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• Persians considered Indian swords to be the best, and the 
phrase, " Jawabi hind, literally meaning " Indian answer," 
meant "a cut with the sword made of Indian steel."

• That the art of metarllurgy was highly developed in ancient 
India is further reaffirmed by the fact that the Gypsies, who 
originated in India, are highly skilled craftsmen, and it has been 
suggested that the art of the forge may have been transmitted 
to Europe through Gypsies. to Europe through Gypsies. 

• Steel was manufactured in ancient India, and it was being 
exported to China at least by the fifth century A.D. That the 
Arabs also imported steel from India is testified to by Al Kindi, 
who wrote in the ninth century. 



Nanotubes in Damascus Sword!!

• Delivering a talk on 'The contributions of elemental carbon to 
the development of nano science and technology' at the Indian 
Institute of Chemical Technology (IICT) Nobel laureate Robert 
F. Curl said that carbon nanotechnology was much older than 
carbon nano science. For the Damascus sword, Indians 
produced the raw material -- mined iron ore and exported it. He 
said that up to the middle of 18th century, the steel swords 
depended on this particular material and when the mines in depended on this particular material and when the mines in 
India stopped, "they lost the technology.“

• The Damascus sword when subjected to scrutiny by 
an electron microscope in 2006 had shown to 
contain large amounts of nanotubes.

(source: Nanotechnology not new to India , says Nobel laureate -
the hindu.com)



• Materials researcher Peter Paufler and his colleagues at 
Dresden University, Germany, have taken electron-microscope 
pictures of the swords and found that wootz has a 
microstructure of nano-metre-sized tubes, just like carbon 
nanotubes used in modern technologies for their lightweight 
strength.

The tubes were only revealed after a piece of sword was dissolved The tubes were only revealed after a piece of sword was dissolved 
in hydrochloric acid to remove another microstructure in the swords: 
nanowires of the mineral cementite.

Wootz's ingredients include iron ores from India that contain 
transition-metal impurities. It was thought that these impurities 
helped cementite wires to form, but it wasn't clear how. Paufler 
thinks carbon nanotubes could be the missing piece of the 
puzzle





Mrs. Charlotte Manning says: “The superior quality of Hindu steel 

has long been known, and it is worthy of record .



• Mrs. Charlotte Manning says: “The superior quality of Hindu steel has long 

been known, and it is worthy of record that the celebrated Damascus blades, 

have been traced to the workshops of Western India.” 

• She adds: “Steel manufactured in Kutch enjoys at the present day a 

reputation not inferior to that of the steel made in Glasgow and 

Sheffield.” “It is probable that ancient India possessed iron 

more than sufficient for her wants, and that the Phoenicians more than sufficient for her wants, and that the Phoenicians 

fetched iron with other merchandise from India.”

(source: Hindu Superiority - By Har Bilas Sarda p. 400-404)



About 2/3 of the Chemical Elements are 

Metals

in periodic table .However , People in 

Industry think it is Si all over !











Nano silicon for LED



Silicon nanocrystals as an antenna for erbium.

a,The wavefunction of an electron–hole pair (‘exciton’) in a

silicon nanocrystal can couple to a nearby Er ion in the silica matrix.

b,Energy bands are shown for silicon nanocrystals and erbium ions 

embedded in a SiO2 matrix.An optically excited electron–hole pair in the 

nanocrystal can recombine by transferring energy to an Er ion. The latter 

is then excited from the ground state to the first excited state as indicated 

by the red arrow. Here atomic-scale engineering in combination with 

nanoscale energy transfer can lead to the development of a new class of 

miniature optical amplifiers



• World record for silicon light-emission

• Nov 5, 2002 
• Silicon is ideal for electronic applications, but its 

inability to emit light has limited its potential for 
optical processing.

• Now researchers at STMicroelectronics in Italy have • Now researchers at STMicroelectronics in Italy have 
increased silicon’s light-emitting efficiency by a 
factor of a hundred, making silicon competitive with 
conventional light-emitting semiconductors such as 
gallium arsenide. 

• This advance, achieved by adding rare-earth metals 
to silicon, will allow optical and electrical functions
to be combined on a single silicon chip.



• The ability to combine optical and electronic 

processing on the same chip presents 

enormous opportunities for ST to be the first 

to develop many new types of 

semiconductor products,”semiconductor products,”

• says GianGuido Rizzotto, director of Corporate 
Technology R&D. Rizzotto adds that the 
company should soon be commercialising its 
technology as it is compatible with existing 
production methods and equipment. 





Nanotechnology is not about simply shrinking the dimensions 
to 1- 100 nm level nor is the routine top-down miniaturization as 
we do in silicon CMOS fabrication.  If that is the case, we do not 
need new terminologies and funding to continue the old stuff.

Instead, it is about exploring novel properties that arise 
because of the nanoscale - properties that differ from their bulk 
counterparts.
because of the nanoscale - properties that differ from their bulk 
counterparts.

Once we identify such properties, the next big question is: 
What useful things can we do with that?

There are several areas in which researchers have been able to 
answer positively to this question, leading to the evolution of 
the field,PLASMONICS  being one such.



“New” Materials from “Old” Materials



• The changes in the properties of nanoparticles are
driven mainly by three factors:

1. The increase in the surface to volume ratio:
-Atoms and molecules on surface and interface have

different environment, hence exhibit different properties

-As size reduced, relative number of atoms on surface

increases inversely as particle size and appreciable in nm

range.

2. Quantum size effect:2. Quantum size effect:
-When the size of the particle is comparable to phase

coherent length of electrons, the energy spectrum is

quantised into discrete levels with a energy spacing  E f/N.

3. Lattice contraction:
-At very small sizes there are structural phase changes and

decrease in lattice parameters

A fundamental limitation is the phase coherent length,the distance over 

which an electron retains its phase information 



Factors Affected by Size 

Reduction: Bulk vs. Nano

Melting Points

Optical properties

ColorsColors

Surface Reactivity

Magnetic properties 

Conductivity

Specific heats



• Spherical iron nanocrystals

• J. Phys. Chem. 1996, 

Vol. 100, p. 12142

Introduction to 
Nanotechnology:

M. Meyyappan



The melting point decreases dramatically as the particle 

size gets below 5 nm

Source: Nanoscale Materials in Chemistry, Wiley, 2001



Melting Points

Property is a consequence of the averaged coordination number 

of the participating atoms

Typically, for bulk materials, surface atoms form a negligible 

part of the total number of atoms

The smaller a particle becomes, the more the proportion of 

surface atoms increases

The number of atoms per shell is

(Sum of atoms + 10n2 + 2)

where n = number of shell

Full shell clusters are constructed by successively packing layers 

– or shells – of metal atoms around a single metal atom



• Lowering of the melting point is proportional to 1/r

• ∆θ can be as large as couple of hundred degrees when the 
particle size gets below 10 nm!

• Most of the time, σ the surface tension coefficient is unknown;
by measuring the melting point as a function of radius, σ can be
estimated.

• Note: For nanoparticles embedded in a matrix, melting point may 

be lower or higher, depending on the strength of the interaction 

between the particle and matrix.



Source: Nanoscale Materials in Chemistry, Wiley, 2001





• If a bulk metal is made thinner and thinner, until the electrons can 

move only in two dimensions (instead of 3), then it is “2D quantum 

confinement.”

• Next level is ‘quantum wire

• Ultimately ‘quantum dot’

Source: Nanoscale Materials in Chemistry, Wiley, 2001



• Surface chemistry is important in catalysis.  Nanostructured materials have some

advantages:

- Huge surface area, high proportion of atoms on the surface

- Enhanced intrinsic chemical activity as size gets smaller which is likely

due to changes in crystal shape

- Ex:  When the shape changes from cubic

to polyhedral, the number of edgesto polyhedral, the number of edges

and corner sites goes up

significantly

- As crystal size gets smaller, anion/cation

vacancies can increase, thus affecting 

surface energy; also surface atoms can be 

distorted in their bonding patterns

- Enhanced solubility, sintering

at lower T, more adsorptive 

capacity



In the range 2-15 nanometer performance barrier 
can be overcome because

*
Quantum Mechanics begins to dictate

*Stable nanocomposites of organic and

inorganic material

*integration of nano particles with biological 

components becomes feasible for the first time

*In the nano limit ,materials behave non-linearly,i.e. for a 

small change in input ,a large change in output is 

observed.  This results in high Efficiency-

Dr.R.Bhargava



Matter has Unusual Properties on the nm Matter has Unusual Properties on the nm 

ScaleScale

If you take gold 
and make particles 
about 10 nm in 
diameter, it looks 
wine-red or blue-
gray, depending on 

ruby-red 

stained 

glass from 

gold
gray, depending on 
how close the 
particles are 
together

gold

nanoparticle

s



Gold Nanospheres with 

Increasing Diameter Size

• Optical properties of metal nanoparticles depend on their shape and size

• Particle functionalization can be done on the surface

• Visible optical changes occur 

4 nm 12 nm 25 nm 37 nm

Bulk Au



Size dependence
• The changes gold–blue–purple–

red are largely geometric ones 
that can be explained with Mie 
theory, which describes light-
scattering by a sphere.

• When the metal nanoparticle is 
larger than the ~30 nm, the larger than the ~30 nm, the 
electrons oscillating with the light 
is not perfectly in phase. Some 
electrons get behind; this 
phenomenon is called retardation 
effect or phase retardation. 

• The subsequent changes, 
reddish - brown to orange to 
colorless, are due to quantum size 
effects.

Mulvaney, MRS Bulletin 26, 1009 (1996)



Silver Nanoparticles with Silver Nanoparticles with 

Increasing Aspect RatioIncreasing Aspect Ratio

1 10

Increasing aspect ratio

Murphy, C. J.; Jana, N. R. Adv. Mater. 2002, 14, 80



Nanoparticles in solution
Au colloids in water

(M. Faraday ~1856)

glass containing 

Ag clusters

Au colloids in water

Au shell colloids in water

(larger, also scattering)



Origin of the Properties

Bulk Metal

Decreasing 

the size…

Nanoscale metal

Unoccupied 

states

occupied 

Unbound electrons have 

motion that is not confined

Close lying bands

Electron motion becomes 

confined, and quantization sets in

Separation between the 

valence and conduction 

bands

occupied 

states

Particle size < mean free path 

of electrons



Band Structure in Metals

EF (Fermi 

Level)
EF depends on the density

Density ρ = N/V (where N = Number of electrons, V = volume)

Assuming all energy levels have the same number of electrons, Assuming all energy levels have the same number of electrons, 

δ = EF / N
Since N ∝ V

Therefore, δ ∝ 1/V

V = L3 (where L = side length of the particle) 

Hence, 

δ ∝∝∝∝ EF/L
3

As the side length of the particle decreases the energy level spacing increase





Quantum Confinement Effect



Quantum Dots



Photonic crystals are materials with a 
periodic variation in the refractive 
index with a lattice constant that is 
half the wavelength of the light used.

They offer a selectable band gap for 
the propagation of a certain 
wavelength, thus they resemble a 

Photonic Crystals being researched actively at 

DTU

wavelength, thus they resemble a 
semiconductor, but for light or 
photons instead of electrons. 



Why Surface Modification?Why Surface Modification?

1. The shell can alter the charge, functionality, and 

reactivity of the surface

2. The shell can enhance the stability and dispersibility of 

the colloidal core

3. Magnetic, optical, or catalytic functions may be 

readily imparted to the dispersed colloidal core

4. Encasing colloids in a shell of different composition 

may also protect the core from extraneous chemical 

and physical changes



Semiconductor Nanoparticles

Group 14 (old group IV) Si, Ge

III-V Materials: GaN, GaP, GaAs, InP, InAs

II-VI Materials: ZnO, ZnS, ZnSe, CdS, CdSe, CdTe

Quantum dots are 

semiconductors particles 

that has all three 

dimensions confined to the 

1-100 nm length scale

Colloidal CdSe quantum dots dispersed in hexane



Quantum Confinement in 

Semiconductor Nanoparticles

Eg (quantum dot) = Eg(bulk) + ( h2/8R2) (1/me + 1/mh) – 1.8e2/4πεπεπεπε0εεεεR

Eg = bandgap energy of a quantum dot or bulk solid

R = quantum dot radiusR = quantum dot radius

mc = effective mass of the electron in the solid

mh = effective mass of the hole in the solid

ε = dielectric constant of the solid
ε0 = permittivity of a vacuum



Room-Temperature Spectra of 

CdSe Quantum Dots

(a) Absorption and 

photoluminescence spectra 

as a function of diameter

(b) Quantum yield of (b) Quantum yield of 

photoluminescence as a 

function of size. Squares 

represents deep-trap 

emission, and circles 

represent band-edge 

emission

Murray, C. B. Synthesis and characterization of II-VI quantum dots and their assembly 

into 3D quantum ot superlattices. Ph.D Thesis, MIT, Cambridge , MA 1995



What is Nanoparticle What is Nanoparticle 

Engineering/Surface ModificationEngineering/Surface Modification

Tailored synthesis of core-shell 
nanoparticles with defined morphologies 
and properties

shell

core

shell



Types of CoreTypes of Core--Shell NanoparticlesShell Nanoparticles

• Metal-Polymer 

• Metal-Metal

• Semiconductor- Semiconductor• Semiconductor- Semiconductor

• Semiconductor-Metal

• Metal - Semiconductor



Chemistry of Nanoscale Materials

Synthesis, Properties and 

Applications

Potential Impacts of Nanoscale Materials

Pharmacy Water purificationPharmacy

Therapeutic drugs

Tagging DNA and DNA chips

Information Storage

Chemical/Optical components

Environmental/Green Chemistry 

Solar Cells

Water purification

Catalysts

Sensors

Nanostructured Electrodes

Improved polymers

Smart magnetic fluids

Improved National Security

Environmental remediation





New Silver Bandages May Help 
Heal Wounds 

Silver reduces the growth of hundreds of types of bacteria responsible for wound 
infection 



The new silver nanoparticle Fresh Box super airtight food storage containers can 
reduce bacteria by as much as 99.9%. It's not a miracle, it's the silver. Your food stay 
fresher longer so you throw away less. The naturally anti-fungal, anti-bacterial 

and anti-microbial properties of the finely dispersed nanosilver particles 

permanently imbedded in the containers will save you money while helping 

insure you and your family enjoy safer, fresher, healthier, tastier food.













Very Innovative!!



*******

Plasmonics



Stained-Glass as Ancient 

Nanotechnology

Stained-glass windows have been around for centuries, but they rely on the same 
scattering properties of light that modern nano-based colorimetric indicators do. 



1) Gold nanoparticles were used as a 

pigment of ruby-colored stained glass 

dating back to the 17th century. Figure.1 

shows a picture of the Rose Window of the 

Cathedral of Notre Dame. The bright red 

and purple colors are due to gold and purple colors are due to gold 

nanoparticles.

2) Lycurgus cup: It appears green in 

reflected light, but appears red when light 

is shone from inside, and is transmitted 

through the glass. 



•In the fourth century AD, 
Roman glssmakers were 
fabricating glasses containing 
nanosized metals. The 
Lycurgus cup (in London), 
is made from soda lime glass is made from soda lime glass 
containing silver and gold 
nanoparticles. The color of 
the cup changes from green 
to a deep red when a light 
source is placed insided it.



What is a Plasmon ?

A plasmon is a density wave in an electron gas. It is analogous to a 

sound wave, which is a density wave in a gas consisting of molecules.

Plasmons exist mainly in metals, where electrons are weakly bound to 

the atoms and free to roam. The free electron gas model provides a 

good approximation (also known as jellium model). good approximation (also known as jellium model). 

The electrons in a metal can wobble like a piece of jelly, pulled 

back by the attraction of the positive metal ions that they leave 

behind.

In contrast to the single electron wave function that we encounter 

, a plasmon is a collective wave where billions of electrons oscillate 

in sync.



What is a plasmon?

Plasmons in the bulk oscillate at ωp

determined by the free electron 
density and effective mass 

+ + +

- - -
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“plasma-oscillation”: density fluctuation of free electrons 
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Plasmons confined to surfaces that 
can interact with light to form 
propagating “surface plasmon
polaritons (SPP)”

Confinement effects result in resonant 
SPP modes in nanoparticles

+ - +

k

0

2

3

1

ε
ω

m

Nedrude

particle =





Click to add title

Click to add an 

outline

Double-click to add an object



Light at x-ray wavelength!





Surface plasmon resonance

When a nanoparticle is much smaller than the 

wave length of light, coherent oscillation of the 

conduction band electrons induced by interaction 

with an electromagnetic field. This resonance is 

Figure: Schematic of plasmon 

oscillation for a sphere, 

showing the displacement of 

the conduction electron 

charge cloud relative to the 

nuclei.

called Surface Plasmon Resonance (SPR).



Surrounding medium
• The surface plasmon resonance 

peak changes with its own 
dielectric properties and those 
of its local environment 
including the substrate, solvent, 
and adsorbates.

• This principle that the high 
sensitivity of the surface 
plasmon resonance spectrum of plasmon resonance spectrum of 
noble metal nanoparticles to 
adsorbate-induced changes in 
the dielectric constant of the 
surrounding nanoenvironment 
used in chemosensing and 
biosensing.

Spectral shift for individual blue (roughly spherical) silver nanoparticles.  

Typical blue particle spectrum as it is shifted from (a) air to (b) 1.44 index oil, 

and successive oil treatments in 0.04 index incremental increases.

Jack J. Mock, David R. Smith, and Sheldon Schultz, Local Refractive Index Dependence of Plasmon

Resonance Spectra from Individual Nanoparticles, Nano letters 2003 Vol. 3 No. 4 485-491.



• Michael Faraday was first to report the study of the 
synthesis and colors of colloidal gold.

• In 1908, Mie explained this phenomenon by solving 
Maxwell’s equation.

• Mie theory predicted optical extinction of homogenous 
spherical particles 2R<<λ for very small particles as 
(extinction = scattering + absorption)
spherical particles 2R<<λ for very small particles as 
(extinction = scattering + absorption)
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Where as V is the particle volume, ω is the angular frequency of the 

exciting light, and c is the speed of light. εm and ε (ω) = ε1 (ω)+ ε 2

(ω) are the dielectric functions of the surrounding medium and the 

metal, respectively



Local plasmon array response

• Energy localization 
on front or back 
side of the array

• Nanoscale 
concentration 

René de Waele, Femius Koenderink

concentration 
tunable with 
wavelength

• NANOANTENNA

Nano Lett. 7, 2004 (2007) 



20

n=1.5 Ienh

Metal nanoparticles: 

extinction = scattering + 

absorption

550nm

20
Au

At resonance, both scattering and absorption are large

albedo = scattering / extinction = σsca/(σabs+σsca)



Introduction Introduction –– a Brief Historya Brief History

1902

1907

1947

1956-

Robert Wood observes power loss in a spectroscopy 
experiment for light reflected off metal grating surfaces

Jonathan Zenneck unknowingly introduces 
mathematical description of surface plasma waves, 
while studying radio waves.

Ugo Fano produces the first consistent explanation 
of Wood’s observed power loss: surface plasma 
waves are properly introduced.

-1956: David Pines introduces quantized plasma 
oscillations in bulk metals, calling them “plasmons”. 

A centenary of 

Plasmonics!

1956-
1958

1968

2002

Now

oscillations in bulk metals, calling them “plasmons”. 
-1957: Rufus Ritchie studies electron energy losses in 
thin films: first theoretical description of surface plasmons.
-1958: John Hopfield introduces the term “polariton” for the 
coupled oscillation of bound electrons and light in 
transparent media. 

Andreas Otto, Erich Kretschmann and Heinz Raether
present methods for the optical excitation of surface 
plasmon polaritons on metal films. 

This is a major advancement, making experiments 
on surface plasmon polaritons easily accessible to many 
researchers (see bar chart).

The quantum optics and quantum information 
communities begin to develop a keen interest in 
using surface plasmon polaritons for QIP purposesR



I
I

I
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DST/DBT Project at MIT 

Manipal                               >



SCINETIFIC AMERICAN-APRIL 2007



Harry Atwater, Howard Hughes 
Professor and Professor of Applied 
Physics and Materials Science, has 
authored the cover article of Scientific 
American (April 2007) with his article 
"The Promise of Plasmonics." He "The Promise of Plasmonics." He 
describes the potential of technologies 
that use electron density waves called 
plasmons. Among many potential 
applications, plasmonic circuits could 
help the designers of computer chips 
build fast interconnects that could 
move large amounts of data across a 
chip. Read more...



Image: PHIL SAUNDERS 

April-07

Image: PHIL SAUNDERS 
Space Channel Ltd.

LIGHT BEAM striking a metal surface can generate 
plasmons, electron density waves that can carry 

huge amounts of data. If focused on a surface etched 
with a circular groove, as in this artist's rendering, the 
beam produces concentric waves, organizing the 
electrons into high- and low-density rings.





A proposed cancer treatment would employ plasmonic effects to

destroy tumors. Doctors would inject nanoshells—100-nanometer-

wide silica particles with an outer layer of gold (inset)—into the

bloodstream. The nanoshells would embed themselves in a fast-

growing tumor. If near-infrared laser light is pointed at the area, it

would travel through the skin and induce resonant electron

oscillations in the nanoshells, heating and killing tumor cells

without harming the surrounding healthy tissue.







Self-assembly of the hexagonal closed-packed (hcp) monolayer

of latex spheres, is the basis of the nanosphere lithography

(NSL).Also Polysterene sphere are used for this purpose .

This technique is used for creation of masks for

deposition of various materials, typically by evaporation or

sputtering. It is known that NSL can be used to make

honeycomb lattices of triangularly shaped islands on various

substrates. Using spheres with different diameters, one can

change the spacing and size of the periodically arrangedchange the spacing and size of the periodically arranged

islands. 

By annealing the samples at the temperature of about

70% of the melting point of the bulk material and adjusting

the time of the thermal treatment, spherical particles can be

obtained. Van Duyne et al. shown that nanooverlaps,

nanogaps, and nanochains can be obtained by multiple silver

depositions at different deposition angles. They called this

technique angle-resolved NSL.

















Large-area fabrication of plasmonic solar-cell structures

(a) Illustration of the process of nanosphere lithography 

(NSL) in which nanospheres are drop coated onto a surface 

and allowed to self-assemble into a hexagonally close-packed 

array (steps  1–3), followed by metal deposition (step 4), and 

(optional) removal of the nanosphere mask. (b) Atomic-force-

microscope image of an NSL-fabricated nanoparticle array in 

which the nanosphere mask has been removed. 



Our   initiative at MIT-Manipal

Nanosphere Lithography



What are Plasmon Resonant Nanoparticles?

PRPs are metallic (silver or gold) nanoparticles, typically 40–
100 nm in diameter, which scatter optical light elastically with 
remarkable efficiency because of a collective resonance of 
the conduction electrons in the metal (i.e., the surface 
plasmon resonance). The magnitude, peak wavelength, and 
spectral bandwidth of the plasmon resonance associated spectral bandwidth of the plasmon resonance associated 
with a nanoparticle are dependent on the particle’s size, 
shape, and material composition, as well as the local 
environment. A number of unique plasmon resonant 
nanoparticles are shown below.



Colloidal Ag 

Nano particles

Metal Nano 

rods,Ag,Au.Ni

Colloidal Au 

Nano particles

rods,Ag,Au.Ni

Composite 

metal Nano 

rods



Dark field & 

TEM images of 

PRPS





Van Dune

_______________



DBT Project at MIT-Manipal (PI.Dr.V.H.S.Moorthy).

Use the templates of nanostructured material developed using NSL, 

to identify signature spectra for Encephalitis viruses namely Herpes 

Simplex Viruses, Japanese encephalitis virus, Mumps virus and 

Enterovirus 71 using SERS. Once established, develop an assay for 

the rapid diagnosis of viral encephalitis using Cerebrospinal fluid 

(clinical specimen 



Bright new world
New Scientist vol 178 issue 2392 - 26 April 2003, page 30

A strange discovery could spark a nanotechnology revolution, bringing perfect 

lenses, rapid medical tests and superfast computers.

THOMAS EBBESEN holds a piece of gold foil up to the light and looks through 

it. Made 14 years ago by technicians at the  NEC Research Institute in 

Princeton, New Jersey - where Ebbesen was working at the time - at first 

glance the foil looks unremarkable. Peer at it under an electron microscope, 

though, and you would see that it is peppered with 100 million identical holes, 

each 200 times narrower than a human hair. But there's something much more 

extraordinary about the thin gold film: more light passes through the holes extraordinary about the thin gold film: more light passes through the holes 

than strikes them.

It is a finding that challenges our entire understanding of light. According to 

optical theory, at 300 nanometres across the holes are so small they should 

only let through 0.01 per cent of the visible light that falls directly on them. But 

Ebbesen's

experiment suggested they were transmitting more than 100 per cent. 

Somehow the metal was acting like a funnel,channelling all the light that hit the 
film through the nanoscale pores.
The phenomenon not only has theorists rethinking their approach to optics. It 

has sparked a new research effort called plasmonics that is revolutionising 

what we can do with light. 









Can EOT be used to enhance Optical transmission though 

Ag films –replacement of ITO?

• Extraordinary optical transmission (EOT) is the phenomenon of greatly 
enhanced transmission of light through a subwavelength aperture in an 
otherwise opaque metallic film which has been patterned with a regularly 
repeating periodic structure.

• Generally when light of a certain wavelength falls on a subwavelength 
aperture, it is diffracted isotropically in all directions evenly, with minimal far-
field transmission. This is the understanding from classical aperture theory 
as described by Bethe.as described by Bethe.

• In EOT however, the regularly repeating structure enables much 
higher transmission efficiency to occur, up to several orders of 
magnitude greater than that predicted by classical aperture theory. 

• This phenomenon is attributed to the presence of surface plasmon
resonances and constructive interference. A surface plasmon (SP) is a 
collective excitation of the electrons at the junction between a 
conductor and an insulator and is one of a series of interactions 
between light and a metal surface called Plasmonics







• Success Stories

• A Promising Alternative to Traditional Photovoltaic Materials

• NREL finds that random nanohole arrays become transparent 
conductors

• Transparent conductors are essential to many thin-film photovoltaic (PV) applications but also to liquid-crystal 
display (LCD) and touch-sensitive displays that we use daily on mobile phones, computer tablet pads, and other 
touch screens. NREL researchers demonstrated a new conductor that uses arrays of nanosized holes in thin films 
of silver. While normally highly reflective, the thin films are perforated with nanosized holes, which provides them 
with a far more extensive transparency than merely the area of the holes.

• Why it Matters

• Scientists have been searching for an alternative transparent conductor for thin-film PVs and LCD screen 
applications. Although several candidates such as carbon nanotubes and graphene layers have been identified, 
NREL researchers have discovered another option. The new conductors show a transmission over 2.5 times 
larger than the physical area of the nanoholes and orders of magnitude larger than what is expected from classical 
diffraction of light on the holes.

• Methods

• The new transparent conductors are fabricated using a nanosphere lithography method that deposits latex • The new transparent conductors are fabricated using a nanosphere lithography method that deposits latex 
nanoparticles (a low-cost component of paints), with sizes varying from 50 nm diameter to 100s of nanometers, 
from solution on a substrate such as glass. The density of the particles is easily controlled using the concentration 
of sodium chloride salt in the deposition solution. The particles then distribute by quickly dipping the samples in 
boiling pure water, which redistributes the particles to be equidistant from each other. Finally, a metal such as 
silver is deposited over these spheres, which are removed with a solvent that yields an array of holes in a metal 
electrode. Similar to ITO electrodes, these nanohole substrates can then be used to fabricate a solar cell without 
any changes to subsequent processing.

• The technology's extraordinary transmission capability is attributed to surface plasmons, which provide an antenna 
that pulls in more light than the area of the holes on one side and re-emits it on the other. These plasmons also 
enhance the interaction of light with the optical absorber in a solar cell, providing another way to increase the PV 
efficiency of such a cell.

• What's Next

• NREL has applied for a patent and also discussed the technology with interested partners. Additionally, 
researchers are studying plasmon activity of the nanohole electrodes in novel third-generation solar cell concepts. 
Results of these interactions could show great promise in breaking traditional limits of solar cell efficiency.



• Appl. Phys. Lett. 92, 243304 (2008); 
• Surface-plasmon enhanced transparent electrodes in organic 

photovoltaics
• Thomas H. Reilly, III1, Jao van de Lagemaat1, Robert C. Tenent2, 

Anthony J. Morfa2, and Kathy L. Rowlen2 

• 1National Renewable Energy Laboratory, 1617 Cole Boulevard, 
Golden, Colorado 80401-3393, USA Golden, Colorado 80401-3393, USA 
2Department of Chemistry and Biochemistry, University of Colorado, 
Boulder, 80309-0215, USA 

• Random silver nanohole films were created through colloidal lithography techniques and metal vapor deposition. 
The transparent electrodes were characterized by uv-visible spectroscopy and incorporated into an organic solar 
cell. The test cells were evaluated for solar power-conversion efficiency and incident photon-to-current conversion 
efficiency. The incident photon-to-current conversion efficiency spectra displayed evidence that a nanohole film 
with 92 nm diameter holes induces surface-plasmon-enhanced photoconversion. The nanohole silver films 
demonstrate a promising route to removing the indium tin oxide transparent electrode that is ubiquitous in organic 
optoelectronics



• Abstract

• Disordered nanohole arrays were formed in silver films by colloidal lithography 
techniques and characterized for their surface-plasmon activity. 

• Careful control of the reagent concentration, deposition solution ionic strength, 
and assembly time allowed generation of a wide variety of nanohole densities.

• The fractional coverage of the nanospheres across the surface was 
varied from 0.05-0.36. Electrical sheet resistance measurements as a 
function of nanohole coverage fit well to percolation theory indicating 
that the electrical behavior of the films is determined by bulk silver that the electrical behavior of the films is determined by bulk silver 
characteristics. 

• The transmission and reflection spectra were measured as a function 
of coverage and the results indicate that the optical behavior of the 
films is dominated by surface plasmon phenomena.

• Angle-resolved transmission and reflection spectra were measured, yielding 
insight into the nature of the excitations taking place on the metal films. The 
tunability of the colloidal lithography assembly method holds much promise as 
a means to generate customized transparent electrodes with high surface 
plasmon activity throughout the visible and NIR spectrum over large surface 
areas.





By Nanoshere Lithography



• Appl. Phys. Lett. 93, 123308 (2008);
• Plasmonic nanocavity arrays for enhanced efficiency in organic 

photovoltaic cells
• Nathan C. Lindquist1, Wade A. Luhman2, Sang-Hyun Oh1, and Russell J. Holmes2
• 1Department of Electrical and Computer Engineering, University of Minnesota, 

Minneapolis, Minnesota 55455, USA
2Department of Chemical Engineering and Materials Science, University of 
Minnesota, Minneapolis, Minnesota 55455, USA

• We demonstrate enhanced power conversion efficiency in organic 
photovoltaic (OPV) cells incorporated into a plasmonic nanocavity photovoltaic (OPV) cells incorporated into a plasmonic nanocavity 
array. The nanocavity array is formed between a patterned Ag anode 
and an unpatterned Al cathode.

• This structure leads to the confinement of optical energy and 
enhanced absorption in the OPV. Devices characterized under 
simulated solar illumination show a 3.2-fold increase in power 
conversion efficiency compared to OPVs with unpatterned Ag 
anodes. The observed enhancement is also reflected in the 
external quantum efficiency, and the spectral response is 
consistent with optical finite-difference time-domain 
simulations of the structure.



Self-Assembled Plasmonic Nanohole 

Arrays
Si Hoon Lee,†, Kyle C. Bantz,, Nathan C. Lindquist,§ Sang-Hyun Oh,*, and 

Christy L. Haynes*,

Langmuir 2009, 25(23), 13685–13693

• The work presented herein capitalizes on the nanosphere 
lithography (NSL) technique conceived of (as “natural 
lithography”) by Deckman et al.and popularized by Van Duyne 
and co-workers.and co-workers.

• Instead of employing an as-assembled 2D colloidal array as  a 
shadow mask for nanostructure deposition, this work employs a 
reactive ion etching (RIE) step to shrink the nanospheres before 
metal deposition, facilitating the formation of nanohole arrays after 
removal of the nanospheres.

• By controlling the original nanosphere size, etching time, metal 
deposition thickness, and metal deposition angle, it is possible to 
tune the nanohole spacing, size and aspect ratio, and, accordingly, 
the plasmonic properties .



HOLEY Electrode Grids



By Nanoshere Lithography
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• Scattering and Absorption

• The basic principles for the functioning of 
plasmonic solar cells include scattering and 
absorption of light due to the deposition of 
metal nanoparticles. Silicon does not absorb 
light very well. 
metal nanoparticles. Silicon does not absorb 
light very well. 

• For this reason, more light needs to be scattered 
across the surface in order to increase the 
absorption. It has been found that metal 
nanoparticles help to scatter the incoming light 
across the surface of the silicon substrate under 
very specific conditions.



Blue light is scattered 

more than red light

Scattering by small gas molecules in the 

atmosphere: 

d<< λ: Rayleigh scattering



For particles very large compared 

to λ, the incident plane wave can 

be subdivided into a large number 

of rays which obey Snell’s law and 

Fresnel Equations.

For complex ε, the energy Wabs

absorbed in the sphere depends 

on the absorption of the dielectric 

and the time the light spends in 

Geometrical scattering (d>>λ)

and the time the light spends in 

the particle (the optical path 

length)

Rainbow formation



This has 

been 

demonstrated 

in OPV



Brief History

•Stuart and Hall: Photocurrent enhancement by 18x with 165nm SOI 
photodetector with wavelength of 800nm using silver nanoparticles used for 
scattering and absorption of light.

Schaadt: Gold nanoparticles used for scattering and absorption of light on 
doped silicon obtaining 80% enhancements with 500nm wavelength.

Derkacs: Gold nanoparticles on thin-film silicon gaining 8% on conversion Derkacs: Gold nanoparticles on thin-film silicon gaining 8% on conversion 
efficiency.

Pillai: Silver particles on SOI obtaining 33% photocurrent increase.
Stenzel: Enhancements in photocurrent by a factor of 2.7 for ITO-copper 
phthalocyanine-indium structures.

Westphalen: Enhancement for silver clusters incorporated into ITO and zinc 
phthalocyanine solar cells.

Rand: Enhanced efficiencies for ultra thin film organic solar cells due to 5nm 
diameter silver nanoparticles. 



Solar Photovoltaic Hub

Large-area metal nanopatterns for plasmonic 

solar cells. a–c, Scanning electron micrographs of 
arrays of Ag nanoparticles. a, A 14-nm-thick Ag film 
was deposited onto a thermally oxidized Si wafer 
(SiO2 thickness 10 nm) by thermal evaporation and 
annealed at 200 °C in a N2 ambient atmosphere for 
60 minutes in forming gas. Silver nanoparticles form 
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Rabibrata Mukherjee IIT Kharagpur

60 minutes in forming gas. Silver nanoparticles form 
by surface-tension-induced agglomeration. The 
average particle
diameter is 135 nm, and surface coverage is 26%. b, 
Silver nanoparticles evaporated through a porous 
alumina template, annealed at 200 °C. The average 
particle diameter is 135 nm. c, Hexagonal array of Ag 
nanoparticles deposited using substrate-conformal 
imprint lithography using the SCIL technique. The 
particle diameter is 300 nm. d, Wafer-scale metal 
nanopatterns made using the SCIL technique. 



• K. R. Catchpole and A. Polman

We develop fundamental design principles for 
increasing the efficiency of solar cells using light 
trapping by scattering from metal nanoparticles. 

• We show that cylindrical and hemispherical 
particles lead to much higher path length 
enhancements than spherical particles, due to 
enhanced near-field co ... [Appl. Phys. Lett. 93, 
191113 (2008)]  



Plasmon-enhanced photocurrent: 5 

examplesStuart and Hall, APL 69, 2327 (1996)

SOI

Derkacs et al., APL 89, 93103 (2006)

a-SiSchaadt et al., APL 86, 63106 (2005)

Si

GaAs

Si
SOI

Pillai et al., JAP 101, 93105 (2007)



Metal Nanoparticles, Sterioids for Solar 

Cells

• "I think we are about three years from 
seeing plasmons in photovoltaic 
generation," says Catchpole, who has 
now started a new group studying surface 
plasmons at the Australian National plasmons at the Australian National 
University. "An important point about 
plasmonic solar cells is that they are 
applicable to any kind of solar cell." 
This includes the standard silicon or 
newer thin-film types. 



Plasmonic Polymer Tandem Solar cell, 

Jun Yang et al. ,ACS  Nano, 2011,5 (8), pp 

6210-6217











****
Plasmonics in Communication



_________________________

“Materials Today" JULY-AUGUST 2006 | VOLUME 9 | NUMBER 7-8

_____________________







Surface plasmons have a combined electromagnetic wave and 

surface charge character

They reside at the interface between a metal and a dielectric 

material. 

The miniaturization of conventional photonic 

circuits is limited by the diffraction limit, such that 

MOTIVATIONMOTIVATIONMOTIVATIONMOTIVATION

optical fiber

circuits is limited by the diffraction limit, such that 

the minimum feature size is of the order of 

wavelength.

Using the surface plasmons one can overcome the Using the surface plasmons one can overcome the Using the surface plasmons one can overcome the Using the surface plasmons one can overcome the 

diffraction limit, which can lead to miniaturization of diffraction limit, which can lead to miniaturization of diffraction limit, which can lead to miniaturization of diffraction limit, which can lead to miniaturization of 

photonics circuits with length scales much smaller photonics circuits with length scales much smaller photonics circuits with length scales much smaller photonics circuits with length scales much smaller 

than those currently achievedthan those currently achievedthan those currently achievedthan those currently achieved

light propagation  in a 
plasmonic waveguide



PHYSICAL REVIEW B 73, 035407 2006

• Plasmon slot waveguides: Towards chip-scale 
propagation with subwavelength-scale localization

J. A. Dionne,* L. A. Sweatlock, and H. A. Atwater

• Thomas J. Watson Laboratories of Applied Physics, 
California Institute of Technology, MC 128-95, California Institute of Technology, MC 128-95, 
Pasadena, California 91125, USA

A. Polman

• The Center for Nanophotonics, FOM-Institute AMOLF, 
Kruislaan 407, 1098 SJ Amsterdam, The Netherland



The ever-increasing demand for faster information transport and

processing capabilities is undeniable. Our data-hungry society has

driven enormous progress in the Si electronics industry and we

have witnessed a continuous progression towards smaller, faster,

and more efficient electronic devices over the last five decades.

The scaling of these devices has also brought about a myriad of

challenges. Currently, two of the most daunting problems

preventing significant increases in processor speed are thermal

and signal delay issues associated with electronic

interconnection. interconnection. 

Optical interconnects, on the other hand, possess an almost 
unimaginably large data carrying capacity, and may offer 
interesting new solutions for circumventing these

problems. Optical alternatives may be particularly attractive for

future chips with more distributed architectures in which a

multitude of fast electronic computing units (cores) need to be

connected by high-speed links. Unfortunately, their

implementation is hampered by the large size mismatch between 
electronic and dielectric photonic components.



Dielectric photonic devices

are limited in size by the fundamental laws of diffraction

to about half a wavelength of light and tend to be at least one or

two orders of magnitude larger than their nanoscale electronic

Counter parts.

This obvious size mismatch between electronic and

photonic components presents a major challenge for interfacing

these technologies.

Further progress will require the development

of a radically new chip-scale device technology that can facilitate

information transport between-nanoscale devices at optical

frequencies and bridge the gap between the world of nanoscale

electronics and microscale photonics.



• PLANAR WAVEGUIDE Plasmons 
always flow along the boundary 
between a metal and a dielectric (. 
For example, light focused on a 
straight groove in a metal will 
generate plasmons that propagate 
in the thin plane at the metal’s 
surface.

• A plasmon could travel as far as • A plasmon could travel as far as 
several centimeters in this planar 
waveguide—far enough to convey 
a signal from one part of a chip to 
another—but the relatively large 
wave would interfere with other 
signals in the nanoscale innards of 
a processor.



• PLASMON SLOT WAVEGUIDE

• Scientists have built much smaller 
plasmonic circuits by putting the 
dielectric at the core and surrounding it 
with metal. The plasmon slot 
waveguide squeezes the optical 
signal, shrinking its wavelength by a 
factor of 10 or more. Researchers 
have constructed slot waveguides with 
widths as small as 50 nanometers—
have constructed slot waveguides with 
widths as small as 50 nanometers—
about the same size as the smallest 
electronic circuits. 

• The plasmonic structure can carry 
much more data than an electronic 
wire, but it cannot transmit a signal 
farther than 100 microns.The study of 
plasmonics is relatively new, but 
researchers have already developed 
prototype devices that demonstrate 
the promise of the technology.











• manipulate light at the nanoscale

• By integrating plasmonic, electronic, 

and conventional photonic devices on and conventional photonic devices on 

the same chip, it would be possible to 

take advantage of the strengths of each 

technology.



In photonics, metals are not usually 

thought of as being very useful, 

except perhaps as mirrors. In most 

cases, metals are strong absorbers 

of light, a consequence of their large 

free-electron density. However, in free-electron density. However, in 

the miniaturization of photonic 

circuits, it is now being realized that 

metallic structures can provide 

unique ways of manipulating light at 

length scales smaller than the 

wavelength.













Other applications of nanoparticles

Different 

materials/shapes: 
Stained glass

Old: New:
(but the same principle)

materials/shapes: 

distinct colors

Stained glass

Focusing and 

guidance of light 

at nanometer 

length scales



******

• Other devices improved incorporating 
Plasmonics based ideas













******
Plasmon Printing



• Nanoparticles

• colloidal Ag (∅ 41 nm) 
in aqueous solution  

• deposit on resist 
(nebulize)

Initial experiments

• Resist 

• AZ1813 resist, diluted 
to 1:4 with EBR

• spin 5000 rpm 60s  ⇒
75 nm thick layer

• developing tested OK

1.  Expose broad beam, Xe arc lamp at 410 nm
intensity ~1 mW/cm2 (TM)
exposure  15 / 30 / 45 / 60 s

2.  Develop diluted 1:1 – dev. time ~20 s

3.  Analyze Use AFM to image printed features



Printing scheme

PHOTORESIST  

SUBSTRATE 

MASK 

• mask example:    
nanoparticle arrays

410 nm 

�high resolution 
mask ($$)

�standard resist

�simple light 
source

EXPOSE

DEVELOP

2 um

Mask fabricated with JPL, Pasadena, CA



monochromator 

Xe lamp 

1000 W 

Illumination setup
• sample 

holder

• beam 
shape

monochromator 

Si diode 

polarizer cyl. lens sample stage 

coll. 

lens 



-10

0

10

47 nm

 

 

H
e
ig

h
t 
(n

m
)

Contact mode AFM
50 nm 

2
5
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m

0.0 0.1 0.2 0.3

-20

Position (µm)

• sample:  Ag 40 nm      AZ resist 75 nm     exp. 15s (410 nm)     

dev. 20s

• see - remaining Ag particles (swept by AFM tip) and

- sub-wavelength size dips width 30-60 nm, depth 

10-15 nm
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Metamaterial & super lenses











*****
Invisibility Cloak 









Pulse Propagation:  Slow Light
(Group velocity approximation)



This is not the first time that scientists have tweaked the speed of a light 

signal. Even light passing through a window or water is slowed down a 

fraction as it travels through the medium. In fact, in the right conditions, 

scientists have been able to slow light down to the speed of a bicycle, or 

even stop it altogether. A team of researchers from the Ecole Polytechnique 

Federale de Lausanne (EPFL) has successfully demonstrated, for the first 

time, that it is possible to control the speed of light



Folding Photons!



Being studied at DTU-Delhi



Industry readying to take up large area 

patterning challenges
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Let us see  How?



• "During the first two years of my service at RIKEN, I prohibited 
those under me from publishing their findings, telling them not 
to write papers and refrain from giving presentations. I said that 
we should take our time doing our work. Even if they make a 
groundbreaking discovery, they should keep the fact a secret 
for a while. Being busy writing papers and filing patent 
applications are of no pleasure to researchers. The point of 
evaluating papers should be in their content rather than their 
number. I instructed them to store energy before embodying 
their work. Then, after two years, they all began getting 
desirable results."

• Kawata says that he wants to do two things at RIKEN.

• "One of my own goals is to advance research 
into nanoscale science by means of the photon; 
this is my lifework. The other is to pioneer a new 
discipline we call plasmonics." 





• Thank you for the opportunity  

provided & your Patience 


