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SYNOPSIS
(Limited to 10 pages in double spacing)

Nonlinear optical (NLO) effects have been subject of extensive research ever since
the first observation of NLO phenomena known as second harmonic generation
(SHG) because of its broad range of applications [1]. Currently, there is a great deal
of interest in NLO phenomena as it holds great promises for a broad range of
applications in a variety of aspects of human life as well as in the areas of science
and technology [2]. Some examples of the areas of human life are communication,
medicine, and military [1,2]. Among those in the areas of science and technology are
nonlinear microscopy, wavelength conversion, optical switching, photonic devices,
quantum computing and material processing [1,2]. This growing interest in the field of
NLO effects due to its different applications creates a need for new nonlinear optical
materials suitable for the development of integrated optics. Therefore the realization
of NLO applications is closely connected with the development of novel materials and
nonlinear optics [3]. In general, a nonlinear response could occur in a material when
the intensity of the light beam is large enough to overdrive the physical system [1].
This causes the resulting polarization to behave nonlinearly, leading to the
occurrence of several interesting phenomena such as self-focusing and self-phase
modulation [2]. The underlying processes resulting in such nonlinear phenomenon
are intensity-dependent refractive index and attenuation [1,2]. The degree of
nonlinear polarization primarily depends on the electric field strength and oscillator
strength of constituent atoms and molecules which is expressed in terms of linear
and nonlinear susceptibility.

This thesis work was motivated by the necessity to characterize and explore the

nonlinear optical properties of novels materials to assess their capabilities towards
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varied NLO applications. Also, the necessity to tailor and control the linear and
nonlinear optical properties of novel materials for practical applications in numerous
technologies has driven me to work on this project [1,2]. The work is divided into
three parts, a theoretical background section, nonlinear optical properties of organic
and inorganic semiconductors and the linear optical properties of metal-distributed
Bragg reflector (M-DBR) structure. In the theory section, we describe the factors and
mechanism affecting the NLO responses in the sample. This section also presents
the different techniques utilized for the NLO characterization of the samples. The
second part of the present research focuses on the investigation of NLO properties of
organic and inorganic semiconductors as well as investigates the methods to control
or tune their NLO properties. There are many approaches that can help us to modify
the linear and NLO optical properties of materials [1-3]. Amongst the methods that |
have studied is the impact of the structural configuration of the organic
semiconductors i.e. Phthalocyanine thin films [4]. An important cause for NLO interest
is that the Phthalocyanine can be synthesized and their optical properties can be
modified through different metal substitution and peripheral substitution with ease [4].
Their properties are suited to many applications like optical limiting. An important
property of Phthalocyanine is the presence of Q- band whose properties can be
controlled by changing the phase of the Pc films. An alternate route that we have
adopted for the purpose of controlling the optical properties is by means of doping the
semiconductors and creating defects [5]. Doping in semiconductor thin films and
nanorods is a popular way of controlling the linear and nonlinear optical properties of
materials. It is important to mention here that doping leads to the development of new
materials with enhanced NLO properties such as nonlinear absorption and nonlinear
refraction [6]. We have also looked at the sub-wavelength structures with the
perspective that can help us to enhance linear and nonlinear optical effects. The

interaction of light with these sub-wavelength structures (such as metal-photonic
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crystal structures) leads to the confinement of the electromagnetic field and hence
significantly enhances the light-matter interactions and hence, linear and NLO effects
[7,8].

For the study of nonlinear optical properties i.e. nonlinear refractive index and
nonlinear absorption, we used the closed-aperture (CA) and open aperture (OA) Z-
Scan technique [9]. The Z-scan technique is a simple, sensitive, uses single beam
and highly effective method to measure the nonlinear refractive index and nonlinear
absorption of a material. In the CA Z-scan technique, we measure the transmittance
of the nonlinear medium through a finite aperture in the far-field as the sample is
translated across the focus of the Gaussian beam. The phase extracted from the CA
measurements is related to the nonlinear refraction of the sample. In the OA Z-scan
technique, we measure the transmittance as a function of sample position as the
sample is translated through the focus of the Gaussian beam [9].

In order to study the impact of phase change (a— B) of Tetra-tert-butyl-
phthalocyanine (H,Pc) on NLO properties; 2,9,16,23-Tetra-tert-butyl-29H,31H-
Phthalocyanine powder was used for the preparation of Phthalocyanine thin films. We
prepared H,Pc thin-films at room temperature on an ultrasonically cleaned glass
substrate at a base pressure of 10° Torr using thermal-evaporation-technique. The
prepared thin-films exist in the a-phase form of H,Pc (UTT) which was further
annealed at 473 K for 90 minutes using a muffle furnace to obtain the corresponding
thermally-stable B-phase i.e. ATT [10]. The structural modifications in H,Pc films
showed distinct signature in UV-visible absorption spectra, powder X-ray diffraction
and Raman spectra which were employed for identifying the transformation from o-
phase to B-phase. The NLO characteristics which include nonlinear refractive indices
such as n, and n4, as well as nonlinear absorption coefficient (Bef), were measured by
using a single beam Z-scan technique [11,12]. Using an ultrashort pulsed fiber-laser

at 1064 nm central wavelength, we performed the OA and CA Z-scan experiment. In
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OA experiment, we obtained a smaller value of B¢ in a-phase as compared to B-
phase due to a smaller value of saturation intensity (Is) which, in turn, is a
consequence of ground state bleaching in the thermally unstable amorphous state of
the molecule. The impact of ¥® nonlinearity in the CA Z-scan transmittance of o-
phase was apparent from the dual peak-valley behavior and interestingly, the optical
phase changes due to y® and y‘® nonlinearities bear opposite sign [11]. In addition,
they alter their signs as the laser intensity increases. A dominant fifth-order NLO
contribution in the PC films was mainly a consequence of inherently large ® as well
as two-photon assisted nonlinear refraction as a result of excited state absorption
(ESA). It is worthwhile to mention that a-polymorphs are comparatively less stable
and more susceptible to distortion as a consequence of molecular architecture and
molecular stacking arrangement on the substrate. Therefore, UTT films are expected
to undergo the greater change in dipole moment as compared to ATT films when
appropriate vibrational modes (with different scales of disorder) in the polymorph are
excited by the external electric field. As a consequence, the structural orientation has
a strong influence on the electrical as well as optical properties. The NLO study of
metal-free Pc films revealed that the switching characteristics of n, and n, in o-
polymorphs could be a promising candidate for devising controlled switches and
gates in modern photonic integrated circuitry. On the other hand, H,PC films existing
in B-phase are better suited for optical limiting applications by virtue of their improved
saturable absorption properties.

In another study, the impacts of phase transformations of metallophthalocyanine
(MPc) thin films on their third-order nonlinear optical (NLO) properties were
investigated. In order to do so, MPc thin films are prepared by thermally evaporating
the commercially available Copper(11)2,9,16,23-Tetra-tert-butyl-29H,31H-

phthalocyanine (CuPc) and Zinc(ll) 2,9,16,23-Tetra-tert-butyl-29H,31H-
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phthalocyanine (ZnPc) powder on glass substrate. Thermal annealing causes a
phase transformation which has a distinct signature in powder X-ray diffraction and
UV-Vis-NIR spectroscopy [10]. The NLO characteristics which include nonlinear
refractive index n, as well as nonlinear absorption coefficient (Be), were measured
using a single beam Z-scan technique [9]. The CA Z-scan reveal opposite sign of
nonlinear refractive indices for CuPc and ZnPc thin films. It was also observed that
the n, values are affected by the central metal atom and the phases of the MPc
molecules. In the case of ZnPc thin films, the value of nonlinear refractive index
varies marginally on phase transition. The case of CuPc is completely different. The
as-prepared CuPc has the highest value of the nonlinear refractive index. The value
of n, decreased from 9.6 x10"°m%W to 2.2x 10™"° m?W on annealing the CuPc thin
films at 473 K. An explanation of this observation for CuPc is strongly connected with
the phase change [13]. The OA Z-scan investigation reveals that annealed CuPc
phase exhibits strong NLA which is essentially a consequence of a singlet ESA
assisted TPA. Due to strong NLA, CuPc films can be employed as optical limiters at
1064 nm. The as-prepared and annealed ZnPc thin films are found to exhibit optically
induced transparency or saturable absorption behavior at 1064 nm. This difference in
NLA for CuPc and ZnPc can be attributed to their different absorption mechanism
and excited state dynamics.

In addition to the nonlinear optical properties of organic semiconductors, we have
also studied the NLO properties of inorganic semiconductors Zinc Oxide (ZnO). The
work is motivated by the necessity to control the interaction between light and matter.
In order to do so, we doped Manganese (Mn) in ZnO sub-wavelength rods and
investigated its nonlinear optical properties, namely two-photon absorption (TPA) and
nonlinear refraction using single-beam Z-scan technique utilizing sub picoseconds

532 nm laser [9]. Mn-doped ZnO nanorods (NRs) were prepared by low-temperature
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aqueous growth technique. The results showed that Mn-doping concentration
primarily determines the interaction between light and Mn-doped ZnO nanorods. We
observed that Mn-doping concentration primarily determines whether ZnO NRs would
exhibit saturable absorption (SA) or two-photon-absorption (TPA) characteristics in
the OA Z-scan experiment. At high Mn-doping concentrations, ZnO NRs exhibit
strong SA behavior displaying an increase in transmittance which could be attributed
to high occupation probability of defects states as well as saturation of linear
absorption of sub-wavelength rod aggregates at high optical fluence. In addition to
this, a residual absorption originated by the tail of the absorption edge or the product
of the mid-gap states produced by the high doping concentration of the sample could
be expected and deriving in a saturable absorption behavior [14]. In contrast to high
Mn-doping concentration in ZnO NRs, we observed TPA feature in undoped and
0.5% Mn-doped ZnO NRs. The employability of such structures in the area of optical
limiting and switching is essentially derived from the possibility to tune their nonlinear
optical absorption which could be realized by appropriate Mn-doping in ZnO NR
architecture. In CA Z-scan measurements, all the samples with varying concentration
of Mn-doping exhibited self-defocusing effect with significantly higher n, values as
compared to ZnO thin films. The significantly large third-order NLO behavior could be

appreciated by observing the modifications in geometrical arrangement and band

structure of ZnO NRs as a function of Mn-doping.

In the subsequent section of my thesis work, we have investigated the properties of
Optical Tamm plasmon (OTP) resonances in metal-distributed Bragg reflector (M-
DBR) geometry [15]. OTP resonances in M-DBR geometry can be put to many
practical uses [8,16]. For example, excitation of OTP helps us to achieve light
localization which in turn leads to an enhanced nonlinear response. Light localization

also helps us to enhance the sensitivity of the optical sensors. OTP has also great
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potential to be applied in the field of optical switches, OTP based laser, light trapping
in a nano and microcavity and in enhancing the fluorescence [17]. To begin with, we
present a comprehensive investigation of the impact of metal films on tuning the
quality-factor (Q-factor) of OTP modes in M-DBR structure. The lifetime and the Q-
factor of OTP in gold and silver deposited films on DBR mirror were determined from
OTP resonance linewidth. The lifetime and the Q-factor of OTP modes are found to
depend on DBR bilayers, metal film thickness as well as on different plasmon active
metals. This is because of the fact that lifetime and Q-factor are dictated by the
sharpness of the OTP resonance and sharpness of the resonance curve depends
upon the imaginary part of the dielectric constant of the metal, number of DBR
bilayers and metal thickness [16]. In general, Q-factor is a measure of the rate at
which optical energy is dissipated from within the cavity (due to absorption,
scattering, or mirror leakage) and hence, it signifies the strength of confinement of
electromagnetic energy in a given volume. We observed that the linewidth of OTP
modes turns smaller when the intrinsic reflectivity of the metal layer or the DBR
geometry increases. The Q-factor of OTP modes in case Ag-DBR geometry was
measured to be almost ~ 1.65 times than that for Au-DBR geometry. We also
observed that the average photon lifetime in OTP mode strongly depends on metal
thickness as well as nature of plasmon-active metal for a different number of DBR
bilayers. This investigation provides a plausible route to optimally choose the metal
and DBR architecture so as to satisfy the requirement for a particular application.

Another part of this work presents a comprehensive analysis for enhanced coupling
of light to TPP mode based on the observations of reflectance minima in the
reflectivity spectra [18]. The coupling efficiency of TPP modes is strongly influenced
by the thickness of metal, choice of plasmon active metals as well as the number of

bilayers [16]. In order to attain a condition of efficient coupling, the DBR structure
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should undergo concomitant changes in the number of bilayers together with the
metal thickness. Also, a shift in the resonance wavelength was achieved through
varying DBR top layer thickness and varying the metal thickness. Our proposed
design scheme resulted in controlling the reflectivity minima for TPP resonance
based on requirements of applications. In a separate work, we have presented a
plausible route to realize a refractive-index sensor using hybrid-modes in dual "Ag-
DBR' geometry supporting hybrid-modes formed as a consequence of coupling
between individual TPP modes at the metal-DBR interface [19]. Since the coupling
between the TPP modes is carried out through the sub-wavelength sized analyte
medium, the symmetric hybrid-mode undergoes appreciable change when analyte
refractive index alters. This forms the basis of the refractive-index sensing
mechanism. Our analysis shows that hybrid-mode sensor performance is comparable
to that for interferometer based sensor as well as SPR sensors. The proposed
scheme can be potentially applied to biochemical sensors with the integrated
nanofluidic channel.

Another study is intended to propose a practically feasible refractive index sensor
based on a cavity mode. The cavity mode based sensor is realized by a “metal-
cavity-DBR” configuration in which the refractive index of the cavity varies.
Consequently, there is a spectral shift of cavity resonance wavelength which forms
the basis of refractive index sensing [20]. The sub-wavelength sized cavity
substantially enhances the field concentration between metal and DBR due to
excitation of cavity mode which results in high sensitivity and improved detection
accuracy. Both the wavelength and angular spectral sensitivities of the biochemical
sensors based on cavity mode reveal a strong dependence of sensitivity and
linewidth on the angle of incidence and polarization of the light. The proposed
scheme and associated design can be potentially applied to other desired wavelength

as well by optimally designing the DBR structure. The significant advantages of the

xxiii



presented sensor suggest the use of this sensor for biochemical applications and can
be integrated to the nanofluidic channel. In another work, we also proposed and
experimentally realized Tamm-plasmon-polariton (TPP) based temperature sensor
[21]. The sensing architecture is comprised of thin silver (Ag) film on a broadband
dielectric coated mirror. The OTP mode excitation is characterized by a sharp dip in
reflectivity within the high reflectivity band of the dielectric mirror. It was observed that
the TPP reflectivity dip reduces uniformly as a function of temperature without
affecting the sharpness of the dip. Defining temperature sensitivity in terms of change
in reflectivity from the composite structure, a sensitivity of 7.8 x10* / °C was

determined.
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Chapter 1

Introduction

1.1 Motivation

The nonlinear optical response of a medium to an intense laser beam could result in
polarization at frequencies not present in the incident radiation [1]. If the light beam is
intense enough, different nonlinear optical (NLO) effects like Sum Frequency
Generation (SFG), Difference Frequency generation (DFG), Intensity-dependent
refractive index (nonlinear refraction), nonlinear absorption (NLA) could come into
effect [1,2]. Such NLO effects have a broad range of applications in different areas of
science and technology which touch human life in a variety of ways e.g. through
communication, medicine and military [3-5]. In science and technology, nonlinear
optics play an indispensable role in the areas of nonlinear microscopy, frequency
conversion, optical switching & limiting, photonic devices, quantum computing and
material processing and many more [2-6]. However, the lack of suitable photonic
materials offering requisite functionality is often the chief limitation in efficiently
catering to the aforementioned applications. Therefore, strong emphasis is being laid
in the research for exploring novel materials in nonlinear optics in order to expand the
scope of these applications and refine those which are already in the matured stage. In
this direction, material technology and nonlinear optics are working hand-in-hand for
the realization of efficient and reliable NLO devices. Amongst the materials that are
being investigated for the NLO applications are polymers, semiconductors and
plasmonic materials [7-12].

The motivation behind the present thesis work is essentially aimed at exploring a

variety of artificially prepared materials which exhibit interesting NLO characteristics.



The explored materials constituents are expected to significantly contribute towards
developing more efficient systems for the optoelectronic industry as well as delving
deeper into basic science [2]. Through the investigations, we aim to gain a fair bit of
physical insight of underlying mechanisms which are playing a vital role and
subsequently, design recipes for controlling the linear as well as NLO properties of
novel materials for a broad range of applications. The present thesis work will be
primarily focusing on two aspects. The first part will be primarily focusing on various
x®) based NLO interactions such as nonlinear refraction (NLR) and nonlinear
absorption (NLA). In the remaining part of the thesis, I will present examples of
light-matter interaction in the periodically stratified medium through our

investigations of optical surface modes [2,13-15].
1.2 Aim and Objectives

The primary objective of the present Ph.D. thesis is to study the NLO properties of
organic and inorganic semiconductors as well as investigate the methods to control
their NLO characteristics. There are many approaches that can help us to modify the
linear and NLO optical properties of materials [7,15, 16-22]. Amongst the methods
which I have focussed on the impact of the structural configuration of the organic
semiconductors i.e. Phthalocyanine thin films [7]. The research in Phthalocyanine thin
films is not limited to the field of organic chemistry. It is a crucial material under
investigation in the semiconductor industry as well. Phthalocyanine films could be
synthesized through well-established routes and their optical properties can be
modified through different metallic substitutions and peripheral substitutions which
could be realized with ease [23-26]. Their properties are suited to many applications

including optical-switching and optical limiting [22, 26, 27]. An important property of



Phthalocyanine is the presence of Q-band in the visible region which could be
optimally tailor altering the morphological phase of the Pc films [23,24,28].

Another technique that we have deployed for controlling as well as manipulating the
nonlinear optical characteristics is through doping of semiconducting sub-wavelength
materials and creating defects [29]. Doping in semiconductor thin films and nanorods
(sub-wavelength rods) has been a popular route for controlling the linear and NLO
properties of materials over the last few years [30-33]. For example, in case of optical
limiting, doping leads to the development of new functionalities without affecting the
primary application and at times, enhances the listing efficiency [29, 34].

Our prime motivation has been to focus on the periodic sub-wavelength
semiconducting as well as insulating geometries with a perspective of understanding
the light-matter interaction mechanisms which are responsible for enhancing the linear
and NLO effects [15-17]. The thesis explores the consequences of the interaction of
light with periodic subwavelength architectures (such as Metallo-dielectric photonic
crystals) which results in the -electromagnetic field localization and hence,
significantly enhances the light-matter interaction [16, 35]. This, at times, has a direct

and decisive role to play in enhancing the NLO effects [15,35].
1.3 Thesis Outline

My thesis work is divided into 6 chapters. In chapter 2, I introduce the theoretical
principles and the derivation of the expression for various NLO concepts like NLR
and NLA that form the basis of my research [2,36]. This is followed by a detailed
description of the origin of NLO response in different novel optical materials [1]. A
comprehensive description of the nonlinear measurement Z-scan technique follows

this [36-38].



In chapter 3, the Z-scan results obtained from investigations on organic semiconductor
is presented [29,36]. Here, Z-scan measurements on metal-doped Phthalocyanine (Pc)
thin films and metal-free Phthalocyanine thin films are discussed in detail [39.40]. To
be precise, this chapter deals with characterization and optimization of nonlinear
optical coefficients in different phases of Phthalocyanine thin films. The impact of
morphological and structural phase-change on high-order NLO properties in different
phases of phthalocyanine (metal and metal-free) thin films are studied using the Z-
scan method [36]. Furthermore, the CA Z-scan results revealed a strong fifth-order
nonlinear refraction in as-prepared (o-phase) metal-free Pc thin-films. The intensity
dependent fifth-order NLR is investigated and discriminated by the third-order NLO
refractive-index. In subsequent sections of this chapter, I investigated the impact of
the metal atom in the Pc ring and their effects on nonlinear properties [40]. This study
revealed that the linear, as well as nonlinear characteristics of Phthalocyanines,
depend on their phases due to the difference in their intramolecular arrangement. The
ultrashort fiber laser based Z-scan experiment facilitated the study of both the
saturable absorption (SA) and Excited-state-absorption (ESA) in Pc thin films.

Chapter 4 presents the results that [ have obtained from the investigations on inorganic
semiconducting sub-wavelength structures [29]. Here, the Z-scan measurements
performed on Mn-doped ZnO nanorods is presented. To begin with, a discussion
about the NLO properties of the bulk ZnO is presented. Thereafter, the NLR and NLA
coefficients for different concentrations of Mn-doped ZnO rods which are determined
from the Z-scan measurements have been presented. The results reveal that the
increase in Mn-doping concentrations leads to SA phenomena in ZnO nanorods. This

observation is explained by the concept of elongated lifetimes of the defect states.



As an important aspect of present thesis, the associated research has investigated the
characteristics and utility of Optical Tamm plasmons (OTP) which are optical surface
states existing at an interface between an optically periodic and continuous media
[38]. In chapter 5, I present the investigations on ascertaining basic features of OTP
[41]. To begin with, the fundamental aspects of light propagation in composite
dielectric and metallic geometries are presented. Using the theoretical model, the
excitation mechanism is explored and the dependence of propagation features on
Metallo-dielectric configuration is presented. Finally, the ideas have been deployed to
ascertain the possibility of devising an OTP based temperature and refractive-index
sensor [42-43].

Finally, chapter 6 summarizes the results described in previous chapters and

conclusions. Furthermore, this chapter briefly suggests the possible future.
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Chapter 2

Third Order Optical Nonlinearities: Mechanisms and

Measurement Method

In this chapter, I present an overview of nonlinear optics (NLO), underlying
mechanisms as well as the experimental techniques which have been rigorously
deployed in the present thesis work. The first section of this chapter gives a brief
introduction to the concept of NLO that results in the nonlinear optical phenomena
like NLR and the concept of NLA. The second section of this chapter discussed the
mechanisms or the origin of third-order susceptibility. In the third section, I present
the detail description of the Z-scan experimental technique used to study the third-
order susceptibility i.e. ¥*¥. This is followed by features as well as factors

contributing to the error in the measurement of NLR and NLA response.
2.1 Nonlinear Optics

Study of laser light-matter interaction changes the optical properties of a medium [1].
When any real physical system is overdriven, then it gives rise to change in its optical
response which is expressed as nonlinear dependence polarisability on the electric
field of an electromagnetic wave [2]. At low input power in an optical system, the
optical response changes linearly with the electric field (E). However, at high input
intensity, light-matter interaction leads to a rapid change optical response from any
material [2]. A few mW of moderately focused laser light is intense enough to cause
this change of the material optical properties. This change in the material properties
gives rise to nonlinear optical-effects like self-focusing, NLA, harmonic generation
and solitons etc [1]. In presence of laser light, this change in material optical

properties is expressed through the polarization (P) of the optical medium [2].
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Therefore, the polarization P of the material system does not vary linearly with the
electric field (E) and contains contributions from higher power E as described by the
Taylor series [1].

P=(g,x"Ete, P E’ +e,x VB +...) 2.1
where gy is the permittivity of free space, x(l) is the first-order susceptibility and
X(2),X(3) are the second and third-order susceptibility. ¥'") describes the regime of linear
optics. The real part of " is associated with the linear refractive index (ny) whereas
imaginary part of " is related to linear absorption (ag) [1,2]. Second order
susceptibility X(z) give rise to phenomena like second-harmonic generation (SHGQG),
difference frequency generation (DFG) and optical parametric processes [1]. Third-
order susceptibility i.e. x(3) cover a large area of NLO and is responsible for many
phenomena like the intensity-dependent refractive index, NLA, four-wave mixing,
third harmonic generation etc [1]. In this work, we are basically interested in
phenomena giving rise to nonlinear refraction (NLR) and NLA. It is important to
mention here that the Taylor series expression for the NLO properties expressed by
the equation (2.1) is assumed to converge quickly under the perturbative approach [3].
Also as the equation assumes the response is instantaneous, therefore the equation
(2.1) is true and valid under the conditions of bound-electronic nonlinearity [1,3]. This
is mainly because of the fact that, the NLO response is fast under bound-electronic
nonlinearity condition. Since the magnitude of linear susceptibility X(l) is very large as
compared to the ¥ and ¥ susceptibility, therefore their response can be observed

only at high input intensity or at long laser-matter interaction length [1].
2.1.1 Third-order Nonlinear Properties

Third-order nonlinear optical properties stem from the third term (xE’) of the
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equation 2.1. This term implies that the frequency mixing by the interaction of three
fields leads to the generation of fourth field [2]. Therefore ¥** is a 4 photon process. In
this section, nonlinear optical properties like intensity-dependent refractive index and
NLA associated with y® are analyzed and discussed. ¥ is complex in nature and is
the tensor of rank 4. The real and imaginary parts of x(3) are associated with NLR and

NLA.
2.1.2 Nonlinear Refractive Index

Generally, the nonlinear refractive index is referred to the spatial variation in
refractive index of material due to the presence of intense laser field [1,2]. This
change in refractive index is caused by several mechanisms. Out of these
mechanisms, one is optical Kerr effect [1,4]. Optical Kerr effect is related to the
electronic contribution to the nonlinear refractive index change i.e. third term

contribution of equation (2.1). In particular
PN (0)=3e,4 " [E,| E(w) 2.2

For a monochromatic field of the form
E(t)=E,e ™ +cc. 2.3

Therefore, the total polarization of the optical medium at frequency ® can be written

as
P (w)=¢, (x(” +3x7[E,[ )E(w) 2.4
P (w)=e X E(0) 2.5

where X is the effective susceptibility and is described by the expression

2
X=X 317 [y | 2.6
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As the linear refractive index (ng) is associated with the x(l), therefore the concept of
effective susceptibility leads to the idea of effective refractive index described by the

following equation[1].

n’=1+yefr 2.7
2
Zop=x" 3% |E,| 2.8

Equation (2.8) shows that refractive index is irradiance dependent.

n=n, [1+=5" |E0|2 2.9

3E 2 )
As Z—zo <1 therefore the equation (2.9) can be expressed as
ny
3 3E2
n=n, | 1+2% 0 2.10
2n;
3E2
n~n,+2LEo 2.11
2n,
Now the intensity in terms of the electric field is expressed by the relation
1=2¢cn,|E,| 2.12
Therefore equation 2.11 can be written as
n = ny+tn,l 2.13
3
where n, =43+ and is called the nonlinear refractive index. In general equation
n,ce,

2.13 can be rewritten as
n=ngp+ n21+n412 2.14
where n, and ny4 are the contributions from the real part of X(S) and X(S) respectively.

Equation 2.14 shows that refractive index of a medium is irradiance dependent. This
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change in refractive index leads to few effects such as self-defocusing, self-focusing,
four-wave mixing, self-phase modulation, photorefractivity, phase conjugation, spatial

solitons, optical bistability, nonlinear waveguides, and interfaces etc. [1,5-7].
2.1.3 Nonlinear Absorption (NLA)

Unlike linear absorption process where a material system absorbs a photon and is
excited to a higher energy state, NLA involves simultaneous absorption of two or
more photons and excitations to a higher energy state [1]. Therefore we can say that
NLA is an absorption phenomenon that can occur in the presence of strong
electromagnetic fields. It is an intensity dependent phenomenon and is expected to be
maximum when the sample is at the focal point of a laser beam. NLA is associated

with the imaginary part of 3’

. The phenomenon of NLA requires an energy resonance
and is observable only at high intensity. NLA is associated with the change in the
amplitude of pump beam on propagation through a medium with a non-zero value of
imaginary part of ¥ [2]. In order to determine NLA coefficients, the total power of a
focused laser beam transmitted by the sample is measured by a photodetector. The
phenomena of NLA could occur due to a variety of processes like multiphoton
absorption (MPA), reverse Saturable absorption (RSA) and SA. The aforementioned
NLA mechanism processes also depend on laser wavelength, laser pulse duration, and
the pump intensities. It is important to note that the magnitude of the imaginary part of
v for a material determines the actual value of intensity necessary for NLA to be
observed. In other words, the probability that an optical system will show NLA when
a light of given wavelength is launched on it depends on the intrinsic properties of

materials [8]. The process of simultaneous absorption of two photons for excitation

from the ground state to excited state is referred to as two-photon absorption (TPA) as
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shown in Fig 2.1. Fig 2.1 illustrates the phenomena of one photon absorption (1PA) as
well as TPA. For example, if E; and E, are the two photon energies, then for TPA
process to occur E; +E; must be greater than the difference in energy between the
ground and excited state. In other words, £; +E, must be in resonance with one of the
electronic states of the system. As a result of TPA, there is a decrease in the pump
intensity and system is pumped t to the excited state (state “e” in Fig 2.1) from the
ground state (state “g” as shown in Fig. 2.1). TPA was first theoretically described by
Maria Goppert-Mayer in 1931 and in 1961 Kaiser and Garrett observed it
experimentally [1, 8,11, 12]. However, when more than two-photon is absorbed to

make a transition from ground to the excited state, the process is referred to as multi-

photon absorption (MPA) [10].

| A e A

8

Fig 2.1 Schematic diagram showing one photon absorption and TPA. “g” is the
ground state and “e” is the excited state.

With the advances in science and technology, a number of experimental techniques
have been developed to study the NLA spectra of the optical system as well as to
determine TPA or MPA absorption cross-section. The methods are classified into two
categories:

1. Direct Methods

2. Indirect Methods
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In the direct methods, optical power loss in the pump beam is measured. Therefore, in
the direct method, the change in intensity of the pump beam is measured which is an
extension of linear absorption measurement method. Nonlinear transmission (NLT)
and Z-scan technique are the examples of direct measurements of NLA methods. In
NLT method, the sample is placed in the path of a focussed Gaussian laser beam and
laser power is measured before and after the sample by varying the input power. In the
Z-scan method, the transmittance is measured by moving the sample along the
direction of the laser beam. The Z-scan method is used for the NLO study in this
thesis work and will be discussed in detail in the later part of this chapter. In indirect
methods, the effects of TPA or MPA like TPA induced fluorescence, phosphorescence
is monitored. Also, effects like temperature change in the materials due to NLA are
monitored. Due to the simplicity and the fact that it can be applied to all kinds of
materials like solid and liquid, direct method is mainly utilized for NLA coefficients
measurements.

It is worthwhile to note that the nonlinear optical phenomenon has important

implications in the field of spectroscopy.

+» TPA and MPA have been deployed as a nonlinear spectroscopic technique for
probing molecular properties like two or three photon resonance higher active

excited state which are not accessible due to selection rules [1]

% TPA microscopy has also been utilized to remove the background in the

imaging process in the highly scattering medium [1].
+¢+ Two-photon fluorescence imaging [8]
+» Laser-induced breakdown spectroscopy (LIBS).

+* 3D microfabrication [8]
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+ Optical limiting [1,8]
++ Optical data storage [8,9]
% For a permanent change of materials via MPA or multiphoton ionization [9].

However, NLA phenomena like TPA and MPA also leads to losses in an optical

system and hence, this limits the uses and effects of devices based on the NLO.

2.2 Physical Mechanisms behind Nonlinear Refractive Index

There are number of physical processes which are responsible for the change in
refractive index at high intensity. We describe some of the important mechanism in
this section briefly. It is important to mention here that not all the mechanisms are
present in all the materials exhibiting optical nonlinearity. Most of the mechanisms
depend on the type of materials probed [4]. Here, we discuss the physics of these
mechanisms and provide the typical values of refractive index and response time [1,
4,15]. The different physical processes that contribute to third-order nonlinear
susceptibility are

¢ Electronic Polarization

e Molecular Orientation

e Photorefractive Effects

e Flectrostriction
® Thermal Nonlinearities
Electronic Polarization

It is a well-known fact that when we apply an electric field to an atom or molecules, it

distorts the electron cloud of the atoms or molecules. The distortion of the electron
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cloud produces a net dipole moment which is linearly proportional to the applied field.
However, with laser light, the net dipole moment has a significant contribution from
the higher-order electric field. Although its magnitude is small it turns prominent at
higher values. In case of electronic polarization, the change in refractive index is local
and the response is very fast ~ 10™"° s [1]. The response is appreciably fast due to the
involvement of virtual transitions. As electron distortion is easy in large size
macromolecules essentially due to the wide distribution of electrons and decrease in

binding energy, we expect large nonlinear contributions from macromolecules.
Molecular Orientation

This mechanism is responsible for large variation in the nonlinear refractive index in
anisotropic molecules. Linear molecules of liquids and liquid crystals mainly exhibit
molecular orientation that contributes to n,. This contribution is due to the tendency of
a molecule to reorient itself along the polarization axis of the applied field. Therefore,
the orientation of molecules in presence of strong field leads to an induced dipole.
Hence, the molecule experiences a torque caused by the electric field and induced
dipole interaction. Due to this torque experienced by the molecules, it tries to reorient
itself parallel to the field [1,4]. The net effect is the change in polarizability which
manifests in intensity dependent refractive index. Response time for refractive index
change due to molecular orientation is = 10" s [1].

Photorefractive Effects

This effect is due to absorption in the maedium [1]. The absorption leads to the
redistribution of electrons and holes. Due to the spatial variation of laser light and
distribution of electrons and holes, the observed change in the refractive index is local.

This nonlocality in index change is the cause for a number of effects like two-beam
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coupling and beam fanning [4]. The contribution of photorefractive effects to the
changes in refractive index is appreciably large and they play a dominant role in case
of semiconductors. Also, it is important to mention that the contribution of

photorefractive effects is intensity independent.
Electrostriction

Electrostriction is the property of a dielectric in which an application of an external
electric field in the dielectric tends to deform or change its shape [1,15]. However, on
changing the direction of the electric field, it does not change or reverse the
deformation. The deformation in such dielectric materials is due to the internal forces
produced by the non-uniform electric field. The value of nonlinear refractive index

change due to electrostriction is ~ 10" cm?/W and response time is 10” s [1,4].
Thermal Nonlinearities

Thermal contribution to nonlinear refractive index comes from the absorption.
Absorption leads to local heating and hence, there is a temperature gradient which in
turns changes the density of a medium. This change in local density modifies the
refractive index which could be attributed to thermal effects. It has been observed that
the refractive index (n) monotonically decreases for fluids as a function of
temperature. However, for solid samples, change in refractive index could exhibit an
increasing or decreasing trend with the increasing temperature. The response time for
thermal contribution is =107 s [1]. Therefore, thermal contribution leads to strong

nonlinear response [4].

2.3 Nonlinear Measurement: Z-Scan Method

There are quite a few numbers of experimental methods for nonlinear optical

characterization of the materials. Some of the experimental technique includes four-

20



wave mixing (FWM), time-resolved pump-probe technique, interferometric technique,
Z-scan technique, beam-deflection [3,6,16-18]. The advantage of one over other
depends on the mechanism of the nonlinearity as well as the physical quantity that we
are aiming to determine. For example, with four-wave mixing (FWM) technique, we
characterize the different components of x** a tensor. However, this method cannot be
employed for determining the sign of x(3) [6]. Additionally, in FWM method, both
NLR and NLA contribute to the mixing process and consequently, the contributions to
real and imaginary components of ¥ cannot be determined simultaneously. On the
other hand, the interferometric method assists in circumventing this issue [6].
However, the implementation of the interferometric technique is a bit complex as it
requires precise beam alignment and stable environment. A very simple and sensitive
method for investigating the third-order nonlinearities is Z-scan [18,19]. There are

various forms of Z-scan methods like transmission Z-scan, reflection Z-scan,

M1

A=1064 nm
At=250 fs
Rep. Rate :80 MHz

PD2

[ 1

PD1 Computer

Fig 2.2 Z-scan method schematic. HWP: Half-wave plate, PBS: Polarizing beam-
splitter, Stage: Translation stage (10 cm travel), A: Aperture; M1, M2: Mirror, PD1,

and PD2: Large Area Detector, L: Lens (f=100 mm).
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Eclipsing Z-scan, time-resolved Z-scan [19-23]. Here we give a comprehensive
description of the transmission Z-scan method used to determine the optical
nonlinearity of organic semiconductors in this work. Using this technique, real and
imaginary contributions to x(3) could be ascertained [18]. Additionally, NLR and NLA
sign could be determined with the conventional Z-scan method. In the present thesis,
the Z-scan method is employed for studying the NLO properties in Mn-doped ZnO
nanorods, phthalocyanine, and metal phthalocyanine thin films. A schematic of the
transmission Z scan is illustrated in Fig 2.2.

There are basically two forms of Z-scan.

1. Closed-aperture (CA)
2. Open Aperture (OA)

In the CA Z-scan method, transmittance through an aperture (as shown in Fig.2.2) is
monitored at a far distance as the sample is translated across the focal plane. In OA
method, we remove the aperture and measure the transmission of the sample as it is
translated with respect to the focus. In OA measurements, it is to be ensured that the
optical detector sensitive area is significantly large so as to capture the total energy or
power transmitted through the sample. Therefore, in the OA Z-scan transmission
method, only nonlinear absorption (NLA) is expected to cause variation in
transmission as the sample is translated. When the sample is far from focus, the
irradiance is low and therefore, no nonlinear effects are present. This leads to constant
transmission. When sample approaches the focal point, the intensity increases due to
small spot size, thus it will induce nonlinear optical effects and hence, a change in

transmission.

2.3.1 Closed-aperture Z-scan Method
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The CA Z-scan method is illustrated in Fig. 2.3. As observed from Fig.2.3, the
transmittance of the sample at the far field is monitored through an aperture. An
aperture in front of the photodetector is placed so that only a fraction of light passes

through it and enters the

Beam Waist Detector

Aperture

Fig 2.3 CA Z-scan Schematic

photodetector. By far field, we mean that the distance of the aperture from the focal
plane is very large as compared to the Rayleigh length [24]. Fig 2.4 shows the
schematic of a CA Z-scan signal for the positive and negative n, values. When a
sample has a positive nonlinear refractive index, it will cause self-focusing effect
called optical Kerr effect. When the sample is near the focal plane, the self-focusing
phenomena cause the laser light to focus before the actual focal point and hence, it
tends to diverge more near the detector plane. Due to this divergence and presence of

an aperture, there is a decrease in the detector power and hence creating a “valley”.
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When the sample is moved to the post-focal point, the beam collimated due to self-
focusing. Collimation of beams in front of the aperture causes more light to enter the
detector and therefore, we observe a “peak”. Again as the sample reaches far-field, the
irradiance decreases and hence, no NLO effects are observed. So, a sample with
positive n, will yield a “valley” followed by a “peak™ as the sample is translated
through the focus of the beam. Similarly, a sample with negative n, exhibits a peak in

the pre-focal point and a

1.015 1.04
. 1.01
@ 1.02
91.005
=
£ 1
2 0.995

0.99 0.98

40 20 0 20 40 40 20 0 20 40
Z-Scan position (mm) Z-Scan Position (mm)

Fig 2.4 Closed-aperture Characteristic curve for positive and negative nonlinear
refractive index

valley in the post-focal plane. The CA Z-scan gives us the phase change from which
we can determine the nonlinear refractive index.

The valley-peak or peak-valley signature is symmetric with respect to the focal plane
in absence of NLA. However, if there is NLA in the samples, then the CA Z-scan
transmittance curves are asymmetric about the focus. In case phase shift due to NLA
is large, then also CA Z-scan transmittance curves become asymmetric about the
focus. Depending upon the NLA mechanism, the peak or the valley would be
enhanced and suppressed. SA tends to enhance the peak and suppress the valley.

However, TPA and MPA enhance the valley and suppress the peak. In order to
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remove the contribution of NLA to NLR, the CA and OA data are taken
simultaneously using a 50:50 beam splitter and the CA Z- transmission data are
divided by the OA Z scan transmission data. This result in a typical CA Z-scan curve,
similar to that would be observed in absence of NLA.

For a small phase change in a nonlinear medium, (JA@<<1), as well as samples having

TPA, the simple theoretical equation can be used to obtain the NLR coefficients.

Mdx 2 +3)47,

Tzs=~0) = 1-— 5 -— 3
x"+9)(x"+1) (x*+1)(x"+9)

2.16

where x= z/z) D9= kn,l,L.y 1s the phase change due to nonlinear refraction and Ay=
BIoLey/2 [25].

With higher order contributions from ¢ and vy  the expression for CA becomes

Thes ~ 0)=1+i 4xAcD0—(x2+3)q0 . 40, (3x2—5)+q§ (x4+] 7x2+40)—8¢0q0x(x2+9) 517
’ V2 (&+1)(x*+9) (x+1) (x*+9)(x°+25)

In presence of higher order (X(3) , v*) contributions to the change in refractive index,

the experimental data is fitted using the relation

Ixp,, n 8xp,,

+— . — 2.18
(x+D(x"+9) (x"+1)(x"+25)

T(z,0,90, )=1

Here x = z/zy, @o1= knyly Legr1, @oo= knglgLesr, are the phase changes due to x(3) and X(S)
, Leni= (1-exp(- apL))/0p and Lesn= (1- exp(-2a9L))/ 20y is the effective sample length
[26] .

2.3.2 Open-Aperture Z-scan Method

The OA Z-scan method is illustrated in Fig 2.5. The Fig. 2.5, represent the effect of a

sample with negative nonlinear absorption. The dashed lines represent the propagation
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of a focused laser beam in the absence of a sample and the solid red lines represent the
propagation of the focused laser beam in presence of sample with negative nonlinear
absorption. The power transmitted through the sample decreases or increases
depending upon whether the sample exhibit two-photon absorption on saturable
absorption.

As the name suggests aperture is removed and all the transmitted power is captured in
a far field detector as the sample is translated. Unlike CA which is sensitive to both
NLA and NLR, OA is sensitive to only NLA and hence contribute to the variation in

transmission.

Beam Waist

Detector

Fig. 2.5 A schematic representation of OA Z-scan method

A few representative examples of OA Z-scan curves are shown in Fig. 2.6. As
irradiance is high at the focal plane, therefore, NLA will be large at the focus.
Consequently, a dip in the OA transmission is observed at the focus when the sample
is translated. If the mechanism responsible for NLA is SA instead of MPA, then a
peak will be created symmetrically around the focus. The OA signal is fitted using the

relation given by
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Fig 2.6 Schematic of OA Z-scan signal
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T(z,szl)zl_—'};ﬁ 0 e;f
27(1+x7) 2.19

Befr 1s the effective nonlinear absorption coefficient, /; is intensity at the focal plane,
Ly 1s the effective length of the sample thickness [18]. If there is the contribution of
SA as well as MPA in the samples, then the Z—scan transmittance is fitted using the

following relation for determining the NLA coefficients.

oy L1 ; Py loL
I+ /(1+x7)  1+x°

T(z){l_ /(I-0,L) 2.20

I is the saturation intensity [27].

2.3.3 Factors Contributing to Experimental Errors

In order to use the above-mentioned theoretical equations to fit the Z-scan
transmittance, we have to measure a number of parameters accurately. Accurate

measurements of parameters such as laser pulse-width, beam waist, aperture
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transmission, linear absorption coefficients of the sample, sample thickness, pulse

energy, wavelength of the laser and uncertainties in the spatial and temporal variation

of the beam are essential for accurately determining the nonlinear coefficients [28]. If

not accurately measured, the above-mentioned parameters give rise to the

experimental errors which need to be accounted for.

2.3.4 Merits and demerits of Z-scan Method

Following are the merits of the Z-scan method

1.

2.

3.

4.

Simple, sensitive and single-beam method.
NLA and NLR magnitude, as well as their sign, can be determined.
The beam alignment is fairly straightforward, unlike interferometric technique.

Higher contribution to NLR and NLA can also be determined.

Demerits of Z-scan Method

1.

It cannot differentiate between different mechanisms which are responsible for
a nonlinear optical response.

Response time cannot be determined by transmission Z scan method. However
two-color Z-scan and times resolved Z-scan allows separation of nonlinearities
having a different response time.

It requires a very good quality Gaussian laser beam emitting in TEMgy mode.
Accurate determination of a wide variety of parameters for ascertaining n,,
Solid samples must have a good optical surface for reducing unwanted
scattering and maximizing transmission.

Background subtraction: In order to remove the effect of sample

inhomogeneities and substrate effects on nonlinear measurements, it is

28



important to perform two Z-scans, one at high and another at very low
irradiance level. The Z-scan data at low irradiance is then subtracted from the
Z-scan data at high irradiance. Following two conditions must be mate for
effective background subtraction. First the sample positions to be reproducible

and secondly the z-scan data must be normalized before subtraction.
2.4 Summary

In this chapter, I have presented the basic features associated with nonlinear optics, its
origin and the experimental technique (Z-scan) which is employed for investigating
the nonlinear optical properties. The different physical process causing the change in
nonlinear optical properties is discussed briefly. The mathematical expressions for
evaluating the intensity-dependent refractive index are derived. A detailed description
of the Z-scan is also presented in this chapter. The analytical expressions which have
been used for determining NLR and NLA coefficients are stated and discussed briefly.
Finally, the chapter concludes with a discussion on the advantages and disadvantages

of the Z-scan technique.
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Chapter 3

Nonlinear Optical Properties of Organic Semiconductors

In this chapter, we present the impact of morphological phase transformation in
organic semiconductors (metal-free phthalocyanine and Metal phthalocyanines) thin
films on their nonlinear optical (NLO) characteristics. The NLO characterization has
been carried out by a Z-scan method using a 1064 nm femtosecond pulse laser. The
chapter is organized as follows: A brief description of physical properties of
Phthalocyanine (Pc) is discussed in section 3.1 which dictates the motivation for this
work. This is followed by the description of the Pc samples in section 3.2. The
experimental technique employed to determine the NLO properties is described in
section 3.3. In section 3.4 and 3.5, we present the NLO characterization of the
thermally prepared metal-free phthalocyanine (Pc) and Metalophthalocyanine (MPc)
thin films on glass substrate. The NLO characteristics are depicted by saturable
absorption (I), the effective two-photon absorption coefficient (Befr) and nonlinear
refractive indices. The NLO properties are determined at an operating wavelength of
1064 nm where the optical transmission is > 90%. Our study shows a large value for
fifth-order nonlinearity in as prepared metal-free Pc films as compared to annealed
and stable phases. These Pc films also show phase-dependent nonlinear absorption
(NLA). The variations in the NLO characteristics in different phases of Pc and MPc

are discussed in terms of their structural arrangements.

3.1 Introduction

Over the past few decades, NLO properties of organic semiconductors have been

investigated for a wide range of applications like electronic, optoelectronic and
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photonics. This is due to their large NLO properties [1, 2]. Over the past two decades,
NLO properties of various conjugated polymers, molecular solids, organic and
organo-metallic composites and compounds have been the subject of experimental
investigations [3,4]. In this regard, phthalocyanine (Pc), Metalophthalocyanine and
related compounds hold a considerable promise for the development of many
nonlinear optical devices because of their large third-order nonlinearity, fast response
time, unique electronic absorption characteristics, high thermal stability and
environmental stability [5]. The strong and large NLO response originates from the
highly delocalized aromatic 18 m-electron system of Phthalocyanines [5]. They are
highly stable and have been extensively investigated as being among the most
promising NLO materials due to their architectural flexibility. Axial and peripheral
substitutions in Pc and MPc impact its linear and NLO properties [6]. Also, 70
different elements can be inserted into the Pc ring cavity [6,7]. Such modifications
give rise to different phthalocyanine analogs and favorably affect their linear as well
as NLO properties.

Another useful feature of these macro compounds is their ability to exist in different
morphological phases. As demonstrated by Heutz et al. Pc predominantly exists in
different phases [8]. Mainly they are found in amorphous, o, B and y phases [7-9]. The
structural configurations or the morphological phases of thin-films essentially depend
on techniques employed to prepare them, substrate, temperature, and annealing [8,9].
Based on the above-mentioned conditions, investigations of NLO properties in
organic thin films have its own importance in varying and controlling its NLO
properties. In this regard, T. Ning et al. have demonstrated that CaCu3Ti4O12 thin

films on different substrates exhibit different NLO response [10]. In another study,
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H.M. Zeyada et al. have shown that pristine and annealed variant of the a-PbO, thin
film has different values of NLO constants [11]. In theoretical investigations carried
out by R. Kishi et al, it has been said that from the perspective of NLO applications
organic semiconductors in thin films is of prime importance [12]. Investigation of
femtosecond laser irradiation carried out by Rafique et al. shows that structural
changes in thin films strongly influence its NLA properties [13]. Also, there are
various studies that show a change in MPC structural, linear and NLO properties due
to variation in phase, and metal atom [14-22]. However, the impact of metal atom and
phase change on NLO properties in Pc and Metalophthalocyanine (MPc) thin films by
the Z-scan technique is yet to be carried out. Alkyl phthalocyanine in solutions shows
large NLA with nanosecond pulse laser [18]. Another study reveals that Pc films
exhibit strong NLO properties with picoseconds laser pulse [23]. C. Nitschke et al.
have demonstrated the effect of quantum confinement in Zinc Phthalocyanine (ZnPc)
nanoparticles [17]. Anil Kumar et. al. investigations reveal strong wavelength-
dependent NLO properties in Copper and Zinc Phthalocyanine [24, 25]. Mathews et.
al. investigated the optical limiting characteristics of Pc in solutions and thin film. The
study was aimed at understanding the impact of the continuous-wave laser on NLO
properties and to determine the influence of thermal effects [26]. A couple of studies
demonstrate the dependence of the NLO properties in Pc films on their phases. Phase
dependence results from the variation in dipole moment of the structure [27,28].
Nalwa et al. studies of NLO properties in TiOPc reveal that x(3) for the as-prepared
film was 5-times larger as compared to annealed or stable phase [29]. Another
researcher demonstrated that thermal phase change increases the x(3) by a factor of 2-5

times in VOPc (Vanadium oxide Pc) and TiOPc films [30]. The NLO investigations in
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organic semiconductors show that

value depends on a number of factors like the
temperature, metal atom present in the ring and metal size [27]. A few studies also
show the influence of heating. The heating changes the phase by virtue of structural
alteration and hence change the optical properties [29, 30].

It is important to mention that as prepared and stable annealed Pc films mainly exist in
a-phase and B-phase. a-phase and B-phase have herringbone structure and are different
from each other by the angle between the molecular plane and the stacking axis [8,9].
As reported previously, the phase change is done by heating the sample during or after
the sample preparation [8,9]. The as-prepared Pc films at room temperature results in
the formation of the a-phase whereas annealing during or after the Pc films results in
B-phase [9]. The structural variation of the different Pc films affects its physical-
chemical, electronic and optical properties.

The primary objectives for the present study on NLO properties in these molecules are
two folds (a) understanding the impact of central metal atom on NLO properties and
(i1) how the structural alteration or the phase change causes variations in
intermolecular interactions which tend to alter the NLO behavior. Therefore, we
expect that due to variation in intermolecular interactions, the present study on optical

nonlinearity of thin films in different phases and the different central metal atom has

practical significance in optimizing the NLO properties.

3.2 Description of the Phthalocyanines Samples

In the present study, we have investigated three different kinds of samples prepared by
thermal evaporation technique having different molecular arrangements. All the three

samples have been prepared by Dr. S. M. Dharmaprakash and K. V. Anil Kumar at
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Mangalore University. In order to prepare the Pc films, we used commercially
available Tetra-tert-butyl-phthalocyanine, Copper (II) 2,9,16,23-Tetra-tert-butyl-
29H,31H-phthalocyanine (CuPc) and Zinc(Il) 2,9,16,23-Tetra-tert-butyl-29H,31H-
phthalocyanine (ZnPC) powder. By thermal evaporation technique, Pc films of 200
nm thickness were prepared on the glass substrate. As mentioned previously, the as-
prepared Pc films exist in a-phase. On annealing, the as-prepared Pc films at a
temperature of 473 K for 90 minutes results in stable B-phase.

First, the influence of phase change (a— ) on NLO properties in metal-free Pc thin
films has been studied. Secondly, we investigate the impact of phase-change as well
as the influence of central metal atom in CuPc and ZnPc thin films. As mentioned
previously, Pc films mainly exist in a-phase and B-phase [8,9]. A schematic of a- and
B- phases of MPc are illustrated in Fig 3.1. It is clear from the Fig that the molecular
arrangements of B-phase are such that it has the minimum energy for intermolecular
interactions. CuPc exists in a planar molecular structure having D4, symmetry and

ZnPc exists in a non-planar structure with C,4, symmetry.

R R

Fig. 3.1 a and B-phases schematics for Metalophthalocyanine.
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This difference in molecular structure causes changes in the intermolecular
interactions and therefore, both phases are expected to vary in NLO response [31].
Also, R. F. Theisen et al. investigations reveal that ZnPc has D4, symmetry and a Cay

symmetry in the ground and excited-state respectively [32].

3.3 Experimental Section: Z-Scan Method

In order to investigate the NLO characteristics in different phases of Pc and MPc thin
films, the Z-scan method was employed [33]. The Z-scan method is a simple, sensitive
single beam and highly effective method to measure the NLR and NLA of a material.
Closed-aperture (CA) and open aperture (OA) are two types of transmission Z-scan.
In CA Z-scan method, the transmittance of the nonlinear medium through an aperture
is measured as the sample is translated across the focus of a Gaussian beam. The
phase extracted from the CA measurements is related to the nonlinear refraction of the
sample which is also discussed previously in chapter 2. In the OA Z-scan technique,
we measure the transmittance through the sample as it is translated through the focus
of the Gaussian beam [34]. In OA measurements, it is to be ensured that the optical
detector sensitive area is significantly large so as to capture the total energy or power
contained in the beam. Therefore, in the OA Z-scan transmission measurements, only
nonlinear absorption (NLA) is expected to cause variation in transmission as the
sample is translated. Our Z-scan method utilizes a high power laser. The ultrafast high
power fiber laser utilizes efficient pulse compression to deliver a linearly polarized
pulse of = 250 fs and at a repetition rate of 80 MHz [35]. The central wavelength of
the laser is 1064 nm and delivers average power >5.0 W. We varied the intensity of

the transmitted linearly polarized light on the sample, using a half wave plate (HWP)
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and a polarizing beam-splitter (PBS). The laser light was focused to a spot size of
3743 um using a combination of concave (f = —50 mm) and a convex lens (f = +100
mm). The diffraction length (zy) of the beam is then calculated to be 4 mm.
Phthalocyanines samples were moved from z = —40 mm to z = +40 mm (total scanning
length = 80 mm) using a motorized control translation unit. In order to remove the
contribution of thermal effects on NLO properties, we performed the Z scan at 664

kHz repetition rate using a custom-made chopper wheel 35].
3.4 Nonlinear Optical Properties of Phthalocyanine Thin

Films

3.4.1 Nonlinear Refraction

Under sufficiently intense illuminations, an optical system exhibits a nonlinear phase
shift due to nonlinear refraction [36,37]. The concept of the intensity-dependent
refractive index has already been discussed in chapter 2 and the measurements for
estimating nonlinear refractive index coefficients, n,, ns will be discussed here. In
addition to this, the experimental results on the impact of positive or negative

nonlinear phase shift in a Z-scan experiment will also be discussed.

Interestingly, Phthalocyanines exhibit significantly large phase shifts owing to
nonlinear refraction which is essentially a consequence of large nonlinear refractive
index [5,37]. The vast majority of the Z-scan measurements have been focused on
investigating various kinds of phthalocyanine and the influence of central metal on the
nonlinear refractive index values [5]. Various nonlinear measurements revealed that

the nonlinear refraction of phthalocyanine is in the orders of ~107°- 10" cm*W™ [38].
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Furthermore, NLO properties using degenerate four-wave mixing (DFWM) method in
Metalophthalocyanine thin films and solutions have been reported [39]. DFWM
allows the determination of an appropriate component of third order susceptibility
tensor for Metalophthalocyanine thin films ¥ = 10— 10%° m*/V*[39]. In addition,
higher-order contributions turn significant at high irradiance or as the irradiance is
increased above a certain threshold which is apart from the contribution from third-

order susceptibility (X(3)) [35].

It is important to mention that the nonlinear refraction of Pc films are proposed to be
dependent on phases [29]. However, comprehensive measurements using Z-scan
method were carried out to confirm the role of phases on nonlinear refractive index
previously. The work performed in the present thesis work unambiguously verified the
dependence of nonlinear refractive indices on Pc films phases [35, 38].

It has been found that the nonlinear refractive indices in Pc films are phase as well as

irradiance dependent [35]. Furthermore, due to the large contribution of X(S)

in as-
prepared Pc film, we observed dual “peak-valley” in the transmission CA Z-scan

method[35].

3.4.2 Closed-Aperture Z-scan Method

In order to study the NLR behavior of metal-free Pc films, we have performed the CA
Z-scan using ultrashort fiber laser described in section 3.3 which exhibits excellent
pulse-to-pulse stability and high average power [33, 34,35]. Nonlinear refractive
properties of as-prepared, as well as annealed metal-free Pc, were investigated with
intensity varying between 1.5x10° W/em?® to 5x10° W/em?. Fig 3.2(a) and (b) shows

the experimentally measured (dotted values) CA Z-scan for as prepared and annealed
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Pc films. As evident, the CA Z-scan data for the annealed film (Fig 3.2(b)) exhibits
pre-focal minima and post-focal maxima. A pre-focal minimum followed by a post-
focal maximum is an indication of positive n,. However, the experimental data for CA
Z-scan of the as-prepared film (Fig 3.2(a)) is complex as compared to the stable
annealed film. The normalized transmittance shows two signatures for n; values. As
observed CA Z-scan behavior of the as-prepared film displays a signature of negative

n, values near £10 mm and positive values near close to the focus.
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Fig 3.2 CA Z-scan experimental data (dots) of (a) As-prepared and (b) Annealed Pc film.

3)

Solid blue lines are the theoretical fitting with ¥ )

and "’ contributions.

The theoretical fitting in Fig. 3.2 is carried out using equation 3.1 presented in the later
part of this section. The transmittance behavior observed in this case has not been

3)

observed before for metal-free Pc films and due to the competition between ¥ ©)

and
contributions [40]. Therefore, it becomes important to study the irradiance dependence
of NLO properties for understanding the mechanism of such behavior. Therefore we
performed the CA Z-scan measurements for both the phases of Pc films at different

pulse fluence which are illustrated in Fig 3.3 (a-h). As can be seen from Fig 3.3(a-d)
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the experimental data are quite complicated. From Fig 3.3(a-d), it is apparent that the
difference between the peak (T,) and valley (T,) of the normalized transmittance (Tp-
T,) decreases with the increase in laser fluence around +10 mm. However, the
difference between the peak (T,) and valley (T,) of the normalized transmittance (Tp-
T,) (close to the focus) increases with the increase in laser intensity. To interpret such
an unconventional CA Z- measurements, we take a note of the work carried out by B.
Gu et al. [40]. Based on his theoretical observations, the authors conclude that a
meager contribution of real part of ¥’ would show the conventional “peak-valley” or

“valley-peak” shape in the CA measurement.

1.1 uTT ATT
(@) I,= 1.65 GWicm’ 18‘21 I
1 1
ggg I 1,=1.66 GWiem® |
0.9 ' . . X
-40 -20 0 20 40 -40 -20 0 20 40
21.05 I,=3.06 GWicm? ] i ' ' ' 1
c
£ 1 '
5
Z 0.95;
= 40 -20 0 20 40
g1-057 7 1,= 3.98 GWiem? |
e
™=
£
[=]
=Z0.95

1.05
1
0.95

40 20 0 20 40 40 20 0 20 40
Z-Scan Position (mm) Z-Scan Position (mm)

1,=56.12 GWiem? |

Fig 3.3 CA Z-scan experimental data (dots) for as prepared (a-d) and annealed PC films (e-h).

(3)

Solid blue lines are the theoretical fitting with ©)

and x>’ contributions (Eqn. 3.1).

However, a large contribution of real part of ¥ results in dual “peak-valley” or
“valley-peak” signature in the CA Z-scan measurements [35,40]. Such an observation

could be appreciated from the fact that the contribution of ¥ NLO response is being
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effectively compensated by X(S ) NLO response having an opposite sign. In other
words, the difference between (T,- T,) of the CA measurements due to -n, decreases at
the cost of an enhancement in the difference between (Tp- Ty) close to the focus which
sets in as a consequence of positive ng. However, no such complicated behavior was

noticed or detected in the case of annealed Pc film (Fig 3.3 (e-h)).

In order to measure n, and n4 contributions, we performed the theoretical fitting to the

experimentally measured CA Z-scan data using the equation (2.18) [40].

The values of the intensity-dependent nonlinear refractive indices obtained from the
fit at different intensity are presented in table 3.1. As can be seen, metal-free Pc films
exhibit significant third-order intensity-dependent nonlinear refraction of the order =
10 m?> W', We can also observe from table-3.1 that the n, and ng4 values due to x(3)
and x contributions exhibits opposite signs for both the phases of Pc film. However,
the competition between n, and ny4 is not observed in the CA measurements of
annealed Pc film. This is due to the fact that the magnitude of n4 for the stable
annealed film is approximately two orders of magnitude lesser as compared to
unstable as prepared Pc film. However, the n, values of both the phases are
commensurate. As observed in table 3.1, n, and n4 reverse their signs at higher
intensities for as prepared Pc films. However, n, and n4 values decrease with the
increase in laser fluence for annealed Pc films. Although both the phases of Pc films
exhibit a slight structural difference, its influence on NLO response is momentous
which reveal markedly different phase variation [35]. It is important to mention here

that the experiments have
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Table 3.1 NLO coefficients for As-repared and Annealed Pc films calculated using

Eq. (3.1).
As-prepared Annealed
I nyx 107 nyx107° I nyx 107 ngx107°
(GW/cm?) (m*/W) (m*/W?) (GW/cm?) (m*/W) (m*/W?)

1.65 2.30+0.32 -(49+6.8) 1.65 0.98+0.14 -

3.1 -(1.66+0.23) 8.8+1.2 3.1 0.840.11 -(1.90.26)

4 ~(1.15+0.16) 5.5+0.76 437 0.6140.08 | -(0.74+0.11)

5 -(0.93+0.13) 3.8+0.53 5.12 0.4+0.06 | -(0.02+0.002)

performed with a femtosecond (fs) laser operating at 664 kHz. So, the main cause of
the observed NLO response is electronic. Also, the equation 3.1 that includes phase
change due to only electronic contribution gives a good fit to the measured CA Z-scan
data. In order to understand the mechanisms and a possible explanation for such an
observation, we note that as-prepared Pc films are comparatively less durable and
more prone to distortion due to its molecular stricture [41]. Hence, as-prepared Pc
films are expected to go through a larger change in the net dipole moment with respect
to the annealed Pc [42]. This indicates that the molecule structural arrangement has a
strong impact on its physical, electronic and optical properties. As mentioned
previously, different phases have a different angle between the molecule plane and
stacking axis; therefore the molecular arrangement could result in varied NLO
response [6]. Also as explained in chapter 2, there is various physics process that
contributes to n, values 27]. As observed in our case, similar switching of n, values
have been reported previously in nanoparticles and nanostructures [43-45].

It is important to mention here that there are a number of physical process other than
electronic contribution to ¥ NLR. Here, as observed in as prepared Pc thin films, the

contribution as a result of (x*>) NLO response is noticeable from the experiments and

44



therefore, appropriate theoretical models are required for providing the justifications.
The origin of fifth-order NLO term n4 has been mainly associated with three physical
processes [46]. The most fundamental being the electronic contribution at high
intensity. Secondly, such an unconventional curve may be as a result of cascading of
the third-order nonlinearities that result into a nonlinear response that appears like an
equivalent ¥ nonlinearity [47]. Third, physical process that contributes to ¥ include
phenomena like free-carrier and excited-state nonlinearities, etc [48]. Therefore, X(S)
contribution to n4 can be presented as a sum of these terms [49].

ny=nMent 4 peascading | equivalent 3.1)
For example, negative values for ny may be due to TPA generated free carriers. The
cascading of X(3)'X(3) interaction takes place in the nanosecond (ns) time-scales, and
therefore n°**™™ contribution to n, is also negligible. This is due to the fact that Z
scan was performed with 250 fs laser (ii) ns decreases with the increase in laser
intensities [46,47]. As will be observed in the subsequent section of OA Z-scan
measurements, both variants of films exhibit TPA. This results in negative NLR
behavior due to excited-states of the system, which could be seen in table 3.1.

Therefore, the observed ny is associated to the TPA-supported generation of excited

states, and meager universal x(s ) contribution to NLR [50,51].

3.4.3 Nonlinear Absorption

Nonlinear absorption is an absorption phenomenon that can occur in the presence of
strong electromagnetic fields, as discussed earlier in chapter 2 [33,34]. It is an
intensity dependent phenomenon and is expected to be maximum when the sample is

at the focal point of a laser beam. The concept of the nonlinear absorption coefficient
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has already been discussed in chapter 2 and also the expression for estimating
nonlinear absorption coefficients () has been derived [37]. In order to determine 3,
the total power of a focused laser beam transmitted by the sample is measured by a
photodetector. The phenomena of NLA could occur due to a variety of processes like

MPA, RSA, and SA as explained in chapter 2 [34].
3.4.4 Open Aperture Z-scan Measurements

In order to investigate the nonlinear absorption characteristics in metal-free Pc thin
films samples, I have used the OA Z-scan method [33]. In the OA Z-scan technique,
we measure the total power of the laser beam transmitted through the sample by a
photodetector and plotted against the sample position. A typical plot of the sample
transmittance exhibits a dip or a peak in the proximity of focal point. The occurrence
of a dip or a peak is dictated by the sign of nonlinear absorption coefficient . OA Z-
scan profile shows an increase in transmission at the focus due to SA i.e negative 3
and decrease in transmission due to TPA, MPA for positive Bes. The OA Z-scan data
for both the phases of Pc films are shown in Fig 3.4 (a) and (b) respectively. The OA
Z-scan measurements are characterized by a decrease in transmission at the focus (z =
0) which is mainly due to RSA [41]. We have performed the theoretical fitting (green
lines in Fig 3.4(a-b)) of the OA Z-scan experimental data (dots) using the relation
2.20[52]. Betr and I, were estimated to be (2.60+£0.360)x10” m/W and 10x10° W/cm®
respectively at Ip= 2.3 x 10" W/em? for as-prepared Pc film. However, Bt and I were
found to be (12.0+1.66)x10° m/W and 20x10° W/cm® for the annealed film at
I()=3.3><109 W/cm?. RSA behavior in OA is due to the combined effect of TPA and
singlet-ESA [6,22]. A minimal increase in PBes for annealed Pc film is a result of

enhancement in absorption probability of the higher energy state. This enhancement is
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because of partial improvement in crystallinity of the annealed film [53].

3.4.5 Metal- Free Pc Thin Films: Figure of Merit

Finding materials for all-optical switching and nonlinear absorbers has been one of
most active fields of research in the last couple of decades. However, it is important to
mention that despite the substantial attention given to the investigations of third-order
NLO properties, there are a few practical materials for realizing nonlinear refraction-
based devices. At the same time, the number of optical systems considered for
nonlinear absorption is considerably large [54,55]. From an application aspect, the
utility of organic species for uses in photonics, nanophotonics, and biophotonics is
evaluated in terms of materials Figure of merit (FOM) [55,35]. The two important

FOM forms are defined as, FOM; (W) = n,ly/ook and FOM, (T'l) = n,/Pesth Where
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symbols have their usual meaning. FOM;, is the result of dominant single-photon
absorption and is required for all-optical switching devices whereas FOM, results
from a dominant two-photon absorption which has wide applicability in optical-
limiting processes. In contrast to FOM; FOM; has no dependence on light intensity as
both B and n, are associated with the square of light intensity [55]. This figure of merit
should be maximized such that W, as well as T values, are greater than unity [54].
Therefore, an organic semiconductor with a greater FOM; value could be utilized for
all-optical switching and other with a larger value of FOM; could be employed in

sensor protection.

To determine the influence of phase changes in Pc films on the FOM factors, we note
the NLO parameters for the as-prepared and annealed H,Pc films. Based on our NLO
measurements, we calculated the values of FOM and found, FOM; = 7.6 and 4.2 for
as-prepared and annealed Pc films respectively whereas FOM; = 3.4 and 0.31 for as-
prepared and annealed Pc films respectively. From the values of FOM,, it is worth
noting that as-prepared Pc films are good for all-optical switching in the NIR region
with respect to annealed films. However, annealed H,Pc films have higher values of
NLA and consequently, they could be employed for optical devices protection based

on optical limiting phenomena at 1064 nm wavelength.

3.5 NLO Properties of Metalophthalocyanine Thin Films

NLR due to bound electrons, also known as optical Kerr effect, is one of the important
optical nonlinearities in the infrared region, resulting in nonlinear refractive index
change An [36]. This change in the refractive index is proportional to the intensity

with nonlinear coefficient n,. Because phthalocyanine and Metalophthalocyanine
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possess large ¥’ NLO response with fast response time due to the highly delocalized
aromatic 18 m-electron system, its NLO properties have been employed for optical
limiting and pulse shaping, imaging and sensing, optical switching [56,57]

As mentioned in the previous section substrate type and heating influences the
structural configurations of organic thin films. Therefore, investigations of NLO
properties in low dimensional systems has its own significance in understanding the
origin of the NLO mechanism and getting useful FOM [10-13,5 5]. Their phase
dependent study is essential for maximizing FOM, with values greater than unity
needed for the nonlinear applications process to be feasible at all [54,55].

We used to a Z-scan method to study the impact of phases and central metal atom
NLO properties in Metalophthalocyanine thin films. A detail description of the

experimental set up is given in section 3.3.
3.5.1. Closed-Aperture Z-scan Measurements

For determining the NLR coefficients of Metalophthalocyanine thin films, CA Z-scan
experiment is performed [33]. The CA Z-scan transmittance for 30 nm thick MPc¢ thin
films with 1064 nm wavelength laser are presented in Fig. 3.5 (a-d). The CA Z-scan
measurements on CuPc films as shown in Figs. 3.5(a-b) is characterized by “peak-
valley” shape from which we conclude that it possesses negative n,. However the CA
Z-scan experiments for ZnPc (Fig. 3.5(c-d)), exhibits “valley-peak” signature positive
values of n,. We can notice in Fig.3.5 (a-d) that all the four samples exhibit a clear
dependence of nonlinear refractive index on the phases of thin-films and the central
metal of Pc. We expect that this dependence stems from optical Kerr effect in MPc
films rather than a thermal manifestation [36]. Our conjecture seems reasonable

because the measurements using < 250 femtoseconds (fs) laser
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Fig. 3.5 CA Z-scan experimental data metal-phthalocyanine
beam pulses at 664 kHz repetition rate, the Z-scan measurements exhibit good
correspondence to the theoretical models considering an only electronic contribution.
The CA experimental Z-scan data was fitted using the CA expression (2.16 and
2.17)[58,59]. The CA fitted curves are shown in Fig. 3.5(a-d). The solid lines in Fig.
3.5 (a-d) represent the theoretical fits. Eq. (3.4) was used to fit the experimental data
for CuPc films (Fig. 5(b)). Due to the fact that the glass substrate has very small or
negligible nonlinear optical response, the strong NLO signals observed here result
from MPc thin films. For comparison, we have summarized the nonlinear refractive
index values from our findings as well as from previously reported one for MPc in
table 3.2. It is clear that the sign and magnitude of n, for CuPc and ZnPc matches well
with the already reported values [27]. Our finding also reveals that the phase shift due
to nonlinear refraction (and hence, n) are influenced by the metal atom as well as the
MPc phase. As observed in ZnPc thin films, n, values vary hardly at all for both the

phases and matches well with the work of A. Zawadzka et al. [27].

Table 3.2. Summary of intensity dependent refractive index n, values
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Sample Laser Techniques | n,(cm” W) | References
Parameters
Alkyl Pc Nanoparticles | 800 nm,100fs | Z-scan -9.10x107"° 10
Zinc Pc 800 nm, 100fs Z-scan 1.14x1077 12
532nm, 6nm 8.6x10712
CuPc Thin films 800,140 fs Z-scan 7.00x10™% 14
ZnP¢ Thin Films 800 nm, 100fs | Z-scan -7.00x107"! 27
Phenoxy Pc in DMF 800nm, 100fs Z-scan 8.40x107" 60
CuPc in DMSO 532 nm, 1 Ins Z-scan 2.50x107"° 61
CuPc Thin Films 750 nm, 150 fs | Z-scan -1.10x10™"° 62
CuPc As prepared 1064 nm, 250 fs | Z-scan -9.6x10"" Thesis
CuPc Annealed 2.2x10M work
ZnPc As prepared 1064 nm, 250 fs | Z-scan 3.65x107"" Thesis
ZnPc Annealed 2.98x107!! work

The NLR properties of CuPc are different as compared to ZnPc. As evident from table

3.2, the as-prepared CuPc has the maximum value of the n,. n, values reduce to

2.2x10™"° m*W from 9.6x10"> m*/W on phase change from as prepared to annealed

one. The mechanism responsible for such an observation is strongly related to its

phase change [27,31]. As reported in the literature, the position and size of the metal

atom can greatly change the NLO behavior [3,5]. CuPc possesses flat structures as Cu
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maintains a position inside the Pc ring’s plane. Also, the lowest energy molecular
orbitals of CuPc and ZnPc are different, which may result in varied electronic
contribution. In the case of CuPc samples, the 3d orbitals are half occupied and are
positioned in the gap between the Pc HOMO and LUMO. Therefore, the unfilled d-
valence orbital can split into various levels due to the interaction between the d-
electrons and m-conjugated electrons of Pc ring [27, 31]. This lowers the transition
energy in low-lying d-orbital ligand or d-d transition. As reported previously, the
existence of excited states with low transition energy will enhance the nonlinear
optical susceptibilities of the material. The unfilled d-orbital of Cu atoms will couple

with the conjugated electrons of phthalocyanine ring leading to the extension of the

conjugated systems. Consequently, the reason behind such large nonlinear response in
case of CuPc is the large conjugated electron system [27]. To fully understand the
variation in nonlinear refraction properties of MPc thin films, an explanation can be
given on the basis of OA Z-scan measurements. In the case of CuPc, the effective
two-photon absorption (Fig. 3.6(a-b)) possibly leads to negative nonlinearity and
therefore, self-defocusing effect (Fig.3.6 (a-b)). For the ZnPc thin films, SA behavior
is prominent which leads to focusing effect [44]. Our Z-scan results have shown that
n, and P values are different for as-prepared and annealed polymorphs. While the
magnitude of n, decreases on annealing, the effective nonlinear absorption coefficient
B follows an opposite trend. This peculiar behavior of n, is in accordance with that

observed in metal phthalocyanine thin films by A. Zawadzka et al. [27].

3.5.2 Open Aperture (OA) Z-scan Measurements
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NLA coefficients of MPc thin films have been determined using the OA Z-scan
method [33]. All the Z-scan measurements described in this section were performed
using a 250 fs laser at 1064 nm with pulse repetition rate 664 kHz [35]. The details of
the experimental set up are given in section 3.3. The typical OA Z-scan profiles of the
CuPc and ZnPc thin films measured at 2.5 GW/cm” to 5.0 GW/cm? intensity which is
shown in Figs.3.6 (a-d) respectively. The OA Z scan data exhibits a dip (Fig3.6 (a-b))
or peak (Fig.3.6(c-d)) at the focus (z = 0) which is a consequence of NLA mechanism
i.e. RSA or SA respectively. As observed from Fig.3,5 when the sample is at a far

distance from the focus we observe normalized OA transmittance to be constant due
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Fig 3.6 Open aperture Z- scan traces for metal-phthalocyanine

to negligible NLA. As the sample approaches the focal plane of the focused beam, the
OA transmission decrease which is a clear indication of RSA (see Fig. 3.5(a)).
However, in case of annealed ZnPc thin films (Fig. 3.6(b)), the OA Z-scan
measurement shows a small but apparent increase around =10 mm of the focal plane
which is, a signature of SA characteristics. However, RSA mechanism is strong very

close to the focal plane (highest intensity regime) and therefore, a dip or a minimum is
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observed in the OA measurements. Therefore, the minima in OA Z-scan measurement
at the focal plane in a-phase and B-phase of CuPc reveal that RSA is the mechanism
for the observed NLA. This because the excited-state lifetimes for higher excited
states in organic semiconductors responsible for RSA, typically vary from sub-
picosecond to a few femtosecond [63]. Therefore, the decrease in OA transmission
(near focus) is attributed to RSA as we employed an fs laser for the measurements.
Basically, ESA is caused by MPA which results in RSA features in OA Z-scan in
phthalocyanine [6,64]. Z-scan measurements for ZnPc thin films exhibit a peak in the
transmission which is in contrast to the previous report in 0.5 mM solutions of ZnPc in
DMF [22]. This difference in observation could be due to the different absorption
mechanism in ZnPc thin films as compared to that for ZnPc in solutions. To
determine the NLA coefficients, theoretical fitting of the normalized OA experimental
data was done using the relation (2.10) [52]. Using Eq. (2.10), the OA Z-scan
experimental measurement was fitted which is shown in Fig. 3.6 (a-d). The effective
NLA coefficients Besr and I, were obtained to be (48.2+6.74) x10° m W™ and 6x10"
W m? respectively at a laser intensity of 2.86x 10" W m™ for annealed CuPec thin film.
On the other hand, Bes and I were found to be (12.8+1.77)x10” m W'and 4.5x10"° W
m™ for as prepared CuPc at a laser intensity of 4.5x10"> W m™. SA characteristics of
ZnPc results in Per and I to be —(3.5240.5)x10° m W' and 5.6x10"° W m?
respectively at a laser intensity of 5.2x10"> W m™ for amorphous or as-prepared ZnPc
thin films. While B and I were found to be —(3.8+0.54)x10° m W' and 3x10° W m’
? for annealed ZnPc respectively at a laser intensity of 3.8x10"° W m™. The OA Z-
scan results show that effective nonlinear absorption coefficients Pesr increases for -

phase which may be due to efficient absorption of the excited state due to the
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improved crystalline nature or crystallite size of the - polymorphic forms or annealed
film. The difference in OA transmission obtained for CuPc and ZnPc presented in Fig
3.6 (a-d) could be qualitatively explained as follows. CuPc has a long-lived lifetime
(15 ns) from the S; states whereas ZnPc has a short-lived lifetime (9 ps). The long-

lived lifetime results enhanced NLA observed in CuPc thin films [21,63].

In order to understand the usefulness of Pc films for integrated circuits, I have
tabulated the NLO properties of TPA polymers and SiN in the table 3.2. The nonlinear
refractive index value for polymers varies from 10" "2 cm?W to 10™"° cm*W. However
the nonlinear refractive index values for SiN varies from 10® cm*W to 107" cm®/W
depending upon the Si concentration. As observed from our study the Phthalocyanines
NLR values are of the same order as that of polymers. However the NLA values of
SiN thin films is of the order of 10 cm/W and that of polymers is 107 cm/W.
Therefore our study reveals that the NLA and NLR values for polymers and
phthalocyanine are of the same order of magnitude and hence Pc films can be utilized

in place of commercial TPA polymers.

Table 3.3. Third order nonlinear optical properties of polymers and SiN
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Sample Laser n; Petr References
Parameters (cmZ/W) (cm/W)
Silicon-rich 1100-1500 | (1.5-4) x10™® | (0.5 -1)x10™ | 65
nitride nm
100 fs
SiN 1548 nm and | 2.4x10"° 66
1558 nm
SiN waveguide | 1550 nm 6.94x10™"° 67
SiN waveguide | 1550 nm 1.4x10""° 68
SiN waveguide | 1550 nm 9x107"° 69
Polysterene 630 nm 2.4x107"° 37
PPV 800 nm (1-10)x107* | 80x10~ 37
2,5-Dimethxy p- | 800 nm 4x107° (25-80)x10” | 37
PPV
DBSA-PANI 1050 1.7x107"° 42x10” 37
Polydiacetylene | 1310 5%x107* 0.25x10” 37
4BCMU
DANS 1060 8x10™"* 55
DAN2 1064 2x107" 55

3.5.3. Metal phthalocyanine Thin Films: Materials Figure of

Merit

Based on the results NLR and NLA, it would be informative to compare FOMs
(defined in section 3.4.5) for MPc thin-films. The linear properties, NLO properties,
and FOM are summarised in Table 3.4. A recap of the section 3.4.5 reveals that an
organic compound having a larger value of ‘W’ is useful for all-optical switching
applications whereas the one having a larger value of T’ would have more
employability in optical limiting applications. Knowledge of FOM T’ values is
important in order to assess the strength of W with respect to NLA process [55].

Ideally, depending on the application, ‘W’ has a threshold value for a material to be of
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any practical application. Also, T < 1 would not adversely affect the nonlinear

absorption [65]. For example, a nonlinear Fabry-Perot resonator must have W>0.27,

Table 3.4. Summary of the linear and NLO characteristics

Sample no | oo <1077 (m*/W) | Beg<10™ FOM FOM
(10° m (m/W) (W) (T)
)
As prepared | 2.3 | 1.32 ~(9.64+1.45) (12.7+£1.77) | 02724 |0.028
CuPc Film
Annealed 2.1 | 1.04 -(2.240.33) (48.2+6.7) 0.0730 | 0.4662
CuPc Film
As prepared | 2.45 | 1.5 (3.65+0.55) <(3.5240.5) | 0.1189 |0.0206
ZnPc Film
Annealed 233 | 1.34 (2.98+0.45) -(3.84+0.54) | 0.1066 | 0.0274
ZnPc Film

whereas a half-beat length nonlinear directional coupler need W>1 [70]. In the present
case, W > 0.27 always for as-prepared CuPc while T<l for all the metal
phthalocyanine thin films. Also as evident from table 3.4, the as-prepared MPc films
possess larger values of W and smaller values of T in comparison to annealed one.
Based on this, we could assert that the NLO devices using as-prepared MPc thin films
are expected to deliver improved performance with respect to the annealed films for

an operating wavelength of 1064 nm.

3.6 Summary

In this chapter, I have presented the impact of morphological phase change on NLO
characteristics in metal-free and metal phthalocyanine thin films. The motivation
behind this study is to explicitly show that the NLO properties of Pc depend on its

phase due to the difference in intermolecular interactions. This is because the
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molecular arrangements in MPc are very sensitive to thermal annealing. Therefore,
the investigations on optical nonlinearity in thin-films with different phases have
practical significance towards the optimizing the nonlinear Figure of merit. In the
present study, we distinctly show the role of morphological phases in Tetra-tert-butyl-
phthalocyanine (H,Pc) thin films and the impact of the central metal and phases on
NLO characteristics in Copper(I11)2,9,16,23-Tetra-tert-butyl-29H,31H-phthalocyanine
(CuPc) and Zinc(Il) 2,9,16,23-Tetra-tert-butyl-29H,31H-phthalocyanine (ZnPC) thin
films. The relevant NLO coefficients related to SA, TPA, and NLR were investigated
and the associated coefficients were determined at an operating wavelength of 1064
nm wavelength using an ultrashort pulse laser. Our results reveal that as-prepared
metal-free Pc and MPc exhibits large NLR and comparatively smaller NLA whereas
the annealed variant has greater NLA. This suggests that morphological phase-
dependent NLO study is important in optimizing the FOM. To the best of our
knowledge, we report the first observation of fifth-order NLO response in as-prepared
(a-phase) of metal-free Pc thin-film which was depicted in an unusual peak-valley
feature in Z-scan transmittance. In order to improve the device functionality, the
Figure of merit (FOM1 and FOM2) are estimated for metal-free Pc thin-films as well
as Metalophthalocyanine thin-films. The FOMs suggest their suitability for devising
solid-state based devices like all-optical switching based on either optical limiting or
nonlinear refractive index and modern- monolithically-integrated photonic integrated

circuitry.
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Chapter 4

Nonlinear Optical Properties of Inorganic Semiconductors

Nonlinear optical (NLO) characteristics exhibited by inorganic semiconductors
(Manganese (Mn)-doped ZnO) nanorods were investigated with nanosecond pulses
utilizing the single beam Z-scan method. The samples were prepared by hydrothermal
method. We observed opposite signs of nonlinear absorption (NLA) which primarily
depends on Mn-doping concentration in ZnO nanorods. ZnO samples where Mn-
doping concentrations are high showed saturable absorption (SA) behavior which
could be attributed to change in band gap resonance as well as the creation of defects
states. In contrary, we observed two-photon absorption (TPA) features in pure and
0.5% Mn-doped ZnO rods. Nonlinear refraction measurements through closed-
aperture (CA) Z-scan technique exhibit negative values of intensity dependent
refractive index (ny) with reasonably high values of the for all the samples. Enhanced
NLO response of defect induced by Mn-doping in ZnO nanorods and its stability offer
the possibility of applications of those highly stable nanostructures in the area of
nonlinear optical devices like optical limiting, saturable absorber, and optical
switching.

4.1 Motivation

Various nonlinear optical (NLO) properties in solids have been extensively
investigated in large bandgap semiconductor as well as narrow bandgap
semiconductors [1,2]. It has been found out that band gap of semiconductors is an
important parameter that affects the optical properties [1]. This is because of the
fact that optical transitions that lead to the origin of third-order nonlinear properties

are directly linked to the eigenstates of an unperturbed optical system [1,3]. These
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energy eigenstates can be related to the motion of electrons, molecular rotation or
molecular vibrations of the optical system [1,2]. It is important to note that the
rotational transitions involve the smallest energy separation while the electronic
transitions are associated with largest energy separation. In a given optical system, one
or more of these transitions may contribute to the NLO response [1].

An important characteristic of semiconductor material is that their allowed eigenstates
form broad bands (valence band, conduction band) which are separated by forbidden
energy [2]. Valence bands (VB) are the energy bands are called completely filled or
nearly filled whereas conduction band (CB) is the highest occupied band and are
empty or nearly empty [2]. The energy difference between the highest occupied VB
and the lowest occupied CB is known as the bandgap of the semiconductor. The band

gap energy is denoted by E,

(2) (b) (©)

Fig.4.1 (a) Schematic of the band diagram of semiconductors. (b) For photon energy
greater than bandgap, the NLO behavior is due to transfer of an electron to the
conduction band (c) For photon energy less than bandgap, the NLO behavior involves

virtual transitions.

The concepts of VB and CB are illustrated in Fig.4.1. The NLO response in
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semiconductors is dictated by the fact that whether photon energy is greater or smaller
than the forbidden band gap (£,) [1,2]. When the energy of the photon (Fig 4.1(b)) is
greater than the E,, the NLO response is due to transfer of valence electrons to the CB.
This transfer of electrons to the CB results in higher-order polarizabilities which are
the origin of NLO properties of the semiconductor. For the case Fig4.1(c), NLO
characteristics are essentially instantaneous and involve a transition between virtual
levels [2].

However, in recent years, one of the important aims that the scientific community
aspires the possibility to transfer large information, at a fast rate with appreciable
accuracy using integrated optical devices [4,5]. In reference to the above-mentioned
applications in the field of optoelectronics and photonics e.g. all-optical switching,
optical limiting, and saturable absorbers, nanostructured semiconductor materials have
been investigated extensively [4-7]. All-optical switching can potentially free us from
our dependence on electronic signal processing [4,5]. Therefore, the first motivation
behind efficient extraction of nonlinear optical response from semiconductor materials
is that they possess very large and easily accessible optical nonlinearities [1,2,7-11].
This is primarily due to strong oscillator strength of semiconductor materials which
leads to large NLO response [10,11]. Importantly, the possibility of dispersion
engineering of semiconducting species facilitates strong electromagnetic field
localization which results in substantial enhancement of the NLO responses [10,11].In
addition, semiconducting materials support integrated device realization by virtue of
their robust, compact, and compatible features which go hand-in-hand with the

existing technology[2].

4.2 Oxide Semiconductor: ZnO
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From the perspective of nonlinear optical materials, oxide semiconductor i.e. ZnO
has been widely investigated because they exhibit tunable optical properties [10, 11].
We can tune their optical and NLO properties as they provide a means to control their
nucleation sites [12,13]. In addition Zinc oxide (ZnO) materials have been an
interesting topic of research because they possess a wide (3.4 eV) and direct band gap
as well as large exciton binding energy [12,13]. They generally form in the hexagonal
crystal structure [12]. An important property of ZnO lattice is the possibility of doping
with transition metal ions and 4f-elements which tailor the physical properties
significantly. The doping in ZnO is being mainly aimed at the realization of n and p-
type conductivity and room temperature magnetic behavior [14]. However in the
recent times, linear and NLO characteristics of ZnO-based nanostructured species are
topics of significant theoretical and experimental interest [15-20]. This is because of
the fact that in comparison to bulk, ZnO nanostructures exhibit enhanced nonlinear
effects and fast response time due to material and structural resonance effects [10,11].
ZnO nano and microstructures varying in size can be grown using various methods
[12]. The methods employed to prepare such ZnO nanostructures primarily determine
their optical, physical as well as chemical characteristics [12]. This is due to the
surface morphology and arrangements of ZnO nanoclusters [12,13]. Due to the special
features of ZnO nanostructures, various applications like electronic, biomedical and
nanophotonics-based on ZnO nanostructures have been demonstrated [21-23]. In
addition, ZnO sub-wavelength nanostructures exhibit a number of promising
applications like field emission, sensors, UV photonic devices, and piezoelectric
nanogenerators [24-28]. For example, optical confinement in ZnO-nanorods leads to

improved optical emission properties. Due to this enhanced emission, ZnO rods are

71



useful in UV lasing [29, 30]. Unequal atomic dimensions of Zn and O results in
enhanced NLO response in ZnO. Also due to high inherent polar potentials, ZnO and
ZnO based structures show large NLO response [31]. Over the last decade, NLO
properties like effective nonlinear absorption coefficients (Besr) and intensity
dependent refractive index (n;) have been investigated in different forms of ZnO.
NLR phenomena like self-focusing and self-defocusing have been previously reported
for ZnO thin films [32, 33]. However, it was observed that the change from self-
focusing to self-defocusing happen only between on- and off-resonant conditions [34,
35].

As mentioned previously, methods employed to prepare the ZnO sample has a direct
bearing on it's structural, linear as well as the nonlinear optical properties [10-12]. For
example, the bandgap and hence its optical as well as electronic properties can be
tuned by defects [36,37]. The intrinsic or extrinsic defects in ZnO directly impact its
linear and nonlinear optical properties [10-12]. It is important to note that the effect of
intrinsic defects in ZnO cannot be prevented. However, the intrinsic defects in ZnO
sample could be minimized depending on the preparation technique [11,12]. Intrinsic
defects such as O vacancies and Zn interstitials make ZnO an n-type semiconductor
[12]. Unintentionally doped or undoped ZnO exhibit n-type conductivity having large
electron densities [12,38]. Irimpan et al. clearly demonstrated the role of intrinsic
defects or the impact of preparation technique on the NLO properties in ZnO thin
films [39]. The authors showed that the ZnO films prepared by pulsed laser ablation
and dip-coating exhibit reverse saturable absorption (RSA) while the self-assembled
ZnO film exhibit saturable absorption (SA) [39]. In another work, Irimpan et al. also

investigated the dependence of NLO properties on ZnO nanocolloids [40]. They
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showed that nonlinear characteristics are strongly affected by the particle size [40].
The role of extrinsic defects on linear as well as NLO properties have also been
investigated in the recent time [41]. Ren ef al. demonstrated that Nickel (Ni) doping in
ZnO nanowires leads to structural and morphology modifications. This leads to
enhancement in light emission efficiency [41]. Torres et al., using Z- scan, showed the
difference in NLO properties of Ni-doped ZnO films at femtosecond and picosecond
time-scale laser pulses. Observed differences in the NLO properties are attributed to
the resulting structural and morphology changes linked to the Ni doped-ZnO
nanostructures [42].

In the recent years, ZnO nanorods have attracted significant interest for a number of
novel device applications [43, 44]. Interest in ZnO nanorods is due to its large lateral
surfaces and also it can be prepared by various techniques on a variety of substrates
with low defect density [41, 45]. Moreover when doped with transition metals such as
Mn, Ni, Cr, ZnO shows enhanced electronic, magnetic and optical properties [41,
46,47]. However, among all transition metal doped ZnO nanostructure, Mn-doping in
ZnO is important due to various reasons. [48]. The equilibrium solubility limit of
transition metals such as Mn is more than 10 mol % in ZnO [12]. Also, Mn is an
isovalent impurity for Zinc and the ionic radius of Mn®" and Zn*" are comparable [49].
Also when doped with transition metals such as Mn, Ni, Cr, it has been demonstrated
that ZnO exhibit room-temperature ferromagnetism [48, 49-53]. Therefore Mn-doped
ZnO is a suitable material for optoelectronic devices [12, 54]. The ferromagnetic
behavior is due to the stable secondary phase of oxygen deficient Mn,Oy [55].

Ferromagnetic ordering in Mn-doped ZnO nanostructures results in a magnetization-

induced change in NLO susceptibilities ( ;(}/.i) , ;(52 etc.). This change in NLO
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susceptibilities is supposed to impact the efficiencies for NLO phenomena like SHG,
self-focusing, and self-defocusing [56]. Therefore in view of this, it is necessary to
study the dependence of the NLO properties in Mn-doped ZnO nanostructure. We
believe that the NLO behavior exhibited by extrinsic defects induced ZnO will differ
from bulk ZnO or thin-films [12,56]. However investigations of NLO properties due
to Mn doping in ZnO based nanostructures has not yet been done. Therefore in order
to ascertain the role of Mn-induced defects as well as geometry, a detailed study of the
NLO properties in Mn-doped ZnO nanorods is essential. In this study, we carried out a
detailed investigation of the NLO properties for various concentrations of Mn-doping
in ZnO nanorods using nanosecond laser. Nonlinear absorption coefficients and
intensity dependent refractive-index have been investigated in Mn-doped ZnO
nanorods prepared by hydrothermal method [57]. The third-order NLO characteristics
of Mn-doped ZnO nanorods were carried out using the Z-scan method with 532 nm

wavelength laser in sub-nanosecond regime [58].

4.3 Description of Mn-Doped ZnO Nanorods

In this study, we have carried out NLO characterization for five different kinds of
samples prepared by hydrothermal method [59]. All the samples have been prepared
by Dr. P. K. Sahoo and A. Singh at School of Physical Sciences, NISER on
commercially available 500 nm thick glass substrate which is sputter-coated with
indium tin oxide (ITO) layer. In order to prepare Mn-doped ZnO nanorods, the
substrates were immersed in an aqueous solution in a Borosil bottle. The solution is
made up of 0.5M hexamethylenetetramine (HMTA) , 0.5M Zinc Nitrate hexahydrate,

and 0.5%, 1.5%, 2.0%, 2.5% (molar percentage) Manganese chloride tetrahydrate
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respectively. All set of the sample was refluxed at 90° C on the oven for 6 hours. Then
after the Borosil bottles were allowed to cool down up to room temperature. After this

samples were thoroughly rinsed in DI water to remove the residual salt and surfactant.
4.4 Experimental Section: Z-scan Method

In order to determine the NLO characteristics, like n, and s in undoped and Mn-
doped ZnO Nanorods, Z-scan method was employed [58]. Our Z-scan set up
comprises a Q-switched diode-pumped solid-state (DPSS) laser having 0.7 ns pulse
width and can operate at a variable repetition rate (single shot to 100 kHz). DPSS laser
deliver 532 nm. The experiment was carried out at 40 Hz repetition rate. This helps us
to minimize the thermal contribution to n,. In order to change the intensity (or power),
we used a half wave plate and a polarizing-beam-splitter. A converging lens
(~=150mm) was used to focus the beam to a spot size of wy= 45um. This results in a
Rayleigh length (zo= nwo*/A) of = 12 mm. The Mn-doped ZnO nanorods samples were
translated 100 mm along the z-axis of the beam. The transmitted power through the
samples was measured using fast photodetector (Model S120C; Thorlabs Inc.) in both

the Z-scan configuration.

4.5 NLO Measurements in Mn-Doped ZnO Nanorods

In most general and simple case, the NLO properties like NLA and NLR in an optical
system is the interaction of two different light beams [1-3]. During the interaction, if
two light beams can change their phase, then it is referred to as NLR, whereas if there
is an amplitude change due to the interaction, then it is called NLA [58]. It is
important to mention that NLA phenomena take place only if there is certain energy
resonance condition [2]. Since the discovery of nonlinear optics, the NLO properties

of semiconductors are investigated and continue to be studied and investigated
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because of its importance in optical technologies [60]. Due to the fact that
semiconductors are efficient for light emission and detection, they can be applied in
optical technologies for manipulating signals and short pulse production [1-3]. Here,
we concentrate on the NLO behavior of Mn-doped ZnO nanorods in the transparency
region. In other words, we have investigated the NLA and NLR of Mn-doped ZnO
nanorods with laser pulses having energy below the bandgap energy of the optical
system. In the transparency region, the nonlinear response is due to the bound
electronic nonlinearities or the free carrier created by two-photon absorption [2,61,62].
In this case, the response time of the optical nonlinearity is very fast which is dictated

by the virtual lifetime of the relevant transitions and can be treated as instantaneous
[1].
4.5.1 OA Z-scan Measurements

OA Z-scan is used to determine the NLA coefficient of the nonlinear medium [1,58].
NLA correspond to the imaginary part of third-order susceptibility [58]. As the name
suggests, NLA leads to depletion of the laser beam due to absorption by means of
two-photon absorption (TPA) or multiphoton absorption (MPA). It has been
demonstrated that NLA phenomena like TPA or MPA, results in suppression of the
peak and enhancement of valley in the CA Z-scan measurement [58]. However, NLA
phenomena like saturable absorption (SA), suppress the valley and enhance the peak
in the CA Z-scan measurement. In order to determine the effective NLA coefficient
(Befr) of undoped and Mn-doped ZnO nanorods, we have performed OA measurements
at incident on-axis laser intensity of ~ 1-3 GW/cm® Figs 4.1 (a-d) shows the
representative experimental traces showing NLA (SA and TPA) for the OA Z-scan

measurements for Mn-doped ZnO rods with 532 nm nanosecond laser pulses.
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Fig.4.2 Open Aperture Z-scan traces for varying Mn-doping concentration in ZnO
rods with 532 nm wavelength and 0.7 ns pulses.

We can observe from the height of the peak and dip in the OA Z-scan experimental
data (Fig. 4.2 (a-d)) that all the four ZnO samples exhibit a clear dependence on the
Mn doping concentrations. As evident from Fig. 4.2 (a), OA Z-scan traces for 0.5 %
Mn-doped ZnO rods exhibit a transmission drop (dip) at the focal plane (z=0). The dip
at the focal plane in OA Z-scan data indicate that 0.5 % Mn-doped ZnO rods have a
positive value of effective nonlinear absorption (Besr). However, it is interesting to note
from Fig. 4.2 (b), (c) and (d), that OA Z-scan features observed in the higher
concentration of Mn-doping in ZnO rods exhibit a peak at the focal plane (z = 0).
Therefore, higher Mn-doping concentrations in ZnO nanorods results in saturable
absorption (SA). This behavior of SA at 532 nm is yet to be observed prior to this
work, in case of ZnO or any other metal doped ZnO nanostructures. For comparison,
we also performed the OA Z-scan experimental data for pure ZnO samples. The OA
measurements for pure ZnO nanorods also reveal the positive value of effective

nonlinear absorption coefficients (B.s). Also to determine the impact of the substrate,
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we have performed OA Z-scan transmission of the substrate at similar laser fluence.
We observe that Z-scan normalized transmittance exhibited negligibly weak variation;
therefore, we can say that there is a negligible contribution from the substrate. In order
to determine the effective nonlinear absorption coefficient, the OA Z-scan

experimental data were fitted using the relation 2.10 [58].

Table 4.1 Effective NLA coefficients (Ber) of doped and undoped ZnO samples.

Sample Ber (cm/W) | Laser Parameters: References
Wavelength (A),
Pulse width (FWHM)
ZnO Thin films | 4.20x10~° 532nm; 25 ps ®ref.
ZnO Thin films | —1.53x1077 | 830nm; 175fs *ref.
ZnO Nanorods | 5.61x107° 815nm; 85fs Oref,
ZnO Thin films | -0.61x107° | 815nm; 85fs ®ref.
ZnO Nanorods | 5.90x107’ 800nm; Tref
130fs
ZnO Nanorods | 3.5 x 10™ 532 nm; 0.7 ns Thesis work
0.5% Mn Conc. | 1.32x107° 532nm; 0.7ns Thesis work
in ZnO
nanorods
1.5% Mn Conc. | —=1.03x107° | 532nm; 0.7ns Thesis work
in Zn0O
Nanorods
2% Mn Conc. in | —4.17x10® | 532 nm; 0.7ns Thesis work
ZnO Nanorods
2.5% Mn Conc. | —5.45x% 532nm; 0.7ns Thesis work
inZnO 107°
Nanorods
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Our NLO investigation revealed that the nonlinear absorption coefficient values as
well their sign differ widely in comparison with the most of previously reported
values as shown in table 4.1. As observed in table 4.1, there is an inconsistency with
respect to the sign of fB,rin ZnO thin films. However, it is clear that the S, values for
the ZnO rods doped with Mn exhibits an enhancement in values compared to
previously reported values for ZnO thin-films and rods. In order to understand this
weak nonlinear absorption coefficient, we note down the observation made by
Schmidt-Grund et al.[67]. The authors report that doping process leads to change in
the energy states of the ZnO samples and sometimes even there is a red shift of the
bandgap [63,68]. On comparing our linear absorption data, we do observe that there is
a shift in the optical resonance as well as the generation of defect states in Mn-doped
ZnO nanorods [69]. This condition of a shift in optical resonance is the potential
cause for the observed weak nonlinear absorption leading to SA behavior in higher
Mn-doped ZnO rods.

This variation in NLO properties of Mn-doped ZnO or any other doped
semiconductors could also be caused by the modifications in the band structure,
morphology as well as structural arrangement [67,68]. Therefore, the observed peaks
in OA Z-scan normalized transmittance (Figs. 4.1(b-d)) which indicate a weak
nonlinear absorption or SA behavior could be attributed to modification in the energy
eigenstates as well as a shift in the band-edges (or bandgap) in ZnO nanorods. In other
words, the non-availability of unoccupied states at high irradiance in higher
concentration doped ZnO results in weakening of nonlinear optical absorption. As a

consequence, the expected TPA behavior for pure ZnO nanorods and that for 0.5%
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Mn-doped ZnO rod are completely suppressed and taken over by a peak in the OA
transmission which characterizes SA behavior.

We would also like to mention that the difference in the nonlinear coefficients (Table
4.1) could also be due to the difference in the pulse width or due to thermal effects in
previous results. Generally, the nonlinear coefficients in the materials depend upon a
number of factors like wavelength, pulse duration, repetition rate and peak power of
the laser pulse. Generally the study of NLO coefficients with different laser pulses and
wavelength help us to determine the physical nature of the nonlinearities as optical
nonlinearities due to excited states and two photon absorption etc. will behave

differently for different pulse widths.

4.5.2 CA Z-scan Measurements

As discussed in chapter 2 and 3, CA Z- scan is used to study the NLR properties of the
nonlinear medium. The n, corresponds to the real part of X(3) [1,58,70]. In order to
determine the nonlinear refractive index (ny) of the ZnO rods having different Mn
concentration, we have carried out the CA Z-scan measurements with nanosecond
laser pulses. Measurements were carried out at a peak laser intensity of ~ 1-3 GW/cm®.
Fig 4.3 (a-d) shows the representative experimentally measured traces showing NLR
as observed in the CA Z-scan when done with 532 nm nanosecond laser pulses. It is
evident that the CA Z-scan experimental data Mn-doped ZnO nanorods (Fig 4.3(a-d))

are characterized by pre-focal maxima and post-focal minima which is a signature of
negative value for the nonlinear refractive index (m;). For understanding the

mechanism behind such an NLR behavior and making a comparison, we also
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Fig. 4.3 CA Z-scan curve for varying Mn-doping concentration in ZnO nanorods with
532 nm and 0.7 ns pulses.

performed the CA Z-scan transmission of undoped ZnO rods at 532 nm which have a
similar pattern as that for Mn-doped ZnO nanorods [69].

In order to determine the n,, the CA Z-scan data was fitted using the standard relation
2.16 [58]. The NLR results are presented in table-4.2 for various ZnO samples. It is
evident from our investigations that all the samples of ZnO nanorods, exhibit the self-
defocusing effect. Also, our investigation reveals that the nonlinear refractive index
values are an order of magnitude higher as compared to ZnO thin-films. This
enhancement in 7, values could be attributed to the modifications in the morphology
and geometrical arrangements. In addition, the alteration in the electronic bandgap has
an important bearing on n, value measurement [67,68,71].

It is worthwhile to mention that, there exists a Fabry-Perot-like localized resonance in
the samples. This is because the end faces of the ZnO nanorods are optically flat and
therefore the nanorods or nanowires act as a cylindrical optical cavity. As the
optically flat and parallel end faces of the nanorods provides requisite optical feedback

for a resonant cavity and hence the ZnO nanorods are analogous to macroscale Fabry-
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Perot resonators [72-76]. Also ZnO has high refractive index (2.45) which causes
more efficient total internal reflection in the ZnO nano/micro configurations resulting
in the local field enhancement [73, 77] Therefore, the factors such as Fabry perot
resonances which facilitates field localization as well as quantum confinement could

possibly lead to increase in the measured values for nj.

Table 4.2 Summary of n; values of Mn-doped and undoped ZnO samples.

Sample n, (cm”/W) | Laser Parameters: | References
Wavelength (1),
Pulse width
(FWHM)
ZnO thin films | —0.90x10™"* |  532nm; 25 ps Cref.
ZnO thin films | 2.57x107"" |  830nm; 175fs ref.
ZnO Nanorods | 3.11x107'° 815nm; 85fs Oref,
ZnO thin films | 5.57x107" 815nm; 85fs ®ref.

ZnO Nanorods 2.1x 107" 532 nm; 0.7 ns This work

0.5% Mn in ZnO | —1.88x107'° 532nm; 0.7ns Thesis work
Nanorods

1.5% Mn in ZnO | —=1.59x10'° 532nm; 0.7ns Thesis work

Nanorods

2% Mn in ZnO | —-1.25x107"° 532 nm; 0.7ns Thesis work

Nanorods

2.5% Mn in ZnO | —1.34x107'° 532nm; 0.7ns Thesis work

Nanorods

4.6 Summary

In this chapter, I have presented the impact of Mn-doping on NLO properties in ZnO

nanorods. The motivation behind this study is to show that NLO properties are
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strongly influenced by the geometrical arrangements as well as modification in the
energy eigenstates of a doped species. Such an assertion is based on the fact that the
electronic bandgap in semiconductors, which is determined by energy eigenspectrum
of ZnO nanorod variant, primarily determines the NLO response. A clear impact on
the NLO properties with Mn-doping concentration was observed in ZnO nanorods.
The change from TPA to SA absorption with Mn-doping in ZnO could be attributed to
modifications in structure, morphology, and shift of optical resonance. In pure and
0.5 % Mn-doped ZnO rods, strong TPA behavior was observed. In CA Z-scan
measurements, all the samples with different Mn-doping concentration exhibited self-
defocusing. In addition, then,values have been significantly high as compared to ZnO
thin films. The nanostructured morphology of ZnO and the associated alterations the
same due to Mn-doping ought to be the cause of variation in linear and NLO
properties. The enhancement in NLR by the sample has the potential application for
all-optical switching. Additionally, the SA behavior exhibited by strongly-doped ZnO
nanorods could find widespread applicability for mode-locking in ultrashort pulse

generation.
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Chapter 5

Controlling Light-Matter Interactions in Periodically

Stratified Media

In this chapter, I theoretically and experimentally discuss a novel scheme for
controlling light-matter interactions in a periodically stratified media. The idea is
executed through excitation of optical Tamm plasmon (OTP), a kind of surface waves
that exits at the boundary of a distributed-Bragg-reflector (DBR) and a thin plasmon-
active metal layer. The polaritonic behavior of an OTP mode allows an alternative
nomenclature as Tamm plasmon polariton (TPP) mode. A brief introduction of OTP
mode properties in the metal-DBR planar structure is discussed which is followed by a
review of the present status of OTP modes. In the subsequent section, I focus on
optimizing the structural parameters so as to tune the quality factor of the OTP modes.
The third section describes the utility of hybrid-OTP for refractive index sensor. In the
final section, I explore the possibility of OTP modes in the planar structure being
employed for temperature sensing. In this chapter, all the theoretical analysis has been

carried out by employing standard transfer matrix method for a planar configuration.
5.1 Optical Tamm Plasmon Modes and Its State of Art

Igor Tamm in 1932 proposed an electronic state confined at the surface of crystalline
solids called Tamm states [1]. An optical analog of Tamm states was proposed in
2007 by Kaliteevski et al. where electron potential was replaced by the Distributed
Bragg reflector or periodically stratified medium [2]. Subsequently, in 2008, Sasin et
al. experimentally showed the presence of optical Tamm plasmon (OTP) states [3].
These OTP modes are an electromagnetic surface mode that exists at the boundary of

distributed Bragg reflector (DBR) and a plasmon-active metal layer or at the interface
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between two DBR having overlapping stop bands [2,4]. The confinement of this

surface electromagnetic field is due to the negative dielectric constant of metal and the

stop band of the DBR [2]. However, the confinement in the Bragg mirror is not

because of total internal reflection (TIR) but a consequence of photonic stop band

arising from the periodicity of multilayer dielectric structure. These OTP modes are

also called Tamm plasmons polaritons (TPPs). They possess interesting features

which make them useful for various applications. These TPP modes are interface

states which display maximum field at the metal-dielectric interface and therefore

exhibits confined field enhancement [3]. TPPs modes exhibit following characteristics

TPPs are excited inside the band gaps of photonic crystals and dispersion
curve is parabolic in nature.

In comparison to conventional surface plasmon (SP) modes, TPP modes exist
for both the polarization i.e. transverse electric (TE) and transverse magnetic

(TM) [5-7].

The separation between the TE and TM polarizations varies quadratically with
the in-plane k vector.

Complex architectures like prisms or gratings are not needed for exciting TPP
modes [2]. This is due to the fact that TPPs in-plane k vector is close to zero
and therefore can be excited directly.

TPP mode excitation is possible using normal as well as oblique illumination.

[8].

TPPs modes resonance wavelength depends on a number of factors like the
metal thickness, the thickness of dielectric adjacent to metal, metal types [9,

10].
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Recently, activity in study associated with TPP modes has increased because of a
number of applications. Present state of art of TPP modes includes a number of
applications like coupling of surface waves to TPP modes [11], TTP based lasers
[12,13], Optical nonlinear study using TPP modes [14], light trapping [15], all-optical
switching [16] and sensing [17, 18] which have been suggested and observed
experimentally. There are quite a few studies which focus on enhancing the
fluorescence using TPP coupled emissions [9]. R Badagua et al. have carried out
extensive studies in this area of fluorescence modification in materials using TPP
modes [19, 20].

TPP mode has been of significant interest in the field of nonlinear optics. Afinogenov
et al. demonstrated enhancement of SHG intensity due to excitation of TPPs modes
[21]. Lee et al. in their recent study proposed enhanced NLO effects due to TPPs in 1-
dimensional photonic crystal (DBR) structures [14]. Their results implied that very
surface-enhanced Raman scattering signals can be enhanced and NLO effects could be
observed with much lower threshold light intensities. In the field of NLO, Xue et al.
theoretically investigated enhanced third-harmonic generation (THG) in the
heterostructure with a DBR and a thick metal film [22]. Nonlinear Tamm states are
proposed in layered metal-dielectric metamaterials by lorsh et al. in 2011 [23].
Gubaydullin et al. in their recent work demonstrated the enhancement in the
probability of spontaneous emission due to excitation of TPPs modes [24]. Recently
Shukla et al. proposed the excitation of TPP modes in one-dimensional quasi-periodic
photonic crystal [25]. Very recently, quite a few investigations have been aimed at the
possibility of inter-modal coupling between surface plasmons and TPP modes [26-27].

The strong coupling between the TPP and surface plasmon modes have been
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demonstrated as an anti-crossing behavior in their dispersion relations. The utility of
conventional TPP modes and hybrid TPP modes in a sensing application has also been
reported theoretically as well as demonstrated experimentally [17, 18, 28]. Single
photon emission is also possible using TPP structures [29]. Recently, Li et al
demonstrated the concept of planar hot-electron photodetector utilizing the concept of
TPPs with a DBR, a Schottky junction, and metal layer. The structure shows enhanced
cavity coupling and TPPs resonance and therefore light-trapping efficiency could be
enhanced manifolds [30]. Fang et. al. studied the characteristics of the coupled states
of SPPs, magnetic-defect and TPPs modes for a system of semi-infinite DBR having
metal and magneto-optical films [31]. The authors showed that the dispersion
properties of SPPs mode are strongly influenced by the magnetic-defect states and
TPPs modes. Also, the influence on SPPs due to the presence of magnetic-defect
states get enhanced by the hybrid coupled states resonances. Fang et. al/ also employed
TMM to understand the surface modes properties in semi-infinite DBR having a layer
of the metal film [32]. The authors observed that the metal film changes the
characteristics of surface waves in the semi-infinite DBR considerably. Recently the
introduction of ultrafast lasers started the investigations of temporal properties of
TPPs modes [33, 34]. Earlier, SPP mode width and lifetime have also been
investigated and found to be of the order of several nanometers and hundreds of fs
respectively which improves significantly in case of TPP modes [35]. The recent
investigation in this direction showed the changes in fs pulse envelope when reflected
from a TPP structure [33]. Features of TPP modes for carrying out basic scientific
research have been studied by Grossmann et al. and Kaliteevski et al. [36,37]. For

example, Grossmann et al. have shown that TPP exhibit strong coupling with
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quantum-well excitons [36] and Kaliteevski et al. have also demonstrated that TPP

modes show strong coupling of exciton-polaritons [37].

5.2 Structural Optimization and Tuning the Quality Factor

of Optical Tamm Modes

Since the first experimental demonstration of TPP modes in 2008 by Sasin et al., TPP
has been intensively studied in the last few years [10-12, 17-21, 24-30]. The DBR-
metal structure that supports TPP modes could be designed to operate at a chosen
frequency with a possibility of monolithic integration. However, one disadvantage of
TPP modes is that its field are strongly confined at the interface of DBR-metal film.
Therefore, a crucial challenge of precisely controlling and manipulating TPP mode-
field still persists. Also, due to advancement in laser technology, it is essential to
investigate the photon relaxation mechanism and lifetime of TPP modes, which is
defined by the characteristics of metal-DBR geometry [33].

Recent studies on TPPs modes are focused on the criticality coupling of light to TPPs
modes [10, 38, 39]. By using the concept of admittance loci, Chang et al. investigated
the dependence of TPPs wavelength on DBR structures [10]. However, an extensive
theoretical and experimental study for understanding the factors governing the

coupling efficiency is still required.

DBR properties and plasmonic metal films are the two important factors that determine the
coupling efficiency of TPPs modes. Properties like DBR bilayers, refractive index difference
between the two dielectric medium greatly influence the TPPs resonance. The properties of

plasmonic metal film that affects TPP lifetime and resonance are its thickness and absorption
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coefficients [33]. Investigations of the quality factor (Q-factor) and a lifetime of TPPs
resonance is essential to create novel photonic devices [33]. Therefore for efficient coupling of
light to TPP modes, metal and DBR parameters are needed to be optimized. In this section,
we basically study the propagation characteristics of TPPs modes for ascertaining the
influence of metal films and DBR on the Q-factor of TPPs in DBR-metal structure.
Experimentally, we estimate the coupling efficiency and lifetime of TPPs mode from its
transmission or reflection spectrum. As we know that the excitation of TPPs mode leads to a
narrow peak (in transmission spectrum) or a narrow dip (in reflection spectrum) within the

photonic stop band (PBG).

5.2.1 Theoretical Framework

Fig 5.1 shows the schematic of the TPP structure. The structure consists of a DBR and a metal
film. Here the DBR consists of Ta;Os and SiO,. The DBR terminates with the Ta,Os layer.
TayOs layer is followed by a metal layer of gold (Au) and Silver (Ag) in this work. The DBR
dielectrics thicknesses chosen to form a quarter-wavelength stack condition at the operational

wavelength.

E
c
\n
N
-

Fig 5.1 Schematic of the TPPs structure

The properties of TPPs modes using standard TMM for the DBR-metal structure have been

analyzed. The DBR reflectivity is given by the relation [40],
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where 1=15]" and ‘r;” 1s the reflection coefficient of one unit of DBR. ‘K’ is the Bloch

wavevector for the DBR which is complex inside the photonic bandgap and ‘N’ is the number

of DBR unit cells [40]. Metal reflection coefficients ry; is given by the Fresnel relation [2],

v = (na — )/ (g + 1) (5.2)
where ny = \,% is the complex refractive index of the metal and n, is the dielectric
refractive index adjacent to the metal. The relative permittivity e(m) of metals in the
Drude model is expressed as:

2

e(w)=1-——P (53)
(0% +iyo)

where ), the plasma frequency, and v is the collision frequency [26]. Assuming y is small and

® <<, equation 5.2 is modified as [26]

(5.4)
r, ~exp(i[(1-syt +2(n, /n,)"n (0/0 )

o[22 2
Here, s =1 or 0 for TM or TE polarization and Ma =N Here, n;1s the imaginary part

of the effective refractive index for TPP modes [41]. Therefore, the reflectivity from metal-

2 2
R*|rN| |rM|

DBR geometry is expressed by the relation . Therefore, metal, as well as DBR

properties, influence the TPPs Q-factor and lifetime. To study the dependence on DBR
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bilayers, we plot the reflectivity for Ag-DBR geometry. Plasma wavelength and collision
frequency values are taken from Johnson ef al. [42]. Reflection spectra for N =4, 6, 8, 10 and
12 when d; = 60 nm (Ta,Os), d; = 125 nm (SiO;) and dy,= 30 nm (Ag) are illustrated in Fig.
5.2 (a). Here, N is the number of bilayers of the DBR. The simulations were performed using
the material refractive indices as given by Bright et al. [43, 44]. As observed in Fig. 5.2, the
reflectivity decreases to a minimal value for N = 6 and the reflectivity minimum shifts upward
as we increase the number of unit cells. Also, it is evident that for higher values of N, the
reflectivity variation is narrower for the TPPs resonance. In Fig. 5.2 (b), the reflectivity
spectra for Ag-DBR configuration having varied Ag thicknesses (d,,,) are shown with N = 6,
which clearly shows the influence of d;,, on TPP resonance. It is evident that the TPP
excitation reaches a minimum value in the reflection spectrum when d;, = 30 nm. With the

increase in dy,, TPP resonance turns sharper and the reflectivity minimum shifts upward.
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Fig 5.2. (a) Reflection spectra for varying DBR bilayers and d,, = 30 nm for Ag (b)

Reflection spectra for varying Ag thickness and N = 6 of DBR.

Therefore it is clear from the Fig. 5.2 (a) and (b) that the excitation efficiency of TPP mode is

affected by the number of bilayers in DBR and d,,. This is connected to the phase change in
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reflection coefficients from the metal and DBR. Since, the excitation of TPP mode is
governed by the phase matching conditions that require ¢ies + $righe= 0 Where Prenand Pyigneare
the phase of backscattered radiation of light traveling from right to left and left to right
respectively at the metal-DBR interface [2, 45]. Naturally, the condition of perfect coupling or
zero reflectance requires the aforementioned condition to be satisfied exactly at the Ag-DBR
interface [38]. In Figs. 5.2 (a) and (b), the above phase matching condition is satisfied for N =
6 and d,, = 30 nm. As evident from Fig 5.2(a) and (b), the linewidth of TPP resonance
decreases with increase in N and dy,. The increase in linewidth is due to increase in reflectivity
of the Ag-DBR geometry [46, 47]. Therefore, the decrease in linewidth with an increase in
DBR pairs or metal thickness provides a means to improve the Q-factor of the TPPs mode. It
is important to observe and inferred from Fig. 5.2 (a) and (b) that for a given metal thickness,

the choice of N becomes important in achieving maximum coupling efficiency.

Based on above observations, we need to observe the influence of ‘N’ and ‘dm’
variation together on the narrowness and reflectivity minima of TPPs modes. In order
to understand the influence of coupling efficiency on metal-DBR parameters,
reflectivity minima (Ry,i,) 1s simulated as a function of N and d,,, for the metals gold
(Au) and silver (Ag). In the simulation, light is assumed to be incident from the
substrate side. Fig. 5.3 (a) illustrates a color map showing the shift in R, as a
function of N and d,,. As observed in Fig. 5.3(a), there is strong coupling to TPP
modes for all N<9. However, for DBR with N> 10, the coupling efficiency reduces. It
is also important to observe from Fig. 5.3(a) that the coupling efficiency maximizes
only under certain conditions. The optimum metal thickness d,(opt) is = 46 nm and

N= 6 for highest coupling efficiency. On the other hand, the optimum value of dp

increases to 60 nm when N= 7. In a qualitative sense, coupling efficiency could also
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be observed in Fig. 5.3 (b) where the metal thickness is plotted as a function of N. In

comparison to Fig. 5.3(a), Fig. 5.3(b) also exhibits optimum metal thickness for a
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Fig 5.3 Variation of reflectivity minimum (Ry,;,) of the metal-DBR geometry as a
function d,, and N at normal incidence for (a) Au-(Ti0,/Si0,)-based DBR and (b) Ag-

(T10,/Si0;)-based DBR. Color bar represents Ry;p.
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given N where R, is smallest. For the silver case dm(opt) = 36 nm, d,(opt) = 46 nm
and dy,(opt) = 60 nm for N= 6, N= 7 and N= 8 respectively in order to maximize the
coupling efficiency. As observed the coupling efficiency reduces for N > 11 as per
Fig. 5.3(b). From Figs. 5.3(a) and 5.3(b), it is easy to conclude that dm, as well as N,
influence the coupling efficiency of TPP modes. The study also reveals that the

plasmon metal also influences the Q-factor of the TPPs modes.
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Fig 5.4 Variation of Q-factor for TPPs modes with DBR Bilayers

In order to bring out an alternate viewpoint, we have calculated the Q-factor as a function of
N with dp,, = 30 nm for Au, Ag and Al. The variation of Q-factor with N is shown in Fig. 5.4.
We can clearly observe from Fig. 5.4 that with the increase in DBR bilayers, the Q-factor
increases for all the plasmon-active metals. However, an important point to observe is that Q-
factor is maximum for Al and minimum for Au. The difference in coupling efficiency is due
to the difference in imaginary part of the dielectric constant of plasmon active metals. The

imaginary part of dielectric constant is largest for Al and hence highest coupling efficiency,
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However, due to rapid oxidation of Al, Au becomes the most suitable candidates for

applications based on TPP modes.

To get a better picture, we have illustrated the dependence of Q-factor and lifetime of TPPs
modes on metal thicknesses for Ag and Au as shown in Figs 5.5 (a) and (b). In case of Ag, Q-
factor of the TPPs mode is = 40-50 for d,, = 30 nm and scales almost linearly with the
increase in metal thickness up to 50 nm for all values of N. The Q-factor decreases for d,,> 50
nm. The decrease in Q-factor for d,,> 50 nm is related to the saturation of reflectivity from Ag
layer. Also with the increase in metal thickness, the absorption losses in metal also increase

which in turns influences the Q-factor.
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Fig 5.5 Q-factor and lifetime of TPPs modes as a function thickness for (a) Silver (Ag)

and (b) Gold (Au)

As photons lifetime of TPPs mode is directly proportional to the Q-factor, therefore the
similar trend is observed for the lifetime as well. The Q-factor and lifetime of TPPs mode in
case of Ag (Fig. 5.5(a)) are almost 2 times larger as compared to Au Ag (Fig. 5.5(b)). Larger
values in case of Ag are due to the greater magnitude of the imaginary component of
dielectric constant for Ag in comparison to that for Au [48]. Hence, proper choice of metal, its

thickness, DBR bilayers is important for applications based on high Q-factor TPPs modes.
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5.2.2 Experimental Configuration and Reflectivity
Measurements

Dependence of TPPs coupling efficiency on metal thickness is illustrated experimentally in
this section. In order to perform the experiments, I have used dielectric plane mirrors in place
of DBR. An experimental set-up for exciting TPPs modes is shown in Fig. 5.6 (a). The
experimental set-up consists of a fiber-coupled white light source (WLS) having ~ 260 nm

broad spectrum (see Fig. 5.6(b)). WLS is non-uniform in the visible region as shown in Fig.

5.6(b).
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Fig 5.6 (a) Schematic of the experimental set up for TPPs mode excitation. (b) Nonuniform

white light source.

The light is launched with an optical fiber on metal-deposited Braggs mirrors and the
reflection from the surface is collected by the same optical fiber before feeding it to the
spectrometer (Model: BRC112P-V, BWTek Inc.; Resolution — 0.5 nm). For exciting TPP
modes, 30 nm and 60 nm of Gold (Au) and 30 nm of silver (Ag) thin-films were deposited on
dielectric Braggs mirrors (Castech Inc.), namely ‘mirror +30nm Au’ and ‘mirror +60 nm Au’
and ‘mirror + 30 nm Ag’ respectively. Without metal depositions, the reflectivity of the plane

mirrors is >99% over a wavelength range of 520—670 nm. For experimental observation of
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TPPs modes, WLS is launched normally on the metal-mirror configuration and reflected
beam is measured as shown in Fig 5.6(a). The reflection spectra for the bare mirror and metal
deposited mirrors are illustrated in Fig. 5.7. The reflections spectra are shown in Fig. 5.7 are

characterized by a sharp reflectivity minima appearing within the DBR stopband [2, 9].
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Fig 5.7 Experimentally Measured Reflection Spectra.

5.2.3. Q- Factor and Life-Time of Optical Tamm Modes

It is straightforward to observe from Fig. 5.7 that metal (Ag and Au) deposited plane mirrors
shows a narrow dip in its reflectance spectra inside the high reflection band (stop band ) of the
plane mirror. This narrow dip in the high reflection region of the mirror is a signature of TPP
mode excitation. Metal deposited mirrors namely “mirror + 30 nm Au”, “mirror + 60 nm Au”
and “mirror + 30 nm Ag” shows TPP excitation at 656 nm, 653.5 nm 652.5 nm wavelength
respectively. The reflection spectra of TPP modes were fitted using Lorentzian function and

calculated the linewidth of the TPPs resonance whose values are given in table-5.1. As clearly
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observed from Fig. 5.7 and table 5.1, Ry, 1s associated with the TPP modes are strongly
affected by the plasmon active metal as well as its thickness. As we can observe from Fig. 5.7,
the dip corresponding to TPP mode is sharper for “mirror +60 nm Au” as compared to
“mirror + 30 nm Au” i.e. TPP resonance sharpened with the increase in metal thickness. Also,
dip corresponding to TPP mode was blue shifted for a 60 nm thick Au-film deposited mirror.
From Fig. 5.7, it is also clearly observed that the dip in the case of “mirror + 30 nm Ag”
sample is sharper and blue-shifted as compared to “mirror+60nmAu” and “mirror +30 nm
Au” samples. Sharpness and smaller linewidth in case of Ag deposited mirror is due to the
large value of its imaginary dielectric constant as compared to Au [10]. Sharp resonances in
the reflection or transmission spectra provide a better platform for sensing application due to
higher detection-accuracy or improved signal-to-noise ratio (SNR) [48]. Based on the
observations, we determined the O-factor of the TPP resonance. Q-factor is defined by the
ratio of energy stored within the cavity to the energy loss per optical time period multiplied by
a factor of 2m. Alternatively, in terms of resonance wavelength (Ay,) and linewidth (AX), O-
factor is expressed by the relation (Q = Ay/AM) [10]. Basically, Q-factor is a measure of the
energy losses from within the cavity. Here, the value of TPP resonance width (AA) is
influenced by energy loss via the metal film, DBR, as well as due to scattering by rough metal

and DBR surfaces [49].

Table 5.1 O-factor for the TPPs modes for metal deposited broadband mirror

Samples Resonance FWHM | Error QO-factor
Wavelength (AN)
(Mp)
‘DBR+30 nm Au’ 656.00 3.92 +0.067 167.40
‘DBR+60 nm Au’ 653.50 2.60 +0.155 251.0
‘DBR+30 nm Ag’ 652.50 2.36 +0.085 277.0
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The QO-factor determined for the three metal deposited mirrors are tabulated in table-5.1. We
found that the O-factor of the TPP mode, in the case of silver Ay, = 652.5 nm), is = 1.65 times
as that for gold (A, = 656 nm). Experimental observations also suggest that the O-factor of
TPPs mode can be modified by varying d,, or by using plasmonic metals. The excitation of
TPP modes at the metal-DBR boundary is comparable to modes in a Fabry-Perot cavity [34].
The TPP structure could be treated like a Fabry-Perot cavity having “zero” gap between the
metal and DBR. Therefore, the photons trapped inside the structure due to excitation of TPPs
mode could be characterized by the cavity lifetime (ty). The cavity lifetime is governed by
many factors like DBR and metal reflectivity as well as thickness [33]. TPP lifetime could be
evaluated similarly to cavity lifetime by the expression (tp, = QA/2mc). The 1, for three

different cases are found to be 58.00 fs, 87.00 fs, and 96.00 fs respectively.

5.3 Hybrid-Tamm Modes for Refractive Index Sensing

5.3.1 Motivation

The TPPs modes excited at the boundary of a metal film and a DBR shows a number
of possibilities in terms of sensing scheme and its simple structural implementations.
This is because the TPPs mode based sensors can be operated at a particular
wavelength (or a number of wavelengths), and can work with all plasmonic metals
(Ag, Au, and Al). Also, TPPs mode, which is excited as a narrow dip in the high
reflection band of the DBR exists for both TE and TM polarizations and at an oblique
angle as well [9, 50]. Enhancement in light and light localization at metal-DBR
boundary due to excitation of TPPs modes have been utilized for various purposes like
light trapping [15] and lasing [11,12], nonlinear optics [14], optical switches [16],

fluorescence enhancement [19, 20]. Reflection dip or transmission peak corresponding
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to TPP mode excitation have been utilized for refractive index sensing (RIS) [17, 18].
However, these sensors require the use of mesoporous multilayers as Typical TPPs
mode field are restricted at the metal-DBR boundary. Due to mode confinement, the
TPPs resonance wavelength is not affected by the ambient medium. Due to the
absence of TPPs field interaction with the ambient medium, the TPPs-modes
resonance wavelengths are not affected [18, 19]. Therefore in order to change the
TPPs-modes resonance wavelengths properties as the characteristics of the ambient
medium change, we configure a system in which a coupled mode could be excited.
In order to excite coupled TPP modes, I have proposed a geometry in which an
analyte layer is sandwiched between two ‘metal-DBR’ structures. The geometrical
configuration is illustrated in Fig. 5.8(a). The DBR or one-dimensional photonic
crystal in the configuration comprises Ta,Os/Si0, multilayers [50, 51]. Here, by
altering the cavity configuration, we can control the coupled Tamm modes or the
hybrid TPP modes as per the targeted application. Also, for this geometry, field-
localization is significant in the analyte region due to the strong coupling between
TPPs modes [51]. The proposed sensing configuration has following advantages over
the typical SPP based sensors.
1. Unlike surface plasmon polariton modes that are TM-polarized, Tamm
plasmon modes can be excited by incident waves of both orthogonal TE- and
TM- polarizations, and are characterized by parabolic dispersion with different
‘effective masses’ for TE- and TM-polarized Tamm plasmons.
2. As surface plasmons are TM-polarized non radiating modes, therefore comples
architectures involving high index prism and grating are involved for their

excitation. However such configyrations are not required for the excitation of
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the TPP modes.This is due to the fact that TPPs in-plane & vector is close to
zero and therefore can be excited directly.

Unlike surface plasmons, TPP modes excitation is possible using normal as
well as oblique illumination.

. Tunability of the TPP mode. An important requirement for optical sensors is
the ability to tune the spectral range of operation, so that the device may be
tuned to the optimum region for a specific target. TPP mode tuning is easily
obtained, simply by changing the thickness, refractive index of the DBR or
porosity of the constituting DBR bilayers.

. FWHM of TPP mode varies from 2 to 5 nm, however the optical sensors based
on SPR configuration typically exhibit FWHM=~ 40-50 nm. Therefore TPP

based sensor has better detection accuracy (DA) as compared to SPR based

sensor.
&
X
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Fig. 5.8 (a) Configuration for exciting coupled TPPs modes. (b) The experimental set-

up for RIS measurements.
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5.3.2 Structure for Exciting Hybrid Optical Tamm Modes

The DBR-metal-cavity-metal-DBR configuration for exciting coupled TPPs modes is
schematically presented in Fig. 5.8 (a) and the experimental configuration for the RIS
measurements is illustrated in Fig. 5.8(b). WLS is launched on dual ‘metal-DBR’
structures as illustrated in Fig. 5.8(b). At normal incidence, the reflected light is
collected by the same optical fiber before being sent to the spectrometer. The
experimental design provides a means to change the analyte refractive index [52]. For
simulating the reflection spectra from the metal-DBR structure, we choose Ag as
metal and each DBR having 8 bilayers of Ta,0s/Si0,. Ag thickness is taken to be 30
nm and the refractive index value is used from Johnson et al. [42]. The material
dispersion relations for Ta;Os and Si0, are taken from Kobayashi et al. work [53]. We
have used d; = 60 nm and d, = 125 nm so as to form a quarter-wavelength stack and
have a high reflection band in the visible region (530 -730 nm) as illustrated in Fig.

5.9 (a).

5.3.3 Numerical Results on Hybrid Tamm Modes

To calculate the reflection spectrum of a multi-layered structure, we used the TMM
and the cavity thickness d, is taken to be 140 nm [32]. Also, the analyte index is taken
to be n, = 1:33. The simulated reflection spectra for dual ‘Ag-DBR’ configuration is
presented in Fig. 5.9 (a) (solid curve) which depicts two nearly placed dips inside the
high reflection band of Ta,05-SiO, DBR. The dips in the reflection spectra occurs at
A1 = 659 nm and A, = 670 nm. Such dips in reflectivity are associated with the
coupling of two individual TPPs modes formed at Ag-DBR boundary. It is important
to mention here that d, = 140 nm is in order avoid cavity-modes [53]. There is a

reduction of absorption in the metal film due to excitation of the hybrid TPPs mode
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Fig 5.9 (a) Numerically simulated spectrum for dual “Ag-DBR” configuration with n, = 1:33
and d, = 140 nm. (b) Normalized field intensity for Mode-1 (dotted curve) and Mode -2 (solid
curve).

[54]. Hybrid mode dips at A;; and A, is assigned as anti-symmetric (Mode-1) and
symmetric mode (Mode -2) based on symmetry in dual Ag-DBR structure (about x =
0). The normalized hybrid mode field intensity for both modes are illustrated in Fig.
5.9 (b). Field intensity represented in Fig. 5.9 (b), clearly illustrates the symmetric and
anti-symmetric field variation about x = 0. Mode-2 shows the significant existence of
a field in the analyte region (see Fig. 5.9 (b)) and therefore the resonance wavelength
of Mode - 2 is expected to change with the change in the analyte index. In order to
understand the variation in dispersion properties of Mode — 2, the reflectivity map
R(n,A) on the plane of analyte index (n,) and wavelength (A) at normal incidence are
presented in Figs. 5.10 (a), (b), and (c) respectively. We can observe from Figs 5.10
that the A;; corresponding to Mode-1 experience an imperceptible shift. However, A,
corresponding to Mode-2 shows a marginal shift as n, varies (see Fig. 5.10(a)). It is
important to observe that the shift in A, is large as illustrated in Figs. 5.10 (b) (for d, =
80 nm) when n, change from 1.33 to 1.53. The mode-2 (A;;) shows a maximum shift
for d, = 165 nm (see Fig. 5.10 (c¢) as n, changes from 1.33 to 1.53. Qualitatively, the

shift in coupled TPPs mode wavelength could be analyzed by observing the change in
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Fig. 5.10 Reflectivity map R(n,A) of the coupled TPPs mode when (a) d, = 20.0 nm,

(b) da=80.0 nm and (c) d, = 165.0 nm. Color-bar represents reflectivity.

Mode -2 field distribution. The mode-2 field intensity is illustrated in Figs. 5.11(a), (b)
and (c). The field intensity for mode-2 with d, = 20 nm is presented in Fig. 5.11(a),
when n, = 1.33 and n,= 1.53. Around the region x = 0 (see Fig 5.11(a)), the variation
in Mode-2 field intensity is imperceptible when n, is varied. Again around the region
x=0 (see Fig 5.11(b)), when d, = 80 nm, the variation in mode-2 field intensity is
small but observable. However, variation in mode-2 field intensity is appreciably large
for d, = 165 nm ((see Fig 5.11(c))). This variation in field intensity is the cause behind
the large shift in Mode-2 resonance wavelength with the change in n,. This variation
in mode-2 resonance wavelength could be utilized for the sensing scheme. it is
important to mention that the proposed sensing scheme could be used for biochemical

sensing as well [55-57].
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Fig 5.11 Field intensity for Mode-2 when (a) d, = 20.0 nm, (b) d, = 80.0 nm and (¢) d,
=165.0 nm.

From the aforementioned description, it is clear that A;; of Mode-1 does not show any

shift as n, change, however, A, of Mode-2 exhibits a significant shift for variation in n,

for d,> 50nm. This variation in A;; with analyte index is the basis of my proposed

“self-referenced sensor”. Sensing is called self-referenced because A, for Mode -1

does not change and A, for Mode — 2 exhibits large change with variation in n, [58-

61].

5.3.4 Hybrid Optical Tamm Modes Sensor Characteristics

In view of the observations made in the previous section, we have investigated the coupled
TPPs mode sensor characteristics by calculating the shift in A, with respect to A;. To

determined the sensitivity of the proposed sensor, we assumed d, = 165.0 nm as a maximum
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shift in A, was observed for this case (see Fig. 5.10 (a), (b) and (c)). The sensitivity is defined
as S, = |OA)/dn,, where 0A—= An -Ay as per Fig. 5.9(a). For the same geometry, detection
accuracy (DA) is defined as the inverse of FWHM of Mode-2. We also calculated FOM of
the proposed sensor and is defined as FOM = S;;/ FWHM. FOM is an essential quantity to

analyze sensor performance.
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Fig 5.12 Variation of sensitivity, DA, and FOM for the hybrid-TPP mode sensor as a

function of the analyte index (n,).

The variation of S;,, DA (inset) and FOM (inset) for the proposed TPP hybrid-mode sensor as
analyte index (n,) varies are illustrated in Fig 5.12. From the Fig 5.12, it is clear that the
sensitivity varies nonlinearly from 65.0 nm/RIU to 180.0 nm/RIU. The proposed coupled

TPPs mode RIS shows FOM of 11-21 /RIU (see Fig. 5.12).
5.4 Refractive Index Sensing with Distributed Bragg
Reflectors

5.4.1 Motivation

In the last few years, refractive index sensor (RIS) based on photonic crystals and TPP

based structures have been intensively studied [17, 18, 28, 56, 67]. Amongst them,
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one important configuration for refractive index sensing is a microcavity or analyte
region filled with a biochemical component. These structures are famous for their easy
control of the optical design and easy fabrication. Also, the proposed RIS could be
used in the wavelength of our interest by optimizing the DBR. For controlling the
characteristics of the microcavity modes and to apply it for any practical applications,
the field distribution in the cavity plays an important role. In this study, we propose a
RIS comprising a DBR and investigate its sensing properties. With the proposed
architecture, we can excite the cavity modes. The excitation of the cavity modes leads
to a narrow dip in the stop band of the DBR. Mode excitation leads to field
enhancement in the region between metal and DBR.

In this section, we investigate the impact of cavity thickness; angle of incidence
(AOI), metal (Ag, Al, Au) and light polarization on the sensor performance. The RIS
design is very simple to implement as the sample is only made up of a metal film on
top of DBR. The present RIS is advantageous over other with respect to its excitation-

detection mechanism.

5.4.2 Structure Design for Cavity-Mode Excitation

The cavity based RIS configuration is presented in Fig. 5.13 (a). Configuration
presented in Fig. 5.13 (a) is comprised of a cavity sandwiched between a thin metal
and a DBR. The gap of the proposed configuration placed between the metal film and
DBR is the basis of cavity mode excitation and hence could be utilized for RIS. The
cavity refractive index (n,) influences the mode resonance (A.). Therefore on varying
n, in the cavity, the A of the mode changes. In this study, I have taken 8 DBR unit
cells of TayOs/Si0, with thicknesses 60 nm and 130 nm respectively to form a

quarter-wavelength stack. The chosen quarter-wavelength stack results in band gap
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Fig 5.13 (a) Design of the cavity structure (b) Reflectivity of the structure with n, =

1.33 and d; = 900 nm.

from 550 nm to 750 nm as illustrated in Fig. 5.13 (b). Ta,Os and Si0, refractive index
values are used from Kobayashi et al. work [53]. To begin with, the cavity thickness
(d.) and d,, are taken to be 900 nm and 40 nm for simulation work. This study
investigates the role of metals (such as gold, silver, and aluminum) on the sharpness
and resonance wavelength. Theoretical analysis is carried out with various metals to
Fig out their impacts on sensitivity and DA of the RIS. Theoretically, we analyzed the
propagation characteristics of the proposed design (see Fig. 5.13 (a)) using TMM [40,
63]. In the analysis, the cavity region refractive index is varied. Lightwave oscillates
inside the cavity and a new kind of surface wave called cavity-mode is formed in the
cavity region. The cavity modes A, are susceptible to the variation in n,. To investigate
the RIS properties, a shift in A, is monitored from transmittance, reflectance or

absorption spectra.
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5.4.3. Impact of Cavity Thickness and Metals on Cavity

Modes

In order to calculate the reflectivity of the proposed RIS configuration, we employed
the TMM [40, 63]. In Fig. 5.13(b), we present the reflectivity at 90° for different
plasmon active metal layers of identical thickness. Sharp minima inside the stop band
correspond to the formation of the cavity-modes [8]. I have also investigated the effect
of metals on the A, of cavity mode and is illustrated in Fig. 5.13(b). Different metals
result in variation in A, for the cavity modes. Also sharper reflection spectra for Al
with respect to that of Au and Ag is due to the larger value of €™ of Al. In addition,
the difference in reflectivity drop could be explained on the basis of metal imaginary
dielectric constant value as well as on the perfect phase matching condition ryrpgr=1
where 1y and rpgr are reflection coefficients of the metal and DBR [2]. In order to
study the impact of plasmon-active metals on the cavity resonance wavelength and its
sensing characteristics, reflectivity with varied n, is shown in Figs. 5.14(a), (b) and (c)
respectively. The n, refractive indices used in the simulation are chosen in such a way

that it corresponds to methanol, water, isopropanol, 2-methoxyethanol and chloroform

1 1
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Fig 5.14 Reflection spectra of the cavity-mode calculated by TMM for different

plasmon active metals ((a) Aluminum; (b) Silver; (c¢) Gold).
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having a refractive index (RI) of 1.3284, 1.333, 1.3772, 1.4021 and 1.4458
respectively [56]. As illustrated in Fig. 5.14, Ry, and A, of the cavity-mode changes
when n, varies from 1.3284 to 1.4458. Qualitatively, the shift in A, is the result of
cavity mode excitation and its field interaction with the analyte refractive index [25].
Also it is evident (see Figs 5.14) the narrowness or the sharpness of the cavity-mode
strongly depends on the metals. Also, it is important to note that due to narrow and
sharp resonance, the width is minimum for Al. This provides a practical platform for

sensing application with an improved signal-to-noise ratio (SNR) and DA.

5.4.4 Cavity Mode Sensing Characteristics

In view of the observations made in the previous section, we have investigated the sensing
characteristics of the metal-cavity-DBR geometry. Fig. 5.15 (a) shows the cavity-mode A,
variation with respect to n, of the cavity for RIS. The graph is plotted for metals (Al, Ag, Au)
with d, =900 nm. From Fig. 5.15 (a), we can clearly observe that the A increases linearly with
the increase in n, Sensitivity is defined as S, =AN/An, and was calculated to be =~ 355
nm/RIU for d, = 900 nm. As observed in Fig. 5.15 (b), sensitivity has been calculated for d, =

900 nm as this thickness maximizes the (S, value and helps to avoid additional modes in the
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Fig 5.15 (a) Variation of the cavity-mode resonance wavelength with analyte index.

(b) Cavity thickness dependent Sensitivity (S;).
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cavity [54]. Additional modes in the cavity lead unavoidably enhance the detection
complexity. The proposed design is important from the perspective that it results in
field confinement in the cavity and hence could be utilized for sensing purposes
[28,51,68]. Since the proposed refractive index sensing scheme is based on 1DPC,

therefore it could be employed in the desired band [18].

5.4.5 Impact of Incident Angle on Sensitivity

In general, the cavity and TPPs mode are dispersive and hence they are susceptible to
variation in the AOI [3]. In order to find out its implications, the sensitivity versus
AOI variation is illustrated for both the polarizations (TE and TM) in Fig. 5.16. It is
apparent from the Fig. 5.16 that the S, tends to increase with the increase in AOI for
both TE and TM modes. It is important to note that the S, for TM-mode increases up
to 30° AOI and then after, tends to decrease (See Fig 5.16(Green line)). Also, the S,
for TM-mode is smaller with respect to the TE-mode. This is due to the fact that the
variation in A.is larger for TE-mode with respect to TM-mode. In order to understand

this, we note that the stop band in DBR is formed due to multiple reflections from the
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Fig 5.16 Variation of S, as a function of AOI for the TE and TM polarized light.
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DBR multilayers [69, 70]. Afinogenov et al. demonstrate that the TM-mode
reflectivity reduces as AOI increases and finally, reflectivity becomes zero at
Brewster’s angle [70]. Due to this, stopband edges smoothen and therefore the dip
corresponding to the A, becomes broad. In other words, the decrease in TM mode
reflectivity results in poor confinement of the mode field and hence decreases in S,.
However, larger S, of the TE-mode is because of to its large group velocity dispersion
with respect to TM-mode. Also the reflectivity of TE-mode increases with increase in
AOI. Increase in reflectivity leads to strong field confinement and hence increase in

Sh.

5.5 Tamm-Plasmon Resonance Based Temperature Sensor

In this section, we discuss experimental results and theoretical modeling of a
temperature sensing scheme using the phenomenon of Tamm-plasmon resonance. We
deployed a scheme where controlled heating Ag deposited DBR is carried out and
alterations in the coupling efficiency to TPP modes is noted. The DBR is comprised of
periodically stacked multilayers of Ta,Os and SiO,. Such an experiment allows the
study of the TPP mode confinement as well as the accurate determination of
temperature. We systematically investigate the reflectivity minima (depicting coupling
efficiency) of the excited TPP mode when the Ag-DBR sample is heated. We found
that the reflectivity minima corresponding to TPPs mode shift upwards with an
increase in temperature. The metal-DBR configuration supporting TPPs mode is

theoretically analyzed as well.

5.5.1 Optical Tamm Modes Excitation Setup

The configuration which supports TPPs modes is consists of a DBR and a metal
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film (Ag) as shown in Fig. 5.17 (a). The presented structure in Fig. 5.16 (a) supports
a TPPs mode at Ag-DBR interface according to the resonance condition for micro-
cavity modes. A representative of the experimental configuration for exciting TPPs

mode is presented in Fig. 5.17(b).

Spectrometer
Ag (ny,)

ny

3 dB coupler

Ny<

Lens m—
White-light

source
Metal Jacket

Ip*p=v

(a) Controller

Temperature

(b)

Fig 5.17(a) Schematic of the metal-DBR structure. (b) TPPs excitation and detection
configuration for studying the temperature dependent TPP mode characteristics at

normal incidence.

The structure in Fig. 5.17 (a) shows a DBR with periodically stacked multilayers of
refractive indices n; and n, having thicknesses d; and d, respectively. Here the DBR
or one-dimensional photonic crystal is a conventional plane mirror comprised of
periodic dielectric stacks satisfying the Bragg’s condition (Laser Optik, Germany). At
normal incidence, the plane mirror shows a stop band from =~ 520-680 nm. For
exciting TPPs modes, we deposited 30 nm thick (dy,) Ag film on the plane mirror

(Laser Optik, Germany).
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5.5.2 Optical Tamm Mode Reflectivity Measurements

The experimental set-up for studying the temperature dependence of TPPs
characteristics at normal incidence is shown in Fig 5.16 (b). For exciting TPPs mode,
WLS is incident normally on the “DBR-metal” geometry and the reflected light is
collected by the same optical fiber before being sent to the spectrometer. Reflection
spectrum of the investigated structure is illustrated in Fig. 5.17. As observed (see Fig.
5.17) the reflection spectra show a dip at A, = 652.5 nm inside the high reflection
region (stop band) of the bare mirror. The sharp dip in the reflection spectrum inside
the high reflection band of the mirror is due to excitation of a TPPs mode. The TPPs
mode is excited and confined at the Ag-DBR boundary according to the phase-
matching or resonance condition [2]. FWHM of the excited TPP mode was calculated
and determined to be AA = 2.2 nm. This corresponds to a Q-factor of = 296. From the

Fig 5.17, it could also be observed that the excitation of the TPPs mode is near the
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Fig 5.18 Measured reflectivity from DBR (Blue) and “DBR-metal” (Ag) thin film

(Red) versus wavelength of unpolarized light at normal incidence.

low-frequency edge of the high reflection region of the mirror. TPPs excitation is near

the low-frequency band due to asymmetric configuration of the bare mirror. When
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unpolarized light is incident on the metal-DBR geometry at an oblique angle, the TPPs
degeneracy is separated. Reflection spectrum of the Ag-DBR configuration at 45° AOI
is shown in Fig. 5.19, which shows two distinct nearby sharp resonances associated
with TM and TE polarized TPPs mode. As evident from Fig. 5.19 TM and TE
polarized TPPs mode shift to the longer frequency with the increase in AOI from 0° to
90°. The shift to longer frequency is due to modified Bragg’s law [71]. This is
essentially due to the fact that unlike SPP modes that are TM polarized, TPP modes
excitation is possible for both orthogonal TM and TE polarizations [72]. In addition,
the orthogonal TE, as well as TM polarized mode are characterized by parabolic
dispersion curves depicting different effective masses for TE and PM polarized TPP
modes. As observed in Fig 5.19, the TM-TPP resonance is excited at A v = 593 nm

and TE-TPP is excited at Ayrg) = 605 nm for AOI = 45°,

| —— DBR+30 nm Ag Film
—DBR
0.8}
:E'D.G -
2 ™
5 TE
o - —
g A=593nm | = 605 nm
w045
0.2}
0 . . . ‘
400 500 600 700 800 900

Wavelength (nm)

Fig 5.19 Experimentally measured reflection spectra of the bare mirror (Blue) and

mirror with Ag film (Red) for 45° AOI with an unpolarized light.

To determine the impact of temperature on TPPs mode, the metal deposited mitror is

housed in an oven which provides uniform heating to the sample (see Fig. 5.17(b)).

124



The temperature dependent reflection spectra of Ag-DBR configuration is illustrated
in 5.20. As observed in Fig. 5.20, the Ry, corresponding to TPPs mode decreases as
we increase the temperature. This is due to the fact that the TPP resonance turns
weaker according to the phase matching condition [2]. This temperature dependence
of reflection spectra of the metal-DBR system provides an alternative way to
determine the temperature change. Fig. 5.20 clearly illustrates that the variation in
reflectivity minima (AR,,;,) of the TPPs-mode is prominent at a lower temperature.
However, the variation in AR,; turns smaller at higher temperatures. Such
observations essentially indicate that the conditions of perfect coupling or phase
matching conditions for exciting TPPs modes changes with a change in temperatures

(see Fig. 5.20) [38]. The upward shifts of TPPs mode indicate that the conditions of
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Fig 5.20 Reflection spectra of “DBR + 30 nm Ag” thin-film at varied temperature for normal

mcidence.

perfect coupling turns weaker with an increase in higher temperature. However, the
change in refractive index with temperature for Ta,Os and SiO; is considerably small
and hence negligible. Chu et al. [73] demonstrated dn/dT ~ 2.36x10°%/K for Ta,0s,

however dn/dT =~ 8 x10°/K for SiO, according to Matsuoka et al. [74]. But, the
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(dn/dT) of Ag is ~ 2.5x10*/K. Therefore the dn/dT value for Ag is an order of
magnitude larger as compared to dn/dT of Ta,Os and SiO, unit cells [75]. Hence the
variation in the Rpin of Ag-DBR configuration mainly results from the temperature
dependence of ‘e’ for Ag film. The inherent change in a layer thickness of Ta;Os and
Si0, due to thermal expansion could possibly shift the TPP resonance wavelength (A,)
which was not observed [3]. However, the presented temperature measurement
configuration involves a change in R,;, which is negligibly affected by the thermal

expansion of dielectric materials constituting the DBR.

5.5.3 Temperature Sensitivity of Ag-DBR Structures
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Fig. 5.21 Dependence of Ry, of TPPs as a function of temperature.
Experimentally measured values of reflection spectra, as well as theoretically

modeled reflection spectra by transfer-matrix method (TMM) for “DBR+30 nm Ag”
structure at temperature T = 35° C, 75° C and 125° C, are shown in Fig. 5.21 for

normal incidence. It is clear from the Fig 5.20 that the TMM-based model nearly
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matches with the experimentally measured reflection spectra (dotted curve). It is also
evident (See Fig. 5.21) that the AL of the TPPs resonance does not change much with
temperature. In order to measure the performance, we define the sensitivity (Sg) of the
proposed temperature sensor as the ratio of the variation in reflectivity minimum
(ARin) from the “DBR-metal” structure to the change in temperature (AT) at a given
AOIl i.e. Sk = AR/ AT o1 [76]. For measuring Sk, reflectivity minimum (R,,;;) of the
reflection spectra are plotted with respect to temperature (T) in Fig. 5.22. The plot
shows the variation is linear at low temperature; however at a higher temperature, the
deviation is not linear. The slope of the plot gives us sensitivity and is calculated to be
Sp = 7.8x107%/°C. Tt is important to mention here that SPR-based temperature sensors

exhibit a sensitivity of #3.5x10°*°C [77, 78].
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Fig 5.22 Change in R, as a function of temperature for “metal-DBR” at normal incidence.
5.6 Summary

The strongly localized electromagnetic modes lead to field enhancement in case of
TPP modes which have been used for various applications. This chapter begins with a

discussion and review of the present status of TPPs modes. We have theoretically and
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experimentally investigated the factors influencing the lifetime and Q-factor of TPPs
modes. In this chapter, I have also proposed a refractive-index sensor scheme utilizing
coupled modes in dual ‘Ag-DBR’ configuration. Coupled or hybrid TPPs modes are
excited due to coupling between two TPP modes at the metal-DBR boundary. We
have also shown that a micro-cavity in between metal and DBR geometry is a
powerful tool for light trapping and hence can be utilized for refractive index sensing.
The proposed hybrid and cavity modes sensing configuration could be employed in
the desired wavelength range. We have also been able to demonstrate a TPPs based
temperature sensor in a simple metal-DBR structure. The reflection dip or Rpn
corresponding to excitation of TPPs-modes exhibit a change with temperature. The

change in R, with temperature is being utilized for temperature measurement.
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Chapter 6

Conclusions and Future Outlook

In this thesis entitled “Linear and Nonlinear Optical Effects in Sub-Wavelength
structures”, I have basically focused on three major projects. The first two projects
focus on the nonlinear optical measurements (such as NLR and NLA) in (a) organic
thin-films and (b) inorganic (semiconducting) sub-wavelength species. The third
project involves detailed description and experimental investigations on optical
properties of optical surface modes in a periodically-stratified medium and its possible
applications.

Below, the contributions and achievements of the three major projects are
summarized. Based on the investigations and results, the possibilities for future work
are suggested.

1. Nonlinear Optical Properties of Organic Semiconductors.

In this work, I have experimentally investigated the influence of phase change on
NLO properties of organic semiconductors (metal-free and metal-phthalocyanine;
abbreviated as Pc and MPc respectively) thin films. Annealing the as-prepared (o-
phase) Pc and MPc films produces stable B-phase due to structural re-orientation. We
have observed that both the phases exhibit remarkably different linear and nonlinear
properties. Therefore, the investigations on determining nonlinear optical coefficients
in thin-films with different phases have practical significance towards optimizing the
nonlinear Figure of merit.

I have determined the NLR and NLA coefficients of both the phases of Tetra-tert-

butyl-phthalocyanine (Po), Copper(11)2,9,16,23-Tetra-tert-butyl-29H,3 1 H-
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phthalocyanine  (CuPc¢) and  Zinc(Il)  2,9,16,23-Tetra-tert-butyl-29H,31H-
phthalocyanine (ZnPC) films using Z-scan method. Our results reveal that as-prepared
Pc, CuPc, and ZnPc exhibit large NLR and comparatively smaller NLA whereas the
annealed variant has greater NLA. To the best of our knowledge, we report the first
observation of fifth-order NLO response in as-prepared (a-phase) of metal-free Pc
thin-film which was depicted in an unusual dual peak-valley feature in Z-scan
transmittance. Metallo-phthalocyanine thin films also exhibit a discernible difference
in NLR at 1064 nm wavelength. The measurements revealed that the CA Z-scan
measurements on CuPc films exhibit “peak-valley” characteristics from which we
conclude that it possesses negative n,. However, the CA Z-scan experiments for ZnPc
exhibits “valley-peak™ signature from which we conclude that it possesses positive ny.
The difference in NLA mechanisms for CuPC and ZnPc was clearly evident from the
OA Z-scan measurements. Both phases of ZnPc exhibit saturable absorption (SA)
whereas CuPc exhibits reverse-SA (or RSA) behavior. In order to compare the
functionality in nonlinear optics based devices, we estimated the Figure of merit
(FOM; and FOM;) for metal-free Pc thin-films as well as Metallo-phthalocyanine
thin-films.

This work was carried out in collaboration with Dr. S. M. Dharmaprakash and K. V.

Anil Kumar of Mangalore University. The work gave material for two publications:

“Phase-dependent ultrafast third-order optical nonlinearities in metallophthalocyanine

thin films”, S. Kumar, K.V.A. Kumar, S.M. Dharmaprakash, R. Das, J. Appl. Phys,

2016, 120 (12), 123104.
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“Impact of a— [ transition in the ultrafast high-order nonlinear optical properties of
metal-free  phthalocyanine thin films”, K.V.A. Kumar, S. Kumar, S.M.

Dharmaprakash, R. Das, J. Phys. Chem. C, 2016, 120 (12), 6733-6740.

2. Nonlinear Optical Properties of Inorganic Semiconductors.

In this project, I used Z-scan method to determine NLO properties of inorganic
semiconductors (Mn-doped ZnO) nanorods prepared by hydrothermal method. I have
carried out detailed investigations of NLA and NLR properties of ZnO nanorods
having different Mn doping concentrations. I have experimentally illustrated that Mn-
doping concentration changes the NLA and NLR properties of the ZnO nanorods as
compared to undoped variants. The difference in NLO properties is attributed to the
modifications in energy eigenstates of doped variants through the appearance of defect
states within the bandgap as well as deep in the bands. CA Z-scan method reveals self-
defocusing effects for Mn-doped ZnO nanorods and undoped ZnO rods. Saturable
absorption and two-photon absorption (TPA) was observed and associated NLA
coefficients were determined at 532 nm using an ns laser. In pure and 0.5 % Mn-
doped ZnO rods, strong TPA behavior was observed while SA was prominent at
higher Mn doping concentration. The change from TPA to SA absorption with Mn-
doping in ZnO is attributed to the modifications in structure, morphology, and shift of
optical resonance.

This work was carried out in collaboration with Dr. P K Sahoo and Avanendra Singh,

School of Physical Sciences, NISER. The work gave material for one publication:
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“Defect-assisted saturable absorption characteristics in Mn-doped ZnO nano-rods”, A.

Singh, S. Kumar, R Das, PK Sahoo, RSC Advances, 2015, (108), 88767-88772.

3. Controlling Light-Matter Interactions in Periodically Stratified Medium.

In this section, detailed investigations of the optical properties of optical surface states
in a planar configuration have been explored. I have theoretically and experimentally
investigated the factors influencing the lifetime and Q-factor of TPP modes. Basically,
the TPP modes are optical surface modes which are formed at the boundary of metal
and a distributed-Bragg-reflector (DBR). In a metal-DBR configuration, I have
performed reflection and transmission measurements to explore the conditions
required for TPP excitations. From the reflection spectrum, TPP mode propagation
characteristics are determined. Reflection spectrum of TPP modes reveals that metal
thickness, metal types, and DBR unit cells play an important role in getting a zero
reflectivity and sharper resonance. In the next part of this project, I have proposed a
refractive-index sensor based on coupled TPP modes in dual ‘silver (Ag)-DBR’
configuration. Coupling of TPP modes at the metal-DBR boundary is achieved
through an analyte medium. Based on the shift in the resonance wavelength for one of
the hybrid-mode as a function of analyte refractive index, a plausible working
mechanism for refractive index sensor is proposed. I have also shown that a micro-
cavity in between metal and DBR geometry is a powerful tool for light trapping and
excitation of cavity mode which could employ for developing sensitive and accurate
refractive index sensors. The proposed sensing schemes could be potentially applied
to the field of bimolecular and biochemical detection. A different aspect of this

project, investigates theoretically as well as experimentally, the applicability of TPP
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for temperature measurement. The observation suggests that the reflection minima or
Rmin corresponding to excitation (or coupling) efficiency of TPP-modes exhibit a
variation as a function of temperature. The change in Ry, with temperature could be
deployed for developing robust temperature measurement schemes. The detail of this
project is described in chapter 5. This research work has resulted in five publications:
“Refractive index sensing using a light trapping cavity: A theoretical study”, S. Kumar
and R. Das, J. Appl. Phys, 2018, 123,233103.

“Coupling to Tamm-plasmon-polaritons: dependence on structural parameters”, A.
Kumari, S. Kumar, M.K. Shukla, G. Kumar, P.S. Maji, R. Vijaya, R. Das, Journal of
Physics D: Applied Physics, 2018,51 (25), 255103.

“Self-referenced refractive index sensing with hybrid-Tamm-plasmon-polariton
modes in sub-wavelength analyte layers”, S. Kumar, M.K. Shukla, P.S. Maji, R. Das
Journal of Physics D: Applied Physics, 2017, 50 (37), 375106.

“On the tunability of quality-factor for optical Tamm plasmon modes”, S. Kumar, R.
Das, Journal of Optics, 2017, 19 (9), 095001.

“Tamm-plasmon resonance based temperature sensor in a TayOs/SiO, based
distributed Bragg reflector”, S. Kumar, P.S. Maji, R. Das, Sensors and Actuators A:

Physical, 2017, 260, 10-15.

Future Outlook

The investigations carried out in this thesis may lead to the following possibilities for
future work:

Our findings pave a way for further experimental investigations on morphological

phase and spectrum-dependent nonlinear optical effects in various derivatives of
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phthalocyanine and other organic compounds. Based on linear optical properties of
quite a few organic thin films, there is a strong anticipation that phase and pulse width
dependent NLO properties of such variants in the visible region could exhibit novel
features. This could be of prime significance in optoelectronic industry.

Based on our investigation it becomes necessary to carry out phase dependent study in
phthalocyanine thin films in order to assess the NLO properties accurately and for
optimizing the nonlinear FOM.

The saturable absorption (SA) observed in Mn-doped ZnO nanorods opens up the
possibility of obtaining optical limiting and transmission enhancement
simultaneously.

Detail NLO investigations of Mn-doped ZnO nanorods and similar nanostructures will
provide important information’s regarding ZnO based materials as saturable absorbers
for laser mode-locking

In addition, investigations of the spectral dependence of changes in refractive index in
Mn-doped ZnO nanorods are essential to understanding its dispersion properties and
various applications.

Further, the studies on TPP modes as well as micro-cavity modes necessarily entail
the development of appropriate experimental schemes for refractive index sensing
through hybrid-mode and cavity-modes in metal-DBR configuration.

Field enhancement due to excitation of TPPs modes may lead to various nonlinear
optical (NLO) effects. Further studies may lead to observations of change in refractive

index in metal-DBR structure with a few mW on resonance laser excitation source.
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