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Abstract
Dye lasers, with a gain medium in solid or liquid, or liquid in a solid matrix, states have been a valuable 
tunable laser source. With the evolution of fabrication techniques the size of the dye lasers has also 
shrunk to the micro scale. The size reduction has allowed the inclusion of micro cavity dye lasers in novel 
applications, “lab-on-a-chip” being one of them.

The change in the near field of a fluorophore (the photon emitting part of the dye structure) near the 
surface of a metal (film or a particle) has been a topic attracting much research, due to its application in 
inducing an enhancement or quenching of dye fluorescence, a phenomena referred to as metal 
enhanced Fluorescence (MEF). 

In the thesis the effect of MEF due to the introduction of gold NPs to an aqueous Rh6G solution, as a 
gain medium in a Fabry-Perot cavity dye laser, on the 1) lasing intensity, 2) shift of the lasing spectrum, 
and the 3) photobleaching time was investigated. The project includes both experiment and simulations. 
Simulations were employed to visualize the two dimensional energy density pattern of a gold nanorod, 
and also its interaction with dipole with varying distance between the two.
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1 Introduction
1.1 Background 

Fluorescent dyes are useful in spectroscopy, optical measurements, detection of pollution, and in a 
variety of other fields. [1]

Lasers using fluorescent dyes as the gain medium have the features of wavelength tunabaility, wide 
spectral coverage and simplicity which makes them suitable for application in a variety of fields [2]

NPs have unique optical, electrical, magnetic, and catalytic properties due to quantum confinement of 
electrons. The consequence of this confinement are the SPBs which give the NP a resonance band 
property which leads to local field enhancement. The position of this band in the frequency spectrum 
depends on the shape, size, and composition of the NP and the permittivity of the outside environment. 
Application areas include aperture less near field probes for scattering, for Fluorescence and magneto 
optical microscopy, surface enhanced Raman scattering spectroscopy, multi photon luminescence, and 
frequency mixing [3], biochemical sensors [4], and other biomedical applications [5].

The new hybrid particle, dye-NP, is under intense investigation due to the unique properties resulting 
from an interaction of the two phenomena of energy transfer and local field enhancement and has 
applications in waveguides, biosensors, and nonlinear optical materials [6], bio-photonics [7], photonics, 
optoelectronics and material science for their potential technological impact (solar cells, light 
harvesting, emitting devices and more) [8].

In the present work which is a part of a larger project on dye lasers, including characterization, 
optimization and fabricate, the addition of NPs to the gain medium, Rh6G in aqueous solution, of dye 
lasers was investigated in terms of its affect on the lasing output spectra and the life of the lasing 
solution (photo stability). Either, it falls under the prospective optimization of the laser cavity.

The physics behind the complex interaction of a Dye with a NP, in aqueous solution, being irradiated by 
a pulsed laser is an overlap of a few phenomena. The thesis project is experimental with the results 
explained by a dynamic interaction of the theories behind each involved phenomena.

Both the near field and far field regions of the scattering/absorbing/emitting particles will be 
considered; the former (near field) in terms of dye-NP interaction, theoretically, and the latter (far field) 
in terms of the bulk lasing spectra/experimental results.  However, the near field region is much less 
intuitive than the far field as the field lines in the near field cannot be predicted as opposed to the more 
defined far field ones.

1.2 Outline

The aim is to give a basic explanation of the involved components: dye, NPs and solvent (water), in 
terms of their physical and chemical behavior.  After which the interaction of the three components in 
explained in terms of the possible interfaces: water-dye, water-NP, dye-dye, dye-NP and finally dye-NP 
in water. However, the NP-NP interaction/coupling is not explored theoretically in the thesis work.

Chapter 2 An introduction to the lasers and dye lasers to the extent that the terminology and concepts 
necessary to understand the dynamics of the experiment are understood.
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Chapter 3 Dye:  Chemical properties of the dye along with a basic model explaining its energy levels. 
With a focus on properties relevant to the current thesis. 

Chapter 4 Nanoparticle:  An introduction to the NP, in terms of optical properties, with an overview of 
how they evolve from the bulk to the nanoscale.  

Chapter 5 Nanoparticle-Dye: How the individual characteristic properties of the dye and NP interact 
and an understanding of the new properties of the composite particle in terms of the phenomena active 
at the interface. 

Chapter 6 Simulation/Modelling: A basic FEM model of two interacting dipoles. The distance is varied 
to observe the effects on the near field of the particle.

Chapter 7 Experimental results:  Introduction to the experimental setup, with an aim of providing the 
reader a view of all the involved factors fixed or otherwise,  and the techniques used in the preparation 
of the NP and dye. 

Chapter 8 Analysis of results selected to represent all possible variations.
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2 Lasers
2.1 Introduction

Lasers are devices that when illuminated by polarized light, as input, transmit as output:  directional, 
polarized, monochromatic , i.e. high degree of spatial and temporal coherence, diffraction limited, light 
by oscillations inside a laser cavity.

The laser achieves this by a combination of a special physical, oscillator, setup combined with the optical 
properties of a medium, gain medium. The gain medium generates the monochromatic light, by 
population inversion, and the cavity creates the coherent beam and selects the wavelength, of the 
stationary wave, to be transmitted

Population inversion is a process which is repeatedly occurring in a gain medium when its irradiated by 
a constant laser source. However to reach population inversion inside a gain medium there has to be 
defiance of the Boltzmann distribution (hence, an inverted population): which dictates that the number 
of energetic particles be less than the energetic ones or at least equal. This is achieved by constructing 
levels with different lifetimes, figure1, (ability to hold electrons in a state with respect to time), and with 
a particular higher energy level having a longer lifetime than a lower one. Mostly, at least 4 levels are 
used.

Figure 2.1 A four level laser energy diagram. Reproduced from [47]

In essence, absorption and emission of monochromatic light can be divided into spontaneous, equation 
2.2 (random-direction-non polarized) and stimulated, equation 2.1 (directional-polarized) emission. 
Stimulated emission is the driving phenomena behind lasers.  After population inversion is achieved, 
using levels, the stimulated emission occurs (upon irradiating the gain medium): The excited electrons 
interact with the incoming photons, and the ones oscillating inside the cavity, and all/most of the 
electrons de excite to a lower level emitting coherent photons of the same energy; and the initial 
incoming photons are also not absorbed, thereafter, an amplification by oscillations is achieved. Many 
modes, different energy stationary waves, exist inside the cavity. 

Consider a two level system: N2 (excited) and N1 (ground): the rate equations for stimulated and 
spontaneous emission:
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Stimulated emission = dN2 /dt =- B21. p(f).N2                                      (2.1)

Spontaneous emission= dN2/dt =-A21.N2                                             (2.2) 

Absorption = dN1/dt = -B12. Þ(f).N1                                                        (2.3)

p(f)=the energy density of a monochromatic incoming light of frequency f. B21= Stimulated emission 
coefficient ( N2 to N1) (unit=1/s), A21= Spontaneous emission coefficient(unit=1/s)

For the medium to keep on lasing: the cumulative incoming photon energies must be greater than the 
losses inside the medium. And also the cavity needs to be to optimized so that desired modes match the 
energy difference between that of the excited state and the ground state i.e. the two states between 
which the population inversion occurs. In other words the cavity chooses the modes that it will be 
transmitted out, by adjusting the length with all the remaining factors constant. The cavity consists of 
two mirrors, one on each side of the gain medium, of the desired curvature and reflectivity, one being 
less reflective through which the laser is transmitted-figure7.1. In the present thesis the cavity is being 
pumped longitudinally. The shape of the out beam in longitudinal modes is Gaussian.

2.2 Dye laser

Dye lasers have the unique property of being tunable in the sense that they have a wide bandwidth of 
absorption/emission that can be utilized, and composition of the dye inside the laser cavity can be 
changed by changing the dye, by the cavity to transmit a variety of modes with comparable intensity. 
The latter feature also makes them cost effective. In addition the wavelength absorption and emission 
for all organic fluorescent compounds is in the visible region.

Also, they can exist in liquid and solid forms, inside a solid matrix. With the utility of each state 
dependent on the intended usage.

The rate equation for the first excited state is:            

dN1/dt=W(t)-(N1/Nt).(Q/tc)-N1/τf                                                                                      (2.4) reproduced from [9]

N1=excited state population, Nt =Threshold inversion, Q=number of photons in the cavity, tc is the 
resonator lifetime(s), τf =Fluorescence lifetime(s) 

dQ/dt=(Q/tc).( N1/Nt-1)                                                                         (2.5) reproduced from [9]

W(t)=Wmax.exp[-(t√ln2/T1)2]                                                   (2.6) reproduced from [9]

W(t)=pumping pulse (assumed Gaussian distribution)(number of pumped photons), T1=half width at 
half power points equal to T1, Npump=number of pumped photons.

∫ ∞
-∞W(t)dt=Npump                                                                                                                 (2.7) reproduced from [9]

We can also assume a Gaussian curve for the laser pulses in the experiment. The specifications for the 
pumping laser are given in the experimental section.  

The resultant gain of an organic dye laser is a consequence of the superposition of the wavelength 
dependent cavity Q with the fluorescence profile of the Dye. 
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3 Dye (Rh6G)
3.1 Introduction 

Dyes are organic molecules. Fluorescent dyes have conjugated double bonds (saturated hydrocarbons) 
and attached to the molecules are mesomeric functional groups, fluorophores, which are responsible for 
photon absorption and emission. 

The molecules reemit photons of lower energy after absorbing photons of higher energy due to loses. As 
the skeleton of the molecular energy level does not change during the absorption the emission 
spectrum is red shifted, as shown in Figure 3.1, 20nm [38] mirror image of the absorption spectrum. 

The fluorescent dye, Rh6G, used in the present experiment is from the class of xathene dyes.  And, Rh6G 
has fluorescent bands in the visible region of the spectrum. The absorption band is 555-585nm and the 
fluorescent band is centered at 630nm.The Quantum yield of Rh6G is 95%, with the 5% loss due to 
internal losses. First upper state, S1, lifetime is in nanoseconds. And as will be explained in section3.3 the 
electronic levels with molecular sublevels give the dye the levels required lifetime variation for different 
states for population inversion (section 2.1)

Figure 3.1. Emission and Absorption spectra of Rh6G. Reproduced from [spectra-magic.de]

3.2 Chemical structure

In the present experiment Rh6G is used which is a xathene dye, an organic compound with aromatic 
rings-figure3.2. Having both phi and sigma bonds in the structure. Most dyes are planar molecules with 
the sigma bonds being the interconnecting bonds, the phi bonds providing an electron cloud above and 
below them (figure3.3)
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.  

Figure 3.2. Schematic Molecular structure of Rhodamine 6G. The arrows show the direction of the molecular dipole moment 
along the three adjacent benzene rings.  (Reproduced from [35]) 

The model, particle in a box, used to explain the different energy levels is analogous to the dye structure 
in the sense that the sigma bond provide the base of the box, the two conjugated bonds the sides and 
the phi bonds providing the energy levels inside as illustrated in figure 3.2.2. The final formulae, which 
shows the dependence of the available energy levels on the number of electrons and the length of the 
molecule:

∆Emin=(h2/8mL2)(N+1) or λmax=(8mc0/h)(L2/N+1)                                              (3.1) reproduced from [9]

Λ = Wavelength of the absorbed radiation; c0=velocity of light; L=Length defined in figure 4.; h=Planck’s 
constant.

Figure 3.3. A π electron cloud of a simple cyanine dye seen from above the molecular plane; b the same as seen from the side 
; c potential energy V of a π electron moving along the zig-zag chain of a carbon atoms in the field of the rump molecule; d 
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simplified potential energy trough; L= length of the π electron cloud in a as measured along the zig –zag chain. (From 
FÖRSTERLING and KUHN,1971). (Reproduced from [9]) 

Conjugated bonds give the molecule thermal and photo stability and limit its chemical reactivity. Also, a 
higher phi bond density is responsible for a stronger, and planar, molecule in terms of structural 
strength. Rigid molecules tend to give more stable states and stable states lead to higher fluorescence 
efficiency but Rh6G is not very rigid as the alkyl bond is not firmly locked in position and yet it shows 
higher fluorescence efficiency [9]

The molecular structure is such that there exist two set of electronic states with sublevels due to 
rotation and vibration as will be discussed in section 3.3.The 5% loss in Quantum yield, quenching, which 
is responsible for the molecule not reaching a 100% efficiency is due to internal losses to which 
hydrogen vibrations contribute the major share[9]. Cumulative Quenching is due to all the non radiaitive 
losses internal, depending on molecular geometry, and external losses due to solvent and other 
additives. Any factor increasing the non radiative rate from the excited state will lead to quenching of 
fluorescence.

The dye is cationic: the presence of any substance which has an anionic character- whether it be a 
solvent or the electron gas at the metal surface will have significant effect on the properties of the dye: 
due to actual charge transfer or an electrostatic field established. Below are the equations and terms 
that will be repeatedly referred to in the text. 

Decay equation for the upper state: S(t)=S0e-At                                                                         (3.2)

S=number of electrons in the excited state; S0=Initial population of S; t=time; A= explained below

Decay rate: A = Г+ knr                                                                                                    (3.3)

Г=Radiative decay; knr=Non-Radiative Decay

Excited state lifetime: τ = 1 /A or 1/( Г+ knr)                                                              (3.4)

Quantum Yield: Radiative rate / (radiative rate + non-radiative)  

                           = Г / (Г + knr)                                                                                         (3.5)

3.3 S and T states

 The molecular states consist of electronic states with sublevels coupled with each level due to the 
vibrations in the molecular skeletons as shown in figure3.4, 3.5.  These vibrations are connected with 
electron transitions as electron transition results in a change in the electron density in a bond leading to 
readjustment of equilibrium positions due to change in electrostatic environment which results in 
vibrations. [9]

The excited levels are divided into S (singlet) and Triplet states. The singlet states have the largest 
transition moment and are the quantum mechanically (laws) favored states. The T states are however 
the quantum mechanically (due to electron spin) forbidden states and an electron cannot be excited to a 
T states directly. However, an electron can get stuck in a T state when deexciting from an S state. S to T 
transitions, non radiative, are called intersystem crossing and also contribute to internal quenching.

The singlet states being the ones which are used in fluorescence and Triplets (if occupied) in the 
phosphorescence (fluorescence when the exciting source has been turned off). The triplet states exist in 
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a level slightly lower than the triplet states and serve as a trap for excited electrons deactivation to a 
lower level.  Triplet states have much longer lifetime than the S states and result in Phosphoresce 
(fluorescence when the exciting source has been turned off) when occupied by electrons. S1 states are 
the levels involved in the process of population inversion. 

Figure 3.4. Eigenstates of a typical dye molecule with                            Figure 3.5 Pump cycles of dye molecules.
With radiative (solid lines) and non-radiative (broken lines)                        (Reproduced from [9]) 
(Reproduced from [9])

Triplet state population is proportional to the time of exposure of dye to a continuous laser, and pulse 
width in pulsed lasers. However, the triplet state occupation can be minimized using triplet quenchers or 
using short pulsed excitation laser (longer pulses or continuous laser action pushes the excited electron 
into Triplet states). The latter technique is utilized in the thesis.

As already mentioned: each level is broadened due to molecular vibrations, collisions with solvent 
molecules and other perturbations. In the energy dynamics of a S level and its sublevel the natural 
tendency is for an electron to occupy the lowest sublevel and if occupying a higher sublevel to quickly 
relax to the lowest one. These level and sublevels are utilized to make a four state or a higher state 
laser. And these sublevels are the most effected during the temperature changes which lead to 
increased molecular vibrations.

Rh6G has a static dipole moment in the ground state. But, there is a transition dipole moment along the 
long axis of the molecule (450-600nm) and one, at shorter wavelength, perpendicular to the molecule 
during excitation.

In the current experimental setup the triplet state population was kept at a minimum by using a 
sufficiently small pulse width. However the effects of triplet states on photo bleaching or fluorescence 
will not be investigated or commented on in the present thesis. The second level S2 is 1060nmabove the 
ground state and in one study they have also investigated the excitation of this level [10]
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3.4 Effect of Concentration

The concentration of the dye, in aqueous solution, for lasing is: 2.5x10-6 to 8x10-3mM[11] and severe 
dimerization starts to occur at: 10 -4mM[43]). As will be mentioned in section 3.6 the dimerization 
depends on the polarity of the solvent. It has also been claimed that different types of dimers form in 
different types of solvents [12].

Dimers can form between the non-photobleached-non-photobleached, bleached-bleached and 
photobleached-non-photobleached molecules.  The latter two would form after a passage of time and 
considering that the concentration remains constant: should not form at all (unless photobleached 
molecules have a dimerization property drastically different from that of the unphotobleached ones). In 
either case the dimers are believed to have a very weak emission spectra and a strong absorption 
spectra, as shown in figure 3.6, which is strong at shorter wavelengths and weaker at longer 
wavelengths[9] and if the absorption spectra overlaps with the emission spectra of Rh6G: quenching is 
observed.

Figure 3.6. Energy levels of two monomers and the dimer molecule formed by them;b resulting spectra (Reproduced from 
[9]) 

As the concentration of the dye increases, at the risk of increased dimerization, the intensity of the 
emission spectra also increase with the lower concentration lasing threshold energy being dictated by 
the cavity losses and the losses inside the dye (self absorption, energy transfer, heat losses, dimerization 
and photobleaching.). However the emission spectra does not broaden with increased concentration.

An equilibrium between the monomers and the dimers exists at a specific concentration. However we 
have not investigated the effects on the mentioned equilibrium due to the addition of NPs or the effect 
of additives on the lasing threshold. As will be discussed later, Section8.2.2, that, after the addition of 
coated and uncoated NP’s, the dimerization of Rh6G on the gold/silica surface is different from that in 
the solution.
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In one study they have found J dimers to exist on porous surface of silica gels. A range of samples, one 
to seven, were prepared with different concentration of dye.  The concentration used in the thesis falls 
within the samples four and five, samples four and five showed dimerization at the surface and had 
increased radiative lifetimes [13].

Another study which specifically focused on the Rh6G-silica interface in water also claimed the 
formation of J dimers, at a concentration of dye, much lower than us. Again similar claims about changes 
in dye excited state lifetimes which would lead to a change in fluorescence-equation 3.4, and spectral 
shifts [14]. Note: in both the above studies the collective surface area of silica available for the dyes to 
attach to was not mentioned and we have to take into account that the available surface area varied 
due to NP concentration variation.

3.5 Effect of Temperature 

Fluorescent dyes in laser cavity are subject to high intensity illumination and hence the temperature 
gradients are created. Thermal conductivity of the solvent provides the highway to the thermal traffic. 
However, the effect of temperature on absorption and intensity spectrum can occur as the solvent can 
only conduct /convect , redistribute, heat inside the cuvette (made of poor thermal conductor material) 
and the glass cuvette used in our experiment is not a thermal conductor. 

Changes, increase,  in temperature do not shift the position of the electronic levels as they are fixed 
there by chemical structure of the molecule but the molecular vibrations are more intense , so is the 
rate of collisions with solvent molecules,  which means the vibrational sublevels make the demarcation 
between levels more blurred. Also, according to Boltzmann distribution more electrons will occupy 
higher vibrational sublevels of lower states. The increase in absorption bandwidth due to more 
molecular vibration will also broaden the absorption curve, furthermore there is also coupling between 
the molecular vibration and electronic transition [section3.2]. Prediction of Emission spectrum is more 
complicated due to other non radiative processes also.

In one study [15]they have found temperature to effect the absorption and bleaching of the (7.4.2.2) of 
dyes. The dye from the Xathene series in the tested samples is Rhodamine B. No Thermal-bleaching was 
observed at 60C even when the samples were heated for 18 hours. However, at 120C and beyond 
thermal bleaching was observed: the smallest bleaching observed was for Rhodamine B. With increasing 
temperature the rise in bleaching is not linear. The experiment was carried out in total darkness to 
remove the effects due to photobleaching.  It should be a safe assumption that Rh6G being from the 
same group of dyes, xathene dyes, should not have a thermal bleaching threshold temperature 
drastically different from Rhodamine B.

3.6 Effect of Solvent Polarity

Xathene dyes are soluble in water and in all the experiments, discussed, Rh6G was in an aqueous 
solution.

The polarity of the solvent has a major impact on the process of dye dimerization. At a fixed dye 
concentration the dynamic equilibrium between a monomer and dimer concentration is constant. If at 
the same concentration the solvent is replaced by a more polar solvent the equilibrium shifts towards 
the dimer side of the equation. 

In dyes the molecules tend to come close with the planes of their molecules parallel as this position 
gives the highest energetic feasibility for reactivity but this affinity for reactivity is pushed back due to 
coulomb repulsion, in case the molecule is charged. In case of a polar solvent, i.e. high dielectric 
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environment around the dye molecules: this effect of coulomb repulsion is lowered and more dimers 
are formed. The absorption and emission spectra of dimers are different from that of the monomers as 
the chemical structure is altered [16].The absorption maxima of Rh6G depends on the solvents as shown 
in the figure 3.7

Figure 3.7. Absorption spectra of rhodamine 6G in (A) water, (B) methanol, (C) Dichloroethane and (D) chloroform. Curve 
designation: 1, 10 -6 M/l measured in a 1 cm cell (multiplied by 10); 2, 10 -6 M/l measured in a 0.1 cm cell; 3, difference of 2 
against 1. (a) difference spectra enlarged. Assignments as in fig.2.(Reproduced from [12]) 
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4 Nanoparticle
4.1 Introduction

Metals can be considered as plasmas: positive ion cores surrounded by a gas of free electrons.  When 
the size of the metal is reduced to the nanoscale the electrical and optical properties vary from that of 
the bulk. As electrons are confined in space relative to their mean free path in bulk the NP properties 
can change from that of a conductor, to semiconductor and finally an insulator [17]. Also added is the 
factor that unlike the bulk the surface to volume ratio in a NP increases manifold.

The optical extinction (absorption + scattering) property of the NP depends on the size of the NP. For 
larger particles the MEI scattering phenomena provides explanation of the behavior and for smaller 
particles: Rayleigh. In a very un-precise approximation the smaller particles absorb more and the larger 
ones scatter more. However, the electric field of spherical NPs resembles that of a dipole.

The permittivity / refractive index of the metal experienced by an incoming EMW are dependent on the 
frequency of the incoming EMW itself. This is due to the response of the plasma to the incoming E field: 
i.e. how well (in terms of phase difference) does the frequency of oscillation of the electron gas 
(Plasmon resonance- equations 4.1, 4.2) follow the oscillation of the E field. Depending on the phase lag 
the permittivity of the metal experienced by the incoming light will vary. The permittivity is represented 
in a complex form the imaginary part of which is represents absorption property of the medium.

Gold NPs are chemically stable when dispersed in aqueous solutions. They are biologically compatible 
and their surface can be functionalized with a variety of chemical and biological molecules [34]

n2(w) = 1 – (wp/w)2                           (4.1) reproduced from [9]        

n=refractive index;  w=frequency of the incoming light; wp=plasma frequency.

wp= (Nqe
2/ε0me)1/2                                             (4.2) reproduced from [9]

N=number of atoms per unit volume;  qe=charge on electron; me=mass of an electron; ε0=permittivity of 
free space.

 With the nanoscale confinement, of the metal, the optical properties are also influenced by the size, 
shape, and the surrounding dielectric medium, via the change in complex part of the metal permittivity 
by each factor. The gold NPs used in the current study were nanorods, with a 12nm radius, with an 
aspect ratio of 1.2 i.e. an ellipsoidal shape. And, these exist in a colloidal form in water. 

4.2 Localized Surface Plasmon resonance

In metallic NP’s the electrons are confined in volume, which can be more or less than their mean free 
path in bulk. The plasma oscillation of the bulk metal transforms into localized surface plasma 
resonance-figure 4.1, 4.2. A mathematical explanation of the SPBs is derived through rigorous solving of 
Maxwell’s equations for the NP with the particular boundary conditions depending on the particle size 
and shape. For small particles, the size used in our experiments, the theoretical explanation is provided 
by Rayleigh scattering.

The plasma in bulk metal, responsible for optical properties, sets a limit on the response, equation 4.1, 
i.e. it sets a cut off frequency below which the metal responds to the incoming EMW and after which the 



5-Nanoparticle-Dye                                           Page 20 of 64

plasma oscillations are unable to respond to the frequency of the incoming light and the metal becomes 
transparent. The SPB in NPs on the other hand have a limiting interval of frequency symmetric about the 
resonance frequency, i.e. both an upper and lower limit of frequency response. Figure 4.2  

Figure 4.1 Schematic description of electronic cloud                       Figure 4.2. Absorbance spectra of Gold NPs used 
displacements in NPs under the effect of a                                            in the experiment using Ultraviolet-visible-Near-Infrared 
electromagnetic wave.(Reproduced from [48])                                                    
  

In the present work the NPs are almost spherical, nanorods with aspect ratio of approximately 1.2, and 
we can assume the scattering properties of roughly spherical particles. However when we discuss the 
resonance bands we will discuss the effects of anisotropy.

This SPB band location was adjusted at 530nm, by consideration of shape, size and constituent material. 
The band is located close to the absorption spectrum of Rh6G dye (center 532nm). The overlap of the 
two spectrums, resonance (SPB) and absorption (Rh6G), leads to coupling of the two fields and is 
responsible for one of the main phenomena responsible for fluorescence enhancement of the lasing 
solution.

The phenomenon of blinking of the NP’s has not been considered as it does not influence the excited 
state lifetime of the dye [8]. Spectral properties of the dyes can be well explain by the Maxwell’s 
equations for a high frequency oscillating dipole irradiating into free space at short wavelengths [18].In 
the present thesis as NPs are utilized in the lasing solution the redistribution of heat in the solution due 
to NPs will also be considered in addition to thermal properties of the NP’s.

Some excerpts from papers:

“the Plasmon resonance is a collective oscillation of conduction electrons in resonance with the 
frequency of the incoming incident light, coupled with a local evanescent field. The plasmon resonance 
is a direct consequence of strong absorption”[19]

“It is important to be able to predict and characterize the properties of surface plasmons. To do these 
solutions to Maxwell’s equations must be found. There exist only a handful of solutions to Maxell’s 
equations, such as for metallic spheres, ellipsoids, concentric shells, and infinite cylinders. These 
solutions all fall under the banner of Mie theory” [19]
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The below equations are the mathematical representations of the nanosphere particle’s, far and near, E 
field. These are also the equations for Electric field generated by a dipole.

The E field outside the sphere: near field

Eout=E0x-α E0[x/r3-[3x/r5(xx+yy+zz)]                                      (4.3) reproduced from [20]

α= gda3                                                                                          (4.4) reproduced from [20]

gd=εi- ε0/ εi+2ε0                                                                             (4.5) reproduced from [20] 

 
Far field. Distance > 100nm

Edipole=k2eikr r x (r x p)/r3 + eikr(1-ikr)[r2P-3r(r.P)]/r5                                         (4.6) reproduced from [20]

For an explanation of the parameters in the above equations the reader is referred to the paper [20]

4.3 Effect of shape and size

Changing the size of the NP shifts the SPB and scattering, assuming that the scattering is due to a 
spherical shaped particle, with a corresponding change in the color of the NP. The changes prompted by 
the variation of the shape are a bit more complicated.

The boundary conditions applied in the solving the Maxwell equation, for the NP, depend on the size 
and shape. In the present experiment nanorods with an aspect ratio very close to 1.2 are used. The 
single resonance band of the spherical NP gives way to longitudinal (along the axis) and transverse 
(perpendicular to the axis) band due to the anisotropy of the nanorod [21, 22, 23, 25]. The transverse 
band is similar to the case of a circular NP and the longitudinal band is the one due to anisotropy.  More 
anisotropy leads to a stronger longitudinal band and hence a strong dipole moment along that direction. 
Edges of the NP have regions of higher energy density. Longitudinal band for a nanorod of high aspect 
ratio is the dominating one in terms of sensitivity to the outside dielectric environment, with sensitivity 
increasing with a stronger longitudinal mode. In the present experiment the aspect ratio is not high and 
there should not be a considerable difference between the longitudinal and transverse bands.

The transverse mode shifts to a shorter wavelength and the longitudinal mode to a longer wavelength 
with increasing aspect ratio [23]. As sown in figure 8-a. The effect of different shapes of the NPs on its 
extinction spectra is also illustrated in figure 4.3, & 4.4
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Figure 4.3. Normalized extinction spectra of Au NPs                              Figure 4.2. Calculated absorption spectra of elonga-
of different  shapes and sizes. (A) soectra a-e correspond to na-              ted ellipsoids with varying aspect ratios R using eq 1. The 

nospheres and nanorods with aspect ratios of 2.4±0.3, 3.4±0.5,           Medium dielectric constant  was fixed at a value of 4. The 

and 4.6±0.8 respectively.(Reproduced from [49])                                      inset shows a plot of the maximum of the longitudinal 

                                                                                                        plasmon band determined from the calculated spectra as 

                                                                                                        A function of the aspect ratio. The solid line is a linear fit
                                                                                                                               To the data points. The dotted line is a plot of eq 8 with a
                                                                                                                               Medium dielectric  constant of 4.(Reproduced from [23]

4.4 Effect of dielectric environment

The equation for the E field of a NP, equation 4.3-4.5 includes the permittivity of the surrounding 
medium. According to the equation the SPB blue or red shifts (center moves to higher or lower 
wavelengths) in relation to the permittivity of the surrounding medium. 

A model describing the relation of the NP and the outside dielectric environment will be discussed in the 
subsection on silica. It has also been shown in a study [23] that the relationship between the maximum 
of the absorption spectrum and the permittivity of the outside environment, keeping a constant aspect 
ratio for the nanorod, is linear and the equation defining this relationship is shown below [23]

γ=2πNVεm
3/2/3λ j(1/PJ

2)ε2/(ε1+(1-PJ)/PJ)εM)2+ε2
2                      [4.7]  (Reproduced from [23]

PA=(1-e2)/e2[1/2e ln (1+e/1-e)-1)]                           [4.8] .(Reproduced from [23] 

PB=Pc=(1- PA)/2                                                                                 [4.9] (Reproduced from [23]            
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Where

e=1-(B/A)2                                                                                                                                                            [4.10] (Reproduced from [23]             
In a recent study [23] they observed that a change in the size of the nanorod changes the distribution of 
micelles around the nanorod and hence the effective dielectric environment. In the present work the NP 
size is not a variable parameter and hence the effect of micelles is cancelled due to constancy.  

 Figure 4.3. Calculated absorption spectra of elongated  ellipsoids with varying medium dielectric constant ε mR using eq 1. 
The  aspect rato was fixed at a value of 3.3. The inset shows a plot of the maximum of the longitudinal plasmon band etermined 
from the calculated spectra as a function of the medium dielectric constant. The solid line is a linear fit to the data points. The 
dotted line is a plot of eq 8 with a Medium dielectric  constant of 4.(Reproduced from [23]

4.5 Thermal properties

The thermal properties of the NP can be divided into two categories: the heating by NP’s when in 
resonance mode and the conduction properties of the NPs when in silent mode (no resonance) mode. 
And the latter will be commented on in section 5.3.2

In medical research NP’s are used for local Photo-Thermal (photon to phonon converters) therapy and in 
one study they have experimentally shown their usability in the efficient local killing of cancer cells[5] 
Also, in another study they have tried to experimentally measure the temperature of a NP’s in a solution 
irradiated by a laser [25]. In summary there will be local heating due to the irradiated NP’s as it must re-
emit the energy absorbed by the SPB as both Local EM field and some as heat. However, the conduction 
property of the collective volume of NP, dispersed, in the solution is difficult to comment on. A study did 
attempt to measure the temperature of NP’s experimentally but the particles were highly anisotropic 
[25]. Local heating by aggregates of NP’s is discussed in [26].

In terms of heat conduction the collective volume of NP’s used in the experiment is important due to its 
effect on the lasing intensity with time. The thermal property of the solution due of the presence of a 
significant “collective” volume of the NP inside the dye laser solution would stimulate changes in the 
distribution and conduction of heat.  This effect would be more significant at higher concentration of 
NP’s. More discussion on the heat transfer property in section 5.3.2.
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5 Nanoparticle-Dye
5.1 Introduction

The dynamic energy relation between a NP and fluorophore is an inter-play of many processes, each at a 
specific strength at a particular inter-particle distance. In a liquid environment the NP can be located, 
suspended in colloidal form, near the fluorophore or the dye can be attached to it by electrostatic 
attraction. But whether the dye is attached to the NP or suspended near it it does not change the shape 
of the dye emission spectra; enhancing intensity and shifting (red/blue shift) does not change the 
shape[27](Ignoring surface dimers formation). The variation of the strength of the different phenomena 
at different interparticle (dye-NP) is illustrated in figure 5.1.

 When the NP and the fluorophore are in close proximity to each other, in the presence of an exciting 
source, their EM fields couple. The EM field of the NP is induced by the resonance of the localized SPB; 
the field of the dye molecule is not only due to scattering but also emission i.e. a dipole field due to 
scattering by a molecule and an added transition moment due to photo emission. The effects of the 
interaction of the E fields will be discussed in the subsections to follow.

Figure 5.1 Efffect of a metallic particle on the transitions of a fluorophore. Metallic particles can cause quenching (km , can 
concentrate the incident field (Em), and can increase the radiative decay rate. (Reproduced from [43]
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As discussed before: Rh6G is a cationic dye and is attracted to the anionic NP by electrostatic attraction. 
The specific bond that binds to the, 6s valence electrons, NP is the thiol bond of the dye molecule [8]. It 
is assumed that this bond does not shift the surface plasmon band. However a change in the dielectric 
environment due to Rh6G forming a shell on the surface can induce red or blue shifts.

5.2 Local field enhancement

The size of the NP used in the current setup is 12nm which is much smaller than the wavelength of the 
exciting light. The SPB has been discussed in Section 4.2. The EM field generated by the SPB is that of a 
dipole, and the local field enhancement in the near field of a NP is an effect produced by the SPB. Energy 
is not created in enhanced local field: Its more appropriate to refer to it as a region of more 
concentrated energy density in the near field, which considering that the amount of energy being 
supplied by the NP is constant, could lead to areas around the NP where the  energy density could be 
less than expected. Energy density here is with respect to both time and space. 

As shown the absorption peak of Rh6G is centered on 532nm and the emission peak around 566 with 
the tails of each overlapping, i.e. they are not far apart on the wavelength spectrum; which implies that 
the dye molecule might absorb its own emission but not to the extent of causing a noticeable effect. 

The SPB (532) overlaps with the absorption (532nm) band of the fluorophore but as the emission of and 
absorption bands have some overlap it also overlaps with the emission band (556nm): This makes the 
analysis complicated. Also noticeable is the fact that the SPB band does not completely decay, figure 4.2, 
towards the higher wavelengths but maintains a constant value which implies that the overlap of the 
SPB band with emission band is more than that of the Rh6G absorption band with the latter. As 
mentioned, the nearness of the emission and absorption bands of the dye to each other makes it very 
difficult for the SPB to overlap with only one of the dye bands without a slight overlap with the other.

The overlaps can be considered separately: A-) the overlap of the Rh6G absorption band with the SPB 
B-) the overlap of the Rh6G emission with the SPB and we consider the effect of each separately. In A we 
have the coupling of the two dipole fields which would lead to an increase in the energy available for 
absorption at 532 nm approximately. This would not only increase the absorption of the dye, but with 
the Quantum yield of Rh6G fixed at 95% means increased emission-equation 3.5. Dye molecules have a 
transition moment, 530nm wavelength, along the long axis of the molecule and hence the molecule will 
absorb, get excited, by light polarized along that axis but as the NP polarize light, in all directions, by 
scattering [9], they help increase the absorption by increasing the number of absorbing dye molecules.

In [19] the NP can actually result in quenching if the NP is absorbing energy from the dipole of Rh6G to 
get excited but it’s a rare chance as SPB is at 532 and dye emission at almost 556nm) But if the NP is 
already excited it could imply that the coupling could lead to enhancement of the emission field where 
the overlap occurs. However, there are spectral shifts due to many reasons as will be discussed and 
these can shift the SPB band left or right changing the overlapping area of the SPB with both absorption 
and emission peak of Rh6G.

As the NP’s we consider are small the effect of backscattering does not play an important part and will 
not be considered.
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Silica shell will cause the local enhancement factor at the outer shell to decrease. The study claiming 
this is numerical in nature-figure 7.6. They treat silica coating and dielectric coating as homogeneous 
concentric rings of constant permittivity. They also give a theoretical explanation of the spectral shifts. 
[28]

[9] states that rigidity of dye molecules gives better fluorescence. But Rh6G gives high fluorescence 
despite it not being rigid[9]. But two studies mention that rigid silica limits the intermolecular rotation, 
dye in both studies is Rh6G, which would lead to lesser quenching due to decreased interstate 
quenching [13, 14]. 

5.3 Non-radiative Energy transfer 

5.3.1 FRET & SET

In the lasing solution at close proximity there is an energy transfer between the dye molecules 
(monomers-dimers & monomer-monomer) in addition to that between a dye and NP’s. The energy 
transfers can be radiative or non-radiative with the latter resulting in quenching by draining the excited 
states of electrons.

For the energy exchange processes a general requirement regarding energy transfer is that the acceptor 
must have energy levels lower than or equal to the energy levels in the donors.  The energy transfer 
dynamics of the dye-NP and dye-dye will be discussed in terms of SET, FRET and also an explanation in 
terms of dipole moment coupling will be given. Phonons as a medium of non radiaitive energy transfer 
will be discussed in the next section.

Dye has a complicated energy level system with vibronic sublevels superimposed on the electronic levels 
figure3.4, 3.5 Hence the energy transfer, dye to dye, can be from S1 to S1 with included jumps between 
the sublevels. Due to collisions, with the solvent, energy can also be transferred to higher sublevels from 
a lower sublevel of an adjacent dye molecule.

Forster energy transfer only occurs when the there is an overlap of resonance bands i.e. an overlap of 
the emission band of Rh6G with that of the resonance band of the NP. However, there is another 
process that allows energy transfer without the condition of resonance band overlap:  Surface energy 
transfer. Both of these processes have different dependence on distance between donor and acceptors 
as shown in the below equations:

FRET KT(r)=1/τD(Ro/r)6                                                           (5.1) reproduced from [30]

τD=lifetime of the donor in absence of the acceptor, r= distance between Donor and acceptor, 
Ro=distance at which the transfer rate KT(r) is equal to the decay rate of the donor in absence of the 
acceptor.

SET  kSET=1/τD(do/d)4                                                                                                       (5.2) reproduced from [30]

τD=lifetime of the donor in absence of the acceptor, d= distance between Donor and acceptor, 
do=distance at which the transfer rate kSET is equal to the decay rate of the donor in absence of the 
acceptor.

SET does not require the overlap of the resonant bands of the interacting particles as the transition 
dipole moment of the flouropore interacts with the free electrons on the surface of the metal [29]. 
Energy transfer, from the dye, causes quenching of the dye fluorescence [29, 20, 31, 32, 18] 
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An alternative explanation in terms of dipoles, classical sense, is that the dipole field of donor (Rh6G) 
excites the acceptor dipole (NP). The induced field of the acceptor retards the donor transition dipole 
strength, I.e. reducing the transition oscillator strength (transition probability for the excited state S1 in 
Rh6G) implies reduced fluorescence due to reduced absorption; as the quantum yield is fixed (assuming 
no change in radiative rates due to other processes) the emission will also decrease; quenching.

Figure 5.2 Absorption spectrum of (a) gold NPs and photoluminescence (PL) spectra of (b) rhodamine 6G (R6G) dye solution, 
(c) 16.67mM Au and 1μM R6G, (d) 33.33 mM Au and 1μM R6G, and (e)33.33mM Au and 0.5Μm R6G solution. Reproduced from 
[33]

Non-radiative energy transfer to the NP is the main process causing quenching of the dye molecule 
emission intensity with the effect of local heating by the NP to be reckoned with after a passage of time 
(section 4.5 & 5.3.2). The inter-particle distance is the important factor as both the local field 
enhancement and energy transfer work at close inter-particle distances in addition to working in 
opposition with regards to fluorescence intensity.

Draining an energy level of excited electrons by proving an additional non-radiative pathway might 
reduce the lifetime of the excited state [33]. And the same study also claims a reduction in the 
fluorescence intensity with addition of Au NPs to Rh6G solution figure 5.2. NP to NP energy transfer has 
not been commented on. Also, blinking phenomena related to the NP has not been investigated in 
terms of energy transfer

The presence of metallic surface not only enhances the local field but also increases the range for FRET 
[27], this effect was not investigated.

5.3.2 Heat transfer

Considering only the thermal properties of the metallic NP in solution would mean it would provide a 
net, not considering fractal aggregates or other non homogeneous distribution, of regions with high 
conductivity. The rates of heat conduction need to be considered: the rate of heat buildup in solution 
(NPs + solution) due to laser irradiation 2-the rate of heat dissipation to the outside (i.e. from the system 
to the environment and would depend on the boundary, also in connected to 2) 3-The rate of heat 
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conduction/convection inside the solution. If the rate of heat loss is comparable to the rate of heat 
buildup then the effect of temperature on the dye emission spectra should not be significant.

More important is the issue of heat redistribution as it might be the case that NP’s not being irradiated 
by the incoming laser light being at a lower temperature might absorb the heat from the solution and 
dissipate it back to the solution. This temporary heat redistribution should be a reoccurring 
phenomenon, and give the higher temperature parts of the solution a break from high temperature 
buildups. And perhaps lower thermal bleaching. Also NP’s heat conduction rate should also match with 
the rate of heat transportation by the solvent to prevent local heated environments.

 However, inside the solution (minus loss to the outside) the relation between the rate of heat 
conduction by the NP’s (introduced) to heat buildup in the solution is important as a higher rate of 
conduction would translate into taking heat away from the dye molecule and thus preventing any 
damage to the molecular bonds by high temperature. This would happen if: rate of heat built up in the 
solution (in the molecule and its immediate vicinity) /Rate of heat conduction (by NP) ≤ 1. Otherwise the 
NPs would n significant effect on the heat dynamics and stability of the fluorophore due to local heated 
environments.

The NP’s might behave like tiny hot spots increasing the temperature locally. The NP’s have also been 
used to deliver localized heat to areas inside a living tissue as discussed in section 4.5. If they can create 
a local environment at 120C and more, taking into account the results from [15]-section3.4, we can 
conclude that they might be able to induce thermal bleaching to supplement the photo-bleaching 
occurring due to direct laser illumination in the present experiment. Also, commented on in section 
8.2.1 and 8.2.2.

5.4 Change in radiative/Non-radiative rates

Radiative rates are an intrinsic property of the dye due to its chemical structure and weakly depend on 
the environmental factors [18]. The non radiative rate is altered by nonradiative energy transfer 
processes. However, in the presence of metallic surface or particles the radiative rate has been shown to 
change [34,18,7,35] 

The radiative and non radiative rates of the excited states, active in the population inversion, are 
connected to its lifetime and the Quantum yield of the dye by equation 3.3, 3.4, 3.5. Hence a change in 
either radiative or no radiaitive rate induces a change in the quantum yield with a corresponding 
enhancement or quenching of the dye molecule fluorescence.

The dye used in the experiment, Rh6G, has very high quantum yield of 95% and enhancing the 
fluorescence due to change in radiative rates will push the quantum yield of the dye above 95%. 

Most studies measure the bulk effects and explain the behavior based on simulations and theoretical 
predictions. They also utilize the bulk measurements to predict the behavior of the interacting particles 
at the molecular level. Whereas In [34] they studied interaction of the individual dye molecules with 
metal surfaces, near field(<10nm) by using SNOM, aluminum tapered probe end, and measured 
variations in the excited state lifetime: they also measured a reduced lifetime, increase radiative rate, 
near a metal surface (enhancement)

Lackowicz [18] introduces a change in the radiative rates in the quantum yield equation in two different 
ways, i.e. whether the change in the radiative rate due to the presence of the metal surface; Гm ,is added 
or multiplied to the original rate Г-equation 5.3 and  5.4
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Quantum Yield: Radiative rate / (radiative rate + non-radiative) 

Qm=Г+Гm/Г+Гm+Knr  )                                                             (5.3)reproduced from [33]

 Qm=Г(1+Г)/Г(1+Г)+Knr                                                                          (5.4) reproduced from [33]

Qm=Quantum yield, Г =radiative rate , Гm =metal induced radiative rate , Knr=Non radiative rate. 

Another study [7] claims a change in both radiative and nonradiative rates and quotes the following 
factors effecting the rates: a-shape and size of NP (SPB location),b- distance between dye and NP, c- 
orientation of the Rh6G dipole relative to the NP axis, d-overlap between Rh6G emission and NP 
absorption spectra. Dulkeith [7] has investigated the variation of the radiaitive rate with particle size 
while keeping the dye to NP distance fixed at 1nm and got the following results for fluorescence 
lifetime:

Table1

Fluorescence lifetime (ps) NP Radius (nm)
169 1
99 15
72 30

The drastic reduction in fluorescent lifetime, shown in the table 1, leading to an increased radiative rate 
and enhancement, could be not due to FRET changes as the interparticle distance is fixed (assuming that 
the distance between a NP and the dye is from the surface of the NP to the dye):  it must have some 
correlation with SPB, and local field enhancement as only the particle size is being varied [7].

[32]Investigate a change in both radiative and nonradiaitive rates. Excerpt from the paper “For lissamine 
molecules attached to the smallest r=1nm NPs, the 51-times longer radiative lifetime and the 14-times 
shorter non radiative lifetime lead to a reduction of the fluorescence quantum  yield from 33% down to 
99.8%.”

Most studies indicate that FRET, and other non radiaitive processes, affect the non radiaitive rate and 
thus the changes in FRET would affect Knr, equation 3.4, and hence the fluorescence. 

Lackowickz in another paper [27] claims that the reduced lifetime of fluorescence is due to the metal-
dye emitting and not just the dye alone. This is inferred from the fact that the shape of the fluorescence 
curve has not changed and metals SPB have decay rates of 50fs (much less than dye). But, there is no 
reason to believe that the metal is emitting either. The presence of metallic surfaces not only enhances 
the local field but also increases the range for FRET [27] and hence, more dye molecules can be affected 
by it.

To predict a change in radiative or nonradiaitive  rates based on just observing  fluorescence 
enhancement or quenching is rather an opinion but to conduct an experiment on fluorescence lifetimes 
and then conclude enhancement is rather conclusive. Also, presence of nonradiative energy transfer has 
been proven, in absence of metal, to lead to quenching and hence the effect of metal on nonradiative 
rate might be that of enhancement of the variation. The effect of fluorescence lifetime on 
photobleaching will be discussed in the last section.  
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The change in intensity due to dimerization at the surface was not investigated. But as already 
mentioned the relative contribution to the lasing intensity of the dye molecule attached to the surface 
would depend on the ratio of the dye molecules attached to the surface to those in aqueous solution, 
i.e. which have more “say” in the final spectrum.

Figure 5.2.  Radiative and Nonradiaitive rates as a function of particle radius; r=0 indicates rates of the unbound dye. (a),(b) 
Experimentally determined radiative and nonradiative rates; lines are a guide to the eye.(c)(d) Calculated radiaitive and energy 
transfer rates based on the GN model [42]. Reproduced from [23]



6-Simulation/Modelling                                           Page 31 of 64

6 Simulation/Modelling 
6.1 Introduction

The purpose is to simulate the real life model with as much accuracy, minus some parameters, as 
required with an aim that the behavior to be analyzed can be predicted within the desired tolerance 
level.  The present solver is a Finite element analysis solver. Simulations can be performed in either the 
time or Frequency domain .

6.2 Meshing, Sub-domains & Boundary conditions

In FEM simulation the EM field inside the defined geometry is approximated utilizing meshes. As the EM 
field varies inside the geometry, the geometry is divided into sub sections inside which the function is 
approximated by interpolation. The shape and size of the meshing with regards to the geometry are 
important in terms of detail. The shape/size combo must be such that enough detail is extracted without 
unwarranted load on the computer memory. Generally the automatic meshing varies in size: being 
smallest near surfaces and edges.

Sub domains are regions inside the model for which similar optical/ electrical/ thermal and other 
properties are defined in analogy with a real life model. It is a region of space (space being occupied by a 
medium with user defined properties) and in the present thesis it was homogenous and isotropic in its 
optical properties.

The boundaries of the sub domains must be defined also, by default they are defined by continuous 
boundary conditions. These boundaries must mimic the physics of actual boundaries of the physical 
objects we are modeling in a simulation or the boundary between two sub domains i.e. a line with 
different intrinsic medium properties on either side.

Figure 6.1: The Graphs of the function used in Matlab to theoretically predict variation in the permittivity of gold 
with wavelength on the incident light.
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6.3 Model 

The goal, of the 2D model, was to get a visual understanding of the near, scattered, field of a gold NP in 
close proximity of a dipole (to model a dye molecule), and as the distance between them was varied. 
Both the particles were inside a box of size 100nm. The boundaries applied to the box were scattering 
boundary conditions with one side being used to generate a plane wave at frequency 623nm.The dipole 
source, to mimic the dye,  was implemented using a 2nm sphere with intrinsic gold properties and a 
complex permittivity defined from the tables used for the NP.  The goal was to observe the changes in 
the near field between the NP and the Dipole with varying distance between the two as the below 
simulations indicate.

Drude model for Gold NP.

The interpolation function of Comsol4.1 was used to introduce the function for the relative permittivity 
of gold. The tables used in the interpolation were generated using a function written in Matlab taken 
from high frequency limit of the drude model. This introduced, property, would give the small particle 
the scattering properties which are a consequence of SPB and the complex part of the permittivity 
would introduce absorption in the medium.  

6.4 Result

Figure 6.2: FEM simulation of the Electric Energy density pattern of a 12nm, aspect ratio 1.2, gold spheroid.
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Figure 6.3: A zoomed in picture of the above simulation with an added spherical gold particle, 2nm, to
Show the interaction of two dipole fields. The dipoles are 10nm apart.

Figure 6.3: A zoomed in picture of the above simulation with an added spherical gold particle, 2nm, to
Show the interaction of two dipole fields. The dipoles are 40nm apart.

6.5 Discussion

Local field enhancement is visible in the NP. The Rh6G dipole does not cause local field enhancement, 
hence the use of Gold, 2nm, particle to simulate the dye molecule might not lead to the most accurate 
analysis. The interaction of the 2 dipoles at a varying distance of 30 nm shows how the energy density 
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pattern behaves with increased distance between the dipoles, i.e. a more intense energy transfer at 
close distances but the color of the interacting energy changes to blue, which might indicate a change in 
the magnitude of the energy density in the region of interaction.
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7 Experimental Setup
7.1 Hardware and Software

A Fabry-Perot cavity of length 20 cm was constructed by placing a quartz cuvette in between a 100% 
reflecting back mirror and a 70% reflecting front (circular) one. The cavity was longitudinally pumped 
with a 532 nm pulsed Nd:YAG laser. The pulse duration was 3 ns. The repetition rate of the pumping 
pulse was kept as 20 Hz and pulse energy as 23 mJ. The cavity was setup at a slight angle to the exciting 
laser. 

An optical detector, from ocean optics, was placed outside the cavity in front of the output coupling 
mirror and connected via an optical fiber to the HR4000 spectrometer. The spectrometer was connected 
to the laptop via a usb port.

The data from the spectrometer, received via a usb port , was displayed, and saved, in active time in a 
software called Spectra Suite. The adjustable parameters of the software were tuned to achieve the 
lowest proportion of noise in the recorded and displayed data. 

Figure7.1. Schematics of experimental setup for photobleaching measurement. Reproduced from [35]

7.1.1 Procedure

For measurements, 1 ml or 0.6ml of lasing solution was pipetted in a quartz cuvette inside a Fabry-Perot 
cavity. And the experiment initiated by turning on the laser.

The Quartz cuvette was washed with ethanol and dried with liquid nitrogen before a new sample was 
pipetted in.  The initial spectra of the different solutions were compared to see any spectra changes 
before the effects of photobleaching became dominant



7-Experiemtnal Setup                                           Page 36 of 64

7.2  Sample Preparation

7.2.1 Gold Nanoparticle preparation

Gold NPs were prepared by reducing 10 mM hydrochloroauric acid (HAuCl4) using 20 mM ascorbic acid 
and 1 mM sodium borohydride (NaBH4) at room temperature, in the presence of 0.2 M cetyltrimethyl 
ammonium bromide (CTAB) and 2 mM silver nitrate (AgNO3). The mixture was stirred for one hour and 
kept at 25 °C overnight. The morphology of Au NPs was characterized by JEM-2100F field emission 
transmission electron microscope (TEM) operating at accelerating voltage of 200 kV (figure7.2). 
PerkinElmer Lambda 750 UV-Vis-NIR spectrometer was used to measure the absorbance of aqueous Au 
NPs suspension in visible spectral range (Figure 7.3). The content of Ethanol during the preparation was 
varied for each batch of the NPs made.

Figure7.2. TEM image of Gold NP’s dispersion in                      Figure 7.3 Absorbance spectra of Gold NP’s
Water                                                                                                                       
          

7.2.2 Gold Nanoparticle with silica coating preparation

To coat the Au NPs with silica, 1 ml of Au NP solution was diluted to 20 ml and mixed with 2.5 mL of 
ethanol (EtOH). The pH of the mixture was tuned to 12 using NaOH. Finally, 50 µl of tetraethyl 
orthosilicate (TEOS) was added and the reaction is continued for 2 h. The morphology of Au NPs and Au-
SiO2 NPs was examined by JEM-2100F field emission transmission electron microscope (TEM) operating 
at accelerating voltage of 200 kV (figure 7.4a,b). PerkinElmer Lambda 750 UV-Vis-NIR spectrometer was 
used to measure the absorbance of aqueous suspension of Au NPs and Au-SiO2 NPs in visible spectral 
range (figure 7.4c)
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Figure7.4 a. TEM image of gold NPs in dispersion of water b TEM image of silica coated gold NPs in dispersion of water 
c. UV-Vis-NIR absorbance spectra (normalized) of Au NP’s and Silica coated Au NP’s.

7.2.3 Laser dye preparation

The method of laser dye solution is property of the department and not included in the thesis report. 
However the concentration of dye and NPs, choice of solvent, silica coating and quantity of ethanol 
during preparation are stated in Table 2.

7.3 Parameters

A-The content of ethanol in the solution during the preparation of NPs is important as experimental 
results have shown that it has an important bearing on the stability of the lasing solution, B-Laser and 
cavity parameters which were fixed from the start were the power and frequency of the laser, cavity 
length, mirror reflectivity and the position of the cuvette inside the cavity, C- The solvent was mostly 
water with ethanol being used in one batch and D-The volume of the lasing solution was also held fixed 
at either 1 ml or 0.6 ml.

These parameters were mostly fixed, at least for a particular series and also in case we wanted to 
compare one or more series (series: X, Y and others). Hence, the effect of parameters did not come into 
play due to cancellation.

7.4 Variables

7.4.1 Control variables

7.4.1.1 Concentration of solution

The effects of dye concentration have been commented on before in the section 3.3.  In the present 
research the concentration of dye was chosen to be above the lasing but below the dimerization 
concentration 0.2 mM. The concentration of NPs was varied and this results in a change in distance 
between a dye molecule and NP, and coverage of the NP surface by the dye molecules (silica coated or 
not) which decides as to which of the processes discussed in section 5 become dominant and hence the 
overall enhancement or quenching of the lasing solution. 

The ratio: number of NPs/number of dye particles is increased or decreased depending on the 
concentration of NPs. An increasing ratio results in more dye molecules being exposed to the effect of 
locally enhanced (heat and EM energy density) environment around NPs. Either, if we imagine a dipolar 
field around the NP: then each NP covers a specific volume of the solution, assume it to be a small 
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sphere, and all the dye molecules in that volume are affected by it. Then as the concentration of NPs is 
increased so is the effective radius of the collective NP field.

Figure below shows the variation of the local field factor to the thickness of the attached dye molecule 
layer.

Figure 7.5. Calculated contour plot of local field factor versus wavelength with different thickness of dye shell around gold 
nanosphere; The up inset shows the geometry of the core-shell model; the down inset shows the local field factor as a function 
of dye shell thickness at a fixed wavelength of 590nm. (Reproduced from [6])

Table 2: A concentration table for all solutions tested in the experiment

#
Sample 
Name Dye  (Mm)

Nanorod 
(m/l)

Thickness 
SiO2/nm

Solven
t

Nanorod pre-
Ethanol 

1 X1 0.2 6.3x10-10 No Silica Ethanol No Ethanol

2 X2 0.2 0.315x10-9 No Silica Ethanol No Ethanol

3 X3 0.2 6.3x10-11 No Silica Ethanol No Ethanol

4 X4 0.2 3.15x10-11 No Silica Ethanol No Ethanol

5 X5 0.2 1.26x10-11 No Silica Ethanol No Ethanol

6 Y1 0.2 6.3x10-10 15 Ethanol No Ethanol

7 Y2 0.2 0.315x10-9 15 Ethanol No Ethanol

#
Sample 
Name Dye  (mM)

Nanorod 
(m/l)

Thickness 
SiO2/nm

Solven
t

Nanorod pre-
Ethanol 

8 Y3 0.2 6.3x10-11 15 Ethanol No Ethanol

9 Y4 0.2 3.15x10-11 15 Ethanol No Ethanol
1
0 Y5 0.2 1.26x10-11 15 Ethanol No Ethanol
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1
1 Z1 0.2 6.3x10-10 25 Ethanol No Ethanol
1
2 Z2 0.2 0.315x10-9 25 Ethanol No Ethanol
1
3 Z3 0.2 6.3x10-11 25 Ethanol No Ethanol
1
4 Z4 0.2 3.15x10-11 25 Ethanol No Ethanol
1
5 Z5 0.2 1.26x10-11 25 Ethanol No Ethanol
1
6 AN1 0.2 6.3x10-10 No Silica Water

Considerable 
Ethanol

1
7 AN2 0.2 0.315x10-9 No Silica Water

Considerable 
Ethanol

1
8 AN3 0.2 6.3x10-11 No Silica Water

Considerable 
Ethanol

1
9 AN4 0.2 3.15x10-11 No Silica Water

Considerable 
Ethanol

2
0 AN5 0.2 1.26x10-11 No Silica Water

Considerable 
Ethanol

2
1 AS1 0.2 6.3x10-10 15≈20 Water

Considerable 
Ethanol

2
2 AS2 0.2 0.315x10-9 15≈20 Water

Considerable 
Ethanol

2
3 AS3 0.2 6.3x10-11 15≈20 Water

Considerable 
Ethanol

2
4 AS4 0.2 3.15x10-11 15≈20 Water

Considerable 
Ethanol

2
5 AS5 0.2 1.26x10-11 15≈20 Water

Considerable 
Ethanol

2
6 BN1 0.2 6.3x10-10 No Silica Water Lesser Ethanol
2
7 BN2 0.2 0.315x10-9 No Silica Water Lesser Ethanol
2
8 BN3 0.2 6.3x10-11 No Silica Water Lesser Ethanol
2
9 BN4 0.2 3.15x10-11 No Silica Water Lesser Ethanol
3
0 BN5 0.2 1.26x10-11 No Silica Water Lesser Ethanol
3
1 BS1 0.2 6.3x10-10 15≈20 Water Lesser Ethanol
3
2 BS2 0.2 0.315x10-9 15≈20 Water Lesser Ethanol
3
3 BS3 0.2 6.3x10-11 15≈20 Water Lesser Ethanol
3 BS4 0.2 3.15x10-11 15≈20 Water Lesser Ethanol
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4
3
5 BS5 0.2 1.26x10-11 15≈20 Water Lesser Ethanol
3
6 CN1 0.2 6.3x10-10 No Silica Water No Ethanol
3
7 CN2 0.2 0.315x10-9 No Silica Water No Ethanol
3
8 CN3 0.2 6.3x10-11 No Silica Water No Ethanol
3
9 CN4 0.2 3.15x10-11 No Silica Water No Ethanol
4
0 CN5 0.2 1.26x10-11 No Silica Water No Ethanol
4
1 CS1 0.2 6.3x10-10 15≈20 Water No Ethanol
4
2 CS2 0.2 0.315x10-9 15≈20 Water No Ethanol

#
Sample 
Name Dye  (mM)

Nanorod 
(m/l)

Thickness 
SiO2/nm

Solven
t

Nanorod pre-
Ethanol 

4
3 CS3 0.2 6.3x10-11 15≈20 Water No Ethanol
4
4 CS4 0.2 3.15x10-11 15≈20 Water No Ethanol
4
5 CS5 0.2 1.26x10-11 15≈20 Water No Ethanol
4
6 DS1a 0.2 6.3x10-10 15≈20 Water Ethanol present
4
7 DS2a 0.2 0.315x10-9 15≈20 Water Ethanol present
4
8 DS3a 0.2 6.3x10-11 15≈20 Water Ethanol present
4
9 DS4a 0.2 3.15x10-11 15≈20 Water Ethanol present
5
0 DS5a 0.2 1.26x10-11 15≈20 Water Ethanol present
5
1 DS1b 0.2 6.3x10-10 15≈20 Water No Ethanol
5
2 DS2b 0.2 0.315x10-9 15≈20 Water No Ethanol
5
3 DS3b 0.2 6.3x10-11 15≈20 Water No Ethanol
5
4 DS4b 0.2 3.15x10-11 15≈20 Water No Ethanol
5
5 DS5b 0.2 1.26x10-11 15≈20 Water No Ethanol
5
6 S1 5 3.15x10-10 15≈20 Water No Ethanol
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5
7 S2 5 6.13x10-10 15≈20 Water No Ethanol
5
8 S3 5 3.15x10-10  Water No Ethanol
5
9 S4 5 6.13x10-10  Water No Ethanol
6
0 S5 5 None  Water No Ethanol
6
1 N1 0.2 3.15x10-10 15≈20 Water No Ethanol
6
2 N2 0.2 6.13x10-10 15≈20 Water No Ethanol
6
3 N3 0.2 3.15x10-10  Water No Ethanol
6
4 N4 0.2 6.13x10-10  Water No Ethanol
6
5 N5 0.2 None  Water No Ethanol
6
6 B1 0.2 3.15x10-11  Water No Ethanol
6
7 B2 0.2 6.13x10-11  Water No Ethanol
6
8 B3 0.2 1.26x10-11  Water No Ethanol
6
9 B4 0.2 None  Water No Ethanol

7
0

Pure 
(control 
sample) 0.2 None  Water Not applicable

Legend: With Silica = blue   Without Silica=white; Pre=preparation

7.4.1.2 Silica coating of Nanoparticles

The gold NP is coated with silica to minimize the effect of the non radiative decay processes when the 
NP is in proximity to the dye molecule. And the optimum thickness of silica has to be chosen for this for 
reasons discussed below.

Silica is both inert to gold surface (viterophobic) and optically transparent i.e. theoretically it should not 
affect the intensity of the local dipole field, due to SPB, and that of the incoming light [36]. However, as 
will be discussed: it does cause some spectral shifts as it effects the local dielectric constant being 
experienced by the SPB [36]
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The other interface that the silica is involved with is the aqueous/ethanol solution of Rh6G. The Rh6G is 
a cationic dye and the silica, has anodic tendencies depending on preparation, hence the Rh6G 
molecules are attached to the silica surface electrostatically [37, 38]. There have also been attempts to 
covalently bind Rh6G to silica [37].  

The prevention of quenching by silica has been investigated in a study. Their interface was Rh6G-silica-
Silicon and they state an equation for rate of relaxation of the excited molecule which gives non 
radiative energy transfer of Rh6G to both silica and silicon separately [38]. They claim that the 
quenching of Rh6G observed cannot be explained by FRET alone.

k = kr + k(Si)nr+ k(SiOx)nr                                          equation (7.1)(Reproduced from [38]) 
Where kr = Г (symbol used in the thesis report for radiative decay) 

 The Rh6G is quenched relative to Rh6G in aqueous solution. However, the thickness of silica used in 
their study was <10nm and we utilized a thickness of 15nm, which is 3 times the typical FRET distance 
for Rh6G. [38]

The rigid silica surface holds the Rh6G in a fixed position with less rotational movement allowed to the 
molecules.  And due to the electrostatic bonding the polarity in the microenvironment is reduced and 
this change in microenvironment is responsible for spectral shifts [14].

 The Rh6G molecules adsorbed on the surface of silica also tend to form dimers. There are two types of 
dimerization possible: H and J dimers depending on the following three parameters which in turn 
depend on the geometry of the dye: 1-angle of adsorption 2- Distance between the monomers (on 
surface) 3-Angle between the monomers. J dimers are fluorescent and H dimers are not. However, the 
formation of either was not investigated nor the relation of the dimers formed, if any, in solution to the 
ones on the surface. J dimers on gold surface (NP) have an absorption spectrum that is not a simple 
superposition of the SPB and dye monomer spectra [39]

Silica induces the following spectral shifts in Rh6G monomer is due to a-change in Rh6G dielectric 
environment (blue shift) b- reduced life time (red shift) c-Metachromasia- formation of cation-anion 
charge transfer (shorter wavelengths)[38]. 

In terms of extinction property of the NP, due to the added silica thickness, scattering might be 
increased due to the increase in particle size. This will not change the intensity of the SPB spectrum [28]. 
Also the change in the dielectric environment experienced by the NP will be changed which implies a 
spectral shift (figure 7.4c); as will be discussed in the model below.
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Figure 7.6 a.Core-shell structure NP geometry, ε1, ε3, ε3 are the dielectric functions for the silver core, dielectric shell and 

embedding regions, respectively; R1 denotes the core radius and R2 denotes the shell radius.b. Local field factor maximum 
corresponding to the exterior surface peaks determined from the calculated spectra as a function of shell thickness. R1=10nm, 

ε3 =2. Reproduced from [28]

 

ROUT=І3(3-2P) ε1r ε3+6p ε2
2+i[3(3-2P) ε1I ε3]/ 3(3-2P) ε2+2pε3] ε1r +2Pε3

2+2(3-p)ε2 ε3)І 
+i[(3-2P) ε1I ε2+2P ε3ε1I]                                                (7.2) reproduced from [28]

ε1(w)= ε1r (w)+i ε1I (w)                                                  (7.3) reproduced from [28]

P=1-(R1/R2)3                                                                  (7.4) reproduced from [28]

R1, R2,ε1,ε2, & ε3 are from figure 25.
 

 In [28] they have derived equations for the, E field in each region, and local field factor on the inside 
and outside of the silica shell (figure 7.6a). In their equations, equation 7.2, the ratio of ε2 / ε2  (ratio of 
of the permittivity of the two regions) is important for the value of the local field value on the outer 
surface of the silica shell. The value of local field value decreases with increasing silica shell thickness: 
(figure 7.6b).Even though they have considered ε2 to belong to a shell of dye molecules, we can consider 
ε2 to be a region of silica and ε3 to be the outside dye permittivity.

The spectral shifts due to all the factors will be commented on in the results section of the report along 
with the experimental findings. However the shift in the SPB due to the 15nm silica coating will be 
shown in the experimental section.

7.4.2 Observable

7.4.2.1 Lasing Intensity & spectral shift

Discussed in section 8.2.1 and 8.2.2
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7.4.2.2 Photobleaching

Photo bleaching is an irreversible photochemical deactivation due to the bond reformation rendering 
the Singlet state deexcitation as nonradiaitive of the dye molecules. The chemical changes that occur or 
the change in the shape of the fluorophore’s molecular structure which renders it non fluorescent, yet 
with the same absorption spectrum as a non-deactivated fluorophore [40]are still not fully explained. 
The chemical reactivity of the dye after photobleaching is not discussed in the present thesis. However, 
no change in the absorption spectrum might indicate that the energy levels, bonds, have not been 
changed to a great degree. There is one study, not Rh6G, in which they tried to experimentally indentify 
the products after photobleaching of a dye [41]

Photobleaching limits the reusability of the dye as a source of fluorescence. And as the number of 
molecules photobleached increases the quantum yield and output power of the dye laser decreases 
while its threshold power increases. 

As already mentioned the absorption spectrum of the dye is not changed relative to that of the non 
deactivated dye. But the reduction in the fluorescence intensity has been attributed to many 
mechanisms A-Forster energy transfer between the bleached and unbleached providing adding to the 
options available for non radiative decays, B-bleached and unbleached dye form an aggregate which has 
the same absorption spectrum as the unbleached dye or C- simply that the reduction in the number of 
active dye molecules translates into a diluted solution. [42]

One of the factors affecting the rate of photobleaching , of a dye in a laser cavity, is the pump power and 
it is proposed to be linearly proportional to the pump power [43]. Other factors might be A-
temperature: dyes at higher temperature resembling the absorption spectrum of a diluted dye, but 
these effects become important after 60c [43], B-choice of solvent, and the C-the presence of other 
chemical compounds, for example, oxygen is shown to have significant contribution to the rate of photo 
bleaching in methanol [1]

In our experiment the dye molecules can exist in two forms: either attached to the surface of gold/silica 
or in solution. It has not been investigated as to which part of the photo bleaching curve would 
correspond to which state of the dye (attached or not attached to the NP). However, in one study, of 
photo bleaching,  involving Rh6G in Methanol they divide the photobleaching curves into two parts (fast 
and slow) while conjecturing that chemical products of one trigger stage two and the process of photo 
bleaching can be reversed midway by injecting oxygen. [1].  

In the present setup we measured the rate of photobleaching by noting the time it takes for the 
fluorescence, of a fixed concentration of dye in aqueous solution, to drop to approximately zero. Others 
studies have used absorption and transmission to characterize the dye [42, 40, 43, 15, 44]. The most 
efficient way of observing dimerization is through absorption spectra as dimers have a stronger 
absorption than emission spectrum as discussed in section 3.4

In the present study the effect of solvent was considered using both water and ethanol with ethanol 
giving a much longer photo bleaching time, perhaps, due to lack of dimerization.
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8 Results & Discussions
                      Photobleaching curves                                                       Lasing Intensity

                          

Figure 
8.1.The photobleaching curves of the AN series with the          Figure 8.2. The spectral curves for the AN series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the AN series curves

Figure 8.3.The photobleaching curves of the AS series with the           Figure 8.4. The spectral curves for the AS series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the AS series curves
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Fig.21. AS series curves

Figure 8.5.The photobleaching curves of the AS series with the           Figure 8.6. The spectral curves for the AS series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the B series curves

Fig.22.  B Series curves

Figure 8.7.The photobleaching curves of the CN series with the           Figure 8.8. The spectral curves for the CN series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the CN series curves
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Figure 8.9.The photobleaching curves of the DSa series with the         Figure 8.10The spectral curves for the DSA series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the DSA series curves

Figure8.11The photobleaching curves of the DSb series with the         Figure8.12 The spectral curves for the DSB series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the AN series curves
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Figure8.13..The photobleaching curves of the X series with the           Figure8.14.The spectral curves for the X series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the X series curves

Figure8.15.The photobleaching curves of the Y series with the           Figure8.16.The spectral curves for the Y series with 
Concentrations mentioned in Table 2. NO curve is for the pure                concentration mentioned in table 2. N0 curve is for 
Dye  Solution labeled pure in table 2.                                                              the pure dye solution labeled pure in Table 2. The 
                                                                                                                                The dotted line intersects the spectral curve of the pure 
                                                                                                                                Dye solution and gives an indication of the blue or red 
                                                                                                                                Shift of the Y series curves
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Figure8.17.The photobleaching curves of the CS series with the           
Concentrations mentioned in Table 2. NO curve is for the pure                
Dye  Solution labeled pure in table 2.                                                              

8.2 Selected results for Discussion

All the measurements above were made using a fixed concentration of dye and variations, similar in all 
series, in NP concentration. The cavity was adjusted from time to time but the behavior of the curves 
was important relative to each other and to the control sample (which was made separately for each 
series).

The results are divided into uncoated, N series, and coated, S series. The change in the behavior of the 
emission spectra in N and S series with the NP variation is compared internally, inside the series, and 
externally between the N and S series. The S series was an attempt at optimization by trying to limit 
certain negative effects, on the emission properties of the dye, due to the addition of the NP’s.

All the samples, containing the NP’s, showed an, approximately, 4 nm line width which is similar to that 
of the pure dye solution. The power conversion efficiency, for the pure dye in the present cavity setup, 
was 3% with an output power of 13.3 mw. Even though the cavity was adjusted slightly in terms of 
angles and detector placement, yet the laser cavity components remained the same, hence a large 
variation in the efficiency is not expected. NOTE: The name convention for the curves used below is in 
accordance with the published papers [45, 46] and not related to the convention for the curves plotted 
before, i.e. the N series below is not the N series from Figure43 nor S from Table 2.

8.2.1 Uncoated Nanoparticle dye solutions

Table 3: Concentration table for the selected solutions.
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Figure8.19b.The photobleaching curves of the N series                      Figure8.19a The spectral curves for the N series with 
with the concentrations mentioned in table 3.                                           the concentrations mentioned in the table 3. 
                                                                                                                                

Figure8.20b.The photobleaching curves of the N series                   Figure 8.20a The spectral curves for the N series with 
with the concentrations mentioned in table 3                                          the concentrations mentioned in table 3 
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Discussion

The discussion will be broken down into comments on the three, spectral, properties of the lasing 
solution under investigation: Lasing intensity, spectral shifts, and photobleaching time. A paper, 
discussing the results shown in figures 8.19-20(a,b) has been published [45].  

Lasing Intensity

The graphs in 8.19b and 8.19b have been adjusted to emphasize only the spectral shifts. However, the 
initial lasing intensity, can be compared for the different samples through 8.19a, and 8.20a. Comments 
on the time evolution of lasing intensity will be made in the photo bleaching section. The solutions have 
a NP concentration, positive, gradient from N1 to N5.As is visible, from the 8.19a, 8.20b the series first 
shows an enhancement (N1N2)of lasing intensity and then quenching(N2N3N4N5). The only 
factor changing is the concentration of the NP’s, i.e the ratio of the concentration of the NP’s to the dye. 
The mention ratio (ignoring the attachment of the dye to the NP surface) controls the averaged distance 
between the NP and the dye. 

As discussed in the sections on SPB (4.2), local field enhancement (5.2), radiative rates(5.4), and energy 
transfer (5.3) the distance between the NP and the dye is important in terms of fluorescence intensity, 
initial and its evolution with time, and spectral shifts-Figure 5. The relative strength of each phenomena 
in the NP-dye interaction decides the resultant enhancement or quenching of the lasing intensity. Local 
field enhancement and an increase in radiative rates of the dye  (reduced fluorescence lifetimes) near 
the gold NP result in enhancement whereas nonraditive energy transfer (increasing the non radiative 
rate) such as FRET, SET and heat transfer will cause a reduced intensity. In the solutions as the NP 
concentration increases: the Local field enhancement and radiative rate reduction should be dominant, 
reaching a maximum at N2, but with a further increment in NP concentration, changing the inter particle 
distance, the effect of quenching phenomena of nonradiative energy transfer becomes 
dominant(overpowers the enhancing factors). The effect of local heating by NP,s in a dye lasing solution 
has not been investigated but there is a possibility that it can damage the dye in the local environment 
leading to lesser intensity, over time, due to a reduced number of particles emitting but this effect 
would not be important at the initial stages. Hence it is conjectured that local field enhancement & 
increase in radiative rates compete with increase in nonradiative rate due to nonradiative energy 
transfer to give a resultant enhancement of the lasing intensity. 

Spectral shifts

The shifts of the central frequency of the lasing band, relative to the pure sample, are observed in the 
samples (N1-N5) in the same direction, red shift. The red shift increases with the increase in the NP 
concentration. However the cavity was adjusted between N1-N2 and N3- N5, yet their shifts relative 
their respective N0 are more important. Red shifts, the increase with NP concentration will be 
commented on later, can be due to: 1-effect of the reduced excited state lifetime on the homogeneous 
damping rate[38] 2-change in the dielectric environment due to the attachment of the dye, 
electrostatically, to the NP, i.e. the effect of change in the Dielectric environment on the NP SPB: with a 
resulting red shift of the wavelength region experiencing the local field enhancement region in the near 
field region 3- The addition of the NP’s to the lasing solution will change the refractive index of the 
solution. This in turn would change the mode selected by the laser cavity to a red shifted mode. 4- The 
shift in dye emission due to the different dielectric environment, i.e. for the ones attached to the NP. 
This would imply that sufficient numbers are attached to the NP to create a noticeable shift in the lasing 
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spectra i.e. their contribution is substantial. Both SPB and dye experience a change in the dielectric 
environment when the dye is attached, electrostatically, to the NP surface.
The increase in red shift from N1 to N5 however can be explained by a change in the refractive index of 
the material due to an increase in the NP concentration in the solution or due to the fact that more dyes 
are attached to the NP surfaces and, hence, more dye molecules and NP’s are subjected to a change in 
the local dielectric environment. (In the latter case the coverage is an important issue).

Photobleaching Curve

Photobleaching also known as photodecomposition is not a very well understood process in terms of the 
factors affecting it or the chemical changes during the process. However with the introduction of NPs 
the photobleaching time is always reduced. Also, with an increase in the NP concentration the 
photobleaching time reduces further. additionally, the shape of the photobleaching curve, for the 
samples with the NP’s, also changes relative to the control sample. To compare we can divide the 
photobleaching curve into two parts: The initial stage which is approximately constant, or 
monotonically/nonmonotonically changing with slopes much less than the final stage: where the decay 
is approximately exponential.
The reason for the variation in the behavior of the photobleaching curve in the initial stages between all 
the samples is not understood or commented on as there is no pattern to the changes. However, as it is 
more erratic with the addition of the NP’s the phenomena specific to NP’s must be held accountable 
which include change in radiative/non-radiative rate, heating, local field enhancement, energy transfer 
and change in local dielectric environment of the dye and NP. The first three samples, N1,N2 and N3 
show no discernable pattern but N4 and N5 both show a decreasing slope in the initial stage. Heating 
due to the NPs could be a factor, but is difficult to comment on as no experiment was carried out to 
measure the effects of temperature under the specific conditions. Also varying are the radiative and 
nonradiative rate. However, again, due to the lack of understanding of the phenomena of photo 
bleaching it can only be inferred that there might be a correlation between the  initial stage curve and 
the radiative/non radiative rates; but the relation of any phenomena to the shape of the photobleaching 
curve is difficult to predict. The final state is a sharp exponential decay for the samples which is similar 
for all samples.
The photobleaching time decreases N1N5. Reduction in the photobleaching times of the samples is 
associated with an increase in the red shift of their respective spectrum. The factors that could have an 
impact on photochemical decomposition of the dye could be locally intense field near the NP, locally 
heated environment due to the NP, or a variation of the excited state lifetime (radiative rate). FRET as 
will be discussed in section 8.2.2 has been shown to increase the photobleaching time. If an increasing 
red shift, N1N5 is attributed to more dyes attached to the NP’s then this would imply more dye 
molecules being exposed to the local effects of the NP’s, i.e. a more intense EM field, increase in 
radiative rates, and more exposure to heat. Whereas the effect of change in radiative rates on the 
photobleaching time is not straightforward and only correlations can be made: the effect of intense 
local field and heat might be a major contributing time to fast decomposition of dye 
(Thermal+photochemical decomposition). However, as some authors have claimed, section 5.4, a 
reduction in lifetime of the excited state near a metal surface: at higher concentrations of NP, with more 
dye molecules near a metal surface, there might be an increase in the number of molecules with 
reduced lifetime and this coupled with a more intense local field available in the near field could be a 
viable contributor to shorter photo bleaching times: more excitation cycles / time in the presence of 
more intense field.    

8.2.2 Coated Nanoparticles dye solutions
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Table 4: Concentration table for the selected solutions.

Sample ID Concentration of 
Rhodamine 6G 

(mM)

Concentration of 
gold NPs

Coating 

N1 0.2         γ** Uncoated
N2 0.2 2.5γ Uncoated
N3 0.2  25γ Uncoated
N4 0.2  50γ Uncoated
S1 0.2      γ Coated
S2 0.2 2.5γ Coated
S3 0.2  25γ Coated
S4 0.2  50γ Coated

Control 0.2      0 ---

** γ = 12.6 pM

Figure 46b.The photobleaching curves of the N/S series with             Figure 46.a The spectral curves for the N/S series with 
the concentrations mentioned in table 4.                                           .         the concentrations mentioned in table 4. 
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Figure 47b.The photobleaching curves of the N/S series               Figure 47.a The spectral curves for the N/S series with 
with the concentrations mentioned in table 4                                       the concentrations mentioned in table 4

Discussion

The reasoning behind the silica coating was to subtract the negative effects, due to the introduction of 
NP’s, on the lasing intensity magnitude and reduce the photobleaching time. The effects that were being 
targeted for reduction were the nonradiative transfers for quenching and heat and radiative rates for 
photobleaching time enhancement. However the medium of FRET is Virtual photons, undetectable 
particles and silica’s effect on stopping their flow is not known but it would, reduce FRET, by increasing 
the interparticle distance-equation 5.1. Silica being a poor conductor of heat on the other hand is 
expected to limit, if not contain, the heating effect. Being optically transparent it was expected that it 
would not interfere with the magnitude of the local field enhancement, other than creating a slight shift 
due to a change in dielectric environment of the NP and the dye. The results will be published [46] and 
are discussed below

Lasing intensity

The intensity of all the silica coated NP samples showed a lesser intensity than the uncoated ones (figure 
7.4.1.b). All the Low NP concentration samples showed, N1,N2,S1,S2, a lasing intensity enhancement 
relative to the control sample, while the higher concentration ones showed a quenching.  The N series is 
the same as the one commented on before, however, the samples were freshly prepared along with the 
Silica coated NP’s. The repeatability of the experiment, N series, is a proof of the experimental 
credibility. As the only factor different between the N and S series is silica coating hence it must account 
for the reduced intensity: 1-The silica coating might reduce the local field enhancement (quenching) due 
to absorption, also the spectral shift of SPB might change the overlapping, between SPB and dye bands, 
but as shown in figure 7.4a that the shift is only 3nm which is not significant, 2- The nearness to a metal 
surface increases the radiative rate of the dye , proven experimentally in a scientific study[34]. Hence, 
increasing the distance between the NP and the dye due to silica coating should reduce the radiative 
rate (quenching), 3-The increased inter-particle distance will also limit FRET (enhancement). The effects 
that might result in quenching are always strong enough to reduce lasing intensity of S1, S2, S3, S4 
relative to N1, N2, N3, N4 at all concentrations. At higher concentration of NP’s both, S and N, series, 
show quenching relative to the control sample. This is despite the fact that there is more volume being 
covered, in spatial terms, by locally enhanced field. Hence, it must be concluded that at higher 
concentrations the nonradiaitve rates dominates. 
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However at lower concentrations all samples showed enhancement which means the phenomena 
contributing to the lasing intensity enhancement dominate. The increase in radiaitive rate is limited by 
silica but so are changes in the non-radiative rates. It can be inferred that local field enhancement is 
playing a stronger role at these concentrations.

The difference in lasing intensity between N and S series at higher concentrations is reduced that implies 
the factors causing quenching due to the addition of silica are weakened. But as FRET and radiaitive 
rates cannot be changed as the silica thickness is constant. The reduction in quenching, relative to the N 
series, is yet unclear to me. 

Spectral Shifts

The S series shows a constant blue shift relative to the control sample which reduces with higher 
concentrations. The blue shift can be due to: 1-change in the dielectric environment of the Rh6G due to 
silica [38] 2-Metachromasia[38]. However the bonds of silica Si-O-Si and Si-O-OH create a less polar local 
environment relative to the water molecule and according to one study [14] this should cause a red 
shift. Another factor that might cause a red shift is the formation of J dimers on the surface of the NP as 
already commented on in section 3.4. [13] A study claims that silica firmly binds the Rh6G and limits its 
intermolecular rotational movements which also lead to a red shift [13].

However at higher concentrations the blue shift decreases that means the factors causing the blue shift, 
due to the addition of silica, weaken yet are strong enough to prevent the factors causing the red shift 
of the N series. But as already commented in the section on uncoated NP series that more NP’s lead to 
more dye  attached to the NP’s and hence a larger change in the local dielectric for both, yet this factor 
would lead to more blue shift, in this case as the dielectric environment is different due to silica, section 
7.4.1-different ε2/ε3 ratio. But whether the blue shift causing factors are weakening or the ones causing 
red shift are becoming stronger requires more theoretical/experimental investigation. 

Photobleaching time

Contrary  to the lasing intensity of the S series being constantly less than the N series, sample by sample 
comparison, at same concentrations, the photobleaching time is always equal to or more than the N 
series. This would imply that the silica is targeting/limiting the effects which have an influence on the 
photobleaching time. Silica is predicted to reduce the radiative rate, FRET and is a heat insulator and 
reduces the local field enhancement. A higher FRET efficiency is actually believed to increase the 
photobleaching time, FRET -Wikipedia, and hence a limitation of FRET could not be the case. Remaining 
are the reduced radiaitive rate, thermal insulation and reduction in local field enhancement.

In the sections on photobleaching in Section 8.2.1 the factors causing the reduction in photobleaching 
time with increased concentration N1N5 were commented on. And the fact that the S series is not 
showing that drastic a decrease in photobleaching time is because it is limiting all the factors believed to 
be responsible for its reduction: change in radiative rates (nearness to metal surface-kept at least 15nm 
away), heat factor, and perhaps the local field to a minor extent.

More heating and more local enhanced field are a major player at higher concentrations of NP’s. 
However as silica effects the local field enhancement (transparent) much less than the heat transfer 
(insulator) it canbe concluded that heat is the major player being limited by silica.
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An interesting thought to pursue is that blue shift, in the S series, is associated with a longer 
photobleaching time and the red shift, N series, with a shorter photobleaching time, relative to each 
other. An increase in red shit causes a further reduction in photobleaching time, whereas a decrease in 
blue shift is associated with a longer photobleaching time.
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9 Conclusion
The introduction of gold NPs, with SPB tuned to match the dye bands, to an aqueous solution of Rh6G, 
irradiated by a pulsed laser of the appropriate wavelength, will cause the fluorescence of the dye to be 
either enhanced or quenched depending on the concentration of the NP’s. But, the photobleaching time 
is always reduced with the addition of the NP’s.  In the present experiment the solution, 0.2Mm RH6G 
aqueous plus NP’s, was placed inside a fabry-perot laser cavity pumped by a pulsed Nd:YAG laser 
(532nm). The NP’s, 12nm radius spheroids with an aspect ratio of 1.2, were designed to tune their SPB 
to overlap with the emission band of Rh6G so that the wavelength region of the latter was locally 
enhanced due to coupling with the SPB. The attributes of the lasing solution emission spectra being 
observed were the lasing intensity, its evolution with time and the position of the central frequency of 
the lasing spectra (at the initial stages). The factors that were effecting the fluorescence spectra of the 
solution, converted into a 4nm lasing peak by the cavity, were a- Local field enhacement due to the SPB 
(enhacement) b- increase in the radiaitive rate (enhacement)c- increase/decrease in the nonradiaitive 
rate(quenching/enhacement) d-change in dielectric environment of the NP or dye. The processes 
included in the Non-radiative rates are heat and FRET.

 At lower concentration, of NP’s, the concentration of Rh6G being constant at 0.2mM in all solutions, 
show enhancement relative to the control samples, and a quenching at higher. However, all the samples 
showed a reduction in photobleaching time, which at lower concentration was attributed to changes in 
radiative rates and at higher concentration to the local heating due to the NP’s

Silica coating, S series, reduced the magnitude of the lasing intensity relative to the uncoated NP sample 
solutions, N series, but this difference reduced at higher concentrations. However, Silica coating induced 
a relatively longer phtobleaching time at higher concentrations, relative to the uncoated NP solutions, 
the difference was not so prominent at lower concentrations. This increase in photobleaching time 
indicates Silica’s role as an inhibitor of heat transfer from the NP to the dye. 
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11 Appendix
Matlab code for calculating the relative and real permittivity.

% PermReal
function[er]=permreal(x,xp,l,xc)
%plasma freq
xp=(3e8/1.3e15);
%damping factor
l=(3e8/0.265e15);
 
%make a loop for interpolation
dr=200e-9:100e-9:1100e-9;
r=1;
x=200e-9;
e=[];
d=zeros(1,10);
for r=1:10;
er=-1*(1-(xp^2/((x^2+l^2))));
d(r)=sum(er)
x=x+(100e-9)
r=r+1;
e(r)=sum(x);
    end
    
 plot(dr,d); 
 Title('Gold Permittivity-Real part'); 
 xlabel('PermReal');
 ylabel('Wavelenght');
fid = fopen('permreal.txt','w');
fprintf(fid,'%2.4f\n',d);
fprintf(fid,'%1.1e\n',e);
fclose(fid);
end

% Permimag
function[ei]=permimag(x,xp,l,xc)
%plasma freq
xp=(3e8/1.3e15);
%damping factor
l=(3e8/0.265e15);
%make a loop for interpolation
dr=200e-9:100e-9:1100e-9;
r=1;
x=200e-9;
e=[];
d=zeros(1,10);
for r=1:9;
        
ei=(xp^2*((l/x)/(x^2+l^2)));
d(r)=sum(ei) 
x=x+(100e-9)
r=r+1;
e(r)=sum(x)
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    end
 plot(dr,d);
 Title('Gold Permittivity-Imag part'); 
 xlabel('PermImag');
 ylabel('Wavelenght');
fid = fopen('permimag.txt','w');
fprintf(fid,'%2.4f\n',d);
fprintf(fid,'%1.1e\n',e);
fclose(fid);
end

12 Acronyms
Rh6G:   Rhodamine 6G

NPs:      Nanoparticles

SPB:      SPB

EM        Electromagnetic 


