operate at room temperature and that are
capable of digital switching using a single electron. However, one major obstacle to
realization of nanotubes has been the lack of technology for mass production. In 2001
IBM researchers demonstrated how metallic nanotubes can be destroyed, leaving
semiconducting ones behind for use as transistors. Their process is called "constructive

destruction," which includes the automatic destruction of defective nanotubes on the



wafer. This process, however, only gives control over the electrical properties on a

statistical scale.

The potential of carbon nanotubes was demonstrated in 2003 when room-
temperature ballistic transistors with ohmic metal contacts and high-k gate dielectric
were reported, showing 20-30x higher ON current than state-of-the-art Si MOSFETs.
This presented an important advance in the field as CNT was shown to potentially
outperform Si. At the time, a major challenge was ohmic metal contact formation. In this
regard, palladium, which is a high-work function metal was shown to exhibit Schottky

barrier-free contacts to semiconducting nanotubes with diameters >1.7 nm.

The first nanotube integrated memory circuit was made in 2004. One of the main
challenges has been regulating the conductivity of nanotubes. Depending on subtle
surface features a nanotube may act as a plain conductor or as a semiconductor. A fully

automated method has however been developed to remove non-semiconductor tubes.

Another way to make carbon nanotube transistors has been to use random
networks of them. By doing so one averages all of their electrical differences and one
can produce devices in large scale at the wafer level. This approach was first patented
by Nanomix Inc. (date of original application June 2002). It was first published in the
academic literature by the United States Naval Research Laboratory in 2003 through
independent research work. This approach also enabled Nanomix to make the first

transistor on a flexible and transparent substrate.

Large structures of carbon nanotubes can be used for thermal management of
electronic circuits. An approximately 1 mm-thick carbon nanotube layer was used as a
special material to fabricate coolers, this materials has very low density, ~20 times lower
weight than a similar copper structure, while the cooling properties are similar for the

two materials.

Overall, incorporating carbon nanotubes as transistors into logic-gate circuits

with densities comparable to modern CMOS technology has not yet been demonstrated.



As electrical cables and wires:

Wires for carrying electrical current may be fabricated from pure nanotubes and
nanotube-polymer composites. Recently small wires have been fabricated with specific
conductivity exceeding copper and aluminum; these cables are the highest conductivity

carbon nanotube and also highest conductivity non-metal cables.
As paper batteries:

A paper battery is a battery engineered to use a paper-thin sheet of cellulose
(which is the major constituent of regular paper, among other things) infused with
aligned carbon nanotubes. The nanotubes act as electrodes; allowing the storage devices
to conduct electricity. The battery, which functions as both a lithium-ion battery and a
supercapacitor, can provide a long, steady power output comparable to a conventional
battery, as well as a supercapacitor’s quick burst of high energy —and while a
conventional battery contains a number of separate components, the paper battery
integrates all of the battery components in a single structure, making it more energy

efficient.
Solar cells:

Solar cells developed at the New Jersey Institute of Technology use a carbon
nanotube complex, formed by a mixture of carbon nanotubes and carbon buckyballs
(known as fullerenes) to form snake-like structures. Buckyballs trap electrons, although
they can't make electrons flow. Add sunlight to excite the polymers, and the buckyballs
will grab the electrons. Nanotubes, behaving like copper wires, will then be able to

make the electrons or current flow.
Medical:

In the Kanzius cancer therapy, single-walled carbon nanotubes are inserted
around cancerous cells, then excited with radio waves, which causes them to heat up

and kill the surrounding cells.



Researchers at Rice University, Radboud University Nijmegen Medical Centre
and University of California, Riverside have shown that carbon nanotubes and their
polymer nanocomposites are suitable scaffold materials for bone cell proliferation and

bone formation.
Other applications:

Carbon nanotubes have been implemented in nanoelectromechanical systems,
including mechanical memory elements (NRAM being developed by Nantero Inc.) and

nanoscale electric motors (see Nanomotor or Nanotube nanomotor).

In May 2005, Nanomix Inc. placed on the market a hydrogen sensor that
integrated carbon nanotubes on a silicon platform. Since then, Nanomix has been
patenting many such sensor applications, such as in the field of carbon dioxide, nitrous

oxide, glucose, DNA detection, etc.

Eikos Inc of Franklin, Massachusetts and Unidym Inc. of Silicon Valley, California
are developing transparent, electrically conductive films of carbon nanotubes to replace
indium tin oxide (ITO). Carbon nanotube films are substantially more mechanically
robust than ITO films, making them ideal for high-reliability touchscreens and flexible
displays. Printable water-based inks of carbon nanotubes are desired to enable the
production of these films to replace ITO Nanotube films show promise for use in

displays for computers, cell phones, PDAs, and ATMs.

A nanoradio, a radio receiver consisting of a single nanotube, was demonstrated
in 2007. In 2008 it was shown that a sheet of nanotubes can operate as a loudspeaker if
an alternating current is applied. The sound is not produced through vibration but

thermoacoustically.

A flywheel made of carbon nanotubes could be spun at extremely high velocity
on a floating magnetic axis in a vacuum, and potentially store energy at a density

approaching that of conventional fossil fuels. Since energy can be added to and



removed from flywheels very efficiently in the form of electricity, this might offer a way
of storing electricity, making the electrical grid more efficient and variable power
suppliers (like wind turbines) more useful in meeting energy needs. The practicality of
this depends heavily upon the cost of making massive, unbroken nanotube structures,

and their failure rate under stress.

Carbon nanotube springs have the potential to indefinitely store elastic potential
energy at ten times the density of lithium-ion batteries with flexible charge and

discharge rates and extremely high cycling durability.

Ultra-short SWNTs (US-tubes) have been used as nanoscaled capsules for

delivering MRI contrast agents in vivo.

Nitrogen-doped carbon nanotubes may replace platinum catalysts used to
reduce oxygen in fuel cells. A forest of vertically-aligned nanotubes can reduce oxygen
in alkaline solution more effectively than platinum, which has been used in such
applications since the 1960s. The nanotubes have the added benefit of not being subject

to carbon monoxide poisoning.

5.9.1.. NANOLITHOGRAPHY:

Nanolithography is a term used to describe a number of techniques for creating
incredibly small structures. The sizes involved are on the order of tens of nanometers
(hm). A nanometer is a billionth of a meter, much smaller than the width of a single
human hair. The word lithography is used because the method of pattern generation is

essentially the same as writing, only on a much smaller scale

One common method of nanolithography, used particularly in the creation of
microchips, is known as photolithography. This technique is a parallel method of
nanolithography in which the entire surface is drawn on in a single moment.
Photolithography is limited in the size it can reduce to, however, because if the

wavelength of light used is made too small the lens simply absorbs the light in its



entirety. This means that photolithography cannot reach the super-fine sizes of some

alternate technologies

A technology that allows for smaller sizes than photolithography is that of

electron-beam lithography. Using an electron beam to draw a pattern nanometer by

Nanometer, incredibly small sizes (on the order of 20nm) may be achieved.
Electron-beam lithography is much more expensive and time consuming than
photolithography, however, making it a difficult sell for industry applications of
nanolithography. Since electron-beam lithography functions more like a dot-matrix
printer than a flash-photograph, a job that would take five minutes using

photolithography will take upwards of five hours with electron-beam lithography.

New nanolithography technologies are constantly being researched and
developed, leading to smaller and smaller possible sizes. Extreme ultraviolet
lithography, for example, is capable of using light at wavelengths of 13.5nm. While
hurdles still exist in this new field, it promises the possibility of sizes far below those
produced by current industry standards. Other nanolithography techniques include
dip-pen nanolithography, in which a small tip is used to deposit molecules on a surface.
Dip-pen nanolithography can achieve very small sizes, but cannot currently go below

40nm.

Funding for nanolithography research comes from a number of places, including
the private academic world, futurist companies with an eye towards next-generation
nanotechnology, and established computer chip manufacturers looking to shrink their
chips far below their current sizes. As interest in nanotechnology grows within
industrial sectors, funding and research will no doubt expand in the field of

nanolithography, leading to more adept technologies and even lower limits on size

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.
Other nanolithography 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 maskless 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 nanolithographic 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
ultrashort wavelengths (13.5 nm). It is the most popularly considered NGL technique.

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) nano-scale 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 printingand cold welding.
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 chemomechanical surface patterning technique that uses an atomic

force microscope.

Magnetolithography:

(ML) based on applying a magnetic field on the substrate using paramagnetic
metal masks call "magnetic mask". Magnetic mask which is analog to photomask define
the spatial distribution and shape of the applied magnetic field. The second component
is ferromagnetic nanoparticles (analog to the photoresist) that are assembled onto the

substrate according to the field induced by the magnetic mask.
Bottom-up methods:

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 controlled spacings.

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-
pattearned 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

plasmatic and magnetic wires and nano particles are deposited on these templates via



oblique evaporation. The templates are easily produced over large areas with periods

down to 25 nm
Photolithography:

Photolithography (or "optical lithography") is a process used in microfabrication
to selectively remove parts of a thin film or the bulk of a substrate. It uses light to
transfer a geometric pattern from a photo mask to a light-sensitive chemical
"photoresist", or simply "resist," on the substrate. A series of chemical treatments then
either engraves the exposure pattern into, or enables deposition of a new material in the
desired pattern upon, the material underneath the photo resist. For example, in complex
integrated circuits, a modern CMOS wafer will go through the photolithographic cycle

up to 50 times.

Photolithography shares some fundamental principles with photography in that
the pattern in the etching resist is created by exposing it to light, either directly (without
using a mask) or with a projected image using an optical mask. This procedure is
comparable to a high precision version of the method used to make printed circuit
boards. Subsequent stages in the process have more in common with etching than with
lithographic printing. It is used because it can create extremely small patterns (down to
a few tens of nanometers in size), it affords exact control over the shape and size of the
objects it creates, and because it can create patterns over an entire surface cost-
effectively. Its main disadvantages are that it requires a flat substrate to start with, it is
not very effective at creating shapes that are not flat, and it can require extremely clean

operating conditions.

A single iteration of photolithography combines several steps in sequence.
Modern cleanrooms use automated, robotic wafer track systems to coordinate the
process. The procedure described here omits some advanced treatments, such as

thinning agents or edge-bead removal.

Cleaning:



If organic or inorganic contaminations are present on the wafer surface, they are usually

removed by wet che

Preparation:

The wafer is initially heated to a temperature sufficient to drive off any moisture
that may be present on the wafer surface. Wafers that have been in storage must be
chemically cleaned to remove contamination. A liquid or gaseous "adhesion promoter",
such as Bis(trimethylsilyl)Jamine ("hexamethyldisilazane", HMDS), is applied to

promote adhesion of the photoresist to the wafer.

The surface layer of silicon dioxide on the wafer reacts with HMDS to form tri-
methylated silicon-dioxide, a highly water repellent layer not unlike the layer of wax on
a car's paint. This water repellent layer prevents the aqueous developer from
penetrating between the photoresist layer and the wafer's surface, thus preventing so-

called lifting of small photoresist structures in the (developing) pattern.

mical treatment, e.g. the RCA clean procedure based on solutions containing

hydrogen peroxide.
Photoresist application:

The wafer is covered with photoresist by spin coating. A viscous, liquid solution
of photoresist is dispensed onto the wafer, and the wafer is spun rapidly to produce a
uniformly thick layer. The spin coating typically runs at 1200 to 4800 rpm for 30 to 60
seconds, and produces a layer between 0.5 and 2.5 micrometres thick. The spin coating
process results in a uniform thin layer, usually with uniformity of within 5 to 10
nanometres. This uniformity can be explained by detailed fluid-mechanical modelling,
which shows that the resist moves much faster at the top of the layer than at the bottom,

where viscous forces bind the resist to the wafer surface.



Thus, the top layer of resist is quickly ejected from the wafer's edge while the
bottom layer still creeps slowly radially along the wafer. In this way, any 'bump' or
'ridge' of resist is removed, leaving a very flat layer. Final thickness is also determined
by the evaporation of liquid solvents from the resist. For very small, dense features
(<125 or so nm), thinner resist thicknesses (<0.5 micrometres) are needed to overcome

collapse effects at high aspect ratios; typical aspect ratios are <4:1.

The photo resist-coated wafer is then prebaked to drive off excess photoresist

solvent, typically at 90 to 100 °C for 30 to 60 seconds on a hotplate
Exposure and developing:

After prebaking, the photoresist is exposed to a pattern of intense light. Optical
lithography typically uses ultraviolet light (see below). Positive photoresist, the most
common type, becomes soluble in the basic developer when exposed; exposed negative
photoresist becomes insoluble in the (organic) developer. This chemical change allows
some of the photoresist to be removed by a special solution, called "developer" by
analogy with photographic developer. To learn more about the process of exposure and
development of positive resist, see, for example: Ralph Dammel, "Diazonaphtoquinone-

based resists", SPIE Optical Engineering Press, Vol TT11 (1993

A PEB (post-exposure bake) is performed before developing, typically to help
reduce standing wave phenomena caused by the destructive and constructive
interference patterns of the incident light. In DUV (deep ultraviolet, or shorter than 300
nm exposure wavelength) lithography, CAR (chemically amplified resist) chemistry is
used. This process is much more sensitive to PEB time, temperature, and delay, as most
of the "exposure" reaction (creating acid, making the polymer soluble in the basic

developer) actually occurs in the PEB.

The develop chemistry is delivered on a spinner, much like photoresist.
Developers originally often contained sodium hydroxide (NaOH). However, sodium is

considered an extremely undesirable contaminant in MOSFET fabrication because it



degrades the insulating properties of gate oxides (specifically, sodium ions can migrate
in and out of the gate, changing the threshold voltage of the transistor and making it
harder or easier to turn the transistor on over time). Metal-ion-free developers such as

tetramethylammonium hydroxide (TMAH) are now used.

The resulting wafer is then "hard-baked" if a non-chemically amplified resist was
used, typically at 120 to 180 °C for 20 to 30 minutes. The hard bake solidifies the
remaining photoresist, to make a more durable protecting layer in future ion

implantation, wet chemical etching, or plasma etching
Etching:

In etching, a liquid ("wet") or plasma ('dry") chemical agent removes the
uppermost layer of the substrate in the areas that are not protected by photoresist. In
semiconductor fabrication, dry etching techniques are generally used, as they can be
made anisotropic, in order to avoid significant undercutting of the photoresist pattern.
This is essential when the width of the features to be defined is similar to or less than
the thickness of the material being etched (i.e. when the aspect ratio approaches unity).
Wet etch processes are generally isotropic in nature, which is often indispensable for
microelectromechanical systems, where suspended structures must be "released" from

the underlying layer.

The development of low-defectivity anisotropic dry-etch process has enabled the
ever-smaller features defined photolithographically in the resist to be transferred to the

substrate material.
Photoresist removal:

After a photoresist is no longer needed, it must be removed from the substrate.
This usually requires a liquid "resist stripper", which chemically alters the resist so that

it no longer adheres to the substrate. Alternatively, photoresist may be removed by a



plasma containing oxygen, which oxidizes it. This process is called ashing, and

resembles dry etching.
Exposure ("printing") systems:

Exposure systems typically produce an image on the wafer using a photomask.
The light shines through the photomask, which blocks it in some areas and lets it pass
in others. (Maskless lithography projects a precise beam directly onto the wafer without
using a mask, but it is not widely used in commercial processes.) Exposure systems may

be classified by the optics that transfer the image from the mask to the wafer.
Contact and proximity:

A contact printer, the simplest exposure system, puts a photomask in direct
contact with the wafer and exposes it to a uniform light. A proximity printer puts a
small gap between the photomask and wafer. In both cases, the mask covers the entire

wafer, and simultaneously patterns every die.

Contact printing is liable to damage both the mask and the wafer, and this was
the primary reason it was abandoned for high volume production. Both contact and
proximity lithography require the light intensity to be uniform across an entire wafer,
and the mask to align precisely to features already on the wafer. As modern processes

use increasingly large wafers, these conditions become increasingly difficult

Research and prototyping processes often use contact or proximity lithography,
because it uses inexpensive hardware and can achieve high optical resolution. The
resolution in proximity lithography is approximately the square root of the product of
the wavelength and the gap distance. Hence, except for projection lithography (see
below), contact printing offers the best resolution, because its gap distance is
approximately zero (neglecting the thickness of the photoresist itself). In addition,

nanoimprint lithography may revive interest in this familiar technique, especially since



the cost of ownership is expected to be low; however, the shortcomings of contact

printing discussed above remain as challenges
Projection:

Very-large-scale integration (VLSI) lithography uses projection systems. Unlike contact
or proximity masks, which cover an entire wafer, projection masks (known as "reticles")
show only one die or an array of die (known as a "field"). Projection exposure systems
(steppers or scanners) project the mask onto the wafer many times to create the

complete pattern
Photomasks:

The image for the mask originates from a computerized data file. This data file is
converted to a series of polygons and written onto a square fused quartz substrate
covered with a layer of chrome using a photolithographic process. A laser beam (laser
writer) or a beam of electrons (e-beam writer) is used to expose the pattern defined by
the data file and travels over the surface of the substrate in either a vector or raster scan
manner. Where the photoresist on the mask is exposed, the chrome can be etched away,
leaving a clear path for the illumination light in the stepper/scanner system to travel

through.
Resolution in projection systems:

The ability to project a clear image of a small feature onto the wafer is limited by
the wavelength of the light that is used, and the ability of the reduction lens system to
capture enough diffraction orders from the illuminated mask. Current state-of-the-art
photolithography tools use deep ultraviolet (DUV) light from excimer lasers with
wavelengths of 248 and 193 nm (the dominant lithography technology today is thus
also called "excimer laser lithography"), which allow minimum feature sizes down to 50
nm. Excimer laser lithography has thus played a critical role in the continued advance

of the so-called Moore’s Law for the last 20 years (see below).



The minimum feature size that a projection system can print is given approximately by:
CD=K1._.A_ NA
Where

C'D is the minimum feature size (also called the critical dimension, target design

rule). It is also common to write 2 times the half-pitch.

ky (commonly called kI factor) is a coefficient that encapsulates process-related
factors, and typically equals 0.4 for production. The minimum feature size can be

reduced by decreasing this coefficient through Computational lithography.
Ais the wavelength of light used
N A is the numerical aperture of the lens as seen from the wafer

According to this equation, minimum feature sizes can be decreased by
decreasing the wavelength, and increasing the numerical aperture (to achieve a tighter
focused beam and a smaller spot size). However, this design method runs into a

competing constraint. In modern systems, the depth of focus is also a concern.

A
NA?

Here, K2is another process-related coefficient. The depth of focus restricts the

Dp:kg'

thickness of the photoresist and the depth of the topography on the wafer. Chemical
mechanical polishing is often used to flatten topography before high-resolution

lithographic steps.
Lithography:

The process of imprinting patterns on semiconductor materials to be used as
integrated circuits is defined as lithography. This new concept in nanolithography is

based upon the transport of a chemically reactive material or —inkl from the tip of a



conventional silicon nitride Atomic Force Microscope (AFM) to the surface of interest or
paper

Civilization has advanced as people discovered new ways of exploiting various
physical resources such as materials, forces and energies. The history of computer
technology has involved a sequence of changes from one type of physical realization to

another --- from gears to relays to valves to transistors to integrated circuits and so on.

Today's advanced lithographic techniques can squeeze fraction of micron wide
logic gates and wires onto the surface of silicon chips. However, when one wants to
precisely position atoms or molecules on surfaces many problems occur some of which
are due to the quantum nature of atoms. Nano materials used for the lithography

includes carbon nano tubes, fullerenes etc.

5.9.2. DNA NANOTECHNOLOGY:

DNA nanotechnology is a branch of nanotechnology which uses the molecular
recognition properties of DNA and other nucleic acids to create designed, artificial
structures out of DNA for technological purposes. In this field, DNA is used as a
structural material rather than as a carrier of genetic information, making it an example
of bionanotechnology. DNA nanotechnology has applications in molecular self-

assembly and in DNA computing.

Although DNA is usually considered in the context of molecular biology as the
carrier of genetic information in living cells, DNA nanotechnology considers DNA
solely as a chemical and as a material, and is usually pursued outside of any biological
context. DNA nanotechnology makes use of the fact that, due to the specificity of
Watson-Crick base pairing, only portions of the strands which are complementary to
each other will bind to each other to form duplex DNA. DNA nanotechnology attempts
to rationally design sets of DNA strands so that desired portions of each strand will
assemble in the correct positions to for some desired target structure, a process called

nucleic acid design.



Although the field is usually called DNA nanotechnology, its principles apply
equally well to other nucleic acids such as RNA and PNA, and structures incorporating
these have been made. For this reason the field is occasionally referred to as nucleic acid

nanotechnology.

DNA nanotechnology creates complex structures out of nucleic acids by making
use of the specificity of base pairing in nucleic acid molecules. The structure of a nucleic
acid molecule consists of a sequence of nucleotides, distinguished by which nucleobase
they contain. In DNA, the four bases used are adenine (A), cytosine (C), guanine (G),
and thymine (T).

Nucleic acids have the property that two molecules will bind to each other to
form a double helix only if the two sequences are complementary, meaning that they
form matching sequences of base pairs, with A's only binding to T's, and C's only to G's.
Because the formation of correctly matched base pairs is energetically favorable, nucleic
acid strands are expected in most cases to bind to each other in the conformation that

maximizes the number of correctly paired bases.

This property, that the sequence determines the pattern of binding and the
overall structure, is used by the field of DNA nanotechnology in that sequences are

artificially designed so that a desired structure is favored to form.

Fundamental concepts:

These four strands associate into a DNA four-arm junction because this structure
maximizes the number of correct base pairs, with A's matched to T's and C's matched to
G's. See this image for a more realistic model of the four-arm junction showing its

tertiary structure.



A double-crossover (DX) molecule. This molecule consists of five DNA single
strands which form two double-helical domains, on the left and the right in this image.

There are two crossover points where the strands cross from one domain into the other.

Nearly all structures in DNA nanotechnology make use of branched DNA
structures containing junctions, as opposed to most biological DNA which exists in a

linear double helix form.

One of the simplest branched structures, and the first made, is a four-arm junction
which can be made using four individual DNA strands which are complementary to
each other in the correct pattern. Unlike in natural Holliday junctions, in the artificial
immobile four-arm junction shown below, the base sequence of each arm is different,

meaning that the junction point is fixed in a certain position.

Junctions can be used in more complex molecules. One of the more widely-
used of these is the "double-crossover" or DX motif. A DX molecule can be thought of as
two DNA duplexes positioned parallel to each other, with two crossover points where

strands cross from one duplex into the other.

Each junction point is itself topologically a four-arm junction. This molecule has
the advantage that the junction points are now constrained to a single orientation as
opposed to being flexible as in the four-arm junction. This makes the DX motif suitable

as a structural building block for larger DNA complexes

Design:

DNA nanostructures must be rationally designed so that the individual nucleic
acid strands will assemble into the desired structures. The design process of such
nanostructures usually begins with the specification of a desired target structure
and/or functionality. Then, the overall secondary structure of the target molecule is

designed, meaning the arrangement of nucleic acid strands within the structure, and



which portions of those strands should be bound to each other. The last step is the
primary structure design, the specification of the actual base sequences of each nucleic

acid strand.
Structural design:

The first step in designing a nucleic acid nanostructure is to decide how a given
structure should be represented by a specific arrangement of nucleic acid strands. This
design step thus determines the secondary structure, or the series of base pairs which
hold the individual strands together in the desired shape. There are several approaches

which have been demonstrated:

Tile-based structures. This approach breaks the target structure into smaller units
with strong binding between the strands contained in each unit, and relatively weaker
interactions between the units. It is often used to make periodic lattices, but can also be
used to implement algorithmic self-assembly, making them one platform for DNA

computing

Folding structures. An alternative to the tile-based approach, folding approaches
make the nanostructure out of a single long strand. This long strand can either have a
designed sequence which folds due to its interactions with itself, or it can be folded into
the desired shape by using shorter, "staple" strands. This latter method is called DNA
origami, which allows the creation of two- and three-dimensional shapes at the

nanoscale using DNA (see #Arbitrary shapes below).

Kinetic assembly. Recently, there has been interest in controlling the kinetics of
DNA self-assembly, so that transient dynamics can also be programmed into the
assembly. Such a method also has the advantage of proceeding isothermally and thus

not requiring a thermal annealing step required by solely thermodynamic approaches.

Sequence design:



After any of the above approaches are used to design the secondary structure of
a target molecule, an actual sequence of nucleotides must be devised which will form
into the desired structure. Nucleic acid design is the process of assigning a specific
nucleic acid base sequence to each strand so that they will associate into a desired

conformation. Nucleic acid design is central to the field of DNA nanotechnology.

Most methods seek to designing sequences so that the target structure is a
thermodynamic minimum, and mis-assembled structures have higher energies and are
thus disfavored. This is done either through heuristic methods such as sequence
symmetry minimization and coding theory based approaches, or by explicitly using a
full nearest-neighbor thermodynamic model. Geometric models are also used to
examine tertiary structure of the nanostructures and ensure that the complexes are not

overly strained.

Nucleic acid design has similar goals to protein design: in both, the sequence of
monomers is designed to favor the desired folded or associated structure and to
disfavor alternate structures. Nucleic acid design has the advantage of being a much
computationally simpler problem, since the simplicity of Watson-Crick base pairing
rules leads to simple heuristic methods which yield experimentally robust designs.

However, nucleic acid structures are less versatile than proteins in their functionality
Structural DNA nanotechnology:

Structural DNA nanotechnology, sometimes abbreviated as SDN, focuses on
synthesizing and characterizing nucleic acid complexes and materials with various
nanoscale structures. Structural DNA nanotechnology is largely based on the fact that
the three-dimensional structure of DNA —the nucleic acid double helix — has a robust,
defined geometry which makes it possible to predict and design the structures of more
complex DNA molecules. Many such structures have been created, including two- and

three-dimensional structures; and periodic, aperiodic, and discrete structures.

Periodic lattices:



Smaller nucleic acid assemblies can be equipped with sticky ends in order to
combine them into a two-dimensional periodic lattice. The earliest example of this was

the array of DX, or double-crossover, molecules.

Each DX molecule can be designed with four sticky ends, one at each end of the
two double-helical domains, and these sticky ends can be designed with sequences that
cause the DX units to combine into a specific tessellated pattern. They thus form

extended flat sheets which are essentially rigid two-dimensional crystals of DNA.

Two-dimensional arrays have been made out of other motifs as well, including
the Holliday junction rhombus array as well as various DX-based arrays making use of

a double-cohesion scheme

Creating three-dimensional lattices out of DNA was the earliest goal of DNA
nanotechnology, but proved to be one of the most difficult to realize. Success in
constructing three-dimensional DNA lattices was finally reported in 2009 using a motif

based on the concept of tensegrity, a balance between tension and compression forces

Nanotubes:

In addition to flat sheets, DX arrays have been made to form hollow nanotubes of
4-20 nm diameter. These DNA nanotubes are somewhat similar in size and shape to
carbon nanotubes, but the carbon nanotubes are stronger and better conductors,
whereas the DNA nanotubes are more easily modified and connected to other

structures.

There have been multiple schemes for constructing DNA nanotubes, one of
which uses the inherent curvature of DX tiles to form a DX lattice to curl around itself
and close into a tube. An alternative design uses single-stranded "tiles" for which the
rigidity of the tube is an emergent property. This method also has the benefit of being

able to determine the circumference of the nanotube in a simple, modular fashion



Polyhedra:

A number of three-dimensional DNA molecules have been made which have the
connectivity of a polyhedron such as an octahedron or cube. In other words, the DNA
duplexes trace the edges of a polyhedron with a DNA junction at each vertex. The
earliest demonstrations of DNA polyhedra involved multiple ligations and solid-phase

synthesis

steps to create catenated polyhedra. More recent work has yielded polyhedra whose
synthesis is much easier. These include a DNA octahedron made from a long single
strand designed to fold into the correct conformation, as well as a tetrahedron which
can be produced from four DNA strands in a single step, pictured at the top of this

article.
Arbitrary shapes:

Nanostructures of arbitrary shapes are usually made using the DNA origami
method. DNA origami makes use of a long natural virus strand as a "scaffold" strand,
and computationally designs shorter "staple" strands which bind to portions of the
scaffold strand and force it to fold into the desired shape. This method has the
advantage of being easy to design, as the base sequence is predetermined by the
scaffold strand sequence, and it also does not require high strand purity and accurate

stoichiometry, as most other DNA nanotechnology methods do.

DNA origami was first demonstrated for two-dimensional shapes; demonstrated
designs included the smiley face and a coarse map of North America. This was later

extended to solid three-dimensional shapes.

In addition, structures have been constructed with two-dimensional faces which
fold into an overall three-dimensional shape, akin to a cardboard box. These can be
programmed to open and release their cargo in response to a stimulus, making them

potentially useful as programmable molecular cages



Functional nucleic acid nanostructures:

DNA nanotechnology focuses on creating molecules with designed
functionalities as well as structures. These include both dynamic functionality within
the nucleic acid structure itself, for example with computation and mechanical motion,
as well as by including other components such as small molecules or nanoparticles
which have their own functionalities. Many classes of functional systems have been

demonstrated.
Nano architecture:

The idea of using DNA arrays to template the assembly of other functional
molecules was first suggested by Nadrian Seeman in 1987, but only recently has
progress been made in reducing these kinds of schemes to practice. In 2006, researchers
covalently attached gold nanoparticles to a DX-based tile and showed that self-
assembly of the DNA structures also assembled the nanoparticles hosted on them. Also
that year, Dwyer and LaBean demonstrated the letters "D" "N" and "A" created on a 4x4
DX array using streptavidin, and a hierarchical assembly based on this approach was
also demonstrated that scales to larger arrays (8X8 and 8.96 MD). A non-covalent
hosting scheme was shown in 2007, using Dervan polyamides on a DX array to arrange

streptavidin proteins on specific kinds of tiles on the DNA array.

There has also been interest in using DNA nanotechnology to assemble
molecular electronics devices. To this end, DNA has been used to assemble single

walled carbon nanotubes into field-effect transistors.
Algorithmic self-assembly:

DNA nanotechnology has been applied to the related field of DNA computing.
The DX tiles can have their sticky end sequences chosen so that they act as Wang tiles,
allowing them to perform computation. A DX array has been demonstrated whose

assembly encodes an XOR operation; this allows the DNA array to implement a cellular



automaton which generates a fractal called the Sierpinski gasket. Another system has
the function of a binary counter, displaying a representation of increasing binary
numbers as it grows. These results show that computation can be incorporated into the

assembly of DNA arrays, increasing its scope beyond simple periodic arrays.

Note that DNA computing overlaps with, but is distinct from, DNA
nanotechnology. The latter uses the specificity of Watson-Crick basepairing to make
novel structures out of DNA. These structures can be used for DNA computing, but
they do not have to be. Additionally, DNA computing can be realized without using the
types of molecules made possible by DNA nanotechnology

Nano mechanical devices:

DNA complexes have been made which change their conformation upon some
stimulus. These are intended to have applications in nanorobotics. DNA machines have
also been made which show a twisting motion. The first such device made use of the
transition between the B-DNA and Z-DNA forms to respond to a change in buffer
conditions. This reliance on buffer conditions, however, caused all devices to change
state at the same time. A subsequent system, called "molecular tweezers," changes from
an open to a closed state based upon the presence of control strands, allowing multiple

devices to be individually operated in solution.

This was followed up by another system which relies on the presence of control
strands to switch from a paranemic-crossover (PX) conformation to a double-junction

(JX2) conformation.

Nucleic acid nanomachines have been made which exhibit directional motion
along a linear track, called DNA walkers. A large number of schemes have been
demonstrated. One strategy is to control the motion of the walker along the track using
control strands which need to be manually added in sequence. Another approach is to
make use of restriction enzymes or deoxyribozymes to cleave the strands and cause the

walker to move forward, which has the advantage of running autonomously.



A later system extended the concept of DNA walkers to walk upon a two-
dimensional surface rather than a linear track, and demonstrated the ability to
selectively pick up and move molecular cargo. Additionally, a linear walker has been
demonstrated which performs DNA-templated synthesis as the walker advances along

the track, allowing autonomous multistep chemical synthesis directed by the walker.

5.9.3. DRUG DELIVERY SYSTEM:

Drug delivery is the method or process of administering a pharmaceutical
compound to achieve a therapeutic effect in humans or animals. Drug delivery
technologies modify drug release profile, absorption, distribution and elimination for
the benefit of improving product efficacy and safety, as well as patient convenience and
compliance. Drug release is from: diffusion, degradation, swelling, and affinity-based
mechanisms. Most common routes of administration include the preferred non-invasive
peroral (through the mouth), topical (skin), transmucosal (nasal, buccal/sublingual,

vaginal, ocular and rectal) and inhalation routes.

Many medications such as peptide and protein, antibody, vaccine and gene
based drugs, in general may not be delivered using these routes because they might be
susceptible to enzymatic degradation or cannot be absorbed into the systemic
circulation efficiently due to molecular size and charge issues to be therapeutically
effective. For this reason many protein and peptide drugs have to be delivered by
injection or a nanoneedle array. For example, many immunizations are based on the

delivery of protein drugs and are often done by injection.

Current efforts in the area of drug delivery include the development of targeted
delivery in which the drug is only active in the target area of the body (for example, in
cancerous tissues) and sustained release formulations in which the drug is released over
a period of time in a controlled manner from a formulation. Types of sustained release
formulations include liposomes, drug loaded biodegradable microspheres and drug

polymer conjugates.



Drug delivery:

Nanomedical approaches to drug delivery center on developing nanoscale
particles or molecules to improve drug bioavailability. Bioavailability refers to the
presence of drug molecules where they are needed in the body and where they will do
the most good. Drug delivery focuses on maximizing bioavailability both at specific
places in the body and over a period of time. This can potentially be achieved by

molecular targeting by nanoengineered devices.

It is all about targeting the molecules and delivering drugs with cell precision.
More than $65 billion are wasted each year due to poor bioavailability. In vivo imaging
is another area where tools and devices are being developed. Using nanoparticle
contrast agents, images such as ultrasound and MRI have a favorable distribution and

improved contrast.

The new methods of nano engineered materials that are being developed might
be effective in treating illnesses and diseases such as cancer. What nano scientists will
be able to achieve in the future is beyond current imagination. This might be
accomplished by self assembled biocompatible nano devices that will detect, evaluate,

treat and report to the clinical doctor automatically.

Drug delivery systems, lipid- or polymer-based nanoparticles, can be designed to
improve the pharmacological and therapeutic properties of drugs. The strength of drug
delivery systems is their ability to alter the pharmacokinetics and biodistribution of the
drug. Nanoparticles have unusual properties that can be used to improve drug
delivery. Where larger particles would have been cleared from the body, cells take up

these nanoparticles because of their size.

Complex drug delivery mechanisms are being developed, including the ability to
get drugs through cell membranes and into cell cytoplasm. Efficiency is important
because many diseases depend upon processes within the cell and can only be impeded

by drugs that make their way into the cell. Triggered response is one way for drug



molecules to be used more efficiently. Drugs are placed in the body and only activate on

encountering a particular signal.

For example, a drug with poor solubility will be replaced by a drug delivery
system where both hydrophilic and hydrophobic environments exist, improving the
solubility. Also, a drug may cause tissue damage, but with drug delivery, regulated
drug release can eliminate the problem. If a drug is cleared too quickly from the body,
this could force a patient to use high doses, but with drug delivery systems clearance

can be reduced by altering the pharmacokinetics of the drug.

Poor biodistribution is a problem that can affect normal tissues through
widespread distribution, but the particulates from drug delivery systems lower the
volume of distribution and reduce the effect on non-target tissue. Potential nanodrugs
will work by very specific and well-understood mechanisms; one of the major impacts
of nanotechnology and nanoscience will be in leading development of completely new

drugs with more useful behavior and less side effects.
Protein and peptide delivery:

Protein and peptides exert multiple biological actions in human body and they
have been identified as showing great promise for treatment of various diseases and
disorders. These macromolecules are called biopharmaceuticals. Targeted and/or
controlled delivery of these biopharmaceuticals using nanomaterials like nanoparticles
and Dendrimers is an emerging field called nanobiopharmaceutics, and these products

are called nanobiopharmaceuticals.
Cancer:

The small size of nanoparticles endows them with properties that can be very
useful in oncology, particularly in imaging. Quantum dots (nanoparticles with quantum
confinement properties, such as size-tunable light emission), when used in conjunction

with MRI (magnetic resonance imaging), can produce exceptional images of tumor



sites. These nanoparticles are much brighter than organic dyes and only need one light
source for excitation. This means that the use of fluorescent quantum dots could
produce a higher contrast image and at a lower cost than today's organic dyes used as
contrast media. The downside, however, is that quantum dots are usually made of quite

toxic elements.

Another nanoproperty, high surface area to volume ratio, allows many
functional groups to be attached to a nanoparticle, which can seek out and bind to
certain tumor cells. Additionally, the small size of nanoparticles (10 to 100 nanometers),
allows them to preferentially accumulate at tumor sites (because tumors lack an
effective lymphatic drainage system). A very exciting research question is how to make
these imaging nanoparticles do more things for cancer. For instance, is it possible to

manufacture

multifunctional nanoparticles that would detect, image, and then proceed to
treat a tumor? This question is under vigorous investigation; the answer to which could
shape the future of cancer treatment. A promising new cancer treatment that may one
day replace radiation and chemotherapy is edging closer to human trials. Kanzius RF
therapy attaches microscopic nanoparticles to cancer cells and then '"cooks" tumors
inside the body with radio waves that heat only the nanoparticles and the adjacent

(cancerous) cells.

Sensor test chips containing thousands of nanowires, able to detect proteins and
other biomarkers left behind by cancer cells, could enable the detection and diagnosis of

cancer in the early stages from a few drops of a patient's blood.

The basic point to use drug delivery is based upon three facts: a) efficient
encapsulation of the drugs, b) successful delivery of said drugs to the targeted region of

the body, and c) successful release of that drug there.

Researchers at Rice University under Prof. Jennifer West, have demonstrated the

use of 120 nm diameter nanoshells coated with gold to kill cancer tumors in mice. The



nano shells can be targeted to bond to cancerous cells by conjugating antibodies or

peptides to the nanoshell surface.

By irradiating the area of the tumor with an infrared laser, which passes through

flesh without heating it, the gold is heated sufficiently to cause death to the cancer cells.

Nanoparticles of cadmium selenide (quantum dots) glow when exposed to
ultraviolet light. When injected, they seep into cancer tumors. The surgeon can see the

glowing tumor, and use it as a guide for more accurate tumor removal.

In photodynamic therapy, a particle is placed within the body and is illuminated
with light from the outside. The light gets absorbed by the particle and if the particle is
metal, energy from the light will heat the particle and surrounding tissue. Light may
also be used to produce high energy oxygen molecules which will chemically react with

and destroy most organic molecules that are next to them (like tumors).

This therapy is appealing for many reasons. It does not leave a —toxic traill of
reactive molecules throughout the body (chemotherapy) because it is directed where
only the light is shined and the particles exist. Photodynamic therapy has potential for a

noninvasive procedure for dealing with diseases, growth and tumors.

Surgery:

At Rice University, a flesh welder is used to fuse two pieces of chicken meat into
a single piece. The two pieces of chicken are placed together touching. A greenish liquid
containing gold-coated nanoshells is dribbled along the seam. An infrared laser is
traced along the seam, causing the two sides to weld together. This could solve the
difficulties and blood leaks caused when the surgeon tries to restitch the arteries that
have been cut during a kidney or heart transplant. The flesh welder could weld the

artery perfectly.

Visualization:



Tracking movement can help determine how well drugs are being distributed or
how substances are metabolized. It is difficult to track a small group of cells throughout
the body, so scientists used to dye the cells. These dyes needed to be excited by light of
a certain wavelength in order for them to light up. While different color dyes absorb
different frequencies of light, there was a need for as many light sources as cells. A way

around this problem is with luminescent tags.

These tags are quantum dots attached to proteins that penetrate cell membranes.
The dots can be random in size, can be made of bio-inert material, and they
demonstrate the nanoscale property that color is size-dependent. As a result, sizes are
selected so that the frequency of light used to make a group of quantum dots fluoresce
is an even multiple of the frequency required to make another group incandesce. Then

both groups can be lit with a single light source.
Nanoparticle targeting:

It is greatly observed that nanoparticles are promising tools for the advancement
of drug delivery, medical imaging, and as diagnostic sensors. However, the
biodistribution of these nanoparticles is mostly unknown due to the difficulty in
targeting specific organs in the body. Current research in the excretory systems of mice,
however, shows the ability of gold composites to selectively target certain organs based

on their size and charge.

These composites are encapsulated by a dendrimer and assigned a specific
charge and size. Positively-charged gold nanoparticles were found to enter the kidneys
while negatively-charged gold nanoparticles remained in the liver and spleen. It is
suggested that the positive surface charge of the nanoparticle decreases the rate of
opsonization of nanoparticles in the liver, thus affecting the excretory pathway. Even at
a relatively small size of 5 nm , though, these particles can become compartmentalized
in the peripheral tissues, and will therefore accumulate in the body over time. While

advancement of research proves that targeting and distribution can be augmented by



nano particles, the dangers of nanotoxicity become an important next step in further

understanding of their medical uses.
Neuro-electronic interfaces

Neuro-electronic interfacing is a visionary goal dealing with the construction of
nanodevices that will permit computers to be joined and linked to the nervous system
This idea requires the building of a molecular structure that will permit control and
detection of nerve impulses by an external computer. The computers will be able to
interpret, register, and respond to signals the body gives off when it feels sensations.
The demand for such structures is huge because many diseases involve the decay of the

nervous system (ALS and multiple sclerosis).

Also, many injuries and accidents may impair the nervous system resulting in
dysfunctional systems and paraplegia. If computers could control the nervous system
through neuro-electronic interface, problems that impair the system could be controlled
so that effects of diseases and injuries could be overcome. Two considerations must be

made when selecting the power source for such applications.

They are refuelable and nonrefuelable strategies. A refuelable strategy implies
energy is refilled continuously or periodically with external sonic, chemical, tethered,
magnetic, or electrical sources. A nonrefuelable strategy implies that all power is drawn

from internal energy storage which would stop when all energy is drained.

One limitation to this innovation is the fact that electrical interference is a
possibility. Electric fields, electromagnetic pulses (EMP), and stray fields from other in

vivo electrical devices can all cause interference.

Also, thick insulators are required to prevent electron leakage, and if high
conductivity of the in vivo medium occurs there is a risk of sudden power loss and

—shorting out.| Finally, thick wires are also needed to conduct substantial power levels



without overheating. Little practical progress has been made even though research is

happening.

The wiring of the structure is extremely difficult because they must be positioned
precisely in the nervous system so that it is able to monitor and respond to nervous
signals. The structures that will provide the interface must also be compatible with the
body’s immune system so that they will remain unaffected in the body for a long time.
In addition, the structures must also sense ionic currents and be able to cause currents
to flow backward. While the potential for these structures is amazing, there is no

timetable for when they will be available.
Nano robots:

The somewhat speculative claims about the possibility of using nanorobots in
medicine, advocates say, would totally change the world of medicine once it is realized.
Nanomedicine would make use of these nanorobots (e.g., Computational Genes),

introduced into the body, to repair or detect damages and infections.

According to Robert Freitas of the Institute for Molecular Manufacturing, a
typical blood borne medical nanorobot would be between 0.5-3 micrometres in size,
because that is the maximum size possible due to capillary passage requirement.
Carbon could be the primary element used to build these nanorobots due to the
inherent strength and other characteristics of some forms of carbon (diamond/fullerene
composites), and nanorobots would be fabricated in desktop nanofactories specialized

for this purpose.

Nanodevices could be observed at work inside the body using MRI, especially if
their components were manufactured using mostly 3C atoms rather than the natural
12C isotope of carbon, since '3C has a nonzero nuclear magnetic moment. Medical
nanodevices would first be injected into a human body, and would then go to work in a

specific organ or tissue mass.



The doctor will monitor the progress, and make certain that the nanodevices
have gotten to the correct target treatment region. The doctor will also be able to scan a
section of the body, and actually see the nanodevices congregated neatly around their
target (a tumor mass, etc.) so that he or she can be sure that the procedure was

successful.
Cell repair machines:

Using drugs and surgery, doctors can only encourage tissues to repair
themselves. With molecular machines, there will be more direct repairs. Cell repair will
utilize the same tasks that living systems already prove possible. Access to cells is
possible because biologists can insert needles into cells without killing them. Thus,

molecular machines are capable of entering the cell.

Also, all specific biochemical interactions show that molecular systems can
recognize other molecules by touch, build or rebuild every molecule in a cell, and can
disassemble damaged molecules. Finally, cells that replicate prove that molecular
systems can assemble every system found in a cell. Therefore, since nature has
demonstrated the basic operations needed to perform molecular-level cell repair, in the
future, nanomachine based systems will be built that are able to enter cells, sense

differences from healthy ones and make modifications to the structure.

The healthcare possibilities of these cell repair machines are impressive.
Comparable to the size of viruses or bacteria, their compact parts would allow them to
be more complex. The early machines will be specialized. As they open and close cell
membranes or travel through tissue and enter cells and viruses, machines will only be
able to correct a single molecular disorder like DNA damage or enzyme deficiency.
Later, cell repair machines will be programmed with more abilities with the help of

advanced Al systems.

Nano computers will be needed to guide these machines. These computers

will direct machines to examine, take apart, and rebuild damaged molecular structures.



Repair machines will be able to repair whole cells by working structure by structure.
Then by working cell by cell and tissue by tissue, whole organs can be repaired. Finally,
by working organ by organ, health is restored to the body. Cells damaged to the point
of inactivity can be repaired because of the ability of molecular machines to build cells
from scratch. Therefore, cell repair machines will free medicine from reliance on self

repair alone.
Nanonephrology:

Nanonephrology is a branch of nanomedicine and nanotechnology that seeks to
use nano-materials and nano-devices for the diagnosis, therapy, and management of

renal diseases.
It includes the following goals:
v" The study of kidney protein structures at the atomic level
v Nano-imaging approaches to study cellular processes in kidney cells

v' Nano medical treatments that utilize nanoparticles to treat various kidney

diseases

Advances in Nanonephrology are expected to be based on discoveries in the
above areas that can provide nano-scale information on the cellular molecular
machinery involved in normal kidney processes and in pathological states. By
understanding the physical and chemical properties of proteins and other
macromolecules at the atomic level in various cells in the kidney, novel
therapeutic approaches can be designed to combat major renal diseases. The
nano-scale artificial kidney is a goal that many physicians dream of. Nano-scale
engineering advances will permit programmable and controllable nano-scale
robots to execute curative and reconstructive procedures in the human kidney at

the cellular and molecular levels.



Designing nanostructures compatible with the kidney cells and that can safely
operate in vivo is also a future goal. The ability to direct events in a controlled
fashion at the cellular nano-level has the potential of significantly improving the

lives of patients with kidney diseases.



