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ABSTRACT

Ultrafast high dense information processing and transmission demand photonic devices and
technologies in which microcavities are integral part due to its ability to confine the light
field suitable for wave guide and lasing applications at micron scale. Design of a Microcavity
using Bragg mirrors is commonly known as One Dimensional Photonic Crystal (1D PhC)
which consists of alternate layers of high contrast dielectric materials with a defect layer at
the centre. The thickness of each layer in the Bragg mirror and defect layer are equal to the
quarter wave and half wave dimension for a given wavelength and offer a field confinement
in the defect layer. In this thesis, we discuss the fabrication of Photonic crystal using two

different methods: Sol-Gel and RF sputtering.

The first part of the thesis is focused on the fabrication of 1D PhC by Sol-Gel method, one of
the simplest and cheapest available methods and later we switch over to fabrication by RF
sputtering. We classify the crystals into symmetric and asymmetric microcavities based on
Bragg’s condition being satisfied or otherwise. We fabricated both types of microcavities and
studied the symmetry effect by characterizing the linear and non-linear optical properties of
BaTiO;, which is a highly dielectric material suitable for multi-layer capacitors and energy
storage applications, in additions to its ferroelectric and piezoelectric properties. The

photoluminescence emissions from the two microcavities are compared.

In addition to the above, we have also fabricated two identical microcavities with different
thicknesses of defect layer and its role in the nonlinear absorption is studied. Here it is
experimentally observed that with an increase in the thickness of the defect layer, a good
reversal from reverse saturable absorption (RSA) to saturable absorption (SA) in response to
the angle tuning of the sample takes place. The spatial field distribution along the depth of the
microcavities, using transfer matrix simulation shows that it is in good agreement with the

experiment.
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Chapter 1

Introduction

A brief introduction to photonic crystal and one dimensional photonic microcavity is
presented. The origin of photonic band gap and ensuing phenomena such as slow light and

the photon localization in the microcavity are discussed.
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1.1 Motivation

The technological development of the modern human from stone-age to information-age is
quite astonishing, especially the information technology and the information network. The
transformation of information through metallic waveguides and cavities is not possible for
certain frequencies of the electromagnetic spectrum, with reference to a threshold frequency
[1-3]. The transformation of the electromagnetic waves through above systems is extremely
difficult if the frequency lies outside the microwave regime, in particular, in the optical
spectrum or visible light [1]. Therefore, an alternate system is required for the transformation
of electromagnetic waves to include broader ranges of the electromagnetic spectrum.
Photonic crystal is such an artificial system that can control the propagation modes of

photons [4,5].

1.2 Introduction

A crystal is formed by the periodic arrangement of atoms or molecules which provides the
periodic potential for electron to propagate through the crystal [1]. Photonic crystals (PhCs)
are artificially fabricated; periodically arranged spatial distribution of particles with different
refractive indices with the lattice parameter being equivalent to the wavelength of interest.
These spatially modulated materials with different refractive indices produce forbidden
regions known as band gaps or stop bands which completely block the propagation of
electromagnetic waves of certain frequencies [6,7]. The wave vector associated with the
wavelength lying in this stop band has imaginary value and it is exponentially attenuated as it
propagates along the PhC [1]. The width of the photonic band gap (PBG) is decided by
various factors such as refractive index contrast between the adjacent materials, lattice
parameters and structural symmetry etc. [8,9]. The PBG structure associated with the PhC is
an optical analogue of semiconductor crystal. In semiconductor crystal the electronic band
structure is obtained by solving the time independent Schrodinger equation whereas the band

structure in PhC is described by the Maxwell’s equations [10,11].
3
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PhCs can be classified as 1D, 2D and 3D based on the periodic arrangement of materials
having different refractive indices, a schematic diagram of which is shown in Figure 1.1. A
1D PhC is simply a stack of multilayer structures known as Bragg reflectors in which
adjacent layers differ in their refractive indices, while a 2D PhC is an arrangement of material
columns in a plane [12-15]. A spherical arrangement of nanoparticles into ordered arrays
constitutes 3D PhCs; opals and inverted opals are categorised in 3D PhCs [16-18]. Apart
from the dimension, the fabrication complexity of PhC is depends on the desired wavelength
of PBG. The larger dimension PhC with lower frequency band gap is easy to fabricate, for
example, a 3D microwave crystal (the order of wavelength is cm). However, the major
scientific defiance of 1D PhCs are its fabrication as its PBG lies in the optical region [19].
The first direction towards a PhC with a full PBG was proposed by Ho et al, which is a
periodic arrangement of dielectric spheres in a diamond like structure [20]. It is very difficult
to fabricate since it lies in micron and submicron length scales for IR or optical devices. Later
in 1991, Eli Yablonovitch formulated an inventive way of constructing inverse diamond
lattice by drilling cylindrical holes through a dielectric block (3D PhC) that possesses a full
PBG, which lies in the microwave regime and is known as Yablonovite structure [21]. The
complete PBG is observed in different structures such as Woodpile structures proposed by
Susumu Noda [22], FCC structures put forth by Joannopoulos [1], square spiral structures
suggested by John and Toader [23], scaffold structures suggested by Joseph Haus and his
colleagues [24], tunable electrooptic inverse opal structure developed by Busch and John [25]
etc. In 1996 Thomas Krauss exhibited 2D PhC such that its PBG lies in the optical
wavelengths [26].

The propagation of electromagnetic waves through 1D stratified media was first illustrated by
Lord Rayleigh in 1887 and he suggested the concept of quarter wave stack [27]. It took 100
years of journey to realize the structure in the form of complete PBG by E. Yablonovitch and

S. John in 1987 [4,5].
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In the early years of the 21* century, research in photonic crystals has been well established
in the fabrication, understanding the physical phenomenon and the recognition of photonic
crystal devices such as PhC laser, PhC filters, PhC switches etc. Now researchers pay great
attention to the fabrication of unconventional PhC devices by incorporating novel physical

effects [28].

1D PhC 2D PhC 3D PhC

Figure 1.1: schematic representations of 1D, 2D and 3D photonic crystals (Image courtesy

Ref. [29])

1.3 One dimensional Photonic Crystals

A 1D PhC is an artificially structured electromagnetic media in which the layers of periodic
structures with different dielectric constants vary only in one direction (say Z axis direction)
[1]. It can diffract light in any region of electromagnetic spectrum by suitably selecting the
adjacent materials and its thicknesses. A 1D PhC can be fabricated by alternately placing two
(or more) layers with high and low refractive indices [30,31]. The most common example of
a 1D PhC is a Bragg mirror (BM), which consists of two dielectric materials having different
refractive indices [32, 33]. The thickness of the layers of BM should follow the criteria,
nd=4/4, where n is the refractive index, d is the thickness of each layer and A is the
wavelength of the incident electromagnetic wave. Since 1D PhC can reflect light for a
suitable frequency range it can be used for many applications unlike metals. Oxide based

dielectric materials are a preferred choice, because of its transparency from UV to near IR
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and it has good protection from temperature and radiation they possess [34]. Here we have
selected SiO,, TiO, and BaTiO; materials for the construction of 1D PhC. Figure 1.2
represents the schematic diagram and FESEM image of 1D PhC composed of SiO, and TiO,

consisting of 14 layers.

The PBG of a 1D PhC is decided by the refractive index contrast between the nearby
materials and the width of the band gap is determined by the following expression [1].

22 = Zgin1 (el (L.1)

Wm T ni+n,

Where Aw and w,, are the width and the central frequency of the band gap respectively, with
n,and n, being the refractive indices of adjacent layers. It has been found that the band gap
width is higher for larger refractive index contrast between the alternating materials [1,2].
Photonic bands at lower frequency side of PBG are known as air band and the higher
frequency bands are dielectric band [35]. This PBG is an optical analogue of the forbidden

gap in semiconductors.

@

¢

Silicon/Glass

200 nm

Figure 1.2: (a) Schematic diagram of 1D photonic crystal (b) Cross sectional FESEM image
of 1D photonic crystal. The dark and bright region corresponds to SiO, and TiO,

respectively.
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1.4 One dimensional Photonic Microcavity

A 1D PhC microcavity is fabricated by inserting a defect layer in the periodic arrangement of
the Bragg mirror and it can be seen as two parallel Bragg mirrors separated by a defect layer
(spacer layer) [36,37]. These parallel mirrors are called distributed Bragg reflector (DBR),
with the thickness of each layer of Bragg mirrors being 1/4 and that of the defect layer 1/2
[1]. An electromagnetic wave, incident on a one dimensional photonic microcavity, with its
frequency in resonance with the defect mode can transmit through the PhC. The reflection
spectrum of the 1D PhC microcavity comprised of a wide PBG with a narrow pass band
(defect mode) at its centre [1,2]. The schematic diagram and FESEM image of the 1D
photonic crystal microcavity is shown in Figure 1.3. Here microcavity is formed by placing a
half wave (A/2) layer of BaTiOs in between two Bragg mirrors formed by SiO,, and TiO,
layers. The central thick layer is the BaTiO; defect layer, and on either side, the dark and
bright alternate layers are the two identical Bragg mirrors composed of SiO; and TiO; layers,

respectively.

_ 200nm
(b) -

Figure 1.3: (a) Schematic diagram of 1D PhC (b) Cross sectional FESEM image of 1D PhC.
The dark and bright region corresponds to SiO; and TiO; respectively.
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1.5 Physics of photonic band gap

Propagation of electromagnetic wave and localisation of photons can be discussed on the
basis of Bloch theory and Maxwell’s equations [1,2]. A variety of numerical calculation
methods are employed for understanding the PBG structure of PhC and nonlinear optical
effects of PhCs. Some of the popularly used methods include the finite different time domain
(FDTD) method [38,39], the plane wave expansion method [40,41], the transfer matrix
method [42,43], etc. Here we are adopting the transfer matrix method to design our photonic
crystal structure and to understand the electromagnetic field confinement in defect layers.
The electromagnetic wave entering into the photonic crystal undergoes a coherent scattering
at the interface of each dielectric layer and it undergoes a strong modulation by the periodic
distribution of the potential. As a result, the photonic band gap appears and the frequency
which lies in this PBG cannot propagate through the photonic crystal structure. But the
electromagnetic wave whose frequency is in resonance with the defect mode can propagate
through PBG based on the tunnelling effect [1,2]. The propagation of electromagnetic wave

and the origin of PBG in PhC can be discussed using Maxwell’s equations.

vxE=-2 (1.2)
VD=p (1.3)
vxH=T+2 (1.4)
VE=0 (1.5)

Where E is the electric field, B is the magnetic induction, D is the electric displacement
vector (5 = ¢E ), H is the magnetic field (E = uH), f is current density. Since there are no
free charge carriers in the dielectric material (p = 0 and J = 0), the above Maxwell’s

equations can be modified as
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F__9F
VXE= Y (1.6)
VD=0 (1.7)
- 9D
VxH=% (1.8)
VE=0 (1.9)

The electric field and magnetic field are obtained by solving the above differential equations

and can be written as,

E(r,t) =E(r)elot (1.10)
H(r,t) = H(r)eiwt (1.11)

Now, the electric displacement vector can be written as,
(1.12)

D(r,t) =e(r)E(r)eiwt
Using equations (1.11) and (1.12) in equation (1.8) , the electric field E(r) can be expressed

as,

E(r)=- w:(r) v x H(r) (1.13)
The electromagnetic induction can be written as,
B(r,t) = u(r)H(r)ewt (1.14)
Using equations (1.13) and (1.14) in (1.6), we can obtain
(1.15)

vV x (%v x H(r) ) = (w?)H )
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Equation (1.15) is known as the master equation for the description of the propagation of
electromagnetic wave through the photonic crystal. In order to understand the origin of the
PBG, let us compare the master equation of photons and Schrodinger equation of electrons.
Equation (1.11) gives the propagation state of photons similar to the electronic state in

semiconductor crystal given below.

W(rt) = W(r)e(i?E)t (1.16)

Where ¥(r) is the wave function of electron and E is the energy of the electron. The PBG
structure of the PhC is obtained by solving the master equation (1.15), which is a complex

differential equation.

1.6 Fabrication Processes

Various techniques have been developed for the fabrication of 1D PhCs such as holographic
lithography [44,45], pulsed laser deposition method [46], ion exchange method [47],
chemical vapour deposition method [48], etching method [49], Sol-Gel method [50], RF
sputtering method [51], electron beam evaporation method [52] etc. In this thesis we are
adopting two methods of fabrication, Sol-Gel and RF sputtering methods. Sol-Gel is a wet
chemical fabrication method of producing solid materials from smaller molecules that is
based on a chemical transformation of liquid alkoxide precursors into solid-state products by
hydrolysis and polymerization reactions at room temperature. RF sputtering is a physical
vapour deposition process on a substrate such as glass plate or silicon wafers, where the
depositing material molecules are ejected from their respective targets via the strong collision

of inert gas ions. More details of both methods are discussed in chapter 2.

1.7 Slow light effect in Photonic Crystals

The slow-light phenomenon has attracted many researchers in the world since it provides a
control over the photon in light-matter interactions. The propagation of light with extremely

low group velocity due to PBG effect in PhC is known as slow-light [53]. Usually, the phase
10
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velocity v, and group velocity v, have no big difference as it propagates through normal
media but, in PhC v, is much smaller than v,. The two important mechanisms for achieving
slow light in PhC are coherent back scattering and omnidirectional reflection [54]. When
light is incident on the PhC, it gets backscattered coherently at each unit cell of the crystal, so
the crystal behaves as a one dimensional grating. If the phase and amplitude of forward
propagating and backscattered light are equal, then it results in the formation of a standing
wave, which is a slow mode with zero group velocity. At I'- point in band structure, where

k = 0, the modes travels very slow and forms a standing wave [53]. The slope of the band
edges of PBG decrease considerably, that is Z—(;: tends to zero at the interface between the air

band and dielectric band. The phenomenon of slow light in PhC is used in practical
applications such as phase shifters [55], optical switches [56], optical micro amplifiers [57],

optical storage [58], micro lasers [59] and optical delay lines [60] etc.

1.8 Nonlinear Effects in Photonic Crystals

The main issues in the modern computers are power dissipation and consequent hardware
heating since it forced to operate at higher frequencies [3]. The telecommunication process is
difficult when the electronics is operated at higher frequencies and electronics won’t work at
these frequencies. In this scenario, optical domain is perfectly suited to operate at higher
frequencies. Combining nonlinear optics and PhCs has opened up a new dimension in physics
which began as early as in 1970s, and since then the research in this field has grown rapidly.
Broderick et al. had demonstrated second harmonic generation in 2D nonlinear PhC in
lithium niobate [61]. Fleischer et al. had demonstrated the existence of two dimensional
discrete solitons in optically induced nonlinear photonic lattices [62]. Nonlinear photonic
crystals can show its high impact in signal processing by enhancing low energy signals which

was impossible for the optics community in the past because of the weak ultra-fast nonlinear

11
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effects. Geon Joon Lee et al. were the first to study the nonlinear optical enhancement in 1D
PhC using ZnO as the defects [63]. Later, Tsurumachi et. al. demonstrated that the nonlinear
optical properties of a 1D PhC can be greatly enhanced by localizing the electromagnetic
field within a defect introduced in the PhC [64] and thereafter, enormous numbers of works

have been reported [65-67].

In this thesis, nonlinear material BaTiO; (BTO) is placed in between two identical Bragg
mirrors of one dimensional photonic crystal formed by low and high refractive indices of
Si0, and TiO, respectively. We can observe the enhancement of nonlinear absorption
coefficient due to the localization of photons and which is verified by the open aperture Z-
scan technique. This enhancement of nonlinear optical properties is crucial for optical
switches [68], optical limiting devices [69] and quantum cryptography [70], etc. BTO is an
excellent choice for many applications such as capacitors [71], energy storage devices [72],
piezoelectric [73] and photorefractive effect [74] due to its high dielectric constant.
Moreover, BTO exhibits photorefractive effect which is suitable for storing erasable
holograms [75,76]. Therefore, enhancing its nonlinear optical properties in the microcavity

improves the holographic data storage at micron scales.

1.9 Applications of Photonic Crystals

PhCs play vital roles in optoelectronics and photonics and its application in this field is based
on the suppression of spontaneous emission and localization of light. Both 2D and 3D PhCs
are of great interest in the optics industry and extensive research is going on from its
inception. PhC fiber (PCF) is a type of 2D PhC developed in the University of Bath, UK in
1996. Apart from the conventional optical fiber, PCF has the ability to confine light in its
defect hollow cores and has to its credit a large variety of applications in numerous fields
such as fiber lasers [77], nonlinear devices [78,79], fibre optic communications [80], high
power transmissions [81] etc. 3D PhC has promising applications in micro-millimetre

wavelength regime and it includes amplified photon absorption or emission, light bending,

12
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inhibition of spontaneous emission etc. It plays a major role of enhancing light in dye-
sensitized solar cells [82]. The ability to localize light in three dimensions has significance in
quantum optical devices, realization of light emitting diodes (LEDs) and microelectronics
fabrication technology [83,84]. The defect modes of photonic band gap structures can be used
as filters [85], wave guides [86], optical limiting devices [87], optical delay lines [59], optical

modulators [88], detectors [89] and nonlinear optical devices [90] etc.

Here we focus on unconventional 1D PhCs where the thickness of each layer differs from the
Bragg’s condition. First we fabricate two microcavities to understand the role of the defect
layer by varying its thicknesses, the first microcavity is identical to the conventional
microcavity and the defect layer of the second microcavity is higher than that of conventional
microcavity, while the Bragg mirrors are identical in both the microcavities and it satisfies
Bragg’s condition of thickness. We then fabricate a third microcavity that completely differs
from the Bragg’s condition of its thickness both in Bragg mirror and the defect layer, which
we have termed it as asymmetric microcavity. The aim of this thesis is to compare the results

obtained in both conventional and unconventional microcavities.

1.10 Organization of the thesis

The thesis includes seven chapters. A short description of the remaining chapters is provided

in the following.

Chapter 2: This chapter discusses various experimental techniques used in this study, such
as fabrication and characterisation of photonic crystals using ellipsometer, UV-Visible-Near-
IR spectrophotometer, field emission scanning electron microscopy (FESEM), Z-scan
technique and photoluminescence spectrophotometer. It also explains the numerical analysis

of the crystals using transfer matrix method, which is also been included in this chapter.

Chapter 3: In this chapter, we present the fabrication of 1D PhC by Sol-Gel method. Here
1D photonic crystal made up of multilayers (14 layers) of SiO,-Ti0O, and Si0,-SnQO, are

13



Introduction

explained with the preparation of respective sols. The optical characterisation using FESEM
for morphology and UV-Visible-Near-IR spectrophotometer for reflection spectra are
discussed. The consequence on the number of layers on photonic band gap and the
dependence of photonic band gap on polarization is presented. Chapter concludes with the

challenges in the fabrication of photonic crystals.

Chapter 4: The fabrication of one dimensional photonic microcavity (symmetric
microcavity) by radio frequency sputtering technique is discussed here. The -cavity
enhancements in nonlinear absorption and photoluminescence of BTO in 1D photonic crystal
comprising of 11 alternate layers of TiO, and Si0O, are demonstrated. The reflection spectrum
reveals a cavity resonance at 532 nm at an incident angle 32" and a Q-factor of the
microcavity of 48. Photoluminescence of BTO is measured using spectrophotometer, while
the enhancement in nonlinear absorption coefficient is verified from the open aperture Z-scan
measurements using nanosecond (ns) laser. The angle tuned Z-scan measurements show
saturable absorption which gets maximized at 32°. The enhancement of nonlinear absorption
in the microcavity is expressed in terms of enhancement factor G, which is obtained to be
about 16, by applying the spatial distribution of optical field. Our experimental results show
good agreement with the simulated optical properties of the 1D PhC using optical transfer
matrix formalism. The photoluminescence spectra of the reference layer and 1D PhC are

compared.

Chapter 5: This chapter highlights the role of the thickness of microcavity for a given
wavelength by fabricating two identical microcavities with different thickness of the defect
layer followed by their optical characterization. Here BTO 1is placed in between the two
Bragg mirrors of the 1D PhC comprising 11 alternate layers of TiO, and SiO; respectively.
Photoluminescence of BTO in both cavities are measured using spectrophotometer, whereas
the enhancement in nonlinear absorption coefficients of both cavities are measured using

open aperture Z- scan technique with nanosecond (ns) laser and we compare the results in

14
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both cases. Here we experimentally realize, as we increase the thickness of the defect layer,
that there is a shift from reverse saturable absorption (RSA) to saturable absorption (SA) for
the same intensity of the laser beam in response to the angle tuning of the sample. The spatial
field distribution along the depth of the microcavities using transfer matrix simulation shows
that it is in good agreement with the experimental results. The photoluminescence spectra of

both reference layers and respective microcavities are compared.

Chapter 6: This chapter demonstrates the nonlinear optical absorption switching behaviour
of BTO in asymmetric microcavity. It shows switching behaviour in nonlinear absorption
from reverse saturable absorption to saturable absorption as we angle tune the sample. It also
gives the enhancement in nonlinear absorption and photoluminescence of BTO in a 1D
asymmetric photonic microcavity. The defect material BTO is sandwiched between the two
Bragg mirrors of the microcavity composed of 9 layers of high and low refractive indices of
titanium dioxide (TiO;) and silicon dioxide (SiO,) respectively. The enhancement in
nonlinear absorption coefficient of BTO is verified from the open aperture Z-scan
measurements using a nanosecond (ns) laser and photoluminescence is measured using
spectrophotometer. For the design of the photonic 1D structures, the transfer matrix
simulations and also the experimental results show that the same photonic band gap effect
exists for asymmetric structures also. Here we are experimentally realizing abnormal
behaviour in nonlinear absorption compared to conventional photonic crystal microcavity and
when the thickness of the defect layer (BTO) goes higher, the SA behaviour dominates and
obscures RSA behaviour. Our experimental results show good agreement with the simulated
optical properties of the 1D asymmetric microcavity using optical transfer matrix method
formalism.

Chapter 7: This chapter summarizes the results obtained in this dissertation work and a brief

outline of some future directions and aspects.
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Chapter 2

Experimental Methods and Numerical Modelling

This chapter explains two different methods of fabrication of one dimensional photonic
crystals namely the Sol-Gel technique and the RF Sputtering method and its characterization
using field emission scanning electron microscopy, UV/Visible spectrophotometer,

Photoluminescence spectrometer, Z-scan etc. It also discusses the numerical analysis of the

microcavity properties using transfer matrix simulation.
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2.1 Introduction

Photonic crystals are periodically patterned electromagnetic media that often possess
photonic band gap, where a range of frequency for which light is not permitted to propagate
through the structure. Photonic crystals offer unique ways to tailor light and the propagation
of electromagnetic waves [1-3]. Our design for a microcavity is based on 1-Dimensional
Photonic Crystal (1D PhC) structures that comprise a defect layer (also known as spacer
layer) of BaTiO; (BTO) sandwiched between two Bragg mirrors made up of alternate layers
of high contrast dielectric materials such as SiO; and TiO,. This Bragg mirror is also called
as distributed Bragg reflectors (DBR) for obvious reasons. Here the thicknesses of the
alternative and defect layers are made equal to the quarter-wave and half-wave lengths of a
given electromagnetic field respectively. This chapter discusses the numerical analysis of the
desired microcavity and the experimental techniques used to fabricate them and to
characterize their physical properties. Sol-Gel and Radio Frequency Magnetron Sputtering
(RFMS) thin film deposition techniques are adopted to fabricate the structures. Importantly,
Sol-Gel is a chemical deposition method while the RFMS is a physical vapour deposition
process. The physical properties of the fabricated 1D PhC are characterised using Field
Emission Scanning Electron Microscopy (FESEM) for the cross-sectional morphology, while
UV/Visible Spectrophotometer and Z-scan are used for studying linear and non-linear optical

properties of the materials respectively.

2.2 Refractive index and thickness measurements of thin films using
Ellipsometer

Ellipsometry is a well-known technique to measure the refractive index of thin films [4,5]
that works on the principle of the polarization changes due to Fresnel reflection. Such
polarization change is a function of complex refractive index or dielectric function, and hence
one can obtain the refractive index of the thin film using proper data fitting. The experimental
set up of the commercially available ellipsometer (J. A. Woollam, M2000V) is shown in

Figure 2.1. Electromagnetic radiation from the light source is linearly polarised by a
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polarizer, and it falls on to the sample. After reflection from the sample it passes through a
compensator and a second polarizer called analyzer before it falls on the detector. The

experimental data are expressed in terms of two parameters ¥ and A, where y is the
amplitude and A is the phase difference. When light is incident upon the sample at an angle
of incidence ¢,, the polarization state of the sample may be decomposed in to ‘s-” and ‘p-’
components. If / and [, are intensity of ‘s-> and ‘p-’> components after reflection, the

ellipsometry equation is defined as

1 :
,z):l—”:‘[am//e’A .1)

N

Where p is the complex reflectance ratio. The experimentally measured y and A is

converted into optical constants by using a model analysis.
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Figure 2.1: Schematic diagram of the Ellipsometer

2.3 Fabrication techniques of 1-Dimensional photonic crystal

First successful creation of the photonic crystal was done by E. Yablonovitch in 1987 by
simply piercing holes in a block of a material with similar dielectric characteristics of silicon

[1]. It was a 3-D photonic band crystal. Colloidal self-assembling is another technique
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of fabricating 3-D photonic crystal, which is the process of assembling monodispersed sub-
micron spheres arranged by sedimentation into face centered cubic lattices (fcc). Due to the
presence of spherical Brillouin zones, fcc lattices have largest photonic band gap when
compared to other crystalline structures. E-beam lithography is one of the techniques of
fabricating 2-D photonic crystal [6-8]. It is the process of drilling holes in the substrate and
filling the space with another material having relatively high dielectric constant and then
depositing another layer of substrate. This process is repeated until the desired pattern of

photonic crystal is obtained.

The simplest type of 1D PhC is a quarter wavelength multilayers of two dielectric materials
with high refractive index contrast, commonly referred to as a Bragg mirror. Each layer of the
Bragg mirror is having an optical thickness nd = A/4, where n is the refractive index, d is
thickness of each layer and A is the working wavelength of the optical field. It is possible to
construct a microcavity using two parallel Bragg mirror separated by a defect layer of
relatively high refractive index and half wavelength thickness [9]. The reflection or
transmission spectrum of microcavities exhibits a wide band gap with a narrow passband at
the working wavelength. Various techniques were developed for the fabrication of 1D PhC
such as holographic lithography [10,11], etching methods [12,13], chemical vapour
deposition method [14,15], Sol-Gel method [16-18], RF Sputtering [19-21] etc.

Sol-Gel and RF Sputtering are the two techniques discussed in the following sections. Sol-
Gel is a low-cost fabrication method which helps to incorporate variety of materials including
semiconductor quantum dots and nanomaterials. By adjusting the speed of rotation of spin
coater and viscosity of the solution, the desirable microcavity with low thickness (of the order
of nm) can be constructed. RF sputtering provides thin films of better quality and uniformity
in each layer. It helps in deposition of thin films of metals, insulators, alloys etc., and this

technique is used to sputter all types of films.
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2.3.1 Sol-Gel method

Sol-Gel is a wet chemical fabrication method of producing solid materials from smaller
molecules that is based on a chemical transformation of liquid alkoxide precursors into solid-
state products by hydrolysis and polymerization reactions at room temperature [22]. Oxide-
based dielectric materials are suitable for fabricating photonic band gap (PBG) structures, as
they exhibit wide range of transparency from ultraviolet to near infra-red regions [23]. More
importantly, Sol-Gel is a convenient method to dope each layer with variety of materials like
organic molecules, semiconductor nano-crystals, quantum dots etc [24]. For example, it was
used to fabricate the defect photonic crystal microcavity with nonlinear optical materials such
as ZnO, CdSe and semiconductor quantum dots of CdS, ZnS etc [25-27], and also developed
the 1D PhC microcavity with rare-earth doped materials such as Eu®", Er’*, Yb*' [28-30].

Sol-Gel is a low cost and simple method to fabricate the nano/micro layers with a large
variety of materials in room temperature, and it gives uniform distribution of components and
porosity. It can be used to deposit very thin films of metal oxides. However, great advantages
always bring unavoidable disadvantages, and the major disadvantage of Sol-Gel method is
the cracking of the layers possibly due to the internal stresses and thermal expansion. It is

also very sensitive to moisture and requires longer processing time.
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Glove box

Lid

Vacuum

Figure 2.2: The schematic diagram of Sol-Gel using spin coater placed inside the glove box

Si10,, TiO, and SnO, dielectric materials are chosen here for the fabrication of 1D PhC as
they are transparent and provide high refractive index contrast between the adjacent layers for
a given wavelength (532 nm). It also provides higher reflectivity of the stop band. These
materials are included in liquid phase during the sol fabrication. Sol is a stable distribution of
colloidal particles of polymers in a solvent. First, the precursor sol is converted into multi-
layered films by depositing on the substrate containing stop band in the visible region using a
spin coater (SPIN 150). Every layer of coating is followed by an annealing process using a
furnace (YUDIAN AI-508) at a low temperature in the range 50°C — 70°C. This process
typically results in shrinkage and densification of the layers. The whole set up is isolated
from the outer atmosphere using a locally developed glove box. The schematic diagram of
Sol-Gel technique is shown in Figure 2.2. Here a spin coater and a furnace are kept inside the
glove box. The vacuum pump attached to the glove box creates vacuum inside the chamber

before the deposition process starts. The rotary pump attached to the spin coater can also
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make vacuum inside the spin coater. The thickness of the film can be varied by adjusting the
spinning speed of the wafer. The formation of each layer is by the centrifugal force on the

spinning substrate.

2.3.2 Radio Frequency (RF) Magnetron Sputtering Technique (RFMS)

RF Sputtering is a physical vapour deposition process on a substrate such as glass plate or
silicon wafers, where the depositing material molecules are ejected from their respective
target via the strong collision of inert gas ions [31]. RF sputtering prevents this building up
of positive charges on the materials. There is powerful magnet just below the target to
confine the plasma towards the target. This rapidly increases the collision rate and maintains

higher deposition of atoms on the substrates.

Vacuum chamber

Sputterng _— Substrate and film growth —
gasim T ] [

—
| | |_ Sputtering target

Figure 2.3: Schematic diagram of RF sputtering process

The schematic diagram of RF sputtering system is shown in Figure 2.3 which consists of a

target (acts as cathode) and a substrate (acts as anode) inside the vacuum chamber. Here the
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material is sputtered from the target by Argon ions which are accelerated by RF electric field.
Targets and substrates are placed inside a vacuum chamber, which is pumped down to a

residual pressure of 4.9x10° mbar,

Argon gas is filled in the chamber up to a pressure of 5.5x10™ mbar before the sputtering
process. When a negative voltage is applied to the target, it results in the formation of plasma
discharge or a glow. These positively charged gas ions are directed towards the target at very
high speed. As a result of this collision by high energetic ions with the target, atoms are
ejected from the target, which are transported to the substrate and condense to form thin films

on the substrates.

The alternating dielectric layers of SiO, and TiO, with an optical thickness of A/4 are
fabricated by multi-target RF sputtering system (Advanced Process Technology, India). The
dimensions of the SiO; and TiO, targets are 50mm diameter and 3 mm thickness with RF
powers of 150W and 130W respectively. BTO is used as the spacer layer with the same
dimension with RF power 50W.

Sputter coating is extensively used for industrial applications such as deposition of thin films
of various materials in integrated circuit processing [32], semiconductor industry [33]. Thin
antireflection coating in glass for optical application is done by sputtering [34]. The
deposition of thin layer of conducting materials on different specimen can be done with the
RF sputtering systems. The major advantage of sputtering is even materials with high
melting points also possess high sputtering yield. RF sputtering is more efficient than DC
sputtering for the non-conducting materials. For non-conducting materials there is a chance
of piling up of positive charges on the materials if DC sputtering is employed and it will stop

sputtering.
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2.4. Characterization of 1-Dimensional Photonic Crystals

Different techniques were used to ascertain the morphological, linear and nonlinear optical
properties of the materials. Commonly used techniques include UV/Visible-Near-IR
spectrophotometer,  field emission  scanning electron  microscope (FESEM),
photoluminescence spectrophotometer, white light ellipsometer etc. Here, a UV/Visible-
Near-IR spectrophotometer is used for the linear absorption, transmission and reflection
studies of 1DPhC, while Z-scan technique is used to characterize the nonlinear absorption
coefficients. The multi-layer structure and cross-sectional morphology is probed by a
FESEM.

2.4.1 UV-Visible-Near-IR Spectrophotometer

The transmission and reflection measurements are carried out using a UV-Visible-Near-IR
double beam spectrophotometer (JASCO V-670). It has two light sources, a deuterium (D)
lamp and halogen lamp (W Lamp). Deuterium lamp covers the ultraviolet region while
halogen lamp covers visible and near-infrared regions. It employs a single monochromatic
design and covers a wavelength range 190 to 2700 nm. The monochromator comprises a dual
grating. For UV/Visible region it consists of 1200 grooves/mm and 300 grooves/mm for
Near-IR region. Correspondingly there are two detectors: A PMT detector for the UV/Visible
region and a Peltier-cooled lead sulphide (PbS) detector for Near-IR region.
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Figure 2.4: Schematic diagram of the optical system of the JASCO V-670 UV-Visible-Near-
IR spectrophotometer: M- Mirror, S- Slit, G- Grating, F-Filter, L- Lens, BS- Beam Splitter,
D- Detector.

The schematic diagram of the optical system of the JASCO model V-670 UV-Visible-Near-
IR spectrophotometer is shown in Figure 2.4. The light coming from the source is directed to
the grating G through the slit S; after the reflection from the mirror M;. A specific
wavelength can be selected by the rotation of grating. A monochromatic beam is passed
through the slit S, by a proper orientation of the grating. The higher-order diffraction beam
can be eliminated by using filter F. Before the beam gets split by the beam splitter (BS), the
light beam 1is incident on a second mirror M,. There is partial reflection and transmission at
BS. The transmitted ray passes through the reference (air) while the reflected ray passes
through the sample. The intensities of the light beams are measured at the end as shown in the

figure. The ratio of the sample signal to the reference signal (7/1,) is computed by the

photometer to obtain the transmittance. There are three measurement accessories that are

37



Experimental methods and Numerical Modelling

attached with the spectrophotometer: variable angle transmittance, fixed angle and variable

angle reflectance. An aluminium mirror is used for the standard reference sample.

It is important to notice the possibility of carrying out the polarization-dependent studies in
the reflection mode, and polarization-dependent spectral characteristics with s-, p- and un-
polarized light. It is also possible to mount the sample, reflecting mirror and detector on a
single rotational stage. The detector is furnished with an integrating sphere, thus enabling the
measurement of the relative reflectance of a diffusely reflecting sample. Using Glan-Taylor
prism polarizer the polarization of the beam can be selected. However, it only permits

measuring the reflectance from 5° to 70° only, due to aperture limitation

2.4.2 Field Emission Scanning Electron Microscopy (FESEM)

FESEM is an analytical technique that uses to probe nano level information about the surface
morphology and the material’s composition. Electrons coming from a field emission source
are used rather than light as they exhibit much shorter wavelength and hence enables us to
extract the nano-structure. In optical microscopes the resolution is limited by the wavelength
of the light used. The resolution is also limited due to the lens aberrations. The FESEM offers
higher resolution, in comparison with other optical microscopes due to the short de-Broglie

wavelength of electrons. The de-Broglie wavelength of an electron accelerated by a potential

h
V is given by the well-known formula A = ﬁ in the non-relativistic case, where h is
mgye

Planck’s constant, 72;is the rest mass of electrons and € is the charge of electron. The

equation is in good agreement for potentials below 100keV, and more specifically, for a
potential that varies from 1keV to 30keV, the de-Broglie wavelength is in the range 38pm
to 7pm.

The use of magnetic correction lenses in modern FESEM compensates for these errors, which

results in resolutions better than 0.1nm. At low and high electron energy it provides narrow
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probing beams. This results in decreased charging, improved spatial resolution and
minimised damage of the sample. The sample is scanned by the electrons according to a zig-
zag pattern. There are two different types of emission sources of electron: thermionic
emission source and field emission source. In FESEM it uses field emission type source. In
thermionic emitters, the filament is heat up by the electrical current which is made up of
either Tungsten (W) or Lanthanum Hexaboride (LaBg¢). The electrons can be emitted from
the materials when the heat is enough to overcome the work function of the materials. Most
of the thermionic emitters have low brightness and thermal drift during its process. In field
emission it can generate electrons by itself and there is no heating of the filament, thus

avoiding the above mentioned problems.

Electron Gun

%\Electron Beam

Anode

Magnetic Lens

To TV Scanner (

Scanning Coils

Back Scattered Electron
Detector

Secondary electron
detector
Sample

Figure 2.5: Schematic diagram of field emission scanning electron microscope.
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Figure 2.5 shows the schematic diagram of FESEM. It has a field emission gun (FEG) for the
emission of electrons. Since it does not heat the filament it is also called as ‘cold’ cathode
field emitter. It starts emission when the filament is placed inside the large electrical potential
gradient. The FEG made up of a tungsten (W) wire modified into a sharp point. The tip radius
is nearly 100nm and it helps to concentrate the electric field to an extreme level. The image
formed by the FESEM is from the auger electrons, characteristic X-rays, backscattered

electrons and secondary electrons which are emitted by the sample.

The sharp pointed end of the FEG (cathode) is held at large negative potential relative to
nearby anode. The field electron emission is caused by the potential gradient at the emitter
surface. FEG is a Schottky type emitter which contains coating of zirconium oxide on the tip
of the tungsten wire. The condenser magnetic lens in the setup is used to focus the beam of
electron emitted from the tungsten to very small spot size of about 1 nm to 5 nm. The beam
passes through the secondary coils which focus the electron beam over the object according
to a zig-zag pattern. The incident beam generates low energy secondary electrons from the
sample. These secondary electrons are sensed by scintillator-photomultiplier tube which

converts it in to digital image, which can be processed further.

2.4.3 Photoluminescence Spectrometer

Photoluminescence (PL) spectroscopic technique is a well-known method based on photo-
excitation for the optical and electronic characterization of semiconductors and other
materials. It causes the electrons to excite to an upper energy state, and as a result of
relaxation to a ground state, energy gets released. The physical mechanism behind PL
emission is exposed in Figure 2.6. The electron in the valence band absorbs photon and the
electron gets promoted to certain vibrational levels of the electronic excited states shown in
dotted lines. The excited electron quickly relaxes to conduction band via non-radiative
transition. The emission of photon takes place when it makes a transition from conduction

band to valence band.
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Figure 2.6: The Schematic diagram of photoluminescence emission.
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Figure 2.7: Block diagram of PL spectrometer
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We use commercially available spectrometer (Fluorolog, Horiba Jobin Yvon), which consists
of a powerful lamp (450 W Xe lamp) as a source which provides a broad spectrum of
wavelengths for excitation (240-600 nm), and a double monochromator to reject stray light
and provide high spectral resolution. The emission by the sample from 290 nm to 850 nm is
detected by an ultra-sensitive PMT detector. The block diagram of PL spectrometer is

displayed in Figure 2.7.

2.5 Measurement of Nonlinear optical properties

Nonlinear optics has enhanced our knowledge of understanding the fundamentals of light-
matter interactions. Unlike linear optics, if intensity of light is high enough then the material
produces vibrations of all the frequencies corresponding to different energy levels. Z-scan is
one of the widely accepted methods to explore the nonlinear optical properties which is
discussed below. Since this technique is simple and easy to interpret, it has gained quick
acceptance by the nonlinear optics community. The applications of nonlinear optics can be

seen in all the emerging photonic devices.

2.5.1 Z-scan technique

It is a single beam technique used to determine the complex nonlinear refractive index of the
material [35]. Here a laser beam of gaussian profile is tightly focused to nonlinear medium
and transmittance is measured either through a finite aperture (closed aperture) or without
an aperture (open aperture). The closed aperture Z-scan determines the real part of the
nonlinear refractive index while the open aperture Z-scan is used to measure the imaginary
part of the nonlinear refractive index and the nonlinear absorption coefficient of the material.
The presence of far-field aperture in the closed aperture mode helps to detect the small beam
distortions in the original beam. The nonlinear material will act like a weak lens and the focal
power is decided by the nonlinear refractive index. Hence it is possible to compute the

nonlinear optical index from the Z-dependent transmission spectrum. When the aperture is

42



Chapter 2

removed in open-aperture case the detector measures the whole signal from the sample, and

hence the nonlinear absorption.

The Open aperture (OA) and closed aperture (CA) Z-scan profiles can be analysed
approximating the laser beam to be a Gaussian. The intensity distribution of a Gaussian laser

beam (TEMyp) propagating along the positive Z direction can be expressed as
2
I(z,7;t) = (Iy/(1 + %))exp(—Zrz/W2 (2)) exp(—t?/1?) (2.2)

Two?, . . .
P ) is the Rayleigh length, with a

where [y denotes the intensity of laser at focus, Z,(=
beam waist at the focus wy, A is the excitation wavelength, 7 is the pulse width and w(z)

. . z?
represents the beam waist at z which can be expressed as w?(z) = wy?(1 + 2_2)'
T

The OA Z-scan normalized transmittance 7(Z) is represented by

m
—q ]
152

T(2) = Xm=0"tnyryir (2.3)

For two photon absorption process (m=1), g is equal to BIL.fr , where I denotes the laser

1— e—lZoL

intensity measured at the focus and effctive sample length, Lorr = ( where L is the

Qo

sample length ).
The normalized transmittance for closed aperture (CA) Z-scan measurement is given by

IxAp
(1+x2)(9+x2)

T(z)=1- (2.4)
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where x =Z /Z,. and A¢ is the nonlinear phase shift. The nonlinear refractive index (n,) can be
obtained from

_ _1Ag|2 . 2
ny, = 2miLey, (in cm™/W) (2.5)

Both OA and CA Z-scan measurements were standardised using reference samples CS,.

2.5.2 Experimental set-up for Open aperture Z-scan: measurement of nonlinear optical
absorption

The multi-photon (two or more) absorption is the main cause of nonlinear absorption. This
multi-photon absorption leads to an enhancement in the the valley of the Z-scan curve while
the opposite effect (peak) can be observed for the saturable absorption. The refractive
nonlinearities of a material can be drawn from a division of the transmission through an
aperture by the nonlinear absorption recorded without any aperture. This division leads to a
normalization and cancels the effects due to any nonlinear absorption. The schematic diagram
of the OA Z-scan is given in Figure 2.8. A spatially filtered input laser beam is focused with
lens L1, and 1D PhC sample is moved through the focus such that the sample stage is
connected to a stepper motor. Another lens L2 is used to collect the transmitted light, which
is focused on a photodiode placed after the neutral density filters. The error originating from
the power level fluctuations of laser beam is minimised by dividing the data obtained from

detector D, to detector D,.

Samples are placed at the translation stage that can move along the Z-axis of the laser beam
with the help of an automated stepper motor. The interfacing between the stepper motor of
the translation stage and the computer is established through stepper motor driver. The
motion of the stepper motor for data collection is controlled by the Labview program and an

oscilloscope is used to visualise the signal from detectors and boxcar integrators.
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Figure 2.8: Schematic diagram of open aperture Z-scan experimental setup: BS-Beam
splitter, L-Lens, PhC- Photonic crystal, A-Aperture, ND filters- Neutral density filters, D-

Detector

2.6 Numerical analysis of 1-Dimensional photonic crystal

Numerical modelling of 1D PhC is very relevant for their design and accurate fabrication. We
numerically simulate the optical field amplitude in each layer of the 1D PhC using optical
transfer matrix method (TMM) [36]. TMM is applied to a periodic medium to examine the
propagation of electromagnetic waves through each layer. Here each of the group of layers on
either side of the defect layer forms a Bragg mirror (BM). Reflection of light at an interface
separated by two media is described by Fresnel equations. However, to describe the reflection
from the periodic stratified medium TMM is useful. This method is derived from the
boundary conditions (continuity) of the electric field across an interface. TMM consists of
simple matrix operations in which the field at the final layer of a multilayer can be found if
the field at the starting layer is known. Each layer of the 1D PhC can be represented as
individual matrices. The product of these individual matrices gives the matrix of the whole

system.

We consider a periodic multi-layered structure with refractive indices 71, (S10,), n, (TiO,)

and 71, (BTO) as schematically shown in Figure 2.9, where 71, , n,, and n, are respectively
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corresponding to the low refractive index layer, high refractive index layer and refractive
index of the defect layer. The thicknesses of the corresponding layers are d,, d, and d,

respectively. 4, denotes the amplitude of the incident wave and B,, is that of the reflected

wave. 4,, and B,, are not continuous at the interface of the two layers. The outermost layers of
the microcavity structure are connected to two homogeneous media designated by 7, and 7,
where 1, is refractive index of the initial medium and 7 is the refractive index of final

medium (substrate). Here A4y and A4, are respectively represent the amplitudes of the

electromagnetic waves at the initial medium and the substrate, in our case air and glass.
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Figure 2.9: Schematic of 1D PhC microcavity. A defect layer is introduced between two
Distributed Bragg Reflector (DBR).

The field amplitude in each layer is related by a product of 2x2 matrices in sequence. The
electric field on both sides of an interface is linked by the corresponding dynamic matrix D,
whereas the propagation matrix P connects the electric field inside a bulk layer. The product
of the matrices is again a 2x2 matrix, and is expressed in terms of the complex Fresnel
reflection and transmission coefficients of the interface. It takes the same form in both cases
of s- or p- waves. Repeated application of the transformations for the N layers and N+1

interfaces leads to a product of N+1 matrices as given below.
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T. T _ -
T(N) = ( ;1 TZ) = DO 1[ yn:l Dum Dml]DN+1 (2'6)

Subsequently, the complex reflection and transmission coefficients of the multilayer can be

obtained from the four elements of the transfer matrix, which are respectively given by,

r= L (2.7)
T,
1

t=— (2.8)
T,

The reflectance and the transmittance of the front surface can be obtained as the square of the

above coefficients r and t respectively.

2

Reflectance; R = |r|2 | (2.9)
T,
1 2
Transmittance; T’ = |t|2 = T (2.10)
11

Figure 2.10 shows the numerically simulated spatial distribution of the transverse electric
(TE) field intensity (|E |2) in the 1D PhC microcavity of 23 layers versus wavelength. The
dimensions chosen for the simulations of the microcavity are as follows: The input laser field
wavelength is 532 nm and the corresponding thicknesses are d, = 110 nm, d,, = 58 nm and
d, =130 nm. The refractive index values are 1, =1.55, n,, =2.67 and n,=2.47. A dark region

expands from 500 nm to 700 nm represents the photonic band gap of the 1D PhC microcavity
and bright discrete line-shaped intensities (area encircled by the green coloured dashes)
denotes the resonance mode at 532 nm at an incident angle of 32°, which is also known as the

passband.
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Figure 2.10: Simulated spatial field distribution of the TE optical field intensity (JE/?)-
wavelength mapping in the 1D PhC microcavity.
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Chapter 3

Fabrication and Characterization of Sol-Gel prepared 1-D
Photonic Crystals

1-D photonic crystals composed of SiO, - TiO; as adjacent layers and SiO,-SnO; as adjacent
layers is fabricated using Sol-Gel method. The band gap and morphology of the crystals are
charecterized and compared. The dependence of band gap on the number of layers and

polarization are studied.



Sol-Gel prepared 1D PhC
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3.1 Introduction

Sol-Gel is the chemical process in which the polycondensation reactions of precursors in a
liquid turns in to the formation of an oxide network [1-4]. The typical precursors used in this
method are metal alkoxides and metal chlorides [5]. It is a low cost method of fabricating the
structure in which the chemically prepared solution is converted into solid film after
annealing process. Low cost fabrication and high quality films with a broad variety of

materials are the major attractions of this method. The schematic diagram of the typical

multilayered structure (1D PhC) is shown in Figure 3.1. The low refractive index layer (#, )

and high refractive index layers ( n,) are represented by green and violet colours respectively

and these multilayers are growing on silicon/glass substrate.

N
N
N

Silicon/Glass

Figure 3.1: Schematic diagram of 1D PhC: n, and n, are low and high refractive indices

respectively (It is already discussed in chapter 1)
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3.2 1-D Photonic crystal fabrication by Sol-Gel

The fabrication procedure of photonic crystal by sol-gel method includes 3 different steps, namely the
preparation of solution, film deposition and annealing. An overview of the fabrication of thin
film using Sol-Gel is showed in Figure 3.2. Here we discuss 1D PhC structure made up of
multilayers (14 layers) of SiO,-TiO, and Si0,-SnO,. Oxide based dielectric materials are of
typical choice since they are transparent over wide range of frequencies, i.e., from ultra violet
(UV) to near infra red (IR). These materials also show high resistance to corrosion, radiation
and temperature [6]. These structures are deposited on glass/silicon substrate. The different

steps involved in the fabrication are discussed below.

Hydrolysis

_—
Polymerization
Solution of precursors Sol \

Spin Coating ;

Gelation and evaporation
Dense film of solvent

n Heat treatment -
‘——

Xerogel film

Figure 3.2: An overview of the fabrication of thin film using Sol-Gel synthesizing.

3.2.1 Preparation of Sols

Synthesis of Sols such as SiO, [7], TiO; [8] and SnO, [9] is the first step of making thin films
and these sols are separately prepared. Tetra-ethyl-ortho silicate (TEOS), ethanol, distilled
water and HCI are the precursors required for making SiO, mixture. The scheme for the

preparation of SiO; precursor solution is shown in Figure 3.3(a). After mixing 3 ml TEOS
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and 16 ml of ethanol, hydrolyze the solution by adding 4 ml of water and 0.5 ml of HCI. The

solution is then magnetically stirred for 12 hours.

Figure 3.3(b) denotes the outline of the procedure for synthesizing titania (TiO;) precursor
solution. Titanium isopropoxide (1.5 ml) is dissolved in anhydrous isopropanol (4.5 ml) and
to which 5 ml of acetic acid is added. After stirring the solution at 60 °C for 30 minutes, 12
ml of methanol is added. The solution is stirred further for 3-4 hours until a transparent

solution is obtained.

The tin oxide (SnO;) solution is prepared by dissolving 0.5 g of stannous chloride dihydrate
(SnCl; 2H,0) in 20 ml of ethanol (C,Hs-OH). Stir the mixture for 3 hours at room

temperature.

Tetra ethyl ortho silicate Titanium Isopropoxide
Si(OC2Hs)s C12H2804Ti
Add Ethanol Add Isopropanol
C2Hs-OH C3HsO

l l

A distilled water el Tl

CHsCOOH
Add Methanol
Add HCI CH:OH
(a) (b)

Figure 3.3: Scheme of preparation of silica (SiO;) solution (a) and titania (TiO;) solution (b)
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3.2.2 Fabrication of Photonic Crystal by spin coating

Prior to the fabrication, the substrates should be cleaned thoroughly. It is cleaned with
Piranha solutions (mixture of concentrated sulphuric acid (H,SO4) and hydrogen peroxide
(H20,) in 3:1 ratio) to remove organic impurities from the substrates and then it is cleaned by
treating ultrasonically in distilled water. The SiO, sol is used to coat the film on already
cleaned glass/silicon substrates using spin coater (SPIN 150, Germany). It is operated at 2500
rpm for 2 minutes. Then it is dried at room temperature and heated slowly between 100 °C
and 200 °C for 3 minutes at the rate of 1 °C/s using a programmable furnace (YUDIAN Al-
508, China) and after the heat treatment it keeps at outside for cooling about 7-10 minutes.
The TiO; sol is used to coat the next layer in which the spin coater is operated at 3500 rpm
for 2 minutes. Here the heat treatment is done between 200 °C and 300 °C for 3 minutes at the
rate of 1 °C/s and kept outside for 7-10 minutes for cooling. This process is repeated until 14
layers (7 bilayers of Si0,/TiO, (BM1)) is obtained. Similarly 7 bilayers of Si0,/SnO, (BM2)
is prepared in which SnO, film is coated by operating the spin coater at a speed of 3000 rpm
and following the same heat treatment of SiO,. The multilayer film growth is done inside the
locally made glove box in argon (Ar) atmosphere and the whole experimental unit is shown
in Figure 3.4. The fabricated structure is then characterized by reflection/transmission

spectroscopy and FESEM.

» Furnace

* Spin coater

Figure 3.4: The experimental unit of fabrication of photonic crystal by Sol-Gel method. The

spin coater and furnace is shown in the inset at right top corner.
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3.3 Optical Characterization of the Samples

3.3.1 Morphology
The cross-sectional morphology of the 1D PhC is recorded by FESEM and the experimental
details are explained in Section 2.4.2. The cross-sectional image of the SiO,-SnO, (7

bilayers) 1D PhC and SiO,-TiO, (7 bilayers) 1D PhC is shown in Figure 3.5(a) and (b)

respectively.

.
N 0 I N, T I

5
200 nm 200 nm

Figure 3.5: (a) FESEM image of SiO;-SnO, PhC (BM2). The alternate dark and bright lines
are SiO, and SnO, respectively. (b) FESEM image of SiO,-TiO, PhC (BM1), the alternate
dark and bright lines are SiO; and TiO, respectively.

Pixel brightness

D 0 20 30 40 50 60 70 80
Pixel position

Figure 3.6: (a) Perpendicular line drawn to measure the intensity contrast in FESEM image

of Si0»-SnO, PhC (BM2). (b) The experimental data (blue dots) are fitted by sine fit (red

sinusoidal wave).
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The FESEM micrographs display the homogeneity in film thickness and periodicity. The
periodicity in the thickness of the layers can be estimated using pixel intensity contrast
fitting. From the pixel contrast of perpendicular line drawn in the FESEM image of SiO,-
SnO; PhC, the periodicity is found to be 94 nm (Figure 3.6).

3.3.2 Reflection Spectrum

The reflection spectrum (Section 2.4.1) of BM1 and BM2, recorded using UV-Visible-Near
IR Spectrophotometer, is shown in Figure 3.7. The band gap of BM1 ranges from 579 nm to
729 nm and that of BM2 ranges from 469 nm to 566 nm. That is BM1 has a stop band of 150
nm and that of BM2 has 97 nm. The large band gap of BM1 is due to the high contrast in

refractive index between the adjacent layers.

@) (b)

ce (%)

404

Reflectance(%e)

Reflectan

vvvvv

61
Wavelength (nm)
Wavelength (nm)

Figure 3.7: (a) The reflection spectrum of BM1. (b) The reflection spectrum of BM?2.

The angle tuned reflection spectrum of BMI1 and BM2 are shown in Figure 3.8. The
oscillations on both sides of the stop band shows the Fabry-Perot fringes. Both Bragg mirrors
show significant blue shift for the higher angle of incidence. The blue shift in the spectra with
higher angle of incidence can be explained with the shortening of lattice constant experienced
by the incident optical wave with the increase of the incident angle, given by the relation

[10,11],
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A(0) = 2(0)x(1-Sin*(0) /n’,)"” (3.1)

Where A(0)and A(9) are wavelengths corresponding to the cavity peaks of 0° and ¢° angle of

incidence with respect to the normal to the surface, n, is the effective refractive index.

(b) ——0deg

——4deg
80 ——8deg
——12deg
—— 16 deg.
60 ——20deg

Reflectance (%)

Reflectance (%)

T T T T
0 100 200 300 400
Wavelength (nm)

Wavelength (nm)

Figure 3.8: (a) Angle variable reflection spectra of BM1. (b) Angle variable reflection
spectra of BM2.

The peak reflectivity at a specific wavelength can be expressed as [12].

1-(ngg /n)?9(n% /ns) ]
1+(ng/np)?4(n% /ns)

(3.2)

Where, ny and n; are high and low refractive indices of alternate layers of materials
respectively. The refractive index of the substrate is designated as ng and ¢ is the total
number of layer periods. The reflectivity of BM1 and BM2 is calculated as 99.34 % and
95.43 % respectively.

3.4 Consequences of number of layers on photonic band gap of 1D PhC
Width of the band gap of photonic crystal depends on the number of layers. Figure 3.9 shows

the reflection spectrum of SiO,-TiO; photonic crystal at normal incidence which comprises 7
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bilayers, 5 bilayers and 4 bilayers respectively. While 14 layered 1-D PhC shows the highest
reflection, the perfect reflectance can be observed for the PhC having number of layers
greater than 20 [13]. The stop band edge is much sharper for the higher number of layers and
the group velocity v, of photon will be nearly equal to zero at this band edge. The 1D PhC
with 14 layers have much steeper band edge than 10 and 8 layered. The Fabry-Perot fringes
on both sides of the stop band are higher for the 14 layer 1D PhC compared to other
fabricated 1D PhC’s. The increase in the number of fringes can be attributed to the
reflections from the interfaces of the dielectric stack of layers. As the number of layers
become higher, more and more reflections can be observed which give rise to the higher

number of Fabry-Perot fringes. The width of the band (FWHM) is higher for lesser number

of layers.

100

— |4 layers
———10 layers
— & layers

80

60

Reflectance (%)

20

300 400 s00 600 700 800 900
Wavelength (nm)
Figure 3.9: The reflection spectra of three SiO,-TiO, photonic crystals having 14, 10 and 8

layers.
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3.5 Dependence of photonic band gap on Polarization

The polarization dependent spectral characteristics of the 1D PhC of SiO,-TiO, (BM1) for s-
and p- polarized light are shown in Figure 3.10. The reflection is recorded at 45 to the crystal
normal. The reflectance is higher for p-polarized light, but the FWHM is reduced with respect
to s- polarized light.

2.8 s polarisation
olarisation

2.4 1

2.0 4

0.8 1

Normalized Reflectance

0.4 1

0.0 T T T T ¥ T T T v T =
300 400 500 600 700 800 9200

Wavelength (nm)

Figure 3.10: The reflection spectra of 1-D PhC (BM]1) for s- and p- polarized light at an
angle 45",

3.6 Challenges in the fabrication of Photonic crystal by Sol-Gel method

The Sol-Gel fabrication method is a low cost wet chemical method that is used in micro and
macro photonic applications. It has wide variety of applications in the thin film industry such
as antireflection coatings [14], waveguides [15], Filters [16] etc. One of the major advantages
of this method is the compositional flexibility in oxides, piezoelectrics and ferroelectrics etc.
Apart from these the sol-gel fabrication of PhC faces a lot of challenges. The grave limitation
of this technique is cracking which takes place as it undergoes multiple annealing steps. As a

result of the chemical reactions between the ingredients within the solution, many atoms,
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molecules and ions are generated, which decline the optical property of the materials. We
were not able to succeed in fabricating perfect microcavity structures due to the cracking
issues. The different thermal expansion coefficient for different materials leads to cracks in
the photonic crystal structure. The humidity in the atmosphere too plays an important role in

developing the cracks.

3.7 Conclusion

The preliminary investigations on 1-D photonic crystals with adjacent layers as SiO,-TiO,
and Si0,-SnO; using Sol-Gel method are reported. The reflection spectrum of both samples
show that the band gap is in the visible region. The FESEM image shows the homogeneity in
the layer thickness and the periodicity in the thickness of the layers is calculated using fitting.
The effect of stop band on the number of layers and refractive index contrast between the
adjacent materials is studied. The dependence of the spectral characteristics of band gap on
polarisation is also studied which shows that the FWHM of the stop band becomes shorter for
TM polarisation, but the reflectivity will be higher compared to TE polarisation.
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Chapter 4

Optical Properties of BaTiO; in Symmetric Microcavity

This chapter deals with the enhancement of nonlinear optical absorption and photoluminescence
of omne dimensional photonic crystal with BaTiO; as defect, fabricated via RF sputtering
technique. The homogeneity of layers thickness is confirmed through field emission scanning
electron microscopy (FESEM). The cavity resonance mode is obatined at 532 nm and the quality
factor of the microcaviy is found to be 48. Open aperture Z-scan and spectrometer measurement
of microcavity show enhancements in nonlinear absorption and photoluminscence of BaTiO; at
532 nm and 355 nm, respectively due to the strong field confinement around the defect layer. The
experiments show good agreement with numerically simulated results using optical transfer

matrix method.
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4.1 Introduction

Microcavities become an integral part of photonic devices and technologies due to their ability to
confine the photons and lasing applications at micron scale [1]. A photonic microcavity consists
of a defect layer between two identical micro-Bragg mirrors, which are multilayers of high
contrast refractive index dielectric materials, each layer having a quarter-wave thickness at a
given wavelength [2,3]. Here the fabrication procedure strictly follows the perfect Bragg’s
condition. In this thesis work we call such a cavity as symmetric microcavity. The photon
localization in the defect layer due to resonance leads to a large enhancement in linear and non-
linear optical properties such as enhanced photoluminescence and non-linear absorption [4,5],
which are being explored in this chapter. Geon Joon Lee ef al. were the first to study the linear
and nonlinear optical enhancement in 1D PhC using ZnO as the defects [4]. Later, Tsurumachi
and et al. demonstrated that the nonlinear optical properties of one dimensional photonic crystal
(1D PhC) can be greatly enhanced by localizing the electromagnetic field within a defect
introduced in the 1D PhC [6] and thereafter, enormous number of works have been reported [7-
9]. Enhancement in photoluminescence emission from Silica doped with Er’* which emits at the
telecommunication wavelength [5] and co-doped with Er’*/Yb** [10], and non-linear refractive
index of CdSe Nano-crystals [11], rare earth ions [12] and quantum dots [1] are few examples in
this long list. Enhancement of nonlinear optical properties is crucial for applications as optical

switches [13], optical limiting devices [14] and quantum cryptography [15], etc.

In this chapter we demonstrate the cavity enhancement in nonlinear absorption and
photoluminescence of BTO in a 1D PhC. The BTO is placed between the two Bragg mirrors of
the 1D PhC composed of 11 layers of high and low refractive indices of TiO, and SiO,
respectively. Photoluminescence of BTO is measured using spectrophotometer, while the

enhancement in nonlinear absorption coefficient is verified from the open aperture Z-scan
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measurements using nanosecond (ns) laser. Our experimental results show good agreement with

the simulated optical properties of the 1D PhC using optical transfer matrix formalism.

4.2 Experimental details

The refractive index of the single layer of SiO,, TiO; and BTO are measured using white light
ellipsometer (J.A. Woollam, M2000V) and are calculated as 1.48, 2.42 and 2.05 respectively.
The experimental details of the Ellipsometer is discussed in section 2.2 and this information of
refractive index is crucial towards the design and fabrication of the 1D PhC using the SiO, and
Ti0; nano layers with quarter-wave (A/4) thickness of 90 nm and 55 nm respectively. The defect
layer BTO’s half-wave (A/2) thickness is 130 nm at the operation wavelength of A=532 nm. The
1D PhC is shown in Figure 4.1, which is fabricated on a silica/silicon substrate using a multi
target sputtering system (Advanced Process Technology, India). The experimental details are
discussed in section 2.3.2. First, a high vacuum is attained inside a chamber with a residual
pressure of 4.9x10° mbar and later the chamber is filled with Ar gas up to the pressure of 5.5
x10” mbar. Then the first Bragg mirror (11 alternate layers) is deposited on the substrate by
sputtering the SiO; and TiO; targets (50 mm diameter and 3 mm thickness) respectively with RF
power of 150 W and 130 W, for a duration of 23 and 17 minutes respectively. Next, the pressure
was increased to 7.5 x10” mbar and then we deposited the BTO at RF power of 50 W for 82
minutes. Then the second Bragg mirror is deposited on top of the BTO layer as mentioned

previously, reducing the pressure back to the initial value.

The cross-sectional morphology and reflection spectrum of the 1D PhC are studied using
FESEM (Zeiss, Ultra™55) and a UV-visible spectrophotometer (Jasco V-670
Spectrophotometer) respectively. The enhancement in nonlinear optical absorption is studied

using Z-scan technique [16] with 532 nm nanosecond laser pulses (pulse width 6 ns, repetition

70



Chapter 4

rate of 10 Hz) coming out of an Nd:YAG laser (Spectra-Physics), and the photoluminescence is

recorded using photoluminescence spectrophotometer (Fluorolog, Horiba Jobin Yvon).

Bragg Mirror 2 —

¢ 6

Defect layer —

Bragg Mirror 1 BaTiO;

Figure 4.1: Schematic representation of 1D PhC consists of two Bragg mirrors on either sides of

the defect layer.

4.3 Numerical simulations

Prior to the experiment, we have numerically simulated the electric field distribution and field
confinement inside the microcavity using transfer matrix method formalism (TMM). The
detailed theory of TMM formalism is discussed in section 2.6. The spectrally resolved optical
field (TE) intensity (|E|*) spatial distribution along the length of the cavity through the 1D PhC at
an angle 32° is shown in Figure 4.2(a). A dark region expands from 500 nm to 700 nm represents
the photonic band gap of the 1D PhC, and bright discrete line-shaped intensities (white-coloured
dashed encircled area) correspond to the resonance mode at 532 nm. Figure 4.2(b) shows the
angle resolved intensity distribution for the wavelength 532 nm. The maximum light
confinement in the BTO layer is observed at an angle of 32" (white-coloured dashed encircled

area). Simulated spatial TE and TM field intensity distribution is overlapped with refractive
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index profile of the 1D PhC at 32’ is shown in Figure 4.2(c). The intensity maxima at the central
defect layer imply the strong localization of optical fields in the microcavity. These results
reinforce the use of BTO defect containing 1D PhC to strengthen optical eftects, which will be

discussed in the following sections.
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Figure 4.2: Simulated spatial distribution mapping of the Transverse Electric (TE) Field
intensity (/E/z) in the 1D PhC versus (a) wavelength and (b) incident angle. (c) Simulated spatial
distribution of the TE and TM Field intensity (/E/Z ) inside the 1D PhC and the refractive indices

profile of 1D PhC at 32° angle and 532 nm.
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4.4 Results and Discussions

The cross-sectional FESEM image of the 1D PhC is given in Figure 4.3(a), where the dark and
bright regions represent SiO, and TiO; layers, while the central thick bright layer corresponds to
the BTO defect layer. The layer thicknesses of SiO,, TiO, and BTO are estimated respectively to
be 9345 nm, 5345 nm and 133+5 nm respectively, which indicates the precision in fabrication.
The thickness of the entire 1D PhC structure is 1.8 pm. Figure 4.3(b) shows the reflection spectra
of the 1D PhC for an incident angle of 32°, where the solid red and black curves respectively
denote the experimental and simulation data. A strong cavity mode is observed at 532 nm with

full width at half maximum (FWHM) of 11 nm and its Q-factor is calculated as 48.
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Figure 4.3: (a) FESEM Image and (b) reflection spectra of the 1-D PhC at an incident angle of
32" where red and black curves represent the experimental and TMM simulated data

respectively.

The angle tuned experimental and simulated reflection spectra (from 10° to 60°) are given in
Figure 4.4(a) and 4.4(b), respectively. The blue shift in the spectra with higher angle of incidence
can be understood from the shortening of lattice constant experienced by the incident
electromagnetic wave with the increase of the incident angle, given by the relation [17,18],
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A(6) = 2(0) x (1- sin? Q/ngff)l/z

where A(0)and A(6) are wavelengths corresponding to the cavity peaks of 0° and 8° angle of

incidence with respect to the normal to the surface, n, is the effective refractive index.

The cavity resonance modes are at 557 nm and 480 nm correspond to 10" and 60 respectively,

which indicates the wide tunability of the 1D PhC. These simulations are in well concordance

with the experimentally observed results as can be seen from the figure 4.4.
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Figure 4.4: Angle tuned (a) Experimental and (b) TMM simulated reflection spectra of the
1D PhC. (Spectra are shifted along y-axis for clarity)
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Parameters Simulation Experiment

(nm) (nm)

Thickness of the layers

Si0O, 110 9345
Ti0O, 58 5345
BaTiO; 130 13345
Band gap at 32
Central Wavelength 532 532
FWHM (nm) 204 205
Pass band at 32’
Central Wavelength 532 532
FWHM (nm) 8 11
Q-factor 67 48

Table 4.1: A table of fabricated and simulated 1D PhC parameters.

4.4.1 Nonlinear Absorption Studies

The Nonlinear absorption studies are carried out using Z- scan set up, the experimental details of

which are discussed in section 2.5.2. Z-scan technique in open aperture (OA) mode [16] is

operated to measure the nonlinear absorption of BTO in the microcavity for different incident

angles (from 0 to 60). A frequency doubled Nd:YAG pulsed laser at the wavelength 532 nm

(with a pulse width of 6 ns and repetition rate of 10 Hz) is focused on the sample using a plano-

convex lens having focal length 120 mm and collecting the output intensity with a photodiode.

The experiment is carried out at the input laser intensity of about 0.18 GW/cm®. The coefficient
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of saturable absorption («) is obtained by fitting the data collected from the above experiment to

the normalized transmittance equation [19],

1L
T =l- v (4.2)

24 (1 +(z/z, )2)

where o(/)=«, /A + . /1.y, With o, the linear absorption coefficient, ;. and ;7  the
laser radiation intensity at z and saturation intensity respectively. Laser radiation intensity is
given by [ =1,/(1+(z/z,)’), where z, is the peak intensity at the centre of the focus, z is the sample
position, z, =7, / A is the Rayleigh range, «, is the beam waist at the focal point (z = 0) and 1 is

the laser wavelength. The effective path length in a sample of length L is given by the expression
Lesr = (1 —exp(—aol))/ao (4.3)

The normalized OA Z-scan curves and related experimental data points are shown in black solid
line and dots, respectively in Figure 4.5 (a), where the red line and dots are corresponding to the
bare layer of the BTO whose non-linear behaviour is very nearly zero. This clearly indicates the
cavity enhancement of the BTO layer due to the localization of photons in the microcavity. The

enhancement in nonlinear absorption due to the localization of optical field can be quantified by

an enhancement factor G, which is defined as [4]

(4.4)

J‘ ‘Edefect (Z)‘

d€f€Cl 0 | Emczdent

where ddefec[ is the thickness of defect layer, Edefec,( ) is the amplitude of field in the defect

layer as a function of position z, and £__ 1is the amplitude of the incident field.
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The transmittance T at the transmission peak of the defect mode is given as [6]

T = 4.5)

Where ny4, ng and n, are the refractive indices of SiO,, TiO; and defect layer (BTO) and £ is the
extinction coefficient of the defect layer (BTO) and N is the number of periods of the Si0, and
TiO, on each side of the defect BTO.

The enhancement factor of the cavity is given as [2]

T 2N
G= —("—BJ (4.6)

2\ n,

By applying the spatial distribution of the optical field, the enhancement factor G is obtained as
16. Z-scan curves of 1D PhC for the incident angles 0°, 20" and 32" are shown in Figure 4.5(b).
The perfect fit of the curve given in Equation (4.2) with the experimentally obtained data gives a
nonlinear absorption coefficient & of -1.3x 10™* cm/W, -1.22x 10™ cm/W and -1.45% 10™
cm/W for incident angles 0, 20" and 32 respectively. The maximum absorption is obtained at an
incident angle of 32" as expected and it is due to the presence of strong cavity mode at 532 nm at
this particular angle as discussed above. The maximum light confinement in the BTO layer is

observed at this angle.

The optically induced changes in these 1D PhC can be utilized in many nonlinear optical
applications. For example, the potential usage of BTO thin films for holographic data usage is
widely known [20]. Holographic grating is a photo-refractive effect which results from the third-

order nonlinear intensity dependent process. These results show optical field enhancement in the
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BTO defect-based cavity, leading to optical nonlinearity. The BTO defect layer can be tailored to
larger thicknesses (> A/2) to support higher TE modes, to enable holographic grating recording
even at longer wavelengths of visible region, and still support the field enhancement due to the

cavity effect [21,22].
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Figure 4.5: (a) Z scan curves showing corresponding to the BTO reference (red) and 1D PhC
with BTO defect (black), and (b) Z scan curves corresponding to 1-D PhC for the incident angles
0°, 20° and 32°

4.4.2 Photoluminescence Emission

The photoluminescence emission of the sample is recorded using photoluminescence
spectrophotometer (Fluorolog, Horiba Jobin Yvon), which is explained in section 2.4.3. The
absorption spectrum of the reference BTO film is shown in Figure 4.6 (black line), where the

observed peaks at 296 nm and 355 nm are corresponding to the interband transitions.
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Figure 4.6: Absorption spectrum (in black) and the photoluminescence emission spectrum (in
red) (Aex=296 nm) of BTO reference layer. Dotted line and shaded curves show the PL multi-

Gaussian fits.

The Photoluminescence (PL) emission spectrum of the reference layer BTO is recorded at
excitation wavelengths 296 nm as well as at 355 nm. The PL spectrum excited at 296 nm is
shown in Figure 4.6 which shows two prominent peaks at 386 nm and 510 nm and a shoulder at
around 425 nm. The multi-Gaussian fitting is depicted with dashed line in Figure 4.6. Figure
4.7(a) shows the PL emission spectra of the BTO single layer (133 nm) and 1D PhC with

excitation at 355 nm and the emission peak of both is observed at 424 nm.
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Figure 4.7: (a) The photoluminescence spectra of single BTO layer (reference layer) and 1D
PhC. (b) Angle variable PL spectra of 1D PhC. (A,=355 nm)

The full width at half maximum (FWHM) of the reference layer and 1D PhC are obtained as 167
nm and 69 nm respectively. The cavity effect reduces FWHM of the spectrum of 1D PhC when
compared to that of its reference layer. The Q-factor of the microcavity is found to have a value

6, which is estimated from the PL emission spectrum at the resonance wavelength.

The angle tuned PL emission spectra of the 1D PhC from 30 to 60° with step size 10 are given
in Figure 4.7(b). The un-shifted PL emission peak is obtained. The PL emission can occur in
different ways, through numerous states inside the forbidden energy band gap. PL is directly
associated with the localized states existing inside the band gap. The conduction band of BTO
consists of s state of Barium and s and d states of Titanium and the valence band includes 2p
state of Oxygen. Delocalized electronic levels can be formed in the forbidden energy band gap as
a result of the electron transfer between the states of Barium and Titanium. The s and p states
within the band gap causes the formation of clusters (TiO; or TiOs) which decrease the band gap

emission [23,24].
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4.5 Conclusion

Photonic crystal containing BTO defect is fabricated via RF sputtering technique and its
reflection spectra reveal a cavity resonance at 532 nm and a 205 nm wide photonic band gap.
The cavity resonance occurs at 532 nm at an incident angle 32". The Q-factor of the microcavity
is obtained as 48. The spatial field intensity distribution with respect to angle and wavelength is
described using transfer matrix simulation to the fabricated multilayer structure. The results and
their analysis clearly indicate the large light-matter interaction and high density of
electromagnetic modes at 32". The enhancement of nonlinear absorption in the microcavity is
expressed in terms of enhancement factor G, which is obtained to be 16, by the application of
spatial field distribution. The large enhancement is due to the localization of electromagnetic
field within the microcavity. The photoluminescence spectra of the reference layer and 1-D PhC
have been compared. It is inferred, from a comparative study of the photoluminescence spectra
of the reference layer and the 1D PhC, that the large enhancement obtained in the microcavity is

due to the strong confinement of the optical field.
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Chapter 5

Optical Properties of BaTiO; in Partially-Symmetric Microcavity

This chapter presents the details of fabrication of two identical microcavities with different
thicknesses of defect layer and a study of its role in the nonlinear absorption. Here, it is
experimentally realized that with an increase in the thickness of the defect layer, a good
reversal from reverse saturable absorption (RSA) to saturable absorption (SA) in response
to the angle tuning of the sample is obtained. The spatial field distribution along the depth
of the microcavities using transfer matrix simulation shows good consistency with the
experimentally obtained results. The photoluminescence emission from the two

microcavities of different defect layer thicknesses is compared.
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5.1 Introduction

Ultrahigh Q-factor optical cavities find numerous applications in the field of optics such as optical
switches [1-4], optical limiting devices [5-7], low threshold lasers [8,9] and quantum
electrodynamics [10,11]. Since light is extensively challenging to localize, it is tough to
conceive the optical cavities, with dimensions comparable to its wavelength. However, the
extensive research that is being carried out in this field due to its huge potential applications,

has realized strong confinement of light using photonic crystal microcavities (MC) [12-14].

In this chapter, we discuss the role of thickness of the microcavity for a given wavelength, by
fabricating two identical microcavities with different thickness of the defect layer, followed
by their optical characterization. Here BaTiO; (BTO) is placed in between two Bragg mirrors
of the 1D PhC comprising of 11 layers of alternating high and low refractive indices of TiO,
and SiO, respectively. Photoluminescence of BTO in both cavities are measured using
spectrophotometer while the enhancement in nonlinear absorption coefficients of both
cavities are measured using open aperture Z-scan technique with nanosecond (ns) laser and a
comparison of the results in both the cases is carried out. In this study, it is experimentally
demonstrated that as the thickness of the defect layer is increased, a good reversal from
reverse saturable absorption (RSA) to saturable absorption (SA) in response to the angle
tuning of the sample is obtained. The spatial field distribution computed along the depth of
the microcavities using transfer matrix simulation is in good agreement with the experimental

results.

5.2 Experimental details

The 1D PhC microcavities in this study comprise of 23 layers of SiO,-TiO, with BTO as
defect layer with the difference in the defect layer thickness. These are prepared using RF
magnetron sputtering technique and the experimental details are explained in section 2.3.2.
The refractive index of single layer of each material is measured with white light ellipsometer

(J.A. Woollam, M2000V), and the experimental details are presented in section 2.2. The
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Bragg mirrors of 1D PhC is fabricated using the SiO, and TiO; nano-layers with quarter-
wave (A/4) thickness of 90 nm and 55 nm, respectively, and the defect layer is fabricated
using BTO with half-wave (A/2) thickness of 130 nm for the first microcavity (MC1)
and 21/3 (173 nm) for the second microcavity (MC2) at the operation wavelength A=532nm.
The fabrication procedure is same as explained in section 4.2 and the experimental details are

discussed in section 2.3.2.

The cross-sectional morphology and reflection spectrum of MC1 and MC2 are studied using
FESEM (Zeiss, Ultra™55), and the UV-visible spectrophotometer (Jasco V-670
Spectrophotometer). The enhancement in nonlinear optical absorption is investigated through
Z-scan technique with 532 nm nanosecond laser pulses (pulse width 6 ns, repetition rate of 10
Hz) generated from the Nd:YAG laser (Spectra-Physics), and the photoluminescence is

recorded using photoluminescence spectrophotometer (Fluorolog, Horiba Jobin Yvon).

5.3 Numerical simulations

We numerically simulate the electric field distribution and field confinement inside the
microcavity using transfer matrix formalism (TMM) [15]. The detailed theory of TMM
formalism is discussed in section 2.6. The spatial distribution of the spectrally resolved TE
mode intensity (|E|2) along the length of the cavity through MC1 at an angle 32° is shown in
Figure 5.1(a) and that of MC2 at an angle of 20" is shown in Figure 5.1(b). A dark region
extending from 500 nm to 700 nm represents the photonic band gap (PBG) of the MC1 and
the same for MC2 as shown in Figure 5.1(b) is ranging from 450 nm to 700 nm. The bright
discrete line-shaped intensities (white-coloured dashed encircled area) correspond to the
resonance mode at 532 nm. Figure 5.1(c) and 5.1(d) show the angle resolved intensity
distribution for the wavelength 532 nm for MC1 and MC2 respectively. The maximum light
confinement in the BTO layer is seen to occur at an angle of 32" for MC1 and at 20" for MC2
(white-coloured dashed encircled area). Simulated spatial TE field intensity distribution is
overlapped with refractive index profile of the MC1 at 32" is shown in Figure 5.1(e) and that
88



Chapter 5

of MC2 at 20" in Figure 5.1 (f). The intensity maxima at the central defect layer imply a
strong localization of optical fields in the microcavity. These results support the use of BTO
defect containing 1D PhC to enhance the nonlinear optical effects, which will be discussed in

the following sections.
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Figure 5.1: Simulated spatial distribution mapping of the Transverse Electric (TE) field (JE))
in the MCI™ and MC2 versus (a), (b) wavelength and (c), (d) incident angle. (e), (f) Simulated
spatial distribution of the TE and TM Field intensity (/H)) and JE)) inside MCI and MC2
and the refractive indices profile of both at 32° and 20" for 532 nm. "MCI is already
discussed in Chapter 4.

5.4 Results and Discussions

The microcavities, MC1 and MC2 with the defect BTO layer thickness A/2 and 24/3
respectively constitute 1D PhC of total 23 layers. The quarter wave thickness of SiO, and
Ti0, forms the Bragg mirrors (BM) on either side of the defect layers of both microcavities.
Figure 5.2 (a) and (b) represents the cross sectional FESEM image of MC1 and MC2 where
the dark and bright regions correspond to SiO, and TiO; respectively with central thick bright
layer of BTO. The thickness of the Si0; and TiO, of BM’s of MC1 and MC2 estimated from
FESEM image are 93+5nm and 5315 nm respectively while that of the BTO Ilayer is

13345 nm and 17045 nm respectively.
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Figure 5.2: (a) FESEM images of MC1" and (b) MC2. "MC1 is already discussed in Chapter
4.

Figure 5.3 (a) and (b) show the experimental and simulation reflection spectra of MC2 at
normal incidence with the pass band at 540 nm. It can be seen that the theoretical simulation

and experimental results are in good agreement.
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Figure 5.3: Experimental and simulated reflection spectrum of MC2 at normal incidence.
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The angle tuned reflection spectra with a step size of 10° shown in Figure 5.4 (a) and (b) of
MC1 and MC2 respectively demonstrate the wide tunability of PhC’s. Here the band gap of
MC1 ranges from 557 nm at 10" to 480 nm at 60" and that of MC2 ranges from 539 nm at 10’
to 460 nm at 60 . The reason for this noticeable blue shift with the angle tuning of the sample
can be understood using the equation 4.1 which is explained in section 4.4. Since our working

wavelength is 532 nm, the sample MC1 is kept at 32" and MC2 at 20 for nonlinear optical
studies.
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Figure 5.4: Angle tuned reflection spectrum of (a) MCI™ and (b) MC2 with a step size of 10"
"MCl1 is already discussed in Chapter 4.
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Parameters Simulation Experiment
(nm) (nm)
Thickness of the layers
Si0, 110 93+5
Ti0, 58 5345
BaTiO; 164 _ 170+5
Band gap at 20
MC 2 Central 532 532
Wavelength
FWHM (nm) 200 202
Pass band at 20’
Central 532 532
Wavelength
FWHM (nm) 7.2 8
Q-factor 74 67

Table 5.1 The summarized fabricated and simulated 1D PhC parameters of MC2. "MCI is
already discussed in Chapter 4.

5.4.1 Nonlinear Absorption Studies

The Z- scan technique is used to investigate the nonlinear absorption characteristics of MC1
and MC2, the experimental details of which are given in section 2.5.2. Open aperture Z-scan
technique [16] is utilised to measure the nonlinear absorption of BTO in MC1 and MC2 for
different incident angles. A frequency doubled Nd:YAG pulsed laser at the wavelength 532
nm (with 6 ns pulse width, and 10 Hz repetition rate) is focused on each of the samples using
a plano-convex lens of focal length 120 mm and the output intensity is collected with a large
area fast photodiode. The experiment is carried out at the input laser intensity of 0.18

GW/cm®. The normalized transmittance from the theory of open aperture Z-scan is stated as

'BIOLéfff
2% (1 + (Z/Z0 )2)
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where, f is the effective two photon absorption coefficient, 7 is the on-axis peak intensity at
the focus, Leﬂ is the effective interaction length, z is the sample position and z, is the

Rayleigh range. The normalized open aperture Z scan curves of the MC1 and MC2 at normal
incidence with the single reference layer of BTO are exposed in Figure 5.5(a) and (b)
respectively. The experimentally obtained data is fitted using equation 5.1. The experimental
data points of both cavities are shown in green dots whereas the green solid curves represent
the fitted curves and the black dots and black solid curves respectively represent the
experimental and fitted curves of BTO reference layer. Here MC1 shows SA behavior and
MC2 shows RSA behavior at normal incidence for the laser intensity of 0.18 GW/cm? and it
is observed that the nonlinear behaviour of reference BTO layer is about six orders of
magnitude lower (a(Z) = -1.86x10™'" ¢cm/W) as compared to the microcavity. This clearly
illustrates the cavity enhancement of the BTO layer due to the localisation of photon in the

microcavity.
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Figure 5.5: Z scan curves showing corresponding to the BTO reference (black) and 1DPhC
with BTO defect (green) of (a) MCI™ and (b) MC2 at normal incidence. "MCI is already

discussed in Chapter 4.
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The angle tuned Z-scan measurements of MC1 and MC2 are shown in Figure 5.6 (a) and (b)
respectively. Figure 5.6 (a) shows Z-scan curves of MC1 for the incident angles 0°, 20° and
32° and the Z-scan curves of MC2 for the incident angles 0°, 10, 20" and 30 are shown in
Figure 5.6(b). MC1 shows SA behaviour for all the angles of incidence and maximum
absorption is obtained at an incident angle of 32°. MC2 shows switching behaviour from RSA

to SA as it is tuned for higher angles for the same intensity of the laser beam.
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Figure 5.6: (a) Open aperture Z- scan curves of the MCI for the incident angles 0°, 20" and
32" (b) Open aperture Z- scan curves of the MC2 for the incident angles 0°, 10", 20" and 30"
"MC1 is already discussed in Chapter 4.
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Figure 5.7: Angle resolved spatial field distribution of (a) TM and (b) TE mode ((/H)) and
(/E))) within BTO layer in MC.

To understand the above behaviour, we simulated the spatial field (JH|, |E|) profiles for the
TM and TE modes at two different angles (10c and 30") for MC2. Figure 5.7(a) and (b) show
the field profile of MC2 at different angles (10" and 30") in BTO layer and the two
neighbouring silica layers. It is clear that the total TM and TE modes are stronger in BTO at
higher angles compared to the field confinement nearby silica layers on both sides of BTO
for lower angles of incidence. Therefore, it can be concluded that the dominant two photon
absorption (TPA) from silica layers is leading to RSA behaviour. The study on the MC1 has
yielded a simple saturation of absorption behaviour for all angles. Thus, as we vary the
thickness of the defect layer it is clear that for best nonlinear absorption, one may have to
choose an optimum thickness as at MC2. As we move from MC1 to MC2, we see a very
good reversal of RSA to SA. The estimates of nonlinear saturable absorption coefficient a(1)
and effective two photon absorption coefficient f(1) of MC1 and MC2 are shown in Table
5.2.
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Angle | a@(em/W) | B) (/W)

MC 1"

0 -1.30x10™ NA

20 -1.22x10™ NA

32 -1.45x10™ NA
MC 2

0 NA 1.05x10™

10 NA 1.70x10™

20 -2.35x10™ NA

30 2.67x10" NA

Table 5.2: Estimates of nonlinear absorption coefficients of MCI1 and MC2: nonlinear
saturable absorption coefficient o(l) and effective two photon absorption coefficient p(I).
"MC1 is already discussed in Chapter 4.

5.4.2 Photoluminescence emission

The photoluminescence emission of the samples is recorded using photoluminescence
spectrophotometer (Fluorolog, Horiba Jobin Yvon) and its experimental specifications are
given in section 2.4.3. The linear absorption spectra of BTO reference film of MC1 and MC2
are shown in Figure 5.8 (a) and (b). The observed peaks of BTO reference film of MC1 is at
296 nm and 355 nm whereas the peaks of BTO reference film of MC2 are occurring at 290

nm and 357 nm, which correspond to the interband transitions.

Figure 5.9(a) displays the PL emission spectra of the BTO single layer (133 nm) and MCl1
with excitation, Aexc = 355 nm and the emission peak of both is observed at 424 nm while the
emission spectra of the reference BTO layer of MC2 and PhC (MC2) with an excitation
wavelength Ae = 357 nm is shown in Figure 5.9(b). In the case of MC2, the emission of
reference BTO layer and MC2 is observed at 432 nm. The cavity effect reduces full width at
half maximum (FWHM) of the spectra of MC1 and MC2 when compared to that of its
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reference layers. Q-factor of the microcavities is assessed from the PL emission spectrum by
computing A/AA at the resonance wavelength, which is found to be 6 for MC1 and 7 for
MC2. This indicates that the quality factors of both cavities are almost same. The physical

mechanism behind this PL emission is explained in section 4.4.2.
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Figure 5.8: (a) Absorption spectrum of BTO reference film of MC1 " and (b) MC2. "MCl is
already discussed in Chapter 4.
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Figure 5.9: (a) The photoluminescence spectra of single reference BTO layer (133 nm) and
MC1" with Jexe= 355 nm. (b) PL emission spectra of BTO reference layer (170 nm) and MC2
WIth Aexe=357 nm. "MCl1 is already discussed in Chapter 4.
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5.5 Conclusion

1D Photonic microcavities MC1 and MC2 with BTO defect layer are interpolated between
DBR’s of SiO, and TiO,, which are fabricated through RF sputtering technique. The
reflection spectra show the cavity resonance at 532 nm at an angle of incidence 32" for MC1
and at 20" for MC2. The open aperture Z-scan indicates an enhancement in nonlinear
absorption in both the microcavities and an abnormal switching behaviour from RSA to SA
for MC2 is observed for higher angle of incidence for the same intensity of the laser beam
compared to MC1, where it shows SA behaviour for all the angles of incidence. Varying the
thickness of defect layer, it is found that the best nonlinear absorption is obtained at an
optimum thickness of BTO as in MC2. The transfer matrix simulation also shows field
confinement both at lower and higher angles of incidence. The photoluminescence spectra of
both reference layers and the respective microcavities are compared. The cavity effect
reduces full width at half maximum (FWHM) of both the samples compared to its reference

layers and it shows the quality factors of both cavities are almost same.
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Chapter 6

Optical Properties of BaTiO; in Asymmetric Microcavity

This chapter discusses an enhanced and switching non-linear absorption behaviour of
BaTiOj; in an asymmetric 1-D photonic microcavity, in which the thickness of micro layers
violates Bragg’s condition. The microcavity is fabricated using RF magnetron sputtering
and the nonlinear absorption is examined in an open aperture Z-scan. The nonlinear
switching behaviour from reverse saturable to saturable absorption is observed near an
incident angle of 25°. The study reveals that the SA behaviour dominates over RSA for the
higher thickness of BTO defect layer. We also have carried out numerical simulations of the
system studied here using transfer matrix formalism to understand the unusual switching
behaviour that is observed. The study also shows enhancement in photoluminescence

emission with a Q-factor of 30.
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6.1 Introduction

A one-dimensional photonic crystal (1D PhC) is a binary dielectric periodic structure, which
can form a photonic band gap (PBG) [1-5]. A lot of research activities have been initiated in
the field of photonic crystals and PBG effects have already been realized in such photonic
systems [6-9]. Violating the perfect Bragg’s condition for the preparation of multilayers leads

to a cavity that can be defined as asymmetric microcavity.

In this chapter, we demonstrate the switching behaviour in nonlinear absorption from reverse
saturable absorption (RSA) to saturable absorption (SA) as we angle tune the sample. Unlike
in the case of the previous samples in which only the defect layers are prepared in such a way
as to violate the Bragg’s condition, here both the Bragg mirrors as well as the defect layer
violate the Bragg’s condition of thickness. This leads to a more dominant SA behaviour as
opposed the RSA behaviour unlike the previous case. It also gives the enhancement in
nonlinear absorption and photoluminescence of BaTiO3; (BTO) in a 1-D asymmetric photonic
microcavity. The asymmetric 1D PhC is fabricated using BTO as the defect layer with a
thickness 3A/4 between the two Bragg mirrors composed of 9 layers of high and low
refractive indices of titanium dioxide (TiO,) and silicon dioxide (SiO;) respectively with
arbitrary thicknesses (chosen to be A/3 and A/7 in this case) as shown in Figure 6.1(a). The
open aperture Z-scan shows the enhancement in nonlinear absorption while the
photoluminescence is measured using spectrophotometer. For the design of the photonic 1-D
structures, the transfer matrix simulations as well as the experimental results show the same
PBG effect that also is present for the asymmetric structures. The structures studied here
show an unusual behaviour in nonlinear absorption compared to the usual photonic crystal
microcavity. Further, when the thickness of the defect layer (BTO) increases, the SA
behaviour dominates which obscures RSA behaviour. The experimental results are in good
agreement with the simulated optical properties of the 1-D asymmetric microcavity using

optical transfer matrix formalism.
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6.2 Details of the Experiment

The asymmetric dielectric microcavity comprises 19 layers of SiO,-TiO, with BTO as defect
layer, is prepared using RF magnetron sputtering technique, the experimental details of which
are explained in section 2.3.2. Figure 6.1 (a) represents the schematic structure of asymmetric
photonic microcavity consisting of two Bragg mirrors on both sides of a BTO defect layer.
The refractive index of single layer of each material is measured using white light
ellipsometer (J.A. Woollam, M2000V), which is a crucial information for fabricating the
proposed structure. The ellipsometric measurements of the refractive index of each layer of
Si0,, TiO, and BTO at 532 nm wavelength are found to be 1.48, 2.42 and 2.05 respectively.
The optimized deposition time for the optical thicknesses of Si0, (A/7), TiO, (A/3) and BTO
(3A/4) for a wavelength 532 nm are 18, 28 and 65 minutes respectively, to obtain the band
gap in the visible region. The targets used are of 2-inch diameter with a thickness of 3 mm.
The asymmetric MC 1is fabricated on silica substrate using a multi-target sputtering system
(Advanced Process Technology, India). High vacuum inside the chamber is attained, with a
residual pressure of 4.9 x10° mbar which is then filled with Ar gas to a pressure of 5.5 x10~
mbar prior to the sputtering process. The first Bragg mirror, consisting of 9 alternate layers, is
deposited on the silica substrate by sputtering SiO, and TiO; targets with RF power of 150 W
and 130 W respectively. Next, the presure is increased to 7.5 x10™ mbar and then the BTO is
deposited at an RF power of 75 W. The second Bragg mirror is deposited on top of the BTO
layer as mentioned previously, reducing the pressure back to the initial value. The substrate is
rotated at 20 rpm during the film deposition to obtain uniformity of the film thickness. The
FESEM image of the fabricated structure is shown in Figure 6.1(b).
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(a)

Bragg Mirror 2— Tio2

Defect Layer <—

Bragg Mirror 1—

Figure 6.1: (a) Schematic representation of asymmetric photonic microcavity consists of two

Bragg mirrors on both sides of the BTO defect layer. (b) FESEM Image of the same.

The reflection spectrum and cross-sectional morphology of the asymmetric microcavity is
recorded using UV-Visible-Near IR spectrophotometer (Jasco V-670 Spectrophotometer),
and the field emission scanning electron microscope (FESEM, Zeiss, Ultra™55). The
nonlinear optical absorption is investigated using Z-scan technique with 532 nm nanosecond
laser pulses (pulse width 6 ns, repetition rate of 10 Hz) coming out of an Nd:YAG laser
(Spectra-Physics). The photoluminescence is recorded in the wavelength range 400-900 nm
using photoluminescence spectrophotometer (Fluorolog, Horiba Jobin Yvon) for a reference
of single layer of BTO (200 nm) and in the photonic microcavity fabricated as discussed

above and the results are compared.

6.3 Results and Discussion

The 1-D asymmetric MC with 3A/4 thickness of BTO as defect constitutes the microcavity
with total nineteen layers, with each layer of SiO, having a thickness A/7 and each layer of
Ti0, having thickness A/3 on either side of the defect layer. Figure 6.1(b) represents the cross
sectional FESEM image of the microcavity with BTO as defect. The dark and bright regions
correspond to SiO, and TiO; respectively and the central thick bright layer is due to BTO.

The thickness of the Si0,, TiO, and BTO estimated from FESEM image are 55+5 nm, 73+5
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nm and 199+5 nm respectively and the thickness of the entire multilayer is 1.3 um. Figure
6.2(a) illustrates the reflection spectrum of the microcavity at an incident angle of 30°. The
solid line shows the theoretical fit and the curve with red solid circles represents the
experimental data. As can be seen, the experimental results are in good agreement with the
theoretical simulations. The photonic microcavity’s band-gap ranges from 446 nm to 638 nm.

The pass band, which is also referred to as the cavity resonance mode, is occuring at 532 nm

inside the photonic band-gap.
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Figure 6.2: (a) The reflection spectrum of asymmetric microcavity shows a band gap with the
pass band at 532 nm. (b) Experimental reflection spectra at different angles and (c) transfer
matrix simulation of angle vs wavelength intensity mapping. Solid grey symbols are the cavity

peak values of experimental results (Figure 6.2 b)
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The angle-resolved reflection spectra are shown in Figure 6.2(b). The position of the pass
band is blue shifted with higher angle of incidence. This can be attributed to the shortening of
lattice constant experienced by the incident electromagnetic wave with an increase of the

incident angle, given by the relation [10,11],

A(0) = 20)x (1 SinZ(8)/ ngff)l/ 2 _ J(0)x(Cos2(8)/ ngﬁ,)l/ 2 6.1)

Where 1(0)and A(9) are respectively denote the cavity peak positions for 0° and #° angles of
incidence, and n,rr denotes the effective refractive index. The cavity resonance appears at
552 nm at an angle of 5" and 490 nm at an angle of 60" which indicates a wide tunability of
the 1-D asymmetric MC. The simulated angle dependent reflection spectral mapping of the
microcavity using transfer matrix method is shown in Figure 6.2 (c¢). The yellow region
expands from 460 nm to 650 nm, which represents the stop band of the microcavity and the
central dark red line shape denotes the resonance mode (pass band). The solid dark circles
represent the experimental pass band peaks overlapped with the simulation. Since our laser
source is at 532 nm for the characterization, we fix the pass band exactly at 532 nm at an
angle of incidence 30". This geometry is used to measure the nonlinear absorption by the Z-

scan technique.
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Parameters Simulation  Experiment
(nm) (nm)
Thickness of the layers
Si0, 55 55+5nm
TiO, 72 7345 nm
BaTiO; 177 19945 nm
Band gap at 30°
Central Wavelength 532 nm 532 nm
FWHM (nm) 185 188
Pass band at 30°
Central Wavelength 532 nm 532 nm
FWHM (nm) 11 7.5
Q-factor 48 71

Table 6.1: Summary of fabricated and simulated 1D asymmetric microcavity parameters.

Since the experimental focus is on the nonlinear studies using Z-scan, it becomes vital to
visualize the optical field profile within the microcavity at the laser excitation wavelength
532 nm. Figure 6.3 shows the simulations for transverse electric (TE) and transverse
magnetic (TM) field distributions using the microcavity parameters given in Table 6.1.
Results show that at an angle of incidence 30, the laser light excitation at 532 nm is better
confined within the cavity. The field (|E|*) maxima at the central defect layer implies the
strong localization of optical fields in the microcavity. The spectrally resolved TE optical
field spatial distribution along the length of the microcavity at an angle 30° is shown in
Figure 6.3(a). The low intensity (dark) region ranging from 446 nm to 638 nm denotes the
band gap of the 1-D asymmetric MC, and bright discrete line-shaped intensities (in the white-
coloured dashed encircled area) correspond to the resonance mode at 532 nm. Figure 6.3(b)
shows the TE and TM field distribution over the depth of the microcavity with refractive
index profile at 532nm and for light incident angle of 30". Figure 6.3(c) and 6.3(d) show the
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angle resolved field distribution at wavelength 532 nm for TE and TM modes. The maximum
optical confinement in the BTO layer is obtained at an angle of 30° (white-coloured dashed
encircled area). These results support that defect layer of BTO in an asymmetric microcavity
will enhance optical effects at 532 nm for the incident angle of 30°, which will be further

discussed in the following sections.
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Figure 6.3: Transfer matrix simulation of (a) spatial-wavelength (at 30°) mapping (b) spatial
distribution of the transverse electric (TE) and transverse magnetic (TM) field profiles along
the length of the 1D PhC at 30° angle and for 532 nm wavelength. Angle resolved (at 532nm)
spatial field distribution mapping of (c) TE field and (d) TM field.

6.3.1 Nonlinear absorption studies

For measuring the nonlinear optical absorption, the sample is aligned in such a way that the
532 nm laser beam makes an incident angle of 30° with the sample. From the theory of open

aperture Z-scan [ 12], the coefficient of saturable absorption is given by,

__ % 6.2
a(l)—m (6.2)
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Where, «, is the linear absorption coefficient, 7, and I are respectively the laser intensity

0

at any position z and the saturation intensity for BTO. Laser radiation intensity /7, is given by

z 0 (6.3)

2
Where 1 is the peak intensity at the centre of the focus, z is the sample position, z, =% is

the Rayleigh range, o, is the beam waist at the focal point (z=0), 1 is the laser wavelength.

The normalized transmittance for the open aperture Z-scan is expressed as

I,L
T=1+— Plily - (6.4)
24 (1+(Z/ZO) )
Where, , . :(l—e_aoL)/a o Z 1s the longitudinal displacement of the sample from the focus

(z=0), p 1is the effective two photon absorption (TPA) coefficient, 1 is the on-axis peak

intensity at the focus, L

eff

coefficient and L is the sample length. The normalized open aperture Z scan curves of the

is the effective interaction length, «, is the linear absorption

0

asymmetric dielectric microcavity and the single reference layer of BTO are shown in Figure
6.4(a). The experimental data points are shown in red and black dots corresponding to the 1-
D asymmetric dielectric microcavity and the reference BTO layer. The experimental data is
fitted using equation (6.4) given above and the solid line in the figure represents the fitted
curves. The asymmetric dielectric MC shows saturable absorption at an incident angle 30
for a laser intensity of 0.14 GW/cm? and a comparison shows that the nonlinear behaviour of
reference BTO layer is about six order of magnitude lower (a(l) = -1.29x10"° cm/W) than
the microcavity. This clearly reflects the strong photon confinement and the cavity

enhancement of the BTO layer.
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Figure 6.4: (a) Open aperture Z- scan curves of the asymmetric microcavity (red) along with
reference BTO layer (black). (b) Open aperture Z- scan curves of the 1D asymmetric

dielectric microcavity for the incident angles 20", 25, 30" and 35 .
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Figure 6.5: Spatial field profiles at 20° and 35° along the depth of the microcavity for (a) TE
(b) TM modes. Angle tuned spatial optical field within BTO defect layer and two
neighbouring SiO; layers of the microcavity for (c) TE and (d) TM modes.

The angle tuned Z-scan measurement of the MC is shown in Figure 6.4(b). The sample shows

switching behaviour from reverse saturable absorption (RSA) to saturable absorption (SA),
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by tuning to higher angles, at the same intensity of the laser beam. In order to understand this
behaviour, we simulated the spatial field (|E|, [H|) profiles for the TE and TM modes at two
different angles 20° and 35° (see Fig. 6.5a, 6.5b). Figure 6.5(c) and 6.5(d) exclusively show
the field profile at different angles in BTO layer and the two neighbouring silica layers. It is
obvious from these figures that the total TE and TM modes in both the silica layers put
together is stronger compared to that in BTO layer at lower angles. However, for larger
angles the field confinement in the BaTiO; layer increases. At larger angles the field
confinement in BTO leads to saturation effects as the excitation falls within the band arising
due to the defect states of BTO [13]. Whereas at lower angles the TM optical field intensity
in both silica layers is much higher (Fig. 6.5(d)) than that in BTO layer. Therefore, it can be
concluded that the dominant TPA is from silica layers, leading to an RSA behaviour. Earlier
studies on the symmetric cavity has yielded a simple saturation of absorption behaviour for
all angles [13]. The present result shows that, with proper choice of layers on either side of
BTO, one may be able to achieve very good reversal of RSA to SA and vice versa by
changing the angle of incidence. Moreover, when the thickness of the defect layer (BTO)
becomes larger, the SA behaviour dominates and obscures RSA behaviour. The estimated
nonlinear saturable absorption coefficient «(l) and effective two photon absorption

coefficient S(I) of 1-D asymmetric dielectric MC are shown in Table 6.2.

Angle o(l) (cm/W) L) (cm/W)
20° NA 1.52x10™
25 NA 1.02x10™
30 -1.85x10™ NA
35 -3.02x10™ NA
Ref. layer BaTiOs -1.29x107"° NA

Table.6.2: Estimates of nonlinear absorption coefficients: nonlinear saturable absorption

coefficient a(I) and effective two photon absorption coefficient f(I).
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6.3.2 Photoluminescence

Figure 6.6(a) shows the linear absorption spectrum of BTO, the defect material used in the
fabrication of the microcavity. The absorption peaks appear at 296 nm and 460 nm. The
photoluminescence of the BTO of single layer and the same layer inside microcavity, at the
excitation wave length 460 nm is shown in Figure 6.6(b). A strong enhancement in PL
emission with a significant line narrowing of the spectrum is observed which may indicate
the stimulated emission in the microcavity. The efficiency of the microcavity is determined

by its Quality factor by calculating 1/A4, which is found to be 30. We interpret this as

microcavity multiple reflections and the enhancement in the stimulated emission, which is
obtained by sandwiching the material in between two Bragg mirrors. The angle tuned PL
emission spectra of the microcavity, in the range of excitation angles 20" to 60", with a step
size 10 is given in Figure 6.6(c). There is considerable blue shift that is observed for higher
angles of incidence. The PL emission occurs by several paths, involving numerous states
within the forbidden band gap. PL is directly associated with the localized states existing
inside of the band gap. The conduction band of BaTiO; is formed by Barium s and Titanium s
and d states and the valence band is formed by Oxygen 2p states. An electron transfer
occurring between Barium and Titanium ions may introduce delocalized electronic levels in
the forbidden gap. The presence of s and p states inside the band gap is attributed to the

formation of clusters (TiO; or TiOs) which decrease the band gap emission [13-15].
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Figure.6.6: (a) Absorption spectrum of the BTO reference layer (b) Photoluminescence
spectra of single layer BTO and BTO in the 1-D asymmetric microcavity. (c) Angle dependent
photoluminescence emission spectra of the microcavity. (d) Excitation energy dependent

change in the photoluminescence emission spectrum.

PL emission spectra is recorded at different excitation (pump) energies, namely, 3.09 eV (400
nm), 2.95 eV (420 nm) and 2.81 eV (440 nm). Figure 6.6(d) shows the excitation energy
dependent change in the photoluminescence emission spectrum. The emission is recorded at
2.37 eV (522 nm), 2.32 eV (532 nm) and 2.26 eV (548 nm) respectively. An increase in the
intensity of the photoluminescence emission and corresponding blue shift of the emission

spectrum are observed with an increase in the excitation energy, as can be seen in Figure 6.6

().
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6.4 Conclusions

1-D asymmetric photonic microcavity with BaTiO; (BTO) as defect layer sandwiched
between asymmetric DBRs of SiO, and TiO, was fabricated using RF sputtering technique.
The reflection spectrum shows cavity resonance at 532 nm at an angle of 30". The spatial
field intensity distribution with respect to angle and wavelength using transfer matrix
simulation clearly shows large light-matter interaction and high density of electromagnetic
modes at 30 . The open aperture Z-scan shows an enhancement in nonlinear absorption in the
microcavity and a switching behaviour from RSA to SA for higher angles of incidence, for
the same laser intensity of the beam. It is found that the SA behaviour dominates over RSA,
for a higher thickness of BTO defect layer. Such high intensity laser induced optical
nonlinearities can be further utilized for many nonlinear optical applications such as
controlled nonlinear filters, holographic data usage etc. Further, the strong absorption and
emission features of BTO can be tuned, utilizing the photonic cavity effects for both
fundamental and advanced understanding. A large enhancement in photoluminescence is
observed due to the stimulating action of the asymmetric microcavity and the corresponding
Q-factor was found to be 30. It is observed that there is considerable blue shift of the

emission spectrum with an increase in the pump excitation energy.
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7.1 Conclusions

Photonic crystal microcavity with adjacent layers of Si0,-TiO; and SiO,-SnO, are fabricated
using Sol-Gel and characterised their linear transmission through reflection spectrum and
studied the morphology using FESEM. Role of number of layers and the refractive index
contrast between the adjacent materials on the band gap in the reflection spectrum for both
TM and TE polarization modes are studied. Interestingly, the FWHM of the stop band is
shorter for TM mode, but the reflectivity is found to be higher compared to that of TE mode.
However, consistent fabrication of the crystal was not achievable, due to unavoidable issues
like cracking, which necessitated changing the fabrication method to RF magnetron

sputtering.

A conventional photonic crystal microcavity (symmetric microcavity) with Bragg mirrors
(alternate layers of SiO, and TiO,) of quarter wave optical thickness and the defect (a layer of
BaTiO;) with half wave optical thickness is fabricated by the RF sputtering with a Q-factor of
48. The reflection spectrum of the sample reveals a cavity resonance at 532 nm in a 205 nm
broad photonic band gap at an incident angle 32". The wavelength and the incident angle
dependent spatial field intensity distribution is numerically simulated using transfer matrix
technique. Such study clearly shows the large light-matter interaction and high density of
electromagnetic modes at 32°, thus substantiating the experimental findings. The nonlinear
absorption of the cavity is studied using Z-scan technique, and it is observed to show
saturable absorption at every incident angle. The enhancement of nonlinear absorption in the
microcavity is expressed in terms of enhancement factor G, which is found to be nearly 16,
calculated by means of spatial distribution of optical field. The large enhancement is
attributed as being due to the strong confinement of the optical field. The photoluminescence
spectrum of the reference layer and 1DPhC were also studied and compared to understand the

role of defect layer in its optical properties.
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Conclusions and Future perspectives

The crucial role of the thickness of defect layer, i.e. the microcavity, for a given wavelength
is explored by fabricating two identical microcavities with different thicknesses of the defect
layer. The first microcavity is chosen to be a conventional photonic microcavity with a defect
layer thickness of A/2, and the second one is an unconventional photonic microcavity with an
arbitrary thickness, in this case 2A/3, with the same Bragg mirrors. The enhancement in the
nonlinear absorption coefficient of both cavities are measured using open aperture Z- scan
technique with a nanosecond (ns) laser and results are compared. It is found that, with an
increase in the thickness of the defect layer, there is a switching from reverse saturable
absorption (RSA) to saturable absorption (SA), in response to the angle tuning of the sample.
The spatial field distribution along the depth of the microcavities, using transfer matrix

simulation validated our experimental results.

Next, we fabricated an asymmetric photonic microcavity in which both the Bragg mirror of
Si0, and TiO, and the defect of BaTiO3 (BTO) layers are not as per the Bragg’s condition.
The reflection spectrum shows a cavity resonance at 532 nm at an angle of 30" and at this
particular angle the spatial field intensity using transfer matrix simulation clearly shows
enhanced light-matter interaction and high density of electromagnetic modes. The open
aperture Z-scan shows an enhancement in nonlinear absorption in the microcavity and a
switching behaviour from reverse saturable absorption to saturable absorption, for higher
angle of incidence, for the same intensity of the laser beam. It is seen that the SA behaviour
dominates over RSA for the higher thickness of BTO defect layer. A large enhancement in
photoluminescence is observed, due to the lasing action of the asymmetric microcavity and
the corresponding Q-factor was found to be 30. It is observed that there is considerable blue

shift of the emission spectrum with the increase of excitation pump energies.

7.2 Future Scope

As a next step, it is planned to demonstrate slow light in a photonic crystal using Michelson

Interferometer technique, as this phenomenon has wide applications in microlasers, optical
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Chapter 7

storage, optical microamplifiers etc. It will also throw more insight into the changes in the

light matter interaction within the defect layer.

Co-sputtering of defect layer BTO with metals like copper, silver in photonic crystal
microcavity is another technique that helps to understand the photon-plasmon interactions. In
such systems, plasmons interacting with photon at optical frequencies produces another
quasiparticle, the plasmon polariton. The resultant absorption and emission peaks can be
used in molecular sensors. Moreover, plasmons are known to play an efficient role in
information transfer on computer chips, as plasmons can support higher frequencies. Such
plasmonic enhancement may result in plasmon based electronic devices. Large variety of
incorporation of materials as defect is possible in the case of Sol-Gel method, once we

succeed in quality fabrication of a microcavity using the Sol-Gel method.
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