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Abstract 

Is it possible to effectively transport light through the channels smaller than the wavelength 

of light? This is the question that we are trying to answer in this thesis, apparently question is 

at the heart of nanophotonics. Here we address this issue by harvesting organic 

meso/nanowires to propagate light from one point to another. In the context of building 

nanophotonic circuits it is very important to have control over the characteristics of light such 

as modulation of amplitude, phase and polarization states of light. This is possible via 

formation of precise junctions and interconnections. Motivated by this we have interfaced 

organic mesowires with different substrates such as optical cavities and plasmonic films. 

Nanophotonic systems such as optical cavities and waveguides have emerged as high 

sensitive bio-sensors and effective medium for signal transportation, respectively. But 

fabricating both optical cavities and waveguides in a single architecture is of great challenge 

and has importance in doing remote detection studies, which has relevance in monitoring 

photo-physics of light sensitive systems. We interfaced organic mesowires with spherical 

high-Q microcavity for above mentioned purpose. Further we excite and detect microcavity 

modes remotely through organic mesowire as a channel of signal transporter. We also 

observed mode mixing and splitting property of spherical mocrocavity due to broken 

azimuthal symmetry. It is very exciting to observe transition in radiation properties from 

dipolar in simple organic mesowire compared to quadruple in organic mesowire coupled with 

spherical microcavity.  

What are the polarization states of light emitted through the nanowire? How to convert 

linearly polarized states of light into elliptically polarized light at nanoscale? Addressing 

these questions has importance in probing chiral molecules at single copy limit and building 

optical-magnetic recording devices. We have ventured these new polarized states of light in 

vertical organic nanowires coupled with plasmonic films. These nanowires are standing 

perpendicular to the substrate, the emission of light from the tip of these nanowire is 

analysed. These nanowires are excited through energy transport from plasmons to excitons at 

junctions of metal film and organic nanowire. The emitted light contains elliptically polarized 

states of light with relatively high degree of polarization 0.410.03;   
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1 Introduction 

Chapter 1 

Introduction 

Light is the most fascinating spectrum of electromagnetic radiation. This is mainly because 

energy of light (photon‟s energy,      ) lies in the electronic transition window of matter
1
. 

Even though light manifests in a form of both waves and particles, often wave picture is used 

to describe optical radiations and solution to Maxwell‟s equation provide quantitative picture 

to the optical phenomenon
2,3

. Whereas the building blocks of matter (atoms, molecules, 

quantum dots) with which light interact needs quantum description. In terms of spatial 

dimensions, light cannot be focused to dimensions smaller than roughly one half of its 

wavelength (Abbe diffraction limit;                  where   is wavelength of light,   is 

convergence angle and   is refractive index)
4
, whereas as matters have a spatial dimensions 

much smaller than the wavelength of light i.e. around 10Å to few nanometres.   

Effective interaction of light with matter is hindered due to two orders of magnitude 

difference in their spatial dimension. However, many natural processes such as 

photosynthesis effectively harness light energy by utilizing antenna effect to pass energy to 

the reaction centre through clusters of organic complexes
5,6

. Thus it is inferred that having a 

mediator (spatial dimensions around tens of nanometre) to bridge the gap between the 

dimensions of light and matter can enhance their interaction. Interaction of mediators with 

light itself has gained tremendous attention recently, due to the technological advancement in 

fabricating such verities of structures. A new field of nanoscience has emerged dedicated to 

the study the properties of structures of nanometre dimensions
7
. Nanostructures can be made 

of metallic, inorganic, organic or polymers, all of them have their own unique properties, but 

in the context of optics, nanostructures made of metallic and organic have gained significant 

interest in recent time. 

Historically optical experiments revolutionised science in general. Experiments such as black 

body radiation
8
 and photoelectric effect

9,10
 played an important role in nurturing quantum 

mechanics. Telescopes and microscopes used to investigate large celestial objects and 

magnify microorganisms, respectively. As you can see scales from few microns to terrestrial 



 
2 Introduction 

lengths objects have been imaged through microscopes or telescopes. But scales below the 

wavelength of light were been unexplored. Nanostructures have opened-up this hidden region 

and provided access to image objects much smaller than microns in size. Thus the field 

aiming to understand optical phenomenon on nanometre scale is termed as nano-optics
11

. 

Herein I will introduce to the two important questions of nano-optics on which the entire 

thesis depends. 1) How to confine light below diffraction limit? 2) How to propagate the light 

through the channels much smaller than the wavelength of light? Structures that confine the 

light are termed as cavities and structures that propagate the light are termed as waveguides. 

1.1. Optical Microcavities 

Resonant recirculation of light in optical microcavies confines the light to small volumes
12

. 

An ideal cavity traps light infinitely (without any losses) and would have sharp resonance 

frequencies (full width half maxima, FWHM = 0). Deviation from the ideal condition is 

described by a cavity   factor. Cavities with larger   factor confines light for longer time and 

vice versa. Another factor that is important in the context of miniaturizing optical devices is 

physical dimension of cavity itself. Cavities with very small volumes and high   factor are 

important to realize some fundamental concepts of quantum electro dynamics
13,14

.  

Optical elements such as atoms, molecules or quantum dots placed in a cavity will interaction 

with the cavity resonances
15

. Modified photon density of states in the cavity alters the 

spontaneous decay process of the optical elements
13

. Historically, Purcell
16

 discovered the 

enhancement of spontaneous emission rates of atoms when they are matched in a resonant 

cavity (the Purcell Effect). The enhancement is given by the Purcell factor
13

  

    
 

   
(
  

 
)
 

 
 

 
  ....(1. 1 ) 

Where (
  

 
)the wavelength within the material, and   and   is are the quality factor and mode 

volume of cavity, respectively. Cavities with smaller mode volume
1
 will have larger 

enhancement in the spontaneous emission.  

Fabricating cavities of higher   is of great interest to understand enhanced light matter 

interactions
17

. In this context, spherical microcavities
17,18

 have gained tremendous attention 

due to their high   factor of 10
11

, compared to values around 10
5
 for best Fabry-Perot 

                                                           
1
Cavities with smaller physical dimensions don‟t imply smaller mode volumes.  
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resonator. The resonance modes of spherical microcavities are termed as whispering gallery 

modes
18

. The name whispering gallery modes comes from John William Strutt (Lord 

Rayleigh), who studied the characteristics of the so-called Whispering Gallery of acoustic 

waves at the dome of St Paul‟s Cathedral in London, at about 30m above the floor
18

. It had 

got this name because a small whisper against its wall at any point is audible to a listener with 

an ear held to the wall at any other point around the gallery. Optical whispering gallery 

modes are observed in verities of structures including spherical cavities, but here we restrict 

our discussion to spherical cavities which has more relevance with this thesis.  

Spherical microcavities made of dielectric material, where optical rays are totally internally 

reflected and focused by the surface itself sustain whispering-gallery modes (WGMs), which 

can be interpreted as electromagnetic waves that circulate and are strongly confined within 

the sphere as shown in figure 1.1(a). Due to minimal reflection losses and potentially very 

low material absorption, these modes can reach exceptionally high quality factors
12,18

.  

 

Figure 1.1:  Whispering Gallery Modes. (a) Schematic ray picture of light confinement in 

a microsphere by total internal reflection on the surface. (b) Finite difference time domain 

(FDTD) simulation for 5 micron SiO2 sphere having refractive index of 1.46; periphery of 

sphere shows desecrate maximum intensities along the circumference. 

 

As mentioned above spherical microcavities sustain WGMs, these modes have equatorial, 

radial, as well as polar field dependencies. WGMs can be viewed as high angular momentum 

electromagnetic modes in which light propagates by repeated total internal reflection with 

proper phase condition after circling along the sphere surface. As shown in figure 1.1(a), a 

ray of light propagating inside, hitting the surface with angle of incidence i, which is greater 

than the critical angle (           ;     ) the total internal reflection occurs. This 
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simple geometric picture leads to the concept of resonance. For large microsphere (    ; 

                  ), the trapped ray propagates close to the surface, and transverse a 

distance       in a round trip. If one round trip exactly equals l wavelengths in the medium 

(l=integer), then one expects a standing wave to occur. This condition translates into  

            ....(1. 2 ) 

since       is the wavelength in the medium. In terms of the size parameter the resonance 

condition is  

             ....(1. 3 ) 

The number of wavelengths l in the circumference can be identified as the angular 

momentum in the usual sense. Ray optics or the eikonal approximation may reveal many of 

the features of the WGM‟s
18

. However Lorentz – Mie
19

 theory provides strict analytical 

solution to the scattering by the spherical microcavities. We utilized this theory to calculate 

parameter of scattered radiation, see Appendix. Numerical calculations can be done to 

visualize the electic fields concentrated along a circumference of a sphere (see figure 1.1(b)). 

Different resonance modes of spheres can be distinguished by the number of intensity 

maxima‟s along redial and azimuthal direction, figure 1.1(b) is electric field map for TE44,1 

more details are discussed in Appendix and Chapter 3.   

1.2. Optical Waveguides 

Transporting light from one point to another effectively without divergence has importance in 

the context of optical communication. Optical fiber does this job of transmitting light over 

thousands of kilometres without much loss (less than 1dB)
20

. Commercial optical fibers have 

diameters around tens of microns. Further decreasing the diameter size of an optical fiber 

reduces the number of modes coupling to the fiber
4
 (classical diffraction limit). This is the 

major hindrance in miniaturizing optical fibers down to subwavelength scales and further 

integration with nano-photonic devises. On the other hand today‟s electronic chips are 

manufactured using 30 nm fabrication of copper or silicon for signal processing
21

. But the 

processing speed is limited by the speed of electrons.  

Harvesting light for on-chip signal processing at nanometre scale will allow for sufficient 

miniaturization of chips and provide high processing speeds, which are required to 

revolutionize the current available technology.  This has motivated researchers to design new 
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ways to transport light through channels of sizes much smaller than the wavelength of light
22-

24
. Surface plasmon polaritons (SPPs) or exciton polaritons (EPs), which are coupled 

oscillations of electrons on metal or electron-hole pairs in semiconductors coupled with 

electromagnetic waves, have been harvested to propagate light at nanoscales. Herein I will 

introduce to these two concepts of SPPs and EPs and their relevance in nano-optics in the 

context of this thesis. 

1.2.1. Surface Plasmon Polaritons (SPPs) 

Collective oscillations of electrons coupled with light on metallic nanostructures are termed 

as surface plasmons (SPs)
25

. SPs can be of two types; first, localized surface plasmons 

(LSPs)
26

 where SPs are confined to small interaction volumes and facilitate large optical 

densities. Second, surface plasmon polaritons (SPPs)
26

 where SPs propagate along metal-

dielectric interface. LSPs are utilized for optical sensing
27

 whereas SPPs are employed for 

waveguiding
28,29

. Here I will concentrate SPPs but note that LSPs are also harvested for 

waveguiding through chains of metal nanoparticles.  

Among various plasmonic structures are proposed and demonstrated for optical waveguiding 

property, chemically synthesised 1-dimensional silver
30

 or gold
31

 metallic nanowires gained 

significant interest. Because chemically synthesised nanowires are single crystalline and 

transport light with minimal propagation loss
32

. Apart from waveguiding property, nanowires 

have been used to realize polarization based logic gates
33

, Fabry-Perot resonators
34

, 

plasmonic routers
35

 and beam splitters
36

, surface enhanced Raman scattering
37-40

, enhanced 

fluorescence
41

 etc.  

How does 1-dimentional metallic nanowire can propagate light below diffraction limit 

whereas dielectric waveguides doesn‟t? Consider a relation derived from classical optics
26

, in 

order to propagate the radiation in one direction (say   axis) and with propagation constant  ,  

      
     

        
  

   ....(1. 4 ) 

where    and    are the transverse components of the wave vector,       is the relative 

permittivity of medium and   is the frequency of radiation. For dielectric core        and 

  ,    are real. This implies that  

           √     (
 

 
)             ....(1. 5 ) 
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with this we can conclude that mode size of optical wave is limited by the effective 

wavelength in the core medium. But if the core is made of metallic then         to full fill 

the condition   ,    must be imaginary and the inequality doesn‟t hold for this system, 

further mode sizes can be below diffraction limits.  

 

Figure1.2:  Propagation loss in Silver nanowire. (a) TEM image of single isolated silver 

nanowire of length 15 μm and diameter of 112 nm. (b) optical microscope image isolated 

silver nanowire; (c) optical image of focused laser beam 632.8 nm wavelength illuminating 

on the end of the nanowire, captured in the presence of white light illumination. (d) Optical 

image of (c) captured in the absence of white light, dotted white circle indicates position of 

out coming light from the other end of nanowire. 

 

Another concept which is important to be addressed in the context of nanowires as 

waveguides is the losses associated with the propagation. Consider a silver nanowire 

(AgNW) of fixed length and diameter, see figure 1.2. On excitation of SPPs on silver 

nanowire through focused laser light (though an objective lens 100x, NA=1) of fixed 

wavelength at the end of nanowire, plasmons propagate long the length of nanowire and 

decoupled back into free photons on the other end, see figure 1.2(d). Knowing the input 
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intensity at one end of the nanowire and measuring the intensity at the distal end, losses 

associated with the propagation can be estimated. It is calculated that propagation loss in 

these system is 0.8 dB/μm. Detailed analytical way
32

 to measure propagation loss will be 

discussed in chapter 2.2. Note propagation losses in theses system is not compared with 

optical fibers. Plasmonic waveguides are studied in the context of finding application in 

nano-photonic circuits rather than long range communications. 

SPs of Silver nanowires (AgNW) have become a promising technique to beat the diffraction 

limit and guide the light up to 20m in length
11,29,42

. But on one side Ag is prone to oxidation 

with time and SPs is not an ultimate solution to the problem, because of the losses associated 

with the resistive heating
43-47

 within the metal limits the maximum propagation length. With 

this it becomes increasingly important to use low-loss optical waveguides fabricated from 

various dielectric, inorganic or organic material. This brings us to the new functional optical 

materials called photonic nanowire.  

1.2.2. Organic waveguides (Exciton polaritons) 

Over the past decade, nanostructures based on organic molecules have emerged as potential 

candidates for optical elements in modern photonic devices
48

, mainly because of their diverse 

tuneable properties
24

, high photoluminescence efficiency
49

, better waveguiding abilities
50,51

, 

cost-efficient synthesis, unique non-linear optical properties
52

 and good processability
53

. The 

optical properties of organic nanostructures arise from the highly ordered    stacked 

molecules. 

Of the organic nanostructures, one dimensional waveguide structures have drawn great deal 

of interest due to their variety of optical properties such as polarized emission, lasing
54

, 

enhanced emission, waveguiding
50,55,56

. They can be easily adapted for multiplexed 

nanophotonics application involving nano-optical waveguiding
57

, lasers
54

, light-emitting 

diodes, transistors
58

 and optoelectronics. These crystalline nanostructures consist of 

luminescent molecules with low molecular weight and can be synthesized using simple and 

mild preparation methods. Most of the unique optical properties of these nanostructures are 

due to their high luminescence efficiency. One of the most attractive features of these organic 

molecules-based structures is their tuneable optical properties, which have potential 

applications in building solid state miniature lasers. 
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Waveguiding property in quasi 1-dimentional organic nanostructures is via harvesting exciton 

polaritons (EPs). EPs are the coupled oscillations of electron-hole pair (exciton) with 

electromagnetic waves
55

. Organic nanowires show remarkable propagation properties 

because of strong coupling
59

 of excitons with photons leading to low group velocity and large 

refractive index of medium
60

. Stability of EPs at the excitation point is crucial for 

propagation of radiation over microscopic distances. The stability of EPs is governed by two 

factors, exciton binding energy (   ) and longitudinal – transverse exciton splitting energy 

(            ). Propagation of EPs in the medium is possible when              ; 

where    is the thermal energy.  

In organic materials Frankel exciton
61

 is created on excitation and theses excitons are 

localized on molecules. The typical binding energies associated with these excitons range 

from 0.1 eV to 1 eV. This means these excitons are stable at room temperature (   = 30meV) 

and propagate through the medium on coupling with electromagnetic radiation. 

Having provided sufficient background on optical cavities and waveguides I will further 

present our study on „emission characteristics of organic meso/nanowires coupled with 

plasmonic and dielectric substrates‟. The thesis work is diving into four major chapters. 

Chapter 1: is the introduction to optical cavities and waveguides, which we have currently 

discussed. Chapter 2: Organic meso/nanowire, here I will present some interesting properties 

of organic mesowires such as active & passive waveguiding, wavelength dependent 

propagation and optical antenna effect. Chapter 3: Microsphere coupled organic waveguide, 

here I will discuss on coupling optical cavities with waveguides, how optical properties and 

cavity modes are altered will be addressed. Chapter 4: Vertical Nanowires coupled with 

plasmons, here I will discuss on coupling excitons with plasmons and the polarization states 

of emitted light.  
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Chapter 2 

Growth and Wavelength Dependent 

Optical Waveguiding Properties of 

Organic Mesowire 

 

One of the primary goals of nanophotonics is to design and develop nano-optical elements 

that can be harnessed to propagate and localize light at subwavelength scales. In order to 

achieve this goal optical waveguides
62,63

 at the micro/nanoscale have been synthesized, 

grown or fabricated with different materials and classified under inorganic semiconductor 

waveguides
64

, polymer dielectric waveguides
65

, plasmonic waveguides
28

 and organic 

waveguides
66

. There are two types of waveguiding properties are associated these 

waveguides namely active
67

 and passive
53

 waveguiding. In passive waveguiding, waveguides 

propagates the input light to the output, without change in the frequency of the input light. 

Whereas in active waveguiding, single input frequency light leads to molecular/atomic 

excitations and output light contains multiple frequencies along with the input frequency. 

Both active waveguides and passive waveguides have their own technological advantages.  

Among various kinds of waveguides, organic waveguides made of small molecules 

(Molecular weight    ) have gained tremendous interest
50,56

, mainly because of low 

propagation loss associated with the waveguides and flexibility in tuning the optical 

properties of building blocks (molecules). Organic waveguides can serve as both passive and 

active waveguides, depending on the frequency of excitation with respect to absorption 

window of molecules used for building the waveguides. Organic waveguides are different 

from those „„passive optical waveguides‟‟ like silica optical fibres, organic waveguides 

contain different kinds of active light materials that can be excited by the external light 

source, which guide the emitting light  instead of the incident light. Organic waveguides are 
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1-dimentional crystalline material in which highly ordered stacking of pi-conjugated 

molecules
68

 offer better stabilities
69

 and charge transport properties
70,71

, which result in better 

photonic performances of the final devices. Some unique applications, like tuneable colour 

displays
70,72-74

, field - effect transistors
58

, chemical sensors
75

, and lasers
24,54,76

 have been 

achieved. 

When we discuss about waveguiding property there are three important features which need 

to be commented, they are 1) Propagation losses, 2) wavelength dependency (bandwidth) and 

3) directionality of out coming light. These are the three key things that will be discussed in 

this chapter. Chapter starts with the growth of organic waveguides grown from small 

molecule named 1,5-diaminoanthraquinone (DAAQ), which is extensively used in dye 

industry
77,78

 and goes on with discussion on these key points. 

2.1. Growth of Organic Waveguides 

The 1,5-diaminoanthraquinone (DAAQ) waveguides were prepared by vapour deposition 

method
77,78

. In a typical preparation, 10 mg DAAQ powder was dissolved with 40 ml of 

ethanol in a 100 ml 2-necked round bottom (RB) flask. The RB flask was then placed in 

silicon oil bath and the temperature was increased up to 60 °C to evaporate the ethanol. A 

gradual evaporation of ethanol left a solid uniform thin layer of DAAQ film on the inner wall 

of RB flask, as shown in figure 2.1(a).  

A glass cover slip (or ITO coated glass slide) was cleaned with detergent and rinsed in 

deionised water. Then it was washed with acetone followed by drying. This glass cover-slip 

was used for sub-sequential growth of DAAQ molecular waveguides. Then a glass substrate 

was perpendicularly suspended into RB flask. The oil bath was subsequently heated up to 

170 °C, and monitored by a sensor inserted into the RB flask from other neck. DAAQ 

molecules vaporized from the inner wall of RB flask and got condensed on the glass substrate 

which is at lower temperature. Growth of DAAQ waveguides involves two important steps 

namely, nucleation and anisotropic growth. During nucleation process countable numbers of 

DAAQ molecules condense locally forming a cluster called nuclei,     stacking interaction 

among the molecules and thermal diffusion of molecules on substrate play an important role 

in determining the orientation of nuclei. These nuclei act preferred condensation sites for 

subsequent condensation of DAAQ molecules. The anisotropic structure of DAAQ molecules 

assists the growth along 1-dimension, whereas other two dimensions are confined to 600 – 
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700 nm. After 15 min of deposition, the glass substrate was removed from the flask and 

further visualized using an optical microscope. Optical images were captured through 

different microscopes working in three different configuration namely back scattering mode, 

transmission mode and dark-filed configuration. 

 

Figure 2.1: Growth of Organic Mesowire. (a) (Top) Chemical structure of 1,5- 

Diaminoanthraquinone (DAAQ) molecule. (Bottom) Optical image of round bottom (RB) 

flask uniformly coated with DAAQ molecules. (b) Setup used for the growth of organic 

mesowires. (c) Schematic illustration for the growth process of organic mesowire via 

physical vapor deposition (PVD) technique. (d) Optical images of isolated organic mesowire 

captured using 100x (NA = 1) in three different configuration namely, back scattering mode, 

transmission mode and dark field. 
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Length and diameter of these mesowires can be controlled
78

 by varying the deposition time 

and evaporation temperature respectively. In most of the experiments deposition time was 15 

min and evaporation temperature was 170 °C, which resulted in lengths of 205 µm and 

diameter of 700100 nm.  

2.2. Light Propagation (Exciton Polaritons) 

In order to test the light propagation capabilities, we microscopically identified isolated 

organic mesowire and focussed 633 nm (He-Ne laser) light through a high NA objective lens 

(100×, 0.9 NA) at one end of the wire and captured the optical images. Figures 2.2(b) and 

2.2(c) are CCD images of end illuminated organic wire of length 19µm in the presence and 

absence of a background white-light illumination, respectively. The arrow in figure 2.2(c) 

represents the incident electric field polarization. We observed bright spots at the other end of 

the mesowire. In figure 2.2(d), we show the three dimensional representation of the optical 

image displayed in figure 2.2(c). Two different peaks were observed that represented: an 

intense peak of input light and an emission peak at the other end of the mesowire. Light 

incident at one end of the mesowire results in formation of excitons (electron hole pairs), the 

collective oscillations of the excitons coupled with electromagnetic wave known as exciton 

polaritons (EPs) propagate through the mesowire. At the distal end of the mesowire EPs 

convert back into free photons due to boundary discontinuity, which is observed as a second 

peak in the 3-dimentional representation of figure 2(d). 

We estimated the propagation loss
32,78

 ( ) of the organic mesowire. The propagation loss   is 

inversely proportional to propagation length    as  

   
          

 

 
 

  
   

     

  
 ....(2. 1 ) 

Where    is propagation length over which the intensity decreases to 1/e the initial values. 

The propagation length of organic mesowire can be estimated from the light intensity from 

the distal end of the mesowire, which exponentially decreases as  

                   ....(2. 2 ) 

where    is the initial intensity and   is the local position along the length. By measuring the 

output intensity at the distal end of the wire from 3-dimentional representation, (figure 2(d)) 

propagation length    was measured and found to be 959.5 µm at 632.8 nm. Corresponding 
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propagation loss was found to be 0.0045dB/µm. Measured propagation loss in organic 

mesowire is very small compared to propagation losses associated with plasmonic nanowires 

(see, chapter 1.2.1), where loss arise due to heating effects and propagation losses
43,44

 can be 

as high as 0.8dB/µm at 633 nm.  

 

Figure 2.2: Light Propagation via exciton polaritons. (a) Optical microscope image of 

isolated organic mesowire. (b) Optical image of focused laser beam 632.8 nm wavelength 

illuminating on the end of organic mesowire captured in the presence of white light 

illumination. (c) Optical image of (b) captured in the absence of white light. (d) 3-D 

projection of optical image in (c) indicating the input light and the emitted light. 
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2.3. Wavelength Dependent Propagation 

What is the wavelength dependent response of these organic mesowires? In order to address 

this question, white light extension (absorption + scattering) spectrum of organic mesowires 

grown on transparent glass substrate was collected and compared it with the wavelength 

response of DAAQ molecules dissolved in ethanol, shown in figure 2.3(a). DAAQ molecules 

in solution form exhibit two resolved absorption bands at 295 and 490 nm. The peak at 295 

nm is attributed to →

 (2 

1
Bu ←X 

1
Ag) transition, while peak at 490 nm is also attributed 

to intermolecular charge transfer
77

 between adjacent NH2 and C=O groups. In contract with 

discrete energy levels in DAAQ molecules, formation of different energy bands is observed 

in mesowires. Week inter-molecular interactions such as hydrogen bonds,  -  stacking, van 

der Wall and charge transfer contacts are main reason for energy level coupling of adjacent 

molecules. Due to molecular aggregation red shift in the absorption bands was observed.  

 

Figure 2.3: Wavelength Dependent Light Propagation Properties. (a) (black dotted 

line) Absorption spectrum of DAAQ molecule in ethanol solution. (Solid red line) 

Absorption spectrum of organic mesowire grown on the glass substrate. Inset shows the 

images of respective samples. Solid blue lines are the wavelength points at which propagation 

properties are measured. (b) Optical image of focused laser beam of different wavelength 

(top) 532 nm, (middle) 633 nm and (bottom) 785 nm, illuminating on the end of organic 

mesowire captured in the presence of white light illumination.  
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Having difference in extension cross-section for different wavelength, does the propagation 

property of mesowire depend on the input wavelength? This question is addressed by doing 

propagation studies at multiple wavelengths (532, 633 and 785 nm). These three different 

wavelengths were marked with blue vertical lines on the extension spectrum of mesowire, 

figure 2.3(a). Experiments were done on custom built Raman microscope (LabRam HR, 

Horiba JobinYvon, France). Optically isolated mesowire was identified and laser of different 

wavelength (one at a time) was focused through a high NA (=1) objective lens. CCD images 

of laser illuminated mesowire were captured, shown in figure 2.3(b).  

For 633 and 785 nm laser incident, propagation along the nanowire was observed and 

emission from the other end was detected in CCD images, figure 2.3(b). Whereas for 532 nm 

excitation, emission from the opposite end of mesowire was not observed, figure 2.3(b) (top). 

Waveguiding depends upon the solid state absorption window of molecular building blocks. 

Hence to achieve light propagation excitation with longer wavelength beyond the molecular 

absorption window is crucial.  

2.4. Directional Emission (Antenna effect) 

An antenna works as a converter between electromagnetic radiation and electrical signals. 

The concept of antenna is well established in the radiofrequency (RF) and microwave (MW) 

regime due to widespread use in the field of telecommunication and astronomy
79

. But the 

optical counterpart of antenna has not made its way into technological applications. The main 

hindrance for this was to fabricate well defined nanostructures of the antenna. But recent 

developments in the field of nanosciences have made it way to articulate nanostructures. Like 

classical antenna the primary objective of optical antenna is to optimize energy transfer 

between localized source and free radiation field. Now unidirectional RF antenna like Yagi-

Uda
80

, are designed for optimized reception of signal fed from the specific direction. In same 

way it can also emit electromagnetic radiation in directed manner once fed by properly 

positioned electrical source. On a similar note there is need for unidirectional optical 

antennae, which can direct a localized signal from a subwavelength volume towards a 

specific direction. To fulfil this requirement antenna elements have to be placed in such a 

manner that interferences happen to be constructive in one direction and destructive in the 

opposite direction
81

. These directional antennae are very important for developing different 

optical sensors and molecular spectroscopy techniques
82

. 
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Figure 2.4: Optical Antenna – Directional emission. (a) (Top) Illustration of the 

detection scheme and the coordinate system used. (Bottom) Real plane optical image of 

focused laser beam 632.8 nm wavelength illuminating on one end of the organic mesowire. 

(b) Corresponding Fourier plane image of emitted light, captured by spatially isolating the 

emitted light and in the absence of white light illumination. (c) Redial (θ) intensity variation 

calculated from Fourier plane image. (d) Azimuthal intensity variation at (θmax) plotted in a 

polar coordinates.  

 

Plasmonic materials can squeeze light into subwavelength dimensions due to interactions 

between incident light and free oscillating conduction band electrons, known as plasmons. 

Now, it is well known that novel metal structures such as nano particle dimer
83

, bowtie 

antenna
84

 and subwavelength apertures
85

 etc. can focus light to nanometric volumes. But they 

don't provide any kind of unidirectional emission because significant amount of phase 
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retardation is required for the emission to be unidirectional. Recent developments in the field 

suggest Rf inspired optical Yagi-Uda
86

 antenna and metal nanowire
87

 can act as 

unidirectional antenna, providing very high degree of unidirectionality up-to 15dB. Despite 

of being highly unidirectional, one has to deal with large amount of losses happening due to 

Joule heating in these plasmonic antennas. Organic excitonic mesowires can be a good 

alternative to overcome this problem. We have already demonstrated that these mesowires 

can propagate light from one place to other by means of propagating exciton polaritons. 

When one of the ends of these wires is excited with proper source light propagates and emits 

at the distal end. Herein we will show that emitted light is highly unidirectional. 

To characterize the directionality of emission from the distal end we have used a method 

called Fourier space microscopy. In this technique light from the sample is collected using a 

high numerical aperture (N.A.) objective lens and backfocal plane of the objective is 

examined. Direct monitoring of back focal plane facilitates angular characterization of 

distribution of the emitted light intensity in terms of spherical coordinates   and   as defined 

in figure 2.4(a). Figure 2.4(a) shows a schematic of the experimental setup.  We used a 633 

nm He-Ne laser as excitation source. The laser was focused on to one of the ends of the 

mesowire by a 100×. 1.3 N.A. objective lens. The emitted light was collected using the same 

objective. Then the collected light was directed towards a 4f correlator. The first lens of the 

correlator creates an intermediate real image plane to provide the capability of spatial 

filtering. Only the light emitted from the distal end was filtered out and incident laser was 

blocked using a circular aperture at this plane. Then we used a tube lens mounted on a flip 

mount to capture real image using an imaging CCD. Once this lens is flipped out of the path, 

the ccd is focused at the back focal plane of the objective and Fourier plane image is 

captured. 

Figure 2.4(b) is a real image of the light propagation through an excitonic wire. The light 

emitting from the distal end (portion of image marked by the dotted circle) was put into the 

ccd. Figure 2.4(c) is the captured Fourier plane image of the part of the mesowire 

contributing to the far field radiation. The radial coordinate in the Fourier image scales as the 

numerical aperture (          ) where        , while the tangential coordinate 

corresponds to the angle   (      ). The dotted circle in figure 2.4(c) represents 

        , numerical aperture of the used objective. Observed red circular arc is the highly 

directional emission from the nanowire end. We estimated the intensity variation as a 
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function   and  . From figure 2.4(c), intensity variation along redial direction is measured 

and plotted in θdeg coordinate, (see figure 2.4(d)) it can be read that intensity peaks around 

θmax= 38.6
0
 and has a spread over FWHM = 8.2

0
. Azimuthal variation ( ) can be found in 

figure 2.4(e), where it is evident that the maximum emission occurs in the direction of wire 

orientation. Very low amount of light could be observed in the backward direction   = max + 

2π which clearly say that the organic wires are acting as a unidirectional optical antenna. 

The unidirectionality is measured in terms of front to back scattered light intensity ratio, 

which turns out to be dB. 

 

 

 

To conclude organic mesowires have very unique characteristics which are not available in 

other systems. Ease of preparation via vapour deposition technique provides surfactant free, 

non-capping agent and solvent free mesowire (zero contamination).  Low propagation loss 

and broad-band light propagation capability of these mesowires make them better candidates 

for nano-photonic circuitry. Further directional emission property associated with the light 

coming out from these mesowires make then potential candidates for building micro/nano 

antenna, which were missing in optical regime.  
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Chapter 3 

Microsphere Coupled Organic 

Mesowire: Remote Detection of 

Whispering Gallery Modes 

 

This chapter constitutes the following publication: 

 Microsphere-coupled organic waveguide: preparation, remote excitation of 

whispering gallery modes and waveguiding property 

Rohit Chikkaraddy, Arindam Dasgupta, S. Dutta Gupta, G. V. Pavan Kumar 

Applied Physics Letters, 103, 031112 (2013) 
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How to efficiently transport light through one-dimensional micro and nanostructures?  How 

can such structures be used for multiple optical functions?  These are some of the important 

question in micro and nanophotonics, and a tremendous amount of research has been directed 

to answer such questions
88,89

. In recent times, optical micro and nanostructures made of 

organic molecules have captured attention because they are versatile and flexible in nature
90-

93
. In the context of “green photonics”

94
, organic nanostructure may play an important role in 

facilitating some building blocks of optical devices including waveguiding property. 

Molecules that facilitate excitons can be harnessed to prepare one-dimensional waveguides. 

The transport of light in such molecular structures is assisted by exciton-polaritons, which are 

essentially coupled modes of electromagnetic waves and excitons
95,96

. These collective 

excitations have interesting mode characteristics that can be excited beyond optical 

diffraction limit
56

, and hence attractive candidates for nanophotonics
51,97-99

.  

High quality optical resonators that facilitate large optical powers in confined volumes over 

extended periods of time is important for various applications in photonics
12

. Dielectric 

microsphere resonances based on whispering gallery modes (WGMs) are one such high 

quality resonator configuration that has been extensively studied
100-104

. The WGMs are 

electromagnetic waves that circulate near the surface of the microsphere leading to extremely 

high quality factors. As these modes are characterized by low mode volume and large local 

field enhancement, they have been harnessed for various applications such as biochemical 

sensors
105-107

, microlasers
108

, non-linear optics
109,110

, optical filters 
111

, temperature sensors
112

, 

test beds for cavity quantum electrodynamics
113

, cavity optomechanics
114

 etc. The WGMs in 

microspheres can be excited with various optical schemes based on prisms, integrated 

waveguide, tapered fiber, angled polished-fiber, and so on. 

In the context of WGMs, coupling of microspheres to waveguides made of organic molecules 

is yet to be achieved, and doing so can be useful because they can be harnessed as versatile 

and flexible micro-/nano-photonic detection platforms. In such a configuration, the WGMs of 

the microsphere can be utilized for signal processing (active element), and the organic 

waveguide can be utilized for signal transmission (passive element). Additionally, these 

active and passive functions can be interchanged between the microsphere and organic 

waveguiding, leading to interesting prospects in photonics.  

Motivated by the above-mentioned potentials, herein we report on our experimental studies 

performed on microsphere-coupled organic waveguide (MOW) structure. In this letter, we 
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show (i) how organic waveguides can be directly grown on a microsphere; (ii) how MOW 

structure can be used to remotely excite and detect WGMs of microsphere; and (iii) what are 

the alterations in waveguiding property of MOW structure compared with conventional 

organic waveguide. 

3.1. Fabrication of Microsphere coupled Organic 

Mesowire 

First, we discuss the bottom-up fabrication of MOW structures. A glass cover slip (or ITO 

coated glass slide) was cleaned with detergent and rinsed in deionised water. Then it was 

washed with acetone followed by drying. Next, a drop of the solution containing 

microspheres (5.23  μm silicon beads dispersed in water) was gently drop-casted on the 

cleaned glass slide and dried at room temperature in a dessicator for 3–4 h. This microsphere 

drop-casted glass cover-slip was used for sub-sequential growth of 1,5-diaminoanthraquinone 

(DAAQ) molecular waveguides. The DAAQ waveguides were prepared by vapour deposition 

method
77,78

. In a typical preparation, 10 mg DAAQ powder was dissolved with 60 ml of 

ethanol in a 100 ml 2-necked round bottom (RB) flask. The RB flask was then placed in 

silicon oil bath and the temperature was increased up to 60 °C to evaporate the ethanol. A 

gradual evaporation of ethanol left a solid uniform thin layer of DAAQ film on the inner wall 

of RB flask. Then a glass substrate was perpendicularly suspended into RB flask. The oil bath 

was subsequently heated up to 170 °C, and monitored by a sensor inserted into the RB flask 

from other neck. DAAQ molecules vaporized from the inner wall of RB flask and nucleated 

selectively on the contact area between the microsphere and the substrate, which acts as a 

preferred condensation sites for DAAQ vapour (see Figure 3.1 for the schematic of the 

preparation). After 5 min of deposition, the glass substrate was removed from the flask and 

further visualized using an optical microscope. Figures 3.1(b), (c) show optical images of 

typical MOW structures obtained by the above-described procedure. A large fraction of the 

individual microspheres spread on the glass substrate had a single organic waveguide 

attached to it. Along with the MOW structures, we also observed isolated microspheres that 

were coated with DAAQ molecules. We used such isolated, coated-microspheres as control 

samples in our optical experiments. 
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Figure 3.1:  Growth of microsphere coupled organic waveguide. (a) Schematic of the 

preparation of microsphere-coupled organic waveguides (MOWs); (b) and (c) are optical 

images of two different samples of MOW structures (diameters of wire are ∼800 nm and 

∼650 nm, respectively). 
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3.2. Whispering Gallery modes 

 

Figure 3.2:  Remote excitation and detection of whispering gallery modes (a) 

Calculated whispering gallery modes by Mie theory for a 5.23 μm sphere; experimental 

results: (b) WGMs from direct illumination of DAAQ coated microspheres; (c) WGMs from 

illumination of sphere in MOW structure; (d) remotely excited WGMs from illumination of 

wire in MOW structure. Insets show optical images and schematic of excitation for each case. 

The laser excitation at 632.81 nm wavelength was through an objective lens (100×, 0.9 NA). 
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The WGM resonances of a microsphere can be computed using Mie theory, whose details 

can be found in the supporting information.  WGMs of a microsphere are labelled by two 

polarizations (transverse electric, TE and transverse magnetic, TM) and 3 quantum numbers, 

namely radial ( ), angular ( ) and azimuthal quantum numbers ( ). The mode number   

corresponds to half the number of intensitymaximum along the great perimeter of the sphere 

and mode number   is equal to number of intensity maxima along the radius of sphere.  For 

prefect spheres there is      fold degeneracy with respect to magnetic quantum number  . 

Figure 3.2(a) shows the computed WGMs (for 5.23µm sphere) from the Mie theory with 

assigned mode labels. The numbers in subscript indicate quantum numbers   and  .   

Next we interrogated the prepared MOW structures using optical microscopy and 

spectroscopy. First we probed the whispering gallery modes (WGMs) of coated microsphere 

without an organic waveguide attached to it. For this, we microscopically identified isolated 

DAAQ-coated microspheres on the above-mentioned glass substrate and focused 632.81nm 

(He-Ne laser) light through a high NA objective lens (100×, 0.9 NA), and collected the back 

scattered light through the same channel. The collected light passed through an edge filter to 

reject the elastic scattered light and a confocal pinhole (300µm diameter) before entering a 

high resolution optical spectrometer (LabRam HR, Horiba JobinYvon, France). The Stokes 

scattered light spectra were further utilized to WGM analysis. We compared the computed 

WGM modes (figure 3.2(a)) to our experimental data obtained with isolated microspheres as 

displayed in figure 3.2(b). The inset shows the optical image of the illuminated microsphere 

along with the illumination configuration. We observed a good one-to-one correspondence 

between the computed and experimental data. The TE35,1was the strongest mode in the Stokes 

spectra and the quality factor for this mode was found to be ~ 0.5 x 10
3
. 

3.3. Microsphere coupled Organic waveguide 

Next, we discuss the effect of organic waveguide coupling on the WGM mode of the 

microsphere. Figure 3.2(c), shows recorded WGMs for MOW structure. In this experiment, 

the laser beam was focused directly on the microsphere as shown in the inset of figure 3.2(c). 

The spectral features of the MOW structure with direct illumination showed a systematic red-

shift of 5.74 nm when compared with the case of isolated sphere without an organic 

waveguide attachment. This red-shift is due to the conjugation of organic waveguide to the 
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microsphere which results in the change of effective refractive index. Also, the attachment of 

organic waveguide breaks the symmetry of the sphere, leading to such changes in the modes. 

Can the WGM modes of the conjugated microsphere be remotely excited and detected via 

organic waveguide? To answer this question, we focused the laser beam on the free end of 

the organic waveguide whose other end was attached to a microsphere (see optical image in 

the inset of figure 3.2(d)). Figure 3.2(d), shows the remotely excited and collected WGM 

spectrum, in which laser beam was illuminated at the end of the wire, and the backscattered 

signal was collected from the same point. It was evident that the remotely excited WGMs 

(figure 3.2(d)) had exact features as the modes shown in figure 3.2(c), but with a lower 

intensity. Figure 3.2(d) is the central result of this chapter. It indicates that by exciting distal 

end of the organic waveguide in the MOW structure, one can remotely excite and detect 

whispering gallery modes of the sphere. This remote excitation is facilitated by propagating 

exciton-polaritons in the organic waveguides, where the incident photons are converted into 

exciton-polaritons, which further propagate along the wire and excite the WG modes. These 

excited WGMs are further coupled evanescently into the wire that propagates back to the 

distal end of the mesowires. Although the signal-to-noise ratio of the obtained WGM spectra 

were good, it is to be noted that there are losses of photons due to excitation coupling, 

mechanical coupling between waveguide and the microsphere, and due to propagation of 

exciton-polaritons in the waveguide. Such losses can be minimized by near-field excitation 

and appropriate fabrication methodologies. Furthermore, it is to be noted that the grown 

structures due to the attached organic waveguides lack spherical symmetry, and in most cases 

even the axial symmetry. The WGM cases for axisymmetric deformations have been studied 

earlier both theoretically
115

 and experimentally
116

,  reporting on the effects of broken 

azimuthal symmetry and mode splitting in such geometries. In our case, since the organic 

waveguide attachment is not along a diameter of sphere, axial symmetry is broken leading to 

whispering gallery mode mixing phenomena. In what follows, we demonstrate this mode 

splitting and mixing phenomena with our MOW structures. 
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3.4. Kramer's Degeneracy 

 

Figure 3.3:  Mode splitting and mode mixing phenomenon in MOW (Kramer’s 

degeneracy) Effect of organic waveguide coupling on whispering gallery mode of a ∼5 

micron silica sphere. The lower spectrum is WGM for an isolated sphere. The upper spectrum 

is WGM for a MOW structure. There is a red-shift and split in the mode due to coupling and 

azimuthal symmetry breaking in the geometry. 
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To analyze the WGM mode splitting in MOW structure, we recorded a higher resolution 

spectrum of the TE 35,1mode. Figure 3.3, compares the WGM obtained for isolated sphere 

with MOW structure. It was interesting to observe that in addition to systematic red-shift in 

the WGM mode, there was a clear splitting of the modes (figure 3.3, top panel). The observed 

effects can be explained as follows. In the context of axisymmetric deformation
115

, it was 

shown that polarization of the incident wave plays a dominant role in determining the 

location of the dominant peak (on the left or the right edge) in the split   -resonances. Since, 

in the current experiment, a tightly focused laser beam was used for WGM excitation, one 

has comparable contributions from the in-plane polarization (containing the beam central 

direction and axis of the waveguide) and the perpendicular polarization components, resulting 

in a mode-splitting phenomenon with almost equal mode intensities. Off-centre organic 

waveguide also adds to mode-mixing and broadening of these resonances, which was clearly 

observed in our spectra shown in figure 3.3 (top panel). 

3.5. Radiation Pattern 

 

Figure 3.4: Radiation Properties. (a) Optical image showing waveguiding property of an 

isolated DAAQ waveguide; (b) optical image showing waveguiding property of a 

microsphere-coupled DAAQ waveguide; (c) polar plot indicating output light intensity as a 

function input polarization for a DAAQ waveguide; (d) polar plot indicating output light 

intensity as a function input polarization for a microsphere-coupled DAAQ waveguide. 
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Until now, we have been discussing the effect of conjugation on the WGMs of the MOW 

structures. An equally interesting question regarding MOW structures is: how do the 

waveguiding characteristics of MOW structure differ from a conventional organic 

waveguide?  To answer this question, we compared the input polarization-dependent 

waveguiding property of an organic waveguide made of DAAQ and compared it to the 

waveguiding property of the MOW structures. Figure 3.4(a) and b show the optical images of 

isolated organic waveguide and a MOW structure, respectively. The images have been 

captured with and without the laser excitation at 632.81nm wavelength. Figure 4c and d are 

polar plots for organic waveguide and MOW structure, respectively. Polar plot in figure 

3.4(d) was plotted by recording the output light intensity at the free end of the wire as a 

function of polarization of the input light.  For the wire case (figure 3.4(c)), the output 

emission pattern showed a dipolar variation. In contrast to this, the output emission pattern of 

the MOW structure exhibited quadrupole emission characteristics. The variation of emission 

pattern from dipole to quadrupole is a consequence of spherical symmetry breaking due to 

coupling of wire to sphere. Such variation in the emission patterns of a photonic waveguide 

element would be relevance in nanophotonic circuits where a small-scale change in the 

geometrical configuration can lead to significant change in the light emission characteristics. 

3.6. Conclusion 

To conclude, we have shown how a microsphere coupled to an organic cylindrical waveguide 

can exhibit interesting optical properties. By exciting the free end of a MOW structure, we 

have shown how whispering gallery modes can be remotely excited and detected. Such 

remote excitation configuration can be further harnessed to detect molecular signatures in 

solution phase at ultra-low concentrations. Interestingly, the modes in MOW structure 

exhibited splitting due to symmetry breaking, as predicted by previous theoretical studies. We 

have also shown that by coupling a microsphere to organic waveguide, the output light 

characteristics with respect to input polarization changes to a quadrupolar nature. This is in 

contrast to conventional organic waveguide, which shows dipolar behaviour. Such coupling 

induced changes in the waveguiding property can be further utilized in fundamental studies 

of coupled-resonant systems, and the properties can be applied to micro-photonic chips and 

optical sensors. 
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Chapter 4 

Plasmon Coupled Vertical Organic 

Nanowire 

 

One of important question of nanophotonics is „how to effectively transfer information from 

one point to another through the channels of size much smaller than the wavelength of light?‟ 

This question has been extensively addressed by utilizing metallic nanowire
117

. Free electrons 

on the surface of the metals can oscillate collectively on excitation with right frequency of 

electromagnetic waves
25

. Collective oscillations of electrons coupled with electromagnetic 

waves are termed as surface plasmons (SPs)
11

. Depending upon the mode of excitation there 

can be two types of SPs, localized or propagating. Propagating modes of nanowires were 

utilized for waveguiding property to transport light from one point to other. In the context of 

nanophotonic circuitry junctions
33,35,36

 of nanowires were utilized to control and modulate 

light intensities at few micrometre distances away from the excitation point.  

Polarization of excitation light and polarization states of out coming light through the 

nanowires have rationalized the concept of building Boolean logic gates
33

, optical beam 

splitters
36

, quantum entanglement
118

, controllable router
35

 and multiplexer
119

 for integrated 

nanophotonic circuits. All these concepts are based on linearly polarised state of light. 

Venture for controlling new polarisation states of light at nanoscale such as circular and 

radially polarised light has gained interest in recent times
120,121

, in the concepts of building 

optical-magnetic recording devices.  

Even though elliptically and circularly polarised light at nanoscale have been achieved 

through superposition of plasmon modes in metallic nanowire
122

, subwavelength circular 
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apertures
123

 and L-shaped hole arrays
124

, the heat generated at the operational points of 

system (such as edges of nanowire, sharp curvatures of L-shaped holes) due to Ohmic losses 

has hindered their applications
43,44,46,47

.  

Organic nanostructures have emerged to play as an important nanophotonic elements
67,125

. 

These structures have composed of molecular building blocks with relatively weaker 

interactions, thus provide mechanical flexibility and structural tunability
49,68,71

. Especially 

vertical arrangement of nanowires has been found advantageous for application as field 

emitters
126

, nanolasers
127

 and transistors
58

. Utilizing organic nanostructures for controlling the 

polarization states of light at nanoscale is completely unexplored area. Molecules
128

 are the 

best systems to control the polarization states since structures of the molecule can be tuned 

and symmetries can be controlled.  

Further coupling organic nanwires with plasmons would be very advantageous because 

plasmons provide high density of local electric fields with modified photon density of 

states
129,130

. These local fields can be utilized to tune the radiative process of building blocks 

of organic nanowire. 

Motivated by this we coupled vertical organic nanowires with plasmonic films. In this 

chapter I will discuss on the photoluminescence properties of vertical nanowires. Further 

resolve the polarization states of emitted light. 
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4.1. Growth of Organic Vertical Nanowires 

 

Figure 4.1:  FE-SEM image of Vertical Organic Nanowires. (Top) FE - SEM image of 

organic nanowires grown vertically on gold metal film of thickness 100 nm, captured with 

70
0
 tilt. (Bottom) Magnified image of dotted black rectangle of top the image. 
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Nanowires were grown via physical deposition technique, very similar to the procedure 

described in chapter 2, section 2.1. Instead of using a plane glass substrate for deposition of 

DAAQ vapour, a glass cover-slip coated with 100 nm thick metal surface (gold) was used as 

a substrate for condensation of DAAQ vapours. Orientation of nuclei during initial growth 

stage determines the growth direction of nanowires. Growth condition such as temperature 

also determine the dynamics of the nuclei, here evaporation temperature was fixed to 160
0
 C.  

A polarisable metal change the dynamics of nuclei's; C=O and -NH2 interactions with the 

metal surface determine the minimal surface potential for the molecular orientation, precisely 

for this reason growth direction is perpendicular to the substrate and results in formation of 

vertical nanowires, as shown in figure 4.1.  

 

Figure 4.2:  Statistical distribution of vertical nanowires. More than 100 nanowires 

were analysed to find the statistical distribution among the nanowires. (a) Distribution of 

angle between the nanowire axis and the substrate. (b) Distribution of length of nanowires. 

(c) Distribution of diameters of nanowire. 

 

As we can observe in FE-SEM image (figure 4.1), there is a large distribution among the 

nanowires dimeter, length and tilt angle. By imaging more than hundreds of nanowires 

through FE-SEM variation of tilt angle, length and diameter of nanowires was analysed and 
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histograms were plotted, see figure 4.2. It is found that more than 75% of the nanowires have 

tilt angle between 80
0
-90

0
, length of nanowire between 3-6µm and diameter between 200-400 

nm. Diameters were calculated via measuring full width half maxima of the nanowires. A 

careful observation of FE-SEM shows that these nanowires doesn't have uniform diameter, 

rather tapered along the length, like needles. It is hard to calculate the radius of curvature of 

these tips but roughly it is around ~50 nm. These kind of sharp tips are very important in 

understanding or probing single molecules. 

4.2. Optical Excitation Setup 

 

Figure 4.3:  Optical excitation setup. Optical set-up of confocal Raman detection 

microscope coupled with Dove-prism based plasmon excitation. 

 

Figure 4.3 shows the optical schematic of the set-up used for excitation of vertical nanowire 

and to analyse the emission characteristics from single nanowire. We used a Dove prism (N-

BK7 refractive index = 1.519), on to which a substrate used for growth of vertical nanowires 

was adhered through an optically matched oil. The excitation source was a 532nm, 

continuous-wave, frequency doubled Nd:YAG laser (power = up to 200mW) which was p-
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polarized by a λ/2 plate and routed into the prism for total internal reflection by weakly 

focusing through a lens L (focal length = 150mm ). The angle of incidence at the interface 

was 76.70 from the normal to the surface. The optical image and the stocks scattered signal 

from the vertical wires were collected via 100× (NA = 1) objective lens (OBL). The captured 

light was routed towards camera or into a high resolution, confocal Raman spectrometer 

(LabRam HR, 789mm focal length, pinhole size = 200µm). The p-polarized Gaussian 

excitation beam creates an elliptical projection upon total internal reflection at the sample 

substrate surface.  

4.3. Emission Properties of Vertical Nanowires 

 

Figure 4.4:  Emission from single vertical nanowires. (a) Photoluminescence image of 

optically well separated vertical nanowires, captured by blocking the incident laser. Each 

bright red spot is the emission light from a single nanowire. (b) Corresponding 

photoluminescence spectrum from each nanowire; particular colour of each spectrum is 

correlated to a PL image of nanowire represented by solid circle in (a). 

 

Total internal reflection of incident laser at metal dielectric interface excites the surface 

plasmon polaritons (SPPs) on the metal film, which further excites the standing organic 

nanowires. The photoluminescence (PL) emission from nanowires was observed by directly 

routing the light into the CCD without any analyser and wave-plate in between the optical 

path, see figure 4.4(a). Rayleigh scattered from the junction of nanowires and metal surface 
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was filtered out by using the 532 nm edge filter. Each bright red spot in figure 4.4(a) 

corresponds to a PL emission from single vertical nanowire. It is very interesting to observe 

energy transfer from plasmons to excitons and further conversion of excitons to free photons. 

Optical element (molecules, atoms) show suppression in their PL placed on contact with 

metals, due to HOMO-LUMO interactions of molecules with electrons energy bands of 

metal. 

Further, light emitter from the nanowires was routed in to the spectrometer to analyse the 

energy of emitted photons. Light from single nanowire was isolated by a confocal pinhole. 

Figure 4.4(b) shows the emission spectrum different nanowires, signals were accumulated for 

10s. As we can see from figure 4.4(b), PL emission characteristic varies from a nanowire to 

nanowire since emission properties depends on the length and diameter of the nanowire. This 

kind of broad inhomogeneity would have been reflected in conventional solid state 

florescence spectrometers, in which spectrum collected will be an ensemble average of all 

nanowires. Precisely, for this reason understanding emission characteristics from single 

nanowire is very important.  
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4.4. Polarization States of Emitted Light 

4.4.1. Probing linearly polarized state of light 

 

Figure 4.5:  Linear polarization states of light. (a) Schematic of collection optics; light 

emitted from nanowire is passed through a linear polarizer (analyser) and routed into the 

spectrometer. (b) Waterfall image representing a series of PL spectrum as a function of 

analyser‟s angle. (c) Variation of PL intensity at 680 nm as a function of analyser‟s angle; 

data‟s are extracted from (b). 

 

Resolving polarization states of emitted light is important in the contest of understanding 

molecular dipole orientation. Motivated by this we have resolved the light emitted by the 

vertical nanowires in terms of their polarization states. Linearly polarized light component 

coming from the organic nanowires is resolved by introducing a linearly polarized analyser in 

a collection path (see figure 4.5(a)). Further the light is routed in to the spectrometer and 

series of spectrum was collected as a function of analyser‟s angle. These series of spectrum 

are plotted as a waterfall image, see figure 4.5(b). All spectrums are collected with same 

acquisition time of 10s. The emission intensity at 680 nm (emission maximum) was 

monitored as a function of analyser‟s angle. This intensity variation at 680 nm was plotted in 

polar coordinates, see figure 4.5(c). Intensity variation around analyser‟s angle found to be 

isotropic (irrespective of analyser‟s angle intensity at 680nm was found to be almost equal), 

giving rise to circular radiation pattern in polar coordinates. This indicates that emitted light 
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doesn‟t contain any linearly polarized light and it also implies that light coming out is either 

randomly polarized (unpolarized) or elliptically polarized.  

 

4.4.2. Probing elliptically polarized states of light  

 

Figure 4.6:  Elliptically polarization states of light. (a) Schematic of collection optics; 

light emitted from nanowire is passed through a λ/4 waveplate and linear polarizer (analyser), 

further routed into the spectrometer. (b) Waterfall image representing a series of PL spectrum 

as a function of analyser‟s angle. (c) Variation of PL intensity at 680 nm as a function of 

analyser‟s angle; data‟s are extracted from (b). 

 

In order to resolve unpolarized and elliptically polarized states of emitted light from 

nanowire, a λ/4 waveplate was introduced in the collection pathway.  Further that light is 

passed through a linearly polarised analysed and routed into the spectrometer, see figure 

4.6(a). λ/4 waveplate converts circularly polarized light into linearly polarized light, further 

linearly polarized light is analysed with linearly polarizer. The series of spectrum were 

collection in a range of 550 nm to 1000 nm, as a function of linearly polarized analyser‟s 

angle. Very similar to previous experiments, a waterfall image was created (see figure 

4.6(b)). The intensity variation as a function of analyser‟s angle showed an anisotropic 

distribution, see figure 4.6(c). A maximum intensity was observed along one axis (110 
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degrees) and minimum in a perpendicular axis (200 degrees), indicated a significant 

component of elliptically polarized states of light in an emitted light from single nanowire. 

Degree of elliptically polarized (DOP) was calculated from the following equation:  

     
      

      
 ....(4. 1 ) 

Where    and     are the intensities at two complementary polarizations. The value was found 

to be 0.41  0.03; At this point I would like to emphasise to the point that light emitted by the 

organic nanowire is a broadband spanning wavelength from 570 nm to 800 nm.  

4.5. Conclusion 

To conclude, we have successfully grown the organic nanowires perpendicular to the metallic 

substrate. Nanowires are tapered at the tips with high degree of radius of curvature. A linearly 

polarized light was used to excite these nanowires via evanescent filed. Energy transfer from 

plasmons of metal film to the excitons of the nanowires was understood and emitted light is a 

broadband light source at subwavelength scales. Further we resolved the polarization states of 

light emitted from single vertical nanowires and found that emitted light contains relatively 

high degree of elliptically polarized light, which is the central result of this chapter.   
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Chapter 5 

Future Direction 

We have understood the properties of organic nanowires and perturbation of their properties 

on coupling with dielectric microsphere or plasmonic films in this thesis. Further I am 

interested in studying interaction of organic structures (which are basically small cluster of 

molecules) with plasmonic cavities and plasmonic tips. Here I will discuss of these ideas in 

detail.  

5.1. Excitons coupled with periodic plasmonic tips 

 

Figure 5.1: Exciton – plasmon coupling & periodic architecture. Schematic illustration of 

periodic plasmonic tips coupled with organic nanowires.  

 

In chapter 4 we had discussed on the emission polarisation states of light by organic being 

perturbed on coupling with the plasmonic films. There it was propagating surface plasmon 

polaritons (SPPs) being interacting with the local excitons of organic nanowire. Here, the 

question that I am trying to address is „how do excitons interact with highly localized electric 

fields? In order to address to this I have formulated a prototype (see figure 5.1). Figure 5.1, 

shows schematic of periodic plasmonic pyramids and each pyramids are coupled with organic 

nanowire. These pyramids are known to show effects similar to lightning rod effect. On 
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excitation pyramids confines the electric into their tips, the electric field enhancements at the 

tips can as high as 10
9
. Molecules of nanowires sitting in the vicinity such high local fields, 

prone to exhibit modified radiation patterns and excited state lifetimes get perturbed. Further 

due to periodicity in the arrangement of nanowires, new resonance can arise.  

We have already made some progress in addressing these questions by fabricating periodic 

subwavelength holes and disc, see figure 5.2. These structures were fabricated with using 

template stripping technique, in which a complementary structure written on silicon wafer is 

transfer into glass, by depositing thin layer of metal on to the silicon wafer and then epoxy 

glue was used to strip out the metal structure. Now the plan is to selective grow organic 

nanowires on metallic disc or on plasmonic holes. 

 

Figure 5.2: Periodic nanoplasmonic architectures. (Left) FE-SEM image of periodic 

nanoholes on thin gold metal film of 100 nm. (Right) FE-SEM image of gold nanodics. Both 

the structures are fabricated via template stripping technique. 

 

5.2. Strong Coupling between plasmons and excitons 

Relatively long term problem that I am interested in studying is „strong coupling‟ between 

organic semiconductors and plasmonic cavities. The interaction of optical elements (such as 

molecules, quantum dots, nitrogen vacancies) with surface plasmon can be distinguished in 

two coupling regimes. In the weak coupling regime, damping of either resonance dominates 
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over coupling and the interaction only modifies the radiative decay rate of the exciton state 

(Purcell effect) and its angular radiation pattern. Perturbation can be understood through 

Fermi golden rule and emission rates can be estimated. Whereas, in the strong coupling 

regime, the states of the surface plasmons-exciton system are coherent super positions of both 

types of excitations and one can‟t distinguish the acceptor and donor. This give rise to 

interesting optical properties such as electromagnetic transparency dips in transmittance and 

reflectivity spectrums.  

So I am interested in construction of nanocavity of dimensions down to a single nanometre, 

together with the encapsulation of organic semiconductors. The aim will be to look at the 

coupling between the electronic states in the semiconductors with the plasmons in the 

nanocavity. This will lead to the potential for optical switches operating on ultralow power 

thresholds. The research will involve fabrication, building new optical spectroscopy tools, 

analysis and simple theories to explain the results and the device performance. 
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Appendix 

Mie theory 

Mie theory is concerned with the description of the scattering properties of a sphere 

(dielectric or metallic) of arbitrary size. The theory provides exact solution to the 

electromagnetic problem, but theory as such is not user friendly since it make use of special 

functions such as spherical harmonics and spherical Bessel functions.  

Consider a homogeneous, isotropic and non-magnetic material whose optical properties are 

characterized by frequency dependent dielectric function     . Finding divergence-less 

electric field solution of the Helmholtz equation is required in solving EM problems related 

to scattering by dielectric spheres.  

                       ....(A. 1 ) 

where the wave vector is given by:  

    
  

       ....(A. 2 ) 

Finding the divergence-less solutions of the vectorial wave equation is not difficult; the tricky 

part is to find a solution that satisfies boundary conditions at all interfaces.  

Here will calculate the scattering coefficients for a dielectric sphere by utilizing spherical 

coordinates. The divergence-less solution of vector wave equations in spherical coordinates 

can be written as follows: 

       ∑ ∑        
   

              
   

         
    

 
    ....(A. 3 ) 

Where the vectors    
   

       and    
   

       are called vector spherical harmonics or 

multipole fields. Physically   can be interpreted as the total angular momentum, while   is 

the projection of this momentum along z-axis.  

We have calculated scattering efficiencies for microspheres of 5 µm in Mie regime of 20 < < 

26, where   is a size parameter,     (  is the radius of microsphere;   
  

 
 is the wave 
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number). The efficiencies    for the interaction of radiation with sphere of radius   and 

cross-section  , is given by 

     
  

     ....(A. 4 ) 

the extension efficiency      which is sum of       (scattering) and     (absorption), which 

is also called as forward scattering is given by 

      
 

     
∑                 

 
    ....(A. 5 ) 

Where   is the wave number;    and   are mie coefficients to compute amplitude of 

scattering fields, these coefficients involve spherical Bessel functions of higher order. The 

complete expression for    and    is given by 

     ̅    ̅    
             

   ̅      ....(A. 6 ) 

       ̅    
      ̅       

      ̅      ....(A. 7 ) 

where denominators A and B are given by  

  (
    ̅  

 ̅
 

 

 
) (              ) ....(A. 8 ) 

  ( ̅    ̅   
 

 
)                  ....(A. 9 ) 

  and   are the Riccati Bessel functions defined as             and             , 

primes denote derivatives with respect to the argument and   is the logarithmic derivative. 

   and   are computed for        (             from size parameter   and 

index of refraction         using recursion relation for spherical Bessel functions. 

Resonance occurs when the internal fields are very high, i.e. when    and    parameter is 

large, which will occur when the denominator   or   is zero. When   is zero,  parameter 

dominates, resonances corresponding this are assigned as TM-mode. Similarly when   

iszero,   will dominate and resonances corresponding to this are assigned as TE-mode. 

Characterization of WGMs 

WGMs are characterized by two polarization (TE and TM) and 3 mode numbers         

which are called as radial, angular and azimuthal quantum numbers. The mode number   

corresponds to half the number of field maxima‟s along the great periphery of the sphere and 

mode number   is equal to number of field maxima in the direction along the radius of sphere.  
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For prefect spheres having spherical / azimuthal symmetry the mode number   (values from 

–  to   ) corresponding to clock-wire (CW) or counter clock-wise (CCW) directional modes 

are degenerate. 
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