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Preface

Nanotechnology is the science of building machines at a subatomic level.

Nanotechnology encompasses those materials with morphological features on the

nanoscale, and especially those that have special properties stemming from their

nanoscale dimensions. Practical nanotechnology is essentially the increasing ability

to manipulate (with precision) matter on previously impossible scales, presenting

possibilities which many could never have imagined. Today's nanotechnology

harnesses current progress in chemistry, physics, material science and

biotechnology to create novel materials that have unique properties because their

structures are determined on the nanometer scale. The products of advanced

nanotechnology that will become available in coming decades promise even more

revolutionary applications than the products of current and near—term

nanotechnology. The very important aspect of nanotechnology E the vastly

increased surface to volume ratio which makes possible new quantum mechanical

effects, for example the “quantum size effect” where the optical and electrical

properties of solids are altered with great reductions in particle size. The

enhancement in the optical parameters in the nano regime found wide applications

in fabricating optical devices of the current era.

Nonlinear optics has been a rapidly growing field in recent decades since the

invention of lasers. The systematic progress in the laser technology increases our

efficiency in the generation and control of coherent optical radiations. Nonlinear

optics is based on the study ofeffects and phenomena related to the interaction of

intense coherent light radiation with matter. Compared to other light sources laser



radiation can provide high directionality, high monochromaticiry, high brightness

and high photon degeneracy. At such a very intense incident beam, the matter

responds in a nonlinear manner to the incident radiation fields, which endows the

media :1 characteristic to change the refractive index or absorption coe fflcient of the

media or the wavelength, or the frequency of the incident electromagnetic waves.

This thesis encompasses the fabrication of nonlinear optical devices based on

semiconductor and metal nanostructures. The presented work focus on the

experimental and theoretical discussions on nonlinear optical effects especially

nonlinear absorption and refraction exhibitted by metal and semiconductor
I'lflfl0Sl'Il.lC[Lll'C$.

Chapter 1 gives a very short introduction to behavior and applications of

semiconductor and metal nanoparticles while coming to the nano regime. It

includes the fundamental aspects of the quantum confinement in nanostructures.

Among the semiconductor nanoparticles, the materials of our choice are ZnO and

ZnS. Among the metal nanoparticles, the gold and silver are selected as NLO

material. A brief review on the nature of these materials is given in this chapter.

Chapter 2 describes in detail the growth techniques and characterization tools

employed for the fabrication of nanostructures. Different types of physical and

chemical synthesis techniques of quantum dots, especially liquid phase laser

ablation (Ll’—PLA) technique and wet chemical methods are described in detail.

Nanosttuctures grown were characterized by various analytical techniques;

thickness measurement of the thin films using stylus profrlcr, str'uctut'al

characteri'/.ation using X—ray diffraction method, microstructure analysis using

transmission electron microscopy (TEM), composition analysis by inductively

ii



coupled plasma atomic emission spectroscopy (ICP-ABS) analysis and Atomic

Absorption Spectra (AAS), cletermination of band gap by UV—Visible absorption for

colloids and diffused reflectance spectra for powder samples. Photo luminescent

(PL) investigations helped to analyze the luminescence mechanism of the

f1flflOSt1'|.lClI11ICS prepared.

Chapter 3 describes in detail the major nonlinear optical effects, including physical

principles and theoretical back ground and current or potential applications. The

theoretical background to the Z-scan technique is well detailed in the chapter. And

towards the end of the chapter describes the fabrication of an automised Z-scan

setup for the nonlinear optical studies.

Chapter 4 deals with the synthesis and characterization of ZnO nanoparticles

embedded in PMMA matrix. The ZnO nanoparticles of various sizes were prepared

by wet chemical methods. The particle size, band gap, photoluminescence emission

peak position and the nonlinear optical characteristics are found to be varying with

the NaOH concentration in the precursor solution. It is observed that the band

gap of the samples shows a decrease with increase in concentration of NaOH in the

reaction mixture indicating an increase in particle size. The nonlinear absorption

studies using Nd:YAG laser (532nm,7ns) shows that the ZnO:PMMA shows an

optical limiting type nonlinearity. The nonlinear refraction in the 7.nO:PMM.A

shows a negative value of flz. The value of nonlinear coefficients is found to be

increasing with increase in nanopartic1e’s size. The mechanical properties of the

ZnO:Pl\-IM.-\ polymer films enable its use for device fabrication compared to

quantum (lots dispersed in a solution.

iii



Chapter 5 deals with the synthesis of luminescent '/_.t1S:Cu nanoparticles through

wet chemical route in aqueous media and their further characterization. The

structural analysis of the nanoparticles was made by XRD and TEM analysis. The

Z.nS:Cu nanoparticles displayed a systematic increase in the band gap with increase

in the copper doping concentration as found from the diffused reflectance spectra

A strong photoluminescence emission band was observed in the green region for

copper doped ZnS. The open aperture Z-scan traces taken at 800nm (pulse width

= 100 fs) of the ZnS:Cu nanoparticles embedded in PVA matrix showed optical

limiting. The increase in the value of the nonlinear absorption coefficient with

increase in the doping concentration was observed. Thus Cu doped ZnS

nanoparticles in the polymer matrix found an effective material for optical limiting

applications.

Chapter 6 deals with the characterization of gold and silver nanoparticles in water

synthesized by LP-PLA. The optical properties of the Au and Ag nanoparticles

were found to be varying with the size of the particles due to quantum confinement

effect. It was observed that the panicle size and particle concentration can be tuned

by varying the laser fluence and duration of laser ablation. The lower sized Ag

nanoparticles showed more stability compared to higher sized Ag nanoparticles.

Stable and flexible nonlinear optical device was fabricated by incorporating the Au

and Ag nanocrystals in a poly vinyl alcohol matrix. The optical absorptive

nonlineaiity taken with Nd:YAG laser (532nm, 7ns) in gold and silver nanoclusters

showed optical limiting type nonlinearity. The efficiency of optical limiting was

found to be increasing with decrease in particle size. The Au nanoclusters showed

negative value of nonlinear refraction indicating self defocusing type nonlinearity.

The size of the silver nanoparticles decreased with increase of the duration of

iv



ablation for a fixed incident laser ablation fluence.

Chapter 7 deals with the homogenous attachment of Au—NPs produced by Ll’

PLA in water on to the walls of MWCNTS. The uniform distribution of the Au

NPs on the walls of MWCNTS was studied by XRD and TEM characterization.

The optical limiting studies of the Au NPs attached MWCNTS were performed

using Nd:YAG laser (532nm,7ns). The optical limiting properties increased with

increasing the concentration of Au—NPs. Thus a highly stable and flexible optical

limiting device was fabricated using MWCN'1's with attached Au—NPs in a polymer

matrix.

Chapter 8 Summarizes the important results in the thesis and recommends the

scope for future work.
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materials
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1.1. Introduction

Nanotechnology is the expected future manufacturing technology

that will make most products lighter, stronger, cleaner, less expensive and

more precise. Nanoscale materials can be defined as those whose

characteristic length scale lies within the nanometric range, i.e. in the range

between one and several hundreds of nanometers. Encompassing nanoscalc

science, engineering and technology, nanotechnology involves imaging,

measuring, modelling and manipulating matter at this length scale. Unusual

physical, chemical and biological properties can emerge in materials at the

nanoscale. These properties may differ in important ways from the

properties of bulk materials and single atoms or molecules. Even more

popular than “Nanoscience” has become the term “Nanotechnology” which

relates to the ability to build functional devices based on the controlled

assembly of nanoscale objects for specific technological applications. The

importance of both na.noscience and nanotechnology has been confirmed by

a number of national and international initiatives to promote their study.

Funding agencies in the USA, Europe, Australia and japan are spending a

significant part of their funds for the development of nanoscience and

nanotechnology.

Nanotechnology can be defined as the synthesis and engineering at

the molecular level for the possible device applications. Nanoscience deals

with the investigations of phenomena and properties exhibited by materials

at the nano level. A nanostructure is an object of intermediate size between
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molecular and microscopic (micrometer-sized) structures. Nanopartjcles

made of semiconducting material may also be labeled as quantum dots if

they are small enough (typically < 10nm) that quantization of electronic

energy levels occurs. Nanoparticles are of great scientific interest as they are

effectively a bridge between bulk materials and atomic or molecular

structures. A bulk material should have constant physical properties

regardless of its size, but at the nano—scale this is often not the case. Size

dependent properties are observed such as quantum confinement in

semiconductor particles, surface plasmon resonance in some metal particles

and super paramagnctism in magnetic materials. Nanostructured materials

have gathered great interest worldwide due to their unique size—dependent

properties for chemical, electronic, structural, medical and consumer

applications.

Nanoscience and nanotechnology is the science and technology of

ultrafine particles. The trend in device oriented manufacturing towards

smaller and smaller dimensions has led to the development of nano

fabrication techniques as well as understanding the physics of nanometer

scale materials [1]. Materials when reduced to nano scale shows entirely

different chemical, physical, electrical and optical properties as compared to

what they exhibit on the macro scale. At these dimensions the surface to

volume ratio becomes very large which determines the properties of the

material in the nanoregime. The percentage of atoms at the surface of a

material becomes significant as the size of that material approaches the nano

scale. Suspensions of nanoparticles are possible because the interaction of
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the particle surface with the solvent is strong enough to overcome

differences in density, which usually result in a material either sinking or

floating in a liquid. Nanoparticles often have unexpected visible properties

because they are small enough to scatter visible light rather than absorbing

it. For example gold nanoparticles appear deep red to black in solution.

The ultimate motive of nanotechnology is to manipulate and control

the individual atoms and such a definition may be extended to the

organization of objects having nano dimension. The properties of materials

change as their size approaches the nanoscale. Nanoparticles behave quite

differently due to the high surface to volume ratio. The more loosely bound

surface atoms constitute a significant fraction of the sample whose

properties influence the sample’s behaviour. For example, the bending of

bulk copper (wire, ribbon, etc.) occurs with movement of copper

atoms/clusters at about the 50 nm scale. Copper nanoparticles smaller than

50 nm are considered super hard materials that do not exhibit the same

malleability and ductility as bulk copper. The melting point of gold is

dramatically reduced when the particle diameter drops below 5nm, it

changes its state from solid to liquid at room temperature. Optical properties

are modified because of the quantum size effect on the band structure.

Optical energy band gap is blue shifted for ultrafme materials. Nano sized

copper is blue in colour, this gives scope to a variety of applications in the

semiconductor industry.

Two main approaches are used in nanotechnology: one is a "bottom

up" approach where materials and devices are built up atom by atom, the
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other a "top—down" approach where they are synthesized or constructed by

removing existing material from larger entities. A unique aspect of

nanotechnology is the vastly increased surface area to volume ratio present

in many nanoscale materials, which opens new possibilities in surface-based

science, such as catalysis. This catalytic activity also opens potential risks in

their interaction with biomaterials.

In describing nanostructures, it is necessary to differentiate between

the number of dimensions on the nanoscale. Nanotextured surfaces have

one dimension on the nanoscale, i.e., only the thickness of the surface of an

object is between 0.1 and 100 nm. Nanotubes have two dimensions on the

nanoscale, i.e., the diameter of the tube is between 0.1 and 100 nm. Finally,

spherical nanoparticles have three dimensions on the nanoscale, i.e., the

particle is between 0.1 and 100 nm in each spatial dimension. The

dimensionality [2D—OD] refers to the number of directions in which the

carriers of the material can act as the free carriers. In the case of a bulk

material, the electronic carriers are free to move in all the three directions

[2]. The nanoparticles discussed in this thesis work belong to two major

categories; (i). Semiconductor nanoparticles and (ii). Metal nanoparticles.

1.2. Semiconductor nanopartieles

Nanomaterials can be of various shapes and therefore their

properties may change according to their size and/ or shape. These materials

may be metals, semiconductors, metal oxides, organic materials or

biomaterials. Thus there is a tremendous scope to design new materials with
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unusual properties. Amongst the various types of nanomaterials,

semiconductor nanoparticles have been widely investigated. Semiconductor

nanoparticles constitute a bigger sector of the nanotechnology due to their

wide range of applications in optics including nonlinear optical device

fabrications, luminescent display technology as well as biological

applications. Semiconductors have been useful in making electronic as well

as optical devices. The drive towards miniaturization of electronic

components and integration to accommodate huge number of them in small

volume has been there for decades. This has enabled the evolution of very

compact digital watches, calculators, computers, laptops etc. Electronic

structure of nanomaterials may be different as compared to corresponding

bulk material. This has led to interesting devices like single electron

transistors, tunnel junctions, magnetic spin valves etc. which do not have

bulk counterparts [3].

Besides this, at nano scale, semiconductor materials like silicon that

are not optoelectronic materials due to indi.rect band gap have showed

strong luminescence in visible range [4]. Moreover they exhibit emission

which is size dependent luminescence. Some groups have showed [5, 6], for

II—Vl and lll—V semiconductors, the change in band gap with particle size.

Doped semiconductors such as CdSe, CdS has been used over a long term

clue to their good luminescent nature. But these quantum dots are found to

be quite poisonous in nature so we are in survey of quantum dots which are

non poisonous and highly trustworthy. This leads to the choice of Zn() and

ZnS as the new nanostmctured materials for the biological applications.
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1.2.1. Quantum dot

Quantum dots are a non—traditional type of semiconductor with

limitless applications as an enabling material across many industries. A

quantum dot is a semiconductor nanostructure that confines the motion of

conduction band electrons, valence band holes or excitons (pairs of

conduction band electrons and valence band holes) in all three spatial
directions.

A quantum dot has a discrete quantized energy spectrum  The

corresponding wave functions are spatially localized within the quantum dot,

but extend over many periods of the crystal lattice. Larger quantum dots

have more energy levels which are more closely spaced. This allows the

quantum dot to absorb photons containing less energy, i.e. those closer to

the red end of the spectrum. Larger dots have more closely spaced energy

levels in which the electi:on—hole pair can be trapped. Therefore, electron

hole pairs in larger dots live longer causing larger dots to show a longer life

time. A quantum dot contains a small finite number (of the order of 1-100)

of conduction band electrons, valence band holes, or excitons, i.e., a finite

number of elementary electric charges. Small quantum dots, such as colloidal

semiconductor nanocrystals, can be as small as 2 to 10 nanometers,

corresponding to 10 to 50 atoms in diameter and a total of 100 to 100,000

atoms within the quantum dot volume.

One of the optical features of small excitonic quantum dots

immediately noticeable to the unaided eye is coloration. \X/hile the material

which makes up a quantum dot defines its intrinsic energy signature, more
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significant in terms of coloration is the size. The larger the dot, the redder

(the more towards the red end of the spectrum) the florescence. The smaller

the dot, the bluer (the more towards the blue end) it is. The coloration is

directly related to the energy levels of the quantum dot. Quantitatively

speaking, the band gap energy that determines the energy (and hence color)

of the fluoresced light is inversely proportional to the square of the size of

the quantum dot. Recent articles in nanotechnology and other journals have

begun to suggest that the shape of the quantum dot may also be a factor in

the colorization, but as yet not enough information has become available.

Furthermore, it was shown [8] that the life time of fluorescence is

determined by the size of the quantum dot.

Quantum dots found application as light emitting diodes in sign

displays, cell staining for life science observation, even as inks that can aid in

spotting counterfeits. Another security application that could soon be

realized is luminescent dust, which could be used to track trespassers in

restricted areas. Much like fiber optics, quantum dots may also be used to

transmit data. Some estimates suggest that data transfer using quantum dots

could be a million-fold efficient over standard ethernet connections. While

these are some of the cutting edge applications, there are also more

mundane ones as well. Quantum dots could be used as a light source in

buildings, or even as illumination for computer screens.

1.2.2. Quantum well

A quantum well is a thin layer which can confine quasiparticles

(typically electrons or holes) in the dimension perpendicular to the layer
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surface, whereas the movement in the other dimensions is not restricted.

T hat means it is a potential well that confines particles, which were originally

free to move in three dimensions in to two dimensions, forcing them to

occupy a planar region. The confinement is a quantum effect. The effects of

quantum confinement take place when the quantum well thickness becomes

comparable to the de-Broglie wavelength of the carriers (generally electrons

and holes), leading to energy levels called "energy sub bands", i.e., the

carriers can only have discrete energy values [8, 9]. It has profound effec_ts

on the density of states for the confined particles. For a quantum well with a

rectangular profile, the density of states is constant within certain energy
intervals.

A quantum well is often realized with a thin layer of a semiconductor

medium, embedded between other semiconductor layers of wider band gap

(examples: Ga.As quantum well embedded in AlGaAs [10], or InGaAs in

Ga.As [11] ). The thickness of such a quantum well is typically < 5—20Dnm.

Such thin layers can be fabricated with molecular beam epitaxy (MBE) or

metal—organic chemical vapor deposition (MOCVD). In optically pumped

semiconductor lasers, most pump radiation may be absorbed in the layers

around the quantum wells, and the generated carriers are captured by the

quantum wells thereafter.

If a quantum well is subject to strain, as can be caused by a slight

lattice mismatch (e.g., for InGaAs quantum wells in GaAs), the electronic

states are further modified, which can even be useful in laser diodes.

Because of their quasi—two dimensional nature, electrons in quantum wells
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have a sharper density of states than bulk materials. Therefore

semiconductor quantum wells are often used in the active regions of laser

diodes [12], where they are sandwiched between two wider layers with

higher band gap energy. These cladding layers function as a waveguide,

while electrons and holes are efficiently captured by the quantum well, if the

difference in band gap energies is sufficiently large.

Quantum wells are also used as absorbers in semiconductor

saturable absorber mirrors (SHSAMs) and in electro absorption modulators.

They are also used to make High Electron Mobility Transistors (HEMTS)

[13], which are used in low—noise electronics. Quantum well infrared photo

detectors [14] are also based on quantum wells and are used for infrared

imaging. If a large amount of optical gain or absorption is required, multiple

quantum wells  can be used, with a spacing typically chosen large

enough to avoid overlap of the corresponding wave functions.

1.2.3. Quantum wire

A quantum wire is an electrically conducting wire, in which

quantum effects are affecting transport properties. Due to the confinement

of conduction electrons in the transverse direction of the wire, their

transverse energy is quantized into a series of discrete values E, ("ground

state" energy, with lower value), E, E2 etc (like particle in a box, quantum

harmonic oscillator). An exact calculation of the transverse energies of the

confined electrons has to be performed to calculate the wire resistance.

Following from the quantization of electron energy, the resistance is also

found to be quantized. The importance of the quantization is inversely
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proportional to the diameter of the nanowire for a given material. From

material to material, it is dependent on the electronic properties, especially

on the effective mass of the electrons. In simple words, it means that it will

depend on how conduction electrons interact with the atoms within a given

material. In practice, semiconductors show clear conductance quantization

for large wire transverse dimensions (100 nm) because the electronic modes

due to confinement are spatially extended. As a result, their fermi

wavelengths are large and thus they have low energy separations. This means

that they can only be resolved at cryogenic temperature (few Kelvins) where

the thermal excitation energy is lower than the inter—mode energy separation.

The electron transport properties in quantum wires were investigated

and a quantum wire resonant tunnelling transistor, which works as a kind of

multi channel rotational switch, was proposed in an earlier report [15]. Also

there are reports on the ZnO nanowires based gas sensors for ethanol

sensing [16]. The quantum wire based dye sensitised solar cells [17] are now

widely used in photovoltaics. It is possible to make quantum wires out of

metallic carbon nanotubes [18], at least in limited quantities. The advantages

of making wires from carbon nanotubes include their high electrical

conductivity (due to a high mobility), light weight, small diameter, low

chemical reactivity and high tensile strength. The major drawback of carbon

nanotube based quantum wires is the high cost.

1.2.4. Confinement regimes

In a bulk materials, the carriers can exist in nearly continuous band,

but in quantum dot structures due to the confinement of charges in all the

12



Cfiapter 1

three directions, the carriers are restricted to a specific set of completely

quantised energy states. The effect of confinement on the resulting energy

state of the system can be obtained by solving for the eigen energies of the

Schrodinger wave equation for the carriers in a confined space [19].

Different energy state equation can be obtained depending upon the

confinement regimes. Depending upon the ratio between the nanocrystal

radius a, and the bulk exciton radius ax, three different confinement regimes

can occur [20]. (1).Strong confinement regime (2).Weak confinement regime

(3). Intermediate stage

The strong and weak states are determined by the degree of coupling

between the electron and hole in the exciton.

(a).Strong confinement regime:

When the quantum dot radius an is smaller than the excitonic bohr

radius a B , it corresponds to the strong confinement state.

ie; an  as ;

which means that as the degree of confinement is increased in a

smaller dot, the exciton can no longer exist and therefore an electron and a

hole can be treated as independent particles [2]. In this situation the

coulomb effects are small compared with the quantization of the kinetic

energy of the carriers (confinement energies). When these conditions are

present, the carriers are said to be strongly confined and the electron and

hole wave functions are uncorrelated. Therefore the approach of solving

the energy states in a strong confinement regime is similar to that in a weak

confinement regime; but the only exception is that in the case of strong

I3
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confinement, the electron and hole have independent Bessel function and

therefore the resulting energy shift expression can be written as,

aw _ 1.786eE=E ‘Fm
3 2eR',u 42r50£,R

- 0.248E,,,. (1.1)

where E is the band gap of the dots, E3 is the band gap of the bulk

material, R is the dot size, /1' gives the effective reduced mass asl l . .
,, = _ + _ and the last term represents the correlation energy which,u m m,8 I . . . . . _. - o

can be expressed in terms of the excitonic binding energy 11“. me and m,,

are the individual electron and hole masses respectively.

(b). Weak confinement regime:

When the quantum dot radius, an is few times greater than the

excitonic bohr radius, a B; the confinement corresponds to the weak

confinement regime.

ie; ao )) a3

which means that coulomb interaction energy is on the order of the

electron and hole sublevel separations and it has to be taken into account.

Here the electron and hole motions are strongly correlated via coulomb

interaction and the nanocrystal energy spectra are determined by the

quantization of the motion of the exciton center of mass  Expression for

energy quantization in a spherical 0D structure is,

h27r2E=m_j—+E -‘EH2em R‘ g if ( )
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where ml is the translational mass of the exciton which is the

algebraic sum of the electron and hole masses (effective exciton mass

:m' = mg +  and R is the mean dot size. The eqn. (1.2) gives the shift in

energy that occurs when a bullcsolid exciton is confined in 3D in the range

of 3-10 times the exciton bohr radius. ie; a blue shift in energy results as the

size of the crystal decreases.

(c). Intermediate stage

In the intermediate stage, the energy structures of nanocrystals are

determined by a complex interplay between quantum confinement and the

coulomb electron—hole interaction. Due to the relatively large exciton bohr

radius II-IV nanocrystals are convenient systems for the studies of the

strong, weak and intermediate regimes [20}. The coulomb interaction scales

with the nanocrystal radius as a" where as the confinement energies are

proportional to a‘2. Therefore in the strong confinement regime the

coulomb term in the Hamiltonian can be ignored which leads to a problem

of independent quantization of electron and hole energies. Effective mass

approximation  has proven to be a powerful tool for describing

energy structures in semiconductors, but it fails in the limit of very small

nanociystals [20].

1.2.5. Particles at the nano level

Semiconductor nanocrystallitcs are known to exhibit unique size

dependent optical properties, which render them attractive from the view

point of integrated photonic devices. Quantum confinement effects are
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particularly important, if the crystalline dimension is less than a critical size

known as the exciton bohr radius of the material.

Controlled variation of nanocrystalline size results in remarkable

changes in the properties from molecular to bulk. Blue shift in the optical

absorption spectrum, size dependent luminescence, enhanced oscillator

strength and nonlinear optical effects are some examples of the interesting

properties exhibited by these nanociystals.

Due to the small size of the nanocrystals and hence their relatively

large surface to volume ratio, the effect of nanocrystal surface on the charge

carriers cannot be neglected [20]. In practice the surface properties must be

modified in some way in order to control nanocrystal growth and reduce or

prevent the charge carriers interacting with the surface, thus realizing

effective quantum confinement. Surface passivation with various organic

ligands or epitaxial over coating with a wide band gap semiconductor can be

used to enable efficient radiative recombination of charge carriers.

1.2.6. Physical concepts of nanocrystals

Electronic states and probabilities of optical transitions in molecules

and crystals are determined by the properties of the atom and their spatial

arrangement. An electron in an atom possesses a discrete set of states,

resulting in a corresponding set of narrow absorption and emission lines

[19]. In semiconductors, broad bands of the allowed electron and hole states

separated by a forbidden gap give rise to characteristic absorption and

emission features completely dissimilar to atomic spectra. The evolution of
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the properties of the matter from an atom to a crystal can be described in

terms ofthe two steps,

(i) From the atom to cluster

(ii) From cluster to crystal

As the particle size grows, the properties can be described in terms

of the particle size and shape. When the particle size becomes comparable to

the de—Broglie wavelength of the elementary excitations, they are often called

“Quantum crystallites”, “Quantum dots” or “Quasi zero dimensional

structures”. As the size of these crystallites ranges from one to tens of

nanometers, the word “Nanocrystals” is widely used [19].

From the View point of the solid state physics, nanocrystals are just a

kind of a low dimensional structure complementary to quantum well (two

dimensional structure) and quantum wire (one dimensional structure).

Quantum wires and quantum wells possess translational symmetry in one or

two dimensions and statistically a large number of electronic excitations can

be created. In nanocrystals translational symmetry is totally broken, and only

a finite number of electrons and holes can be created within the same

nanocrystal. Therefore the concepts of electron—hole gas and quasi

momentum are not applicable to nanocrystals [19]. Additionally a finite

number of atoms in nanocrystal promotes a variety of photo induced

phenomena like persistent and permanent photo physical and photo

chemical phenomena that are known in atomic and molecular physics but do

not occur in solids.
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From the view point of molecular physics, a nanocrystal can be

considered as a kind of large molecule. livery nanocrystal ensemble has

inhomogeneously broadened absorption and emission spectra due to their

distribution of sizes, defect concentration, shape fluctuation, environmental

inhomogeneities and other features.

Also, as the size of crystallites and their concentration grow, the

heterogeneous medium "matrix—crystall.ites" becomes a subject of the optics

of ultra disperse media, thus introducing additional aspects to the optical

properties of nanocrystal ensembles [20]. The matrices coloured with

semiconductor nanocrystal have been known for centuries as stained glasses.

Because of these features, studies of the optical properties of the

nanocrystals form a new field of bordering solid state physics, optics,

molecular physics and chemistry.

1.2.7. Electron states in crystal

A nanocrystal can be considered as a three dimensional potential box

in which photon absorption and emission result either in creation or in

annihilation of some elementary excitation in an electron sub system. These

excitations are described in terms of quasi particles (electron, holes and

excitons) known for bulk crystals [19]. Features connected with absorption

and emission of light in nanocrystals can be understood in terms of the

quantum confinement approach.
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(:1). Particle in a potential well

In order to consider electrons in a crystal, we start with a particle in a

one dimensional potential well. The relevant time-independent Schrodinger

equation is given as,

722 62

-Ea?‘//(x)+U(x)‘/’(x)= E‘//(X) (1-3)
where m is the particle size and E is the particle energy. The

potential U(x) is considered as a rectangular well with infinite walls and is

given as,

Of 50x = Orlxl /2 (1.4)
oof0r|x| Z %

where a denotes the well width.

From elementary quantum mechanics, it is known that the

Schrodinger equation stated above has the solutions of both even and odd

types and is given as,

1;/H: 3 %x/2mE for n=1, 3, 5 ....... .. (1.5)a

1;/(+_> = E%x/2mE for n=2, 4, 6 ....... .. (1.6)a

The most important result of the problem is a discrete set of energy

values given by,

plz 2 25,, = 7' " (1.7)Zmal
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where n takes values 1, 2, 3, etc. This equation gives values of kinetic

energy. The minimum energy a particle can have (for n21) is given by,

— hlfl-2
Zma?

5. (1.8)

This energy is called the particle’s zero point energy.

(b). Electron in a coulomb potential

The coulomb potential is given by the following eqn,

U(r)= -3 (1.9)
I‘

The equation for the radial part of the wave unction can be written as,

[i2—+e+3—[—([—+—1)]U(p)=0 (1.10)dp p p. . E
The dimensionless argument p = L0 and energy, 8 = E; area

expressed in terms of the so called atomic length unit a° and atomic energy

unit E ° as given by,

e2

E°=—2—a—0;13.6eV (1.11)
2

where a0 = 2 2 5.292 X l0_2nm with m,,being the electron mass.
mfle

As a solution for the radial part of the wave function, the energy

1levels obe s a series 8 = --——-: = —— where the numberY i ( I 1);) n 7 >n, + + 
n=(n,. +l+l) is called the “principal quantum number”. Here n‘,

20
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determines the quantity of nodes of the corresponding wave function and is

called the “radial quantum number”.

For every n value, exactly n states exist differing in I , which varies

from 0 to (n—1) and additionally for every 1 value, (21 +1) degeneracy

occurs with respect to m = 0,i1,i2 ............ ..
n—l

Therefore the total degeneracy is Z(2l + 1) = n2
1:0

For n=1, 1 :0 (Is state), the wave function obeys a spherical

symmetry with radius a” corresponding to the most probable distance where

an electron can be found [19]. The relevant term a" in real atom like

structures is called “Bohr radius”. The problem of a particle in a spherical

potential well is used to model an electron and a hole in a nanocrystal and

the hydrogen atom model is essential to model for excitons in a bulk crystal

and in nanocrystals.

(c). Electron in :1 periodic potential

Consider a particle in a potential of type U(x) = U(x+a) which shows

the translation invariance. Then the Schrodinger equation takes the form,

7,2

—%V3y/(x+a)+U(x)I,z/(x+a)=Ew(x+a) (1.12)

ie; the wave functions I//(X) and I//(x+a) satisfy the same

Schrodinger equation with the same eigen value li.

ie; ll//(X + all = ll//().‘)2

21
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Wave function that satisfy the schorindger equation with a periodic

potential can be written as, 1/1 (x) = e””'u,‘_ (x) where,

ui.(x)= uk(x+a)

which means that the eigen functions of the Hamiltonian with a

periodic potential is a plane wave modulated with the same period as the

potential. This statement is known as the “Bloch’s theorem”. The wave. 2
numbers k, and k2 differ by a value kl —k2 = fl , where n = i1, i2, ia

3 . . . . . .. Each of these intervals contains the full set of non equivalent k

values and is called the “Brillouin zone”. The dispersion curve has

discontinuities at points kn = -712 for every kn value. The value P: hk isa

called “quasi-momentum”. It differs from the momentum by a specific

conservation law. Although the E(k) relation in the case under consideration

differs noticeably from that for a free particle, it can be expressed as,

F22/C2E k = ———— 1.13( ) 2m.(k) < >
where m*(l-1) is a function referred to as “effective mass”. For every

periodic potential there exist extrirna in the band structure and energy

expression can be of the form,. dE 1 »d’El;‘k=E+k—k +—k—k 4, + .......... .. 1.14( ) 0 ( o)Jk=k0 2( 0) a,k_ ( )"-‘H

22



Cfiapter 1

Neglecting the contributions from terms higher than k2 we get the

simplified expression analogous to above energy value expression.

Therefore the effective mass m* is given by the relation,

._ 1 d3E'=—2 2 =c0nstant (1.15)h dk H0

where as for a free particle m*= m.

To summarize the properties of a particle in a periodic potential, we

can conclude with the following results

(i) A particle is described with a plane wave modulated with a

period of the potential.

(ii) The particle state is characterized by the quasi momentum.

(iii) The energy spectrum consists of a wide continuous bands

separated from each other by forbidden gaps.

As a plane wave, a particle in a periodic potential exhibits quasi free

motion without acceleration. With respect to the external force the particle

behaviour is described in terms of the effective mass.

1.2.8. Concept of quasi particles: Electron, Hole and Exciton

Electrons in the conduction band of a crystal can be described as

particles with charge —e, spin ‘/2, mass mL,* and quasi momentum hk with

respect to the conservation law. From the above mentioned parameters only

the charge and the spin remain the same for an electron in a vacuum and in

a crystal.

Quasi particles are described as the elementary excitations of the

system consisting of a number of real particles. Under this consideration an
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electron in the conduction band is the primary elementary excitation of the

electron subsystem of a crystal. The further elementary excitation is a hole,

which is a quasi particle relevant to an ensemble of electrons in the valence

band from which one electron is removed. This excitation is characterized

by the positive charge +e, spin ‘/2, effective mass mh* and a proper quasi

momentum.

If a photon of energy comparable to the band gap energy is incident

on a semiconductor, then they can be absorbed by the electrons forming

atomic bonds between neighboring and so provide them with enough

energy to break free and move around in the body of the crystal. Within the

band theory of solids this would be described as “exciting an electron from

the valence band across the band gap into the conduction band”. If the

energy of the photon is larger than the band gap, a free electron is created

and an empty state is left within the valence band. This empty space behaves

very much like an air bubble in a liquid and rises to the top of the lower

energy state. This hole behaves as though it was positively charged and
hence forms a bond with the conduction band electrons. The attractive

potential leads to the reduction in potential energy of the electron and hole.

This bound electron—hole pair is known as exciton.

1.2.9. ZnO: An outlook

ZnO is a versatile material and has been used considerably for its

catalytic, electrical, optical and photochemical properties [21]. Due to its

wide band gap of 3.37eV and large exciton binding energy of 60meV at

room temperature, ZnO is recognized as :1 promising optoelectronic
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material in the blue-ultraviolet (UV) region and as an excellent candidate For

dye sensitized oxide semiconductor solar cell, gas sensors or field emitter.

ZnO is a direct ll-lV semiconductor that crystallizes in the wurtzite
structure at 300K with lattice constants of a=3.25r-\" and c=5.21 A". The

energy gap at room temperature is F,_k,=3.37eV and the free exciton binding

energy equals 6()me\=’ [7, 21].

The Zn atoms are tetrahedrally coordinated to four 0 atoms and the

Zn d-electrons hybridize with O p-electrons. The crystal structure of '/.n()

can be rock salt, zinc blende and wurtzite. From the calculations of ground

state total energy of ZnO For different crystal structures by using a First

principle periodic l-lartree—l7ocl< linear combination of atomic orbital theory,

the wurtzite structure appears to be the most thermodynamically stable

phase. Wurtzite zinc oxide has a hexagonal structure (space group (.6///r)

with lattice parameters /1 = 0.3296 and r = ("£52065 nm. The structure of

ZnO can be simply described as a number of alternating planes composed

of tetrahedtally coordinated ("J3 and Zn!‘ ions, stacked alternately along the

r—axis (figure 1.1).
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Figure 1.1. Wurtzite Crystal structure of ZnO.

It is predicted that the gas sensing, photon to electron conversion

efficiency and photonic performance would be enhanced by reducing the

dimensions of ZnO because of the surface area increase and the quantum

confinement effect. Therefore, extensive research on the fabrication of ZnO

nanostructures, such as nanowires, nanobelts, nanocables and nanotubes,

has been carried out recently  The fabrication method of the 1D ZnO

nanostructures are mainly focused on the vapour transport including

chemical vapor deposition (CVD), metal organic chemical vapour deposition

(MOCVD), metal organic vapor phase epitaxy (MOVPE) or pulsed laser

deposition. The growth of ZnO nanorods on Au-coated ITO substrates

using a low temperature wet chemical process has been reported earlier [22].
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The solution phase method at moderate temperature was recently reported

to produce flower like 7.nO nanocone and nanowire arrays on a Zn foil [21].

While most research to date has focused on vapour deposition, solution

methods offer advantages of low temperature processing, large area

uniformity, benign chemistry and potentially inexpensive manufacturing.

Photoluminescence and cathodo luminescence spectra of the solution

grown ZnO nanorods were actively studied earlier [23].

In nanocrystals, the quantum confinement effect becomes :1

predominant investigation field which gives rise to many interesting optical

and electronic properties [24]. The phenomenon concerning the quantum

confinement effect in ZnO nanocrystals were rarely studied due to large

electron effective mass caused by the large band gap (3.37eV) of this

material. The large exciton binding energy of this material makes it an

attractive candidate for room temperature lasing application. Additionally,

the Coulomb interaction of electron and hole has reduced the exciton

confinement energy partly due to the small dielectric constant in this system,

which is also related to large band gap. Thus, the ZnO binary semiconductor

material will have a small quantum confinement effect in quantum dot and

quantum well structures.

The structural, morphological and luminescence properties of ZnO

nanostructured films are usually influenced by the preparation techniques.

Different types of ZnO nanostructures such as nanowires [24], nanorods

[25], nanobelts [26], nanonails [27] and nanowalls [28] are reported in the

literature. Among the various hierarchical structures, ZnO nanowires and
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nanorods are widely studied on account of their suitability for various device

applications. Usually one—dimensional nanorods are synthesized using

thermal evaporation, chemical vapour deposition and molecular beam

epitaxy techniques which are high temperature processes requiring costly

equipment.

In recent years, the preparation of ZnO nanostructures through wet

chemical methods has attracted a great deal of interest. The solution

approach to the synthesis of ZnO nanorods is a viable low temperature

simple process. Vayssieres 42/ a/ developed a low temperature wet chemical

process to produce arrays of ZnO nanorods [29] on various substrates.

Wang et a/ synthesized arrays of obelisk-like ZnO nanorods [30] usi.ng an

aqueous solution deposition method. Lee et 4/ studied the fabrication of

ZnO nanorod arrays on Si and Zn foil [31] using a low temperature aqueous

solution method. Eventhough several methods are available for ZnO

nanorod synthesis, systematic studies on the effect of precursor

concentrations and deposition parameters on the growth of ZnO nanorods

are only rarely reported in the literature.

The tetrahedral coordination in ZnO results in noncentro symmetric

structure and consequently piezoelectricity [32] and pyroelectricity [33]. Here

in our work we demonstrate the wet chemical route method for the

synthesis of ZnO nanoparticles. This bottom up approach is motivated due

to the considerable interest in the fabrication of optoelectronic devices.
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1.2.10. Nanophosphors: An overview

Luminescence or ‘weak glow’ [34] is the radiation emitted by a

material excessive in comparison to thermal radiation. It results from the

transition of an excited electronic state to a ground state or another state

lower in energy, the duration of which is much longer than the period of

light vibrations (1040 sec). The competing radiationless transitions results

from interactions with the lattice or a transfer of energy to other ions.

Luminescence, depending on the mode of excitation, is reflected in

expressions such as photo—, electto—, chemi-, thei'mo—, sono—, or tribo

luminescence. In practice, most often the excitation is via X—rays, cathode

rays or UV emission of a gas discharge. The position of the band in the

luminescence spectrum is independent of the method of excitation and is

determined only by the inter-level spacing. Two other terms quite often used

to classify luminescent materials are fluorescence (1? < 10 ms) and

phosphorescence (1?> 100ms). As the mechanism of luminescence is

associated with the duration of glow, the decay law of luminescence is

exponential in fluorescence and hyperbolic or still more complicated for

phosphorescence. The luminescent emission from the mineral “barite” on

exposure to sunlight was identified as ‘photoluminescence’ (PL) first by

Vincenzo Cascariolo. A material photoluminesces when excited by

monochromatic light or by UV radiation with a spectrum broad enough to

overlap the ion absorption bands. The phenomenon is pictorially illustrated

using either a one-dimensional diagram of energy levels (in the form of
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straight lines) or a bidimensional pattern (energy versus interionic distance)

of the same levels in the form of configuration curves [35].

The three elementary processes between ion’s states are: excitation,

emission and radiationless transitions. If the interaction between the ion and

the lattice is weak, the wavelength of the emission band matches that of the

absorption band. For example, the f electrons in trivalent rare—ea.rth (REH)

ions are shielded from the interactions with the lattice. If the interaction is

fairly strong, as in transition metal ions, the emission band shifts towards

longer wavelength with respect to the absorption band — a relation known as

the empirical Stoke’s law [36].

Excitation and emission are separated by a time interval i.e., by the

life time of the excited state (~ 10“ sec or more). This time interval is

sufficient for the system to adapt itself to the given excited electronic state

which includes shifting of the surrounding (ligand) ions to a new equilibrium

position, rearranging the interionic distance and transition to the lowermost

of the vibrational levels (e-10” sec) i.e., to the excited electronic level. If a

transition occurs between the levels, say, m (excited electronic state) and n

(ground state or state of lower energy), the life time Tm is expressed as,

1rm =———j (1.16)
(ZAWIII +

where, Am" and C denote the probability for radiative andmi]

nonradiative transitions between the levels. The summation is relevant

whenever the transition occurs not over a single but over several sub
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adjacent levels. The fraction of emission transitions with respect to the sum

total of emission and radiationless transitions gives the quantum yield T],

ZAm" UJDT
(ZAmn + Zcmn)

If there are Nm photons in the excited state initially, the exponential

law of luminescence decay states that after a time t,

—t/rmNm=Nme 04$
A direct relation exists between the emission intensity and the

probability Am“ of emission transition given by,

lem = NmhVmnAmn (1-19)
Thus, shorter the life time of the excited state i.e. time for photon

emission, more intensive shall be the glow. Conversely, the greater the

probability Cm of radiationless transition, the lesser the intensity of glow

and hence the quantum yield. The greater the oscillator strength for a given

transition, higher shall be the intensity of the emission, provided radiation

fewer transitions are absent. Photoluminescence is divided into two major

kinds: intrinsic and extrinsic depending on the nature of electronic transition

producing it.

(a). Intrinsic luminescence

The luminescence shown by the pure material itself is called the
intrinsic luminescence. There are three kinds of intrinsic luminescence:

band-to—band luminescence, exciton luminescence and cross luminescence.
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(1). Band-to-band luminescence

The recombination of an electron in the conduction band with a

hole in the valance band generates band—to-band luminescence. This kind of

luminescence is observed in pure crystals at relatively high temperatures. For

example Si, Ge and Illb-Vb compounds such as GaAs. The light emission

from bright light emitting diodes and semiconductor lasers is usually due to

band-to—band transition process.

(2). Exciton luminescence

An exciton moves in a crystal conveying energy and produces

luminescence owing to the recombination of the electron and the hole.
There are two kinds of excitons: Wannier exciton and Frenkel exciton. The

W/annier exciton model expresses an exciton as composed of an electron in

the conduction band and a hole in the valence band bound together by the

Coulomb interaction. The expanse of the wave function of the electron and

hole is much larger than the lattice constant. This kind of luminescence is

observed in inorganic semiconductors such as IIIb—Vb and IIb-VIb

compounds. \X/annier excitons are stable only at relatively low temperatures

where the binding energies of excitons are higher than the thermal energy.

At higher temperatures, excitons are no longer stable and band-to-band

luminescence appears instead.

The Frenkel exciton model is used in cases where the expanse of the

electron and hole wave function is smaller than the lattice constant. Typical

examples are organic molecular crystals and inorganic complex salts. In

these materials, the excited state of an isolated molecule or a complex ion
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transfers from molecule to molecule or from complex ion to ion usually,

owing to dipole—dipole interactions. It is therefore regarded as the exciton

state. Luminescence characteristics are similar to those of isolated molecules

or complex ions.

(3). Cross luminescence

Cross luminescence is produced by the recombination of an electron

in the valance band with a hole created in the outer most core band [37].

This is observed in a number of alkali and alkaline earth halides and double

halides. This occurs only when the energy difference between the top of

valance band and that of the outermost core band is smaller than the band

gap energy. Or else, an auger process occurs selectively. The shape of the

spectra reflects the grouping of the molecular orbitals in the clusters

involving cations with a hole in the core shell and nearest neighbour halide

ions. For crystals with more than one type of cation, the spectrum reveals

information about the 'active' cation which contains the core hole and also

about the other cations. A notable characteristic of cross luminescence is

that the decay time is very fast, of the order of nanoseconds or less, and

hence such luminescent systems are used as scintillators [38].

Extrinsic luminescence
Luminescence caused by intentionally incorporated impurities (or

activators) is classified as extrinsic luminescence. Most of the observed types

of luminescence that have practical applications belong to this category.

Extrinsic luminescence in ionic crystals and semiconductors is classified into

two types: unlocalized and localized.
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(1). Unlocalized type

In the unlocalized type, the electrons and holes of the host lattice,

i.e., free electrons in the conduction band and free holes in the valence band,

participate in the luminescence process. This includes two kinds of

luminescence transitions, namely the transition of a free carrier to a bound

carrier and the transition of a bound electron at a donor to a bound hole at

an acceptor. These kinds of luminescence lines and bands are usually

observed in compound semiconductors such as IlIb—Vb and Ilb—Vlb

compounds.

(2). Localized type

Here, the luminescence excitation and emission process are confined

in a localized luminescence centre. Various kinds of metallic impurities

intentionally incorporated in ionic crystals and semiconductors often create

efficient localized luminescence centres. Localized type centres are classified

into allowed and forbidden transition type in terms of electric dipole

transitions. The electric dipole transition can take place between energy

levels only with different parities ie. AI = ii, I being the azimuthal

quantum number. When atoms and ions are incorporated in crystals, the

forbidden character of the dipole transition is altered by the perturbation of

the crystal electric field, so that the forbidden transition becomes allowed to

some degree.

1.2.11. Development of ZnS based nanophosphors

Huge amount of research is being expanded during the recent years

in order develop nanophosphors that come under the category of doped
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nanocrystals (DNC) [39]. To utilize the phenomena of quantum

confinement further, device fabrication with nano dimensions is being done

world wide. The challenge is great but will be equally rewarding. Materials

that convert absorbed energy to visible light without going to high

temperatures i.e. incandescence are known as luminescent materials and also

referred as phosphors. Such materials find applications in displays like

television i.e. cathode ray tubes (CRT), plasma display panels (PDP),

Electroluminescence (Fl) based displays and field emission displays; in light

sources like fluorescent tubes, compact fluorescent lamps and cold cathode

lamps; as detectors for X—rays, temperature and pressure sensors. Phosphors

are generally in crystalline powder form with size ranging from 1-100 um.

Phosphors with one dimension < 100 nm are called nanophosphors, possess

strikingly different absorption and emission characteristics with improved

efficiency and life times [40].

Out of the g*nerally used luminescent nanophosphors, 7.nS based

phosphors are widely used as one of the best candididate. 7..nS occurs in two

common polytypes, zinc blende (also called sphalerite) and wurtzite. The

two types have these features in common: 7.inc blende/sphalerite is based

on a fcc lattice of anions whereas wurtzite is derived from an hep array of

anions. ln both structures, the cations occupy one of the two types of

tetrahedral holes present. The mineral crystal|i7.es in the cubic crystal system.

In the crystal structure, zinc and sulfur atoms are tetrahedrally coordinated.

The structure is Closely related to the structure of diamond. The lattice

constant for zinc sulfide in the zinc blende crystal structure is 0.596 nm,
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calculated from geometry and ionic radii of 0.074 nm (Zinc) and 0.184 nm

(Sulfide). It forms ABCABC layers. The hexagonal analog is known as the

wurtzite structure.

In either structure, the nearest neighbor connections are sirn.ilar, but

the distances and angles to further neighbors differs. Zinc blende has 4

asymmetric units in its unit cellwhereas wurtzite has 2. To recap, zinc

blende is best thought of as an fcc array of anions and cations occupying

one half of the tetrahedral holes. Each ion is 4—coordlnate and has local

tetrahedral geometry. Unlike wurtzite, zinc blende has its own antitype, that

means we can switch the anion and cation positions in the cell and it doesn't

matter (as in NaCl). In fact, replacement of both the Zn and S with C gives

the diamond structure. In Figure 1.2 shown below for the Sphalerite

structure, notice that how only half of the tetrahedral sites (i.e. four of the

eight octants of the cube) are occupied by Zn” (Blue).

Figure 1.2. Shalerite structure of 7.nS.
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The first report on doped nanocrystals (DNCS) that showed all

features such as increased band gap, shift of excitation and emission spectra

of nanosized semiconductor was by Bhargava at 4/ [41] in 1994. They

synthesised manganese doped nanocrystals of zinc sulfide. Following the

encouraging results of Bhargava e1‘ 0/ on Mn doped ZnS nanophosphor,

Khosravi et al [42] reported synthesis of manganese doped ZnS

nanoparticles by aqueous method and synthesis of copper doped zinc

sulphide quantum particles [43]. Method used by \X/eller el al [44] for the

synthesis of CdS was employed for the purpose. Yu et al [45] prepared zinc

sulfide nanoparlicles with homogeneous Mn distribulion and studied optical

properties along with other characteristics. Stanic at czl [46] reported in 1997

the sol—gel synthesis of nanosized ZnS, a key material to a large number of

phosphors.

Yang et al [47] in 2001 synthesised ZnS nanocrystals co-activated

with Cu and ra.re—earth metals like Ce, Y, Nd, Er and Tb. Doped zinc sulfide

nanoparticles were made by precipitation from homogeneous solution.

Ebenstein et 11/ [48] in 2002 reported fluorescence quantum yield of

CdSe/ZnS core/ shell nanophosphors synthesised by them. Nandakumar el

al [49] in 2002 synthesised CdS quantum dots in polymer matrix Nation

following ion exchange reaction. Synthesis and photoluminescent properties

ZnS nanocrystals doped with Cu and halogen was reported by Manzoor et al

[50] in 2003. For undoped ZnS, emission is reported to be peaked at 434 nm

a shoulder at 464 nm on excitation with 319 nm. The emission called

self—activated emission and is attributed to sulfur vacancies contrary to Zn
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vacancy related activated luminescence in bulk 7.nS. The authors have

studied undoped ZnS and some other ZnS:CL1,F samples with variation in

stoichiometry. Lee et al [51] studied in 2004, the effect of synthesis

temperature on particle size/shape of ZnS:Cu nanocrystals. The band

diagram for copper doped ZnS nanophosphors is shown in figure 1.3. The

additional sets of energy levels created due to the presence of defects are

displayed clearly in the diagram.

CB l
‘.3 1 |_,Vs:76’: 5 % 33 3 73 ‘Dto '5; cu N C“zn

V‘ Zn[ VB I
Figure 1.3. The energy band diagram of Cu doped ZnS (V1,, is the zinc

vacancy, Cuzn is the interstitial zinc and V5 is the sulphur vacancy.

Luminescence properties are characterised by studying excitation

and emission spectra.
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1.3. Metal nanoparticles

In recent years, researchers in the field of nanotechnology found that

metal nanoparticles have all kinds of unexpected benefits in both the

conventional and medical technology. Metal nanoparticles have served a

variety of functions over time; gold and silver nanoparticles occupy the most

popular position among the conventionally used metal nanopatticles in

science and technology. They are non—toxic and appear to have endless

medical applications; it has also been found that ingesting liquid gold

nanoparticles has extremely beneficial effects on human health.

Nanotechnology is fairly new to our civilization, but it turns out that

colloidal gold has been in existence since ancient times and it was originally

used to stain glass. It was rediscovered by Michael Faraday in the 1850s and

almost immediately became one of science’s favorite substances.

1.3.1. Surface plasmon resonance

Nanoparticle metal colloidal solutions of the noble metals of copper,

silver and gold exhibit very intense colour which is absent in the bulk
materials as well as for the individual atoms. This colouration is due to the

collective oscillation of the free conduction electrons in metal nanoparticles

induced by the interacting electromagnetic fields [52—55]. These resonances

are called surface plasmon resonances (SPR). SPR originates from the field

of plasmonics which constitutes the larger portion of nanophotonics.

Nanophotonics is quite simply the study of the optical behaviour of

nanometer scale objects [56].
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Plasmonics is concerned with conduction electrons at metal surfaces

and their interaction with electromagnetic radiation [57]. The quantization of

the collective oscillations of electrons in the conduction band of a metal

produces the plasmon. There are three types of plasmons: volume plasmons,

surface plasmon polaritons and localized surface plasmons. Surface

plasmons (SP5) are basically the quanta of plasma oscillations at a metal

surface. When a surface plasmon couples with a photon, a quasiparticle

called the surface plasmon polariton (SPP) is formed. Volume plasmons are

the excitation of the conduction electron sea that occurs in bulk metals and

localized surface plasmons are the excitations (non-propagating) of

conduction electrons in metallic nanostructures coupled to the

electromagnetic field.

Classical mechanics [58] and the Dirude mode] can be used to

describe plasrnons and predict their behaviour [59, 60]. Surface plasmons

(SP5) are coherent electron oscillations that exist at the interface between

any two materials where the real part of the dielectric function changes sign

across the interface (eg. a metal—dielectric interface such as a metal sheet in

air). The surface plasmon polariton (SPP) can propagate along the surface of

a metal until energy is lost either via absorption in the metal or radiation into

free—space. The existence of SP3 was first predicted in 1957 by Ritchie eI‘a/

[61]. Although a mathematical prediction of SPR was developed in the late

1890’s, the SPR phenomenon was first physically witnessed in the early 20"‘

century by Wood eta/atjohns Hopkins University [62].
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In detail, the surface plasmons (surface plasmon polaritons) are

surface electromagnetic waves that propagate in a direction parallel to the

metal/ dielectric (or metal/vacuum) interface as shown in figure 1.4. Since

the wave is on the boundary of the metal and the external medium (air or

water for example), these oscillations are very sensitive to any change of this

boundary, such as the adsorption of molecules on to the metal surface. SP5

have lower energy than bulk (or volume) plasmons which quantise the

longitudinal electron oscillations about positive ion cores within the bulk of

an electron gas (or plasma). The charge density oscillations and associated

electromagnetic fields are called surface plasmon—polariton waves. These

waves can be excited very efficiently with light in the visible range of the

electromagnetic spectrum. The excitation of a surface plasmon is one of the

energy loss interactions that take place within the energy levels.

Die|ectn'c /\ /\ /\ /\
-:-+¢¢-:-+¢¢—7

Metal

Figure 1.4. Schematic representation of an electron density wave

propagating along a metal—dielectric interface.

The energy of the surface plasmon Er, may be estimated using the

free electron model (cqn.(1.20), where /1 is the conduction electron density, e
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is the elementary charge, /21 is the mass of an electron, and q, is the

permittivity of free space) which brought together the Drude model and the

Fermi-Dirac statistics from quantum mechanics.

(1 .20)

The excitation of SP5 by light is denoted as an SPR for planar

surfaces or a localized surface plasmon resonance (LSPR) for nanometer

sized metallic structures. For nanoparticles, localized surface plasmon

oscillations can give rise to the intense colours of suspensions or sols

containing the nanoparticles. Nanoparticles or nanowires of noble metals

exhibit strong absorption bands in the ultraviolet-visible light regime that are

not present in the bull; metal. This extra(.)rdir1at’y absorption increase has

been exploited to increase light absorption in photovoltaic cells by

depositing metal nanoparticles on the cell surface [63]. The energy (colour)

of this absorption differs when the light is polarized along or perpendicular

to the nanowire [64]. Shifts in this resonance due to changes in the local

index of refraction upon adsorption to the nanoparticles can also be used to

detect biopolymers such as DNA or proteins. This phenomenon is the basis

of many standard tools for measuring adsorption of material onto planar

metal (typically gold and silver) surfaces or onto the surface of metal

nanoparticles. It is behind many colour based biosensor applications and

different lab-on—a-chip sensors.

SPR relies on the ability ofa "‘source" to excite the $Ps that reside in

the conduction band of a noble-type metal thin film. Standard excitation
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sources are electromagnetic radiation and electron beams. If a light source is

used, it must be p—polarized (parallel to the plane of incidence). \\'-'ood’s early

work demonstrated that using s—polarized light would not produce the same

excitation (in electronic surface plasmons) outcome as p—polarized light [61].

Common light sources can be in the far—inFrared (10-1000 um), mid-infrared

(2.5—10 um), near—infrared (750 nm—2.5 pm), or visible light ranges (40(.)—7(')0

nm). Lasers that operate at the desired wavelength are often used since they

are monochromatic and coherent. The major class of metal nanoparticles

discussed in the present thesis are gold and silver nanoparticles.

1.3.2. Gold nanoparticles

Gold is a chemical element with the symbol Au (Latin: rll/I‘/I/ll,

"shining dawn") and an atomic number of 79. The atomic mass of the gold

atom is 196.967amu and the atomic radius is 0.1442nm. The arrangement of

outer electrons around the gold nucleus is related to gold's characteristic

yellow colour. The colour of a metal is based on transitions of electrons

between energy bands. The conditions For the intense absorption of light at

the wavelengths necessary to produce the typical gold colour are fulfilled by

a transition from the d band to unoccupied positions in the conduction

band. The crystal structure for metallic gold is face centred cubic (fee) with

lattice parameter a=0.40‘.-’88nm (see figure 1.5). This crystal structure

contributes to gold's very high ductility since fcc lattices are particularly

suitable for allowing the movement of dislocations in the lattice. Such

dislocation movement is essential for achieving high ductility.
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Figure 1.5. fcc crystal structure of gold.

The melting point of pure gold is 1064°C, although when alloyed

with other elements such as silver or copper, the gold alloy will melt over a

range of temperatures. The boiling point of gold, when gold transforms

from the liquid to gaseous state is 2860°C. Gold is dense, soft, shiny and the

most malleable and ductile pure metal known. Pure gold has a bright yellow

colour and lustre traditionally considered attractive, which it maintains

without oxidizing in air or water. Chemically, gold is a transition metal and

can form trivalent and univalent cations in solutions. Compared with other

metals, pure gold is chemically least reactive, but it is attacked by aquaregia

(a mixture of acids), forming chloroauric acid, but not react with the

individual acids and with alkaline solutions. Gold dissolves in mercury,

forming amalgam alloys, but does not react with it. Gold demonstrates

excellent biocompatibility within the human body (the main reason for its

44



Cfiapter I

use as a dental alloy), and as a result there are a number of direct

applications of gold as a medical material.

Gold also possesses a high degree of resistance to bacterial

colonisation and because of this; it is the material of choice for implants that

are at risk of infection, such as the inner car. It is important to draw a

distinction between the properties of gold in the bulk form and those

properties it exhibits when present in the Form of nanoparticles. The unique

properties of gold at the nanoscale lead to its use in a growing number of

applications including colloids for optical limiting applications, biomedical

applications and as catalysts in chemical processing and pollution control.

Colloidal gold, also known as "nanogold", is a suspension (or

colloid) of sul>—micrometer sized particles of gold in a fluid (usually water).

The liquid is usually of either an intense red color (for particles less than

100 nm), or a dirty yellowish color (for larger particles). Properties and

applications of colloidal gold nanoparticles depend upon shape. For

example, gold nanorods have both transverse and longitudinal absorption

peak and anisotropy of the shape affects their selF—assembly [65]. The colour

of the colloidal gold solution changes with the increase in the size of the

nanoparticles dispersed in the media. The figure 1.6 shows how the colour

of the colloidal gold nanoparticles solution shifts form wine red to blue

color as the particle size is gradually increasing.
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Figure 1.6. Shift in the colour of the gold colloid with increase in the

nanoparticle size [66].

The property of SPR in the metal nanoparticles causes enhanced

light absorption at frequencies very close to the SPR frequency which comes

under the category of nonlinear absorption that find application in “optical

limiting”. The nonlinear absorption may be of multi photon absorption type

occurring in a single step or may be an excited state absorption process

which is a multi step process. That means the nonlinearity may be a

spontaneous nonlinearity or a cascaded nonlinearity. Gold nanoparticles in a

colloidal form or gold nanoparticles embedded dielectric matrices were

selected widely for optical limiting application. Optical limiters are those

materials whose transmittance falls with increase in incident light fluence
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[67]. The fundamental mechanisms of optical limiting, their applications and

their theoretical background are detailed well in chapter 3.

Among the commercially used optical limiting materials gold

nanoparticles occupy a superior position. At the surface plasmon resonance

(SPR) position the electric field inside the metal nanoparticle is much larger

than the applied electric field. The ratio of the electric field inside the

particle to the applied field is called the local field factor, (cu). For a

spherical particle with a radius that is very small compared to the wavelength

of light, the local field factor is given by eqn.(1.2l) [68, 69],

35E =———"—E = 1.21I am +25’. 0 fEo ( )
where ah the dielectric constant of the host medium and am is is the

complex dielectric constant of the metal. The local field factor becomes

large when the real part of the denominator (£m+ 25,) goes to zero.

Even when the inherent third order susceptibility 1;?) of the metal

inside the particle is very low, because of the local field enhancement the

,1’? value could be very large. The third order optical nonlinearities of the

materials are generally determined by the single beam method called Z-scan

technique [70], the theory and experimental of the Z—scan setup are

described in detail in chapter 3.

In addition to the nonlinear optical applications, colloidal gold has

been successfully used as a therapeutic agent for rheumatoid arthritis in rats

[71]. In a related study, [72] the implantation of gold beads near arthritic hip

joints in dogs has been found to relieve pain. In cancer research, colloidal
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gold can be used to target tumours and provide detection using SERS

(surface enhanced Raman spectroscopy) in—vivo. Gold nanorods are being

investigated as photo thermal agents for in—vivo applications. Gold nanorods

are rod shaped gold nanoparticles whose aspect ratios tune the surface

plasmon resonance (SPR) band from the visible to near infrared wavelength.

Gold nanoparticles are promising probes for biomedical applications

because they can be easily prepared and unlike other fluorescent probes such

as quantum dots or organic dyes, they do not burn out after long exposure

to light [73]. Gold nanoparticles are highly useful for a wide range of

processes including general nanotechnology, electronics manufacturing and

the synthesis of rare materials.

1.3.3. Silver nanoparticles

Silver is a metallic chemical element with the chemical symbol Ag

(Latin: argentum, from the Indo—European root arg— for "white" or

"shining") and atomic number 47. A soft, white, lustrous transition metal, it

has the highest electrical conductivity than any element and the highest

thermal conductivity than any metal. Metallic silver has an fcc lattice (shown

in figure 1.7) with lattice parameter a=0.408626nm. Its electronic

configuration is  4d'° 55'.
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Figure 1.7. fcc structure of silver.

One nanomaterial that is having an early impact in healthcare

products is nano—silver. Nanoparticles are used because they obviously

exhibit enhanced or different properties when compared with the bulk

material. Nano—silver is: highly efficacious, fast acting, non poisonous, non

stimulating, non allergic, tolerance free and hydrophilic. Sharp surface

plasmon absorption of silver nanoparticles [74] makes them very attractive

for optics and bioscience applications. Silver nanoparticles are advantageous

compared with nanoparticles of other noble metals (in particular, gold and

copper) because the energy of the surface plasmon resonance (SPR) of silver

lies far from the energy corresponding to inter band transitions. The latter

means that, in composite materials with silver nanoparticles, it becomes

possible to study optical nonlinearities associated with the SPR of silver.
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In addition to the nonlinear optical applications, silver nanoparticles

are the best biomedical agents for antimicrobial activities. lmpregnating

materials with silver nanoparticles has been found to be a practical way to

exploit the germ fighting properties of silver. The nano silver when in

contact with bacteria and fungus will adversely affect cellular metabolism

and inhibit cell growth. The nanosilver suppresses respiration, basal

metabolism of electron transfer system, and transport of substrate in the

microbial cell membrane. The nano silver inhibits multiplication and growth

of those bacteria and fungi which cause infection, odour, itchiness and sores.

Their very small size results in particles having a large surface area relative to

their volume. In the case of silver nanoparticles, this allows them to easily

interact \Vi[l‘1 other particles and thus increases their antibacterial efficiency.

Nano silver can be applied to a range of other healthcare products such as

dressings for burns, scald, skin donor and recipient sites; plasters for surgical

and trauma wounds and aqueous gel for spots.

1.4. Conclusions

A brief introduction to the principles, theoretical back ground and

applications of semiconductor and metal nanoparticles is given. Such

nanotechnologically enhanced materials will enable a weight reduction

accompanied by an increase in stability and improved functionality of

optical, luminescent and biological devices. Among the various types of

nanostructured materials presented, a special -attention is given to 7.n(') and

7.nS (among the semiconductor based nanomaterials) and gold and silver
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(among the metal based structures) nanoparticles. Nanotechnology is

essentially the increasing ability to manipulate (with precision) matter on

previously impossible scales, presenting possibilities which many could

never have imagined. Today's nanotechnology harnesses current progress in

chemistry, physics, materials science and biotechnology to create novel

materials that have unique properties.
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2.1. Introduction

Nanotechnology is a very diverse field, ranging from extensions of

conventional device physics to completely new approaches based upon

molecular self—assembly. It is orienting at developing new materials with

dimensions on the nanoscale and investigating whether we can directly

control matter on the atomic scale. Nanotechnology has the potential to

create many new mateiials and devices with a vast range of applications,

such as in medicine, electronics and energy production. As particle size drop

from microns to tens of nanometers, nanoparticles cease to behave as bulk

and begin exhibiting quantum mechanical behaviour similar to that of

individual atoms. Ten hydrogen atoms stacked side—by-side measure only a

single nanometer. The lure of nanotechnology is not just making small

devices; but to construct the smallest physical structures possible.

The goal of molecular manufacturing is to manipulate atoms

individually and place them in a pattern to produce a desired structure.

Experts sometimes disagree about what constitutes the nanoscale; but in

general, you can think of nanotechnology dealing with anything measuring

between 1 and 100 nm. Unusual physical, chemical and biological properties

can emerge in materials at the nanoscale. These properties may differ in

important ways from the properties of bulk materials or single atoms or

molecules. A single atom is only a tenth of a nanometer in diameter.
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Nanotechnology is, in a very literal sense, an opportunity to play

with,

(1) Physical methods and

(2) Chemical methods to synthesise nanostructures.

Several different physical methods are currently in use for the

synthesis and commercial production of nanostmctured materials. The first

and the most widely used technique involve the synthesis of single-phase

metals and ceramic oxides by the inert—gas evaporation technique [1]. The

generation of atom clusters by gas phase condensation [2] proceeds by

evaporating a precursor material, either a single metal  or a compound [4],

in a gas maintained at a low pressure, usually below 1 arm. The evaporated

atoms or molecules undergo a homogeneous condensation to form atom

clusters via collisions with gas atoms or molecules in the vicinity of a cold

powder collection surface. The clusters once formed must be removed from

the region of deposition to prevent further aggregation and coalescence of

the clusters. These clusters are readily removed from gas condensation

chamber either by natural convection of the gas or by forced gas flow.

Sputtering is another technique used to produce nanostructured

materials clusters as well as a variety of thin films [5]. This method involves

the ejection of atoms or clusters of designated materials by subjecting them

to an accelerated and highly focused beam of inert gas such as argon or

helium. The third physical method involves the generation of
nanostructured materials via severe mechanical deformation [6, 7]. In this

method nanostructured materials are produced not by cluster assembly but
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rather by structural degradation of coarser—graincd structures induced by tl1e

application of high mechanical energy. The nanometer—sized grains nucleate

within the shear bands of the deformed materials converting a coarse

grained structure to an ultrafine powder. The heavy deformation of the

coarser materials is affected by means of a high-energy ball mill or a high

energy shear process. Although this method is very useful in generating

commercial quantities of the material, it suffers from the disadvantage of

contamination problems resulting from the sources of the grinding media.

Self—assembled quantum dots nucleate spontaneously under certain

conditions during molecular beam epitaxy [MBE] [8] and metallorganic

vapour phase epitaxy [MOVPE] [9], when a material is grown on a substrate

to which it is not lattice matched. The resulting strain produces coherently

strained islands on top of a two dimensional “wetting layer”. This growth

mode is known as Stranski—Krastanov growth [10]. The islands can be

subsequently burried to form the quantum dot. This fabrication method has

potential applications in quantum cryptography [11] (i.e. single photon

sources) and quantum computation [12]. The main limitations of this

method are the cost of fabrication and the lack of control over positioning

of individual dots. The major two methods involved in the present thesis for

the synthesis of nanostructured materials are liquid phase pulsed laser

ablation (LP—PLA) and wet chemical methods. Controllable growth of

flexible nanoparticles embedded polymeric optical devices can be fabricated

at a very low cost through these two methods.
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2.2. Liquid phase pulsed laser ablation (LP-PLA)

Formation of nanoparticlcs using pulsed laser ablation of solids,

either in gas or in vacuum, has been extensively explored during the last

decade for nanofabrication such as nanostructured thin films, nanorods [13],

quantum wells and quantum dots [14]. Being performed in a controllable

contamination-free environment this method makes possible the production

of nanomaterials without impurities. Precise control over the size of die

nanostructrurcs could be attained by tuning various deposition parameters

like substrate temperature, substrate to target distance, gaseous atmosphere

in the chamber and laser energy density during the pulsed laser deposition

[15].

Recently liquid phase—pulsed laser ablation technique (LP-PLA) has

been evolved as a synthesis technique for the preparation of nanoparticles

[16]. Liquid phase pulsed laser ablation (LP-PLA) involves the focusing of

high intense laser beam (UV nanosecond pulsed laser source such as the

frequency tripled (355 nm) or quadrupled (266 nm) solid state Nd:YAG

laser or the KrF (248 nm) or ArF (193 nm) excimer laser) onto the surface

of a solid target, which is submerged beneath a liquid (in the present work

water) as shown in figure 2.1.
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Figure 2.1. The setup ofliquid phase pulsed laser ablation.

The very first process of liquid phase pulsed laser ablation is the

interaction of laser with the solid target surface submerged below the liquid

layer and subsequent vaporisation of the solid target as well as a very small

amount of surrounding liquid. At sufficiently high incident flux densities and

short pulse duration, all elements in the target are rapidly heated up to their

evaporation temperature due to pulsed laser irradiation. It leads to the

congruent evaporation of the target irrespective of the evaporating point of

the constituent elements or compounds of the target. Materials are

dissociated from the target surface and ablated out with the same

stoichiometry as the target leading to plasma plume formation from me

surface of the material. The species in the plasma plume will undergo rapid

collision with the molecules of the surrounding liquid and react them,
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producing new compounds containing atoms from both the original target

and the liquid.

Since the ejected species are in highly excited state, there is strong

chance for the chemical reactions between the ablated species and molecules

in the liquid [17]. Typically the reaction products are nanoparticles consisting

of atoms from both the target and the liquid, which will form nanoparticle

suspension in the liquid. These nanoparticles accumulate hornogenously in

the surrounding liquid thus forming a colloidal solution. Therefore there is a

chance for the prolonged interaction of this nanocolloidal suspension with

the laser radiation leading to further changes in the nanoparticle’s

composition, size or morphology [18].

Thus we can see that the process of laser interaction with the target

is similar for both laser ablation in vacuum and ablation at the solid-liquid

interface. In both process plasma plume will be generated and create a

strong confinement of the emission species, resulting in an efficient

electron—ion recombination. The major difference is that when the plasma

begins to expand, which occurs freely in vacuum in normal PLA where as it

is confined by a liquid layer in LP-PLA; The liquid layer causes delay to the

expansion of the plasma that will lead to a very high plasma pressure and

temperature thus allowing the formation of novel materials.

Fabbro er al [19] reported that at the very initial stage of interaction

of the high energy laser with the interface between the solid and the liquid,

species ejected from the solid target surface have a large initial kinetic

energy. The liquid surroundings will generate a coveiing effect to these
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ejected species and the species will form a dense region in the vicinity of the

s0lid—|iquid interface. This stage is similar to that which occurs in vacuum or

low pressure gas, where the laser generates a plasma ‘plume’. In LP—PLA, the

plasma is confined in the liquid and expansion process happens adiabatically

at supersonic velocity generating a shock—wave in front of it. This shock

wave will cause an additional instantaneous pressure as it passes through the

liquid. This ‘laser-induced pressure’ will result in the temperature increase in

the plasma [20, 21]. This is another reason for the higher pressure and

higher density in the case of plasma formed in LP—PLA compared with PLA

plasma formed in gas or vacuum.

Detailed studies regarding the mechanisms involved in the

nucleation and phase transition of nanocrystals upon LP—PLA are not

reported yet. The nucleation thermodynamics, the phase transition and the

growth kinetics of nanocrystals by laser ablation of liquids is explained well

in a recent review by Yang et al [22]. It is proposed that LP—PLA is very fast

and far from equilibrium process. Hence all metastable and stable phases

forming at the initial, intermediate and final stages of the transformauon

must be reserved in the final products especially for any metastable

intermediate phases [23]. It has been recently demonstrated [24, 25] that the

nanoparticle size can be drastically reduced by the use of aqueous solutions.

Gold as well as ZnO nanoparticlcs [26, 27] dispersed water can be prepared

by this method using third harmonic Nd: YAG laser.

One of the advantages of LP—Pl...-\ is that both the solid target and

the liquid are vaporised, so the product will contain atoms from the target
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material and the liquid. The generation of various nanoparticles by LP—PLA

is an alternative to the well-known chemical vapour deposition (CVD)

method and is characterized by its relative simplicity and the low cost of the

experimental setup. The very special advantage of LP-PLA is that

nanoparticles produced by laser ablation of solid targets in a liquid

environment are free of any counter—ions or surface—active substances

because quantum dots can be directly dispersed in liquid medium without

the play of much chemistry [28]. However, physical aspects of laser ablation

in liquids still remain unclear and relative contributions of the physical and

chemical factors of particle reduction are to be still evaluated.

2.2.1. Water Confined Regime (WCR) model

The plasma production in LP-PLA is associated with the shock wave

emission [29]. It has been reported that the ablation rate is high in the water

confined regime as compared to the ambient conditions [22]. In the WCR

configuration water confined plasma exerts a much stronger pressure. This

enhanced pressure has significant effects on the mechanical response of

solid surfaces immersed in the liquid. This high—pressure, high—temperature

plasma results in a much higher ablation rate. The duration of the shock

wave is two to three times longer than that in the direct regime for the same

laser intensity.

Here the target material is put in a glass jar with a water layer with an

appropriate thickness above the target. it has been reported that the ablation

rate could be highly enhanced in the \‘(/CR regime by a 1.1 mm water layer

above the solid substrates as reported on Si substrate in water media [30].
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The energy absorbed by the target material decreases quickly with the

increase of the water layer thickness. Therefore, the plasma generated in

water is weaker and the ablation rate decreases accordingly. With the

increase of water layer thickness, the plasma became weaker and finally

almost disappeared. Hence the thickness of the water layer should be
minimum for efficient ablation rate.

Also the thickness of the water layer must not fall very low since it

may lead to ablative piston effect. The removal of the material during laser

ablation will lead to a rapid rise in the local particle density, which results in

a rapid rise in the pressure of the materials’ surface. This process is usually

accompanied by plasma generation and the high pressure is released as a

shock wave. After emitting into air, the shock wave will decay into acoustic

waves by air friction, which is called the “ablative piston” effect [31]. When

there is a water layer above the surface of the target, the shock wave

generated during laser ablation will be emitted into the water layer first and

the plasma will produce an explosion in water. Afterwards, the shock wave

will decay into acoustic waves as a direct result of air friction. Therefore

when the water layer thickness above the surface of the target is very small,

the material removal rate will be very large and the ablative piston effect will

be predominant in the ablation process.

\Ve know that the pressure developed in the liquid confined ablation

mode will be very high. An analytical model was previously introduced for

the prediction of laser--induced pressures in the confined ablation mode [32].

According to this model there exist three different phases for the plasma;
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laser heating, adiabatic cooling and final expansion. This model helps in the

direct estimation of the pressure inside the confined plasma. This maximum

pressure generated by the laser plasma in the WCR is given by the following

relation [3 2],

P(GPa )= 0.01 Ja‘: 3 x \/Z(gcm ”s“‘ x \/IO(GW /cm 2) (2.1)

where I0 the incident power intensity, 0L is the fraction of internal

energy devoted to thermal energy (typically oL=0.25) and Z the reduced

shock impedance between target and the confining water defined by the

relation, 2 1 1— = + (2.2)Z Z Zwater larg e!

where Zwm, and Zmm are the shock irnpedances of the water and the

target respectively. The maximum pressure obtained in the water confined

regime can be compared to the value obtained in the direct ablation regime.

In the direct ablation regime under ambient conditions, the ablation pressure

is given by the relation,

Pd (GPa )= 0.4137 (GW /cm 2 )l‘°'°3 (,um)r‘°'°5 (ns) (2.3)

where 7» is wavelength and I pulse duration. The relation between

the saturated vapour pressure P and plume temperature T is given by [33],

P(T) = P0 exp [—  (2.4)
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where 1),, is the ambient pressure, AC,,, and R are constants. Here, the

surface temperature of substrate T is equal to plume temperature T at

thermal equilibrium. The ablation rate 0 can be written as [34],

V = V0 exp — —" (2.5)
T :

where vi, is of the order of the sound velocity within the target

material and T,, the activation temperature. From eqn.(2.4) it is obvious that

the substrate surface temperature T, increases with plasma pressure. Also

from eqn.(2.5), it is observed that higher T, results in higher ablation rate.

Also the laser ablation in the water confined regime is a dynamic positive

feedback process because the higher ablation rate of material will enhance

the confined plasma pressure. Therefore, we can conclude that the ablation

rate will be very much enhanced by WCR.

2.3. Chemical methods

Recent advances in the synthesis of various nanoparticles using

colloidal chemical approaches involve either rapid injection of reagents into

hot surfactant solution followed by ageing at high temperature or the mixing

of reagents at a low temperature and slow heating under controlled

conditions. The advantage of chemical synthesis is its versatility in designing

and synthesizing new materials that can be refined into a final product. The

primary advantage of the chemical processes over other methods is its good

chemical homogeneity, as chemical synthesis offers mixing at the molecular

level. Molecular chemistry can be designed to prepare new materials by
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understanding how matter is assembled on an atomic or molecular level and

the consequent effects on the desired material macroscopic properties. A

basic understanding on the principles of crystal chemistry, thermodynamics

and phase equilibrium and reaction kinetics is important to take advantage

of the many benefits that chemical processing has to offer.

There are certain difficulties in general chemical processing. In some

preparations, the chemistry is complex and hazardous. Contamination can

also result from the byproducts being generated or side reactions in the

chemical process. This should be minimized or avoided to obtain desirable

properties in the final product. Agglomeration can also be a major cause of

concern at any stage in a synthetic process and it can dramatically alter the

properties of the materials. Agglomeration frequently makes it more difficult

to consolidate nanoparticles to a fully dense and compact structure. Finally,

although many chemical processes are scalable for economical production, it

is not always straight forward for all systems.

Solution chemistry is used sometimes to prepare the precursor,

which is subsequently converted to the nanophase particles by non—liquid

phase chemical reactions. Precipitation of a solid from a solution is a

common technique for the synthesis of fine particles. The general procedure

involves reactions in the aqueous or non—aqueous solutions containing the

soluble or suspended salts [1]. Once the solution becomes super saturated

with the product, the precipitate is formed by either homogeneous or

heterogeneous nucleation. The formation of a stable material with or

without the presence of a foreign species is referred to as heterogeneous or
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homogeneous nucleation respectively. The growth of the nuclei after

formation usually proceeds by diffusion, where concentration gradients and

reaction temperatures are very important in determining the growth rate of

particles, for example to form monodispersed particles. For instance, to

form unagglomerated particles with a very narrow size distribution, all the

nuclei must be formed at nearly the same time and the subsequent growth

must occur without further nucleation or agglomeration of particles.

Nanostructured materials are also prepared by chemical vapour

deposition (CVD) [35] or chemical vapour condensation (CVC) [36] which

are used to produce high—purity, high-performance solid materials. That

means a chemica.l precursor is converted to the gas phase and it then

undergoes decomposition at either low or atmospheric pressure to generate

the nanostructured particles. Precursor gases (often diluted in carrier gases)

are delivered into the reaction chamber at approximately ambient

temperatures. As they pass over or come into contact with a heated

substrate, they react or decompose forming a solid phase and are deposited

onto the substrate. The process is often used in the semiconductor industry

to produce thin films.

Chemical vapour deposition (CVD) is a generic name for a group of

processes that involve depositing a solid material from a gaseous phase and

is similar in some respects to physical vapour deposition  In a typical

CVD process, the wafer (substrate) is exposed to one or more Volaule

precursors, which react and/or decompose on the substrate surface to

produce the desired deposit. Frequently, volatile byproducts are also
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produced, which are removed by gas flow through the reaction chamber.

CVD is an extremely versatile process that can be used to process almost

any metallic or ceramic compound. Some of these include elements, metals,

alloys, carbides, nitrides, borides, oxides and intermetallic compounds. It

has applications in coatings for a variety of applications such as wear

resistance, corrosion resistance, high temperature protection, erosion

protection etc. They also find applications in integrated circuits, sensors and

optoelectronic devices, production of novel powders and fibres and optical

fibres for telecommunications. The clusters prepared by these methods have

poorly defined surfaces and a broad size distribution, which is detrimental to

the properties of semiconductor materials. A more detailed discussion on

nanomaterial preparation and nanostructure fabrication can be found in the

recent literature
2.3.1. Wet chemical methods

Wet chemical method is a recently introduced method which is a

simple, room temperature method for the synthesis of nanostructures. Wet

chemistry is a term that represents a number of scientific techniques that

involve direct experimentation with liquids. Because it is a broad industry

term, the exact definition will vary from business to business. A general rule

that can be applied is that if it involves a scientist working with liquids by

hand and physically observing the results of the experiment, it is wet

chemistry. The use of robotics in the laboratory, however, has even

challenged this definition to some extent.
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\‘(/ct chemistry includes basic experimentation techniques like

measuring, mixing and weighing chemicals, as well as testing concentration,

conductivity, density, pH, specific gravity, temperature, viscosity and other

aspects of liquids. Analytical techniques in wet chemistry are usually

qualitative in nature, meaning that they attempt to determine the presence of

a specific chetnica.l rather than the exact amount. However, some

quantitative techniques are used in wet chemistry, and they include

gtavimetric (weighing) and volumetric analysis (measuring).

Bench chemistry is sometimes used as a synonym for wet chemistry.

The terms differ in two primary ways: first, bench chemistry can involve dry

chemicals, while wet chemistry always involves at least one substance in the

liquid phase; second, wet chemistry sometimes involves hightech equipment,

while bench chemistry only includes techniques that use simple devices in

keeping with the classical chemistry spirit. Both types of chemistry, however,

do share many of the same techniques and equipment.

A large number of techniques have been used for the synthesis of

semiconductor nanostructures, such as electrochemical deposition

technique, sputter deposition, hydrothermal methods and vapour methods.

The above said methods require reaction conditions such as high reaction

temperature or accurate gas concentration, gas flow rate or scarce raw

materials or complex processes and so on. Hence the wet chemistry offers

simple, low temperature and environment protective method for the

synthesis of the semiconductor nanoparticles.
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NASA’s Phoenix Mars Lander had a wet chemistry lab abroad when

it landed on the red planet in 2008. As one of its experiments, l’hoeni.\'

scooped up small amounts of soil, then dissolved the samples in water. The

soil solutions then had various aspects tested, including conductivity, pH

and redox potential. The instruments also tested for the presence of

bromide anions, carbon, chloride anions, magnesium cations, oxygen,
sodium cations and sulfate anions.

2.4. Characterisation tools

2.4.1. Structural characterisation

(a). X-ray diffraction studies
Electrical and optical properties of the materials are influenced by

their crystallographic nature. X-ray diffraction (XRD) studies were carried

out to study the crystallographic properties of the nanostructures prepared.

A given substance always produces a characteristic X—ray diffraction pattern,

whether that substance is present in the pure state or as one constituent ofa

mixture of substances. This fact is the basis for the diffraction method of

chemical analysis. The particular advantage of X-ray diffraction analysis is

that it discloses the presence of a substance but not in terms of its

constituent chemical elements. Diffraction analysis is useful whenever it is

necessary to know the state of chemical combination of the elements

involved or the particular phase in which they are present. Compared with

ordinary chemical analysis, the diffraction method has the advantage that it
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is much faster, requires only very small amount of sample and is non

destructive [37, 38].

The basic law involvecl in the diffraction method of structural

analysis is the Bragg’s law. When monochromatic X—ra,\-'5 impinge upon the

atoms in a crystal lattice, each atom acts as a source of scattering. The crystal

lattice acts as series of parallel reflecting planes. The intensity of the reflected

beam at certain angles will be maximum when the path difference between

two reflected waves from two different planes is an integral multiple of K.

This condition is called Bragg’s law and is given by the relation,

ml = 2dsin :9 (2.6)
where n is the order of diffraction, A is the wavelength of the X—rays,

d is the spacing between consecutive parallel planes and 0 is the glancing

angle (or the complement of the angle of incidence) [39]. The schematic

diagram of XRD is shown in figure 2.2.
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Figure 2.2. Schematic of an X-ray diffractometer.

X—ray diffraction studies give a whole range of information about the

crystal stmcture, orientation, average crystalline size and stress in the sample

material. Experirnentally obtained diffraction patterns of the sample are

compared with the standard powder diffraction files published by the

international centre for diffraction data (ICDD). The average grain size D of

the sample can be calculated using the Scherrer’s formula [37],

D = 0.9/1 (27)
/3cost9

where, 7» is the wavelength of the X—ra_v and [3 is the full width at half

maximum intensity in radians. The lattice parameter values for different
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crystallographic systems can be calculated from the following equations

using the (hkl) parameters and the inter-planar spacing dm.

For cubic system,
Cl

\//12 +13 +12 (23)
X-ray diffraction measurements of the different nanostructures were

dhkl :

done using Rigaku automated X—ray diffractometer. The filtered copper Kn

(7\.=1.5418A") radiation was used for recording the diffraction pattern.

Transmission electron microscopy (T EM)

Transmission electron microscopy (TEM) is an imaging technique

whereby a beam of elecrons is focused onto a specimen causing an enlarged

version to appear on a fluorescent screen or layer of photographic film or to

be detected by a CCD camera. The first practical transmission electron

microscope was built by Albert Prebus andjames Hillier at the University of

Torondo in 1938 using concepts developed earlier by Max Knoll and Ernst

Ruska. Electrons are generated by a process known as thermionic emission

in the same manner as the cathode in a cathode ray tube, or by field

emission; they are then accelerated by an electric field and focused by

electrical and magnetic fields onto the sample. The electrons can be focused

onto the sample providing a resolution far better than that is possible with

light microscopes and with improved depth of vision. Figure 2.3 shows a

schematic outline ofa TEM instrument. A TEM contains four parts:
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Electron source

The electron source consists of a cathode and an anode. The

cathode is a tungsten filament which emits electrons when heated. A

negative cap confines the electrons into a loosely focused beam (Figure 2.2).

The beam is then accelerated towards the specimen by the positive anode.

Electrons at the rim of the beam will fall onto the anode while the others at

the center will pass through the small hole of the anode. The electron source

works like a cathode ray tube.

Electromagnetic lens system

After leaving the electron source, the electron beam is tightly

focused using electromagnetic lens and metal apertures. The system only

allows electrons within a small energy range to pass through, so the electrons

in the electron beam will have a well—defined energy.

Sample holder

The sample holder is a platform equipped with a mechanical arm for

holding the specimen and controlling its position.

Imaging system

The imaging system consists of another electromagnetic lens system

and a screen. The electromagnetic lens system contains two lens systems,

one for refocusing the electrons after they pass through the specimen and

the other for enlarging the image and projecting it onto the screen. The

screen has a phosphorescent plate which glows when being hit by electrons.

Image forms in a way similar to photography.
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Figure 2.3. Schematic of a transmission electron microscope.
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TEM works like a slide proiector. A projector shines a beam of light

which transmits through the slide. The patterns painted on the slide only

allow certain parts of the light beam to pass through. Thus the transmitted

beam replicates the patterns on the slide, forming an enlarged image of the

slide when Falling on the screen. Tlil\-ls work the same way except that they

shine a beam of electrons (like the light in a slide projector) through the

specimen (like the slide). However, in TEM, the transmission of electron

beam is highly dependent on the properties of material being examined.

Such properties include density, composition, etc. For example, porous

material will allow more electrons to pass through while dense material will

allow less. As a result, a specimen with a non—uniform density can be

examined by this technique. \‘<"hatever part is transmitted is projected onto a

phosphor screen for the user to see [40]. Details of a sample can be

enhanced in light microscopy by the use of stains. Similarly with electron

microscopy, compounds of heaxy metals such as osmium, lead or uranium

can be used to selectively deposit on the sample to enhance structural

details. So areas where electrons are scattered appear dark on the screen, or

on a positive image.

.'\n additional class of these instruments is the electron

cryomicroscope, which includes a specimen stage capable of maintaining the

specimen at liquid nitrogen or liquid helium temperatures. This allows

imaging specimens prepared in vitreous ice, the preferred preparation

technique for imaging individual molecules or macromolecular assemblies.

.=\notber type of TEt\‘l is the scanning transmission electron microscope
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(STEM), where the beam can be rastered across the sample to form the

image. In analytical 'l'EMs, the elemental composition of the specimen can

be determined by analysing its X—ray spectrum or the energy-loss spectrum

of the transmitted electrons. Modern research TEMs may include aberration

correctors, to reduce the amount of distortion in the image, allowing

information on features on the scale of 0.1 nm to be obtained (resolutions

down to 0.08 nm has been demonstrated, so far). Monochromators may also

be used which reduce the energy spread of the incident electron beam to less

than 0.15 eV.

From TEM images, size of the nanoparticles can be determined.

Parallel lines in the high resolution transmission electron micrograph

(HRTEM) represent planes in the crystal lattice and distance between them

corresponds to d spacing. By comparing these (1 spacing values with the

JCPDS data, one can identify the orientation of the planes in the synthesized

material. Selective area electron diffraction (SAED) is the map of the

reciprocal lattice which will also give the signature of various planes in which

material has been grown. Depending on the crystalline nature of the

material, the SAED pattern will be orderly arranged spots, distinguishable

ring or fused rings [41]. But in the case of quantum dots concentric rings

were observed in the SAED. The d spacing of the planes corresponding to

the rings can be determined by the following equation,

dD = CL1 (2.9)
where L is the effective camera length, X is the de Broglie wavelength

of the accelerated electrons, D is the ring diameter of the electron diffraction
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(STEM), where the beam can be rastered across the sample to form the

image. In analytical 'l'EMs, the elemental composition of the specimen can

be determined by analysing its X-ray spectrum or the energy—loss spectrum

of the transmitted electrons. Modern research TEMs may include aberration

correctors, to reduce the amount of distortion in the image, allowing

information on features on the scale of 0.1 nm to be obtained (resolutions

down to 0.08 nm has been demonstrated, so far). Monochromators may also

be used which reduce the energy spread of the incident electron beam to less

than 0.15 eV.

From TEM images, size of the nanoparticles can be determined.

Parallel lines in the high resolution transmission electron micrograph

(HRTEM) represent planes in the crystal lattice and distance between them

corresponds to d spacing. By companng these cl spacing values with the

JCPDS data, one can identify the orientation of the planes in the synthesized

material. Selective area electron diffraction (SAED) is the map of the

reciprocal lattice which will also give the signature of various planes in which

material has been grown. Depending on the crystalline nature of the

material, the SAED pattern will be orderly arranged spots, distinguishable

ring or fused rings [41]. But in the case of quantum dots concentric rings

were observed in the SAED. The d spacing of the planes corresponding to

the rings can be determined by the following equation,

dD = CL/1 (2.9)
where L is the effective camera length, 7L is the de Broglie wavelength

of the accelerated electrons, D is the ring diameter of the electron diffraction
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pattern and d is the interplanar spacing [40]. The term in the right hand side

of the eqn.2.9 is referred to as the camera constant. TEM, JEOL operating

at an accelerating voltage of 200 kV was used for the determination of the

particle size and crystalline nature of the nanoparticles in the present work.

2.4.2. Optical studies

In the present study, diffuse reflectance spectroscopy and optical

absorption spectroscopy were the optical characterization tools to determine

the band gap of powder and solution samples respectively.

(2). Diffuse reflectance spectroscopy (DRS)

Diffuse reflection is the reflection of light from an uneven or

granular surface such that an incident ray is seemingly reflected at a number

of angles. Diffuse reflected rays from a sample do not obey the Snell’s law as

do the ordinary mirror-like specular reflections. The measurement of

radiation diffusely reflected from a surface constitutes the area of

spectroscopy known as diffuse reflectance spectroscopy (DRS). Specular

reflection is due to the reflection at the surface of single crystallites while

diffuse reflection arises from the radiation penetrating into the interior of

the solid and re—emerging to the surface after being scattered numerous

times. Thus, the DRS spectra will exhibit both absorbance and reflectance

features due to contributions from transmission, internal and specular

reflectance components as well as scattering phenomena in the collected
radiation.

Based on the optical properties of the sample, several models have

been proposed to describe the diffuse reflectance phenomena. The Kubelka
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Munk (KLVI) model put forward in 1931 [42, 43] is widely used and accepted

in DRS. The KM theory is based on a continuum model where reflectance

properties are described by differential equations for infinitesirnally small

layers. When the depth of the sample is infinite, the theory is solved to arrive

at the remission function or the so—called Kt\I function f(ra),

f.(r(1) =  : 5 (2.10)' Zru s
Ra (Sample)where, r , R“ denotes the diffuse reflectance.

" 2 R“ (5 tan dared)

Here the standard used is BaS(')4. R (standard) is taken as unity. The

intensity of the diffusely reflected light therefore depends on the scattering

coefficient s and the absorption Coefficient k. The band gap is estimated

from the plot of {(k/s).hv} 1 Versus hv.

(b). Optical absorption spectroscopy

Intrinsic optical absorption of a single photon across the band gap is

the dominant optical ahsorption process in a semiconductor. The

absorption/ transmission of thin films as well as colloidal solutions in the

present study were recorded using jasco V570 spectrophotometer. The

block diagram of the spectrophotometer while taking the absorption of a

solution is shown in figure 2.4. The spectrophotometer uses two light

sources, a deuterium (D2) lamp for ultraviolet light and a tungsten  lamp

for visible light. .-\fter bouncing off a mirror (mirror 1), the light beam

passes through a slit and hits a diffraction grating. The grating can be rotated

allowing for a specific wayelengtli to be selected. At any specific orientation
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of the grating, only monochromatic light (single wavelength) successfully

passes through a slit. A filter is used to remove unwanted higher orders of

diffraction. The light beam hits a second mirror before it gets split into half

(half of the light is reflected, the other half passes through). One of the

beams is allowed to pass through a reference cuvette (which contains the

solvent only), the other passes through the sample cuvette. The intensities of

the reference light beam (1,) as well as the transmitted beam  are then

measured at the end using detector 1 and 2. From the value of L, and I the

absorption coefficient ((1) and band gap  of the sample material can be
found out.

Tomidnl Gntirg D2 hmp (UV)
Minor 1

’ Ml"°"2 Sampb Detector1/ Cuvette 1" Sample fl _I IM1'n'or3 3°“ Utml
Figure 2.4. The schematic diagram of UV-visible spectrophotometer.
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When the energy of the incident photon (hv) is larger than the band

gap energy, the excitation of electrons from the valence band to the empty

states of the conduction band occurs. The light passing through the material

is then absorbed and the number of electron hole pairs generated depends

on the number of incident photons 5},(v) (per unit area, unit time and unit

energy). The frequency v is related to.the wavelength 1 by the relation,

,1 = 5, where c is the velocity of light.
V

The photon flux .S'(x,v) decreases exponentially inside the crystal

according to the relation,

5'(x,v) = S,,(v) exp(-ax) (2.11)
where, the absorption coefficient on, (oc(v) = 41tkV/ c) is determined

by the absorption process in semiconductors and k is the extinction

coefficient. For the parabolic band structure, the relation between the

absorption coefficient (at) and the band gap of the material is given by [44],ahv ,A ‘(l“"Es) (2.12)
where, r = 1/2 for allowed direct transitions, r = 2 for allowed

indirect transitions, r = 3 for forbidden indirect transitions and r = 3/2 for

forbidden direct transitions. “A” is the parameter which depends on the

transition probability. The absorption coefficient can be deduced from the

absorption or transmission spectra using the relation,
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a = %1n(£) (2.13)
where, I is the transmitted intensity and L, is the incident intensity of

the light and t is the thickness of the film. In the case of direct transition,

from eqn. 2.12, (OthV)2Will show a linear dependence on the photon energy

(hv). A plot of (orhv)2 against hv will be a straight line and the intercept on

energy axis at (o(hV)2 equal to zero will give the band gap energy. Thus UV

visible absorption is a simpler method of measuring the band gap of the

sample material.

2.4.3. Photoluminescence studies (PL)

Photoluminescence spectroscopy is a contactless, nondestructive

method of probing the electronic structure of materials [45].
Photoluminescence (FL) is the emission of light when a substance is

irradiated with a shorter wavelength light. Quantum mechanically, photo

excitation causes electrons within the material to move into permissible

excited states. When these electrons return to their equilibrium states, the

excess energy is released radiativcly or non radiatively. The radiative

emission on photo-excitation is referred to as photoluminescence.

The energy of the emitted light relates to the difference in energy

levels between the two electronic states involved in the transition. The

quantity of the emitted light is related to the relative contribution of the

radiative process. The intensity and spectral content of the luminous output

is a direct measure of various important material properties. Radiative
transitions in semiconductors also involve localized defect levels. The
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photoluminescence energy associated with these levels can be used to

identify specific defects and the amount of photoluminescence can be used

to determine their concentration.

Two t_\—‘pes of luminescence spectra can be distinguished: excitation

and emission. The excitation spectrum gives the intensity variations of the

exciting radiation over a range for a fixed emission wavelength. It gives

information on the position of excited states just as the absorption spectrum

does, except that the former reveals only the absorption bands that result in

the emission of light. The observed differences between the absorption and

excitation spectra can yield useful information. An emission spectrum

provides information on the spectral distribution of the light emitted by a

sample for a given excitation wavelength. The time resolved PL

measurement is a powerful tool for the ClCl'C1Tl1ll'l2l[i()I'l of the radiative

efficiency that specifies the fraction of excited states which de—e.\'cite by

emitting photons.

The schematic block diagram showing the components of

spectroflurometer is shown in figure 2.5. The emission and excitation

spectra of the samples are recorded using Fluoromax -3 spectroflurometer

consisting of 15(’J\‘(r' Xenon arc lamp, monochromator and a detector. ,\

continuous source of light shines on to an excitation monochromator, which

selects a band of wavelengtlts. This monochromatic excitation light is

directed onto a sample, which emits luminescence. The luminescence is

directed to a second emission monochromator which selects a band of

wavelengths and shines them onto a photon counting detector (R‘)28P
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PVT) ranging from l8()—850nm. The reference detector monitoring the

Xenon lamp - a UV enhanced Si photodiode — requires no external bias and

has good response from l9(’)-980nm. The signal from the detector is

reported to a system controller and host computer where the data can be

manipulated and presented using special software.

Excitation I 3amPl¢

monochromator I Cell

monochromator

Figure 2.5. The schematic block diagram showing the components of

spectroflu rometer.
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2.4.4. Inductively coupled plasma — Atomic emission spectroscopy

(ICP-AES)

Inductively coupled plasma atomic emission spectroscopy (ICP

AES), also referred to as inductively coupled plasma optical emission

spectrometry (ICP—OES), is a spectrophotometric technique, exploiting the

fact that excited electrons emit energy at a given wavelength as they return

to ground state [46]. This technique uses plasma called inductively coupled

plasma to produce excited atoms. The fundamental characteristic of this

process is that each element emits energy at specific wavelengths peculiar to

its chemical character. Although each element emits energy at multiple

wavelengths, in the ICP—AES technique it is most common to select a single

wavelength (or a very few) for a given element. The intensity of the energy

emitted at the chosen wavelength is proportional to the amount

(concentration) of that element in the analyzed sample. Thus, by

determining which wavelengths are emitted by a sample and by determining

their intensities, the analyst can quantify the elemental composition of the

given sample relative to a reference standard. ICP —AES measurement was

done in the present work using Thermo Electron IRIS INTREPID II XSP
DUO.

2.4.5. Raman spectroscopy

Raman spectroscopy is a technique that can detect both organic and

inorganic species and measure the crystallanity of solids. Raman

spectroscopy is based on the Raman effect, first reported by Raman in 1928

[47]. If the incident photon imparts part of it’s energy to the lattice in the
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form of a phonon it emerges as a lower energy photon. This down

converted frequency shift is known as Stokes-shifted scattering. Anti—Stokes

shifted scattering results when the photon absorbs a phonon and emerges

with higher energy. The anti-Stokes mode is much weaker than the Stokes

mode so the Stokes-mode scattering is usually monitored. In Raman

spectroscopy, a laser beam, referred to as the pump, is incident on the

sample. The weak scattered light or the Raman signal is passed through a

double monochromator to reject the Raleigh scattered light and the Raman

shifted wavelengths are detected by a photodetector. Various properties of

the semiconductors, mainly composition and crystal structure can be

determined. The Stokes line shifts and broadenings becomes asymmetric for

rnicrocrystalline Si with grain sizes below 10 nm [48]. The lines become very

broad for amorphous semiconductors, allowing distinction to be made

between single crystal, polycrystalline, and amorphous materials. Raman

spectroscopy is used to study the vibrational properties of nanostructured

materials. The information about structure, phase, grain size, phonon

confinement etc can be obtained from Raman spectroscopy. The extent of

phonon confinement in a material can be observed as the shift in Raman

line frequencies. Acoustic modes are not observed by Raman measurements

in bulk systems because of their low frequencies. But in nanostructured

materials, they appear in the measurable frequency range (below 100 cm")

[49, 50]. The frequency of the acoustic mode is inversely proportional to the

size of the nanoparticles and this can be used to determine the size of the

particles. Confinement ofoptical plionons results in the frequency shift and
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asymmetrical broadening of longitudinal optical (L0) and transverse optical

(TO) mode line shape [51]. The information about the structure and quality

of the low dimensional structures can be obtained from Raman

spectroscopy. In the present work, Raman studies were carried out with

micro Raman (Renishaw) with l-le— Ne Laser (632.8 nm) as the excitation

source.

2.4.6. Atomic absorption spectroscopy (AAS)

In analytical chemistry, atomic absorption spectroscopy is a

technique for determining the concentration of a particular metal element in

a sample |52]. The technique can be used to analyze the concentration of

over 70 different metals in a solution. Although atomic absorption

spectroscopy dates to the nineteenth century, the modern Form was largely

developed during the 19505 by a team of Australian chemists. They were led

by Alan \‘\7'alsh and \\—'orl<e(l at the CSIRO (Commonwealth Science and

Industry Research Orgzinisanon) Division of (Ihemical Physics in

Melbourne, Australia.

The technique makes use of absorption spectrometry to assess the

concentration of an analyte in a sample. It relies therefore heavily on Beer

Lambert law. In short, the electrons of the atoms in the atomizer can be

promoted to higher orbitals for a short amount of time by absorbing a set

quantity of energy (i.e. light of a given wavelength). This amount of energy

(or wavelength) is specific to a particular electronic transition in a particular

element, and in general, each wavelength corresponds to only one element.

This gives the technique its elemental selectivity. .=\s the quantity of energy
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(the power) put into the flame is known and the quantity remaining at the

other side (at the detector) can be measured, it is possible, from Beer

Lambert law, to calculate how many of these transitions took place, and thus

get a signal that is proportional to the concentration of the element being

measured. The schematic of an atomic absorption spectrometer is shown in

figure 2.6. The components are described below,

lens lens detector
:—E"'l-"‘-9.0-9" monochrornator m

hollow atomizedath del I
C 0 arm sampe readout ‘ amplifier

Figure 2.6. The schematic of an atomic absorption spectrometer.

Light source: The light source is usually a hollow-cathode lamp of the

element that is being measured. The radiation source chosen has a spectral

width narrower than that of the atomic transitions. Inside the lamp, filled

with argon or neon gas, is a cylindrical metal cathode containing the metal

for excitation and an anode. When a high voltage is applied across the anode

and cathode, gas particles are ionized. As voltage is increased, gaseous ions

acquire enough energy to eject metal atoms from the cathode. Some of these

atoms are in an excited state and emit light with the frequency characteristic
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to the metal [53]. Many modern hollow cathode lamps are selective for
several metals.

Atomizer: AAS requires that the analyte atoms be in the gas phase. Ions or

atoms in a sample must undergo desolvation and vaporization in a high

temperaturc source such as a flame or graphite furnace. Flame AAS can only

analyze solutions, while graphite furnace AAS can accept solutions, slurries,

or solid samples. A liquid sample is normally turned into an atomic gas in

three steps:

1. Desolvation (Drying) — The liquid solvent is evaporated and the dry

sample remains.

2. Vaporization (Ashing) — The solid sample vaporises to a gas.

3. Atomizaiion — The compounds making up the sample are broken into
free atoms.

Flame: AAS uses a slot type burner to increase the path length, and

therefore to increase the total absorbance (Beer—Lambert law). Sample

solutions are usually aspirated with the gas flow into a nebulizing/mixing

chamber to form small droplets before entering the flame. The technique

typically makes use of a flame to atomize the sample [54], but other

atomizers such as a graphite furnace [55] or plasmas (primarily inductively

coupled plasmas) are also used [56]. When a flame is used, it is laterally long

(usually 10 cm) and not deep. The height of the flame above the burner head

can be controlled by adjusting the flow of the fuel mixture. A beam of light

passes through this flame at its longest axis (the lateral axis) and hits a

detector. The graphite furnace has several advantages over a flame. It is a
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much more efficient atomizer than a flame and it can directly accept very

small absolute quantities of sample. it also provides a reducing environment

for easily oxidizing elements. Samples are placed directly in the graphite

furnace and the furnace is electrically heated in several steps to dry the

sample, ash organic matter and vaporize the analytc atoms.

Light separation and detection: AAS use monochromators and detectors

for UV and visible light. The main purpose of the monochromator is to

isolate the absorption line from background light due to interferences.

Simple dedicated AAS instruments often replace the monochromator with a

band pass interference filter. Photomultiplier tubes are the most common

detectors for AAS.

Excitation: A flame provides a high-temperature source for desolvating

and vaporizing a sample to obtain free atoms for spectroscopic analysis. For

atomic emission spectroscopy, the flame excites the atoms to higher energy

levels.

The narrow bandwidth of hollow cathode lamps makes spectral

overlap rare. That is, it is unlikely that an absorption line from one element

will overlap with another. Molecular emission is much broader, so it is more

likely that some molecular absorption band will overlap with an atomic line.

This can result in artificially high absorption and an improperly high

calculation for the concentration in the solution. Three methods are typically

used to correct for this:

(a). Zeeman correction: A magnetic field is used to split the atomic line
into two side bands on the basis of Zccman effect. These side bands are
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close enough to the original wavelength to still overlap with molecular

bands, but are far enough not to overlap with the atomic bands. The

absorption in the presence and absence of a magnetic field can be

compared, the difference being the atomic absorption of interest.

(b). Smith-Hieftje correction: The hollow cathode lamp is pulsed with

high current, causing a larger atom population and self-absorption during

the pulses. This self-absorption causes a broadening of the line and a

reduction of the line intensity at the original wavelength [57].

(c). Deuterium lamp correction: In this case, a separate source (a

deuterium lamp) with broad emission is used to measure the background

emission. The use of a separate lamp makes this method the least accurate,

but its relative simplicity (and the fact that it is the oldest of the three) makes

it the most commonly used method.

2.4.7. Thin film thickness

Thickness is one of the most important thin film parameter to be

characterised, since it plays an important role in the filrn properties unlike a

bulk material. Microelectronic applications generally require the maintenance

of precise and reproducible film metrology (i.e., thickness as well as lateral

dimensions). Various techniques are available to characterise the film

thickness which are basically divided into optical and mechanical methods,

and are usually non—destrucI:ive but sometimes destructive in nature.

Film thickness may be measured either by in—situ monitoring at the

rate of deposition or after the Film deposition. The thicknesses of the thin

films prepared for the work presented in this thesis were measured by a
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stylus profiler (Dektak 6M). The stylus profiler takes measurements

electromechanically by moving the sample beneath a diamond tipped stylus.

The high precision stage moves the sample according to a user defined scan

length, speed and stylus force. The stylus is mechanically coupled to the core

of a linear variable differential transformer  The stylus moves over

the sample surface. Surface variations cause the stylus to be translated

Vertically.

Electrical signals corresponding to the stylus movement are

produced as the core position of the LVDT changes. The LVDT scales an

ac reference signal proportional to the position change, which in turn is

conditioned and converted to a digital format through a high precision,

integrating, analog-to-digital converter [58]. The film whose thickness has to

be measured is deposited with a region masked. This creates a step on the

sample surface. Then the thickness of the sample can be measured

accurately by measuring the vertical motion of the stylus over the step. The

stylus profile: (Dektak 6M) is shown in figure 2.7.
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Figure 2.7. Picture ofautomised Dektak stylus profiler.

The major factors which limit the accuracy of stylus measurements

are [59]:

1. Stylus penetration and scratching of films (makes problem in very soft

films).

2. Substrate roughness: Excessive noise is introduced into the measurement

as a result of substrate roughness and this creates uncertainty in the position

of the step.

3. Vibration of the equipment: Proper shock mounting and rigid supports

are essential to minimise background vibrations.
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In modern instruments, the levelling and measurement funcljons are

computer controlled. The vertical stylus movement is digitized and data can

be processed to magnify areas of interest and yield best—profilc fits.

Calibration profiles are available for standardization of measurement.
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3.1. Introduction to nonlinear optics

Nonlinear optics (NLO) is the branch of optics that describes the

behaviour of light in nonlinear media [1], that is, media in which the

dielectric polarization P responds nonlinearly to the electric field E of the

light. This branch of science explores the coherent coupling of two or more

electromagnetic fields in a nonlinear medium. It is expected to have a major

role in the technology of photonics. Photonics is the analogue of electronics

in that it describes the technology in which photons instead of electrons are

used to acquire, store, transmit and process information. This nonlinearity is

typically only observed at very high light intensities such as those provided

by lasers. With the advent of lasers which provide high intensity coherent

light, the strong oscillating electric field produces a polarization response

that is nonlinear in character and that can act as a source of new optical

fields with altered properties. Since the size of the spot of light is inversely

proportional to its wavelength, second harmonic generation [2] can increase

the capacity of stored information on optical disks immensely. Using

nonlinear phenomena one can build devices such as frequency mixers that

can act as new light sources or as amplification schemes, light modulators

for controlling the phase amplitude of a light beam [3], optical switches [4],

optical limiters  and numerous ways of processing the information

content of data or images. Nonlinear optical devices are found to be best

suite for transistor and optical bistable devices. NLO devices with ultrafast

switching times have found wide application in the field of optical
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processing of information where a gain in certain types of switching

functions and reconfigurable connectivity of light sources and detectors with

a rare chance of interference or cross talk between adjacent channels is

required. Femto second photonic switching enables a gain in the switching

speed many orders of magnitude higher than electronic switching.

Tremendous gains in the band width of information processing, ultra weak

interference with electric and magnetic sources of optical processing

techniques are far better to electronic processing techniques.

Basically all materials including all forms of matter gases, liquids and

solids shows nonlinear behaviour, but the amplitude ofoplical field required

to observe these effects varies over different orders depending on the
detailed nature of the electronic structure of the atomic and molecular

constituents of the medium, their dynamical behaviour as well as the

symmetry and their geometrical arrangement in the medium. From device

point of view, solid materials are found to have more application and they

must meet some important requirements such as high stability in the

ambient conditions and high withstandability to intense light sources. In the

molecular materials, the optical nonlinearity is primarily derived from the

molecular structure. The expression for the nonlinearity is highly dependent

on the geometrical arrangement of the molecules in the case of second order

nonlinear process but much less so far for third order nonlinear process.

The second major class of nonlinear materials is the bulk materials

where the origin of nonlinearity stems from the electrons and not associated

with the nuclei such as those in metals and semiconductors. The optical
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nonlinearity is decided by the electronic characteristic of the bulk medium

and it requires detailed theoretical frame work to account for the

nonlinearity. The major examples are quantum well structures arising from

GaAs [6] and II—1V semiconductors such as CdSe  Inorganic crystals

such ads KDP and KTP are considered as bulk materials since no single

molecular unit in the ionic lattice is identified. But in these systems the

nonlinear behaviour is surely related to the individual bond polarisabilities.

Organic and other molecular materials are increasingly being recognized as

the materials of the future because their molecular nature combined with the

versatility ofsynthetic chemistry can be used to alter and optimize molecular

structure to maximize nonlinear response and other properties. Another

advantage is the ease of fabrication that are available or under development

for building thin film structures. Many organic materials have excellent

mechanical strength as well as environmental and thermal stability.

3.2. Progress of NLO

Before 1960's, in the area of convent.ional optics many basic

mathematical equations or formulae manifested a linear feature. The

important physical quantity of interest in order to interpret various optical

phenomena like reflection, refraction, dispersion, birefringence of light

propagating through a medium, is the electric polarization induced in the

medium. Observation of the second harmonic generation (SHG) by 1)..-\.

Franken in 1961 marked the birth of nonlinear optics as a new discipline in

the area of laser—matter interacuon  Franken observed that light of
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wavelength 3-l7.1nm could be generated when a quartz crystal was irradiated

with light of wavelength 694.2nm obtained from ruby laser. He attributed

this novel result to the coherent mixing of two optical fields at 694.1nm in

the crystal to produce 347.1nm

Though the discovery of SHG marked the birth of nonlinear optics

as a new branch of experimental investigation, SHG was not the first optical

effect to be observed. Optical pumping is a nonlinear optical phenomenon,

which was known prior to the invention of laser  After the discovery of

the SHG, several other optical mixing processes were introduced depending

on the way of application of laser radiation which include sum frequency

generation [10] (1962), difference frequency generation [11] (1963), optical

third harmonic generation [12] (1962), optical rectification [13] (1962),

optical parametric amplification and oscillation [14] (1965). These inventions

provide a theoretical background to the existence of nonlinear polarization

as well as provide an alternative approach to generate optical coherent
radiation.

The discovery of stimulated Raman scattering [15] (1962) is the

second milestone to the history of nonlinear optics. Novelty of this

discovery is that the “stimulated nature” of light scattering excited by an

intense laser radiation was revealed. Simulated Raman scattering is an

alternative physical method to generate coherent optical radiation [16]

without the need of population inversion.

The stimulated Brillowin scattering [17, 18] (1965) was introduced

next which is caused by the interaction of the intense monochromatic
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optical field with the hypersonic field in a scattering medium through a

phenomenon called electrostriction mechanism [19]. After the discovery,

this has been introduced as an efficient technique to generate or amplify a

coherent optical radiation with a small frequency shift [20].

Followed by this, the self focussing mechanisms [21, 22, 23] was

introduced which included the refractive index modification of a material

medium when intense radiation pass through it and the further impact of

this refractive index shift on the shape of the laser beam itself. This effect is

very significant since it causes optical damage in a solid state lasing materials

or optical elements. Another effect is that the dramatic increase in the local

field intensity inside a medium causes anomalous threshold decrease of

certain nonlinear processes such as stimulated Raman scattering. Detailed

studies on self focusing lead the scientists to the discovery of self phase

modulation and spectral self broadening effects [24] which found application

in the generation of ultrashort pulses and continuum radiation with a super

broad spectral band.

The studies on the transient optical effects such as photon echoes

[25] (1964), self induced transparency [26] (1965) and optical nutation [27]

(1969) provide an approach to the relaxation mechanism of the resonant

excitation in an absorbing media. The saturable absorption and two photon

absorption (TPA) are two fundamental nonlinear effects which are known

before the invention of the laser. The saturable absorption observed early in

the radio frequency spectroscopy was the key factor to the discoven} of

population inversion and which later lead to the discovery of lasers and
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masers [28 20]. Satui-able absorbing dyes found application in mode locking

[29] and Q—switching [30] applications later. Although the theoretical

explanation to the TPA was done earlier in the 193()’s itself, first

experimental demonstration with TPA induced fluorescence with laser

radiation was done only in 1961 [31].

The 1970’s started the second era ofnonlincar optics. In this period

Various new nonlinear techniques were introduced such as coherent anti

stokes Raman spectroscopy (CARS) [32], Doppler free TPA spectroscopy

[33] (1971), inverse Raman spectroscopy [34], Rarnan gain spectroscopy [35]

and laser polarization spectroscopy [36] (1976). All these nonlinear

spectroscopic techniques require two beams, at least one of which must be

tunable. In this, one beam is used as a pump beam to excite a selected set of

atoms or molecules and the other beam called the probe beam is used to

detect the specific changes in the optical properties of the samples for the

selected excitation.

Later optical phase conjugation was observed in 1972 by Russian

researchers as an experimental observation of wave front reversal of back

ward stimulated Brillowin scattering [37]. The physical understanding of the

optical phase conjugation phenomena is unknown for a long term and the

effect became significant only after the introduction of three wave and four

wave mixing for the generation of phase conjugated waves (1977) [38]. The

optical phase conjugation found wide application in high brightness lasing

or ampliflca tion through a distorted gain medium, the aberration

compensation in a disturbing propagation medium, the real time optical
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holographic wave front reconstruction and the optical data storage and

processing.

Therefore, the study of nonlinear effects is very important. It helps

us to understand the mechanism of nonlinearity as well as its spatial and

temporal evolution. Besides, detailed knowledge of NLO processes and

their dynamics is also essential for the implementation of these techniques

in appropriate areas of technology such as optical switching, optical

communication, passive optical power limiting, data storage and design of

logic gates.

3.3. Interaction of light with matter

Light is a magical phenomenon that provides visual information

about the world and it seems to flow or propagate through empty space, as

well as through material objects. The familiar visual effects of reflection,

refraction, diffraction, absorption and scattering common to us can be

explained by assigning a small set of optical parameters to materials. These

parameters will be constants independent of the intensity oflight that causes

the observed optical phenomena. This sets the classic foundation to the so

called linear optics [39]. Light is basically an electromagnetic wave consisting

of electric and magnetic fields. These fields are real quantities, but are rapidly

time variant. For most of optics, the optical wave may be characteri7.ed by

defining its electric fields. Let we assume that light beams are propagating

through an unbounded linear medium. The interaction of light wave with
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linear media can be explained by using i\/[axwell’s electromagnetic theory

[40]. For linear isotropic media,

73: ,uI_i( (3.1)

5:52? (3.2)
j=aE G3

in which pi, e and o are the permeability, permittivity and conductivity of the

material of choice. These constants are independent of the field Variables,

although they do depend on frequency [41]. Since the light is transverse

electromagnetic  wave, when a theoretical formulation for the

interaction of light with matter is generated, the effect of the electric field E

and magnetic field B as well as their directional nature should be

considered. Also more specifically spoken, spatial and temporal variation of

E and E are to be taken into account [42]. But in the case of the

nonmagnetic materials, light—mattcr interaction is described in terms of the

electric field E only and the contribution from B is neglected [43].

Generally we know that the magnitude of 1;’ is less than that of  We can

relate the B to E through the velocity oflight, c, by the following relation,

(3.4)
Coilfqi
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3.3.1. Linear polarization

In the case of a linear media the interaction with light can generally

be regarded within the framework of a dielectric subjected to an electric field

[44]. The applied optical field E(t) polarizes the molecules in the medium

and interact with charged particles in the matter, mainly electrons and hence

distort the equilibrium charge distribution, which results in the separation of

unlike charges to produce an electric polarization. The polarization thus

generated is related to externally applied electric field through a

characteristic property of the medium, called optical susceptibility  It

determines the magnitude as well as the direction of induced electric

polarization for a given field strength, at a particular wavelength. The

magnitude of optical susceptibility depends on various factors such as

molecular and atomic structure of the materials, wavelength of excitation

and intensity of light. The strength of electric field inside the medium is

lowered by the polarization that opposes the externally applied field. If the

applied field strength is relatively low, the polarization in the medium

behaves linearly with the applied field and the linear polarization is

expressed in terms ofa susceptibility X as,

P0) = 607. EU) (3-5)

where X is linear susceptibility of the medium and is related to

dielectric constant (B) of the medium by the relation,

z:=]+;( (3.6)
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'l'he susce Libilit is a second—rank tensor which connects theP Y
polarization vector components to the electric field vector components.
This linear susce tibilit is related to the refractive index of the mediumP Y
through the following relation,

1 = n2 -1 (3.7)
The electric field associated with conventional light sources such as

xenon lamp and mercury lamp is very low in comparison with intcratomic

electric field. Such low electric field strength light sources cannot appreciably

perturb the molecular charge distribution in the material media. For

instance, atomic field is of the order of 10“ or 109 V/cm, whereas electric

field strength associated with conventional sources is of the order of 102-105

V/cm. Such a very low electric field when acted upon the atoms, electrons

bound to the nucleus are displaced only by about 10'mm, which is very small

in comparison with interatomic distance which is of the order of 10mm [41].

Therefore while the conventional light sources interact with the atoms, it can

be said that the displacement produced is very small which is within the

elastic limit and therefore there is no anharmonicity in the oscillations of

induced polarization. I-lence, measurements using conventional light sources

gave a polarization P, which is linearly dependent on electric field strength.

This domain of interactions of electric field \vith matter is referred to as

linear optics. Linear effects; also called first order effects include linear

optical properties such as linear refractive index, linear absorption and

birefringence. This is not the case when intense light such as laser beams
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interact with the medium where in the induced polarization doesn’t behave

linearly with the strength of applied optical field; however it behaves some

what nonlinear.

3.3.2. Nonlinear polarization

It has been found that when excitation intensity is increased, induced

polarization becomes a nonlinear function of applied electric field strength

[45]. The consequence of the nonlinear relationship between E and P is that

at very high value of incident intensity, a number of new and interesting

phenomena begin to manifest macroscopically. In this situation, it is highly

advantageous to analyse the field strength E associated conventional

sources used for excitation and compare the same \vith interatornic field.

\Vith invention of lasers, which has high degree of spectral purity,

coherence and directionality, it has become possible to irradiate atoms and

molecules with an E that is comparable to interatomic field. This is

achieved because lasers can be focused to very small spot size (of the order

of its wavelength) producing very large intensity and consequently extremely

high electric field strength at the focal region. This extremely high optical

field at the focal region produces a considerable distortion of the equilibrium

charge distribution in the medium, which gives rise to a large displacement

of electrons from their equilibrium position. As a result of this, electrons

vibrate quite anharrnonically. There exists another significant fact that when

the incident laser beam is tightly focused, photon density at the focal region

approaches atomic density. In this situation, the potential experienced by the

electrons cannot be approximated to a parabolic one. The final consequence
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of this anharmonicity is that unlike in eqn.(3.5), induced polarization

becomes a function of higher powers of electric field too, that is nonlinear

dependence of polarisation on applied electric field strength. The nonlinear

polarization is expressed as a power series in the applied field as [46],

PM = £(,(,z‘”E+,z”’E2 +3/‘3’E3 + ............ .. (3.8)

Here X“) and X8’ and x6) correspond to first order, second order and

third order susceptibilities of the medium respectively. For example, we

suppose that the incident laser beam has the form,

E = E0 cos(a)t) (3.9)
On substituting the above expression in eqn(3.8) and performing

some numerical manipulations will lead to the final expression for the

polarisation in the nonlinear media,

NL

— 1 3 1P :_ t2)E2 I _ mE2 E _ (2)E2 2
250,2 ,, +.=:0(,y +4}; 0) 0cos(ax)+2s0,y 0 cos( at)+ (3.10)

%s0,}{"’E§ cos(3at)+ ........... ..

The very first term in the above equation is a constant and it is
meant for the dc field across the medium. The second term is the first or

fundamental harmonic of polarisation. The third contribution will have a

frequency of oscillation 2m and is called the second harmonic of polarisation

and the fourth contribution is called the third harmonic of polarisation.

In the nonlinear optical regime, a number of interesting phenomena

that are absent in the linear regime emerge out. One of the major

differences between linear and nonlinear optical interactions is that, in

nonlinear optical processes two light beams can interact and exchange their
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optical energy through induced nonlinear polarization of the medium. lf the

laser beam is highly intense, even air itself can act as nonlinear medium. It is

a well known fact that femto second laser pulses get self—focused in air. A

very important nonlinear process having scientific and technological

relevance is the generation of super continuum [47_| (white light), which

occurs when some materials are irradiated with terra watts ofpower.

3.4. Some important nonlinear effects

All the nonlinear effects can be broadly classified into two categories;

one is concerned with frequency conversion [48] and the other one is

concerned with optical modulation [49]. Examples of frequency conversion

processes are sum and difference frequency generations. Processes

concerned with optical modulation include Kerr effect [50], self phase

modulation [51] etc. In optical modulation processes, light modulates some

property of the medium like refractive index. Generation of new frequencies

in frequency conversion processes is due to the oscillations of induced

nonlinear polarization at appropriate frequencies. Obviously, frequency

conversion processes are instantaneous and take place in a time scale as

short as the inverse of the frequencies involved (~01). However, common

practice is to broadly classify the NLO effects on the basis of the

susceptibility tcrrn involved like second order, third order etc. All the non

linear optical interactions consist of two successive processes;

(1) Intense light beam induces a nonlinear response (that is nonlinear

polarization) in the medium.
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(2) The medium reacts on the light, which induces the nonlinear

polarization, and modifies the light in a nonlinear way [46].

The first process is governed by the constitutive equations, which

are general equations between external field and induced polarization,

written in terms of optical susceptibility X”). The second process is governed

by Maxwell’s equations, which describes the generation of new frequencies

in presence of nonlinear polarization. It is to be noted that the nonlinear

polaiization acts as a source term in Maxwe]l’s equation.

3.4.1. Second-Harmonic Generation

Second—harmonic generation (SHG; also called frequency doubling)

is a nonlinear optical process, in which photons interacting with a nonlinear

material are effectively “combined” to form new photons with twice the

energy, and therefore twice the frequency and half the wavelength of the

initial photons. In the SHG, a polarization oscillating at a frequency 2w

radiates an electromagnetic wave of the same frequency which propagates

with the same velocity as the incident wave [52]. The output wave thus

emerged from the medium will have the same property of directionality and

monochromaticity, as the incident wave and is emitted in the same
direction.

Now we can have a relation for the second order nonlinear

polarization in a medium. The nonlinear polarizability in crystalline materials

depends on the direction of propagation of the light beam, polarization of

electric field and orientation of optic axis of the crystal. Therefore we can
—) -7

observe that in crystalline materials, the vectors P and E need not
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necessarily be parallel and hence the coefficient X must be treated as tensors.

The second order polarization R2 can therefore be represented by the

relation,

Pi2 = 30Z}(g('12()EjEk (3.11)
.i.k

where i, j, k represents the coordinates x, y, 2. It must be noted that

the second harmonic generation represented by (3.11) occur in certain type

of crystal only. For example, consider an isotropic crystal, for which I U,‘ is

a constant. If the direction of the axis is reversed
(x —) —x, y —> —y, z —> -z) leaving electric field and dipole moment

unchanged in direction, the sign of these two must change,

-30)=50ZXgi)(_Ejx—Ek)=+R(2) (312)
1,1.

which happens only when the nonlinear polarisation Pia) = 0. This2 . . .
means that }{,.(,.k) =0, so second harmonic generation cannot occur in an

isotropic medium such as liquids or gases or in non centro symmetric

crystals.

The detailed research on the mechanism of harmonic generation

indicates that there exists an important phase relation between the

fundamental and generated frequencies, as they are passing through the

crystal having optical dispersion [53, 54]. It was also found that the

efficiency of harmonic generation depends not only on the intensity of the
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exciting radiauon, but also on its direction of propagation in crystal. The

relevance ofa phase relation is as described below.

Let we consider that an incident beam of frequencyai passes

through a nonlinear medium of thickness L which can generate second

harmonic waves. Now the incident plane wave at frequencyw and the

second harmonics at frequency 20) driven by it are propagating in the z

direction through a material. In this case the expression for the intensity of

SI-IG signal at the exit surface of the material can be derived to be [52],

. 3£ 2k] ‘ k7 ]sin —= _?____,_.L
[2_’_‘n__;".2_j’2

where kl the wave is number of fundamental frequency and k2 is the wave

(3.13)

number of second harmonic. From the eqn.(3.13), it is clear that output

intensity is sharply peaked about,2k} ‘k: _ _,ETJL -0 (3.14)
That is when, 2 = 2k, (3.15)

Therefore for efficient frequency doubling, this relation must be

satisfied. This requirement for efficient frequency doubling is called as phase

matching criterion. The wave numbers are also related to the refractive

indices through the following relations,
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: 2607720) (1)77 Iand k. = UC Ckg (3.16)
where 7729 and I70 are the refractive indiccs of the material with the

second harmonic and fundamental frequency respectively. Therefore we

can write that,

7720 = 77m (3-17)
Thus phase matching criterion reduces to refractive index criterion.

Second harmonic generation was first successfully generated in quartz

crystal. The major crystals showing SHG are potassium dihydrogen

phosphate (KDP), barium titanate and lithium iodate. The major relevance

of the SHG is that it is the principa_l method for the conversion of infrared

laser radiation into visible and then to ultraviolet laser radiation.

3.4.2. Sum-and Difference-Frequency Generation

When multiple waves interact in a nonlinear medium the

phenomenon of wave mixing (frequency mixing) happens leading to the

generation some new frequencies. The principle is that optical beams

interact in a medium to generate a mixture of the frequencies. Frequency

mixing is a more general process and usually involves light at three different

frequencies: (:21, (oz and w3, where cu, + (u: = w_.,. Sum and difference

frequency generation corresponds to the frequency mixing processes.

In sum frequency generation the frequency of the generated wave is

the sum of the frequencies of the applied fields; to] + (L): = to}. In the sum

frequency generation we are allowing an optical field consisting of two

l2l
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distinct frequency components us, and to: being incident upon a nonlinear

optical medium characterized by a nonlinear susceptibility Xe’. lt can

generate a nonlinear polarization at 1"” ((1)3 = (01 + (1):). In sum frequency

generation, for effective energy transfer from the pump wave at to, and co: to

the generated wave at to‘, conservation of both energy and momentum must

be satisfied. The energy conservation requires w_.,=u)1+cu2; while momentum

conservation requires k,=k,+ kg

On the other hand, beams at frequencies cu, and (oz can mix to

generate a beam at frequency (cl = (U; — (02. This is called difference frequency

generation (DEG). The process of difference-frequency generation is

described by a nonlinear polarization term Pm (cu_.,=co,—w2). In this process,

the conservation of energy requires that for every photon that is created at

the difference frequency (l’3:(.l)1“|.)2' a photon at the higher input frequency

(col) must be destroyed and a photon at the lower input frequency ((1)2) must

be created. Thus, the lower frequency input field is amplified by the process

of difference-frequency generation. For this reason, the process of

difference—frequency generation is also known as parametric amplification.

3.4.3. Self focusing of light

Self focusing is a nonlinear optical phenomenon produced by the

change in refractive index of materials when they are exposed to intense

electromagnetic radiation like laser source [55]. Such a medium whose

refractive index increases with the applied electric field intensity acts as a

focusing lens for an electromagnetic wave such as laser beam. The

phenomenon of self—focusing is often obsen-‘ed when high intensity
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radiation such as those generated by femtoseconcl lasers propagates through

solids, liquids and gases. Depending on the type of material and on the

intensity of the radiation, several mechanisms produce variations in the

refractive index which result in self—focusing: the main case of interest is

Kerr—induced se1f—focusing. The origin of the Kerr induced self lensing lies

in the optical Kerr effect, which produces a variation of the refractive index

it (when a media is exposed to intense radiation ) as given by the formula II =

710 + I121, where 72,-, and I13 are the linear and nonlinear components of the

refractive index, and I is the intensity of the incident radiation. In most

materials, 22:, is positive and this leads to increased value of the refractive

index in the areas where the incident intensity is higher, usually at the centre

of the incident beam, creating a focussed intensity profile which will

potentially leading to the collapse ofa beam on itself [56, 57].

The theoretical basis to the shift in the refractive index due to Kerr

induced self focussing is given below.

The refractive index (n) of a material is related to the susceptibility (X) by the

following relation ,

n=,ll+z (3.18)
In a nonlinear media, the susceptibi.lity,1/ is a funcdon of the applied field

strength E as said above in the eqn(3.10) for the total polarisation in a

nonlinear media. Therefore the value of n will depend on E. ln fact the

process of self focusing does not alter the frequency of light waves. We

need, therefore, consider only the second term in the relation (3.10) which

describes the fundamental harmonic,
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P"’ = 5o(}(m +§z"’E.f>E (3.19)
'l'hereforc now the expression for the refractive index will change to,

n = l1+(g“’ +%;(l3)E02) (3.20)
We can represent this equation as,

n = ‘ls, + an, (3.21)
where we made the substitutions,

5, = 1+;/‘l (3.22)
En] = 2 ;t'(3)Eo2 (3-23)

where E, and 8", as the dielectric permittivity of the linear medium

and a nonlinear increment in dielectric permittivity respectively. The

expression for the refractive index can be rewritten as,

n = \/E 1+ 8"’ z \/Z(1+ 3"'—) (Since 3”, s 5,) (3.24).9, 25,
3 WE’

=n,(1+ 5"'2)=n,1+"—2"2": "I
Or n = n,(I + nn,E,,2) (3.25)

where 11, = 1/8, is the refractive index ofthe nonlinear medium, and

j '3 (3)E3;iz,12",E0‘—i 3’? ° -1121 (3.26)
-2‘/5381+/,{l|)—
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is the nonlinear increment in the expression for the refractive index and

E.,3=l , the intensity of the incident radiation.

The expression (3.26) tells us that the effective refractive index of

the nonlinear medium is proportional to the square of the amplitude of the

field, that is to the intensity. We know that the intensity of the laser beam is

not constant over the cross section. It has peak value along the axis of the

beam and decreases gradually away from the axis. Also the velocity of the

light wave is given by the relation, v =
n

The decrease in the value of n (owing to the falling of the intensity

of the light beam) causes the velocity to increase with distance away from

the axis. The very direct result is that a plane wave front incident on the

medium becomes concave as it propagates through the medium and

contracts towards the axis as shown in figure 3.1. That means, the light

beam self focuses, after which it propagates as a narrow light beam.

—
Incident light NLO

F;-‘

l7igure 3.1. Self focusing in .1 Kerr media.
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There exists a maximum distance L,, over which the beam self

focuses which is approximately estimated using the formula,

(3.27)

where D is the diameter of the l)eam. Also another important

parameter is the threshold intensity value for self focussing to happen which

is estimated from the formula,

2I,,".E,_\.h = #
n, n,,,D“

From the formula we can see that for higher frequencies and for

materials with greater nonlinear susceptibilities, the threshold intensity for

self focussing will be lower.

3.4.4. Multi photon process

The very fundamental definition of the multi photon process is that

the excitation of an atom or other microscopic system to a higher quantum

state by simultaneous absorption of two or more photons which together

provide the necessary energy for transition. Such multi photon processes

were introduced even during the first years of development of quantum

mechanics. But the experimental techniques available at that time were not

that much adequate to observe the predicted phenomena. The major two

photon processes that could be observed experimentally before the

invention of lasers were Rayleigh [58] and Raman scattering [59].

Transformation of a coherent light wave with frequency (1) into a

coherent light wave with frequency 2(1) or 30) cannot take place through

126



Cfiapter 3

interaction among photons. The transformation can be brought about only

through an intermediary - a quantum system such as an atom or molecule

characterized by a system of discrete energy levels. An atom or a molecule

can absorb or emit photon and in the process may undergo a transition from

one energy level to the other. When simultaneous absorption of multiple

photons happens, an atom will proceed to an intermediate state

corresponding to a characteristic eigen state or to a "virtual state." These

virtual states are not eigen states; they do not correspond to any specific

principal quantum number (n ) or orbital quantum number (I) state and

these states are in the actual sense merely superposition of waves.

Compared to the eigen states, the life time of a virtual state is short. The

closer the virtual state is to an actual eigen state, the longer will be the life

time of the virtual state. Multi photon absorption processes include two

photon absorption, three photon absorption processes etc.

3.4.5. Two-Photon Absorption

Two-photon absorption (TPA) is the phenomenon in which two

photons of identical or different frequencies are absorbed simultaneously

such that a molecule from one state (usually the ground state) will be excited

to a higher electronic energy state. In this process the absorption of two

photons by the electron happens at approximately the same time (or within

less than a nanosecond) and achieves an excited state that corresponds to

the sum of the energy of the incident photons. The difference in the energy

between the lower and upper states of the molecule is equal to the sum of

the energies of the two incident photons. The intermediate level is a virtual
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state in this case. The two step absorption involving real intermediate state is

called excited state absorption. 'l'wo photon absorption will occur with

significant rates only at very high optical intensities, since the value of the

two-photon absorption coefficient is proportional to the light intensity.

The phenomenon of two photon absorption was originally predicted

by Maria G0eppert—Mayer in 1931 [60] and the first experimental verification

of the TPA was done when two—photon—excited fluorescence was detected

in a europium—doped crystal just after the invention of laser [61]. What

makes it different from the ordinary (linear) light absorption is that the

strength of absorption depends on the square of the light intensity, thus it is

a nonlinear optical process. The two—photon absorption enables us to

populate high energy levels that are otherwise unreachable by single photon

transitions from the ground state.. E2
hm

Ho)

E1

Figure 3.2. Two—l’hoton Absorption.
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Two photon absorption can be broadly classified into two types, one

is called the resonant TPA and the other one belongs to non resonant TPA.

The non resonant TPA is the process in which two photons combine to

bridge an energy gap larger than the energies of individual photons. When

there exists an intermediate state in the gap, the transition happen through

two separate one—photon transitions and the process is now described as

"resonant 'l'PA (sequential TPA). In non resonant TPA there need not be an

intermediate state for the atom to reach before arriving at the final excited

state (as if it were moving up two stair steps by stepping one at a time).

Instead, the atom is excited to a “virtual state” which need not correspond

to any electronic or vibrational energy eigen state.

The selection rules for TPA are entirely different from one—photon

absorption (OPA), which is dependent on the f1rst—ordcr susceptibility. For

example, in a centrosymmetric molecule, one— and two-photon allowed

transitions are mutually exclusive. Quantum mechanically speaking, this

difference between the selection rules for OPA and TPA results from the

need to conserve angular momentum. Since photons have spin of i1, one—

photon absorption requires such an excitation in which an electron changes

its molecular orbital to one with an angular momentum different by i1

from the initial orbital. Two-photon absorption requires an angular

momentum change of +2, 0, or -2. The Beer's law for OPA is given by

eqn.(3.29) :

= [Oe‘U(‘.\' /\ 3.29)

12‘)
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where output optical intensity I is expressed as a Function of path

length x, concentration c and the initial light intensity L, and on is the linear

absorption coefficient. However while coming to the TPA case eqn(3.29)

changes to eqn.(3.30) as,

10

Here B is the TPA coefficient. The molecular two—photon cross

section is usually quoted in the units of Goeppert-Mayer (GM) (after its
'0 43 cmdiscoverer, Nobel laureate Maria Goeppert—Mayer), where 1 GM is 10

s photon_'. Now towards special attention, the fact is that, this TPA

transition or any multi photon transition, cannot, in principle, be divided

into a temporal sequence of events. That means both photons are absorbed

simultaneously during the transition. Two very relevant features of two

photon absorption which needs our special attention are:

(a) OP;'\ occurs between states of opposite parity. In nonlinear medium a

TPA occurs between states of same parity. The point is that a transition that

is forbidden for one photon absoiption is allowed for two photon

absorption.

(1)) Also the probability of two—photon absorption is proportional to the

fourth power of the electric field, i.e., to the square of the intensity. The

propagation equation for a TPA absorber is given by,
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([1 7——=-1- r in(E a fl ( )
where at is the linear absorption coefficient and B is the two photon

absorption cocfficient. For a centrosymmetric system and linearly polansed

light Li is related to the imaginary part ofthircl order susceptibility lmxm by,

p=:%%EmgW on)0

[3 is related to the intrinsic TPA cross section through,

(0 102 = gr (3.33)
where N is the number density of molecules in the system and (.0 is

the incident radiation frequency.

The phenomena of two photon absorption have very relevant

applications in present science and technology. Some of them are in 3D

optical data storage, microscopy and imaging, 3D micro fabrication and

optical power limiting.

3.4.6. Three-Photon Absorption

Three photon absorption is the simultaneous absorption of three

photons by a system in the ground state from an incident radiation field so

as to reach an excited state which is not possible by single photon

absorption. It is a fifth order nonlinear process. The propagation equation

fora three photon absorber is given by,

w——=— 1-1’ 3%(E a 7 ( )
I3]
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where or is the linear absorption coefficient and y is the three photon

absorption coefficient. For a centrosymmetric system and linearly polarised

light, y is related to the imaginary part of fifth order susceptibility Im [(5)

by,

57: (5)7-—Im2r— . 3.35sgrfczl ( )
3.5. Application of NLO

There are a number of highly relevant and desirable applications for

NLO effects in various fields of technology and basic research. The main

parameters determining the application side are its (1) sign (2) response time

and (3) nature (real and imaginary) of the nonlinearity at the wavelength of

excitation apart from the magnitude of nonlinearity. Major applications of

the nonlinear optical phenomena include frequency mixing, optical limiting,

optical switching, nonlinear wavelength conversion, optical parametric

processes, frequency mixing, stimulated scattering, self- and cross-phase

modulation, continuum generation, filamentation and optical solitons. Some

of the very important applications are described below.

3.5.1. Frequency mixing

One of the very important applications of sum—frequency generation

is the production of tunable radiation in the ultraviolet spectral region [52].

Difference—frequcncy generation can be used to produce tunable infrared

radiation by mixing the output of a frequency—tunable visible laser with that

ofa fi.\:ed—frequency visible laser. Second harmonic of Nd:YAG laser (which
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has a fundamental output at 1064 nm) is at 532nm and this laser is the most

popular source of green light. Frequency tripled YAG laser is used for

fusion applications. Optical parametric oscillators, which work on the

principle of parametric wave mixing, are now used to get continuously

tunable laser output from 400nm to 2000mm.

3.5.2. Optical short pulse generation and measurement

Optical pulses having pulse width less than nanosecond can be

obtained only by using nonlinear techniques. Picosecond pulses can be

obtained by mode locking technique [62]. Among different mode locking

techniques, passive mode locking using nonlinear saturablc absorbers [63] is

preferred due to intrinsic speed limit of active mode locking techniques

using acousto—optic & electro—optic modulators. Organic films, dye jets, bulk

semiconductor quantum wells are some of the nonlinear media used for this

purpose. Pulse width of less than one picosecond is usually measured by

autocorrelation technique, which utilizes SHG. Frequency resolved optical

grating (FROG) is a nonlinear optical technique used for measuring the time

dependent intensity and phase of a femtosecond pulse [64]. Thus, generation

and characterization of ultrashort pulses is possible only with appropriate

nonlinear processes.

3.5.3. Nonlinear optical effects in optical communications

In communication, stimulated Brilliouin scattering [65], stimulated

Raman scattering, etc are detrimental effects, as they can cause optical loss

and also frequency shift during propagation of laser beams through fibers

[66, 67]. Raman amplification can be obtained by using stimulated Raman
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scattering (SR8), which actually is a combination between Raman processes

and stimulated emission. It is interesting for application in
telecommunication fibers to amplify signal inside the standard material with

low noise. Fiber amplifiers [68] are used to compensate the attenuation.

Stimulated Brillouin scattering is one effect by which optical phase

conjugation can take place. Stimulated Brilliouin scattering is particularly

important in single mode fibers. New and remarkable image transformation

properties of self phase modulation (even in the presence of a distorting

optical element) open the door to many potential applications in optical

communications; optical fibers etc.

3.5.4. Optical switching

The optical switch is the one that helps in the selective switching of

signals in optical fibers or integrated optical circuits (IOCS) from one circuit

to another. The switches that perform this function by physically switching

light are called as photonic switches, independent of the way in which the

switching of the light is achieved. Optical switches have a very important

role in advanced optical fiber communication systems [69] and optical fiber

sensor systems  Many kinds of non mechanical optical switches using

electro optic, magneto optic and acousto optic effects have been reported.
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Figure 3.3. Working of an optical switch.

Generally speaking, an optical switch is the unit that actually

switches light between fibers and a photonic switch is one that does this by

using nonlinear optical properties of the material to steer light. Usually

refractive nonlinearity is responsible for photonic switching  The

response time of the nonlinearity depends on the mechanism of evolution of

nonlinearity. Optical switching by third order effects such as optical Kerr

effect (as shown in figure 3.3) has special advantages over the linear electro

optic effect. The former has instantaneous response (response time around
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picoseconds) while the lattcr’s response time can be still higher. The reason

For this change in the response time is that electro optic effects includes

charge separation and hence the speed of switching requires a phase shift of

more than ‘rt to be induced by light intensity through refractive index

modulation.

3.5.5. Optical limiting

Optical limiters are the optical devices fabricated to have high

transmittance for low level inputs while blocking the transmittance for high

intensity laser beams. An ideal optical limiter will have a linear transmission

up to threshold input fluencc I,,_, which will vary from material to material.

The threshold of limiting is defined as the fluence at which the transmission

decreases to half of the value at low input fluence. When the magnitude of

incident fluence is increased beyond Ith, transmittance of the limiting

medium remains constant [72]. just after the development of the first lasers

in the late 60’s, passive optical limiters have been introduced and analysed to

protect optical sensors against laser-induced damage. The need for

protection of eyes and different types of optical sensors from highly intense

laser pulses lead to the search for optical limiting devices which have the

superior qualities of being transparent at low intensity of light but non

transparent towards high intensity of light.
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Figure 3.4. Ideal optical limiting plots.

The efficiency of optical limiting is related to the imaginary part of

third order susceptibility. The major mechanisms contributing to the process

of optical limiting are two photon absorption (TPA) [73], reverse saturable

absorption (RSA) [74], free carrier absorption (FCA) [75], excited state

absorption (ESA) [76] and nonlinear scattering [77]. Nowadays, molecules

exhibiting reverse saturable absorption (RSA) have been the subject of

intense research because of their strong limiting behavior, principally for

nanosecond pulses. This type of absorption mechanism occurs in materials

where the excited-state absorption cross section is larger than that of the

ground state. In metal nanoparticles such as gold and silver nanoparticles,

the optical limiting can be attributed to multi photon absorption processes

enhanced by the surface plasmon absorption processes in the nanoparticles.

ln semiconductors, the optical limiting is attributed to the multi photon

absorption processes occurring across the band gap.
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3.6. Z-scan technique for the analysis of nonlinear
absorption and refraction

7.—scan technique is a single beam method for measuring the sign

and magnitude of nonlinear refractive index that has a sensitivity compared

to interferometric methods  Thus it provides direct measurement of

nonlinear absorption coefficient. Previous measurements of nonlinear

refraction have used a variety of techniques including nonlinear

interferometry [79, 80], degenerate four wave mixing [81], nearly degenerate

three wave mixing [82], ellipse rotation [83] and beam distortion

measurements [84]. The first three methods namely nonlinear interferometry

and wave mixing are potentially sensitive techniques, but all require complex

experimental apparatus. Beam distortion measurements on the other hand

are relatively insensitive and require detailed wave propagation analysis.

The Z-scan technique is based on the principle of spatial beam

distortion which offers simplicity as well as high sensitivity. Theoretical

analysis of the Z-scan measurements is given in section 3.6.1 for a “thin”

nonlinear medium. Nonlinear refraction and its sign can be obtained from a

simple relationship between the observed transmittance changes and the

induced phase distortion without the need of performing detailed
calculations.

3.6.1. The Z-scan technique

Using a single Gaussian laser beam in tight focus geometry as

depicted in figure 3.5, we measure the transmittance of a nonlinear medium

through a finite aperture in the far field as a function of the sample position
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2 measured with respect to the focal plane. The following example will

qualitatively elucidate how such a trace (Z-scan) is related to nonlinear

refraction of the sample. Assume, for instance, a material with a negative

nonlinear refractive index and thickness smaller than the diffraction length

of the focused beam (a thin medium). This can be regarded as a thin lens of

variable focal length. Starting the scan from a distance far away from the

focus (negative 2), where the beam irradiance is low and therefore only

negligible nonlinear refraction occurs; hence, the transmittance (D3/D1 in

figure 3.5) remains relatively constant.

As the sample is brought closer to focus, the beam irradiance

increases, leading to self-lensing in the sample. A negative self-lensing prior

to focus will tend to collimate the beam, causing a beam narrowing at the

aperture, which results in an increase in the measured transmittance. As the

scan in z continues and sample passes the focal plane to the right (positive

2), the same self defocusing increases the beam divergence, leading to beam

broadening at the aperture, and thus a decrease in transmittance. This

suggests that there is a null as the sample crosses the focal plane. This is

analogous to placing a thin lens at or near the focus, resulting in a minimal

change of the far-field pattern of the beam. The Z—scan is completed as the

sample is moved away from the focus (positive 2) such that the

transmittance becomes linear since the irradiance is again low.
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Figure 3.5. The schematic of the Z—scan setup.

A prefocal transmittance maximum (peak) followed by 21 post focal

transmittance minimum (valley) is, therefore the Z-scan signature of a

negative refractive nonlinearity. Positive nonlinear refraction, following the

same analogy gives rise to an opposite valley-peak configuration. It is an

extremely useful feature of the Z—scan method that the sign of the nonlinear

index is immediately obvious from the data and the magnitude can also be

easily estimated using a simple analysis for a thin medium. In the above

picture describing the Z—scan, one must bear in mind that a purely refractive

nonlinearity was considered assuming that no absorptive nonlincarities (such

as multi photon absorption or saturation ofabsorption) are present.

3.6.2. Theory

(a).Purely refractive case

Considering the geometry given in figure 3.5, we will formulate and

discuss a simple method for analyzing the Z—scan data based on

modifications of existing theories. In general, nonlinearities of any order can
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be considered; however, for simplicity, we first examine only a cubic

nonlinearity where the index of refraction n is expressed in terms of

nonlinear index nz (esu) or Y (mg/W’) through,

n = no +n—22lE|2 = no +}/I (3.36)

where no is the linear index of refraction, E is the peak electric field

(CGS) and I denote the irradiance (MKS) of the laser beam within the

sample. n2 and ‘y are related through the conversion formula,

I12 (esu) = fl ;/(mz /W) (3.37)
4072'

where c (m/s) is the speed of light in vacuum. Assuming a ’l'EM,,,

Gaussian beam ofbeam waist radius w,, travelling in the +2 direction, we can

write E as,

E(z,r,t) = E0(z)[m1”:)].Exp{;T:) _ 2zZ;)}.e\.-m:..) (338)
2z . .

where w2(z)=wg[l+—;]is the square of beam radius at 2,20

2z . .
R(z)=z[l+—2j is the radius of curvature of the wave front at 2,Z0

2w . . . .
zo = /C70 is the diffracuon length ofthe beam, k = 21t/7» is the wave vector

and X. is the laser wavelength, all in free space. l7.,,(t) denotes the radiation

electric field at the focus and contains the temporal envelope of the laser

pulse. The e"¢°"') teim contains all the radially uniform phase variations. As

I41



‘fafintatioiz qf an autami5cd'Z-.tcan setupfor nonfinear opticdfstudics

we are only concerned with calculating the radial phase variations A¢(r), the

slowly varying envelope approximation (SVEA) applies, and all other phase

changes that are uniform in r are ignored.

If the sample length is small enough that changes in the beam

diameter within the sample due to either diffraction or nonlinear refraction

can be neglected, the medium is regarded as “thin”, in which case the self

refraction process is referred to as “external self—action” [85]. For linear

refraction this implies that the sample length L << 20, while for nonlinear

refraction, L<<  In most experiments using the 7.-scan technique, we
0

find that the second criterion is automatically met since Ad) is small.

Additionally, it is found that the first criterion for linear diffraction is more

restrictive than it need be and it is sufficient to replace it with L < 2”. We

have determined this empirically by measuring n: in the same material using

various zl,’s and the same analysis and have obtained the same value for n2.

Such an assumption simplifies the problem considerably, and amplitude I

and the phase (I) of the electric field as a function of z‘ are now governed in

the slowly varying envelop approximation by a pair of simple equations:

dA¢ = An(I)k (3.39a)
dz

and

(—l£=—a(I)I (3391))
(Z
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where z, is the propagation depth in the sample and 0.(I), in general

includes linear and nonlinear absorption terms. Note that 2' should not be

confused with the sample position 2. In the case of a cubic nonlinearity and

negligible nonlinear absorption (3.3%) and (3.39b) are solved to give the

phase shift A4) at the exit surface of the sample, which simply follows the

radial variation ofthc incident irradiancc at a given position ofthe sample 2.

Thus,

_ 2 2
A¢(z,r,t) = A¢0(z,t)exp 2 ’ (3.4Oa)

w (z)

with,

A45 (tA¢,,(z,z) = $2 (3.40b)
Z0

At|>‘,(t), the on—axis phase shift at the focus is defined as,

A¢(t) = kAn0 (t)Ldf (3.41)
_ ~aL

where Le” = L), with L the sample length and oi the linear" 0.’
absorption coefficient. Herc, An‘, = yIl,(t) with I,-,(t) being the on—axis

irradiance at the focus (i.e; z=O). Ignoring the Fresnel reflection losses such

that, for example, I‘,(t) is the irradiance within the sample. The complex

electric field existing in the sample, Ea now contains the nonlinear phase

distortion.
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aL

E, (z,r,t) = E(z,r,z)e‘7e'“"="’-" (3.42)
By virtue of I-Iuygen’s principle, one can obtain the far-field pattern

of the beam at the aperture plane through a zeroth—order Hankcl

transformation of E, [86]. By following a more convenient treatment

applicable to Gaussian input beams which is referred to as the “Gaussian

decomposition” (GD) method given by W/eaire et a/, in which the complex

electric field at the exit plane of the sample is decomposed into a summation

ofGaussian beams through a Taylor series expansion of the nonlinear phase

term e'A¢(-""0 in eqn.(3.42). That is,

- 5° iA zt'"_.:.:.
eIA¢(Z,r_,t)=Z [ ¢0('7  6 Elm /u(_)m=0 In‘

Each Gaussian beam can now be simply propagated to the aperture

plane where they will be resumed to reconstruct the beam. When including

the initial beam curvature for the focused beam, we derive the resultant

electric field pattern at the aperture as,

[iA¢0(z,t)]"' w 0 r1 i/0'2 .» j——m. — — 6
Ea(r,t)=E(z,r=0,t)e"'m2 mt wm cm W; 2R," +1 "') (343)

m=O

Defining d as the propagation distance in free space from the sample

to the aperture plane and g = {l + ], the remaining parameters in eqn.R(z)

(3.43) are expressed as,
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= - "’ ‘Z’— (3-44)
(211: + I)

2dm =  (3.45)
2

2

w:‘ = w,io|:g2 +  (3.46)dm

-1

R = d ii (3.47)

The expression given by eqn.(3.43) is a general case of that derived

0," = tan’ (3.48)

by Weaire et al where for a collimatcd beam (RICE) for which g =1. This

GD method is very useful for the small phase distortions detected with the

Z-scan method since only a few terms of the sum in eqn.(3.43) are needed.

The method is also easily extended to higher order nonlinearities. The

liansmitted power through the aperture is obtained by spatially integrating

Ea(r, I) up to the aperture radius r_, giving,
I .:

PT(A¢0(t)) = c£0n0I'l J'IEu(r,t)lzrdr (3.49)
0
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where E.,is the permittivity otivacuum. Including the pulse temporal

variation, the normalized 7.—scan transmittance T(z) can be calculated as,

ill’-, (A¢o(t))drT(z)=1.T___ (3.50)
S JP,(t)dt

7tw§I0(t) .
where R(t) = is the instantaneous input power (within the

2— r . . . _
sample) and S = l—exp " is the aperture linear transmittance with w'1

u

denoting the beam radius at the aperture in the linear regime.

First consider an instantaneous nonlineafity and a temporally square

pulse to illustrate the general features of the Z-scan. This is equivalent to

assuming CW radiation and the nonlinearity has reached the steady state.

The normalized transmittance T(z) in the far field is shown in figure 3.6 for

Ad)” =i 0.25 and a small aperture (S: 0.01). They exhibit the expected

features, namely a valley—peak (V-p) for the positive nonlinearity and a peak

valley (p—v) for the negative one. For a given Ad)“, the magnitude and shape

ofT(z) do not depend on the wavelength or geometry as long as the far field

condition for the aperture plane (d>>zl,) is satisfied. The aperture S, however

is an important parameter since a large aperture reduces the variations in

'l'(z). This reduction is prominent in the peak where beam narrowing occurs

and can result in a peak transmittance which cannot exceed (1-5). Needless

to say-=, for very large aperture or no aperture (8:1), the effect vanishes and
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T(z) =1 for all z and A¢0. For smalll A¢(l , the peak and valley occur at the

same distance with respect to focus, and for a cubic nonlinearity, this

distance is found to be 2 0.8620. With larger phase distortions  A¢J >1),

numerical evaluation of eqn.(3.43) — eqn.(3.50) shows that this symmetry no

longer holds and peak and valley both move toward i‘ z for the

corresponding sign of nonlincarity (Acbo) such that their separation remains

nearly constant, given by,

Az1,_v;1.7 2” (3.51)

L06

41- ,- 1 0.25

alarrnallzeai Tmnammance

I192 ‘ ‘
z/zo

Figure 3.6. Calculated Z—scan transmittance curves for a cubic nonlinearity

with either polarity and a small aperture (S=0.01).
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The quantity ATV‘, is defined as the difference between the

normalized peak and valley transmittance: TP- TV. The variation of this

quantity as a function ofl A¢0| , as calculated for various aperture sizes, is

illustrated in figure 3.7. These curves are independent of the laser

wavelength, geometry (as long as the far field condition is met), and sign of

nonlinearity. Secondly, for all aperture sizes, the variation of ATP‘, is found

to be almost linearly dependent on |A¢,l . For small phase distortion and

small aperture (SEO),

ATP, = O.406l A¢,J (3.52a)
Numerical calculations show that this relation is accurate to within

0.5% forl A¢J S 11:. Based on a numerical fitting, the following relationship

can be used to include such variations within a i2 % accuracy.

ATM, ; 0.406 (1— s)"-3-‘I A¢,J for I AM s 1: (3521))
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Figure 3.7. Calculated ATM, as a function of the phase shift (A¢l,) at the

focus.

The sensitivity, as indicated by the slope of the curves, decreases

slowly for larger aperture sizes (S>0). The implications of eqn.(3.52a) and

eqn.(3.52b) are quite promising in that they can be used to readily estimate

the nonlinear index (nz) with good accuracy after a Z-scan is performed. To

achieve high sensitivity we need high optical quality materials.

Both absorption and refraction are present

:\ method by which the '/.-scan technique can be used to determine

both the nonlinear refractive index and the nonlinear absorption cocfficient
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for materials that show such nonlinearities simultaneously is described

below. Large refractive nonlinearitics in materials are commonly associated

with a resonant transition, which may be of single, or multi photon nature.

The nonlinear absorption in such materials arising from either direct multi

photon absorption, saturation of the single photon absorption, or dynamic

free—carrier absorption has strong effects on the measurements of nonlinear

refraction using the Z-scan technique. Clearly, even with nonlinear

absorption, 71 Z—scan with fully open aperture (S21) is insensitive to

nonlinear refraction (thin sample approximation). Such Z—scan traces with

no aperture are expected to be symmetric with respect to focus (2:0) where

they have a minimum transmittance (e.g, multi photon absorption) or

maximum transmittance (e.g., saturation of absorption). In fact, coefficients

of nonlinear absorption can be easily calculated from such transmittance

curves.

Here we analyze two photon absorption (ZPA), which we have

studied in semiconductors with Eg<2h(o<2Eg where ES is the band gap

energy and 0) is the optical frequency [87]. The third order nonlinear

susceptibility is now considered to be a complex quantity:

2"’ : an +115” (ass)
where the imaginary part is related to the ZPA coefficient [3 through,

,3?’ = ——"°_8°C-/3 (3.54a)
(1)

and the real part is related to y through,
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(3)1,, = Znjsocy (3.54b)
Here, we are concerned with the low excitation regimes where the

frec—carrier absorption (refractive and absorptive) can be neglected. In View

of this approximation eqn.(3.39a) and eqn.(3.39b) will be re—examined after

the following substitution:

0L(I) = (1 +[3I (3.55)
This yields the irradiance distribution and phase shift of the beam at the exit

surface of the sample as,

1 ,,t '“‘
Ie(z,r,t) = %{’?Z)—:3 (3.56)

and

A(o(z,r,t) = kg}/ln[1 + q(z,r,t)] (3. 57)

where q(z,r,t) = ,BI(z,r,t)Le” (again, z is the sample position).

Combining eqn.(3.56) and eqn.(3.57), we obtain the complex field at the exit

surface ofthe sample to be [88],
_,,, my 1

E2 = E(z,r,z)e7 (1 + q)77 (3.53)
F.qn.(3.62) reduces to cqn.(3.46) in the limit of no two photon

absorption. In general, a zeroth order I-Iankel transform of (3.57) will give

the field distribution at the aperture which can then be used in eqn.(3.49)

and (3.50), to the yield the transmittance. I-'orl q l <1, following a binomial

series expansion in powers of q, equation eqn.(3.58) can be expressed as an
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infinite sum of Gaussian beams similar to the purely refractive case as

follows;

—al_!2 an In  1
E2 = E(z,r,t)e Zq(z,r,t) /mz[]‘[(—— ——n + 1)] (3.59)m=0 n=0 fl 2'
where the Gaussian spatial profiles are implicit in q(z,r,t) and E(z,r,t).

The complex field pattern at the aperture plane can be obtained in the same

manner as before. The result can again be represented by eqn.(3.43) if we

A¢0(z,t)"'
m!

substitute the 1' terms in the sum given below,

I”st)
g[1+i(2n—1)%J (3.60)

with E0 = 1. Note that the coupling factor %-is the ratio of the imaginary7

to real parts of the third order susceptibility X9).

The Z-scan transmittance variations can be calculated following the

same procedure previously. As is evident from eqn.(3.60), the absorptive

and refractive contributions to the far field beam profile and hence to the Z

scan transmittance is coupled. When the aperture is removed, however, the

Z-scan transmittance is insensitive to beam distortion and is only a function

of the nonlinear absorption. The total transmitted fluence in that case (S21)

can be obtained by spatially integrating eqn.(3.56) without having to include

the free— space propagation process. On integrating we get,

P(z,t) = P,(:)e"".[|n(1+ q0(z,t))/qo(z,t)] (3.61)
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I t L, 
where q0(:,t) = W and Pi(t) was defined in eqn(3.5l).

1- 3.
26

For a temporally Gaussian pulse, eqn.(3.6l) can be time integrated to

give the normalized energy transmittance.

T(:,$=l)=
l' ___z ' (3.62)

x/nq(,(:,O).J'lnl_l + q0(z,0)e lit

For l q.,l <1, this transmittance can be expressed in terms of peak

irradiance in a summation Form more suitable For numerical evaluation:

“‘ (_ qt) (-770))”,In-0 3T(z,S:l)=Z
(m+1)3

(3.63)

Thus once an open aperture (S=1) Z—scan is performed, the

nonlinear absorption coefficient [3 can he unambiguously deduced. \‘('ith B

known, the Z—scan with aperture in place (S<1) can be used to extract the

remaining unknown, n:1mel\', the coefF1cienty.

3.6.3. Automated Z-scan setup for nonlinear optical studies

."\n automated 7.-scan setup was fabricated in our laborator_\' for

nonlinear optical studies. The picture of the Fabricated '/.-scan setup we used

for nonlinear optical studies is shown in the figure 3.8.
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Figure 3.8. Photograph of automised Z—scan setup.

The autornised Z-san set—up contains the following major

components.

1. Nd:YAG Laser

The pulsed laser used here for the experiment is an electro—optica1l_v

Q-switched Nd:YAG laser having a fundamental output of 1.06pm (Quanta

Ray GCR 150). Nd:YAG is the acronym used for Neodymium doped

Yttrium Aluminum Garnet. The diffraction coupled resonator cavity delivers

a ‘doughnut’ shaped beam profile at energies of the order of 650 m] at 2 8
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9ns pulse width with a power stability <2”/o. It has second harmonic

generator (KDP crystal) which can be placed in the path of the fundamental

beam to provide the second harmonic output at 532nm (300rn_]) at 6—7ns

pulse width with a conversion efficiency of Z 50%. Figure 3.9 shows the

schematic of the Nd:YAG laser. Higher order harmonics at 355 rim can be

obtained by introducing the appropriate crystal in the beam path.

532 nm
1064 nm _

I  I i 7 1 ;. ' '. E Laser Rod mm, 3 1
"'"°' °’s'"t°" Flash lamp Pouénzaism

Figure 3.9. Schematic diagram of Nd:YAG Laser used in the Z scan setup.

2. Focusing Lens

Here a plano convex fused silica lens (Laser quality) having focal

length 25 cm is placed in the path of the laser beam for focusing the beam

on to the sample. The plano convex lens produces a spatial variation in the

intensity along which the sample is to be translated.

3. Beam Splitters

Laser from the source is passed through a number of beam splitters

to get the required energy. The beam splitters are arranged in some

geometrical order so as to reflect laser beam to the successive reflectors. The

reflecting surface of each beam splitter was adjusted to be at 45° to the laser

beam so that only 4% of incident energy is reflected. This arrangement
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ensured the laser energy to be incident on to the target and to the reference

probe in the required order.

4. Automized Rj-7 620 Energy raliorneter

Using two probe heads D, and D2 of the Energy ratiometer, the

incident and transmitted energies can be measured. The specifications of the

probes of the energy ratiometer used are shown in table 1. These probes are

connected to the encrgymeter, which is automated using LabVIEW. The

ratio D3/D1 is directly available from the energymeter. The energy

ratiometer measures the reference as well as transmitted signals

simultaneously.

Maximum energy -2 fl]

PD1—RjP 765 Silicon Dimension -18 ><4cm

Probe Detector con figurafion —flat
Maximum peak power density-5 W/cm:

Maximum energy—2_]

PD2-RjP—734 Pyroelectric Dimension -22.5X 6 cm

Probe Detector configuration — cavity
Maximum peak power density-1Mw/crnz

Table 1. The specification of the probes.

The proper communication of the instrument and the PC is

achieved by NI LAB VIEW 7.1 through the GPIB interface bus. The

acquired data saved as an excel document is again read to a sub programme
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file for fitting the experimental data to the theoretical equations. Proper

fitting of the data will give the val_ue of the nonlinear refractive index and

nonlinear absorption coefficient. The front panel for automating the energy

ratiometer is shown in figure 3.10.

Figure 3.10. The front panel for the automation programme of energy

ratiometer.

5. Automated micro stepper

The microstepping motion of the translation stage in the focused

region of the lens (varying intensity region) is very significant to get error

less data. The pulse width of the laser source used is very narrow of the
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order of 6ns and the frequency of the pulsed laser is 10Hz. The nonlinear

response induced by the high peak power of the laser pulses is ultrafast that

requires an ultxafast data acquisition for the detec1:ion. Also sample motion

should be highly precise of the order of microns and reproducible such that

the output signal measured will be highly accurate while the microstepping

motion of the sample cell. The microstep motion of the sample cell can be

achieved by using stepper motor and its translation stage. The front panel of

the programme developed for the stepper motor movement is shown in

figure 3.11.

Figure 3.11. The front panel for the automation programme of stepper

fI'l0tO1'.
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The microstep motion is achieved by using NI PCI 7332 card in

conjugation with UMI 7764. The stepper motor driver unit attached to the

UMI 7764 is properly designed to match the NI product.

The fabricated Z-scan setup enables the direct estimation of the

nonlinear coefficients of the samples in colloidal as well as in thin film form.

3.7. Conclusions

The fundamental aspects of optical nonlinearity in materials and a

wide variety of the material properties arising out from the nonlinear

polarisation of materials has been discussed in detail. The theory behind the

Z-scan technique used for the nonlinear optical studies has been discussed.

An automated Z—scan setup for the evaluation of the nonlinear absorption

and refraction was fabricated. The data acquisition and the analysis of the

data were made quite easy by automising the entire setup. Here the LAB

VIEW programming tools and devices such as NI PCI 7332, UMI 7764

provides better communication between the instruments and PC. This

provides microstep motion of the sample cell and thereby getting very fast

and error free data acquisition compared to manual data acquisition. The

graphical programming tool is used in the calculation and curve fitting of

our application. The interfacing and automation saves lots of time and even

can measure the full set of data in few minutes.
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4.1. Introduction

Zinc oxide is a wide direct band gap (~ 3.37 eV) semiconductor that

has tremendous potentials for blue—ultraviolet light emitters and detectors,

transparent high-power electronics and piezoelectric transducers. The low

threshold for optical pumping and large exciton binding energy (~ 60 MeV)

allo\v lasing action in Z110 to be reached at extremely low pumping power at

room temperature. Recently, ultrafast carrier dynamics in nanostrucrured

ZnO [1, 2] and huge nonlinear refraction and absorption in ZnO thin films

have been observed  Ultrafast all-optical switching devices are the key

component for next generation broadband optical networks. The

implementation of such devices requires materials with low linear and

nonlinear losses, high Kerr—t'ype refractive nonlinearities and response times

of a few picoseconds or less [4]. To search for materials which meet the

above requirements, it has been suggested to target at semiconductors with

their band gap at least twice the photon energy used (Eg>2EPhmon) avoiding

optical absorption due to one or two-photon transitions [5-6]. In this regard,

wide-gap semiconductors are a suitable candidate; and ZnO has been

recently reported to be one of the promising candidates

Nonlinear absorbers can be used as optical limiters, which have a

linear transmission up to a threshold input flounce I,“ and the value of I,,,_

may vary in different materials. If the input fluence is increased above the I,,,,

the transmittance remains a constant. The nonlinear absorption in ZnO

originates from the so called multi photon absorption processes of which
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two photon absorption is the significant mechanism at laser wavelength

332nm. Two—photon absorption is an instantaneous nonlineariry in which,

an electron absorbs two photons at approximately the same time (or within

less than a nanosecond) and achieves an excited state that corresponds to

the sum of the energy of the incident photons. The present study deals with

absorptive as well as refractive nonlinearity of ZnO nanoparticles embedded

in poly methyl methacrylate (PMMA) matrix.

4.2. Experimental

'/..nO nanoparticles were prepared at room temperature by wet

chemical route without any capping agents [9], using 0.1 mol of zinc acetate

and varying concentration of NaOI-I (0.025M to 0.2M) in methanol and
stirred for 2 hours. The chemical reaction involved is as follows:

Zn(CH3COO)2 2H2O + 2NaOH —> ZnO + 2(CH,COO).Na+3I-I20

The size of the nanoparticles was verified by transmission electron

microscopy (TEM). It was not possible to filter out the nanoparlicles

prepared at the lower concentration of NaOH in the reaction mixture

because of their smaller size. The concentrations of the ZnO nanoparticles

in the resulting colloidal solution were found by atomic absorption

spectroscopy (AAS). A part of the colloidal solution was filtered out to get

fine ZnO powder for the X—ray diffracijon (XRD) studies. The XRD

patterns of the ZnO powder obtained at higher concentrations of N301-I in

the reaction mixture were taken using Rigaku DMAX-C X—ray

diffractometer. 2 grams of PMMA was mixed with 10 ml of chlorofonn and
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was stirred for 1 hour. 3ml of the ZnO solution is added drop wise to the

PMMA solution (10ml) and stirred again For one hour. The resulting viscous

solution was spin coated on glass plate at a rotation speed of1500rpm so as

to get a thin film of thickness 1},1m. The UV-visible absorption spectra of

the as prepared 7.n() colloids and ZnC): PMMA thin films were recorded

usingjasco V 570 spectrophotometer.

The nonlinear optical properties were analyzed using single beam 7.

scan technique. The experimental setup for the nonlinear study is shown in

figure 4.1.

Beams litter Sam le A rture

Figure 4.1. Schematic of closed aperture 7.—scan setup.

The experimental setup consists ofNd:Y/\G laser working at 532nm

operating at a repetition rate of 10}-I7. which function as the light source.

The incident beam is splitted into two, one is taken as the reference beam

and the other beam is allowed to transmit through the sample. The laser

l7l
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beam was focused using a lens of focal length 25cm on to the sample. The

sample was translated in the spatially’ varying intensity region on either side

(-2 to +7.) of the focal point (z=0) using the translation stage of an

automated stepper motor. The reference laser fluence, transmitted fluence

and ratio between them were measured using the probes D1 and D2 of an

automated energy ratio meter (R_]—762l) energy ratio meter) simultaneously

for different positions of z. The dependence of incident laser fluence on the

nonlinear absorption and nonlinear refraction were analyzed using open

(without aperture) and closed aperture (with aperture) 7.-scan techniques

respectively.

4.3. Results and discussions

The XRD pattern (Figure 4.2) of Zn(_) s_\'nthesi'/.ed by wet chemical

method has large full width at half maximum (F\\"l-lr\-I) compared to the

bulk commercial 7.n(') which confirms the formation of Zn() nanoparticles.

The l"\\'7l-li\[ shows a gradual increase with decrease in concentration of the

.\"a()l-l in the reaction mixture indicating decrease in particle size. The ZnO

nanoparticles produced by the wet chemical route has a thin passivation

layer of Zn((')l>l)_.. The o.\'ygen is being supplied by the l\3a(_)H. The increase

in the concentration of I\'a(')l-I increases the dissolved oxygen, which

promotes the growth of '/.n(). Thus increasing the concentration of Xf1(-‘.-)I-1

will increase the growth of Zn(_) and agglonieration enhances the size of

Zn(.).
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Intensity(a.u.)

20 30'40'5'0‘3'0'7'0'80
20 Degrees

Figure 4.2. XRD pattern of bulk ZnO and the ZnO nanoparljcles prepared

at various NaOH concentrations.

The high resolution TEM (HRTEM) image of ZnO nanoparticles

prepared with 0.075M of NaOH is shown in figure 4.3. The selected area

electron diffracdon (SAED) pattern of ZnO nanoparticles prepared at

0.075M (the inset of figure 4.3(b)) exhibits a concentric diffused ring pattern

due to the nanocrystalline nature of ZnO [10]. TEM analysis of the ZnO
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reveals the formation of hexagonal nanoparticle with size as 6 nm. Atomic

scale images of ZnO nanoparticles prepared with 0.075M in the reaction

mixture (figure 4.3(b) shows parallel lines of atoms at regular intervals of

O.28nm which coincides the d spacing corresponding to (100) planes of
ZnO. The d values obtained from the SAED confirms the formation of

(102) and (103) planes ofZnO.

.__.. .__-_~ .. .-~ ‘ 3 * 12:11.- i ' 3 ‘F
Figure 4.3 (a) HRTEM image of ZnO nanoparticles prepared at 0.075 M

NaOH and  HRTEM images of ZnO nanoparticles prepared at 0.075 M

showing parallel lines of atoms at regular intervals (inset shows SAED

pattern).

Figure 4.4(a) shows the TEM image of the ZnO nanoparticles

prepared at 0.2M NaOH showing an average particle size of 10nm ; and

figure 4.4(b) shows the HRTEM image showing parallel lines of atoms: the

interplanar spacing observed d=O.28nm corresponds to the (1 O0) plane of
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ZnO. The inset of figure 4.4(b) shows the SAED pattern showing the (102)

and (100) planes of ZnO.

(l=i0.2-Sn In

Figure 4.4 (a) TEM and (b) HRTEM images of ZnO nanoparficles prepared

at 0.2M NaOH showing parallel lines of atoms at regular intervals (inset

shows SAED pattern).

The transmission spectrum of the ZnO:PMMA films are compared

with that of pure PIVIIVIA Flm (figure 4.5). It shows the transparency of the

ZnO:PMMA film is above 60% in the visible region. Inset of the figure 4.5

shows the photograph of the ZnO:PMMA thin films with the writing
beneath it.
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20o.....f..300 400 500 600 700 800
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Figure 4.5. The transmission spectra 0fZnO:PMMA and pure PMMA thin

films (inset shows the photograph ofZnO:Pi\IMA films with the writing

beneath the film).

The L’\'—\'isible absorption spectra of the '/.n() nanoparticles in

methanol are shown in Figure 4.6. The absorption in the Zn() above

}»=37Unm corresponds to the band—to—band transition. An increase in the

band a with decrease in article size is observed which is attributed to the9 P P
quantum size effect [1 1  The band gap of 7.n() nanoparticles prepared with

various Na()I'I concentration increases as the concentration of Na()I'I
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(figure 4.7) decreases in the reaction mixture. Second peaks at 420nm are

sub—band transition due to the interstitial zinc and zinc vacancy [12].

1.0

Absorbance
§

L
360

wv v— u450 650 7E0 950
Wavelength (nm)

Figure 4.6. L'V—visible absorption spectra of ZnO colloidal solution

prepared at various NaOI-I concentrations.

The average particle size can be deduced from the absorption

spectra using eqn.(4.1). Here the pronounced dependence of the band gap

on the size of 7.nO nanocrystals is used to determine the particle size [13].

The band gap is calculated from the point of inflection of the first derivative
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curve of the absorption spectra. The difference in the Value of band gap of

the 7.nC) nanoparticles with respect to bulk ZnO,  is found. From the

AEP the particle size, 11’, is determined [13] using eqn.(4.1),

AL‘;10()(18.1zf+41.4d—0.8)" (4.1)
The particle size shows a progressive decrease from 10mm to 2.9nm

with the decrease in concentration of NaOH from 0.2M to 0.025M (figure

4.7).

3.80

3.75 - —I— Band gap '3 .10
3 70 ‘ I‘ —D— Particle size3.65 . **" -\ —>1  § 3.60 - \. 5:4 1  D n 0. 3.55 - -3" - -6 2E 3.50 - 33 ‘ . E3.45- .1I‘ DJU I - 4. 1]?
3.35 - ,3_...a/D/3.30 . . - , . , 2

0.00 0.03 ' 0.06 I 0.09 I 0.'12 I 0.ll5 0.18 0.21
Concentration of NaOH M

Figure 4.7. Dependence ofband gap and particle size of7.n() nanoparticle

on the NaOH concentration in the reaction mixture.
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The figure 4.8 shows that the concentration of the

ZnO nanopardcles synthesized decreases with increase of the concentration

of NaOH in the reaction mixture. Therefore the lower concentration of

ZnO nanoparticles results in lower absorption at higher wavelengths in

larger sized nanoparticles.

0.15

D<D_D\U
0.10

0.05
Concentration of ZnO (M) I ' I

o.o5 ' o.'1o ' o.'15 o.2o
Concentration of NaOH (M)

Figure 4.8. Variation in the concentration of ZnO nanoparticles produced at

various NaOl-I concentrations.

Generally the PL spectra of ZnO contains one emission peak in the

UV region attributed to the free excitons and one or more emission peaks in
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the visible region which is attributed to the defects in ZnO. The PI. spectra

of ZnO nanoparticles shown in figure 4.9 have emission bands in the UV

and visible regions for excitation at 325 nm. Efficient UV emission near

band edge is attributed to free exciton emission with high electronic density

of states, which shift to higher energies due to the reduction in nanoparticle

size as the NaOH concentration in the reaction mixture is decreased. As the

particle size decreases, due to the quantum confinement, the energy levels of

the conduction and valence bands shift apart, giving rise to a blue shift in

the PL exciton emission [14]. The emission in the visible region is related to

the defects in the ZnO [15]. The green emission at 532nm is commonly

attributed to oxygen interstitial [16]. The energy levels involved in the PL

emission are shown in the inset of figure 4.9. Blue emissions at 468nm

correspond to the electron transition from the shallow donor level of zinc

interstitials to the valence band [17]. Therefore the blue emission would be

originating from the electron transition from the bottom of the conduction

band to an acceptor level (caused by Zn vacancy) [18].
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' . NaoH=o.o25M’
,. Naol-|= 0.05M

|  NaOH= 0.1M- . NaOH= 0.175M

PL intensity (a.u.)

1

350 ' 450 ' 450 450 ' 53? séo soo
Wave|ength(nm)

Figure 4.9. PL emission spectra of ZnO:Na nanoparticles prepared at

various concentration of NaOH ((inset shows the energy level and transition

of PL emission in ZnO, where Zn; ,Oi, VD, V-,_n represents zinc interstitial ,

oxygen interstitial , oxygen vacancy and zinc vacancy respectively).

Optical nonlinearities of ZnO:PMMA films were measured using

single beam Z-scan technique. Figure 4.10 gives the open aperture Z—scan

traces of ZnO:PMMA films (which contains ZnO nanoparticles having

different particle sizes and hence different band gap) at laser irradiance of

0.325]/cmz wlgch shows that the samples can be best used for optical

limiting applications. That means all films show a decrease in transmission

with increase in the input laser fluence.
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Figure 4.10. Open aperture Z-scan traces of the ZnO:PMMA films

containing ZnO nanoparticles having different band gap ( E8) at laser

irradiance of 0.325]/cmz.

Here the optical limiting curve fits to a two photon absorption

transition between the valence and conduction band given by the theoretical

eqn.(4.2) using Shake Bahac formalism,
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1T( ,S=l)= .Z \/;q[,(z,0) Iln[1+ q0(z,0)e"':lrl2' (4.2)

where ‘Io(Z»O)=:610L<>fl and 5 is the two photon absorption

1_ —zzI.

coefficient, LL,“ is given by (i? where L is the sample length, or is the

linear absorption coefficient L, is the incident irradiance at z=0

From the open aperture Z—scan curves, it is found that as the band

gap decreases (increase in particle size), the rate of two photon absorption

increases which is attributed to an inverse proportionality between {S and

third power of band gap E; [19] and enhancement in the nonlinear

susceptibility due to enhanced oscillator strength with particle size [20].

Hence the dip in the open aperture curve increases with increase in particle

size such that, the observed increase in the limiting efficiency with increase

in the particle size (decrease in band gap) resulted. The value of the

nonlinear absorption coefficient [3 taken using Shake Bahae eqn.(4.2) ranges

from 21cm/GW to 682cm/GW as the band gap decreases from 3.72eV to

3.41eV. It is also found that the experimental curves deviate from the

theoretical equations using Shake Bahae formalism for thin films containing

larger sized nanoparticles (l':'.g=3.43eV and Eg=3.41eV) prepared at larger

NaOH concentration. The nanoparticles with Eg=3.43eV show a shift from

reverse sarurable absorption (RSA) to saturable absorption (SA) and again

back to RSA behaviour which is a fifth order nonlinear process [21]. In

larger nanoparticles, there is chance for two photon absorption induced free

carrier absorption [22]. This leads to broadening of the open aperture curve
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in particles prepared with larger concentration of NaOH. However detailed

studies are needed to evaluate the exact phenomena behind the curve

broadening.

Figure 4.11 gives the closed aperture Z—scan curves at laser

irradiance of 0.325] /crnz.1.04 1.0

I.-J.72eV ' ::_-3.70:.-v
0.4 u . . u 1 I v u v u 1 v u-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -01 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Figure 4.11. Closed aperture Z-scan traces of the ZnO: PMMA films

containing ZnO nanoparticles having different band gap (Ex) at laser

irradiance of 0.325]/cmz.
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Since in materials having both refractive and absorptive nonlinearity

closed aperture measurements have contribution from both. So the closed

aperture Z-scan data of these samples are divided with the open aperture

data in order to eliminate the effect of nonlinear absorption and the

resulting curves are fitted with the theoretical equation for pure nonlinear

refraction eqn.(4.3) and the value of the nonlinear refractive index

Ycorresponding to best theoretical tit is found. The aperture linear
-2'2?

‘V3transmittance S = 1 —e is taken as S=0.35 in this case.

The on axis phase shift at the focus A¢O can be obtained through‘

the best theoretical fit from the normalized closed aperture transmittance [8,

23]. The theoretical equation for the normalized Z-scan transmittance

T(Z,A¢Q)%s given by eqn.(4.3),

4A¢0x

T‘Z~A¢°"["aWaTn (4.3)

where x=iand A¢0=+ve and A¢o =-ve respectively for self
20

focussing and self defocusing type refractive nonlinearity.

The nonlinear refractive index can be calculated from the following eqns.

(4.4) and (4.5),

7 : 44402% 10 (4.4)
n2(esu) = %7:’ m2 /W (45)
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The peak to valley shape of the curves indicates a negative value of

refractive index. The deviation of the experimental closed aperture curve

from the theoretical plot is attributed to the small variation in the Guassian

shape of the laser pulse. Obviously from figure 4.11, the thin films

containing larger sized nanoparticles (En=3.43eV and EK=3.4leV) shows

very large nonlinear phase change A¢0 causing the experimental curves to

deviate from the Shake Bahae eqn. (4.3). This larger phase change may be

due to two photon generated free carrier refraction in higher sized

nanoparticles which is a fifth order nonlinear process [24]. However detailed

analysis may be required in order to exactly determine which mechanism is

responsible for the discrepancy in the shape of the closed aperture curve.

The energy loss of the incident laser pulses due to Fresnel reflection by the

surfaces of ZnO:PMMA film in the Z—scan analysis is not considered [25].

The value of the nonlinear absorption cross section (G—”,,\) is related

to nonlinear absorption coefficient  [26] as given by eqn. (4.6),

h

GTPA = ;0,%

where N is the concentration of the ZnO molecules per cm3 and

(4.6)

ha)
27: is the exciting photon energy. The cross section 6-,“ is expressed in

Geopert Mayer units where 1 GM = 105" cml s phot" mol". The variation

of the nonlinear absorption cross section with particle size is plotted in

figure 4.12. Obviously the nonlinear absorption cross section is found to

increase with increase in the particle size (decrease in band gap).
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Figure 4.12. The two photon absorption cross section versus the band gap

of the ZnO nanoparticles.

It is observed that the efficiency of nonlinear refraction increases

with decrease in band gap or increase in the particle size. The enhancement

in the nonlinear refractive index with increase in particle size is attributed to

the size dependent enhancement of the oscillator strength of the coherently

generated excitons [26, 27]. Confinement of the excitons in the Zn()

nanoparticlc leads to the enhancement of oscillator strength per nanoparticlc

R3

by a factor  where R is the radius of the nanoparticlc and an is theb

exciton Bohr radius. The value of n: is found to be varying from -0.47
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X10 iesu to —-l.159><10 iesu when the band gap varies from 3.72eV to 3.41e\’.

The variation of the particle size, band gap, concentration, TPA coefficient

and TPA cross section of ZnO with NaOl-l concentration in the reaction

mixture is shown in the table 4.1.

Concentration Particle size Band gap Concentration fl o'.n,A
of NaOH (D/I) (nm) (eV) of ZnO (NI) (on-IIGW) (GIVI)

0.025 2.79 3.72 0.141 21.1 9.28
0.05 2.39 3.7 0.133 109.3 51.1
0.075 3.17 3.65 0.131 210.7 99.6
0.1 3.37 3.62 0.118 4485 236
0.125 3.61 3.59 0.116 475.8 254
0.15 3.81 3.56 0.081 567 436
0.175 6.83 3.43 0.051 622 755
0.2 10.25 3.41 0.038 682 1110

Table 4.1. Variation of the particle size, band gap, concentration, TPA

coefficient and TPA cross section of ZnO nanoparticles with NaOH

concentration in the reaction mixture.

Therefore the high value of nonlinear coefficients enables the use of

7.nO:PMMA as a potential nanocomposite material for the development of

nonlinear optical devices with a relatively small limiting threshold. The

mechanical properlies of the polymer films enable its use for device

fabrication as compared to 7.110 nanoparticles dispersed in a solution. The

nanoparucles in solution are unstable and settle down with ageing, the
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quantum dots embedded in PMMA matrix are extra stable and hence stable

optical t..:ViCCS can be fabricated.

4.4. Conclusions

ZnO nanoparticles embedded in PMMA matrix are prepared by wet

chemical synthesis. The band gap of the samples shows a decrease with

increase in concentration of NaOII in the reaction mixture indicating an

increase in particle size. The photoluminescence spectra of the 7.nO colloids

show strong UV emission attributed to exciton emission and the strong

green and blue emissions attributed to the defect emission in the 7..nO. The

optical absorptive nonlinearity of the ZnO:PMM:'\ thin films are analyzed

using open aperture Z—scan technique which shows optical limiting type

nonlinearity which is die to the two photon absorption in ZnO. Broadening

of the open aperture curve is observed in particles prepared with larger
concentration of NaOH. This deviation from the theoretical curve of two

photon process in ZnO:PMMA films containing larger sized nanoparticles is

attributed to two photon absorption induced free carrier absorption. The

efficiency of nonlinear absorption is found to increase with increase in the

band gap. The nonlinear refraction in the ZnO:PMMA shows a self

defocusing type; ie, a negative value of nonlinear refractive index  The

value of nonlinear absorption coefficient as well as refractive index are found

to be increasing with increase in particle size. The enhancement in the nz and

[3 is attributed to the enhanced oscillator strength in bigger nanoparticles.

The mechanical properties of the polymer films enable its use for device
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fabrication as compared to './.nO quantum dots dispersed in a solution.

Stability of the nanoparticles embedded in the PMMA matrix is more as

compared to the ZnO nanoparticles dispersed in solution.
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5.1. Introduction

Semiconductor nanocrystals have attracted widespread attention

owing to their distinct optical and electronic properties that can be tuned by

the quantum size effect. When the particle size is reduced below the Bohr

exciton radius these particles show a quantum confinement effect due to

localization of charge carriers, so that they are called as quantum dots.

Quantum dots are considered [1] to be very relevant candidates for

optoelectronic devices of the future due to their nonlinear optical properties,

increased quantum efficiency for luminescence, etc. Several attempts have

been made in order to improve the photolurninescence perfonnance of

nanocrystals for many applications, including flat—pane1 displays,

photoluminescent or electroluminescent devices, infrared windows and solar

cells [2—5].

ZnS is a typical wicle-gap II—VI semiconductor with an energy gap of

3.7eV  Since the early 1980s, considerable research work on ZnS

nanocolloids and their optical properties has been reported [7, 8]. Bhargava

el al [9] gave the first report on the luminescence properties of Mn doped

7.nS nanocrystals that were synthesised through a room temperature

chemical process. Since then, a few reports have appeared investigating the

photoluminescence properties of Mn doped ZnS nanocrystals [10] and Cu

doped '_/.nS nanocrystals [11] through various techniques. Doping of ZnS

nanoparticles by transition metal ions, e.g. Mnzi [12, 13], Cu?" [14, 15] and

rare earth ions, e.g. Eu?’ [16, 17] have been successfully carried out by
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techniques such as thermal evaporation, sol gel processing, co-precipitation,

and micro emulsification.

In the case of nanosized '/.nS, the photoluminescence properties are

still controversial. Blue and green luminescence emission bands have often

been observed together in the same sample, such as at 420nm and 520nm by

Lee 9! a/[15] and at 460nm and 507nm by Xu at a/ [17]. On the other hand, a

single emission peak has been reported at 480nm by Khosravi et 0/ [14] while

Huang et a/ observed a single emission peak at 415nm [18]. Recently, Bol er

al reported a red emission peak at 600nm in ZnS:Cu nanoparticles and

assigned it to the recombination of deeply trapped electron with Cu“ [19].

Therefore the role of dopant concentration on optical properties of doped

semiconductor nanoparticles is very important from the View points of basic

physics as well as practical application. In the present work, we have

synthesised ZnS:Cu nanoparlicles and studied the influence of copper in

widening the band gap thereby enhancing the photoluminescence and

nonlinear optical properties of ZnS nanoparticles.

5.2. Experimental

ZnS:Cu nanoparticles were prepared at room temperature by wet

chemical route Without any capping agents, using 0.1 mol of zinc chloride

and 0.07M Na2S. The doping concentration of Cu was varied from 1 to 3

atomic weight percentage. The reaction mixture in aqueous solution was

stirred for 1.5 hours. The chemical reaction involved is as follows,

(l—x)ZnCl3 + Na3S+ xCuCl3—) Zn(,__\)Cu\S + 2NaCl
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The photoluminescence spectra of the as prepared colloidal

solutions were recorded using flourimetcr. The '/..nS:Cu colloidal solution

was filtered to get fine ZnS:Cu powder for the X—ray diffraction (XRD)

studies and diffused reflectance spectroscopy (DRS). The XRD patterns

were recorded using Rigaku DMAX-C X-ray diffractometer. The diffused

reflectance spectra of the ZnS:Cu powders were measured using JASCO

V570 spectrophotometer. The sizes of the nanoparticles were verified by

transmission electron microscopy (T EM). ZnS:Cu poly vinyl alcohol

nanocomposite film fabricated by spin coating was used for nonlinear

optical studies. 4 gms of poly vinyl alcohol (PVA) was mixed with 50 ml of

water and was stirred until it dissolves homogenously. 1.6 gm of the ZnS:Cu

powder is added to the PVA solution (5ml) and stirred again for one hour.

The resulting viscous solution was spin coated on a glass plate at a rotation

speed of 1000rpm so as to get a thin film. The nonlinear absorption of the

nanoparticle embedded polymeric thin films was analyzed using open

aperture Z.—scan technique employing ultrafast laser pulses of 100fs duration

at 800nm from a Tizsaphire laser.

5.3. Results and discussion

The XRD pattern (Figure 5.1) of pure ZnS and ZnS:Cu powder

synthesized by wet chemical method exhibits a higher full width at half

maximum (FWI-IM) compared to the bulk commercial ZnS, which indicates

the formation of nanoparticles. The patterns of all the powder samples

indicate the formation of ZnS phase with the cubic zinc blende (sphalerite)
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structure. The prominent peaks due to (200) 03:33.15", d=2.7OA°) and (222)

(0=58.353", d=1.56 A°) planes were observed in the XRD pattern. A

splitting of the (200) peak occurs on Cu doping, which is due to the lattice

deformation produced with the addition of Cu.

100 Pure Zns$ 2”_.. 4-5200 ‘V j " V WM 2g=0.5%
M Ca=1 %
P‘ I CD51 .5% if‘ Cll"'2"/o

.¢~fl CII"2.5‘7o/I‘ cu-3%
25 3'0 ' 3'5 ' 4'0 ' 4'5 5'0 ' 5'5 ' 6'0 ' 6'5

26 Degrees

Intensity (a.u.)

Figure 5.1. The XRD pattern of the pure and copper doped ZnS powder.

The high resolution TEM (HRTEM) image and selected area

electron diffraction (SAED) pattern of '/inS:Cu nanoparticles with x=0.01 is

shown in figure 5.2(a) and 5.2(b). The SAED exhibits a concentric diffused

ring pattern due to the nanocrystalline nature of '/.nS:Cu [20]. TEM analysis

of the '/.nS:Cu reveals the formation of nanoparticle with size 6 nm.
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HRTEM shows parallel lines of atoms at regular intervals of 2.7A° which

coincides with the d spacing corresponding to the (200) planes of ZnS. The

d values obtained from the SAED confirm the formation of (200) and (222)

planes of ZnS.

Figure 5.2. The HRTEM and SAED pattern of the ZnS:Cu nanoparticles with

x=0.01.

The band gap for the ZnS:Cu nanoparticles is found from the

Kubelka—Munk plots as shown in figure 5.3. Compared to the band gap of

bulk spha.lerite ZnS (3.67eV) [21], the synthesised ZnS:Cu nanoparticles

displayed an increase in the band gap which indicates the formation of the

nanocrystals. Also a systematic increase in the band gap (3.88eV to 4.25eV)

with increase in the copper doping concentration is observed which is

attributed to the shifting apart of the valence and conduction bands, clue to
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the formation of impurity levels in between. This kind of increase in band

gap with increase in the copper doping concentration has been reported by

Manzoor at al [22].

11%
~———-L5%»

~— 2%
-———z5%

--3%
_—-— ZnS gure[(k/s)hv]2

T3.0 3.5 T
4.0

hveV
Figure 5.3. The Kubelka-t\Iunl< plots reduced from the diffused reflectance

4.5

spectra.

Figure 5.4 schematically illustrates the band gap widening associated

with Cull doping, and the electronic transitions involved in the excitation

and emission processes.
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Figure 5.4. Schematic diagram showing the band gap widening in Cu doped

ZnS nanoparticles.

The photoluminescence emission of the pure ZnS nanoparticles is

shown in figure 5.5 and inset shows the PL excitation spectra. The undoped

ZnS shows excitation peak at 318nm corresponding to the band-to—band

electronic excitation. PL emission from the pure ZnS (X“=3l8nm) shows a

blue emission peak at 434nm which is attributed to the sulphur vacancies.

For low concentrations of sulfide ions during precipitation, the ZnS

nanoparticles formed will have a large number of sulfur vacancies (V5-)2‘

[22]. Bearing a charge of 2*, the V5 sites can effectively trap excited electrons

from the conduction band and act as a doubly ionized donor by forming a

shallow energy level below the conduction band (CB) edge. Subsequent

electron—hole (e—h) recombinations at the valence band lead to blue

emissions, referred to as ‘self-activated’ emission in nanosized ZnS.
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Pure ZnS

2.m= 318nm
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Figure 5.5. The photoluminescence emission spectra of pure ZnS ( Inset

shows the corresponding excitation spectra).

In doped nanoparticles a larger numbers of dopant centers are

situated near the surface than in the interiors, and therefore nanoparticles

are expected to have better luminescent emission efficiencies compared to

their bulk counterparts. The photoluminescence emission of the ZnS:Cu

nanoparticles is shown in figure 5.6. The green photoluminescence emission

O»(.\=375nm) arises from the recombination between the shallow donor level

(sulphur \'acanc_\') and the t3 level of Cull.
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Figure 5.6. PL emission ofCu doped ZnS nanocolloids (Inset shows the

green luminescence from ZnS:Cu nanocolloids).

With the incorporation of Cu“ pairs, the VS—related 434 nm peak is

completely quenched at the expense of green emissions, indicating the

formation of impurity-related new energy levels within the band—gap of

nanoparticles. The Pl. emission maxima shows a blue shift in wavelength

with increase in the dopant percentage indicating widening in the separation

between the copper acceptor levels and the V5 donor levels; which also

supports the widening of band gap with increase in the copper doping.
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When the doping concentration is increased, the luminescence intensity

observed to be diminished which is caused by the formation of CuS, though

the XRD measurement did not detect the existence of the copper sulfide

phase [23, 24]. The reason for the reduced emission is that the formation of

CuS particles will effectively reduce the number of Cull optically active

luminescencent centers in ZnS nanoparticles. The formation of CuS can be

detected with the change in colour observed for the powder from white to

grey when the Cu doping percentage is increased. The schematic energy

level diagram of ZnS:Cu nanoparticles and the mechanism of PI. emission is

depicted in Fig. 5.7.

Conduction band

z.sseV {'.;',..“.',l;,,
{Blue PL)

.— 12 level of Cu”

Valence band

Figure 5.7. Schematic energy level diagram showing the emission

mechanism in 7.nS:Cu nanoparticles.
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The excitation spectra of ZnS:Cu nanophosphors recorded for the

green emission (Figure 5.8) also reveal a new excitation band at 375 nm,

indicating that, characteristic intra—band gap electronic transitions are

associated with Cu” substitution for Zn (Cuzn). As the Cu doping

percentage is increased a blue shift in the excitation peak is observed. This

suggests widening in the band gap in ZnS nanoparticles doped with higher

Cu” concentrations.

PLE intensity (a.u.)

—-—x=0.01
— =- — x=0.015
-A-x=0.02
— ~ — x=0.025
-+- x=0.03

300
r v v f’v—350 375 450

Wavelength (nm)

I ' I I325 425 450
Figure 5.8. The PL excitation spectra ofthe Cu doped ZnS nanocolloids.

The open aperture 7.-scan traces taken using ultrafast (100fs) laser

pulses at 800nm at an average energy of17 it] are shown in figure 5.9(a).
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Normalised transmittance
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Position z cm Input laser fluence J/cm’

Figure 5.9. Ultrafast (a) open aperture Z—scan traces and  optical limiting

plots of copper doped (Cu At“/o varied from 0.01 to 0.03) ZnS nanoparticles.
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Figure 5.9(a) clearly shows reverse saturable absorption (RSA) type

nonlinearity. Figure 5.9(b) shows the corresponding optical limiting plots.

All the samples show a reduction in the transmission with increase in the

input laser fluence. The open circles denote experimental data points
whereas the solid lines are the theoretical fits. This reduction in transmission

at 800nm (1.52eV) is attributed to a three photon absorption process since

absorption across the band gap takes place only through the absorption of

three photons simultaneously or in multiple steps. The experimental data

points fit well to a three photon absorption process as governed by the

equation (5.1),

T(z) = Ylnl,/1+ pg (-212) + pa exp(—rZ)la'r (5.1)77170 m

where T is the net transmission of the sample, R is the Fresnel

reflection coefficient at the air—sample interface (In our case negligible

reflection is occurring and hence R is taken to be zero), or is the linear

absorption coefficient, and L is the sample length. p“ is given by

pa = 1/2}’(l — R)2 ISLW where y is the three-photon absorption coefficient,

In is the incident intensity and L,“ is given by [1-exp(-2otL)]/Zot. By

numerically fitting the experimental data to eqn.(5.1), the three photon

absorption coefficient (y) can be calculated. The three photon absorption

coefficient y is found to increase with the doping concentration as shown in

figure 5.10.
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Figure 5.10. Variation of the three photon absorption coefficient y with the

dopant concentration.

Frequency—degenerate three photon absorption is a process wherein

three photons, whose energies are the same, are absorbed by the

nanoparticle simultaneously through two Virtual states to reach the excited

state which is strongly band gap dependent. The frequency—degenerate three

photon absorption coefficient has been found to decrease with increase in

the band gap of the undoped quantum dots (inversely proportional to the 7"‘

power of band gap) as reported earlier [25]. However in the present case,

both the band gap (figure 5.3) and the three photon absorption coefficient
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(figure 5.10) are found to increase with increase in Cu concentration and

therefore the increase in the nonlinear absorption cross section cannot be

attributed to the decrease in band gap.

Thus the band gap relation model suggested for frequency

degenerate 3PA in undoped quantum dots is not strictly applicable for

doped nanopartieles. This indicates that the relevant mechanism for

nonlinear absorption is not the frequency—degenerate three photon

absorption occurring in a single step, as expected for undoped quantum

dots. The main reason for the reduction in transmission may be the

enhancement of three photon absorption by multi step transitions [26]. The

intra band gap defect levels (Cuy) play an intermediary role in enhancing the

multi step transitions. These states could mediate multi step excitation

processes, which might lead to apparently high value for the 3PA cross

section in doped nanocrystals. The density of states is largely dependent on

the amount of doping and is increased considerably if a significant amount

of dopants is introduced. As the density of the defect levels increases the

(WA cross section will be enhanced thereby increasing the rate of multi step

transition enhanced three photon absorption. Therefore the nonlinear

absorption enhancement at 800nm in ZnS:Cu with the increase in copper

doping may be due to the multi step transition favoured three photon

absorption process.

Thus the present expeiiments show that Cu doped ZnS
nanoparticles are efficient ultrafast optical limiting material and when

embedded into a PVA matrix it can be a potential device offering protection
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from ultrafast laser pulses. The polymer matrix also offers flexibility and

mechanical strength.

5.4. Conclusions

ZnS:Cu nanoparticles have been prepared through the wet chemical

route in aqueous media. The XRD patterns indicate the formation of ZnS

nanoparticles with the cubic zinc blende (Sphalerite) structure. The ZnS:Cu

nanoparticles display a systemadc increase in the band gap with increase in

the copper doping concentration. Green photoluminescence emission is

observed in ZnS:Cu which arises from transitions between the sulphur

vacancy donor levels and the copper acceptor levels. The PL emission peak

and PL excitation peak show a blue shift with increase in the dopant

percentage, indicating a widening in the band gap. The open aperture Z—scan

traces of the ZnS:Cu nanoparticles embedded in PVA matrix shows a

reduction in transmission at higher laser intensities which is attributed to

three photon absorption. The reduction in transmission is stronger with

increase in the dopant concentration. This increase in the value of the

nonlinear absorption coefficient with dopant concentration is due to the

enhancement in the density of intermediate defect levels, which plays a

significant role in strengthening three photon absorption. Thus Cu doped

ZnS nanoparticles in a polymer matrix is found to be a promising candidate

for optical limiting applications in the ultra fast time domain.
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6.1. Introduction

Metal nanoparticles occupy a marvelous field of research interest in

the nonlinear optics due to their remarkable properties of Mie resonances [1]

and quantum size effects [2]. Nanoparticle metal colloidal solutions of the

noble metals (copper, silver and gold) exhibit a very intense colour which is

absent in the bulk materials as well as for the individual atoms. This

colouration is due to the collective oscillation of the free conduction

electrons induced by the interacting electromagnetic fields [3-6]. These

resonances are called surface plasmon resonances (SPR). Mic theory and

Maxwell Garnet theory [7] explain the SPR band in terms of higher moment

oscillations and particle size  It has been proved that the electrical and

optical properties are strongly dependent on size and shape of the

nanoparticles [9]. A simulation based on quasi—staIic, scattering and local

field theory has been developed to describe the optical properties of gold

nanospheres and numerical calculations show that both intensity and

wavelength maximum of the absorption, light scattering and fluorescence

emission are sensitive to the dielectric constant of the surrounding medium

[10].

A number of methods have been proposed to control the size and

shape of nanoclusters includin_s_; chemical reduction, photolysis of metal salts

and ultrasonic reduction. However these chemical reduction methods [11

13] produce byproducts which contaminates and affect the stability of the

clusters. Ablation of solid targets in liquid media [14] to produce
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nanoparticles is advantageous over other methods like tl1e thermal

decomposition and ion exchange methods employed for the preparation of

solid-state composite materials, due to its simplicity. Nano and femto

second pulsed laser ablation of metal nanoclusters are reported in various

solvents, water, ethanol and toluene [14—16]. The resulting solution would

consist only the colloids and solvent, no byproducts of metal would be

present.

ln this chapter we report nanosecond ablation of gold and silver

targets in deionised water and the dependence of laser fluence and ablation

time on optical properlies of the nanoclusters. The nonlinear optical

properties such as nonlinear refraction and nonlinear absorption are also

studied using single beam Z—scan technique [17]. Metal nanoparticles have

been suggested for applications in nonlinear optics for the last decade due to

the enhanced third order susceptibility of metal nanoclusters and metal

nanocomposites [1 8-21] near the SPR. The large optical nonlinearity near

the SPR can be explained on the basis oflocal field enhancement inside the

nanoparticle [22, 23]. At the SPR position, the electric field inside the

particle is much larger than the applied electric field. The ratio of the electric

field inside the particle to the applied field is called the local field factor,

(to). For a spherical particle with a radius very small compared to the

wavelength of light, the local field factor is given by eqn.(6.1) [24, 25],

35E, = l0 =_/E0 (().l)m It
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where 5,, is the dielectric constant of the host medium, am is the

complex dielectric constant of the metal, E1 is the local field developed

inside the nanoparticles and EU is the incident field. The local field factor

becomes large when the real part of the denominator (£m+2£h) goes to zero.

Even when the inherent Z; of the metal inside the particle is very low,

because of the local field enhancement, the 13/]. could be very large.

Aqueous metal nanocolloids may undergo a partial sedimentation

and this may affect the stability ofoplical nonlinearity [26]. In a device point

of VlC\V these metal nanocrystals can be embedded in suitable dielectric host

matrix so as to achieve better stability compared to colloidal solution. If the

dielectric matrix used offer ease of flexibility, it will be an additional

advantage in the device fabrication point of view. Hence a polymer matrix

will do better compared to any other dielectric media like silica, TiO2 etc

[27]. The gold and silver nanoparlicles showing better nonlinearity are

embedded in a stable polymer matrix so as to yield ease of flexibility as well

as long term stability for the devices as compared to the metal nanocolloids.

The optical nonlincarity of polymer embedded Au and Ag nanocrystals are

analyzed using single beam Z-scan technique.

6.2. Experimental

Second harmonics of Nd:YAG laser (532nm) operating at a

repetition rate of 10112 was focused on to high purity gold and silver target

immersed in 15 ml deionized water. Keeping the ablation time the same (1

hour), the laser tluence was varied from 1.2_]/cm: to 3.8]/cml. The UV

2l7
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visible absorption spectra of the as prepared gold and silver nanocluster

solutions were recorded using JASCO V570 spectrophotometer. The UV

visiblc absorption spectra of the silver colloidal solutions were taken after

Sdays and after 15 days of synthesis in order to study the effect of ageing. In

order to analyse the influence of duration of ablation on the properties of

silver nanoparticles, another set of the silver colloidal solutions in 15ml

water were prepared using third harmonics (355nm) and fourth harmonics

(266nm) of Nd:YAG laser source keeping the incident fluence the same

(l.2j/cmg) and varying the laser ablation time from 1 hour, 2 hour and 3
hour

The sizes of the nanoparticles were analyzed by transmission

electron microscopy (T The experimental procedure followed for the

synthesis of nanocrystal embedded polymer films is described below. 2 gms

of poly vinyl alcohol was mixed with 20ml water solution and stirred well for

one hour at a temperature 50°C. To this viscous fluid 15ml of Au/ water was

added drop wise and again stirred for 2 hours at room temperature. For

thorough mixing of Au nanocrystals in the PVA matrix, the resultant viscous

colloidal solution was subjected to ultrasonic agitation for 15 minutes. Soon

after the agitation, 3ml ofboth the Au/PVA was spin coated on a glass plate

at 1000rpm so as to get a thin uniform film of thickness lpm in which Au

nanocrystals were embedded inside the dielectric host matrix. Following the

same procedure for the fabrication of Au/PVA film, the Ag nanocrystals

were also embedded in PVA matrix so as to produce Ag/PVA film.
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The nonlinear absorption and nonlinear refraction of the samples

were analyzed using the single beam 7.-scan technique. Second harmonics of

Nd:Y1'\G laser (532 nm, pulse width 6-7113) having a repetition rate of 10 Hz

was used as the source for the nonlinear optical studies.

6.3. Results and discussions

The mechanism of nano particle growth during liquid phase pulsed

laser ablation can be explained using the model presented by Mafune er a/

[29]. According to this, while the plume expands in the media like water,

small polar molecules of water create an electrical bilayer around the

nanoparticles [30]. In these solvents, the OH group on the gold

nanoparticles generates surface charge and an electrical bilayer is formed.

The electrostatic repulsion between the gold nanoparticles prevents further

growth and results in stable clusters.

6.3.1. Gold nanopatticles by LP-PLA

The gold nanopariicles in the size range 2-99nm is expected to have

that the position of the maximum optical absorption between 520—580nm

[28]. Figure 6.1 shows the absorption spectra obtained for the samples

prepared at different laser fluences varying from l.2_]/cm: to 3.8]/cmz. The

U\='-visible absorption spectra of the samples show strong surface plasmon

resonance peaks only in the visible region (518nm — 530nm), a property

shown by spherical Au nanoparticles as proposed by Mie theory. For non

spherical particles such as nanorods, additional plasmon modes at a higher

xvavelength (800nm) corresponding to the longitudinal mode of oscillation
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appears in addition to the transverse mode of oscillation (around 520nm) of

the free electron cloud [31]. The presence of a single plasmon peak in the

lower wavelength proposes a spherical shape to the Au nanocrystals.

0.4q

‘  3.8JIcm’ (Bnm)

Absorbance

350 ' 4607450 ' 550 ' 550 ' 560' 5:10 ' 760 ' 750 ' 350

wave|ength( nm)

Figure 6.1. UV-visible absorption spectra ofAu nanoclusters prepared at

different laser fluences.

A red shift in the absorption maxima from 518 nm to 530 nm

indicates an increase in particle size [22]. \‘(-’hen size of the particle increases,

light cannot polarize the nanoparticle homogenously since in larger clusters

localization of the d band electrons increases the screening of the ions by

surface electrons thereby reducing the polarizability near the surface and

retardation effect lead to the excitation of higher order modes [31]. This is



Cfiapter 6

regarded as an extrinsic size effect. This leads to a red shift in the SPR peak

with increase in nanoparticle size. The amplitude of the SPR peak is found

to increase with increase in the ablation fluence which is attributed to the

increase in the number of gold nanoparticles in water. The broadening of

the absorption band with a decrease in particle size is observed which is

attributed to the increased damping known as Landau damping  As long

as the particles are apart there will be no contribution to the observed

broadening, but when the volume fraction of Au nanoparticles increases

inter particle interaction comes in to play.

The dependence of the absorption cross section of plasmon resonance

on the particle size and the surrounding dielectric media as proposed by the

Drude model for the spherical metal nanoparticle can be used in the

simulation so as to find out the particle size. The model consists of a sphere

of radius R in a suspending medium. The nanosphere has a dielectric

function 5,, and the embedding medium has dielectric function .52. It is

important to note that, £,=.s,,+2'.»:,, can have real and imaginary frequency

dependent components. In Drude model, the frequency dependent complex

dielectric constant can then be written as [32],2 24?; ‘‘’_n2 2. . 95(a)) =£,+z.¢:,.= 5,, (co) — (0 +1 ( (6.2)1+ a)z'(1+ )cozrz a) 1'2
where £b(w) is the dielectric function of bulk metal which is due to

interband transition, c-up denotes the plasmon frequency of the bulk metal, 2'
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is the relaxation time and co is the frequency of electromagnetic wave. The

absorption cross—section is given as follows,

247r2R’£ .5,am =  (6.3)
The simulation and the experimental plots obtained for the

nanoparticles prepared at a laser fluence 1.2]/cmz and 3.8}/crnz are shown

in figure ().2(a) and 6.2(b) respectively. The particle sizes calculated from the

simulation analysis are 4nm and 6nm respectively for nanoparticlcs prepared

at 1.2] /cm: and 3.8]/cmz ablation fluences.1,2 1.2
experimentalup. 1.1:. Lr- simulated  _3 xx ’ """"..4 """ M‘.,.<-". 32.‘I 0.0- N-..,~‘“__‘_:r 0.3‘ .: <-,g on i as if3 . . ’IE 03- 0.4-1E 02- 0.2- (b)2 00- M

45o 550 650 150 do 550 650 750
wavelength (nm) wavelength (nm)

Figure 6.2. Experimental and simulated absorption spectra of nanoparticles

ofdifferent size (21) 4nm  6nm.

The TEM and size histogram of the nanoparticles prepared at

1.2]/cm? and 3.8]/cmz are shown in figure 6.3. '1'he'l‘EM image shows gold

nanoparticles distributed uniformly in the aqueous media confirming the
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spherical shape to the nanoparticles as observed in the UV—visible

absorption spectra. The average particle size of the Au nanoclusters are

confirmed to be to be 4nm and 6nm for laser fluences 1.2]/cm: and

3.8]/cmz respectively which is exactly similar to the values obtained from

simulating the absorption spectra. TEM analysis shows almost similar

particle size (4nm) can be created at a much lower laser fluence 1.2]/cm: as

compared to the higher laser fluence of 60]/cm: as reported by Kabashin et

a/ using the femtosecond laser ablation [14].

The high resolution TEM (l-IRTEM) and selected area electron

diffraction (SAED) pattern of the nanoparticles prepared at 1.2]/cm: and

3.8]/cmz are shown in figure 6.4. The d Values obtained from SAED pattern

matches well with the (220), (200) and (400) planes of gold. The I~IRTEM

shows the atomic planes where the d spacing observed is 2.35A" that

corresponds to the (111) plane of gold.
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Figure 6.3. TEM (a, c) and size histogram (b, d) of Au nanoclusters prepared

at 1.2 _]/cm: (top row) and 3.8 ]/cm: (bottom row).
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2.352 “

Figure 6.4. HRTEM (a, c) and SAED (b, d) of Au nanoclusters prepared at

1.2 _]/cm2 (top row) and 3.8 ]/cm: (bottom row).

Au nanoclusters in water prepared at fixed laser fluence of 1.9]/cm:

for different durations 1 hour, 2 hour and 3 hour show SPR peak at the

same position 520nm (Figure 6.5) indicating an almost constant size of the

nanoparticles irrespective of the duration of ablation. It has been reported in

the literature that during the growth of nanoparticles with nanosecond

lasers, a reduction in particle size will be observed due to the efficient

radiation absorption by the previously ablated particles [15]. No such a

225



Linearamfnonfinear opticafcliaracterization qfgolJanz{:ilizer nanoparticks preparezf 6y [KP-!PLfl

reduction in particle size was observed in our study. Only an enhancement

in the absorbance is observed in the UV—visible spectrum which is due to

the increased nanoparticle density of the samples with increase in ablation

duration. Therefore absorption spectra indicate an almost constant size

(around 4nrn) for the Au nanoparticles prepared at 1.9]/cmz independent of

the ablation duration.

absorbance

PM(II I

0.20  v I v
560 660 I 760 800

wavelengthm m)

I ' I300 400

Figure 6.5. U V-visible absorption spectra of Au I1fl[)()ClUS[Cl’S prepared at a

laser fluence of1.9.]/cm: for different ablation duration.
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In the case of noble metal nanoparticles, the optical properties are

due to the d and outermost s—p conduction electrons. In band calculations

the outermost d and s electrons of the constituent atoms must be treated as

leading to six bands: five of them are fairly Hat and lie a few eV below the

Fermi level, they are usually denoted as d bands, the sixth one being almost

free electron like, ie roughly parabolic with an effective mass close to that of

free electron. This last band is called s—p band or conduction band. To

induce a transition between the d—bands and the conduction band, the

photon energy has has to be larger than a gap of energy hm“. In the case of

gold, this gap energy  is 1.7cV. These inter band transinons explain the

colour of bulk gold. In the case of metal colloids there is one absorption

band due to surface plasmon resonance, for gold hug corresponds to 2.3eV.

Since the i.nter band and surface plasmon absorptions in Au N135 situates

very close to the excitation energy 532nm (2.33eV) optical excitation will

lead to surface plasmon and inter band contributions to the nonlinear

response at 532nm.

The conduction electrons contribution as a whole is called intra

band. The susceptibility induced by the intra band transitions is an electric

dipole one and it is attributed to the confinement of the free electrons. It is

therefore strongly particle size dependent, varying as a'l when particle size

a<<a(, where an is a parameter related to the Fermi energy and dephasing

lime ofthe conduction electrons [10]. In the case ofgold and for the 532nm

light the value ofa,, is found to be ~13.6nm.
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The optical absorptive nonlinearitics are measured by open aperture

7..-scan technique at an irradiance value I,,=O.325]/cmz. The experimentally

obtained curve in the present study (Figure 6.6) is of reverse saturable

absorption type where the transmittance falls down with increasing incident

laser fluence. The solid line in figure 6.6 represents the theoretical fitting to

the experimentally obtained data points.

The mechanism of nonlinear absorption can be explained as follows.

When excited at 532nm (’_7.33cV), the electrons in the filled d band of gold

will be excited to the unoccupied states in the conduction band due to inter

band transitions. Plasmonic absorption happens from the ground sate of the

conduction band to the excited state of the conduction band thus generating

a number of free carriers in the excited state of the conduction band. A part

of the free electrons will be pumped even to higher energy levels in the

conduction band causing free carrier absorption.

Thus a major contribution to the origin of nonlinear absorption in

gold nanoparticles is attributed to the intra band excitations from the

plasmon band to the free carrier band and subsequent free carrier

absorption. Since the probability for intra band transition is particle size

dependent proportional to a 3, the intra band contribution will be maximum

in smaller sized nanoparticles leading to much efficient nonlinear

absorption. Thus the origin of nonlinear absorption in gold nanoparticles is

attributed to inter band, plasmonic and free carrier absorption.
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Figure 6.6. Open aperture Z—scan traces of gold nanoparticles prepared at

various laser ablation fluences.

Experimental data fit well with the theoretical eqn.(6.4) for normalized

transmittance T(z, S=1) corresponding to nonlinear absorption [19],

T(z, s = 1) = 4. j1n[1 + q0(z,o)e-" L1: (6.4)
x/;q0(z,0)

where qa(z,0) = ,3I0L€”.and [3 is the nonlinear absorption coefficient,

(:21)

coefficient I‘, is the incident intensity. The experimental data points are fitted

LE“ is given by where L is the sample length, or linear absorption
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with the theoretical eqn.(6.4) with [3 taken as the fitting parameter and the

value of [3 corresponding to the best theoretical fit is taken. The optical

absorptive nonlinearities of the samples prepared at lowest (1 .2]/ cm2, 4nm)

and highest (3.8]/cmz, 6nm) laser ablation energy shows that a better

absorptive nonlinearity is obtained for smallest nanoparticles (4nm). The

nonlinear absorption coefficient [3 corresponding to 4nm and 6nm are

4.737X10’m m/W and 4.37XlO'” m/W respectively; ie a decrease in the value

of [3 with increase in size of nanoparticles. The optical limiting plots

corresponding to 4nm and 6nm is shown in figure 6.7 which clearly shows

the reduction in transmission as the size of the nanoparticles decreases.

3 0.9
Eg 1
‘E 0.82 .
g 0.74 :‘|'heoratica| plot
'8 I
E o_6_ a 6m
E o 4nm
'5 0.5Z I

0.4 . , . . . T r0.15 0.20 0.25 0.30 0.35
Input laser fluence J/cm’

Figure 6.7. Optical limiting characteristic of the Au nanoclusters of particle

size 4nm and 6nm (the solid line represents theoretical fitting to the

experimental data).
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The lm(x('l)),  is related to the nonlinear absorption coefficient [3

through the following eqn.(6.5),

1,“ = (e.$z4) (6.5)3

where X and c are the wavelength of incident laser beam (532nm)

and velocity of light in vacuum respectively. The value of ,1’; is calculated to

be O.757><10'mesu and (l.0698X1(T""esu respectively for 4nm and (mm Au

nanoparticles. Hence these Au nanoclusters found valuable application for

optical limiting device fabrications. The values of the XSPR, particle size, [3 and

,1’? corresponding to the Au nanoparticlcs prepared at different laser

ablation fluence value are shown in table 6.1.

Laser fluence km TPA coefficient B Im(x‘3’)
0/C1112) (nm) (cm/ GW)  (esu)
1.2 518 47.37 o_757x1o-'°
1.9 521 7.9 o.125x10‘1°
2.5 526 5.94 o_o933x1o-'°
3.8 530 4.37 o,o693x1o-1°

Table 6.1. The variation of ism, f3 and 1? with laser ablation fluence of Au

coll oids .

The Au nanoclusters in water show good nonlinear refraction which

is attributed to the self defocusing effect in the sample. Self defocusing has
231
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electronic (population lens) and thermal (thermal lens) contributions.

Electronic contribution arises from the induced polarization due to the

population redistribution between the ground and excited conduction band

states (intra band transition) [35]. Higher nonlinear refraction in smaller

nanoparticles is due to particle size dependent enhancement in the oscillator

strength associated with intra band electronic transitions. The thermal lens

contribution arises from the excited hot electrons (electrons with higher

energy than Fermi energy). They got therrnalized by dissipating the excess

energy through scattering processes [33]. The excess thermal energy

increases the surrounding temperature and generates/a temperature gradient.

This temperature gradient leads to a variation in refractive index, which is

called a thermal lens [34].

The closed aperture transmittance T(z,A¢0) is related to the on axis

phase shift at the focus A¢0 by [17] eqn.(6.6),

4A¢0xT(z,A¢ )-.~. [1 ——j;— (6.6)" (x2 +9)(x2 +1)

where x = —Z— .
Z0

and A¢0 is related to the nonlinear refractive index y through eqn.(6.7),

M60Ffi <6”eff 0

Therefore fitting the closed aperture data with theoretical eqn.(6.6)

(where y is taken as the fitting parameter) yields the value of nonlinear
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refractive index y. The nonlinear refractive index y and the real part of third

order optical nonlinear susceptibility )5; can be given by the eqn.(6.8),
23 = 110112 : H067 68Z” 37: ]207r2 <33") ( ' )

where n“ is the linear refractive index of the sample (for gold

n,,=(').47), e,,is the permittivity of free space and c is the velocity of light in

vacuum.

The typical closed aperture curves for the Au nanoclustcrs of sizes

-lnm and (mm are shown in figure 6.8(a) and 6.8(b) respectively. The

nonlinear refractive index y is found to be -2.421X10l5m2/W and —1.115><

’l(,)'Hn12/W’ respectively for the nanoparticles of 4nm and 6nm size. The 1,3?

is calculated to be —38.37x10'"'esu and -4.07x10'"'esu respectively for 4nm

and 6nm nanoparticles. The enhancement in the 1; in lower sized

nanoparticles originates from the size dependent enhancement in the local

electric field inside the nanoparticle. The size dependence in the real part of

nonlinear susceptibility ,1’: indicates the contribution from the intra band

transitions in the conduction band.
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Figure 6.8. Closed aperture Z-scan traces of the Au nanoclusters of particle

size (a) 6mm and  4nm.

For nonlinear optical applications, it will be better to incorporate the

nanoparticles immobilized in a suitable matrix like polymer or glass. The

ease of flexibility that the polymer matrix offers as compared to a rigid

fragile matrix like glass makes it best to incorporate Au nanoparticles in

polymer matrix for fabricating devices. Lower size (4nm) nanoparticles

having high value of y as well as [3 are embedded inside the poly vinyl

alcohol (PVA) matrix so as to achieve a stable optical limiting device.
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The UV-visible absorption spectra of the Au/PVA film as well as

pure PVA film are shown in figure 6.9, which show the presence of strong

SPR bands peaked at 520nm indicating the incorporation of Au NPs in the

matrix. A slight shift (2nm) in the SPR compared to the colloidal solution in

water is due to a change in the dielectric constant of the medium used. Inset

of the figure 6.9 show the photograph of the Au/PVA thin film with the

writing beneath it.
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Figure 6.9. UV-visible absorption spectra of Au/PVA films (inset shows the

photo ofAu/PVA film).

The open as well as closed aperture Z—scan traces of the Au/PVA

films are recorded using Z—scan technique. Figure 6.10(a) shows the optical

limiting curve of Au/PVA films where as figure 6.l0(b) gives the closed

aperture curve showing negative refractive index type nonlinearity. The
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optical limiting property of Au nanocrystals in polymer film is similar to the

Au colloids but the nonlinear refraction in Au/PVA is found to be better

compared to the Au/water colloidal solution. The deviation of the

experimental plots from the theoretical fit may be attributed to the

contribution from thermally induced nonlinear scattering produced by the

generated hot plasma in the solid polymer matrix [36].- 1.-.
1.0

1.1

3.3.3 1.2
=all‘ 1.1- '.
E50.1 ‘-"'§ om ':03E uuE 0.1.

I
“an tin 0.30 0.32 o.'u o.'1| 03:75: "' ,,'_, 4', "5 .3 .3 ,3 ,1, 1.Input energy J/cm‘ Puma z c
Figure 6.10. (a) The optical limiting and (b) self defocusing curve of Au

nanocrystals in PVA matrix.

The nonlinear refraction may contain electronic as well as thermal

contributions. However the enhancement in the refractive index may be

attributed to thermally induced lensing in the Au/PVA as compared to the

Au/water colloidal solution. Thermal lensing arises from the excited hot

electrons which are thermalized by dissipating the excess heat energy

through scattering process [33]. The excess thermal energy increases the

surrounding temperature and generates a temperature gradient which leads

to a variation in refractive index which is called a thermal lens [34]. Phase
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shift (0) suffered by incident laser beam as a result of thermal lensing is

given by,

0 0. dS/dT

But for liquid samples £=fl-, where as in solid sample 3'1dT dT dT. . . dn
involves COi'lt1‘1l)utlOfl fromd—T , end phase curvature and thermal stress [35].

Larger expansion of the hotter centre compared to the cooler edge of the

solid sample leads to an end face curvature contribution and the fact is that

the cooler part of the sample prevents the expansion of its hotter centre

generating a thermal stress. Hence the induced phase shift in a solid sample

will be higher as compared to a liquid sample. This may be the reason for

the enhanced nonlinear refractive index in the thin film sample. However

detailed analysis may be required in order to completely determine the exact

phenomena behind the high value of nonlinear refraction shown by the Au

nanocrystals in polymer matrix.

The value of the nonlinear absorption coefficient as well as refractive

index is better compared to those reported earlier in Au colloids as well as in

Au thin films [36—38]. Therefore the optical limiting efficiency as well as self

defocusing nature observed in our work is much better compared to earlier

reports. Hence the Au/PVA film is found to be a suitable material for

nonlinear optical applications involving optical limiting and self defocusing.

The Au nanociystals will be very stable inside the polymer matrix and will

work efflciently for long term applications.
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Figure 6.12(a) and figure 6.12(b) shows the HRTEM images of the

silver nanoparticles prepared at 1.2]/cmz and 3.8]/cm: respectively, the size

of the silver nanoparticles are found to be 4nm and 6nm respectively. Figure

6.12(c) and figure 6.12(d) gives the selected area electron diffraction (SAED)

pattern of silver nanoparticles showing the (111) and (200) planes of silver.

Figure 6.12. The TEM image of nanoparticles prepared at (a) 1.2]/cm: and

(b) 3.8]/cm: (c) SAED pattern of nanoparticles prepared at 1.2]/cmz and (d)

3.8]/cml.
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Figure 6.13(a) and figure 6.13(b) show HRTEM images showing

parallel lines of atoms of the silver nanoparticles prepared at 1.2]/cmz and

3.8]/cmz respectively where the observed inter planar spacing 2.35A" is in

well agreement with (111) plane of silver.

Figure 6.13. HRTEM images of silver nanoparticles prepared at (a) 1.2]/cm:

and  3.8]/cmz showing parallel lines of atoms.

The absorption spectra of the colloidal solutions prepared at

1.2]/cmz and 3.8]/cmz taken just after the synthesis, after 5 days and after

15 days are shown in figure 6.14(a) and 6.14(b) respectively. From figure

6.14(a) and 6.14(b), it is found that the SPR band is diminished after 15days

for the nanoparticles prepared at ablation fluence 3.8]/cm2 (7nm) where as

the SPR band is present even after 15days for nanoparticles prepared at

ablation fluence 1.2]/cm: (4r1m). It shows the extra stability of silver
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nanoparticles prepared at lower ablation fluence. This fast decay of SPR

band of silver nanoparticles prepared at 3.8]/cm: is attributed to the

increased nanoparticle concentration and particle size for the colloidal

solutions prepared at higher laser fluence, which lead to the agglomeration

of the nanoparticles in the colloidal solution.

{Z;L""A§i$}'éi5éFé&"' "tflu" 15 day, ';;—-After 15 days..-<>-_!:£L'.. l""““°" 5 “V5

(I) (D)

Absorbnnce

s5oo5o16oooo35o45os5oeoo1oouoo
Wavelength (11)

Figure 6.14. The effect of ageing on the UV-visible absorption spectra of

350 450 '

silver nanoparticles prepared at (a) 1.2 ]/cm2 and  3.8 _]/cm2.

The open aperture Z-scan plots for silver colloidal solutions

(measured with Nd:YAG laser at 532nm operating at a repetition rate of

10Hz at a laser irradiance I0=0.521 J/cmz) are shown in figure 6.15.
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Figure 6.15. Open aperture Z—scan curves of silver nanoparticles prepared at

532nm for various laser ablation fluencc.
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Figure 6.12(a) and figure 6.12(b) shows the HRTEM images of the

silver nanoparticles prepared at 1.2]/cmz and 3.8]/cm: respectively, the size

of the silver nanoparticles are found to be 4nm and 6nm respectively. Figure

6.12(c) and figure 6.12(d) gives the selected area electron diffraction (SAED)

pattern of silver nanoparticles showing the (111) and (200) planes of silver.

Figure 6.12. The TEM image of nanoparticles prepared at (a) 1.2]/cm: and

(b) 3.8]/cm: (c) SAED pattern of nanoparticles prepared at 1.2]/cmz and (d)

3.8]/cml.
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Figure 6.13(a) and figure 6.13(b) show HRTEM images showing

parallel lines of atoms of the silver nanoparticles prepared at 1.2]/cmz and

3.8]/cmz respectively where the observed inter planar spacing 2.35A" is in

well agreement with (111) plane of silver.

Figure 6.13. HRTEM images of silver nanoparticles prepared at (a) 1.2]/cm:

and  3.8]/cmz showing parallel lines of atoms.

The absorption spectra of the colloidal solutions prepared at

1.2]/cmz and 3.8]/cmz taken just after the synthesis, after 5 days and after

15 days are shown in figure 6.14(a) and 6.14(b) respectively. From figure

6.14(a) and 6.14(b), it is found that the SPR band is diminished after 15days

for the nanoparticles prepared at ablation fluence 3.8]/cm2 (7nm) where as

the SPR band is present even after 15days for nanoparticles prepared at

ablation fluence 1.2]/cm: (4r1m). It shows the extra stability of silver
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nanoparticles prepared at lower ablation fluence. This fast decay of SPR

band of silver nanoparticles prepared at 3.8]/cm: is attributed to the

increased nanoparticle concentration and particle size for the colloidal

solutions prepared at higher laser fluence, which lead to the agglomeration

of the nanoparticles in the colloidal solution.
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Figure 6.14. The effect of ageing on the UV-visible absorption spectra of

350 450 '

silver nanoparticles prepared at (a) 1.2 ]/cm2 and  3.8 _]/cm2.

The open aperture Z-scan plots for silver colloidal solutions

(measured with Nd:YAG laser at 532nm operating at a repetition rate of

10Hz at a laser irradiance I0=0.521 J/cmz) are shown in figure 6.15.
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Figure 6.15. Open aperture Z—scan curves of silver nanoparticles prepared at

532nm for various laser ablation fluencc.
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The experimentally obtained curve in the present study (Figure 6.15)

is of optical limiting type where the transmittance fialls down with increasing

incident laser fluence. When excited at 532nm (2.33eV), the electrons in the

filled (:1 band of silver will be excited to the unoccupied states in the

conduction band due to inter band transitions. The excitation energy needed

for the direct inter band transition in silver is 4eV and hence this transition

cannot be achieved by single photon absorption (2.33eV). Hence the

nonlinear absorption at 532nm will be occurred by two—photon absorption

(TPA) between the filled d band and unoccupied conduction band.

A decrease in the limiting efficiency with increase in the size of

nanoparticles is observed from figure 6.15. This can be explained as follows.

The TPA excited electrons are free carriers possessing whole spectra of

energies kinetic as well as potential which may lead to transient absorption

due to free carrier absorption (FCA). A part of the excited electrons will be

pumped even to higher energy levels causing excited state absorption (Intra

band transition) which is particle size dependent varying as a"‘l. Thus the

efficicncy of free car1:ier absorption will be greater in smaller silver

nanoparticles. The size dependence in the nonlinear absorption coefficient

indicates the contribution from the intra band transitions in the conduction

band. Thus the origin of nonlinear absorption in silver nanoparticles is

attributed to two—photon absorption followed by free carrier absorption.

Experimental data fit well with the theoretical cqn.(6.4) for normalized

transmittance ’l'(z, S=1) corresponding to a nonlinear absorption process

[40]. The value of [3 obtained for the Ag nanoparticlcs ofparlicle sizes -lnm
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and 7nm are 8.173 cm/(SW and 2.015 cm/GW respectively which shows

that a better absorptive nonlinearity is obtained for smallest nanoparticlcs

(4nm) produced at laser ablation fluence 1.2_]/cmz.

The lm()((3l), X13 is related to the nonlinear absorption coefficient [3

through the following eqn.(6.5), (here in our case the value of n,, =1.-45).

And the Values of Xi are calculated to be 18.18><10"2 esu and 4.55><lO '2 esu

respectively for 4nm and 7nm Ag nanoparticles. Ilence these Ag

nanoclusters found valuable application for optical limiting device. . ,3 .
fabrications. The values of the X_\»,,R, B and A’; corresponding to the Ag

nanoparlicles prepared at different laser fluenccs are shown in table 6.2.

Laser fluence (J/cmz) L3,,“ (nm) [3(cm/Gw) Z13 (cw)
1.2 403 8.173 18.443xi0'”
2.2 404 4.042 9.123x1o"’
3.3 406 2.015 4.55x10‘”

Table 6.2. The variation of)\_\-pk, L3 and 2'13 with laser ablation fluence ofAg

colloids.

The smallest silver nanoparticles (4nm) showing maximum nonlinear

absorption is embedded in poly vinyl alcohol mati'i_\' (l’\-’;\) for the

fabrication of a solid optical limiting device. The UV-visible spectra of the

Ag/PV/\ and pure PVA film are shown in figure 6.16; the SPR peak at

407nm for Ag/PVA indicates the presence of silver nanoparticlcs.
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Figure 6.16. The UV—visible absorption spectra of Ag/PVA film.

The open aperture Z—scan traces of the Ag/PVA film showing good

nonlinear absorption is given in figure 6.17. Ag nanocrystals in polymer film

display almost the same limiting efficiency as the Ag/water colloidal solution

which can be used effectively for the fabrication eye protection goggles for

laser operators and for protecting sensors attached to laser optics.
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Figure 6.17. Open aperture Z—scan traces of the Ag/PVA film.

Silver nanoparticles prepared at 266 and 355nm

The UV—visible absorption spectra of the Ag nanoparticles prepared

at incident laser wavelength 355nm and 266nm at a fixed laser fluence

1.2]/cm: for different ablation durations are shown in figure 6.18(a) and

6.18(b) respectively. In both cases the amplitude of the SPR peak is found to

increase with increase in the duration of laser ablation which is attributed to

the increase in number of silver nanoparticles in water. Figures 6.18(a) and

6.18(b) shows that the SPR peak blue shifts with increase in the duration of

laser ablation. This can be attributed to a reduction in particle size due to the

efficient radiation absorption by the previously ablated particles [41].
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Figure 6.18. UV-visible absorption spectra of silver nanoparticles prepared

for different durations at laser wavelength (a) 355nm  266nm at a laser

ablation fluence 1.2]/cmz.

The TEM i.mage of the silver colloids produced at 266nm for 1 hour

and 3 hour duration is shown in figure 6.19(a) and 6.19(b). It confirms the

reduction in the average particle size and a more homogenous size

distribution with increase in the laser ablation duration. Inset of figure

6.19(a) shows the HRTEM image of the silver nanoparticles produced at 1

hour duration which shows parallel lines of atoms at a separation of 2.35A"

corresponding to the (111) plane of silver.
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Figure 6.19. TEM image of the silver nanoparticles prepared at ablation

fluence 1.2]/cm: for ablation duration (a) 1 hour  3 hour (inset shows

I-IRTEM image of silver nanoparticles).

6.4. Conclusions

Gold and silver nanoparticles of different sizes are produced by laser

ablation of gold and silver target in deionised water. An increase in

nanoparticle size is observed with increasing laser ablation fluence. The

absorption spectrum of the nanocolloids is red shifted in wavelength with

increase in particle size. The silver nanoparticles prepared at higher laser

fluence are found to be less stable as compared to those prepared at lower

laser fluence. The optical absorptive nonlinearity of the Au and Ag

nanoclusters shows an optical limiting type nonlinearity which finds

application in the fabrication of optical limiting devices. It is found that the

efficiency of limiting increases with decrease in particle size. The nonlinear
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refraction of Au nanoclusters shows negative refractive index value

indicanng self defocusing type nonlinearity. Both the real and imaginary

parts of nonlinear susceptibility are found to be increasing with decrease in

particle size which is attributed to the size dependent enhancement in the

oscillator strength in the nanoparticle. Stable and flexible nonlinear device is

fabricated by incorporating the Au and Ag nanocrystals showing better

nonlinearity in a poly vinyl alcohol matrix. The enhancement in the

nonlinear refractive index for the Au nanocrystals in polymer matrix as

compared to Au nanocrystals in water is attributed to the thermal effects

arising in the solid film. For fixed laser ablation fluence, the size of the silver

nanoparticlcs decreases with increase of the duration of ablation due to the

effective radiation absorption by the previously ablated particles.
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properties of gold nanoparticle
attached MWCNTS
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7.1. Introduction

The search for potential optical limiters for the protection of sensors

from intense laser pulses have motivated many researchers to examine new

nanomateiials which exhibit superior optical limiting properties. There exists

a very interesting member of carbon family, carbon nanotubes (CNTS)

which are widely accepted as a superior material for potential optical limiting

applications  CNTs have attracted considerable attention because of

their unique structure, which have various electronic and optical

applications. These tubes are found in two types of structures: single walled

carbon nanotubes (SWCNTS) and multiwalled carbon nanotubes

(M\Y/CNTs). SWCNT is made of single graphitic cylinder while there are

many coaxial graphitic cylinders for each MWCNT. Each cylinder may be

visualized as the conformal mapping of a two dimensional honeycomb

lattice onto its surface. Earlier studies show that MWCNTS, which are made

up of multilayers of graphene sheets that can be rolled into the shape of a

hollow cylinder, are noble candidates for broadband optical lirniling from

the visible to the infrared region [5, 6]. The optical limiting action was

observed also in SWCNTS that are made of one layer of a graphene sheet

l7l

Noble metal colloids or nanoparticles such as gold (Au) and silver

(Ag) nanoparticles are known to possess large nonlinear optical properties.

Their optical properties have also been actively studied by picosecond and

femtosecond lasers in the surface plasmon absorption (SPA) region [8—10].
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.3-\ broadband optical limiter based on gold and silver coated M\X/CNTS has

been reported earlier [1 1].

Recently, research efforts have been devoted to the fabrication of

gold nanoparticle supported on the surface of CN'I‘s [12—17]. In fact the

main hurdle faced while the fabrication of CNTS attached with gold

nanoparticles (Au—NPs) is that most of the preparation techniques either

need pre—treatment of pristine (INTs, such as oxidation by strong oxidizing

acid or functional.izaiion with surfactant or polyelectrolyte, or need some

special instruments and tedious procedures [18-21]. The Au—NPs produced

using these technique have a broad particle size distribution. Therefore, the

synthesis and attachment of very small and hornogenously distributed Au

NPS to the surface of CNTs, especially through a simple and cost-effective

route still remains a crisis.

In the present work, gold nanoparticles (Au—NPs) have been grown

by liquid phase pulsedlaser ablation (LP-PI./'\) of pure gold target in water.

The nanoparticles synthesised in water through laser ablation do not require

any additional capping agents or stabilizers and they are very stable for

months. A simple method has been used here to directly attach Au-NPs

with high (lispersivity to the walls of CN'l's without using any surfactant or

polyelectrolyte to functionalize the (LNTs [22]. In the adopted method,

when the hydrophobic CNTs were immersed into a colloidal suspension of

Au—NPs, a small amount of ethanol was also added into the colloidal ."\u

solution so as to reduce the intcrfacial tension between CNTs and water,

thereby enhancing their wettability in aqueous solution containing Au—NPs.
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7.2. Experimental
7.2.1. Preparation of highly dispersed Au—NPs in aqueous media

Third harmonics of Nd:YAG laser (3SSnm) operating at a repetition

rate of 10Hz was focused on to a high purity gold target immersed in 15 ml

deionized water. Keeping the ablation flucnce the same (1 .2]/ cm2), Au—NPs

in water with various concentrations were prepared by varying the duration

of laser ablation from 1 hour to 3 hour. The UV—visible absorption spectra

of the as prepared nano colloidal solutions were recorded using JASCO

V570 spectrophotometer in the wavelength region 200-l00Onm. The

concentration of the Au colloids prepared at various ablation durations is

measured using inductively coupled plasma atomic emission spectroscopy

(ICP—AES) analysis. The size of the nano particles were analyzed by

transmission electron microscopy (TEM).

7.2.2. Preparation of carbon nanotubes with attached Au—NPs

Commercial, heat—treated MWCNTS devoid of metal or organic impurities

were obtained from Chengdu Organic Chemicals Co. Ltd. The CNTS have

diameters of 15-20 nm and length in the range of 20pm. The purity of the

MW/CNTS is checked using Micro-Raman scattering experiments which is

performed with a Horiba jobin Yvon I.abRam HR system at a spatial

resolution of 2 mm in a backscattering configuration. The 5l4.5nm line of

Argon ion laser was used for excitation. The Micro-Raman studies will also

give us average inner diameter of the MW/CNT. De—ioni2ed (DI) water was

used for preparing all the aqueous solutions. In order to attach the Au—NPs

to the walls of CN'l' the following procedure was followed. In this typical

procedure, a measured amount of CNT (50.3 mg) was added to 10 mL of
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the as—prepared gold suspension in water. About 5 mL ethanol was added

immediately under continuous stirring for 12 hrs. The pink colour that is

characteristic of gold colloids began to fade with time, which is presumably

due to the attachment of the Au—NPs on to the surface of CNT. Thus, both

surface modification and attachment were accomplished in one step. The

black solid after the 12 hour stirring was separated by filtering and then

dried overnight in an oven at 50° C. Part of this powder has been used for

the X-ray diffraction  and TEM analysis to confirm the attachment of

Au—NPs to the surface of MW/CNTs. TEM images were recorded at an

accelerating voltage of 200 kV using JEOL TEM. XRD pattern was

recorded using Rigaku model X—ray diffractometer with Cu Kc. radiation (X

= 0.15418 nm).

The MWCNTS with attached Au—NPs (MWCNT/Au) has to be

embedded in polymer solid matrix for the ease of fabrication of optical

limiter. For that 5 gms of poly vinyl alcohol (PVA) was added in 50 ml water

and stirred thoroughly such that the PVA dissolved completely and

hornogenously. 0.03 grns of MWCNT/Au was weighed and added to 5 ml

of PVA solution. The resulting viscous solution was stirred well for 1 hour

such that the powder was dispersed uniformly in the PVA matrix. The

viscous solution was then spin coated at a speed of 1000 rpm on a clean

glass plate and dried. Thus MWCNT/Au embedded in polymer matrix was

obtained which can be used as the sample material for the nonlinear optical

studies using the Z—scan setup. For a comparison, a thin film of pure

MWCNT (0.03 gm) in PVA was also prepared in the same way discussed
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above. Second harmonics of Nd:YAG laser (532 nm, pulse width 6—7ns)

having a repetition rate of 10 Hz was used as the light source for the

nonlinear optical studies using open aperture Z—scan technique.

7.3. Results and Discussions

The Raman spectra of pure MWCNT (figure 7.1) shows three peaks

at 1339cm", 1566cm“, 2678cm". The band at 1339 cm" is due to disorder in

the graphene layers caused by 5p} bonding (the “D” band) [23, 24]. This D

band gives the contribution of amorphous carbon in the sample [25]. The G

band at 1566crn'l is an intrinsic feature of a carbon nanotube that is closely

related to vibrations in all spz carbon material [26]. The second order D band

at 2678cm", which is due to second order Raman scattering is also

confirmed the sample was carbon nanotube [27]. Absence of any additional

Raman peaks proves that the MWCNTS used are completely pure and are

devoid of any metal or organic impurities.

The ratio of integrated intensities of the D and G bands, ID/IG, is one

of the most informative parameters in Raman spectroscopy of carbon

materials and has been used extensively to calculate the in plane spz

crystalljte size, L,,, in disordered carbon materials [28]. L, is determined from

the following general formula,

560 1La (nm) = —— (—D)'I (7.1)
E: I0
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where EL is the laser energy and here for Argon Ion laser E,’ =

2.41399eV. And for our sample we got ID I 173 and I6 I 179 leading to a

crystalline size equal to 17.07nm.

G in!
D mu

3‘gr ID bud
E
8
E

E

' I ' I ' I ' I ' Iso no 1450 2150 2350 3550
Ramon shift (cm'')

Figure 7.1. Raman spectra of pure MWCNT.

The ICP—AES analysis shows that the concentration of the Au in the

colloid is found to increase with increase in the duration of laser ablation.

The concentration of the colloids prepared at laser ablation durations 1hr,

2hr and 3hr are 3.45ppm, 4.25ppm and 7.65ppm respectively. The UV

visible spectra (figure 7.2) shows strong surface plasmon resonance (SPR)

band peaking at 520nm indicating the presence of1\u-NPs.
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4. N» Au 1 Hr ( 3.45ppm)
-o~ All 2Hr (4.25ppm)
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Figure 7.2. The UV-visible absorption spectra of gold nanocolloids in water

and the supernatant solution after filtration.

The amplitude of the SPR peak is increasing gradually with increase

of the duration of laser ablation indicating the increase in the concentration

of the Au—NPs in the colloidal solution as observed from the ICP—AES

analysis. The plasmon peak remains at almost the same wavelength which

shows that the particle size remains unchanged with different ablation

duration. The UV-visible absorption spectra of the supernatant solution

after the filtration of the MWCNT/Au black powder is also shown in the

figure 7.2. It is observed that the UV-visible spectra of the supernatant
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solution do not show any SPR band in the visible region that indicates the

absence of the Au-N P5 in the supernatant solution. It means that entire Au

NPS in the colloidal solution have been loaded on to the walls of the

MWCNT.

The trial for attaching Au—NPs on to the walls of hydrophobic CNT

is based on the concept that addition of ethanol will reduce the interfacial

tension between the walls of the CNTs and water and hence it will modify

the wettability of CNTS [29]. As received MVVCNT powder exhibited very

poor dispersibility in water media [30]. The use of ethanol and other short

chain alcohols to reduce the interfacial tension between a hydrophobic

domain and water has been well explained earlier [31—33j. More specifically,

from a molecular point of view, short-chain alcohols behave as surfactants,

in that they possess both hydrophilic (hydroxyl group) and hydrophobic

(alkyl group) moieties. In an aqueous suspension of CNTS, it is therefore

conceivable that the added ethanol molecules will be adsorbed onto the

CNT walls through their alkyl groups, thus altering the interactions among

the CNTS. The adsorbed ethanol molecules would then reduce the

hydrophobic attraction among the CNTS, making it easier for them to

disperse in an aqueous medium. A direct consequence of adding the ethanol

is an increase in the interfacial area between water and the CNTS.

The mechanism of attachment of the Au-Nl"s to the surface of the

MWCNTs can be explained as follows. As pointed out by Reincke vi u/ [32],

adsorption of Au—NPs on an Oil/water interface is primarily driven by the

reduction ofinterfacial free energy. Similarly, in our case, the adsorption of
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Au-NPs on the CNT / water interface is caused by the system’s tendency to

seek a lower free energy. The adsorbed ethanol molecules will provide

specific attachment sites to the Au NPs. As said above, the added ethanol

molecules will be adsorbed onto the CNT walls through their alkyl groups,

and they link to the water layer around the Au NPs through the hydroxyl

group thus adsorbing the NPs on its surface. Since the attachment is based

on the concept of electrostatic interaction, short chain alcohols work well

rather than the alcohols with long chains.

The XRD pattern of pure M\X/CNT and M\VCNT/ Au is shown in

figure 7.3. The XRD shows the main peak at 29:26.7" which corresponds

to the (002) plane and the small peak at 43.6” corresponds to (101) plane of

the MWCNT. The XRD pattern of the CNTs is similar to that of graphite

though the main peak (002) is much weaker and broadened, indicating that

the hexagonal ring structure of graphene sheets remain unchanged in the

CNTs. The very small shift of the (002) reflection from 29: 26.2" for pure

MWCNT to 26.70 for the MWCNT/ Au is observed which may be attributed

to the very small change in the microstructure of MWCNTs due to ethanol

addition. The etching by OH radicals and deposition of C radicals on the

surface of CNTs are considered to be responsible for the modification of

the MWCNT structures. The observation of a very small peak at 38.8"

corresponds to (111) plane of the Au—NPs attached to the walls of

M\‘~("CNTs indicating that the deposited Au—N P5 are small face centred cubic

Au crystallites.
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Figure 7.3. The XRD pattern of pure MWCNT and MWCNT with attached

Au—NPs.

The TEM image and size histogram of the Au—NPs in water

produced at laser ablation energy 1.2]/cm: for 1 hour duration is shown in

figure 7.4(a) and 7.4(b) respectively which shows average size ofAu—NPs to

be 7nm. The high resolution TEM (HRTEM) (inset of figure 7.4(a)) shows

parallel lines of atoms with interatomic spacing 2.35A" that corresponds to

(111) plane of gold. Inset of Figure 7.4(b) shows the selected area electron
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diffraction (SAED) pattern which corresponds to atomic planes (111) and

(220) of gold.

-I O I

99 I

9O

. 4 .

P5 I

(D)
Normalised particle density

9K»

9C 1

N 4 6 8 1 0
Particle size (nm)

Figure 7.4(a). The TEM image, HRTEM (inset) and (b) size histogram,

SAED (inset) of Au-NPs grown by LP—PLA.

The TEM and HRTEM pattern of the MWCNT/Au are shown in

figure 7.5(a) and 7.5(b) respectively. From TEM studies it is observed that

the outer diameter of the MWCNT is around 15.6nm quite close to the
value obtained from the Micro—Raman studies. TEM characterization

confirms that all the Au-NPs were attached to the CNT walls. The attached

Au-NPs have a narrow size distribution and are finely dispersed. From the

TEM images of the MWCNT/Au, we can see the Au-NPs as dark spots on

the CNT surface. Thus it can be noted that the hydrophobic CNT could be

decorated uniformly with desired loading ratios of Au-NPs. Figure 7.5(b)

shows the HRTEM image of MWCNT/Au, showing parallel lines of atoms.
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The interplanar spacing of MWCNT as seen from figure 7.5(b) is 3.47A°

which corresponds to (002) plane of MWCNT. The interplanar spacing of

Au—NPs is found to be 2.35A°, which corresponds to (111) plane of gold

(Figure 7.5(b)).

Figure 7.5. (a) TEM and  HRTEM image of MWCNT with attached Au

NPs.

The optical limiting characteristics of thin films containing pure

MWCNTS as well as those with attached Au—NPs (containing different

loading ratios of NPs) in PVA matrix has been taken by the automated Z

scan setup [34]. Second harmonics of Nd: YAG laser (532 nm, pulse width

6—7ns) having a repetition rate of 10 Hz was used as the light source for the

nonlinear optical studies. The optical limiting plots (taken at laser irradiance

I,,=O.15]/cm2) of thin films containing pure MWCNTS and MVVCNT/Au in
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a PVA matrix are shown in figure 7.6. All films show an optical limiting

type nonlinearity; that means 21 decrease in transmission with increase in the

input laser fluence.

The mechanisms that are responsible for the optical limiting

phenomena in M\X/CNTs have been investigated by Sun el al [35]. Electronic

structure study of the CNTs done by Chen er a/ [6] shows that the CNTs

have a lower work function, lower electron binding energy and stronger

plasma excitation. Broadband OL with MW’CNTs embedded in polymethyl

methacrylate films has been reported by Sun et al [1]. The limiting response

appeafing in our case suggests that the optical limiting property may mainly

result from another mechanism, i.e., nonlinear scattering [$56-38]. In this

process, heating due to the presence of the laser pulses can lead to

vaporization and ionization of carbon particles or nanotubes (avalanche

ionization), and then form rapidly expanding microplasmas in solid host

polymer matrix. In return, these microplasmas strongly scatter light from the

transmitted beam direction, leading to the decrease in the measured

transmitted light energy.
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Figure 7.6. The optical limiting plots of the thin films containing pure

MWCNT and MWCNT/Au in PVA matrix with different concentration of

Au-NPs.

An increase in the optical limiting property has been observed

(Figure 7.6) with increasing the gold loading ratio on the surface of

MWCNTS. We propose that this improvement of the optical limiting

performances in MWCNT/Au is mainly due to nonlinear scattering

properties resulting from the surface plasmon absorption (SPA) processes in

the Au NPs at 532 nm. This SPA band is due to the electromagnetic field
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induced collective oscillations of the conduction electrons in states near the

Fermi level, known as surface plasmons. The photon energy absorbed will

expand the metal particles into a micro plasma state in the sub—nanosecond

range, inducing a scattering centre [10]. These micro plasma scattering

centres around the metal particles result in a strong nonlinear scattering

effect. As the density of the Au-NPs on the surface of the M\X/CNT

increases, the SPA cross section increases, thus enhancing the related

nonlinear scattering. Also there may be another contribution from free

carrier absorption of Au—Nl’s as reported earlier [39].

Thus MWCNTS with attached Au—NPs found excellent application

as an OL material with high stability and durability. They can be effectively

used for the fabrication of eye protecting goggles for the laser operators and

sensor protecting boxes. The ease of flexibility and high mechanical strength

that the polymer host matrix offers will help in molding the devices of any

desired shapes depending on our application side. Also when the

nanocolloids are embedded inside polymeric matrices the chance for

interparticle interaction leading to the agglomeration of the NPs will not be

there keeping the properties of the device the same and hence the device will

be an efficient, functional and stable performer for long term applications.

7.4. Conclusions

Au—NPs produced by LP-PLA in water were directly attached to the

walls of MWCNTs with high homogeneity and dispersivity. Both XRD and

'l'ElVI characterization showed that Au—NPs distributed uniformly on the
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walls of lVI\\7CN'l‘s. The M\VCNTs attached with Au-Nl’s show good

optical limiting which is attributed to the nonlinear scattering. An increase

in the optical limiting property has been observed with increasing the
concentration of :'\u-NPs which have contribution from the nonlinear

absorption caused by the SPA processes at 532nm in Au NPs. Thus highly

stable and flexible optical limiting device has been fabricated using

MWCNTS with attached Au-NPs in a polymer matrix.
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8.1. Summary

Development of nonlinear optical devices having ultrafast

nonlinearity is a very relevant field of research which finds applications in

optical limiting. The demand for protection of eyes of laser operators and

various types of optical sensors attached to the laser optics systems from

laser pulses has resulted in search for optical limiting devices. In order to

prevent the accidental entrance of the laser pulses in to the eyes, the laser

operators must use goggles which are transparent at low intensity of light

but non—transparent towards high intensity of light. Since the optical limiting

devices are transparent at low intensity of light but non—transparent towards

high intensity of light, they can be effectively used as a preventor of the laser

pulses.

In the present study, we have succeeded in fabricating
nanostructures based polymeric nonlinear optical limiting devices. The most

striking character of our method is that the excellent compatibility between

N135 and polymers is obtained via modifying the surface of the NPs to

ensure the homogeneous distribution of NPs in the polymer matrix. The

existence of the polymer network can stabilize the NPS, which act as cross

linking points. The structure of such NP/polymer composite network can

stabilize the Nl’s for a long term, which is important for the protection of

their Function. The high device flexibility will render them to be actively

used in any desired shapes. These superior optical limiting devices may be

used as eye protection goggles or as protectors of sensors.
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A completely automized Z-scan setup for the nonlinear optical

characterization was fabricated in the laboratory. The automized setup made

the data acquisition and data analysis quite easy. A better communication

between the instruments and PC was achieved by the use of the LAB VIEW

programming tools in conjugation with devices such as NI PCI 7332, UMI

7764. The micro step motion of the sample cell enabled to acquire very fast

and error free data compared to manual data acquisition. The interfacing and

automation saved lots of time and even could measure the full set of data in

a few minutes.

The next step was the fabrication of the flexible nonlinear optical

device having good mechanical strength based on metal and semiconductor

nanostructures encapsulated polymeric optical limiting devices. All the

devices gave comparatively good optical limiting characteristics and a few

among them give good self defocusing type refractive nonlinearity.

ZnO nanoparlicles in the present investigation were synthesized by

room temperature wet chemical methods. The size of the quantum dots

were tuned by varying the concentration of the NaOH in the precursor

solution. The size of the nanoparticles was found to be increasing with
increase in the concentration of the NaOH as observed from the

broadening of the XRD spectra and blue shift in the absorption edge in the

UV-visible absorption spectra and then confirmed by the TEM analysis. The

nonlinear optical studies show an optical limiting type absorptive

nonlinearity and self defocusing type refractive nonlinearity. The nonlinear

?1l)S01‘If)LlOn was due to the two photon absorption in ZnO. The values of
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nonlinear absorption coefficient 5 as well as refractive index n3 are found to

be increasing with increase in particle size. The enhancement in the n2 and B

is attributed to the enhanced oscillator strength in bigger nanoparticles. The

ZnO nanoparticles are very stable inside the polymer matrix and will work

efficiently for long term optical applications.

ZnS:Cu nanoparticles were prepared by chemical route in aqueous

media. ZnS nanoparticlcs with the sphalerite structure were formed as

observed from the XRD pattern and as confirmed from the TEM

characterization. The ZnS:Cu nanoparticles displayed a regular increase in

the band gap with increase in the copper doping concentration. Copper

doped ZnS samples showed green luminescence which resulted from the

transition between the sulphur vacancy donor levels and the copper acceptor

levels. These ZnS:Cu nanoparticles were embedded in PVA matrix and the

Z-scan analysis performed with Ti—Sapphire laser (800nm with pulse width

of 100 fs) showed a reduction in transmission which was due to three

photon absorption process occurring in multiple steps. An increase in the

value of the nonlinear absorption coefficient with increase in the doping

concentration was found which was due to the increase in the density of

intermediate defect levels which played a supplementary role in the

enhancement of the rate of multi step transition enhanced three photon

absorption. These Cu doped ZnS nanoparticles in the polymer matrix could

be used as an effective sample material for optical limidng device

fabrications at slightly different laser wavelengths.
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Nanoparticles of gold and silver were synthesized by LP—Pl_.;\ in

water media by varying the laser ablation fluencc using second harmonic of

Nd:YAG laser at 532nm. The size of the Au and Ag nanoclusters was found

to be increasing with increase in the ablation fluence as observed from the

UV—visible absorption spectra and TEM studies. The silver nanoparticles

prepared at higher laser fluence were found to be less stable as compared to

those prepared at lower laser fluence. The optical limiting efficiency of Au

and Ag nanoparticles increased with decrease in the nanoparticles size which

is due to the size dependent enhancement in the oscillator strength in the

nanoparticles associated with the intra band contribution to the nonlinear

absorption. The Au nanoparticles showed self focusing type refractive

nonlinearity. The lower sized Au and Ag nanoparticles showing maximum

nonlinearity were embedded in PVA matrix and casted into thin film having

approximate thickness of 111m by spin coating. Such nanoparticles

embedded polymeric films showing very good optical limiting were used for

fabricating flexible limiting device having good mechanical strength. Also in

the case of silver nanoparticles, it was observed that when the duration of

ablation was increased keeping the incident laser fluence fixed, the size of

the nanoparticles was decreased which was attributed to the efficient

radiation absorption by the previously ablated nanoparticles.

Gold nanoparticles were successfully attached on to the surface of

MW/CN'l's. Synthesis and attachment of homogenously distributed Au—NPs

on to the surface of CNTS, especially through a simple and c0st—effective

route without using any surfactant or polyelectrolyte to functionalize the

280



C hapter 8

CN'l's was introduced. /\u nanoparticlcs of different concentrations were

synthesized by LP-PLA in deionised water using third harmonic of Nd:YAG

laser source by varying the duration of ablation keeping the laser fluence

constant and minimum. A low value of laser fluence was maintained to

obtain smallest sized nanoparticlcs. The attachment was achieved by the

addition of a small amount of ethanol into MWCNT added Au colloidal

solution in order to decrease the interfacial tension between the

hydrophobic MWCNT and water. Au-NPs were distributed uniformly on

the walls of MWCN'l‘s as found from the XRD and as confirmed from the

TEM studies. Au-nanoparticles attached MW/CNTs were embedded in PVA

films. The films showed optical limiting nature, which was attributed to the

nonlinear scattering in MW/CNTs. An increase in the optical limiting

property was observed with increasing the concentration of Au-NPs on the

surface of MWCNTS which was due to the additional contribution from the

nonlinear absorption caused by the SPA processes at 532nm in Au—NPs.

Thus highly stable and flexible optical limiting device was fabricated using

MWCNTS with attached Au-NPs in a polymer matrix.

8.2. Scope for future studies

8.2.]. Fabrication of eye protection goggles and sensor protecting

boxes based on in-situ polymerized nanoparticles

As regarding the protection of sensors attached to the lasers, sensors

should be kept in boxes made up of these optical limiting materials. In a

device and industrial point of view, we should use materials with high
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mechanical strength and case of flexibility so that they can be moulded easily

into any shape needed for the application. The development of optical

limiters based on metal and semiconductor nanoparticles incorporated into

the polymer matrizt via insitu polymerization can improve the performance

of the optical limiter. The insitu polymerization will diminish the minute

chance of agglomeration inside the polymer matrix and loss of transparency

and thus keeps the stability and functionality of the device well; even though

the chance of agglomeration is not relevant for ultra fine nanoparticles below

10nm. Subsequently they are molded into desired shape for making laser

preventing goggles and sensor protecting boxes. For this purpose we can

prepare the nanoparticles of gold [1], silver [2] and ZnO [3] embedded in

the polymer matrix through in-situ polymerization tools.

8.2.2. Luminescent ZnS quantum dots for the cancer cell attachment

One of the most exciting applications of nanotechnology in

medicine is the use of luminescent quantum dots (QDs) for bio—medical

imaging [4]. Further, quantum dots can be made very effective for targeted

imaging by attaching them with disease specific ligands such as proteins,

vitamins, monoclonal antibodies and peptides. Despite the fact that there

have been significant developments in anti cancer technology such as

radiotherapy, chemotherapy and hormone therapy, cancer still remains as

one of the leading cause of death all over the world. In all these methods,

normal cells are also destroyed along with the tumor cells since the cell

killing is proportional to the region of exposure [5, 6]. This lack of tumor

282



Chapter 8

specific treatment is one of the main hurdles of the current cancer treatment

technology.

An ideal solution to these limitations is to deliver a biologically

effeciive concentration of anti cancer agents with high specificity.

Luminescent quantum dot  based on doped zinc sulfide (ZnS),

conjugated with a canceptargeting ligand, folic acid (FA), is presented as a

promising bio—friendly system for targeted cancer imaging  Folic acid has

specific attachment to the cancer cells due to the presence of the Folate

Receptor (FR) alpha protein [8], which is more prominent in the cancer cells

such as FR positive human nasopharryngeal epidermoid carcinoma, KB cells

as compared to the normal cells. Folate Receptor alpha protein is encoded

by the FOLR1 gene [9]. The FR, a tumor associated glycosyl
phosphatidylinositol anchored protein, can actively internalize bound folates

and folate conjugated compounds via receptor-mediated endocytosis [10,

11]. The protein encoded by this gene is a member of the Folate Receptor

(FOLR) family. The members of this family has a special affinity to folic

acid and for several reduced folic acid derivatives.

Luminescent centers in doped QDs could be excited using bio

friendly visible light >400 nm by directly populating the dopant centers,

leading to bright emission. Specific attachment of Folic acid attached ZnS

quantum dots synthesized through wet—chemical route to the FR+ cancer

cell line has been reported earlier  However these chemical methods

produce byproducts, which contaminates and affect the stability of the

nanoparticles and as regarding biological applications only contamination
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free nanoparticlcs have real relevance. It is very tedious to synthesise extra

stable nanoparticlcs with extremely small size using the chemical route. In

therapeutic applications of the nanoparticles, kidney can filter only those

nanoparticles with extremely small size after the specified cancer targeting is

achieved. In this situation the safe and practically simple methods like laser

ablation of solid targets [12] has been introduced which produces

homogenous dispersion of extremely small sized nanoparticles devoid of

impurities with maximum stability in a transparent aqueous media.

Luminescent ZnS:Cu nanoparticles can be prepared by liquid phase

pulsed laser ablation technique (LP—PLA) in water media. As synthesised

nanoparticles can be attached to folic acid after the preparation and these

ZnS:Cu nanoparticles will show green luminescence under UV illumination.

The cytotoxicity of bare and FA conjugated QDs can be tested. The

attachment of the nanoparticles to the cancer cells may be checked by

fluorescence microscopy where in ZnS:Cu nanoparticles will show specific

luminescence in the green region. Hence it will be easy for tracing out the

cancer cells from the normal cells, and thus the drug delivery becomes quite

easy thereby the cancer cells may be destroyed without affecting the normal

cells.
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