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Abstract

Photons resides at the heart of nanophotonics and controlling freely propagating
photons at nanoscale is an important aspects in these applications. This effective con-
trol over optical field at nanoscale has relevance in all scientific domains such as optical
communications, biomedical and quantum computing etc. All these nanophotonic ap-
plications bank on photons as an information carrier. At the same time, an additional
challenge has appeared for practical realization of nanoscale information technology:
how to effectively communicate the optical energy to other coupled nanostructures. In
recent years, micro- and nanowire antenna have been investigated to explore this aspect,
however most of these investigations are confined to plasmonic nanostructures. There
are few concerns (heating and propagation loss, CMOS compatibility, efficiency and
flexibility etc.) associated with conventional plasmonic materials therefore, organic
nanostructures have been explored as an alternative candidates for photonic applica-
tions. To utilize organic nanostructures for signal processing devices both in active and
passive domains, it is imperative to investigate directional emission of out-coupled pho-
tons. Additionally, it is vital to study the influence of plasmonic/dielectric coupling on
directional emission of the individual organic nanostructures .

To address all these issues, herein, we explore the directional emission from one di-
mensional organic nanostructures in different operational regime. We further extend
our investigation on the influence of dielectric microstructure coupling for directing the
out-coupled photon emission and demonstrate how to use dielectric microsphere as an
active element for tuning the spectral feature of out-coupled photon. Moreover, we
vertically couple organic nanowire (1D) with plasmonic substrate (2D) to efficiently
channelling of exciton-polaritons to a leaky plasmonic substrate. Finally, we demon-

strate the effect of near-field coupling on plasmons assisted directional emission.
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Chapter 1
Introduction

Nanophotonics, bridging the realms of nanotechnology and optics primarily concen-
trates on the investigation of light-matter interaction at subwavelength scale [1, 2]. In
all the nanophotonics’ applications, controlling optical field below the diffraction limit,
is always an important question to be addressed. The effective answer of this question
has relevance in all avenues of science and technology ranging from physics, chem-
istry and materials science to biological science [1-4]. Till date, the comprehensive
understanding of light-matter interaction has revolutionized various scientific domains
such as optical communications [5, 6], nanoscale sensor devices[7], molecular spec-
troscopy[8], imaging methods[9] and quantum optics[10, 11]. Moreover effective ma-
nipulation of light at nanoscale has opened up the prospect of exploiting photons as an
information carrier in the dense integrated opto-electronic and nanophotonics circuits
[5, 6, 12]. Photon, as an information carrier, has the potential to meet the ever in-
creasing demand of transmission speed, high band-width, and information density [12].
Therefore, accomplishing these requirements will proficiently revamp the associated
applications in the field of biomedical [13-15], computing [16, 17], information and
communication technology [5, 6].

Light manipulation at nanoscale is always a challenging task. To explore this possibil-
ity, a variety of scheme have been deployed so far such as photonics crystal fibers [1],
optical waveguides [18, 19], micro-resonators [20, 21], metallic and molecular nano-
architectures[19, 22, 23]. Out of these, only metallic and molecular nanostructures
facilitates the confinement and propagation of optical field below the diffraction limits.
In view of all these applications, it is found that controlling an optical field principally
relies on the collective response of charge particle oscillations created at the surface of
nanostructures. In other words, when the light interacts with nanoscale geometry, the
free charge present at the surface cloud starts oscillations and result either in the form
of multi-fold localized field or propagating field depending on the geometry. These
surface waves are converted back to freely propagating photons at the point of disconti-

nuity or defects. Surface wave excitations can be categorised into two parts: plasmons
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and excitons. In general terms, plasmons are regarded as collective oscillation of free
electron cloud, whereas excitons are considered as collective response of electron-hole
pair. Importantly, plasmons play a crucial role in deciding properties of metallic nanos-
tructures, while molecular nanostructure’s properties are predominantly determined by
excitons. We would sequentially discuss both type of surface excitations and their ap-
plications. In the following section, we would be discussing the plasmonics, associated

applications and their limitations.

1.1 Plasmonic nano-architectures

Plasmons are the collective oscillation of free electron cloud present at metallic nanos-
tructures’ surface. Optical wave can couple to these charge cloud, either in form of
propagating field or localized field, depending on their geometry [2, 4]. In the re-
cent years, plasmons have emerged as an important candidate for sub-wavelength light
propagation or localization [24]. Moreover, the field manipulation can be achieved
at less than classical diffraction limit of electromagnetic field i.e. Abbe’s diffraction
limit (< A/2, where A is excitation wavelength) [2, 12]. The extraordinary feature of
squeezing the light in such a small scale has opened up new prospects of investigating
light-matter interaction in a more controlled fashion. To exploit this ability, variety of
nanostructures have been synthesized or fabricated using bottom-up (sphere, cubes, tri-
angle and rods) [25, 26] as well as top-down (metamaterials, metasurface, NPs periodic
assembly) [25, 27] approaches. The optical properties of these plasmonic structures
can be classified in two type of excitations on the basis of their geometry: resonant and
non-resonant. The properties of resonant plasmonic structures are mainly directed by
localized surface plasmons (LSP) [28, 29], whereas non-resonant plasmonic structures’

properties are influenced by surface plasmon polaritons (SPPs)[30, 31].

1.1.1 Localized surface plasmons

Localized surface plasmons are non-propagating excitation of conduction electron in
volumetrically confined plasmonic nanostructures coupled to external electromagnetic
radiation [28, 29, 31]. These non-propagating plasmons excitation occurs due to con-
finement of conduction electron within a tiny volume (shown in figure 1.1). Considering
the most simple geometry: spherical nanoparticle of diameter d and d << A, where A
is wavelength of incident optical field. When the nanoparticle interacts with this optical
field, it gets polarized and opposite charges get accumulated at both end of nanoparticle
surface, which provide the required restoring force for sustaining coupled oscillation

by Columbic interaction. Under this configuration, whenever the resonance condition
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FIGURE 1.1: Schematic representation of localized surface plasmons in
spherical nanoparticle

(illumination wavelength is matched with the natural frequency of these coupled oscilla-
tion) get satisfied, it causes the LSP resonance modes,which result in strongly enhanced
dipolar electric field at the intermediate vicinity of nanoparticles. Such multi-fold near-
field enhancement is at the heart of all promising applications of localized plasmonics.
Interestingly, these plasmon modes can be further tailored according to their shape and
size of nanoparticles [32]. Additionally, the other higher order resonance modes can
also be excited with larger particles and particles with different shape [28, 33] such as
nano-cube, nano-triangle, NPs dimers etc. Another interesting feature, associated with
these nanoparticles is that the plasmon resonance modes can be excited with direct il-

lumination, in contrast to the propagating plasmons modes (discussed in section 1.1.2).

1.1.2 Surface plasmon polaritons

Similar to localized plasmons, the coupled oscillations can also be excited in extended
system such as planer metal-dielectric thin-film, metallic nanowires etc. Surface plas-
mon polaritons (SPPs) are electromagnetic excitation, which can propagate along metal-
dielectric interface and evanescently decay in other two perpendicular medium (as

shown in figure 1.2). In contrast to LSP, these SPPs modes are not bounded within
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FIGURE 1.2: Schematic representation of Surface plasmon polaritons

modes. (a) SPPs propagation at metal-dielectric interface. (b) Electric

field distribution along the normal (z-axis) to the extended surface. d,,

and d4 is the field decay length in two different medium i.e. metal and

dielectric. (c)dispersion curve of surface plasmons polaritons and free

propagating wave. [Reprinted by permission from Macmillan Publishers
Ltd: [Nature]([24]), copyright(2016)]

a small particle volume, therefore it can propagate up to micrometre or centimetre scale
and can be further harnessed as an optical waveguide [30]. These propagating waves
are hybrid in nature consisting the properties of both photons and coupled oscillatory
electrons. Mathematical understanding of such type of excitation has been discussed in
various books [4, 34]. Herein, we would be briefly discussing some of the interesting
aspects based on those references.

By solving the Maxwell’s equation with applying proper boundary conditions, one
can obtain the SPPs dispersion relation which shows the frequency dependence of SP

wavevectors [4]. The mathematical expressions can be given as equation 1.1, 1.2, 1.3.

Czkgp o €m€d

= (1.1)
w €m + €4
K2 = a2 (1.2)
2\ e, + e '

€Em€d
ks, = k 1.3
P 0 €m + €4 (1.3)

where ¥ = kq represent the wavevector of photons in vacuum. ¢, and ¢, are fre-
quency dependent metal and dielectric permittivity. kg, and ko denotes wavevector of
surface plasmon and free space photons.

Figure 1.2c shows the dispersion curve for SPPs waves. Equation 1.1 highlight that

the relation between wavevector of light in matter is significantly different from the
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FIGURE 1.3: Schematic representation of different excitation configura-

tion. (a)Kretschman configuration, (b) Two-layer Kretschman configura-

tion, (c) Otto configuration, (d) Carving grating structures and (e) diffrac-
tion due to surface defect.[31]

light wavevector in vacuum. Hence, SPPs dispersion curve will never intersect to the
free space wavevector and further approaches to maximum value (wgs, = w,/v/1 + €4;
where w,, and w, represent surface plasmon frequency and bulk plasmon frequency
of metal) for larger wavevectors. Another interesting feature to note is: momentum
mismatch between propagating SPPs modes and free space photons and hence, the
direct excitation of SPPs wave is impossible. One has to breach this limit of momentum
mismatch by providing symmetry breaking. Various experimental schemes have been
explored to bridge this momentum mismatch gap[31]. These schemes can be classified

into two parts (schematics are shown in figure 1.3):

e Tunnelling of incident electromagnetic field in total internal reflection (TIR) based

configuration (Kretschman configuration, Otto configuration)
e Creating an artificial defects (grating coupling, rough surface design).

(i) TIR based excitation scheme: In principle, this method involves the tunnelling
of incident electromagnetic field to metal-dielectric interface, resulting in SPPs wave
excitation. Two different configuration is possible under this convention.

Kretschmann configuration: Metallic film is directly formed on the glass substrate
and placed on the surface of prism with using index matching oil. The metal film
is illuminated through dielectric film at a specific angle, greater than critical angle

of TIR (schematic shown in figure 1.3a and b). Travelling of light waves in higher
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dense medium resulted into increment in wavevector. At a specific angle, the in-plane
wavevector satisfies the essential condition of momentum matching and SPPs are gen-
erated at metal-dielectric interface. The resonance condition can be defined as equation
1.4

ksp = nkgsin 6y (1.4)

where £, and &, are corresponding wavevector of surface plasmons and freely propa-
gating waves. 6, indicates angle of incident light.

This configuration of SPPs wave excitation has few limitations. Under this configu-
ration, the sample is in direct contact,however the direct contact of the sample is not
desirable in some cases. Second limitation is associated with metallic film thickness.
The film thickness should be less than skin depth of incident electromagnetic wave. To
troubleshoot this issue, another configuration is utilized, termed as Otto configuration.
Otto configuration: Under this configuration, the TIR takes place at the surface close to
the metallic surface as shown in figure 1.3 c. The photon tunnelling takes place from the
air gap between prism and film surface. The resonance condition remains same under
this configuration too and can be given by equation 1.2.

(ii) Creating artificial defects: Alternative way to provide the extra momentum for
SPPs excitation is creating defect on the metallic surface [31] such as grating cou-
pling, rough film surface, etc. The addition momentum is provided by diffracted light
wavevector component. These diffracted light wavevector coincide with the SPPs wavevec-
tors and result in excitation of SPPs wave on metal-dielectric interface. Considering the
simplest case of periodic grating structures of periodicity b, the SPPs wavevector can
be expressed as [31] equation 1.5.

2
ks = Ko sin Oy + % (1.5)

1.1.3 Applications

Plasmonic nanostructures have been explored for various nanophotonic applications
ranging from nanoscale light propagation to single molecule detection [35, 36]. All
the plasmons assisted applications primarily depend on either field localization or field
propagation. When the two plasmonic nanoparticles are brought very close in the
presence of external electromagnetic field, this tiny inter-particle gap between these
two particles/nanostructures acts as electromagnetic hot-spots. These electromagnetic
hot-spots are capable enough to produce multi-fold electric-field enhancement. In ad-
dition to nanoparticles assembly, various other approaches have also been explored

to obtain high field localization for example nanowire-particle junction [37], tapered
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end nanowire [38] and end to end coupled nanowires [39] etc. Such huge enhance-
ments have been harnessed in numerous applications for example surface enhanced
Raman spectroscopy (SERS)[40], surface enhanced fluorescence (SEF) [41] and Single
molecule detection [36] etc. Importantly, the electric field enhancement can be effec-
tively tailored and tuned by systematically varying various parameters (shape, size etc),
which provide an additional degree of freedom to monitor these applications. Another
interesting feature of such type of field localization is that it is extremely sensitive to
local refractive index. Plasmonic response can be tailored by altering the surrounding
dielectric medium [32]. This feature of localized electric field has been harnessed to re-
alize nanoscale chemical- and bio- sensors devices [28, 29] and other microscopy based
imaging techniques [9, 42].

Alternatively, plasmonic nanostructures have been employed for manipulating optical
field propagation below the diffraction limit [24, 30]. In most of the applications, sur-
face plasmons is generated at one location and is collected at the other location where
these waves encounter any defects or discontinuity. At these defect locations, surface
plasmons convert back to freely propagating photons and hence, the information is
transported at nanoscale. Plasmons waves can travel upto millimetres to centimetres
depending on associated loss in nanostructures[1, 24, 30]. Among all the plasmonic
nanostructures, one dimensional (1D) geometries especially silver nanowires or thin-
films have been most extensively investigated to demonstrate several applications rang-
ing from nanoscale light transportation [39, 42], single and dual channel optical antenna
[18, 19], remote excitation SERS [40] to optical alignment/trapping of nanostructures
[43, 44] etc. Also, non-linear effects have also been investigated in these structures [45],
however use of only metallic nanostructures for nonlinear process is not recommend in
photonics community because of associated loss with metals.

In the light of above discussion, it is evident that plasmonic research plays a crucial role
in designing the building blocks for various nanoscale devices and applications. How-
ever, inspite of these remarkable potentials, there are a few issues associated with these
conventional plasmonic nanomaterials especially gold and silver. These limitations are
regarded as bottleneck in designing, fabrication and integration of various plamonic
and metamaterials devices. In the next section, we would be highlighting few concerns,
which have motivated the scientific community to search for alternative nano-photonics

materials for compact nanophotonics applications.

1.1.4 Limitations

The applications of conventional plasmonic materials especially silver and gold have

been demonstrated as part of nanophotonic applications in optical regime, however
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these materials exhibit significant drop in their performance efficiency (propagation
loss, hearing loss, low information density etc) within the optical regime due to their in-
terband transition [46, 47]. This interband loss is attributed to electronic transition such
as transition of valance electron to fermi surface or an electron near fermi surface to
next unoccupied states [47]. Also, these conventional plasmonic materials suffer due to
ohmic loss and heating loss. Such type of losses are regarded as detterents while incor-
porating the plasmonic nanostructures in integrated photonic devices [2, 48]. Addition-
ally, heat decapitation is another important concern to be addressed in exploring these
structures for molecular applications or other biological applications [49]. There are
few reports availiable to tackle this problem using various methods [48].Furthermore,
tuning of plasmonic properties (multicolour tunability, mechanical flexibility, CMOS
compatibility) of conventional materials poses challenges in designing and fabrication
the nanophotonics devices [46, 47, 50, 51].

Hence, to realize the nanophotonics applications on a larger scale, we have to explore
the different approaches, either to boost the performance efficiency of the existing plas-
monic materials or an alternative to these plasmonic materials. In the subsequent sec-
tion, we would be exploring the new class of nanomaterials based on molecular con-

stituents.

1.2 Molecular architectures

To overcome the above mentioned concerns, the molecule based nano-photonic archi-
tectures have been extensively explore in the past few years. Molecular nanomaterials
can be classified in two parts based on the nature of excitons: inorganic (Wannier-
Mott excitons [52, 53]) and organic (Frankel excitons [54, 55]) materials. Both these
molecular nanomaterials are not considered as rival for nanophotonic applications. In-
terestingly, both molecular materials in combination pave the way for conceptualizing
variety of radically innovative applications [S6—58]. We anticipate that these molecular
based nanostructures will revolutionize the field of optical communication and infor-
mation technology. However, it will be an interesting question to debate who would
be playing the major role. The answer of this question relies on how the research on

inorganic/organic nanomaterials would proceed in future.

1.2.1 Inorganic nanomaterials

Similar to conventional plasmonic materials, inorganic nanomaterials have registered
their importance in modern science and technology ranging from information and telecom-

munication engineering, photonics devices and biological sciences [59-61]. In recent
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years, researchers have explored various nanomaterials e.g. ZnO, CdS, etc, especially in
the context of solar cell [59], nanophotonics [60] and opto-electronic applications[62].
Moreover, these inorganic materials have been successfully demonstrated for numer-
ous applications such as field confinement and generation of resonating modes[63],
nanoscale optical field propagation [64], nanolasers [65], photovoltaic solar cells [59],
live cell imaging [66] and many more. More recently, researchers have come up with
another novel approach of using two-dimensional (2D) layered materials for flexible
photonics and opto-electronics devices. Layered materials have been demonstrated for
several applications such as light emitting diodes [67], photodetectors [67], and optical
modulators [68] etc. However, the research is still under way on how to effectively
exploit these materials for other opto-electronic and nanophotonics applications.

Nevertheless, there are a few challenges associated with these inorganic materials. The
most commonly used inorganic materials is Silicon (Si), however Si has a narrow in-
direct bandgap so devices using it usually show low luminous efficiency, high power
consumption, and limited working frequency[69, 70]. As a solution, this normal Si fi-
bre is replaced by Er3* doped silica for some applications, still it is challenging task
to meet the requirement for optical communications [71]. Furthermore, other inorganic
nanomaterials such as ZnO, CdS, GaAs, CdTe, PbS, and PbSe, etc have been explored
in recent years, however there are still many requirements for which inorganic materials
are not ideally matched for example extreme toxicity[72], multicolour broad tunability,
mechanical flexibility, low quantum efficiency, photo-responsivity and low-cost process
ability[73-76]. Hence, organic nanomaterials have attained significant attention as an
alternative for photonics and opto-electronic applications. In the next section, we would

be mainly focusing on the properties of organic nanomaterials.

1.2.2 Organic nanomaterials

In the context of photonics applications, researchers have made an extraordinary con-
tribution to achieve unique optical properties with inorganic nanomaterials, however as
these materials were thriving, organic nanomaterials have slowly come up as a better
choice for nanophotonics and opto-electronics applications [77]. Organic materials are
a promising candidate as they combine the materials properties of plastic with high op-
tical cross-sections, broad spectral tunability, large and ultra-fast non-linear responses
[74, 75, 78]. These properties strongly contribute for designing and fabricating low-
cost photonic devices and integrated circuits for next-generation optical information
processing applications [77, 79]. In contrast to inorganic materials, photonic properties
of organic molecular materials are dependent on Frenkel exciton-polaritons propagation

[54]. Comparing to Wannier-Mott excitons (excitonic binding energy ~ mel’), Frenkel
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excitons (excitonic binding energy ~ el’) in organic materials have greater binding en-
ergy, and are hence more stable [54]. Adding to this, there are advantages of organic
molecular materials, variety in molecular structural engineering, and adaptability to cre-
ate flexible platforms, which have made organic molecular meso- and nano- structures
very attractive candidates for photonics applications [73-78].

Bringing together all these aspects of organic materials, it is evident that organic molec-
ular materials are good choice for designing and fabricating photonic devices and other
functional components for integrated circuits. In recent years, organic structures have
been explored in various applications such as nano-lasers [80, 81], resonators [20, 82],
integrated optical circuits [21], amplifiers [83], photo-detectors [84], optical channels
[85], and directional couplers [86]. In the following sub-section, we will discuss few
examples on how these type of excitonic nanostructures have been utilized for building

useful nanophotonics applications.

1.2.2.1 Recent advances in organic nanophotonics

Despite of being in embryonic stage, organic materials have registered their impression
both in terms of designing numerous organic nanostructures as well as realizing nano-
optics applications [87]. The comprehensive details on research efforts carried out so
far have been tabulated in Table 1.1. Evidently, most of the research revolves around the
few aspects such as new organic nanomaterials/nanostructures [12, 20, 21, 75, 78], en-
ergy transfer mechanism [73], Raman spectroscopy [88], nanoscale lasers [74], photo-
detection [84], photo-electric transducers [12], logic gates [89], optical computing [12],
integrated optical circuits [90], field confinement and WGMs generation [20, 82, 91]
etc. Notably, there are very few reports on coupling of plasmonic nanostructures with
organic nanostructures and other directional couplers [20, 89, 92], however such cou-
pled configuration is at the heart of all nanoscale chip optical circuits. In addition to
this, very few reports are available on directional emission analysis of nanostructures.
Moreover, the reports are mainly oriented towards plasmonic structures.

Hence, despite of such extraordinary endeavour in its infancy stage, there is a long
way to go before realizing organic materials for photonics application at larger scale
for example loss reduction in organic lasers [74], control over energy dissipation pro-
cess [73], directional control over out-coupled optical signals [12] etc. Among all these
courses, we have chosen to investigate the directional control over out-coupled optical
signal from organic and other hybrid nano-architectures. In recent years, the directional
control of optical signal has become imperative to explore in the context of optical
channels, directional coupler and other integrated optical circuits. Furthermore, in the

context of signal processing applications where the device can perform in both active



Chapter 1. Introduction 11

and passive domain, it is essential to know the directionality of out-coupled emission
for efficiently couple the light to another channel. To address these issues, we probed
both individual and hybrid organic nano-architectures for their antenna like behaviour
and hence, to put our thesis work in broader prospective, we would start our discussion

form basic introduction to optical antenna and its controlling parameters.

TABLE 1.1: Organic nano-/micro- structures and studied applications

Synthesized organic structures

Studied applications

Dye doped MOF microcrystal

Wavelength-tunable microlaser [93]

Microspheres

Broadband wavelength tunable micro-
lasers [91]

Microresonators coupled organic
nanowire

Organic printed photonics [20, 21]

Waveguide coupled Microdisk

Flexible microdisk WGMs resonators
[20, 82]

Silver nanowire coupled with or-
ganic waveguide

Logic gates [22, 94]

Microrings

Field confinement [95-98]

Color graded microstructures

Integrated Photonic Heterojunctions [94,
99]

Nanowire, optical waveguide

light transporting, other photonic applica-
tions [100-103]

Organic-Metal nanowire hetro

junction

Optical modulation [89, 104-106]

Organic photonic heterostructures

Energy Transfer mechanism [107, 108]

Doped organic nanowire

Energy Transfer mechanism [109]

Core-shell organic nanoparticles

Photon up-conversion [110]

Veritcal organic nanowire

Vertical active light source [111, 112]

Microtubes and microrods

Geometry dependent optical loss [113]

Nanoflower

Multicolor Emission [114]

Mulipods, Tube, rod array

Mophology dependent optical properties
[115, 116]

Microribbons and Microrods

Vis/NIR Range optical properties [117,
118]

Microsheets

Active waveguide and wavelength filters
[119]

Erasable hetrojunction waveguide

Optical delay lines [120]

Hybrid organic/inorganic structures

multicolor luminescence [57, 58, 121]

Nanofiber-resonators coupling

micrometer-scale photonic circuits, Inter-
ferometer [122—-124]

Veritcal nanowire coupled with
graphene

Low loss vertical light source [125]
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FIGURE 1.4: Directional emission from various plasmonic nanostruc-
tures. (a) LSP resonance assisted Yagi-Uda optical antenna [126]. (b)
Propagating SPPs based nanowire optical antenna [Reprint (adapted)
with permission from [18]. Copyright(2016) American Chemical Soci-
ety], (c) Serially coupled nanowire antenna [Reprint (adapted) with per-
mission from [19]. Copyright(2016) American Chemical Society], (d)
Nanowire-nanoparticle optical antenna [adapted from [23]].

1.3 Optical Antenna

Antenna, as a component is always engaged to direct the localized information to freely
propagating waves and vice versa. Electromagnetic antenna especially radiowaves and
microwave regime is already in mature stage for example cellular phones, television
devices etc. However, optical analogue of such component is still not competently
realized. The motivation for designing optical antenna is to direct the free propagat-
ing optical field to localized source and vice versa. Similar to conventional antenna,
optical field can be manipulated with specific directional control by using the nano-
architectures such as nanowire [18, 19], nanorods [127] etc. In recent years, the concept
of optical antenna has gained significant attention in the context of optical channels [85,
128], directional couplers [86] and integrated circuits [21, 123, 129, 130]. Several study
has been reported in this direction, however the efforts are still going on for translating
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FIGURE 1.5: Schematic representation of working principle of transmit-
ting and receiving optical antenna

the well-stablished antenna theory at optical frequency domain. In figure 1.4, we have
discussed some of the ongoing effort to practical realization of an optical antenna.
Based on these examples, the importance of an optical antenna can be understood in

two folds:

(i) Directing the information from a localized source to far-field domain and vice-

versa

(i1) Enhancement in interaction between receiver and transmitter. Furthermore, en-
gagement of an optical antenna can modify the inherent properties of the probed
quantum system (atoms, inons and molecules) present in the vicinity of antenna

structures.

We schematically represent the working principle of a typical optical antenna in
figure 1.5. The performance of an optical antenna device can be arbitrated based on few
associated parameters such as antenna efficiency, directivity and gain. These parameters
can determine the degree of localization and magnitude of transmitted energy.
Antenna efficiency: Our main objective for engaging optical antenna in nanophotonics
applications is to efficiently extract the information from a localized source and transmit
to the far-field regime. Quantity, which determine this property of optical antenna is
known as antenna efficiency, which further primarily governed by the inherent losses of

the antenna. The mathematical express of antenna efficiency is given as equation 1.6.

Prad Prad
67’& = =
¢ P Prad + Ploss

(1.6)

where P indicates the total power collected by the antenna. P, is the radiated power

of antenna and P, indicate the power dissipated due to metal absorption.
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FIGURE 1.6: Schematic representation of the thesis’s outline

Directivity: There is an another way to enhance the efficiency of an optical antenna
i.e. transmitting majority of information in one specific direction. Directivity is defined
as a ratio of intensity in one direction (/) to intensity in just opposite direction (/).

Mathematically it can be express as equation 1.7.

D(0,¢) = 5—n(0,9¢) (1.7)

Prad

6 and ¢ indicate angular radiation direction and p(6, ¢) is angular power density.
Gain: Combining these two individual quantity in one relation and one new quantity

can be defined termed as gain. The mathematical expression is given in equation 1.8.
G = €rqqD (1.8)

Using the reciprocity principle, it is evident that every transmitting antenna can also
work as receiving antenna i.e. the information can be transferred to a localized source
using such antenna structures as shown in figure 1.5b. In this configuration, efficiency
is defined by the amount transfer to the localized source, whereas directivity is defined

by the radiation directions which can be collected by antenna structures [131].
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1.4 Scope and thesis organization

As we discussed in section 1.2.2.1, efficient control over directionality of the out-
coupled light from organic nanostructures, has now become an important issue to ex-
plore in the context of optical channels, directional coupler and integrated photonic cir-
cuits. Signal processing devices perform in both active and passive operational domain,
hence it is important to investigate directional emission of organic molecular nanostruc-
tures. Herein, our thesis mainly present the study on probing direction emission from
an individual organic nanostructures as well as hybrid nano-architectures. To make a
clear understanding of the work presented in the thesis, we show a flow chart of research
work shown in figure 1.6.

Chapter2: In this chapter, we discuss about the waveguiding nature of organic waveg-
uide as per excitation wavelength. We also show that the out-coupled light from organic
waveguide terminals are directional in nature in both active and passive operational
regime. We further extrapolate our study to demonstrate the two interesting applica-
tions: 1) creating two directional light emitting source with single point illumination;
i1) Systematic increment in optical signal transportation with almost similar direction-
ality, in active waveguiding regime by just varying the excitation location along the
length of waveguide. In end, by analysing the recorded spectra of guided light, we
measure anomalous refractive index as a function of emission energy for demonstrating
the presence of exciton-polaritons in organic molecular waveguide light transporting
mechanism.

Chapter 3: In the chapter 3, we prepared the hybrid nano-architectures by coupling
organic waveguide with silica microsphere. We discuss how the spectroscopic infor-
mation of the signal can be actively tailored as per excitation location in such hybrid
nanostructures. We also show that in active waveguiding regime, the out-coupled light
from both the terminus of these structures are directional is nature. Further, we argue
the contribution of coupling (microsphere and organic waveguide) in higher angle emis-
sion in back focal plane as well as the tailoring of this directional emission from hybrid
terminals.

Chapter 4: We investigate the coupling effects in another hybrid geometry i.e. organic
nanowire coupled with unstructured plasmonic substrate. To prepare such geometry,
we successfully coupled organic nanowire in vertical direction (1D) on a gold thin film
(2D). In such unique system, we investigate the coupling effect between single, vertical
organic nanowire and plasmonic film. Interestingly, this captured out-coupled emission
is found to be directional in nature. Furthermore, using finite element method (FEM)
numerical simualtion, we argue on how one can systematically control the directional

emission. In the end, we also discuss about the effect on direction light emission due to



16 Chapter 1. Introduction

variation in coupling angle between organic nanowire and plasmonic film surface.

Chapter 5: Here, we mainly provide the future direction of the presented work in the
thesis. One aspect of the future direction is to couple organic nanostructures with plas-
monic measurfaces. These meta-surfaces are prepared by combing the top-down and
bottom-up approach. We show the preliminary results on preparing these hybrid nano-
architectures. These type of hybrid geometry will provide a plateform to investigate
the modified radiation patterns, newly arises resonance modes, and life-time of excited

states due to strong coupling between organic nanostructures and plasmonic molecules.



Chapter 2

Directional Emission from an Organic

Molecular Waveguide

Chapter 2 is an adaptation of the research article, Journal of Optics (IOP), 2016, 18,
065002. In this article, we discussed about the directional emission from distal ends
of organic waveguide resting on a glass substrate. Further, we demonstrated the pres-
ence of exciton-polaritons in such system by measuring anomalous refractive index as
a function of emission wavelength. To end, we extended our investigation to demon-
strate how one-dimensional organic meso- structures can be utilized as dual channel

photolumienscence source with single point excitation.

2.1 Introduction

How to control freely propagating photons using one-dimensional mesoscale materi-
als? [12, 132—-136]. This important question has been raised in the context of opto-
electronics, micro- and nano-photonics, and an effective answer has relevance not only
in fundamental optical physics of one-dimensional materials, but also in applications
ranging from quantum technologies to clinical biomedicine. In recent years, control-
ling the directionality [128, 137] of emitted light from micro- and nanowire waveguides
has gained importance in the context of nanophotonics circuits [138—141] and optical
antennas [128]. A majority of wire optical antenna that have been studied are made
of plasmonic materials such as silver and gold [129, 142-144]. A variety of inorganic
semiconductor materials [133, 145] have also been explored in the context of direc-
tional light emission. However, there are not many studies on directional emission of
light from one-dimensional organic molecular materials, especially those which support
exciton-polariton propagation along their length. For the first time, in this work, we ex-
perimentally show directional light emission [146—149] characteristics from an organic
exciton-polariton mesowire in both active and passive light-transport regimes. Further-

more, by analysing the spectra of the guided light, we measure anomalous behaviour of

17
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real and imaginary parts of the refractive index of the mesowire as a function of emis-
sion wavelength. Such measurement can have direct relevance in micro and nanoscale
photonic sources based on exciton-polaritons (EPs).

Exciton-polaritons are coupled excitation of excitons and electromagnetic radiation [52,
150-152]. In recent times, EPs have captured attention in the context of both fun-
damental physical phenomenon such as Bose-Einstein condensation [153—-155], and a
multiple of applications in optics, photonics and semiconductor optoelectronics [53,
54, 130, 156-160]. There are various inorganic semiconductor such as GaAs, CdTe
and ZnO that exhibit Wannier-Mott excitonic states[52, 53, 153, 156, 161], and cou-
ple to electromagnetic radiation further facilitating EPs. Alternatively, EPs can also be
generated by exciting organic molecular materials with Frenkel excitons [54, 55]. Com-
pared with Wannier-Mott excitons, Frenkel excitons in organic materials have greater
exciton-binding energy and longitudinal-transverse exciton splitting energy, and hence
more stable [54]. Added to this there are advantages of molecular materials [80, 136,
158, 160, 162] such as greater oscillatory strength of organic molecules, variety in
molecular structural engineering, and adaptability to create flexible platforms [163—
165], which has made organic molecular meso- and nano-structures very attractive can-
didates for photonics applications [77, 87, 159, 166—174].

In the context of photonic applications, devices can function in passive or active opera-
tional regimes [175, 176]. In the context of optical signal processing, passive operations
are those in which the input wavelength is equal to the output wavelength, whereas, in
an active regime, the input and output wavelengths are different. One-dimensional or-
ganic materials have been shown to operate in both passive [162] and active regimes
[136, 160, 177], and hence can be employed for various photonic applications such
as laser [20, 80, 81], resonators [55, 178], integrated optical circuits [77] etc. One
important application that has not explored is the directional light emission from one-
dimensional organic semiconductors. Directional light emission is now an important
concept from the point of view of optical antenna [128], interconnects and couplers
[12], and there is an imperative to study and quantify directional light emission from
such organic molecular mesostructures.

In this paper, we report on the observation and quantification of directional light
emission from organic molecular mesowire in the both passive and active regimes. We
prepared mesowire structures of diaminoanthraquinone (DAAQ) molecule and specifi-
cally

(1) measured directionality of light emission in passive and active optical transport

regimes;

(i) observed anomalous refractive index as a function of wavelength and;
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FIGURE 2.1: Schematic representation of synthesis procedure of DAAQ

molecular waveguide. (a) Schematic view of constituents arrangement

used in synthesizing the DAAQ waveguide on the glass substrate. (idea

of the schematic is adopted from [164, 165]) (b) Molecular self-assembly

involved in the growth process of DAAQ waveguide is explained in steps
by schematic representation.

(ii1) showed an interesting application of active light transport in DAAQ mesowire:

dual-channel, directional light emission with a single excitation.

All the light-emission studies were performed on a single DAAQ mesowire. The ex-
perimental observations were also corroborated by full-wave 3D finite difference time

domain (FDTD) simulations.

2.2 Experimental Section

2.2.1 Sample preparation and characterization

1,5 diaminoanthraquinone (DAAQ) waveguides have been synthesized via physical va-
por transport method[164, 165]; schematic shown in figure 2.1. The organic com-
pound DAAQ powder (0.5mg, 85% pure, Sigma Aldrich) was dissolved in 50ml ethanol
(99.9% pure, MERCK) in double neck round bottom (RB) flask. RB flask was then
kept in a rotor cum heat bath at 40°C' to achieve uniform thin film of DAAQ molecules
around the wall of round bottom flask. After completion of preparation of thin film
around the RB flask, a clean glass coverslip was vertically suspended inside the RB
flask through glass bar mounted on the top of RB flask. The whole arrangement was
then kept in silicon oil bath and set the temperature of oil-bath at 160°C' - 200°C' as
per experimental conditions (shown in figure 2.1a). The length and diameter of the

synthesized DAAQ waveguide can be controlled through growth temperature and time
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FIGURE 2.2: Conventional optical and SEM images are shown. (a) Opti-

cal image of DAAQ waveguide resting on a glass coverslip is shown. Op-

tical image is captured with high numerical aperture (NA) oil-immersion

objective lens (100z, 1.3NA). (b) SEM image of the same DAAQ waveg-
uide is shown.

duration.

As the temperature of RB flask increases, DAAQ powder is evaporated from the flask’s
wall and condensed on the surface of glass substrate. The condensed molecules act
as a nuclei and get self-assembled. The self-assembly of the molecules result as J-
aggregated nano/meso structures (also verified with absorption spectra of molecular
solution and nanowires, shown in figure 2.5). The growth process is schematically de-
picted in figure 2.1b. On the completion of synthesizing process, the glass coverslip
was then removed from the RB flask and investigated under optical microscopy and

scanning electron microscopy (SEM) (shown in figure 2.2a and 2.2b).

2.2.2 Back focal plane imaging microscopy
2.2.2.1 Basic principles

Directional emission analysis of emitted light is performed using back focal plane (BFP)
or Fourier plane (FP) imaging microscopy. BFP imaging microscopy is performed by
utilizing the Fourier transform property of a lens. In principle, to perform the Fourier
plane imaging, image is positioned at first focal plane of a lens and information is
collected at second point. At the second focal point, the collected information is Fourier
transformed of the input information. The schematic of the whole process is shown in
figure 2.3.

The light emitted from the sample plane can be decomposed into individual plane
waves by the lens. Each plane waves having identical k-values would meet at one point
at back focal plane of the lens. Hence, at back focal plane, the image is resolved in terms
of their directional emission (or k-vector distribution) in contrast to spatially resolved

real plane image at first focal. Schematically in figure 2.3a, we show that k-resolved
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FIGURE 2.3: (a) Schematic representation of image formation at BFP of

the objective lens. (b) Schematic demonstration of relaying BFP infor-

mation from objective lens’ BFP to imaging CCD using 4 — f configu-
ration.

image formation at the Fourier-plane of the lens. The rays emitted from the sample
plane in same direction get focused at one point in BFP. Hence, each point in BFP
represents different k-vector direction.

Practically, the conventional objective lens formed the BFP image at very short distance,
hence extraction of the obtained information exactly from this point is impossible. To
overcome this hindrance, we cascade the BFP information by using set of relay lens in
4- f configuration. In figure 2.3b, we show the schematic of BFP imaging incorporating
the 4-f configuration. We introduce a tube lens to create a conjugate real image plane
(outside the microscope) and then introduce a Bertrand lens to further create a conjugate
BFP on the imaging CCD. The comprehensive mathematical explanation about this

imaging technique can be also found in Appendix A.

2.2.2.2 Instrumentation

Figure 2.4a shows the schematic of the Fourier microscope setup used to investigate the
directional emission of light from individual DAAQ mesowires. This microscope has

the following capabilities.
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FIGURE 2.4: (a) Schematic of the multi-wavelength Fourier microscope
with spatial-filtered collection optics and spectroscopy. The excitation
wavelength were 532nm, 633nm and 785nm, which spans a different re-
gion of the absorption spectra of the DAAQ mesowire (see figure 2.5a).
To determine the directionality of emission from the DAAQ waveguide,
an optical Fourier transformation is performed by introducing Bertrand
lens in the collection path. For capturing active emission, relevant edge
filter is used in the collection optics to reject the excitation wavelength.
FP images are captured by EM-CCD camera. For passive emission, cor-
responding line filter is introduced in optical path and imaging is per-
formed with conventional camera. (b) Description about quantitative
analysis of FP image. FP images can be quantified by using two rele-
vant parameters (6, ¢). The ¢ is an azimuthal angle (0° < ¢ < 27) and
6 is the radial angle (0° < 6 < 60"), which is restricted by NA of the
engaged objective lens to collect the emitted light.

(i) Multiple laser illumination (532nm, 633nm and 785nm) source
(i1) Spatially filtered collection optics
(iii) Spatially resolved photoluminescence (PL) spectroscopy
(iv) Conventional and FP imaging in both passive and active operation regime

The laser beam were individually focused at one end of DAAQ waveguide through
higher numerical aperture (NA) oil-immersion objective lens. The emitted light from
the other distal end of waveguide was collected by using same objective lens. A spatial
filter (in the form of pinhole aperture) introduced at the conjugate image plane can be
utilized to collect the emitted light from the other end of DAAQ waveguide. Thus,
the collected light was relayed on to a Bertrand lens to form FP image on an imaging
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conventional CCD camera or EM-CCD camera. For conventional imaging, another
lens (L4) was introduced between Bertrand lens and imaging CCD. To collect the PL
spectra from the distal end of DAAQ waveguide, the spatially filter light was routed
using mirror (Mjg) and focused on the spectrometer’s entrance slit by inserting a lens
(L3). To image passive emission, line filter of relevant wavelengths were introduced in
the illumination path and for active emission imaging, edge filter at relevant wavelength

were introduced in the path of collection optics to reject the excitation wavelengths.

2.2.2.3 Quantitative analysis

Figure 2.4(b) schematically demonstrate the co-ordinate system in FP, which is relevant
to our study. On FP plane, the intensity (/) was measured as a function spherical angles
(0, ¢) i.e. radial and azimuthal angles. The radial directional signifies the polar angle
6 and scales as n.Sinf, where n is effective refractive index of the medium (in present
case n = 1.52). The maximum of radial angle () is also constrained by the numerical
aperture of oil-immersion objective lens utilized for imaging (in this case we used 100z,
1.3NA). Therefore, radial angle (#) can take value up to 60°(0° < 6 < 60°). The

tangential co-ordinate indicates to the azimuthal angle was denoted by ¢(0° < ¢ < 27).

2.3 Results and discussion

2.3.1 Spectroscopic identification of passive and active transport
regime

The absorption spectra of DAAQ molecules in solution (shaded area with red outline),
emission spectra of DAAQ molecular solution (dotted red line) and DAAQ waveguide
absorption spectra (dotted blue line) resting on glass substrate is shown in figure 2.5.
The inset shows the SEM image of one of the waveguide used for our study. Comparing
both the absorption spectra, we observe that aggregated phase (shaded area) shows red
shift as compared to solution phase (dotted blue line). We can identify two distinct fea-
tures in the absorption spectra of mesowires. One is red-shift of the absorption maxima
and the other is broadening of spectra. The red-shift can be understood as the effect
of self-assembly (or J-aggregates) of DAAQ molecules, and the broadening may be
due to contribution of molecular conjugation to dielectric substrate (glass in the present
case)[179].
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FIGURE 2.5: (a) Absorption spectra of DAAQ solution (dash blue line),
DAAQ waveguide (shaded area) and emission spectra (dash red line) of
DAAQ solution. Three vertical lines indicate the wavelength of excita-
tion in reference to the absorption band of the DAAQ waveguide. In-
set show the SEM image of one of the waveguide used for our study.
(b) Schematic of the experimental configuration to probe the directional
emission in active and passive waveguiding regime. DAAQ waveguide is
resting on the glass coverslip. One of the wire is excited with wavelength
(Ao) and collected the emitted light from other distal end. If the emitted
light ()\) is same wavelength as like illuminated wavelength (A = Ag),
then termed as passive waveguiding. However, if the wavelength of
emitted light (\) is higher than excitation wavelength (A > )p), then
termed as active waveguiding. The emitted light was spatially filtered
and Fourier-transformed to obtain the directivity of emission in passive
and active regimes.

Three vertical lines in the spectra (figure 2.5a) at 532nm, 633nm and 785nm re-
spectively represent the three excitation wavelengths with respect to the waveguide ab-
sorption spectra. We chose these three vertical lines at different wavelength according
to absorption maxima. One should expect the enhanced absorption at 532nm (closer
to absorption maxima of DAAQ waveguide), further results as maximum intensity in
active emission. As we move further towards higher order wavelength (i.e. 633nm), the
absorption efficiency reduces, and slowly lead to passive emission or in other words, the
intensity in active emission will decrease. At 785nm illumination, molecular absorption
will be minimal and lead the light emission in passive transport regime. In figure 2.5b,
we schematically define passive and active definition. In the schematic, DAAQ waveg-
uide is resting on a glass substrate and we illuminate one end of the DAAQ waveguide
with an excitation wavelength ()\g). At the other distal end of DAAQ waveguide, light
emitted either at the same wavelength (A = )¢ — passive waveguiding) or higher order

wavelength (A > )¢ — active waveguiding). Motivation of the above discussed work is
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to identify the different light transporting regime. Next, we investigate the waveguid-
ing nature of DAAQ waveguide in these three different operating regime and then, we

determine the directionality of these emission.

2.3.2 Waveguiding nature with different excitation laser source
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FIGURE 2.6: Conventional optical images with three different laser ex-
citation source. (a) DAAQ waveguide is excited with 532nm at one end.
Excitation and collection points are denoted by E and C' respectively. We
didn’t observe any light emitted from other distal end in passive waveg-
uiding regime. (b) PL image is shown with 532nm laser excitation in ac-
tive waveguiding regime. Here also, the excitation and collection points
are indicated with £ and C. Similarly, we repeated the experiments with
633nm, (c) passive waveguide (d) active waveguide; and with 785nm (e)
passive waveguide. We didn’t observe active light emission with 785nm
excitation source. To determine the emitted wavelengths, we recorded
the emission spectra from waveguide distal end in their respective oper-
ation regime. (f) active emission with 532nm, (g) active emission with
633nm, (h) passive emission with 633nm and (i) passive emission with
785nm

Hlumination of DAAQ waveguide with 532nm: We illuminated the DAAQ molecular

waveguide with 532nm laser source at one end and collected the light from other distal
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end. Optical images with laser excitation are shown in figure 2.6. Figure 2.6a represents
the passive waveguiding image and figure 2.6b shows the active waveguiding. In figure
2.6a, we illuminated one end of the waveguide (denoted as E) but didn’t get any light
emitting from other distal end of waveguide (denoted as C'). After introducing 532nm
edge filter in the collection optics (rejecting the excitation wavelength), we observed
active light emission in organic waveguide. In figure 2.6b, we observed PL light at
both end i.e. excitation and collection end of waveguide. We further recorded the
corresponding spectroscopic signature (shown in figure 2.6f).

Excitation with 633nm laser source: For 633nm excitation, we observed both pas-
sive and active waveguiding from waveguide. Optical image are shown in figure 2.6¢
and figure 2.6d. In figure 2.6c, we illuminated the waveguide at one end and capture the
light emitted from the other distal end. Further, we captured the PL image with 633nm
laser illumination by introducing relevant edge filter in the collection path. We also
recorded the spectroscopic signature in both the operational regime (shown in figure
2.6g and h).

Hllumination with 785nm laser source: We focused the laser beam at one end of
organic waveguide and collected the emitted light from other distal end (shown in fig-
ure 2.6e). However, on introducing the corresponding 785nm edge filter, we didn’t
observe any PL emission in DAAQ waveguide. We also recorded the corresponding

spectroscopic signature (shown in figure 2.61).

2.3.3 Directional light emission from distal end of waveguide

532nm laser illumination:

Figure 2.7a represents the optical image in active waveguiding regime with 532nm il-
lumination source. The two end of the waveguide show bright signal at higher order
wavelength than 532nm. Figure 2.7b represents the FP image of the active emission
from distal end of the waveguide. A bright arc at & = 41° indicates the directional light
emission. Further, we do the quantitative analysis of captured FP image as a function of
¢ and 6. In figure 2.7c, we plot the light intensity along with ¢ and obtained the spread
(0¢) to be 78°. In figure 2.7d, we plot the intensity variation as a function of polar angle
(/) and obtained the spread (56) to be 11°,

633nm laser illumination:

Active waveguiding: Figure 2.7e represents the active light emission from waveguide
with 633nm laser illumination and associated FP image is shown in figure 2.7f. We
further quantitatively analysed captured FP image and plotted the intensity distribution
along with azimuthal and polar angle as shown in figure 2.7g ({vs¢) and 2.7h (Ivsf),
respectively. The spreads in azimuthal angle (6¢) and polar angle (56) are 94° and 7.6°,
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FIGURE 2.7: Conventional and Fourier-plane (FP) imaging and anal-
ysis of active and passive directional-light emission at three excitation
wavelengths. 532nm lead to active emission shown in (a) PL image. (b)
Corresponding FP image is shown from the spatially-filtered region. (c)
FP intensity vs ¢. (d) FP intensity vs 8 for 532nm excitation. For 633nm
excitation: (e) PL image, (f) corresponding FP image for active emis-
sion and corresponding plots (g) FP intensity vs ¢ and (h) FP intensity
vs 6. As 633nm leads to passive emission, hence (i) optical image with
illumination, (j) corresponding FP image and corresponding plots (k) FP
intensity vs ¢ and (1) FP intensity vs 6. For 785nm, only passive emission
is observed, therefore (m) optical image with excitation, (n) correspond-
ing FP image and corresponding plots (o) FP intensity vs ¢ and (p) FP
intensity vs 6. The edge filter and line filters were engaged in collection-
optics for active and passive emission, respectively.

respectively.

Passive waveguiding: We also captured the light from distal of organic waveguide at
633nm. The optical image is shown in figure 2.71 and corresponding FP image is shown
in figure 2.7j. Further, we quantitative analysed the captured FP image and correspond-
ing intensity distribution are shown in figure 2.7k (Ivs¢) and in figure 2.71 (Ivsf). The
angular spread in both azimuthal (6¢) and polar (60) angle was calculated 139° and 8°.
785nm laser excitation:

The optical image is shown in figure 2.7m and corresponding FP image is shown in
figure 2.7n. The data indicates directional emission from distal end of waveguide. The
corresponding quantitative analysis is shown in figure 2.70 (I vs ¢) and figure 2.7p (1

vs 6). The angular spread in both azimuthal (§¢) and polar (§0) angle was found 73°
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and 19.7°.
Based on these results on directional light emission from distal end of DAAQ waveg-

uide, following points can be understood.

(i) For 633nm laser excitation source, both active and passive emission have greater
spread (less directional) in azimuthal (¢) angle and smaller spread in radial (0)
angles. This indicates that light emitted due to 633nm excitation occupies small

set of angles in the numerical aperture (NA) of the lens.

(i1)) Compared with all the excitation wavelengths, the active emission intensity (at
532nm laser excitation) has the lowest spread of ¢ and # values. This indicates
that high directionality can be achieved for azimuthal-angular (¢) emission for

532nm excitation.

2.3.4 Dual channel directional active emission from waveguide

Next, we explored another interesting aspect of exciton-polariton (explained in section
2.3.7) mediated light propagation. We focused the laser beam arbitrary on the one-
dimensional organic waveguide. This lead to the prospect of creating two light emission
source with single illumination of a waveguide. Also, we could achieve the two different
light emission source with two different directionality. The optical image has been
shown in figure 2.8a and corresponding FP images are shown in figure 2.8b and 2.8c.
In figure 2.8a, focused laser beam spot is indicated by excitation and two light emitting
end by collection — 1 and collection — 2. The inset in figure 2.8a shows the magnified
SEM images of the two ends of DAAQ waveguide, from where the light was collected.
Their respective FP images are shown in figure 2.8b (from collection — 1) and figure
2.8c (from collection — 2). In figure 2.8c and 2.8d, we show the emitted light intensity
(collected from collection — 1 end) distribution as a function of ¢ and 6 (shown with
solid red line). Similarly in figure 2.8c and 2.8d, we show quantitative analysis of the
FP image of the light captured from collection — 2 end (shown with solid blue line).
We can observe slight shift in terms of radial angle (figure 2.8d), whereas the spread in
emission pattern in figure 2.8c had a single peak in one direction but dual peak feature
in other direction. Such distinct feature may be attributed to the end-face morphology of
DAAQ waveguide from collection—1 to collection —2 (see figure 2.8a). Quantification

of directional emission is tabulated in Table 2.1.
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FIGURE 2.8: Single-excitation and dual-collection of active directional
emission from the DAAQ waveguide. (a) PL image is shown with laser
excitation at the middle of the waveguide and the active emission is ob-
served from the two distal end of waveguide. The insets shows the mag-
nified view of end face morphology of DAAQ waveguide. Corresponding
FP images are shown of collected light from two end of organic waveg-
uide i.e. collection-1 (red dash line) and collection-2 (white dash line),
respectively. Furthermore, corresponding quantitative analysis is shown
in (b) FP intensity vs ¢ and (c) FP intensity vs 6.

TABLE 2.1: Quantification of directional emission from DAAQ
mesowire on excitation at the middle

Captured emission end | FWHM (¢) | FWHM (6)
Collection end-1 68° 80
Collection end-2 1169 79

2.3.5 Dependence of excitation location on active directional emis-
sion

Next, we analysed the directionality of emitted light from DAAQ waveguide by varying
the excitation location along the waveguide. We didn’t observe any drastic change in
direction emission of the organic fiber, however we observed significant variation in the

emission intensity as the excitation location is brought closer to the collection end. In
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FIGURE 2.9: Dependence of directional light emission in active waveg-
uiding on varying the excitation location. (a) and (c) shows the PL im-
ages for two different excitation points on DAAQ waveguide. In case
(a), the excitation location is at fixed at one end of organic waveguide,
whereas in case (c¢) excitation location is close to collection end. Letter
E and C denote the excitation and collection location respectively and
distance is represented by z. (b) and (d) show the corresponding FP im-
ages of collected light from point C for two different cases shown in (a)
and (c). (e) Variation of emitted light intensity (/) in active emission as
a function of distance (z) between F and C.

figure 2.9a and 2.9c, we represent the optical images of active light emission by varying
the location for two extreme cases (excitation at the end and excitation closet to the
collection end). The corresponding FP images and emission intensity distribution are
shown in figure 2.9b, 2.9d and 2.9e. We notice the variation in emission intensity as a
function of F to C' distance, and the plot in figure 2.9e shows an exponential decrement
in intensity as the distance from £ and C is increased. Furthermore, we quantitatively
analysed the captured FP images for four excitation point along the waveguide as a
function of ¢ and 6 (shown in figure 2.10 and Table 2.2). Emitted light intensity distri-
butions as a function of ¢ are shown in figure 2.10a,c,e and g, whereas figure 2.10b,d,f

and h show as a function of 6.

TABLE 2.2: Quantification of directional emission from DAAQ
mesowire on varying the excitation along the length

Excitation point end FWHM (¢) | FWHM (6)

End point 78° 10Y
First point along the length 103° 12Y
Second point along the length 68° g0

Third point along the length 86° 70
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FIGURE 2.10: Quantitative analysis are shown for captured FP images

discussed in section 2.3.5. (a), (c), (e) and (f) show the FP intensity vs ¢,

whereas (b), (d), (f) and (h) show FP intensity vs @ for all four cases of
varying excitation location along the DAAQ waveguide.

2.3.6 Computational method

In order to further understand our experimental results, especially in the context of
mode propagation in passive and active waveguiding regime and its correlation with di-
rectional emission, we performed three-dimensional finite difference time domain (3D-
FDTD) simulation using lumerical software. We performed the simulation in both far-
field and near-field optical regime. To avoid complexity in the simulation, we have
restricted our experimental configuration (including glass substrate) to a cylindrical
waveguide geometry of length S5um and diameter 500nm (with smooth side walls). The
dielectric function of the waveguide was modelled according to the Lorentz function
given as equation 2.1 [180].

fuwi
€(W) = €0 + — 20 :
Wi — w? — iyw

2.1)

where €, is high-frequency component of the organic mesowires dielectric function,
f is the reduced oscillator strength, wy is the exciton transition energy and 7, is the
exciton line width.

To simulate passive waveguiding, 785nm excitation was placed at point £ (see fig-
ure 2.11a) and the waveguide signal was collected from the location C'. The out-couple
light was further analysed with respect to directionality (represented as solid red line in
figure 2.11c). In the case of active waveguiding, the system was modelled by placing
a dipole at point F inside the mesowire geometry. The emission spectra of the fitted
dipole was tuned to match with DAAQ molecular emission (shown in figure 2.4). The
discussed simulation process was similar to that of Gzera et.al. [148]. We plot the in-

tensity distribution in figure 2.11c. In figure 2.11c, we can compare the angular spread
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FIGURE 2.11: 3D-FDTD simulation results for (a) passive and (b) ac-
tive waveguiding of DAAQ waveguide core air-cladding structure resting
on glass substrate. Points F and C' are the excitation and collection loca-
tions. Note that for passive waveguiding, the guided wave travels through
total internal reflection (dashed line in (a)). (c) Polar plot comparing the
spread in azimuthal angle of the light coming from passive (red) and ac-
tive (blue) waveguide at point C. The collection was through the glass. It
was evident that the passive waveguiding showed greater angular spread
(88%) compared to active waveguiding (68°).

for both passive (shown as red line) and active emission (shown as blue line). We notice
that the angular spread in case of passive is greater than active emission. This trend is

in agreement with our experimental observation (discussed in figure 2.7).

2.3.7 Light propagation mechanism in passive and active trans-

portation regime

In the end, we explored the governing mechanism for passive and active waveguiding
in DAAQ waveguide. Passive waveguiding mechanism can be understood in terms of
total internal reflection (TIR) (discussed in section 2.3.6). Similar to optical fiber, we
can notice that guided modes travels through TIR (shown with dotted line in figure
2.11a) [181]. However, we didn’t get any information related to active waveguiding
mechanism. To explore the mechanism, we measured the anomalous refractive index
of a single DAAQ waveguide. The active emission spectra was recorded from the spa-
tially filtered end of DAAQ waveguide with two excitation wavelengths: 532nm and
633nm. The PL maxima for 532nm and 633nm illumination was at 722nm and 727nm

respectively. We observed Fabry-Perot (FP) modes in the recorded spectra. However,
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for 633nm laser illumination, the PL spectra has superposition of Raman spectral fea-
tures (higher resolution spectra for both excitation wavelength shown in corresponding
insets in figure 2.12a and 2.12 b). Hence, for further exploring the anomalous refractive
index in DAAQ waveguide, we excited the organic waveguide with 532nm laser source.
Refractive index (RI) calculation of DAAQ waveguide: We excited one end of organic
waveguide and collected the light from other distal end of DAAQ waveguide. Upon
excitation one end with photons, they further converted to exciton-polaritons, which
propagate along the length of the waveguide. At the distal end of the mesowire, a ma-
jority of the exciton-polaritons are converted into photons by radiative recombining the
electron-hole pairs. In addition to this emission process at the distal end, a part of the
exciton-polaritons were reflected back to other end of waveguide. Thus, these bound-
ary now act as a partially reflecting mirror of a FP cavity. Resultantly, Standing wave
pattern was formed inside the cavity and therefore, we observed FP modes in recorded
distal end spectra. We used these FP modes to determine the complex refractive index
of DAAQ waveguide. The detailed on exciton-polariton propagation mechanism, its
connection to FP modes and calculation of RI have been studied in the previous report
[54]. Herein, for our measurement, we utilized this knowledge for our study.
Calculation of real part of refractive index via FP modes We have used FP modes
to calculate the real part (n)) of RI of DAAQ molecules waveguide. We have chosen
waveguide of three different length (9m, 16um, 21m). The wires of different lengths
were excited with 532nm laser beam source and corresponding spectra was collected
from other spatial filtered distal end (see figure 2.12¢). We observed FP modes super-
imposed on the broad PL spectra. The spacing between two consecutive FP peak and

real part of refractive index are related by this expression (equation 2.2).

)\2

A= 2.2
2n||l ( )

where ) is spacing between two consecutive peaks. A is peak wavelength, [ is length
of mesowire and n| is real part of refractive index.

Utilizing this equation with the observed value of 6\ and waveguide length (/), we cal-
culate the real part of refractive index. The corresponding plot has been shown in figure
2.12d. The best curve is fitted using EP model. More details about EP model is dis-
cussed in appendix B

Calculation of imaginary part of refractive index via FP modes To calculate the imag-
inary part of refractive index (kj), we chose the relative longer waveguide (21um).
Herein, we followed the similar procedure discussed in the previous reports [54, 80] for
calculating imaginary part of refractive index. We excited the wavguide at different lo-

cation along the length of waveguide and collect the emission intensity as a function of
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FIGURE 2.12: Spectroscopic signature (PL) obtained from the spatially

filtered distal end of a DAAQ waveguide for excitation wavelength (a)

532nm, (b) 633nm. The insets show the magnified view at higher reso-

lution. (c) Active emission collected from waveguide of three different

lengths. Variation in (d) real and (e) imaginary part of refractive index

as a function of energy. It was evident that the refractive index shows an
anomalous increment at higher energies.

distance between excitation point and collection point. Photoluminescence intensity at
the excitation location (/) and PL intensity at the collection point (/) (where z is dis-
tance between excitation location and collection location) is related with the following
expression (equation 2.3).

I, = Lyexp(—2wkz/c); (2.3)

where [, is the guided intensity, [ is the intensity at excitation location, w is the fre-
quency of guided light, k)| is the imaginary part of refractive index, x is the guided
distance and c is the speed of light.
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The imaginary part of RI was calculated by measuring the decay in guided fluo-
rescence decay. We recorded the spectra from the distal end in each cases. Intensity
at collection point spectra was normalized by excitation location intensity. After com-
puting the imaginary RI value, we plotted the values as a function of energy (shown in
figure 2.12e). The best curve is fitted using EP model. More details about EP model is
discussed in appendix B
At energies above 1.8eV, we observed an anomalous increment in refractive index val-
ues (both for real and imaginary part). This is a characteristic signature of exciton-
polariton based light propagation, and has been previously observed for various or-
ganic/inorganic meso/nanowire system [54, 80, 182]. The data in figure 2.12d and
2.12e indicates two specific regime. At lower energies values (1.5eVt01.8¢V’), the
DAAQ waveguide act as a photonic waveguide, whereas at higher energies (> 1.8eV),

the optical transport is governed by exciton-polaritons interaction.

2.4 Conclusions

To conclude, in this chapter we have shown directional light emission from an or-
ganic molecular waveguide made of DAAQ molecules. The captured light was direc-
tional in nature and quantified for both active and passive waveguiding by performing
wavelength dependent Fourier-plane optical microscopy and spatially resolved PL spec-
troscopy. We found that the active emission was more directional as compared to pas-
sive emission. In the active light emission regime, organic waveguide showed anoma-
lous refractive index behaviour. Further, we have shown how single organic waveg-
uide can work as dual channel optical router with single point illumination. Moreover,
we probed the emitted light directionality by varying the excitation location along the
waveguide length.

As a future prospects, such single and dual channel optical router can have direct impli-
cations in various applications such as optical interconnects, nano-photonic circuits etc.
Furthermore, it would be interesting to explore the directional light emission from the
hybrid structures such as organic micro-structures coupled with plasmonic/dielectric
substrate. Such findings can not only strengthen our knowledge regarding strong-

coupling physics but also in various novel nano-photonics applications.






Chapter 3

Non-reciprocal Directional Emission
from a Microsphere coupled Organic
Waveguide (MOW)

Chapter 3 is an adaptation of the research article, Applied Physics Letters, 2016, 108,
031102. In this article, we discussed about angle-resolved, exciton-polaritons pho-
toluminescence measurements from asymmetric terminals of a microsphere-coupled
organic waveguide (MOW). Our results highlight unique directional emission charac-
teristics from a hybrid system and may have direct relevance on single element, exciton-

polaritons based nano-photonics device and lasers.

3.1 Introduction

There is a high demand for materials, which can be adapted to realize devices that are
inexpensive, flexible and clean. Organic molecular materials cater to this requirement
and have been extensively studied in the context of photovoltaics and opto-electronics
[77, 159, 162, 167, 183—-189]. In the recent years, organic nanomaterials have also been
explored in the context of nano-photonics, where optical field has to be manipulated
at sub-wavelength scales [54, 55, 77, 189-197]. Specifically, organic semiconductor
materials have been explored as they facilitate Frankel exciton-polaritons (EPs), which
are essentially quasi-particles of matter and light. The EPs in organic materials arise
due to the coupling of Frenkel excitons with electromagnetic radaition [77] and have
been extensively studied both in the context of fundamental physics and technological
applications [77, 179, 198-200]. Compared to Wannier-Mott excitons in inorganic ma-
terials [179, 201], Frenkel EPs have advantage of higher exciton binding energy, larger
oscillator strength, high photolumienscence, and greater stability which further helps in

guiding photons at subwavelength scale with minimal losses [77, 80, 198, 202-207].

37
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FIGURE 3.1: Schematic of the preparation of microsphere coupled or-

ganic waveguide (MOWSs). The dielectric microsphere, which we used to

prepare these hybrid structures is of Si0O3 (diameter: 3pm) and organic
molecular waveguide is made of DAAQ.

Recently, EPs based organic molecular waveguides have been coupled to optical res-
onator structures such as microspheres and micro-discs [20, 204, 208]. Such coupling
is motivated to realize active light sources (lasers and light emitting devices), with large
quality factors and minimal coupling loses [20, 208-210]. An unexplored aspect of
such coupling is the directionality of light emitted from the terminals of such hybrid ar-
chitectures. This will be crucial factor to further optimize the active emission devices,
and also understand how the out-coupled light can be routed and coupled to other struc-
tures on a photonic chip.

Motivated by the above requirement, herein we discussed on characterization of non-
reciprocal angular exciton-polaritons emission from the terminals of a hybrid meso-

architecture: dielectric microsphere coupled organic mesowire waveguide.

3.2 Experimental section

3.2.1 Sample preparation

A comprehensive synthesis method has been discussed in previous report [20]. We uti-
lized the same knowledge to fabricate such hybrid structures. In a typical preparation
method, such hybrid structures were prepared by bottom-up method. The synthesis
procedure involved two steps. First, we drop-casted the diluted microsphere (3pm)
solution on the clean glass-coverslip and dried it at room temperature in desiccator
for 3 to 4 hours. These microsphere drop-casted coverslips were further used to cou-

ple DAAQ waveguide. DAAQ waveguide were prepared by physical vapor deposition
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FIGURE 3.2: Microsphere (diameter: 3pm) — coupled organic waveg-

uide (MOW) resting on a glass substrate. (a) Optical and (b) scanning

electron microscopy (SEM) image of the same MOW structure. Insets

show the higher resolution image of both terminus of the structure. The

scale bar is 500nm. (c)-(f) SEM image of a variety of isolated MOW
structures.

method [164, 165]. Synthesis process of DAAQ waveguide has already been discussed
in chapter 2, section 2.2.1. In brief, 5Smg DAAQ powder (85% pure, Sigma Aldrich)
was dissolved in 60ml ethanol (99.9% pure, MERCK) in round bottom flask. RB flask
was then placed in heating cum rotor bath to make uniform DAAQ molecular thin film
around the RB wall. These pre-processed glass-coverslip were suspended inside the RB
flask and the whole arrangement were placed in silicon oil bath and increased the tem-
perature up to 170°C. Since, these pre-processed glass coverslip already had the higher
energy sites in the form of microspheres, which acted as a preferential site to couple for
new incoming DAAQ molecules (schematically demostrated in figure 3.1) [165]. After
Smins, the glass coverslip was removed from the RB flask and further characterized un-
der optical microscopy and electron microscopy. In figure 3.1, we show the schematic

of involved steps to synthesize the microsphere coupled organic waveguide.

3.2.2 Characterization

The prepared samples were investigated under optical microscopy and then electron
microscopy. Figure 3.2a shows an optical image of a microsphere coupled organic
waveguide (MOW) structure resting on a glass substrate. The scanning electron mi-

croscopy image of the same structure is shown in figure 3.2b. The insets in figure 3.2b
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FIGURE 3.3: Spectroscopic signature of isolated DAAQ coated micro-
sphere and MOW structure have been discussed. (a) Whispering gallery
modes (WGMs) have been computed by utilizing Mie scattering the-
ory. (b) Computed WGMs have been shown along with cataloguing its
modes. Experimental results: (c) DAAQ coated isolated microsphere
was illuminated with 532nm laser excitation source and (d) the stokes’
shifted spectra was recorded. We see a good agreement in spectra be-
tween computed and recorded modes. Next, in MOW structure (¢) WGM
was captured as we illuminated silica microsphere at the coupled end and
PL light was collected from the same terminal. (f) The recorded spectro-
scopic signature is shown. Thereafter, we remotely excited MOW struc-
ture. (g) Free end of MOW structure was illuminated and (h) spectra
of out-coupled light from sphere terminal was recorded. (i) Microsphere
from coupled end was illuminated and (j) recorded spectra of out-coupled
light from free end terminal is shown.

show the high resolution image of the two end terminus of MOW structure. The SEM
images in figure 3.2c-f show a variety of MOW structures, indicating repeatability of
our preparation method and different way of microsphere- DAAQ waveguide coupling.
It is also important to notice that we also observed isolated microspheres coated with
DAAQ molecules on the glass coverslip. These isolated microspheres were further used

as a control during our directional emission study.
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3.3 Results and Discussion

3.3.1 Spectroscopic analysis

We investigated the prepared MOW structures using optical microscopy and spectroscopy.
Firstly, we computed whispering gallery modes (WGMs) of a microsphere (34m) using
Mie theory. WGMs can be identified in terms of two polarization states i.e. transverse
electric (TE), transverse magnetic (TM) and three other quantum numbers i.e. radial
(n), angular (/) and azimuthal (m). The radial quantum number n corresponds to half
of the number counted as intensity maxima along the perimeter of the sphere, whereas
angular quantum number [ implies the number of intensity maxima along the radius of
the sphere. The azimuthal quantum number symbolise the degeneracy factor for a given
geometry. In figure 3.3a-b show the computed WGMs for 3um silica microsphere with
assigned modes (number in subscript above the associated resonance modes describe
radial quantum number n for [ = 1). The comprehensive mathematical details about
WGMs calculation can also be found in appendix- C.

Next, we experimentally probed the spectroscopic feature of isolated DAAQ molecules
coated microsphere (schematic shown in figure 3.3c). The microscopy set-up details
have been discussed in the previous chapter (see section 2.2 in capture 2), here also we
utilized the same microscopy setup. First, we identified isolated DAAQ coated micro-
sphere using 100x, 1.3NA objective lens and illuminated the microsphere with 532nm
laser excitation source and recorded the stokes shifted spectra. We engaged 532nm edge
filter in the collection path to reject the excitation wavelength. We observed appreciable
agreement in both experimentally recorded spectra and theoretically computed spectra
(see figure 3.3b and d). The recorded spectra is shown in figure 3.3d. Further, we in-
vestigated spectroscopic signature from MOW structure. We remotely illuminated the
MOW structures and recorded the spectra. In figure 3.3e, we show schematic of first
configuration where we illuminated the microsphere at the coupled end and collected
the light from the same terminal. The emitted light was spatially filtered and corre-
sponding spectra is shown in figure 3.3f. We observed pronounced WGMs over the
broad photoluminescence (PL) for this configuration. In figure 3.3g, we excited the mi-
crosphere at the free end and collected the emitted light from the coupled end of MOW
structure. The excitation leads to EPs in the waveguide, which further propagate along
its length and out-coupled as PL from sphere-terminus. The light emanating from the
collection terminal is spatially filtered using pinhole aperture and recorded the spec-
tra (shown in figure 3.3h). Next, we illuminated sphere-terminus (schematic shown in
figure 3.31) and emitted PL light was collected from free end of MOW structure. The

corresponding PL spectra is shown in figure 3.3j. It is evident that the spectroscopic
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FIGURE 3.4: Two experimental configurations used in directional emis-
sion study. (a) Schematic of the first configuration in which free end of
MOW structure is excited (indicated as E'x.) and the photoluminescence
emission was collected (indicated as C'ol.) from the sphere terminus.
(b) Photoluminescence image. (c) Schematic of second configuration
in which sphere terminus was excited and emission was collected from
wire terminus. (d) Photoluminescence image. The excitation source was
532nm laser. For PL imaging, and edge filter was engaged to reject the
elastically scattered light.

features can be tuned depending on excitation configuration in a single MOW structure

(comparing figure 3.3f, h and j).

3.3.2 Non-reciprocal directional emission from MOWs

The main objective of these experiments was to analyse the directionality of emitted PL
signal from the collection points shown in figure 3.4a and b. To probe the directional
emission, a home built photoluminescence microscopy with spectroscopic detection
and FP imaging capability was utilized [18, 23]. The details for this setup can also be
found in section2.3 chapter 2.

For angle-resolved PL. measurements, we projected the spatially filtered collected light
from MOW terminals on FP plane of the objective lens (100z, 1.3NA) and imaged it
on EM-CCD (Andor iXon Ultra). The captured FP images was further analysed as a
function of two angle, ¢ and ¢, where 0 is the radial angle defined by numerical aper-

ture of engaged objective lens (in our case, 0° < 6 < 60°) and ¢ is azimuthal angle
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FIGURE 3.5: (a) Schematic of the excitation and emission configura-
tion, and the Fourier-plane (FP) projection of the emitted light. (b) FP
image of the intensity of the emitted light from the sphere terminus of
MOW structure. The outer-most circle (§ = 60°) represents the angle
of numerical aperture of the objective lens (100x, 1.3NA). (c) Intensity
distribution as a function of azimuthal angle (¢) for § = 40° (close to
critical angle of glass-air interface). (d) Intensity distribution as a func-
tion of ¢ for # = 30°. (f) Intensity distribution as a function of @ for line
2 shown in figure 3.5a.

(0° < ¢ < 360°).

Configuration 1 - Wire illumination, sphere-terminus collection: Figure 3.5a represents
the schematic of the experimental configuration with the corresponding projection of
emission into Fourier-plane. In figure 3.5b, we show the intensity distribution as func-
tion of angles # and ¢. The emission was pronounced at two value of polar angles
0 = 40° and 30°. Figure 3.5c shows the intensity distribution as a function of ¢ in the
direction ¢ = 240°, with an azimuthal spread (6¢) of around 60°. Such high forward
to backward ratio in the angular emission pattern is similar to the case of plasmonic
nanowires [18], an interesting feature to note in our results. In figure 3.5c, we also
observed a weak emission around ¢ = 120°, with an azimuthal spread of around 30°.
Figure 3.5d shows intensity distribution as a function of ¢ along the line 1 (as shown in
figure 3.5b). The maximum intensity measure was at around 40°, which is close to the
critical angle of glass-air interface (41.5°) and represents out-coupling of leaky waves
[18]. Interestingly, the intensity distribution was oscillatory is nature for # value less
than 40°. The oscillatory intensity distribution indicates various waveguide modes be-

ing channelled at different polar angles. Such oscillatory emission patterns have been
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previously reported in complex plasmonic waveguide geometries [211]. Our observa-
tion is also unique in the sense that these oscillatory emission patterns has been observed
for a hybrid organic waveguide. Furthermore, in order to show the importance of wire-
excitation sphere —collection configuration, we compared the angle-resolved emission
with sphere-excitation sphere —collection configuration (as shown in figure 3.6). This
further highlights the relevance of MOW architecture in the context of directional PL

emission.

FIGURE 3.6: Angle-resolved PL measurements with isolated DAAQ

coated silica microsphere resting on a glass substrate. (a) Optical im-

age of an isolated microsphere (with DAAQ coating); corresponding (b)

PL image and its (c) Fourier plane projection. Laser excitation was at

532nm. PL images were obtained after filtering the elastic scattered light
with edge filter.

Figure 3.5e shows intensity distribution as a function of ¢ at § = 30°. We observed
sharp directionality with respect to ¢ with an azimuthal spread as small as 10°. How-
ever, the spread in 6 along line 2 (see figure 3.5b) was large as shown in figure 3.5f,
with the intensity peaking at §# = 30°. The origin of this highly directional emission
may be due to the direct leakage of exciton-polaritons from the sphere-glass interface.
The light emitted from the wire is channelled into the glass. Upon recording the emis-
sion through the glass and projecting it into the Fourier plane, we obtained pronounced

intensity at two different regions of Fourier plane (as shown in figure 3.5b). The first
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region is represented by the arc-like emission. This emission is attributed to directional
out-coupling of light from the distal end of waveguide. The second region is repre-
sented by bright spot in FP. It is attributed to the focusing effect of the microsphere.
Such confined angular distribution suggests a kind of converging-lens effect, probably
due to photonic-jet effect [212-214].

The obtained angular emission is sensitive to various parameters such as coupling con-
figuration, coupling distance between microsphere and organic waveguide, size and
geometry of microsphere, and waveguide cross-section. Therefore, its angular emis-

sion can be precisely tuned by controlling these parameters.
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FIGURE 3.7: (a) Schematic of the sphere-excitation and wire-emission

configuration, and the Fourier-plane (FP) projection of the emitted light

from the distal end of the mesowire. (b) FP image of the intensity of

the emitted light from the wire terminus of MOW structure. (c) Intensity

distribution as a function of ¢ for § = 42°. (d) Intensity distribution as a
function of @ for the line shown in figure 3.7b.
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Configuration 2- Sphere excitation and wire-terminus collection: Figure 3.7a shows
the schematic of the optical configuration, where the microsphere at the coupled end
was excited and the optical emission was spatially filtered from the free end of MOW
structure (PL image is shown in figure 3.4 c and d). The filtered light was projected
onto the Fourier plane. Figure 3.7b shows the intensity distribution of the emitted light
as a function of # and ¢. The emitted light was directional in nature, with majority
of the emission at # = 42°. We also observed some emission beyond this angle, upto
0 = 60°. Further, we quantified the captured FP emission by resolving it as a function of
¢ for = 42°, as shown in figure 3.7c. We found the azimuthal angular spread greater
than 60°, which was much greater than the case of sphere terminus emission (shown
in figure 3.5¢). Figure 3.7d represents the intensity distribution as a function of 6 for
the dotted line shown in figure 3.7b. We found that the maximum emission occurred
at = 42°, which was the critical angle of glass-air interface (41.5%). Interestingly,
we also found some emission beyond the critical angle, which was in contrast to the
sphere-terminus emission (shown in figure 3.5d). It is to be noted that the dependence
of # on effective refractive index can be further harnessed as a refractive index sensor
[18]. Such emission beyond the critical angle has also been observed in the influence
of dye moecules at a dielectric interface and depends on the geometrical factors of the
emitter with respect to the substrate [215]. In our case, the wire orientation may also

have some connection to the emission beyond the critical angle.

3.4 Conclusion

To summarize, we have studied angle dependent exciton-polariton emission from the
two terminus of an MOW structure resting on a glass substrate. Our analysis of the
angular emission from the sphere terminus emphasized the two regions of directional
emission, of which one of them has an azimuthal spread as small as 10°. For the wire-
terminus emission, the angular spread has a greater azimuthal spread (> 60°), with
emission leaking beyond the critical angle of air-glass interface. Our experiments indi-
cates how angular emission varies when the light is collected from two different termi-
nus of a hybrid waveguide: MOW structure. The directionality of light, especially from
the sphere terminus can have direct implication on the directional light emitting devices,
including one-dimensional exciton-polariton based laser. It would be interesting to fur-
ther extrapolate our work to observe angle-resolved nonlinear optical emission from
two terminus of MOW structure. Such studies can facilitate nano-photonic platform to

control and manipulate the optical field at nanoscale regime.



Chapter 4

Radiative Channelling of Nanowire
Frenkel Exciton-Polaritons through

Surface Plasmons

Chapter 4 is an adaption of a research article Advanced Optical Materials, in press
2017. In this article, we discussed about the radiative channelling of nanowire Frenkel
exciton-polaritons through surface plasmons. The investigation included the experi-
mental demonstration of near-field coupling between Frenkel exciton-polaritons and
surface plasmon polaritons. Moreover, we discussed how to obtain plasmon assisted
directional channelling of excitonic emission. Our results highlight the angular chan-
nelling of nanowire emission, which have implication in designing efficient single-
nanowire photovoltaic devices, and can be harnessed for radiative decay engineering

of hybrid nano-photonics sources in coherent and nonlinear optical regimes.

4.1 Introduction

Controlling emission parameters of nanostructures such as intensity and directivity, has
emerged as an important task of nanophotonics, and to address this, variety of nano-
materials based on metal, inorganic and organic semiconductors, and dielectrics have
been extensively explored [12, 19, 24, 76, 216]. On many of nanostructures studied
in the context of subwavelength light propagation, nanowires made of organic semi-
conductor molecules have drawn significant attention in recent times [20, 54, 167, 171,
217-222].0ne of the reason is that they facilitate highly stable Frenkel exciton po-
laritons,[223, 224] which are hybrid states of Frenkel excitons and electromagnetic
waves. Since many of the organic semiconducting molecules have large absorption
cross-section [12, 76, 77], hyper-polarizability [188, 225], the EPs in such system can
be harnessed for active [76], passive [162, 193] and nonlinear wave-guiding [80] of

light over millimetre length scale. Such long distance optical transport properties have
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been utilized various nanophotonics applications such as optical logic gates [92], res-
onators [20, 55], nano-lasers [80], and photonic circuits [55, 218] etc.

Interfacing organic molecular platforms with surface plasmons (SPs)[226-228], which
are charge density oscillations at metal-dielectric interface, can provide excellent plat-
form to study exciton-plasmon interaction at weak [229] and strong [230, 231] regimes.
Interestingly, such coupling can also be harnessed emission for controlling light emis-
sion from organic nanostructures[41], down to single photon limit[232]. Various scheme
have been explored to interface excitonic systems with surface plasmons such as cou-
pling of quantum dots with plasmonic substrate[233], layered materials with plasmonic
lattices [234], core-shell nanoparticles[230], molecular J-aggregates layer with plas-
monic nanoparticles [235, 236] and photonic nanowire with gold nanoparticles [232].
These investigations are predominantly confined to probe energy transfer mechanism,
recombination processes [237], photoluminescence enhancement [238], Rabi splitting
[239], generation of hybrid states [240], bio-sensing applications [194, 241] and low-
threshold nonlinear effects [77]. In many of these approaches the dimensionality of
the molecular material is either quasi zero-dimensional (0D) or quasi two-dimensional
(2D) in nature. So far, there are not many reports in interfacing quasi one-dimensional
(1D) organic molecular systems, such as nanowires, with surface plasmons [242, 243].
One such example is vertically oriented organic nanowire on gold thin film [242, 243].
Such as a single, vertical nanowire provides a unique opportiunity to study of 1-D prop-
agating exciton-polaritons with 2D propagating plasmon polaritons at nanoscale. In this
coupling scheme, an important issue to be addressed is the out-coupling of EP photolu-
minescence emission from a single, vertical nanowire into a specific direction through
leaky plasmon channels of a gold film. Given that spontaneous emission is isotropic,
there is an imperative to channel the nanowire emission, such that a majority of the
light is collected and harnessed. Such directional out-coupling of emitted light has con-
sequence on designing photovoltaic devices such as single-nanowire solar cells [237,
244, 245], organic light emitting devices [76, 188], EPs lasers [80] and nano-optical
bio-sensors [77, 188].

Hence, herein, we experimentally demonstrate directional, EPs photoluminescence emis-
sion channelled from a single, vertical organic nanowire through a plasmonic leaky
channel of gold thin film. Figure 4.1 represents the conceptual schematic of the exper-
iment. The tip of a vertical oriented organic semiconducting nanowire made of 1,5di-
aminoanthraquinone (DAAQ) molecules is excited by a tightly focused laser beam
at 532nm wavelength. This excitation is close to absorption band of the molecular
nanowire (discussed in chapter 2), which further results in red-shifted EPs generation,

and subsequent propagation along the length of the nanowire. The photolumienscence
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FIGURE 4.1: Conceptual schematic of surface plasmons (SPs) coupled
directional emission of Frenkel exciton-polaritons (EPs) from a single,
vertical organic nanowire. Tip of nanowire is illuminated with tightly fo-
cused laser beam at 532nm wavelength. EPs propagate along the length
of nanowire and leak out through plasmonic gold film into the glass sub-
strate. The angular dependence of the leakage photoluminescence radia-
tion is imaged via Fourier-plane imaging technique in the detection chan-
nel with a high numerical aperture objective lens. Figure not to scale.

maxima was 722nm (discussed in chapter 2). When the EPs reach the gold film, they
leak through the plasmonic channels, and radiatively out-couple at sharp radial angles
beyond the critical angle of glass-air interface, which can be captured in the FP of the
imaging system [246]. To understand energy transform mechanism under various cou-
pling configurations in our geometry, we have performed finite element method (FEM)
based electrodynamics that supports our experimental results. For efficient calculation
of leakage radiation pattern in Fourier plane, we have utilized an improved simulation

strategy of Yang et al.[247] which is based on Lorentz reciprocity theorem.
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FIGURE 4.2: Growth of vertically oriented organic nanwires on a plas-

monic thin film. (a) The chemical structure of the di-aminoanthraqunione

(DAAQ) molecule used for the growth of organic nanowires. A photo-

graph image of round bottom flask uniformly coated DAAQ molecular

thin film. (b) Schematic of steps involved in growth process of vertical

organic nanowire on gold film. (c), (d) and (f) represent the correspond-
ing SEM images captured from the prepared sample.

4.2 Experimental Section

4.2.1 Sample preparation and characterization

The hybrid nanostructures were fabricated using vapour deposition method [112, 164,
165]. An elaborate protocol to prepare such structures has been reported earlier [112,
165]. We have followed the same process to grow these hybrid nano-architectures. In
a typical preparation, 10mg of DAAQ powder was dissolved with 60m/! of ethanol in
round bottom (RB) flask. A thin film of DAAQ molecules was formed on RB flask by
evaporation of ethanol in a heater cum rotor bath at 60°C. The gold coated (60nm) cov-
erslip was then suspended inside the round bottom flask through glass bar mounted on
the top, and the whole arrangement was then kept inside the silicon oil-bath (schematic
of the whole arrangement has been previously shown in chapter 2, section 2.2.1). The
temperature of oil-bath was then increased to 160°C' — 170°C, which was monitored
by a sensor inserted into the RB flask. The DAAQ molecules were vaporized from the
inner wall of the RB flask and condensed on the substrate. After 10 min of deposition
at the constant temperature, the glass substrate was removed from the flask (schematic
demonstration of the process is shown in figure 4.2a and b). The prepared samples
were then characterized under optical microscopy and electron microscopy. Some of
the captured SEM images of synthesized nanowire with different orientation are shown
in figure 4.2c-e.

We captured large-area field emission scanning electron microscopy (FE-SEM) scans
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FIGURE 4.3: Field emission scanning electron microscope (FE-SEM)
and optical image of individual, vertically oriented DAAQ nanowires
on Au-film (60nm). (a) Arial view of Au-film coupled vertical organic
nanowire. The black dotted circles indicate vertical organic nanowires.
This aerial view also emphasize that the nanowire are well disperse
throughout the film surface. (b) Wide-field FEM image of multiple
nanowires. Individual vertical organic nanowires are represented by
white dotted circles and the distances between two nanowires were suffi-
ciently large for optical microscopy studies. (c) and (d) are higher reso-
lution FE-SEM images of two different individual organic nanowires. (e)
and (f) White light reflection image of vertical organic nanowire focused
at the tip and at the bottom of nanowire, respectively.

at lower magnification (see figure 4.3a and b), which provides an overview of the
prepared sample. The overview image also emphasizes that synthesized vertical or-
ganic nanowires are well separated to perform optical measurements from individual
nanowire. High resolution FE-SEM images of two individual vertical organic nanowires
are shown in figure 4.3c and d. Further, the optical images if an individual vertical or-
ganic nanowire are shown in figure 4.3e (focused at the tip) and figure 4.3f (focused at
the base).

4.2.2 Instrumentation

We investigated the prepared hybrid structures through our home-built microscope set-

up shown in figure 4.4. This microscope consisted the following capabilities:
(i) focused laser beam illumination from the top;
(i1) dual channel microscopy and single channel PL spectroscopy;
(ii1) real plane and Fourier plane (FP) imaging from lower channel

In the upper channel, 532nm laser excitation source (continuous-wave laser) was
used to illuminate the nanowire. A 532nm line filter (Semrock Max line, LLO1-532) and
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FIGURE 4.4: Schematic of optical set-up employed for conventional
and Fourier plane PL imaging. Individual organic nanowire was illu-
minated by a 532nm laser source using 100z, 0.9NA objective lens. The
PL spectrum was recorded from the tip of organic nanowire (shown on
right side). The leakage radiation was captured through 100z, 1.3NA
oil-immersion objective lens. Fourier and real plane imaging were per-
formed with combination of lens (L3, L4 and Ls). The excitation wave-
length was rejected by introducing edge filter in collection path and FP
image was captured by an EM-CCD camera. Inset shows FE-SEM image
and corresponding FP image of one of the nanowires. Optical schematic
diagram not to scale.

a neutral density (ND) filter were engaged in the illumination path to ensure monochro-
matic, low power excitation. The tip of vertical organic nanowire was carefully focused
upon and illuminated with an objective lens (1002, 0.9NA, spot-size 1-2pm). Backscat-
tered light was collected from the same objective lens and optical images as well as pho-
toluminescence (PL) spectra of the nanowire were captured by routing light to camera
(for conventional imaging) or spectrometer (LabRam HR, 789mm focal length, pinhole
size = 200pm, 600 grooves/mm grating) in the upper channel of microscope.

In the lower channel, the leakage radiation (LR) was collected through the glass sub-
strate with high numerical aperture (100x, 1.3NA) oil-immersion objective lens. To
reject the excitation wavelength, we introduce 532nm edge filter (Semrock Razoredge,
LP03-532RU) in collection optics. The real plane and FP imaging were performed with
the combination of tube lens (L3), Bertrand lens (L4) and L. The resulting image was
captured with EM-CCD/CCD. For single nanowire studies, we correlated the FE-SEM
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image of a single nanowire with its optical image in real and Fourier space. Inset in
figure 4.4 shows one such correlated image of a single nanowire and its PL image in
Fourier space captured FP image was quantified using two parameters (¢ and ¢). The
radial angle, 6 is restricted by numerical aperture (NA) of imaging oil-immersion ob-
jective lens (0° < 6 < 60°) and the azimuthal angle ¢, can vary from 0° to 360°.

4.3 Results and Discussion

4.3.1 Directional emission from Au-film coupled organic nanowire
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FIGURE 4.5: (a) Schematic of the excitation configuration and the
Fourier-plane (FP) projection of leakage radiation through the substrate.
(b) Captured FP image of plasmon coupled EP photoluminescence from
a single vertical organic nanowire. The outer circle corresponds to nu-
merical aperture of oil-immersion objective lens. (c) Intensity distribu-
tion as a function of radial angle () along the dotted (brown) line in
figure 4.5(b). (d) Intensity distribution as a function of k,/ky along the
solid line (blue) in figure 4(b).

Our main objective was to probe out-coupled directional emission of EPs from a
single, vertical organic nanowire. Figure 4.5a shows the schematic of the experiment
with corresponding projection of emission onto the Fourier plane. The intensity distri-

bution as a function of co-ordinate angles 6 and ¢ is shown in figure 4.5b. The outer



Chapter 4. Radiative Channelling of Nanowire Frenkel Exciton-Polaritons through
54 Surface Plasmons

circle represents the numerical aperture (NA) of the imaging objective lens (§ = 60V).
We observed that the emitted light was directional in nature, and majority of emission
occurred at a defined radial angle. We plotted the intensity distribution (shown in figure
4.5¢) as a function of # along the horizontal line (dashed brown line in figure 4.5b). We
found the maximum emission occurred at § = 44.3°, which is beyond the critical angle
of air-glass interface ( 41.1°), and can be termed as evanescently out-coupled forbidden
light [248]. Such emission is observed because of near-field optical coupling, and is
attributed to interaction of evanescent field components of molecular emission dipole
with plasmonic thin film [248, 249]. We also found that forbidden light emission was
sensitive to dipole position above the plasmonic substrate (discussed in section 4.3.3
and 4.3.4). We emphasize that the captured forbidden light has significant implications
in designing high numerical aperture imaging systems to interrogate semiconductor
nanowire [250] using sub-diffraction spatial resolution microscopy [249], and comple-

ments the imaging using conventionally allowed light.

4.3.2 Effective refractive index of hybrid leaky mode

We further analysed the wave-vector of leaky modes and calculated the effective refrac-
tive index (n.ss) by FP image. Procedure of such as calculation can be found in chapter
2. Figure 4.5d shows the intensity distribution as a function of &, /kq along the vertical
line (as shown with solid blue line in figure 4.5b). We found the maximum intensity at
k. /ko = 1.08, which indicates effective refractive index value of leaky modes. The re-
duction in effective refractive index highlights that the leaky modes are distinct from the
bound EPs modes of an isolated organic waveguide, which has greater effective index
(discussed in chapter 2). Importantly, the leaky modes in such hybrid system have com-
bined physical characteristic of plasmons and excitons [251]. Mixture of these physical
characteristic have numerous advantages over isolated organic or plasmonic nanostruc-
tures and can potentially facilitate test-beds for strong and weak-coupling physics, low
propagation loss waveguides [252], high speed data transmittance [12], mode conver-

sion [253] and efficiency enhancement in energy harvesting devices [254].

4.3.3 Numerical analysis

To corroborate our experimental observation from a vertically oriented nanowire, we
performed finite element method (FEM) based, full-wave numerical simulation using
COMSOL software (version 5.1). Our geometry to simulate vertical nanowire emission
was similar to previous literature [255]. The schematic of the simulated geometry is

shown in figure 4.6a. It consisted of a DAAQ cylinder of refractive index (discussed in
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FIGURE 4.6: (a) Schematic view of 3D simulated geometry from a ver-

tical nanowire. The emission dipole radiates at A = 700nm. Dipole

distance above the film is shown by h and orientation angle is indicated

by o with respect to its vertical orientation. (b) Simulated far-field inten-

sity projection of captured leaky emission through the glass substrate. (c)

Intensity distribution as a function of radial angle (#) along the dashed
(red) line shown in figure 5(b).

chapter 2), in which vertical emission dipole was embedded at a distance A from a gold
thin film (60nm) on top of a glass substrate. The angle « represents the angle between
the ling axis of the nanowire and the dipole orientation (shown in figure 4.6a). The
wavelength of dipole emission is fixed at 700nm (discussed in chapter 2, section 2.3.7).
For the analysis of far-field radiation emission from stratified simulation geometry, as in
our case, an accurate method to transform near-field to far-field intensity is necessary.
For this purpose, we have adapted the recently developed simulation strategies of Yang
et.al [247].

Figure 4.6b represents the simulated far-field intensity projection of leaky emission
for dipole placed at h = 200nm and o = 0. The emission was confined to a narrow
range of angle in the far-field. Figure 4.6c shows the intensity distribution as a function
of polar angle ¢ at # = 44°. This is in excellent agreement with our experimentally
observed value (44.3%) as discussed in data related to figure 4.5b and c. The fact that the
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FIGURE 4.7: Far-field leakage radiation pattern from a nanowire as a

function of distance between the vertical dipole and the plasmonic thin

film. (a) Far-field radiation pattern for dipole placed at h = 700nm; (b)

corresponding intensity distribution for the dashed line shown in a. (c)

Far-field radiation pattern for dipole placed at h = 1400nm; (d) corre-

sponding intensity distribution for the dashed line shown in c. Note that
the intensity changes for the two cases discussed.

emission occurs at angle beyond critical angle of glass-air interface clearly indicates
near-field coupling between the emission dipole of the nanowire and plasmonic thin
film.

With this insight, we can understand the observed emission as a three step process. (i)
EPs are excited at free end of the nanowire via focused laser beam illumination, which
propagates towards the other end of the nanowire. (ii) At the nanowire-metal junction,
EPs couple to SPPs via near-field interaction, and thereby excite the propagating SPPs
along the gold-air interface. (iii) This propagating SPP field diverges from the interac-
tion point, and the transferred energy radiatively leaks through the dielectric medium

with higher refractive index, which is glass substrate in our case.
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FIGURE 4.8: Numerical simulated leaky far-field patterns for varying

dipole orientation above the gold film. (a) , (b) and (c¢) Simulated far field

projections have been shown for different orientation 30°, 60°and90° re-
spectively.

4.3.4 Angular emission tunability in film coupled organic nanowire

In the context of the discussed geometry, it would be interesting to ask whether one
can vary the parameters of emission, such as its angle and intensity as a function of
geometrical variables. To address this, first we numerically explored emission depen-
dence on dipole position, h, above the plasmonic film. A vertical dipole was placed at
h = 700nm (h = A, emission wavelength) above the gold surface and far-field emis-
sion was calculated as shown in figure 4.7a. We found that the emission occurred at
angles on either side of critical angle of glass-air interface (shown in figure 4.7b). How-
ever, when the dipole was placed at h = 1400nm, which indicates a far-field coupling
regime, we observed majority of the light emitted at or below the critical angles (shown
in figure 4.7¢ and d). Furthermore, the intensity of the emitted light changes by an order
magnitude when the dipole is displaced further away from the surface. Such angular
and intensity dependence of emitted light on the position of dipole is well known in the
literature [248, 249], and in the context of our work, it indicates that by changing the
gap between the nanowire emission dipole and plasmonic surface, one can potentially
switch the coupling between the near-field and far-field.

In addition to the dependence of h, we explored the dependence of angle « (at con-
stant /) on the emission parameters (shown in figure 4.8). The leakage intensity was
found to be maximum in the case of vertical dipole (v = 0°) and minimum in case of
horizontal dipole (o« = 90°). This result could be understood in the context of method
of images,[248] which suggested that vertical dipole (ov = 0°) efficiently coupled with
plasmons compared to the horizontal dipoles (o = 90%). In the context of our geome-
try, these data indicated that by systematically varying the angle between the nanowire
growth and the surface normal of the plasmonic film, the dipole orientation, and hence

the outcoupled quantum efficiency of the emitted light could be potentially tuned.
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4.4 Conclusion

To summarize, we have demonstrated, for the first time, plasmon-coupled directional
channelling of Frenkel EPs from an individually, vertically oriented, organic nanowire.
The observed leakage of the directional emission through plasmonic channels predom-
inantly occurred at directions beyond the critical angle of glass-air interface indicating
near-field coupling between EPs and surface plasmons, which was supported by nu-
merical simulations. Furthermore, the simulations revealed the relevance of the two
parameters: distance and orientation between the emission dipole of nanowire and the
plasmonic surface, which could be further harnessed to engineer the angle and intensity
of the exciton-polaritons emission from a single organic nanowire device. We envis-
age that the results presented herein can be utilized for various applications, such as:
to improve light collection efficiency on organic photovoltaic devices; single nanowire
based coherent sources, where the directionality of the stimulated emission can be pre-
cisely controlled through the plasmonic leakage channels. Since the nanowires that we
use are large hyper-polarizability values, our studies can be extrapolated to nonlinear

optical effects from a hybrid Frenkel exciton-surface plasmon system.



Chapter 5
Future outlook and conclusion

The work presented in the thesis is mainly focused on investigating the ability of direct-
ing light from variety of organic semiconductor nano-architectures. A small comparison
between plasmonic nanowire and organic molecular waveguide is demonstrated in Ta-
ble 5.1. In chapter 2, we presented the work on spatially directing the emitted light
(both in active and passive operational regime) to specific direction by utilizing DAAQ
molecular waveguide. All the photonic properties of organic nanomaterials are mainly
directed by exciton-polaritons (EPs) propagation. These EPs assisted organic materials
are ideal to fabricate micro-resonators spanning their emission over the whole visible
spectrum. However, tailoring their resonant modes with defined directional emission
is still a challenge. To address this issue, we have explored another facet of molecular
coupling i.e. coupling of organic waveguide/nanowire with dielectric microstructure
and plasmonic structures. In chapter 3, we explored optical microcavity (Si0Os mi-
cropshere) coupled organic waveguide. In such hybrid configuration, the WGMs of
microsphere was utilized for signal modulation (active element) and organic waveguide
was used for signal transportation in defined direction. Additionally, directional emis-
sion from such coupling architectures would be crucial to further optimize the active
emission devices and also to understand how out-coupled light can be routed and cou-
pled to other structures on a nanophotonic chip. In capture 4, we interfaced organic
molecular platform with plasmonic substrate and characterize it in near-field coupling
regime. We presented the evidence of directional, EPs assisted PL emission channelled
from a single vertical organic nanowire through a plasmonic leaky channel of gold film.

As a future direction, we are interested in exploring the exciton-plasmon coupling
effect in two dimensional (2D) plasmonic lattice coupled to one dimensional (1D) or-
ganic nanowire. Plasmonic lattices, which exhibit collective plasmon oscillations, can
efficiently tailor the behaviour of quantum emitters (quantum dots, molecules, nitrogen
vacancy) placed in their vicinity. Moreover plasmonic properties can be further tuned
by tailoring various parameters such as varying the individual constituent size, geom-

etry, inter-particle distance and their arrangement [25] etc. We anticipate that efficient
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TABLE 5.1: Comparison between plasmonic nanowire and Organic
nanowire

Plasmonic nanowire Molecular nanowire
Merits
subwavelength propagation
field confinement and localization
geometry and polarization dependent signal modulation
Active tuning of resonances

Difference
SPPs based propagation TIR/EPs based propagation
Easily get oxidized highly stable
Passive transportation Passive and Active transportation
Huge propagation and heat loss low loss propagation
Single channel emission single and dual channel emission
— Modulation of out-coupled intensity in
active waveguiding
External gain medium is required molecules itself work as active medium

exciton-plasmons coupling in such type of hybrid configurations may facilitate deeper
insight in various fundamental quantum phenomena such as coherent energy exchange
[11, 256], photon entanglement [11, 257], and cavity assisted electrodynamics [258].
Along these lines, we have made some advancement in terms of fabrication of such hy-
brid nano-architectures. In this technique, it is relatively easier to control the positon of
nano-particle with various shape and size by simply varying the template constituents’
parameters. In the following section, we discuss about preparation of plasmonic lat-

tices/ cavities by using template assisted nano-particle self-assembly process.

5.1 Experimental Section

5.1.1 Preparation of hybrid nano-architectures

The preparation of hybrid nanostructures is two-step process. First step involves both
top-down and bottom-up approach to fabricate the plasmonic lattices [25]. In the second
step, the organic structures were coupled via physical vapour deposition method [112,
164, 165]. In a typical preparation method, the templates were patterned using elec-
tron beam lithography (EBL) method. Figure 5.1a represent the schematic of template
preparation procedure. Comprehesive detail of the procedure can be found in previous
reports [259-261]

We used Silicon (Si) wafer to prepare the template. First, the Si wafer (1cm x Icm)
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FIGURE 5.1: Preparation of plasmonic lattices using template assisted
nanoparticles assembly. (a) Schematic representation of template fabri-
cation. (b) SEM image of the prepared template. (c) Schematic demon-
stration of nanoparticles self-assembly in fabricated template. (d) Aerial
view of the prepared plasmonic lattice. (e) Plasmonic lattice at higher
magnification and (f) Higher magnification view of an isolated con-
stituent of prepared lattice. [Manuscript under preparation]

was cleaned using isopropanol, HF acid, DI-water and ultra-sonication method. This
treated Si—wafer was used for surface functionalization with Aminopropyltriethoxy
silane and then kept for pre-baking at temperature 150°C' for 10 mins. Further, this
Si-wafer was used for spin-coating of EBL resist (polymethyl methacrylate (PMMA),
Molecular weight: 950K) at 8000rpm and then kept for post-baking at temperature
150°C for 30 mins. The processed Si-wafer was subsequently used for EBL patterning.
The longer arm of the trench was 700nm and width was 200nm. Figure 5.1b repre-
sents the SEM image of one of the prepared templates. This prepared template was
further used for self-assembly of desired nanoparticle (shown in figure 5.1c). We used
gold nanoparticle (diameter: 60nm) to get self-assembled on prepared template. The
prepared template was dipped in gold nanoparticles solution. Since, these nanoparti-
cles were opposite charged compared to the functionalized Si-surface, these NPs got
attached at the surfaces. Si-wafer was then kept in N-Methylpyrrolidine for 30mins and
taken out from the solution. The prepared sample was then investigated under scanning
electron microscopy (SEM) to observe the quality of the prepared. Figure 5.1d shows
the SEM image of the fabricated sample. The magnified view are also shown in figure
5.1e and f. It is evident that the self-assembly of gold nanoparticles were consistent
over a large Si-surface area.

Moreover, we prepared various templates on functionalize Si-wafer with scale down
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FIGURE 5.2: Different plasmonic lattices prepared using template as-

sisted assembly method. SEM image of prepared template (a) circular

shape trench (b) Triangular trench. (c) and (d) Nanoparticles assembled
plasmonic lattice. [Manuscript under preparation]

to 150nm for repeating the consistency of this method. Figure 5.2 show SEM images
of two different types of prepared templates and corresponding fabricated samples with
gold nanoparticles on the Si-wafer. Figure 5.2a and c represent conventional SEM
image of prepared templates, whereas figure 5.2b and d show the SEM image of a small
section of finally prepared sample. However, the process of optimizing of this technique

is still underway in our laboratory.

5.2 Future plans

With the prepared samples, our first aim is to explore directional emission of such
hybrid nano-architectures. In future, it would be interesting to explore such hybrid
structures for probing radiation pattern modification in secondary emission such as Ra-
man spectrum, fluorescence etc., fluorescence life-time and energy-momentum spec-
troscopy. Moreover, it would also be interesting to investigate the new resonant modes

because of coupling of organic nanomaterials with plasmonic cavities/lattices. These
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type of measurements are important for building various compact nano-photonic de-
vices, spectroscopic techniques and directional nanoscale optical sources with high
quality factors. Furthermore, such investigations can facilitate new dimension to un-

derstand the prevailing quantum phenomena in optical physics.

5.3 Summary of the thesis

Effective control over optical field at nanoscale is an important aspect of nanophoton-
ics applications. This question has been raised in the context of opto-electronics and
micro-/nano- photonics, and the answer has relevance not only in fundamental opti-
cal physics of one dimensional materials but also in various applications ranging from
quantum technologies to clinical biomedicine. In recent times, controlling directional-
ity of emitted light from micro-/nano- wires has drawn significant attention. Precisely
controlling and tailoring the radiation properties in a nanowire antenna is imperative
for efficiently routing the out-coupled emission, which will be further crucial to achieve
more advanced functions as well as coupling-efficiency enhancement in various appli-
cations such as solar cells, photo-detectors etc. Therefore, it is essential to develop a
simple and robust method to tailor the radiation properties as per requirements on nano-
photonical chip. In this context, a variety of nanowire optical antenna that have been
made of conventional plasmonic materials (i.e. gold and silver) and various inorganic
nanomaterials have been explored. However, there are still many applications and re-
quirements for which these nanomaterials are not ideally suitable, such as multicolour
broadband tunability, mechanical flexibility and low-cost processing. As a solution, the
meso/nano- structures made of organic molecular materials are a promising candidate
for these photonic applications.

Organic nanomaterials exhibit greater exciton-binding energy, large oscillator strength,
wide spectral tunability, molecular flexibility and stability. Various applications have
been explored however, one important application that has not been explored is the di-
rectional light emission from one-dimensional organic semiconductors. Moreover, it
would also be important to understand the influence on directionality due to coupling
with other dielectric or plasmonic geometry. In this thesis, we made an attempt to ad-
dress some of the above mentioned nano-photonic facets.

In chapter 2, we discussed light guiding properties of organic waveguide in both pas-
sive and active operational regime. In the context of optical signal processing, passive
operation are defined as: input wavelength is equal to output wavelength, whereas in
an active regime: the input and output wavelength are different. The passive and active

operational regimes were correlated with excitation energy, which was further assured
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with measured anomalous refractive index as a function of energy. It was evident with
this measurement that organic waveguide showed two distinct features as far as illumi-
nation wavelength is concerned i.e. excitation energy (<1.8eV) performs as photonic
fibre and act as passive waveguide, whereas excitation energy (>1.8eV), the waveguid-
ing properties were mainly governed with exciton-polaritons propagation.

Further, we probed directionality of light emission in both active and passive regime.
Comparing the spread in azimuthal angle and radial angles, we understood that higher
directionality can be achieved with 532nm excitation. Moreover, in case of 633nm il-
lumination, the waveguide shows its dual nature i.e. waveguide exhibit both active and
passive transport of light, whereas at 785nm, only passive waveguiding is observed.
In the end, we extrapolated our study to show an interesting application of active light
transport in organic waveguide: i) dual-channel directional light emission with a sin-
gle illumination; ii) Enhanced optical signal with possession of identical directionality.
These measurements will be crucial in designing the photonic signal processing and
optical communication devices.

Another interesting aspect of these organic nanomaterials is their resonating modes at-
tributed to exciton-polaritons propagation inside the cavity. Therefore, organic materi-
als would be ideal to fabricate micro-/nano-resonators spanning their emission over the
whole visible spectrum. However, tailoring their resonance modes in a controlled man-
ner with defined directionality is still a challenge. Hence, in chapter 3, we addressed
this issue by coupling organic waveguide with silica microsphere. We demonstrated
how these coupled configuration can be simultaneously used as directional light emitter
and signal modulator. In these hybrid configurations, the WGMs of microsphere can be
exploited for signal modulation (active element) and organic waveguide can be utilized
for signal transportation. Moreover, the light can be efficiently directed by remotely
exciting its two different terminals. We observed non-reciprocal directional active light
emission with significant variation in radial angle in captured Fourier-plane image.

In the last part of this work, we extended our investigation in the direction of plasmon
coupled organic nanomaterials. Such coupled nano-architectures comprising of exci-
tonic and plasmonic constituents have emerged as important platforms to explore po-
lariton coupling and light emitting devices at nanoscale. Interfacing organic molecular
platforms with surface plasmons provide excellent test bed not only to study exciton-
plasmon interaction but also can be exploited for manipulating optical field down to sin-
gle photon limit. A majority of scheme regarding to exciton-plasmons coupling is lim-
ited to either quasi-zero dimensional or quasi two dimensional in nature. Moreover, the

investigations are predominantly restricted to energy transfer, recombination process,
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or photoluminescence enhancement. However, not many reports have discussed con-
trolling the directionality of emitted light in single, vertical organic nanowire (1D) with
plasmonic gold film (2D). Therefore, in chapter 4, we addressed this issue and showed
directional, exciton-polariton photoluminescence emission channelled from vertical or-
ganic nanowire through plasmonic leaky channel of gold film. Further, we also dis-
cussed how the directional emission can be tailored with systematically varying cou-
pling angle of organic nanowire and coupling distance above the plasmonic film.

In conclusion, we believe that the work discussed in this thesis can be further utilized for
various nano-photonic and photovoltaic applications, single nanowire based coherent
sources, and improving the light collection efficiency in existing technologies. These
developments would have significance in all branch of science and technology ranging

from physics, material science to biological science.






Appendix A

Principle of Back Focal Plane imaging

(b)

FIGURE A.1: Schematic represent of the working principle of back focal
plane imaging using spherical lens. [181]

Back focal plane imaging or Fourier plane imaging works on the basic concept
spherical lenses’ phase transformation property. Phase transformed information can
be obtained at second focal plane lens/objective lens. Mathematical treatment of such
kind of transformation has been discussed undergraduate optics textbook [181, 262,
263]. We have adopted the same formulation to discuss the principle of FP imaging by
objective lens.

We assume that h(x,y) represents the field distribution on the front focal plane of lens
(shown as P in the figure A.1 a) and g(x,y) show the field distribution second focal
point of the lens (shown as P in figure A.1a). To calculate the field distribution at plane
Ps, we first write the field distribution at plane (indicated by Ps) close to the lens (L;).
Evidently, the field will undergo Fresnel diffraction (as demonstrated in figure A.1 b)
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[181] and hence, the field distribution at plane P5 can be written as equation A.1.

U|Pg=%e><p(—ik'f) / / h(f,n)exp(%[(x—f)QvL(y—n)Q])dfdn (A1)

where £ and 7 indicate any arbitrary points in local coordinate system.
The field represented by equation A.1 will pass through the lens. Therefore, the effect of
lens has to be taken into account by multiplying the incident field with the transmittivity
factor py. Transmittivity factor can be expressed as equation A.2.
ik, 212
pr, = exp(ﬁ(x +y°)%) (A.2)
After introducing transmittivity factor attributed to lens, the field distribution at plane

Py can be written as equation A.3.

ulp, = v explia(a® + 7)) / / B(E,n) exp(—ial(z — €)° + (y — n)*))dédy (A3)

where o« = % = Alf
The field distribution will again undergo to Fresnel diffraction and the resultant field

distribution at plane P, can be written as equation A.4.

e, = (57 exp(=ik )Py 50~ 0F [ [ exp(zmitus + on)hie, mgan
where u = §7 and v = /\if

Equation A.4 provide the information on second focal or back focal plane of the lens,
which is effectively Fourier transformation of the lens. It is important to note that the in-
tegral limits are taken to —oo to +o00 i.e. the lens is extended to infinite. Also, we would
like to emphasize the fact that the field is distributed in two dimensions, therefore, the
light emitted from the sample can be fractionalized into individual plane waves. Each
plane wave directing in one direction have identical k-values, which will meet at one
point after transformation. Hence, the image is resolved according to their k-vector
distribution at back focal plane.

However, the practical situation for obtaining Fourier transformed information is a bit
tedious job. Practically, the conventional objective lens formed the back focal plane
image at very short distance, hence the information extraction is impossible. To trou-
bleshoot this issue, we cascade the obtained information from objective lens’ BFP to
imaging CCD by using 4 — f configuration (discussed in chapter 2 and section 2.2.2).

Schematic of the 4 — f configuration has been shown in chapter 2, figure 2.3.



Appendix B

Brief discussion on EP model

Conventional way to understand the light propagation mechanism in nanoscale optical
fibres, Maxwell’s equations are solved after inclusion of material dispersion properties
with appropriate boundary conditions [182]. However, this approach provide the satis-
factory solutions only for the cases of low excitation energy. As the excitation wave-
length is chosen closer to the absorption band, this conventional way of defining light
propagation is no more valid and start showing deviation particularly if the excitons
are present [54, 182]. Furthermore, these excitonic materials’ dielectric function also
show strong dependence on various other factors such as incident wave-vector, spatial
dispersion and interaction of excitons resonances. Therefore, it is essential to consider
all these aspects while discussing active light transportation in molecular nanofibers for
contemplating the polaritonic effect. These treatment has been previously explored in
various inorganic/organic molecular waveguide context [54, 80, 182, 264]. We have
utilized the same knowledge in our investigation to probe exciton-poalriton mediated

active light.

B.1 EP model fitting

In our case, we investigate nano/micro- fiber made of organic molecules. These organic
molecules facilitates Frankel’s excitons, strongly interact with incident photons and re-
sults as the formation of exciton-polaritons. This polariton coupling mechanism, large
oscillator strength and size effect (~ optical wavelength) can results the significant dif-
ference in dielectric constant as compared to their macroscopic crystal. The dielectric

function in such EPs medium can be given by equation B.1.

2 2
Wy, — Wp

e(w, k) = e[l + ] (B.1)

w2 — w? + —wwy
where ¢, is the background dielectric constant. 7 is the damping constant. wy, wr
are the longitudinal and transverse exciton frequency, respectively.

We extract the function corresponding to real and imaginary part of refractive index
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using expansion method and complex analysis. Based on the obtained functions, the
best fitted curve were obtained using MATLAB.

B.2 Dielectric function of excitonic materials

The above mentioned equation is taken from the landmark work reported by Hopfield
on theory of interacting excitonic resonance [265, 266] and further followed by Lagois
[267] using the coupled oscillator model. Hopfield predicated that the light-matter in-
teraction should be distinguished. Herein, we would be briefly discussing some inter-
esting aspects of coupled oscillator model, which was used to demonstrate the anoma-
lous refractive index behaviour. For simplicity, we consider an assembly of identical
uncoupled oscillators [268]. In figure B.1 a, we show the schematic of coupled oscil-
lator model for spring-mass system. We further assume that the lattice arrangement in
light propagation direction. Under these assumption, the equation of motion of coupled

oscillations can be given as equation B.2.

(a)

oog“’)
|

a

FIGURE B.1: Schematic demonstration of oscillations in dielectric by
simple mechanical model (a) Uncoupled (b) Coupled

d*z dx it
where 7 is damping constant and /3 is force constant. The general solution of this

equation can be given as equation B.3
N —t ,
x(t) = xoexp(—iy/ (wi — I)t) eXp(T) + z, exp(—iwt) (B.3)
where wy is eigenfrequency of harmonic oscillations. Inserting the equation B.3 in

equation B.2, we can extract the usual resonance given as equation B.4

GEO

- (wg —w? - Lwy)*l (B.4)

l’p:
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As we are all familiar that these oscillations are connected with dipole moments
possessed by every oscillations and a polarizibility. Including all these factors, we get
the polarization density P (given by the equation B.5) and further, we can obtain the

dielectric function given as equation B.6, B.7

N 2
P = —e(wg —w? —wy) 'Ky (B.5)

m
D=¢E+P (B.6)

Ne?

-1 2,2 -1 B.7
(@) =1+ = —u? = w7) B.7)
where i\g fz can be defined as oscillator strength (denoted as f) which can be further

related to experimental measurable quantity i.e. w? — w2; where wy, and wy are longitu-
dinal and transverse oscillations frequency, can be measured through reflection spectra
[54, 182].

n(w) = i/— (e (w) + [ (w) + &W)]) (B.8)

kw) = 4/ /et + [ + dw) 9)

where €; and €, can be given by following equations

flwg = w?)

(w3 — w?)? + w?y?

e1(w) = eo(1+ ) (B.10)

w f )

B.11
Wi — w?)? + w?y? ( )

ea(w) = 60((

Next, we try to understand the behaviour of refractive index. To get the infomration,
first we get the expression for real and imaginary part of dielectric constant. We all are
familiar with the relation between n and ¢(w). Using some elementary complex analysis
methods, we were able to obtain the expression for real and imaginary part of refractive
index. From the obtained equation B.8 and B.9, we closely observe the behaviour of
refractive index. We found that refractive index increases drastically as one approach
towards the resonance from low energy side. Importantly, we have not accounted the
mutual interaction between excitonic resonances in the above discussed calculations.
On considering this aspect, the resultant frequency may vary due to mutual coupling

(shown in figure B.1 b), however the anomalous behaviour in RI remain same [268].
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This trend is similar to our experimental observation and we obtained best curve fitting

of the experimental point using MATLAB.
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Optical Microcavity

TIR condition i > i,

FIGURE C.1: schematic ray diagram of light confinement inside the op-
tical microcavity by TIR mechanism. (b) FDTD simulation of WGMs in
a typical silica microsphere (RI=1.5)

Optical microcavity is an optical setup which facilitates unconventional squeezing
of light in a tiny volume [269]. Such extraordinary confinement of photons can afford
high quality optical resonator modes and large optical power with minimal losses [269,
270]. These resonating modes can be generated by exploiting various direct and indi-
rect optical excitation methods based on prisms coupling, integrated fibre, tapered fibre,
waveguide coupling etc [20]. Interestingly, these resonance modes as well as large op-
tical power can be transferred by triggering the cavities with small perturbations [271].
In the recent years, microcavity especially of micrometre dimension have drawn sig-
nificant attention in the context of probing non-linear optics [272, 273], sensors [274],
super-resolution microscopy [275], photonic jets [276, 277], optical filters [278], inte-
grated photonics circuits [279], optical communication devices [280], cavity assisted
electrodynamics [281] etc.

As a principle, the concept of resonant cavity was previously known, however the op-
tical analogue of such cavities have been recently explored. Acoustic resonator cavity
was first discovered in St. Paul cathedral church and associated explanation was pro-

vided by Lord Rayleigh [282, 283]. As per given explanation, these acoustic waves
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closely travel along with the surface of the curved cavity and consequently undergo to
multiple reflections. These reflection resultants in standing wave patterns and causes
the resonating modes inside the cavity structures [282—284]. Similar to acoustic reso-
nance modes, optical microcavity can attribute resonance modes named as Whispering
gallery modes (WGMs) in optical regime. The quality of resonance modes are deter-
mined by quality factor ()), which is defined by the ration between energy stored and
dissipated power inside the cavity [269, 270]. In principle, an ideal microcavity can
support squeezing the light for infinite time (i.e. with any losses) and would show very
sharp resonance peak (FWHM = 0). However, such micro-cavities don’t exist in prac-
tice due to their inherent loss associated with tunnelling of the resonating modes. The
deviation of these resonating modes from the ideal condition is described by quality
factor. Higher the quality factor, light will be efficiently trapped inside the cavity for

longer time.

C.1 Basic Theory

Strict analytical solution for WGMs generation in optical microcavities have been dis-
cussed in various text books [270, 284]. We have adapted the similar mathematical
treatment to discuss the optical phenomena in microsphere [284]. To discuss the ba-
sic theory, we consider the most simple geometry Spherical microcavity of diameter d.
The incidence angle of light is ¢ and critical angle of light is ¢.. In principle, optical mi-
crocavity works on total internal reflection (TIR) of incident electromagnetic radiation
shown in figure C.1. TIR condition is satisfied by the equation C.1.

i >, = Sm*l(i) (C.1)

N

where N represents the refractive index of dielectric sphere.

When the incident light wave strikes the surface of microcavity at an angle ¢ > i,
the rays get trapped inside the cavity. These rays circulate close to the surface of the
geometry and undergo multiple reflection. Multiple reflection resultants in formation of
standing wave patterns and further origin of WGMs modes. Additionally, TIR reflection
also causes intensity loss due to tunnelling of these modes. The resonance condition of

these modes can be described by equation C.2.

(C2)
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Where L is defined as angular momentum of the modes inside the cavity.

The complete analytical solution can be obtained by exact solving the Maxwell’s equa-
tion for any specified geometry using proper boundary condition, known as Lorentz-
Mie theory [285]. The corresponding solution are obtained with spherical harmonics [,
and m. [ indicates order of spherical harmonic and m azimuthal mode number. Also,
the resonance modes can be further identified based on their polarization vector P i.e.
Transverse electric (TE) modes: FE = 0, Transverse magnetic (TM) modes: FB=0.
Considering all these classification, the resultant field can be expresses as equation C.3,
C4,C.5andC.6.

BT = By 1) 26, ) (C.3)

EITKO—EO@Q 6) +VI(I+1 KH 0.9)) (C4)

. E

Epn' (7) = Ni(i’(@ VI +1 K2 L 7(6,0)) (C.5)

. B .
B = = [];0(2) X7(6,9) (€6)

where
- 7

— I C.7
VT €7

S - ym
Yy = . — C.8
LETV X 1+ 1) €8
Zm = Y;"7 (C.9)

where N is refractive index of dielectric sphere. These equations can be further
simplified as follows

filr) = yi(NKor);r < d (C.10)

fi(r) = Ay (Kor) + By (Kor);r > d (C.11)

These equations are the solution of Riccuti-Bessel radial equation, where ¢;(p) =

pgi(p) and X;(p) = pn;(p) where j; and n; are spherical Bessel and Neumann function.
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