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In the pursuit of advancing electromagnetic confinement and manipulating phys-
ical phenomena, Quantum Electrodynamics and polaritons have emerged as piv-
otal concepts. Polaritons, which result from strong coupling between light and
dipole-carrying excitations like excitons, play crucial roles across various scientific
disciplines, including chemistry, quantum computing, and optoelectronics. Opti-
cal microcavities, defined by their resonance and quality factor (Q-factor), are key
to enhancing polariton formation. While metal-clad microcavities and dielectric
structures like Distributed Bragg Reflectors (DBRs) are prevalent, their fabrication
through Physical Vapor Deposition (PVD) poses challenges in cost and complexity.
Consequently, there is a growing interest in solution-processable methods for DBRs
and microcavities, which promise simplicity, cost-effectiveness, and scalability. This
thesis explores the development of solution-processable DBRs and microcavities us-
ing an in-house automated dip-coater. By alternating PVA/TiOH as high refractive
index material and Nafion as low refractive index material, we manage to fabricate
photonic structures such as a simple DBR structure, a fully dielectric microcavity,
and a hybrid microcavity integrating solution-processed DBRs with PVD-deposited
metal mirrors and TDAF excitonic materials. Overall, this research demonstrates
the feasibility and effectiveness of solution-processable photonic structures in en-
abling practical applications of polaritons, thereby expanding the possibilities for
future optoelectronic devices.
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1 Preface

In the quest to understand the physics under electromagnetic confinement and to

manipulate physical phenomena for improved parameters, the concept of Quantum

electrodynamics and polaritons emerged. There are many different types of po-

laritons, and the distinction between them is the dipole-carrying excitation that

is strongly coupled with light. Polaritons find use in many fields of science such

chemistry, [1–3] quantum computing, [4, 5] optoelectronics [6] etc. In the case of

optoelectronics, polaritons show particular interest in photovoltaics [7–13], sensors

[14–19] , optical gates [20, 21] , lasers [22–27] and OLEDs [28, 29]. In light emitting

devices such as lasers and OLEDs, polaritons are promised for improved and more

efficient devices such as -among others- low lasing threshold voltages in lasers [30],

improved outcoupling and light emission in OLEDs [31, 32] with the most notewor-

thy effect the well-known Purcell enhancement [33, 34]. Polaritons are formed in

the strong light-matter coupling regime between light and an exciton. In crystalline

semiconductors, excitons exist for a short period of time, and usually, they are

thermally dissociated, rendering polariton formation at room temperature difficult.

Thus, in order to prevent the exciton of dissociating, cryogenic temperatures are re-

quired, limiting their potential in real-world applications. Following the invention of

organic semiconductors, and due to the strong binding energies, room temperature

polaritons were quickly realized. Polaritons can exist in many photonic structures

such as waveguides [35–39], plasmonic structures [40–44] and optical microcavities

with the latter being the most used photonic structure. An optical microcavity is an

electromagnetic resonator of light that consists of two highly reflective planes sep-

arated at a comparable distance of the wavelength of the standing electromagnetic

wave [45]. The quality factor (Q-factor) of microcavity is a metric that defines how

efficient the microcavity is storing electromagnetic radiation. The Q-factor plays a

crucial role in forming polaritons, and a lossy microcavity is generally undesirable.
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Thus, the highly reflective faces are usually made of metals (metal-clad microcavity)

or dielectric photonic structures such as distributed Bragg reflector (DBR) micro-

cavities. DBRs are photonic structures composed of dielectric materials of high

and low refractive index materials sandwiched together. A naive explanation of the

reflection mechanism of a DBR is the constructive and destructive interference cre-

ated at the interfaces of the layers. The deposition of such mirrors usually involves

a physical deposition system (PVD), a highly sophisticated and expensive process,

limiting the polariton research in terms of speed and feasibility.

Solution processable methods are generally desirable due to the simplicity of de-

position, low cost, and speed, enabling accelerated research. Research groups can

utilize PVD in conjunction with solution-processed methods when cross-referencing

is required. Furthermore, new and emerging scientific groups can adopt solution-

processed methods. Thus, in this thesis, the process of solution-processable DBRs

and microcavities is described. The solution-processed DBRs were made using a

modified dip-coater that automatically alternated the dielectric solutions and an-

nealed the sample. The high refractive index material used is a Titanium hydroxide

(TiOH) in a poly(vinyl alcohol) (PVA) matrix, whereas the low refractive index ma-

terial used is Nafion®. In this thesis, three photonic structures were implemented

and tested. The first one is a simple DBR consisting of 6-pairs. The second struc-

ture was a fully dielectric microcavity, which implemented a 6+6 pair of DBRs with

a dual deposition of the PVA/TiOH solution in order to create the desired spacer

of λ /2 thickness. The DBRs achieved a reflectance of more than 90%, whereas

the fully dielectric microcavity achieved a Q-factor of >91, which is higher than a

metal-clad microcavity [46, 47]. Finally, a hybrid microcavity was fabricated con-

sisting of a solution-processed DBR, TDAF as the excitonic material in the cavity,

and finally, a metal mirror deposited using PVD. The TDAF hybrid microcavity

successfully proved the polaritonic behavior with the solution-processable approach,
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and the lower polariton was shown.
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2 Theory

In this section, the basic knowledge will be provided to clarify the scope of this thesis.

First, an introduction to the organic emitters will be presented. Subsequently, we

will introduce photonic structures, explaining how they create polaritons and the

reasons behind their formation.

2.1 Organic light emitters

Organic light emitters are organic molecules or organic polymers that are usually

used in Organic Light Emitting Diodes (OLEDs) and are able to emit light in the

visible region. Due to generally being direct band-gap semiconductors, when an

electron and a hole are recombined in the organic semiconductor, energy can be

emitted in the form of light. Organic emitters have drawn a lot of attention due to

the huge market of OLED displays, which are mostly used in premium products,

namely mobile phones, televisions, and, to a lesser extent, general illumination. One

main advantage that organic emitters can pose is that they are environmentally

friendly compared to other lighting technologies that we currently have. Organic

emitters pose a lot of benefits, such as ease of deposition, color tunability, etc, but

they pose some disadvantages as well, mainly low efficiency and limited lifetime.

Another problem that organic emitters pose is due to their thin layers, is difficult

to out-couple the produced light. Photonic structures such as microcavities and

polariton research can improve those aspects, bridging the gap between research

and commercialization. Thus, further research needs to be done in order to improve

their efficiencies and lifetime. Currently, there are three generations of organic light

emitters. In this thesis, we are not fabricating an OLED, but a photonic structure in

order to accelerate the research in improving the aspects of an OLED with photonics.
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2.1.1 First generation: Fluorescent emitters

The first generation of organic emitters are the fluorescent emitters. The fluorescent

materials can emit only through the singlet state. Under electrical excitation, the

singlet emission accounts for 25% of maximum efficiency. The rest is occupied by the

triplet, which exhibits a non-radiative emission. Thus, 75% of the total energy is lost

as heat. In this thesis, the emitter used was the TDAF, which is a first-generation

material.

Figure 1. The first generation materials showing the paths of the charges. The
radiative singlet emission accounts for 25%. The non-radiating triplet emission
accounts for 75%.

2.1.2 Second generation: Phosphorescent emitters

The second generation of organic emitters is the phosphorescent emitters. These

can utilize the triplets in order to produce light by triplet harvesting through a

mechanism called intersystem crossing. These emitters can theoretically achieve

100% internal quantum efficiency. Even though these emitters can have significantly
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higher efficiencies on paper, they are challenging in practice. Furthermore, the

emitters are using heavy metal atoms in heavy metal complexes in order to achieve

the triplet harvesting, defeating the purpose of environmentally friendly materials

Figure 2. The second generation materials showing the paths of the charges. The
radiative singlet and triplet emission accounts for 100%. This is achieved by triplet
harvesting.

2.1.3 Third generation: Thermally activated delayed fluorescent emit-

ters

The third generation of organic emitters is the thermally activated delayed fluores-

cent emitters (TADF). These emitters don’t incorporate the heavy metal atom; thus,

they are generally considered more ecological. These emitters harvest the triplets

using a mechanism called reverse intersystem crossing. Essentially, these emitters

have singlet and triplet energy levels that are sufficiently close, allowing excitons to

transition into the singlets through thermal up-conversion, as illustrated in Figure

3
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Figure 3. The third generation materials showing the paths of the charges. The
radiative singlet emission accounts for 100%. This is achieved by triplet harvesting
through the reverse intersystem crossing by thermal up-conversion.

2.2 Distributed Bragg reflectors

Distributed Bragg reflectors (DBRs) are multilayer photonic structures that exploit

the constructive and destructive interference of light in order to produce highly

reflective and well-defined windows in the spectrum. This window of wavelengths is

called a stopband. Outside of the stopband, there are periodic transmissive windows,

which are called Bragg-modes (figure 5). The photonic structure is composed of

alternate layers of high and low refractive index transparent materials. Equations

1 and 2 describe the maximum reflectivity and the stopband width in the normal

incidence, respectively [48]. The na and ns are the refractive index of the surrounding

medium (air) and the refractive index of the substrate, respectively, whereas the nH

and nL are the high and low refractive index of the Bragg stack. Finally, the N is
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the number of pairs and λ0 the central wavelength of the stopband [49, 50].

RHR,max =

(︄
1− (ns

na

nH

nL
)2N

1 + (ns

na

nH

nL
)2N

)︄2

(1)

∆λ0

λ0

=
4

π
arcsin

(︃
nH − nL

nH + nL

)︃
(2)

In the figure 4, a high-level illustration of a light ray at an angle θ is shown.

In reality, a DBR stack does not reflect in this way. The way a DBR reflects and

transmits can be described with complex physics, which involves wave propagation

in a medium, and it is very hard to depict in a simple figure. For example, a DBR

exhibits angle-dependence, which is not described in equations 1 and 2. Angle-

dependence is the shifting of the stopband with the angle. This can be seen in

the experimental section in the figure 21. Nevertheless, the simple equations above

can describe the system and they are adequate for this thesis. For a more involved

explanation, refer to the Electromagnetic Waves and Antennas book [49].

Figure 4. A visual illustration of the path and the reflections take are taking place
inside the DBR structure. Reprinted with permission. [51]
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The optical thickness of a DBR is defined as λ/4n. Thus, the thickness of each

layer for a specific stopband λ0 depends in its refractive index. Due to almost lossless

reflection, DBRs are mostly used as high-quality mirrors while the Bragg modes are

usually not utilized, although there are cases in which they have been utilized as

transmitting windows in photonic devices [52].

In the figure 5 the relation between the amount of pairs N to the stopband

shape and reflectivity can be seen. The higher the numbers the more reflective the

stopband is. In addition to that, the larger the refractive index difference the sooner

high reflectivity can be achieved. In a real-world scenario, materials absorb; thus, a

low number of pairs and high refractive index difference would be desirable in order

to minimize the losses.

Figure 5. A simulation of the stopband shape and definition versus the number of
pairs. The Bragg modes can be easily seen in this figure, the valleys of the Bragg
modes are areas which are highly transmissive. The high refractive index is nH = 3.6
and the low refractive index is nL = 3 with no losses.
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2.3 Microcavities

An optical microcavity is an electromagnetic resonator of light that confines an

electromagnetic wave in a small volume. Microcavities can be constructed in many

different geometries [53, 54], but in this section, the planar microcavity will be de-

scribed. A planar microcavity is usually composed of two highly reflective planes

separated at a comparable distance of the wavelength of the standing electromag-

netic wave [45] figure 6.

Figure 6. a) A depiction of a microcavity composed from DBRs. The cavity
thickness is of λ/2 and light can enter from the top and it is trapped. Inside
the microcavity a static wave node is created, achieving strong electromagnetic
confinement. b) Reflection of the microcavity. The narrow spectral absorption line
indicates a high-Q microcavity. c) The electromagnetic confinement can be observed
with the red indicating an increase in the field intensity. [55]

Microcavities are used in lasers [56], quantum optics [57], sensors [58] etc. A

notable example is the vertical-cavity surface-emitting laser which is a highly used

semiconductor laser, achieving low-threshold voltages and small footprints. The mi-

crocavity quality factor (Q-factor) describes how lossy the cavity is. A microcavity

with a high Q-factor is usually desirable because it can achieve strong electromag-

netic confinement. A perfect microcavity will exhibit an infinite Q-factor, which will

imply that the electromagnetic wave will exist in the cavity forever. Furthermore,

a high-Q microcavity will exhibit a very narrow absorption. Microcavities usually

accommodate a material that can alter its properties under strong electromagnetic
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confinement conditions and, thus, are almost never empty.

2.4 Coupled harmonic oscillators and strong coupling

A coupled harmonic oscillator is a fundamental part of physics [59] and can be

found in every discipline in science, from mechanical systems, electrical circuits, and

molecular vibrations to the explanation of quantum phenomena. Coupled harmonic

oscillators are important in understanding the polaritons and the transfer of energy

in quantum systems.

When two harmonic oscillators with the same natural frequency share the same

medium and are closely coupled with each other, they can transfer energy bidirec-

tionally through that medium. This principle applies to all the disciplines but with

different forms of energy and means of transferring that energy are involved. In the

case of a mechanical system, a simple harmonic oscillator can be made from two os-

cillators composed of two masses and two springs connected with a coupling spring;

the coupling spring is the means of transferring the energy between those two. In

the case of electrical circuits, a harmonic oscillator can be made with two LC circuits

in close proximity to each other, whereas the transferring of energy happens with

a mutual magnetic field or electric field. The mechanical system will be explained

first for conceptual clarity. Figure 7b illustrates a mechanically coupled harmonic

oscillator system, where the motion can be described using Newton’s second law.

In this system, mass MA is attached to spring kA and coupled through a coupling

spring kC to mass MB, which is attached to spring kB. This configuration results in

interactions between the masses and springs, leading to coupled oscillations. Apply-

ing Newton’s second law to each mass results in two coupled differential equations

that govern the system’s dynamics, accounting for the forces exerted by the springs

and the coupling mechanism. This setup results in two differential equations [60]:
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MAẍA + kAxA + kC(xA − xB) = 0 (3)

MBẍB + kBxB − kC(xA − xB) = 0 (4)

Solving the differential equations results in two modes:

ω± =
1

2

(︂
ωA + ωB ±

√︁
(ωA − ωB)2 + 4Ω2

)︂
(5)

When resonance occurs there are two modes created as noted in the figure 7a as

ω+ and ω−. The normal mode splitting is the separation between those two modes

(denoted with Ω), and it is dependent on the coupling strength (kC). In short,

the normal modes in this mechanical system are the symmetric mode, in which the

motion of the masses is in phase (oscillate in the same exact direction), and anti-

symmetric mode, in which the motion of the masses is out-of-phase (oscillate in

exactly opposite direction). When the dissipation in a coupled harmonic oscillator

system is smaller than the coupling strength, then the said system is in a strong

coupling regime. In this regime the characteristic frequency splitting is observed or

anticrossing.
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Figure 7. a) The two modes ω+ and ω− versus the detuning which is controlled
by the kC . b) An illustration of the mechanical system composed of two harmonic
oscillators coupled with a coupling spring kC [60]

The concept of this simple mechanical system can be easily visualized. Thus, it

is important to understand coupled harmonic oscillators. Almost the same funda-

mental physical concept can be applied to quantum phenomena, albeit with more

complex equations. The quantum harmonic oscillator will be explained here super-

ficially. For a quantum harmonic oscillator, instead of a physical connection, the

coupling medium is the electric field[61] as expressed by:

U(x) =
1

2
mω2x2 (6)

In quantum mechanics, the couple harmonic oscillator is quantized and the dis-

placements are expressed by the Hamiltonian. The Hamiltonian of the system de-

scribes the sum of the kinetic and potential energy. The equation 7 described such

a system, where k is the coupling constant, p is the conjugation momentum, and

finally, x is the quantized displacement.

H =
p21
2m

+
p22
2m

+
1

2
kx2

1 +
1

2
kx2

2 +
1

2
k′(x1 − x2)

2 (7)
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Excitonic materials such as organic emitters have an absorption maxima where

the exciton most likely exists, coupling near this region with a microcavity results

in strong coupling. When light interacts with matter in the strong coupling regime

then the energy exchange rate between excitons and photons is faster than the rate of

energy dissipation. This creates the new quasi-particles that exhibit characteristics

of both light and matter, called polaritons.

2.4.1 Polaritons

Polaritons are quasi-particles that are formed under strong electromagnetic confine-

ments. They are a result of strongly coupling the optical mode and an exciton. The

strong coupling can be achieved -as is the case with this thesis- in a microcavity.

As previously explained, strong coupling results in the emergence of two modes. In

the case of polaritons, these modes are referred to as the upper polariton (UP) and

the lower polariton (LP). The Hamiltonian describing the coupled photon-exciton

system is given by [62]:

H = ℏωca
′ + ℏωXb

′b+ ℏg(a′b+ ab′) (8)

Where the a,b, and a’,b’ are the annihilation and creation operators for the

photons and excitons, respectively. The ωc and ωX are the frequencies of the photos

and exciton, finally, g is the coupling strength. The difference between ωc and ωX is

the detuning. The photon frequency is controlled by the cavity whereas the exciton

frequency is controlled by the material. For a material to exhibit polaritons it needs

to be excitonic. That means that needs to have high binding energy in order for the

exciton to exist for a considerable amount of time. If the exciton dissociates, then
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no coupling can occur because, by that time, the exciton is simply a free electron

and a free hole. This is the reason why the polariton research is mainly focused on

organic materials.
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3 Experimental

In this thesis certain experimental parameters were already optimized by other mem-

bers of the LMD group. For instance, the polymer solution concentration and chem-

ical synthesis. Further optimization was needed in order to produce the high-quality

films and the repeatability needed to be able to achieve high Q-factors in the mi-

crocavities which was necessary in order to achieve strong coupling. Thus, a lot of

attention was focused in order to optimize the fabrication procedure in such a way

that it would produce DBRs of an acceptable quality both in terms of stopband and

reflectivity. In this section, a concise description of the processes involved will be

provided, along with the process improvements done in each step. An additional

challenge that comes with almost all the polymers is the high absorption in the near-

UV and upper region. This rendered this work particularly challenging since the

absorption of the organic fluorescent TDAF (2,7-Bis[9,9-di(4-methylphenyl)-fluoren-

2-yl]-9,9-di(4-methylphenyl)fluorene) emitter is in the near-UV region [63]. Never-

theless, TDAF was a promising candidate since it has the ability to exhibit polaritons

[26] under a strong coupling regime even in relatively low Q-factors.

3.1 High contrast refractive index polymers

The fabrication of high-quality solution-processed DBRs requires a careful selection

of transparent polymers in order to achieve surface layer compatibility, low absorp-

tion, etc. For our research, we needed two highly transparent materials with high

refractive index difference ∆n between them in order to be able to produce a sharp

stopband with as few layers as possible. The material selection was Nafion and TiOH

in a PVA matrix. These polymers showed good surface layer compatibility and uni-

formity. It is noteworthy that even though the solvents used to dissolve/dilute the

polymers were not orthogonal, the polymer layers were robust enough not to be dis-

solved immediately, thus exhibiting non or insignificant intermixing. The deposition
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parameters in the dip-coater were kept constant and in order to fine-tune the thick-

ness, the concentration of the solution was changed. The deposition parameters are

as follows; (a) First the substrate was lowered and maintained in the solution for 10s

in order to sufficiently wet the surface, (b) afterward the substrate was raised from

the solution at a speed of 40mm/min and (c) lastly it was dried onto the heater for

one and a half minutes at 80oC and left to cooldown for an additional one and a half

minute, the whole procedure is depicted in the figure: 8. Finally, this process con-

tinued for 12 layers in total for a single DBR stack and 26 layers for a fully dielectric

microcavity. For the complete deposition of a single layer, it takes approximately 3

minutes, significantly faster than the PVD deposition.

Figure 8. The automated dip-coating process. a.1) The substrate is lowered in the
first solution and is left to wet for 10 seconds. a.2) The substrate is retracted at a
speed of 40mm/min. b.1) The coated substrate is left to dry at 80oC for one and a
half minutes. b.2) The substrate is moved away from the heater and positioned on
top of the second solution and left for one and a half minutes in order to let it cool
down. c,d) These steps are the same as a,b but are applicable to the second layer.
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3.1.1 Nafion preparation

Nafion® is a fluoropolymer-copolymer commonly used as a proton exchange mem-

brane in fuel cells, but in this case, it perfectly serves the purpose of the low refractive

index material. Furthermore, Nafion showed excellent compatibility with the whole

dip-coating process. The Nafion was purchased ready-made in a 5% dispersion. Due

to limited availability (refer to environmental impact and sustainability) Nafion dis-

persions from two different manufacturers were used. Even though the brand names

(Nafion D520 from Fisher Scientific and Nafion 117 from Sigma Aldrich) and the

solvents stated in the safety datasheet (SDS) were slightly of different composition,

it resulted in no observable optical or uniformity difference in the DBR stack. The

original Nafion dispersion was too viscous and resulted in thicker layers than what

was needed; thus, it was diluted with 2-propanol down to 3% dispersion, which was

the case for both solutions.

3.1.2 PVA preparation

For high refractive index material TiOH was used in a PVA matrix. PVA is a

water-soluble and widely used polymer in the glue industry. PVA was prepared by

dissolving PVA in pure water in a 7.5g/L ratio. The PVA used was the Mowiol®

18-88 with a molecular weight of Mw=130,000 from Sigma Aldrich

3.1.3 Titanium hydroxide synthesis

The titanium hydroxide was synthesized directly in water by slowly hydrolyzing

titanium chloride in a ratio of 2.2mL of TiCl4 in 20mL of water. This is an intense

exothermic reaction; thus, the whole solution was placed in an ice bath to control

the temperature. The dripping was maintained at around one drop per 10s, which

was done in order to allow the solution to cool down. It is worth noting that the

TiCl4 will produce hydrochloric acid both in solution and in vapor form. Thus,
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the whole apparatus was placed inside a fume hood. The procedure was adopted by

Russo et al [64]. Finally, to create the TiOH/PVA, the TiOH solution was combined

with PVA at 50% [65]. The TiOH was obtained from Sigma Aldrich.

3.2 PVD of organic emitters and metal mirrors

TDAF is an organic semiconductor that emits light in the blue region [52]. TDAF

can be deposited in solution (ref), but in this work, it was deposited using thermal

deposition. The PVD system was used to evaporate the TDAF, lithium fluoride

(LiF), and the aluminum mirror. The thermal deposition was used for the fabrication

of hybrid microcavities, which were composed of a solution-processed DBR, the

organic emitter/LiF, and finally, the metal mirror. Thus, we thermally evaporated

50nm of TDAF followed by 5nm of LiF and an 80nm aluminum mirror. The lithium

fluoride was used in order to limit the diffusion of aluminum in the TDAF layer

[66–68]. The deposition rates were 1 Å for TDAF, 0.2 Å for LiF, and 0.5 Å for

aluminum. Finally, the deposition vacuum was >8 ×10 -6

3.3 Substrates

The substrates that were used to fabricate the photonic devices were from quartz

with dimensions 15mm by 15mm and 1mm thickness. Quartz substrates were used

since they have well-documented characteristics and low surface roughness; in addi-

tion to that, they pose exceptional UV performance. Silicon substrates were used for

thin film characterization for reasons similar to those of quartz substrates, mainly

the thin Silicon Dioxide layer that is formed on the surface. All substrates were

cleaned with a 3-step procedure, which consisted of 10-minute sonication in a 3%

Decon90 detergent solution followed by acetone and, finally, IPA. In each step, the

substrates were dipped in the next step’s solution, which was discarded and replaced

with a fresh one in order to minimize cross-contamination. After the last step, the
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substrates were blow-dried using 99.999% N5 nitrogen gas and immediately used

for deposition in order to minimize contamination from the environment. The fused

silica substrates were purchased from APEX OPTICAL SERVICES.

3.4 Equipment

In this section, the essential equipment and measurement techniques used in this

thesis will be described. Excluding the basic lab supplies and instruments such as

pipettes, scales, and sonicators to maintain clarity, this section will focus on the

more specialized equipment that is important for the research.

3.4.1 Physical vapor deposition

To produce neat films of materials such as metals, organics, and dielectrics, a precise

and accurate deposition is required. Physical vapor deposition can deposit such

materials with nanometer precision at a controlled deposition rate. A PVD system

is a chamber that utilizes partial to high-vacuum in order to be able to evaporate

materials. The PVD system can utilize different techniques in order to evaporate

materials such as sputtering and thermal evaporation. The evaporator used is from

Angstrom Engineering which has in total 9 deposition sources. The evaporator has

two sputtering sources, 4 radak sources and 3 resistive/thermal sources. Sputtering

is a technique where plasma is created from a high-frequency AC source inside a

partial vacuum. The high-speed ions are bombarding the target material, which

basically detaches molecules from the target and deposits them to the substrate.

Evaporating deposition uses thermal energy in a high vacuum in order to evaporate

or sublimate the material used. In this evaporator, two different types of thermal

sources are used. The thermal evaporator sources use a resistive heater boat, which

directly melts and evaporates the material and is power-controlled. Similarly, radak

sources also use heat energy in order to evaporate the material, but instead of
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directly heating the material, they use a heater element that indirectly heats the

material, usually in an alumina boat. Radak sources are temperature-controlled,

and they are suitable for temperature-sensitive materials like organics.

3.4.2 Dip-coater

For the dip-coating, an Ossila dip coater was used. The dip-coating is a very simple

and straight forward technique where a substrate is lowered into a solution for a

certain amount of time in order to wet the surface. Afterward, the substrate is re-

tracted at a certain speed. Even though dip-coating is a very simple technique there

are a lot of parameters that define the film thickness and generally the quality of

the film [69, 70]. Because a DBR is a multi-layer structure there was a need to auto-

mate the procedure in order to avoid any human interference in the process. Thus,

a straightforward yet effective automation was created that integrated the processes

of solution switching and annealing into a single linear axis movement. The au-

tomation was developed in-house[71] using a repurposed CD/DVD laser head drive

and an Arduino mini development board. This automation enabled the production

of significantly higher-quality structures compared to the ones that were fabricated

manually. The Dip-coater, along with the automation, can be seen in Figure 9.
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Figure 9. The Ossila dip-coater with the automation and its controlled electronics. i)
Ossila dip-coater. ii) Quartz substrate along with its holder. iii) The PID-controlled
heater element. iv) Solutions vessel. v) The step-motor controlled linear stage. vi)
Microcontroller and supporting circuitry in order to control the automation process.

3.4.3 Transmission and angle-resolved measurements

The transmission of the samples was measured using a self-made in-house transmis-

sivity setup seen in Figure 10. The setup consists of the Avalight-D(H)-S deuterium-

halogen light source and an OceanOptics USB2000 spectrometer. The optical section

of the setup was built from discrete components from ThorLabs. The light source

was coupled to a fiber and the light output was collimated using a 50mm convex

lens. After the collimation, the light dispersion was limited using an aperture to

avoid errors due to chromatic aberration coming from the lens and the out-of-line

emission between the deuterium and halogen lamp. Finally, the light passed through
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the sample and then the transmitted light was collected and transferred with a fiber

to the spectrometer. In order to properly measure the transmission of a sample,

first a reference has to be measured by measuring a bare substrate. Afterwards,

without changing any parameters we place the sample onto the holder. By taking

a proper reference we can measure only the bare film without any interference from

the substrate. In addition to that, the light source was left to warm up for at least

20 minutes before the measurement to avoid any fluctuations.

Figure 10. The in-house transmission setup is depicted. On the right, the
deuterium-halogen light source is shown, which provides the light, and on the left,
the spectrometer collects the transmitted light through the sample. a) This is the
fiber coupler, which holds the fiber at a specific location going to the spectrometer.
b) The holder in which the sample was fixed in place in order to be measured. c) An
aperture that limits the dispersion of the collimated light. d) A 50mm focal length
convex lens that collates the light coming from the fiber.

The angle-resolved reflectivity and photoluminescence measurement setup was

also a custom-built setup. The optical/measurement setup was the same in both

measurement techniques with the only difference being the light source and the exci-

tation implementation. The measurement setup is composed of a 2-D spectrometer

using the PIXIS 400 CCD camera and an optical path composed of two lenses, a

beam splitter, and an objective. The objective, due to its large numerical aperture

NA, can collect angles of around 40 °. In the angle-resolved reflectivity, a white light

source illuminates the sample through a beam splitter and a collimation lens and

finally passes through the objective to the sample. Afterward, the reflected image

passes through the objective, through the beam splitter, through a collimation lens,
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and finally to the spectrometer, where the 2-D image of the spectrum is projected

to the camera seen in Figure 11. In the angle-resolved photoluminescence instead

of the white light source, a laser source is used instead. Figure 11 depicts the setup

and the light path.

Figure 11. Schematics of the custom angle-resolved reflectivity and photolumines-
cence schematic is shown. The light path from the white light source is shown with
yellow and the reflection/photoluminescence light path is shown with light blue. a)
Light from the white light source. b) Laser beam for the photoluminescence mea-
surements.
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3.4.4 Ellipsometer

An ellipsometer is an optical instrument used to measure the properties of thin films.

It works by analyzing the change in polarization as light reflects off a sample surface.

When the polarized light hits the surface, can alter the polarization state, depending

on the material’s properties and the film thickness. The polarization state is the

magnitude of the s and p polarized light. The s-and p-polarization is the magnitude

of the reflected electric field perpendicular to the plane of incidence for s and in the

plane of incidence for p. With the information of amplitude between s and p over

time we can extract the ∆ and Ψ values. The ∆ is the phase difference between the

s- and p-polarized light that is reflected after the sample. The Ψ is the amplitude

ratio between the s-and p-polarized light that is reflected after the sample. Graphing

the s and p can result in a straight line up to a perfect circle, usually though it

is an ellipse, from which the name of the ellipsometer is derived. By measuring

these changes, an ellipsometer can determine the film’s thickness, refractive index,

and extinction coefficient. These measurements are crucial in various fields, such

as semiconductor manufacturing, where precise control over thin film properties

is essential for device performance. The technique is nondestructive, and, in this

work, it played a crucial role in characterizing our films in order to improve our

TMM simulations. Furthermore, with the ellipsometer, we measured the dispersion

of the cavity and polariton states along with the angle–resolved spectroscopy. The

ellipsometer that we used is the VASE ellipsometer from J.A Woollam is seen in the

figure below.
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Figure 12. The VASE ellipsometer used to measure the film parameters along with
the dispersion and polariton states [72].
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4 Results

The optimization of the solution concentration and preparation was done by Emilia

Palo. Even though this optimization produced excellent single-layer films, the pro-

cedure fell short of producing a uniform, non-diffusive DBR. For the realization of

DBRs capable of producing high-Q microcavities, significant engineering, and ad-

ditional optimization procedures had to be realized. Procedures included a strict

cleaning protocol and fresh solutions for each deposition. Nevertheless, by far the

most significant improvement was the engineering of the automated dip-coating

setup. In this section, all the necessary and crucial results will be presented.

4.1 Nafion and PVA optimization film characterization

A DBR needs to have a precise and well-defined stopband, both in terms of ampli-

tude and in terms of wavelength. Thus, careful characterization of the bare thin-

film materials is needed, in order to be able to calculate the proper thicknesses and

amount of layers to achieve the desired results. In order to be able to calculate the

DBR parameters, the refractive index of the material and the absorption coefficients

need to be known. In a PVD system, the films can be deposited very precisely, but

when dealt with solution-processable techniques, a lot of challenges emerge. First

and foremost, the deposition thickness needs to be extremely precise, which is chal-

lenging in solution-processable approaches due to the many parameters that affect

it. A proper evaluation needs to be done on how and what parameters affect the

thickness the most.

In order to minimize the variables, the dip-coater retraction and protraction rate

were kept constant. The thickness was primarily affected by the solution viscosity

and the annealing parameters. The solution viscosity can be easily controlled by the

ratio of solvents in the solution. The annealing parameters involve the annealing

temperature and annealing time. The combination of these annealing parameters
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affects the film thickness and the refractive index change. Fully characterizing these

parameters is crucial in order to understand the behavior of the material and choose

the parameters that maximize the refractive index contrast, minimize the deposition

time, and find the appropriate annealing temperature. The annealing temperature

is needed in order to evaporate the solvents trapped in the polymers. The deposition

time needs to be minimized for two reasons: the overall speed of fabrication and

limiting the evaporation of the solutions, which can affect the deposition thickness.

The low refractive index material (Nafion) and the high refractive index mate-

rial (PVA/TiOH) were deposited with different concentrations and then their film

properties were measured with an ellipsometer at 500nm shown in figure 13. Nafion

showed an almost perfect linear response with its concentration, rendering the de-

position thickness easy to calculate as shown in figure 13a. Heating the Nafion

occurred at 90°C for 1 minute. The thickness barely changed with the tempera-

ture and the small difference can be considered an error. Nafion also showed a

very stable refractive index which was unaffected by any change in parameters. The

PVA/TiOH was a bit more challenging. The thickness showed a linear response with

the concentration when the film was not annealed. After annealing the thickness

reduced substantially. The PVA/TiOH is dissolved in water. Thus, this reduction

in thickness is attributed to the swell of the PVA matrix with the water; drying

removes the trapped water, which reduces the thickness as shown in figure 13b. The

most notable change (figure 13c) was the refractive index change with and without

annealing with the former showing a substantial increase. Thus, for the PVA/TiOH

the concentration and annealing affected the optical thickness of the material.

After the thickness optimization, a full spectrum ellipsometer characterization

was conducted in order to be able to model the refractive index change and to

calculate the optical thicknesses in terms of wavelength. As it is shown in figure

13d, Nafion has a textbook refractive index response with no absorption even in the
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UV region. The case was not the same with the PVA/TiOH. Here the absorption

increased significantly after around 375nm due to the TiOH. Nevertheless, the ma-

terial choice proved to be sufficient in order to produce a stopband in the UV-blue

region where the TDAF absorption is.

Figure 13. The optimization results for the ellipsometer are shown. The measure-
ments of a,b, and c figures took place at 500nm a) The Nafion thickness increased
with the concentration in a linear fashion. Heating the film, a minuscule increase
in thickness can be observed, which was in the range of error. b) The PVA/TiOH
thickness relative to the solution concentration. Before heating, a linear increase of
the thickness is observed, while after heating, the thickness is reduced and increased
in an exponential fashion. c) The refractive index of PVA/TiOH is shown. The
refractive index increased substantially after heating and reduced with the increase
in concentration. d) The refractive index n and extinction coefficient k are shown
at the full spectrum. PVA/TiOH shows a significant absorption in the UV region
while Nafion showed no absorption in the full spectrum.

The PVA/TiOH posed a different problem which the Nafion lacked. Further film
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characterization with the ellipsometer revealed a significant depolarization increase

(figure 14) between a new solution and an old solution which indicated scattering

in the film. This was attributed to the aggregation of TiO2 which was formed

from the TiOH. Thus, for good performing DBR it was very important to start the

depositions with fresh solutions.

Figure 14. The depolarization of PVA/TiOH film is shown. a) This film was made
with a fresh solution. A minuscule depolarization can be observed. b) This film was
made with a day old solution. A significant depolarization can be seen indicating
scattering. This was attributed to the formation of aggregations in the solution.

4.2 DBR characterization

After the Nafion and PVA/TiOH single film characterization, the film thicknesses

could be calculated and a DBR can be developed. While fabricating the DBR,

extreme caution was applied in cleanliness in order to reduce the likelihood of con-

tamination. The deposition parameters are described in detail in the experimental,

section 3.1. The DBRs were characterized mainly using the transmission setup. In

the figure 15 a final DBR can be seen along with its transmission. It can be ob-

served that the DBR shows excellent coverage for a dip-coating procedure, while

some non-uniformity at the edges is to be expected due to the surface tension. The
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stopband of the DBR is well defined with excellent reflectivity of >90% . Further-

more, the stopband exhibits an insignificant shift to most of the DBR area except

near the edges where the thickness is non-uniform. The DBR structure included 6

pairs, balancing reflectivity and speed. Adding more pairs wouldn’t necessarily im-

prove reflectivity because of minor absorption and scattering within the layers. For

example, 8-pairs might have resulted in worse reflectivity due to the film absorption.

The transmission spectra indicates a capable DBR for the use in polariton re-

search, with controllable stopband and reflectivity. More importantly this was done

automatically by the dip-coater thus, no-human intervention was needed resulting

in increased productivity and quality.

Another important parameter is the lifetime of the DBR. Thus, a DBR was

measured at the same spot after 4 months. No observable stopband shift was found,

and most importantly, no reduction in transmission. Thus, there was no indication of

DBR degradation. In the figure 16 the initial and the aged spectra can be seen with

a small reduction in the Bragg modes attributed to the error in the measurement.
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Figure 15. a) A photo of a solution-processed DBR which shows excellent coverage
and uniformity taking into account that it was made from a simple dip-coating pro-
cess. b) The transmittance spectra of the same sample exhibiting an excellent <10%
transmittance. Furthermore, a simulation is shown which confirms the accuracy of
the experimental setup.

Figure 16. The spectra of a fresh device and an aged DBR. As it can be seen no
meaningful distinction of the stopband can be made.
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4.3 Empty monolithic microcavity

Having fully characterized the DBRs, the next step is to fabricate a full solution-

processed empty microcavity. With a small modification of the software, the au-

tomation allowed the realization of such microcavity. The microcavity consists of

two DBR mirrors with a spacer in between. The spacer was fabricated by double-

dipping the sample in the PVA/TiOH solution. As mentioned in the section 2.3 for

a single order microcavity the length should be of λ/2 · n whereas the single layer

thickness of a DBR is λ/4 ·n. It is immediately obvious that the double dipping will

create the desired thickness without the need for an additional step and a separate

solution. The PVA dissolves slowly enough to allow for such double dipping without

any significant reduction in thickness. A schematic representation of the cavity is

shown in the figure 17.

Figure 17. The schematic structure the empty microcavity. The PVA/TiOH spacer
was deposited the dual dipping in the PVA/TiOH solution.

The cavity consisted of a total of 26 layers, which is at the limit of our method



34

at the current settings. As it can be seen from the figure 18, the edges of the sample

exhibit significant inhomogeneity, which is expected. Due to the small size of the

substrate, the thickness of the inhomogeneous part was a couple of millimeters.

Nevertheless, there was a significant area at the center of the device in which a full

microcavity had been developed. As it can be seen in figure 18, the Q-factor has

an exceptional value of 91, which is among the highest reported values than the

currently known sub-10 DBR pairs microcavity[46, 47]. This proves the concept of

a capable microcavity for polaritonic applications.

Figure 18. On the left a photo of the empty microcavity is shown. On the right,
the reflectivity is shown where a full-width half maximum (FWHM) of 5.9nm and
a Q-factor of 91 can be seen. This indicated a capable microcavity for polaritons.

In order to fully characterize the fully dielectric microcavity, an angle-resolved

reflectivity was conducted with the ellipsometer. In figure 21, the cavity mode

can be observed along with the Bragg modes in both s (transverse magnetic) and

p (transverse electric) polarizations. This concludes the characterization of the

empty/fully dielectric microcavity, which shows an excellent cavity mode for a fully

solution-processed fabrication at only 6 DBR pairs.
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Figure 19. The angle-resolved reflectivity. The cavity mode be clearly seen along
with the Bragg modes. The measurement was conducted with the ellipsometer in
both transverse magnetic and transverse electric.

4.4 Hybrid polariton microcavity

Despite the substantial progress and advancements in fabricating a fully process-

able DBR and an empty microcavity, creating a full solution-processable polaritonic

microcavity was fruitless. This accounts for many factors but mainly due to in-

compatibilities in the solvents of the TDAF organic excitonic emitter. Driven by

motivation and scientific curiosity, it was still important to prove that a solution-

processed by DBR was of such quality that can induce polaritons in a microcavity.

Thus, we fabricated a hybrid microcavity. The microcavity was fabricated with the

first mirror being a solution-processed DBR followed by the thermal deposition of

TDAF and finally a thermal deposition of an aluminum mirror as illustrated in the

figure 20.
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Figure 20. The schematic structure of the hybrid-microcavity. The microcavity
consists of a dip-coated DBR, a thermally evaporated organic emitter (TDAF), and
an aluminum mirror.

From the figure 21 and using the k-space reflectivity setup, it is shown that

the lower polariton was clearly shown. This proves the capability of the solution-

processable DBRs. This work, in particular, was especially challenging due to the

absorption of TDAF being in the near-UV region. Thus, the upper polariton was

not clearly visible due to the strong absorption of the TiOH. Nevertheless, it is

shown that even in these challenging parameters, the hybrid design and fabrication

were able to exhibit polaritons in the TDAF emitter.
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Figure 21. The angle-resolved reflectivity and photoluminescence. The device in
the k-space photoluminescent setup was excited with a 375nm 250fs laser pulse at
200kHz repetition rate. a) The reflectivity in the transverse electric and magnetic
polarization. The blue circles indicate the polariton minima whereas. These minima
where utilized in the simulation where it is shown with the blue solid line., where
the uncoupled exciton along with the cavity mode is shown with the black dashed
line. b) The angle-resolved k-space photoluminescence is shown where the lower
polariton is shown with the blue line and the cavity mode with the white line.

The Rabi splitting Ω between the LP and UP was obtained by fitting a coupled

harmonic oscillator model to the reflectivity spectra shown in figure 22. The fitting

is in perfect agreement with the measurements. Furthermore, the fitting is also

in agreement with literature [26, 73]. The Rabi splitting of Ω 803meV for the

transverse-magnetic was obtained with a cavity detuning of -402meV and a neff of

1.9. For the transverse-electric, the Rabo splitting was of Ω 750meV with neff of

1.6. The smaller Rabi splitting in the latter case is attributed to the limitation

in our simulation model (refer to: 4.5) and the low contrast of the UP due to the

absorption of the DBR at the higher wavelengths. Finally, a different microcavity

is shown with a different detuning of -320meV.
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Figure 22. The reflectivity spectra obtained with the ellipsometer. These graphs
provide a clear insight into the LP compared to the figure 21 a),b) Transverse elec-
tric and transverse magnetic for a microcavity with -402meV detuning. The solid
blue line indicates the exciton, whereas the dashed lines indicate the UP and LP.
c),d) Transverse electric and transverse magnetic for a microcavity with -320meV
detuning. The solid blue line indicates the exciton, whereas the dashed lines indicate
the UP and LP.

4.5 Simulations

To be able to test our designs and to check that our experimental measurements

are accurate, we needed to be able to conduct accurate simulations of the DBRs

and microcavities. Initial simulations were done using a modified Matlab code [74].

These initial simulations were proven inaccurate, and this was mainly attributed to

the lack of an ellipsometer system at that time. Thus, limited data were obtained

from 3rd party ellipsometer setup measurements at fixed 500nm wavelength [75].

After the acquisition of the ellipsometer the simulations were improved and proven

to be very accurate, giving us an insight of the structure and how the layers behave in

a stack. Such simulation is shown and compared in the figures 15 and 22. The model

utilized a coupled-harmonic oscillator using the transfer matrix method. Although
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the results were accurate and were predicting our measurements correctly, the model

came with some limitations. For example, the model did not account for the angle-

dependent penetration depth of the top DBR. The inconsistency in the simulation

in the transverse electric of the first cavity is attributed to these limitations (figure

22).
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5 Environmental impact and sustainability

In recent years, due to environmental changes and pollution, significant attention

and research have been drawn in order to reduce waste and direct or indirect pol-

lution. Thus, in this work, the author felt obligated to highlight the importance of

their environmental impact and the steps they took to reduce it as much as possi-

ble. In addition to that, because of the rapid growth and the nature of this research

field, it was impossible to precisely conduct environmental and energy impact for

this research. Furthermore, conducting such research was outside of the scope of

this work. Lastly, it is anticipated that this work will enable research in polaritons,

which are believed to be the key to realizing OLEDs, which will lead to the realiza-

tion of practical OLEDs for general illumination. Nevertheless, a concise overview

will be described.

5.1 Energy consumption

The direct energy used for this research was mainly in the form of electricity. Energy

usage came from normal usage of the lab equipment such as glovebox, ice maker,

laser, characterization, etc. This amount of energy forms our baseline which was

inevitably used throughout this work. Unfortunately, there are no precise measure-

ments but an estimation can be based on the power consumption of each device and

the utilization factor. Thus, the baseline power is grossly estimated to be ≈1kW

average.

In this work solution processed DBRs replaced the conventional DBRs made

from PVD. This alone contributes to significant energy savings since the highest

energy-consuming device is the PVD. PVD is a time and energy-intensive process;

thus, in order to fabricate a DBR using PVD, the energy of many kWh is required.

In contrast, the dip-coater paired with the automation consumes energy in the order

of Wh[76].
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5.2 Fluoropolymers and forever chemicals

Nafion is a fluoropolymer that is used in this work as a low refractive index layer

for the DBRs. Nafion is an exceptional material for this application due to its low

refractive index and chemical stability. Even though Nafion has moderate toxicity,

it has been shown that it and its derivatives are present in detectable amounts in

drinking water. Furthermore, it has been shown that exposure to these chemicals

negatively impacts rat birth rates.[77] Furthermore, Nafion and other fluoropolymers

contribute to Per- and polyfluoroalkyl substances (PFAS) pollution.

PFAS are considered to be forever chemicals due to their extremely low reactivity

and high resiliency. Forever chemicals are chemicals that are shown to be present

in the environment in measurable quantities. They stay in the environment because

no mechanism to break them down exists in nature. Thus, more research is needed

in order to find a suitable replacement for Nafion in order to ease the environmental

impact of this research. Lastly, the European Union is trying to phase out PFAS

by strictly regulating their use and production. At the point of writing, there is a

strong push in the European Union in order to completely ban PFAS[78].

5.3 Upcycling

It is worth mentioning that at the start of this research, it was immediately obvious

that automation was needed in order to be able to achieve high-quality and repeat-

able results. It was recognized that a linear stage was needed and a heater in order

to be able to control the deposition. Thus, instead of purchasing either a new au-

tomated dip-coater or building a brand new automation from preexisting materials,

we turned our interest to reusing discarded materials from the department. Thus,

an idea occurred to reuse an old CD/DVD drive in order to develop the automation

needed. Thus, we upcycled electronic equipment meant for recycling into something

useful.
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6 Conclusions

In the organic semiconductors and the OLED world, research on how to improve de-

vice performance is crucial to the commercialization of these products. Furthermore,

due to ever-increasing concern about the environment and the energy used to pro-

duce light-emitting devices, it is even more important to achieve the most efficient

devices physics allows. One way to tackle these limitations is through photonics and

optical and quantum engineering. DBRs are photonic structures that can improve

the efficiency of a device through Purcell enchantment or through polaritons. In

addition to that, DBRs can also improve outcoupling, improving the efficiency of

a device. Even though the DBRs are promising, they are usually fabricated with

a PVD system, which is time-consuming to fabricate DBRs, expensive, and very

energy intensive. Thus, in the first part of this thesis, a solution-processable DBR

is shown with excellent reflectivity/transmissivity, which was composed of Nafion as

a low refractive index material and PVA/TiOH as a high refractive index material.

In order to achieve these results we engineered and modified a linear stage with

an integrated heater for annealing in order to fully automate the DBR production.

This allowed for DBRs of an exceptional quality keeping in mind the dip-coating

technique. Afterward, having established the procedure, we proceeded to fabricate

a full solution-processed dielectric microcavity. This microcavity showed an impres-

sive Q-factor of >91 which is on par or even better with a metallic microcavity. The

next and final step is to create a microcavity with an organic emitter in order to

prove the formation of polaritons. Due to solvent incompatibilities, it was unfeasible

to fabricate a fully processable, fully dielectric microcavity with an organic emitter.

Thus, in order to prove that the solution-processable DBRs are capable reflectors,

we fabricated a hybrid dielectric-metal microcavity. This microcavity is composed

of a solution-processed DBR reflector, a TDAF emitter, and finally, an aluminum

mirror. TDAF emitter is a very challenging material for the solution-processable
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DBRs due to the absorption of the TiOH in the near-UV region that the TDAF

absorbs. Nevertheless, with this setup, and by conducting reflectivity and electro-

luminescent measurements we managed to show polaritons. This paves the way for

affordable research in photonics in order to improve OLED devices.
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