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Abstract

Transmission and localization of light at subwavelength scale has direct relevance in
the nanophotonic-circuits of light. Usage of dielectric materials hampers nanophotonic
operations due to diffraction limit of light. To overcome this problem, plasmonic nanos-
tructures made of metals such as silver and gold have been utilized. They show unique
optical properties at subwavelength scales, such as enhanced localization of electric
fields, sub-diffraction limit light propagation, directional emission and optical antenna
effects, which can be harnessed in chip-scale integrated photonics and optoelectron-
ics. This has motivated research in identifying novel optical nanostructures that can
efficiently perform optical operations at sub-wavelength scale. With this hindsight, we
have experimentally developed and studied unique nanophotonic architecture: serially-
coupled plasmonic nanowires, and observed the capability of light transmission and
polarized emission beyond diffraction limit of light. In order to control the light trans-
mission and emission, the geometry of coupled nanowire system were optimized. The
optimization parameters were bending angle between nanowires, excitation profile and
coupling geometry. Upon optimization, we tested the capability of routing the light as a
function of polarization of incident light and showcased the ability of polarization beam
splitting at sub-wavelength scale. In order to further understand the light emission char-
acteristics from such nanowire systems, it was important to develop advanced optical
microscopy methods to probe angular scattering and emission characteristics. To fulfill
this requirement, we have designed and developed an advanced dual-channel Fourier
optical microscopy and spectroscopy system to study the directional optical emission
from individual plasmonic nanowires and nanoparticle-nanowire system. An important
aspect of our microscope is the measurement of k-vector distribution of light emanating
from an individual, supported nanowire through the substrate and superstrate. I have ex-
plained how our home-built optical microscope can probe far-field directional emission
properties of an individual nanowire and nanoparticle-coupled nanowire architectures
resting on a dielectric substrate. I have emphasized upon the ability to capture optical
images in Fourier-plane and spectroscopic signatures in real-plane through a substrate
and superstrate. Our work pushes the limit of optical characterization of nanoscale
structures, and can be utilized to address relevant questions pertaining to interaction of
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light with individual nanowires.
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Chapter 1

Introduction

Optical microscopy system has been used to investigate material characteristics, par-
ticularly imaging, light-scattering properties, light absorption and transparency of ma-
terials and much more. It was first utilized in 1660 by Robert Hooke for resolving
the cork cell and hence he was able to discovered the cellular form of life [1]. In 1887,
Robert Brown observed the random movement of pollen grains [2]. During the 16th and
17th century, scientists were enabled to investigate the matter and biological specimens
in the micro-scale [3, 4] regime. The important thing is that light enables to observe
things without altering the original forms. In 1873, the fundamental limit, diffraction
limit, of the imaging resolution was formulated by Ernst Abbe which states that the
spatial resolution of image observed using light cannot be more than, approximately,
half of the wavelength of the incident light. This fundamental constraint restricts to ob-
tain high-resolution images using optical fields. However, the researcher has harnessed
microscopy tool with various techniques to observe important properties of matter and
addresses the potential applications.
Microscopy system has been utilized for imaging of small specimens which include bio-
logical specimens, medical specimens for diagnostic purposes and nano-materials such
as nanostructures of various kinds of materials. In the case of imaging, researchers have
put an enormous effort to improve the spatial resolution so that the details of specimens
can be analyzed.
In order to get rid of the diffraction limit, during the last two decades, several extraor-
dinary methods were discovered and experimentally demonstrated, which helps to im-
prove the spatial resolution down to the level of nanometer scale [5–17]. For these
achievements, 2014 Nobel Prize in chemistry was given to Eric Betzig, Stefan Hell and
William E. Moerner (for their pioneering research work in “super-resolution” fluores-
cence microscopy).

In addition to the imaging of specimens, the microscopy system has evolved with
various important configurations such as upright and inverted microscopy, darkfield
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2 Chapter 1. Introduction

microscopy, total internal reflection microscopy and dual-channel microscopy systems
etc. which has been used for better optical resolution and give a platform to study
furthermore optical phenomena. Among them, the configuration of dual channel mi-
croscopy system has been utilized in many important works such as the light scattering
characteristics of novel nanostructure morphologies, transient absorption microscopy
and spectroscopy [18–22], pump-probe technique for time–resolved studies for ultrafast
processes [23–25] etc. The aforementioned techniques help to probe the light scattering
from isolated nanostructures, heating effect of metal nanostructures, a lifetime of elec-
tronic and vibrational energy levels in nano-emitters (quantum dots, nanoparticles etc.)
etc.
Among the emerging research fields, plasmonics is a rapidly expanding research area.
The plasmonic nanostructure shows the unique optical properties where the optical
fields can be manipulated at the sub-wavelength scales. Such properties enable to study
optical fields beyond diffractions limit [26, 27]. To probe such important optical prop-
erties of the plasmonic nanostructure, it is necessary to develop optical instrumentation
which can help to investigate complete optical information.
In this chapter, I have focused on the studies of light scattering characteristics of plas-
monic nanostructures using advanced configurations of dual-channel Fourier optical mi-
croscopy and spectroscopy systems. This thesis describes the investigations of various
nanostructure architectures, especially silver nanowire, nanoparticles and semiconduc-
tor mesowires systems, for their light propagation, localization, and emission behavior.
In order to put the content of the thesis in a detailed way, I have started with a short in-
troduction of important investigations performed using dual channel optical microscopy
systems.

1.1 Dual channel optical microscopy system

The basic structure of dual channel system includes two objective lenses aligned oppo-
site to each other in the vertical or horizontal configuration (shown in Figure1.1). This
system is also called two channel system. In this system, the sample is placed at the
common focal plane of both the lenses. Both the configurations have pros and cons
which depend on the type of experiment. For example, the alignment of sample with
respect to the focal plane is easy in a vertical configuration as compared to the horizon-
tal configuration. However, if experimental conditions need rotation of sample w.r.t. the
z-axis (normal to the sample plane), then horizontal configuration is good as compared
to the vertical configuration.
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FIGURE 1.1: Schematic shows the dual-channel setup in two different
configurations: vertical and horizontal. The both channels can be used
for excitation and collection of light, respectively, as indicated by solid

black and dashed arrows, respectively.

Such aligned lenses can be used for various purposes, for example, multiple exci-
tations through the optically transparent substrate and/or from the superstrate. In the
same way, to collect the scattered radiation from the sample, the same two lenses can
be used and hence can collect possible maximum signals through the optically trans-
parent substrate and from the superstrate. This configuration has been used for various
observations such as spatial high-resolution optical imaging (especially axial resolution
for better 3D imaging), temporal resolution for ultrafast processes and absorption cross-
section for nanostructures etc. The following sections give detailed information about
the observations of optical investigations performed using the dual channel configura-
tion.

1.2 Dual channel system as a super-resolution microscopy
tool

For the imaging of a specimen, the most important factor is the resolution, which re-
veals basic information about the morphological details of specimens. The most favor-
able tool is the light which works without any physical contacts with the specimens.
While using light as a tool to observe any small (micro-nano) sized entities, there is a
fundamental constraint, i.e., diffraction limit, on the spatial resolution of optical image.
According to the Abbe’s resolution criteria, the spatial resolution cannot be more than
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the half of the wavelength of incident light. To overcome this problem, various solu-
tions were raised such as confocal techniques [28–30], which essentially removes sig-
nals which are out-of –focus from the sample plane, structured illumination microscopy
[8], scanning near-field optical microscopy (SNOM) [7] stimulated emission to deplete
(STED) [31, 32], RESOLFT, SIM microscopy methods [33, 34] etc.
In order to further improve the lateral and axial resolution of optical image, it was nec-
essary to modulate the point spread function (PSF) of focal spot of excitation beam. The
PSF along optic axis was improved by illuminating with coherent counter-propagating
wavefronts. It was performed with the help of two opposing lenses with two different
configurations called 4pi and I5M [35–38]. These two lenses focused the illumination
light at the common focal plane. This optical condition formed multiple lobes along
the optic axis as a result of interference, as shown in Figure1.2. The center lobe is quite
bigger as compared to the side lobes. It is mandatory to remove these side lobes which
contribute to the formation of ghost images in addition to the main image of the speci-
men.
By using this configuration, the resolution in axial direction was improved and achieved
in the 100 nm range [36] which is three-to-seven fold improvement with respect to the
existing single channel configuration. Figure1.2 shows the schematic of SWM, I5M
and 4pi setups with the PSF and OTF along the optic axis of illumination at the fixed
wavelength, respectively. The comparative analysis of all these configurations indicates
that the best performance is achieved from the 4pi microscopy system. Hence the better
resolution improvements are attained because of full solid focusing angle of 4pi [39].

1.2.1 Dual channel configuration used for Pump-Probe technique
for higher spatial and temporal resolution

Transient absorption microscopy and spectroscopy

In addition to imaging, the dual channel configuration has been harnessed for the study
of absorption cross-section of nanostructures which has been used for imaging and spec-
tral characterization. The above-mentioned optical techniques have been developed for
highly-resolved spatial imaging of specimens. However, these techniques rely on the
external markers such as dyes, quantum dots (exogenous), cellular auto-fluorescence
(endogenous) fluorescent markers. Hence, the weakly fluorescent or non-fluorescent
materials cannot be probed with the above mentioned developed microscopy systems.
Most importantly, the use of external markers also affects the pristine behavior of spec-
imens and perturbs the molecular and biological system especially when the system
is smaller than the fluorescent markers [40]. In order to overcome this problem, the
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FIGURE 1.2: Shows the counter-propagating coherent wavefronts in mi-
croscopy configurations. The left-hand column (a1–d1) indicates the
optical conditions of standing-wave microscopy (SWM), incoherent-
illumination imaging microscopy (I5M ), 4Pi microscopy of type A
(4Pi-A) and of the type C counterpart of the latter (4Pi-C). The cen-
ter column (a2-d2) displays the effective point-spread function (PSF)
of the corresponding microscopes, whereas the right-hand column (a3-
d3) shows the corresponding amplitude of the optical transfer function

(OTF). Reprinted with permission from [39].

pump-probe stimulated emission microscopy was introduced by S. Xie and coworkers
[41].

The basic idea behind the transient absorption microscopy is the photo-induced ab-
sorption changes of a sample which can be utilized as a contrast mechanism for imag-
ing. The experimental setup includes the two ultra-short pulses spatially overlapped in



6 Chapter 1. Introduction

the sample (illustrated in Figure1.3). The pump pulse excites sample and weak probe
pulse interacts with the photo-excited sample as a function of delay-time τ after the
pump pulse. The absorbance of two consecutive probe pulses, where one absorbs at the
presence of pump pulse and other at the absence of pump pulse, is used to determine
the pump-induced absorption changes for a given delay time. The more detailed infor-
mation about the setups is given in the review articles [20, 21, 42, 43]. The transient
absorption can be traced over a desired area of sample with the help of translational
stage.

FIGURE 1.3: Schematic of experimental setup for transient absorption
microscopy system. Reprinted with permission from [44].

Time-resolved studies for ultrafast processes

In addition to the imaging of nanostructure using pump-probe technique, this configu-
ration is a vital solution to observe the ultrafast processes (sub-pico seconds) such as
Auger recombination, charge carrier trapping [45], electron-phonon coupling and en-
ergy dissipation [46, 47] which cannot be studied here by using instrumentation like
time-correlated single photon counting (TCSPC). Such instruments work on the princi-
ple of time correlation between excitation pulse and emission photons. Highly sensitive
detector like APD, PMT etc is used to record very weak signals of emission from the
sample for a small time duration. In addition to the high time-resolution, TCSPC will
not be useful to study time-resolved processes with those specimens (or materials) with
low emission quantum yield. Moreover, the emission based studies of nanostructures



Chapter 1. Introduction 7

are quite difficult when size goes beyond 20 nm because the emission efficiency is pro-
portional to the square of volume of the nanoparticles.
All these problems can be overcome if we use the absorption properties of nanostruc-
tures. The efficiency of absorption based measurements increases with the decrease in
size of the nanostructures. The pump-probe measurement of absorption becomes an
excellent way to resolve ultra-fast processes which cannot be determined using TC-
SPC [48, 49]. The time scales of these processes depend on the size, shape and, most
importantly, the surrounding environments which demand that the optical studies of
nanostructures should be observed at the individual level.

Photo-thermal microscopy

The above sections describe the important uses of dual channel microscopy configu-
ration for the spatial high-resolution imaging and time-resolved ultrafast processes in
nanostructures which are not possible with the conventional microscopy setups. The
emission based microscopy (Rayleigh scattering, fluorescence etc.) of molecules and
nanostructures has dominated and become a standard technique.
In contrast to the fluorescence-based microscopy methods, photo-thermal contrast arises
by releasing photo-induced heat from nanostructures [50, 51]. This heat increases the
local temperature and alters the refractive index of the vicinity of absorber (specimen).
The change in the refractive index of vicinity can be detected by optical techniques such
as photo-thermal heterodyne detection [52, 53], differential interference contrast [54].
The experimental setup of photo-thermal microscopy is shown in Figuree1.4.

The sensitivity of these methods reaches the level of single molecules [56, 57]. The
mentioned methods use the dual channel technique where one channel is used to heat
nanoparticle by illumination (as a pump) of wavelength with higher absorption value
and another channel is used (for probe) to see the change in the vicinity of the nanopar-
ticle.

Till now, I have explained about the dual channel microscopy system and its uses
in various important observations of optical phenomena which are not possible with
the conventional microscopy system. In addition to the above-mentioned optical in-
vestigations, we have used this system to study further optical properties of plasmonic
nanostructures and 2D materials. In this thesis, I have focused on the development
of dual channel microscopy and spectroscopy systems to probe the light localization,
propagation and emission behavior of one-dimensional nanostructures. In order to un-
derstand the observed new studies of isolated and hybrid nanostructure systems, it is
important to understand the plasmonic behavior of nanostructure systems.
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FIGURE 1.4: Shows the dual channel experimental setup for photo-
induced heat imaging of nanoparticles: PD, photodiode; P, pinhole; D,
dichroic mirror; F, filter; AOM, accusto-optic modulator; α, variable ND
filter; ADC, Adwin analog-digital converter. Reprinted with permission

from [55].

1.3 Light localization, propagation and emission in plas-
monic nanostructure systems

Plasmonics is a newly emerging field of optics which shows interesting possibilities
in various important areas. It exploits the unique ability of metallic nanostructures to
modulate the optical field at sub-wavelength scales. Such manipulations are possible by
the collective oscillations of free electrons at the surface of metals. It enables the light-
confinement and propagation beyond the diffraction limit with the help of localized
surface plasmons (LSP) and surface plasmon polariton (SPP) [26, 27]. These important
manipulation of light in nanometer dimension opens up numerous applications which
include plasmonic-based devices and optical components below 100 nm scale [58–62],
enhanced light-matter interaction enables improvement in molecular spectroscopy tech-
niques [63–67], a sensor for bio and molecular detection [60, 68–70]. This unique prop-
erty also helps in the development of novel techniques for high-resolution microscopy
system, plasmonic nanolasers etc. [71–75].
In addition to the various optical properties of plasmonic nanostructures, few impor-
tant properties are the light confinement (localization), propagation and emission. The
modulation of these properties plays a critical role in shaping plasmonic devices. One
such plasmonic device is an antenna which works on the basis of light localization and
directional emission. The plasmonic nanostructures show the capability of light local-
ization and emission which has directional nature and hence act like an optical antenna
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which has the capability to work in a visible spectrum of light [76, 77]. Therefore, it is
important to modulate and generate new kind of geometry of nanostructure to harness
the capability of antenna properties. In order to understand the localization, propaga-
tion, and emission of light, it is important to understand the phenomena which enable
all these controls of light.

1.4 Surface plasmons

The surface plasmons were first observed by measuring the energy losses of fast elec-
trons through the thin metal film [78]. Pines and Bohm have also shown that the long
range of coulomb interaction between valence electrons of metals exhibits collective os-
cillations [79, 80]. After a couple of years later, Powell and Swan demonstrated experi-
mentally the existence of collective oscillations by doing series of electron energy-loss
experiments [81, 82], and quanta of these oscillations were named as surface plasmons
[83]. Thereafter, this vital optical property of metal nanostructures was further studied
and described in the various ways. The surface plasmons are associated with localized
field and propagation of energy which is called as localized surface plasmons (LSP) and
surface plasmon polaritons (SPP). The detailed description of these quantities is given
in next few sections along with the implications in various important applications.

1.4.1 Localized surface plasmons (LSP)

The localized surface plasmons are associated with the resonant electromagnetic be-
havior in the metal nanoparticles which arises because of resonant oscillations of free
conduction electrons within a particle volume [27, 84]. Schematic representation is
shown in Figure1.5 where a particle with diameter d << λ illuminated with light of
wavelength λ drives the collective oscillation of conduction electrons. The incident
oscillating field is coupled to the collective oscillation of conduction electrons, energy
coupled into the LSP mode. When the frequency of incident field matches with the nat-
ural oscillation frequency of electrons, then it is called resonant frequency and called as
the LSPR mode. Hence, when it is LSPR mode, strongly enhanced homogeneous field
is built up in the vicinity of nanoparticle system. This leads to the enhancement in the
absorption and scattering cross-section of electromagnetic waves. The optical proper-
ties associated with the frequency of oscillation (LSP) is highly sensitive to the material
of nanoparticle, morphology of nanostructure and surrounding medium [85–89].
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FIGURE 1.5: Shows the schematic of collective oscillation of conduc-
tion electron charge cloud relative to the nuclei with applied oscillating

electric field. Reprinted with permission from [85].

1.4.2 Surface plasmon polariton (SPP).

The collective oscillations produce enhanced electric field in the vicinity of surface of
the nanostructures. This enhanced field can also be observed at the planar interfaces be-
tween metal and dielectric medium. The coupled electromagnetic field with the surface
plasmons gives rise to the modes which propagate along the interface and are known as
surface plasmon polariton (SPP) [90, 91]. These surface electromagnetic waves prop-
agate along the interface with damping due to the radiative and non-radiative decays.
The magnitude of electric field decays exponentially along the normal to both the medi-
ums [92], as shown in Figure1.6. The momentum wavevector of these surface waves is
always greater than the exciting electromagnetic field with same frequency. This fact
can be understood from the dispersion relation of SPP (shown in Figure1.8).

1.4.3 Surface plasmon polariton (SPP) assisted light propagation in
plasmonic nanowires

The metal nanowires support surface plasmons polaritons which are electromagnetic
surface modes excitations associated with the charge density waves at the surface of
metallic systems or metal-dielectric interface. Such modes do not couple directly to
free-space radiation and hence need appropriate coupling mechanisms for the excitation
or decay into free photons. To develop a better understanding of these modes, it is
important to analyze it theoretically. In order to calculate the surface plasmons eigen
modes of thin wires, we need to solve the homogeneous wave equation with taking into
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FIGURE 1.6: (a) shows a collective excitation at a metal–dielectric inter-
face. The electromagnetic field (electric field, E, z- x plane; magnetic
field, Hy, y direction) is drastically enhanced at the interface. (b) The
electric field profile across the interface which decays exponentially with
a characteristic length δd (of the order of the wavelength of incident light)
in the dielectric and a characteristic length of δm (the skin depth) in the

metal. Reprinted with permission from [93]

account the proper boundary conditions [94].

5×5× E(r, ω)− ω2

c2
ε(r, ω)E(r, ω) = 0 (1.1)

For the calculations of thin wire, let us consider a cylinder, which is oriented along
z- axis, of radius R, dielectric permittivity ε2, as shown in image Figure1.7. The di-
electric permittivity of surrounding medium of wire is ε1. Here, Re ε1 > 0 and Re
ε2 < 0 , indicates the negative dielectric permittivity of metal and positive for surround-
ing medium. The negative dielectric permittivity of metal system plays critical role for
the formation of these confined modes.

For the calculations of electric field profile of surface modes, we can use the method
of separation of variables to the Maxwell equations in each medium [95, 96].
In cylindrical coordinates, the electric field distribution in each medium is given by

Ei(r) = εi,mEi,m(ki,⊥ρ)e
−imϕeik||z (1.2)

Where i = 1, 2 indicates the regions outside and inside of the cylinder, respectively.
Here, k|| is the longitudinal wave vector and ko is vacuum wave vector, ko = ω

c
and ki⊥

is the transverse wave vector in i medium. Here, m denotes an integer characterizing
the modes. The relation between longitudinal, transverse and vacuum wave vector is
given below :

εik
2
o = k2|| + k2i⊥ (1.3)
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FIGURE 1.7: Schematic of a nanowire (cylindrical model) oriented along
z- axis. Cylindrical coordinate system were used for the calculation of

electromagnetic modes in metal cylinder.

In the equation 1, the Ei,m represents the normalized electric field in the medium inside
and outside and with m modes. Similar expressions hold for magnetic field H (see the
appendix A for detailed expressions of E and H).
The vacuum wavelength and wave vector is given by

λ =
2π

ko
(1.4)

The wave vector and wavelength in i medium is given by

ki =
√
εiko (1.5)

Where,
√
εi is refractive index of i medium.

The longitudinal component of wave vector is greater than the wave vector in dielec-
tric k|| > k1 which makes the perpendicular component, ki⊥ =

√
k2i − k2⊥ is imaginary

which means the plasmons modes are nonradiative and confined near the metal/dielectric
interface. For the transverse confinement, the length scale is given by ∼ 1√

k2i−k2⊥
. The

dielectric function of metal cylinder has an imaginary part which leads to the losses
(heating) at optical frequencies. Therefore, it gives the dissipation as the plasmons
propagate along the nanowire. This defines the propagation length of surface plasmons
polaritons of metal nanowires. The dissipation of plasmons varies as a function of size
of the nanowires and surrounding temperature [97].
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Allowed modes in nanowire

The metal nanowire supports electromagnetic field modes which is also depends on the
dimension of geometry. Here, I have explained the allowed plasmon modes in nanowire
cylindrical geometry. In order to understand the allowed modes, we have to solve the
mode equation given below:

m2k2||
R2

(
1

k2M⊥
− 1

k2D⊥
) = [

1

kD⊥

J
′
m(kM⊥R)

Jm(kM⊥R)
−[ 1

kD⊥

H
′
m(kD⊥R)

Hm(kD⊥R)
]X[

k2M
kM⊥

J
′
m(kM⊥R)

Jm(kM⊥R)
− k2D
kD⊥

H
′
m(kD⊥R)

Hm(kD⊥R)
]

(1.6)

The above equation gives the allowed values of k|| as a function of m, R and εi. The
detailed derivation of the above equation (mode equation) can be see in Appendix A.

FIGURE 1.8: Above plot represents the plot of k|| as a function of al-
lowed plasmons modes and R (radius of wire). The inset shows estimate
of propagation losses as a function of radius R. Reprinted with the per-

mission from [94]

As illustrated in Figure1.8 (plot of allowed wavevectors k||, as determined by mode
equation), we can see that the all modes are not supported. Modes m = 0, 1, 2, 3 have
different variations with respect to the diameter of nanowire. The modes, | m | ≥ 1
have cut-off values as wire-radius tends to 0 . Below these values, such modes does not
exist. As we can observed from the graph, them = 0 mode (fundamental mode) exhibit
a unique behaviour where k|| ∝ 1

R
. This implies that the field outside medium of wire

is tightly localized around the wire with the scale of R. Specifically, this modes allows
the field confinement well below the diffraction limit. This mode can be visualized as
charge density surface waves along the wire. The detailes analysis of these modes can
be see in appendix A.
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Coupling of SPP with light

As mentioned above, for a given energy , the wave vector of SPP is always greater
than the wave vector of free space radiation. This can be observed from the plasmons
dispersion curve and light-line, shown below (Figure1.9).

FIGURE 1.9: Shows the dispersion curve of SP mode (solid black line)
and free space electromagnetic radiations (dashed black line). It shows
the momentum mismatch between wave vector of SPP and light for a

given frequency. Reprinted with permission from [88].

To bridge the gap of momentum mismatch between the wave vectors of SPPs and
free-space electromagnetic waves, it is necessary to make arrangement in such a way
that the momentum mismatch can be bridged between momentum of free radiation and
SPPs [92]. In order to solve the requirement of momentum mismatching, there are
various methods that have been developed such as grating coupling, prism coupling and
laser light focusing at the geometrical discontinuities.

Prism coupling

One of the solutions of excitation of SPPs is the evanescent waves. The evanescent
wave can be generated at the interface between dielectric medium with refractive index
n > 1 and air. In this case, the light line is tilted by a factor of n and ω = ck

n
. Hence,

this can be done using prism in two possible ways: Otto configuration and Kretschman
configuration.

Otto Configuration

This configuration consists of a prism which is used to create evanescent waves. The
tail of the created evanescent waves is then used for exciting SPPs [98]. There is a
dielectric (n1 < n) gap between prism and metal medium. This configuration is rela-
tively difficult since keeping medium with optimum thickness between glass and metal
surface is difficult.
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Kretschman configuration

In this method, the thin metal film is deposited on the top of the prism without any
gap. Hence, this configuration gives two interfaces: metal/glass and metal/air. To gen-
erate SPP at the metal-air interface, an evanescent wave was created at the metal-glass
interface which penetrates the deposited thin film. The film thickness plays a critical
role here. If the film thickness is too thin, the SPPs will be damped strongly because
of radiation damping into the glass. If metal film is too thick then the SPP cannot be
efficiently excited at the metal-air interface [99].

Grating coupling

In order to overcome the above problems with the prism coupling, for efficient exci-
tation of SPPs, the alternative way is grating [92, 100]. Here, the metal surface is
structured with the right spatial periodicity in such a way that it can add extra momen-
tum to the free space wavevector which matches with the wave vector of SPPs. The
new parallel wavevector will be k′

x = kx+
2πn
a

, where 2πn
a

is a reciprocal-lattice vector
of grating.

Tightly focused laser light

This method is generally used to excite SPPs in the case of geometrical discontinuities
in the nanostructures such as the end of wire and strips, edges and corners of plates etc.
In this configuration, the light is illuminated with a tightly focused laser beam using the
high numerical aperture objective lenses.

1.4.4 Emission behavior: Antenna properties of nanostructure sys-
tem

Previous sections briefly explained about the sub-wavelength light localization and
propagation properties of plasmonic nanostructures. These plasmonic nanostructures
are not limited to localization and propagation of light. It also emits light which is di-
rectional in nature. This important property opens up a new direction for research and
applications. One such important and promising application is an antenna which used
to manipulate electromagnetic field between localized sub-wavelength field and free ra-
diation. Such devices (nanostructures systems) can be used to transfer energy between
localized sources which can be receiver or transmitter and free radiation [76, 77]. The
field scattered from the nanostructures such as nanowires, nanoparticles, and hybrid
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nanostructure system can be used as a light source and optimized for directional emis-
sion (shown in Figure1.10(b)). In addition to the directional emission by plasmonic
nanostructures, these nanostructures can also influence the emission of fluorophores
by placing them in the vicinity of plasmonic nanostructures. The spatial re-direction of
emission from the molecules/fluorophores is modified because of coupling between flu-
orophores and plasmons which form plasmophores and hence radiates in the direction
which is governed by plasmon modes. Figure1.10(a) shows an example of an optical
Yagi-Uda antenna where a quantum dot was coupled to the feed of the antenna. The
emission of quantum dot was in resonance with the feed element of Yagi-Uda antenna,
the resulting quantum dot emission was strongly polarized and highly directed into a
narrow forward angular cone [101]. Such modification in the directional emission of
the fluorophore is advantageous because of emission enhancement which further in-
creases the detection efficiency of detectors by placing detectors in the direction of
emission [101–103].

FIGURE 1.10: The directional emission from the plasmonic nanostruc-
tures. (a) shows the directional emission of coupled quantum dot with
the Yagi-Uda antenna. (b) represents the directional emission from the
end of silver nanowires. Reprinted with the permission from [101, 104].

1.5 Scope and outline of the thesis

This thesis addresses the development of dual channel Fourier optical microscopy and
spectroscopy instrumentation and probing the optical properties of plasmonic and hy-
brid nanostructure systems. In particular, the work is focused around the light localiza-
tion, propagation, and emission from the sub-wavelength nanostructures which show
the implications in some important applications such as optical antenna, sub-wavelength
waveguides etc. The content of the thesis includes the home-built instrumentation and
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optical properties of nanostructures. For a general overview, the following is elaborate
content about the next chapters.

1.5.1 Chapter-2

Here, we explain experimentally studied surface plasmon polariton assisted light prop-
agation in serially coupled silver nanowire (Ag-NW) systems. We describe the relation
of bending angle between the nanowires and light propagation through it. From this
study, we observed that obtuse angles between the nanowires arms of coupled wire sys-
tem resulted in better transmission than acute angles. We also experimentally observed
that by varying incident polarization of excitation light, the light emission from junction
and distal ends of Ag-NW dimers can be systematically controlled. Furthermore, we
show the light routing and polarization beam splitting capability in the obtuse-angled
Ag-NW dimer.

1.5.2 Chapter-3

The main focus of this chapter is to show experimentally how a single Ag nanoparticle
(NP) coupled to an Ag nanowire (NW) system can be used for directional emission
of photons. By employing dual-excitation Fourier microscopy with spatially filtered
collection-optics, we present the single- and dual-directional out-coupling of light from
NW-NP junction for plasmons excited through glass-substrate and air-superstrate. Fur-
thermore, we have also observed how the NW-NP junction can influence the direction-
ality of molecular fluorescence emission, thus functioning as an optical antenna. The
results discussed herein indicate the potential applications in realizing directional single
photon sources and also a promising quantum plasmon circuitry.

1.5.3 Chapter-4

Herein, we explore the directional nature of emission from an organic waveguide through
substrate (glass) and superstrate (air). The waveguide was excited at one end and the
propagated light was out-coupled from the distal end which was collected through the
two different medium i.e glass substrate medium and from air-superstrate. The scat-
tering properties of nanostructures alter when the surrounding medium is anisotropic.
This study explains the spatial profile of far-field emission in the two different media.
In addition to the far-field imaging, the spectral characteristics of emission into the two
mediums were also recorded. We could find the significant changes in the spectrum of
Fabry-Perot modes for these two mediums.
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1.5.4 Chapter-5

This chapter mainly describes the summary and future directions of the research work
presented in the thesis. By employing the dual-channel Fourier optical microscopy
and spectroscopy system, we have been working on the studies of linear and nonlinear
optical properties of nanostructures. In addition to the high-resolution imaging, this
instrument also shows a good platform to study the far-field profile of scattering in
nearly 4pi solid angle of observation. This helps to control the emission properties
of the nanostructure systems. The dual channel architecture can be extrapolated to
study energy-momentum spectroscopy which further provides the information about
the wavelength dependent emission profile.



Chapter 2

Light Propagation and Emission in
Conductively Coupled Silver Nanowire
Geometry

Chapter 2 is an adaptation of the research article ’APPLIED PHYSICS LETTERS 101,

111111 (2012)’. The article describes the propagation of light in serially coupled plas-
monic nanowire dimer with geometry dependence and polarization control.

2.1 Introduction

How to propagate and localize light at subwavelength scale? These are important ques-
tion in nanophotonics [105–107] and has great relevance in realizing nano-circuits of
light. In dielectric optics, diffraction of light has been a major hindrance to control light
at nanoscale, but in recent years metallic nanostructures that support surface plasmons
[108, 109] have opened up new avenues to propagate and localize light at subwave-
length regime [110]. This has led to tremendous interest in interaction of light with
nanoscale plasmonic geometries [108, 111], such as silver nanowires [112], that can
be harnessed as circuit-element in a nanophotonic circuit. For such circuits to emerge
it is necessary to further develop and understand capability of plasmonic nanowires to
perform various logical functions similar to circuit elements in electronics. In the con-
text of plasmonic nanowire circuits, there are certain issues that need to be probed and
understood, such as: the capability of plasmonic nanowires to transmit light from one
nanowire to another; the effect of nanowire coupling on propagation of light; the ability
to control the fan-out in coupled nanowire systems.
Motivated by this requirement, herein we study the light transmission and emission
in a specific plasmonic nanowire system: self-assembled, end-to-end coupled silver
nanowire (Ag NW) dimers with a certain bending angle between them. The objective
of this study was two-fold: (1) to find the effect of bending angle between the silver
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nanowires on surface plasmon polariton-assisted light propagation; (2) to control the
intensity of light emission at the junction and distal ends of the Ag NW dimer via po-
larization of incident light. As a consequence of polarization control, we also showed
capability of Ag NW dimer to route light and act as polarization beam splitter. Ag NWs
have been previously studied in the context of nano-waveguides [112–120], optical log-
ical gates [121], quantum optics [113], surface enhanced Raman scattering (SERS),
[119, 122–124], colouring fluorescence emission [125], chiral plasmons [126] etc., in-
dicating their versatility as nanophotonic element.

FIGURE 2.1: (a) Optical image of an isolated Ag NW with specific angle
convention. The arrow indicates the electric field polarization. The m =
0 mode leads to light emission at the distal end of the Ag NW. The (b)
experimental and (c) simulation results for m = 0 mode. The m = 1
mode does not result in the emission of light at the distal end of the Ag
NW. The (d) experimental and (e) simulation results for m = 1 mode.
(f) Experimental and (g) simulation results of emission at the distal end

of Ag NW as function of input polarization angle.

The SPPs of Ag NW can be excited in two fundamental modes i.e. m = 0 and m =

1 and a linear combination of both of them as a function of incident light polarization.
We have studied the light propagation in Ag NW by exciting m = 0 and m = 1 modes,
respectively. In Figure2.1a, we show an optical image of single isolated Ag NW used
in the experiment. Figure2.1b and c show the experimental and simulation using 3-D
finite element method of m = 0 mode configuration. Clearly, our data indicated bright
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emission at the distal end of the Ag NW, whereas for m = 1 mode, our experimental
(Figure2.1d) and simulation (Figure2.1e) results showed no emission at the distal ends
of the Ag NW. In Figure2.1f and g, we have shown the polar plot of the experimental
and simulation results of the variation of emission intensity at the distal end of the Ag
NW as a function of input polarization, respectively.

2.2 Preparation of Silver nanowires

Our preparation method was based on seed-mediated growth technique developed by
Xia and co-workers [127]. Briefly, we prepared two solutions A and B, in which A
was 0.087M AgNO3 (Sigma-Aldrich) in 3ml of ethylene glycol (EG) and solution B
was 0.435M poly (vinyl pyrolidone) (PVP) in 3ml of EG, both at room temperature.
The molarity ratio of A and B was kept 1:4. These two solutions were injected by a
two-channel funnel simultaneously to 5ml of EG, which was preheated at 160oC, at
the rate of 0.3ml per minute. Here, the rate of injection plays a critical role in the for-
mation of nanowire geometry. After completely injecting the whole solution, the final
solution was left for stirred and heating at 160o C for about an hour. Thereafter, the
cooled final solution was centrifuged at 2000 rpm for 10 min and was washed five times
with ethanol to remove EG and PVP (surfactant) and 10 times with water to remove
unwanted spherical nanostructures. During the washing of the suspension of AgNW, it
was also sonicated for 5min. duration.
Figure2.2 illustrates the reaction mechanism of the formation of coupled Silver nanowires.
The sonication of centrifuged silver nanowire plays a potential role for making conduc-
tively coupled nanowire dimers. For the optimum duration of sonication can give you
a good number of yield of this kind of geometry. The long duration of sonication can
break the nanowires into smaller rods. The as-prepared nanowires were further char-
acterized using a high-resolution transmission electron microscope and optical micro-
scopes.

2.2.1 Characterization of serially coupled silver nanowire

The end-to-end coupled nanowire was characterized using various imaging tools such
FESEM, HRTEM, optical microscopy etc. The following section gives the morpholog-
ical information about this geometry. The optically found, using an optical microscope,
the coupled nanowires on the drop-casted well disperse Ag NWs. Figure2.3 shows the
optical darkfield images of conductively coupled Ag NWs with various configurations.
Figure2.3 (a-c) shows obtuse angle geometry where angle is defined in between the
two arms of nanowires. Figure2.3 (d-f) represents the acute-angle coupled nanowires.
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FIGURE 2.2: Schematic shows the synthesis process of end to-end-
coupled Ag NW (a) Nucleation occurs after formation of silver clus-
ters. (b) Growth of seeds into nanowires and various other shapes of
nanostructures (nanoparticles, nanocubes, nanorods etc). (c) To remove
small unwanted particles and other impurities, the solution is sonicated
followed by centrifugation. (d) A small drop of Ag NW suspension drop-

casted on a cleaned glass substrate.

The synthesis method could not reveal the control over these geometries and hence it
is a random process. Using the high-resolution imaging techniques (HRTEM), we have
figure out the junction morphology of this geometry. It was found that the wires were at-
tached to each other without any interface or any other medium, shown in Figure2.4(b)
and (d).

FIGURE 2.3: Dark-field microscopy images of a variety of isolated Ag
NW dimer. (a-c) shows the obtuse angle nanowire geometry and (d-f)
shows the acute angle geometry of nanowires. Scale bar of the images is
5µm. The total lengths of the Ag NW dimers were around 15 microns.

In this study, we employ an end-to-end coupled Ag NW dimer and investigate their
plasmon-mediated light propagation and emission properties. The advantage of this
serial coupling configuration is that minimal area of the nanowire is utilized for con-
nection, thereby leaving the lengths of the nanowire for further utility and coupling.
This unique geometry can facilitate light propagation along the nanowires and localiza-
tion at the nanowire junctions on a single nanophotonic platform [119], and hence very
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useful in building nano-plasmonic circuits.

FIGURE 2.4: (a) HRTEM image of single Ag NW ; (b) HRTEM image
shows connection of two Ag NWs; (c) Shows the high-resolution image
of one arm (indicated by white dashed rectangle) of coupled Ag NW; (d)
high-resolution image of junction (indicated in white dashed rectangle)

of coupled Ag NW at 2nm scale.

2.3 Optical measurement of light propagation in seri-
ally coupled Ag NW

2.3.1 Instrumentation setup for optical measurement

Self-assembled Ag NW dimers were prepared as per the protocol discussed before
[119]. The schematic of the optical layout used in our work is shown Figure2.5. For
optical probing of Ag NW dimers, the solution containing Ag NW dimers were drop-
casted on a glass slide which was pre-cleaned (with detergent and rinsed with deionised
water, and then wiped with acetone and methanol to remove some inorganic impurities).
The drop-casted solution was spread over the cleaned glass slide and dried at room tem-
perature in a dust-free environment. The as-prepared glass slide was transferred onto a
computer controlled stage of an upright microscope (Olympus BX-51) attached with a
CCD camera at one of the output ports. Using this microscope system, the deposited
Ag NW dimers were spatially identified by bright-field and dark-field images.
Further, an expanded laser (632.81nm, He-Ne laser) was sent through a polarizer (to
control the input polarization) and was further coupled into the objective lens (0.9 NA,
100X) of the microscope. The laser spot (1 to 2 microns in diameter) was carefully
focused either at the end or at the junction of the Ag NW dimer. The backscattered light
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FIGURE 2.5: Schematic of the optical layout used in the experiments.

was collected via the same objective lens and was further guided towards a polarization
analyzer (to examine the emitted polarization from nanowires) and then imaged on a
CCD camera.

FIGURE 2.6: (a) Optical image of a silver nanowire dimer; (b) transmis-
sion electron microscopy image of the silver junction; (c) high-resolution
transmission electron microscopy image of the silver nanowire junction;
(d) schematic of the experiment to show polarization controlled emission

at junction and distal ends of Ag NW dimer.
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2.3.2 Geometry dependent light propagation in serially coupled Ag
NW

In order to test the plasmon-assisted light propagation, we utilized one of the isolated
Ag NW dimers that were connected in an end-to-end configuration. Figure2.6a shows
a representative optical image of an end-to-end connected Ag NW dimer. To confirm
that the two ends of the Ag NW are connected to each other, we recorded transmission
electron microscopy image at two different resolutions as shown in Figure2.6b and c.
We clearly observed the conductively coupled ends of the Ag nanowires. This physical
connection is critical for plasmons to tunnel from one nanowire to another of coupled
wire. Also, the junction between the nanowires, which can be essentially considered
as a defect in the geometry (see Figure2.6c), is a plasmonic hot-junction for surface
enhanced optical spectroscopy [119].
The schematic in Figure2.6d shows the experimental configuration. A laser beam
(632.81nm) was linearly polarized using a λ

2
plate and focused through a high numer-

ical aperture objective lens at one end of the Ag NW dimer and emitted light intensity
at junction and distal ends of the NW dimers were studied. There are two important
parameters in our experiment: first is the bending angle (α) between the Ag NW dimer,
and the second one is the polarization of incident light (θ). First, we probed the angle
dependence followed by polarization dependence.

In order to optimize the design parameters of nano-optical waveguides, it is im-
portant to characterize the bending and coupling losses [118]. In plasmonic nanowire
waveguides and networks [117], there is an intricate relationship between the geometri-
cal coupling between nanowires and propagation characteristics of SPPs. In the context
of light propagation, we found an interesting trend in our Ag NW dimer system. The
Ag NW dimers that we studied were prepared by a bottom-up approach, and the forma-
tion of the dimer geometry is essentially a thermodynamically-driven self-assembled
process.
It was interesting to note that for almost all the Ag NW dimers that we observed during
the course of experiments exhibited a sharp bending angle between the Ag NW which
was either acute or obtuse (see sample dark-field optical images in Figure2.3). We were
interested in probing the dependence of this bending angle (α) on the SPP-assisted light
propagation in our Ag NW dimers. We observed that whenever the bending angle be-
tween the Ag NW dimer was acute (α < 90), as shown in Figure2.7a, we evidenced
intense light emission at the junction, and very negligible emission intensity at the dis-
tal ends of the Ag NW dimer. In contrast, when the bending angle between NWs was
obtuse (α > 90), as shown in Figure2.7b, we observed greater emission intensity at
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FIGURE 2.7: Optical image of plasmon-assisted light propagation in Ag
NW dimer with a bending angle of (a) 72o and (b) 130o . Black arrows
indicate polarization of incident light at 632.81nm wavelength. (c) Vector
representation of plasmon propagation in acute and obtuse angled wire.

the distal end of the Ag NW dimer, with scattering losses at the NW junction. These
angle-dependent light emissions can be understood by simple geometrical arguments as
follows: Consider the k vector of plasmon propagation in Ag NW dimer as shown in
Figure2.7c. The excitation of plasmon polariton at one end of Ag NW dimer (red dot
in Figure2.7c) leads to SPP propagation as shown by the k1 vector (red arrow). Now
there are two scenarios for the k1 vector to propagate depending upon the bending an-
gle between the Ag NWs: one is that if the angle between the Ag NWs in acute (α <
90), the k1 vector scatters at the nanowire junction leading to light emission and further
propagates as vector k2-acute along the second nanowire (green dashed line).

As one may observe, there is a large curvature in the acute angle scenario, leading
to a greater bending loss and hence very weak emission at the distal end of the Ag NW
dimer (see Figure2.7a). On the other hand, when the bending angle between the Ag
NWs is obtuse (α > 90), the k1 vector scatters off the junction and further propagates as
vector k2-obtuse as shown in Figure2.7c (blue dashed arrow). Note that the curvature
for the obtuse angle scenario is less leading to lesser bending loss and hence greater
intensity of light is observed at the distal end of the Ag NW dimer (see Figure2.7b).
Similar observations were made in a variety of acute- and obtuse-angled Ag NW dimer
shown in Figure2.8. Images in Figure2.8 show the light emission at junction and distal
ends of Ag NW dimers for acute angles (a and b) and obtuse angles (c and d) between
Ag NWs. It was evident that obtuse angled wires lead to better transmission. We
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FIGURE 2.8: Light propagation through different angular Ag NW dimer.
Black arrow shows the polarization of incident light. (a) Optical image
of Ag NW dimer with 75o angle (b) optical image of Ag NW dimer with
81o angle; (c) optical image of Ag NW dimer with angle of 103o; (d)

optical image of Ag NW dimer with angle of 106o

emphasize that such subtle difference in the angle between the Ag NWs plays a critical
role in the SPP-mediated transmission characteristics, and hence should be taken into
consideration during the design of SPP-based circuits.

2.3.3 Polarization dependent light propagation in serially couple
Ag NWs

With the hindsight that obtuse-angled nanowires exhibit better propagation of light, we
probed the light emission characteristics in obtuse-angled Ag NW dimers as a func-
tion of polarization of incident light. In Figure2.9a and b we have shown polarization-
controlled light emission at the junction and distal end of Ag NW pair. When the polar-
ization of incident beam was along the direction of the input Ag NW, we observed light
emission at the junction and distal ends of the Ag NW dimers, which represents ON
state. When the polarization was oriented perpendicular to the length of the input Ag
NW, no light was observed at the junction and distal ends of Ag NW dimer, represent-
ing an OFF state. Furthermore, when the input polarization direction was in between
parallel and perpendicular to the Ag NW length, we observed systematic cos2 θ depen-
dence in the intensity of emitted light at the junction and distal ends of Ag NW dimers
(see polar plot in Figure2.9c). The physical origin of this observation is as follows:
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FIGURE 2.9: Polarization controlled emission from Ag NW dimer. (a)
Optical image of the ON state: light is emitted at the junction and distal
end of Ag NW dimer; (b) corresponding OFF state: no light emitted at
the junction and distal end of Ag NW dimer. The black arrows indicate
the direction of electric field polarization, (c) Polar plot indicating input
polarization tuned light emission from the junction (square, blue) and

distal end (round, red) of Ag NW dimer.

for the given cylindrical geometry of the Ag NW, there are two allowed modes [126,
128]: m = 0 and m = 1. The m = 0 mode is represented by electric field along the
length of the nanowire, and m = 1 mode is represented by electric field perpendicular
to the length of the wire. The m = 0 mode, results in the light emission at the distal
end, whereas m = 1 mode does not result in emission of light. Figure2.1 confirms this
particular concept with experiments and finite element methods simulations on single
Ag NW. In the context of Ag NW dimer, this indicates that when the polarization of
light is along the length of input nanowire, the m = 0 mode is excited, and a major
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part of the plasmon polaritons are converted into free photons at the junction leading to
the ON state (Figure2.9a). Interestingly, a small fraction of the plasmon polaritons does
tunnel into the second nanowire, further leading to emission of light at the distal end. In
the OFF state (Figure2.9b), the input polarization is perpendicular to the length of the
nanowire (m = 1 mode). This configuration does not facilitate light emission either at
the junction or at the distal end of the Ag NW dimer.

FIGURE 2.10: (a) Schematic of the experimental configuration to show
plasmon routing capability of Ag NW dimer. (b) Optical image of Ag
NW dimer used for the study; (c) shows the emission of light at the both
ends of Ag NW; (d) end 1 is in ON state and end 2 is in OFF state; (e)
end 2 is in ON state and end 1 is in OFF state; (f) Polar plot indicating the
input polarization controlled plasmon routing at the end 1 (circle, blue)

and 2 (square, red).

For any other polarization angle, the excitation is a combination of m = 0 and
m = 1 mode leading to systematic variation in the intensity of the emitted light at the
junction and distal end of Ag NW pair. These observations clearly indicate that by
varying the input polarization of light at one end of the Ag NW dimer, one can control
the light emitted at the junction and distal ends. Such remote excitation and control of
emission of plasmonic nano-junction can have implications in scenarios where there is
a necessity to create spatial off-set between the input excitation and output emission
channels in plasmonic circuitry, thus avoiding effects of interference.
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Can this polarization dependence be used to route light in Ag NW dimers? To an-
swer this question we further tested our Ag NW dimers for light routing capability of
obtuse-angled Ag NW dimer. The excitation configuration was different as compared to
Figure2.6. In Figure2.10a we show the experimental schematic to test the light routing
capability in Ag NW dimer. The location of illumination was at the Ag NW junction;
and by varying the polarization of the incident light at the NW junction, we observed
the emission of light at two ends of the Ag NW. Figure2.10b shows the optical image of
Ag NW dimer. In Figure2.10c we observed emission at both ends of the Ag NW when
the polarization of the incident beam had a projection on both of the nanowire axis.
However, when the polarization was oriented such that the electric field was along one
of the axes of nanowires (see Figure2.10d and e); we observed emission of light from
only one end of the Ag NW dimer. In polar plot shown in Figure2.10f, we show the
variation of emitted light intensity at the two ends of the Ag NW dimer as a function of
input polarization at the Ag NW dimer junction.
Clearly, we observed that the emission patterns at two ends of Ag NW dimer are com-
plementary to each other. The above-discussed data implies that by varying the incident
electric field polarization at the nano-junction of Ag NW dimer, the plasmons could be
routed along the desired path. It is to be noted that the plasmon routing capability in our
work has been achieved without changing the location of the illumination, and hence
such optical configurations can find applications in on-chip plasmonics where it is desir-
able to have a minimum number of illumination channel with multiple emission ports.
Another important issue in nanophotonic circuitry is the polarization beam splitting of
light at subwavelength scale [117]. We performed experiments to test the output polar-
ization of the light emitted at the nanowire junction and distal ends and possibility of
polarization beam-splitting. The experiment was performed in two excitation config-
urations (distal and junction excitation) and three polarization collection configuration
(no analyzer, vertical analyzer, and horizontal analyzer) as shown in Figure2.11. Fig-
ure2.11a shows the optical image in which incident light was polarized (indicated by
black arrow) and the collected images were not filtered with any polarization analyzer.

This configuration resulted in bright emission at the junction and distal ends of Ag
NW dimer. In the next case (Figure2.11b), the excitation polarization was same as in
Figure2.11a, but we introduced a vertical polarization analyzer before the CCD cam-
era. The white arrow in Figure2.11b shows the direction of polarization of the emitted
light. This configuration resulted in brighter emission at junction and a very weak
emission at the distal end, indicating that the majority of the photons emitted at the
junction were vertically polarized. For the next case (Figure2.11c), we turned the polar-
ization analyzer to horizontal direction (see white arrow in Figure2.11c), and observed
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FIGURE 2.11: Optical images of Ag NW dimer emitting polarized light.
The left and the right columns indicate two different configurations of
excitation. The left panel shows excitation channel at one of the Ag NW
dimer and emission at the junction and distal ends; (a) without analyzer,
(b) with vertical analyzer and (c) with horizontal analyzer. The configu-
ration of right panel is similar to the left except that the excitation is at
the junction of the Ag NWs. In all the images, the black arrow indicates
input polarization and the white arrow indicates output polarization. Im-
ages (e) and (f) indicate polarization beam splitting of Ag NW dimmers.

brighter emission at the distal end and a very weak emission at the Ag NW junction,
indicating that the majority of the photons emitted at the distal end were horizontally
polarized. Next, we repeated these experiments by illuminating the Ag NW dimers at
the junction (Figure2.11d-f). The most interesting observation was that by illuminating
Ag NW dimers at the junction, one could use this configuration as polarization beam
splitter (compare Figure2.11e and f). We observed that each arm of the Ag NW dimer
facilitated complementary paths for light emission with respect to output polarization,
thus showing the capability of Ag NW dimer as a polarization beam splitter at subwave-
length scale. The above experiments show the versatility of Ag NW dimer configuration
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with respect to input and output parameters of light and can be further harnessed as a
nanophotonic circuit element.

2.4 Conclusion

To summarize, we have shown that angle between the self-assembled Ag NW dimer
plays a critical role in light propagation. The polarization of incident light can be har-
nessed to control the emission at the junction and distal end of Ag NW dimer. Such
nano-plasmonic configurations can be employed as plasmonic circuit elements for on-
chip nanophotonics and plasmon resonance tunnelling [129]. In the current study, we
used single excitation wavelength (632.81 nm) to create plasmons. By employing mul-
tiple excitation wavelengths, our geometry can be extrapolated to realize multicolour
light routing. By further tailoring our design, one could include multiple channels for
plasmonic routing, where the distal end of Ag NW can be further utilized as nanoscale
light sources. Thus, we have shown that Ag NW dimer structures can indeed be an
extremely versatile geometry for nanophotonics, and we envisage that many other in-
teresting concepts can be derived from this simple, yet effect design at nanoscale.
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Directional Out-Coupling of Light
From a Plasmonic
Nanowire-Nanoparticle Junction

Chapter 3 is an adaptation of the research article ’OPTICS LETTERS, 40(6), 1006-1009,

2015’. The article describes the directional out-coupling of light from a plasmonic
nanowire-nanoparticle (NW-NP) junction.

3.1 Introduction

The ability to control and direct light at nanoscale is an important challenge in nano-
optics and nanophotonics. To achieve this, plasmons, which are collective oscillations
of light and free-electrons at a metal-dielectric interface, have been employed for sub-
wavelength propagation and localization of light [130]. Plasmons can reduce the mis-
match between the cross-section of an excitation optical beam and absorption cross-
section of emitters such as atoms, molecules, and quantum dots, thus mediating and
enhancing light-matter interaction [131]. A variety of plasmonic geometries has been
innovated and studied in the context of enhancing light-matter interactions. One such
geometry is chemically-prepared silver nanowires (Ag NWs) [132–135]. These Ag
NWs have atomically smooth surface that facilitates sub-wavelength propagation of
surface plasmon polaritons (SPPs) over a distance of a few microns [136]. They can be
used as plasmonic resonators [137], logic gates [138], spontaneous emission amplifiers
[139], single photon sources [140–142], photon-to-plasmon convertors [143], and have
opened up new opportunities in quantum plasmonic circuits [144] and nanoscale quan-
tum optics [145].
In the context of NW-based SPP waveguiding, one of the issues to be addressed is to
deterministically convert propagating SPPs into directional photons at a desired loca-
tion on the nanowire. Such directional out-coupling of light from propagating SPPs of
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NW can be further utilized to influence enhancement and directionality of spontaneous
emission from emitter in the close vicinity.

Motivated by this requirement, herein we experimentally show how an Ag nanopar-
ticle (NP) in close proximity to Ag NW can out-couple light in a directional manner,
thereby acting as a nanoscale optical antenna. One of the important observations we
make is that the NW-NP junction can out-couple photons in single and dual directions
and further influence directionality of fluorescence emission from molecules in close
proximity to NW-NP junction.

3.2 Experimental Section

3.2.1 Synthesis and sample preparation

Synthesis

The nanowire –nanoparticles system were synthesized using wet chemical process,
seed-mediated polyol process. Initially, the nanowires synthesis were done using fol-
lowing process: the two solutions A and B were prepared separately where A is 0.085M
AgNO3 in 3ml EG (EG: ethylene glycol) and B is 0.340M PVP in 3ml EG, respectively.
These two solutions were injected in the preheated at 160 degree 5ml of EG at the rate
of 0.2ml/min. Here, the rate plays a crucial role in the formation of nanowire geometry.
The slow rate can produce the thicker wire whereas fast injection rate can give thin-
ner wires. We have optimized the injection rate for the wire geometry which essentially
produces 150nm to 200nm diameter. After injection, the entire two solutions, the whole
suspension was left for one and half hour for stirring at the 160 degree centigrade tem-
perature. Now the entire nanowire suspension was cooled and centrifuged to remove
PVP and EG. The solvent of nanowire suspension was kept ethanol because it helps to
prepare sample for the experiments.

Sample preparation

The sample for an optical measurement was prepared in following way. The suspen-
sion was drop cast on the cleaned glass cover slip (dimension (mm): 25X60X0.17).
The suspension contains silver nanowires and nanoparticles. Suspension was diluted in
such a way that the nanowires were got well dispersed on the cover slip. The dilution
of suspension is important here because it prevents the formation of aggregates on glass
cover slip. The nanowire nanoparticles system were formed by the self-assembled pro-
cess and we have found them using an optical microscope. The experiment of Rayleigh
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light scattering from the nanowire-nanoparticle system were performed using pristine
nanowire-nanoparticle system. On the other hand, we have also performed experiments
for directional fluorescence experiment from the same system. For this experiments,
the given nanostructure system was coated by Nile blue molecule with PVA polymer
matrix. PVA polymer was coated using spin coating method. The entire nanostructure
system was arrested in the polymer matrix where Nile molecules were present in the
vicinity of nanowire-nanoparticle junction.

3.2.2 Nanowire-nanoparticle system

The nanowire-nanoparticle system was characterized using various imaging tools such
as optical microscopy system and field emission scanning electron microscopy system
(FESEM). The morphology of NW-NP system was correlated between optical micro-
scope and FESEM microscopy system. Figure3.1a shows the optical bright field image.
Figure3.1b and c presents the same wire with higher spatial resolution which was cap-
tured through the FESEM microscopy system. the The correlation between these two
microscopy system was done with the help of grid slides where we can mark the loca-
tion of the nanostructures.

3.2.3 Experimental configuration

The following schematic shows the optical experimental configuration of the basic prin-
ciple behind the process of directional light emission from Ag NW-NP junction.

Figure3.2a shows the schematic (top view) of the geometry under study. It consists
of an individual Ag NP which is in contact with an Ag NW. Both NW and NP are
resting on a glass coverslip. The SPPs waves on the NW can be optically excited by
focusing a laser beam at two distal ends of the NW (Figure3.2b). Such excitation can
be achieved by focusing the laser beam either through the glass substrate (excitation e1
leading to SPP with wave vector k1 in Figure3.2b) or through the air medium (excitation
e2, wave vector k2 in Figure3.2b). These excitations can be operated sequentially or
simultaneously. The SPPs propagate along the length of the nanowire with a momentum
greater than the free space wavelength used for excitation [146]. Therefore, to convert
SPPs back to photons at a desired location of NW, momentum has to be subtracted from
the surface-bound SPP waves. The Ag NP in contact with the Ag NW acts as a defect
center to overcome this momentum mismatch and facilitates the conversion of SPPs to
free-space photons at NW-NP junction.
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FIGURE 3.1: The nanowire –nanoparticle system were characterized us-
ing optical microscopy and FESEM system. (a) Shows the optical image
of NW-NP system. (b) Shows the FESEM image of same NW-NP system
shown in (a). (c) Indicates the junction (shown in white dashed rectan-
gle in (b)) which were captured at a higher resolution to visualize more

clearly about the particle position at the surface of NW.

3.2.4 Optical setup and nanowire-nanoparticle system

One of the aspects of this conversion mechanism is that the scattered light from NW-
NP junction is directional in nature, and the directionality of the light can be measured
using far-field optical microscopy. Figure3.3a and b show a representative scanning



Chapter 3. Directional Out-Coupling of Light From a Plasmonic
Nanowire-Nanoparticle Junction 37

FIGURE 3.2: (a) Schematic of the top-view of the experimental config-
uration of Ag nanowire (NW) coupled to a single Ag nanoparticle (NP),
both placed on a glass coverslip. The regions e1 and e2 are two focused
laser excitations at 633nm that launch SPPs. The double-sided arrows

indicate the polarization of excitation.

electron microscopy (SEM) image of NW-NP system resting on a glass substrate at two
different magnifications. It can be observed that the NW and NP are in contact with
each other (Figure3.3b). Such NW-NP systems can be consistently synthesized (see
Figure3.3c and d for another NW-NP sample) using polyol method [147] and details of
preparation can be found elsewhere [148]. The region of interest for our study is shown
as dashed square box in Figure3.3a and c. This is the NW-NP junction from where
the optical signals were spatially filtered and collected using a home-built two-channel
optical microscope (Figure3.3e). This microscope had the capability to (i) excite distal
ends of the Ag NW either through the glass substrate (lens1) or through the air medium
(lens 2) by focusing 633nm laser light; (ii) spatially filter light from the desired location
along the length of the NW (pinhole in Figure3.3e); (iv) capture real- and Fourier-
space optical images (L2, L3, CAM in Figure3.3e) from spatially filtered region and
(iii) record Fluorescence spectra and image from the desired location (spectrometer in
Figure3.3e). The inset of Figure3.3e shows an optical image of an NW-NP sample
excited at two distal ends. The dashed circle in the inset figure shows the out-coupled
light from the NW-NP junction.
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FIGURE 3.3: Scanning electron microscopy (SEM) image of NW-NP
system resting on glass coverslip at (a) lower magnification with the
dashed region showing (b) NW-NP junction (scale bar 200 nm). SEM
image of a different NW-NP system imaged at (c) lower and (d) higher
magnifications. (e) Schematic of the dual-channel Fourier microscope
with spatially filtered collection. M1, M2, M3, M4, and M5 are mirrors;
BS1, BS2, BS3 and BS4 are beam splitters; L1, L2 and L3 are lenses;
BE-beam expander; ND-neutral density filter; WP -half wave plate; S is
sample stage; lens1 is oil immersion objective lens and lens2 is an air
objective lens. Upper and lower insets show an optical image of pristine
Ag NW and an Ag NW-NP system excited (633nm) at two distal ends.

The dashed circle shows the light emanating from NW-NP junction.
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3.3 Optical measurements

3.3.1 Directional emission of Rayleigh light from the NW-NP junc-
tion

We studied the directional characteristics of emission of light from the junction with
three excitation configurations. The excitation configurations include, the NW-NP sys-
tem were excited one end at a time and the emission from the junction were recorded
accordingly. After excitation both the ends one by one, both ends were also excited
simultaneously and again the emission from the junction were captured. The details of
this configuration are described in the following sections.

Configuration 1

Figure3.4a shows the optical image of an NW-NP system excited through the glass.
The polarization of the excitation source was along the length of the NW as shown by
the arrow in Figure3.4a. The dashed circle indicates out-coupled light from NW-NP
junction. This spatially filtered region was further imaged in Fourier plane (Figure3.4b)
of high NA objective lens (1.42NA, 60X). The angular distribution of intensity in the
Fourier plane is given by I (φ, n. sin(θ)), where tangential angle φ varies from 0 to 2π

and the radial angle n. sin(θ)) is the numerical aperture of the lens2 with n presenting
the refractive index. The inner circle in the image Figure3.4b is of radius 1, indicating
the critical angle at glass-air interface, and the outer circle is of radius 1.42 indicating
the maximum aperture radius.

The NW axis is considered as x direction, and kx, ky represent the wavevectors
along x and y-direction, and k0 represents the wavevector of the free photons (k0= 2π

λ
,

where λ is the free space wavelength of excitation).Two features were evident in the
Fourier-plane image (Figure3.4b). The first feature was a straight line for a constant
value of kx

k0
, and the second was an arc-like feature close to periphery of the outer circle.

The straight line indicated the guided mode of the SPP propagating along the length
of the NW [146], and the arc indicates the directional light scattered from the NW-
NP junction. Such directional light scattering has been previously observed only from
the distal ends of the NW [149]. Here we have shown, for the first time, directional
light emission from a plasmonic NW-NP junction.The arc in Fourier plane was further
quantified to determine the spread in the directionality (Figure3.4c), and we found the
value to be of 21 degrees.
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FIGURE 3.4: (a) Real-space optical image of Ag NW-NP junction (Fig-
ure3.3a) remotely excited according to e1 excitation in Figure3.2. The
NW is along x-axis. White dashed circle shows the light from NW-NP
junction. (b) Fourier-plane (kxk0 , ky

k0
) intensity (I) image of light from

NW-NP junction. The tangential angle is given by φ and the radial angle
is given by NA of the lens. The inner dashed circle indicates the critical
angle at glass-air interface. (c) I Vs φ for the arc-emission from NW-
NP junction for e1 excitation configuration. (d) Real space image for
e2 configuration and corresponding (e) Fourier space optical image from
NW-NP junction and (f) I Vs φ plot. (g) Real space image for e1+e2
configuration and corresponding (h) Fourier space optical image from
NW-NP junction and (i) I Vs φ plot. White arrows indicate polarization

axis of excitation and dashed lines indicate NW orientation.

Configuration 2

Figure3.4d shows the optical image of an NW-NP system excited through the air medium.
Similar to the previous case, we found that the Fourier plane image showed the guided
SPP mode and an arc indicating directional light emission (Figure3.4e). We further
quantified the directionality of the emission (Figure3.4f) and found a spread of 24
degrees.
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Configuration 3

Next, we simultaneously excited the distal ends of the Ag NW via glass and air medium
(as shown in the optical image of Figure3.4g) and captured the light emerging from
the NW-NP junction and projected it to the Fourier plane (Figure3.4h). We observed
two guided modes and two arcs towards the periphery of the outer circles. The two
arcs of light essentially indicated dual channel scattering and are the central finding of
this chapter. The directionality of the dual channel was further quantified (Figure3.4i)
and the feature of the emission was found to be a sum of the features observed in
Figure3.4c and f. All the data in Figure3.4 implied that the NW-NP sub-wavelength
junction functioned as a single and dual channel directional scattering point. It is to be
noted that parameters such as NW-NP distance, the shape of NP and NW morphology
can also influence the directionality. This motivates further studies on such NW-NP
systems.

3.3.2 Directional emission of fluorescence light from the NW-NP
junction

In principle, SPPs in NW couple to NPs leading to directional scattering. Such di-
rectional scattering can be further used to excite molecules. Can the NW-NP junction
influence the directionality of the fluorescence from emitters? To answer this question,
we extrapolated our geometry to the configuration shown in Figure3.5a. A nano-film
( 50 nm thickness) of PVA doped with fluorescent molecules (Nile blue A) was spin-
coated over the NW-NP system. Then, we illuminated the ends of the Ag NW through
glass substrate and captured the plasmon-coupled fluorescence emission from NW-NP
junction.

The fluorescence spectra from the NW-NP junction is displayed in Figure3.5b with
the inset showing the fluorescence image captured from the geometry. The dashed cir-
cle in the inset figure shows the fluorescence emission from the NW-NP junction. This
fluorescent light was further projected to the Fourier-plane of a high NA lens (as dis-
cussed previously) to determine the directionality of the emission. Figure3.5c shows the
Fourier-space image for e1 illumination. We found that the fluorescent light collected
from the NW-NP junction was indeed directional in nature. We further quantified the
directivity of emission and the spread in the angle φ was found to be 46 degrees (Fig-
ure3.5d). The dashed line in Figure3.5d indicates the orientation of the long axis of the
NW. Figure3.5e shows fluorescence emission in Fourier-plane when the another end of
NW was illuminated (e2 illumination). We found that the directionality in the Fourier-
plane was almost opposite (Figure3.5e), and the data in Figure3.5f showed a spread in
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FIGURE 3.5: (a) Schematic of the experimental configuration to probe
directional fluorescence emission from NW-NP junction. (b) Fluores-
cence spectra of the emission from the spatially filtered NW-NP junc-
tion, with the upper and lower insets showing fluorescence image of NW
(without NP) and NW-NP system, respectively. (c) Fourier-plane optical
image from NW-NP junction and (d) I versus plot for e1 excitation. (e)
Fourier space optical image from NW-NP junction and (f) I versus plot
for e2 configuration. (g) Fourier space optical image from NW-NP junc-
tion and (h) I versus plot for counter-propagating e1 + e2 excitation. The

dashed black line in polar plots shows the orientation of Ag NW

the angle φ to be 54 degrees. Next, we exited the counter-propagating plasmons by
exciting both ends of the NW (e1+ e2 illumination), and we recorded the Fourier-space
image of the light emerging from NW-NP junction (Figure3.5g). The feature of the
emission had two pronounced directions (along 330 and 150 degrees in Figure3.5h).
In addition to this, we observed emission along angles 90 and 270 degrees. These
emission directionality with geometrical features of the NW-NP junction need further
investigation for complete understanding. All the data in Figure3.5 suggests that NW-
NP junction can function as single and dual channel optical antenna, which can further
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influence the directionality of fluorescence emission.

3.4 Conclusion

To conclude, we have shown Ag NW-NP junction can be utilized as single and dual-
channel optical antenna that can influence directivity of elastic scattering and fluores-
cence emission of molecules. As a future prospect, it would be interesting to place sin-
gle emitters, such as nitrogen-vacancy in diamond [142], close to the NW-NP junction
and explore the single-photon emissivity. As the mode volume of the NW-NP junction
is expected to be very small, one should expect the Purcell enhancement factor to be
very large at such junctions. Such geometries not only enhance the rate of spontaneous
emission from emitters but also influence their directionality.
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Angular Emission from 1D and 2D
Meso- and Nano-Structures: Probed
by Dual-Channel Fourier-Plane
Microscopy

Chapter 4 is an adaptation of the research article Optics Communications, 398, 112-

121 (2017). The article describes the angular emission from an organic waveguide
resonator and 2D layered material at an dielectric interface which is probed by dual-
channel Fourier-plane photoluminescence microscopy system.

4.1 Introduction

Controlling the directionality of light emanating from a sub-wavelength structure has
emerged as an important topic of research in nanophotonics [150–152]. To this end, var-
ious nanostructures made of metal [153–157] and semiconductors [158–162] have been
studied, and a variety of geometries [163–165] have been proposed and realized. One
such variety is a self-assembled, mesoscale, organic molecular waveguide [166–170].
Such quasi-one-dimensional structures facilitate Frenkel exciton-polaritons [171, 172]
and Fabry-Perot resonances, and can be harnessed to guide light not only at excitation
wavelength but also at the Stokes shifted excitonic emission [173–175]. Due to such
capabilities, organic waveguides can be harnessed for various nanophotonic applica-
tions including micro-nano-scale laser [176, 177], resonators [178–180], active optical
antennas [157, 174, 175] and photonic sensors [170, 181, 182].
Generally, for optical device applications, an organic waveguide resonator is either
grown or deposited on a transparent dielectric substrate and optically interrogated using
a high-numerical-aperture objective lens housed on a microscope. Such characteriza-
tion is performed by exciting the waveguide either through the transparent substrate or
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through the air-superstrate. As a consequence of solution to Maxwell’s equation, it is
well known that when a molecule (dipole emitter) is placed at an interface of two dielec-
tric media [183], majority of the emitted light escapes through the dielectric medium
of higher refractive index, and some percentage of light escapes into the lower index
medium. In addition to this, the angular distribution and spectral feature of the light
emitted into substrate and superstrate also differ [183–185]. Therefore, in the context
of the organic waveguide, there is an imperative to characterize the emission intensity
and angular distribution of the waveguided Frenkel exciton-polariton emission through
the substrate and superstrate. Importantly, the contrast in the dielectric constant at the
interface can be harnessed to engineer optical emission from organic mesostructures.

4.2 Experimental Methods and Instrumentation

4.2.1 Experimental Methods

In this article, we report on the observation of angle-resolved, waveguided-photoluminescence
(PL) emission from an organic mesowire waveguide made of 1, 5-diaminoanthraquinone
(DAAQ) molecules into glass-substrate and air-superstrate. For a given organic nanowire,
we specifically quantify the polar and azimuthal angle-resolved PL emission through
the substrate and superstrate by employing dual-channel Fourier-plane PL micro-spectroscopy.
We show that there is a quantitative difference in the emission angle and finesse of
Fabry-Perot modes for the two cases, thus highlight the relevance of dual channel mea-
surements. The DAAQ mesowires were synthesized using physical vapor transport
method, and the preparation details are given elsewhere [168]. The basic principle be-
hind the experiment is illustrated in the schematic shown in Figure4.1. The Figure4.1
essentially shows the side view of a DAAQ mesowire resting on a glass substrate. The
active wave-guiding mode of DAAQ wire is excited at one end using 532nm laser light
from either side of the interface: bottom illumination (Figure4.1a) through the glass
medium and top illumination (Figure4.1b) from the air-side. The propagated photolu-
minescence from distal end of the wires was spatially-filtered and collected using same
channels of excitation. The objective of the study was to quantitatively compare the
angular PL emission and their spectral features between the case shown in Figure4.1a,
b and c.

4.2.2 Optical Instrumentation

To realize the experimental configuration given in Figure4.1, we built a two-channel
Fourier-plane photoluminescence microscope whose schematic is shown in Figure4.2.
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FIGURE 4.1: Experimental configuration of dual channel Fourier plane
imaging. DAAQ mesowire resting on an optically transparent sub-
strate (glass coverslip). Excitation and collection of photoluminescence
(PL) were performed in three different configurations: (a) From air-
superstrate, (b) through the glass-substrate and (c) the transmission mode
where the wire was illuminated through the substrate and emitted signals
were collected from the top channel (air superstrate). e1 and e2 represent
the 532nm wavelength excitation beam focused at an end of wire. (d)
Shows the FESEM image of DAAQ mesowire. In the bottom channel,
the high NA (1.49) oil-immersion objective lens were used to collect sig-
nals. The top channel was equipped with the 0.95NA objective lens. and

are spherical coordinates.

The microscope facilitates the excitation and collection of signals from the sample ei-
ther using lens1 (100x, 0.95 NA) in air medium (superstrate) or through a glass (or
transparent) substrate using oil immersion lens2 (100x, 1.49 NA). The lens1 was used to
illuminate white light and capture the bright-field optical images through both the chan-
nels. The sample was mounted on the XYZ-translation stage which was fixed between
two oppositely aligned objective lenses. The incident laser intensity and polarization
were controlled by a combination of visible-wavelength half-waveplate (HWP) and lin-
ear polarizer (Vis-LP). The laser beam was expanded using beam expanders (BE1 and
BE2) to overfill the back aperture of objective lens, which results in tightly focused
spot. The collected photoluminescence was filtered out from 532nm pump laser light
using 532nm edge-filter (Semrock, BLP01-532R-25).

The collection optics of upper channel and lower channel facilitate the real plane
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FIGURE 4.2: Schematic of dual channel advanced optical microscopy
and spectroscopy system: The entire schematic contains three sections:
excitation unit, two channel unit, and detection unit. The excitation unit
contains all the illumination sources. The system is equipped with CW
laser (532nm) which were routed towards both channels. The laser beams
were expanded using telescopes, BE1 (BE: beam expander). Visible Half
wave plate (HWP) and visible linear polarizer (LP) were used to control
intensity and polarization of the incident light. The two channel unit
contains two vertically aligned high numerical aperture, 100x, 1.49 NA
and 100x, 0.95 NA, objective lenses (generally called channels). Detec-
tion unit facilitates the real plane and Fourier microscopy observation,
respectively. Channel includes L1, L2 and L3 are set of lenses which
were used to project objective’s real plane image and Fourier image on
the CCD (Cam2). Similarly, the set of lenses L4, L5 and L6 were used
to project the real plane and Fourier plane image on the CCD (Cam1)
in channel2. For the spatial filtering of signals, a pin-hole, P1, and P2,
were placed at the image plane of L4 and L1, respectively. In addition
to the microscopy, a spectrometer was coupled to the common optical
path (include signals from both the channels) of light signals for spectral
information of light scattering. The silver mirrors M1, M2, M3 and M4;
flips mirrors FM1, FM2, FM3 and FM4 were used to route the light and
collection of optical signals from both the channels, respectively. BS1,
BS2, and BS3 are beam splitters. The White light lamp was used to
observe the bright-field optical image of nanostructures. Dotted arrows

indicate the direction of propagation of light.

and back focal plane (BFP) imaging (by flipping lens L3 and L6, respectively) systems,
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respectively. The two camera (cam1 and cam2) were used for capturing optical images.
To record the spectral signature of emission from either of the channels, a spectrometer
(Andor, Shamrock) was coupled to the common path of collection optics.

4.3 Results and Discussion

4.3.1 Light propagation and directional emission in the organic DAAQ
mesowires:

By using above optical configuration of microscopy and spectroscopy system, the far-
field spatial and spectral properties of PL emission from DAAQ measowire were cap-
tured through the two media i.e. air superstrate and glass substrate, as shown in Fig-
ure4.3 (a) and (b). The Figure4.3(c) shows the PL images of DAAQ mesowire using
lower channel optics. The two bright spots at the ends of the DAAQ wire represents the
excitation region (big bright spot) and an emission-end of wire (smaller spot). The inset
shows the transmission bright field optical image captured through the glass substrate
using lower channel lens2. Figure4.3(d) shows the PL image of same DAAQ wire cap-
tured using upper channel lens1. The inset shows the back-reflected bright-field optical
image of the same DAAQ wire using the upper channel lens1. In order to record the
emission signals, the distal end was spatially filtered out using pin-holes P1 and P2 in
both channels, respectively. The spatially filtered emission was routed towards collec-
tion optics for Fourier plane observation through upper channel and a lower channel,
respectively as shown in Figure4.3(e, f). The intensity distribution in the Fourier plane
represents the information about angular distribution of emitted signals (photolumines-
cence) in the coordinate system of θ and φ. The far-field intensity angular distribution
in the Fourier plane is given by I(θ, φ). Here, θ represents the polar angle, which is
limited by the numerical aperture of the objective lens. The angle φ is the azimuthal
angle which varies from 0 to 2π. The Fourier planes of Figure4.3(e, f) contain the in-
ner circle of radius 1, indicating the critical angle of the glass-air interface. The outer
radius is 1.49 in Figure4.3(e) indicates maximum aperture radius of lens2 and 0.95 in
Figure4.3(f) indicates the maximum aperture radius for lens1, respectively. The long
axis of DAAQ mesowire was considered as x-direction. The spectral feature from the
two channels is shown in Figure4.3(g) and (h).

In our experiments, we have observed significant differences in the azimuthal spread
between top and bottom channel collection. These values essentially indicate the inten-
sity spread in polar-coordinates and may arise due to following reasons :
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FIGURE 4.3: The excitation of Frankel-exciton polariton in DAAQ
mesowire and collection of PL emission were performed in two different
configurations: (a) through the glass substrate and (b) from the super-
strate. The PL images of a DAAQ mesowire captured from (c) bottom
channel and (d) top channels. The insets show the bright field optical
images of DAAQ wire captured from the respective channels. Fourier
plane PL images from spatially filtered distal ends in the (e) bottom and
(f) top optical channels. The respective PL spectra are shown in (g) and
(h). The dotted lines in the Fourier plane image indicate orientation of
the long-axis of the wire. The white arrows in the Fourier plane image

indicate the maximum aperture angle value of collection lens.

1 The geometry of the end morphology has an implication on the emission di-
rectionality. In the context of DAAQ mesowires, it has been previously shown
[[176]] that morphology at the ends does have a bearing on the azimuthal spread.
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What our results indicate, for the first time, is that the azimuthal spread of emis-
sion varies not only from one end-morphology to other, but also on the local
orientation of the end with respect to an interface. This data further indicates the
emission directionality has to be evaluated carefully with respect to the local ge-
ometry of the end-morphology of the mesowire and its orientation with respect to
an interface.

2. The azimuthal spread in emission may also vary to the local variation in refractive
index at the interface. This has been shown in the context of plasmonic silver
nanowires, and may be applicable to the organic meso/nanowires.

4.3.2 Quantitative analysis of the angular distribution of photolu-
minescence in Fourier space

As mentioned earlier, one of the objectives of the study was to quantitatively analyze
and compare the angular emission patterns shown in Figure4.3c and d. Figure4.4a
shows the variation of intensity of PL emission as a function of θ (see white, dotted
line in the inset), for the lower channel Fourier plane measurement. From the plot, the
intensity peaked at a radial angle of 46.5 degrees and the measured full width at half
maximum (FWHM) δθ was approximately 23 degrees. Figure4.4b and inset show the
relevant data for the upper channel emission. In this case, the intensity peaked around
51 degrees and the FWHM δθ was 33 degrees, which was greater compared to the case
of lower channel emission. Figure4.4c is a polar plot showing the azimuthal (φ) dis-
tribution of PL intensity (collected through the lower channel, at θ = 46). The spread
δφ was found to be 70 degrees. Similarly, Figure4.4d shows the azimuthal distribution
of PL intensity (collected through the top channel, at θ = 52 degree). The spread δφ
was found to be 90 degrees. An important inference that we can draw from the above
analysis is that the radial and azimuthal angular spread of PL emission into the super-
strate were greater than the emission into the substrate and our measurements quantify
this difference. The physical reason for such difference in emission angle is due to the
fact that whenever molecular dipole emission occurs at a dielectric interface [186], the
intensity of emitted light is pronounced towards the medium of higher dielectric (in our
case glass substrate).

Furthermore, the angular distribution is sharper at well-defined angles for substrate
emission as compared to supersaturate emission. Such differences in emission at dielec-
tric interface has important consequence on emission engineering of exciton-polaritons,
where by tailoring the refractive index of the substrate and superstrate, one can vary the
angular emission parameters. Such capability of emission engineering may have a direct
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FIGURE 4.4: Quantitative analysis of Fourier plane images captured
from bottom and top channels. PL Intensity as a function of radial angle
θ for (a) bottom and (b) top channels. The line in the insets shows eval-
uated θ values. The PL intensity as a function of azimuthal angle φ from

(a) bottom and (b) top optical channels at the mentioned θ values.

consequence on design of polariton lasers [180, 187, 188] and can be further harnessed
for various organic light emitting devices [189–192].

4.3.3 Photoluminescence directional emission in transmission mode

By employing the dual channel microscopy and spectroscopy system, the directional
emission characteristics were observed using transmission mode, as illustrated in Fig-
ure4.5(a). Such configuration of microscope includes the illumination through the bot-
tom channel and emission were collected from the top channel. The experiment in
transmission mode was performed on the same wire which was used for the optical
studies in back-reflection configuration (shown above in Figure4.3).

Figure4.5 (b) shows the photoluminescence image of DAAQ mesowire captured
through the top channel. The bright photoluminescence spot is an excitation end and
the emission end of mesowire is indicated by white dashed circle. The corresponding
back focal image of emission was captured using the top channel which is shown in
Figure4.5(c). The emission profile also characterized as a function of the azimuthal and
radial distribution of the light intensity in the BFP image, shown in Figure4.5(d, e). The
inset in (e) shows the white dashed line along which the light intensity was calculated.
An important inference that we can draw from this observation is that the emission an-
gles differ when compared to reflection mode (see Figure4.3). Such differences mainly
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FIGURE 4.5: The waveguided Frenkel-exciton emission of DAAQ wire
has been observed in the transmission configuration of dual channel mi-
croscopy system. The PL emission was collected from top channel where
the DAAQ were illuminated through the bottom channel. (a) Shows the
schematic of excitation and collection configuration. (b) shows the pho-
toluminescence image of DAAQ wire which is illuminated using bottom-
channel. The emission end is indicated with the white dashed circle
whereas the big bright spot is an excitation end. (c) Corresponding back
focal image (BFP) of spatial filtered photoluminescence emission from
the distal end of DAAQ wire. The dashed line in image represents the
orientation of DAAQ wire. The polar plot of emission intensity distri-
bution along the azimuthal angle at a constant polar angle as shown in
(d). The radial distribution of emission intensity was also quantified as
shown in (e). The linear plot indicates that the maximum emission occurs

between 40 o to 70 o.

arise due to the contrast in the refractive index at the interface and has to be taken to
be account while quantifying angular emission. This emphasizes the relevance of per-
forming and comparing Fourier plane imaging in reflection and transmission mode and
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configuration has to be considered judiciously based on the design of optical device.

4.3.4 Fabry-Perot modes characterization using both channels

An interesting characteristic of organic mesowire waveguide is that it facilitates Fabry-
Perot (F-P) resonances [170]. In the present context, we were interested to know if the
F-P spectral features measured from the bottom and top channel vary. To probe this, we
recorded higher resolution PL spectra from the bottom and top channel configuration
(see stacked spectra in Figure4.6a).

FIGURE 4.6: (a) Comparison of Fabry-Perot modes in the PL emission
from bottom and top channels. The dotted lines are guides for the eye.
Lorentzian fits for four of the FP modes analyzed for the emission cap-

tured from (b) bottom and (c) top optical channels.

We observed that the spectral intensity for bottom-channel due to two reasons: vari-
ation in numerical aperture of the objective lenses and pronounced radiative emission
into medium of higher dielectric at an interface (bottom channel, in present case) con-
figuration was higher than lower channel, which may be Next, we compared the F-P
mode positions for the two recorded spectra and found that their peaks matched (see
dotted lines in Figure4.6a). This confirms that the free-spectral range[193] of the F-P
waveguide resonator does not vary on the medium of measurement. Interesting, the
finesse of the cavity [193], which was measured by determining the full-width at half
maxima of individual F-P modes (see Lorentzian-fitted curves in Figure4.6b and c) did
show a variation. The value of finesse for bottom and top channel measurements were
found to be 0.85 and 0.96, respectively. This indicates that the top channel device opera-
tion facilitates a higher finesse compared to bottom channel, and may have implications
for designing optical sensors based on F-P resonances of organic waveguides.
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Versatility of dual channel Fourier microscopy and spec-
troscopy system

4.3.5 Surface plasmon polariton (SPP) assisted light propagation
and directional emission in silver nanowire

FIGURE 4.7: (a, b) Show the schematic of an experimental configuration
of excitation and collection of signals. (c, d) bright-field optical image
of a single silver nanowire captured through the bottom channel and top
channel, respectively. (e, f) optical image of 632.8nm Laser excitation
of Ag NW captured through both the channels. (g, h) shows the corre-
sponding Fourier plane images of the emission from the distal end of Ag
NW using the bottom channel and top channel, respectively. Here, the
emission from the distal end was spatially filtered out using an aperture.

Dashed line indicates the orientation of Ag NW.
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In order to show the versatility of dual channel optical Fourier microscopy and spec-
troscopy instrument, we have analyzed the surface plasmon polariton (SPP) assisted
light propagation and emission from the distal end of the silver nanowire (Ag NW).
The Ag NW structures were prepared using seed-mediated protocol [194, 195]. The
SPP excitation and collection of out-coupled photons from the distal of Ag NW were
performed in back-scattered configuration, as shown in Figure4.7(a) and (b). The bright
field optical image of silver nanowire captured through Figure4.7(c) bottom channel and
Figure4.7(d) top channel, respectively.
By employing individual channel to excite plasmons at one end (big bright spot) of
nanowire leads to the SPP propagation at the glass-metal interface and air-metal inter-
face, respectively. Figure4.7 (e) and (f) show the single isolated silver nanowire system
excited through the bottom channel and top channel, with the wavelength of 632.8nm
laser light. The white arrow indicates the polarization of incident laser light. The spatial
filtered back-reflection emission from the distal end was imaged in the Fourier plane of
high numerical aperture objective lens of Figure4.7(g) bottom channel and Figure4.7(h)
top channel. The BFP images of both channels clearly shows the difference in the emis-
sion pattern of light intensity into glass substrate and superstrate. There is a quantitative
difference in the polar and azimuthal angles of scattered signals which is due to the con-
trast in the refractive index at the interface. Importantly, our dual channel microscope
reveals the radial angular emission differes for the two measurement configurations and
has to be taken into account while quantifying nanowire based directional emission.
We note that such difference in directional emission as function of refractive index of
medium on top a plasmonic nanowire has been studied previously [196]. In this study,
we highlight that the difference in angular emission can be revealed even for the refrac-
tive index contrast observed at the interface.

4.3.6 Photoluminescence directional emission from the few-layer
MoS2 flake

We have observed the photoluminescence emission pattern from the isolated few-layer
MoS2 flake using back-scattered configuration, as shown in Figure4.8(a). The few layer
flake were obtained by mechanical exfoliation using scotch tape technique on the op-
tically transparent substrate (glass cover slip). The isolated flake was identified using
bottom channel of the optical microscope. To observe the bright-field optical image,
the top channel was used to illuminate white light which essentially create the optical
contrast between flake and transparent substrate, as shown in Figure4.8(b). For the pho-
toluminescence (PL) excitation, we used tightly focused 532nm laser light through the
glass substrate using bottom channel. The back-scattered PL were collected through
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FIGURE 4.8: (a) Comparison of Fabry-Perot modes in the PL emission
from bottom and top channels. The dotted lines are guides for the eye.
Lorentzian fits for four of the FP modes analyzed for the emission cap-

tured from (b) bottom and (c) top optical channels.

the same channel and routed towards the CCD at conjugate BFP of the objective lens,
represented in Figure4.8 (c).

In order to further quantify the emission property, we plotted the intensity distribu-
tion along the azimuthal angle at a constant polar angle (52o) shown in (d). It can be
observed that the emission from the central part of MoS2 flake shows the symmetric
lobes in the Fourier plane. Such emission pattern shows the in-plane dipolar emission
from the excitons oriented in the MoS2 flake [197]. An important aspect of our work
is that the measurement was performed through a transparent glass substrate which is
a medium of higher refractive index compared to the superstrate (air in this case). In
the previous study [197] the PL emission from MoS2 flake was performed in the re-
flection mode where the illumination and collection were performed using a lower NA
lens. Whereas, in our case the emission directionality was quantified using a higher NA
lens (1.49). An important advantage in our case is that the emission intensity is greater
compared to the previous study as the PL was collected through the medium of higher
refractive index. In addition to this, our configuration can be harnessed to probe angular
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PL emission from 2D materials even in the presence of external perturbations such as
electrical contacts and fluid motion.

4.4 Conclusion

To conclude, we have studied angular PL emission characteristics of the waveguided
exciton-polaritons from distal ends of an organic mesowire placed at a dielectric in-
terface, both through the reflection and transmission modes. We found the radial and
azimuthal emission characteristics vary for experiments performed through the sub-
strate and superstrate. Such variation in the emission angle has direct implication in
engineering polariton emission characteristics of light emitting devices and has to be
taken into account while designing light sources on a chip. Furthermore, our charac-
terization of spectral features in the bottom and top channel configuration showed that
the finesse of the Fabry-Perot spectral resonance varies depending upon the location of
experimental measurement. Since finesse of cavity resonance is an important parame-
ter in resonant sensors, our work clearly facilitates an optical microscopy/spectroscopy
method to quantify these parameters with good accuracy. To show the versatility of our
microscope, we quantified angular distribution of directional light scattering from a sin-
gle plasmonic silver nanowire, and angular distribution of exciton photoluminescence
from the MoS2 nanolayers through the transparent glass substrate. An interesting di-
rection to explore would be the nonlinear optical emission from such individual organic
waveguide resonators and see how the angular emission varies at a dielectric-dielectric
interface and dielectric-plasmon interface.



Chapter 5

Summary and Future Directions

Controlling electromagnetic fields at nanoscale is an important property in the perspec-
tive of various applications. Light manipulations at sub-wavelength regime have been
studied in plasmonic nanostructures. Coupling of light with the collective oscillations
of free electrons at the surface of metal nanostructures enables confinement and prop-
agation of electromagnetic fields beyond the diffraction limit. With this hindsight, we
have explored the light propagation, localization and emission characteristics of cou-
pled plasmonic nanostructure architectures. The work presented in this thesis is mainly
focused on the manipulation of light propagation and directional emission from cou-
pled nanowires systems using home-built Fourier optical microscopy and spectroscopy
instrument.
In chapter 2, we have shown the light propagation and emission properties in the end-to-
end conductively coupled silver nanowires. We have studied the new kind of geometry
where two wires are conductively coupled with each other in the shape of English al-
phabet “V” with different angles. The incident light polarization and angle between
nanowires of this geometry play the critical role in the light propagation and emission
from the junction and distal end. Such nano-plasmonic configurations can be employed
as plasmonic circuit elements for on-chip nanophotonics and plasmon resonance tun-
neling. The work includes the single excitation wavelength (632.81 nm) to create plas-
mons at the ends and junctions, respectively. Such structures can also be employed for
multiple excitation wavelengths, the geometry can be extrapolated to realize multicolor
light routing. This unique geometry of plasmonic nanostructure can be harnessed for
multiple channels for light routing, where the junction and distal end of Ag NW can be
further utilized as nanoscale light sources.

In the next chapter, we have studied the silver nanowire-nanoparticle (Ag NW-
NP) system to probe the directional emission from the NW-NP junction using dual-
excitation capability. This hybrid nanostructure system was formed by self-assembled
process where a silver nanoparticle placed in the vicinity of the surface of silver nanowire.
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Such systems show promising results of directional emissions which can address impor-
tant and potential applications like optical nano-antennas. In this work, we have shown
the single- and dual-channel optical antenna property of Ag NW-NP system that can
influence directivity of elastic scattering and fluorescence emission of molecules. For
the future direction, it would be interesting to observe the directional nature of single
photon emission from a single emitter such as a single fluorophore, quantum dots and
nitrogen-vacancy in diamond, close to the NW-NP junction. The mode volume NW-NP
junction is very small, it would interesting to observe the Purcell enhancement factor.
The coupled plasmonic nanostructure geometries not only enhance the rate of sponta-
neous emission from emitters but also influence their directionality of emission.
The last section of the thesis work presents the angular PL emission characteristics
of the waveguided exciton-polaritons from the distal end of DAAQ mesowire system
placed at the dielectric interface. We observed the variation in the radial and azimuthal
emission characteristics for experiments performed through the substrate and super-
strate. This kind of observation has implication in engineering polariton emission of
light emitting device for designing light sources on a chip. We have also characterized
the spectral features of emission using the bottom channel and top channel configura-
tion. It was observed that the finesse of the Fabry-Perot spectral resonance varies for
the PL emission through the dielectric substrate and from the superstrate. For the future
direction, it would be interesting to explore the nonlinear optical emission from the or-
ganic waveguide resonator which can reveal the variation of angular emission profiles
at the dielectric-dielectric interface and dielectric-plasmon interface. To address such
issues, the experiments are underway in our laboratory.
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Appendix A

For the detailed calculations of surface plasmons modes, we have solved the Maxwell
equation. In the calculations, we have considered the cylinder of radius R with dielec-
tric permittivity ε2, which is aligned towards the z-axis and surrounded by a dielectric
medium of dielectric permittivity ε1 . The medium was considered non-magnetic and
hence µ = 1 for each medium. For the calculation of surface modes, we have solved the
wave equation given by

∇2E(r) +
ω2

c2
ε(r)E(r) = 0 (A.1)

∇2H(r) +
ω2

c2
ε(r)H(r) = 0 (A.2)

In order to solve the above equation, we have chosen the cylindrical coordinates.
The solution of the equation 1 and 2 have calculated first the scalar solutions and then
it was generalized in vector solutions. The following is the solution of above equation

ψ1 ∝ Hm(k1⊥ρ) exp
imφ+ik||z (A.3)

ψ2 ∝ Jm(k2⊥ρ) exp
imφ+ik||z (A.4)

ψ1 and ψ2 are scalar solutions, satisfying the necessary boundary conditions, out-
side and inside the cylinder, respectively. Jm and Hm are Bessel function and Hankel
functions if the first kind, respectively. And,

k1⊥ =
√
k2i + k2|| (A.5)

ki = ω

√
ε

c
(A.6)
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Here, for the large x, Jm well behaved at ρ=0 and Hm(x) eix . Now, the vector
solutions of the equations 1 and 2 are of the form:

Vi =
1

ki
∇X(ẑψ) (A.7)

Wi =
1

ki
∇Xνi (A.8)

For the solution of the above vector equations, we have got the following electric
field and magnetic field expressions by solving curl relations of Maxwell equations is
given by:

Ei(r) = aiνi(r) + biwi(r) (A.9)

Hi(r) = −
i

ωµo
ki[aiwi(r) + biνi(r)] (A.10)

ai and bi are constant coefficients.

The detail expressions of E and H are given below:

Ei(r) =

{
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im

kiρ
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k2i

biF
′
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(A.11)

Hi(r) = −
i

ωµo
ki[
im

kiρ
biFi,m(k1⊥ρ) +

ik||ki⊥
k2i

aiF
′

i,m(k1⊥ρ)]ρ̂+ [−ki⊥
ki
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′
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mk||k

2
i ρ

b i
Fi,m(ki⊥)]φ̂

+
k2i⊥
k2i
aiF

′

i,m(k1⊥ρ)ẑe
imφ+ik||z

(A.12)
Here,
F1,m(x) = Hm(x) and F2,m(x) = Jm(x)

ai and bi can be determined by using boundary conditions. Now, the tangential
componentEφ,Ez ,Hφ andHz of the fields should be continuous at the metal-dielectric
interface which will give the linear system of four equations which can be written in the
abbreviated form:
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M


a1
a2
b1

b2

 = 0

By setting up the det(M) = 0 gives the non-trivial solutions. The mode equation
obtains after some simplifications of the above equation, given below:

m2k2||
R2

(
1

k2M⊥
− 1

k2D⊥
) = [

1

kD⊥

J
′
m(kM⊥R)

Jm(kM⊥R)
−[ 1

kD⊥

H
′
m(kD⊥R)

Hm(kD⊥R)
]X[

k2M
kM⊥

J
′
m(kM⊥R)

Jm(kM⊥R)
− k2D
kD⊥

H
′
m(kD⊥R)

Hm(kD⊥R)
]

(A.13)
The above equation gives the allowed values of k|| as a function of m, R and εi.

A.0.1 Analysis of fundamental mode (m = 0)

For m = 0, one of the terms on the right side of the equation A.13 has to be zero. By
setting first term to be zero corresponds to the transverse electric (TE) mode whereas,
setting second terms to zero corresponds to the transverse magnetic (TM) mode. This
property can be check by analyzing the equation A.11 and equation A.12, respectively.
The TE mode equation does not have any solutions and hence fundamental mode at
m = 0 is TM mode.

The simplified form of the equation is:

k22
k2⊥

J
′
0(k2⊥R)

J0(k2⊥R)
− k21
k1⊥

H
′
0(k1⊥R)

H0(k1⊥R)
= 0 (A.14)

Here, D = 1 (represents the dielectric medium which is outside medium of cylin-
der) and M = 2 (represents the metallic medium). The electric and magnetic field
distribution for this mode (no winding, m = 0) where H along z vanishes which im-
plies the coefficient ai = 0. By using this condition the expresions for E(r) and H(r)

is given below:

ED = bD[
ik||kD⊥
k2D

H
′

0(kD⊥ρ)ρ̂+
k2D⊥
k2D

H0(kD⊥ρ)ẑ]e
ik||z (A.15)

EM = bM [
Jk||kD⊥
k2M

J
′

0(kM⊥ρ)ρ̂+
k2M⊥
k2M

J0(kM⊥ρ)ẑ]e
ik||z (A.16)
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HD =
j

ωµo
kD⊥bDH

′

0(kD⊥ρ)e
jk||zφ̂ (A.17)

HM =
j

ωµo
kM⊥bMH

′

0(kM⊥ρ)e
jk||zφ̂ (A.18)

There is no cut-off value for m=0 mode it is quasi-static configuration of field and
it is axially symmetric transverse magnetic mode [198].

A.0.2 Analysis of mode (m = 1)

In the case of m = 1, it is very important to study it quite carefully because this mode
does not have any strictly cut off value of radius of nanowire. In this mode as R → 0

k|| →
√
ε1 exponentially. The magnitude of k1⊥becomes exponentially small which

indicates the mode volume and spatial extent of growth of field. In order to solve the
mode equation, it is important to define new factor to approximate the solutions in the
limit of small value.

δ = k⊥ −
√
ε1 (A.19)

The both sides of equation A.13 (mode equation) were expanded separately. The
left side has the following form:

LHS =
1

4R2δ2
− (3ε1 + ε2)

4R2
√
ε1(ε1 − ε2)δ

+O(δ0) (A.20)

For the calculation of RHS, it is assumed that the quantities k1⊥R and k1⊥ will be
small as R→ 0. After solving by taking simplifications, RHS have the following form:

RHS =
1

4R2δ2
−
ε1 + 3ε2 − 2R2ε1(ε1 − ε2) log( δR

2√ε1
2

)

4R2
√
ε1(ε1 − ε2)δ

(A.21)

Now by equating the left and right-hand side expressions of Oδ( − 1) gives the
following solution:

δ =
2

R2δ2
exp[− 2(ε1 + ε2)

R2ε1(ε1 − ε2)
] (A.22)
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It follows the nanowire limit,

k =
√
k2|| − εD

≈ (2δ
√
εD)

≈ 2

R
exp[− 2(ε1 + ε2)

R2ε1(ε1 − ε2)
]

(A.23)

The above equation shows that them = 1 mode does not have cut-off value in the
nanowire limit but the longitudinal wave vector tend to

√
εD exponentially. Hence these

mode are highly localized and does not propagate. The charge oscillations happens in
the plane of horizontal and vertically perpendicular to the axis of nanowire [199, 200].
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