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Abstract

In this thesis, I discuss few novel approaches to enhance the light-matter
interaction, which have applications in solar energy. Enhancement of ab-
sorption/fluorescence is a topic of immense interest in recent years for its im-
portance in various fields: bio-sensing and diagnostics, solar energy, imaging,
forensics, etc.. Often, applications involving fluorescence are quite low effi-
cient, and which is mainly attributed to poor fluorescence from constituent
fluorescent molecules. Enhancing fluorescence of molecules can enable to
realize very efficient applications. And, one such application which needs
attention is Luminescent solar concentrator, which is a main topic of dis-
cussion in this thesis. Luminescent solar concentrators (LSCs) are polymer
slabs filled with fluorescent molecules which absorb incoming sunlight and
emit fluorescence inside the slab, and which is partially guided to the edges
where photovoltaic cells are attached.

Poor absorption/fluorescence of organic molecules is due to their intrinsic
chemical structure, due to which either they display huge non-radiative decay
losses or poor absorption efficiency, etc.. It is well know that the amount of
light emitted by molecules also depends on their surrounding medium prop-
erties. Modifying the surrounding environment very close to the molecules
can actually modify the intrinsic fluorescence properties of molecules. This
idea has been applied quite a lot to modify the properties of molecules close
to metallic nanostructures/nanoparticles. When it comes to enhance the
fluorescence of molecules embedded in polymer slabs like LSCs all existing
approaches fail to work. In thesis, I discuss elaborately, in particular an-
swering following questions: why existing approaches fail to work, essentially
what kind of approaches are needed, and how they should be implemented.

The basic structure of my thesis is organized as follows:

Chapter 1 : Light-matter interaction is introduced at first, particularly
light scattering is discussed with three different perspectives: Light scattering
in disordered media, ordered media and with metal nanoparticles. Light
scattering behaviour in a collection of particles which are either arranged in
order or in disorder can give some interesting phenomena, and have relevance
in approaches to enhance the absorption of fluorescent molecules in a bulk
volume. Furthermore, light-matter interaction at nanoscale using plasmonic
nanostructures is discussed.

Chapter 2 : In this chapter, at first, properties of fluorescent molecules are
discussed elaborately. Working principle of luminescent solar concentrators



is introduced, and followed by a broad discussion on its efficiency. Various
issues which lower the efficiency of LSCs and some very well known strategies
pursued to enhance the absorption of fluorescent molecules are discussed.

Chapter 3 : This chapter is devoted to discuss on experimental and numer-
ical results of the enhancement of UV absorption by using resonant scattering
of aluminum nanoparticles. In this chapter, a novel approach is proposed by
using path length enhancement of light in a UV absorbing media using res-
onant scattering of aluminum nanoparticles. This was realized in a way to
keep the transparency of the system at a high value and achieve the enhance-
ment effect over a bulk volume. This approach is simple, cost effective, and
scalable. This approach can help to realize transparent luminescent solar
concentrators.

Chapter 4 : This chapter discusses elaborately on the path length en-
hancement approach demonstrated in the chapter 3. Numerical and an-
alytical results of path length enhancement studied in different scattering
regimes are presented. A simple theory formulated using probability distri-
bution functions to estimate the maximum path length enhancement that
can be obtained in a weakly scattering regime is presented, and which found
to validate the results of Monte Carlo simulations. Similarly, results of Monte
Carlo simulations in diffusive regime were compared with a known diffusion
theory, which found to have a good agreement.

Chapter 5 : In this chapter, I discuss a novel approach to engineer the
dispersion of an LSC slab patterned with a design of fractal in a way that
its absorption is enhanced and its transport properties are improved. This
approach mainly tries to achieve the increment of photons coupling in to an
LSC slab in a spectral region where fluorescent molecules absorb, and decre-
ment of photons coupling out of the slab in a spectral region where fluores-
cent molecules emit. Results of frequency domain calculations are presented
which reveal the presence of defect states, strong confinement of fields at
frequencies of the defect modes. Furthermore, results of mode dynamics in
k-space for various frequencies are presented.



Introduction to Light scattering

Interaction of wave with matter is a ommnipresent process. In particular,
light interaction with matter is something we come across every day in our
lives. Understanding, and ability to control light-matter interaction is a topic
of tremendous interest in various fields. Interaction of light with matter
occurs mainly in two forms: scattering and absorption. In this chapter, light
scattering with matter consisting of particles arranged in different geometries
15 introduced.

Interaction of light with matter occurs all around. Light coming from
the sun is lost in thick clouds, low visibility during the winter due to fog and
smoke affects all forms of traffic, change in colour of opals and butterfly wings
with the angle of observation, colours of flowers and vegetation, etc., and all
these phenomenon are some simple manifestations of light scattering and ab-
sorption by matter that we come across in our daily lives. Light attenuation
through any medium with inhomogeneities occurs by scattering and absorp-
tion, and together referred as extinction. The study of light extinction and
its applications is a vast field, and has been pursued with many perspectives
in various fields including astronomy, atmospheric science, oceanography,
biomedical diagnostics, photonics, solar energy, etc..

1.0.1 Scattering

Light extinction in a medium with inhomogeneities can be better described
by looking at an elementary picture of light interaction with a single inho-
mogeneity /object. The interaction of light with a single particle may be very
complicated. To a first approximation an object of arbitrary shape and size



is conceptually divided into smaller regions. Applying electric field induces
a dipole moment in each of those small regions. Thereby, each smaller re-
gion acts as a source of secondary wavelets and emits secondary radiation
in the new form of electromagnetic radiation in all directions. The interac-
tion between electromagnetic field and inhomogeneity can be either elastic or
non-elastic, whereas in elastic interaction no frequency change occurs, while
in a non-elastic interaction some amount of light may be converted in the
form of heat or in to other forms of energy. This elementary picture of single
scattering can be extended to explain the extinction of light with objects
like dust grain, blood, metallic object, smog, water molecules, particulate in
ocean, etc.. and whose knowledge has significant relevance in many fields.
Since the laws of electromagnetic waves can be scaled, so the theories and
principles of transport of waves of any wavelength can be relevant for light
transport or vice versa.

The size of the scatterer is an important aspect in the study of single
scattering phenomenon, since it is crucial to know whether the light with
a certain wavelength is able to resolve the object in its path. Theories of
Rayleigh scattering [1] and Mie scattering [2, 3] can explain the scattering
properties of particles of dimensions smaller and comparable to the wave-
length of light.

The Rayleigh scattering theory is valid for the particles of dimensions
much smaller than the wavelength of light. The amount of Rayleigh scatter-
ing that occurs for a beam of light mainly depends on the size of the particles
and the wavelength of light. The intensity scattered from the dipole scatter-
ers at a particular wavelength towards an observer is given by

8ttNab\ |m? —1
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where [ is the incident intensity of light received by the particle, r is the
distance between the particle and the observer, # is the scattering angle, m is
the refractive index of the particle, a is the diameter of the particle, and N is
the number of particles. The Rayleigh scattering intensity clearly indicates a
strong dependence on the wavelength(\) of light and the size of the particle.

The extinction properties of particles with dimensions smaller, or larger
or comparable to the wavelength of light can be accurately determined by the
Mie solutions to the Maxwell’s equations solved for spherical particles [2, 3].
Mie scattering theory has been applied also to study the extinction properties
of stratified spheres [4], and infinite cylinders [3], etc..

Using the theories of Rayleigh and Mie scattering, it is possible to ex-
plain various aspects related to the sky. The particles present in the atmo-



sphere have dimensions much smaller than the visible light wavelengths, so
their scattering can be accurately described by Rayleigh scattering. Since
the Rayleigh scattering is more effective at shorter wavelengths, blue light
is strongly scattered in the atmosphere towards the earth than the rest of
the wavelengths in the visible range, which tells why the sky appears blue
in colour. While at the sunset, sun rays make a long path through the at-
mosphere, light of all shorter wavelengths is scattered out, except the red
portion of the sunlight remains less scattered and reaches the earth surface.
Another noticeable aspect of light scattering in the sky is the whiteness of
clouds. Clouds constitute of water droplets of dimensions comparable to the
visible light wavelengths, so according to the Mie scattering theory, scat-
tering efficiency of water droplets follow a smooth wavelength dependence,
which gives them a white appearance.

The scattering properties of particles of dimensions much larger than
wavelengths can be explained by the principles of ray optics. Inside the par-
ticle, light beam can be approximated as a ray. This approximation explains
many phenomenon like the formation of rainbows to the whispering gallery
modes in a microsphere [5].

1.1 Light interaction with disordered media

Nature of light scattering in a disordered medium can be explained by the
scale of observation. Two parameters are considered as yardsticks for the
scale of observation: size of the scatterer(R), and wavelength(\). When the
size of the scatterer is very small compared to the wavelength (R < \),
light propagating through the medium can not resolve the scatterer in its
path, hence undergo weak scattering or no scattering. Whereas, if the size
of the scatterer is comparable to the wavelength (R < \), so the wave can
resolve the scatterer and undergo scattering. However locally it appears that
scattering might be weak, but the direction of light will be randomized over
a large distance of travel due to the multiple scatterings with other scatterers
in its path.

1.1.1 Single scattering

In a collection of particles, if particles are randomly separated by very long
distances, such that each particle is located in the far field of the other
particles and no systemic phase relation exists between their scattered fields,
so the field exposed by a particle from the rest of the particles is negligible
compared to the incident field. This also implies that the light propagating
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in the medium is scattered only once with a single particle before exiting out
the system. This is known as single scattering approximation [6]. The field
detected in the far-field is simply the incident field.

1.1.2 Multiple scattering

When the collection contains many more particles closely packed enough, sin-
gle scattering approximation is no longer valid. The light undergoes multiple
scattering with different particles, eventually escapes out of the collection.
The scattering in such medium is typically defined by a characteristic length
called scattering mean free path [, which is an average distance travelled by
light between two scattering events, which is meaningful only if defined with
respect to the size of the system. If the scattering mean free path is extremely
small compared to the size of the system, then the scattering would be very
strong in such medium, where light hardly travels in the forward direction. If
scattering mean free path is longer than the system size, then the scattering
is considered as weak scattering. The light multiply scattered from differ-
ent particles interfere constructively and destructively, generates a far field
known as speckle that fluctuates in space and time. Explicit measurements
of speckle are quite complicated to take into account of the fluctuations of
space and time, hence spatial and temporal properties are measured over a
interval of time longer than the time scale over fluctuations occur, and over
many disorder realizations. In general, average behaviour of the transport of
light intensity is considered in terms of random walk to describe the multiply
scattered light instead of highly complex wave transport.

Strength of the disorder on an average can be decided by a characteris-
tic length called transport mean free path [;, which is an average distance
travelled by photons in a disordered medium before their direction is being
randomized and light looses correlation with its initial characteristics com-
pletely. Transport mean free path is given by:

Ls
1 —{cost)’

where (cos ) is the average cosine of the scattering angle, typically re-
ferred as anisotropy factor(g). If the anisotropy factor is positive it implies
that maximum scattering occurs in the forward direction, if negative it oc-
curs in the back ward direction. For an isotropic scattering, anisotropy factor
becomes zero so the transport mean free path is same as the scattering mean
free path.

Coherent light illuminated on a disordered medium spreads slowly with
time inside the medium and completely loses correlation with its initial di-

Ly (1.2)



rection of propagation, this is known as a diffusive transport. The concept of
diffusion is familiar to us from the fields of transport of gases and heat, etc..
Light propagation through the clouds, opaque media, milk are some every
day examples where we come across light diffusion.

It is possible to express the diffusive transport in simple terms like energy
density(p) at a position r in space and at time ¢. The diffusion equation is
given by

dp(r, 1)
dt
where D is the diffusion constant, measured in m?/s and is related to

the parameters of the microscopic transport of light in a three dimensional
disordered medium by the following equation:

= DVQ p(r,t), (13)

1
D = g’Ult, (14)

where v is the velocity of energy transport [7]. Taking Fourier transform(§)
of the (1.3) with respect to spatial coordinates gives

0%
Ox
Simplifying the expression (1.5) we get

Ip(x, )] = —DKF [p(r, 1) (L5)

Fp(r, t)] = Ae P, (1.6)

where A is an arbitrary constant to be determined by applying boundary
conditions. Transforming the Fourier transform in (1.6) back in to the real
space, and imposing the boundary condition p(r,t = 0) = ped(r)d(t), and we
get

= 4Dt
plEt) = pr—=se T (1.7)
Hence obtained propagator(probability amplitude) of the energy density
follows Gaussian distribution function, whose width is given by the mean
square displacement (2?(t)) of photons at a given point of time(t). The
cloud of photons propagating through a diffusive medium spreads linearly
with time:

R~ (r’(t)) = /er(r,t) dr = 2pyDt. (1.8)



Figure 1.1: (a) Illustration of enhanced back scattering effect. Optical paths en-
tering at rl and exiting at r2(red path), and vice versa(black path) respectively,
interferes constructively leading to a enhanced back scattering effect. (b) Illustra-
tion of Anderson localization: Photons making time reversal reciprocal paths in a
strongly scattering medium interfere constructively, thus create a localized state.

As mentioned earlier, multiply scattered light interfere constructively and
destructively that generates a speckle pattern in the far field, clearly indicat-
ing the preserved coherence upon multiple scattering. The speckle pattern
depends on the arrangement of particles, however during the averaging pro-
cess all the inferences are averaged out, and the interference contribution
only in the backward direction survives. The light following reciprocal mul-
tiple scattering paths in the collection of particles interference constructively
and cause a enhanced back scattering, so called as coherent back scattering
effect [8]. Tlustration of reciprocal loops which give back scattering effect
is shown in the Fig. 1.1(a). The average intensity in the back scattering is
observed to be twice the diffused intensity.

When the scattering mean free path relative to the system size is de-
creased, photons tend to return to their initial position. Increase of the
return probability of photons essentially reduces the net transport in the for-
ward direction, as a result the diffusion constant decreases. Normally return
probability is very small. When the disorder is further increased beyond
a limit(decreasing the scattering mean free path relative to the size of the
system), light tends to return to its initial position and interferes construc-
tively with the counter propagating waves, due to which light is localized
strongly inside system, thus brings the transport of light to a complete halt,
this effect is known as Anderson localization. Mechanism of localization by
time reversal loops in a 3D system is illustrated in the Fig. 1.1(b). Enhanced
back scattering effect discussed in the previous paragraph, is a precursor of
Anderson localization, so it is also called as weak localization.

Localization was hypothesized by P.W. Anderson actually in electronic
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systems [9]. Anderson predicted that transition from metal to insulator oc-
curs due to the interference of electronic waves in disordered metallic lattice,
thereby suppressing the diffusion completely. Localization creates exponen-
tially confined modes randomly across the medium. The same effect was
later demonstrated in other spectral ranges like ultra sound [10], light [11].
Demonstrating the localization effect is bit lesser complicated in optical range
since photons do not interact with each other unlike in electrons. In contrary,
obtaining the same scattering strength in dielectric materials as in electronic
case is a challenge.

To obtain the localization in a three dimensional sample, transport mean
free path must be of the order of the wavelength of light in the medium,
subject to Ioffe-Regel criterion [12]

kl, < 1, (1.9)

where k is the wave vector. In the Anderson localization regime, all the
waves are localized in an infinite medium. For a finite sized system, modes
leak out of the system, as a result diffusion constant scales with the size of
the system.

Figure 1.2: Random laser action in a disordered active medium. In random
laser, multiple light scattering provides the necessary optical feedback into the
gain medium.

One of the most fascinating application of multiple scattering of light
is random lasing. Unlike in conventional lasers, a random laser uses opti-
cal feedback provided by the multiple scattering in the random media [13],
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whose general mechanism is illustrated in the Figure. 1.2. The speckle pat-
tern obtained as a result of interferences in a random media determines the
mode structure of random laser. Above the threshold, emission of a random
laser narrows down and starts showing narrow spikes, and the modes with
a maximum gain obtain maximum intensity. Random lasing was found in a
materials of different scattering strengths, with kl; values ranging from 10 to
10* [14, 15, 16], which suggests that both extended and localized modes in
random media can support random lasing. Random lasing is a phenomenon
that shows how the rich the physics of disordered media.

Local density of states (LDOS) describes the available modes supported
by a index modulated structure. The spontaneous emission of emitters placed
in a disordered medium is decided by its local density of states, which varies
from position to position in the medium, as a result strong fluctuations can
be observed in the spontaneous emission of emitters [17]. And, these fluc-
tuations in spontaneous emission can be used as a tool to probe the local
environment [18].

1.2 Light interaction with periodic media

Controlling the transport of electrons in the semiconductors has enabled to
create wonders of electronics, where the band gap is manipulated in a de-
sired manner. The band gap of semiconductors is attributed to the periodic
potential of the lattice structure. In the advent of photonics field, there is a
strong interest in recreating efficient photonic devices similar to the counter-
parts of electronic devices. Periodic potential can be realized also for photons
by modulation of refractive index at a scale where light can resolve. Peri-
odic arrangement of objects like sphere, cylinder, and rods of dimensions of
the order of wavelengths can give a collective response very different from
their individual Mie scattering behaviour. In fact such an arrangement of
fundamental scattering units result into complex photonic structures called
“Photonic crystals”. Light makes multiple reflections and refractions inside
the periodically index modulated structures, hence undergoes destructive in-
terference which affect the propagation of electromagnetic waves through
them. The properties of the photonic crystals are quite similar to the semi-
conductors, so the concepts of condensed matter physics are usually extended
to explain the geometry and light behaviour in such systems.

Depending on the direction of index modulation, photonic crystals of
one, two and three dimensions can be constructed. The illustration of the
periodic arrangement of scattering units(combination of high and low index
objects)in one, two and all the three directions is shown in the Fig. 1.3. In a
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Figure 1.3: The illustration of the scattering units arranged in one, two and
three directions.(a) One dimensional photonic crystal (b) two dimensional photonic
crystal (c) three dimensional photonic crystal.

one dimensional photonic crystal, when the period is half of the wavelength
of light in the medium, Bragg diffraction occurs. The incident light along the
periodicity direction will be reflected back with nearly 100% efficiency. One
of the key consequence of Bragg diffraction is the iridescence from photonic
crystals, on account of which, their colour changes sharply for different angles
of observation.

Similarly, in two and three directions, if the refractive index contrast is
big enough and the absorption is negligible, the scattering at the dielectric
interface can lead to the formation of frequency ranges where the propagation
of light is inhibited in some particular directions. Those frequency ranges are
called as photonic band gaps(PBGs), analogous to the electronic band gaps
of the semiconductors.

Three dimensional photonic crystals provide much greater flexibility to
control the light propagation in all three directions. If the refractive contrast
is large enough, three dimensional photonic crystals can have a complete pho-
tonic band gap, in a frequency range where the light is forbidden to propagate
in any direction. The first example of a complete band gap material was re-
ported by Yablonovitch et al. in the microwave wavelengths [19]. In order
to shift the band gap to optical and telecom wavelengths, structures must
be modulated at a sub-micron scale which require sophisticated fabrication
techniques. Woodpiles and Opal structures of silicon are two such robust ge-
ometries of 3D photonic crystals which were shown to demonstrate complete
band gap in optical wavelengths [20, 21].
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Opals are fabricated by a self assembly of polymer spheres. This method
involves aggregation of nano spheres, which after being driven to the grow-
ing surface by gravity, relax to attain a minimum potential energy. Thus
obtained structures display a face centered cubic geometrical ordering. In
order to increase the refractive index contrast, initially opals are fabricated
with polymer nano spheres, later, either its voids are replaced with silicon
and then followed by removing spheres, or polymer is replaced with silicon,
using multi step chemical processing technique. Opals suffer from various
kinds of disorder effects like formation of domains, cracks, polydispersity of
spheres, void defects, etc.. Low cost fabrication makes opals as more promis-
ing photonic crystals.

Woodpiles structure was first proposed by Ho et al [22]. The geome-
try of the woodpiles facilitates to tune the band gap in a desired manner.
The band gap of woodpiles is expected to be quite robust against the in-
trinsic disorder due to its connected structure. Woodpiles structure have
been fabricated with techniques like layer by layer assembly [23], and Direct
laser writing(DLW) [24], out of which latter is most suited for the current
geometry.

Figure 1.4: Photonic crystal geometries found in nature:(start from top-left:
clockwise) (a) butter fly, (b) peacock feather, (c) opal, (d) Chrysochroa vittata.
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Light can be alternatively confined in three dimensions using 2D photonic
crystals which are fabricated on a slab. These slab structures consists of a
2D photonic crystal at the core, and surrounded by layers of lower refractive
index. Light is confined in the slab by index guiding in the third dimension,
and in plane by photonic band gap due to the photonic crystals. Photonic
crystal slab configuration reduces the need for a periodicity in the third
dimension [25].

Understanding of periodic geometry’s ability to mold the light propa-
gation can not be simply explained from the Mie scattering of individual
scatterers, instead requires a rigorous approach. Of course starting point lies
with the Maxwell’s equations. As presented in the [26], a very general master
equation

L xH|=%n 1.1
v | v | = L HE) (1.10)

can be derived for a macroscopic medium, with a position dependent
dielectric constant e(r). The master equation represents an eigenvalue prob-
lem where the operator 37 X % v X is an hermitian and positive definite
quantity (for real € > 0).

Photonic crystals display discrete translational symmetry due to the pe-
riodicity, so their dielectric function corresponds to €(r) = e(r + R) for any
primitive lattice vector R that is an integral multiple of lattice constant a.
Which is called as Bloch state. Bloch theorem states that the Bloch states
with wave vector k and k+m2m/a are identical and therefore same frequency
w(k) = w(k + 2mm/a). Hence, the dispersion diagram is periodic in the k
direction with a period equal to the reciprocal vector of the lattice G = 27 /a.
To investigate the dispersion properties of photonic crystals, we can restrict
ourselves to one period, called as irreducible Brillouin zone. For an each
value of the wave vector k inside the Brillouin zone, there exist an eigenstate
of © with frequency w(k) and an eigenvector Hy of the form

Hy (r) = '®" uy(r), (1.11)

where uy(r) is a periodic function on the lattice: u(r) = ux(r + R) for
all primitive lattice vectors R.

For each value k, we can expect infinite set of modes with discretely
separated frequencies, which are referred as bands. As R varies continuously,
its frequency also vary continuously. The family of continuous functions w(k)
arranged in the increasing order of frequency for different values of k with in
the irreducible Brillouin zone is called as band structure.
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Photonic band structure contains complete information of expected opti-
cal properties of photonic crystals. A gap with in the frequency bands at a
particular wave vector k is called as pseudo gap, whereas a gap in the bands
for all wave vectors is called as complete photonic band gap.

Photonic crystals constitute a perfect platform where light can be molded
and controlled at will by proper engineering of its geometry. Introducing
structural defects like cavity inside the photonic crystal can create a defect
state inside the photonic band gap. It is possible to confine light in a single
defect plane in one dimension, in a line defect in two dimensions, and localize
in a small volume at a single point defect in three dimensions. The light
associated with the frequency and wave vector of the defect state confine
spatially at the position of the defect. By proper engineering of the geometry
of the cavity, it is possible to modify the strength of the light confinement
in the cavity. The efficiency of a cavity is characterized by the quality factor
Q) = w/Aw, and the mode volume of the cavity. Maximal mode volume of
the order of cubic wavelength can be obtained for a cavity.

In the vicinity of band gaps strong deviation of dispersion can be observed.
The bands become flatter close the band edge, which results in a decrease
of group velocity in effect light propagation slows down. Slow light has
numerous applications which include enhancement of linear and non-linear
effects(higher harmonic generation [27], wave mixing [28]), and also enable
to realize controllable optical delay lines [29], etc..

A photonic band structure is geometrically represented by its iso fre-
quency curves. Iso frequency curves for a normal dielectric medium are
spherical in shape, while for the photonic crystals they are bit distorted in
shape. Normal to the iso frequency curves represent the direction of group
velocity. Self collimation occurs where the iso frequency curves are flat [30].
Another important feature of the photonic crystals is super prism effect [31],
which occurs where the iso frequency curves are sharply curved.

1.3 Light interaction with plasmonic nanos-
tructures

The optical properties of the noble metals are governed by their conduc-
tion electrons and can be well described by their complex dielectric function.
The interaction of electromagnetic waves with the metal surfaces causes col-
lective oscillation of their spatially bounded surface electrons called surface
plasmons. The coupling state of photons with the surface plasmons is so
called as surface plasmon polaritons(SPPs) [32].
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Strong electron density oscillations that occur on the metal-dielectric in-
terface leads to a strong enhancement of the electric field close to the metal
surface, and those electric fields stay confined very close to the surface. Where
as in metal nanoparticles, electron gas is strongly confined in the three dimen-
sions and exhibit localized surface plasmon resonances(LSPR). As a result of
the interaction of external field with the electrons inside the metal nanopar-
ticle, an opposite field is created to cancel the effect of external electric field,
in such manner dipole moment is induced. The resonance condition with
the external radiation is attained when the frequency of photons matches
with the natural frequency of the plasmons acted upon by the restoring force
due to the induced dipole moment. Creation of surface plasmons in metal
nanoparticles depend upon the geometrical parameters of the nanoparticles.

Propagation and behaviour of the SPPs in metals is mainly decided
by their complex permittivity and of their surroundings. LSPR of metal
nanoparticles generally occur when the real part of the complex permittiv-
ity of metal g, is equal to —2¢,, where ¢, is the real permittivity of the
surrounding medium. Usually three different noble metals are considered,
namely silver, gold and aluminum. Complex permittivities of gold, silver
and aluminum calculated using a freely available code based on the model
described in [33] are shown in the Figure. 1.5, suggesting that plasmon res-
onances of gold, silver occur in the visible range at 535 nm, 420 nm and
aluminum in the ultra-violet range at 192 nm.

Extinction properties of nanoparticles: Mie theory

The scattering of a plane wave with a homogeneous sphere can be well de-
scribed by the formal solutions of Maxwell’s equations solved with the ap-
propriate boundary conditions [2, 3]. The formal solutions of the scattering
problem are derived by considering the incident and scattered fields as radi-
ating spherical wave functions, incident field as regular wave functions and
using proper boundary conditions for the tangential and normal components
of the fields at the interface of the sphere. The Mie scattering coefficients a,,
and b, of a sphere of radius R embedded in a medium of refractive index ng,
are given by

UL ()¥n(w) — min(y)eao)

" U W)a(@) — M) (x) 1
i (4)n(2) — Yu(y)¥a0)

L )G@) = a ) Ce) 49)
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Figure 1.5: Real (black) and imaginary (blue) permittivities of noble metals (a)
gold, (b) silver, and (c) aluminum. Surface plasmon resonant frequency range
of these metals is determined by finding the frequency at which the real part of
complex permittivity of a metal is equal to the -2 times the permittivity of the

surrounding medium.
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where 1, and (, are Ricatti-Bessel functions, m = n;/n., x = kR, y =
mkR and k is the free space wave vector. The extinction, scattering, and
absorption efficiencies of the spherical nanoparticles, represent the ratios of
effective cross-section and geometric cross-section of the particle(r R?)and
refractive index n;, embedded in a medium of refractive index n.:

Qeat = % Z(Qn + D)[R(an + b)), (1.14)
Quea = =5 30+ llanl + I |2, (1.15)
Qabs = Qext - Qsca- (116)

Spectral properties of metal nanoparticles of diameter 20 nm in vacuum are

calculated using Mie theory, see in Fig. 1.6. It can be inferred from the figures
that the extinction of gold and silver nanoparticles is dominated by their
absorption component over the scattering component, while the aluminum
nanoparticles have strong extinction, and also have equal contribution from
both scattering and absorption. The relative contribution of absorption and
scattering depends on the metal and on the size of the nanoparticles. Plasmon
resonances of larger nanoparticles shift towards the longer wavelengths, and
their extinction is significantly dominated by scattering component. The
scattering component is measure of the extent to which the plasmons can
radiate into the far field.

1.4 Conclusions

Light interaction with matter results in to various forms of energy like scat-
tering, absorption, heat, luminescence, etc.. and which depends on the size
of the particles, material, local environment, arrangement of particles, etc..
In particular, scattering by particles of dimensions comparable to the wave-
lengths of light holds the key to control the light in a desired way by their
arrangement, whether it is disorder or order. Surface plasmon resonances
of nanostructures/nanoparticles take the light interaction to much smaller
scale, confine the light strongly in a small volume, thus provide the route to
enhance the interaction of light with matter.
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Absorption enhancement for efficiency
improvement of downconversion based
applications

Enhancement of absorption and luminescence has been studied extensively
in the last few years on account of their immense importance in many ap-
plications. Many light emitting molecules are either poor absorbers or poor
emitters, in effect the performances of applications rely on fluorescence are
severely effected, therefore enhancing the spectral properties of luminescent
molecules is strongly needed. In this chapter, a downconversion based appli-
cation called luminescent solar concentrator is introduced, and issues related
to its efficiency are discussed elaborately. Finally, some previously studied
approaches to enhance the fluorescence are discussed, which have relevance
for this thesis.

Interaction of light with matter is a vast subject of interest, and it has
been studied extensively since many years. Light interacting with a mat-
ter(matter is made up of fundamental particles like electrons, molecules,
atoms, etc..) can end up with two possible consequences. First, light may
be emitted as secondary radiation of the same frequency as of the incident
field, and this process is called as scattering. Second, incident light may be
partially or fully converted into other forms of energy through the absorption
process. Further, the energy absorbed by the particles in the matter is emit-
ted into other forms of energy, which is solely determined by their energy
level diagram. The combined effect of scattering and absorption is to reduce
the amount of energy contained in the incident wave.

Electrons in molecules, atoms, nanostructures(quantum dots) absorb en-
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ergy and emit the electromagnetic radiation of slightly lower energy in the
form of light with a very high efficiency, is called as fluorescence. Among all
emitters, organic molecules are earliest class of fluorescence emitters. The
fluorescence from organic molecules is a result of transition of electrons be-
tween energy states, whose mechanism is usually described by Jablonski di-
agram, whose illustration is shown in the Fig. 2.1. To a first approximation
a molecule is excited to a higher vibration level of either S1 or S2 state.
Molecule in the excited state quickly relaxes back to the lowest vibration
level state of S1, which is called as internal conversion, then makes a tran-
sition to the ground state with an emission of photon.

Heat
S, =
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i ‘ ] Internal

conversion

s N

\

Incident

photon \ hvex/
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hv,,,
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Figure 2.1: A Jablonski diagram of electronic energy states of molecules and
transitions between them.
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Fluorescence: S|, — Sy + huv,,, + heat
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2.0.1 Characteristics of fluorescent molecules

The molecules which can emit fluorescence are also referred as fluorophores,
which display a number of characteristics.

Stokes shift

As mentioned earlier, molecule excited to the highest vibration level of either
S1 or S2 relaxes rapidly to the lowest vibration level of S1 state, and then
makes a transition to the any of the vibration levels of the ground state.
And, the difference between the energies associated with absorption and flu-
orescence processes is called as Stokes shift. The cause of Stokes shift is due
to the non-radiative decay process to the lowest level of the excited state.
Furthermore, electrons in the lowest vibration level state of S1 may also relax
to the highest level of the ground state, in effect much more energy is lost in
the form heat.

Quantum yield and life times

Quantum yield ® is a parameter that quantify the efficiency of a fluorophore.
Essentially, it is a ratio of photons emitted relative to the number of photons
absorbed. The maximum quantum yield of a fluorophore can be 1.0(100%).
Quantum yield can be defined also in another way from the rates of excited
state decay:

_ Ky
_Eiki’

where k; is the rate of spontaneous emission, can be also called as radia-
tive decay rate, > . k; is the sum of all the excited state decay rates including
radiative decay rate and non radiative decays rates from processes such as
dynamic collisional quenching, near-field dipole-dipole interaction (or reso-
nance energy transfer), internal conversion, and inter system crossing, etc..

Another important characteristic of fluorophores is their life time. Life
time of a fluorophore is the average time the molecule stays in its excited
state before emitting a photon. Depopulation of molecules in a excited state
occurs through radiative and non radiative processes, hence the total decay
rate ['jpq 1S given by

)

(2.1)

Ftotal - Frad + Fnrada (22>

where I',..4 is the radiative decay rate, and I',,,..4 is the non radiative decay
rate.
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2.0.2 Applications of fluorescence

Fluorescence phenomenon has immense applications in many fields, which
either use the fluorescence in direct form, or to sense the objects which emit
it. To begin with, simplest example for fluorescence is a incandescent lamp
which every one use in households. The common fluorescent lamp relies
on the fluorescence of the phosphor material on the walls of the tube. An
electric discharge in the tube causes mercury atoms to emit UV light, and
phosphor deposited on the walls absorb the UV light and emit white light.
In the same way, mixture of phosphors in LEDs absorb the blue light and
emit fluorescence of different colors from green to red, and the net effect of
which gives a white light emission.

Fluorescence is used in biology to track and analyze the biomolecules in a
non-invasive manner. Labeling of biomolecules, detection of bio-molecular in-
teractions that manifest themselves by influencing the fluorescence life times,
bio sensors, study of protein interactions, cell sorting, DNA detection are few
fluorescence based applications [1]. Forensics is another area where fluores-
cent materials are used to detect the finger prints. Forensic experts also look
for traces of body fluids like blood, urine, etc. at the crime scene, since which
contain fluorescent molecules.

Fluorescence phenomenon is widely used in solar energy applications like
dye sensitized solar cells, quantum dot solar cells, organic solar cells, lumi-
nescent solar concentrators, etc., and the advantage of using downconversion
process is that it can be effectively concentrated. Among all these appli-
cations, luminescent solar concentrator(LSC) finds significant attention in
recent years due to their simple architecture. This thesis is devoted to dis-
cuss the various strategies pursued to enhance the absorption of fluorescent
molecules and thereby their fluorescence, towards the improvement of LSCs
efficiency.

2.1 Luminescent solar concentrators(LSCs)

Photovoltaics has gained a tremendous attention in recent years for its po-
tential to cater the future energy needs. Conventional semiconductor solar
cells are the most popular among all other kind of solar cells, on account
of their higher efficiency than others. However, in order to make solar en-
ergy more socially acceptable, cost of the solar energy technology has to
be brought down and its technology has to be much simplified. Lumines-
cent solar concentrators(LSCs) [2] are one such kind of solar cells which have
enormous potential to be socially accepted owing to their simple architecture
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and cost-effectiveness. Unlike the earlier years of LSCs invention, they are
not considered any more as an alternative solution to semiconductor based
photovoltaic cells, rather as a parallel solution on account of their specific
advantages.

A luminescent solar concentrator is a plastic or glass planar wave guide
doped with fluorescent molecules(see the illustration of an LSC in the Fig-
ure. 2.2(a)). The fluorescent molecules in the polymer slab absorb incoming
light of shorter wavelengths, emit at longer wavelengths. The light emitted
is partially guided to the edges of the slab by total internal reflection, and
where it will be absorbed by the photovoltaic cells. The principle of the LSC
was first proposed by Weber et al in the year 1976 [3], immediately followed
by some more comprehensive works [4, 5]. Similar to the parabolic concen-
trators, luminescent solar concentrators concentrate the sunlight collected
over a large area into a very small area, but in a simple way, occupying less
space, and does not require tracking of sunlight as it can capture both direct
and diffused sunlight.

Luminescent solar concentrators can be useful as windows and roofs for
the buildings, and in particular desirable for urban infrastructure. In order
to be used as windows, LSCs should act transparent to the visible radiation
and should harness only ultraviolet and infra-red spectral regions. Since the
luminous intensity in these wavelength ranges in solar spectrum is quite low,
hence these spectra must be harnessed at a full capacity.

2.1.1 Efficiency of an LSC

The efficiency of an LSC is mainly governed by several factors related to
fluorescent molecules and the host medium. The optical efficiency of an LSC
can be simply expressed as

Topt = (1 - R) PTIR Tabs TIPLQY 7lstokes TThost TITIR Tlself, (23)

where R is the Fresnel reflection coefficient of the host medium, Py
is the total internal reflection efficiency in the slab, 7., is the absorption
efficiency of the fluorescent molecules, 7prqy is the quantum yield of the
fluorophore, 7sokes is the energy lost due to the non-radiative processes such
as heat, Muoe is the transport efficiency of the guided photons through the
slab, nrigr is the reflection efficiency of the slab determined by the smoothness
of the slab surface, and 7y is the efficiency of the guided photons related to
re-absorption of the emitted photons by another fluorophore [5]

Even three decades after the invention of LSCs, highest efficiency achieved
in these devices stands still at a low value i.e ~ 7% [6] on account of various
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(a) Tllustration of a luminescent solar concentrator. Incoming light(green
arrow) is absorbed by fluorescent molecules, and emit fluorescence(orange
arrow), which is guided to the edges of the slab by total internal reflection.
Photovoltaic cells are attached to the edges of the slab, which capture the
fluorescence and convert into electricity.

(b) An image of LSCs with different emis-
sions(Courtesy: M. Baldo, MIT).

Figure 2.2: Luminescent solar concentrator.

issues related to dye and light transport in the host medium. Poor efficiency
of LSCs is attributed to various kinds of losses [2], which are discussed below
in a detailed manner:

Light transport in an LSC: Light emitted by the fluorescent molecules
in an LSC is partially guided by the total internal reflection towards the
edges, while photons which make angles less than the critical angle simply
escape out of the slab. Loss due to the escape of light in a slab of refractive
index n is given by the relation



where n is the refractive index of the host medium. Typically polymers are
chosen as host medium due to their low cost. For a polymer of refractive
index equal to n = 1.5, the fractional amount of loss of light in the loss cone
is L = 0.2546, which is a quite significant loss.

Self absorption: Many of the organic dyes loose their significant amount
of emission due to their intrinsic property called re-absorption. The physical
mechanism of self absorption can be better understood from the energy states
diagram of molecules as shown in the Fig. 2.1. Electrons in an excited fluores-
cent molecule undergoes transition to the excited electronic state and quickly
relax to the meta stable electronic state through a non-radiative decay pro-
cess such as heat, then come back to the ground state releasing fluorescence.
The stokes shift, difference between the energy of the electronic excitation
state and meta stable emission state, which depends on a fluorescent molecule
and its local environment. Small stokes shift between absorption and emis-
sion energies causes an overlap of spectral bands, implying that molecules
absorb fraction of their own emission. On the other hand, molecules with
large stokes shift exhibit non-radiative decay losses in the form of heat, as a
result display poor quantum yield. This can be better understood from the
expression given by

I
I'+k,,’

where Q is the quantum yield of the fluorescent molecules, I' is the radiative
decay rate of the electrons in a electronic excited state, and k,,. is the non
radiative decay rate of the electrons. Luminescent molecules dissolved in
solvents of different refractive index and polarity will have different non-
radiative decay rates, hence different quantum yields [1]

Q=

(2.4)

Photo-stability: Most of the fluorescent molecules such as organic dyes
decompose on exposure to the UV radiation as a result their absorption and
emission efficiency decreases and in effect their life span shortens. The fluo-
rescent molecules in a host media also undergo degradation by the interaction
with the remains of active species from the photo-decomposition of polymer
or singlet oxygen [7].

Fluorescence efficiency The efficiency of LSCs is mainly dictated by the
performance of fluorescence emitters which include organic dyes, quantum
dots, rare earth complexes, and inorganic phosphors, etc.. An optimal emit-
ter for an LSC should display following characteristics: Large spectral width
in absorption, large stokes shift, high quantum efficiency, high absorption
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efficiency over the entire absorption spectrum, high photo-stability, narrow
spectral width in emission, and good solubility in a host matrix.

Organic dyes were considered as fluorophores in the initial works on LSCs
due to their very broad spectral widths in absorption, high quantum effi-
ciency, and their solubility in solvents. Organic dyes have some limitations
such as their low photo-stability, self absorption, broad spectral widths in
emission which makes them less preferable for LSCs.

Quantum dots outperform over the organic dyes due to their large stokes
shift, broad absorption band, high photostability, high absorption efficiency,
etc.. Some works tried to compare the efficiencies of LSCs with quantum
dots and organic dyes, and found quantum dot concentrators had comparable
efficiency as that of organic dye concentrator, which they attribute to the low
quantum efficiencies of Quantum dots [8]. Typical quantum dots are toxic in
nature, and can pose a severe harm to the environment, which is their major
drawback.

Each of these fluorescent molecules have their own advantages and disad-
vantages. In this framework, rare earth complex dyes can become good alter-
natives to the organic dyes and quantum dots due to their low self absorption,
broad absorption band, sharp emission band and strong photostability [2].
Particular europium complex dyes also display a very broad absorption band,
and very narrow emission band, thus provide an opportunity to control the
fluorescence in LSC at will [9, 10]. Nevertheless, it is known that RECs ab-
sorb very weakly, hence require a few millimeters thick propagation length
to absorb the incident light completely, that will require enormous quantity
of dye and as well the host material. Henceforth, enhancing the absorption
of dye over a bulk volume is strongly needed.

There are also other minor problems such as polymer matrix losses, sur-
face scattering losses, etc. which can be minimized at production stage.

Another important issue in LSCs is the loss of fluorescent light through
the escape cone of the slab. There have been so many efforts in recent years
which have tried to address the problem using wavelength specific reflective
filters. Reflective filters are chosen such that their reflection band matches
spectrally with the emission band of the dye, and act as transparent to the
absorption band of the dye. The illustration of emitted light propagation in a
LSC with and without wavelength reflective filters is shown in the Figure. 2.3.
Wavelength specific reflective filters such as rugate filters [11, 12], photonic
crystals [12], and organic cholesteric liquid crystal filters [13] can be used
to confine the light emitted by the fluorescent molecules inside the slab and
transport it efficiently to the edges.

Several organic molecules are dichroic in nature, owing to which they effi-
ciently absorb the light of certain polarization, and emit light only in certain
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Figure 2.3: Illustration of fluorescence propagation in LSCs covered without
any wavelength specific reflective filters(top figure), with filters(bottom figure).
Bottom surface of the LSC slab can be attached with another filter(not shown
in the figure) or can be attached with a scattering layer. Fluorescence in an
LSC covered with wavelength specific reflective filter allow the incident light from
the top surface, and reflect the fluorescence back in to the slab, thus efficiently
transport the fluorescence to the edges of the slab,

directions. This opens a new possibilities in controlling the fluorescence in-
side an LLSC slab by aligning the molecules, and this was investigated before
by using the alignment of liquid crystal molecules [14, 15, 16, 17], using self
aligning nano rods [18]. In these works, alignment of fluorescent molecules
was shown to redirect the significant amount of fluorescence into the guided
modes of the slab. Alignment of molecules with liquid crystal ordering not
only effects the anisotropy of fluorescence, also absorption, essentially de-
creases the absorption efficiency of molecules.

2.2 Light-matter interaction enhancement strate-
gies

Quite often, spectral properties like absorption and emission of the mat-
ter/molecules are weak and undetectable, either due to poor interaction of
light with them or their poor intrinsic absorbance and quantum yield. Fun-
damental science has grown independently in the fields of chemistry and
physics to address poor interaction of light with molecules or to enhance the
intrinsic spectral strengths of the molecules. Variety of tools and techniques
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to enhance the efficiency of luminescent molecules and interaction of light
with matter have been demonstrated in the last two decades, and still this
is considered as a challenging topic.

Enhancement of light absorption and emission has gained importance
in recent years owing to their immense potential in many applications. If
fluorescence of molecules is enhanced significantly, it could be possible to
realize efficient sensing applications and solar concentrators, improve the
quality of images, etc.. The modification of spectral properties of fluorescent
molecules has been studied using phenomena related to nanophotonics and
plasmonics fields.

The relaxation of an atom/molecule in a higher energy level to the ground
state commonly occurs by spontaneous emission process. Spontaneous emis-
sion rate of an atom is directly proportional to the available density of electro-
magnetic states of the spatial environment. The density of electromagnetic
modes can be described as the number of channels through which molecu-
lar emission can radiate. Modifying the refractive index, solvent polarity,
and temperature of the surrounding medium of the fluorescent molecules can
actually effect little or not at all on the emission of the molecules.

In the year 1940, E. Purcell discovered that the spontaneous emission
rate of emitters can be enhanced by coupling its emission to the resonance of
a cavity. There after several studies have demonstrated the modification of
spontaneous emission decay rates, for instance, the enhancement of sponta-
neous emission decay rate in a photonic crystal cavities owing to the absence
of electromagnetic modes in its band gap [19], in a strongly scattering disor-
dered media due to strong fluctuations in its local density of states [20], and
in the proximity of metal surfaces, nanostructures and nanoparticles etc. [21].
Bringing metallic surfaces or nanoparticles close to the fluorescent molecules
can alter the free space conditions of the molecules there by leads to the
modification of radiative properties of latter significantly [22]. Changes in
the free space conditions can be defined in terms of the photonic mode den-
sity which is the number of channels through which emission of the molecules
can radiate.

First observation of the effect of metal surfaces on the fluorescence of the
molecules was reported in the works of Drexhage [23] in the early seventies. In
this report, it was shown that fluorescent molecules in the proximity (nearly
> 100nm) of a metal surface displayed oscillation of their life times with the
variation of the distance from the metal surface. The effect of metal surfaces
on the fluorescence of molecules could either result in an increase or decrease
of latter’s life times depending on their distance from the metal surfaces.

As discussed in the previous section, strong electron density oscillations
on metallic surfaces results in a large enhancement of electric field near to
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their surface. Placing molecules close to the metallic surface can undergo
any of the three processes: (1) molecules can experience strong increase
of the excitation field there by they tend to absorb more light and emit
more fluorescence, (2) as explained in the above paragraphs, molecules can
experience the increase of photonic density of modes close to the metallic
surfaces there by under go an increase of their intrinsic radiative decay rate,
(3) metal can damp the dipole oscillations of the molecules thus it can quench
the fluorescence of the molecules. This third process occurs typically very
close to a metals surface.

Metallic nanoparticles (NPs) are of particular interest compared to planar
surfaces. Since the resonant properties of small objects strongly depend
on their shape (sphere, rod, ...) and size, metallic NPs make it possible
to tune localized surface plasmon resonances (LSPRs) over a large range
of wavelengths (from UV to near-infrared). Several materials are currently
available, the most common ones being silver (Ag) and gold (Au), which
exhibit LSPRs in the visible range.

Metallic nanoparticles display remarkable properties like strong extinc-
tion and large enhancement of their near-field on account of their LSPRs.
As discussed above on the mechanisms of enhancement of fluorescence us-
ing metallic surfaces, similarly, some works have demonstrated enhancement
of fluorescence either by making use of intense electric fields close to the
nanoparticles to increase the absorption of the dye [24] or by modifying the
radiative decay rate of fluorescent molecules in the proximity of nanoparti-
cles [25].

2.3 Conclusions: Right strategy for the en-
hancement of an LSC’s efficiency

Though there have been various strategies to enhance the efficiency of LSCs
using different kinds of fluorescence emitters, filters, alignment, nanoparti-
cles, etc.. But it is still a difficult task to judge which is the best approach.
The approaches to enhance the absorption do not consider effects on fluo-
rescence propagation, whereas the approaches which try to confine the light
to the slab diminish fluorescent molecules absorption efficiency. Therefore,
any improvement strategy relevant to an LSC device can be better judged by
looking at the increment of light which couple in to the system and decrement
of light which couple out of the system.
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UV absorption enhancement by resonant
scattering of aluminum nanoparticles

In this chapter, I discuss a novel, simple, low cost and scalable approach to
enhance the absorption of fluorescent molecules in the Ultraviolet(UV) spec-
trum. Significant enhancement of UV absorption is demonstrated in a bulk
medium with extremely small amount of scatterers while keeping its trans-
parency at a high value. The approach presented in this chapter is aimed to
realize transparent luminescent solar concentrators/smart windows.

3.1 Ultraviolet unharnessed yet

Harnessing the ultraviolet spectrum (< 400 nm) has been a key interest in
the fields of biology, photo-lithography and solar energy, etc.. Though the
UV spectrum accounts a small portion in the solar spectrum, still it is a
significant amount for certain solar energy applications. Downconversion of
the UV light can be useful to realize applications in solar energy, for instance
transparent luminescent solar concentrators(LSCs) which are also called as
smart windows. Smart windows can be used as windows or roofs for the
houses and buildings at the same to produce electricity. It is possible to re-
alize such transparent LSCs by using fluorescent molecules absorbing in the
UV and emitting in the visible range. Realizing such transparent LSCs would
create a significant impact on the society because of their scalability, low cost,
easy installation and they do not require additional space, etc.. As discussed
in the previous chapter, LSCs suffer from various kind of losses which deteri-
orate their performance, one of them in particular is poor absorption of the
dye/fluorescent molecules. In fact using excess concentration of the dye in
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a solvent/matrix medium could make it to absorb light completely however
which would require an enormous amount of dye and solvent/polymer ma-
trix. Therefore enhancing the absorption of a dye/active media in the UV
spectrum is vital and beneficial for realizing efficient transparent LSCs. And,
enhancing the light-matter interaction in UV also benefits other applications
like bio-sensing, imaging, etc..

3.1.1 Enhancement strategy

As discussed in the previous chapter, plasmonic tools can show a route to
enhance the absorption of the dye in any spectral range including the UV.
Aluminum nanostructures/nanoparticles have been identified to display plas-
mon resonances in the ultra-violet range [1, 2, 3, 4], were considered recently
to enhance the intrinsic fluorescence of the proteins [5], to enhance the fluo-
rescence of molecules [6, 7], and the light absorption in organic photovoltaic
devices [8].

The primary interest of this study is to enhance the UV absorption of flu-
orescent molecules with out deteriorating the transparency of the configura-
tion. Different approaches discussed in the chapter 2 on enhancement strate-
gies can not be applied directly here as they require a very high concentration
of nanoparticles, which can deteriorate the transparency of the system. A
completely different strategy based on light scattering by nanoparticles is pro-
posed here. The basic idea is to enhance the path length of light propagating
inside the UV absorbing media by making use of the resonant scattering of
aluminum nanoparticles(NPs) and at the same time transparency of the sys-
tem should be kept at a high value. Our strategy of enhancement can be

Figure 3.1: Schematic diagram shows how light propagate in samples with and
without nanoparticles.

explained by the illustration shown in the Figure. 3.1, where two slabs con-
taining UV absorbing fluorescent molecules are considered. Light inside the

40



slab without any scatterers propagates ballistically, and escapes out of the
slab, thus travels a length equal to . Where as light in the slab with scatter-
ers undergoes multiple scattering, travels in a zig-zag path and escapes out
of the slab, thus light travels much longer distance equal to l.;s compared
to the distance travelled in the bare slab, essentially increases the chance of
absorption of light in an absorbing medium.

Aluminum nanoparticles of size distributed between 50 - 70 nm were
chosen as scatterers for this study. Extinction, scattering and absorption
efficiencies of aluminum nanoparticles were calculated with Mie theory |9,
10], see in Figure. 3.2. As discussed in the chapter 1, large nanoparti-
cles typically exhibit large scattering component in comparison to absorp-
tion component, and resonances over the broad range of wavelengths. 9,10-
Diphenylanthracene(DPA), a UV absorbing dye was considered for this study.
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Figure 3.2: Extinction, scattering and absorption spectra of Aluminum nanopar-
ticles of diameter 50 and 70 nm calculated with Mie theory.

3.1.2 Experimental configuration

In order to experimentally verify the enhancement of fluorescence of the DPA
by exploiting the plasmon resonances of Al NPs, we decided to work in solu-
tion configuration. This configuration makes it possible to vary, in a simple
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way, the relative concentration between the DPA and the NPs, and to per-
form all measurements with a commercial spectrophotometer [Perkin Elmer
Lambda950 UV /Vis spectrometer| and a spectro-fluorimeter [Perkin Elmer
LS55 Fluorescence-Spectrometer|. To realize prototypes for the experimental
measurements, we used solvents with refractive indices close to that of the
Polymethylmethacrylate (PMMA) and with limited absorption in the near-
UV range. Various organic solvents were tested to disperse the aluminum
nanoparticles, among all acetinitrile (spetcrophotometric grade) could able
to disperse the nanoparticles in a better manner. Acetonitrile is a polar
and aprotic organic solvent, moreover transparent in the spectral region of
interest,.

The samples were made according to the specifications given above. Spher-
ical Al NPs of diameter ranging between 50 and 70 nm were purchased from
IoLiTec GmbH. Al NPs are typically covered by an oxide layer of thickness
from 2 to 5 nm, which causes a small red shift of the LSPR. This oxide layer is
intentionally passivated in a controlled manner during the production stage
in the industry in order to stop further oxidation of the Aluminum NPs.
Oxide layer can act as a spacer, thus can help to avoid quenching effects,
though the strategy used in our study is not by making use of the near-field
enhancement, so this information can be useful else where. A master solution
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Figure 3.3: Absorption and fluorescence spectra of 9,10-Diphenylanthracene dis-
solved in the acetonitrile solvent.
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of the dye was prepared by dissolving DPA in Acetonitrile with a concentra-
tion of 1.189x10~*M. Spectral properties (absorption and emission) of the
DPA solution were characterized by UV-Vis spectrophotometer and spectro-
fluorimeter. DPA absorbs broadly in the in the ultraviolet region and emits
in the visible region, see Fig. 3.3. Part of the master solution was used for
reference and the other part to disperse the Al NPs. The dispersions were
prepared by adding the Al NPs with a concentration of 0.01% in weight in
the solution and sonicating it for two hours at room temperature to disaggre-
gate the NPs. A non-fluorescent dispersion of Al NPs in Acetonitrile with the
same concentration was realized following the same experimental procedures.

1000 E =
E ——Dye
[ \/_/5-0 Nanoparticle
100 L
3 4.8

Mean free path [mm]
=

01 n 1 n 1 n 1 n 1 n 1 " 1 "
200 220 240 260 280 300 320 34(
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Figure 3.4: Extinction mean free path of the nanoparticles dispersed in Acetoni-
trile solvent(black curve) and absorption mean free path of the DPA dissolved in
Acetonitrile solvent(blue curve).

3.2 Absorption measurements

The dispersion containing the Al NPs only was characterized using a com-
mercial UV-Vis spectrophotometer. The extinction mean free path in the
NP dispersion, obtained using Beer-Lambert law, is shown in the Fig. 3.4
and compared with the absorption mean free path of the solution containing
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Figure 3.5: Schematic diagram of the experimental set-up used in fluorescence
measurements.

fluorescent molecules only. The extinction spectrum of the NP dispersion
exhibits very weak resonant features over the entire UV range, yielding an
extinction mean free path of about 5 mm in the range 220-380 nm, see inset
of the Fig. 3.4. This absence of features might be explained by consider-
ing the polydispersity of the Al NPs and the presence of NP aggregates in
the solution [11]. First, the polydispersity in the NP diameter is expected to
broaden the total extinction efficiency of the NP towards higher wavelengths,
see Fig. 3.2. The tail of the LSPR of 70 nm Al NPs clearly enters the visible
region and is therefore expected also to affect the visible light transmission.
Second, aggregates of resonant NPs (e.g. fractal aggregates are expected to
scatter light on a broad range of wavelengths, yielding a rather featureless
response in light scattering experiments. As a result, a ballistic transparency
of about 68% at normal incidence on the 2 mm-thick solution was found in
the visible range. A much higher transparency is expected for monodisperse
and non aggregated NPs.

Standard efforts like adding surfactants (oleic acids) to nanoparticle dis-
persions were carried out to disaggregate the aluminum nanoparticles, how-
ever all efforts were vain. It was clear from the literature that the commer-
cially available aluminum nanoparticles in powdered form are synthesized
with powder metallurgy techniques, can aggregate easily [12]. Some recent
works show that aluminum nanoparticles can be synthesized with a technique
using laser ablation of the aluminum targets in the inert atmosphere [13].
This technique was demonstrated to be a safe and superior technique to
produce non-aggregated, mono disperse nanoparticles with a precise control
on size. Though this is a promising news, but the synthesis of aluminum
nanoparticles is beyond the interest of our study.
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3.3 Fluorescence measurements

The modification of fluorescence due to the introduction of Al NPs was
investigated using a commercial fluorometer with excitation and emission
monochromators, making it possible to select accurately the excitation and
collection wavelengths. The quartz cuvette containing the fluorescent solu-
tion was mounted in front face illumination geometry in the fluorometer,
light being incident at 45 degrees with respect to the normal to the sur-
face (Fig. 3.5). Extra measures were taken to avoid detecting any stray or
scattered excitation light, like using a long pass filter with a cut off wave-
length 350 nm just more than the maximum excitation wavelength used in
the experiment, and emission slit was narrowed down to 5 nm to selectively
allow the emission with k-vectors from the sample and forbid the stray light.
Monochromator/grating at the detection has a very high rejection ratio for
the wavelengths not chosen, so avoids detecting stray or excitation light. Flu-
orescence measurements were characterized by exciting the samples at a par-
ticular wavelength and collecting the entire emitted light. Figure 3.6 shows
the fluorescence enhancement v due to the addition of Al NPs as a function
of the excitation wavelength. The fluorescence is shown to be enhanced at
almost all wavelengths but those close to 260 nm, exceeding 20% in the range
270-340 nm. The absence of fluorescence enhancement at wavelengths close
to 260 nm is due to fact that the dye solution already absorbs most of the
incident light, leaving no possibility to enhance it further by introducing the
NPs. The enhancement of fluorescence for an excitation wavelength of 320
nm due to the addition of Al NPs in the luminescent solutions is evident in
the Fig. 3.7.

3.4 Enhancement mechanisms

We now investigate the physical origin of the fluorescence enhancement re-
ported before. The enhancement of absorption due to the presence of metal-
lic NPs could first be attributed to the near-field intensity enhancement in
the vicinity of the NPs. It can be calculated using an extended Mie the-
ory generalized to absorbing host media [14]. For dilute dispersions of NPs,
the overall absorption enhancement due to the near-field intensity enhance-
ment can be estimated by considering the absorption enhancement in the
average volume occupied by a single NP. Mie calculations show that the ab-
sorption enhancement expected for NP concentrations as low as 0.01% in
weight (about 0.0029% in volume) would not exceed one percent. Although
NP aggregates are expected to have somewhat different near-field intensity
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patterns, it is reasonable to state that near-field effects do not explain by
themselves the fluorescence enhancement observed in our samples.

An alternative explanation for the absorption enhancement is the light
scattering induced by the NPs. The increase of light-matter interaction due
to multiple scattering is a well-known phenomenon [15]. Multiply-scattered
light essentially spends more time interacting with the medium than ballistic
light. In our case, we expect scattering to contribute the most to the extinc-
tion by the NP dispersion, in spite of the presence of NP aggregates in the
solution. With a mean free path of about 5 mm for a cuvette of thickness
2 mm, light transport is clearly not diffusive, yet a single scattering event is
already sufficient to increase the optical path length in the absorbing medium
and thus, increase the absorption of light by the medium. This hypothesis
is verified by means of Monte Carlo simulations that model the transport
of photons in scattering media [16]. Algorithm used for Monte Carlo simu-
lations is presented in the appendix (A.1). In the simulations, considering
light incident at an angle 7 /4 radians on a medium with refractive index 1.35,
thickness L = 2 mm, scattering mean free path ¢, = 5 mm and assuming
isotropic scattering, we find the average optical path length to be I, = 3.12
mm, compared with the path length in the bare slab | = 2.35 mm. Knowing
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Figure 3.6: Summarized results of fluorescence measurements at various excita-
tion wavelengths.
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Figure 3.7: Emission spectra of the dye solution dispersed with and without
nanoparticles at an excitation wavelength 320 nm.

the absorption mean free path ¢; in the dye solution (Fig. 3.4), the absorp-
tion enhancement due to scattering in the slab can simply be calculated as
v = (1 —exp[—lmp/l:])/(1 —exp[—1/¢;]). Being in a weakly scattering regime
at the emission wavelengths, the total amount of emitted light collected by
the detector is expected to be proportional to the total amount of light ab-
sorbed by the medium. The resulting emission enhancement expected from
light scattering effects, shown in Fig. 3.6, is found to be in excellent agree-
ment with the experimental results. The fluorescence enhancement remains
higher than 20% at wavelengths above 270 nm and reaches 30%. It is clear
from the expression of v above that larger enhancements are expected when
the intrinsic absorption of the dye is weak (i.e. large ¢;).

3.5 Conclusions

Fluorescence of solutions containing UV-absorbing molecules is significantly
enhanced by adding very small concentration of Al NPs and it is shown
that this effect was due to light scattering by Al NPs. This study offers a
novel opportunity for enhanced light-matter interaction in the UV range with
low interaction at visible wavelengths. Higher fluorescence enhancement and
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transparency in the visible range are expected for monodisperse and non-
aggregated nanoparticles.

48



REFERENCES

1]

[10]

Paul R. West, Satoshi Ishii, Gururaj V. Naik, Naresh K. Emani,
Vladimir M. Shalaev, and Alexandra Boltasseva. Searching for better
plasmonic materials. Laser Photon. Rev., 4:795-808, 2010.

Y. Ekinci, H. H. Solak, and J. F. Loffler. Plasmon resonances of
aluminum nanoparticles and nanorods. Journal of Applied Physics,
104(8):083107 —083107—6, October 2008.

George H. Chan, Jing Zhao, George C. Schatz, and Richard P. Van
Duyne. Localized surface plasmon resonance spectroscopy of trian-
gular aluminum nanoparticles. The Journal of Physical Chemistry C,
112(36):13958-13963, September 2008.

Christoph Langhammer, Markus Schwind, Bengt Kasemo, and Igor
Zori¢. Localized surface plasmon resonances in aluminum nanodisks.
Nano Letters, 8(5):1461-1471, May 2008.

Mustafa H. Chowdhury, Krishanu Ray, Stephen K. Gray, James Pond,
and Joseph R. Lakowicz. Aluminum nanoparticles as substrates for

metal-enhanced fluorescence in the ultraviolet for the label-free detection
of biomolecules. Anal. Chem., 81:1397-1403, 20009.

Krishanu Ray, Mustafa H. Chowdhury, and Joseph R. Lakowicz. Alu-
minum nanostructured films as substrates for enhanced fluorescence in
the ultraviolet-blue spectral region. Analytical Chemistry, 79(17):6480—
6487, September 2007.

Nuriye Akbay, Joseph R. Lakowicz, and Krishanu Ray. Distance-
dependent metal-enhanced intrinsic fluorescence of proteins using poly-
electrolyte layer-by-layer assembly and aluminum nanoparticles. The
Journal of Physical Chemistry C, 116(19):10766-10773, May 2012.

Vladimir Kochergin, Lauren Neely, Chih-Yu Jao, and Hans D. Robinson.
Aluminum plasmonic nanostructures for improved absorption in organic
photovoltaic devices. Appl. Phys. Lett., 98:133305, 2011.

C. F. Bohren and D. R. Huffman. Absorption and scattering of light by
small particles. John Wiley & Sons, 1998.

H. C. van de Hulst. Light scattering by small particles. Dover Publica-
tions, 1981.

49



[11]

[12]

[13]

[15]

[16]

John C. Weigle, Claudia C. Luhrs, C. K. Chen, W. Lee. Perry, Joseph T.
Mang, Martin B. Nemer, Gabriel P. Lopez, and Jonathan Phillips. Gen-
eration of aluminum nanoparticles using an atmospheric pressure plasma

torch. J. Phys. Chem. B., 108:18601-18607, 2004.

Dieter Vollath. Plasma synthesis of nanopowders. Journal of Nanopar-
ticle Research, 10(1):39-57, December 2008.

C.A. Crouse, E. Shin, P.T. Murray, and J.E. Spowart. Solution assisted
laser ablation synthesis of discrete aluminum nanoparticles. Materials
Letters, 64(3):271-274, February 2010.

I. Wayan Sudiarta and Petr Chylek. Mie-scattering formalism for spher-
ical particles embedded in an absorbing medium. J. Opt. Soc. Am. A,
18:1275-1278, 2001.

Akira Ishimaru. Wave propagation and scattering in random media.
Wiley-IEEE Press, 1999.

Lihong Wang, Steven L. Jacques, and Ligiong Zheng. Mcml-monte carlo
modeling of light transport in multi-layered tissues. Comput. Meth. Prog.
Bio, 47:131-146, 1995.

20



Optical path length enhancement by light
scattering in a thin slab

Enhancing the interaction of light in an absorbing medium is of great interest
in recent years. There exist many approaches to enhance the absorption or
emission of an absorbing medium, and one of them, popular and the simple
approach is optical path length enhancement. Path length enhancement strat-
eqy using light scattering by nanoparticles has been discussed in the chapter
3. In continuation of the enhancement strateqy presented in the chapter 3,
path length enhancement using different regimes of scattering are discussed
in this chapter. Light scattering in a collection of particles in a thin slab is
simulated with the Monte Carlo approach and further validated with a simple
analytical theory.

The enhancement of optical path length inside an absorbing medium is
a very popular approach, often employed to improve the efficiency of semi-
conductor solar cells [1, 2]. Earlier in the chapter 3, I have discussed a similar
approach to enhance the optical path length in a UV absorbing medium by
making use of resonant scattering of aluminum nanoparticles [3]. In fact, in
that work only the proof of concept was demonstrated and did not give a
quantitative upper limit of the enhancement that can be possible to obtain
in such systems. As discussed in the chapter 3, it is possible to simulate such
random media with a robust technique called Monte Carlo simulation [4].
Monte Carlo approach is used quite extensively in the atmospheric science [5],
biomedical diagnostics [6], light transport in disordered media [7, 8], etc.
to extract information such as, path length distribution, total transmis-
sion and reflection, time resolved transmission and reflection, etc.. Monte

51



Carlo simulations are also used in economics to value and analyze invest-
ments [9]. In order to better understand about the path length enhancement
in configurations similar to those implemented in the aluminum nanoparticles
work(chapter 3), Monte Carlo(MC) simulations were performed for various
values of scattering mean free paths and then validated with analytical meth-

ods.

4.1 Upper limit of the path length enhance-
ment

Increasing the optical path length inside a weakly absorbing medium(absorbing
media such as Silicon, GaAs and dye-polymer matrix, etc..) is of primary
interest in solar energy applications. There are several ways to increase the
optical path length in a slab/wafer, for instance, by making light to under go
total internal reflection, which was demonstrated by making the slab of gra-
dient thickness in transverse direction such that light makes multiple passes
inside the silicon wafer [2], or patterning grating structures at the rear sur-
face of the silicon wafer [10], etc.. Light entering into a slab with a textured
surface whether on one side or on both sides, changes its direction in to ran-
dom or predetermined directions depending on the shape of the surface, thus
travels longer distances in the slab before being absorbed. Lambertian sur-
face roughness [11] and periodic grating structures are popular shapes chosen
for the path length enhancement in semiconductor solar cells.

Knowing the maximum optical path length enhancement that can be pos-
sible to achieve inside a slab with a rough surface indeed can be a very useful
information. Eli Yablonovitch has proposed a statistical ray optics based ap-
proach to estimate the maximum of the intensity enhancement(equivalent to
path length enhancement) that can occur in a slab with a complicated surface
shape [12] and the maximum enhancement limit is so called as Yablonovitch
limit. This statistical approach considers an important assumption that the
slab medium located in the vacuum is ergodic in behaviour, and this approach
is invalid for non-ergodic geometries. Hence, it is crucial at the beginning to
understand the concept of ergodicity and ergodic geometries.

The ergodicity, as defined in the statistical mechanics, is a behaviour of a
dynamical system averaged spatially and temporally over all its states. Ran-
domization of the phase space is a thumb rule to obtain an average spatial and
temporal behaviour over all states in the system. Essentially, the radiation
in an ergodic medium undergoes angular randomization, loses memory of its
initial direction of propagation. The radiation on undergoing randomization

D2



loses correlation with its initial direction of propagation, typically which can
occur to an isotropic radiation either on refraction through the slab or after
the first internal reflection or after the second internal reflection, or even
due to the motion of the source as it happens with the sunlight. The same
hypothesis is also valid for the collimated beam if the radiation undergoes
angular randomization inside the slab.

According to the Yablonovitch hypothesis, when the internal radiation
in a slab with ergodic geometry approaches equilibrium with the external
black body radiation in the vacuum, intensity in the slab becomes n? times
larger than the incident intensity in the vacuum. Similarly, in a slab with the
back reflector, intensity is enhanced by 2n? times of the incident intensity,
and absorption is enhanced by 4n? times. It is important to note that,
non ergodic geometry is expected to give lower or no intensity enhancement
compared to the 2n? limit.

Yablonovitch has presented two complementary approaches to estimate
the maximum intensity enhancement: statistical-mechanical approach and
geometric ray optics approach, here I discuss in detail only about the geo-
metrical ray optics approach.

4.1.1 Geometrical ray optics approach: Intensity en-
hancement

The scheme for the geometrical ray optics approach is basically to balance the
inflow and outflow of light through an small area element dA, as illustrated
in the Fig. 4.1, assuming internal randomization occurs for the incoming light
in the medium. Let [, be the incident light intensity per area element dA.
The fraction of incident light transmitted as a function of incident angle ¢
through an area element dA is denoted by Ti,.(¢), where ¢ is an incident
angle. The internal intensity [;,; on both sides of the area element dA is
given by

Line = /Bint cos(0) d€2, (4.1)
where By is the intensity per unit solid angle, cos(6) is the projection of

the intensity due to oblique incidence, and df2 is a small solid angle element.
Hence, I;,; in the medium is given by

w/2
Ly =2 X 27 / Bingcos(0)sin(6) d6,
0

= Iing = 27 Biy.
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Iint

Figure 4.1: Balancing of the energy of incoming and escaping light across the
small area element dA. Region below the dashed lines represent the loss cone with
a half angle equals to the critical angle in the medium 6.
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The fraction of power that will escape from the area element dA is
O [
Ise = 2m / QI—mTeSC<9)COS(9)Sin<9) dé. (4.2)
0 m

In order to simplify the integration in equation(4.2), Tes.(6) can be replaced
with an average value of transmission T.s over the all angles in the loss cone.
For a medium of given refractive index n, the loss cone half angle 6, is defined
from the Snell’s law by total internal reflection condition:

nsin(f.) =1 = 0. = sin ' (1/n). (4.3)

Substituting the value of critical angle in the equation.(4.2), we get

Tesc

Iesc - Iintﬁ-

(4.4)

Balancing the inflow and outflow of power radiation through an area element
dA, we have

,I‘inc(gb)linc - Iint X —
Tucl)

esc

(4.5)

= I =2n° X X Tine. (4.6)

T;
For an isotropic light distribution in the ergodic medium, =— equals to 1,
thus intensity inside the slab becomes: -

Iine = 20 X Tipe. (4.7)

Intensity enhancement in an ergodic slab medium can become greater
than the 2n2 limit if the ratio —= is more than one, which can only happen

if the illumination is angularly selective.

4.2 Path length enhancement in a weakly scat-
tering media

One of the primary interests in this framework is to enhance the absorption

of the dye in transparent luminescent solar concentrators/smart windows

over the bulk volume without deteriorating their transparency [13]. As dis-
cussed in the chapter 3, path length enhancement by resonant scattering of
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aluminum nanoparticles of extremely small concentration is sufficient to im-
prove the absorption of a dye significantly. Advantages with such scattering
approach are cost effectiveness, scalability, and it can be easily adopted to
nanoparticles of different materials, shapes and sizes. In order to explore and
understand more about such weakly scattering media, Monte Carlo approach
is considered, which gives an opportunity to study such media with a good
control over the parameters like concentration of nanoparticles, thickness of
the slab, refractive indices of the scatterers and host media, illumination
direction, anisotropy of the nanoparticles, etc.. In general, a Monte Carlo
approach is considered for simulation of light scattering in random media.
Therefore, light scattering in a slab medium sparsely dispersed with scatter-
ers was simulated to retrieve information such as path length distribution in
the medium, and which further can give much more information like mean
path length, transmission, reflection, absorption, time decay, etc..

4.2.1 Monte Carlo simulations

In order to implement MC simulations, we considered a plane parallel non-
absorbing slab of infinite size in the transverse directions and finite in the
z-direction, dispersed with strongly scattering and non-absorbing point scat-
terers. The slab was illuminated with a point source placed at the front
surface of the slab, pointing normally in to the slab. The algorithm followed
in MC simulations is explained in the appendix (A.2). In the simulation,
photons make steps of lengths randomly chosen from the exponential distri-
bution with a mean equals to the predefined scattering mean free path. A
photon which crosses the boundary of the slab can be allowed to reflect inter-
nally if the angle subtended by it with the surface of the slab is greater than
the critical angle. Whereas a photon making a angle less than the critical
angle can have a probability to reflect internally based on the Fresnel reflec-
tion conditions given by the expressions for S(eq. (4.8a)) and P(eq. (4.8b))
polarizations:

R — (nl luzl| — \/n3 —n? + n1u21)2> (4.80)

ny luzl| + /n3 — n3 + (nuzl)?

2
R, — < n1/(ne))\/n3 — n? + (njuzl)? —ny |u21|> ' (4.8D)

(n1/(n2))v/n3 — n3 + (muzl)? + ny juzl|

In the above expressions, nq,n, are the refractive indices of the slab and
air respectively, and uz1 is the direction cosine of the trajectory of outgoing
photon with the surface of the slab. Hence, if the angle subtended by the
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trajectory of a photon with the surface of the slab is less than the critical
angle, a random number is generated and checked whether it is less than the
average of the S and P Fresnel reflection coefficients:

_ R,+R,

RS-HD = 9 ) (49)

where R, is the reflection coefficient for an arbitrary polarization, to know
whether it should be internally reflected or escape out of the slab. In a multi-
ple scattering medium, initial polarization scrambles out after few scattering
events, hence an arbitrary polarization is considered for every reflection at
the surface of the slab.

Monte Carlo simulations were performed for a large range optical thick-
nesses(slab thickness/scattering mean free paths), and photon path lengths
were recorded for each of those optical thicknesses, then their mean path
lengths were calculated. Summarized results of the path length enhance-
ments (ratio of the mean path length in a slab with scatterers and the mean
path length in a slab with no scatterers) are shown in the Fig. 4.2 for a
slab medium with the refractive index n = 1.525. It is clear from the re-
sults of path length enhancement that even for a weakest concentration of
scatterers(smaller optical thicknesses), a significant enhancement can be ob-
tained. Recorded path lengths in the MC simulations suggest that there are
few photons which make extremely long path lengths since either which were
reflected internally for multiple number of times or scattered multiple times.
The probability of occurrence of a scattering event goes to zero only for the
scattering mean free path of infinity, therefore for any small value of scatter-
ers concentration there is always a chance of occurrence of aforementioned
events and very long path lengths.

In order to gain insight into this impressive path length enhancement
in a very weakly scattering and non-absorbing medium, a simple analytical
expression is derived. In a slab of thickness L dispersed with few amount
of scatterers, the mean path length can be expressed as a weighted sum of
the individual mean path lengths of the different orders of scattering events.
The weight of each scattering event is equals to the probability of undergoing

respective scattering event. The mean path length (1) derived for weakly
scattering regime is given by

Il=PL+7)+Pl+Ply+ Pslzs+ ...+ P,ly,, (4.10)
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Figure 4.2: The summary of the path length enhancement obtained in a slab
dispersed with scatterers, over a long range of optical thicknesses(slab thick-
ness/scattering mean free path) extending from weakly scattering to diffusive
regime, where illumination is pointing normally in to the slab. Gray area indicates
diffusive regime, and red dashed line indicates the Yablonovitch limit calculated
for angularly selective illumination. Error bars were calculated from the standard
deviation of mean path lengths obtained for five simulations with each simulation
ran for a million random walkers.

where each term in the equation. (4.10) is given by

—L )
Po=e<ls>(1+r> T:(m_m)
ny + No
P =(1-P)P Iy =7 =z + 2
P=(1-F-P)P ly=1+~
Py=(1—Py— P — P)P I3 =21, +7
P,=(1-Py—P, —P,— .. P, )P Iy =(n—1)1+7.

Majority of photons in weakly scattering regime undergoes ballistic propa-
gation, and whose probability is given by the F, and they travel a distance
equal to L. While some of those ballistically travelling photons reflect back
at the rear surface, and whose probability of occurrence is given by rF,, and
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they travel a distance equals to L, here r is the Fresnel reflection coefficient
for normal incidence with the slab-air interface.

In the above equations, P is defined as the escape probability of photons
through the loss cone with a half angle equals to the critical angle of the slab
0., which is given by (1 — cos(6,)) x T, and T is a average transmittance in
the loss cone angular range. The terms Py, P, Ps, ..., P, are the probabilities
of the occurrence of 1,2.3,..., and n* order scattering events respectively and
l1,19, 13, ..., 1, are their respective mean path lengths. Schematic diagram of
different orders of scattering events which can occur in a thin slab are il-
lustrated in the Fig. 4.3. As can be seen in the Figure 4.3(b), for instance,
the mean path length (I3) in a double scattering event can be expressed as
the sum of the distance travelled by the photon before the first scattering
event (x71) occurs, mean free path of the system (I;) and the distance trav-
elled by the photon inside the slab before it escapes out of the slab ().
In the same manner mean path lengths of all other order scattering events
can be explained. In order to investigate the validity of the assumed mean

(d)

(c)

Figure 4.3: Schematic diagrams of different orders of scattering events in a plane-
parallel slab (a) ballistic propagation event with the mean path length equals to
L, (b) single scattering event with the mean path length equals to v = z1 + x9,
(c) double scattering event with the mean path length equals to 1 + I5 + x4, (d)
triple scattering event with the mean path length equals to x1 + [ + Is + xo.

path lengths for each order of the scattering events considered in the above

59



5L
R ;] s ¢ ; LI }
£ 0r ® . * - s =
. ]
2 5p
©
>
<)
T -10f
)
o)
@©
e -15¢ °
(0
o
) »
o 20
0 2 4 6 8 10

Order of the scattering event

Figure 4.4: Percentage deviation of the analytical mean path lengths with the
mean path lengths obtained from MC simulations plotted for scattering events of
different orders, for two different values of optical thickness : 0.15 (orange-filled-
circles), 0.01 (black-filled-squares).

mentioned derivation, a MC simulation is performed by recording the path
lengths and the number scattering events for each photon to determine the
mean path length for each order of the scattering event, and for two differ-
ent values of optical thickness (l5): 0.15 and 0.01. The mean path lengths
considered in the analytical approach are compared with the results of MC
simulations for orders of the scattering events from 1 to 10 and their com-
parison is expressed in terms of percentage deviation, see Fig. 4.4. As can be
seen from the Figure. 4.4 that, there is a big negative deviation of nearly 20%
for the first scattering event, which comes from the underestimated average
value of transmittance in the escape probability. While the small value of
percentage error for other scattering events clearly justifies the assumptions
considered for the analytical derivation.

As written in the above eq.(4.10), the mean path length (Leg) is a summa-
tion of the constant term and a infinite series term, which can be expressed
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Figure 4.5: Path length enhancements obtained with the analyt-

ical approach(blue-filled-circles) are compared with the results of MC
simulations(filled-black-circles) for normal incidence case.

as a simplified expression given by

Leﬁr:G%L(1+T)+(1—67_j)(7+l5%), (4.11)
Iy — =LY(L + 1,
where v = T % )7L )(1 + (log | sec(6,) + tan(6.)]) /6.).  (4.12)
1— ea:p(f)

The first term of the sum in eq. (4.11) corresponds to the ballistic prop-
agation, and the second term comes from other order scattering events.

Results obtained with the analytical approach are compared with MC
simulation results, see Fig. 4.5. In the Figure. 4.5, a good agreement between
analytical results and MC simulation results in weakly scattering regime(at
smaller values of slab thickness/scattering mean free path) is evident, which
validates the theory and correctness of the assumptions considered.

Above approach suggests that a significant enhancement can be obtained
even for a weak concentration of scatterers. This approach is perfectly suit-
able to enhance the efficiency of transparent luminescent solar concentrators,
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since a low concentration of scatterers will not effect the emission propagation
in an LSC, there by protects its transparency.

4.3 Path length enhancement in a diffusive
regime

Light propagating in a random media can lead to a variety of phenomenon
with rich physics, and which has found immense applications over the years.
In particular, many of the interesting phenomenon such as diffusion [14],
random lasing [15], weak localization [16] etc. have been demonstrated to
occur in the strongly scattering regime. Scattering strength in a random
medium, actually that dictates its optical characteristics. Parameters such
as scatterers relative refractive index with the surrounding medium, size,
concentrations, and thickness of the slab plays a crucial role in deciding the
scattering strength of the medium, also gives an opportunity to tune the
scattering strength. Combination of several parameters like large relative
refractive index, large concentration of scatterers, scatterers with diameters
of the order of the wavelength of light and the slab thickness of few times the
transport mean free path [17] are usually considered as figures of merit for the
strongly scattering regime. Light in a sufficiently thick strongly scattering
random media undergoes spread of light so called as diffusion process. The
spread of light in a random media is defined by the mean square displacement
of photons cloud which grows linearly with the time.

Consequences of scattering can be very different at different scattering
strengths. On the one hand, net transport of light in weakly scattering
regime occurs in the forward direction. On the other hand, photons in a
strongly scattering regime can have a probability to return back to their
initial position!. It was predicted that the random medium with a transport
mean free path of the order of the wavelength of light can undergo Anderson
localization because of the interference of light in counter propagating loops,
resulting a complete halt of light propagation.

There have been so many comprehensive studies pursued theoretically
and experimentally about the diffusion of light in random/turbid media, in
both semi infinite and slab configurations. It was proved that there exist a
clear cut-off on the ratio of transport mean free path with the thickness of
the slab, for light in it to be diffusive in behaviour [17]. Light transport in

!The probability for a photon to return to its initial position or origin decrease with
the dimension of the system. The probability to return to origin is 1 for both one and two
dimensions, and it is smaller than one in the three dimensions.
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the intermediate regime is ubiquitous too. There is no theory to explain the
behaviour of light in the intermediate regime between the diffusion limit and
weakly scattering regime.

As discussed in the previous section that weak scattering is good enough
to enhance the path length significantly. From the Figure. 4.2, it can be
observed that the path length enhancement is showing an increasing trend
with the increase in the ratio of the slab thickness to the scattering mean free
path. Hence, it would be interesting to study the path length enhancement
in the diffusive regime, indeed far away from the strongly scattering regime
where light localization is predicted to occur. In order to know the path
length enhancement in the diffusive regime, Monte Carlo simulations were
performed for various values of the scattering mean free path chosen such
that the optical thickness (L/ls) is more than 10. Results are summarized in
the Figure. 4.2(gray area), where it can be observed that the enhancement is
converging to a constant value as of Yablonovitch limit on increasing optical
thickness. Yablonovitch limit is calculated by considering illumination as col-
limated and angularly selective. Since the illumination is pointing normally
in to the slab of refractive index n = 1.525, so Tj,. given by 1 —r and which
is equals to 0.9568, while the T.q. is given by

— 1
Tese = ’
(1 — cos(6.))2n?

(4.13)

where 1/2n? is the probability to escape out of the slab after the single
scattering. So for the given medium of refractive index n = 1.525, Tine/Tese
is 1.090, indeed which is more than 1, hence the Yablonovitch limit for the
given case becomes 2n? x 1.090 , and which is the maximum path length
enhancement for a given system and it is represented by red dashed line in
the Figure. 4.5.

Internal reflections inside the slab play a major role in enhancing the path
length in the given system. Path length enhancement can go much higher
for a larger refractive index material.

A comparison of results from the MC simulations with the analytical
theory for the given system could validate and provide an intuitive picture
of the path length enhancement in the diffusive regime. There exist many
approaches that have tried to solve the diffusion equation of light and study
their related effects. 1 find comprehensive theoretical work of Contini et
al [18] perfectly suits for the given system, and in which they have analyt-
ically formulated the static and dynamic propagation of light such as total
reflection and transmission, time resolved reflection and transmission through
a diffusive slab medium. The mathematical derivation of the time resolved
transmittance and reflectance is presented in the appendix (A.3). The final
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expressions of the time resolved transmittance(t) and reflectanceR(t) for a
slab medium while assuming internal reflection conditions, are given by:

exp(—pavt) R~ Z3m 2
R(t) = — TP~ — 2y e
() = =5 Do)izer 2. (23’ eap(qpor) ~ Ameep(gh) ).

(4.14a)
exp(—pavt) Lo Zm
T t — m ’ m
1) = S(mDoyeen mz_:oo (ZL eap(Gpor) ~ 2meep(gh) )
(4.14D)

The expressions R(t) and T'(t) represent the probability density func-
tions of the reflection and transmittance at a time ¢. In the above equations
(4.14), diffusion coefficient D is given by 1/us, v is the velocity of light in the
diffusive medium, and 2y ,,,, 22,m%3 m24,m are given by the expressions in the
appendix (A.3). The time distributions obtained from the above equations
(4.14a) and (4.14b) can be converted into path length distributions by multi-
plying with the speed of light in the diffusive medium. As discussed in earlier
sections, primary interest in this framework is to estimate the optical path
length enhancement in a scattering medium. The path length enhancement
in a diffusive medium is given by the ratio of the mean path length in a diffu-
sive medium to the path length in a bare slab ,which is L(1+7), here r is the
Fresnel reflection coefficient for the normal incidence, and the contribution
from back reflected photons is also accounted. The mean path length [ can
be expressed as a weighted mean of path lengths of photons which are either
reflected or transmitted through a diffusive slab medium, and weights are
given by their corresponding reflection and transmission probability density
functions. Hence, the optical mean path length is given by

_ i R+ 300 Tk
i R+ 2205, TW)

In the summation in (4.15), the upper limits n and m are chosen such that
their probability density functions for the corresponding lengths are negligi-
bly small. Using the expressions (4.14), path length distributions are plotted
for the transmitted and reflected photons through the slab of thickness 100u
with the scattering mean free paths 10u(see Fig. 4.6(a) and (b) respectively)
and 1p(see Fig. 4.7(a) and (b) respectively). The results from the diffusion
theory are compared with MC simulation results, and it can be inferred that
in case of [, = 10, the agreement is not so perfect as it found in the slab with
ls = 1. The disagreement is due to fact that the ratio of the slab thickness

o~

(4.15)
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Figure 4.6: Comparison between the path length distributions of the transmitted
and reflected light obtained with the Monte Carlo simulations(black filled square)
and analytical expressions from the Contini et al work(orange line) [18], through
a slab of thickness 100u with the scattering mean free path of 10u.
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Figure 4.7: Comparison between the path length distributions of the transmitted
and reflected light obtained with the Monte Carlo simulations(black square) and
analytical expressions from the Contini et al work(orange line), through a slab of
thickness 100 with the scattering mean free path of 1u.
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to the transport mean free path is 10, which falls in the cut-off region where
the diffusion just begins to occur [17], hence a small deviation in results of
the diffusion theory from the MC simulation is expected, whereas the path
length distribution for the slab with the scattering mean free path 1u is in
perfect agreement with the MC simulations.

5.08 -
5.06 i E i i
5.04 I
5.02 i ¥ { °
5.00 I
4.98 i
4.96 I

Path length enhancement

494
0 20 40 60 80 100
Slab thickness/Scattering mean free path

Figure 4.8: Summary of the path length enhancement in the diffusive regime
for various values of optical thickness, obtained with MC simulations(black-filled
squares) and diffusion theory(red-filled circle).

Similarly, path length distributions are evaluated for various scattering
mean free paths in the diffusive regime corresponding to the gray area in the
Figure. 4.2, then their mean path lengths are computed. Summarized result
of the path length enhancement obtained with the theory and MC simulations
is plotted for various values of optical thickness, see in the Fig. 4.8.

The good agreement between MC simulations and diffusion theory in the
strongly scattering regime can be observed in the Figure. 4.8, while for slab
thickness/scattering mean free path ratios smaller than 20, a partial disagree-
ment is evident, however the deviation of the theory with MC simulations is
very small.
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4.4 Absorption enhancement

In an absorbing medium, absorption enhancement can be more useful in-
formation than the path length enhancement. It was demonstrated in the
previous sections that the optical path length can be enhanced significantly
even in a weakly scattering and non-absorbing medium. The path length
enhancement presented in previous sections can not be directly translated
in to the absorption enhancement. In weakly scattering regime, significant
contribution to the path length enhancement is attributed to rare events
of multiple scattering, and internally reflected events. Since the medium
chosen was a non-absorbing, so it means that the events which were mak-
ing extremely long path lengths probably would have absorbed at a certain
shorter path length. In this section, I discuss the absorption enhancement in
weakly scattering and strongly scattering regimes.

The absorption of a medium is defined by a characteristic length called
absorption mean free path, which is an average distance travelled by a photon
before being absorbed. The amount of light absorbed in a medium with a
certain optical length L, and the absorption mean free path [; is given by the
Beer-Lambert law:

A=1- exp(—%) (4.16)

Whereas each photon propagating through a scattering medium makes
different path length. From the given sample space of path lengths, path
length distribution is constructed by assigning a probability density to each
discrete variable. The absorption of light in an absorbing medium can be
calculated using the alternative form of (4.16) which includes the path length

distribution P(I)
l
A=1- /P(l) exp <_Z_) dl. (4.17)

And the absorption enhancement is given by
[
1— [P(l) exp <_l_> dl

T e (-E) 0w (2]

Using the expression (4.18), absorption enhancement is calculated by sub-
stituting the path length distributions recorded earlier in MC simulations for
a set of scattering mean free paths, for different ratios of the absorption mean

(4.18)
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free path to slab thickness (L/l;= 1, 0.1, 0.01). Calculated absorption en-
hancement results are plotted in the Figure. 4.9, where it can be observed
that absorption is not enhanced at smaller optical thicknesses(weakly scat-
tering regime) for all the three ratios of the slab thickness to the absorption
mean free path even though the path length enhancement was significant in
weakly scattering regime. Which further validates that the significant en-
hancement to path length comes from the extremely long path lengths due
to the rare multiple scattering events and photons which are reflected inside
the slab for multiple times. However, a significant absorption enhancement
occurs in a intermediate scattering regime(larger values of optical thickness),
which can be called as optimal scattering regime. And, it is worth note
that, absorption is enhanced by nearly 30% in optimal scattering regime
even though the medium absorbs very strongly without even adding scat-
terers. Absorption enhancement calculated for scattering mean free paths
associated to strongly scattering regime are represented by larger values of
optical thickness. As can be observed that the enhancement decreases with
the decrease in the scattering mean free path, and even goes less than one.
This is due to two reasons: first, light tends to reflect strongly in the back-
ward direction in a strongly scattering media, in effect the distribution of
path lengths the medium is shifted towards the smaller path lengths than
slab thickness. Second, absorption prevents the propagation of photons deep
in to the medium.

In a very weakly absorbing medium (I < [;), the exponential term in
the expression eq.(4.17) becomes (1 — l—), so the absorption enhancement

i
becomes

(4.19a)

1—(1-7) ’
(4.19b)

with,
and P(1)l + P(lo)ly + P(I3)ls + ... + P(1)l, = 1. (4.20b)

Substituting the expressions (4.20a) and (4.20b) in (4.19b), then what we
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Figure 4.9: Absorption enhancement that can occur in a slab with different
amount of absorption defined by L/1;, due to the light scattering by point scatterers
in a slab, and concentration of scatterers is defined by their optical thickness(slab
thickness/scattering mean free path). The absorption enhancement at lower values
of optical thicknesses are same, so the data points represented by red and black
filled circles are not visible in the graph. Optimal scattering regime can be seen for
optical thicknesses between 1 to 10, where the maximum absorption is occurring.
Light at these values of scattering mean free path is exploring maximum space
inside the absorbing medium.
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which is indeed the upper limit of the enhancement that can be obtained
with the given approach. From the results of the absorption enhancement, it
is clear that for any concentration of scatterers, and given a certain amount of
absorption, absorption enhancement can be calculated accurately. In sum,
a clear and complete picture of the path length enhancement approach is
presented in this chapter.
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4.5 Conclusions

In conclusion, we have shown that a very weak amount of scattering in a
slab is enough to obtain the significant path length enhancement that of
Yablonovitch limit. Similarly, the optical path length enhancement is com-
puted in the diffusive regime, which found to be enhancing bit more than
the Yablonovitch limit owing to the angular selectivity in the illumination.
Finally, the absorption enhancement is computed for different regimes of
scattering with different amounts of absorption. Absorption enhancement is
negligible in weakly scattering regime for finite amount of absorption, which
indicates that weak scattering is not sufficient for enhancing the absorption
in an absorbing medium. Maximum absorption enhancement is found for op-
tical thicknesses between 1 to 10, which is identified as an optimal scattering
regime.
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Fractal structures to enhance the efficiency of
Luminescent solar concentrators

A novel approach using different dispersion regimes of a fractal geometry is
proposed to enhance the efficiency of luminescent solar concentrators. The
presence of external light coupling and strong light confinement are investi-
gated in a Sierpinski fractal patterned structure using frequency domain cal-
culations, and dynamics of the modes in the fractal structure is investigated
using time domain calculations.

Making use of the light scattering and near-field enhancement of metal
nanoparticles(NPs) and nanostructures are popular approaches to enhance
the absorption of fluorescent molecules, and which have been pursued also
to enhance absorption of fluorescent molecules in luminescent solar concen-
trators [1]. The enhancement achieved with these approaches is significant,
nevertheless has some drawbacks too. On the one hand, near-field enhance-
ment is either considered to enhance the excitation field close to fluorescent
molecules, or to modify the radiative and non radiative properties of the
molecules, however requires a large concentration of nanoparticles [2]. On
the other hand, scattering can be used to enhance the path length in an ab-
sorbing medium to enhance the absorption, but scattering by the nanoparti-
cles can effect the fluorescence propagation in the medium [3]. Either of the
aforementioned approaches can some how effect the emission propagation in
a medium and cause the escape of light, as a result losses would increase in

LSCs.

Though so many works in the past have made efforts to achieve a high
efficiency in LSCs, however no approach has ever tried address all the issues
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together. The best strategy would be here is to achieve an increase of photons
which couple in to the slab, and a decrease of photons which couple out of
the slab. In order to achieve this goal, engineering of dispersion by creating
a pattern with high index material is proposed.

5.1 Strategy: Engineering dispersion

Defect states

Frequency

Guided modes

Y

Wave vector

Figure 5.1: Illustration of the scheme to enhance the efficiency of an LSC by
making use of two different dispersion regimes supporting either leaky modes or
guided modes. The absorption spectrum of fluorescent molecules is matched with
the frequencies of leaky modes such that the external excitation light couple effi-
ciently to the slab and interacts sufficiently long time with fluorescent molecules.
While the emission spectrum is matched with the frequencies of guided modes of
the slab such that emitted light is guided efficiently.

What could be a good strategy for enhancing the efficiency of an LSC
is to simultaneously achieve the absorption enhancement and good optical
waveguiding. First, absorption in an LSC slab can become maximum only
when light from the external medium efficiently couples to the slab, and
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interacts sufficiently long time with fluorescent molecules in it. The optimal
condition for achieving the maximum absorption enhancement in an LSC
is to balance light confinement and out-of-plane coupling with the external
medium. Second, fluorescence in an LSC slab can be transported efficiently
to the edges if it can couple to the guided modes of the slab waveguide,
and at the same time finds no leaky mode to couple out of the slab at that
frequency. In a typical bare slab waveguide, it is not possible to achieve
both out-of-plane coupling and efficient guided transport at the same time,
unless the dispersion of the slab is engineered properly in a way to have two
consecutive spectral regimes, where one regime that contains leaky modes,
other regime that contains guided modes only. The scheme should be to
match the absorption band of fluorescent molecules with the frequencies of
the defect modes, and their emission band with the guided modes of the slab.
The illustration of the scheme is shown in the Fig. 5.1.

Significant changes in the dispersion occurs only when the index of the
slab is modulated over a length scale of the order of wavelength of light.
There have been some efforts to engineer the dispersion in semiconductor
slabs by patterning the slabs with periodic structures [4], semiconductor
nanowires [5],and correlated random structures [6] in order to enhance their
absorption. Introducing a defect in a two dimensional photonic crystal can
create a defect state, which may even appear in the bandgap. If light is
coupled to a defect mode in the band gap, light will be confined strongly
in a small volume of the cavity since light can not propagate in xy-plane
due to the band gap, however it is evanescent in vertical direction. Since
the light-matter interaction in these structures occurs in a small volume
in and around the cavity, hence periodic geometries can not be desirable
for the absorption enhancement of the bulk medium such as an LSC. On
the other hand, correlated random structures are easy to realize, and also
support leaky and localized modes at different frequencies. However these
approaches were demonstrated to enhance the absorption of the slabs of high
index materials like silicon of few nanometers thickness. Indeed these studies
provide fundamental ideas to solve the issues in LSCs.

5.2 Fractal geometry for engineering disper-
sion
Keeping all these issues in purview, I propose to use fractal patterns to

engineer the dispersion. The application of fractals geometries in LSCs is
genuinely novel and is rather challenging. Fractals display very special ge-
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Figure 5.2: Fractals in found in nature (a) Romanesco Broccoli (Image courtesy:
Jon Sullivan) (b) Fern plant (c) areal view of vegetation (Image Courtesy: Paul
Borke)

ometry which makes them look similar at any scale. Many of the fractal
geometries can be simply constructed with the recursion approach, but there
are also many fractal geometries which exist in the nature such as in Fig. 5.2.
Fractals can be broadly categorized as two major classes depending on their
construction approach: deterministic fractals, and random fractals. First,
deterministic fractals are those entities which can be constructed with sim-
ple mathematical rules and the outcome is always deterministic. Second,
random fractals are constructed with probabilistic laws and there can be
many or infinite possible outcomes.

Previous studies on the interaction of electromagnetic waves with frac-
tal geometries suggest that self similar features of any multi scale geometry
can be reflected in their electromagnetic response, and the response would
be broad band [7, 8]. The study on microwaves propagation in three di-
mensional Menger sponge fractals showed that the waves can be strongly
localized inside a fractal cavity, owing to the standing wave formation in the
cavities of the fractal and the wave localization was entirely attributed to the
fractal geometry [9]. Similarly, giant non-linear optical responses in random
fractal cavities were found to strongly enhance the light interaction with the
matter [10]. These instances give a strong support to the existence of local-
ized modes and enhanced light-matter interactions inside the fractal cavities.
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(a) (b) (c) (d) (e)

Figure 5.3: Geometries of Sierpinski carpet fractal after different iterations dur-
ing the construction. The construction begins with a square in (a), then which is
divided into 9 subsquares as in (b). Geometries (c),(d), and (e) respectively are
Sierpinski carpets obtained after 1,2, and 3 iterations.

However, the fractal geometries considered in these works are difficult to real-
ize because either they are three dimensional structures or random in nature.
Sierpinski carpet geometry is chosen for this study to engineer the dispersion
of the slab. The application of Sierpinski carpet geometry in the frame work
of LSCs is novel, though it has been studied extensively as an antenna in the
telecommunications field [7]. Studies on metallic Sierpinski carpets revealed
that light can be focused in to a sub-diffraction spot size and confine fields
strongly inside the fractal cavities [11]. Sierpinski fractal is a deterministic
fractal which can be constructed easily with a recursion approach. Construc-
tion begins with a single square(Fig. 5.3(a)), then it is subdivided in to equal
sized 9 squares which forms a 3 x 3 grid of small squares(Fig. 5.3(b)), then
the one square in the middle is removed thus leaving 8 squares(Fig. 5.3(c)).
Again each square in the Fig. 5.3(c) is divided in to 9 subsquares followed by
removing one center square, which gives stage 2 Sierpinski carpet as shown in
the Fig. 5.3(d)), similarly repeating the method for another time gives stage
3 Sierpinski carpet as shown in the Fig. 5.3(e). This process can be repeated
infinite times, however for practical purposes finite number of iterations are
considered. In this chapter, I use the convention of calling Sierpinski carpet
fractal of n' iteration as stage n Sierpinski carpet.

As a first step, eigenstates supported by the fractal structure were inves-
tigated. Studying a fractal patterned LSC slab of thickness of few microns is
a computationally difficult task as it would require huge computational cell.
Since LSCs are quite thick in the z-direction compared to the geometrical
features of the patterns of the order of wavelength of light, by that means
the proposed configuration can be approximated as a two dimensional slab,
which is an easy configuration to study.
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5.3 Band diagrams: Plane wave expansion

Response of any photonic lattice in real space with electromagnetic waves is
accurately given by the dispersion relation w(k) in its Fourier space. Dis-
persion diagram is a map of eigenstates(w) supported by the structure of
interest at different wave vectors. Absence of eigenstates or modes at any
particular wave vector (k) is typically called as stop gap, while the absence
of eigenstates in all directions is called as complete band gap. Any photonic
lattice exhibiting a complete band gap would strictly forbid the propagation
of light through it in the band gap in any direction. The dispersion calcula-
tion of two dimensional Sierpinski carpet structure can provide its complete
information of eigenstates, the presence of defect states, leaky modes ,and
guided modes, etc.. In general, the dispersion of periodic geometries is cal-
culated using the plane wave expansion method, which is an approach to
calculate eigen frequencies out of an eigen value equation. In this study,
we used MIT photonic band (MPB) program which implements the plane
wave expansion [12] to calculate dispersion diagrams of the two dimensional
Sierpinski fractal carpets. In a typical MPB program for any periodic ge-
ometry, initially its unit cell in real space and corresponding high symmetry
points in the irreducible Brillouin zone are defined, then eigen frequencies are
computed at those points. MPB program considers the periodic boundary
conditions by default.

As mentioned above, Sierpinski carpet fractals display scale invariant ge-
ometry and do not obey translational symmetry. It is not possible to define
fractal like single entity with out any periodic boundary conditions in MPB.
Henceforth, we use a finite sized approximant of Sierpinski carpet as an unit
cell with periodic boundary conditions in MPB. The size of the approximant
should be large enough to represent the actual behaviour of the ideal fractal
structure. Approximant approach has been studied in quasicrystals which
do not display translational symmetry [13]. However the situation in qua-
sicrystals is different, since larger the approximant size closer it represents
the ideal quasicrystal. In contrary fractal is a scale invariant geometry, so
the approximant of fractal with large number of iterations, closer it repre-
sents the ideal fractal. In order to see the changes in the dispersion with an
increase in the size of the approximant, we performed dispersion calculations
for approximants of different sizes.

Approximant 1 The unit cell of the stage 1 Sierpinski carpet structure
is a unit sized square of refractive index as that of polymer 1.5 with one
cylinder of finite radius at the center, infinite height in the z dimension,
and of refractive index 3.5 as that of silicon, whose illustration is shown in
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Figure 5.4: Geometry and band diagram of the stage 1 Sierpinski carpet struc-

ture.
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(b) Band diagram

Figure 5.5: Geometry and band diagram of the stage 2 Sierpinski carpet struc-
ture. Blue band represent the defect state.
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the Fig. 5.4(a). This geometry is actually equivalent to a unit cell for the
square lattice photonic crystal, so it should have the dispersion similar to the
dispersion of square lattice. The dispersion calculations were performed by
varying different values of the rod width for TE and TM polarizations. The
band gap was found only for the TM polarization(see Fig. 5.4(b)), and the
maximum gap width was obtained for the rod width equals to 0.25(no units
since normalized with the size of the unit cell). In subsequent calculations,
cylinder is chosen that of infinite height and radius 0.25.

Approximant 2 The geometry of the stage 2 Sierpinski carpet structure
is illustrated in the Fig. 5.5(a) and its the band structure is shown in the
Fig. 5.5(b). The approximant 2 is also a photonic crystal with a single defect
in the center of the unit cell. The computational cell size of the approximant
2 was thrice larger than cell used for the stage one Sierpinski carpet. As the
size of the cell becomes larger, the bands fold back proportionately into the
Brillouin zone. Which is the reason for the appearance of more number of
bands in the same frequency range as that of the band structure of approxi-
mant 1. Fig 5.5(b), shows the presence of band gap with the mid frequency
0.26(c/a) due to the underlying square lattice geometry, and the defect state
due to the cavity in the middle of the structure.

The concepts demonstrated in photonic crystals with cavities can be di-
rectly translated to explain the properties of defect states in the dispersion
of fractal structures. Similar to the photonic crystal cavities, light coupled
to a defect state stays confined in xy-plane for a short time in the cavity and
eventually leak in to the out-of-plane [14]. Light from out-of-plane can easily
couple to such defect states of the cavity or light can leak from it to external
medium efficiently.

Approximant 3 The geometry of the stage 3 Sierpinski carpet structure
is shown in the Fig. 5.6(a)(in the region drawn with the red line), and its
band structure is shown in the Fig. 5.6(b). In the Fig 5.6, as can be observed
that the number of defect states increased in comparison to the number of
defect states in the band gap of approximant 2, which can be attributed to
the increase in the number of cavities.

Approximant 4 The geometry of the stage 4 Sierpinski carpet is shown in
the Figure 5.6(a) and its band structure is shown in the Fig. 5.7. Since the
computational cell to define the approximant 4 demands huge computational
power, therefore dispersion is chosen to be calculated only at a single K-vector
i.e Gamma point. It can be observed in the band diagram that number of
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defect states is increased many more times than in case of smaller approx-
imants. Having so many defect states inside the band gap would allow the
light to couple in to the configuration very easily and over a broad range of
frequencies. And, it is worth to note that, light coupled to defect states stays
confined in the cavities which are present all around the geometry. Cavities
are regions supposed to be occupied with material of small refractive index
as that of polymer 1.5, hence incorporating fluorescent molecules in polymer
occupied regions would greatly increase their absorption efficiency in com-
parison to fluorescent molecules in an unperturbed configuration. Analysis
of the dispersion diagram of stage 4 Sierpinski carpet gives a positive indi-
cation that the coupling from the out-of-plane can be increased by fractal
geometries. However, the maximum absorption enhancement can occur only
if both out-of-plane coupling and good field confinement occurs at a same
time in a balanced way, hence there is need to verify whether the fields are
confined.

5.4 Electric fields analysis

Increase in out-of-plane coupling with the slab configuration is not just
enough to enhance the light-matter interaction, light should also spend suffi-
cient time in the slab before it escapes out of the slab. In order to investigate
whether light is confining in the cavities of the Sierpinski structure, electric
fields were calculated using a MPB program.

The propagation and confinement of modes inside a Sierpinski carpet
structure can be better inferred from the maps of the fields. The MPB pro-
gram is also capable of calculating the fields, time average energy densities
at any given K-vector for any polarization of the field. The maps of elec-
tric field(Ez) in the third and fourth stage Sierpinski carpet structures were
calculated for TM polarization at the K-vector gamma point, and the sum-
marized plot of the field maps at few selected frequencies is presented in the
Figure. 5.8.
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(b) The band diagram of the stage 3 Sierpinski carpet structure.
Blue bands represent the defect states in the band gap.

Figure 5.6
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Figure 5.8: The maps of electric field(Ez) acquired in the stage 3 Sierpinski carpet(first row) and stage 4 Sierpinski
carpet(second row). Dashed lines separate the maps of different frequencies in the dispersion: frequencies below the band
gap, frequencies correspond to defect states in the band gap, and frequencies above the gap.



The maps of fields for frequencies corresponding to the defect states in
the band gap clearly confirm that the fields are strongly confined in the
cavities of the structure. From the Figure. 5.8, it can be observed that the
fields at frequencies below the gap are occupying in large index cylinders to
minimize their frequency. While the fields at frequencies above the band gap
are occupying in lower index regions in order to be orthogonal to the lower
bands. These both behaviours below and above the gap are very similar to
what is typically known in photonic crystals [14].

As discussed in the beginning that one of our primary interest is to en-
hance the absorption of fluorescent molecules in a slab patterned with Sier-
pinski carpet structure. In the proposed configuration, fluorescent molecules
can be added to the polymer which is occupying the space around the high
index cylinders. Since the field confinement occurs in those cavities which
are occupied by the fluorescent polymer, hence an increase in excitation due
to enhanced fields would significantly enhance the absorption of fluorescent
molecules.

5.5 K-Space analysis

The dispersion calculations of the Sierpinski carpet structures provided valu-
able information about the modes supported by the structure. However,
information of modes obtained from the maps of fields is hidden and cou-
pled. In general, each one of the modes supported by the photonic structure
is associated with an amplitude, direction and a wave vector(k). Since many
modes of the fractal structure are excited at a same time, and probably
they propagate in the same direction or localized in the real space and time,
hence it would be impossible to decouple the information of individual modes.
However, it is possible to uncover the information of individual modes in the
Fourier space, which contains the information of wave vectors correspond-
ing to each mode. K-space investigations of the modes inside a direction
coupler in photonic crystal [15], two dimensional random structures [6] have
already provided the insights of the dynamics of modes in those structures.
Resolution in K-space is given by the simple relation

Ak = <_—k) A a, (5.1)

a
where k is the wave vector of the mode and a is the size of the unit cell in
real space. It is clear from the expression (5.1) that the resolution in k-space
can be increased by increasing the size of the unit cell(a) of the lattice in
real space. Hence, to have a high resolution in K-space, stage 4 Sierpinski
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carpet structure of size 81 x 81 is chosen, which is larger than the size used
in dispersion and field calculations.

K-space investigation of modes was implemented with a Finite Difference
Time Domain(FDTD) free program called meep [16]. FDTD is a numerical
approach to calculate the propagation of fields with time in any kind of geom-
etry using the Maxwell equations, defined with certain boundary conditions.
FDTD calculations can give a exact picture of the fields inside the geometry
at any instant of time. In FDTD calculations, at first a two dimensional unit
cell of stage 4 Sierpinski carpet was defined, and periodic boundary condi-
tions were imposed. Three thousand Ez point dipoles were placed randomly
across the structure of dimensions 81 x 81 to excite all the modes supported
by the structure at a particular frequency. All the point dipoles were allowed
to excite with different phases, thus fields emanating from dipoles across the
structure propagate and superpose in a complicated manner and generate a
speckle. Images of the fields were acquired for long time after the evolution
of the fields inside the structure. Each map of the field contains a real and
imaginary components of the field. Two dimensional maps of the electric
field(Ez) acquired for different frequencies were Fourier transformed twice
and then shifted back such that zero wave vector component moves to center
of the array.

Summarized plot of k-space analysis is shown in the Figure. 5.9 for various
frequencies. In a single k-plot(norm of the Fourier transform of the electric
field components in the z-direction) at any frequency, x and y axes represent
the direction of wave propagation in x and y directions respectively. Since the
structure is anisotropic, so different anisotropic dynamics of wave vectors for
different modes is expected, and hence a summarized plot of wave vectors for
all frequencies in a one graph may loose certain information, hence individual
k-plots for each frequency are plotted. Wave vector for free space propagation
is evaluated for the refractive index of the air medium and drawn as a white
color circle in k-plots, which is so called as radiation zone. Position of each
pixel on the k-plot represent the wave vector amplitude, and location of pixel
with respect to the circle tells whether the mode is a leaky mode or guided
mode, and the color of each pixel represents the norm of the Fourier transform
of the electric field component in the z-direction. The pixels which lie with
in the circle represent the leaky modes or cavity modes which can couple to
out-of-plane/air, while the modes which lie above the circle represents the
guided modes of the configuration.

It can be observed in k-plots for the frequencies below the band gap(0.22-
0.28), light is propagating as a general mode with an equal amplitudel|k|,
since those wavelengths are larger than the geometrical features of the struc-
ture, hence modes propagate as if in a unperturbed slab. The k-plots for
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frequencies in the band gap display defect states/leaky modes inside the cir-
cle associated to light line. The k-plots for frequencies(0.3 and 0.32) above
the band gap clearly do not display modes inside the radiation zone. The
k-plot for the frequency 0.34 displays some defect states in the circle, which
indicates the presence of another band gap at higher frequencies, while frac-
tals are known to display multiple band gaps. However, it was hard to
recognize the second band gap from the band diagram of stage 4 Sierpinski
carpet. And, macroscopically it can be observed that, there are two differ-
ent regimes, where in the first regime for frequencies corresponding to band
gap, leaky modes are present, which can felicitate the light coupling from
free space into the slab. While in the second regime at lower frequencies,
modes propagate as a general mode, and find no leaky mode to escape out
of the slab, which would enable an efficient light transport inside the slab.
The presence of two regimes one after the other suggest the role of fractal
geometries in the modification of dispersion. Henceforth, it is possible to
modify the dispersion in such a way to enhance the light-matter interaction
and transport light efficiently.

It is worth to note that some k-plots have anisotropic k distribution, such
as shown in the Figure. 5.9 for the frequency 0.24, which has only two possible
directions of propagation. If the emission of dye is coupled to such anisotropic
modes, then it would be possible to direct the light propagation only in x
and y directions, hence fluorescence will avoid to take longer paths such as
diagonal paths, in this manner losses due to scattering and re-absorption can
be minimized.
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Figure 5.9: Summarized figure of norms of the Fourier transform of the electric field(Ez) distribution for various frequencies.
The modes lying within the radiation zone(blue circle) for frequencies 0.26 and 0.28 represent the leaky modes of the geometry.
Each k-plot is a representation of wave vectors associated to modes, where x and y axes represent the direction of propagation.
Frequencies of respective maps of fields are written above their k-plots.



5.6 Conclusions

Patterning a slab can modify the dispersion of the slab in such a way to have
two different spectral regimes, where in one regime defect states are created,
and the other regime where modes propagate as a general mode and find no
leaky mode to escape out of the slab. These two regimes can be matched
with the absorption and emission bands of fluorescent molecules in an LSC,
to improve the LSCs efficiency. Presence of localized fields all around the
fractal patterned structure at frequencies in the band gap can facilitate an
enhancement of of light-matter interaction over the bulk volume, which is a
necessary aspect to realize an efficient LSC.
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Appendix

A.1 Algorithm of Monte Carlo simulation of
a random walker in a thin slab with ab-
sorbing boundary conditions

The definitions of parameters used in the algorithm are as follows: x1, y1,
zl, x2, y2, z2 are the Cartesian coordinates of a photon, ux1, uyl, uzl, ux2,
uy2, uz2 are the directional cosines of a photon, s is the step length, p is the
path length, L is the slab thickness, A is the scattering mean free path, ~ is
the random number between [0,1] and d is the distance to the edge of the
slab.
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launch photon
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!

Last photon 7
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Figure A.1: Schematic diagram of the algorithm followed in Monte Carlo simula-
tions of a random walker in a thin slab dispersed with point scatterers. Absorbing
boundary conditions are imposed on the edges of the slab, thereby all the random
walkers touching or crossing the slab edges are considered as absorbed.
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A.2 Algorithm of Monte Carlo simulation of
a random walker in a thin slab with re-
flecting boundary conditions

The definitions of parameters used in the algorithm are as follows: x1, y1,
zl, x2, y2, z2 are the Cartesian coordinates of a photon, ux1, uyl, uzl, ux2,
uy2, uz2 are the directional cosines of a photon, s is the step length, p is the
path length, L is the slab thickness, A is the scattering mean free path, ~ is
the random number between [0,1], r is the Fresnel reflection coefficient at an
angle ®, and d is the distance to the edge of the slab.
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!
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No

Last photon ?
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End

Figure A.2: Schematic diagram of the algorithm followed in Monte Carlo simula-
tions of light propagation in a thin slab dispersed with point scatterers. Reflective
boundary conditions are imposed on the edges of the slab, thereby all the ran-
dom walkers touching or crossing the slab edges are either reflected internally or
transmitted based on their angle of incidence with the edges.
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A.3 Analytical solutions of time resolved trans-
mission and reflection in a diffusive slab
medium

Interaction of wave phenomenon is at best explained by the radiative trans-
fer equation(RTE). RTE is defined by the balance of specific intensity in a
volume element of a scattering medium, propagating in space, per unit time,
per unit solid angle, per unit area, in a certain direction, with the variation
of specific intensity due to the scattering and absorption in that volume el-
ement. There are so many models which provide analytical solutions to the
RTE, among them diffusion approximation is the most popular approach. It
was described in [1], about the mathematical formulation to obtain the dif-
fusion equation. Diffusion equation for the non-absorbing medium is given
by the equation

(E& . Dv2) Uglr,t) = Q(r, 1), (A1)

where Q(r,t) is the isotropic source, D is the diffusion coefficient, Uy is
the specific intensity, and v is the velocity of light in the diffusive medium.
Considering the scattering in the medium as isotropic, hence we have

1
TR

(A.2)

where 1, is a scattering coefficient (inverse of the scattering mean free path).
The diffusion coefficient independent of absorption coefficient works very well
for small values of p,, otherwise D = 1/3(us+ ptq) should be considered. For
an isotropic source that emits a pulse of unit energy in an infinitely extended
absorbing medium with an absorption coefficient exp(—p,vt), the general
solution of diffusion equation is given by:

r—r'|?
verp | Tpm — HaVl

Ua(r, 1) = 47 (47 Dut)3/2

(A.3)

Refractive index contrast can play a critical role in determining the path
length distribution inside the diffusive medium, particularly in thin samples.
Zhu et al [2] have demonstrated that the effect of internal reflection can be
accounted with a single parameter i.e refractive index ratio of the medium to
the external medium. Considering the internal reflections, diffusion equation
can be solved by considering extrapolated boundary conditions, equivalent
to specific intensity becomes zero at an extrapolated length z. outside the
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sample. Using the formulations used in the [3], we obtain the extrapolation
length 2z, = 2AD, where A is given by much simplified expression

A = 504.332889 — 2641.00214n + 5923.699064n>—
7376.355814n° + 5507.531041n* — 2463.357945n°
+ 610.95654n° — 64.8047n",

and n is the relative refractive index of the diffusive medium with the exter-
nal medium. The source is placed at a depth z, = 1/u, below the surface
where incident photons would have randomized if illuminated normally with
the surface. Apart from the source placed at z,, in order to achieve the ex-
trapolated boundary conditions, infinite pairs of positive and negative dipole
sources have to be placed at different positions given by

Zpm =2m(s +2z.) + 2, for positive sources,
Zom =2m(s+22.) — 2z, — 2, for negative sources,
m = (0,+1,+2,..).

Contribution of positive sources Uy, (r,t) and negative sources Uy_(r,t)
together gives the average diffusion intensity:

Ud(zapa t) = Ud-i—(zapa t) + Ud_(z,p, t), (A4a)
2 m=o0
v exp(—pavt — 5) (2= 2zem)
t) = ‘ — ’ A.4b
Uas (2, p,t) 47 (4w Dut)3/? 8 mz_oo “ip 4Duvt - )
v exp(—pqvt — Z;Lt) — (z — 2_m)?
_ t)=— ‘ —— A4

Ua-(z::1) in(dnDut)¥2 " mzoo crp Dot | A0

here p is the distance of an arbitrary point either on front or on rear sur-
face of the slab from the injection point of the source(z = 0) or at a position
on the z axis(z = L) at the rear surface. The time resolved reflectance R(t),
i.e the power crossing the surface z = 0 per unit area is given by

+oo
R = [ (nD L Uilp.z = 0.0)2m00p. (A.5)
0

similarly for the transmittance we have
+0o0 o
T(t) = / (4D Uslp, 2 = L.1))2mpdp. (A.6)
0 z
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Substituting the Uy(p, z = 0,t) from eq.(A.4a) in eq.(A.5) and Uy(p, z =
L,t) from eq.(A.4a) in eq.(A.6), we finally get the time resolved reflectance
and transmittance terms, which are

exp(—pqvt) — 23 m Zim
R t) = — m — ) — m 0
) = =5 Doyepre m;m <Z3’ (1 pyy) ~HmerP(5,)
(A.7a)
exp(—pqvt) — 2} m 2 m
T t = m ) _ m )
) = Sonpugmn X (sumeep( 52 — el 22
(A.7b)

The functions R(t) and T'(t) represent the probability density function
of reflection and transmission at a time ¢. Time resolved transmission and
reflection in equations (A.7a) and (A.7b) can be simply converted into path
length distribution by multiplying with the speed of light in the diffusive
medium.
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Conclusions of this thesis

In sum, this thesis has discussed comprehensively about luminescent so-
lar concentrators, their issues, and novel approaches using light scattering
to improve their efficiency. Though there have been numerous approaches
to enhance absorption/fluorescence of molecules using different kind of sys-
tems such as disordered, ordered, and plasmonic structures, and some how
they could address particularly poor absorption of the molecules, and only
in small volumes, however they fail to address the loss of light in escape
cone in the slab or vice versa. In this context, approaches suggested in this
thesis simultaneously try to address two basic goals: stronger absorption of
fluorescent molecules and efficient fluorescent light transport inside the slab.
The conclusions of this thesis can be explained in terms of following points

e The strategy of path length enhancement using aluminum nanopar-
ticles tries to enhance absorption of UV-absorbing molecules, at the
same time their emission is allowed to propagate freely inside the slab
without any hindrance.

e Though weakly scattering is enhancing optical path length enhance-
ment significantly, but it is not directly translated into significant ab-
sorption enhancement. The maximum absorption enhancement for any
finite amount of absorption found to occur in a intermediate scattering
regime but not diffusive enough. Choosing resonant dielectric nanopar-
ticles, it is possible avoid any effect on fluorescence propagation inside
the slab.

e And finally, engineering dispersion of a slab by fractal patterning is
suggested as another approach, which rightly addresses the above men-
tioned goals. Engineering dispersion enables to have two different spec-
tral regimes for the slab, where in one regime, absorption of fluores-
cent molecules is enhanced over the bulk medium due to leaky modes
originated from the fractal pattern and strong confinement of fields in
fractal cavities, while in the second regime, fluorescence is is coupled
to guided modes of the slab and absence of leaky modes in this regime
allow fluorescent light to propagate freely inside the slab.
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