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Abstract 

Fluorescence based microscopic techniques play an important role in biology research. The 

fluorescence microscopy relies on external labeling of the area of interest with a fluorescent probe 

to achieve high contrast in imaging. The photobleaching and phototoxicity of the dye labels is a 

major challenge in fluorescence microscopy that limits long time observation of a biological 

system. This has prompted the development of many new labels and alternate imaging 

methodologies. Metallic and dielectric nanoparticles are a class of promising nonfluorescent labels 

from the point of view of photostability and biocompatibility. Multiphoton absorption based 

nonlinear optical techniques provide a powerful approach to detect such nanoparticle labels using 

infrared excitation. Nonlinear optical microscopy is inherently confocal due to the nature of 

interaction and provides three-dimensional optical sectioning capability. It allows one to make use 

of excitation wavelengths in the infrared region of the spectrum which is away from the optical 

absorption bands of biological tissues. The use of infrared wavelengths also provides for deeper 

penetration of the radiation in biological tissues.  

In this work we examine the nonlinear optical properties of BaTiO3 nanoparticles belonging to the 

perovskite family from the point of view of applications in the area of biomolecular imaging. 

BaTiO3 nanoparticles are a potential biomolecular label having high photostability and possess 

many attractive optical and dielectric properties including large values of third order nonlinear 

optical susceptibility. In this work we synthesize and characterize BaTiO3 nanoparticles having 

different sizes, study their linear and nonlinear optical properties and explore the means to enhance 

their nonlinear optical properties. Further we make use of their high third order optical nonlinearity 

to develop a nonlinear optical microscope based on two-photon absorption induced photothermal 

effect using infrared excitation at high repetition rates.  

The BaTiO3 nanoparticles are synthesized by a room temperature sol-gel technique using barium 

acetate and titanium IV butoxide as the base materials. Monodisperse BaTiO3 nanoparticles having 

average size ranging from 12 nm to 90 nm are prepared by varying the annealing temperature from 

500oC to 1000oC. Particle size of nanoparticles are controlled by varying this single synthesis 

parameter. Local electric field effects near the nanoparticle can have an enabling effect on the 

nonlinear optical properties of nanoparticles. In this work we further explored the potential of this 
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property to enhance the nonlinear optical absorption of BaTiO3 nanoparticles by incorporating 

small amount of gold nanoparticles in the BaTiO3 nanoparticle lattice. For this purpose, 

Au/BaTiO3 nanocomposite films with different molar ratio of Au/Ba are prepared by sol-gel 

technique.  Crystal structure of BaTiO3 nanoparticles and Au/BaTiO3 nanoparticle films are 

characterized by X-ray diffraction. Transmission electron microscope is used to study the 

morphology, shape, crystal structure and to determine the particle size. The linear optical 

properties are studied using a UV-VIS NIR spectrophotometer.  

The nonlinear optical properties of BaTiO3 nanoparticles and Au/BaTiO3 nanoparticle films are 

studied using a single beam Z-scan Technique. Nanoparticles samples for the study are prepared 

by dispersing them in ethylene glycol and experiments are carried out in a quartz cuvette. The two-

photon absorption coefficient of the nanoparticles, an important property from the point of view 

of application in nonlinear optical microscopy, is estimated from the Z-scan transmittance curve. 

The two-photon absorption coefficient of the BaTiO3 nanoparticle is of the order of 10-11 m/W and 

is found to increase with decreasing size of BaTiO3 nanoparticles. The two-photon absorption 

coefficient of the Au/BaTiO3 nanoparticle films increases linearly with gold nanoparticle 

concentration and significant enhancement of nonlinear optical absorption is observed in 

qualitative agreement with that predicted for the Maxwell-Garnet geometry. This ability to fine 

tune the nonlinear optical coefficients of Au/BaTiO3 films would be handy in optical device 

applications.  

Characterization of nanocomposite films using optical techniques is a challenge and often requires 

careful examination of transmission electron microscopy images. In this work we developed a 

photothermal microscope capable of detecting gold nanoparticles having size as small as 5 nm to 

characterize Au/BaTiO3 nanocomposite films. The capability of the method, whose potential is 

already demonstrated in biomolecular imaging applications, is further expanded to detect gold 

nanoparticles and their distribution Au/BaTiO3 nanocomposite films. We used the method to study 

the distribution of gold nanoparticles in Au/BaTiO3 films synthesized with different Au/Ba molar 

ratio in the precursor solution. The study shows that the distribution of gold nanoparticles in the 

film concurs with our assumption of Maxwell-Garnet geometry for the composite film. It is 

observed that the number density of gold nanoparticle increases 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 explore the application potential of BaTiO3 

nanoparticles in biomolecular imaging based on the results of our investigations on various 

properties on these nanoparticles.  We indeed found that these photostable and biocompatible 

nanoparticles could be successfully employed as a biomolecular label in nonlinear optical 

microscopy. A new nonlinear optical microscopic technique, named two-photon photothermal 

microscopy, capable of detecting individual nonfluorescent nanoparticles with high sensitivity is 

developed to detect and image BaTiO3 nanoparticles.  The method which is inherently confocal 

makes use of near infrared excitation at high repetition rates and would be of interest in deep tissue 

imaging. The applicability of the technique in biology is demonstrated by imaging BaTiO3 

nanoparticles internalized in HeLa cells at fast time scales with a pixel dwell time of 80 µs. In 

order to check the cell viability after addition of BaTiO3 nanoparticle, a cytotoxicity measurement 

using (3-(4,5- dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) assay was carried 

out in HeLa cells. Here we note that the technique developed makes use of the third order nonlinear 

optical properties of the samples and hence can be employed to detect even nanoparticle having 

inversion symmetry.   
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Chapter 1: Introduction 

1.1 Introduction 

Optical microscopy has emerged as an indispensable tool in modern biology research. The 

evolution of optical microscopy is driven by the desire to achieve contrast and resolution to image 

single cells and probe internal cellular structure. Different types of optical microscopes such as 

phase contrast microscope, polarizing microscope and differential interference contrast 

microscopes have been developed over the years to address the specific needs of biological 

community. Though all these techniques are employed by biologists, fluorescence based 

microscopy is the most promising and sought after imaging technique due to its improved contrast 

and functionality. In fluorescent microscopy the area of interest or the specimen is labeled with a 

fluorescent probe and the fluorescent light emitted from the probe is used to provide better contrast 

between the area of interest and the surrounding scattering media. Confocal fluorescence 

microscopy, where the sample is excited by a laser light provides high spatial resolution and three-

dimensional sectioning capabilities through confocal detection of signal from only the focal region 

[1–3].  

The success of fluorescence based microscopy relies heavily on the availability of appropriate 

fluorescent probes or the dye labels. The photobleaching and phototoxicity of dye labels have been  

a major challenge in fluorescence microscopy [1,2]. Photobleaching and phototoxicity put limits 

on the long term observation of a biological system and quantitative analysis of data becomes 

difficult in situations that require monitoring of the system for long durations.  

Another particularly attractive approach employed in biological imaging is nonlinear optical 

microscopy where fluorescence excitation of the dye label is achieved through multiphoton 

absorption [4–7]. The nonlinear optical absorption requires large electric field strengths, available 

only at the focal region of the laser beam and the fluorescence excitation occurs mostly at the focus 

of the objective. Thus, nonlinear optical microscopy is inherently confocal and provides three-

dimensional sectioning capability. Multiphoton absorption allows one to make use of excitation 

wavelengths in the infrared region which is away from the optical absorption bands of biological 

tissues. The use of infrared wavelengths also provides for deeper penetration of the radiation in 
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biological tissues. Multiphoton fluorescence microscopy has become a popular microscopic 

technique in biology, especially in studies involving deep tissue imaging. 

Nonlinear optical microscopy minimizes photobleaching to some extent by limiting the volume of 

excitation. However, the photobleaching of the dye label at the focal spot is still a challenge faced 

by the current techniques. Many new types of optical labels, and altogether new experimental 

strategies are being developed in recent years to address the issue of photobleaching in 

fluorescence imaging [8–12]. Among these various new labels, metallic and dielectric 

nanoparticles are promising from the point of view of photostability and biocompatibility. 

However many of these nanoparticles are nonfluorescent or weakly fluorescent and fluorescence 

based techniques are not appropriate to detect them. Alternative imaging methodologies for 

detecting nonfluorescent nanoparticles using photothermal microscopy have been demonstrated 

recently [13–16]. Multiphoton absorption based nonlinear optical techniques provide powerful 

approach to detect such nanoparticles using infrared excitation. 

This thesis is set in this context to explore the nonlinear optical properties of a model dielectric 

nanoparticle system from the point of view of applications in biomolecular imaging. BaTiO3 

nanoparticles, belonging to the perovskite family are used as a representative system having high 

optical nonlinearity. BaTiO3 nanoparticles are synthesized by a sol-gel method and characterized 

using different techniques such as X-ray diffraction, scanning electron microscopy, transmission 

electron microscopy, and optical absorption. The third order nonlinear optical properties are 

studied by the well-known single beam Z–scan technique. The thesis also explores the possibility 

of enhancing or fine tuning the nonlinear optical coefficients of BaTiO3 nanoparticle films through 

the addition of gold nanoparticles. Photothermal microscopy is employed to characterize the 

distribution of gold nanoparticles and the nonlinear absorption coefficients of Au/BaTiO3 having 

different Au/Ba molar ratios are compared. The thesis further makes use of the large third order 

optical nonlinearity of these nanoparticles in developing a new nonlinear optical imaging 

technique that can detect and image BaTiO3 nanoparticle labels with high sensitivity. The 

microscope, named two-photon photothermal microscope, is inherently confocal. BaTiO3 

nanoparticles are biocompatible and highly photostable making the microscope employing them 

as label attractive in biomolecular imaging. The applicability of this microscopic technique, in 

biomolecular imaging is demonstrated by imaging BaTiO3 nanoparticle incorporated HeLa cells.   



3 | Chapter 1 
 

In this introductory chapter, we start with a brief discussion on the interaction of light with linear 

and nonlinear media and then discuss the different effects arising from the third order optical 

nonlinearity of a material. After that we discuss various approaches to optical microscopy, 

including nonlinear optical microscopy and recent advances. The literature on BaTiO3 

nanoparticles and the current status of biomolecular imaging using these nanoparticles is also 

presented in this chapter. A short section deals with the investigations on the biocompatibility of 

these labels. We conclude the chapter by discussing the objectives and giving a brief outline of the 

thesis. 

1.2 Interaction of light with matter 

The linear optical interaction of light with an atom can be understood from a simple classical model 

where the atom is approximated to a harmonic oscillator. A dielectric material can be approximated 

to a collection of electrons bound to the positive ion cores through electromagnetic interaction. 

When light interacts with a material these negative and positive charges experience the Lorentz 

force, 

 � = −�[���	 + �	X	���	] (1.1) 

where E(t) and B(t) represent the electric and magnetic fields of the incident light. The effect of 

optical magnetic field on the atom is much weaker than that of the electric field and we may ignore 

the second term in the above equation. Also, since the ion cores are much heavier than the 

electrons, at optical frequencies the motion of the electron is more significant than that of the ion 

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

 ���	 = −����	 (1.2) 

which causes the center of the electron cloud to shift away from the positive core.  However this 

motion of the electron cloud is transitory due to the restoring force from the positive ion core.  

Thus, when an incident light interacts with an atom an induced electric dipole is created in the 

medium. If the applied electric filed is of the form ���	 = ������� + �. �. , oscillating with a 

frequency ω, then the induced dipole also oscillates at the same frequency (c.c. – Complex 

conjugate).  
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The Lorentz model of atom assumes that the restoring force depends linearly on the displacement 

of the electron cloud. If we use a simplistic analogy, we can consider this situation identical to a 

charge on a spring with mass m. If the spring is ideal, providing a linear restoring force, it describes 

the regime of linear optics. Most of the commonly observed optical phenomena are well described 

by the Lorentz model. If the amplitude of the electric field E(t) is high, then the spring is distorted 

and the restoring force is no longer linear. Nonlinear optics is the regime in which the spring 

deviates from linearity, or in other words the nonlinear optical effects become important if the 

interaction potential is anharmonic. Though a complete understanding of nonlinear optical 

interaction of light with matter requires a quantum mechanical treatment, the above model gives a 

good description of the nonlinear optical effects in the case of nonresonant interaction where the 

frequency of the incident light is much lower than that of atomic resonances. In the following we 

give a brief description of linear and nonlinear optical interaction of light. 

1.2.1 Linear optics 

In the linear regime the restoring force is linearly proportional to the displacement of the center of 

electron cloud x(t). This is true for a spring mass system with small displacements. The restoring 

force may be written as 

 �� = −�������		 (3.3) 

where m is the mass of the electrons and ω0 is the natural frequency of ‘the harmonic oscillator’. 
We may also consider a damping force of the form 

 �� = −�� ����	��  (1.4) 

where γ is the damping constant. The applied electric field E(t) gives a driving force -eE(t) which 

forces the electrons to oscillate at the frequency ω. The equation of motion of this forced, damped 

harmonic oscillator is, 

 ������	��� +�� ����	�� + 	�������	 = −����	 (1.5) 

The steady solution of this equation is ���	 = ������� where �� the amplitude of oscillation is,  
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 �� = − �� ������ − ��	 − ��� (1.6) 

The induced dipole moment due to this displacement is   ��	 = −����	. For a system of N atoms, 

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

 

!��	 = −"����	 
																																				= "��� ����������� − ��	 − ��� 

														= #�$�%	�&'��	 
(1.7) 

where, $�%	 =	()*+,-
%��,*��*	��.� is defined as the linear optical susceptibility of the medium. Here 

#� is the permittivity of free space. Thus, the electric dipoles in this case oscillate at the same 

frequency as that of the incident electric field. This oscillating polarization in the medium will 

result in the emission radiation at the same frequency and modify the way in which the wave 

propagates. The electric displacement / = 	#�� + ! = 	#�01 + $�%	2� and thus the dielectric 

constant of the medium is 1 + $�%	.  The complex refractive index of the medium is given by the 

square root of dielectric constant. The losses in the medium due to absorption arise from the 

imaginary part of the susceptibility.  

1.2.2 Nonlinear optics 

The harmonic restoring force considered in the analysis of the previous section is almost always 

an approximation and is valid only over a limited range of displacements. For large displacements 

of electrons from its equilibrium position, the restoring force is a nonlinear function of the 

displacement x. In our analogy with the spring mass system, the spring is now distorted. The 

restoring force now depends on various powers of x,  

 �� = −�������	 − �3����	 − �4�5��	 − ⋯ (1.8) 

where a, b …  are constants which determines the strength of the nonlinearity. 

Depending on the strength of the nonlinearity of the medium and the electric field we may restrict 

the number of terms in the above force equation. For example, we may assume that only terms up 

to quadratic in x is significant giving rise to second order nonlinearity. In this case  
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 �� = −�������	 − �3����	 (1.9) 

and the equation of motion becomes 

 ������	��� +�� ����	�� + 	�������	 + �3����	 = −����	 (1.10) 

If we include second and third order nonlinearity the equations of motion is 

 ������	��� +�� ����	�� + 	�������	 + �3����	 + �4�5��	 = −����	 (1.11) 

and so on.  

To solve this equation, we may use the approach of perturbation theory and replace E(t) by 7���	, 
where 7 is a parameter whose value can be continuously varied between zero and one. Now we 

can solve the above nonlinear equation by considering a power series expansion in the strength of  

7 and the perturbation of the form,  

 ���	 = 7�% + 7��� + 75�5 +⋯ (1.12) 

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

Substituting each term in the equation and putting 7 = 1, we will get, 

 ����%��	��� +�� ��%��	�� + 	�����%��	 = −����	 (1.13) 

 �������	��� +�� �����	�� + 	��������	 + 3�%���	 = 0 (1.14) 

 ����5��	��� +�� ��5��	�� + 	�����5��	 + 23�%��	����	 + 4�%5��	 = 0 (1.15) 

The first equation is same as the equation of motion in linear regime. The solution of the first 
equation is given by, 

 �%��	 = ������� (1.16) 

where,  �� = − )- :,��,*��*	��.� 

Once we know the solution for first equation, we can substitute for x1
2(t) in the second equation. 

It can be seen that the second equation contains a source term which depends on the square of the 
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electric field. And again, once we know �%��	 and ����	 the third equation can be solved. From 

the expansion of  ���	, it automatically follows that the polarization, P(t) = -Nex(t) is also a 

power series in E(t). We can write 

 !;��	 	≡ 	!;�%	��	 + !;��	��	 + !;�5	��	 + ⋯ (1.17) 

!;�%	��	 is the linear polarization, !;��	��	 is the second order polarization and so on. 

In the case of linear optics, the higher order terms in the electric field can be neglected and the 

induced polarization is given by, 

 !;%��	 = 	 =�$%�;��	 (1.18) 

where �;��	 is the incident electric field  =� is the permittivity of free space, $%	is the linear 

susceptibility. Here for simplicity, we are considering electric field, polarization, and susceptibility 

as scalars. When we consider vector nature of electric field and polarization, susceptibility would 

be a tensor. For the linear case $% is a tensor of rank two. In the case of nonlinear optical 

interaction, the induced polarization may be written as, 

 !;��	 = 	 =�[	$�%	�;��	 +	$��	�;���	 + $�5	�;5��	 + ⋯ ] (1.19) 

or 

!;��	 	≡ 	!;�%	��	 + !;��	��	 + !;�5	��	 + ⋯ 

where, $��	 and $�5	 are the second and third order nonlinear optical susceptibilities. They are third 

and fourth rank tensors respectively. !;��	��	 = =�$��	�;���	 is the second order nonlinear 

polarization and !;�5	��	 = =�$�5	�;5��	 is the third order nonlinear polarization. So briefly, 	$�%	 
describes linear optical process, $��	 describes second order nonlinear optical process and $�5	 
describes third order nonlinear optical process.  

We may express the polarization as sum of linear and nonlinear contributions 
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 !;��	 	≡ 	!;�%	��	 + !;(>��	 (1.20) 

and the wave equation for a nonlinear optical media can be expressed as, 

 ∇��; − @��� A
��;A�� = 1=��� A

�!;(>A��  (1.21) 

where @ is linear refractive index and � is speed of light in vacuum. According to this, the nonlinear 

polarization !;(> which depends on higher powers of electric field will lead to the generation of 

radiation at new frequencies as the time varying polarization will act as the source of new 

frequencies.  

1.3 Effects due to second order nonlinear optical susceptibility 

The examples of process involving second order nonlinear optical susceptibility are second 

harmonic generation, sum and difference frequency generation, optical parametric oscillation and 

optical parametric amplification.   

If we consider two distinct frequency �% and �� present in the incident wave.  

 �;��	 = �%����B� + ������*� + �. �. (1.22) 

Then the nonlinear polarization !;��	 can be written as, 

 

!;��	��	 = =�$��	�;���	 
= =�$��	C�%������B� + ��������*� + 2�%�������BD�*	� + 2�%��∗�����B��*	�

+ �. �. F + 2=�$��	[�%�%∗ + ����∗] 
(1.23) 

The complex amplitude of the various frequency components can be written as 

 

!�2�%	 = =�$��	�%�             

!�2��	 = =�$��	��� 

!��% + ��	 = 2=�$��	�%�� !��% − ��	 = 2=�$��	�%��∗ 																																!�0	 = 2=�$��	��%�%∗ + ����∗	 
(1.24) 
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New frequencies are generated due to each of the second order polarization term. Each term 

represents a physical process. The last term !�0	 represents the DC term and this process is called 

optical rectification. In general, it is convenient to represent !;��	��	 as a sum of the contribution 

from different frequency components, 

 !;��	��	 = G!�
H

�H	����I� (1.25) 

and the second order polarization will lead to generation of radiation at different frequencies given 

by the sums and differences of �H’s. Here we may also note that the materials having a center of 

symmetry would have zero magnitude for second order susceptibility and would not show any 

second order effects. 

1.3.1 Second harmonic generation 

The process in which a nonlinear optical medium interacts with a pump wave of frequency, � and 

generates a wave of double the frequency 	2� is called second harmonic generation or frequency 

doubling. The polarization amplitudes for second harmonic generation is !�2�	 = =�$��	�%�. We 

can consider light beam with electric field, �;��	 = ������ + J. J. is incident on a material which 

is having a non-zero second order susceptibility $��	. Then the nonlinear polarization due to $��		is 

given by, 

 !;�2�	 = =�$��	�2�, �,�	�;���	 (1.26) 

where the frequency dependence of $��	 is explicitly indicated. This nonlinear polarization consists 

of a DC term (zero frequency) and a contribution at 2�. 

The wave equation for a nonlinear optical media having second order nonlinearity is given by, 

 ∇��; − @��� A
��;A�� = 1=��� A

�!;��	A��  (1.27) 

According to this the second term in the nonlinear polarization, !;��	 will lead to the generation of 

radiation at 2� which is a second harmonic frequency.  Figure 1.1 (a) gives a schematic of the 

interaction of incident wave having frequency  � with a material having non-zero second order 

susceptibility and production of a new wave having frequency 2	�. Figure 1.1 (b) shows the energy 

level diagram representing second harmonic generation.  
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Fig. 1.1 Second harmonic generation (a) Interaction of an incident light wave with frequency ω 

with a medium having a nonzero second order nonlinear optical susceptibility. (b) Energy level 

diagram. 

1.3.2 Sum and difference frequency generation 

 

Fig. 1.2 Sum frequency generation (a) Interaction of an incident light wave with frequencies ω1 

and ω2 with a medium having a nonzero second order nonlinear optical susceptibility. (b) Energy 

level diagram. 

When two beams of different frequencies are incident on a nonlinear medium with a non-zero 

second order nonlinear optical susceptibility, $��	, it leads to the generation of new frequencies as 

sum of the incident frequency or difference of the incident frequencies. The terms !��% + ��	 
represents sum frequency generation. !��% − ��	 represents difference frequency generation in 

which new frequency is generated at the difference of the incident frequencies. This process can 

be used for generating tunable radiation. Figures 1.2 (a) and (b) represents interaction geometry 

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

process. 

 

Fig. 1.3 Difference frequency generation (a) Interaction of an incident light wave with frequencies 

ω1 and ω2 with a medium having a nonzero second order nonlinear optical susceptibility. (b) 

Energy level diagram. 

1.3.3 Parametric oscillation and parametric amplification 

 

Fig. 1.4 Optical parametric oscillator 

In a parametric process the initial and final quantum mechanical states involved in a transition are 

identical. The life time of population inversion in a virtual level is given by ℏ M�⁄  where M� is the 

energy difference between the virtual level and nearest real level. In a nonparametric process the 

transition of population inversion happens between two real levels.  In difference frequency 

generation one atom absorbs a photon with frequency ω1 and emits a frequency �5 = �% − �� in 

the presence of a photon of frequency	��. Or in other words, a photon with frequency �% is 

annihilated and two photons of frequency �� and �5 are created in the presence of �� frequency. 
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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 field intensity will be weaker. In this case if the 

nonlinear crystal is kept inside an optical resonator one can amplify the generated fields �� or �5. 

The output frequency �5 = �% − �� can be controlled by adjusting the orientation of the crystal 

(phase matching condition) and can be used to generate tunable radiation. In this process �% is 

called the pump frequency, desired output frequency is called signal frequency ��  and the other 

output frequency is called idler frequency	��. Figure 1.4 shows a schematic of optical parametric 

oscillator.    

1.4 Effects due to third order nonlinear optical susceptibility 

The third order nonlinear polarization can lead to various effects such as third-harmonic generation 

(THG), two-photon absorption, Kerr effect, self-phase modulation, self-focusing, four-wave 

mixing, stimulated Brillouin scattering, stimulated Raman scattering, optical solitons, optical 

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

1.4.1 Third harmonic generation 

 

Fig. 1.5 (a) Interaction of an incident light wave with frequency ω with a medium having a nonzero 

third order nonlinear optical susceptibility (b) Energy level diagram showing the generation of 

third harmonic generation. 

The nonlinear polarization due to $�5	 is given by, 

 !;�5	��	 = =�$�5	�;��	5 (1.28) 
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In a medium having nonzero third order susceptibility, !;�5	��		generates new frequencies which 

are sum of three input frequencies. In third harmonic generation process, three photons of the same 

frequency, � is used to create a single photon of frequency, 3� which is three times the frequency 

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

1.4.2 Intensity dependent refractive index 

Apart from quenching new frequencies, the third order polarization can result other effects such 

as intensity dependent refractive index, saturable absorption and multiphoton absorption. In this 

section we will derive the mechanism behind intensity dependent refractive index. For simplicity 

we will assume the incident light is monochromatic. The third order polarization, !;�5	��	 induced 

by a field �;��	 = ���PQ�� is, 

 

 

!;�5	��	 = =�$�5	��5 cos5�� 
																																											= =�$�5	��5�14 cos 3�� + 34 cos��	 

																																																										= 14 =�$�5	��5 cos 3�� + 34 =�$�5	��5 cos�� 
(1.29) 

The first term in the above expression results in third harmonic generation. The second term is 

responsible for intensity dependent refractive index. The second term, the source term for the 

frequency � can be written as, 

 !;��5	��	 = 34 =�$�5	��5 cos�� = �34 =�$�5	���	�;��	 (1.30) 

If we assume $�%		and $�5	 are non-zero, then there are two sources for generation of frequency ω. 

The linear polarization, !;��%	��	 and !;��5	��	  
Then the total source term for the frequency � will be 

 
!;�%	��	 + !;��5	��	 = =�$�%	�;��	 + �34 =�$�5	���	�;��	 

																																																	= =� V$�%	 + 5W$�5	���X �;��	 = =�$)YY�;��	  (1.31) 
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where $)YY = $�%	 + 5W$�5	��� is the effective susceptibility. 

The electric displacement is D = ϵ�01 + $)YY2� and the effective real part of refractive index can 

be calculated by, 

 @ = \]��=	 (1.32) 

where = = 1 + $)YY is the effective dielectric constant. 

@ = ^]��1 + $)YY	 = _]� `1 + $�%	 + 34$�5	���a 

@ = _1 + ]��$�%		 + 3]��$�5		4 ��� 

@ ≈ ^1 + ]��$�%		 + 3]��$�5		
8\1 + ]��$�%		 ��� 

 @ ≈ @� + 3]�0$�5	28@� ��� = @� + @d���� (1.33) 

where @� = \1 + ]��$�%		 and @d� = 5e)0f�g	2hH,  

We can write the refractive index in terms of intensity, i = %�@�=����� as, 

 @ = @� + @�i (1.34) 

where,  @� = �Hd*H,j,k = 5WH,*j,k]�0$�5	2 is the intensity dependent refractive index. 

Intensity dependent refractive index can lead to a process called self-focusing. For example, let us 

consider a Gaussian beam propagating through a nonlinear crystal with non-zero values of n2. Then 

since the transverse intensity of the Gaussian beam decreases away from the center of the beam, 



15 | Chapter 1 
 

the axial region of the beam will see a higher refractive index (for positive nonlinearity) and the 

intensity dependent refractive index makes the crystal to act as a convex lens and focus the beam. 

This effect is termed as self-focusing. Self-phase modulation also happens as a result of the 

intensity dependent refractive index. When the light wave passes through a nonlinear crystal with 

n2 > 0, then n2 creates changes in the phase of the incident light wave. In four wave mixing the 

interaction of two or three waves inside a nonlinear crystal produces new wavelengths through 

degenerate and nondegenerate four wave mixing. 

1.4.3 Two-photon absorption 

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

susceptibility, then we can write, 

 @l��	 = @��	 + �m��	 = \=��	 (1.35) 

where the real part of the complex refractive index is the usual refractive index @ and the imaginary 

part of the complex refractive index, m is the extinction coefficient, which is responsible for 

absorption. If we follow a similar approach as in the previous section for the imaginary part of the 

effective susceptibility, $)YY = $�%	 + 5W$�5	��� we can express the extinction coefficient also as 

sum of real and imaginary parts as in the case of nonlinear refractive index, 

 m = m� + m�i (1.36) 

where m� is given by m� = 5WH,*j,k i�0$�5	2 
 m = m� + 34@��=�� i�0$�5	2i (1.37) 

The linear absorption coefficient is defined as  n� = 2�k m�. We can write the above equation in 

terms of absorption coefficient as, 

 n = n� + n�i (1.38) 

where n�	is the two-photon absorption coefficient  

 n� = 3�2@��=��� i��0$�5	2 (1.39) 
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In a two-photon absorption process, an atom makes its transition from ground state to its excited 

state by absorbing two photons simultaneously. The nonlinear absorption cross section describing 

this process is given by, 

 o = o��	i (1.40) 

The absorption cross section is no longer a constant material property, but it increases linearly 

with the intensity of light. 

The atomic transition rate R due to the two-photon absorption process is 

 ] = 	 oiħ� (1.41) 

 				] = 	o�qi�ħ�  (1.42) 

1.4.4 Saturable absorption 

Saturable absorption is a nonparametric nonlinear optical process in which the absorption 

coefficient of the material decreases with increasing intensity of incident light. This happens when 

the material is exposed to intense light, so that all the atoms are excited, and the ground state is 

depleted. The dependence of the absorption coefficient of the material on the incident laser 

intensity in this case is given by, 

 n = n�1 + i i�r  (1.43) 

where n� is the linear absorption coefficient and i� is the saturation intensity. 

1.5 Optical Microscopy 

One of the major focus of this thesis is on developing new and improved optical microscopic 

techniques by making use of the large third order nonlinear optical absorption observed in 

perovskite nanoparticles. In this section we give a brief review of existing optical microscopic 

techniques, its salient features and drawbacks. 

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

light to image small objects at greater magnification than the human eye can perceive [1,17]. 
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Optical microscopy is the most widely used and important imaging tool employed in life science 

[1,2,18]. Other than life sciences optical microscopy finds application in various fields such as 

electronics, material science and photonics [1–3,17,19–21]. Figure 1.6 depicts the basic principle 

of image formation in a compound microscope in a self-explanatory manner. 

  

Fig. 1.6 Image formation in a compound optical microscope 

One of the simplest optical microscopes is the bright field microscope. In bright field imaging the 

sample is illuminated with a broadband (white) light source and the image is formed from the 

transmitted/reflected light [3,20]. Usually a condenser lens is used to focus the light on the 

specimen and the transmitted/reflected light is collected by another lens which is termed as the 

objective lens. The objective lens in combination with the ocular (eyepiece) lens forms an enlarged 

image of the specimen. Figure 1.7 shows the schematic of a wide field microscope. The quality of 

the image in an optical microscope is decided by two parameters, resolution and contrast. 

Resolution is a measure of the shortest distance between two closely spaced objects that can be 

seen resolved in the image [17]. The resolution of an optical microscope is limited by the 

diffraction of light which is a fundamental limitation [17,22]. Imaging a small point object forms 

an Airy disc pattern which consists of a central bright spot surrounded by bright and dark circular 

rings. According to Rayleigh criterion, two point sources are just resolvable when the maximum 

of the Airy intensity pattern of one point source falls on the minimum of the second point source’s 

Airy intensity pattern [17,22]. Figure 1.8 illustrates the Airy disc pattern of two point sources in 

three different situations: (a) when the two points are well resolved (b) when the two points are no 

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

pattern and is given by the equation, 

Lateral Resolution,  s = %.��t(uvwxD(uyzI{ 
where 7	is the wavelength of light and NA is the numerical aperture of the lenses used. Numerical 

aperture is given by the equation,  "| = @	Q�@n, where n is the refractive index of the medium 

and n	is the half the angle of the light acceptance cone of the lens [17,22]. Thus, the image 

resolution depends on the numerical aperture of the objective and condenser, and wavelength of 

light used. 

One of the challenges in using bright field microscopy is to separate the image from the scattering 

environment [1,19]. In general, the optical contrast comes from the difference in the optical 

properties of structures within the sample and the neighboring medium. In bright field transmission 

imaging, the light is passed through a semi-transparent medium and the differences in the 

transmitted light intensity between neighboring points provide the image contrast. Different 

approaches have been tried out in conventional optical microscopy to improve image contrast. This 

include dark field microscopy [19,20,23], polarization based microscopy [24], and phase contrast 

imaging [23]. In dark field imaging, the light from the unscattered region of the specimen is 

excluded and the field around the specimen becomes dark. This is achieved by blocking the central 

light rays along the optical axis of the microscope. This forms a hollow light cone incident on the 

sample which makes an oblique angle with the sample and image is formed with the scattered 

light. In dark field microscopy, the contrast is created by a bright specimen on a dark background. 

This will help in imaging outlines, edges and boundaries clearly. In a polarized light microscopy, 

the illumination beam is polarized to image a birefringent sample to enhance the contrast. This is 

achieved by keeping a polarizer between condenser and sample and an analyzer in the path of light 

rays to the detector after the sample. Polarization microscopy can be used to extract information 

about anisotropic materials. In phase contrast microscopy the change in phase of the light beam 

when passed through the sample is converted into intensity variation to increase the contrast in the 

image. In phase contrast microscopy an annular aperture is used in the focal plane of the condenser 

and a phase plate is kept at the rear focal plane of the objective. The phase plate is also an annular 

ring with a phase altering material. The light passing through the condenser annular aperture passes 

through the specimen. The rays which do not deviate from the specimen pass through the phase 
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plate where the phase altering material is present and the phase is altered. The light rays which are 

scattered from the sample pass through the phase plate through the regions where the phase altering 

material is not covered and its phase remains unchanged. This creates a difference in phase 

between transmitted and scattered light and thus would give better contrast. Phase contrast 

microscopy can be used to image transparent optical samples. 

 

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

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

Though these techniques such as dark field microscope, polarization microscope, and phase 

contrast microscope have improved the contrast compared to conventional bright field microscope, 

still large-scale improvement is necessary to provide quantitative information on biological 

process. This is especially true since the contrast and signal to background ratio is limited due to 

the relatively small difference in the refractive indices of the desired biological objects to be 

imaged and that of the surroundings. A novel approach employed to overcome this difficulty is 

fluorescence microscopy where desired region of the specimen is labeled with fluorescent dye. 

The fluorescence emission from the dye labels forms the contrast in imaging [21]. Fluorescence 

microscopy has helped in improving the signal to background ratio considerably in the biological 

imaging [21]. The molecules which emit fluorescence when irradiated are called fluorophores. 

Fluorescence microscopy allows one to label proteins and other biological molecules of interest 

inside the cell by specific fluorophores and image them with better contrast and resolution. In 

conventional fluorescence microscopy, the fluorescent label in the specimen is illuminated by 

monochromatic radiation filtered out from a broad band light source and the resulted fluorescence 

is collected by an objective lens and sent to a detector through appropriate filters to form the image 

of the specimen. Signal to noise ratio is improved significantly in this method of imaging [21]. 

Since we can label a specific desired structure inside a complex specimen by fluorophores, 

fluorescence microscopy enables targeted imaging of  specific regions inside a biological system 

[21].  
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The excitation wavelength, extinction coefficient, emission wavelength, fluorescence quantum 

yield, fluorescence lifetime and the stock shift in wavelength are important parameters for 

selecting fluorophores as labels. The wavelength of the light source in fluorescence microscopy is 

selected to coincide with the excitation band of the fluorophores. The extinction coefficient is the 

measure of the amount of absorption of the fluorophores at a particular wavelength. Fluorescence 

quantum yield is the ratio of number of photons emitted by the molecule to the number of photons 

absorbed by the molecule. Fluorescence lifetime is inversely proportional to the width of the 

excitation energy level. Normally for fluorescence process, the lifetime is of the order of 

microseconds to nanoseconds, so the absorption and emission are almost instantaneous. The 

smaller is the lifetime, lesser is the data acquisition time. Traditionally used fluorophores are 

natural or synthetic dyes. The most popular among them are the ones corresponding to the 

excitation wavelength of the Ar+ laser lines 488 nm, 510 nm, 540 nm. Another category of dyes is 

nucleic acid dyes. Hoechst and DAPI are examples of nucleic acid dyes. To improve the imaging 

capabilities of fluorescence microscope many new markers are been developed in recent years. 

One major development in the field of a biomarker is the discovery of fluorescent proteins such as 

green fluorescent protein (GFP) found in some of the living organisms. GFP absorbs blue or violet 

light and emits green fluorescence. Similarly, yellow fluorescent protein (YFP) and red fluorescent 

protein (RFP) are also used as fluorescent markers.      

Several different approaches are applied in a conventional microscopy to improve the resolution 

and contrast for specific imaging needs. We briefly discuss these microscopic techniques and their 

limitation in the following section. 

 1.5.1 Confocal Fluorescence Microscopy 

One of the major development in optical microscopy is the invention of confocal fluorescence 

microscopy by Marvin Minsky in 1955. Marvin Minsky proposed that by adding a pinhole in the 

confocal backplane of the objective lens one can reduce out of focus light reaching the detector 

[2,3,25]. In conventional fluorescence microscopy, the fluorescence emitted from the sample 

above and below of the focal plane are also collected by the objective and send to the detector. 

This out of focus light when it reaches the detector reduces the contrast of the signal from the 

focus. In confocal microscopy the pinhole used in the path of the fluorescence light eliminate out 

of focus light from the specimen. The pinhole placed in the confocal plane acts like a spatial filter 
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and removes the out of focus light from the sample. In other words, the pinhole enables to collect 

the light only from the desired depth of field in the specimen. This gives the confocal microscope 

better axial resolution. It also provides the capability to collect serial Z- sections of the sample, or 

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

resolution three-dimensional image of the specimen. Figure 1.9 illustrates the use of pinhole and 

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

The invention of the confocal microscope was not noticed much until the invention of lasers. The 

invention of lasers augmented the use of microscopy in different fields. The monochromaticity 

and directionality of lasers allows tight focusing of the beam to small diffraction limited spot, 

thereby improving the resolution of the microscope considerably.  In confocal fluorescence 

microscopy, since the laser is focused into a small spot in the sample, one has to either raster scan 

the beam over the sample or move the sample in the XY (lateral) plane to acquire a two-

dimensional image. The scanning of the sample can be done by moving the stage where the sample 

is attached while keeping the laser position fixed (stage scanning), or by scanning the laser beam 

using a galvanometric mirror while keeping the sample fixed (laser scanning). In our studies, we 

have employed a laser scanning microscope. The advantage of laser scanning is the fast acquisition 

of images in few seconds. After the invention of lasers, the confocal microscope became popular 

among the imaging systems. Sensitivity, spatial resolution, and three-dimensional sectioning 

capabilities make it an ideal microscope in the study of biological systems such as membranes, 

tissues, and cells [2,3,5,25]. 

1.5.2 Nonlinear optical microscopy  

Most of the available fluorophores employed so far in confocal fluorescence microscopy use 

visible light to excite the fluorophores. This wavelength is not ideal for biomolecular imaging, 

especially in an experiment that involves deep tissue imaging considering the absorption in 

biological tissues, which ranges from 350 nm to 650 nm. Further, the CW excitation can result in 

heating up of the sample even at low powers reducing the viability of the technique in many 

systems. Another approach made to overcome these limitations is the nonlinear optical 

microscopy.   
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Fig. 1.9 Schematic of confocal microscopy. 

In a conventional optical microscope, the image contrast is given by the linear interaction of the 

incident radiation field intensity with the sample, namely absorption and scattering. In a linear 

optical process, the polarization induced by light-matter interaction is varying linearly with the 

incident intensity. In a nonlinear optical process, the induced polarization is dependent upon higher 

powers of the incident radiation field. Two-photon absorption, three-photon absorption and second 

harmonic generation are some of the examples of nonlinear optical processes used in microscopy. 

These nonlinear optical processes can be used to create contrast in optical microscopy. Advances 

in the field of laser technology has strengthened the application potential of nonlinear optical 

microscopic techniques as a successful tool in biomedical research [4,6,7,26]. Two-photon 
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absorption, described in the previous section, is a third order nonlinear optical phenomenon which 

involves the transition of a system from the ground state to a higher lying state by the simultaneous 

absorption of two photons from an incident radiation field. The nonlinear absorption is 

proportional to the square of the instantaneous intensity I and the optical loss due to absorption is 

described by the differential equation 

 
�i�} = −ni − n�i� (1.44) 

where α is the linear absorption coefficient, which in this case arises only from the impurities 

present if any. The two-photon absorption coefficient n� in this expression is a macroscopic 

parameter characterizing the material and is related to the imaginary part of the third order 

nonlinear optical susceptibility χ(3) by the relation, 

n� = 5��H,*j,k* i�0$�5	2	  
If N is the number density of the molecules involved in the interaction, the transition rate due to 

the two-photon absorption process, ]	 = 	o�i�/ℏ� where 	o� = ħ�n�/"	 is defined as the two-

photon absorption cross-section. Two‐photon excited fluorescence (TPEF) microscopy is one of 

the well-developed nonlinear optical microscopes. Some of the other nonlinear microscopy 

techniques are second harmonic generation (SHG) microscopy and third harmonic generation 

(THG) microscopy, and coherent anti‐Stokes Raman scattering (CARS) microscopy.  

The success of all the above mentioned fluorescence microscopies relies heavily on the availability 

of suitable fluorophores that can be used to stain the biomolecules of interest. A key issue faced 

by most biologists employing fluorescence microscopy is the phototoxicity and photobleaching of 

available fluorophores [2,21,25]. A fluorophore loses its ability to fluorescence permanently due 

to photon induced chemical damage called photobleaching. This limits the use of fluorophores for 

longer excitation time. Repeated exposure of the fluorescently labeled cells to laser radiation is a 

major cause for phototoxicity. When excited with lasers the fluorophores will go to higher excited 

state. In the excited state, they can react with oxygen or other molecules to damage cells. While 

phototoxicity of the fluorophore is inherently harmful to the biological system under observation, 

photobleaching hinders the use of the technique in studies that require long observation times. 
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Many live cell imaging studies, for example, experiments that involve cytoplasmic and nuclear 

transport require continuous monitoring for long periods of time. The search for photostable labels 

which resist photobleaching for a longer duration than conventional fluorescent dyes have resulted 

in the development of many new fluorescent probes such as semiconductor quantum dots. Though 

these efforts partly succeeded in developing many new photostable labels, they are often 

accompanied by newer challenges. Semiconductor quantum dots, for example, is a promising new 

biological label that satisfies the requirement of long-term photo-stability, but their irregular photo 

blinking (fluorescent intermittency) is a major drawback that has prevented the usage of them as 

biological labels [27]. These inherent limitations of confocal fluorescence microscopy have 

stimulated an intense research effort on developing new imaging techniques and labels. 

Instead of molecular fluorophores one of the potential label experimented is fluorescent 

nanoparticles. Fluorescent nanoparticles include fluorescently doped silica nanoparticles 

[8,28,29], polymer nanoparticles [9,30], carbon dots [31–33] and intrinsically fluorescent 

semiconductor quantum dots [10,34,35] and noble metal nanoparticles [11,36]. Nanoparticle labels 

possess certain advantages over traditional molecular probes. Nanoparticle labels are often less 

cytotoxic and highly photostable, unlike molecular fluorophores. Binding a molecular fluorophore 

with a protein can cause change in the optical properties of both. Most of the dye labeled 

nanoparticles or the intrinsically fluorescent nanoparticles are generally inert and do not interact 

with the biological protein or specimen. Most importantly the optical properties of the 

nanoparticles are not affected by the binding biomolecular specimen. Depending upon the charge 

of the nanoparticles it can be easily internalized into cells and can attach with the desired structure 

of the cells. Nanoparticle labels can be used for fluorescence image and targeted image analysis. 

However, the nanoparticle labels have not become popular due to their weak fluorescence and 

blinking effects.  

Another very important recent development, is the detection of gold nanoparticles with 

photothermal microscopy, [13,14,16,37] from the point of application as biological labels. 

Photothermal microscopy is a pump probe microscopy which is free from photobleaching and 

blinking and can be used to collect images for longer duration without any degradation in the 

signal.  In the following section, we will discuss in detail about the photothermal microscopy and 

their applications.       
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1.5.3 Photothermal microscope  

Nanoparticles are a potential alternative to conventional dye labels in biomolecular imaging. 

Fluorescence from the nanoparticles is negligible and most nanoparticles are not suitable for 

fluorescence imaging. Conventional optical microscope makes use of the scattered light from the 

sample or the structures inside the sample to form an image of the specimen. According to Mie 

theory, the scattering cross section of a spherical particle whose radius R is much smaller than the 

wavelength of light decreases as R6 while absorption decreases only as R3. As a result, for smaller 

particles absorption based detection methods are more sensitive compared to scattering based 

techniques. Considering the drawback of fluorescent probes, the absorption based detection of 

non-luminescent nano size particles become promising.  Upon optical excitation of a non-

luminescent particle, most of the absorbed energy is transferred to the lattice through nonradiative 

relaxation process and thus causes a temperature change in the nanoparticle and its immediate 

surroundings. This change can be detected using an appropriate sensor or a second probe beam.  

This method of detection of nano size objects, generally termed photothermal detection, is free 

from photobleaching or blinking effects.   

Photothermal microscopy is a pump probe detection technique. Pump beam or the excitation beam 

is selected in the resonance absorption band of the target molecule/nanoparticle. The nanoparticle 

is excited with the modulated pump beam. The energy absorbed by the nanoparticle is released 

locally as thermal energy. Since the pump beam generates thermal energy it is also called as the 

heating beam. Due to the resonance absorption of the modulated pump beam, the nanoparticles act 

as point heat sources with a modulation frequency of the pump beam. The locally released heat 

generates changes in the refractive index of the surroundings which varies with the modulation 

frequency. A probe beam is scattered due to change in refractive index. The probe is filtered at the 

modulation frequency by using a lock-in amplifier and is used to obtain the image of the 

nanoparticle. Normally Acousto Optic Modulator (AOM) is used to modulate the pump beam and 

a lock-in amplifier is used to filter the probe beam.  

Detection of gold nanoparticles using photothermal microscopy has been reported recently 

[13,14,16,37]. Berciaud et al.  have succeeded in the detection of a gold nanoparticle of size as 

small as 1.4 nm with photothermal heterodyne imaging [37]. Mostafa A. El-Sayed et al.  

successfully implemented cancer cell imaging and selective photothermal cancer therapy using 
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gold nanorod in in-vitro conditions [15]. This method of detection of gold nanoparticles is free 

from photobleaching and high signal to noise ratio (SNR) images can be acquired at fast timescales 

suitable for biological imaging. These studies show that photothermal effect based microscopy has 

a high potential to be a viable alternative to confocal fluorescence microscopy. However, the 

photothermal microscopy of gold nanoparticles reported so far relies on linear optical absorption 

and makes use of a continuous wave (CW) laser as pump beam. Hence the technique is not 

inherently confocal and usage of gold nanoparticles as label necessitates the use of visible light 

having wavelength around 500 nm as the pump beam. This wavelength is not ideal for 

biomolecular imaging, especially in an experiment that involves deep tissue imaging considering 

the absorption in biological tissues, which ranges from 350 nm to 650 nm. Further, the CW 

excitation can result in heating up of the sample even at low powers reducing the viability of the 

technique in many systems. 

Thus, it would be better if we can have an appropriate photostable and biocompatible label that 

can be detected and imaged using infrared excitation. A two-photon excited photothermal 

microscopy, for example, would retain all the advantages of photothermal technique and nonlinear 

microscopy such as inherent confocality. Another potential candidate for biomolecular imaging is 

BaTiO3 nanoparticles. In the present work, we explore the potential of BaTiO3 nanoparticles, a 

widely popular dielectric nanoparticle having high nonlinear optical susceptibilities as a 

biomolecular label. We employ a two-photon absorption induced photothermal effect for detection 

of the nanoparticle. In the following section, we give a detailed review of the existing literature on 

BaTiO3 and discuss its viability as a biomarker. 

1.6 Barium Titanate (BaTiO3) 

Barium Titanate (BaTiO3) is a well-known dielectric material having high melting point, 

low thermal expansion, and good chemical resistance. Ever since its first discovery by Wainer and 

Solomon during the second world war as a potential replacement for oxide dielectrics, BaTiO3 has 

attracted huge interest because of its unique characteristics. Its high dielectric constant, low 

dielectric loss and chemical stability make it an ideal candidate for capacitors in electrical and 

electronics industry. BaTiO3 is a sought after ferroelectric material, and its photorefractive and 

piezoelectric properties are used in different applications. During the last couple of decades, the 

bulk properties of BaTiO3 are well studied and different groups have engineered its structure to 
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suit specific applications [38–42]. BaTiO3 exists as white powders and transparent crystals. The 

structure of BaTiO3 comes in the perovskite family with a chemical formula of the form ABO3. 

The perovskite structure of BaTiO3 is shown in figure 1.10. Perovskites exhibit unique material 

properties that have potential applications in various scientific fields. In particular, applications of 

both bulk and nanoparticle forms of BaTiO3 have been demonstrated in fields such as high density 

optical data storage, in phase conjugate mirrors and lasers, nonlinear optical devices, optical 

computing, optical image processing, piezoelectric devices, pyroelectric sensors, semi-conductive 

ceramics varistors, electro-optic devices, holography, dielectric amplifiers, nano transducers, 

micro capacitors, nanoscale electronic devices, detectors, capacitors, positive temperature 

coefficient thermistors, multilayer ceramic capacitors, and sensors [12,38,39,41–54].  

The property of perovskite structures to accommodate a large number of dopants is used for 

varying BaTiO3 properties by doping with different materials of interest. The dielectric constant 

of BaTiO3 is related to its ferroelectric properties which depend on the crystal structure, 

morphological parameters and the nature of doping material. The changes in the properties of 

BaTiO3 due to doping with different rare earth metals such as Lanthanum, Erbium, Samarium, 

Neodymium, and Cerium are studied by different groups [55–61]. The doping results in a shift in 

Curie temperature, the phase transition temperature corresponding to the transition from 

ferroelectric phase to paraelectric phase of BaTiO3.  

In the last few decades, several new methods of the synthesis of BaTiO3 have been developed. 

Some of the commonly used methods for the preparation of BaTiO3 are solid state reaction method, 

hydrothermal method [62–65], sol-gel processing [66–69], spray pyrolysis [70] and polymeric 

precursor method . Large scale synthesis of BaTiO3 mostly uses solid-state reaction method which 

is a low-cost method. One disadvantage of this method is the high temperature calcinations 

required for forming BaTiO3. Further, in this method, subsequent processing is needed to form 

smaller size particle of BaTiO3 from aggregates. 

Depending upon the final application various methods are developed for the synthesis of BaTiO3 

nanoparticles. These include the popular hydrothermal method, solvothermal method and sol-gel 

preparation method. Different groups have successfully employed a hydrothermal method for the 

synthesis of BaTiO3 nanoparticles [62–65,71,72]. M. L. Moreira et al.  have tried a new approach, 
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hydrothermal microwave method for the synthesis of BaTiO3 nanoparticles [73]. Solvothermal 

method is used for the preparation of BaTiO3 nanoparticles by a few groups [74,75]. The sol-gel 

method is also a popular method employed [66–69,76]. Stephen O'Brien et al. synthesized BaTiO3 

nanoparticles of size varying from 6 nm to 12 nm by sol-gel method [77]. Co-precipitation from 

solution, [78–81], catecholate process [82], combined solid-state polymerization and pyrolysis 

[83], spray pyrolysis [70], chemical vapor method [84] and combination of above methods [85–

89] are some of the other methods employed for the synthesis of BaTiO3 nanoparticles. Room 

temperature biosynthesis method is also used in BaTiO3 nanoparticle preparation [90]. The recent 

surge in the interest of BaTiO3 nanoparticles is primarily due to its applications in nanoelectronic 

devices and biomolecular imaging. Though very many methods were developed, synthesis of 

monodisperse BaTiO3 nanoparticles with controlled size are still a challenge to be achieved in 

material chemistry.  

 

Fig.1.10: Perovskite structure of BaTiO3 

Biomedical and biomolecular imaging is another recent promising area of application of BaTiO3 

nanoparticles. The desired criteria for a good biomarker are biocompatibility, bioconjugation, 

specific selectivity of the target molecules, chemical stability, photostability and high signal 

response to the imaging technique in the desired wavelength suitable for imaging. BaTiO3 

nanoparticles satisfy most of the desired properties of biomarkers. This surged the number of 

studies carried out on BaTiO3 nanoparticles as a biomarkers [43,44,91–95]. BaTiO3 nanoparticles 
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can be easily conjugated with biomolecules of interest and its potential as nanocarriers for drug 

delivery is being explored seriously [28,91,93,95]. BaTiO3 nanoparticles exhibit large nonlinear 

optical susceptibilities near infrared region which can be utilized for different nonlinear imaging 

techniques such as second harmonic generation imaging, third harmonic generation imaging and 

two-photon absorption based imaging. Studies have been reported on the use of BaTiO3 as 

nanoprobes in second harmonic generation imaging technique [93,96–99].  

Ciofani et al. have studied the cell internalization of BaTiO3 nanoparticles and its biocompatibility 

by using both quantitative and qualitative assays [92]. Christopher Dempsey et al. studied the 

cellular uptake of BaTiO3 nanoparticles and employed surface coating with polyethylenimine to 

improve the cellular uptake [100]. They have achieved an improved gene delivery with 

polyethyleneimine coated BaTiO3 nanoparticles conjugated DNA. Bagchi A et al. successfully 

employed ceramic nanoparticles (BaTiO3, CaTiO3, SrTiO3) nanoparticles in polymer composites 

for bone tissue regeneration. Addition of ceramic nanoparticles enhanced the mechanical 

properties such as tensile strength and modulus of the composite which is a desired property in 

bone tissue engineering [101]. Ball et al. have tested the biocompatibility of porous BaTiO3 

micrometer sized particle and their application in orthopedic tissue engineering [102]. Ciofani et 

al. suggested the use of BaTiO3 nanoparticles for cancer therapy [91,103]. They have shown the 

efficiency of the chemotherapy drug, doxorubicin increases with the addition of BaTiO3 

nanoparticles to it. Hsieh et al. have performed specific labeling of BaTiO3 nanocrystals by surface 

functionalization and bioconjugation of immunoglobulin G antibody for second harmonic imaging 

[93]. This provides a promising method of imaging membrane proteins of live biological cells in 

vitro. Farrokh Takin et al. proposed a promising application of Barium titanate core-gold shell 

nanoparticles as a photothermal agent for hyperthermia (thermal therapy) treatment against cancer 

cells [104]. Jelena C˘ulic´-Viskota et al. used BaTiO3 as photostable SHG nanoprobe for long-

term in vivo imaging in living zebrafish embryos [96].  Hsieh et al. demonstrated imaging through 

turbid media by using BaTiO3 nanoparticles as second harmonic imaging with the help of digital 

phase conjugation microscopy [97]. Rachel Grange et al. successfully demonstrated the use of 

BaTiO3 as a biomarker in living tissues [98]. They have detected the BaTiO3 biomarker through a 

thickness of 50 µm and 120 µm by using second harmonic generation signal from BaTiO3. Ye Pu 

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

In this method, the digital hologram is made by using the coherent second harmonic signal from 
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an ensemble of BaTiO3 nanocrystals and frequency doubled reference beam. Eugene Kim et al. 

have investigated the second harmonic signal from single BaTiO3 nanoparticles down to 22 nm 

particle size and imaged it [106]. Ronan Le Dantec et al. have used Hyper-Rayleigh Scattering 

(HRS) combined with dynamic light scattering to find hyperpolarizabilities and nonlinear 

coefficients of the material [107]. They have used a second harmonic generation microscopy to 

image individual nanoparticles and further studied the second harmonic signal as a function of 

incident light polarization.    

Ramakanth et al. have studied the magnetic and nonlinear optical properties of BaTiO3 

nanoparticles [108]. Ganeev et al. have studied the third order and higher order nonlinear optical 

properties of BaTiO3 nanoparticles dispersed in ethylene glycol [109]. Enhancement of third-order 

nonlinear optical properties of BaTiO3 nanoparticles and films with different dopants are studied 

by different groups. Nonlinear absorption coefficient (n�) and nonlinear refractive index ( @�)  of 

BaTiO3 films doped with cerium [57,110], rhodium [111,112], silver [113–115], gold [116–122] 

and iron [123,124] are studied and most of these studies have found an increase in the nonlinear 

optical coefficients compared to pure BaTiO3. This is generally assigned to the localized electric 

field of the dopants which can change the nonlinear response of the material. However the 

mechanism of nonlinearity in nanoparticle and its size dependence is still not well understood. 

Apart from the above detailed, BaTiO3 nanoparticles have found applications in many other related 

fields. Zhibo Yan et al. have studied the possibility of high-performance programmable memory 

devices based on copper doped BaTiO3 nanoparticle [45]. Schlag et al. have studied the size driven 

phase transition in BaTiO3 [125]. Holtmann et al. demonstrated the light induced photovoltaic 

effects in BaTiO3 for the recording of holography [46]. Yanyan Fan has studied the enhanced 

dielectric properties of core–shell structured biopolymer doped BaTiO3 nanoparticles and 

suggested their application in energy storage [47].  

In summary, the properties of BaTiO3 bulk and nanoparticles and their composites have found 

applications in different fields as follows. Ferroelectric properties found application in computer 

information storage or memory devices [38,45,48,126]. High dielectric constant found 

applications in capacitors [41,47,49,127,128].  Piezoelectric property can be used to form different 

sensors such as microphones, accelerometers and hydrophones and actuators, ultrasonic 
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generators, resonators, filters [50]. The pyroelectric properties of BaTiO3 can be utilized in making 

infrared detectors [51,129,130]. Electro-optic effects can be utilized in laser Q-switches, optical 

shutters, and integrated optical (photonic) devices. Nonlinear optical properties have found 

applications in laser frequency doubling, optical mixing, including four-wave mixing and 

holographic information storage. Medical and biomolecular imaging of BaTiO3 nanoparticles is 

emerging area of interest.  

1.7 Objectives 

The main objectives of the present thesis can be summarized as: 

•  Size controlled synthesis and characterization of BaTiO3 nanoparticles and Au/BaTiO3 

nanocomposite films 

•  Linear and nonlinear optical characterization of BaTiO3 nanoparticles and Au/BaTiO3 

nanocomposite films 

•  Development of methodologies for enhancing and tuning the nonlinear optical coefficients 

for specific applications 

•  Development of alternate imaging techniques such as photothermal microscopy which are 

useful for biomolecular imaging as well as for characterization of nanocomposite films 

•  Development of nonlinear optical microscopic techniques by making use of the large third 

order optical nonlinearity of BaTiO3 nanoparticles.  

•  Detection and imaging of single BaTiO3 nanoparticles using nonlinear optical microscopy. 

•  Exploring the potential of BaTiO3 nanoparticle as a biomarker in nonlinear optical 

microscopy. 

1.8 Organization/ Thesis Outline 

The thesis work is organized into 7 chapters. In chapter 1 we introduce the topic of research and 

give a brief introduction to the nonlinear optics, present a detailed literature review on BaTiO3 and 

discuss the objectives and scope of the work. Different optical microscopic techniques and their 

uses and limitations in biomolecular imaging are also discussed in the chapter 1. In chapter 2 we 

start with a brief review of the characterization techniques used in the present study. Then we 

discuss the methods employed for the synthesis of BaTiO3 nanoparticles, BaTiO3 thin films, and 
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Au/BaTiO3 nanocomposite thin films. Results of the synthesis and characterization in correlation 

to synthesis parameters are presented. A detailed description of Z-scan technique used for 

nonlinear optical studies of the sample is given in chapter 3. Chapter 3 also covers the nonlinear 

optical studies performed on the BaTiO3 nanoparticles. Chapter 4 explore the possibility of 

enhancing and tuning the nonlinear optical properties of Au/BaTiO3 nanocomposite thin films. In 

chapter 5, we discuss the development of photothermal microscopy as a characterization tool for 

Au/BaTiO3 nanocomposite films and present images of gold nanoparticles which throw light on 

their distribution in the film. The development of a two-photon photothermal microscope and 

applications of the microscope in biomolecular imaging is given in chapter 6. Summary, 

conclusions and future scope of research is given in chapter 7. 
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Chapter 2: Synthesis and characterization of BaTiO3 

nanoparticles and Au/BaTiO3 thin films 

2.1 Introduction 

BaTiO3 nanoparticles possess many attractive optical and dielectric properties which makes them 

a promising candidate material for device applications in the area of photonics and nanoelectronics 

[12,43,49,53,54,131–134]. In addition to this, BaTiO3 nanoparticles find potential applications in 

different fields such as biomedical engineering and biomolecular imaging [44,91,92,94,99,135–

137]. The morphological properties of BaTiO3 nanoparticles depend on the synthesis methods 

employed. There are several different approaches available for the synthesis of BaTiO3 

nanoparticles apart from the traditional solid-state synthesis employed in industrial production. 

These include hydrothermal method [62,64,65,69,71,72,138], sol-gel processing [66–68,139], 

polymeric precursor method [76,140–142]. Though each of these methods have its own 

advantages, the synthesis of monodisperse BaTiO3 nanoparticles having a desired size and shape 

is still a challenge. It has long been observed that the annealing temperature affects the particle 

size [62,63,143–146]. Different groups have made use of this synthesis parameter to control the 

size and shape of the particles formed [62,63,143–146]. However, so far there is no unique process 

identified to achieve monodisperse particles of desired size. In this work, we successfully 

synthesized monodisperse BaTiO3 nanoparticles of varying average sizes in the size range of 12 

nm to 90 nm by employing sol-gel method. We could achieve this by varying a single synthesis 

parameter namely, the annealing temperature, and keeping all other synthesis parameters 

unchanged. We are able to reproduce the results repeatedly by maintaining the same synthesis 

parameters. BaTiO3 thin films and Au/BaTiO3 composite thin films containing monodisperse 

particles of different concentrations are also prepared by the same method. The method of 

synthesis and characterization of BaTiO3 nanoparticles and Au/BaTiO3 nanocomposites employed 

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

various sample characterization techniques employed in the study.  
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2.2 Overview of characterization techniques 

BaTiO3 nanoparticles, BaTiO3 thin films, and Au/BaTiO3 composite films are characterized using 

X-ray diffractometer, UV-VIS-NIR absorption spectrometer, scanning electron microscope, 

transmission electron microscope and atomic force microscope. The crystalline structure and 

crystallite size are studied by X-ray diffractometer. UV-VIS-NIR spectrometer is used to study the 

linear optical properties of the samples. Scanning electron microscope and transmission electron 

microscope are used to study particle size, particle size distribution, morphology and chemical 

nature of the molecules. Atomic force microscope is used to study the topography of the thin films. 

The surface quality of the film is investigated by an optical microscope.  

2.2.1 X-ray Diffraction (XRD) 

XRD is a powerful nondestructive technique for characterization of the crystalline materials. It can 

be used to find crystalline structure and crystallite size of the materials. The powder X-ray 

diffractometer employed by us consists of an X-ray source, a rotating sample holder and a detector. 

Monochromatic X-rays filtered from the X-ray source is collimated and directed towards the 

sample and the diffracted beam is collected by the detector. Figure 2.1 shows the schematic 

arrangement of X-ray diffractometer. Normally when the sample is rotated by an angle Ɵ, the 

detector is to be rotated by an angle 2Ɵ to measure the scattered X-rays. The diffracted intensity 

of X-rays from the sample as a function of angle Ɵ is recorded by the detector. For those angles 

that satisfy the Bragg's condition, constructive interference of the reflected rays from different 

crystal planes occur which corresponds to a peak in the diffractogram.  These peaks are 

characteristics of the sample crystal structure and can be used to identify crystal structure of an 

unknown material. In our studies, we used a Rigaku Miniflex II Desktop X-ray Diffractometer 

using Copper Kα radiation operated at 30 kV and 15 mA. 

In the Bragg’s condition for constructive interference, we assume that the crystal is having infinite 

dimensions. But in the actual experimental situation, the crystal size is finite, and this can lead to 

imperfections in the obtained diffraction peaks. A finite number of crystal planes involved in the 

diffraction process leads to a reduction in the peak height and thus broadening of the diffraction 

peaks. Thus, the grain size, or the crystallite size can be found from the width of the XRD peaks. 
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According to Scherrer equation the mean crystallite size is given by,  � = �t�k��Ɵ   where λ is the 

wavelength of X-ray radiation used, β is the full width at half the maximum (FWHM) of the 

diffraction peak in radians and Ɵ is the Bragg’s angle corresponding to the diffraction peak. K is 

a dimensionless shape factor. Normally for spherically shaped particles K is taken as 0.94. There 

are several other factors such as monochromaticity of the incident X-rays, crystal lattice distortions 

such as stress and strain of the sample and other instrumental effects that can produce broadening 

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

 

Fig. 2.1: Schematic of X-ray diffractometer 

2.2.2 UV-VIS-NIR absorption spectroscopy 

UV-VIS-NIR absorption spectroscopy is used to study the linear optical absorption properties of 

materials in the ultraviolet, visible and near infrared radiation of the electromagnetic spectrum. 

When a radiation of particular frequency with intensity Io is incident on the sample of thickness, t, 

then the transmitted light, I can be written as,    

 i = i����� (2.1) 

where α is the absorption coefficient of the material. Absorption coefficient gives a measure of 

distance up to which radiation having a particular wavelength can penetrate inside the material 

before it is absorbed completely. 

The transmittance,   

  	� = 	 ii� (2.2) 
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The measure of the light absorbed by the material is given by the absorbance, A of the material. 

Absorbance can be written as  

  | = 1 − � = 1 − ��, (2.3) 

and absorption coefficient n is, 

 n = −ln	�|	�  (2.4) 

where ln denotes natural logarithm.  

 

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

A broadband light source is used in UV-VIS-NIR absorption spectrometer and a grating is used to 

select the desired wavelength of light. A particular wavelength of known intensity is passed 

through the sample of known thickness and the transmitted/reflected radiation intensity is 

measured. The absorbance measured is plotted against the wavelength of light used to give the 

absorption spectrum of the sample. The absorption spectrum can be used to study the absorption 

coefficient as a function of wavelength and thus to determine the band gap of the materials. A Tauc 

plot, which is a plot of (αhν)2 against hν, where h is planks constant and ν is the frequency of the 
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radiation, is used to find energy band gap of the material by extrapolating the absorption edge to 

the X (hν) axis.  Figure 2.2 shows the schematic of an absorption spectrometer. The absorption 

spectra of all samples reported in this thesis are measured by UV-VIS-NIR scanning spectrometer, 

model JASCO V-570 UV-VIS-NIR in the 400 nm - 800 nm wavelength range.  

2.2.3 Scanning Electron Microscope 

 

Fig. 2.3: Interaction volume of the electron beam in the sample. Various signals arising from the 

electron sample interaction is shown in the figure. 

Scanning electron microscope (SEM) is an imaging tool having nanometer resolution which can 

give information about morphology, chemical composition and crystalline structure of materials. 

SEM consists of an electron gun source which produces high energy electron beam which is 

accelerated and focused on the sample using electromagnetic field and electromagnetic lenses. The 

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

signals are produced due to the electron and sample interaction and they are helpful to reveal 

various information about the sample. The commonly used signal includes secondary electron, 

backscattered electron, X-rays, diffracted backscattered electron, visible light and heat. Secondary 

electrons are used for getting morphology and topography of the sample. Backscattered electrons 

are used to find chemical compositional information. X- rays are used for the elemental analysis 

of the sample. Diffracted backscattered electrons can also be used to examine micro fabric and 

crystallographic orientation in materials. Figure 2.3 shows the interaction volume of the electron 

with the sample and the process associated with the interaction.  

 

Fig. 2.4: (a) Schematic of optical microscope (b) Schematic of transmission electron microscope 

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

Transmission electron microscope (TEM) makes use of electrons transmitted through the specimen 

for imaging. Transmitted electrons are used in TEM to provide image contrast and resolution. TEM 

can be used to study morphological, compositional and crystallographic information of the sample. 

The electron beam is produced by an electron gun and is accelerated by applying a high voltage 

across the beam and then focused on the sample by electrostatic and electromagnetic lenses. Figure 

2.4(b) shows a schematic of a TEM. Figure 2.3 shows the interaction volume of the electrons with 

the sample. Elastically scattered electrons collected are used for high-resolution imaging of 

electron diffraction rings from the atoms, which reveal the compositional and structural 

information of the sample.  

2.2.5 Atomic Force Microscope  

Atomic Force Microscope (AFM) is a scanning probe microscope having a resolution of the order 

of few angstroms. AFM makes use of a cantilever with a very sharp tip to scan the sample surface. 

When the sharp tip of the cantilever reaches near the sample, the interaction between the atoms in 

the sample and cantilever tip causes the cantilever to deflect. The deflection of the cantilever is 

mapped and is used to form a high resolution image of the sample. AFM is used to acquire three-

dimensional topographic information of the specimen at the nanoscale. AFM can be used in contact 

mode, non-contact mode and tapping mode. In contact mode, the cantilever tip touches the sample 

while moving. This can be used for hard samples and is a destructive technique. In noncontact 

mode the cantilever tip goes very near to the sample but do not touch it and thus is a non-destructive 

imaging technique. Tapping mode is an in-between mode that gives higher resolution without 

damaging the sample surface. The three-dimensional topographic information on samples in our 

study is obtained in the tapping mode of the AFM. Figure 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 solution based chemical methods that is used for 

synthesizing BaTiO3 nanoparticles. Sol is a stable dispersion of colloidal particles in a solvent and 

gel is a three-dimensional cross-linked particle in a liquid. In sol-gel method, a precursor solution 

is first made by adding the primary reagents into a solvent, namely sol. The sol transforms into a 

gel in a gelation process. Finally, the crystallographic transformation of the compound is 

accomplished by heat treating at high temperatures. The homogeneity of the precursor solution 

ensures the phase purity and homogeneity of the compound prepared [66,68]. Additionally, the 

sol-gel method is environmental friendly and cost effective. In the present work BaTiO3 

nanoparticles and BaTiO3 thin films are prepared by sol-gel technique. A flow chat of the method 

employed for the synthesis of BaTiO3 nanoparticles are given in the figure 2.6. Barium Acetate 

and Titanium Butoxide are used as the primary reagents for the preparation of BaTiO3 

nanoparticles. We have used high purity analytical reagent (AR) grade barium acetate and titanium 

butoxide for the synthesis. The chemicals used for synthesis, their analytical grade, and the brand 
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are given in table 2.1. The BaTiO3 nanoparticles are prepared in three steps. First, a precursor 

solution of the BaTiO3 is formed by mixing the reagents. The solution is then dried using the 

evaporation method. In the third step, the solid obtained by the drying process is annealed at high 

temperatures to form BaTiO3 nanoparticles. 

 

Fig. 2.6: Flow chart for the preparation of BaTiO3 nanoparticles. 

2.3.1 Preparation of BaTiO3 precursor solution 

An aqueous solution of acetic acid and 2-methoxy ethanol is first prepared by mixing them at room 

temperature. 10 ml of acetic acid and 10 ml of 2-methoxy ethanol are added in a beaker and stirred 

using a magnetic stirrer to mix them properly. 2.55 g Barium Acetate [Ba(CH3COO)2] (10 mmol) 
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is added to the stirring aqueous solution. The solution is stirred for 30 minutes at room temperature. 

After mixing them properly an appropriate amount of acetylacetone is added to stabilize the 

solution. The acetylacetone is added in drops till a change in the color of the solution from yellow 

to reddish yellow, indicating the formation of Barium sol, is observed. After stabilizing the 

solution, 3.4 ml of Titanium butoxide is added to the solution and stirred for another 30 min. 

Finally, the solution is filtered through 0.22 µm filter paper to remove any solidified impurities 

and then aged for one week. The solution is transferred into a covered petridish and kept inside an 

oven for drying. The drying is carried out at 60 oC and 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 analytical grade 
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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 transferred to an alumina boat and kept inside a tube 

furnace for annealing in nitrogen atmosphere. The annealing is carried out at a temperature above 

500  oC. Different annealing temperatures in the range 500-1000 oC in steps of 100 oC is tried out 

to make particles of different sizes. Nitrogen atmosphere is employed to eliminate carbonate 

impurities. The nitrogen gas is passed through silicone oil at both ends of the furnace as shown in 

figure 2.7. The continuous flow of nitrogen throughout the experiment is ensured by monitoring 

the bubbles in the silicone oil.  Experiments are repeated to empirically optimize annealing 

temperature, annealing time and annealing cycle to get monodisperse single crystalline phase 

BaTiO3 nanoparticles. Furnace takes 20 minutes to reach the desired annealing temperature and 

the annealing is carried out for 2 hours. After annealing, the sample is taken out only after the 
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furnace temperature has reached room temperature, which typically takes 4-5 hours. The white 

colored powder formed is taken out and grinded properly to form fine powders. The effect of 

annealing temperature on particle size, shape, and the crystal 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 BaTiO3 nanoparticle is taken in the reflection mode by making use 

of the integrating sphere attachment of the UV-VIS-NIR spectrophotometer (JASCO V-570). The 

powder sample is kept inside the sample holder and pressed to form a pellet of 1 mm thickness. 

Figure 2.8 shows the absorption spectrum of BaTiO3 nanoparticles prepared by annealing at 

temperatures, (a) 650 oC (b) 700 oC (c) 800 oC (d) 900 oC and (e) 1000 oC respectively. The 

absorption spectra show an absorption edge below 400 nm wavelength. Figure 2.9 show the Tauc 

plot of the data. The absorption edges and the bandgap estimated from the absorption spectra and 

Tauc plot of the different samples is given in table 2. 

Annealing temperature (oC) 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 BaTiO3 nanoparticles prepared by annealing at 

different temperatures.  
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Fig. 2.8: Absorption spectrum of BaTiO3 nanoparticles prepared by annealing at temperatures (a) 

650 oC (b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. (f) Comparison of absorption edge for different 

heat-treated samples. 
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Fig. 2.9: Tauc plot for BaTiO3 nanoparticles prepared by different annealing temperatures.  
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2.4.2 Characterization of BaTiO3 nanoparticles by X-ray diffraction 

The crystal structure of the BaTiO3 nanoparticles synthesized is analyzed by X-ray diffraction. For 

the XRD analysis, fine powder of BaTiO3 nanoparticles synthesized is added into a 0.5 mm deep 

well sample holder. The upper surface is levelled by pressing the powder with a glass plate and 

excess powder around the well is cleaned off. The XRD is recorded for the detector angles, 2Ɵ 

varying from 20o to 80o. The scanning speed is set at 2o per minute and total scanning time is 30 

minutes. The X-ray source used is Cu. Anode voltage and anode emission current are set at 30 kV 

and 15 mA respectively.  

The range of annealing temperature is selected based on XRD analysis of the crystalline structure 

of the sample. The BaTiO3 precursor powder annealed at 500 o C for 20 min is white in color and 

the XRD pattern shows, characteristic peaks of crystalline BaTiO3 corresponding to (001), (101), 

(002) and (211) planes. However, these sample showed some impurity peaks also, as shown in the 

figure 2.10(a). Impurity peaks are also present in samples annealed for longer time duration of 2 

hours (figure 2.10(b)). Hence these sample are discarded, and fresh samples are prepared at higher 

temperature. Based on this analysis of XRD patterns, it is observed that pure BaTiO3 nanoparticles 

are formed at annealing temperatures in the range of 650 oC to 1000 oC and an annealing duration 

of 2 hours.    

 

 Fig. 2.10: XRD patterns of BaTiO3 precursor powder annealed at (a) 500 o C for 20 minutes and 

(b) 500 oC for 2 hours. 
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Figure 2.11 shows the XRD patterns of BaTiO3 nanoparticles annealed at temperatures (a) 650 oC 

(b) 700 oC (c) 800 oC (d) 900 oC and (e) 1000 oC. The peaks are identified and compared with the 

reference data from the International Centre for Diffraction Data (ICDD) catalogue. The planes 

(001), (101), (110), (111), (002), (200), (102), (211), (202), (212), (301) and (311), which are 

characteristic of tetragonal phase crystalline BaTiO3, are identified and marked in the XRD pattern. 

The crystalline peaks were matching with the reference data from the ICDD for catalog number 

72-0138.  Figure 2.11(f) shows an expanded view of the 100% intensity peak at 31.5o which shows 

the combination of twin peaks corresponding to (101) and (110) planes at 31.5o and 31.6o. Green, 

red and blue line shows the corresponding Gaussian peak fit. The crystallite sizes of all samples 

are measured by the Scherrer formula. We have considered only the well isolated peak at 38.89o 

corresponding to (111) planes for the calculation of crystallite size. The crystallite sizes measured 

for all the BaTiO3 powder samples prepared at different annealing temperature are given in the 

table 2.3. 

Annealing temperature (oC) 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 BaTiO3 nanoparticles measured from the XRD graphs by 

using Scherrer formula 
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Fig. 2.11: XRD patterns of the BaTiO3 nanoparticles heat treated at different temperatures. (a) 650 
oC (b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. (f) Expanded view of the peak at 31.5o which 

shows the combination of twin peaks (101) and (110) at 31.5o and 31.6o. 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 crystalline structure of BaTiO3 nanoparticles. Samples 

for TEM imaging are prepared as follows. BaTiO3 nanoparticles are dispersed in ethanol to form 

a clear solution. To avoid the formation of aggregates, the nanoparticle dispersed solution is 

sonicated for 20 min at room temperature. A few microliters of solution prepared is drop cast on 

the copper grid. Solution drop cast copper grid is kept for drying in infrared light for 10 min and 

loaded in the imaging chamber of TEM. Images of dispersed nanoparticles are obtained. Figure 

2.12 shows the TEM images of BaTiO3 nanoparticles prepared by annealing at temperatures (a) 

650 oC (b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. Size of the BaTiO3 nanoparticles are measured 

from the TEM images using ImageJ software. A size distribution histogram is plotted with the 

measured sizes and the average size is estimated from a Gaussian fit to the size distribution 

histogram. Figure 2.13 shows the size distribution histogram of BaTiO3 nanoparticles prepared 

with annealing temperature (a) 650 oC (b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. The red line 

shows the gaussian fit. Figure 2.13(f) shows the variation in size of BaTiO3 nanoparticles with 

annealing temperature. The mean size of the BaTiO3 nanoparticles measured from the size 

distribution histogram corresponding to different annealing temperature is given in table 2.4. 

Figure 2.14 shows the selected area electron diffraction (SAED) pattern from BaTiO3 

nanoparticles. The crystallographic planes corresponding to diffraction rings in the SAED pattern 

are identified and marked in the image. The measured interplanar distance, d from the image is 

compared with the standard values for tetragonal phase crystalline BaTiO3 from the ICDD 

catalogue (Card No. 72-0138). Table 2.5 shows the comparison of theoretical d values and the d 

values obtained from SAED patterns.     
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Fig. 2.12: TEM images of BaTiO3 nanoparticles prepared by annealing at temperatures (a) 650 oC 

(b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. 
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Fig.2.13: Size distribution histogram of BaTiO3 nanoparticles prepared by annealing at 

temperatures (a) 650 oC (b) 700 oC (c) 800 oC (d) 900 oC and (e) 1000 oC measured from the TEM 

images. Red line shows the Gaussian fit. (f) Variation of size of BaTiO3 nanoparticle with 

annealing temperature.  
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Annealing temperature (oC) Estimated size (nm) 

650 12 ± 2 

700 20 ± 4 

800 37 ± 7 

900 50 ± 8 

1000 90 ± 17 

Table 2.4: Size of BaTiO3 nanoparticles estimated from the size distribution histogram plotted 

from TEM images.  

Ring identification 

Plane 

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

theor. measured theor. measured 

(1 1 0) 3.518 3.679 0.284 0.272 

(1 1 1) 4.309 4.517 0.232 0.221 

(0 0 2) 4.975 5.191 0.201 0.193 

(1 1 2) 6.093 6.357 0.164 0.157 

(0 0 3) 7.463 7.322 0.134 0.137 

(1 1 3) 8.250 8.160 0.121 0.123 

(2 0 3) 8.969 8.925 0.111 0.112 

Table 2.5: Comparison of theoretical d values from the ICDD catalogue No. 72-0138 and the d-

values obtained from SAED patterns.  
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Fig. 2.14: Selected area electron diffraction pattern from the BaTiO3 crystal planes prepared by 

annealing at temperatures (a) 650 oC (b) 700 oC (c) 800 oC (d) 900 oC (e) 1000 oC. The inset in the 

figures shows the crystallographic planes identified corresponding to the rings.  
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2.5 Preparation of BaTiO3 and Au/BaTiO3 thin films.  

There are several techniques available for the preparation of BaTiO3 nanostructured films. Radio 

frequency sputtering[147,148], pulsed laser deposition [148,149], molecular beam epitaxy [150], 

flash evaporation technique [151,152], chemical vapor deposition [153], hydrothermal method 

[64,154], electrochemical technique [64], and sol-gel technique [155–158] are some of the 

techniques used for the preparation of BaTiO3 thin. Sol-gel technique is one of the simple and cost-

effective methods among them [155–157,159]. In sol-gel technique it is easy to incorporate metal 

or ceramic nanoparticles inside BaTiO3 thin films to form nanocomposite film[160]. BaTiO3 thin 

films can be prepared by either drop casting or spin coating the BaTiO3 precursor solution on an 

appropriate substrate. In drop casting method, few drops of BaTiO3 precursor solution is added to 

a cleaned quartz slide. Due to gravity, the solution spreads on the quartz slide and gets dried in 

about 48 hours at room temperature. After drying the films are annealed at 800 oC for 2 hours. 

However, the films prepared by drop casting method shows poor surface uniformity. Moreover 

there is no proper method for controlling the thickness of the sample in this method. Hence in this 

work we have used spin coating method for preparing the films. BaTiO3 thin films are prepared 

from the BaTiO3 precursor solution by spin coating on a quartz substrate and subsequent annealing 

at 800 oC. The microscopic quartz slides are cleaned in potassium dichromate solution and washed 

in running water followed by distilled water and dried. Importantly soap solution is not used to 

avoid the formation of soap films on the substrate surface.  

2.5.1 Preparation of BaTiO3 thin films 

Preparation of BaTiO3 precursor solution is discussed in detail in section 2.3.1. The stabilizing 

agent acetylacetone is used to control the viscosity of the precursor solution which is useful in 

controlling the thickness of the films formed. Spin coating is done by HO-TH-05 (Holmarc) model 

spin coating unit. In the spin coating method, the substrate is held tightly inside the spin coater by 

creating a vacuum in between the substrate and the holder. 1 to 2 ml of BaTiO3 precursor solution 

is dropped on the quartz slide and thin films coated by spinning the slide at high rotation per minute 

(rpm). The spin speed and time are optimized by trial and error to obtain films of desired thickness. 

Thus, optimized spin speed of 2000 rpm and 60 s spin time is used to prepare all the samples 

reported in this thesis. The films formed by spin coating of BaTiO3 precursor solution on quartz 
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slide is dried in an oven at 60 0C for 10 minutes. The BaTiO3 precursor films formed are then 

annealed at 800 oC for 2 hours to obtain thin transparent films of BaTiO3 nanoparticles.  

2.5.2 Preparation and characterization of gold colloids 

 

Fig. 2.15: Absorption spectra of gold nanoparticles prepared by NaBH4 reduction method. The 

absorption peak is found at 530 nm. 

 

Fig. 2.16: (a) SEM image of the gold nanoparticle prepared by NaBH4 reduction method. (b) The 

particle size distribution measured from SEM image. The red line indicates the Gaussian fit. The 

particle size measured is 25 ± 4 nm. 
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Gold colloids are prepared by NaBH4 reduction method. 4 ml of 24.3 mM chloroauric acid in 

ethanol solution is added to 100 ml of 1.0 mM trisodium citrate in water. Trisodium citrate acts as 

a stabilizing chemical reagent for gold nanoparticles and could prevent the gold nanoparticles from 

growing and aggregating. 1 ml solution of 0.2 M NaBH4 in water solution is then added to the 

mixed solution and the color of the solution turned from a dark purplish-red to blackish-red color 

quickly indicating the formation of gold nanoparticles. The solution is concentrated to 20 ml under 

vacuum.  The gold nanoparticles so prepared are characterized by UV-VIS-NIR absorption 

spectroscopy and SEM. Figure 2.15 shows the absorption spectra of gold nanoparticles prepared 

by NaBH4 reduction method. The gold nanoparticles are diluted in distilled water and taken in 

quartz cuvette for recording absorption spectra. Distilled water in quartz cuvette is used as a 

reference. The absorption spectrum shows the characteristic plasmon resonance absorption peak 

of gold nanoparticles at 530 nm. For characterization using SEM the gold nanoparticle solution is 

diluted in ethanol and sonicated for 20 minutes. The solution is then drop casted on a silicon wafer 

by using a micropipette to form well dispersed gold nanoparticles. Silicon wafer is used because 

SEM requires a conducting surface. Figure 2.16 (a) shows the SEM image of gold nanoparticles 

prepared by the above method. The particle size of the gold nanoparticle is measured from SEM 

images using ImageJ.  Figure 2.16 (b) shows the particle size histogram of the gold nanoparticle 

obtained from the analysis of the SEM images. The particle size histogram is fitted with a Gaussian 

profile to estimate the mean particle size and the spread in the mean particle size. The mean size 

of gold nanoparticle thus estimated is 25 ± 4 nm.  

2.5.3 Preparation of Au/BaTiO3 Films 

Au/BaTiO3 nanocomposite precursor solution is prepared by injecting gold nanoparticles into the 

BaTiO3 precursor solution slowly with different molar ratios of Au/Ba. To distribute the gold 

nanoparticles uniformly in the solution, the Au/BaTiO3 composite precursor solution is mixed well 

in a cyclomixer. The molar ratio of Au in the films is adjusted by varying the amount of gold 

solution added to the BaTiO3 precursor solution. The Au/BaTiO3 thin film is prepared by spin 

coating. The spin speed used is 2000 rpm for 60 s. The films are dried at 60 oC for 10 min and heat 

treated at 800 oC. Controlled Nitrogen atmosphere is used while heat treatment for better surface 

quality. Figure 2.17 shows the flowchart for the preparation of Au/BaTiO3 thin films. It may be 

noted that one cannot prepare films with arbitrary high gold nanoparticle concentration by this 
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method. When the amount of gold increases inside the acidic precursor solution, Au atoms change 

to Au3+ ions and forms a precipitate in the solution. This limits the amount of the gold nanoparticle 

that can be added to the acidic solution. Thus, the molar ratio of Au/Ba was limited to less than 

5/100 in our samples. Au/BaTiO3 composite films with Au/Ba molar ratios 1.6/100, 2.5/100 and 

4.8/100 are prepared.       

 

Fig. 2.17: Flowchart for the preparation of Au/BaTiO3 thin films. 

2.6 Characterizations of the BaTiO3 and Au/BaTiO3 thin films 

The Au/BaTiO3 thin films prepared are characterized by UV-VIS-NIR absorption 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/BaTiO3 thin films with Au/Ba molar ratio 4.8/100, 

annealed at 800 oC for 2 hours. The crystallographic planes (001), (101), (111), (002), (201), (211), 

(202), (212), (301), and (311) corresponding to the tetragonal phase crystalline BaTiO3 are 

identified and marked in the XRD pattern. It confirms the formation of tetragonal phase BaTiO3. 

Since the Au (111) and Au (200) diffraction peaks are overlapping with the BaTiO3 (111) and 

BaTiO3 (002) diffraction peaks, it is not possible to separate out gold diffraction peaks from 

BaTiO3 diffraction peaks in the XRD pattern.  

 

Fig 2.18: X-Ray Diffraction pattern of Au/BaTiO3 thin film with Au/Ba molar ratio of 4.8/100, 

coated on quartz slide and annealed at 750 oC for 1hr in nitrogen atmosphere. The X-ray diffraction 

pattern of Au/BaTiO3 thin film confirms the formation of tetragonal phase BaTiO3. 

2.6.2 Characterization by UV-VIS-NIR absorption 

Figure 2.19 shows the Absorption spectra of Au/BaTiO3 thin films with Au/Ba molar ratio of 

4.8/100, coated on quartz slide and annealed at 750 oC for 1hr in nitrogen atmosphere. Plane quartz 

slide is used for the baseline correction. The figure shows the plasmon resonance absorption of 

gold nanoparticles at 568 nm and the characteristic absorption edge of BaTiO3 at around 370 nm. 

The inset shows an expanded view of 568 nm plasmon absorption.    
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Fig. 2.19: Absorption spectra of Au/BaTiO3 thin films coated on quartz slide and annealed at 750 
0C for 1hr in nitrogen atmosphere. The figure shows the plasmon resonance absorption of gold 

nanoparticles at 568 nm and the characteristic absorption edge of BaTiO3 at around 370 nm. The 

inset shows an expanded view of 568 nm plasmon absorption.  

 2.6.3 Characterization by transmission electron microscope 

The high-resolution transmission electron microscope (HRTEM) images of BaTiO3 and 

Au/BaTiO3 are taken by an FEI make Tecnai G2, F30 machine. A small portion of the films is 

peeled off from the centre of the films and used to make sample for HRTEM. The peeled off films 

portion is dispersed in ethanol and drop casted on top of copper grid for imaging in HRTEM. 

Figure 2.20(a) shows the HRTEM image of BaTiO3 thin films heat treated at 750 oC. The average 

particle size is measured to be 15 nm from the HRTEM. Figure 2.20(b) shows the convergent beam 

electron diffraction images of BaTiO3. The pattern exhibits sharp diffraction rings corresponding 

to (001), (110), (111), (200) and (112) planes characteristic of crystalline BaTiO3 having tetragonal 

phase. Figure 2.20(c) shows the HRTEM image of Au/BaTiO3 thin films.  The figure shows two 

distinct lattice planes having interplanar distances of 0.24 nm and 0.41 nm as indicated. The planes 

having interplanar distance of 0.24 nm is attributed to the (111) plane of gold and the planes having 

interplanar distance of 0.41 nm is attributed to (001) plane of BaTiO3. The SAED pattern of 
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Au/BaTiO3 thin films, shown in figure 2.20(d), also exhibits sharp diffraction rings characteristic 

of crystalline BaTiO3 having tetragonal phase, confirming the findings from XRD analysis.  The 

average size of gold nanoparticle is estimated to be 10 nm and that of BaTiO3 nanoparticles is 20 

nm. Figure 2.21 shows the Energy-dispersive X-ray spectroscopy (EDS) image of Au/BaTiO3 thin 

film heat-treated at 750 oC for 2 hour with Au/Ba molar ratio of 4.8/100. The Au/Ba molar ratio 

found from the EDS spectrum is 4.4/100 which is close to the estimated value from the sample 

preparation.       

 

Fig. 2.20: (a) HRTEM image of BaTiO3 thin film. (b) Combined beam electron diffraction pattern 

of BaTiO3 thin film. (c) HRTEM image of Au/BaTiO3 thin film. (d) SAED pattern of Au/BaTiO3 

thin film. 
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Fig.2.21: Energy-dispersive X-ray spectroscopy (EDS) image of Au/BaTiO3 thin film heat-treated 

at 750 oC 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 BaTiO3 thin film prepared are studied by Atomic force 

microscopy (AFM). Figure 2.22 (a) shows the 3D topography and (b) 2D topography image of the 

BaTiO3 thin film prepared on quartz slide and annealed at 750 oC for 2 hours.   

 

Fig. 2.22: (a) The 3D topography and (b) 2D topography image of the BaTiO3 thin film prepared 

on quartz slide and annealed at 750 oC for 2 hours. 
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2.7 Summary 

Monodisperse BaTiO3 nanoparticles of different average sizes, 12 nm, 20 nm, 37 nm, 50 nm and 

90 nm are successfully prepared by sol-gel technique and characterised by UV-VIS-NIR 

absorption spectrometer, X-ray diffractometer and transmission electron microscopy. The size of 

BaTiO3 nanoparticles are controlled by varying the annealing temperature. The linear optical 

absorption edge and bandgap are estimated from absorption spectra and Tauc plot. A small but 

systematic increase in the bandgap of the nanoparticles with decreasing size is observed. This 

could be due to the band structure modification arising from quantum confinement effects. 

Tetragonal crystal structure of BaTiO3 is identified from the X-ray diffraction. The size of the 

BaTiO3 nanoparticles is estimated from transmission electron microscope images. BaTiO3 thin 

films and Au/BaTiO3 thin films are also prepared by sol-gel technique and characterised by UV-

VIS-NIR absorption spectrometer, X-ray diffractometer, transmission 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 nonlinear optical susceptibilities have potential applications 

in different areas of quantum optics [108,109,132,161]. The application of nanoparticles with large 

nonlinear optical susceptibilities in diverse fields such as quantum computing and information 

processing, ultra-cold atoms, plasma physics, particle accelerators, biomedicine and biomedical 

engineering has been recognized in recent years [95,108,109,132,135,136,161–163]. In addition 

to large nonlinear optical susceptibility, nonlinear optical materials should have different 

properties specific to the applications. For example, in all optical implementation of quantum 

information processing or in all optical switching the material should have fast response times and 

high optical damage thresholds. Biomolecular imaging or biomedical engineering applications will 

require the material to be biocompatible and photostable in addition to having large nonlinear 

optical coefficients. The search for an ideal nonlinear material having all the required properties is 

far from over and there is a sustained effort to develop new and novel materials with promising 

applications. BaTiO3 nanoparticles, the focus of our investigation in this thesis, are highly 

photostable and biocompatible and thus have good potential to be employed as a biomolecular 

label in nonlinear optical microscopy.   In this chapter we examine the nonlinear optical absorption 

in BaTiO3 nanoparticles from the point of view of applications in the area of biomolecular imaging. 

The well-established Z-scan technique is developed in the laboratory to study the third order 

optical nonlinearity of materials and is employed to determine the nonlinear optical absorption 

coefficient (n�) of the nanoparticles, nanoparticle films and Au/BaTiO3 composite films.  We first 

briefly discuss the Z-scan technique and the details of the experimental set up before presenting 

the results of the studies on BaTiO3 nanoparticles and composite films. 

3.2 Z-scan technique 

In 1989 M Sheik- Bahae, A. A. Said and E. W. Van Stryland  developed a sensitive experimental 

technique for determining the third order nonlinear optical coefficients of bulk samples [164]. The 

method, generally termed the Z-scan method, is one of the simplest and most popular experimental 

techniques to estimate the third order nonlinear optical coefficient of materials. In Z-scan 
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technique a laser beam is focused by a lens into a thin sample, such that changes in the beam 

diameter within the sample due to either diffraction or nonlinear refraction can be neglected, is 

moved through the focus of the lens along the propagation direction (Z). The transmitted intensity 

is measured at different sample positions along the laser beam path.  Analysis of the transmittance 

intensity curve against the sample position thus plotted provides the third order nonlinear optical 

susceptibility of the material. The far field intensity is measured either with an aperture in front of 

the detector (closed aperture Z-scan) or without an aperture (open aperture Z-scan).  Since the 

sample is moved along the propagation direction (Z) of the laser beam, this method is termed as 

Z-scan. This single beam measurement technique gained wide acceptance because of the simple 

experimental set up employed as well as the straight forward determination of the third order 

nonlinear optical coefficients from the transmittance intensity curve. In most Z-scan experiments 

the sign and magnitude of nonlinear absorption coefficient and nonlinear refractive index can be 

directly estimated from the transmittance intensity curve without performing a tedious theoretical 

fitting.  

3.2.1 Closed aperture Z-scan technique 

 

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

Figure 3.1 shows a typical experimental set up employed for closed aperture Z-scan measurement. 

In closed aperture Z-scan an aperture is placed in the far field in between the sample and the 

detector as shown in the figure. The closed aperture Z-scan data can be qualitatively understood 

by considering the effect of a focused Gaussian beam on a material having a refractive nonlinearity 

(@� ≠ 0	. If @� ≠ 0,	the effective refractive index of the material at a point on the sample will 
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depend on the intensity of the incident light at that point. If the material has positive third order 

optical nonlinearity (@� > 0	  the higher intensity regions will have high refractive index 

compared to lower intensity regions. Since a Gaussian beam has maximum intensity at the center, 

the center of the focal spot will see maximum refractive index and there will be a gradation of 

refractive index as you move away from the center. This implies that if @� > 0, the sample will 

act like a convex lens. Thus for a focused Gaussian beam, the far field transmittance of a material 

having positive nonlinearity would be equivalent to the transmittance of a combination of two 

convex lenses.  Moving the sample along the axis of the focused laser beam is thus equivalent to 

moving of a convex lens.  If the sample is kept before the focal point of the lens, then it causes the 

beam to focus to a point before the natural focus of the lens. This results in stronger divergence of 

the beam in the far field and the detector will show a lower intensity. If the sample is kept after the 

focal point of the lens, then the sample causes the beam to focus to a point after the natural focus 

of the lens, and hence the detector records a higher intensity. In the transmittance curve, first a 

valley occurs corresponding to the sample position just before the focus of the lens followed by a 

peak corresponding to the sample position just after the focus of the lens. Figure 3.2(a) shows a 

typical closed aperture Z-scan transmittance curve for positive third order nonlinear refraction. 

Similarly, if the sample having negative third order refractive nonlinearity (@� < 0	, there will be 

a gradual increase in the refractive index, with higher refractive index at the edges and lower 

refractive index at the center (axial point). Thus samples having	@� < 0	acts like a concave lens 

when exposed to a focused Gaussian beam. The nature of the transmittance curve for materials 

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

 

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

order nonlinear refraction.   
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In order to quantitatively understand the transmittance curve, one has to compute the intensity at 

the aperture as a function of the sample position. Two effects have to be taken into account while 

estimating this intensity: one, the decrease in intensity of the beam at the sample due to linear and 

nonlinear absorption and two, the change in the phase due to nonlinear refraction at the sample. 

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

 
�i��	�� = 	−[n� + n�	i��	]i��		 (3.1) 

where I (ξ) is the intensity at position ξ in the sample. If we consider only cubic nonlinearity, the 

above expression can be integrated to give the intensity  

 i��	 = i����,� 	�1 + i�n� �1 − ���,�n� ���% (3.2) 

Now if we define an ‘effective length’ Leff  by 		�)YY = %�)��,��, 	, the intensity at the exit face of the 

sample is 

 i�� = �	 = i����,>1 + i�n��)YY (3.3) 

The nonlinear phase acquired by the beam while travelling through a distance �� in a medium with 

cubic nonlinearity is �2�@�/7	i��	��, where λ is the free space wavelength. The total nonlinear 

phase accumulated at the exit of the sample is 

 Δ�(> =	� 2�@�7
>
� 	i��	�� (3.4) 

Δ�(> = 2�@�n�7 ln �1 + i�n� �1 − ���,>n� �� 

 Δ�(> = 2�@�n�7 lnC1 + i�n��)YYF														 (3.5) 

Let us consider a Gaussian beam having a beam waist �� travelling along the positive Z-direction 

incident on a nonlinear sample. The magnitude of the electric field can written as 

        |��H�}, s, �	| = |����	| ����}		���*/�*��	 (3.6) 
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 where ���}	 = 	����1 + }�/}��	 is the beam radius at z, }� = ����/2 is the diffraction length 

(Rayleigh Length) of the beam, k=2π/λ  is the free space wave vector, λ is the wavelength and r is 

the radial distance from the center. ����	 is the on-axis electric field and contains the temporal 

envelope of the laser pulse. For a CW excitation the envelope can be taken to be a square function, 

and for pulsed excitation the envelope will be a Gaussian in time. If we denote the incident intensity 

at sample position z by i�H�}, s, �	, then from equation (3.3), intensity at the exit face of a sample 

kept at z will be, 

 i) ���}, s, �	 = i�H�}, s, �		���,>1 + ¡�}, s, �	  (3.7) 

 where ¡�}, s, �	 = 	 i�H�}, s, �	n��)YY. The nonlinear phase acquired is 

 Δ¢�}, s, �	 = 	��@�n� £@[1 + ¡�}, s, �] (3.8) 

In this analysis it is assumed that the thickness (L) of the sample is small so that changes in the 

beam diameter due to diffraction or nonlinear refraction can be neglected within the sample. This 

assumption implies that the interaction of the sample with the laser pulse takes place only at one 

plane, not spread out over entire length, and the self-refraction process is referred to external self- 

refraction. The sample thickness L < z0 is a good approximation to consider the sample to be ‘thin’ 

[164]. Under the above assumption the electric field at the exit plane is  

 �) ���}, s, �	 = ��H�}, s, �	���,>/����∆¥��,�,�	 (3.9) 

  �) ���}, s, �	 	= ��H�}, s, �		���,> �r[1 + ¡�}, s, �	]%/� 	 [1 + ¡�}, s, �	]�¦H*/�* (3.10) 

In order to quantitatively reproduce the Z-scan transmittance curve one has to find the total 

intensity at the aperture as function of the z position of the sample. The electric filed at the aperture 

plane Ea ( z, r , t ) can be determined from the field at the exit plane of the sample using the 

Huygen’s principle through a zeroth order Hankel transform [164].  This is achieved by 

considering the complex field at the exit plane as a superposition of Gaussian beams through a 

Taylor series expansion of the nonlinear phase term ��∆¥��,�,�	 (Gaussian decomposition) and 

propagating each Gaussian beam to the aperture [165].  
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If the nonlinear absorption is negligible, ∆ϕ can be expressed in simpler symmetric form.  Taking 

the limit n� going to zero in equation (3.8)  

 Δ¢�}, s, �	 = 	��i�}, s, �	@��)YY (3.11) 

Substituting i�}, s, �	 = kj,H� 	 |��}, s, �	|� , 

 ∆¢�}, s, �	 = ∆���}, �	����*/�*��	 (3.12) 

with ∆¢��}, �	 = 	 ∆¥,��	%D�*/�,* where ∆����	 = ��@�i���	�)YY is the on-axis face shift at the focus,  

i���	 being the on-axis irradiance at the focus.  Thus, if the nonlinear absorption is negligible, the 

nonlinear phase shift at the exit surface follow the Gaussian shape of the pulse across the cross 

section of the beam. 

 ��∆¨��,�,�	 = G [�∆¢��}, �	]-�!
ª

-«�
���-�*/�*��	 (3.13) 

The electric field at the aperture plane is given by, 

 �¬�s, �	 = ��}, s = 0, �		���,>/� G [�∆¢��}, �	]-�!
ª

-«�
�-��- 	���	 �*�­* 	�	�¦�

*�e­	D	�®­	
 (3.14) 

where, 

 �-�� =	 ���}	2� + 1 (3.15) 

 �- = ��-��2  (3.16) 

 �-� = �-�� �¯� + ���-� 	 (3.17) 

 ]- = ��1 − ¯
¯� + �� �-�r 	�% (3.18) 

 °- = �3@�%� ��-¯	 (3.19) 

and d is defined as the propagation distance from sample to the aperture in free space and g is 

defined by, 
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 ¯ = 1 + �]�}	 (3.20) 

The transmitted power (!��∆����		 through the aperture for an on axis phase shift of ∆����	  is 

obtained by spatially integrating electric field at the aperture plane Ea ( z, r , t ) over the aperture 

plane.  

 !±�∆¢���		 = �=�@��� |�¬�s, �	|�s�s�²
�  (3.21) 

For pulsed excitation, the normalized Z-scan transmittance T(z) can be calculated as 

 ��}	 = ³ !±�∆¢���		��ª�ªQ ³ !���	��ª�ª
 (3.22) 

where !���	 = ����i���	/2 is the instantaneous input power within the sample and  

 Q = 1 − ����²* �²*⁄  (3.23) 

is the aperture transmittance in the absence of any nonlinearity, wa being the beam radius at the 

aperture. 

Further simplifications occur for far field condition (d >> zo). If ∆��is small, ie |∆��| ≪ 1 we can 

add only the first two terms in the Gaussian decomposition [165]. The Z-scan transmittance curve 

��}, ∆¢�	 defined by 

 ��}, ∆¢�	 = |�¬�}, s = 0, ∆¢�	|�|�¬�}, s = 0, ∆¢� = 0	|� (3.24) 

For far field conditions (d >> zo) a simple expression for transmittance can be found.  

 ��}, ∆¢�	 ≅ 1 − 4∆¢����� + 9	��� + 1	 (3.25) 

with � = }/}�.  

The peak (maximum transmittance) and valley (minimum transmittance) corresponds to z 

positions at which derivative of the transmittance curve vanishes. For third order nonlinearity the 
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peak to valley separation is found to 1.7zo. The difference between normalized peak and valley 

transmittance ∆Tp-v = Tp -Tv , a quantity normally measured in Z-scan experiment, is given by 

 ∆�q�· = 8¸�¹,º¸0�¹,º� + 920�¹,º� + 12 ∆¢� (3.26) 

 ∆�q�· = 0.406∆¢� (3.27) 

where, �¹,º = �¹ − �º and it can be calculated by solving the differential equation 
�±��,∆¨,	�� = 0 , 

�¹,º = ±_√52 − 53 ≅ 0.858 

∆Tp-v for different materials has been measured by Sheik-Bahae et al. [166] and is found to agree 

well with the above result. ∆Tp-v increases linearly with ∆��, and for a given value of ∆�� the 

magnitude and shape of the transmittance curve does not depend on the wavelength or geometry 

as long as the far field condition for the aperture plane is satisfied. Thus equation (3.26) provides 

a quick method to find the nonlinear refraction experiment employing low laser powers. However, 

if the power is high the nonlinear phase shift will be 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 aperture Z-scan technique employed to reveal the 

absorptive nonlinearity of the materials. The setup is essentially the same as the closed aperture Z-

scan setup, except that the aperture in front of the detector is removed. The detector in this case 

detects all of the transmitted light. Hence the setup is not sensitive to nonlinear refraction and the 

Z-scan transmittance curve does not show any changes arising from refraction.  However as the 

sample is moved along z-direction towards the focal point, there will be an increase in nonlinear 

absorption and maximum absorption will occur at the focal point. These changes in absorption will 

be recorded as a dip in the Z-scan transmittance curve with the maximum dip occurring when the 

sample is at the focal point. The depth in the transmittance intensity curve is directly proportional 

to the nonlinear absorption coefficient and thus the open aperture Z-scan measures the nonlinear 

absorption in a simple experimental setup. However it should be noted here that both two-photon 
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and other higher order multi-photon processes can contribute to the signal in open aperture z-scan.  

In the analysis described here we will restrict ourselves only to changes in the transmittance curve 

due to two-photon absorption, assuming that the contributions from higher order process will be 

comparatively weak. 

 

Fig. 3.3: Schematic of open aperture Z-scan technique 

The nature of nonlinear absorption and absorption coefficient (n�) is determined from the 

transmittance curve as explained in the following. For a Gaussian beam of the form, 

 i�H�}, s, �	 = �¿��	À�*��	 	����* �*��	⁄  interacting with the sample. Here P(t) is the instantaneous power 

of the beam at time t, for a Gaussian beam !��	 	= ����� 2⁄ 	i� , with the peak (on axis intensity) 

i� =	 kj,H� |�|�. As defined earlier,  ���}	 = 	����1 + }�/}��	 is the beam radius at z,  }� =
����/2 is the Rayleigh length, k=2π/λ  is the free space wave vector, λ is the wavelength of the 

laser and r is the radial coordinate. For a CW beam P(t) is a constant, and for a pulsed laser beam 

P(t) has a Gaussian time dependence. We further assume that the thickness (L) of the sample is 

small so that changes in the beam diameter due to diffraction or nonlinear refraction can be 

neglected.  

Following our discussion in the previous section, the intensity at the exit face of a sample kept at 

z is given by equation (3.7). 

 i) ���}, s, �	 = i�H�}, s, �		���,>1 + i�H�}, s, �	n��)YY	 (3.28) 

The total transmitted power !�}, �	 for the sample position z. 

 !�}, �	 = 2�	� i) ���}, s, �	ª
� 	s	�s (3.29) 
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 !�}, �	 = 2�	 2!��	����}	 ���,> 	� �� ��*�*��	
1 + n��)YY 2!��	����}		�� ��*�*��	

	s	�s	ª
�  (3.30) 

 !�}, �	 = !��	��> 	 ln	[1 + ¡��}, �	]¡��}, �	  (3.31) 

 

Where, 

 ¡��}, �	 = n��)YYi�}, s = 0, �	 = 2n��)YYi���	1 + }�/}��  (3.32) 

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

obtained by integrating the above expression over time, [164] 

 ��}	 = 1√�¡��}	� lnC1 + ¡��}, 0	��Á*F �Âª
�ª  (3.33) 

For	|¡�| < 1, the transmittance equation can be rewritten in a summation form, 

 ��}	 = G [−¡��}	]-�� + 1	5/�
ª

-«�
 (3.34) 

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

by fitting the equation (3.34) with � = 1 to the transmittance data of the open aperture Z-scan. 

When the sample shows both absorptive and refractive nonlinearity, a combination of both open 

aperture Z-scan and closed aperture Z-scan can be used to extract the refractive nonlinearity. The 

third-order optical nonlinearity of the BaTiO3 nanoparticles, BaTiO3 thin films and Au/BaTiO3 

thin films synthesized are studied by the Z-scan method.  

3.3 Results and Discussion 

3.3.1 Design and standardization of Z-scan set up 

Figure 3.4 shows the experimental setup employed for Z-scan measurements. For closed aperture 

Z-scan measurements, an aperture is used in front of the detector. The aperture size can be adjusted 

to pass desired fraction of incident laser intensity. Mirrors M1 and M2 are used to align the laser 
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beam parallel to a line on the optical table so that the beam is incident normally on the sample. 

Beam splitter (BS) and photo detector 1 (PD1) is used to measure the variations in the input laser 

beam. The lens L focuses laser beam. The sample is fixed on a translation stage (Holmarc model 

RCM TS-50-150-1) and is moved through the focus of the lens with the help of a stepper motor. 

Photodiode PD2 is used to measure the transmitted intensity as function of sample position. 

National Instrument LabVIEW software and NI DAQ 6009 is used to interface stepper motor and 

detectors.  

 

Fig. 3.4: Experimental setup for open aperture Z-scan. M1, M2- Mirrors, BS – Beam Splitter, 

PD1, PD2 - Photo detectors, L- Lens, TS –Translation Stage, S- Sample, DAQ- Data Acquisition 

Card. 

Synchronised measurement of the transmitted intensity and the sample position is achieved with 

the help of a simple LabVIEW based program written for this purpose. The program controls 

stepper motor and records the intensity data from the photodiodes at each sample position and 

plots the transmittance curve. The digital output port of the multifunction I/O device NI USB 6009 

is used to control the stepper motor of the translation stage. The step angle for the stepper motor 
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used is 1.8o and it gives 200 steps in one revolution in half step mode. The pitch of the screw 

associated with the translation stage used is 0.5 mm which corresponds to a least count of 2.5 µm 

(0.5mm /200 steps). In a typical experiment the translation stage moves by 250 µm and waits for 

a second to measure the output from both the photodiodes. The transmittance curve is plotted with 

distance on the X axis and intensity on Y axis in the front panel of the LabVIEW software. Figure 

3.5 shows (a) front panel and (b) block diagram of the LabVIEW program.  

To optimise the Z-scan setup, initial studies are done on Rhodamine-B dye solutions of different 

concentrations using the 543 nm wavelength beam from a He-Ne laser (Melles Griot, 25LGR). 

The Rhodamine-B dye solution is taken in a 1mm thick cuvette and nonlinear refractive index is 

measured by using the closed aperture Z-scan setup. Focal length of the lens used is 15 cm and the 

aperture size are kept as S = 0.5. Figure 3.6 shows the closed aperture Z-scan data of Rhodamine-

B solution of 75 µM. The nonlinear refractive index is estimated from the Z-scan transmittance 

curve by fitting the data to the equation (3.26). The nonlinear refractive index measured for 

different concentration is given in the table 3.1. It is found that the nonlinear refractive index is 

negative, and the order of magnitude is 10-8 (cm2/W).      

 

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

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

motor and photodiodes for data acquisition of the Z-scan measurements. 
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Fig. 3.6: Closed aperture Z-scan traces of Rhodamine-B solution of concentration 75 µM. 

Wavelength of laser used was 543 nm and with an aperture size of S = 0.5. 

3.3.2 Nonlinear optical absorption of BaTiO3 nanoparticles 

The nonlinear optical absorption of BaTiO3 nanoparticles is studied using Z-scan set up described 

in the previous section. The experiments are carried out in the open aperture geometry to extract 

the third order nonlinear optical absorption coefficient n� of the particles. Studies are carried on 

different set of samples having average size 12 nm, 20 nm, 37 nm, 50 nm, and 90 nm. This study 

provides information on dependence of particle size of BaTiO3 nanoparticles on its nonlinear 

optical properties. The details of the sample preparation technique employed for synthesising 

BaTiO3 nanoparticles of different sizes are given in the chapter 2. BaTiO3 nanoparticles of 

different sizes are prepared by sol-gel method. The particle size determined by various 

characterisation techniques as reported in chapter 2 is reproduced here in Figure 3.7.  The BaTiO3 

nanoparticles synthesized are grinded properly to form a fine powder. The sample for nonlinear 

optical studies are prepared by dispersing the finely grinded BaTiO3 nanoparticles in ethylene 

glycol to form a uniform dispersion of the nanoparticles in solution. For this 1 mg of BaTiO3 

nanoparticles is added to 2 ml of ethylene glycol and sonication is carried out for 30 minutes. The 

solution is taken in a quartz cuvette and kept on the translation stage of the Z-scan apparatus for 

nonlinear characterisation.  
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The nonlinear optical absorption properties of BaTiO3 nanoparticles in ethylene glycol solution 

are studied by the open aperture Z-scan technique. Figure 3.5 shows the schematic of the Z-scan 

set up used in this study. A femtosecond mode-locked Ti:sapphire laser system (Mira 900, 

Coherent) operating at 76 MHz is used for the Z-scan study. The wavelength of the laser is 800 

nm. The pulse width of the laser, measured with an auto-correlator is 120 fs. The focal length of 

the lens used is 10 cm. The beam diameter before the lens is 2 mm and the radius at focus was 13 

µm. The transmitted beam energy and the reference beam energy are measured directly using 

photodiodes and their ratio was taken to form the transmittance curve. The Z-scan curve is 

normalized by the transmittance value obtained with the sample kept far away from the focus. The 

thickness of the cuvette used is 1 mm. Linear transmission measured for different size nanoparticle 

solution for the same concentration in ethelene glycol.  

 

Fig. 3.7: Size of BaTiO3  nanoparticles with the annealing temperature 
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Fig. 3.8: Open Aperture Z-scan traces of solvent (a) and BaTiO3 nanoparticles dispersed in 

ethelene glycol with average size (b) 90 nm (c) 50 nm (d) 37 nm (e) 20 nm (f) 12 nm. 
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Size of BaTiO3 nanoparticles 

(nm) 
Linear transmittance 

Two-photon absorption 

coefficient (n�) (x 10-11 

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 BaTiO3 nanoparticles measured by open aperture 

Z-scan. 

Figure 3.8 shows the open aperture Z-scan curve for solvent (a) and BaTiO3 nanoparticles of 

average size (b) 90 nm (c) 50 nm (d) 37 nm (e) 20 nm and (f) 12 nm. The Z-scan traces of all the 

BaTiO3 nanoparticles shows a reverse saturable absorption and the strength of nonlinear 

absorption increases as the size of the particles decreases. The Z-scan curves are further analysed 

by carrying out a theoretical fitting to equation (3.34) to extract the nonlinear absorption 

coefficients.   The Z-scan curves show a proper fitting for a two-photon absorption process 

confirming that the dominant contribution to absorption is two-photon absorption. The dark 

squares in the graph are experimental data points and the solid red lines are theoretical curve fit 

for a two-photon absorption process. The nonlinear absorption coefficient is measured from the Z-

scan data by using equation (3.34). Table 3.2 shows the two-photon absorption coefficient 

measured for different size BaTiO3 nanoparticles.       

Figure 3.10 depicts the variation of two-photon absorption coefficient of BaTiO3 nanoparticles 

with size. The figure clearly shows that the two-photon absorption coefficient of BaTiO3 

nanoparticles increases with decrease in the nanoparticle size. Influence of particle size on the 

dielectric properties of dielectric and semiconductor nanoparticles has been observed by many 

groups [108,167–171]. This size dependence is generally attributed to the quantum confinement 
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effects and surface effects. Nonlinear optical properties of dielectrics in the nonresonant regime 

can be well understood from anharmonic oscillator model. Quantum confinement of electrons in 

a dielectric material leads to modification of energy band structure of the dielectric material. 

Influence of particle size of BaTiO3 nanoparticles on optical band gap is observed in the previous 

chapter. The modification of energy band structure will cause a variation in the dielectric constant. 

This will further lead to a size dependant linear and nonlinear optical property in nanoparticles. A 

full theoretical understanding of the mechanism of size dependent optical nonlinearity of dielectric 

would require further more detailed examination of different contributions to the nonlinearity and 

its temporal response. 

 

Fig. 3.9: Variation of two-photon absorption coefficient of BaTiO3 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 developed in the laboratory and standardized by 

measuring the nonlinear refractive index of Rhodamine-B dye. Nonlinear absorption coefficient 

of BaTiO3 nanoparticles of different sizes dispersed in ethylene glycol solution is determined from 

the open aperture Z-scan transmission curve. The results show an increase in the nonlinear optical 

absorption coefficient of BaTiO3 nanoparticles with the decrease in size of the particles. Though 

an increase in the optical nonlinearity BaTiO3 nanoparticles have been reported earlier, the present 

work presents systematic study of nonlinear absorption of nanoaprticles of different sizes carried 

out under identical conditions.  The variation in the nonlinear optical coefficients of BaTiO3 

nanoparticles with size could be due the changes in the energy band structure due to the quantum 

confinement effects. More detailed investigations of the nonlinearity and its temporal response 

would be required to fully understand the mechanism of the nonlinearity and it size dependence. 
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Chapter 4: Tuning the nonlinear optical absorption in 

Au/BaTiO3 nanocomposites with gold nanoparticle 

concentration 
 

4.1. Introduction 

Nanocomposites have attracted much interest in recent years due to their superior linear and 

nonlinear optical properties. When two materials are combined to form a nanocomposite it is often 

possible to choose the parameters in such a way that the composite possess properties superior to 

those of the constituent materials [172–174]. Maxwell Garnet [175] studied the linear optical 

properties of small amount of spherical inclusion materials in a host matrix and found that the 

effective dielectric constant of the composite depends on the fill fraction of the inclusion material 

and dielectric constants of both of the constituents. Sipe et al. predicted the conditions for 

nanocomposites in the Maxwell Garnet geometry to possess higher nonlinear susceptibility than 

the constituent materials [172,173]. This property of nanocomposites to modify its optical 

properties based on morphological parameters will be useful in a variety of fields such as laser 

technology, optical communication, data storage and medical diagnostics [176]. Optically 

transparent dielectric materials like BaTiO3 form excellent host matrices for nanocomposites. 

BaTiO3 is a highly photostable material having large nonlinear optical susceptibilities at the visible 

and infrared spectral region and thus have potential for applications in a variety of fields [132,161–

163,177–179]. Applications of  BaTiO3 nanoparticles as potential biocompatible label has been 

demonstrated recently in second harmonic imaging [136,180,181] and photothermal imaging using 

infrared excitation [182]. Further, because of the intrinsic capability of the perovskite structures to 

host ions of different sizes, it is possible to accommodate a large number of dopants in the BaTiO3 

lattices. Metal nanoparticles are one of the promising inclusion materials in nanocomposites due 

to their unique nonlinear optical properties at the surface plasmon resonance wavelength. These 

nanoparticles can easily be incorporated in to the BaTiO3 matrix by sol-gel method or pulsed laser 

deposition. Enhancement of nonlinear optical properties of amorphous BaTiO3 matrix by the 

addition of different metal nanoparticles such as silver [113,115], iron [123], rhodium [111], cerium 

[183,184] and gold [23–27] are reported in the literature. These composites show interesting 
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nonlinear optical properties with the magnitude and sign of the nonlinearity depending critically 

on the fill fraction of the nanoparticle [115]. Among the various nanoparticle inclusions, gold 

nanoparticles are of particular interest from the point of view of applications in the field of 

nonlinear optics. Gold nanoparticles have plasmon resonance absorption in the visible region of 

the electromagnetic spectrum and Au/BaTiO3 nanocomposites show fascinating optical properties 

when excited near this wavelength. Further the size and shape of gold nanoparticles can control 

the surface plasmon resonance wavelength and consequently the nonlinear optical properties [187–

194].  

Many groups have investigated the nonlinear properties of Au/BaTiO3 nanocomposites by 

employing various experimental approaches such as Z-scan technique and optical Kerr effect 

(OKE) experiment with different excitation wavelengths and pulse durations [116–118,185,186]. 

Otsuki et al. investigated the effects of size and shape of gold nanoparticle on the third order optical 

nonlinearity of Au/BaTiO3 thin films prepared by sol-gel method and reported a decrease in χ(3) 

with increase in the annealing temperature [116]. The change in χ (3) is attributed to the change in 

the size of gold nanoparticle and to structural changes in the BaTiO3 matrix.  At the same time 

Yang et al. observed an increase in χ(3) values of Au/BaTiO3 thin films with increase in annealing 

temperature and the samples showed ultrafast response with delay times of 150 fs [117]. Guohong 

et al. measured the third order nonlinear susceptibility of Au/BaTiO3 through off-resonance 

femtosecond Kerr effect and modeled the particle size dependence of the nonlinearity using  Mie 

scattering theory [185]. Liu et al. reported ultrafast response time and large third order 

susceptibility of Au core CdS shell nanoparticles embedded in BaTiO3 thin films [186]. Ning et al. 

fabricated hexagon shaped Au nanoparticle arrays embedded in BaTiO3 matrix by using double 

layer nanosphere lithography and pulsed laser deposition (PLD) and nonlinear optical properties 

of films are measured by a Z-scan technique [118]. W Wang et al. studied the nonlinear optical 

properties of two gold concentrations in the BaTiO3 matrix prepared by PLD with Z-scan 

technique and found that at high metal concentration the coupling factor (Im(χ(3))/Re(χ(3))) 

increases significantly [195]. In another work W Wang et al. reported the change in sign of 

nonlinear absorption and nonlinear refractive index for Au/BaTiO3 samples with same gold 

concentration but with different morphology of gold and BaTiO3 [122]. The large variation in the 

nonlinear optical susceptibility of Au/BaTiO3 nanocomposites found in these experiments is 
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attributed to the enhancement of the local electric field near the metal nanoparticles by the presence 

of dielectric medium. 

The nonlinear optical studies reported so far on Au/BaTiO3 nanocomposites mostly deal with gold 

nanoparticles in amorphous BaTiO3 matrix. The literature shows differing reports on the variation 

of nonlinear optical properties with annealing temperature and the dependence of the nonlinearity 

on particle size or fill fraction is still not well studied. In particular there is a glaring lack of data 

on the influence of molar ratio of Au/Ba in Au/BaTiO3 composites on its nonlinear properties. The 

molar ratio of Au/Ba is a central parameter that would allow one to tune the nonlinear absorption 

in Au/BaTiO3 nanocomposites, an important property useful in many device applications.  In this 

work we synthesized pure BaTiO3 nanoparticles and gold nanoparticles incorporated crystalline 

BaTiO3 films having three different fill fractions using sol-gel technique in identical fashion. The 

third order nonlinear optical susceptibilities of the four sets of samples are measured using open 

aperture single beam Z-scan technique. The nature of nonlinear absorption and the absorption 

coefficient (β) is determined from the Z-scan transmittance curve and the dependence of β on the 

fill fraction of gold nanoparticles is compared to that predicted for nanocomposites in Maxwell 

Garnet geometry. 

4.2. Nanocomposite geometry 

The linear and nonlinear optical properties of nanocomposites, with length scales such as the size 

of the nanoparticle and distance between them are much smaller than the wavelength of light, can 

be modeled with an effective medium approach with an effective dielectric constant [172,173,175]. 

There are mainly three types of nanocomposite structures which comes under the criteria of 

effective medium approach [172].  They are Maxwell Garnett geometry, Brueggemann geometry 

and layered composite geometry.  

4.2.1. Maxwell Garnett geometry 

In Maxwell Garnett geometry small amount of spherical inclusions are embedded in a host matrix 

as shown in the figure 4.1. Maxwell Garnet studied the linear optical properties of small amount 

of spherical inclusion materials in a host matrix and confirmed the effective dielectric constant of 

the composite depends on the fill fraction of the inclusion 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 intermixed to form a nanocomposite as shown in 

figure 4.2.  

 

Fig. 4.2: Brueggemann geometry nanocomposites 

4.2.3. Layered composite geometry 

The layered geometry is formed with alternate layers of two different materials having different 

linear and nonlinear optical properties as shown in figure 4.3. 

 

Fig. 4.3: Layered geometry nanocomposites 
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4.3 Effective medium model 

Sipe et al. and Boyd et al. predicted the conditions for nanocomposites to possess higher nonlinear 

susceptibility than the constituent materials [172,173]. They have considered the nanocomposite as 

an effective medium with dielectric constant εeff  for the calculation of propagation of light inside 

nanocomposite rather than with individual dielectric constants εi for inclusion material and εh for 

host matrix. This condition is valid since the size of the nanoparticle and their distances are much 

smaller than the wavelength of light and the scattering due to the inhomogeneous nature of the 

composite is insignificant. A typical system under consideration is a nanostructured composite in 

which a linear or nonlinear nanoparticle is embedded in a host medium which is of linear or 

nonlinear in nature. The inclusion particles inside the matrix create inhomogeneity in the matrix. 

This will generate sharp changes in the refractive indices inside the matrix around the inclusion 

particle. So, the electromagnetic field distribution in the nanocomposites will be completely 

different from that of the homogeneous matrix. Since the nonlinear polarization depends on the 

spatially inhomogeneous electric field, it will create changes in the nonlinear optical properties of 

the composite matrix. This can be explained in terms of local field effects. Local field is the 

effective field that acts to polarize an individual molecule [172]. Local field (�Ã�k) can be expressed 

as follows 

 �Ã�k = � + 4�3 	! (4.1) 

where E is the macroscopic field and P is the polarization  

The total response of the system can be found by performing spatial average over the total system. 

According Lorentz-Lorenz law 

 # = 1 + 4��"n (4.2) 

where # is the linear dielectric constant, α is the atomic polarizability, L is the local field correction 

factor and N is the number density of molecule. The local field factor can be written as [172] 

 
� = 	 1

1 − 43 �"n = # + 23  
(4.3) 
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This model can be extended to find the nonlinear optical properties of nanocomposites. The 

nanocomposites we are interested is thin films in which metal nanoparticles are embedded in a 

dielectric matrix. The smaller concentration of nearly spherical metal nanoparticles inside 

dielectric matrix can be considered as Maxwell Garnet geometry. According to Maxwell Garnet 

the effective dielectric constant (#)YY	 of the composite film is given by, [173,175] 

 #)YY = #Ä	 `1 + 2ÅÆ1 − ÅÆ a (4.4) 

where    Å = 	 +Ç�+È+ÇD�+È 

where f is fill fraction of inclusion material, #�	 and #Ä are the linear dielectric constants of the 

inclusion and host materials. If we consider that only the inclusion material is nonlinear, then the 

total displacement (D) for inclusion can be written as, 

 /� =	#��� + 4�!�(> (4.5) 

where !�(> is the nonlinear polarization for inclusion given by, 

 !�(> = |�	���. ��∗	�� +	��2 ���. ��	��∗ (4.6) 

Here |�		and �� are the nonlinear response coefficients of the inclusion material. Similarly, using 

an effective medium concept, we can write similar equation for the composite also. The total 

displacement for the composite is, 

 /)YY =	#)YY� + 4�!)YY(>  (4.7) 

where,  		!)YY(> =	|)YY��. �∗	� +	ÉÊËË� ��. �	�∗	    and  #)YY is the effective dielectric constant.    

If we consider that only the inclusion material is nonlinear and the host matrix responds linearly 

to the optical field, the effective nonlinear coefficients for the composite film is given by [172],   
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 | = Æ Ì# + 2#Ä#� + 2#ÄÌ
� Í # + 2#Ä#� + 2#ÄÎ

� |� (4.8) 

 � = Æ Ì# + 2#Ä#� + 2#ÄÌ
� Í # + 2#Ä#� + 2#ÄÎ

� �� (4.9) 

where, Ai
 and Bi are the nonlinear response coefficients of the inclusion. In our sample selection 

the assumption, only the inclusion material is nonlinear is true for the fact that the dielectric host 

nonlinear response is very less compared to the inclusion material. Under this assumption, the third 

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

 $5�−�; 	�, �,−�	 = Æ Ð +D�+È+ÇD�+ÈÐ� Ñ +D�+È+ÇD�+ÈÒ
� $-5 (−�; 	�, �,−�	   . (4.10) 

Similarly, one can derive the nonlinear coefficients for the nanocomposite structure where only 

the host response nonlinear to the incident electric field. In the case where both the host and 

inclusion material respond nonlinear to the incident optical field the effective nonlinear response 

coefficients for the composite can be obtained by summing the two contributions. From the 

equations it is clear that at certain conditions the effective nonlinear susceptibility of the composite 

can be higher than that of either of its constituents. It is evident from the experiments that the fill 

fraction or the concentration of metal nanoparticle plays an important role in the modification of 

nonlinear coefficients of the composites. This ability to tune nonlinear coefficients of metal nano-

composites with metal nanoparticle concentration will be useful in many optical device 

applications. 

4.4. Results and discussion  

The synthesis and characterization of the BaTiO3 thin films and Au/BaTiO3 thin films explained 

in chapter 2 is briefly mentioned below. BaTiO3 thin films and Au/BaTiO3 thin films are prepared 

by sol-gel technique from precursor solutions of BaTiO3 and gold nanoparticle prepared separately. 

2.55 g of barium acetate is added in to a stirred mixed solution of acetic acid (10ml) and 2-methoxy 

ethanol (10ml). After 30 min of stirring, appropriate amount of acetyl acetone is added to stabilize 
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the solution. 3.4 ml of titanium butoxide is added to the solution and stirred for another 30 min. 

Finally, the solution is filtered through a 0.22 µm filter paper and aged for one week in vacuum to 

form BaTiO3 precursor solution. Gold nanoparticles are prepared by citrate reduction method. 20 

ml of 24.3 mM HAuCl4 solution is prepared in distilled water and kept for stirred boiling. To the 

boiling solution quickly added 2 ml of 1% solution of trisodium citrate dehydrate. Stop boiling 

once the solution turns deep red. Desired amount of gold nanoparticle solution is injected in to the 

BaTiO3 precursor solution and mixed well to form a uniform solution. BaTiO3 thin films and 

Au/BaTiO3 thin films are prepared on a microscopic quartz slide (76 × 26 × 1 mm) by spin coating. 

Spin coating is done by SCU-2007 (APEX Instruments co.) model spin coating unit. 1 ml of the 

mixed solution is poured on the quartz slide and coated by rotating at 1500 rpm for 30 s. The 

coated film is then dried at 60 0C for 10 minutes and successively heat treated at 750 0C for 1 hour 

in the nitrogen atmosphere. 

The absorption spectra of the samples are measured by a UV-VIS absorption spectrophotometer 

(JASCO V-570 UV-VIS-NIR) in the 400-800 nm wavelength range. The crystal structure of the 

BaTiO3 and Au/ BaTiO3 films was studied by X-Ray Diffraction (XRD) technique using Cu-Kα 

radiation (Rigaku Miniflex II Desktop X-Ray Diffractometer). The high-resolution transmission 

electron microscope (HRTEM) images of BaTiO3 and Au/ BaTiO3 are taken by a FEI make Tecnai 

G2, F30 machine. The thin films were scratched out from the quartz slide and coated on top of a 

copper grid for taking HRTEM image.  

4.4.1. Nonlinear absorption in BaTiO3 thin films and Au/BaTiO3 thin films 

Nonlinear absorption of Au/ BaTiO3 thin films with different molar ratio of Au/Ba is studied by a 

single beam open aperture Z-scan technique. In these experiments the sample is moved along the 

focal region of a lens and the transmitted intensity is collected by a photodiode. The nature of 

nonlinear absorption and absorption coefficient (n�) is determined from the transmittance curve. 

A frequency-doubled Q-Switched Nd:YAG laser having a pulse width of 5 ns  at 532 nm 

wavelength is used for the open aperture Z-scan. A planoconvex lens of focal length 10.75 cm is 

used to focus the laser beam and the focal spot radius is 10 µm. The Rayleigh length is 0.6 mm 

and the on-axis peak intensity of the laser at the focus is 4.8 x 1013 W/m2.  
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The nonlinear absorption of the quartz slide used as substrate is measured by open aperture Z-scan 

technique. The quartz slide does not show any nonlinear absorption at 532 nm for the energy 

selected for the measurements. The sample thickness is estimated from the absorption spectra to 

be 25 µm. Figure 4.4 (a), (b), (c) and (d) shows the open aperture Z-scan transmittance curve for 

BaTiO3 and gold embedded BaTiO3 nanoparticles with Au/Ba molar ratio of 1.6/100, 2.5/100 and 

4.8/100 respectively. All graphs show a normalized transmittance valley which indicates the 

presence of nonlinear absorption in the samples. Assuming a Gaussian beam profile, the 

normalized beam transmittance in open aperture Z-scan can be written as [196], 

 ��}	 = 1√�¡��}	� lnC1 + ¡��}	��Á*F �Âª
�ª  (4.11) 

where, 

 ¡� = n�i��)YY
1 + }�}��

 (4.12) 

n� is two-photon absorption coefficient, i� is peak on axis irradiance at the focus, z is position of 

the sample with respect to the focus of the lens, }� is Rayleigh length and �)YY is effective length 

of the sample. 

 �)YY =	1 − ���>n 	 (4.13) 

where, L is actual length of the sample and α is linear absorption coefficient.  

For	|¡�| < 1, the transmittance equation can be rewritten in summation form, 

 ��}	 = G [−¡��}	]-�� + 1	5/�
ª

-«�
 (4.14) 

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

by fitting the equation (4.14) with � = 1 to the transmittance data of the open aperture Z-scan.  
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Fig.4.4: Open aperture Z-scan traces of (a) BaTiO3 thin films and Au/ BaTiO3 thin films having 

Au/Ba molar ratio of (b) 1.6/100 (c) 2.5/100 (d) 4.8/100. 

 

The two-photon absorption coefficient estimated as described above for pure BaTiO3 thin films is 

(1.0 ± 0.1) x 10-9 m/W. The two-photon absorption coefficient measured for samples of 1.6/100, 

2.5/100 and 4.8/100 Au/Ba molar ratio are (1.5 ± 0.2) x 10-9 m/W, (2.0 ± 0.1) x 10-9 m/W and (3.2 

± 0.2) x 10-9 m/W respectively. Figure 4.5 shows the variation of two-photon absorption coefficient 

with gold concentration in the Au/BaTiO3 films. The data shows an approximately linear increase 

of nonlinear absorption coefficient of Au/BaTiO3 with the increase in volume concentration of 

gold nanoparticles. Since the concentration of nearly spherical gold nanoparticle in Au/BaTiO3 
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films is low, we can consider the sample to be in Maxwell Garnet geometry. According to Maxwell 

Garnet [175] the effective dielectric constant of the composite film is given by, 

#)YY = #Ä Ñ%D��Y%��Y Ò , Where Å = +Ç�+È+ÇD�+È 

where f is fill fraction of inclusion material, #�	 and #Ä	are the linear dielectric constants of the 

inclusion and host materials. The composition dependent nonlinear optical properties of 

nanocomposites have been theoretically analysed in detail by different groups [172–174,197] . The 

nature and magnitude of the nonlinearity depends critically on the nonlinear optical properties of 

the host as well as the inclusion materials. In the case where the host does not show nonlinear 

behavior, the third order nonlinear optical susceptibility χ3(-ω; ω, ω, -ω) of the composite is given 

by, 

$5�−�; 	�, �,−�	 = Æ Ð+ÊËËD�+È+ÇD�+È Ð� Ñ+ÊËËD�+È+ÇD�+È Ò� $-5 (−�; 	�, �,−�	    
 

where $-5 (−�; 	�, �,−�	  is the third order nonlinear optical susceptibility of the inclusion 

material. The third order optical nonlinearity of BaTiO3 nanoparticles at 532 nm is of the order of 

10-9 esu [113,179,183]  while that of gold nanoparticle is of the order of 10-7 esu [119,191,193]. 

Hence for simplifying the analysis we may assume that the BaTiO3 matrix show linear behavior 

in comparison to the nonlinearity of gold nanoparticles. Further since the fill fraction used in the 

experiment is very small, the effective dielectric constant will be approximately equal to that of 

the host. Under this assumption, the third order optical nonlinearity of our samples is expected to 

increase linearly with fill fraction in qualitative agreement with the behavior shown in figure 4.5. 

 

Sample Au/Ba Ratio (x 10-2) n�  (x 10-9m/W) 

1 0 1.0 ± 0.1 

2 1.6 1.5 ± 0.2 

3 2.5 2.0 ± 0.1 

4 4.8 3.2 ± 0.2 

Table 4.1: Dependence of Au/Ba molar ratio on the two-photon absorption coefficient of the 

Au/BaTiO3 nanocomposites. 
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Fig.4.5: Variation of two-photon absorption coefficient with Au/Ba molar ratio in the Au/ BaTiO3 

nanocomposite films. 

4.4.2 Nonlinear refraction in BaTiO3 thin films 

The nonlinear refractive index of BaTiO3 thin film is measured by a closed aperture Z-scan 

geometry. A femtosecond mode-locked Ti:sapphire laser system (Mira 900, Coherent) operating 

at 76 MHz, wavelength 750 nm is used for the light source for the Z-scan. The laser pulse width 

measured by an autocorrelator is 120 fs.  The focal length of the lens used is 50 mm. The beam 

diameter before the lens is 2 mm and the radius at focus was 11.65 µm. The transmitted beam 

energy and the reference beam energy are measured directly by using photodiodes and their ratio 

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

away from the focus. The sample thickness is estimated from the absorption spectra to be 25 µm.  
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Figure 4.6 shows the closed aperture Z-scan curve of BaTiO3 thin film. The Z-scan trace indicates 

positive nonlinear refractive index.  Since a wavelength of 750 nm, away from the absorption edge 

is chosen the nonlinearity could be primarily of non-resonant origin.   

For obtaining the nonlinear refractive index n2, we fit the nonlinear refraction curve, by the 

formula, 

��}, ∆¢�	 ≅ 1 − W∆¨, � *DÓ	� *D%	                      , � = }/}� 

Here ��}, ∆¢�	 is the normalized transmittance and  }� is the Rayleigh length. Here it is assumed 

that the primary contribution to the nonlinearity arises from third order effects. 

 

Fig. 4.6: Closed aperture Z -scan data for BaTiO3 thin film. Solid line is the theoretical fit. 

The transmitted beam energy and the reference beam energy are measured by two photo detectors. 

The linear transmittance of the far field aperture S, defined as the ratio of the pulse energy passing 

the aperture to the total energy, is measured to be 0.3. Peak power at the focus is calculated as 21 

GW/cm2 and the on axis nonlinear phase shift, ∆Ô� obtained from the theoretical fit was 0.35. The 
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nonlinear refractive index n2 of the BaTiO3 thin film calculated from the above data is 7.92 × 10-

14 cm2 /W. 

4.5 Conclusion 

In summary BaTiO3 and Au/BaTiO3 thin films with different molar ratio of Au/Ba are prepared 

successfully by sol-gel method and characterized by X-ray powder diffraction, optical absorption 

spectroscopy and HRTEM. The two-photon absorption coefficient of the composite films is 

determined by the single beam open aperture Z-scan method at a wavelength of 532 nm using a    

5 ns pulses from a frequency-doubled Q-Switched Nd:YAG laser. Au/BaTiO3 nanocomposites 

shows enhanced nonlinear optical absorption with the increase of gold nanoparticle concentration 

in qualitative agreement with that predicted for the Maxwell-Garnet geometry. The property to 

tune the nonlinearity is important from the point of view of applications in many devices. In the 

present work we have restricted the fill fraction of gold nanoparticle to 4.8/100 due to coagulation 

of the sample which is a limitation of the current synthesis procedure. It is possible to further 

increase the fill fraction by suitably modifying sample preparation methods and efforts are on to 

achieve this.
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Chapter 5: Photothermal characterization of Au/BaTiO3 

nanocomposite films 

5.1 Introduction 

In the previous chapter we discussed the nonlinear optical properties of Au/BaTiO3 nanocomposite 

films. We presented the results on the nonlinear optical absorption and showed that the two-photon 

absorption coefficient of Au/BaTiO3 nanocomposite films increases with increasing the 

concentration of gold nanoparticles in the film. In that work the increase in the concentration of 

gold nanoparticles was deduced from the Au/Ba molar ratio in the precursor solution from which 

the films were prepared. We confirmed the presence of gold nanoparticles in the film by analyzing 

the transmission microscopy images of the film, but we could not quantify the distribution of 

nanoparticles in the film. This was primarily due to non-availability of appropriate nondestructive 

characterization tools that can readily determine the distribution of gold nanoparticles in the films. 

Though scanning electron microscopy can, in principle characterize thin composite films, in 

practice it is a difficult task due to specific sample preparation requirements and the limited area 

of scanning possible. In comparison optical microscopic techniques provide a simple and readily 

available characterization tool that can achieve large area scanning with very little sample 

preparation. However, since gold nanoparticles are weekly fluorescent it is almost impossible to 

detect gold nanoparticles in a dielectric host using fluorescent microscopy. It is in this context that 

the recently developed photothermal microscopy [198–202] which is a promising  technique to 

characterize nonluminescent nanoparticles received our attention. Photothermal microscopy has 

received enormous attention from researches in recent years due to its potential in bimolecular 

imaging [203–205]. This is particularly so because of the limitation of the widely popular confocal 

fluorescence microscopy due to the photostability and phototoxicity of dye labels employed [1,2]. 

Photothermal imaging using gold nanoparticles could very well be a successful alternative imaging 

technique in biology and biomedical research.  

In this chapter we report on the development of an improved photothermal microscope to detect 

gold nanoparticles and extend the application of the technique to a hitherto unexplored area: 

characterization of metallic nanoparticle in a dielectric matrix. We first discuss the basic principles 

of photothermal microscopy, present experimental results on the detection of gold nanoparticles 
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having size as small 5 nm and demonstrate capabilities of the photothermal microscopy as a 

characterization technique for material science. The photothermal images of Au/BaTiO3 

nanocomposite films with different molar ratio of Au/Ba are taken and the density and distribution 

of gold nanoparticle in the films are compared. The method reported here provides a general 

nondestructive tool to test the presence of metallic nanoparticles in scattering background.  

5.2 Photothermal microscopy 

Mie theory predicts that the scattering cross section of  spherical particles in the nanometer range 

decreases as R6 while absorption cross section decreases only as R3. As a result scattering based 

detection methods are ineffective in detecting nanoparticles having size much less than the 

wavelength of light. Absorption based detection methods are handy in such experiments. 

Photothermal microscopy, an absorption based imaging technique which relies on the thermal 

distribution around a nanoparticle to detect them, allows detection of single sub-resolution sized 

and non-luminescent nanoparticles with high sensitivity. This is because, in the absence of 

fluorescence, non-radiative relaxation processes dominates and excitation with an absorbing 

radiation results in a temperature change in the nanoparticle and its immediate surroundings. This 

change in temperature causes a refractive index gradient around the nanoparticle and can be 

detected using an appropriate sensor.  Photothermal microscopy maps this refractive index gradient 

by employing a second non-resonant probe beam and monitoring the change in the scattered 

intensity of the probe beam. Photothermal microscopy is thus a pump-probe detection technique 

where one detects the pump induced temperature variation around a nanoparticle using a probe 

beam. This method of detection of nanoparticles is free from photobleaching or blinking effects, 

and thus can be potential alternative for fluorescent based microscopic techniques.  

Gold nanoparticles are one of the promising candidates that can be used as a label in photothermal 

microscopy. This is primarily due to its unique optical properties exhibited near the plasmon 

resonance wavelength. Gold nanoparticles show strong absorption in the plasmon resonance 

wavelength, around green region of the spectrum. Since gold nanoparticles are weakly fluorescent, 

most of the absorbed energy is released as thermal energy, which is a highly desirable measure for 

a photothermal label. Detection of gold nanoparticles using photothermal microscopy has been 

reported recently [198–202]. Berciaud et al. have succeeded in the detection of gold nanoparticle 

of size as small as 1.4 nm with photothermal heterodyne imaging [202]. Photothermal effects in 



100 | Chapter 5 
 

gold nanorods have been successfully employed in cancer cell imaging and selective photothermal 

cancer therapy in in vitro conditions [203,205]. Applicability of photothermal microscopy using 

gold nanorods in biomolecular imaging has been demonstrated by Tong et al. [204,206].  

Apart from its potential as a biomolecular imaging technique, photothermal microscopy can have 

potential applications in many other areas. For example, the technique can be used to detect 

uniformity and defects in metallic coating such as optical mirrors. It can also find applications in 

the characterization of semiconductor wafers by studying the thermal profile upon excitation. In 

the present work we employed photothermal microscopy to characterize gold nanoparticles in 

Au/BaTiO3 composite films.  We employed laser scanning method to raster scan the pump-probe 

beams over the sample and high signal to noise ratio images of gold nanoparticles in Au/BaTiO3 

nanocomposite are acquired at fast timescales with pixel dwell time of 80 µs. The method provides 

a nondestructive tool that would allow the detection and characterization of nanoparticles in a 

dielectric environment. The following sections discuss the sample preparation methods and the 

experimental setup employed for photothermal imaging. 

5.3 Sample preparation 

Three types of gold nanoparticles are studied by using photothermal microscope. The gold 

nanoparticles having an average size 5 nm (Product No. G1402) and 10 nm (Product NO. 1527) 

used for photothermal imaging are purchased from Sigma Aldrich. Third sample, gold nanoparticle 

having average size of 25 nm, is prepared in the laboratory by citrate reduction method and size is 

measured using scanning electron microscope. The samples are diluted by a factor of 1:10 using 

double distilled water and sonicated for 30 min. The samples for imaging are made on a clean 

microscopic coverslip of 22 mm x 22 mm area. The coverslips are cleaned by using chromic acid 

followed by running water and double distilled water. The gold nanoparticle on microscopic 

coverslip is made by spin coating. Approximately 20 µl of the diluted gold nanoparticle solution 

is added on top of a microscopic coverslip fixed on the sample holder of spin coater and spin coated 

at 4000 rpm for 60 seconds. The samples are mounted on the microscopic stage of an inverted 

microscope. The spinning speed and concentration of gold nanoparticles are optimized in such a 

way that a uniform thin layer of isolated gold nanoparticles is formed on the coverslip. Water is 

added on the coverslip before taking the images. The Au/BaTiO3 nanocomposite thin films 

prepared on quartz slide is kept upside down on the microscopic stage and protected with a 
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microscopic coverslip from the oil immersion objective of the inverted microscope for taking the 

photothermal images.           

5.4 Experimental set up 

  

 

Fig. 5.1: Schematic of the Photothermal microscope. M1-M8: mirrors, BS1-BS2: beam splitters, 

AOM: Acousto-optic modulator, SL: scan lens, X,Y: scan mirrors, DAQ: data acquisition card, 

LIA: Lock-in amplifier, DM: Dichroic mirror, PD: photodiode, PC: computer, BPF: band pass 

filter, NDF: neutral density filter, S1: aperture, T: Telescope.  

The experimental set up used for the photothermal microscope is depicted in the figure 5.1. The 

samples prepared for photothermal microscopy is fixed on a sample stage of an inverted optical 

microscope (IX 71  Olympus Corporation). A solid-state laser having a wavelength of 532 nm is 
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used as a pump beam and a He-Ne laser having a wavelength of 632 nm is used for the probe 

beam. An acousto-optic modulator is used to modulate the pump beam at desired frequencies. 

Pump modulation frequency used is 115 kHz in this experiment. Both pump and probe beams are 

made collinear and directed to the sample kept on microscope stage by using proper filters and 

mirrors. A galvanometric scanner consisting of X and Y mirrors are used to raster scan the beam 

over a desired area on the sample. X and Y mirrors of the galvanometric scanner oscillated with 

certain frequencies of sawtooth waves to scan the beam. The backscattered probe beam descanned 

by the galvanometric scan mirrors is filtered and directed to the detector.  A balanced photo diode 

is used as the detector and the detected signal is given to a lock in amplifier. Pump induced small 

variation in the probe beam intensity locked at the modulation frequency is detected by the lock in 

amplifier. National instruments data acquisition card 6251 is used for controlling the scan mirrors 

and collecting the output signals from the lock-in amplifier. NI-LabVIEW software platform is 

used for interfacing the scan mirrors and detectors. The data acquision rate used is 1.25 MHz. A 

512 pixels x 512 pixels images are acquired in seconds employing 80 µs integration time. 

5.5 Results and discussion 

Photothermal images of free standing gold nanoparticles in water are first acquired to standardize 

the set up and make sure that we are detecting single gold nanoparticles. Figure 5.2 (a) shows 

photothermal images of gold nanoparticles with an average size of 10 nm and 15% distribution in 

size, spin coated on a microscopic coverslip. A 512 pixels x 512 pixels image is acquired in 20 

seconds corresponding to a pixel dwell time of 80 µs. The pixel size used is ≈ 50 nm. The images 

are acquired using pump power of 2 mW and probe power of 1 mW. Double distilled water is 

added to the sample before taking the images. Water is a good photothermal medium and it helps 

in removing scattering from the glass air interface. The signal to noise ratio (SNR) in the image is 

43. The SNR is measured as the ratio of the photothermal peak intensity to the standard deviation 

of the background. While taking each of the images it was verified that the photothermal signal 

disappears when either of the beams is blocked thereby making sure that no spurious scattered 

image is detected. Figure 5.2 (b) shows the pseudo 3D image of one of the particle shown in the 

figure 5.2 (a). Figure 5.2 (c) shows the photothermal signal profile of one of the particle in the 

figure 5.2 (a). The FWHM of the plot profile gives the resolution of the photothermal microscope. 

The FWHM measured is 190 nm. In order to further confirm that we are indeed detecting single 
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nanoparticles, we compared the intensity distribution of the particles in the image to that of the 

size distribution of the gold nanoparticles. Since the photothermal intensity should scale with the 

volume of the particles, the corresponding photothermal intensity distribution is expected to be 

three times that of the particle size distribution. Figure 5.2 (d) shows the photothermal intensity 

histogram of 10 nm gold nanoparticle with a size distribution of 15 %. The percentage distribution 

in intensity is 47±6 % in agreement with expected value. We further tested the capability of the 

photothermal microscope to detect a smaller size gold nanoparticle, 5 nm. Figure 5.3 (a) shows the 

photothermal image of gold nanoparticles having an average size of 5 nm with a size distribution 

of 15 % prepared on a microscopic coverslip by spin coating at 4000 rpm for 30 s. The pump and 

probe powers used at the sample is 3 mW and 1 mW respectively. The SNR in the image shown 

is 38. Figure 5.3 (b) depicts the pseudo 3D image of one of the gold nanoparticle having an average 

size of 5 nm corresponding to the thermal profile generated. Figure 5.3 (c) shows the photothermal 

signal profile for a 5 nm single gold nanoparticle. The FWHM of the plot profile is 170 nm. Figure 

5.3 (d) shows the photothermal intensity histogram of 5 nm gold nanoparticle. As expected the 

percentage distribution in intensity is found to be 51±9 %.                
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Fig. 5.2: (a) Photothermal image of gold nanoparticle having an average size of 10 nm with a 15% 

distribution in size spin coated on a microscopic coverslip at 4000 rpm for 30 s. The pump and 

probe powers employed for taking images are 2 mW and 1 mW respectively. Water added on 

coverslip act as the photothermal medium. The SNR of the images is 43. (b) Pseudo 3D image of 

one of the gold nanoparticle shown in (a) corresponding to the thermal profile generated. (c) 

Photothermal signal profile of one of the 10 nm gold nanoparticle in figure (a). The FWHM of plot 

profile is 190 nm. (d) Photothermal intensity histogram 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 with average size 5 nm and a distribution of 

15% in size, spin coated on a microscopic coverslip at 4000 rpm for 30 s. The SNR in the image 

shown is 38. (b) Pseudo 3D image of single gold nanoparticle corresponding to the thermal profile 

generated. (c) Photothermal signal profile of single gold nanoparticle in the photothermal image. 

The FWHM is measured is 170 nm. (d) Photothermal intensity distribution histogram of gold 

nanoparticles with a 5 nm average particle size. The percentage distribution in intensity is 51±9%. 

Since the photothermal intensity scale with volume of particle, the intensity distribution is 

expected to be three times that of the particle size distribution.  
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The gold nanoparticles used in the study of Au/BaTiO3 nanocomposite is further investigated with 

photothermal microscope. The gold nanoparticle is synthesized by citrate reduction method and 

characterized by scanning electron microscopy. The average particle size measured from SEM 

images is 25 ± 4 nm. The figure 2.16 (a) showing the SEM image and (b) particle size distribution 

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

   

Fig. 5.4: (a) SEM image of the gold nanoparticle prepared by NaBH4 reduction method. (b) Shows 

the particle size distribution measured from SEM image. 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 gold nanoparticles having an average size of 25 

nm synthesized by citrate reduction method. A thin films of gold nanoparticle is prepared on a 

microscopic coverslip by spin coating at 4000 rpm for 30 s. The pump and probe powers used for 

the study are 2 mW and 1 mW respectively. The SNR of the images shown is 56. Figure 5.5 (b) 

depicts the pseudo 3D image of single 25 nm gold nanoparticle corresponding to the thermal 

profile generated. Figure 5.5 (c) shows he photothermal signal intensity profile corresponding to a 

single gold nanoparticle. The FWHM of photothermal intensity profile is 200 nm. Figure 5.5 (d) 

shows the photothermal intensity distribution histogram. The percentage of distribution in intensity 

is found to be 89±9 %, which is in accordance with the expected value.  
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Fig. 5.5: (a) Photothermal image of gold nanoparticle of average size 25 nm synthesized by citrate 

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

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

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

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

The FWHM of photothermal intensity profile is 200 nm. (d) shows the photothermal intensity 

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

in accordance with the expected value. 
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Au/BaTiO3 nanocomposite films with different Au/Ba molar ratio are prepared by sol-gel 

technique and characterized by X-ray diffractometer, UV-VIS-NIR absorption spectrophotometer 

and high-resolution transmission electron microscope. The details of the preparation and 

characterization of Au/BaTiO3 nanocomposite films is given in chapter 2, section 2.5. Au/BaTiO3 

nanocomposites having Au/Ba molar ratios, 1.6/100, 2.5/100 and 4.8/100 are imaged by 

photothermal microscopy. Photothermal images of the three sets of samples are acquire as detailed 

above. In all samples, images of 40 µm x 40 µm area of the sample is acquired. A 512 pixel x 512 

pixel image is acquired in 20 s with a pixel integration time of 80 µs. The pixel size used is 80 nm. 

Figure 5.6 shows the photothermal image of Au/BaTiO3 nanocomposite thin film having Au/Ba 

molar ratio of 1.6/100. From the images it is clear that the distribution of gold nanoparticles is not 

uniform in the films. Moreover, it was looking like a cluster of gold nanoparticles at some 

particular area surrounded by an area devoid of gold nanoparticles. This was due to the fact that 

injected gold nanoparticles in the BaTiO3 precursor solution was not mixed well due to the high 

viscosity of the precursor solution. In order to improve the uniformity of the sample we further 

improved the sample preparation.  We controlled the viscosity of the precursor solution by varying 

the amount of acetyl acetone added. The gold nanoparticle injected BaTiO3 precursor solution is 

mixed well in a cyclomixer. This helps in preparation of films with better uniformity. Figure 5.7 

(a), (b), (c) and (d) shows the photothermal images of four different areas of Au/BaTiO3 

nanocomposite film having Au/Ba molar ratio of 1.6/100. The photothermal image of four well 

separated areas looks similar, which shows the uniformity of the sample with respect to the 

concentration of the gold nanoparticle. Figure 5.8 (a), (b), (c) and (d) shows the photothermal 

image of four different areas chosen on the Au/BaTiO3 nanocomposite film having Au/Ba molar 

ratio of 2.5/100. The image shows a 40 µm x 40 µm area of the sample. Figure 5.9 (a), (b), (c) and 

(d) shows the photothermal image of four different areas chosen on the Au/BaTiO3 nanocomposite 

film having Au/Ba molar ratio of 4.8/100. The image shows a 40 µm x 40 µm area of the sample. 

All the images are acquired by employing a pump power of 3 mW and probe power of 1 mW. A 

modulated beam having wavelength 532 nm is used as the pump beam and a CW beam having 

wavelength 632 nm is used as probe beam in this study also. BaTiO3 nanoparticles do not absorb 

any of these wavelengths of light and are not detected in the images. Gold nanoparticles on the 

other hand absorb 532 nm wavelength and gives images through photothermal effect. The red spots 

in the images shown in figure 5.6, 5.7, 5.8 and 5.9 are thus attributed to gold nanoparticles. We 
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further confirmed this by taking the photothermal image of BaTiO3 thin film. There were no spots 

detected in the photothermal image of BaTiO3 thin film. Photothermal microscopy thus 

independently verify the presence of gold nanoparticle in the dielectric film and help us to identify 

the density and distribution of particles inside the film.     

 

Fig. 5.6: Photothermal image of Au/BaTiO3 films having Au/Ba molar ratio of 1.6/100 prepared 

without optimizing the dilution and uniformity. The red dots in the films shows the presence of 

gold nanoparticles in the film. These photothermal images are used to optimize the concentration 

of precursor solution and preparation methods. The images are acquired by employing 3 mW pump 

power and 1 mW probe power.   
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Fig. 5.7: Photothermal image of Au/BaTiO3 nanocomposite films prepared by sol-gel technique 

with Au/Ba molar ratio of 1.6/100. (a), (b), (c) and (d) shows four different areas of the sample 

randomly chosen to check the uniformity of the sample. Each figure shows 512 pixel x 512 pixel 

image taken on an area of 40 µm x 40 µm in 20 s. The pixel integration time is 80 µs and pixel size 

is 80 nm.  The pump and probe powers used for imaging are 3 mW and 1 mW respectively.    
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Fig. 5.8: Photothermal image of Au/BaTiO3 nanocomposite films having a Au/Ba molar ratio of 

2.5/100. (a), (b), (c) and (d) are photothermal image of four different area of Au/BaTiO3 

nanocomposite films. All four images show similar density of gold nanoparticles in the film. 3 

mW of pump power and 1 mW of probe power is used to acquire images. A pixel integration time 

of 80 µs and pixel size of 80 nm is used for making a 512 pixel x 512 pixel image of an area 40 

µm x 40 µm of the sample.     
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Fig. 5.9: Photothermal image of Au/BaTiO3 nanocomposite film having Au/Ba molar ratio of 

4.8/100. Four different areas (a), (b), (c) and (d) depicts photothermal image of a 40 µm x 40 µm 

area of the Au/Ba nanocomposite film. All four images show similar distribution of gold 

nanoparticles in the films. 3 mW of pump power and 1 mW of probe power is used to acquire the 

photothermal images.  

The photothermal images of the Au/BaTiO3 nanocomposite films give a good qualitative idea of 

the distribution of gold nanoparticle in the Au/BaTiO3 nanoparticle films. The photothermal 
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images of all four randomly chosen areas of Au/BaTiO3 nanocomposite of a particular Au/Ba 

molar ratio gives similar images. This shows the uniformity of the Au/BaTiO3 nanocomposite 

films. The gold nanoparticles are evenly distributed in the films, which is a respectable feature in 

a low-cost sol-gel synthesis method. It helps in the systematic study of the optical properties of the 

nanocomposites. We further tried to get a qualitative idea about the concentration of gold 

nanoparticles in the Au/BaTiO3 nanocomposite films by counting the number of spots in the 

photothermal image. The average number of spots found in the photothermal image of Au/BaTiO3 

nanocomposite films having Au/Ba concentration of 1.6/100, 2.5/100, 4.8/100 are 25, 54 and 107 

respectively. The values show proportionate increase in the density of gold nanoparticles in 

concurrence with the Au/Ba molar ratio employed in the synthesis. The small deviation may be 

due to the small area under consideration.  

5.6 Summary 

A photothermal microscope is developed to image single, non-fluorescent gold nanoparticles by 

optical techniques. Gold nanoparticles in water with size as small as 5 nm are detected by the 

photothermal microscope. Photothermal microscope is successfully employed as characterization 

tool for characterizing Au/BaTiO3 nanocomposite thin films. Photothermal images of different 

well separated areas of Au/BaTiO3 nanocomposite films having a particular Au/Ba molar ratio is 

taken and studied. The images show uniformity in the distribution of gold nanoparticles inside 

Au/BaTiO3 nanocomposite films. A good qualitative understanding of the distribution of gold 

nanoparticles in the BaTiO3 matrix is obtained from this study. We further studied the 

concentration of gold nanoparticles in the Au/BaTiO3 nanocomposite films. We compared the 

concentration of gold nanoparticles in the films as the number of spots in the photothermal image. 

We found that the concentration of gold nanoparticles was in agreement with the concertation 

estimated from the sample preparation. Photothermal microscopy thus independently verify the 

presence of gold nanoparticle in the dielectric film and 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 signal to noise ratio in a scattering environments 

qualify photothermal microscopy to be a potential alternative to fluorescent microscopy, 

particularly promising from the point of view of biomolecular imaging and biomedical 

applications. However, photothermal microscopy in its present form makes use of linear optical 

absorption and is not inherently confocal. Further, the usage of gold nanoparticles as a label 

necessitates the use of visible light having wavelength around 500 nm as pump beam. This 

wavelength is not ideal for biomolecular imaging, especially in experiments that involve deep 

tissue imaging, due to the absorption in biological tissues which ranges from 350 nm to 650 nm. 

These drawbacks of conventional photothermal microscopy advocate the use of two-photon 

excitation induced thermal effects as a contrast mechanism in biological imaging. Optical 

absorption in two-photon excitation microscopy is restricted to the focal plane of the microscope. 

Hence two-photon excitation microscopy is inherently confocal and would allow deeper 

penetration. Advantages of two-photon excitation fluorescence microscopy in three dimensional 

and deep tissue imaging have already been demonstrated [6,7,207]. Recently, Abeyasinghe et al. 

successfully employed two-photon excited fluorescence near-field scanning optical microscopy to 

image and study monolayer protected gold quantum dots composed of 25 gold atoms [208]. 

Applicability of two-photon excited photothermal microscopy in direct imaging of micrometer 

sized red blood cells containing heme proteins has been demonstrated recently [209,210]. 

However, many of the components of a complex biological system absorbs infrared radiation 

through two-photon absorption resulting in similar thermal profiles. To avoid this one may have 

to use very low pump powers limiting the applicability of the above technique to specific systems. 

One may overcome these difficulties by identifying and employing an appropriate nonlinear 

optical label possessing good thermal relaxation properties. Further this approach of using a 

photostable nanoparticle label will be particularly useful in live cell experiments that involve 

tracking of bimolecular transport. 
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In this chapter we report on the development of a new nonlinear optical microscope based on two-

photon absorption induced photothermal effect capable of detecting individual non-fluorescent 

nanoparticles with high sensitivity. The confocal microscope, named two-photon photothermal 

microscope, uses near infrared excitation at high repetition rates and thus would be of interest in 

deep tissue imaging. High photostability, biocompatibility and the large third order nonlinearity, 

reported in the previous chapter, make BaTiO3 nanoparticles an ideal label for two-photon 

photothermal microscope. We demonstrate the capability of the microscope by imaging single 

BaTiO3 nanoparticles in a scattering environment at fast time scales with a pixel dwell time of 80 

µs. We also present 3-dimensional images of BaTiO3 nanoparticles embedded HeLa cells acquired 

using the two-photon photothermal microscope. 

6.2 Two-photon photothermal microscope 

Two-photon photothermal microscopy is a pump-probe detection technique where a pump beam 

excites a nanoparticle sample through two photon absorption. In the experiment we make use of 

the large third order nonlinear optical susceptibility of BaTiO3 nanoparticles to excite them by 

means of two-photon absorption using a near infrared wavelength beam whose energy is half the 

energy difference between the transition levels. BaTiO3 being weakly fluorescent, the two-photon 

absorption phenomena create a temperature profile around the particle by a non-radiative 

relaxation process. The corresponding refractive index variation is detected using a non-resonant 

probe beam. The collinear pump and probe beams are raster scanned over the sample to map the 

thermal profile of the sample and thus to image a nanoparticle sample. With this technique we can 

detect BaTiO3 nanoparticles in the size range of 20-100 nm at fast time scales with 80 µs pixel 

dwell time. The technique has the potential to be a viable alternative to confocal fluorescence 

microscopy.  

Two-photon excited laser scanning photothermal microscopy has several advantages in biological 

imaging over and above conventional photothermal microscopy. Unlike conventional 

photothermal microscopy, the technique is inherently confocal and would allow for three-

dimensional sectioning of the sample. Because there is no absorption in the out of focus areas, it 

assures more penetration into the specimen and thus allows deep tissue imaging. Further since near 

infrared wavelengths are used in the experiment there will be less scattering and thus less loss. A 
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variety of ferroelectric materials like BaTiO3 and SrTiO3 have shown good nonlinear optical 

properties.   

 

Fig. 6.1: Schematic of laser scanning two-photon photothermal microscope. M: Mirror, AOM: 

Acousto Optic Modulator, S1: Aperture, T: Telescope, PB: Polarizing Beam splitter, X&Y: Scan 

Mirrors, SL: Scan Lens, S: Sample, G: Glass slide, NDF: Neutral Density Filter, B-PD: Balanced 

Photo Receiver, BPF: Band Pass Filter, DM: Dichroic Mirror, DAQ: Data Acquisition card, CPU: 

Computer, LIA: Lock-In Amplifier, SG: Signal Generator. Continuous line shows the optical path 

and dotted line represents the electrical signal path. 

BaTiO3 nanoparticles, used as a label in the experiments reported in this work, exhibit large two-

photon absorption cross section near infrared region and is a biocompatible material that can be 

easily conjugated with biomolecules of interest [92,135,211]. Further, as an added advantage, 
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BaTiO3 is low cost, and large variety of preparation techniques are available for in-house synthesis 

of the nanoparticles [77,83]. The suitability of BaTiO3 nanoparticles in biological imaging has 

already been demonstrated and is used as a probe in the second harmonic generation (SHG) 

microscopy [95]. Hsieh et al. demonstrated harmonic holographic microscopy with BaTiO3 as 

second harmonic radiation imaging probes for high resolution 3D imaging of mammalian cells 

[211]. Culic-Viskota et al. successfully employed BaTiO3 as SHG nano probe in the in vivo 

imaging of zebrafish embryos [96]. However, we may note that nanoparticles with cubic 

crystallization are not suitable for second harmonic generation microscopy because of the 

inversion symmetry. 

Two-photon photothermal microscopy is set up on vibration isolation table (Newport) and standard 

optical mounts are used to fix all the optical components on the table. Figure 6.1 shows the optical 

layout of two-photon photothermal microscope. Here we have used a near infrared ~120 fs mode-

locked Ti: sapphire laser (Mira 900, Coherent) operating at 76 MHz as the pump laser to excite 

the sample through two-photon absorption. The wavelength of the laser is tuned to 710 nm to 

coincide with the two-photon absorption band of BaTiO3. A 632 nm He-Ne laser (Thorlabs, 

HNL150L) is used as the probe beam. The pump beam is modulated at 115 kHz by an acousto 

optic modulator (AOM, 1205C-1, Isomet). A polarizing beam splitter combines both pump and 

probe beam and directs it towards the scan mirrors. The scan lens kept in front of the scan mirrors 

focuses the pump and probe beam to the conjugate focal plane of an inverted microscope (IX 71, 

Olympus, 60X, NA 1.25 objective) on which the samples as prepared are mounted. Back scattered 

probe beam from the sample returns along the same pathway is directed to a large area balanced 

photo receiver (2307-M, New Focus) by the polarizing beam splitter and two dichroic mirrors 

(DM1 and DM2). Back scattered pump beam is further filtered off by keeping an interference band 

pass filter (BPF) (632 ± 10 nm, CVI Melles Griot) in front of the detector. The output of the photo 

receiver is given to a 200 MHz dual phase lock-in amplifier (SR-844, Stanford Research Systems). 

A two-dimensional image is obtained by raster scanning the laser beam over the sample with the 

help of a galvanometric scanner (6215H, Cambridge Technology Enterprises). The three-

dimensional sectioning is achieved by moving the microscope objective along the Z-direction. A 

data acquisition card (NI USB-6251) along with National Instrument LabVIEW software is used 

for data acquisition as well as for controlling the scan mirrors. 
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6.3 Sample preparation 

In this experiment we use two sets of particles to demonstrate two-photon photothermal imaging 

1) commercially purchased (Sigma-aldrich, Product No. 467634) BaTiO3 nanoparticle having 

cubic structure and an average size of 70 nm and 2) BaTiO3 nanoparticles having an average size 

of 20 nm synthesized in the laboratory using sol-gel technique. The latter particles have a 

tetragonal crystal structure as verified by X-ray diffraction technique. The samples for microscopic 

studies are prepared from a dilute solution of BaTiO3 nano powder in ethanol.  5 mg of BaTiO3 

powder is added to 15 ml of ethanol and sonicated for 30 minutes to form a clear solution. This 

solution is filtered using a 220 nm filter and spin coated on a 22 × 22 mm cleaned microscopic 

coverslip at 4000 rpm for 30 seconds. The spinning speed and concentration of BaTiO3 

nanoparticles is optimized in such a way that a uniform thin layer of well isolated nanoparticles is 

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

6.4 Results and discussion 

Two-photon absorption involves transition of a system from the ground state to a higher lying state 

by the simultaneous absorption of two photons from an incident radiation field. The rate of two-

photon absorption is proportional to the square of the instantaneous intensity I and the optical loss 

due to absorption is described by the differential equation [212] 

  
�i�} = −n�i − n�i� (6.1) 

where n� is the linear absorption coefficient which in this case arise only from the impurities 

present, if any. The two-photon absorption coefficient n� in this expression is a macroscopic 

parameter characterizing the material and is related to the imaginary part of the third order 

nonlinear optical susceptibility $�5	 by the relation 

	
 

n� = 3�2@��=��� i��0$�5	2 (6.2) 

where =� is permittivity of free space, n is refractive index of the medium, c is speed of light, 7 is 

the wavelength of light and � = 2� 7⁄ . If N is the number density of molecules involved in the 

interaction, the transition rate due to the two-photon absorption process, R = o�i� ℏ�⁄  where o� =ℏ�n� "⁄  is defined as the two-photon absorption cross section [212]. For a non-fluorescent 
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material, we may assume that most of the absorbed energy due to two-photon excitation is 

converted into heat and the nanoparticle would act as a point source of heat. It has been shown that 

gold nanorods having absorption in the near IR wavelength region efficiently converts absorbed 

light to heat and this property has been used in photothermal therapy [213]. 

If the pump beam is modulated sinusoidally at a frequency Ω, then the absorbed power will vary 

as !�[1 + cos�Ω�	] where the average absorbed power !�	is proportional to the two-photon 

absorption cross section and the square of the pump power, !¹×-¹. The dissipation of this energy 

into the medium will cause a temperature profile, 

 ∆��s, �	 	∝ 	 	o�!¿×-¹� 4�Ùs⁄ [1 + cos�Ωt − r s�Ä⁄ 	��	� �ÜÈ⁄ ] (6.3) 

where r is the distance from the particle, s�Ä = \2Ù ΩJ⁄  is a characteristic length for heat 

diffusion, k being the thermal conductivity of the surrounding medium and C its heat capacity. 

This temperature profile will lead to a time varying refractive index profile ∆@�r, t	 =
∆��r, t	 ∂@ ∂t⁄  in the medium. A non-resonant probe beam interacting with this refractive index 

profile will result in a scattered field which can be used to map the thermal profile of the 

nanoparticle. In the experimental geometry employed, part of the incident probe field is reflected 

from sample-coverslip interface. This reflected probe field �e interferes with the back scattered 

probe beam ��. The back scattered probe field is detected through its beatnote at the modulation 

frequency Ω using a lock-in amplifier. Berciaud et al. [214] has carried out a detailed analysis of 

the polarization variations arising from local susceptibility fluctuations using the theory of light 

scattering [215]. As per this model the two-photon photothermal signal measured would be 

proportional to phiP where 

 !¹Ä� = @	 A@A� Æ�Þ	J7¹��ß)� �� 	o�!¿×-¹� !¿��ß) (6.4) 

where !¹×-¹ and !¹�ß) are power of pump beam and probe beam respectively, �� is the probe 

beam focal radius and 7¹��ß) is the wavelength of the probe beam. Here the size of the BaTiO3 

nanoparticle is much smaller than the wavelength of the incident probe beam and hence the angular 

distribution of the scattered light is symmetric with respect to the focal plane. Since the spatial 

extension of the induced susceptibility profile is of microscopic dimensions we may assume that 
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the frequency dependence of the signal ( )f Ω  can be approximated to 1 Ω  at high pump 

modulation frequencies.  

 

Fig. 6.2: (a) Two-photon photothermal image of the70 nm BaTiO3 nanoparticles spin coated on a 

coverslip at 4000 rpm for 30 s. The inset shows the pseudo 3D image of single 

BaTiO3corresponding to the thermal profile generated. (b) Scanning electron microscopy image 

of BaTiO3 having an average size of 70 nm prepared same as above. The figure shows single 

isolated BaTiO3 nanoparticles on the coverslip. (c) Particle size distribution histogram of BaTiO3 

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

photon photothermal intensity distribution histogram of BaTiO3 nanoparticles.  
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Fig. 6.3: (a) TEM image of BaTiO3 nanoparticles prepared by sol-gel technique. (b) Photothermal 

image of 20 nm BaTiO3 nanoparticles spin coated on a coverslip at 4000 rpm for 30 s. The pump 

power and probe power used are 8 mW and 0.8 mW respectively. Inset shows pseudo 3D image 

of single 20 nm BaTiO3 nanoparticle. The SNR in the images shown is 19. (c) Particle size 

distribution of BaTiO3 nanoparticle measured from the TEM images. The dotted line shows a 

Gaussian curve fit. The average size of BaTiO3 nanoparticles is 20 nm. The percentage distribution 

in size is found to be 18 ± 2 %.(d) Two-photon photothermal intensity histogram of BaTiO3 

nanoparticles. The percentage distribution in intensity is found to be 49 ± 6 %. 
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Figure 6.2(a) shows the two-photon photothermal image of 70 nm BaTiO3 nanoparticles acquired 

using the microscope as described in the methods section. The inset depicts the pseudo 3D image 

of one of the 8 particles seen in the figure. The images are acquired using pump pulses having 

energy of 80 picojoules (6 mW of average power). 0.8 mW of probe power is employed. A 500 x 

500 pixel image is acquired in 20 s corresponding to a pixel integration time of 80 µs. The SNR in 

the images shown is 47. Here SNR is calculated by taking the ratio of the two-photon photothermal 

signal peak intensity in the image to the standard deviation in the background. While taking the 

image it was verified that the signal disappears when either of the beams is blocked thereby making 

sure that no scattered image is detected. In order to make sure that we are imaging single 

nanoparticles we compared the photothermal images with the scanning electron microscopy 

(SEM) images of an identically prepared sample. Figure 6.2(b) depicts the SEM image of a sample 

containing 70 nm BaTiO3 nanoparticles, prepared with the same spin speed as that employed for 

acquiring the photothermal images. The figure shows that well isolated single nano size particles 

are formed on the coverslip at the 4000 rpm spin speed employed for preparing the sample. Figure 

6.2(c) depict the size distribution of the nanoparticles as determined from the analysis of SEM 

images. The average particle size determined from the particle size distribution curve is 70 nm. 

The percentage distribution in size is found to be 13 ± 2 %. In order to further confirm that we are 

indeed detecting single nanoparticles, we compared the intensity distribution of the particles in the 

image to that of the size distribution of the synthesized particles. Since the photothermal intensity 

should scale with the volume of the particles, the corresponding photothermal intensity distribution 

is expected to be three times that of the particle size distribution. Figure 6.2(d) shows the two-

photon photothermal intensity histogram of 70 nm BaTiO3 particle. The percentage distribution in 

intensity is 41 ± 5 % in agreement with expected value. We further repeated the experiment with 

smaller nanoparticles synthesized in the laboratory. Figure 6.3(a)shows the transmission electron 

microscopy (TEM) image of these BaTiO3 nanoparticles. In figure 6.3(b) we show the two-photon 

photothermal image of a thin film of BaTiO3 nanoparticles having an average size of 20 nm spin 

coated on a coverslip at a spin speed of 4000 rpm. The inset shows the pseudo 3D image of a single 

BaTiO3 nanoparticle corresponding to the thermal profile generated. The SNR in the images shown 

is 19. In Figure 6.3(c) we depict the particle size distribution as determined from the analysis of 

the TEM images. The average size of BaTiO3nanoparticles is 20 nm. The percentage distribution 
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in size is found to be 18 ± 2 %. Figure 6.3(d) shows the two-photon photothermal intensity 

histogram. As expected the percentage distribution in intensity is found to be 49 ± 6 %. 

 

Fig. 6.4: (a) Pump and (b) Probe power dependence of two-photon photothermal signal measured 

for 70 nm BaTiO3 nanoparticle. The probe power employed in (a) is 0.8 mW and the pump power 

employed in (b) is 6 mW. (c), (d) shows the pump and probe power dependence of two-photon 

photothermal signal measured for 20 nm BaTiO3 nanoparticle respectively. The probe power 

employed in (c) is 0.8 mW and the pump power employed in (d) is 8 mW. The signal varies 

quadratically with the pump power and linearly with the probe power. 

In order to verify the power dependence predicted by equation (6.4) we focused the pump and 

probe beams on a single nanoparticle and looked at the photothermal intensity as function of 

incident power. Figure 6.4 (a), (b) shows the pump and probe power dependence of two-photon 

photothermal signal measured for 70 nm BaTiO3 nanoparticle. The best fit line to the data in Figure 
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6.4(a) has a slope of 1.85 ± 0.09 which is close to the value of 2 predicted by equation (6.4). Figure 

6.4(b) shows that the photothermal signal intensity depends linearly on probe power. Figure 6.4 

(c), (d) shows the pump and probe power dependence of two-photon photothermal signal measured 

for 20 nm BaTiO3 nanoparticle respectively. Similar pump and probe power dependence is 

observed for both sets of particles. 

6.5 Biomolecular imaging  

The applicability of two-photon photothermal microscopy in bioimaging is demonstrated by 

imaging PLL coated BaTiO3 nanoparticle internalized HeLa cells. HeLa cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin streptomycin at 37 oC in 5 % CO2. The cells are cultured in a T25 (25 cm2) cell culture 

flask. The thickness of the T25 flask is larger than the working distance of the 60X objective 

(0.17mm) used in the study. So, an imaging chamber is customized to use in the microscope with 

60X objective as follows. Sterile plastic petri dish with 35 mm diameter and 1 mm depth is used 

to make an imaging chamber. A 6.0 mm hole is drilled in the petri dish and a microscope coverslip 

is attached to the bottom part of the petri dish by using parafilm as the adhesive. The parafilm and 

coverslip kept at the bottom side of the petri dish is heated with the blue flame from a gas burner 

to stick the coverslip permanently. The imaging chamber customized are washed in ethanol and 

sterilized in UV light in a biosafety cabinet. For nanoparticle internalization study ~20,000 cells 

were seeded in imaging chamber and incubated for 24 hours. After incubation for 24 hours at 370C 

in 5% CO2, culture media is removed, and cells were carefully rinsed with PBS solution (pH 7.4). 

Then a colloidal solution of BaTiO3 nanoparticles in culture media (5µg/mL) was added to the 

imaging chamber and incubated for next 6 hours. Two-photon photothermal imaging is carried out 

after 6 hours of incubation time. 

To use BaTiO3 nanoparticles as a bio-label, we must first check its biocompatibility. The 

biocompatibility studies can be performed in different ways. One can check the cytotoxicity or the 

metabolic activity after the internalization of the nanoparticles. In the present study we have 

employed a colorimetric assay to test the metabolic activity after the nanoparticle internalization. 

The biocompatibility of BaTiO3 nanoparticles are studied in HeLa cells by a well-known MTT (3-

(4,5- dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) assay. MTT is a yellow colored 

tetrazolium dye, 3-(4,5- dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide. In MTT assay 
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we quantify NAD(P)H-dependent cellular oxidoreductase enzymes produced by the cells which 

gives a measure of the metabolic activity of the living cells. The MTT dye enters the cell and 

passes into the mitochondria where it is reduced to an insoluble dark purple colored formazan by 

the mitochondrial succinate dehydrogenase enzyme. Then the formazan is solubilized by proper 

reagents. The concentration of this solution is measured spectrophotometrically. Since reduction 

of MTT can occur in metabolically active cells, the color change is an indication of the level of 

activity and hence a measure of the viability of the cells. 

The entrance of nanoparticles into the cytoplasm depends up on the charge of the nanoparticles. 

Hsieh et al. studied the inflow of BaTiO3 nanoparticles into the cells and found that the rate of 

flow of BaTiO3 improved highly when it is coated with Poly L Lysine (PLL). In the present study 

of biocompatibility, we have used BaTiO3 nanoparticles coated with PLL. The coating of BaTiO3 

nanoparticles with PLL is carried out as detailed below. A stable dispersion of BaTiO3 

nanoparticles is prepared in PLL with Phosphate Buffered Saline (PBS)[92]. 1mg of BaTiO3 is 

added in to 1ml of 0.1% PLL in PBS solution and sonicated for 12 hours resulting 1mg/ml PLL 

coated BaTiO3 nanoparticle. For MTT assay 20,000 cells were seeded in each well of the 96 well 

plate and incubated for 24 hours. After 24 hours of incubation, cells were treated with modified 

culture media containing various concentrations of BaTiO3 nanoparticle (2.5 µg/ml , 5 µg/ml, 10 

µg/ml, 20 µg/ml) and incubated for another 24 hours. Afterwards cells were incubated with MTT 

having concentration of 0.5mg/ml for 4 hours. Once MTT reduction is done supernatant is 

aspirated followed by treating the sample with 100 µl of dimethyl sulphoxide (DMSO). The 

absorbance was measured at a wavelength of 570 nm using a 96 well plate micro plate reader. In 

all the experiments, control test was done on untreated cells. All the experiments were done in 

triplicate and three independent tests were conducted in different days. 

Statistical analysis is performed to study results of the MTT assay to conclude the effect PLL 

coated BaTiO3 nanoparticles on the metabolic activity of HeLa cells. Analysis of variance 

(ANOVA) along with student’s t-test is widely used to study the statistical significance of MTT 

assay. ANOVA is a collection of statistical methods to study difference in group means and 

variation among and between groups. Student’s t-test compares two different group means and 

tells whether their difference is significant or not. In student’s t test a null hypothesis is made first 

for significance and then calculate the probability for the truth of the null hypothesis based on the 
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group means and its variation. Statistical analysis of MTT assay is done by analysis of variance 

(ANOVA) followed by Student’s t-test by setting p < 0.05 as significant and marked with asterisk 

in the graph. The statistical analysis is performed in excel by using the single factor ANOVA and 

paired two sample for means for t-test. MTT assay result is taken from the spectrophotometer as 

optical density of the wells. The optical density of the untreated cells is considered as 100% viable 

cells and the percentage of live cells for each concentration is calculated by dividing with the 

optical density of the untreated cells. Here the MTT performed in triplets for each concentration is 

considered as a group and different concentration of BaTiO3 gives different groups. First the 

significance in the group mean of result of MTT assay for each concentration performed in 

different days are tested among them. Then the significance of the MTT results for different 

concentration is also tested. The null hypothesis in the present case is set as the results are 

significant. In the t-test the probability value p<0.05 is set as the significant. The results are 

reported as mean± standard error of the mean (SEM). Figure 6.5 shows the image of resulting 96 

well plate after the MTT assay. The color of the solution is proportional to the metabolic activity 

of the cells. One set of measurement is from the well A1 to B9 corresponding to different 

concentration of PLL coated BaTiO3 nanoparticles.     

 

Fig. 6.5: The resulting 96 well plate after MTT assay.  
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Cell viability after nanoparticles incubation and after irradiation with pump powers up to 10 mW 

was tested by trypan blue exclusion method. Trypan blue exclusion assay, one of the best possible 

assay for to check the viability of cell after the exposure with laser beam. Trypan blue is a blue 

colored azo dye, live cells do not allow this dye molecule to enter in to the cell through the intact 

cell membrane. So, if we treat cell line under study with Trypan blue, the dead cells will be stained 

by the dye and healthy live cells exclude the dye. So the cell viability can be measured by counting 

the unstained cells with the help of a microscope or with the other cell counting instruments. The 

cells remain viable at these power levels, no visible damage or entry of the dye into the cytoplasm 

is observed. The pump energy employed in the imaging reported here is only 0.03 nano joules 

(3mW average power). We have repeatedly imaged the same set of cells 10-15 times to check 

whether the cells are getting affected. Even after repeated imaging, the cells remain intact and 

provide reproducible images. 

To verify the applicability of the two-photon photothermal microscope in live cell imaging and to 

check the capability of the microscope in acquiring images in the presence of scattering media, we 

imaged BaTiO3 nanoparticles internalized in a biological cell. HeLa cells are seeded in the imaging 

chamber and cultured for 24 hours using standard protocol as described in the methods section. 

The cells are then incubated in culture media having Poly-L-Lysine (PLL) coated BaTiO3 

nanoparticle for 6 hours [92]. Figure 6.6(a) shows the wide field microscope image of HeLa cells 

seeded with BaTiO3 nanoparticles. Figure 6.6(b) shows the corresponding two-photon 

photothermal image of the cell made by stacking different axial(Z) sections. The sections are taken 

after moving the microscope objective 2 µm at each step. The sections are combined by ImageJ 

software to make a 3D image. The figure confirms that the two-photon photothermal microscope 

can indeed provide high quality images of live cells. In order to check the cell viability after 

addition of BaTiO3 nanoparticle, a cytotoxicity measurement using (3-(4,5- dimethylthiazole-2-

yl)-2,5-diphenyl tetrazolium bromide) assay was carried out. Figure 6.7 depicts the results of MTT 

assay performed in HeLa cells treated with PLL coated BaTiO3 nanoparticles having a size of 20 

nm. No significant decrease in MTT reduction is observed up to 5µg/ml of PLL coated BaTiO3 

nanoparticle concentration. While a significant decrease in MTT reduction of 16% (p< 0.05) is 

observed for 10µg/ml concentration. A sharp decrease in MTT reduction is found (p< 0.01) for 

20µg/ml of BaTiO3 nanoparticle treated cells. 
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Fig. 6.6: (a) Wide field image of the HeLa cell with PLL coated 20 nm BaTiO3 nanoparticles. (b) 

Corresponding 3D image of HeLa cells made from different axial sections of 2 µm interval taken 

with two-photon photothermal microscope. Pump and probe powers used are 3 mW and 0.8 mW 

respectively at the sample. 

 

Fig. 6.7: Effect of PLL coated BaTiO3 nanoparticles on the metabolic activity of HeLa cell as 

measured by MTT assay for various concentrations. Data is represented as mean ± standard error 

mean of three independent experiments. P < 0.05 is indicated with a ⃰. 
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6.6 Summary 

In summary a new nonlinear optical microscopic technique based on two-photon absorption 

induced photothermal effect capable of detecting individual non-fluorescent nanoparticles is 

developed. The two-photon photothermal microscope makes use of high repetition rate, near 

infrared laser pulses of pico jule energy as the heating beam in a pump-probe measurement scheme. 

The microscope is successfully employed to acquire images of BaTiO3 nanoparticles in the size 

range of 20 nm to 70 nm with high sensitivity. BaTiO3 is a highly photostable and biocompatible 

material having femtosecond response time and could provide a potential label for imaging. The 

near infrared excitation wavelengths employed by the microscope are less toxic to living cells. 

Further it provides a larger penetration depth and high SNR in imaging due to lower scattering. 

The microscope is inherently confocal making it a potential alternative tool for three-dimensional 

imaging in a scattering environment. The applicability of this technique in biology is demonstrated 

by imaging BaTiO3 nanoparticles internalized in HeLa cells. Detection of nanometer sized single 

particles using photothermal microscopy incorporated with two-photon absorption has promising 

applications in deep tissue imaging in biological research and clinical diagnostics. Two-photon 

absorption being a third order process, the technique can be employed to detect and characterize 

nanoparticles regardless of its symmetry. Thus the applications of the two-photon photothermal 

microscope developed here are not limited to biological imaging, the microscope can be used as a 

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

In this work we have examined the nonlinear optical properties of BaTiO3 nanoparticles from the 

point of view of applications in the area of biomolecular imaging. BaTiO3 nanoparticles possess 

many attractive optical and dielectric properties and possess large values of third order nonlinear 

optical susceptibility. BaTiO3 is a dielectric belonging to the perovskite family and is a 

biocompatible material having high photostability, an essential requirement for a biomolecular 

label. Our study demonstrates the potential of BaTiO3 nanoparticles as a biomolecular label that 

would allow long term observation of a biological system. Further, in this work we introduce a 

new nonlinear optical imaging technique named two-photon photothermal microscope that makes 

use of high repetition rate infrared laser pulses.  

Monodisperse BaTiO3 nanoparticles of different sizes are successfully synthesized using a sol-gel 

method. The size control is achieved by varying a single experimental parameter, namely the 

annealing temperature. The cost-effective method of synthesis of monodisperse BaTiO3 

nanoparticles we employed is particularly attractive from the point of view of applications in 

nanophotonic devices such as detectors, sensors and capacitors.  

The crystal structure of BaTiO3 nanoparticles is characterized by X-ray diffractometer. The size 

and shape of the synthesized BaTiO3 nanoparticles are analyzed by a transmission electron 

microscope. Linear optical absorption edge and bandgap of BaTiO3 nanoparticles are measured by 

a UV-VIS-NIR spectrophotometer. The nonlinear optical absorption in BaTiO3 nanoparticles are 

studied by using a single beam open aperture Z-scan technique. For this purpose, an automated Z-

scan measurement system is developed in the laboratory. A femtosecond mode-locked Ti:sapphire 

laser system (Mira 900, Coherent) operating at 76 MHz, with a pulse width of 120 fs and at a 

wavelength of 800 nm is used for the Z-scan study. The two-photon absorption coefficient 

estimated from the Z-scan transmittance curve is of the order of 10-11 m/W and is found to increase 

with decrease in the size of BaTiO3 nanoparticles.  

We observed that the nonlinear optical absorption in BaTiO3 nanoparticle films can be enhanced 

by doping with small amount of gold nanoparticles. The gold nanoparticles of average size 25 nm, 

synthesized by citrate reduction method are used as dopants. Au/BaTiO3 nanocomposite thin films 
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with different Au/Ba molar ratios are prepared successfully by sol-gel technique and characterized 

by X-ray diffraction, UV-VIS-NIR absorption spectroscopy and high-resolution transmission 

electron microscopy. The two photon absorption coefficient of the composite films is determined 

by the single beam open aperture Z-scan method at a wavelength of 532 nm using 7 ns pulses from 

a frequency-doubled Q-Switched Nd:YAG laser. Au/BaTiO3 nanocomposites shows enhanced 

nonlinear optical absorption with the increase of gold nanoparticle concentration in qualitative 

agreement with that predicted for the Maxwell-Garnet geometry. In the present work we have 

restricted the fill fraction of gold nanoparticle to 4.6 % due to coagulation of the sample which is 

a limitation of the current synthesis procedure. It is possible to further increase the fill fraction by 

suitably modifying sample preparation methods and efforts are on to achieve this. 

A photothermal microscope is developed to image single gold nanoparticles and to characterize 

the Au/BaTiO3 thins films. This helped in understanding the distribution of gold nanoparticle 

inside BaTiO3 nanoparticle matrix for different concentration of gold nanoparticles. Photothermal 

detection of nonfluorescent nanoparticles has found applications in biomolecular imaging and 

cancer therapy. In this work we demonstrate capabilities of the photothermal microscopy as a 

characterization technique for material science. The photothermal images of Au/BaTiO3 

nanocomposite films with different molar ratio of Au/Ba is taken and the density and distribution 

gold nanoparticle in Au/BaTiO3 film is compared. This method provides a nondestructive tool to 

test the presence of gold in microchips, integrated circuits and thin film photovoltaic cells (solar 

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

Optical microscopic technique plays a vital role in biology. There is continued research effort and 

interest in developing new labels and microscopic techniques that would allow long term 

observation of biological systems. In this work we successfully developed a nonlinear optical 

microscope that uses BaTiO3 nanoparticles as a reliable biomolecular label by making use of its 

photothermal and nonlinear optical properties.  The two-photon photothermal microscope employs 

high repetition rate, near infrared laser pulses of pico-Joule energy as the heating beam in a pump-

probe measurement scheme. The microscope is successfully employed to acquire images of 

BaTiO3 nanoparticles in the size range of 20 nm to 70 nm with high sensitivity. The near infrared 

excitation wavelengths employed by the microscope are less toxic to living cells and provides a 

larger penetration depth in tissues due to lower scattering. The microscope is inherently confocal 
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making it a potential alternative tool for three-dimensional imaging in a scattering environment. 

The applicability of this technique in biology is demonstrated by imaging BaTiO3 nanoparticles 

internalized in HeLa cells. Detection of nanometer sized single particles using photothermal 

microscopy incorporated with two-photon absorption has promising applications in deep tissue 

imaging in biological research and clinical diagnostics. Two-photon absorption being a third order 

process, the technique can be employed to detect and characterize nanoparticles regardless of its 

symmetry. 

The major achievements of this thesis work are enumerated below, 

1. BaTiO3 nanoparticles of sizes 12 nm, 20 nm, 37 nm, 50 nm, 90 nm are successfully 

prepared by sol-gel technique. Particle size of the BaTiO3 is controlled by a single synthesis 

parameter, namely the annealing temperature. 

2. The BaTiO3 nanoparticles are characterized by X-ray diffractometer, UV-VIS-NIR 

absorption spectrometer and transmission electron microscopy. 

3. The third order nonlinear optical absorption coefficient of BaTiO3 nanoparticles of 

different sizes are measured by an open aperture Z-scan technique. The results are 

summarized in the table below. 

S. 

No. 

Annealing 

Temperature 

(oC) 

TEM 

Particle size 

(nm) 

Linear optical 

absorption 

edge (nm) 

Band 

gap (eV) 

Two-photon absorption 

coefficient (β) (x 10-11 

m/W) 

1 650 12 ± 2 371 3.21 3.68 ± 0.05 

2 700 20 ± 4 368 3.24 5.65 ± 0.08 

3 800 37 ± 7 366 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/BaTiO3 nanocomposite thin films with different Au/Ba molar ratios are prepared 

successfully by sol-gel technique and characterized by X-ray diffraction, UV-VIS-NIR 

absorption spectroscopy and high-resolution transmission electron microscopy. 
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5.  The third order nonlinear optical coefficient of Au/BaTiO3 nanocomposite thin films are 

measured by an open aperture Z-scan technique. The two-photon absorption coefficient of 

these films increases linearly with the increase in the concentration of gold nanoparticles. 

The result is summarized in the table below 

Sample Au/Ba Ratio β 

1 0% (1.0 ± 0.1) x 10-9m/W  

2 1.6% (1.5 ± 0.2) x 10-9m/W  

3 2.5% (2.0 ± 0.1) x 10-9m/W  

4 4.8% (3.2 ± 0.2) x 10-9m/W  

 

6. A photothermal microscope is developed to detect gold nanoparticles of size as small as 5 

nm. We demonstrate that, apart from being a potential biomolecular imaging tool, 

photothermal microscopy provides a nondestructive characterization tool that can detect 

the presence and distribution of gold nanoparticles. We used the technique to characterize 

Au/BaTiO3 nanocomposite films and to compare the gold nanoparticle distribution in 

different samples. 

7.  A new nonlinear optical microscopic technique, named as two-photon photothermal 

microscopy, based on two-photon absorption induced photothermal effect capable of 

detecting individual nonfluorescent nanoparticles is developed. The microscope is 

successfully employed to acquire images of BaTiO3 nanoparticles in the size range of 20 

nm to 70 nm with high sensitivity 

8. The applicability of two-photon microscope in biomolecular imaging is demonstrated by 

imaging BaTiO3 nanoparticles internalized Hela cells. A three-dimensional image of 

BaTiO3 nanoparticles internalized HeLa cells is formed by taking serial sections at 2 µm 

intervals. The biocompatibility of BaTiO3 nanoparticle is studied by using MTT assay and 

it was found that BaTiO3 nanoparticles are safe to use in cells up to a concentration of 10 

µg/ml.   

Nonlinear optics is a vast area of research and in this thesis we have characterized and 

demonstrated the applications of a model system of perovskite nanoparticles in a specific 

context. These nanoparticles could find applications in a variety of photonics applications 
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which are yet to be explored. We have only demonstrated the potential of the nonlinear 

photothermal microscopy in biomolecular imaging, and efforts are being on to use the 

technique in different real life applications. 
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