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Abstract

Fluorescence based microscopic techniques playmgortant role in biology research. The
fluorescence microscopy relies on external labadingpe area of interest with a fluorescent probe
to achieve high contrast in imaging. The photollleéag and phototoxicity of the dye labels is a
major challenge in fluorescence microscopy thaitténong time observation of a biological
system. This has prompted the development of masw fabels and alternate imaging
methodologies. Metallic and dielectric nanopars@ee a class of promising nonfluorescent labels
from the point of view of photostability and biocpatibility. Multiphoton absorption based
nonlinear optical techniques provide a powerfulrapph to detect such nanoparticle labels using
infrared excitation. Nonlinear optical microscopsy inherently confocal due to the nature of
interaction and provides three-dimensional opse&tioning capability. It allows one to make use
of excitation wavelengths in the infrared regionttod spectrum which is away from the optical
absorption bands of biological tissues. The usafodred wavelengths also provides for deeper

penetration of the radiation in biological tissues.

In this work we examine the nonlinear optical pmbips of BaTiQ nanoparticles belonging to the
perovskite family from the point of view of appltaans in the area of biomolecular imaging.
BaTiOz nanoparticles are a potential biomolecular lalzelifg high photostability and possess
many attractive optical and dielectric propertiesluding large values of third order nonlinear
optical susceptibility. In this work we synthesiaed characterize BaTghanoparticles having
different sizes, study their linear and nonlingatiaal properties and explore the means to enhance
their nonlinear optical properties. Further we mage of their high third order optical nonlinearity
to develop a nonlinear optical microscope basetivorphoton absorption induced photothermal

effect using infrared excitation at high repetitiaes.

The BaTiQ nanoparticles are synthesized by a room temperatirgel technique using barium
acetate and titanium IV butoxide as the base nageiMonodisperse BaTiMhanoparticles having
average size ranging from 12 nm to 90 nm are pegjday varying the annealing temperature from
500°C to 1000C. Particle size of nanoparticles are controlledvayying this single synthesis
parameter. Local electric field effects near thaaparticle can have an enabling effect on the

nonlinear optical properties of nanopatrticles.hiis ivork we further explored the potential of this
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property to enhance the nonlinear optical absanptibBaTiQ nanoparticles by incorporating
small amount of gold nanoparticles in the Bagi@anoparticle lattice. For this purpose,
Au/BaTiOs nanocomposite films with different molar ratio ou/8a are prepared by sol-gel
technique. Crystal structure of Baki@anoparticles and Au/BaTiOnanoparticle films are
characterized by X-ray diffraction. Transmissioreotton microscope is used to study the
morphology, shape, crystal structure and to deteznihe particle size. The linear optical

properties are studied using a UV-VIS NIR spectaipimeter.

The nonlinear optical properties of Baki@anoparticles and Au/BaTghanoparticle films are
studied using a single beam Z-scan Technique. Natioles samples for the study are prepared
by dispersing them in ethylene glycol and experitmane carried out in a quartz cuvette. The two-
photon absorption coefficient of the nanopartickes,jmportant property from the point of view
of application in nonlinear optical microscopygestimated from the Z-scan transmittance curve.
The two-photon absorption coefficient of the Bagi@noparticle is of the order of ¥om/W and

is found to increase with decreasing size of BaTi@noparticles. The two-photon absorption
coefficient of the Au/BaTi®@ nanoparticle films increases linearly with goldnaparticle
concentration and significant enhancement of nealinoptical absorption is observed in
gualitative agreement with that predicted for thaxMell-Garnet geometry. This ability to fine
tune the nonlinear optical coefficients of Au/Ba%i@@ms would be handy in optical device

applications.

Characterization of nanocomposite films using @ptiechniques is a challenge and often requires
careful examination of transmission electron micopy images. In this work we developed a
photothermal microscope capable of detecting galibparticles having size as small as 5 nm to
characterize Au/BaTi@nanocomposite films. The capability of the methetipse potential is
already demonstrated in biomolecular imaging apgibos, is further expanded to detect gold
nanoparticles and their distribution Au/Bagi@anocomposite films. We used the method to study
the distribution of gold nanoparticles in Au/Bagifdms synthesized with different Au/Ba molar
ratio in the precursor solution. The study shovet the distribution of gold nanoparticles in the
film concurs with our assumption of Maxwell-Garrggometry for the composite film. It is
observed that the number density of gold nanopeviicreases with higher Au/Ba molar ratio in

the precursor solution as expected.
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Finally, in the last chapter of this thesis we exel the application potential of BaTO
nanoparticles in biomolecular imaging based on rémults of our investigations on various
properties on these nanoparticles. We indeed fdhatlthese photostable and biocompatible
nanoparticles could be successfully employed asoediecular label in nonlinear optical
microscopy. A new nonlinear optical microscopichi@que, named two-photon photothermal
microscopy, capable of detecting individual nonfeszent nanoparticles with high sensitivity is
developed to detect and image Bad@noparticles. The method which is inherentlyfaoal
makes use of near infrared excitation at high iBpetrates and would be of interest in deep tissue
imaging. The applicability of the technique in loigy is demonstrated by imaging BagiO
nanoparticles internalized in HelLa cells at fastetiscales with a pixel dwell time of 3. In
order to check the cell viability after additionB&TiOz nanoparticle, a cytotoxicity measurement
using (3-(4,5- dimethylthiazole-2-yl)-2,5-diphengtrazolium bromide) (MTT) assay was carried
out in HeLa cells. Here we note that the technipsmeloped makes use of the third order nonlinear
optical properties of the samples and hence casmni@oyed to detect even nanoparticle having

inversion symmetry.
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Chapter 1: Introduction

1.1 Introduction

Optical microscopy has emerged as an indispendablein modern biology research. The
evolution of optical microscopy is driven by thestte to achieve contrast and resolution to image
single cells and probe internal cellular structidferent types of optical microscopes such as
phase contrast microscope, polarizing microscopd differential interference contrast
microscopes have been developed over the yearddiess the specific needs of biological
community. Though all these techniques are emploggdbiologists, fluorescence based
microscopy is the most promising and sought aftexging technique due to its improved contrast
and functionality. In fluorescent microscopy theanof interest or the specimen is labeled with a
fluorescent probe and the fluorescent light emititech the probe is used to provide better contrast
between the area of interest and the surroundirgtesing media. Confocal fluorescence
microscopy, where the sample is excited by a lagtetr provides high spatial resolution and three-
dimensional sectioning capabilities through confdegection of signal from only the focal region
[1-3].

The success of fluorescence based microscopy fediagily on the availability of appropriate
fluorescent probes or the dye labels. The photchieg and phototoxicity of dye labels have been
a major challenge in fluorescence microscopy [IFRjotobleaching and phototoxicity put limits
on the long term observation of a biological systmd quantitative analysis of data becomes

difficult in situations that require monitoring tife system for long durations.

Another particularly attractive approach employeadbiological imaging is nonlinear optical
microscopy where fluorescence excitation of the thkeel is achieved through multiphoton
absorption [4—7]. The nonlinear optical absorptiequires large electric field strengths, available
only at the focal region of the laser beam andltlerescence excitation occurs mostly at the focus
of the objective. Thus, nonlinear optical microsgdp inherently confocal and provides three-
dimensional sectioning capability. Multiphoton aligmn allows one to make use of excitation
wavelengths in the infrared region which is awaynfrthe optical absorption bands of biological

tissues. The use of infrared wavelengths also gesvior deeper penetration of the radiation in
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biological tissues. Multiphoton fluorescence mic@sy has become a popular microscopic

technique in biology, especially in studies invatyideep tissue imaging.

Nonlinear optical microscopy minimizes photobleaghio some extent by limiting the volume of
excitation. However, the photobleaching of the &l at the focal spot is still a challenge faced
by the current techniques. Many new types of optadaels, and altogether new experimental
strategies are being developed in recent yearsdtyeas the issue of photobleaching in
fluorescence imaging [8-12]. Among these variousv nabels, metallic and dielectric
nanoparticles are promising from the point of vied photostability and biocompatibility.
However many of these nanoparticles are nonfluerdgsar weakly fluorescent and fluorescence
based techniques are not appropriate to detect.tAdternative imaging methodologies for
detecting nonfluorescent nanoparticles using phetotal microscopy have been demonstrated
recently [13-16]. Multiphoton absorption based nwedr optical techniques provide powerful

approach to detect such nanoparticles using irdrexeitation.

This thesis is set in this context to explore tbelimear optical properties of a model dielectric
nanoparticle system from the point of view of apglions in biomolecular imaging. BaTiO
nanoparticles, belonging to the perovskite famiyy @sed as a representative system having high
optical nonlinearity. BaTi@nanoparticles are synthesized by a sol-gel megimoldcharacterized
using different techniques such as X-ray diffrattiscanning electron microscopy, transmission
electron microscopy, and optical absorption. Thedtlorder nonlinear optical properties are
studied by the well-known single beam Z—scan tegnni The thesis also explores the possibility
of enhancing or fine tuning the nonlinear opticagificients of BaTi@ nanoparticle films through
the addition of gold nanoparticles. Photothermatroscopy is employed to characterize the
distribution of gold nanoparticles and the nonlin@lasorption coefficients of Au/BaTihaving
different Au/Ba molar ratios are compared. The ithégther makes use of the large third order
optical nonlinearity of these nanoparticles in degang a new nonlinear optical imaging
technique that can detect and image BaTi@noparticle labels with high sensitivity. The
microscope, named two-photon photothermal microscap inherently confocal. BaTi#O
nanoparticles are biocompatible and highly photdstanaking the microscope employing them
as label attractive in biomolecular imaging. Thelaability of this microscopic technique, in

biomolecular imaging is demonstrated by imaging iBahanoparticle incorporated Hela cells.
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In this introductory chapter, we start with a bidg$cussion on the interaction of light with linear
and nonlinear media and then discuss the diffeeffietts arising from the third order optical
nonlinearity of a material. After that we discusarigus approaches to optical microscopy,
including nonlinear optical microscopy and recemvamces. The literature on BakiO
nanoparticles and the current status of biomoledataging using these nanoparticles is also
presented in this chapter. A short section deadlls thie investigations on the biocompatibility of
these labels. We conclude the chapter by discusisengbjectives and giving a brief outline of the
thesis.

1.2 Interaction of light with matter

The linear optical interaction of light with an at@an be understood from a simple classical model
where the atom is approximated to a harmonic @goill A dielectric material can be approximated
to a collection of electrons bound to the posiiime cores through electromagnetic interaction.
When light interacts with a material these nega#imd positive charges experience the Lorentz

force,
F = —el[E(t) + vXB(t)] (1.2)

whereE(t) andB(t) represent the electric and magnetic fields ofiticedent light. The effect of

optical magnetic field on the atom is much weakantthat of the electric field and we may ignore
the second term in the above equation. Also, stheeion cores are much heavier than the
electrons, at optical frequencies the motion ofdleetron is more significant than that of the ion

cores. Thus, upon interaction with light, effeclivthe electrons experience a force,

F(t) = —eE(t) (1.2)

which causes the center of the electron cloud ift alvay from the positive core. However this
motion of the electron cloud is transitory due lte testoring force from the positive ion core.
Thus, when an incident light interacts with an atmminduced electric dipole is created in the
medium. If the applied electric filed is of the foE (t) = E,e "'t + c.c. , oscillating with a
frequencyw, then the induced dipole also oscillates at thmes&requency d.c. — Complex

conjugate).
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The Lorentz model of atom assumes that the regfdoirce depends linearly on the displacement
of the electron cloud. If we use a simplistic agglove can consider this situation identical to a
charge on a spring with mass|f the spring is ideal, providing a linear restgyrforce, it describes
the regime of linear optics. Most of the commorthgerved optical phenomena are well described
by the Lorentz model. If the amplitude of the eliedlield E(t) is high, then the spring is distorted
and the restoring force is no longer linear. Nagdinoptics is the regime in which the spring
deviates from linearity, or in other words the noear optical effects become important if the
interaction potential is anharmonic. Though a catglunderstanding of nonlinear optical
interaction of light with matter requires a quantorechanical treatment, the above model gives a
good description of the nonlinear optical effectdhie case of nonresonant interaction where the
frequency of the incident light is much lower ththat of atomic resonances. In the following we
give a brief description of linear and nonlineaticg interaction of light.

1.2.1 Linear optics

In the linear regime the restoring force is linggmtoportional to the displacement of the center of
electron cloudk(t). This is true for a spring mass system with smsiblacements. The restoring

force may be written as

F, = —mwix(t) (3.3)
wherem is the mass of the electrons anglis the natural frequency of ‘the harmonic osaitat
We may also consider a damping force of the form
dx(t)

dt

wherey is the damping constant. The applied electridfigl) gives a driving force ) which
forces the electrons to oscillate at the frequencYhe equation of motion of this forced, damped

harmonic oscillator is,

d?x(t) dx(t)
dt? my dt

m + mwix(t) = —eE(t) (1.5)

The steady solution of this equationxi@) = x,e ~“t wherex, the amplitude of oscillation is,
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e E,
m(wg — w?) — iyw

Xo = (1.6)

The induced dipole moment due to this displacenseptt) = —ex(t). For a system dfl atoms,

the average dipole moment per unit volume, or thlargzation is,

P(t) = —Nex(t)

_ NeZ Eoe—iwt
T om (0 - w?) - iyw (1.7)
= e X WE()
2
where,y® = e ___ 1 s defined as the linear optical susceptibilitytioed medium. Here

g0 (@3 —w?)—iyw
&y Is the permittivity of free space. Thus, the glectlipoles in this case oscillate at the same
frequency as that of the incident electric fieldhisT oscillating polarization in the medium will
result in the emission radiation at the same fragueand modify the way in which the wave

propagates. The electric displacemént ¢,F + P = 50(1 +)((1))E and thus the dielectric

constant of the medium is+ y(. The complex refractive index of the medium igegi by the
square root of dielectric constant. The losseshe medium due to absorption arise from the

imaginary part of the susceptibility.

1.2.2 Nonlinear optics

The harmonic restoring force considered in theyaislof the previous section is almost always
an approximation and is valid only over a limitathige of displacements. For large displacements
of electrons from its equilibrium position, the taaeng force is a nonlinear function of the
displacemenk. In our analogy with the spring mass system, freng is now distorted. The

restoring force now depends on various powers of

F, = —mwix(t) — max?(t) — mbx3(t) — - (1.8)
wherea, b... are constants which determines the strengtheohonlinearity.

Depending on the strength of the nonlinearity efitiredium and the electric field we may restrict
the number of terms in the above force equationekample, we may assume that only terms up

to quadratic irx is significant giving rise to second order nonéirigy. In this case
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F, = —mwix(t) — max?(t) (1.9)

and the equation of motion becomes

dzx(t)+ dx(t)
dt? my dt

m + mwix(t) + max?(t) = —eE(t) (1.10)

If we include second and third order nonlinearity Equations of motion is

dzx(t)+ dx(t)
dt? my dt

+ mwix(t) + max?(t) + mbx3(t) = —eE(t) (1.11)
and so on.

To solve this equation, we may use the approage@irbation theory and replagét) by AE (t),
whereA is a parameter whose value can be continuouslgd/dietween zero and one. Now we
can solve the above nonlinear equation by consigexripower series expansion in the strength of

A and the perturbation of the form,

x(t) = Axq + A%x, + A3x3 + - (1.12)

For the solution to be valid, each term in the Bolushould satisfy the equation separately.

Substituting each term in the equation and puttisg1, we will get,

d?x,(t) dx,(t) 5
TS my Tt + mwix,(t) = —eE(t) (1.13)
d?x,(t dx,(t
m dtzz( ) + my ;f ) + mwdx,(t) + ax?(t) =0 (1.14)

d?x3(8) , dxs(t)
dt? 4 dt

+ mwix;(t) + 2ax,(t)x,(t) + bx3(t) = 0 (1.15)

The first equation is same as the equation of matidinear regime. The solution of the first
equation is given by,

x;(t) = xge ™1 (1.16)

h _ e EO
where, xo = = o

Once we know the solution for first equation, we sabstitute fox:%(t) in the second equation.

It can be seen that the second equation contanarae term which depends on the square of the

6| Chapter 1



electric field. And again, once we know(t) andx, (t) the third equation can be solved. From
the expansion ofc(t), it automatically follows that the polarizatid?(t) = -Nex(t)is also a

power series i (t). We can write

P(t) = PY®) + PP +PO®) + - (1.17)

PW(1) is the linear polarizatio?® (t) is the second order polarization and so on.

In the case of linear optics, the higher order &eimthe electric field can be neglected and the

induced polarization is given by,

Pl(t) = €ox*E(b) (1.18)

where E(t) is the incident electric fielde, is the permittivity of free space;!is the linear
susceptibility. Here for simplicity, we are congiag electric field, polarization, and susceptityili
as scalars. When we consider vector nature ofraldigld and polarization, susceptibility would
be a tensor. For the linear cagtis a tensor of rank two. In the case of nonlineatical

interaction, the induced polarization may be wnitses,

P(t) = o[ xWE() + xPE?(t) + x®E3(t) + -] (1.19)

or
BP(t) = PWO@) + PD@) + PAO() + -

where y@® andy® are the second and third order nonlinear opticsdeptibilities. They are third
and fourth rank tensors respective§® (t) = e, x@E?(t) is the second order nonlinear
polarization and®® (t) = e,y E3(t) is the third order nonlinear polarization. So fiyie y
describes linear optical procegs? describes second order nonlinear optical procedsy &’

describes third order nonlinear optical process.

We may express the polarization as sum of linedmamlinear contributions
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P(t) = P(l)(t) + PNL(t) (120)
and the wave equation for a nonlinear optical medrabe expressed as,

g WOE 1 0%PM
€2 9t eyc? tZ (1.21)

wheren is linear refractive index andis speed of light in vacuum. According to thig tfonlinear
polarizationPNt which depends on higher powers of electric fieltl lwad to the generation of
radiation at new frequencies as the time varyinanmation will act as the source of new

frequencies.

1.3 Effects due to second order nonlinear optical susceptibility

The examples of process involving second orderineat optical susceptibility are second
harmonic generation, sum and difference frequereyeation, optical parametric oscillation and

optical parametric amplification.
If we consider two distinct frequeney, andw, present in the incident wave.
E(t) = Eje™ @1t + Eye™i@2t 4 ¢.c. (1.22)
Then the nonlinear polarizatidt?) can be written as,
PP (1) = egx@PE*(1)

= eox P [EZe 21t 4 EZe~2l02t 4 2F, Eye~ {1t 9t 4 2F Ere”H(@17@2t  (1.23)

+c.c.|+ 2ex P[ELEf + E,E3]
The complex amplitude of the various frequency congmts can be written as

PQw,) = EOX(Z)Elz
PQRwyz) = EOX(Z)EZZ
P(w; + w,) = 260y PELE, (1.24)
P(w; — ;) = 260)((2)51155k
P(0) = ZEOX(Z)(ElEf + E,E3)
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New frequencies are generated due to each of #twndeorder polarization term. Each term
represents a physical process. The last (&) represents the DC term and this process is called
optical rectification. In general, it is convenigatrepresen?® (t) as a sum of the contribution

from different frequency components,

PP (1) = Z P(wp)etont (1.25)

and the second order polarization will lead to gatien of radiation at different frequencies given
by the sums and differences®f’s. Here we may also note that the materials hasaingnter of
symmetry would have zero magnitude for second osdsceptibility and would not show any
second order effects.

1.3.1 Second harmonic generation

The process in which a nonlinear optical mediuraratts with a pump wave of frequenayand
generates a wave of double the frequeBayis called second harmonic generation or frequency
doubling. The polarization amplitudes for secondr@nic generation i8(2w) = €, x P EZ. We
can consider light beam with electric fiefi(t) = Ee~'“t + C.C. is incident on a material which
is having a non-zero second order susceptibjlity. Then the nonlinear polarization dued® is
given by,

PQRw) = exx? 2w, w, w)E?(w) (1.26)

where the frequency dependenceg & is explicitly indicated. This nonlinear polarizati consists

of a DC term (zero frequency) and a contributioRaat
The wave equation for a nonlinear optical mediardmgecond order nonlinearity is given by,

V2 g n? 0%k 1 9%p@
c2 0t2  eyc? Ot? (1.27)

According to this the second term in the nonlinsalarization, 7 will lead to the generation of
radiation at2w which is a second harmonic frequency. Figure(a)lgives a schematic of the
interaction of incident wave having frequenay with a material having non-zero second order
susceptibility and production of a new wave havneguency 2Zv. Figure 1.1 (b) shows the energy

level diagram representing second harmonic gewoerati
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(a) (b)
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Fig. 1.1 Second harmonic generation (a) Interaatioan incident light wave with frequenay
with a medium having a nonzero second order noatioptical susceptibility. (b) Energy level

diagram.

1.3.2 Sum and difference frequency generation

(a) (b)
e i —
@; w;=w;+tw @2
——— " 3 T3 1 ;
> A
—
w,;
A4

Fig. 1.2 Sum frequency generation (a) Interactibaroincident light wave with frequencies
andw2 with a medium having a nonzero second order noatingtical susceptibility. (b) Energy

level diagram.

When two beams of different frequencies are indidena nonlinear medium with a non-zero
second order nonlinear optical susceptibilit{?, it leads to the generation of new frequencies as
sum of the incident frequency or difference of thedent frequencies. The term§w; + w,)
represents sum frequency generatdfw, — w,) represents difference frequency generation in
which new frequency is generated at the differesfade incident frequencies. This process can
be used for generating tunable radiation. Figut2qd) and (b) represents interaction geometry

and energy level diagram for the sum frequency ggiom process. Figure 1.3 (a) and (b)
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represents interaction geometry and energy lewardim for difference frequency generation
process.

(a) (b)
o ~adaia s
i} W3 =wW;-W; =
2 — o .
w
-
@3
h 4

Fig. 1.3 Difference frequency generation (a) Int&oa of an incident light wave with frequencies
w1 and w2 with a medium having a nonzero second order noatimptical susceptibility. (b)
Energy level diagram.

1.3.3 Parametric oscillation and parametric amplification

V2R

@ 5(signal)

W; =w2+w;

X {idler)

(pump)

Fig. 1.4 Optical parametric oscillator

In a parametric process the initial and final quamtmechanical states involved in a transition are
identical. The life time of population inversionarvirtual level is given byt/SE whereSE is the
energy difference between the virtual level andesaeal level. In a nonparametric process the
transition of population inversion happens betwéga real levels. In difference frequency
generation one atom absorbs a photon with frequeneyd emits a frequeney; = w; — w, In

the presence of a photon of frequenagy Or in other words, a photon with frequenoy is

annihilated and two photons of frequeneyandw; are created in the presencewffrequency.
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This process can even happen if the frequency is not present. This process is known as
parametric fluorescence and the generated fielengity will be weaker. In this case if the
nonlinear crystal is kept inside an optical resonahe can amplify the generated fieldsor w.

The output frequency; = w; — w, can be controlled by adjusting the orientationhef crystal
(phase matching condition) and can be used to gen&rnable radiation. In this process is
called the pump frequency, desired output frequemicalled signal frequenay, and the other
output frequency is called idler frequensy Figure 1.4 shows a schematic of optical parametri

oscillator.

1.4 Effects due to third order nonlinear optical susceptibility

The third order nonlinear polarization can leadddous effects such as third-harmonic generation
(THG), two-photon absorption, Kerr effect, self-phamodulation, self-focusing, four-wave
mixing, stimulated Brillouin scattering, stimulaté&®aman scattering, optical solitons, optical

bistability. In this section, we will briefly disss some of these processes

1.4.1 Third harmonic generation

(a) (b)
__1 _____ -
w
— () __;‘\_.
1(3) w R10)
) ——— N 30
=
w
\ 4

Fig. 1.5 (a) Interaction of an incident light wavih frequencyw with a medium having a nonzero
third order nonlinear optical susceptibility (b) étgy level diagram showing the generation of

third harmonic generation.

The nonlinear polarization due #* is given by,

PO(1) = eox®E(t)? (1.28)
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In a medium having nonzero third order susceptihif ® (t) generates new frequencies which
are sum of three input frequencies. In third hanmgeneration process, three photons of the same
frequencyw is used to create a single photon of frequeBaywhich is three times the frequency

of incident photons. The third harmonic generapoocess is illustrated in figure 1.5 (a) and (b).

1.4.2 Intensity dependent refractive index

Apart from quenching new frequencies, the thirdeongolarization can result other effects such
as intensity dependent refractive index, saturabkorption and multiphoton absorption. In this
section we will derive the mechanism behind intgndependent refractive index. For simplicity
we will assume the incident light is monochromafibe third order polarizatio®® (t) induced

by a fieldE(t) = Eycoswt is,

PO(t) = eqx®E,* cos® wt

@) 3 1 3
= egxE, (Z cos 3wt + ZCOS wt) (1.29)

1 3
= ZGOX(3)EO3 cos 3wt + ZGOX(3)E03 cos wt

The first term in the above expression resultshirdtharmonic generation. The second term is
responsible for intensity dependent refractive indehe second term, the source term for the

frequencyw can be written as,
53 () = S e L@ 3 3. L PE 2
P;7(t) = ZEO)( E,” coswt = (Zeo)( Ey“)E(t) (1.30)

If we assume (D andy® are non-zero, then there are two sources for géoerof frequency.

The linear polarizatiorﬁ?agl)(t) andPa(f) )

Then the total source term for the frequeacwill be

- _ _ 3 _
PO + BP (1) = eqxVE () + G eoxPEHE(L)
4 (1.31)

3 ~ ~
= €0 [x® +2xO B2 E(t) = eoersE(®)
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whereyerr = @ + 21(3)E02 is the effective susceptibility.

The electric displacementls= eo(l + )(eff)E and the effective real part of refractive inder ca

be calculated by,

n =/ Re(e) (1.32)

wheree = 1 + x.y is the effective dielectric constant.

3 2
n= Re(l +Xeff) = |Re (1 +X(1) + Z)((3)E0 )

3Re(¥®)
4

3Re(x®
n = ’1 + Re(y®) + @) E,?
81+ Re(y W)

3Re()((3)) 2
+ g Fo

n= \/1 + Re(yW) + Ey?

n= no == nO + ﬁzEOZ (1'33)

_ 3Re(y®
Where‘l’lo =41+ Re()((l)) andnz — M

8n0

We can write the refractive index in terms of irgiéy [ = %noeocEg as,
n=ngy+n,l (1.34)

where, n, = 222 = > Re(x®) is the intensity dependent refractive index.

ngegc  4ndege

Intensity dependent refractive index can leadpoogess called self-focusing. For example, let us
consider a Gaussian beam propagating through aeankrystal with non-zero values of mhen
since the transverse intensity of the Gaussian lmsoreases away from the center of the beam,
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the axial region of the beam will see a higheraetive index (for positive nonlinearity) and the
intensity dependent refractive index makes thetalys act as a convex lens and focus the beam.
This effect is termed as self-focusing. Self-phasadulation also happens as a result of the
intensity dependent refractive index. When thetligave passes through a nonlinear crystal with
n2 > 0, thenn creates changes in the phase of the incident Viglve. In four wave mixing the
interaction of two or three waves inside a nonlinggstal produces new wavelengths through

degenerate and nondegenerate four wave mixing.

1.4.3 Two-photon absorption

If we consider a complex index of refraction byluting the real and imaginary part of the

susceptibility, then we can write,

i(lw) = n(w) + iK(w) = e(w) (1.35)
where the real part of the complex refractive inidehe usual refractive indexand the imaginary
part of the complex refractive indek, is the extinction coefficient, which is responsilite

absorption. If we follow a similar approach ashe previous section for the imaginary part of the
effective susceptibilityy.rr = x™ + % x®E,? we can express the extinction coefficient also as

sum of real and imaginary parts as in the cas@uolimear refractive index,

K =Ky + K1 (1.36)
wherek, is given byK, = 4n23€ -Im(x®)
oco
K=K Im(x®)1

The linear absorption coefficient is defined ag = Z%KO. We can write the above equation in
terms of absorption coefficient as,
a=ay+ ayl (1.38)

wherea, is the two-photon absorption coefficient

3w

a, Im((x®) (1.39)

2ngeqoc
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In a two-photon absorption process, an atom mdkedsainsition from ground state to its excited
state by absorbing two photons simultaneously.fidrdinear absorption cross section describing
this process is given by,

o=0?] (1.40)
The absorption cross section is no longer a cohataterial property, but it increases linearly

with the intensity of light.

The atomic transition rate R due to the two-pha@bsgorption process is

_ ol
R=-— (1.41)
2
g = 22l (1.42)
hw

1.4.4 Saturable absorption

Saturable absorption is a nonparametric nonlingdical process in which the absorption
coefficient of the material decreases with incregéntensity of incident light. This happens when
the material is exposed to intense light, so thaha atoms are excited, and the ground state is
depleted. The dependence of the absorption coaifiadf the material on the incident laser

intensity in this case is given by,
Qo
a = 1 i
+ /Is
whereq, is the linear absorption coefficient ahds the saturation intensity.

(1.43)

1.5 Optical Microscopy

One of the major focus of this thesis is on devielgmew and improved optical microscopic
techniqgues by making use of the large third ordemlinear optical absorption observed in
perovskite nanoparticles. In this section we giviariaf review of existing optical microscopic

techniques, its salient features and drawbacks.

The optical microscope also known as light micrggcases a combination of lenses and visible

light to image small objects at greater magnifmatthan the human eye can perceive [1,17].
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Optical microscopy is the most widely used and irtgott imaging tool employed in life science
[1,2,18]. Other than life sciences optical micrgscdinds application in various fields such as
electronics, material science and photonics [1533721]. Figure 1.6 depicts the basic principle

of image formation in a compound microscope inlaesglanatory manner.

Eyepiece

Objective lens

Final image

Fig. 1.6 Image formation in a compound optical imscope

One of the simplest optical microscopes is theHrigld microscope. In bright field imaging the
sample is illuminated with a broadband (white) tigburce and the image is formed from the
transmitted/reflected light [3,20]. Usually a conder lens is used to focus the light on the
specimen and the transmitted/reflected light idectéd by another lens which is termed as the
objective lens. The objective lens in combinatiothnwthe ocular (eyepiece) lens forms an enlarged
image of the specimen. Figure 1.7 shows the schewfa wide field microscope. The quality of
the image in an optical microscope is decided by prarameters, resolution and contrast.
Resolution is a measure of the shortest distanteela two closely spaced objects that can be
seen resolved in the image [17]. The resolutioramfoptical microscope is limited by the
diffraction of light which is a fundamental limitah [17,22]. Imaging a small point object forms
an Airy disc pattern which consists of a centrajlrspot surrounded by bright and dark circular
rings. According to Rayleigh criterion, two poirtusces are just resolvable when the maximum
of the Airy intensity pattern of one point sourefid on the minimum of the second point source’s
Airy intensity pattern [17,22]. Figure 1.8 illustes the Airy disc pattern of two point sources in
three different situations: (a) when the two poarts well resolved (b) when the two points are no

longer resolvable and (c) when the two points aseresolvable. According to Rayleigh criterion,
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the lateral resolution is the distance from thetreémrmaximum to the first minimum of the airy

pattern and is given by the equation,

1.222
NAObj+NAcond

Lateral Resolutiony =
whereA is the wavelength of light ardA is the numerical aperture of the lenses used. Kuoale
aperture is given by the equatioW,A = n sina, wheren is the refractive index of the medium
and a is the half the angle of the light acceptance cohée lens [17,22]. Thus, the image
resolution depends on the numerical aperture obbjective and condenser, and wavelength of

light used.

One of the challenges in using bright field micasgis to separate the image from the scattering
environment [1,19]. In general, the optical corttreesmes from the difference in the optical
properties of structures within the sample andhtfighboring medium. In bright field transmission
imaging, the light is passed through a semi-trasgamedium and the differences in the
transmitted light intensity between neighboring ni®iprovide the image contrast. Different
approaches have been tried out in conventionataptiicroscopy to improve image contrast. This
include dark field microscopy [19,20,23], polaripatbased microscopy [24], and phase contrast
imaging [23]. In dark field imaging, the light frotte unscattered region of the specimen is
excluded and the field around the specimen becadaxés This is achieved by blocking the central
light rays along the optical axis of the microscopeis forms a hollow light cone incident on the
sample which makes an oblique angle with the sarapteimage is formed with the scattered
light. In dark field microscopy, the contrast igated by a bright specimen on a dark background.
This will help in imaging outlines, edges and boamess clearly. In a polarized light microscopy,
the illumination beam is polarized to image a bingfent sample to enhance the contrast. This is
achieved by keeping a polarizer between condemsesample and an analyzer in the path of light
rays to the detector after the sample. Polarizatimroscopy can be used to extract information
about anisotropic materials. In phase contrastaaapy the change in phase of the light beam
when passed through the sample is converted iteéasity variation to increase the contrast in the
image. In phase contrast microscopy an annulatueds used in the focal plane of the condenser
and a phase plate is kept at the rear focal platiteeabjective. The phase plate is also an annular
ring with a phase altering material. The light pagshrough the condenser annular aperture passes
through the specimen. The rays which do not devrata the specimen pass through the phase
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plate where the phase altering material is premetithe phase is altered. The light rays which are
scattered from the sample pass through the phatethrough the regions where the phase altering
material is not covered and its phase remains unggth This creates a difference in phase
between transmitted and scattered light and thusldvgive better contrast. Phase contrast

microscopy can be used to image transparent ofsacaples.

T\ sssmsssssas » Lamp

----------- » Path of light

o trmmamnaes » Condenser lens
Y ........... > Specimen
= / \ o rerraassass » Objective lens

= g » Eyepiece

----------- » Final image

Fig. 1.7 The schematic of a bright field microscope
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Fig. 1.8 Airy disc pattern of two closely spacednpasources when the two points are (a)

unresolved (b) just resolved and (c) well resolved

Though these techniques such as dark field micpescpolarization microscope, and phase
contrast microscope have improved the contrast eoeao conventional bright field microscope,
still large-scale improvement is necessary to mevquantitative information on biological
process. This is especially true since the contmagtsignal to background ratio is limited due to
the relatively small difference in the refractivedices of the desired biological objects to be
imaged and that of the surroundings. A novel apgraamployed to overcome this difficulty is
fluorescence microscopy where desired region ofspiecimen is labeled with fluorescent dye.
The fluorescence emission from the dye labels fdimascontrast in imaging [21]. Fluorescence
microscopy has helped in improving the signal tokiggound ratio considerably in the biological
imaging [21]. The molecules which emit fluorescemdeen irradiated are called fluorophores.
Fluorescence microscopy allows one to label prstaimd other biological molecules of interest
inside the cell by specific fluorophores and imagem with better contrast and resolution. In
conventional fluorescence microscopy, the fluoresdabel in the specimen is illuminated by
monochromatic radiation filtered out from a broashd light source and the resulted fluorescence
is collected by an objective lens and sent to adet through appropriate filters to form the image
of the specimen. Signal to noise ratio is improsgphificantly in this method of imaging [21].
Since we can label a specific desired structuredénsa complex specimen by fluorophores,
fluorescence microscopy enables targeted imagingpeftific regions inside a biological system
[21].
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The excitation wavelength, extinction coefficieamission wavelength, fluorescence quantum
yield, fluorescence lifetime and the stock shift iiavelength are important parameters for
selecting fluorophores as labels. The wavelengthefight source in fluorescence microscopy is
selected to coincide with the excitation band efftborophores. The extinction coefficient is the
measure of the amount of absorption of the fluoooeé at a particular wavelength. Fluorescence
guantum vyield is the ratio of number of photonsteediby the molecule to the number of photons
absorbed by the molecule. Fluorescence lifetimmvsrsely proportional to the width of the
excitation energy level. Normally for fluorescenpeocess, the lifetime is of the order of
microseconds to nanoseconds, so the absorptiorermgsion are almost instantaneous. The
smaller is the lifetime, lesser is the data actjoisitime. Traditionally used fluorophores are
natural or synthetic dyes. The most popular amdmnt are the ones corresponding to the
excitation wavelength of the Alaser lines 488 nm, 510 nm, 540 nm. Another caiegbdyes is
nucleic acid dyes. Hoechst and DAPI are examplesioleic acid dyes. To improve the imaging
capabilities of fluorescence microscope many neuwkara are been developed in recent years.
One major development in the field of a biomarlsaihe discovery of fluorescent proteins such as
green fluorescent protein (GFP) found in some eflithng organisms. GFP absorbs blue or violet
light and emits green fluorescence. Similarly, g@lfluorescent protein (YFP) and red fluorescent

protein (RFP) are also used as fluorescent markers.

Several different approaches are applied in a atiorgal microscopy to improve the resolution
and contrast for specific imaging needs. We bridibgcuss these microscopic techniques and their

limitation in the following section.

1.5.1 Confocal Fluorescence Microscopy

One of the major development in optical microscapyhe invention of confocal fluorescence

microscopy by Marvin Minsky in 1955. Marvin Minslkyoposed that by adding a pinhole in the
confocal backplane of the objective lens one canage out of focus light reaching the detector
[2,3,25]. In conventional fluorescence microscofhe fluorescence emitted from the sample
above and below of the focal plane are also catebly the objective and send to the detector.
This out of focus light when it reaches the detectnluces the contrast of the signal from the
focus. In confocal microscopy the pinhole usechmpath of the fluorescence light eliminate out

of focus light from the specimen. The pinhole pthoethe confocal plane acts like a spatial filter
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and removes the out of focus light from the samipl@ther words, the pinhole enables to collect
the light only from the desired depth of field iretspecimen. This gives the confocal microscope
better axial resolution. It also provides the calggtio collect serial Z- sections of the sampbe,

the Z- sectioning capability [2,3,25]. These ogtisactions can be combined to form a high

resolution three-dimensional image of the specirkégure 1.9 illustrates the use of pinhole and

path of light rays in a confocal microscope to @hate out of focus light in confocal microscope.

The invention of the confocal microscope was ndiced much until the invention of lasers. The
invention of lasers augmented the use of microse¢opifferent fields. The monochromaticity
and directionality of lasers allows tight focusiofjthe beam to small diffraction limited spot,
thereby improving the resolution of the microscammsiderably. In confocal fluorescence
microscopy, since the laser is focused into a ssmat in the sample, one has to either raster scan
the beam over the sample or move the sample inXtheglateral) plane to acquire a two-
dimensional image. The scanning of the sample eatohe by moving the stage where the sample
is attached while keeping the laser position fikgdge scanning), or by scanning the laser beam
using a galvanometric mirror while keeping the sknifixed (laser scanning). In our studies, we
have employed a laser scanning microscope. Thengaty@of laser scanning is the fast acquisition
of images in few seconds. After the invention skls, the confocal microscope became popular
among the imaging systems. Sensitivity, spatiabltgé®n, and three-dimensional sectioning
capabilities make it an ideal microscope in thalgtaf biological systems such as membranes,
tissues, and cells [2,3,5,25].

1.5.2 Nonlinear optical microscopy

Most of the available fluorophores employed soifaconfocal fluorescence microscopy use
visible light to excite the fluorophores. This whamggth is not ideal for biomolecular imaging,
especially in an experiment that involves deepu@isBnaging considering the absorption in
biological tissues, which ranges from 350 nm to 660 Further, the CW excitation can result in
heating up of the sample even at low powers reduttie viability of the technique in many
systems. Another approach made to overcome thesiations is the nonlinear optical

microscopy.
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Fig. 1.9 Schematic of confocal microscopy.

In a conventional optical microscope, the imagetrast is given by the linear interaction of the
incident radiation field intensity with the samplgmely absorption and scattering. In a linear
optical process, the polarization induced by ligtgtter interaction is varying linearly with the
incident intensity. In a nonlinear optical proceahbg,induced polarization is dependent upon higher
powers of the incident radiation field. Two-photdrsorption, three-photon absorption and second
harmonic generation are some of the examples dingam optical processes used in microscopy.
These nonlinear optical processes can be use@abeccontrast in optical microscopy. Advances
in the field of laser technology has strengthertes dpplication potential of nonlinear optical

microscopic techniques as a successful tool in bthoal research [4,6,7,26]. Two-photon
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absorption, described in the previous sectiontlsrd order nonlinear optical phenomenon which
involves the transition of a system from the grosatade to a higher lying state by the simultaneous
absorption of two photons from an incident radmatibeld. The nonlinear absorption is
proportional to the square of the instantaneowensityl and the optical loss due to absorption is
described by the differential equation

di ,
2y -l (1.44)

wherea is the linear absorption coefficient, which instldase arises only from the impurities
present if any. The two-photon absorption coeffitie, in this expression is a macroscopic

parameter characterizing the material and is reélabethe imaginary part of the third order

nonlinear optical susceptibility® by the relation,

If N is the number density of the molecules involvethim interaction, the transition rate due to
the two-photon absorption process,= ¢,1?/hw where o, = hwa,/N is defined as the two-
photon absorption cross-section. Tpfooton excited fluorescence (TPEF) microscopy s oh
the well-developed nonlinear optical microscopesm8& of the other nonlinear microscopy
techniques are second harmonic generation (SHGjosuopy and third harmonic generation

(THG) microscopy, and coherent aftiokes Raman scattering (CARS) microscopy.

The success of all the above mentioned fluorescam®scopies relies heavily on the availability
of suitable fluorophores that can be used to sterbiomolecules of interest. A key issue faced
by most biologists employing fluorescence microsagghe phototoxicity and photobleaching of
available fluorophores [2,21,25]. A fluorophoredests ability to fluorescence permanently due
to photon induced chemical damage called photohiegcThis limits the use of fluorophores for
longer excitation time. Repeated exposure of theréscently labeled cells to laser radiation is a
major cause for phototoxicity. When excited witbdes the fluorophores will go to higher excited
state. In the excited state, they can react witfger or other molecules to damage cells. While
phototoxicity of the fluorophore is inherently hduito the biological system under observation,

photobleaching hinders the use of the techniqustudies that require long observation times.
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Many live cell imaging studies, for example, expernts that involve cytoplasmic and nuclear
transport require continuous monitoring for longipes of time. The search for photostable labels
which resist photobleaching for a longer duratiwemt conventional fluorescent dyes have resulted
in the development of many new fluorescent probiel as semiconductor quantum dots. Though
these efforts partly succeeded in developing maewy Iphotostable labels, they are often
accompanied by newer challenges. Semiconductortgueaaiots, for example, is a promising new
biological label that satisfies the requiremenbaofy-term photo-stability, but their irregular pbot
blinking (fluorescent intermittency) is a major ddzack that has prevented the usage of them as
biological labels [27]. These inherent limitationé confocal fluorescence microscopy have

stimulated an intense research effort on developewg imaging techniques and labels.

Instead of molecular fluorophores one of the padéntabel experimented is fluorescent
nanoparticles. Fluorescent nanoparticles includeorélscently doped silica nanoparticles
[8,28,29], polymer nanoparticles [9,30], carbon sd¢81-33] and intrinsically fluorescent
semiconductor quantum dots [10,34,35] and noblamenoparticles [11,36]. Nanopatrticle labels
possess certain advantages over traditional m@equbbes. Nanopatrticle labels are often less
cytotoxic and highly photostable, unlike molecdlaorophores. Binding a molecular fluorophore
with a protein can cause change in the optical gntags of both. Most of the dye labeled
nanoparticles or the intrinsically fluorescent naawticles are generally inert and do not interact
with the biological protein or specimen. Most imaotly the optical properties of the
nanoparticles are not affected by the binding bieewdar specimen. Depending upon the charge
of the nanoparticles it can be easily internaliméd cells and can attach with the desired strgctur
of the cells. Nanoparticle labels can be usedltmréscence image and targeted image analysis.
However, the nanoparticle labels have not beconmeilpo due to their weak fluorescence and
blinking effects.

Another very important recent development, is theection of gold nanoparticles with
photothermal microscopy, [13,14,16,37] from thenpoof application as biological labels.
Photothermal microscopy is a pump probe microsashich is free from photobleaching and
blinking and can be used to collect images for &nduration without any degradation in the
signal. In the following section, we will discussdetail about the photothermal microscopy and

their applications.
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1.5.3 Photothermal microscope

Nanoparticles are a potential alternative to cotiveal dye labels in biomolecular imaging.
Fluorescence from the nanoparticles is negligibld most nanoparticles are not suitable for
fluorescence imaging. Conventional optical micrgecmakes use of the scattered light from the
sample or the structures inside the sample to fammage of the specimen. According to Mie
theory, the scattering cross section of a sphepiagicle whose radius R is much smaller than the
wavelength of light decreases aSaRile absorption decreases only &s &s a result, for smaller
particles absorption based detection methods ame sensitive compared to scattering based
techniques. Considering the drawback of fluorespeabes, the absorption based detection of
non-luminescent nano size particles become promisitUpon optical excitation of a non-
luminescent particle, most of the absorbed enexgransferred to the lattice through nonradiative
relaxation process and thus causes a temperatargehn the nanoparticle and its immediate
surroundings. This change can be detected usirappropriate sensor or a second probe beam.
This method of detection of nano size objects, gdlyetermed photothermal detection, is free

from photobleaching or blinking effects.

Photothermal microscopy is a pump probe detec&ohrtique. Pump beam or the excitation beam
is selected in the resonance absorption band dgatget molecule/nanopatrticle. The nanoparticle
is excited with the modulated pump beam. The enalgpprbed by the nanoparticle is released
locally as thermal energy. Since the pump beamrgeethermal energy it is also called as the
heating beam. Due to the resonance absorptioreshtdulated pump beam, the nanoparticles act
as point heat sources with a modulation frequeridp® pump beam. The locally released heat
generates changes in the refractive index of thesndings which varies with the modulation

frequency. A probe beam is scattered due to changéractive index. The probe is filtered at the

modulation frequency by using a lock-in amplifiendais used to obtain the image of the

nanoparticle. Normally Acousto Optic Modulator (AQM used to modulate the pump beam and

a lock-in amplifier is used to filter the probe bea

Detection of gold nanoparticles using photothermmtroscopy has been reported recently
[13,14,16,37]. Berciaudt al. havesucceeded in the detection of a gold nanopartickze as
small as 1.4 nm with photothermal heterodyne im@adi87]. Mostafa A. El-Sayecet al.

successfully implemented cancer cell imaging arnéctige photothermal cancer therapy using
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gold nanorod in in-vitro conditions [15]. This methof detection of gold nanoparticles is free
from photobleaching and high signal to noise ré8iNR) images can be acquired at fast timescales
suitable for biological imaging. These studies shioat photothermal effect based microscopy has
a high potential to be a viable alternative to ccaf fluorescence microscopy. However, the
photothermal microscopy of gold nanoparticles reggbso far relies on linear optical absorption
and makes use of a continuous wave (CW) laser agdeam. Hence the technique is not
inherently confocal and usage of gold nanopartiake$abel necessitates the use of visible light
having wavelength around 500 nm as the pump bedms Wavelength is not ideal for
biomolecular imaging, especially in an experimduatt involves deep tissue imaging considering
the absorption in biological tissues, which ranffesn 350 nm to 650 nm. Further, the CW
excitation can result in heating up of the sampleneat low powers reducing the viability of the

technique in many systems.

Thus, it would be better if we can have an appegprphotostable and biocompatible label that
can be detected and imaged using infrared exaita#o two-photon excited photothermal
microscopy, for example, would retain all the adages of photothermal technique and nonlinear
microscopy such as inherent confocality. Anothdepbal candidate for biomolecular imaging is
BaTiOs nanoparticles. In the present work, we explorepbiential of BaTi@nanoparticles, a
widely popular dielectric nanoparticle having higionlinear optical susceptibilities as a
biomolecular label. We employ a two-photon absorpthnduced photothermal effect for detection
of the nanoparticle. In the following section, weega detailed review of the existing literature on

BaTiOsand discuss its viability as a biomarker.

1.6 Barium Titanate (BaTiO3)

Barium Titanate (BaTig) is a well-known dielectric material having higleltlmg point,
low thermal expansion, and good chemical resistdfwer since its first discovery by Wainer and
Solomon during the second world war as a poterg@hcement for oxide dielectrics, BaTkikas
attracted huge interest because of its unique ctaistics. Its high dielectric constant, low
dielectric loss and chemical stability make it dedl candidate for capacitors in electrical and
electronics industry. BaTiJs a sought after ferroelectric material, andpit®torefractive and
piezoelectric properties are used in different eagibns. During the last couple of decades, the

bulk properties of BaTi®are well studied and different groups have engetds structure to
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suit specific applications [38—42]. BaTi@xists as white powders and transparent crystaks.
structure of BaTi®@ comes in the perovskite family with a chemicahiota of the formABGs.
The perovskite structure of BaTi@ shown in figure 1.10. Perovskites exhibit umiquaterial
properties that have potential applications inaasiscientific fields. In particular, applicatioofs
both bulk and nanopatrticle forms of Bakikave been demonstrated in fields such as hightgiens
optical data storage, in phase conjugate mirrors lagers, nonlinear optical devices, optical
computing, optical image processing, piezoeleclexices, pyroelectric sensors, semi-conductive
ceramics varistors, electro-optic devices, hologyapielectric amplifiers, nano transducers,
micro capacitors, nanoscale electronic deviceseati@ts, capacitors, positive temperature

coefficient thermistors, multilayer ceramic capexst and sensors [12,38,39,41-54].

The property of perovskite structures to accomn®aatarge number of dopants is used for
varying BaTiQ properties by doping with different materials oferest. The dielectric constant
of BaTiOs is related to its ferroelectric properties whickpdnd on the crystal structure,
morphological parameters and the nature of dopiaterial. The changes in the properties of
BaTiOz due to doping with different rare earth metalshsas Lanthanum, Erbium, Samarium,
Neodymium, and Cerium are studied by different geojb5—61]. The doping results in a shift in
Curie temperature, the phase transition temperatareesponding to the transition from

ferroelectric phase to paraelectric phase of BaTiO

In the last few decades, several new methods o$yhthesis of BaTi®@have been developed.
Some of the commonly used methods for the pregarafiBaTiQ are solid state reaction method,
hydrothermal method [62—65], sol-gel processing-g&, spray pyrolysis [70] and polymeric
precursor method . Large scale synthesis of Bami@stly uses solid-state reaction method which
is a low-cost method. One disadvantage of this atetis the high temperature calcinations
required for forming BaTi@ Further, in this method, subsequent processimgésled to form

smaller size particle of BaTgdrom aggregates.

Depending upon the final application various methace developed for the synthesis of BaliO
nanoparticles. These include the popular hydrotaémethod, solvothermal method and sol-gel
preparation method. Different groups have succgsgmployeda hydrothermal method for the

synthesis of BaTi®@nanopatrticles [62—65,71,72]. M. L. Moregtal. have tried a new approach,
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hydrothermal microwave method for the synthesi8atiOs; nanoparticles [73]. Solvothermal
method is used for the preparation of Bagi@noparticles by a few groups [74,75]. The sol-gel
method is also a popular method employed [66—693t8phen O'Briest al. synthesized BaTi®
nanoparticles of size varying from 6 nm to 12 nnmsbitgel method [77]. Co-precipitation from
solution, [78-81], catecholate process [82], combisolid-state polymerization and pyrolysis
[83], spray pyrolysis [70], chemical vapor meth@&d]and combination of above methods [85—
89] are some of the other methods employed forsgyimthesis of BaTi@nanoparticles. Room
temperature biosynthesis method is also used in@alanoparticle preparation [90]. The recent
surge in the interest of BaTi@anoparticles is primarily due to its applicatiam&anoelectronic
devices and biomolecular imaging. Though very margthods were developed, synthesis of
monodisperse BaTiOnanoparticles with controlled size are still alldrge to be achieved in

material chemistry.

O*

B32+

Fig.1.10: Perovskite structure of BakiO
Biomedical and biomolecular imaging is another neggomising area of application of Ba®O
nanoparticles. The desired criteria for a good laidkar are biocompatibility, bioconjugation,
specific selectivity of the target molecules, cheahistability, photostability and high signal
response to the imaging technique in the desiredel@agth suitable for imaging. BaTiO
nanoparticles satisfy most of the desired properiebiomarkers. This surged the number of

studies carried out on BaTi@anoparticles as a biomarkers [43,44,91-95]. Bah#hoparticles
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can be easily conjugated with biomolecules of egeand its potential as nanocarriers for drug
delivery is being explored seriously [28,91,93,95&TiO: nanoparticles exhibit large nonlinear

optical susceptibilities near infrared region whaan be utilized for different nonlinear imaging

techniques such as second harmonic generationnigiathiird harmonic generation imaging and

two-photon absorption based imaging. Studies haaen lreported on the use of Bati@s

nanoprobes in second harmonic generation imagetgique [93,96-99].

Ciofaniet al.have studied the cell internalization of BaZanoparticles and its biocompatibility
by using both quantitative and qualitative ass®2.[Christopher Dempsest al. studied the
cellular uptake of BaTi®@nanoparticles and employed surface coating witligboylenimine to
improve the cellular uptake [100]. They have achtvan improved gene delivery with
polyethyleneimine coated BaTianoparticles conjugated DNA. BagchieA al. successfully
employed ceramic nanoparticles (Ba%i@aTiQ, SrTiOs) nanoparticles in polymer composites
for bone tissue regeneration. Addition of ceramanaparticles enhanced the mechanical
properties such as tensile strength and moduliuseo€omposite which is a desired property in
bone tissue engineering [101]. Ball al. have tested the biocompatibility of porous BadiO
micrometer sized particle and their applicatiomithopedic tissue engineering [102]. Ciofahi

al. suggested the use of Baki®anoparticles for cancer therapy [91,103]. Theyehghown the
efficiency of the chemotherapy drug, doxorubicircreases with the addition of BaBO
nanoparticles to it. Hsiett al.have performed specific labeling of Baki@anocrystals by surface
functionalization and bioconjugation of immunoglthus antibody for second harmonic imaging
[93]. This provides a promising method of imagingmbrane proteins of live biological ceifs
vitro. Farrokh Takinet al. proposed a promising application of Barium titanadee-gold shell
nanoparticles as a photothermal agent for hypertiaefthermal therapy) treatment against cancer
cells [104]. Jelena C ulic’-Viskotet al. used BaTiQ@ as photostable SHG nanoprobe for long-
term in vivo imaging in living zebrafish embryos$]9 Hsiehet al.demonstrated imaging through
turbid media by using BaT#hanoparticles as second harmonic imaging witth#ip of digital
phase conjugation microscopy [97]. Rachel Graeigal. successfully demonstrated the use of
BaTiOz as a biomarker in living tissues [98]. They haviedid the BaTi@biomarker through a
thickness of 5um and 12Qum by using second harmonic generation signal frahiBs. Ye Pu

et al.have developed a new holographic principle forgmg, named harmonic holography [105].

In this method, the digital hologram is made byhgghe coherent second harmonic signal from
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an ensemble of BaTgnanocrystals and frequency doubled reference bEagene Kimet al.
have investigated the second harmonic signal frimgles BaTiQ nanoparticles down to 22 nm
particle size and imaged it [106]. Ronan Le Dargeal. have used Hyper-Rayleigh Scattering
(HRS) combined with dynamic light scattering to dfirnyperpolarizabilities and nonlinear
coefficients of the material [107]. They have usesecond harmonic generation microscopy to
image individual nanoparticles and further studieel second harmonic signal as a function of

incident light polarization.

Ramakanthet al. have studied the magnetic and nonlinear opticapgnies of BaTi@
nanoparticles [108]. GaneeY al. have studied the third order and higher order neali optical
properties of BaTi@nanoparticles dispersed in ethylene glycol [1B8hancement of third-order
nonlinear optical properties of BaTi@anoparticles and films with different dopants steedied

by different groups. Nonlinear absorption coefiintiér,) and nonlinear refractive index() of
BaTiOs films doped with cerium [57,110], rhodium [111,]1&lver [113-115], gold [116-122]
and iron [123,124] are studied and most of thesdiess have found an increase in the nonlinear
optical coefficients compared to pure BaZi®his is generally assigned to the localized elect
field of the dopants which can change the nonlimesponse of the material. However the

mechanism of nonlinearity in nanoparticle and iz slependence is still not well understood.

Apart from the above detailed, Baki@anoparticles have found applications in manyrattlated
fields. Zhibo Yaret al. have studied the possibility of high-performancegoammable memory
devices based on copper doped Balnié@noparticle [45]. Schlagt al.have studied the size driven
phase transition in BaTgJ125]. Holtmannet al. demonstrated the light induced photovoltaic
effects in BaTiQ for the recording of holography [46]. Yanyan Faaslstudied the enhanced
dielectric properties of core-shell structured bigmer doped BaTi® nanoparticles and

suggested their application in energy storage [47].

In summary, the properties of Baki®ulk and nanoparticles and their composites havad
applications in different fields as follows. Ferearic properties found application in computer
information storage or memory devices [38,45,48]128igh dielectric constant found
applications in capacitors [41,47,49,127,128].zB&ectric property can be used to form different
sensors such as microphones, accelerometers anephpties and actuators, ultrasonic
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generators, resonators, filters [50]. The pyroeieproperties of BaTi®@can be utilized in making
infrared detectors [51,129,130]. Electro-optic effecan be utilized in laser Q-switches, optical
shutters, and integrated optical (photonic) devidésnlinear optical properties have found
applications in laser frequency doubling, opticaixing, including four-wave mixing and
holographic information storage. Medical and biogcolar imaging of BaTi®@nanoparticles is

emerging area of interest.

1.7 Objectives

The main objectives of the present thesis can bemarized as:

» Size controlled synthesis and characterization @fiBz nanoparticles and Au/BaTO
nanocomposite films

» Linear and nonlinear optical characterization ofTB& nanoparticles and Au/BaTO
nanocomposite films

» Development of methodologies for enhancing andiyitihe nonlinear optical coefficients
for specific applications

» Development of alternate imaging techniques sugfhasothermal microscopy which are
useful for biomolecular imaging as well as for @werization of nanocomposite films

» Development of nonlinear optical microscopic tecjueis by making use of the large third
order optical nonlinearity of BaTghanopatrticles.

» Detection and imaging of single BaTa@anoparticles using nonlinear optical microscopy.

* Exploring the potential of BaTinanoparticle as a biomarker in nonlinear optical
microscopy.

1.8 Organization/ Thesis Outline

The thesis work is organized into 7 chapters. laptér 1 we introduce the topic of research and
give a brief introduction to the nonlinear optipsgsent a detailed literature review on Baslad
discuss the objectives and scope of the work. Effeoptical microscopic techniques and their
uses and limitations in biomolecular imaging asoaliscussed in the chapter 1. In chapter 2 we
start with a brief review of the characterizati@chniques used in the present study. Then we
discuss the methods employed for the synthesisadi® nanoparticles, BaTigxhin films, and
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Au/BaTiOs nanocomposite thin films. Results of the synthasid characterization in correlation
to synthesis parameters are presented. A detaisdrigtion of Z-scan technique used for
nonlinear optical studies of the sample is giveshapter 3. Chapter 3 also covers the nonlinear
optical studies performed on the Bazi@anoparticles. Chapter 4 explore the possibility o
enhancing and tuning the nonlinear optical propsrtif Au/BaTiQ nanocomposite thin films. In
chapter 5, we discuss the development of photothlemmicroscopy as a characterization tool for
Au/BaTiOs nanocomposite films and present images of gold panticles which throw light on
their distribution in the film. The development aftwo-photon photothermal microscope and
applications of the microscope in biomolecular imggis given in chapter 6. Summary,

conclusions and future scope of research is givemapter 7.
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Chapter 2: Synthesis and characterization of BaTiOs
nanoparticles and Au/BaTiOs thin films

2.1 Introduction

BaTiOs nanoparticles possess many attractive opticataldctric properties which makes them
a promising candidate material for device appla&iin the area of photonics and nanoelectronics
[12,43,49,53,54,131-134]. In addition to this, Badnanoparticles find potential applications in
different fields such as biomedical engineering aranolecular imaging [44,91,92,94,99,135—
137]. The morphological properties of BaEi@anoparticles depend on the synthesis methods
employed. There are several different approacheslaile for the synthesis of BaTiO
nanoparticles apart from the traditional solid-estaynthesis employed in industrial production.
These include hydrothermal method [62,64,65,692,138], sol-gel processing [66-68,139],
polymeric precursor method [76,140-142]. Thoughheat these methods have its own
advantages, the synthesis of monodisperse BaTa@oparticles having a desired size and shape
is still a challenge. It has long been observed tia annealing temperature affects the particle
size [62,63,143-146]. Different groups have made afshis synthesis parameter to control the
size and shape of the particles formed [62,63,148}-However, so far there is no unique process
identified to achieve monodisperse particles ofirddssize. In this work, we successfully
synthesized monodisperse BaZi@anoparticles of varying average sizes in the isinge of 12

nm to 90 nm by employing sol-gel method. We coudbi@ve this by varying a single synthesis
parameter namely, the annealing temperature, amgirkg all other synthesis parameters
unchanged. We are able to reproduce the resuleateqly by maintaining the same synthesis
parameters. BaTi©thin films and Au/BaTi@ composite thin films containing monodisperse
particles of different concentrations are also preg by the same method. The method of
synthesis and characterization of Bagi@noparticles and Au/BaTi¥®anocomposites employed

in this work are detailed in this chapter. We be@ chapter, by giving a brief overview of the

various sample characterization techniques employéte study.
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2.2 Overview of characterization techniques

BaTiOs nanopatrticles, BaTigxhin films, and Au/BaTi@composite films are characterized using
X-ray diffractometer, UV-VIS-NIR absorption speatmeter, scanning electron microscope,
transmission electron microscope and atomic foreerascope. The crystalline structure and
crystallite size are studied by X-ray diffractonretdV-VIS-NIR spectrometer is used to study the
linear optical properties of the samples. Scaneiegtron microscope and transmission electron
microscope are used to study particle size, parscie distribution, morphology and chemical
nature of the molecules. Atomic force microscopgsisd to study the topography of the thin films.

The surface quality of the film is investigateddyyoptical microscope.

2.2.1 X-ray Diffraction (XRD)

XRD is a powerful nondestructive technique for eltéerization of the crystalline materials. It can
be used to find crystalline structure and cryswlBize of the materials. The powder X-ray
diffractometer employed by us consists of an Xgayrce, a rotating sample holder and a detector.
Monochromatic Xrays filtered from the X-ray source is collimateadadirected towards the
sample and the diffracted beam is collected bydétector. Figure 2.1 shows the schematic
arrangement of X-ray diffractometer. Normally whitie sample is rotated by an anglethe
detector is to be rotated by an angiet® measure the scattered X-rays. The diffractezhsity

of X-rays from the sample as a function of angles recorded by the detector. For those angles
that satisfy the Bragg's condition, constructiveeiference of the reflected rays from different
crystal planes occur which corresponds to a peakhén diffractogram. These peaks are
characteristics of the sample crystal structure @arbe used to identify crystal structure of an
unknown material. In our studies, we used a Rigdikuiflex Il Desktop X-ray Diffractometer
using Copper Kradiation operated at 30 kV and 15 mA.

In the Bragg’s condition for constructive interfece, we assume that the crystal is having infinite
dimensions. But in the actual experimental situmttbe crystal size is finite, and this can lead to
imperfections in the obtained diffraction peaksfifite number of crystal planes involved in the
diffraction process leads to a reduction in thekpegight and thus broadening of the diffraction

peaks. Thus, the grain size, or the crystallite sen be found from the width of the XRD peaks.
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According to Scherrer equation the mean crystadize is given by,d = wherel is the

K2
BcosO
wavelength of X-ray radiation usefl,is the full width at half the maximum (FWHM) oféeh
diffraction peak in radians ard is the Bragg’s angle corresponding to the difitatpeak K is

a dimensionless shape factor. Normally for sphbyichaped particleK is taken as 0.94. There
are several other factors such as monochromattttye incident X-rays, crystal lattice distortions
such as stress and strain of the sample and otsieamental effects that can produce broadening

of the diffraction peaks but are normally small qared to size effect.

X-ray . a  X-ray
source § detector

Fig. 2.1: Schematic of X-ray diffractometer

2.2.2 UV-VIS-NIR absorption spectroscopy

UV-VIS-NIR absorption spectroscopy is used to sttityylinear optical absorption properties of
materials in the ultraviolet, visible and near anéd radiation of the electromagnetic spectrum.
When a radiation of particular frequency with irdignl, is incident on the sample of thickness,
then the transmitted light,can be written as,

[ =1l 2.1)

whereao is the absorption coefficient of the material. afpgtion coefficient gives a measure of
distance up to which radiation having a particul@velength can penetrate inside the material
before it is absorbed completely.

The transmittance,

T=— (2.2)
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The measure of the light absorbed by the matesighien by the absorband® of the material.

Absorbance can be written as

A=1-T=1-— (2.3)

0

and absorption coefficient is,
—In(A4)
a =

(2.4)

where In denotes natural logarithm.

Mirror

UV source

Visible light source ﬁ/ [[I

Reference
m Photodiode
Mirror /

I
|
|
i
Data processing:

7 JE FE

Beam splitter Sample Photodiode

Monochromator

Fig. 2.2: The schematic of UV-VIS-NIR absorption spectromete

A broadband light source is used in UV-VIS-NIR aipsion spectrometer and a grating is used to
select the desired wavelength of light. A particulavelength of known intensity is passed
through the sample of known thickness and the mn#ted/reflected radiation intensity is
measured. The absorbance measured is plotted agsnaavelength of light used to give the
absorption spectrum of the sample. The absorppentsum can be used to study the absorption
coefficient as a function of wavelength and thuddtermine the band gap of the materials. A Tauc

plot, which is a plot ofaxhv)? againsthy, whereh is planks constant andis the frequency of the
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radiation, is used to find energy band gap of tlaenmal by extrapolating the absorption edge to
the X (w) axis. Figure 2.2 shows the schematic of an altisorgpectrometer. The absorption
spectra of all samples reported in this thesisregasured by UV-VIS-NIR scanning spectrometer,
model JASCO V-570 UV-VIS-NIR in the 400 nm - 800 mravelength range.

2.2.3 Scanning Electron Microscope

- Electron beam

» Auger electrons

-

» Secondary electrons

» Back scattered electron

» (Characteristic x ray

Sample

.

»  Continuum x ray

Cathodoluminescence

Inelastic scattering

Incoherent elastic Elastic scattering
scattering

\J
Transmitted electrons

Fig. 2.3: Interaction volume of the electron beam in the @ammvVarious signals arising from the

electron sample interaction is shown in the figure.

Scanning electron microscope (SEM) is an imagimd having nanometer resolution which can
give information about morphology, chemical composiand crystalline structure of materials.
SEM consists of an electron gun source which presldigh energy electron beam which is
accelerated and focused on the sample using eteagreetic field and electromagnetic lenses. The

beam passes through a pair of scanning coil wregsho deflect the beam in the x and y-direction
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for scanning the sample. Figure 2.4(c) shows thersatic image of SEM. A number of different

signals are produced due to the electron and samigeaction and they are helpful to reveal

various information about the sample. The commarslgd signal includes secondary electron,
backscattered electron, X-rays, diffracted backeoad electron, visible light and heat. Secondary
electrons are used for getting morphology and togyay of the sample. Backscattered electrons
are used to find chemical compositional informatignrays are used for the elemental analysis
of the sample. Diffracted backscattered electrars also be used to examine micro fabric and
crystallographic orientation in materials. Figut8 2hows the interaction volume of the electron

with the sample and the process associated witmteection.

Transmission Scanning
electron microscopy electron microscopy

i
Lamp «=== Electron source ===»
A

)i

«€-== Condenser lens -~-» SRS  Condenser lens ===»

'<“' Specimen weed " | I Scanning coil =-=» :') W’j.f'
«--- Objective lens ===>§ -I J «~== Condenser lens

i %—-- Detector

A -
A
(a)

«~=== Electrons
Fig. 2.4: (a) Schematic of optical microscope (b) Schemattitansmission electron microscope

Light microscopy

«--- Eyepiece

«~~-~ Final image ==-)»# .

b ‘4
“N———’/"%-~3 Dimensional specimen
(b) (c)

(c) Schematic of scanning electron microscope.
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2.2.4 Transmission Electron Microscope

Transmission electron microscope (TEM) makes usdeatrons transmitted through the specimen
for imaging. Transmitted electrons are used in TtBrovide image contrast and resolution. TEM
can be used to study morphological, compositiondlaystallographic information of the sample.
The electron beam is produced by an electron gdnisaaccelerated by applying a high voltage
across the beam and then focused on the sampledtsostatic and electromagnetic lenses. Figure
2.4(b) shows a schematic of a TEM. Figure 2.3 shibesnteraction volume of the electrons with
the sample. Elastically scattered electrons cabbare used for high-resolution imaging of
electron diffraction rings from the atoms, whichveal the compositional and structural

information of the sample.

2.2.5 Atomic Force Microscope

Atomic Force Microscope (AFM) is a scanning prokeroscope having a resolution of the order
of few angstroms. AFM makes use of a cantilevehaitrery sharp tip to scan the sample surface.
When the sharp tip of the cantilever reaches rreasample, the interaction between the atoms in
the sample and cantilever tip causes the cantilevdeflect. The deflection of the cantilever is
mapped and is used to form a high resolution intdgke sample. AFM is used to acquire three-
dimensional topographic information of the speciraethe nanoscale. AFM can be used in contact
mode, non-contact mode and tapping mode. In contade, the cantilever tip touches the sample
while moving. This can be used for hard samplesiaraldestructive technique. In noncontact
mode the cantilever tip goes very near to the satmpi do not touch it and thus is a non-destructive
imaging technique. Tapping mode is an in-betweenenbat gives higher resolution without
damaging the sample surface. The three-dimenstopafraphic information on samples in our
study is obtained in the tapping mode of the AFiguFe 2.5 shows the schematic diagram of
AFM.
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Fig. 2.5: Schematic of AFM

2.3 BaTiO3 nanoparticle preparation

Sol-gel method is one of the well-known solutiorsd chemical methods that is used for
synthesizing BaTi®@nanoparticles. Sol is a stable dispersion of atdligparticles in a solvent and
gel is a three-dimensional cross-linked particla lquid. In sol-gel method, a precursor solution
is first made by adding the primary reagents insolaent, namely sol. The sol transforms into a
gel in a gelation process. Finally, the crystaligaic transformation of the compound is
accomplished by heat treating at high temperaturiee.homogeneity of the precursor solution
ensures the phase purity and homogeneity of thgooand prepared [66,68]. Additionally, the
sol-gel method is environmental friendly and coffective. In the present work BaTiO
nanoparticles and BaTghin films are prepared by sol-gel technique. @wflchat of the method
employed for the synthesis of Baki@anoparticles are given in the figure 2.6. Baritioetate
and Titanium Butoxide are used as the primary megdor the preparation of BaTiO
nanoparticles. We have used high purity analyteafjent (AR) grade barium acetate and titanium

butoxide for the synthesis. The chemicals usedyathesis, their analytical grade, and the brand
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are given in table 2.1. The BaTd@anoparticles are prepared in three steps. REirptecursor
solution of the BaTi®@is formed by mixing the reagents. The solutiothisn dried using the
evaporation method. In the third step, the solithimied by the drying process is annealed at high

temperatures to form BaTgManoparticles.

Acetic Acid 2-Methoxy Ethanol

Barium Acetate .

\ 4

Stirred for 30 min

Acetyl Acetone < Titanium Butoxide

>

\ 4

Stirred for 30 min

l
Filtered through 0.22um filter

v

Aged for 1 week

A 4

Dried at 60°C/24 hours

A 4

Calcination

Fig. 2.6: Flow chart for the preparation of BaTa@anoparticles.

2.3.1 Preparation of BaTiOs precursor solution

An aqueous solution of acetic acid and 2-methokgubl is first prepared by mixing them at room
temperature. 10 ml of acetic acid and 10 ml of 2hmey ethanol are added in a beaker and stirred

using a magnetic stirrer to mix them properly. 2093arium Acetate [Ba(C$#COO)] (10 mmol)
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is added to the stirring aqueous solution. Thetgwlus stirred for 30 minutes at room temperature.
After mixing them properly an appropriate amountagktylacetone is added to stabilize the
solution. The acetylacetone is added in drops thange in the color of the solution from yellow
to reddish yellow, indicating the formation of Bam sol, is observed. After stabilizing the
solution, 3.4 ml of Titanium butoxide is added ke tsolution and stirred for another 30 min.
Finally, the solution is filtered through 0.22 uitier paper to remove any solidified impurities
and then aged for one week. The solution is traresfento a covered petridish and kept inside an
oven for drying. The drying is carried out at®Dand it takes 24-48 hours for complete drying.

Chemical Company name Grade
Barium Acetate S D Fine Chemical Limited AR
Acetic Acid Sigma Aldrich Technical Grade
2-Methoxy Ethanol BASF- India AR
Acetyl Acetone S D Fine Chemical Limited AR
Titanium Butoxide Sigma Aldrich AR
Chloroauric Acid Sigma Aldrich Technical Grade
Trisodium Citrate S D Fine Chemical Limited AR
Sodium Borohydride S D Fine Chemical Limited AR
Ethanol S D Fine Chemical Limited AR

Table 2.1: Chemicals used for synthesis and their analygcaiie
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2.3.2 Annealing at high temperature

Fig. 2.7: Furnace used for annealing the samples.

The well-dried samples from the oven are transfketoean alumina boat and kept inside a tube
furnace for annealing in nitrogen atmosphere. Tirealing is carried out at a temperature above
500°C. Different annealing temperatures in the randg& B000°C in steps of 100C is tried out

to make particles of different sizes. Nitrogen aspitere is employed to eliminate carbonate
impurities. The nitrogen gas is passed througbaik oil at both ends of the furnace as shown in
figure 2.7. The continuous flow of nitrogen throoghthe experiment is ensured by monitoring

the bubbles in the silicone oil. Experiments agpeated to empirically optimize annealing

temperature, annealing time and annealing cyclgetomonodisperse single crystalline phase
BaTiOs nanoparticles. Furnace takes 20 minutes to rdeellésired annealing temperature and

the annealing is carried out for 2 hours. Afterealimg, the sample is taken out only after the
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furnace temperature has reached room temperathieh wypically takes 4-5 hours. The white
colored powder formed is taken out and grinded @rgpto form fine powders. The effect of
annealing temperature on particle size, shape,tlamdrystal structure is studied by different
characterization methods as detailed below.

2.4 Characterizations of the BaTiO3 nanoparticles

2.4.1 Characterization by UV-VIS-NIR absorption spectroscopy

The absorption spectrum of the Bati@nopatrticle is taken in the reflection mode bkimguse

of the integrating sphere attachment of the UV-WIR spectrophotometer (JASCO V-570). The
powder sample is kept inside the sample holderpaessed to form a pellet of 1 mm thickness.
Figure 2.8 shows the absorption spectrum of BgaTh@noparticles prepared by annealing at
temperatures, (a) 65T (b) 700°C (c) 800°C (d) 900°C and (e) 1000C respectively. The
absorption spectra show an absorption edge bel@wAOwavelength. Figure 2.9 show the Tauc
plot of the data. The absorption edges and thedamdstimated from the absorption spectra and
Tauc plot of the different samples is given in ¢l

Annealing temperature (°C) Band gap (eV)
650 3.31
700 3.29
800 3.26
900 3.24
1000 3.21

Table 2.2: Absorption edge and band gap of BaJi@anoparticles prepared by annealing at
different temperatures.
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Fig. 2.8: Absorption spectrum of BaTghanoparticles prepared by annealing at tempemaaje

650°C (b) 700°C (c) 80C°C (d) 90C°C (e) 1000C. (f) Comparison of absorption edge for different
heat-treated samples.
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Fig. 2.9: Tauc plot for BaTi@ nanoparticles prepared by different annealing eatpres.
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2.4.2 Characterization of BaTiO3 nanoparticles by X-ray diffraction

The crystal structure of the BaTy@anoparticles synthesized is analyzed by X-rayatifion. For

the XRD analysis, fine powder of BaTi@anoparticles synthesized is added into a 0.5 esp d
well sample holder. The upper surface is levellggptessing the powder with a glass plate and
excess powder around the well is cleaned off. TR®Xs recorded for the detector angles, 2
varying from 20 to 8®. The scanning speed is set ap2r minute and total scanning time is 30
minutes. The X-ray source used is Cu. Anode voltagkanode emission current are set at 30 kV

and 15 mA respectively.

The range of annealing temperature is selecteddbmasXRD analysis of the crystalline structure
of the sample. The BaTiJrecursor powder annealed at 3@ for 20 min is white in color and
the XRD pattern shows, characteristic peaks oftaliyse BaTiQ corresponding to (001), (101),
(002) and (211) planes. However, these sample stheame impurity peaks also, as shown in the
figure 2.10(a). Impurity peaks are also presersaimples annealed for longer time duration of 2
hours (figure 2.10(b)). Hence these sample aradisd, and fresh samples are prepared at higher
temperature. Based on this analysis of XRD pattérisobserved that pure BaTi@anoparticles

are formed at annealing temperatures in the rah§B0PC to 1000°C and an annealing duration

of 2 hours.
3000 4000
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8 ©
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Fig. 2.10: XRD patterns of BaTi@precursor powder annealed at (a) 3@for 20 minutes and
(b) 500°C for 2 hours.
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Figure 2.11 shows the XRD patterns of Bagi@anoparticles annealed at temperatures (ay&50
(b) 700°C (c) 800°C (d) 900°C and (e) 1000C. The peaks are identified and compared with the
reference data from the International Centre fdfr&tion Data (ICDD) catalogue. The planes
(001), (101), (110), (111), (002), (200), (102)112 (202), (212), (301) and (311), which are
characteristic of tetragonal phase crystalline BaTare identified and marked in the XRD pattern.
The crystalline peaks were matching with the refeeedata from the ICDD for catalog number
72-0138. Figure 2.11(f) shows an expanded vieth®fL00% intensity peak at 33vBhich shows
the combination of twin peaks corresponding to j1id (110) planes at 32.&nd 31.6. Green,
red and blue line shows the corresponding Gaugsak fit. The crystallite sizes of all samples
are measured by the Scherrer formula. We have demesl only the well isolated peak at 38.89
corresponding to (111) planes for the calculatiborgstallite size. The crystallite sizes measured
for all the BaTiQ powder samples prepared at different annealingpéeature are given in the
table 2.3.

Annealing temperature (°C) Crystallite size (nm)
650 19+5
700 24 +7
800 35+8
900 46 + 7
1000 74 +12

Table 2.3: The crystallite size of the BaTi@anoparticles measured from the XRD graphs by

using Scherrer formula
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Fig. 2.11: XRD patterns of the BaTi¥hanoparticles heat treated at different tempesatan) 650
°C (b) 700°C (c) 800°C (d) 900°C (e) 1000°C. (f) Expanded view of the peak at 3which
shows the combination of twin peaks (101) and (B51®1.8 and 31.8. Green, red and blue line

shows the corresponding Gaussian peak fit.
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2.4.3 Characterization of BaTiO3 nanoparticles by transmission electron microscope

TEM is used to study the morphology and crystalitrecture of BaTi®@nanoparticles. Samples
for TEM imaging are prepared as follows. Bag@noparticles are dispersed in ethanol to form
a clear solution. To avoid the formation of aggtegathe nanoparticle dispersed solution is
sonicated for 20 min at room temperature. A fewraliters of solution prepared is drop cast on
the copper grid. Solution drop cast copper grikiejst for drying in infrared light for 10 min and
loaded in the imaging chamber of TEM. Images opelised nanoparticles are obtained. Figure
2.12 shows the TEM images of Batki@anoparticles prepared by annealing at tempesafale
650°C (b) 700°C (c) 800°C (d) 90C°C (e) 1000C. Size of the BaTienanoparticles are measured
from the TEM images using ImageJ software. A sistridution histogram is plotted with the
measured sizes and the average size is estimated drGaussian fit to the size distribution
histogram. Figure 2.13 shows the size distribuh@togram of BaTi® nanoparticles prepared
with annealing temperature (a) 68D (b) 700°C (c) 800°C (d) 900°C (e) 100C°C. The red line
shows the gaussian fit. Figure 2.13(f) shows th&atian in size of BaTi®@ nanoparticles with
annealing temperature. The mean size of the BaTi@oparticles measured from the size
distribution histogram corresponding to differemnaaling temperature is given in table 2.4.
Figure 2.14 shows the selected area electron diifra (SAED) pattern from BaTi©
nanoparticles. The crystallographic planes cornedpg to diffraction rings in the SAED pattern
are identified and marked in the image. The measunerplanar distance, d from the image is
compared with the standard values for tetragonasehcrystalline BaTi©from the ICDD
catalogue (Card No. 72-0138). Table 2.5 shows timeparison of theoretical d values and the d

values obtained from SAED patterns.
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Fig. 2.12: TEM images of BaTi@nanoparticles prepared by annealing at tempesafajes50C
(b) 700°C (c) 800°C (d) 900°C (e) 100CC.
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Annealing temperature (°C) Estimated size (hnm)
650 12+2
700 20+ 4
800 377
900 50+8
1000 90 + 17

Table 2.4: Size of BaTiQ nanopatrticles estimated from the size distribukimtogram plotted

from TEM images.

Ring identification

Radius [1/nm] | d-spacing [nm]
Plane

theor.| measuredtheor.| measured

(110)[3.518| 3.679 | 0.284 0.272

(111)]4.309] 4517 | 0.232 0.221

(002)|4.975 5.191 | 0.201 0.193

(112)[6.093| 6.357 | 0.164 0.157

(003)7.463] 7.322 | 0.134 0.137

(113)[8.250 8.160 | 0.121 0.123

(203)[8.969| 8.925 | 0.111 0.112

Table 2.5: Comparison of theoretical d values from the ICQ¥Datogue No. 72-0138 and the d-

values obtained from SAED patterns.
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Fig. 2.14: Selected area electron diffraction pattern from BaTiG crystal planes prepared by
annealing at temperatures (a) 6&80(b) 700°C (c) 800°C (d) 900°C (e) 100C°C. The inset in the

figures shows the crystallographic planes idertiierresponding to the rings.

55| Chapter 2



2.5 Preparation of BaTiO3 and Au/BaTiOs thin films.

There are several techniques available for thegpation of BaTi@ nanostructured films. Radio
frequency sputtering[147,148], pulsed laser defmrs|tL48,149], molecular beam epitaxy [150],
flash evaporation technique [151,152], chemicalovageposition [153], hydrothermal method
[64,154], electrochemical technique [64], and sal-technique [155-158] are some of the
techniques used for the preparation of Bafiltin. Sol-gel technique is one of the simple aostc
effective methods among them [155-157,159]. Ingsbltechnique it is easy to incorporate metal
or ceramic nanopatrticles inside Ba%ithin films to form nanocomposite film[160]. BaTi@hin
films can be prepared by either drop casting an spating the BaTi®precursor solution on an
appropriate substrate. In drop casting method,dieps of BaTiQ precursor solution is added to
a cleaned quartz slide. Due to gravity, the sotupreads on the quartz slide and gets dried in
about 48 hours at room temperature. After dryirg fitms are annealed at 806G for 2 hours.
However, the films prepared by drop casting metsioows poor surface uniformity. Moreover
there is no proper method for controlling the timieks of the sample in this method. Hence in this
work we have used spin coating method for prepatiedfiims. BaTiQ thin films are prepared
from the BaTiQ precursor solution by spin coating on a quartssake and subsequent annealing
at 800°C. The microscopic quartz slides are cleaned iagsiim dichromate solution and washed
in running water followed by distilled water andedt. Importantly soap solution is not used to

avoid the formation of soap films on the substsatdace.

2.5.1 Preparation of BaTiOs thin films

Preparation of BaTi®precursor solution is discussed in detail in eecf.3.1. The stabilizing
agent acetylacetone is used to control the viscadithe precursor solution which is useful in
controlling the thickness of the films formed. Spoating is done by HO-TH-05 (Holmarc) model
spin coating unit. In the spin coating method,ghbstrate is held tightly inside the spin coater by
creating a vacuum in between the substrate ankidider. 1 to 2 ml of BaTi@precursor solution

is dropped on the quartz slide and thin films codtgspinning the slide at high rotation per minute
(rpm). The spin speed and time are optimized layamd error to obtain films of desired thickness.
Thus, optimized spin speed of 2000 rpm and 60 13 BEie is used to prepare all the samples

reported in this thesis. The films formed by spdating of BaTiQ precursor solution on quartz
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slide is dried in an oven at 8C for 10 minutes. The BaT#precursor films formed are then

annealed at 80%C for 2 hours to obtain thin transparent films @fTBO; nanopatrticles.

2.5.2 Preparation and characterization of gold colloids

1.0

Absorbance (a.u.)
]
[$)}

%400 : 600 ' 800
Wavelength (nm)
Fig. 2.15: Absorption spectra of gold nanoparticles prepdngdNaBH; reduction method. The

absorption peak is found at 530 nm.

Number of particles

Size of particle (nm}

Fig. 2.16: (a) SEM image of the gold nanopatrticle preparetidBH; reduction method. (b) The
particle size distribution measured from SEM imafee red line indicates the Gaussian fit. The

particle size measured is 25 £ 4 nm.
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Gold colloids are prepared by NaBHduction method. 4 ml of 24.3 mM chloroauric awid
ethanol solution is added to 100 ml of 1.0 mM wlisen citrate in water. Trisodium citrate acts as
a stabilizing chemical reagent for gold nanopat@nd could prevent the gold nanoparticles from
growing and aggregating. 1 ml solution of 0.2 M MaBn water solution is then added to the
mixed solution and the color of the solution turriesn a dark purplish-red to blackish-red color
quickly indicating the formation of gold nanopaldis. The solution is concentrated to 20 ml under
vacuum. The gold nanoparticles so prepared are charactetizeUV-VIS-NIR absorption
spectroscopy and SEM. Figure 2.15 shows the absorgpectra of gold nanoparticles prepared
by NaBH; reduction method. The gold nanoparticles are dilutedistilled water and taken in
guartz cuvette for recording absorption spectratilldd water in quartz cuvette is used as a
reference. The absorption spectrum shows the deaistec plasmon resonance absorption peak
of gold nanoparticles at 530 nm. For characteznatising SEM the gold nanoparticle solution is
diluted in ethanol and sonicated for 20 minutes 3blution is then drop casted on a silicon wafer
by using a micropipette to form well dispersed gadshoparticles. Silicon wafer is used because
SEM requires a conducting surface. Figure 2.1&ljaws the SEM image of gold nanoparticles
prepared by the above method. The particle sizbeofjold nanoparticle is measured from SEM
images using ImageJ. Figure 2.16 (b) shows thicfeasize histogram of the gold nanoparticle
obtained from the analysis of the SEM images. Tdrége size histogram is fitted with a Gaussian
profile to estimate the mean particle size andsffread in the mean patrticle size. The mean size
of gold nanoparticle thus estimated is 25 £ 4 nm.

2.5.3 Preparation of Au/BaTiOs3 Films

Au/BaTiOs nanocomposite precursor solution is prepared jegtimg gold nanoparticles into the
BaTiOs precursor solution slowly with different molar @i of Au/Ba. To distribute the gold
nanoparticles uniformly in the solution, the Au/B@¥ composite precursor solution is mixed well
in a cyclomixer. The molar ratio of Au in the filnis adjusted by varying the amount of gold
solution added to the BaT#(recursor solutionThe Au/BaTiQ thin film is prepared by spin
coating.The spin speed used is 2000 rpm for 60 s. Thesfdre dried at 68C for 10 min and heat
treated at 800C. Controlled Nitrogen atmosphere is used while breatment for better surface
quality. Figure 2.17 shows the flowchart for thegaration of Au/BaTi®thin films. It may be

noted that one cannot prepare films with arbittaigh gold nanoparticle concentration by this
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method. When the amount of gold increases insid@ctidic precursor solution, Au atoms change
to Au*ions and forms a precipitate in the solution. Tinmsts the amount of the gold nanoparticle
that can be added to the acidic solution. Thusnbkar ratio of Au/Ba was limited to less than
5/100 in our samples. Au/BaTi@omposite films with Au/Ba molar ratios 1.6/1005/200 and
4.8/100 are prepared.

Acetic Acid 2-Methoxy Ethanol

Barium Acetate >

v

Stirred for 30 min

Acetyl Acetone " Titanium Butoxide

Stirred for 30 min

l
Filtered through 0.22um filter

]

Aged for 1 week

Au colloids >

Films spin coated on quartz slide

l

Dried at 60°C/10 min

|

Calcination

Fig. 2.17: Flowchart for the preparation of Au/BaTi@hin films.

2.6 Characterizations of the BaTiO3 and Au/BaTiOs3 thin films

The Au/BaTiQ thin films prepared are characterized by UV-VIS-NiBsorption spectra, XRD,
SEM, TEM and AFM.
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2.6.1 Characterization by X-ray diffraction

Figure 2.18 shows the XRD pattern of Au/Ba7itdin films with Au/Ba molar ratio 4.8/100,
annealed at 80 for 2 hours. The crystallographic planes (0019.1]), (111), (002), (201), (211),
(202), (212), (301), and (311) corresponding to tkieagonal phase crystalline Baki@re
identified and marked in the XRD pattern. It comfg the formation of tetragonal phase BadiO
Since the Au (111) and Au (200) diffraction peaks averlapping with the BaTgJ111) and
BaTiOs (002) diffraction peaks, it is not possible to gapa out gold diffraction peaks from

BaTiOz diffraction peaks in the XRD pattern.

5000

(101)

2500

Intensity (a.u)

(111)
(211)

(002)

(001)
(201)
(202)
(212)
301)
(311)

20 40 60 80
20 (degrees)

Fig 2.18:X-Ray Diffraction pattern of Au/BaTi®thin film with Au/Ba molar ratio of 4.8/100,
coated on quartz slide and annealed at’@5@r 1hr in nitrogen atmospherehe X-ray diffraction

pattern of Au/BaTi@thin film confirms the formation of tetragonal #eaBaTiQ.

2.6.2 Characterization by UV-VIS-NIR absorption
Figure 2.19 shows the Absorption spectra of Au/BaTthin films with Au/Ba molar ratio of
4.8/100, coated on quartz slide and annealed iZ&dr 1hr in nitrogen atmosphere. Plane quartz

slide is used for the baseline correction. TherBgshows the plasmon resonance absorption of

gold nanopatrticles at 568 nm and the characteas$orption edge of BaTgat around 370 nm.

The inset shows an expanded view of 568 nm plasahsarption.
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Fig. 2.19: Absorption spectra of Au/BaTihin films coated on quartz slide and annealetbat

9C for 1hr in nitrogen atmosphere. The figure shéwes plasmon resonance absorption of gold

nanoparticles at 568 nm and the characteristicrpbea edge of BaTi®@at around 370 nm. The
inset shows an expanded view of 568 nm plasmorrptiso.

2.6.3 Characterization by transmission electron microscope

The high-resolution transmission electron microgcotiRTEM) images of BaTi@and
Au/BaTiOs are taken by an FEI make Tecnai G2, F30 machinemall portion of the films is
peeled off from the centre of the films and usethéke sample for HRTEM. The peeled off films
portion is dispersed in ethanol and drop castedopnof copper grid for imaging in HRTEM.
Figure 2.20(a) shows the HRTEM image of Badtfin films heat treated at 75C. The average
particle size is measured to be 15 nm from the HRTHEgure 2.20(b) shows the convergent beam
electron diffraction images of BaT#OThe pattern exhibits sharp diffraction rings esponding

to (001), (110), (111), (200) and (112) planes abtaristic of crystalline BaTiéhaving tetragonal
phase. Figure 2.20(c) shows the HRTEM image of AwWiB; thin films. The figure showisvo
distinct lattice planes having interplanar distangg0.24 nm and 0.41 nm as indicated. The planes
having interplanar distance of 0.24 nm is attridutethe (111) plane of gold and the planes having

interplanar distance of 0.41 nm is attributed t61)0plane of BaTi@ The SAED pattern of
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Au/BaTiGs thin films, shown in figure 2.20(d), also exhib#tsarp diffraction rings characteristic
of crystalline BaTi@having tetragonal phase, confirming the findingsrfrXRD analysis. The
average size of gold nanoparticle is estimatecetb@dnm and that of BaTghanopatrticles is 20
nm. Figure 2.21 shows the Energy-dispersive X-pgesoscopy (EDS) image of Au/BaTi@in

film heat-treated at 758 for 2 hour with Au/Ba molar ratio of 4.8/100. TA&/Ba molar ratio
found from the EDS spectrum is 4.4/100 which isselto the estimated value from the sample

preparation.

1/nm

Fig. 2.20: (a) HRTEM image of BaTiethin film. (b) Combined beam electron diffractipattern
of BaTiOs thin film. (c) HRTEM image of Au/BaTi®thin film. (d) SAED pattern of Au/BaTi©
thin film.
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Fig.2.21: Energy-dispersive X-ray spectroscopy (EDS) imdgeusBaTiOz thin film heat-treated
at 750°C for 2 hours with Au/Ba molar ratio of 4.8/100.

2.6.4 Characterization by atomic force microscope

The surface quality and topography of the Bafii@n film prepared are studied by Atomic force
microscopy (AFM). Figure 2.22 (a) shows the 3D wnaphy and (b) 2D topography image of the
BaTiGs thin film prepared on quartz slide and annealetb@CC for 2 hours.

IR 2y gr L avand

o0

Fig. 2.22: (a) The 3D topography and (b) 2D topography imafgdae BaTiQ thin film prepared

on quartz slide and annealed at 76Cfor 2 hours.
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2.7 Summary

Monodisperse BaTi®nanoparticles of different average sizes, 12 imi, 37 nm, 50 nm and
90 nm are successfully prepared by sol-gel teclmignd characterised by UV-VIS-NIR
absorption spectrometer, X-ray diffractometer aadsmission electron microscopy. The size of
BaTiOs nanoparticles are controlled by varying the aringalemperature. The linear optical
absorption edge and bandgap are estimated frontizsospectra and Tauc plot. A small but
systematic increase in the bandgap of the nancfemtwith decreasing size is observed. This
could be due to the band structure modificatiorsiagi from quantum confinement effects.
Tetragonal crystal structure of Baki®@ identified from the X-ray diffraction. The sizd the
BaTiOs nanoparticles is estimated from transmission edacimicroscope images. BaTi@hin
films and Au/BaTiQ thin films are also prepared by sol-gel technigod characterised by UV-
VIS-NIR absorption spectrometer, X-ray diffractosrettransmission electron microscope and

atomic force microscope.
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Chapter 3: Nonlinear optical absorption in BaTiO3
nanoparticles

3.1 Introduction

Materials possessing large values of nonlinearcaptiusceptibilities have potential applications
in different areas of quantum optics [108,109,182]1The application of nanoparticles with large
nonlinear optical susceptibilities in diverse felduch as quantum computing and information
processing, ultra-cold atoms, plasma physics, @aréiccelerators, biomedicine and biomedical
engineering has been recognized in recent year$(83.09,132,135,136,161-163]. In addition
to large nonlinear optical susceptibility, nonlineaptical materials should have different
properties specific to the applications. For examph all optical implementation of quantum
information processing or in all optical switchitige material should have fast response times and
high optical damage thresholds. Biomolecular imgginbiomedical engineering applications will
require the material to be biocompatible and phatde in addition to having large nonlinear
optical coefficients. The search for an ideal nogdir material having all the required properties is
far from over and there is a sustained effort teettgp new and novel materials with promising
applications. BaTi® nanoparticles, the focus of our investigation s tthesis, are highly
photostable and biocompatible and thus have gotehpal to be employed as a biomolecular
label in nonlinear optical microscopy. In thisapker we examine the nonlinear optical absorption
in BaTiOs nanoparticles from the point of view of applicasan the area of biomolecular imaging.
The well-established Z-scan technique is develapethe laboratory to study the third order
optical nonlinearity of materials and is employeddetermine the nonlinear optical absorption
coefficient @,) of the nanopatrticles, nanoparticle films and AaifBd: composite films. We first
briefly discuss the Z-scan technique and the detdithe experimental set up before presenting

the results of the studies on Bati@anoparticles and composite films.

3.2 Z-scan technique

In 1989 M Sheik- Bahae, A. A. Said and E. W. Varylahd developed a sensitive experimental
technique for determining the third order nonlineptical coefficients of bulk samples [164]. The
method, generally termed the Z-scan method, ibttee simplest and most popular experimental

techniques to estimate the third order nonlineaticap coefficient of materials. In Z-scan
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technique a laser beam is focused by a lens intonasample, such that changes in the beam
diameter within the sample due to either diffractar nonlinear refraction can be neglected, is
moved through the focus of the lens along the gyapan direction (Z). The transmitted intensity
is measured at different sample positions alondatber beam path. Analysis of the transmittance
intensity curve against the sample position thostgdl provides the third order nonlinear optical
susceptibility of the material. The far field ing#ty is measured either with an aperture in frdnt o
the detector (closed aperture Z-scan) or withoua@erture (open aperture Z-scan). Since the
sample is moved along the propagation directionofzhe laser beam, this method is termed as
Z-scan. This single beam measurement techniquedainde acceptance because of the simple
experimental set up employed as well as the strdayivard determination of the third order
nonlinear optical coefficients from the transmittanntensity curve. In most Z-scan experiments
the sign and magnitude of nonlinear absorptionfoent and nonlinear refractive index can be
directly estimated from the transmittance intensityve without performing a tedious theoretical

fitting.

3.2.1 Closed aperture Z-scan technique

Lens Sample Detector

v

Laser

A 4

Aperture

a

Z

Fig. 3.1: Schematic of closed aperture Z-scan set up

Figure 3.1 shows a typical experimental set up eygal for closed aperture Z-scan measurement.
In closed aperture Z-scan an aperture is placdtdrfar field in between the sample and the
detector as shown in the figure. The closed apsuscan data can be qualitatively understood
by considering the effect of a focused Gaussiambmaa material having a refractive nonlinearity

(n, # 0). If n, # 0, the effective refractive index of the material gb@nt on the sample will
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depend on the intensity of the incident light atttpoint. If the material has positive third order
optical nonlinearity 6, > 0) the higher intensity regions will have high refrae index
compared to lower intensity regions. Since a Gamsseam has maximum intensity at the center,
the center of the focal spot will see maximum retfxee index and there will be a gradation of
refractive index as you move away from the cenkérs implies that ifn, > 0, the sample will
act like a convex lens. Thus for a focused Gaudseam, the far field transmittance of a material
having positive nonlinearity would be equivalentth@ transmittance of a combination of two
convex lenses. Moving the sample along the axth@focused laser beam is thus equivalent to
moving of a convex lens. If the sample is kepbbethe focal point of the lens, then it causes the
beam to focus to a point before the natural fodukelens. This results in stronger divergence of
the beam in the far field and the detector willwlelower intensity. If the sample is kept aftes th
focal point of the lens, then the sample causebdiaen to focus to a point after the natural focus
of the lens, and hence the detector records a higtensity. In the transmittance curve, first a
valley occurs corresponding to the sample posjtishbefore the focus of the lens followed by a
peak corresponding to the sample position just #fte focus of the lens. Figure 3.2(a) shows a
typical closed aperture Z-scan transmittance ciwvepositive third order nonlinear refraction.
Similarly, if the sample having negative third ardefractive nonlinearityr(, < 0), there will be

a gradual increase in the refractive index, withhkr refractive index at the edges and lower
refractive index at the center (axial point). Tlsasnples having, < 0 acts like a concave lens
when exposed to a focused Gaussian beam. The rddttine transmittance curve for materials

with a negative refractive nonlinearity is illugtd in figure 3.2(b).

126 1.25

1.00F 1.00

Normalised Transmittance
Normalised Transmittance

1 1 1 075 1 1 1
075 - - + 3 3 '8 4 0 4 8
21z, (b)| 2z,

Fig. 3.2: A typical closed aperture Z-scan transmittanceetor (a) positive and(b) negative third

order nonlinear refraction.
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In order to quantitatively understand the transanite curve, one has to compute the intensity at
the aperture as a function of the sample posifior effects have to be taken into account while

estimating this intensity: one, the decrease ienisity of the beam at the sample due to linear and
nonlinear absorption and two, the change in thes@lolue to nonlinear refraction at the sample.

The rate of change of intensity due to absorptisidie the sample is given by

dl
%: —[ag + az 1(]I(E) (3.1)

wherel (¢) is the intensity at positiofiin the sample. If we consider only cubic nonlingathe

above expression can be integrated to give thasitte

— p— ¢ -1
1(§) = [je~%o$ ll + Iya, (LN (3.2)

4]

1_e—a0L

Now if we define an ‘effective length’sk by L. = , the intensity at the exit face of the

sample is

Ioe—aoL

1§=1)= m (3.3)

The nonlinear phase acquired by the beam whileliiag through a distana& in a medium with
cubic nonlinearity ig2nn,/A)I(§)dé&, wherel is the free space wavelength. The total nonlinear

phase accumulated at the exit of the sample is

sow = [ 22 16)de

(p =

NL . 2 (3.4)
2mn, 1 — e~ %L

ApnL = a In|1+ [a, 05—0
2mn,

Apy, = 1 In[1 + IoazLesy] (3.5)

Let us consider a Gaussian beam having a beamwyatsavelling along the positive Z-direction

incident on a nonlinear sample. The magnitude ®@&llctric field can written as

|En (2,7, 8)] = |Eo(t)| —> &~7*/%*@ (3.6)

w(2)
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wherew?(z) = wy2(1 + z%/z2) is the beam radius at z, = kw,?/2 is the diffraction length
(Rayleigh Length) of the bearks27/1 is the free space wave vectbiis the wavelength andis

the radial distance from the cent&p(t) is the on-axis electric field and contains the pgeral
envelope of the laser pulse. For a CW excitatierethivelope can be taken to be a square function,
and for pulsed excitation the envelope will be asasan in time. If we denote the incident intensity
at sample positiom by I;,,(z, , t), then from equation (3.3), intensity at the exitefad a sample

kept at z will be,

Iin(z,7,t) e~ %l
1+q(zr,t) (3.7)

Loxit (z,r,t) =

whereq(z,7,t) = lin(z,7,t)ayL.rr. The nonlinear phase acquired is

k

Ap(z,1,t) = .

07:2 In[1+q(zr,t] (3.8)

In this analysis it is assumed that the thickné$of the sample is small so that changes in the
beam diameter due to diffraction or nonlinear r&tican can be neglected within the sample. This
assumption implies that the interaction of the dampth the laser pulse takes place only at one
plane, not spread out over entire length, andéleafraction process is referred to external-self
refraction. The sample thickness Iz<s a good approximation to consider the sampheetthin’

[164]. Under the above assumption the electridfalthe exit plane is

Eexit (Z, T, t) = Ein (Z, T, t)e—a’oL/Ze—iA(p(Z,T,t) (39)

—apL
Enzrte /2
[1+q(zr, D]

Eexit(z,7,t) = [1+ q(z, 7, t)]kne/ (3.10)

In order to quantitatively reproduce the Z-scamgraittance curve one has to find the total
intensity at the aperture as function of #iposition of the sample. The electric filed at siperture
planeEa ( z, r, t )can be determined from the field at the exit plah¢he sample using the
Huygen’s principle through a zeroth order Hankelnsform [164]. This is achieved by
considering the complex field at the exit planeaaguperposition of Gaussian beams through a
Taylor series expansion of the nonlinear phase w&h#(*" (Gaussian decomposition) and

propagating each Gaussian beam to the aperturg [165
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If the nonlinear absorption is negligibledp can be expressed in simpler symmetric form. Tgkin

the limit @, going to zero in equation (3.8)

Ap(z,1,t) = kol(z,7,t)nLesp (3.11)
. . CE€ogn 2
Substituting! (z,7,t) = == |E(z,7,t)| :
Ap(z,7,t) = Ao (z,t)e =2 /@ (3.12)

with Agy(z,t) = A2o®). whereAg, (t) = konylo(t)Lesr is the on-axis face shift at the focus,

1+z2/z2
I,(t) being the on-axis irradiance at the focus. Thukge nonlinear absorption is negligible, the
nonlinear phase shift at the exit surface follow @aussian shape of the pulse across the cross

section of the beam.

[ee) 3 m
pibd(zTt) — [iA¢po(z, 0] e —2mr?/w?(2)
m!
m=0

(3.13)
The electric field at the aperture plane is givgn b
o 2 o2
[iAdo (2, )" Wino (- —lsz—r+ i0m)
E,(r,t) = E(z,r =0,t) e‘“oL/ZZ | e Wm 2Rm 3.14
L m wy (3.14)
where,

w?(2)
wi, = — (3.15)
g = Fwmo (3.16)

)
2
w2 = w2,(g% + oy (3.17)
m
g _
R = d(1 = ———5—) 1 (3.18)
g+ /d12n

1, d
Om = tan (ﬁ (3.19)

m

andd is defined as the propagation distance from sargptee aperture in free space ands
defined by,
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I=1*re (3.20)
The transmitted poweB((Ap,(t)) through the aperture for an on axis phase shifiggf(t) is
obtained by spatially integrating electric fieldtla¢ aperture plang. ( z, r , t Jover the aperture
plane.

Ta

Pr (Ao (1)) = cegnem f |Eq(r, t)|?rdr (3.21)
0
For pulsed excitation, the normalized Z-scan trattanceT(z) can be calculated as

IZ Pr(Ago(t)dt
s [0 P(Ddt (3.22)

T(z) =

whereP;(t) = Twély(t)/2 is the instantaneous input power within the saraple

—-2r¢/wé

s=1-e (3.23)

is the aperture transmittance in the absence ohanlinearity,wa being the beam radius at the

aperture.

Further simplifications occur for far field conditi d >> z). If A@,is small, ie]Ap,| < 1 we can
add only the first two terms in the Gaussian deawsitjpn [165]. The Z-scan transmittance curve
T(z,A¢,) defined by

|Eq(z,7 = 0,A¢)|?
|E,(z,7 = 0,Ad, = 0)]2 (3.24)

T(Z, A¢O) =

For far field conditionsd >> z,) a simple expression for transmittance can bedoun

40Apox

T(Z, A¢O) =1- (xz + 9)(x2 + 1) (325)

with x = z/z,.
The peak (maximum transmittance) and valley (mimmtransmittance) corresponds to z

positions at which derivative of the transmittacoeve vanishes. For third order nonlinearity the

71| Chapter 3



peak to valley separation is found to 1.7khe difference between normalized peak and valley

transmittancel Tpv= Tp -Tv , @ quantity normally measured in Z-scan experirismgiven by

AT,_, = Bl A
P (2, +9)(x2, + 1) 0 (3.26)
AT,_, = 0.406A¢, (3.27)

wherex, , = x, — x,, and it can be calculated by solving the differ:aalrﬁe'quation‘M =0,
’ dz

Xpy = T @ = 0.858
AT,y for different materials has been measured by SBalkaeet al.[166] and is found to agree
well with the above resuldTp.y increases linearly witlhp,, and for a given value df¢, the
magnitude and shape of the transmittance curve nlmtedepend on the wavelength or geometry
as long as the far field condition for the aperfpigne is satisfied. Thus equation (3.26) provides
a quick method to find the nonlinear refractionexment employing low laser powers. However,
if the power is high the nonlinear phase shift Wil large and one has to use the full calculation

as discussed earlier to determine the nonlinearity.

3.2.2 Open aperture Z-scan technique

Figure 3.3 shows the schematic of open aperturead-sechnique employed to reveal the
absorptive nonlinearity of the materials. The sesugssentially the same as the closed aperture Z-
scan setup, except that the aperture in front@fdigtector is removed. The detector in this case
detects all of the transmitted light. Hence theges$ not sensitive to nonlinear refraction and the
Z-scan transmittance curve does not show any clsaagging from refraction. However as the
sample is moved along z-direction towards the fpcaht, there will be an increase in nonlinear
absorption and maximum absorption will occur atfteal point. These changes in absorption will
be recorded as a dip in the Z-scan transmittanceeamith the maximum dip occurring when the
sample is at the focal point. The depth in thednaittance intensity curve is directly proportional
to the nonlinear absorption coefficient and thuess dpen aperture Z-scan measures the nonlinear

absorption in a simple experimental setup. Howévanould be noted here thadth two-photon
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and other higher order multi-photon processes oatribute to the signal in open aperture z-scan.
In the analysis described here we will restrictselwes only to changes in the transmittance curve
due to two-photon absorption, assuming that théridtions from higher order process will be

comparatively weak.

Lens Sample Detector

v

Laser

F 3
y

Z

Fig. 3.3: Schematic of open aperture Z-scan technique
The nature of nonlinear absorption and absorptioefficient (@,) is determined from the

transmittance curve as explained in the followirgr a Gaussian beam of the form,

2P(t)

w2 () e~ 2r?/w(@) interacting with the sample. Hpt) is the instantaneous power

Iin(z,1,t) =

of the beam at timg for a Gaussian beaf(t) = (mw3/2)I, , with the peak (on axis intensity)
Ceon

10: >

|E|2. As defined earlier,w?(z) = wy?(1 + z2/z%) is the beam radius & z, =

kw,2/2 is the Rayleigh lengttk=2x/) is the free space wave vectbris the wavelength of the
laser and is the radial coordinate. For a CW beR(t) is a constant, and for a pulsed laser beam
P(t) has a Gaussian time dependence. We further aghainthe thickness (L) of the sample is
small so that changes in the beam diameter dueffraction or nonlinear refraction can be
neglected.

Following our discussion in the previous sectidm intensity at the exit face of a sample kept at
zis given by equation (3.7).

Loxie(z,7,t) = Iin(z,7,t) e~ %" (3.28)
exit\% T 1+ lin(z, 7 t)asLesr) |

The total transmitted powé(z, t) for the sample position z.

[oe)

P(z,t) =2m f Ioyit(z, 7, t) rdr (3.29)
0
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2r2

P(zt) = 2 2P(t) gl foo e W) 4

z,t) =21 e rdr
i) O 14yl 2P0 W 539

2%eff tw2(2)
In[1+ go(z,t)]
P(z,t) = P(t)e* 3.31
() = (et s (3:31)
Where,
20,L, 1 (t

qo(z,t) = QyLeppl(z,7 = 0,t) = M (3.32)

1+ 22/z%

If we assume a Gaussian temporal profile for treerhehe normalized beam transmittance can be

obtained by integrating the above expression onez,t{{164]

1 ° 2 (3.33)
T(z) = —f ln[l + qo(z,0)e™ " ]dr :
\/ECIO(Z) —oo
For|q,| < 1, the transmittance equation can be rewrittensaramation form,
_ N\ [Fa@1™
m=

and the summation can be restricted to m = 1. Bméimear absorption coefficient is determined

by fitting the equation (3.34) witm = 1 to the transmittance data of the open aperturead-s

When the sample shows both absorptive and refeciwnlinearity, a combination of both open
aperture Z-scan and closed aperture Z-scan casdukta extract the refractive nonlinearity. The
third-order optical nonlinearity of the BaTi®anoparticles, BaTigthin films and Au/BaTiQ
thin films synthesized are studied by the Z-scathoutk

3.3 Results and Discussion

3.3.1 Design and standardization of Z-scan set up

Figure 3.4 shows the experimental setup employed-fcan measurements. For closed aperture
Z-scan measurements, an aperture is used in frtimt detector. The aperture size can be adjusted

to pass desired fraction of incident laser intgnditirrors M1 and M2 are used to align the laser
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beam parallel to a line on the optical table sd tha beam is incident normally on the sample.
Beam splitter (BS) and photo detector 1 (PD1) exdu® measure the variations in the input laser
beam. The lens L focuses laser beam. The sampledson a translation stage (Holmarc model
RCM TS-50-150-1) and is moved through the focutheflens with the help of a stepper motor.
Photodiode PD2 is used to measure the transmittieshdity as function of sample position.
National Instrument LabVIEW software and NI DAQ 808 used to interface stepper motor and

detectors.

M1

/ Laser

Computer

........................ DAQ n.....ao;ocooooooooooooooooooo.o.;

Motor Controller

BS

TS PD2

Fig. 3.4: Experimental setup for open aperture Z-scan. M2; Mirrors, BS — Beam Splitter,
PD1, PD2 - Photo detectors, L- Lens, TS —Transidfitage, S- Sample, DAQ- Data Acquisition
Card.

Synchronised measurement of the transmitted irtieasid the sample position is achieved with
the help of a simple LabVIEW based program writtenthis purpose. The program controls
stepper motor and records the intensity data freenphotodiodes at each sample position and
plots the transmittance curve. The digital outpart pf the multifunction 1/O device NI USB 6009

is used to control the stepper motor of the trdimsiastage. The step angle for the stepper motor
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used is 1.8and it gives 200 steps in one revolution in h&dpsmode. The pitch of the screw
associated with the translation stage used is @5arhich corresponds to a least count of b
(0.5mm /200 steps). In a typical experiment thadiaion stage moves by 25th and waits for
a second to measure the output from both the plomtes. The transmittance curve is plotted with
distance on the X axis and intensity on Y axisfront panel of the LabVIEW software. Figure

3.5 shows (a) front panel and (b) block diagrarthefLabVIEW program.

To optimise the Z-scan setup, initial studies areedon Rhodamine-B dye solutions of different
concentrations using the 543 nm wavelength beam fxdHe-Ne laser (Melles Griot, 25LGR).
The Rhodamine-B dye solution is taken in a Immktligvette and nonlinear refractive index is
measured by using the closed aperture Z-scan datopl length of the lens used is 15 cm and the
aperture size are kept as S = 0.5. Figure 3.6 shmwslosed aperture Z-scan data of Rhodamine-
B solution of 75uM. The nonlinear refractive index is estimated frim Z-scan transmittance
curve by fitting the data to the equation (3.26heTnhonlinear refractive index measured for
different concentration is given in the table 3tlis found that the nonlinear refractive index is

negative, and the order of magnitude i€ {@/W).

Third order
Concentration Linear : Pee-lk : nonlinear
: Effective | Intensity i ‘
Of Rho-B absorp‘.uon length (cm) the sample r.efractlve
(M) coefficient index, n,
H (W/sz) (sz/W)
75 17.8905 0.0991 171.358 -2.19*%10"-8
100 23.854 0.0988 171.358 -2.14*107-8

Table. 3.1;: Nonlinear refractive index calculated for two diftnt concentration of rhodamine-B

solution.
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Fig. 3.5: (a) Front panel and (b) block diagram of the paogused for the interface of the stepper

motor and photodiodes for data acquisition of tkecZn measurements.
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Transmittance

Fig. 3.6: Closed aperture Z-scan traces of Rhodamine-B isalutf concentration 7M.

Wavelength of laser used was 543 nm and with artapesize of S = 0.5.

3.3.2 Nonlinear optical absorption of BaTiO3 nanoparticles

The nonlinear optical absorption of Baki@anoparticles is studied using Z-scan set up dhestr

in the previous section. The experiments are choig in the open aperture geometry to extract
the third order nonlinear optical absorption camdint «, of the particles. Studies are carried on
different set of samples having average size 1220mm, 37 nm, 50 nm, and 90 nm. This study
provides information on dependence of particle sz&aTiO; nanoparticles on its nonlinear
optical properties. The details of the sample piapan technique employed for synthesising
BaTiOs nanoparticles of different sizes are given in timapter 2. BaTi® nanoparticles of
different sizes are prepared by sol-gel method. phaeicle size determined by various
characterisation techniques as reported in ch@apgereproduced here in Figure 3.7. The BaTiO
nanoparticles synthesized are grinded properlptmfa fine powder. The sample for nonlinear
optical studies are prepared by dispersing thdyfigended BaTiQ nanoparticles in ethylene
glycol to form a uniform dispersion of the nanopaes in solution. For this 1 mg of BaTiO
nanoparticles is added to 2 ml of ethylene glyewl sonication is carried out for 30 minutes. The
solution is taken in a quartz cuvette and kepthenttanslation stage of the Z-scan apparatus for

nonlinear characterisation.
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The nonlinear optical absorption properties of BxTnanoparticles in ethylene glycol solution

are studied by the open aperture Z-scan technkjgare 3.5 shows the schematic of the Z-scan
set up used in this study. A femtosecond mode-lbckesapphire laser system (Mira 900,

Coherent) operating at 76 MHz is used for the Zasstady. The wavelength of the laser is 800
nm. The pulse width of the laser, measured witlauto-correlator is 120 fs. The focal length of

the lens used is 10 cm. The beam diameter beferketis is 2 mm and the radius at focus was 13
pum. The transmitted beam energy and the refereaam kenergy are measured directly using
photodiodes and their ratio was taken to form tlamdmittance curve. The Z-scan curve is
normalized by the transmittance value obtained thighsample kept far away from the focus. The
thickness of the cuvette used is 1 mm. Linear trassion measured for different size nanoparticle

solution for the same concentration in ethelenedaly

120
. L)
E 80 |
: 1
O
E {
Q.
ks
o 40 }
N
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0 " 1 2 ] 2
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Annealing Tempeature (° C)

Fig. 3.7: Size of BaTiQ nanopatrticles with the annealing temperature
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. . _ Two-photon absorption
Size of BaTiQ nanoparticles . ) n
(o Linear transmittance coefficient @,) (x 10%*
nm
m/W)
90 + 17 59.8 % 3.68 £0.05
50+8 58.9 % 5.65+0.08
37+7 59.3 % 6.50 £ 0.06
20+ 4 60.4 % 8.20 £ 0.09
12+2 60.0 % 11.00 +0.08

Table 3.2: Two-photon absorption coefficient of BaTa@anoparticles measured by open aperture

Z-scan.

Figure 3.8 shows the open aperture Z-scan curvedivent (a) and BaTi©nanoparticles of
average size (b) 90 nm (c) 50 nm (d) 37 nm (e)ratand (f) 12 nm. The Z-scan traces of all the
BaTiOs nanoparticles shows a reverse saturable absorptimh the strength of nonlinear
absorption increases as the size of the partigesedses. The Z-scan curves are further analysed
by carrying out a theoretical fitting to equatioB.34) to extract the nonlinear absorption
coefficients. The Z-scan curves show a propéeingtfor a two-photon absorption process
confirming that the dominant contribution to abgmp is two-photon absorption. The dark
squares in the graph are experimental data poittdhee solid red lines are theoretical curve fit
for a two-photon absorption process. The nonliaéaorption coefficient is measured from the Z-
scan data by using equation (3.34). Table 3.2 shinestwo-photon absorption coefficient

measured for different size BaTi@anoparticles.

Figure 3.10 depicts the variation of two-photonaapson coefficient of BaTi® nanoparticles
with size. The figure clearly shows that the twa{am absorption coefficient of BaTiO
nanoparticles increases with decrease in the nadpasize. Influence of particle size on the
dielectric properties of dielectric and semiconductanoparticles has been observed by many

groups [108,167-171]. This size dependence is gipeattributed to the quantum confinement
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effects and surface effects. Nonlinear optical props of dielectrics in the nonresonant regime
can be well understood from anharmonic oscillatodet. Quantum confinement of electrons in
a dielectric material leads to modification of emeband structure of the dielectric material.
Influence of particle size of BaTghanoparticles on optical band gap is observelderptevious
chapter. The modification of energy band structitecause a variation in the dielectric constant.
This will further lead to a size dependant linead aonlinear optical property in nanoparticles. A
full theoretical understanding of the mechanismipé dependent optical nonlinearity of dielectric
would require further more detailed examinatiomlifierent contributions to the nonlinearity and

its temporal response.
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Fig. 3.9: Variation of two-photon absorption coefficient B&TiOs nanoparticles with size. The

red line over the points is a guide to eye.
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3.4. Summary

An automated Z-scan measurement set up is developtt laboratory and standardized by
measuring the nonlinear refractive index of RhodeyB dye. Nonlinear absorption coefficient
of BaTiOs nanoparticles of different sizes dispersed inletig/ glycol solution is determined from
the open aperture Z-scan transmission curve. Thdtseshow an increase in the nonlinear optical
absorption coefficient of BaTi#onanoparticles with the decrease in size of th&égbes. Though

an increase in the optical nonlinearity Bag@anoparticles have been reported earlier, theeptes
work presents systematic study of nonlinear abswrmif nanoaprticles of different sizes carried
out under identical conditions. The variation e tnonlinear optical coefficients of BaBO
nanoparticles with size could be due the changéseienergy band structure due to the quantum
confinement effectdMore detailed investigations of the nonlinearitydats temporal response
would be required to fully understand the mecharo$the nonlinearity and it size dependence.
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Chapter 4: Tuning the nonlinear optical absorption in
Au/BaTiOs nanocomposites with gold nanoparticle
concentration

4.1. Introduction

Nanocomposites have attracted much interest imntegears due to their superior linear and
nonlinear optical properties. When two materiass@mbined to form a nanocomposite it is often
possible to choose the parameters in such a wayhd@omposite possess properties superior to
those of the constituent materials [172-174]. Mdkwarnet [175] studied the linear optical
properties of small amount of spherical inclusioatenials in a host matrix and found that the
effective dielectric constant of the composite awjseon the fill fraction of the inclusion material
and dielectric constants of both of the constitse@ipeet al. predicted the conditions for
nanocomposites in the Maxwell Garnet geometry ®spss higher nonlinear susceptibility than
the constituent materialfl72,173]. This property of nanocomposites to modify its icgdt
properties based on morphological parameters willugeful in a variety of fields such as laser
technology, optical communication, data storage amedical diagnosticq176]. Optically
transparent dielectric materials like Ba%i@rm excellent host matrices for nanocomposites.
BaTiOs is a highly photostable material having large mogdr optical susceptibilities at the visible
and infrared spectral region and thus have potdotiapplications in a variety of fields [132,161—
163,177-179]. Applications of BaTihanoparticles as potential biocompatible label teesn
demonstrated recently in second harmonic imagiB§,[180,181] and photothermal imaging using
infrared excitation182]. Further, because of the intrinsic capabilityhsd perovskite structures to
host ions of different sizes, it is possible to@omodate a large number of dopants in the BaTiO
lattices. Metal nanopatrticles are one of the prorgignclusion materials in nanocomposites due
to their unique nonlinear optical properties at sheface plasmon resonance wavelength. These
nanoparticles can easily be incorporated in tdBd€iO: matrix by sol-gel method or pulsed laser
deposition. Enhancement of nonlinear optical priogerof amorphous BaTtOmatrix by the
addition of different metal nanoparticles suchib&s[113,115], iron[123], rhodium[111], cerium

[183,184] and gold [23-27] are reported in the literaturbe§e composites show interesting

84| Chapter 4



nonlinear optical properties with the magnitude aigph of the nonlinearity depending critically
on the fill fraction of the nanoparticlg15]. Among the various nanoparticle inclusions, gold
nanoparticles are of particular interest from tloenp of view of applications in the field of
nonlinear optics. Gold nanoparticles have plasnesomance absorption in the visible region of
the electromagnetic spectrum and Au/Bagi@nocomposites show fascinating optical properties
when excited near this wavelength. Further the amsk shape of gold nanoparticles can control
the surface plasmon resonance wavelength and aogrstiygithe nonlinear optical properties [187—
194].

Many groups have investigated the nonlinear proggerof Au/BaTiQ nanocomposites by
employing various experimental approaches such ssad-technique and optical Kerr effect
(OKE) experiment with different excitation wavelding and pulse durations [116—-118,185,186].
Otsukiet al.investigated the effects of size and shape of gaftparticle on the third order optical
nonlinearity of Au/BaTiQthin films prepared by sol-gel method and repoeetkcrease in®
with increase in the annealing temperafus]. The change ig @ is attributed to the change in
the size of gold nanoparticle and to structuralngjes in the BaTi@matrix. At the same time
Yanget al.observed an increasejf? values of Au/BaTi@thin films with increase in annealing
temperature and the samples showed ultrafast respuith delay times of 150 f$17]. Guohong
et al. measured the third order nonlinear susceptibityAu/BaTiOsz through off-resonance
femtosecond Kerr effect and modeled the partide dependence of the nonlinearity using Mie
scattering theory[185]. Liu et al. reported ultrafast response time and large thirdero
susceptibility of Au core CdS shell nanoparticlesbedded in BaTigxhin films [186]. Ninget al.
fabricated hexagon shaped Au nanoparticle arraysedded in BaTi@matrixby using double
layer nanosphere lithography and pulsed laser degpo$PLD) and nonlinear optical properties
of films are measured by a Z-scan technifjug]. W Wanget al. studied the nonlinear optical
properties of two gold concentrations in the Bafli@atrix prepared by PLD with Z-scan
technique and found that at high metal concentrattee coupling factor (Iny®)/Re¢®))
increases significantly195]. In another work W Wang@t al. reported the change in sign of
nonlinear absorption and nonlinear refractive index Au/BaTiO; samples with same gold
concentration but with different morphology of galdd BaTiQ[122]. The large variatiom the

nonlinear optical susceptibility of Au/BaTiOnanocomposites found in these experiments is
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attributed to the enhancement of the local ele@igid near the metal nanopatrticles by the presence

of dielectric medium.

The nonlinear optical studies reported so far ofBalliOsz nanocomposites mostly deal with gold
nanoparticles in amorphous Bati@atrix. The literature shows differing reportstba variation

of nonlinear optical properties with annealing temgture and the dependence of the nonlinearity
on particle size or fill fraction is still not wedtudied. In particular there is a glaring lackdata

on the influence of molar ratio of Au/Ba in Au/B&&icomposites on its nhonlinear properties. The
molar ratio of Au/Ba is a central parameter thaulsallow one to tune the nonlinear absorption
in Au/BaTiOz nanocomposites, an important property useful inynaevice applications. In this
work we synthesized pure BaTi@anoparticles and gold nanoparticles incorporatgstalline
BaTiOs films having three different fill fractions usirsgl-gel technique in identical fashion. The
third order nonlinear optical susceptibilities bétfour sets of samples are measured using open
aperture single beam Z-scan technique. The natur@minear absorption and the absorption
coefficient @) is determined from the Z-scan transmittance canathe dependence [pbn the

fill fraction of gold nanoparticles is comparedthat predicted for nanocomposites in Maxwell
Garnet geometry.

4.2. Nanocomposite geometry

The linear and nonlinear optical properties of ramaoposites, with length scales such as the size
of the nanoparticle and distance between them adhremaller than the wavelength of light, can
be modeled with an effective medium approach witleffective dielectric constafit72,173,175].
There are mainly three types of nanocomposite tstreis which comes under the criteria of
effective medium approadh72]. They are Maxwell Garnett geometry, Brueggemagontetry

and layered composite geometry.

4.2.1. Maxwell Garnett geometry

In Maxwell Garnett geometry small amount of spharinclusions are embedded in a host matrix
as shown in the figure 4.1. Maxwell Garnet studlesllinear optical properties of small amount
of spherical inclusion materials in a host matrxl @onfirmed the effective dielectric constant of
the composite depends on the fill fraction of thausion material and dielectric constants of both

constituents.
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Fig. 4.1: Maxwell Garnett geometry

4.2.2. Brueggemann geometry

In Brueggemann geometry two components are intenia form a nanocomposite as shown in

Fig. 4.2: Brueggemann geometry nanocomposites

figure 4.2.

4.2.3. Layered composite geometry

The layered geometry is formed with alternate layartwo different materials having different

linear and nonlinear optical properties as showfigure 4.3.

Fig. 4.3: Layered geometry nanocomposites
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4.3 Effective medium model

Sipeet al.and Boydet al. predicted the conditions for nanocomposites te@ss higher nonlinear
susceptibility than the constituent material®,173]. They have considered the nanocomposite as
an effective medium with dielectric constagt for the calculation of propagation of light inside
nanocomposite rather than with individual dielectonstants; for inclusion material anehn for
host matrix. This condition is valid since the side¢he nanoparticle and their distances are much
smaller than the wavelength of light and the sdatjedue to the inhomogeneous nature of the
composite is insignificant. A typical system undensideration is a nanostructured composite in
which a linear or nonlinear nanopatrticle is embedotea host medium which is of linear or
nonlinear in nature. The inclusion particles indide matrix create inhomogeneity in the matrix.
This will generate sharp changes in the refradtidéces inside the matrix around the inclusion
particle. So, the electromagnetic field distribatimm the nanocomposites will be completely
different from that of the homogeneous matrix. Sitize nonlinear polarization depends on the
spatially inhomogeneous electric field, it will ate changes in the nonlinear optical properties of
the composite matrix. This can be explained in seohlocal field effects. Local field is the
effective field that acts to polarize an individuableculg/172]. Local field ¢,;,.) can be expressed

as follows

s
Eioc =E +? P (41)

whereE is the macroscopic field arRlis the polarization

The total response of the system can be found gmp@ng spatial average over the total system.

According Lorentz-Lorenz law
e=1+4+4nLNa (4.2)

wheree is the linear dielectric constantjs the atomic polarizability, L is the local fiettrrection

factor and N is the number density of molecule. beal field factor can be written §&72]

1 _5+2

L = =
1-%nNa 3 (4.3)
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This model can be extended to find the nonlinedrcabproperties of nanocomposites. The
nanocomposites we are interested is thin films lctv metal nanoparticles are embedded in a
dielectric matrix. The smaller concentration of mygaspherical metal nanoparticles inside
dielectric matrix can be considered as Maxwell @ageometry. According to Maxwell Garnet

the effective dielectric constant.f;) of the composite film is given b§173,175]

Eeff = €n (%) (4.4)

Ei—E&
where f = €L‘+—2:h

wheref is fill fraction of inclusion materialg; ande, are the linear dielectric constants of the
inclusion and host materials. If we consider thay dhe inclusion material is nonlinear, then the

total displacement (D) for inclusion can be writtes)

D; = &E; + 4nPN* (4.5)

whereP'" is the nonlinear polarization for inclusion giviey,

. B: i} 4.6
PNt = A; (B EDE; + ?l(Ei-Ei)Ei o

HereA; andB; are the nonlinear response coefficients of thkigion material. Similarly, using
an effective medium concept, we can write similguation for the composite also. The total
displacement for the composite is,

Der = errE + 4mPeyy (4.7)

where, P = App(E.E*)E + %(E. E)E* ande., is the effective dielectric constant.

If we consider that only the inclusion materiah@nlinear and the host matrix responds linearly
to the optical field, the effective nonlinear coe#nts for the composite film is given by [172],
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et 2 2[e+2£h]2

g + 26l e + 2, T (4.8)
B=f £+ 2¢, 2[s+2£h]2B

g + 2, Leg + 26,1 T (4.9)

where,A andB; are the nonlinear response coefficients of thiugian. In our sample selection
the assumption, only the inclusion material is m@dr is true for the fact that the dielectric host
nonlinear response is very less compared to thesion material. Under this assumption, the third

order optical nonlinearity of our samples may bétem as [172,173]

£+2&p 2

2
(£+28h) r(—w; w,0,-w) . (4.10)

Eit2ep

3(_ /- _ —
X ( w; W, w, 0)) f Eit2ep

Similarly, one can derive the nonlinear coefficgefdr the nanocomposite structure where only
the host response nonlinear to the incident etedigld. In the case where both the host and
inclusion material respond nonlinear to the inctdgpstical field the effective nonlinear response
coefficients for the composite can be obtained bymeing the two contributions. From the
equations it is clear that at certain conditioreseffective nonlinear susceptibility of the compesi
can be higher than that of either of its constitsieh is evident from the experiments that thie fil
fraction or the concentration of metal nanopartplkeys an important role in the modification of
nonlinear coefficients of the composites. Thisiaptb tune nonlinear coefficients of metal nano-
composites with metal nanoparticle concentratiodl Wwe useful in many optical device
applications.

4.4. Results and discussion

The synthesis and characterization of the BaTith films and Au/BaTi@ thin films explained
in chapter 2 is briefly mentioned below. Ba%ithin films and Au/BaTiQthin films are prepared
by sol-gel technique from precursor solutions of & and gold nanopatrticle prepared separately.
2.55 g of barium acetate is added in to a stirre@disolution of acetic acid (10ml) and 2-methoxy

ethanol (10ml). After 30 min of stirring, approggamount of acetyl acetone is added to stabilize
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the solution. 3.4 ml of titanium butoxide is addedhe solution and stirred for another 30 min.
Finally, the solution is filtered through a 0.22 fitter paper and aged for one week in vacuum to
form BaTiQs precursor solution. Gold nanoparticles are prephyeditrate reduction method. 20
ml of 24.3 mM HAuCI solution is prepared in distilled water and keptdtirred boiling. To the
boiling solution quickly added 2 ml of 1% solutiof trisodium citrate dehydrate. Stop boiling
once the solution turns deep red. Desired amougoldf nanoparticle solution is injected in to the
BaTiOs precursor solution and mixed well to form a umfiosolution. BaTi@ thin films and
Au/BaTiGs thin films are prepared on a microscopic quartes]76 x 26 x 1 mm) by spin coating.
Spin coating is done by SCU-2007 (APEX Instrumeatd model spin coating unit. 1 ml of the
mixed solution is poured on the quartz slide anatexd by rotating at 1500 rpm for 30 s. The
coated film is then dried at 6C for 10 minutes and successively heat treate8@RQ for 1 hour

in the nitrogen atmosphere.

The absorption spectra of the samples are meabyradJV-VIS absorption spectrophotometer
(JASCO V-570 UV-VIS-NIR) in the 400-800 nm wavelémgange. The crystal structure of the
BaTiOz and Au/ BaTiQ films was studied by X-Ray Diffraction (XRD) tealjune using Cu-l&
radiation (Rigaku Miniflex Il Desktop X-Ray Diffréameter). The high-resolution transmission
electron microscope (HRTEM) images of BaT#&hd Au/ BaTiQ are taken by a FEI make Tecnai
G2, F30 machine. The thin films were scratchedfiaunh the quartz slide and coated on top of a

copper grid for taking HRTEM image.

4.4.1. Nonlinear absorption in BaTiOs3 thin films and Au/BaTiOs thin films

Nonlinear absorption of Au/ BaT#2hin films with different molar ratio of Au/Ba studied by a
single beam open aperture Z-scan technique. I thgseriments the sample is moved along the
focal region of a lens and the transmitted intgnsitcollected by a photodiode. The nature of
nonlinear absorption and absorption coefficient) (s determined from the transmittance curve.
A frequency-doubled Q-Switched Nd:YAG laser haviagulse width of 5 ns at 532 nm
wavelength is used for the open aperture Z-scgnaAoconvex lens of focal length 10.75 cm is
used to focus the laser beam and the focal spaigasl 10 um. The Rayleigh length is 0.6 mm
and the on-axis peak intensity of the laser afdhas is 4.8 x 18 W/m?.
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The nonlinear absorption of the quartz slide usesudstrate is measured by open aperture Z-scan
technique. The quartz slide does not show any neati absorption at 532 nm for the energy
selected for the measuremenfthe sample thickness is estimated from the absorgpectra to

be 25 um. Figure 4.4 (a), (b), (c) and (d) shovesapen aperture Z-scan transmittance curve for
BaTiOs and gold embedded BaTi@anoparticles with Au/Ba molar ratio of 1.6/10(%/200 and
4.8/100 respectively. All graphs show a normalizexhsmittance valley which indicates the
presence of nonlinear absorption in the samplesugg a Gaussian beam profile, the

normalized beam transmittance in open apertureai-san be written g$96],

1 « 2
T(z) = f In|1+ qo(2)e™ " |dt (4.11)

‘/ECIO(Z —oo [ ° ]

where,
g0 = zloLesy
0~ 2 4,12
1+25 (4.12)
Zo

a, 1S two-photon absorption coefficier, is peak on axis irradiance at the focus, z istjposof
the sample with respect to the focus of the lenss Rayleigh length anfl, ¢, is effective length

of the sample.

1—e %
Less = - (4.13)
where,L is actual length of the sample ands linear absorption coefficient.
For|qy| < 1, the transmittance equation can be rewritten mreation form,
[ele) _ . m

L (m+1)3/2
m=0

and we may restrict the summation to m = 1. Thdinear absorption coefficient is determined

by fitting the equation (4.14) witm = 1 to the transmittance data of the open aperturead-s
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Fig.4.4: Open aperture Z-scan traces of (a) Bafi@n films and Au/ BaTi®thin films having
Au/Ba molar ratio of (b) 1.6/100 (c) 2.5/100 (d3A4.00.

The two-photon absorption coefficient estimatedescribed above for pure BaBi@®in films is
(1.0 £ 0.1) x 1 m/W. The two-photon absorption coefficient measufmrdsamples of 1.6/100,
2.5/100 and 4.8/100 Au/Ba molar ratio are (1.52) 8.10° m/W, (2.0 £ 0.1) x 18 m/W and (3.2
+0.2) x 10°m/W respectively. Figure 4.5 shows the variatiotwaf-photon absorption coefficient
with gold concentration in the Au/BaTidilms. The data shows an approximately linearease

of nonlinear absorption coefficient of Au/BaT@ith the increase in volume concentration of

gold nanopatrticles. Since tlwencentration of nearly spherical gold nanoparticlé&u/BaTiOs
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films is low, we can consider the sample to be axiell Garnet geometrccording to Maxwell

Garnet [175}he effective dielectric constant of the compo8iie is given by,

_ 1+2Bf) _ &€
Eeff = &n ( 57 ) Wheref = Ty

wheref is fill fraction of inclusion materialg; ande, are the linear dielectric constants of the
inclusion and host materials. The composition ddpat nonlinear optical properties of
nanocomposites have been theoretically analysaetail by different groups [172-174,197] . The
nature and magnitude of the nonlinearity depenttisalty on the nonlinear optical properties of
the host as well as the inclusion materials. Indhge where the host does not show nonlinear
behavior, the third order nonlinear optical susitéliyy °(-o; ®, o, -o) of the composite is given
by,

Eefft2ep
git2ep

2 260\ 2
Xs(—a)' w, , _w) _ f (Eeff+ En

3 (—/: —
Si+28h) Xm( w; @, @, w)

where y3,(—w; w, w,—w) is the third order nonlinear optical susceptipilof the inclusion
material. The third order optical nonlinearity chBOs nanoparticles at 532 nm is of the order of
10° esu [113,179,183] while that of gold nanopartislef the order of 10esu [119,191,193].
Hence for simplifying the analysis we may assunat the BaTiQ matrix show linear behavior
in comparison to the nonlinearity of gold nanopes. Further since the fill fraction used in the
experiment is very small, the effective dielectianstant will be approximately equal to that of
the host. Under this assumption, the third ordeicapnonlinearity of our samples is expected to
increase linearly with fill fraction in qualitativegreement with the behavior shown in figure 4.5.

Sample | Au/Ba Ratio (x 1%) a, (x 10°m/W)
1 0 1.0+0.1
2 1.6 1.5+0.2
3 2.5 20+0.1
4 4.8 3.2+0.2

Table4.1: Dependence of Au/Ba molar ratio on the two-photaesoaption coefficient of the

Au/BaTiOs nanocomposites.
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Fig.4.5: Variation of two-photon absorption coefficient wihu/Ba molar ratio in the Au/ BaTtO

nanocomposite films.

4.4.2 Nonlinear refraction in BaTiO3 thin films

The nonlinear refractive index of BaTi@hin film is measured by a closed aperture Z-scan
geometry. A femtosecond mode-locked Ti:sapphirerlagstem (Mira 900, Coherent) operating

at 76 MHz, wavelength 750 nm is used for the Igdurce for the Z-scan. The laser pulse width
measured by an autocorrelator is 120 fs. The fiecajth of the lens used is 50 mm. The beam
diameter before the lens is 2 mm and the radidscats was 11.65 um. The transmitted beam
energy and the reference beam energy are measueetlydby using photodiodes and their ratio

was taken. The Z- scan curve is normalized by uiagransmittance when the sample is kept far

away from the focus. The sample thickness is estidiom the absorption spectra to be 25 um.
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Figure 4.6 shows the closed aperture Z-scan curBabiOs thin film. The Z-scan trace indicates
positive nonlinear refractive index. Since a wawelth of 750 nm, away from the absorption edge

is chosen the nonlinearity could be primarily ohresonant origin.

For obtaining the nonlinear refractive index we fit the nonlinear refraction curve, by the
formula,

4Apox
(x2+9)(x2+1)

T(z,A¢py) =1 — , X =2/z

HereT(z,A¢,) is the normalized transmittance anglis the Rayleigh length. Here it is assumed

that the primary contribution to the nonlinearitisas from third order effects.
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Fig. 4.6: Closed aperture Z -scan data for Badtfin film. Solid line is the theoretical fit.

The transmitted beam energy and the reference baamy are measured by two photo detectors.
The linear transmittance of the far field apertBrelefined as the ratio of the pulse energy passing
the aperture to the total energy, is measured ePeak power at the focus is calculated as 21

GW/cntand the on axis nonlinear phase siitb, obtained from the theoretical fit was 0.35. The
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nonlinear refractive indexorof the BaTiQ thin film calculated from the above data is 7.920x
4 cm? /W.

4.5 Conclusion

In summary BaTi@and Au/BaTiQ thin films with different molar ratio of Au/Ba agepared
successfully by sol-gel method and characterizeX-ogy powder diffraction, optical absorption
spectroscopy and HRTEM. The two-photon absorptioefficient of the composite films is
determined by the single beam open aperture Z+swthod at a wavelength of 532 nm using a
5 ns pulses from a frequency-doubled Q-SwitchedYN& laser. Au/BaTi@ nanocomposites
shows enhanced nonlinear optical absorption wigthrtbrease of gold nanoparticle concentration
in qualitative agreement with that predicted foe tlaxwell-Garnet geometry. The property to
tune the nonlinearity is important from the poiftveew of applications in many devices. In the
present work we have restricted the fill fractidrgold nanoparticle to 4.8/100 due to coagulation
of the sample which is a limitation of the curreynthesis procedure. It is possible to further
increase the fill fraction by suitably modifyingrsple preparation methods and efforts are on to

achieve this.
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Chapter 5: Photothermal characterization of Au/BaTiOs
nanocomposite films

5.1 Introduction

In the previous chapter we discussed the nonliogtical properties of Au/BaTi€hanocomposite
films. We presented the results on the nonlineticalabsorption and showed that the two-photon
absorption coefficient of Au/BaTi nanocomposite films increases with increasing the
concentration of gold nanoparticles in the film.that work the increase in the concentration of
gold nanoparticles was deduced from the Au/Ba mmal@o in the precursor solution from which
the films were prepared. We confirmed the presehgeld nanoparticles in the film by analyzing
the transmission microscopy images of the film, et could not quantify the distribution of
nanoparticles in the film. This was primarily dwenion-availability of appropriate nondestructive
characterization tools that can readily determin@edistribution of gold nanoparticles in the films.
Though scanning electron microscopy can, in priecigharacterize thin composite films, in
practice it is a difficult task due to specific gampreparation requirements and the limited area
of scanning possible. In comparison optical micopsc techniques provide a simple and readily
available characterization tool that can achiewgedaarea scanning with very little sample
preparation. However, since gold nanoparticlesnagekly fluorescent it is almost impossible to
detect gold nanoparticles in a dielectric hostgimorescent microscopy. It is in this contextttha
the recently developed photothermal microscopy 282] which is a promising technique to
characterize nonluminescent nanoparticles recenechttention. Photothermal microscopy has
received enormous attention from researches imte@sars due to its potential in bimolecular
imaging [203—205]. This is particularly so becaasthe limitation of the widely popular confocal
fluorescence microscopy due to the photostabitity phototoxicity of dye labels employed [1,2].
Photothermal imaging using gold nanopatrticles coaly well be a successful alternative imaging
technique in biology and biomedical research.

In this chapter we report on the development oingoroved photothermal microscope to detect
gold nanoparticles and extend the application ef tdchnique to a hitherto unexplored area:
characterization of metallic nanoparticle in aeadtic matrix. We first discuss the basic principle

of photothermal microscopy, present experimentsiiite on the detection of gold nanoparticles
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having size as small 5 nm and demonstrate capabilif the photothermal microscopy as a
characterization technique for material sciencee Tghotothermal images of Au/BaTHO

nanocomposite films with different molar ratio ofil8a are taken and the density and distribution
of gold nanoparticle in the films are compared. Thethod reported here provides a general

nondestructive tool to test the presence of metalinoparticles in scattering background.

5.2 Photothermal microscopy

Mie theory predicts that the scattering cross saatif spherical particles in the nanometer range
decreases as®Rvhile absorption cross section decreases only*aédRa result scattering based
detection methods are ineffective in detecting panticles having size much less than the
wavelength of light. Absorption based detection hmds are handy in such experiments.
Photothermal microscopy, an absorption based ingatggohnique which relies on the thermal
distribution around a nanoparticle to detect thelimws detection of single sub-resolution sized
and non-luminescent nanoparticles with high sensiti This is because, in the absence of
fluorescence, non-radiative relaxation processewimites and excitation with an absorbing
radiation results in a temperature change in tm@particle and its immediate surroundings. This
change in temperature causes a refractive indediggraaround the nanoparticle and can be
detected using an appropriate sensor. Photothenraedscopy maps this refractive index gradient
by employing a second non-resonant probe beam amdtaoring the change in the scattered
intensity of the probe beam. Photothermal microgdsghus a pump-probe detection technique
where one detects the pump induced temperaturativeriaround a nanoparticle using a probe
beam. This method of detection of nanoparticldses from photobleaching or blinking effects,
and thus can be potential alternative for fluorasb@ased microscopic techniques.

Gold nanoparticles are one of the promising candgitnat can be used as a label in photothermal
microscopy. This is primarily due to its unique iopt properties exhibited near the plasmon
resonance wavelength. Gold nanoparticles show gtedssorption in the plasmon resonance
wavelength, around green region of the spectruntesjgold nanoparticles are weakly fluorescent,
most of the absorbed energy is released as themeady, which is a highly desirable measure for
a photothermal label. Detection of gold nanopatiaising photothermal microscopy has been
reported recently [198—202]. Berciaatlal. havesucceeded in the detection of gold nanopatrticle

of size as small as 1.4 nm with photothermal heltgre imaging [202]. Photothermal effects in
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gold nanorods have besuaccessfully employed in cancer cell imaging atelcsige photothermal
cancer therapy im vitro conditions [203,205]Applicability of photothermal microscopy using

gold nanorods in biomolecular imaging has been daestnated by Tongt al.[204,206].

Apart from its potential as a biomolecular imagteghnique, photothermal microscopy can have
potential applications in many other areas. Fomgda, the technique can be used to detect
uniformity and defects in metallic coating suchogsical mirrors. It can also find applications in
the characterization of semiconductor wafers bgyhg the thermal profile upon excitation. In
the present work we employed photothermal microgdopcharacterize gold nanopatrticles in
Au/BaTiOs composite films. We employed laser scanning ntetbaaster scan the pump-probe
beams over the sample and high signal to noise iraages of gold nanoparticles in Au/Ba%iO
nanocomposite are acquired at fast timescalespixti dwell time of 8Qus. The method provides

a nondestructive tool that would allow the detettamd characterization of nanoparticles in a
dielectric environment. The following sections diss the sample preparation methods and the

experimental setup employed for photothermal imggin

5.3 Sample preparation

Three types of gold nanopatrticles are studied bgguphotothermal microscope. The gold
nanoparticles having an average size 5 nm (Prddoct1402) and 10 nm (Product NO. 1527)
used for photothermal imaging are purchased fragm&iAldrich. Third sample, gold nanoparticle
having average size of 25 nm, is prepared in ther&ory by citrate reduction method and size is
measured using scanning electron microscope. Thelea are diluted by a factor of 1:10 using
double distilled water and sonicated for 30 mine Bamples for imaging are made on a clean
microscopic coverslip of 22 mm x 22 mm area. Theecslips are cleaned by using chromic acid
followed by running water and double distilled wat€he gold nanoparticle on microscopic
coverslip is made by spin coating. Approximately,2@f the diluted gold nanoparticle solution
is added on top of a microscopic coverslip fixedrasample holder of spin coater and spin coated
at 4000 rpm for 60 seconds. The samples are moumtdte microscopic stage of an inverted
microscope. The spinning speed and concentratigolof nanoparticles are optimized in such a
way that a uniform thin layer of isolated gold npadicles is formed on the coverslip. Water is
added on the coverslip before taking the image® Ab/BaTiQ nanocomposite thin films

prepared on quartz slide is kept upside down onnti@oscopic stage and protected with a
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microscopic coverslip from the oil immersion objeetof the inverted microscope for taking the

photothermal images.

5.4 Experimental set up

M/ N\ M2
/ - N
POl
D<]A0M
Verdi-
G5 ——S1
(532 nm)
~\ f\ L ﬂ M4
M3 N\ \J V)

PD pampeesf LIA
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He-Ne (632.8 nm) [ T 7
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M5 PC | & DAQ __.__X U Microscope
% SL
T 3

Fig. 5.1: Schematic of the Photothermal microscope. M1-MBrars, BS1-BS2: beam splitters,
AOM: Acousto-optic modulator, SL: scan lens, X,¥as mirrors, DAQ: data acquisition card,
LIA: Lock-in amplifier, DM: Dichroic mirror, PD: pbtodiode, PC: computer, BPF: band pass
filter, NDF: neutral density filter, S1: apertuiie, Telescope.

The experimental set up used for the photothermeloscope is depicted in the figure 5.1. The
samples prepared for photothermal microscopy idfi@n a sample stage of an inverted optical

microscope (IX 710lympus Corporation). A solid-state laser havingavelength of 532 nm is
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used as a pump beam and a He-Ne laser having dengtle of 632 nm is used for the probe
beam. An acousto-optic modulator is used to modulla¢ pump beam at desired frequencies.
Pump modulation frequency used is 115 kHz in tRfgeeiment. Both pump and probe beams are
made collinear and directed to the sample kept mmoscope stage by using proper filters and
mirrors. A galvanometric scanner consisting of Xl &mirrors are used to raster scan the beam
over a desired area on the sample. X and Y miobtee galvanometric scanner oscillated with
certain frequencies of sawtooth waves to scaneéhenb The backscattered probe beam descanned
by the galvanometric scan mirrors is filtered amdated to the detector. A balanced photo diode
is used as the detector and the detected siggalda to a lock in amplifier. Pump induced small
variation in the probe beam intensity locked atrttlulation frequency is detected by the lock in
amplifier. National instruments data acquisitiondcé251 is used for controlling the scan mirrors
and collecting the output signals from the lockamplifier. NI-LabVIEW software platform is
used for interfacing the scan mirrors and detecfbine data acquision rate used is 1.25 MHz. A

512 pixels x 512 pixels images are acquired insg@s@mploying 8@s integration time.

5.5 Results and discussion

Photothermal images of free standing gold nanapestin water are first acquired to standardize
the set up and make sure that we are detectindesgudd nanoparticles. Figure 5.2 (a) shows
photothermal images of gold nanoparticles with\arage size of 10 nm and 15% distribution in
size, spin coated on a microscopic coverslip. A pik2ls x 512 pixels image is acquired in 20
seconds corresponding to a pixel dwell time of180The pixel size used4s50 nm. The images
are acquired using pump power of 2 mW and probeepai 1 mW. Double distilled water is
added to the sample before taking the images. Visategood photothermal medium and it helps
in removing scattering from the glass air interfadee signal to noise ratio (SNR) in the image is
43. The SNR is measured as the ratio of the phetathl peak intensity to the standard deviation
of the background. While taking each of the imaigegas verified that the photothermal signal
disappears when either of the beams is blockeallyemaking sure that no spurious scattered
image is detected. Figure 5.2 (b) shows the ps8idmnage of one of the particle shown in the
figure 5.2 (a). Figure 5.2 (c) shows the phototredreignal profile of one of the particle in the
figure 5.2 (a). The FWHM of the plot profile giveee resolution of the photothermal microscope.

The FWHM measured is 190 nm. In order to furtherfico that we are indeed detecting single
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nanoparticles, we compared the intensity distrdoutrf the particles in the image to that of the
size distribution of the gold nanoparticles. Sitlee photothermal intensity should scale with the
volume of the patrticles, the corresponding phototia intensity distribution is expected to be
three times that of the particle size distributiigure 5.2 (d) shows the photothermal intensity
histogram of 10 nm gold nanoparticle with a sizgréhution of 15 %. The percentage distribution
in intensity is 47+6 % in agreement with expectatle. We further tested the capability of the
photothermal microscope to detect a smaller sitgnoparticle, 5 nm. Figure 5.3 (a) shows the
photothermal image of gold nanopatrticles havingnagrage size of 5 nm with a size distribution
of 15 % prepared on a microscopic coverslip by spating at 4000 rpm for 30 s. The pump and
probe powers used at the sample is 3 mW and 1 nspéctively. The SNR in the image shown
is 38. Figure 5.3 (b) depicts the pseudo 3D imdgme of the gold nanoparticle having an average
size of 5 nm corresponding to the thermal proféaeyated. Figure 5.3 (c) shows the photothermal
signal profile for a 5 nm single gold nanopartidiee FWHM of the plot profile is 170 nm. Figure
5.3 (d) shows the photothermal intensity histogEd nm gold nanoparticle. As expected the
percentage distribution in intensity is found to3ie:9 %.
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Fig. 5.2: (a) Photothermal image of gold nanoparticle haangverage size of 10 nm with a 15%
distribution in size spin coated on a microscomeesslip at 4000 rpm for 30 s. The pump and
probe powers employed for taking images are 2 m@ lamW respectively. Water added on
coverslip act as the photothermal medium. The SNfRevimages is 43. (b) Pseudo 3D image of
one of the gold nanoparticle shown in (a) correspumn to the thermal profile generated. (c)
Photothermal signal profile of one of the 10 nndgmdnoparticle in figure (a). The FWHM of plot
profile is 190 nm. (d) Photothermal intensity hggtoam of gold nanoparticle of 10 nm. The
percentage distribution in intensity is 47 + 6 %.
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Fig. 5.3: (a) Photothermal image of gold nanoparticle witerage size 5 nm and a distribution of
15% in size, spin coated on a microscopic coverdligh000 rpm for 30 s. The SNR in the image
shown is 38. (b) Pseudo 3D image of single goldparticle corresponding to the thermal profile
generated. (c) Photothermal signal profile of ssnghld nanoparticle in the photothermal image.
The FWHM is measured is 170 nm. (d) Photothermt@nisity distribution histogram of gold

nanoparticles with a 5 nm average particle size. @drcentage distribution in intensity is 51+9%.
Since the photothermal intensity scale with voluofeparticle, the intensity distribution is

expected to be three times that of the particle digtribution.
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The gold nanoparticles used in the study of Au/BaTianocomposite is further investigated with
photothermal microscope. The gold nanoparticleyighesized by citrate reduction method and
characterized by scanning electron microscopy. avexage particle size measured from SEM
images is 25 + 4 nm. The figure 2.16 (a) showirgg3EM image and (b) particle size distribution

is reproduced as figure 5.4 (a) and (b).

[
N
o

Number of particles

Size of particle (nm)

Fig. 5.4: (a) SEM image of the gold nanopatrticle prepanetl&BH: reduction method. (b) Shows
the particle size distribution measured from SEMge The red line indicates the Gaussian fit.

The particle size measured is 25 nm + 4 nm.

Figure 5.5 (a) shows the photothermal image of galdoparticles having an average size of 25
nm synthesized by citrate reduction method. A filims of gold nanoparticle is prepared on a
microscopic coverslip by spin coating at 4000 rem30 s. The pump and probe powers used for
the study are 2 mW and 1 mW respectively. The SNR@images shown is 56. Figure 5.5 (b)
depicts the pseudo 3D image of single 25 nm golibparticle corresponding to the thermal
profile generated. Figure 5.5 (c) shows he photatlésignal intensity profile corresponding to a
single gold nanoparticle. The FWHM of photothermm&nsity profile is 200 nm. Figure 5.5 (d)
shows the photothermal intensity distribution hgséon. The percentage of distribution in intensity

is found to be 899 %, which is in accordance \ilign expected value.
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Fig. 5.5: (a) Photothermal image of gold nanopkrod average size 25 nm synthesized by citrate

reduction method spin coated on a microscopic ahpeat 4000 rpm for 30 s. The pump and

probe powers used for imaging are 2 mW and 1 m\fetzely. The SNR in the images shown

is 56. (b) pseudo 3D image of single 25 nm goldopanticle corresponding to the thermal profile

generated. (c) photothermal signal intensity peofibrresponding to a single gold nanoparticle.

The FWHM of photothermal intensity profile is 20éhn(d) shows the photothermal intensity

distribution histogram. The percentage of distiifnuin intensity is found to be 89+9 %, which is

in accordance with the expected value.
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Au/BaTiOs nanocomposite films with different Au/Ba molar icatare prepared by sol-gel
technique and characterized by X-ray diffractometf-VIS-NIR absorption spectrophotometer
and high-resolution transmission electron microscophe details of the preparation and
characterization of Au/BaTi&nhanocomposite films is given in chapter 2, secBidn Au/BaTiQ
nanocomposites having Au/Ba molar ratios, 1.6/19®/100 and 4.8/100 are imaged by
photothermal microscopy. Photothermal images offilee sets of samples are acquire as detailed
above. In all samples, images of 4@ x 40um area of the sample is acquired. A 512 pixel x 512
pixel image is acquired in 20 s with a pixel in#grn time of 8Qus. The pixel size used is 80 nm.
Figure 5.6 shows the photothermal image of Au/BaT@&nocomposite thin film having Au/Ba
molar ratio of 1.6/100. From the images it is climat the distribution of gold nanoparticles is not
uniform in the films. Moreover, it was looking like cluster of gold nanoparticles at some
particular area surrounded by an area devoid af gahoparticles. This was due to the fact that
injected gold nanoparticles in the Bagi@recursor solution was not mixed well due to tlghh
viscosity of the precursor solution. In order tophove the uniformity of the sample we further
improved the sample preparation. We controlled/tbeosity of the precursor solution by varying
the amount of acetyl acetone added. The gold naticlpanjected BaTiQ@ precursor solution is
mixed well in a cyclomixer. This helps in prepaoatiof films with better uniformity. Figure 5.7
(@), (b), (c) and (d) shows the photothermal imagédour different areas of Au/BaT#O
nanocomposite film having Au/Ba molar ratio of 1@3. The photothermal image of four well
separated areas looks similar, which shows theoumify of the sample with respect to the
concentration of the gold nanopatrticle. Figure @B (b), (c) and (d) shows the photothermal
image of four different areas chosen on the Au/BaTianocomposite film having Au/Ba molar
ratio of 2.5/100. The image shows a4 x 40um area of the sample. Figure 5.9 (a), (b), (c) and
(d) shows the photothermal image of four differ@mas chosen on the Au/Baki@anocomposite
film having Au/Ba molar ratio of 4.8/100. The imagjgows a 4@um x 40um area of the sample.
All the images are acquired by employing a pumpegrosé 3 mW and probe power of 1 mW. A
modulated beam having wavelength 532 nm is usédeapump beam and a CW beam having
wavelength 632 nm is used as probe beam in thiy stiso. BaTiQ@ nanopatrticles do not absorb
any of these wavelengths of light and are not detem the images. Gold nanoparticles on the
other hand absorb 532 nm wavelength and gives istageugh photothermal effect. The red spots

in the images shown in figure 5.6, 5.7, 5.8 andaseéthus attributed to gold nanoparticles. We
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further confirmed this by taking the photothernmabge of BaTi@thin film. There were no spots
detected in the photothermal image of Badi@in film. Photothermal microscopy thus
independently verify the presence of gold nanoglartn the dielectric film and help us to identify
the density and distribution of particles inside fitm.

Fig. 5.6: Photothermal image of Au/BaT#@ilms having Au/Ba molar ratio of 1.6/100 prepared

without optimizing the dilution and uniformity. Thred dots in the films shows the presence of
gold nanopatrticles in the film. These photothermeges are used to optimize the concentration
of precursor solution and preparation methods.iflages are acquired by employing 3 mW pump

power and 1 mW probe power.
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Fig. 5.7: Photothermal image of Au/BaTianocomposite films prepared by sol-gel technique
with Au/Ba molar ratio of 1.6/100. (a), (b), (c)cafd) shows four different areas of the sample
randomly chosen to check the uniformity of the skemigach figure shows 512 pixel x 512 pixel
image taken on an area of g x 40um in 20 s. The pixel integration time is @9 and pixel size

is 80 nm. The pump and probe powers used for ingagie 3 mW and 1 mW respectively.
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Fig. 5.8: Photothermal image of Au/BaTianocomposite films having a Au/Ba molar ratio of
2.5/100. (a), (b), (c) and (d) are photothermal genaf four different area of Au/BaT{O
nanocomposite films. All four images show similandity of gold nanopatrticles in the film. 3
mW of pump power and 1 mW of probe power is useattyuire images. A pixel integration time
of 80 us and pixel size of 80 nm is used for making a pik2l x 512 pixel image of an area 40

um x 40pum of the sample.
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Fig. 5.9: Photothermal image of Au/BaTi®anocomposite film having Au/Ba molar ratio of
4.8/100. Four different areas (a), (b), (c) anddegpicts photothermal image of a gih x 40pum
area of the Au/Ba nanocomposite film. All four inesgshow similar distribution of gold
nanoparticles in the films. 3 mW of pump power &ndW of probe power is used to acquire the

photothermal images.

The photothermal images of the Au/Bati@anocomposite films give a good qualitative idéa o
the distribution of gold nanoparticle in the Au/B@% nanoparticle films. The photothermal
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images of all four randomly chosen areas of Au/BaThanocomposite of a particular Au/Ba
molar ratio gives similar images. This shows thdanmity of the Au/BaTiQ nanocomposite
films. The gold nanopatrticles are evenly distrilouite the films, which is a respectable feature in
a low-cost sol-gel synthesis method. It helps engisstematic study of the optical properties of the
nanocomposites. We further tried to get a qualaiidea about the concentration of gold
nanoparticles in the Au/BaT#gnanocomposite films by counting the number of spotthe
photothermal image. The average number of spotedfouthe photothermal image of Au/BagiO
nanocomposite films having Au/Ba concentration 6100, 2.5/100, 4.8/100 are 25, 54 and 107
respectively. The values show proportionate in@easthe density of gold nanoparticles in
concurrence with the Au/Ba molar ratio employedhe synthesis. The small deviation may be

due to the small area under consideration.

5.6 Summary

A photothermal microscope is developed to imagglsjmon-fluorescent gold nanoparticles by
optical techniques. Gold nanoparticles in watethveize as small as 5 nm are detected by the
photothermal microscope. Photothermal microscogedsessfully employed as characterization
tool for characterizing Au/BaTi©nanocomposite thin films. Photothermal images itieient
well separated areas of Au/Baki@®anocomposite films having a particular Au/Ba mao#dio is
taken and studied. The images show uniformity & distribution of gold nanoparticles inside
Au/BaTiOs nanocomposite films. A good qualitative undersiagdf the distribution of gold
nanoparticles in the BaTgOmatrix is obtained from this study. We further dsad the
concentration of gold nanopatrticles in the Au/Basitanocomposite films. We compared the
concentration of gold nanoparticles in the filmgresnumber of spots in the photothermal image.
We found that the concentration of gold nanopassialvas in agreement with the concertation
estimated from the sample preparation. Photothemialoscopy thus independently verify the
presence of gold nanoparticle in the dielectrienfiand help us to identify the density and
distribution of particles inside the film.
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Chapter 6: Two-photon photothermal microscopy:
Biomolecular imaging using BaTiO3 nanoparticle labels

6.1 Introduction

The ability to detect nanoparticles with high sigteanoise ratio in a scattering environments
qualify photothermal microscopy to be a potentiteraative to fluorescent microscopy,
particularly promising from the point of view of dmolecular imaging and biomedical
applications. However, photothermal microscopytsnpresent form makes use of linear optical
absorption and is not inherently confocal. Furtliee usage of gold nanoparticles as a label
necessitates the use of visible light having wawgle around 500 nm as pump beam. This
wavelength is not ideal for biomolecular imagingpecially in experiments that involve deep
tissue imaging, due to the absorption in biologtessues which ranges from 350 nm to 650 nm.
These drawbacks of conventional photothermal mampg advocate the use of two-photon
excitation induced thermal effects as a contrasthaeism in biological imaging. Optical
absorption in two-photon excitation microscopyastricted to the focal plane of the microscope.
Hence two-photon excitation microscopy is inherentbnfocal and would allow deeper
penetration. Advantages of two-photon excitatiaiofescence microscopy in three dimensional
and deep tissue imaging have already been demtats{a7,207]. Recently, Abeyasingbeal
successfully employed two-photon excited fluoreseamear-field scanning optical microscopy to
image and study monolayer protected gold quantuta domposed of 25 gold atoms [208].
Applicability of two-photon excited photothermal eroscopy in direct imaging of micrometer
sized red blood cells containing heme proteins besn demonstrated recently [209,210].
However, many of the components of a complex bicklgsystem absorbs infrared radiation
through two-photon absorption resulting in similaermal profiles. To avoid this one may have
to use very low pump powers limiting the applicapibf the above technique to specific systems.
One may overcome these difficulties by identifyiagd employing an appropriate nonlinear
optical label possessing good thermal relaxatiamp@rties. Further this approach of using a
photostable nanoparticle label will be particuladgeful in live cell experiments that involve

tracking of bimolecular transport.
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In this chapter we report on the development afw nonlinear optical microscope based on two-
photon absorption induced photothermal effect cigpab detecting individual non-fluorescent
nanoparticles with high sensitivity. The confocacrascope, named two-photon photothermal
microscope, uses near infrared excitation at hegletition rates and thus would be of interest in
deep tissue imaging. High photostability, bioconiphity and the large third order nonlinearity,
reported in the previous chapter, make BaTm@noparticles an ideal label for two-photon
photothermal microscope. We demonstrate the catyabfl the microscope by imaging single
BaTiOs nanoparticles in a scattering environment attfars# scales with a pixel dwell time of 80
us. We also present 3-dimensional images of Bafi#doparticles embedded HelLa cells acquired

using the two-photon photothermal microscope.

6.2 Two-photon photothermal microscope

Two-photon photothermal microscopy is a pump-praéeection technique where a pump beam
excites a nanoparticle sample through two phot@omgtion. In the experiment we make use of
the large third order nonlinear optical susceptipibf BaTiOs nanoparticles to excite them by
means of two-photon absorption using a near infraravelength beam whose energy is half the
energy difference between the transition leveldiBa being weakly fluorescent, the two-photon
absorption phenomena create a temperature profdand the particle by a non-radiative
relaxation process. The corresponding refractidexnvariation is detected using a non-resonant
probe beam. The collinear pump and probe beamsaster scanned over the sample to map the
thermal profile of the sample and thus to imagaroparticle sample. With this technique we can
detect BaTiQ@ nanopatrticles in the size range of 20-100 nm stttfene scales with 80 ps pixel
dwell time. The technique has the potential to beable alternative to confocal fluorescence

microscopy.

Two-photon excited laser scanning photothermal esicopy has several advantages in biological
imaging over and above conventional photothermalkroscopy. Unlike conventional
photothermal microscopy, the technique is inheyerthnfocal and would allow for three-
dimensional sectioning of the sample. Because tisane absorption in the out of focus areas, it
assures more penetration into the specimen anditiowss deep tissue imaging. Further since near

infrared wavelengths are used in the experimemethdl be less scattering and thus less loss. A
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variety of ferroelectric materials like BaTi@nd SrTiQ have shown good nonlinear optical

properties.
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Fig. 6.1: Schematic of laser scanning two-photon photothémmcroscope. M: Mirror, AOM:
Acousto Optic Modulator, S1: Aperture, T: TelescopB: Polarizing Beam splitter, X&Y: Scan
Mirrors, SL: Scan Lens, S: Sample, G: Glass siNef: Neutral Density Filter, B-PD: Balanced
Photo Receiver, BPF: Band Pass Filter, DM: DichMior, DAQ: Data Acquisition card, CPU:
Computer, LIA: Lock-In Amplifier, SG: Signal Gengoa. Continuous line shows the optical path

and dotted line represents the electrical signthl.pa

BaTiOs nanopatrticles, used as a label in the experimeptsted in this work, exhibit large two-
photon absorption cross section near infrared regmal is a biocompatible material that can be

easily conjugated with biomolecules of interest,]®%,211]. Further, as an added advantage,
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BaTiGsis low cost, and large variety of preparation teghas are available for in-house synthesis
of the nanopatrticles [77,83]. The suitability of TB@z nanoparticles in biological imaging has
already been demonstrated and is used as a prothe isecond harmonic generation (SHG)
microscopy [95]. Hsiefet al. demonstrated harmonic holographic microscopy widTiBs as
second harmonic radiation imaging probes for higgolution 3D imaging of mammalian cells
[211]. Culic-Viskotaet al. successfully employed BaTiCas SHG nano probe in the vivo
imaging of zebrafish embryos [96]. However, we magte that nanoparticles with cubic
crystallization are not suitable for second harmogeneration microscopy because of the

inversion symmetry.

Two-photon photothermal microscopy is set up omatibn isolation table (Newport) and standard
optical mounts are used to fix all the optical comgnts on the table. Figure 6.1 shows the optical
layout of two-photon photothermal microscope. Heechave used a near infrared ~120 fs mode-
locked Ti: sapphire laser (Mira 900, Coherent) apeg at 76 MHz as the pump laser to excite
the sample through two-photon absorption. The vemgth of the laser is tuned to 710 nm to
coincide with the two-photon absorption band of ExI' A 632 nm He-Ne laser (Thorlabs,
HNL150L) is used as the probe beam. The pump beamodulated at 115 kHz by an acousto
optic modulator (AOM, 1205C-1, Isomet). A polarigibeam splitter combines both pump and
probe beam and directs it towards the scan mirfidrs.scan lens kept in front of the scan mirrors
focuses the pump and probe beam to the conjugedt tane of an inverted microscope (IX 71,
Olympus, 60X, NA 1.25 objective) on which the saesphs prepared are mounted. Back scattered
probe beam from the sample returns along the sattsvpy is directed to a large area balanced
photo receiver (2307-M, New Focus) by the polagzbeam splitter and two dichroic mirrors
(DM1 and DM2). Back scattered pump beam is furtiftered off by keeping an interference band
pass filter (BPF) (632 £ 10 nm, CVI Melles Griat)front of the detector. The output of the photo
receiver is given to a 200 MHz dual phase locknarphfier (SR-844, Stanford Research Systems).
A two-dimensional image is obtained by raster scapthe laser beam over the sample with the
help of a galvanometric scanner (6215H, Cambridgehmology Enterprises). The three-
dimensional sectioning is achieved by moving therascope objective along the Z-direction. A
data acquisition card (NI USB-6251) along with Magl Instrument LabVIEW software is used

for data acquisition as well as for controlling #t&an mirrors.
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6.3 Sample preparation

In this experiment we use two sets of particleddmonstrate two-photon photothermal imaging
1) commercially purchased (Sigma-aldrich, Produot M67634) BaTi® nanoparticle having
cubic structure and an average size of 70 nm aBhZ)O: nanoparticles having an average size
of 20 nm synthesized in the laboratory using séligehnique. The latter particles have a
tetragonal crystal structure as verified by X-réfraction technique. The samples for microscopic
studies are prepared from a dilute solution of BaTiano powder in ethanol. 5 mg of BagiO
powder is added to 15 ml of ethanol and sonicabe®® minutes to form a clear solution. This
solution is filtered using a 220 nm filter and spwated on a 22 x 22 mm cleaned microscopic
coverslip at 4000 rpm for 30 seconds. The spinmspged and concentration of Ba%iO
nanoparticles is optimized in such a way that &owm thin layer of well isolated nanoparticles is

formed. Water is added on top of the prepared stipdnefore taking the images.

6.4 Results and discussion

Two-photon absorption involves transition of a systfrom the ground state to a higher lying state
by the simultaneous absorption of two photons fesmncident radiation field. The rate of two-
photon absorption is proportional to the squarénefinstantaneous intensitand the optical loss
due to absorption is described by the differergealation212]

dl
E == —0(01 - azlz (61)

wherea, is the linear absorption coefficient which in tlugse arise only from the impurities
present, if any. The two-photon absorption coedfitia, in this expression is a macroscopic
parameter characterizing the material and is reélabethe imaginary part of the third order

nonlinear optical susceptibility® by the relation

3w

= 3)
“2 aneoczlm((x ) (6.2)

whereg, is permittivity of free space is refractive index of the mediumjs speed of light} is
the wavelength of light an@d = 27 /A. If N is the number density of molecules involved in the
interaction, the transition rate due to the twotphabsorption procesR,= 0,12 /hw wheres, =

hwa,/N is defined as the two-photon absorption crossi@edR12]. For a non-fluorescent
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material, we may assume that most of the absorbedgg due to two-photon excitation is
converted into heat and the nanoparticle woul@aet point source of heat. It has been shown that
gold nanorods having absorption in the near IR \esgth region efficiently converts absorbed
light to heat and this property has been used atgqthermal therapy [213].

If the pump beam is modulated sinusoidally at guencyQ, then the absorbed power will vary
as Py[1 + cos(Qt)] where the average absorbed powgis proportional to the two-photon
absorption cross section and the square of the mawer,P,,,,. The dissipation of this energy

into the medium will cause a temperature profile,

AT (r,t) o« 0,Pgymp/4mrr [1 4 cos(Qt — r/re)e” T/Ttn] (6.3)

wherer is the distance from the particle,, = \/m Is a characteristic length for heat
diffusion, k being the thermal conductivity of the surroundmgdium andC its heat capacity.
This temperature profile will lead to a time vanyirrefractive index profileAn(r,t) =

AT (r,t) on/0t in the medium. A non-resonant probe beam intergatiith this refractive index
profile will result in a scattered field which cd®e used to map the thermal profile of the
nanoparticle. In the experimental geometry emplopadt of the incident probe field is reflected
from sample-coverslip interface. This reflectedq@dield E, interferes with the back scattered
probe beank,. The back scattered probe field is detected throtsggbeatnote at the modulation
frequency®) using a lock-in amplifier. Berciauek al [214] has carried out a detailed analysis of
the polarization variations arising from local sgsitbility fluctuations using the theory of light
scattering[215]. As per this model the two-photon photothermahaigmeasured would be

proportional to Pphi where

Pohi=n on_Jf@ 0, P, P (6.4)
phi ot Cﬂ';robewo 25 Pump” Probe .

whereP,,m, andP,,,. are power of pump beam and probe beam respectivglis the probe
beam focal radius and,,,. is the wavelength of the probe beam. Here thedfizee BaTiQ

nanoparticle is much smaller than the wavelength@fncident probe beam and hence the angular
distribution of the scattered light is symmetridiwrespect to the focal plane. Since the spatial
extension of the induced susceptibility profileofsmicroscopic dimensions we may assume that
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the frequency dependence of the sigrighy) can be approximated tgyo at high pump

modulation frequencies.
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Fig. 6.2: (a) Two-photon photothermal image of the70 nm BaTianoparticles spin coated on a
coverslip at 4000 rpm for 30 s. The inset shows fimeudo 3D image of single
BaTiOscorresponding to the thermal profile generated.Sggnning electron microscopy image
of BaTiOs having an average size of 70 nm prepared samba& aThe figure shows single
isolated BaTi@ nanoparticles on the coverslip. (c) Particle sistribution histogram of BaTi®

nanoparticle measured from the SEM images. Thedlditie shows a Gaussian curve fit. (d) Two-

photon photothermal intensity distribution histagraf BaTiQ nanopatrticles.
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Fig. 6.3: (a) TEM image of BaTi@nanoparticles prepared by sol-gel technique. lof&thermal
image of 20 nm BaTi®nanoparticles spin coated on a coverslip at 4pa0for 30 s. The pump
power and probe power used are 8 mW and 0.8 m\\casply. Inset shows pseudo 3D image
of single 20 nm BaTi® nanoparticle. The SNR in the images shown is &P Particle size
distribution of BaTiQ nanoparticle measured from the TEM images. Theeddihe shows a
Gaussian curve fit. The average size of BaTi@noparticles is 20 nm. The percentage distributio
in size is found to be 18 + 2 %.(d) Two-photon mhleérmal intensity histogram of BaTiO

nanoparticles. The percentage distribution in isitgns found to be 49 £ 6 %.
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Figure 6.2(a) shows the two-photon photothermabenaf 70 nm BaTi®@nanoparticles acquired
using the microscope as described in the methad®seThe inset depicts the pseudo 3D image
of one of the 8 particles seen in the figure. Tinages are acquired using pump pulses having
energy of 80 picojoules (6 mW of average powe.rAW of probe power is employed. A 500 x
500 pixel image is acquired in 20 s corresponding pixel integration time of 8@s. The SNR in

the images shown is 47. Here SNR is calculateaking the ratio of the two-photon photothermal
signal peak intensity in the image to the standegdation in the background. While taking the
image it was verified that the signal disappearsmither of the beams is blocked thereby making
sure that no scattered image is detected. In dalenake sure that we are imaging single
nanoparticles we compared the photothermal imag#s twe scanning electron microscopy
(SEM) images of an identically prepared sampleufdad.2(b) depicts the SEM image of a sample
containing 70 nm BaTi®nanoparticles, prepared with the same spin spedidah employed for
acquiring the photothermal images. The figure shthas well isolated single nano size particles
are formed on the coverslip at the 4000 rpm spged@mployed for preparing the sample. Figure
6.2(c) depict the size distribution of the nanoigles as determined from the analysis of SEM
images. The average particle size determined fteparticle size distribution curve is 70 nm.
The percentage distribution in size is found tdBet 2%. In order to further confirm that we are
indeed detecting single nanoparticles, we compiduethtensity distribution of the particles in the
image to that of the size distribution of the sysilaed particles. Since the photothermal intensity
should scale with the volume of the particles am@esponding photothermal intensity distribution
is expected to be three times that of the parside distribution. Figure 6.2(d) shows the two-
photon photothermal intensity histogram of 70 nnTiBg particle. The percentage distribution in
intensity is 41 + 5 % in agreement with expecteldeawe further repeated the experiment with
smaller nanoparticles synthesized in the laboratéigure 6.3(a)shows the transmission electron
microscopy (TEM) image of these Baki@anoparticles. In figure 6.3(b) we show the twa{oin
photothermal image of a thin film of BaTi@anoparticles having an average size of 20 nm spin
coated on a coverslip at a spin speed of 4000 Tjminset shows the pseudo 3D image of a single
BaTiOs nanoparticle corresponding to the thermal prafdeerated. The SNR in the images shown
is 19. In Figure 6.3(c) we depict the particle sirsribution as determined from the analysis of

the TEM images. The average size of Bashi@hoparticles is 20 nm. The percentage distribution
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in size is found to be 18 = 2 %. Figure 6.3(d) shave two-photon photothermal intensity

histogram. As expected the percentage distributiontensity is found to be 49 + 6 %.
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Fig. 6.4: (a) Pump and (b) Probe power dependence of twiephghotothermal signal measured
for 70 nm BaTiQ nanoparticle. The probe power employed in (a)8s@W and the pump power
employed in (b) is 6 mW. (c), (d) shows the pumgd parobe power dependence of two-photon
photothermal signal measured for 20 nm Bafi@noparticle respectively. The probe power
employed in (c) is 0.8 mW and the pump power emgidon (d) is 8 mW. The signal varies
guadratically with the pump power and linearly witle probe power.

In order to verify the power dependence predictgeduation (6.4) we focused the pump and
probe beams on a single nanoparticle and lookatleaphotothermal intensity as function of

incident power. Figure 6.4 (a), (b) shows the piang probe power dependence of two-photon
photothermal signal measured for 70 nm Bah@noparticle. The best fit line to the data inufey
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6.4(a) has a slope of 1.85 £ 0.09 which is clogbéeoralue of 2 predicted by equation (6.4). Figure
6.4(b) shows that the photothermal signal intengégends linearly on probe power. Figure 6.4
(c), (d) shows the pump and probe power depend#rem-photon photothermal signal measured
for 20 nm BaTiQ nanoparticle respectively. Similar pump and prgosver dependence is

observed for both sets of particles.

6.5 Biomolecular imaging

The applicability of two-photon photothermal miatopy in bioimaging is demonstrated by
imaging PLL coated BaTi©nanopatrticle internalized HelLa cells. HelLa cellsr@vcultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10%etal Bovine Serum (FBS) and 1%
penicillin streptomycin at 37C in 5 % CQ. The cells are cultured in a T25 (25%roell culture
flask. The thickness of the T25 flask is largemthle working distance of the 60X objective
(0.17mm) used in the study. So, an imaging chansbasstomized to use in the microscope with
60X objective as follows. Sterile plastic petrildiwith 35 mm diameter and 1 mm depth is used
to make an imaging chamber. A 6.0 mm hole is dfiitethe petri dish and a microscope coverslip
is attached to the bottom part of the petri distubipng parafilm as the adhesive. The parafilm and
coverslip kept at the bottom side of the petri dssheated with the blue flame from a gas burner
to stick the coverslip permanently. The imagingreshar customized are washed in ethanol and
sterilized in UV light in a biosafety cabinet. Fuainoparticle internalization study ~20,000 cells
were seeded in imaging chamber and incubated fho@#ds. After incubation for 24 hours atg@7

in 5% CQ, culture media is removed, and cells were cangfullsed with PBS solution (pH 7.4).
Then a colloidal solution of BaTgnanoparticles in culture media (5pug/mL) was adaethe
imaging chamber and incubated for next 6 hours.-phwaton photothermal imaging is carried out

after 6 hours of incubation time.

To use BaTi@ nanoparticles as a bio-label, we must first chdaskhbiocompatibility. The
biocompatibility studies can be performed in diéietrways. One can check the cytotoxicity or the
metabolic activity after the internalization of th@noparticles. In the present study we have
employed a colorimetric assay to test the metaladiitvity after the nanopatrticle internalization.
The biocompatibility of BaTi@nanoparticles are studied in HeLa cells by a wetdwn MTT (3-
(4,5- dimethylthiazole-2-yl)-2,5-diphenyl tetraagin bromide) assay. MTT is a yellow colored
tetrazolium dye, 3-(4,5- dimethylthiazole-2-yl)-2Jfphenyl tetrazolium bromide. In MTT assay
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we quantify NAD(P)H-dependent cellular oxidoredgeta&enzymes produced by the cells which
gives a measure of the metabolic activity of tivng cells. The MTT dye enters the cell and
passes into the mitochondria where it is reducezhtmsoluble dark purple colored formazan by
the mitochondrial succinate dehydrogenase enzymen e formazan is solubilized by proper
reagents. The concentration of this solution issuezd spectrophotometrically. Since reduction
of MTT can occur in metabolically active cells, tb@lor change is an indication of the level of

activity and hence a measure of the viability & dells.

The entrance of nanopatrticles into the cytoplaspedds up on the charge of the nanoparticles.
Hsiehet al. studied the inflow of BaTi®nanoparticles into the cells and found that the od
flow of BaTiOs improved highly when it is coated with Poly L Lgsi(PLL). In the present study
of biocompatibility, we have used BaTi@anoparticles coated with PLL. The coating of B2Ti
nanoparticles with PLL is carried out as detaileelolv. A stable dispersion of BaTiO
nanoparticles is prepared in PLL with PhosphatddBeafl Saline (PBS)[92]. 1mg of BaTids
added in to 1ml of 0.1% PLL in PBS solution andisated for 12 hours resulting 1mg/ml PLL
coated BaTi@nanoparticle. For MTT assay 20,000 cells were stedeach well of the 96 well
plate and incubated for 24 hours. After 24 hourgofibation, cells were treated with modified
culture media containing various concentrationBatiOs nanopatrticle (2.5 pg/ml, 5 pg/ml, 10
pag/ml, 20 pg/ml) and incubated for another 24 ho@feerwards cells were incubated with MTT
having concentration of 0.5mg/ml for 4 hours. OM&T reduction is done supernatant is
aspirated followed by treating the sample with 300of dimethyl sulphoxide (DMSO). The
absorbance was measured at a wavelength of 57Gima & 96 well plate micro plate reader. In
all the experiments, control test was done on atdckcells. All the experiments were done in

triplicate and three independent tests were coeduatdifferent days.

Statistical analysis is performed to study resaftthe MTT assay to conclude the effect PLL
coated BaTi®@ nanoparticles on the metabolic activity of HelLdlsceAnalysis of variance
(ANOVA) along with student’s t-test is widely uséal study the statistical significance of MTT
assay. ANOVA is a collection of statistical methddsstudy difference in group means and
variation among and between groups. Student’sttem®pares two different group means and
tells whether their difference is significant ott.nim student’s t test a null hypothesis is mad# fi

for significance and then calculate the probabfiythe truth of the null hypothesis based on the
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group means and its variation. Statistical analgsiMTT assay is done by analysis of variance
(ANOVA) followed by Student’s t-test by setting f0<05 as significant and marked with asterisk
in the graph. The statistical analysis is perfornmeeixcel by using the single factor ANOVA and
paired two sample for means for t-test. MTT as®sylt is taken from the spectrophotometer as
optical density of the wells. The optical densityhe untreated cells is considered as 100% viable
cells and the percentage of live cells for eachceatration is calculated by dividing with the
optical density of the untreated cells. Here thelMbErformed in triplets for each concentration is
considered as a group and different concentratioBadiOs gives different groups. First the
significance in the group mean of result of MTT agsgor each concentration performed in
different days are tested among them. Then thefisignce of the MTT results for different
concentration is also tested. The null hypothesishe present case is set as the results are
significant. In the t-test the probability value @85 is set as the significant. The results are
reported as meanz standard error of the mean (SEbUre 6.5 shows the image of resulting 96
well plate after the MTT assay. The color of thtugon is proportional to the metabolic activity
of the cells. One set of measurement is from th# A& to B9 corresponding to different
concentration of PLL coated BaTi@anoparticles.

Fig. 6.5: The resulting 96 well plate after MTT assay.
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Cell viability after nanoparticles incubation arfteairradiation with pump powers up to 10 mwW
was tested by trypan blue exclusion method. Trypae exclusion assay, one of the best possible
assay for to check the viability of cell after #eposure with laser beam. Trypan blue is a blue
colored azo dye, live cells do not allow this dyel@cule to enter in to the cell through the intact
cell membrane. So, if we treat cell line under gtwith Trypan blue, the dead cells will be stained
by the dye and healthy live cells exclude the &gethe cell viability can be measured by counting
the unstained cells with the help of a microscopeith the other cell counting instruments. The
cells remain viable at these power levels, no iasilamage or entry of the dye into the cytoplasm
is observed. The pump energy employed in the ingagaported here is only 0.03 nano joules
(3mW average power). We have repeatedly imageddhee set of cells 10-15 times to check
whether the cells are getting affected. Even atpeated imaging, the cells remain intact and

provide reproducible images.

To verify the applicability of the two-photon phttermal microscope in live cell imaging and to
check the capability of the microscope in acquiiingges in the presence of scattering media, we
imaged BaTi@nanoparticles internalized in a biological cekelld cells are seeded in the imaging
chamber and cultured for 24 hours using standastbpol as described in the methods section.
The cells are then incubated in culture media lpwoly-L-Lysine (PLL) coated BaTiO
nanoparticle for 6 hours [92]. Figure 6.6(a) shaomeswide field microscope image of HelLa cells
seeded with BaTi® nanoparticles. Figure 6.6(b) shows the correspandiwo-photon
photothermal image of the cell made by stackinfpoght axial(Z) sections. The sections are taken
after moving the microscope objective 2 um at estep. The sections are combined by ImageJ
software to make a 3D image. The figure confirna the two-photon photothermal microscope
can indeed provide high quality images of live elh order to check the cell viability after
addition of BaTiQ nanoparticle, a cytotoxicity measurement using4(5- dimethylthiazole-2-
y)-2,5-diphenyl tetrazolium bromide) assay wagsiedrout. Figure 6.7 depicts the results of MTT
assay performed in HelLa cells treated with PLL edd&aTiQ nanoparticles having a size of 20
nm. No significant decrease in MTT reduction iserleed up to 5ug/ml of PLL coated BakiO
nanoparticle concentration. While a significantréase in MTT reduction of 16% (p< 0.05) is
observed for 10pug/ml concentration. A sharp deeré@adTT reduction is found (p< 0.01) for

20pg/ml of BaTi@ nanoparticle treated cells.
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Fig. 6.6: (a) Wide field image of the HeLa cell with PLL ¢ed 20 nm BaTi@nanoparticles. (b)
Corresponding 3D image of HeLa cells made fromedgt axial sections of @n interval taken
with two-photon photothermal microscope. Pump amab@ powers used are 3 mW and 0.8 mW

respectively at the sample.
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Fig. 6.7: Effect of PLL coated BaTi®nanoparticles on the metabolic activity of HeL#l es
measured by MTT assay for various concentratioasa » represented as mean + standard error

mean of three independent experiments. P < 0.0&lisated with &
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6.6 Summary

In summary a new nonlinear optical microscopic téghe based on two-photon absorption
induced photothermal effect capable of detectingjvidual non-fluorescent nanoparticles is
developed. The two-photon photothermal microscopdéea®s use of high repetition rate, near
infrared laser pulses of pico jule energy as ttaihg beam in a pump-probe measurement scheme.
The microscope is successfully employed to acqumeges of BaTi® nanoparticles in the size
range of 20 nm to 70 nm with high sensitivity. B@Jis a highly photostable and biocompatible
material having femtosecond response time and quaidide a potential label for imaging. The
near infrared excitation wavelengths employed gy rtlicroscope are less toxic to living cells.
Further it provides a larger penetration depth laigth SNR in imaging due to lower scattering.
The microscope is inherently confocal making ioéeptial alternative tool for three-dimensional
imaging in a scattering environment. The applieghdf this technique in biology is demonstrated
by imaging BaTi@nanopatrticles internalized in HeLa cells. Detecttdbmanometer sized single
particles using photothermal microscopy incorpatatéh two-photon absorption has promising
applications in deep tissue imaging in biologiedaarch and clinical diagnostics. Two-photon
absorption being a third order process, the teclen@an be employed to detect and characterize
nanoparticles regardless of its symmetry. Thusap@ications of the two-photon photothermal
microscope developed here are not limited to biocklgmaging, the microscope can be used as a

potential non-invasive technique to detect andasttarize nanosize objects in general.
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Chapter 7: Summary and conclusions

In this work we have examined the nonlinear opforaberties of BaTi@nanoparticles from the
point of view of applications in the area of biomallar imaging. BaTi®nanoparticles possess
many attractive optical and dielectric propertiad possess large values of third order nonlinear
optical susceptibility. BaTi® is a dielectric belonging to the perovskite faménd is a
biocompatible material having high photostabilityy essential requirement for a biomolecular
label. Our study demonstrates the potential of BaTianoparticles as a biomolecular label that
would allow long term observation of a biologicgsgem. Further, in this work we introduce a
new nonlinear optical imaging technique named twotpn photothermal microscope that makes

use of high repetition rate infrared laser pulses.

Monodisperse BaTi®nanoparticles of different sizes are successaylhyihesized using a sol-gel
method. The size control is achieved by varyingngle experimental parameter, namely the
annealing temperature. The cost-effective methodsyfthesis of monodisperse BatiO
nanoparticles we employed is particularly attraetitom the point of view of applications in
nanophotonic devices such as detectors, sensorsapaditors.

The crystal structure of BaTghanoparticles is characterized by X-ray diffractven. The size
and shape of the synthesized Bagi@anoparticles are analyzed by a transmission relect
microscope. Linear optical absorption edge and gapadf BaTiQ nanoparticles are measured by
a UV-VIS-NIR spectrophotometer. The nonlinear agti@bsorption in BaTi@nanoparticles are
studied by using a single beam open aperture Ztechmique. For this purpose, an automated Z-
scan measurement system is developed in the lalpprat femtosecond mode-locked Ti:sapphire
laser system (Mira 900, Coherent) operating at H#zMwith a pulse width of 120 fs and at a
wavelength of 800 nm is used for the Z-scan stude two-photon absorption coefficient
estimated from the Z-scan transmittance curve is@brder of 18 m/W and is found to increase

with decrease in the size of Baki®anoparticles.

We observed that the nonlinear optical absorptmoBaTiO; nanoparticle films can be enhanced
by doping with small amount of gold nanoparticlBlse gold nanoparticles of average size 25 nm,

synthesized by citrate reduction method are usedpants. Au/BaTi@nanocomposite thin films
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with different Au/Ba molar ratios are prepared ssstully by sol-gel technique and characterized
by X-ray diffraction, UV-VIS-NIR absorption spectwopy and high-resolution transmission
electron microscopy. The two photon absorption fadeht of the composite films is determined
by the single beam open aperture Z-scan methodavelength of 532 nm using 7 ns pulses from
a frequency-doubled Q-Switched Nd:YAG laser. Au/E3Inanocomposites shows enhanced
nonlinear optical absorption with the increase olidgnanoparticle concentration in qualitative
agreement with that predicted for the Maxwell-Gargeometry. In the present work we have
restricted the fill fraction of gold nanoparticle 4.6 % due to coagulation of the sample which is
a limitation of the current synthesis procedurés ftossible to further increase the fill fraction

suitably modifying sample preparation methods dfatts are on to achieve this.

A photothermal microscope is developed to imagglsigold nanoparticles and to characterize
the Au/BaTiQ thins films. This helped in understanding the ribsition of gold nanoparticle
inside BaTiQ nanopatrticle matrix for different concentrationgold nanoparticles. Photothermal
detection of nonfluorescent nanoparticles has foaplications in biomolecular imaging and
cancer therapy. In this work we demonstrate capiaiilof the photothermal microscopy as a
characterization technique for material sciencee Tghotothermal images of Au/BaTiO
nanocomposite films with different molar ratio ofilBa is taken and the density and distribution
gold nanopatrticle in Au/BaTi€¥ilm is compared. This method provides a nondesira tool to
test the presence of gold in microchips, integraieclits and thin film photovoltaic cells (solar

cells) and would be useful in the area of nanosdadats.

Optical microscopic technique plays a vital roldiology. There is continued research effort and
interest in developing new labels and microscogichniques that would allow long term
observation of biological systems. In this work sweccessfully developed a nonlinear optical
microscope that uses BaTi@anoparticles as a reliable biomolecular label lakimg use of its
photothermal and nonlinear optical properties. fideephoton photothermal microscope employs
high repetition rate, near infrared laser pulsgsicd-Joule energy as the heating beam in a pump-
probe measurement scheme. The microscope is stidgessnployed to acquire images of
BaTiOs nanopatrticles in the size range of 20 nm to 70wt high sensitivity. The near infrared
excitation wavelengths employed by the microscapedess toxic to living cells and provides a

larger penetration depth in tissues due to lowattegng. The microscope is inherently confocal
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making it a potential alternative tool for threenginsional imaging in a scattering environment.
The applicability of this technique in biology iemonstrated by imaging BaTi@anoparticles
internalized in HelLa cells. Detection of nanometered single particles using photothermal
microscopy incorporated with two-photon absorpti@s promising applications in deep tissue
imaging in biological research and clinical diagiss Two-photon absorption being a third order
process, the technique can be employed to detdotlzaracterize nanoparticles regardless of its

symmetry.
The major achievements of this thesis work are emmatad below,

1. BaTiOs nanoparticles of sizes 12 nm, 20 nm, 37 nm, 50 @nnm are successfully
prepared by sol-gel technique. Particle size oB&EIGz is controlled by a single synthesis
parameter, namely the annealing temperature.

2. The BaTiQ nanoparticles are characterized by X-ray diffrastter, UV-VIS-NIR
absorption spectrometer and transmission electiorostopy.

3. The third order nonlinear optical absorption caedint of BaTiQ nanoparticles of
different sizes are measured by an open apertusead-technique. The results are

summarized in the table below.

S. Annealing TEM Linear optical| Band | Two-photon absorption
No. | Temperaturg Particle size| absorption | gap (eV)| coefficient §) (x 10*?
(°C) (nm) edge (nm) m/W)

1 650 12+2 371 3.21 3.68 £ 0.05

2 700 20t 4 368 3.24 5.65 + 0.08

3 800 377 366 3.26 6.50 + 0.06

4 900 50+8 364 3.29 8.20 £ 0.09

5 1000 90 +17 361 3.31 11.00 + 0.08

4. Au/BaTiOs nanocomposite thin films with different Au/Ba moleatios are prepared
successfully by sol-gel technique and charactertage-ray diffraction, UV-VIS-NIR
absorption spectroscopy and high-resolution trassiam electron microscopy.
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5. The third order nonlinear optical coefficient ofi8aTiO; nanocomposite thin films are
measured by an open aperture Z-scan techniquewbhphoton absorption coefficient of
these films increases linearly with the increastheconcentration of gold nanopatrticles.
The result is summarized in the table below

Sample | Au/Ba Ratio p

1 0% (1.0 £ 0.1) x 18m/W
2 1.6% (1.5 + 0.2) x Ifm/W
3 2.5% (2.0 £ 0.1) x I8m/W
4 4.8% (3.2 £ 0.2) x Itm/W

6. A photothermal microscope is developed to deteltt ganoparticles of size as small as 5
nm. We demonstrate that, apart from being a paetftiomolecular imaging tool,
photothermal microscopy provides a nondestructheracterization tool that can detect
the presence and distribution of gold nanopartidiés used the technique to characterize
Au/BaTiOs nanocomposite films and to compare the gold namicfe distribution in
different samples.

7. A new nonlinear optical microscopic technique, edmas two-photon photothermal
microscopy, based on two-photon absorption indugledtothermal effect capable of
detecting individual nonfluorescent nanoparticles developed. The microscope is
successfully employed to acquire images of BaT@noparticles in the size range of 20
nm to 70 nm with high sensitivity

8. The applicability of two-photon microscope in bioeular imaging is demonstrated by
imaging BaTiQ nanopatrticles internalized Hela cells. A three-disienal image of
BaTiOs nanoparticles internalized HelLa cells is formeddkiing serial sections atjian
intervals. The biocompatibility of BaTghanoparticle is studied by using MTT assay and

it was found that BaTi®nanoparticles are safe to use in cells up to aemmmation of 10
ug/ml.

Nonlinear optics is a vast area of research anthis thesis we have characterized and
demonstrated the applications of a model systerpeobvskite nanoparticles in a specific

context. These nanoparticles could find applicaion a variety of photonics applications
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which are yet to be explored. We have only dematetr the potential of the nonlinear
photothermal microscopy in biomolecular imagingd asfforts are being on to use the

technique in different real life applications.
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