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ABSTRACT
Strong-coupling between excitons and confined photonic modes can lead to the formation of
new hybrid bosonic half-light half-matter eigenstates, termed cavity-polaritons, which can
display a range of interesting properties. In this thesis, we show that polaritons can be formed
at room temperature in dielectric microcavities. A family of organic semiconducting materials
(so called BODIPY fluorescent dyes) is placed inside a microcavity in the vicinity of the confined
electric field. Light and matter start to interact with each other in the nanostructure leading to
polaritons formation. Due to their ease of fabrication, low costs and high binding energies
(room temperature stability) organic polaritons are an emerging field with an outstanding
potential for practical applications, as they can be used in chemistry, for optical
communications and photonics applications, and for long-range energy transfer and transport.

i

1. MOTIVATION OF WORK

1.1.

Introduction

Countless examples illustrate the crucial role that light plays in our everyday lives. Light is one
of the essential elements in the life of biological species. Moreover, with the advancement of
laser technologies, light can now serve as a material processing tool for precision
manufacturing, a mean for information transfer through optical communications and as a
surgical tool in advanced medical technologies. [1] But what really happens when light falls
onto an object? A photon interacts with matter through absorption or Rayleigh scattering by
atoms and molecules. For example, when sunlight falls on our hand part of it gets scattered as
diffused reflection and this allows us to see our hand, while some of it is absorbed by our hand
and converts into heat. Light-matter interactions were studied by Newton more than three
centuries ago when he used prisms to separate white light into its spectral components.[2]
Manipulation of visible light typically occurs on the nano- or micro-meter scale. Such
manipulation can be achieved by introducing carefully designed photonic structures that are
called nano- or micro-structures, which can be used to provide confinement of a photon’s
electromagnetic field. A typical and widely-used photonic structure is created by placing two
highly reflective mirrors in close proximity, having a separation distance on the order of a
micrometer or sub-micrometer. Such structures are essentially Fabry-Pèrot resonators and are
termed microcavities. The discussion and experiments of this thesis are concerned with this
type of structures. [3],[1]
The two main parts comprising a microcavity are the highly reflective mirrors and the active
semiconducting material placed between them. There is a variety of semiconductors, and
metallic or dielectric mirrors that can be used to fabricate microcavities of different dimensions
and functionalities. When a semiconducting material is placed inside a microcavity in the
vicinity of the confined electric field, light (photons) and matter (matter excitations) start to
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interact with each other. This light-matter interaction can be described by two regimes; i) the
weak coupling and ii) the strong coupling regimes.
In the so-called weak coupling regime, exchange of energy between light and matter is
irreversible, and the interaction can be described by perturbation theory. In the case of strong
coupling, exchange of energy between light and matter (where the energy exchange rate is
faster than the semiconductor exciton dephasing rate and the rate at which photons escape
from the microcavity) is reversible. In this regime, Fermi’s Golden Rule does not hold and new
hybrid bosonic half-light half-matter eigenstates, termed cavity-polaritons, are formed.
Cavity-polaritons are a linear superposition of excitons and photons, and therefore they inherit
their properties from these two constituents. The matter component allows polaritons to
interact with excitons, phonons and with other polaritons at high densities. [4] However,
polaritons have a very short lifetime (in the range of tens of femtoseconds to hundreds of
picoseconds) because of their light component. Their light mass is also due to their photonic
character and it is estimated about 10-5 the mass of the free electron. Polaritons are
bidimensional quasi-particles, described by their energy and in-plane momentum (or
microcavity external viewing angle, θext).[5],[6],[7]
The majority of previous polariton research had been focusing on adopting inorganic-based
systems operating at very low temperatures. Nevertheless, this limits their potential for future
technological applications. Due to their ease of fabrication, low costs and high binding energies
organic polaritons are an emerging field with an outstanding potential, as demonstrated by
their observation at room temperatures.[8] Exciton-polaritons are perfect candidates for these
applications: optical communications and photonics applications, polariton-mediated energy
transfer/transport and applications in chemistry.
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1.2.

Objectives

This thesis is concerned with strongly coupled organic microcavities containing a series of
different semiconducting materials (BODIPYs). In these structures, light and matter start to
interact with each other and new hybrid bosonic half-light half-matter eigenstates are formed,
termed cavity-polaritons.
In Chapter 2, the attributes of organic materials are studied and then their optical properties
are discussed. Continuing, two different optical microcavity configurations are introduced. In
the first type, each reflective surface consists of a metallic layer where, the second type of
mirrors utilizes the total internal reflection at the boundaries of two different dielectric
materials, termed distributed Bragg reflectors (DBR). Next, the weak and strong coupling
regimes are explained and the physics of organic polaritons is introduce. Following, the
different examples of practical applications based on organic-polaritons are explored
emphasizing the importance of organic polaritons from a technological point of view.
In Chapter 3, the experimental techniques used to fabricate microcavities containing the
different BODIPY-derivatives are described. Additionally, the two different experimental
characterization methods, namely reflectivity and transmission measurements, are being
introduced.
In Chapter 4, we experimentally study the properties of the various BODIPY derivatives through
optical absorption. Additionally, we investigate through angle-resolved reflectivity
measurements whether the different optical microcavities operated in the strong coupling
regime. A standard two-level coupled oscillator model is used to describe the coupling
between photons and excitons in microcavities and extract the polariton energies.
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2. THEORY

2.1.

Organic compounds

Organic materials are defined in modern chemistry as carbon-based compounds. Most are
combinations of a few of the lightest elements, particularly hydrogen, carbon, nitrogen, and
oxygen. Changing the number of atoms and molecular configurations as well as the bonds
between atoms can create an infinite number of combinations with each combination
corresponding to a new organic material. Organic materials include the wood from which
furniture is made, feathers, leather, and synthetic materials such as petroleum-based plastics.
In spite of this variety they share some common general characteristics. Currently, organic
materials receive considerable attention due to their applications in electronic and
optoelectronic devices, such as organic thin-film-transistors, organic light-emitting diodes
(OLEDs), solar cells, sensors, photorefractive (PR) devices, and many others. Of particular
technological interest are low-cost solution-processable thin films that can be deposited on
large areas and/or flexible substrates.[9]
Note that inorganic semiconducting materials have played a very important role in modern
optoelectronics. With the invention of the transistor around the middle of the last century,
inorganic semiconductors such as Si or Ge began to take over the role as the dominant material
in electronics. The enormous progress in this field has been driven by the anticipation of novel
applications, such as large area, flexible light sources and displays, low-cost printed integrated
circuits or plastic solar cells from these materials. However, they are not well suited for
emerging application requirements, such as ﬂexibility, light weight or transparency, as well as
for low temperature processing vital for the production of large area devices at low cost. On
the other hand, solution-processed organic materials can be easily mass-produced at low cost,
making them a strong candidate to replace mature silicon-based technologies and enter the
era of the so-called ‘disposable electronics market’.[10]
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2.1.1.

Organic Semiconductors

Inorganic materials owe their semiconducting properties to the periodic structure of the
crystalline solid, which results in the formation of the valence band (VB) and conduction band
(CB). These two bands are separated by an energy termed the band gap of the semiconductor.
If a material has a band gap greater than around 4 eV, it is considered to be an insulator. If the
two bands overlap resulting in zero band gap energy, the material is classed as a conductor
(metal). In the case of semiconductors, the band gap energy lies somewhere between that of
a metal and an insulator. Organic materials can form crystals but are often found in a noncrystalline form. However, they have a band gap similar to that found in inorganic
semiconductors, with their semiconducting properties arising from the bonding of atoms.
Organic semiconductors are molecular materials with vanishing density of states around the
Fermi energy and an energetic gap of ∼1–5 eV between the highest occupied and the lowest
unoccupied states. As mentioned above the periodic structure of the crystalline solid results in
the formation of the VB and CB and the energy that separate theses gaps is termed band gap
of the semiconductor. The highest valence band results from the highest occupied molecular
orbital (HOMO), and the lowest conduction band from the lowest unoccupied molecular
orbital (LUMO). When an electron absorbs a sufficient amount of energy (corresponding to the
band gap energy or greater) can be promoted from the HOMO level to the LUMO level. The
promotion of an electron from the HOMO to LUMO leaves behind a positively charged hole.
This bound state of the electron-hole pair is called an exciton. As excitons are bound states of
two fermions (electrons and holes), they have an integer spin and therefore are composite
bosons.[11]
2.1.2.

Optical Absorption

Light absorption is a process by which light is absorbed and converted into energy. Absorption
depends on the electromagnetic frequency of the light and the object’s nature of atoms,
therefore is directly proportional to the frequency. If they are compatible, light is absorbed. If
they are not, then the light passes through the object or gets reflected.[1]
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Absorption of light by a medium can occur when a photon transfers its energy to a bound
electron in a ground state and excites it on the so-called excited state. For example, in a
molecular system, a photon is absorbed by an electron in the HOMO and transfers it to the
LUMO. This transition is only possible if the energy of the photon, 𝐸𝛾, is resonant or close to
resonant with the energy levels of the material, assuming the two energy levels being 𝐸𝐻𝑂𝑀𝑂
and 𝐸𝐿𝑈𝑀𝑂:

𝛦* = ℎ𝑣 = 𝐸./01 − 𝐸3101

(2.1)

Where, h is Planck’s constant and 𝑣 is the photon frequency.
The probability of a photon being absorbed by a molecule is greater when the photon energy
corresponds to an electronic transition. This probability for a photon of wavelength 𝜆 is defined
by the absorption cross section, 𝜎(𝜆), which has units of area. The absorption coefficient, 𝛼(𝜆),
for N molecules per unit volume, can be defined as the product of N and 𝜎(𝜆) and it is expressed
as an inverse length. In other words, 𝛼(𝜆) is the fraction of the power of a light beam absorbed
per unit length when traveling in an absorbing medium.
If the optical intensity of the propagating beam is initially I0 and after traveling a distance 𝑧 it
is 𝐼𝑧, then for a distance 𝑑𝑧, the reduction in intensity 𝑑𝐼 (assuming no scattering) is given by

𝑑𝐼 = −𝐼𝛼𝑑𝑧

(2.2)

According to the Beer- Lambert law the ratio of the intensity of the light entering the sample
(Io) to that exiting the sample (Iz) at a particular wavelength is defined as the transmittance (T),
as shown in eq.2.3. The absorbance (A) of a sample is the negative logarithm of the
transmittance (eq.2.4).
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(2.4)

All electrons vibrate at a specific frequency, which is known as their "natural" frequency with
the lowest energy. When light interacts with an atom of the same frequency, the electrons of
the atom become excited and start vibrating. As a result the energy of the system increases.
The energy of the system with respect to the separation of the atoms is represented by the
Morse potential which is very similar to the harmonic oscillator potential. This atom-bond
system can oscillate with allowed, discrete frequencies which manifest themselves as
vibrational energy levels within the Morse potential as shown in Figure 2.1. At room
temperature, an electron can usually be found at the lowest vibronic energy level, 𝑣𝑜, of the
HOMO. The different energy levels represent different orbitals. These energy orbitals are
denoted with an increasing subscript. Where the HOMO is the ground state (s0) and LUMO
denoted as the first excited state (s1). The S stands for spin paired states in a multi electron
system (singlet). The Frank-Condon principle states that the probability of the transition of an
electron from the HOMO to a particular vibronic level in the LUMO depends on the vibronic
wavefunction overlap of the initial and final states. This electronic transition is more likely to
occur when there is a greater overlap.
Electronic transitions are spin conservative and therefore promotion of an electron from the
singlet molecular ground state (S0) must be to a singlet excited state. The promoted electron
leaves behind a positively-charged hole. These two (electron and hole) bound together
through Coulomb attraction and form a neutrally-charged bound state, known as an exciton.
Upon excitation to an electronic and vibronic state, the electron relaxes to the lowest vibronic
level (ν0) of the excited electronic state (S1) and then eventually the electron will recombine
with the hole (exciton decay).
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As the excited molecule returns to ground state, and an electron recombines with a hole, it
emits a photon of lower energy, which corresponds to a longer wavelength as compared to
the energy of the absorbed photon. This process is known as fluorescence. Analogously to the
absorption case, the strongest fluorescence transition will be to the vibrational level of the S0
with the greatest wavefunction overlap with the v0 of the S1 and this transition will define the
maximum of the fluorescence spectrum. So, the maximum of the fluorescence spectrum will
therefore always occur at a longer wavelength than the absorption maximum and this is the
origin of the Stokes Shift. This energy difference between the absorbed and the emitted
photon is equal to the loss of energy during the vibrational relaxation of the system. This loss
of energy is dissipated in the system as heat and it is caused by interactions of the electrons
(of the atom) with the neighboring atoms. In an ideal system, the fluorescence can be
considered as a mirror image of the absorption.[12]
There is a small probability that an electron in the LUMO level, instead of radiatively decaying
back to HOMO through fluorescence, can be transferred to the first triplet state, 𝑇 (triplet).
The radiative decay from triplet to singlet is known as phosphorescence. A transition from 𝑇
to 𝑆 is less probable as it is a spin-forbidden transition and occurs over longer timescales. It is
possible that the electron could be transferred back to 𝑆1 and then decay through delayed
fluorescence. The process in which an electron is transferred from a singlet to a triplet state is
called Intersystem Crossing (ISC), with the reverse process being called Reverse Intersystem
Crossing (RISC). In Figure 2.3 the colored lines indicate transitions in the system - absorption
and emission (fluorescence and phosphorescence), internal conversion and ISC.[6],[13]
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Figure 2.1. The colored lines indicate transitions in the system. Absorption (orange line), fluorescence (purple

line), phosphorescence (yellow line), internal conversion (blue lines) and intersystem crossing (green line).

2.2.

Optical microcavities

As discussed earlier, interactions between an electromagnetic field and the optical transitions
of a material can be classified into two regimes; namely, weak and strong coupling regimes.
Optical microcavities have proved to be a very successful system for observing such
interactions. Microcavities are optical resonators that provide confinement of light through
constructive interference in the form of standing waves, and have a size on the order of the
wavelength of the confined photons.
In this thesis, we are concerned with a well-known type of resonators, the so-called FabryPèrot cavity. Such structures are comprised of two planar mirrors, which can confine photons
effectively when the mirror separation, d, is only a few wavelengths of light. This distance
9

determines the photon wavelength 𝜆 that is confined between the mirrors, and can be
described by the following expression:

𝜆H =

IJK LK
M

cos 𝜃RJS

(2.5)

Here, 𝜂 is the effective refractive index of the medium between the mirrors at the resonant
wavelength of the cavity, 𝑞 is the cavity order, which takes integer values 𝑞 = 1, 2, 3, 4, ... etc.
and 𝜃𝑖𝑛𝑡 is the angle of propagation within the cavity with respect to the normal incidence of
the cavity surface.
The confinement of photons in the microcavities occurs in a direction perpendicular to the
cavity surface. The total wave vector of the confined photons 𝑘𝑜 can be written as:

𝑘Z =

I[
\H

(2.6)

The total wave vector can be defined by its two components, ko2= k//2 + k⊥2, as it is also shown
in Figure 2.2. Here k⊥ is the perpendicular and k// is the parallel component. Essentially, the
requirement for constructive interference after one round-trip enforces a condition on the
wavevector k⊥= kocosθint perpendicular to the mirror surfaces.[14]
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Figure 2.2. Illustration of a microcavity showing the total wave vector ko together with its vertical 𝑘⊥ and parallel

𝑘∥ components at an interior angle 𝜃𝑖𝑛𝑡.

For non-zero angles of incidence an additional wavevector parallel to these surfaces must be
taken into account which is equal to:

M[

(2.7)

𝑘|| = JL tan 𝜃RJS

As it can be seen by applying eq.2.5 and eq.2.6 into the expression k⊥= kocosθint, the vertical
component k⊥ remains fixed regardless of the angle dependence. In contrast, 𝑘∥ increases with
increasing angle, causing the total wavevector to increase with angle too. The energy of the
cavity mode Ec is proportional to 𝑘𝑜 and consequently increases with angle as follows:

𝛦Z =

cHde
I[

n

cHM

= IfLH>ghRJS = 𝐸i (1 − sin 𝜃RJS I )@o
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(2.8)

All measurements are generally performed in relation to the external angle of view 𝜃𝑒𝑥𝑡, so
applying Snell's law 𝜂1 sin 𝜃1 = 𝜂2 sin 𝜃2, equation 2.8 can be expressed as a function of 𝜃ext.
Given that the medium outside the cavity is air with a refractive index 𝜂𝑎𝑖𝑟 = 1, then the energy
of the cavity mode can be written as shown in equation 2.9:

𝐸H = 𝐸i (1 −

2.2.1.

gRJo hstS @n
) o
fH o

(2.9)

Cavity Mirrors

As already stated, an optical cavity is an arrangement of mirrors that forms a standing wave of
an electromagnetic field (light field). This occurs when the light confined within the cavity
reflects multiple times on the two mirrors, producing standing waves for certain resonance
frequencies.
The ‘quality’ of the two mirrors defines the quality of the confinement of light in a cavity. An
ideal cavity is one that has no absorption or scattering loses and the ‘quality’ is solely
dependent on the reflectivity 𝑅𝑖 of the mirrors. The higher the reflectivity of the mirrors, the
longer the confinement time of photons within the cavity. The finesse Ƒ of a cavity is a measure
of the ‘quality’ of the cavity and it can be expressed using the reflectivity values 𝑅1 and 𝑅2 of
the two mirrors.[14]

n

𝐹=

[(wn wo )x

n

y@(wn wo )o

(2.10)

As it can be seen from the previous equation, the finesse of a cavity is limited by the mirror
with the lowest reflectivity value. Another measure of the quality of a particular cavity mode
of a cavity, is the quality factor 𝑄. The quality-factor (or Q-factor) parametrizes the frequency
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width of the resonant enhancement. It is simply defined as the ratio of a resonant cavity
frequency, ωc, to the linewidth (FWHM) of the cavity mode, δωc:

\

|

}

𝑄 = {\K = {| = {}
K

(2.11)

Two different optical microcavity configurations can provide confinement of photons for
relatively prolonged periods of time, ensuring that the interaction between excitons and
photons can occur within the strong coupling regime. The cavity mirrors can be either metallic
or dielectric distributed Bragg reflectors (DBRs).
In the first configuration, each reflective surface is composed of a metallic layer. Metallic
mirrors have the advantage of being simple to deposit and the reflectivity values of metallic
mirrors can be very high at certain wavelengths, however they incur large optical absorption
losses and hence reduce the Q-factor of the cavities. Using Fresnel’s equations, equation 2.12,
the reflectivity of typical metals used in microcavities can be predicted using only the refractive
index (n) and the extinction coefficient (k) of that metal. In these equations we consider that
light falls vertically (at normal incidence), therefore the angular dependencies are eliminated
and that the medium that surrounds the mirror is air with a refractive index equal to ~1. In the
figure below we have calculated the reflectivity of silver, aluminum and gold mirrors using
equation 2.13.

I

J @J

𝑅 = ~Jn •Jo ~
n

o

Where, 𝑛y is the refractive index of air, so 𝑛y = 1 and 𝑛I = 𝑛 + 𝑖𝑘.
So the equation becomes,
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(2.12)

(J@y)o •d o

(2.13)

𝑅 = ~(J•y)o •d o~
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Figure 2.3. Reflectivity of silver (magenta), aluminium (black) and gold (blue) predicted using Fresnel equations

and the measured values of the refractive index and extinction coefficient of the materials.

The second type of mirrors utilizes the total internal reflection at the boundaries of two
different dielectric materials. This is termed a DBR mirror and can have very high optical
reflectivity. DBRs are one-dimensional (1D) photonic crystals created from alternating layers
of high and low refractive index transparent materials. The reflection at each layer boundary
interferes constructively to create a highly reflective structure (often exceeding reflectivity
values of 99.99%) over a range of wavelengths termed the reflectivity stopband. DBRs do not
exhibit the absorption loses seen in metallic mirrors. This makes DBRs a favorable choice for
14

microcavity mirrors. The thickness of the constituent layers dBragg should be equal to one
quarter of the required stopband central wavelength (which is called Bragg wavelength λBragg)
divided by the refractive index of the material.[8]

𝑑‚ƒA„„ =

\…†‡ˆˆ

(2.14)

‰J

Another advantage of DBRs over metallic mirrors is that their reflectivity can increase by just
altering the number, 𝑁 of alternating layer pairs, the refractive index contrast, 𝛥𝜂, of the two
dielectric materials as well as the thickness of each of these layers.
In Figure 2.4 it is shown how each material or structural parameter can affect the reflectivity
of a DBR using the transfer matrix method (TMM). Graph (a) shows how the thickness of each
layer of dielectric material is adjusted to shift the Bragg wavelength of the DBR. Graph (b)
shows how the number of alternating layer pairs, ranging between 2 (low reflectivity) and 16
pairs (high reflectivity), can increase the reflectivity of DBRs. Graph (c) shows how changing
the refractive index between the two materials, ranging from 1.84 to 2.76, creates a wider DBR
stopband. Finally, graph (d) summarizes all three values that can be used to control the optical
properties of a DBR.

The DBR stopband position is dependent on angle through equation 2.15

J

𝜆•‚w (𝜃) = 𝜆•‚w (0) cos(J ‡•† 𝜃)
•‘‘

where neff is the effective refractive index of the mirror.
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(2.15)

Figure 2.4. It shows how each material or structural parameter can affect the reflectivity of a DBR using the

transfer matrix method (TMM).

2.2.2.

Exciton Polaritons

A number of different semiconducting materials can be placed between the two mirrors of a
microcavity structure. The light-matter interaction can occur if the electronic transition of the
semiconductor is at resonance with the energy of the confined photons. There are three
parameters that determine the strength of the light-matter interaction; (i) the rate at which
the photons escape from the cavity, 𝑘, (ii) the dephasing rate of the organic excitons, 𝛾, and
(iii) the exciton-photon coupling constant, 𝑔0. [15]
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Two distinct coupling regimes can be identified depending on the relative values of k, γ and g0.
If g0 < (k,γ), the system is in the weak coupling regime. Here, the effect of the cavity is small
and therefore the light-matter interaction can be described by perturbation theory. The
photon field is modified by the microcavity, which can then enhance spontaneous emission
rates through the so-called Purcell effect. This enhancement stems from the fact that the
cavity, being resonant with the excitonic transition, enhances the photon density of states at
that wavelength. [16] A photon density of final states factor appears in Fermi’s Golden Rule as
shown in equation 2.16, where 𝛤 is the transition probability of the initial state 𝑖 the final state
𝑓, 𝑀𝑖→𝑓 is the matrix element for the transition and 𝜌𝑓 is the density of final states. This
consequently enhances the radiative emission rate.

𝛤R→– =

I[
c

|𝑀R→– |I 𝜌–

(2.16)

If g0 > (k,γ) the system is in the strong coupling regime and the cavity can no longer be
considered to cause a perturbation in the radiative decay dynamics of the exciton. The
emission of a photon by an exciton becomes reversible leading to an oscillatory exchange of
energy between light and matter. The energy exchange frequency is called Rabi frequency,
ΩRabi.
This can be visualized as the exciton absorbing a cavity photon, re-emitting the photon back
into the cavity mode and absorbing the photon again. The exciton and photon can be
considered coupled oscillators and described by a 2-level coupled oscillator model. The cavity
photons and excitons become mixed, with such mixed states being described as a new quasiparticle called a cavity-polariton. Cavity-polaritons, hereafter referred to as polaritons, carry
properties of its two constituents, photons and excitons. Polaritons are usually called half-light
half-matter quasi-particles and are described by new eigenstates.[3]
The oscillatory exchange of energy between light and matter, although being quantum
mechanical in nature, it can be described using a classical two-level coupled oscillator.
17
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(2.19)

𝛦=

|K •|Ÿ
I

y

± I ¡(𝐸H − 𝐸™ )I + 4𝑔> I

(2.20)

In the equation 2.17 𝐸𝐶 and 𝐸𝑋 are the energies of the cavity photons and the excitons,
respectively, while go is their mutual interaction potential. The polynomial equations can be
solved using the quadratic formula to give the eigenvalues of the system, where 𝐼 is a 2x2
identity matrix. The allowed polariton energy values, 𝐸, can be determined by solving equation
2.19, the solutions of which are defined in equation 2.20. By solving the above equation there
are two possible solutions corresponding to two different polariton energies. The cavity
photon energy, 𝐸𝐶, carries an angular dependence as shown by equation 2.9 and hence the
two polariton energies will also have an angular dependence. So we can separate them in to
two branches; the lower polariton branch (LPB) and the upper polariton branch (UPB). The
photon-exciton energy difference at normal incidence, 𝐸𝐶 − 𝐸𝑋, is called the photon-exciton
detuning and it symbolized by 𝛿. While the exciton energy of the material placed within the
cavity has a fixed value, the energy of the confined photons can be controlled by adjusting the
cavity thickness (namely, the thickness of the organic semiconducting film that is placed
between the two mirrors). This allows us to control the value of δ at normal incidence during
microcavity design and fabrication.[4],[16]
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When δ=0 , it is the case of zero photon-exciton detuning, where the photon and exciton
energies are degenerate at normal incidence and the separation of the LPB and UPB has the
smallest possible value at θ=0˚ known as the Rabi splitting energy, ħΩRabi. In the case where 𝛿
< 0, known as negative detuning, the photon and exciton energies are degenerate at a higher
angle, 𝜃𝑟𝑒𝑠, where the energy difference between the LPB and UPB takes its minimum value
corresponding to the Rabi splitting energy. This is generally the desired case for stronglycoupled microcavities. The two polariton branches undergo an anticrossing at the point where
the exciton and photon are energetically resonant, with one branch always being higher in
energy than the exciton and one always being lower. There is a third case, where the photon
energy is higher than the exciton energy (positive detuning, 𝛿 > 0) with no crossing point
between them. The LPB, UPB, photon energy (Ec) and exciton energy (E𝑋) are shown in Figure
2. 4 (a-c) for the three possible detunings. [17]
Polariton branches have a photon-exciton mixing fraction that depends on the angle and this
information is contained in the eigenvector of equation 2.21. The squares of the two mixing
coefficients, known as the Hopfield coefficients, give the photonic |𝑎§ |I and exciton
|𝑎¨ |I weights of the polaritons branches LPB and UPB at each angle. Solving equation 2.21
gives equations 2.22 and 2.23, which can be solved for |𝑎§ |I and |𝑎¨ |I (Equation 2.24 and 2.25)
considering the constraint |𝑎§ |I + |𝑎¨ |I = 1 and eliminating the interaction potential go using
equation 2.20.

𝑎§
𝑔> 𝑎§
š ©𝑎 ª = 𝐸 ©𝑎 ª
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Figure 2.5, parts (d-f) show the Hopfield coefficients of the LPB/UPB corresponding to the three
different detunings presented in parts (a-c). In the common case where δ<0 (Figure 2.4 part f),
it can be seen that at small angles the UPB has a large excitonic mixing fraction and hence is
exciton-like. The dispersion at this point is also shallow like the flat exciton dispersion. At large
angles the polaritons contain a large photonic mixing fraction and the dispersion becomes
steeper and approximates the cavity mode dispersion. The situation is reversed for the LPB,
with it being photon- like at small angles and exciton-like at large angles. At resonance both
the UPB and LPB are 50% photon and 50% exciton.
Generally, strong coupling can occur simultaneously between a photonic mode and more than
one matter excitation. In this case, more oscillators are added to the classical coupled oscillator
model to be able to describe the coupling between a variety number of oscillators involved in
the cavity. Of course, here the dimensionality of the matrix is increased depending on the
number of oscillators.[16]
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Figure 2.5 Lower polariton branch (LPB) and upper polariton branch (UPB) energies (yellow and purple lines) along

with photon (C) and exciton (X) energies (orange and blue dashed lines) with angle for a cavity with (a) positive
detuning δ=+50 meV , (b) zero detuning δ=0 meV and (c) negative detuning δ=-50 meV. Hopfield coefficients of
the LPB describing the photonic |αC,LPB|2 and the excitonic |αX,LPB|2 fractions of the branch at different angles
for (d) δ=+50 meV, (e) δ=0 meV and (f) δ=-50 meV.
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2.2.3.

Polariton condensates and lasers

A laser is a device that emits monochromatic light through a process of optical amplification
based on the stimulated emission of electromagnetic radiation. A laser differs from other
sources of light in that it emits light which is coherent. They are used in a remarkable range of
applications ranging from medicine to telecommunications. We now find them throughout
everyday life in CD/DVD players, printers, and supermarket scanners.
They usually utilise inorganic semiconductors that are either (i) embedded between two
reflectors in the configuration of vertical-cavity surface emitting lasers (VCSELs) or (ii)
periodically structured as a diffraction grating in the configuration of a distributed feedback
(DFB) laser. Both of the two lasers create an affordable and low-energy consumption device
for all sorts of applications, particularly in photonics. The basic principle of laser is the inversion
of population, that means the number of electrons that exist in the conduction band must be
larger than the number of electrons in the valence band. Then a photon (with a very specific
wavelength and phase) spontaneously emitted will induce stimulated emission of other
photons having the same phase and energy, which leads to light amplification. The processes
of absorption, spontaneous emission, and stimulated emission are illustrated by the energy
level diagram of Figure 2.6.[15]

Figure 2.6. (a) Absorption of a photon resulting in the promotion of an electron from the ground state to the

excited state. (b) Population inversion where the number of electrons in the excited state is larger than the
number of electrons in the ground state. (c)Spontaneous emission of a photon following the decay of the electron
from the excited state to the ground state. (d) When photons pass near an excited state (i.e. excited electrons)
then you observe stimulate emission.
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These processes are related to the so-called Einstein coefficients. The Einstein A coefficient is
related to the rate of spontaneous emission and the Einstein B coefficients are related to the
rate of absorption and stimulated emission.
In polariton lasers, the radiation is emitted spontaneously, but it possesses all the characteristic
properties of laser light. Being bosons, exciton-polaritons can form condensates, similar to the
Bose-Einstein condensates observed in gases of cold atoms. These condensates, in which large
quantities of exciton-polaritons accumulate in a single quantum state, form the basis of the
polariton laser. The exciton-polariton lifetime is much shorter than a nanosecond, and they
decay by passing their energy to photons, which escape from the imperfect mirrors of a
microcavity. Being generated by identical exciton-polaritons, these emitted photons form
monochromatic, coherent light. Polariton lasers have the advantage over conventional photon
lasers as they do not require a population inversion and thus they are expected to have lower
thresholds than conventional semiconductor lasers.[18,19]

2.2.4.

Polariton-mediated energy transfer

The stability of organic polaritons at room temperatures allows them to be consider for
practical applications. For example by placing two (or more) different organic semiconductor
materials in a microcavity, it has been proven that the excitonic states associated with the
different materials can become mutually hybridized through simultaneous coupling to the
same photonic mode. [19] This hybridization result to energy transfer between the different
molecules via mixed “middle-branch” polaritons, with these middle-states acting as a transfer
route, for molecules separated for more than 2000 nm. [7,21,22,23] By having the ability to
transfer energy mediated by polaritons between the different molecules over mesoscale
distances can be used in a range of light harvesting systems. Examples of applications could be
advanced solar cells, artificial photosynthetic systems and non-invasive bio-optical engineering
of living organisms (e.g. photosynthetic bacteria).[24,25]

2.2.5.

Polariton-modified chemistry
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Frenkel excitons found in organic semiconducting materials have attracted a lot of attention
for microcavity strong coupling because of their high binding energy, which makes them stable
at room temperature. The fast-growing research topic of polaritonic chemistry has recently
sparked considerable interest. This new field is situated at the intersection of cavity quantum
electrodynamics and chemistry. Experiments have shown that strong coupling of a molecule's
electronic or vibrational transitions to a confined photonic field in a cavity can affect the
material’s potential energy surfaces and change chemical reaction rates, stimulating a lot of
theoretical research. In addition, polaritonic structures can be used as a platform for sensing
applications by exploring photo induced or chemically generated changes in the optical
characteristics of strongly coupled molecules via changes in their polaritonic eigenstates.[24]
It is clear how important and fascinating is the idea of being able to alter the reaction rates of
various chemical reactions, particularly in view of potential benefits for practical applications
in the pharmaceutical industry, synthetic chemistry, chemical engineering, and many more
other fields. [26,27]
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3. EXPIREMENTAL METHODS

3.1.

Sample Fabrication

This section describes the experimental techniques used to fabricate microcavities containing
the different BODIPY-derivatives.
3.1.1.

Fabrication of bottom and top DBR mirrors

In our experiment the cavities were based on two DBR mirrors. In these cavities, the bottom
mirror was made out of 10 pairs of alternating SiO2 / Nb2O5 layers while the top mirror was
comprised of an eight-pair DBR. These layers were deposited by HELIA PHOTONICS LTD onto
quartz-coated glass substrates using ion assisted electron beam evaporation (Nb2O5) and
reactive sublimation (SiO2). The Nb2O5 (SiO2) material acted as the high (low) refractive index
material. Here, λ/4 stacks of high/low index materials allow the creation of a DBR mirror. The
transmission of a single DBR is shown in the diagram below. This set of experimental data has
been measured on an angle-resolved transmission setup that it is described below in Section
3.2.1.

Figure 3.1 Angle-resolved white-light transmission of a 10-pair DBR mirror.
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3.1.2.

Deposition of organic materials and fabrication of microcavities

This section is dedicated on full microcavities based on two DBR mirrors and various BODIPY
derivates, with the DBRs being deposited using the procedures described above. The bottom
mirror was made out of 10 pairs of alternating SiO2 / Nb2O5 layers, where these layers were
deposited onto quartz-coated glass substrates using ion assisted electron beam evaporation
(Nb2O5) and reactive sublimation (SiO2). Then a thick layer of the organic semiconducting
material BODIPY was spin-cast on the top of the bottom DBR using 100μL solution.
Microcavities with different exciton-photon detunings were fabricated by controlling the
active layer thickness. The thickness of the organic active layer was controlled via the rotation
speed of the spin coater to achieve a λ/2 cavity. Then an eight-pair DBR mirror was deposited
on top of the organic material using an ion gun, which was turned off during the deposition of
the first few layers of the top mirror to avoid any damage to the organic active layer.
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3.2.

Optical measurements

This chapter discusses the two experimental setups we have used to study the absorption,
transmission and reflection properties of our samples when illuminated using a white light
source.
3.2.1.

Transmission-Absorption Measurements

White-light transmission measurements were performed using a fibre-coupled white light
source and a rotating stage. An optical fiber was focused onto the surface of the sample using
a collimating and a focusing lens. The transmitted light was collected using again a two-lens
configuration, f.e. a collimating and a focusing lens. These two lenses allowed for the
transmitted light to be focused into a fiber-coupled spectrometer. Using the rotating stage we
were able to measure white-light transmission of the sample for a range of different angles.
Figure 3.2. shows a typical schematic of the white-light transmission experimental setup.

Figure 3.2. Schematic of the transmission measurements setup equipped with a white-light source and a

rotating stage. The lenses were used to collimate and focus the light beams.
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3.2.2.

Reflectivity Measurements

The angle-dependent white-light reflectivity measurements were carried out using a
goniometer setup as shown in Figure 3.3. The setup was equipped with two rotating arms,
which allowed us to achieve different illumination angles between the sample and the whitelight source, as well as the sample and the reflectivity collection path. The first rotating arm
(excitation arm) was connected to a fibre-coupled white-light source while the second one
(collection arm) was coupled to a spectrometer. Two pair of lenses have been used in the
setup. Each arm was comprised of a collimating and a focusing lens that allowed (i) focusing
the white-light source onto the sample surface (Rotating arm 1) and (ii) efficient collection of
the reflected light and sent into the spectrometer.

Figure 3.3. Schematic of the angular white-light reflectivity setup using a goniometer. The various optical

components can be seen in the schematic along with the sample, the two rotating arms used to excite the
cavity and detect light reflected from the cavity at different angles, the white-light source and the
spectrometer.
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4. STRONG COUPLING IN BODIPY MICROCAVITIES
A series of different BODIPY molecules were spin coated onto quartz-coated glass substrates
to create thin films. The various BODIPY thin films were then measured at normal incidence
using the Absorption/Transmission setup described above. This measurement allowed us to
extract the optical properties of the different samples and investigate whether they are good
candidates to be used in organic strongly coupled microcavities.

4.1.

BODIPY materials as microcavity active layer

Figure 4.1. Absorption measurement of a BODIPY-B at different wavelengths.
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Figure 4.2. Absorption measurement of a BODIPY-C at different wavelengths.

Figure 4.3. Absorption measurement of a BODIPY-E at different wavelengths.
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Figure 4.4. Absorption measurement of a BODIPY-F at different wavelengths.

In all the experiments concerned in this thesis, BODIPYs were used as the semiconducting
materials and there are many reasons as to why they have been chosen. One of the main
reasons is the strong absorption peaks that we can be observed in Figures 4.1 - 4.4. BODIPYs
are characterized by an intense absorption band which proves that they possess high oscillator
strength; a necessary property for a material to allow it to enter the strong coupling regime.
As we can see from the absorption data above, relatively narrow absorption linewidths are
observed, which is again a requirement for entering the strong coupling regime. BODIPYs are
also very photo-stable organic materials and have been extensively used in biology as labels
for probing living cells through fluorescence microscopy. That means that they do not degrade
easily and especially after they are excited with high intensity laser sources. Finally, one of the
most important reasons for using BODIPY materials is that they are characterized by a high
photoluminescence quantum efficiency which means that they emit light very efficiently so
they can be used in different applications like polariton lasers and LEDs.
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In Table 4.1 below, we summarize the optical properties of the BODIPY thin films that we have
measured, namely the different peak absorption wavelengths/energy and the FWHM
linewidth for each material we used. To extract the FWHM we have measured the width of the
absorption curve at the half intensity.

Material

Peak Absorption

Energy (eV)

FWHM (nm)

Wavelength (nm)
BODIPY-B

505

2.455

45

BODIPY-C

506

2.451

53

BODIPY-E

507

2.446

39

BODIPY-F

509

2.436

31

Table 4.1. Peak absorption wavelength, energy and Full Width Half Maximum (FWHM) values for the

different BODIPY thin films.
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4.2.

DBR microcavities containing BODIPY derivatives

This section describes the linear optical properties of a series of microcavities containing a
series of different organic semiconducting materials - BODIPYs. The cavities were consisted of
two DBR mirrors. As stated above, the bottom mirror was made out of 10 pairs of alternating
SiO2 / Nb2O5 layers, with the Nb2O5 material acting as the high refractive index material.
These layers were deposited onto quartz-coated glass substrates using ion assisted electron
beam evaporation (Nb2O5) and reactive sublimation (SiO2). Then, the active layer was spincoated having an appropriate thickness to create a λ/2 cavity. Finally, the top mirror was then
deposited on top of the organic material and consisted of 8 pairs of alternating SiO2 / Nb2O5
layers.
All the BODIPY derivatives were dispersed in a polymer at a certain concentration by weight
(~10%). The thickness of the active layer was tuned by changing the spin speed of the spincoater in order to fabricate a series of λ/2 cavities with a large negative photon-exciton
detuning (-300 meV < δ < -200 meV) .
The angular white-light reflectivity measurements indicate that our cavities operated in the
strong coupling regime. The strong coupling regime is manifested by an avoided crossing of
the modes at the angle where the photon and exciton modes become degenerate. The figures
below show data from angle-dependent white-light reflectivity measurements (part a) on
cavities filled with thin films of BODIPY-B, -C, -E and -F. All cavities were designed to have the
bottom of the LPB around 550-580 nm; a wavelength region close to the maximum reflectivity
of the DBRs.
Using the angular reflectivity setup described in Figure 3.3, we were able to image the
reflectivity spectrum into our spectrometer as a function of angle. A standard two-level
coupled oscillator model has been used to describe the two polariton modes, LPB and UPB,
along with the cavity mode (Ec) and exciton energy (Ex). To solve the matrix equation, eq.3.1 ,
we used a MATLAB code, where the polariton energies are described by the eigenvalues of our
matrix Hamiltonian, eq. 3.2, and the Hopfield coefficients are the eigenvectors of the equation
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(eq. 3.3 and eq. 3.4 ). In parts b and c of the figures below we plot the angle-dependent
Hopefield coefficients as calculated from our 2-level coupled oscillator model.
As stated above, strong coupling is featured by an anticrossing of the LPB and UPB at the
energy were the exciton and photon modes are degenerate. At this angle (𝜃𝑟𝑒𝑠) the energy
separation between the two modes is at its minimum, corresponding to the Rabi splitting
energy (ħ𝛺𝑟𝑎𝑏𝑖). In Table 4.2 below, we have summarized all the useful information extracted
by our 2-level coupled oscillator model such as the Rabi splitting energy and cavity mode
energy along with the photon-exciton detuning and the angle of resonance for each of the
cavities studied.
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4.2.1.

BODIPY-B

Figure 4.5. (a) Angular white-light reflectivity data from a DBR microcavity containing the organic

semiconductor BODIPY-B, along with the LPB and UPB (black lines) and photon (C) and exciton (Ex) energies
(solid lines-blue) extracted from a standard two-level coupled oscillator model. (b) Hopfield coefficient of
the UPB as a function of angle. (c) Hopfield coefficient of the LPB as a function of angle.

In Figure 4.5., we plot the first set of reflectivity data from a cavity containing the molecular
dye BODIPY-B. Here we observed a negative detuning having a value of δ=-263 meV,
corresponding to a cavity mode energy at θ=0° of 2.186 eV. As a result, the photon and exciton
energies are degenerate at a higher angle, where 𝜃𝑟𝑒𝑠 = 52.6°. At this angle, the energy
difference between the LPB and UPB takes its minimum value corresponding to the Rabi
splitting energy with a value of hΩrabi=140 meV.
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4.2.2.

BODIPY-C

Figure 4.6. (a) Angular white-light reflectivity data from a DBR microcavity containing the organic

semiconductor BODIPY-C, along with the LPB and UPB (black lines) and photon (C) and exciton (Ex) energies
(solid lines-blue) extracted from a standard two-level coupled oscillator model. (b) Hopfield coefficient of
the UPB as a function of angle. (c) Hopfield coefficient of the LPB as a function of angle.

Next, by measuring a different cavity containing a film of the molecule BODIPY-C, we observed
a negative detuning having a value of δ=-263 meV, corresponding to a cavity mode energy at
θ=0° of 2.186 eV. Again, as a result the photon and exciton energies become degenerate at a
higher angle, where 𝜃𝑟𝑒𝑠 = 51.4°. At this angle, the energy difference between the LPB and
UPB takes its minimum value corresponding to the Rabi splitting energy with a value of
hΩrabi=140 meV. .
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4.2.3.

BODIPY-E

Figure 4.7. (a) Angular white-light reflectivity data from a DBR microcavity containing the organic

semiconductor BODIPY-E, along with the LPB and UPB (black lines) and photon (C) and exciton (Ex) energies
(solid lines-blue) extracted from a standard two-level coupled oscillator model. (b) Hopfield coefficient of
the UPB as a function of angle. (c) Hopfield coefficient of the LPB as a function of angle.

The next measurement was taken on a cavity filled with the molecular material BODIPY-E. As
it can be seen in Figure 4.7. the cavity is characterized by a negative detuning of δ=-215 meV,
corresponding to a cavity mode energy at θ=0° of 2.233 eV. The exciton and photon mode
become resonant at an angle of 𝜃𝑟𝑒𝑠 = 46.5°. The Rabi splitting energy is estimated by the 2level coupled oscillator model to have a value of hΩrabi=120 meV.

37

4.2.4.

BODIPY-F

Figure 4.8. (a) Angular white-light reflectivity data from a DBR microcavity containing the organic

semiconductor BODIPY-F, along with the LPB and UPB (black lines) and photon (C) and exciton (Ex) energies
(solid lines-blue) extracted from a standard two-level coupled oscillator model. (b) Hopfield coefficient of
the UPB as a function of angle. (c) Hopfield coefficient of the LPB as a function of angle.

At last, a cavity containing BODIPY-F between the DBR mirrors has been measured. From our
2-level coupled oscillator model simulations we note a negative detuning of δ=-215 meV and
an angle of resonance, 𝜃𝑟𝑒𝑠 = 56.8°. This detuning corresponds to a cavity mode energy at θ=0°
of 2.155 eV. The energy difference between the LPB and UPB takes its minimum value at the
angle of resonance and it is estimated by our model to be hΩrabi=110 meV.
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4.2.5.

Summary

In summary, we have studied a series of different BODIPY derivative outside and inside an
optical microcavity. The non-cavity absorption spectra of the BODIPY films prove that they are
good candidates for microcavity strong coupling. We have measured the angle resolved white
light reflectivity of different organic microcavities containing the four different BODIPY
derivatives. All the samples exhibited the characteristic anticrossing behavior between the LPB
and UPB and we concluded that they operated in the strong coupling regime. We have used a
2-level coupled oscillator model, equation 4.1., to describe the experimental data very
accurately. Our model provided useful information about the strongly coupled microcavities,
such as the Rabi splitting energy and the cavity mode energy along with the photon-exciton
detuning and the angle of resonance, which has been tabulated in Table 4.2.

Cavity

hΩrabi

δ

Cavity Mode at θ=0°

θres

(meV)

(meV)

(eV)

(° )

140

-263

2.186

52.6

140

-263

2.186

51.4

120

-215

2.233

46.5

110

-215

2.155

56.8

BODIPYB
BODIPYC1
BODIPYE
BODIPYF

Table 4.2. Rabi Splitting and cavity mode energy values along with the photon-exciton detuning and the

angle of resonance.
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5. CONCLUSIONS
In conclusion, in this thesis we have studied the properties of a class of organic semiconducting
materials, inside and outside of a microcavity structure. First we introduced the physical and
optical properties of organic semiconducting materials. Then the physics of organic
microcavities have been explained and in particular the special case where light (photons) and
matter (matter excitations) start to interact strongly with each other reaching the strong
coupling regime; a regime in which organic polaritons are formed. Studying polaritons at room
temperatures is significant and intriguing as they are a testbed for studying fundamental
physics as well as an emerging platform with tremendous potential for various technological
applications. Organic polaritons possess a series of advantages as compared to their inorganic
counterparts thanks to their simplicity of synthesis, low fabrication costs, and high binding
energies that allow room temperature operation.
In our experiments, we used different experimental techniques to study the properties of
organic materials, that when were placed in an optical microcavity were able to enter the
strong coupling regime. In fact, all the various microcavities filled with different BODIPYs
showed the characteristic polariton mode anticrossing which is the manifestation of the strong
coupling regime. Additionally, a 2-level coupled oscillator model have been used to describe
the various polariton modes formed. Our model described very accurately the experimental
data and allowed us to extract useful information about the cavities such as the Rabi splitting
energy, the photon-exciton detuning and the Hopfield coefficients of the LPB and UPB.
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