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ABSTRACT

Optical microcavities provide a powerful platform for tailoring light-matter inter-
action through optical confinement, spectral selectivity, and electromagnetic field
enhancement. When combined with organic semiconductors, microcavities enable
spectral narrowing, angle-dependent dispersion, and, in the strong coupling regime,
the formation of exciton-polaritons, hybrid light-matter quasiparticles with low ef-
fective mass and high spatial delocalization. The performance and scalability of po-
laritonic systems therefore depend critically on microcavity design and fabrication.

This dissertation investigates microcavity engineering for scalable polaritonic ap-
plications using solution-processed and vacuum-fabricated architectures. The fun-
damental principles of optical confinement in planar microcavities are established,
providing a framework for understanding confined light-matter interaction.

Strong coupling and exciton-polariton formation are demonstrated in hybrid and
fully solution-processed dielectric distributed Bragg reflector microcavities fabri-
cated by dip-coating and spin-coating. An automated deposition approach enables
reproducible multilayer control, yielding microcavities with quality factors exceed-
ing 200 using a limited number of DBR pairs. Angle-resolved reflectivity and photo-
luminescence measurements reveal clear anticrossing behavior and large Rabi split-
tings. Under non-resonant optical excitation above a critical pump fluence of ap-
proximately 20 pJem ™2, these microcavities exhibit nonlinear emission and room-
temperature polariton lasing.

The thesis also examines polaritonic microcavity engineering in vacuum-fabricated
organic light-emitting diode architectures. Time-resolved electroluminescence mea-
surements show that delayed emission is dominated by trap-assisted processes, in-
dicating negligible influence of polaritons on intramolecular excited-state dynamics.
Microcavity and surface plasmon polariton mode engineering further enable spectral
and color control, yielding single-emitter, top-emitting white OLEDs with tunable
color temperature.

Overall, this work demonstrates microcavity engineering as a viable strategy for
scalable polariton physics and practical optoelectronic devices.

KEYWORDS: organic polaritons; solution-processed microcavities.
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THVISTELMA

Optiset mikrokaviteetit tarjoavat tehokkaan alustan valon ja aineen vuorovaikutuk-
sen muokkaamiseen optisen rajoittamisen, spektrisen selektiivisyyden ja sahkomag-
neettisen kentdn vahvistamisen avulla. Yhdistettynd orgaanisiin puolijohteisiin
mikrokaviteetit mahdollistavat spektrin kaventumisen, kulmariippuvan dispersion
sekid vahvan kytkennin alueella eksitoni-polaritoniparien muodostumisen. Eksitoni-
polaritonit ovat valon ja aineen hybridi-kvasihiukkasia, joille on ominaista pieni
efektiivinen massa ja suuri spatiaalinen delokalisaatio. Polaritonijérjestelmien
suorituskyky ja skaalautuvuus riippuvat siten ratkaisevasti mikrokaviteettien su-
unnittelusta ja valmistuksesta.  Tidssd viitoskirjassa tutkitaan mikrokaviteet-
titekniikkaa skaalautuvia polaritonisovelluksia varten hyodyntiden liuosprosessoin-
tiin perustuvia sekd tyhjiOvalmistettuja rakenteita. Tasomaisten mikrokaviteet-
tien optisen rajoittumisen perusperiaatteet esitetddn, ja muodostetaan viitekehys
valon ja aineen vuorovaikutuksen ymmértdmiselle. Vahva kytkentd ja eksitoni-
polaritonien muodostuminen osoitetaan hybridi- ja tdysin liuosprosessoiduissa
dielektrisissd Braggin heijastinmikrokaviteeteissa, jotka on valmistettu upotus- ja
pyoropinnoitus-menetelmilld. Automatisoitu pinnoitusmenetelmi mahdollistaa tois-
tettavan monikerrosrakenteen hallinnan, ja saavutetut mikrokaviteetit saavuttavat
yli 200:n laatukertoimen rajallisella méardlla DBR-parikerroksia. Kulmariippu-
vaiset heijastus- ja fotoluminesenssimittaukset osoittavat suuren Rabi-jakautumisen
ja selkedn erotuksen polaritonienergioissa, jotka eivit leikkaa keskendiin. Epires-
onanttisessa optisessa pumppauksessa, kriittisen noin 20 pJ cm~2 pumppausflu-
enssin yldpuolella, mikrokaviteetit osoittavat epélineaarista emissiota ja mahdollista-
vat huoneenldmpdisen laser-kédyttaytymisen polaritoneissa. Viitoskirjassa tarkastel-
laan lisdksi polaritonisten mikrokaviteettien suunnittelua tyhjiovalmistetuissa or-
gaanisissa OLED-rakenteissa.  Aikaerotteiset elektroluminesenssimittaukset os-
oittavat, etti viivdstynyt emissio on p#ddosin ansa-avusteisten prosessien hallit-
semaa, mikd viittaa siihen, ettd polaritoneilla on vdhidinen vaikutus molekyylin
sisdiseen virittyneiden tilojen dynamiikkaan. Mikrokaviteetti- ja pintaplasmoni-
polaritonimoodien suunnittelu mahdollistaa spektrin ja virin hallinnan, ja tulok-
sena saavutetaan yhtid emittoivaa materiaalia kdyttidvid, yldemissiivisid valkoisia
OLED-rakenteita sdadettdvilld vérilampotilalla. Kokonaisuutena tdima ty0 osoittaa,
ettd mikrokaviteettitekniikka tarjoaa toteuttamiskelpoisen strategian skaalautuvalle
polaritonifysiikalle ja kdytdnnollisille optoelektronisille laitteille.

ASIASANAT: orgaaniset polaritoni; liuosprosessoidut mikrokaviteetit.
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1 Introduction

Light plays a central role in shaping our world and enabling technologies that un-
derpin modern society. Through its interaction with matter, it governs phenomena
ranging from vision and photosynthesis to optical communication and quantum in-
formation processing. The ability to confine and manipulate these interactions to har-
ness inter-atomic and quantum mechanical effects is central to key technologies such
as communication, sensing, energy, and displays [1]. Accessing these effects often
requires confining the optical mode to micrometer-scale within a material structure,
enabling an enhanced electromagnetic field. One of the simplest and most effective
architectures for achieving this is the optical microcavity, consisting of two reflec-
tive mirrors separated by a distance on the order of the optical wavelength. These
structures support standing electromagnetic waves, known as cavity modes, that can
enable light-matter interactions. [2].

The conceptual understanding of light-matter interaction has evolved through a
series of theoretical and experimental milestones. Classical electrodynamics was es-
tablished in the nineteenth century with Maxwell’s equations, which unified electric-
ity, magnetism, and optics within a single framework and were later experimentally
verified through the observation of electromagnetic waves [3, 4]. However, classical
theory failed to explain phenomena such as blackbody radiation and the photoelec-
tric effect, which led to the development of quantum theory in the early twentieth
century. The introduction of energy quantization by Planck and the photon concept
by Einstein laid the foundations of quantum mechanics [5, 6]. These ideas were later
formalized in the quantum description of light—matter interaction through quantum
electrodynamics [7, 8].

When an active material with electronic transitions is placed inside an optical mi-
crocavity, it interacts with the confined electromagnetic field. This interaction can be
viewed as a coherent exchange of energy between cavity photons, representing the
quantized electromagnetic field, and excitons, which are bound electron—hole pairs
within the material. The interaction strength is governed by the transition dipole mo-
ment of the material and the effective mode volume of the cavity, which determines
the degree of optical field confinement. In systems comprising many emitters, the
coupling strength increases collectively as v/N. At low interaction strengths, the
system operates in the weak-coupling regime, where optical losses dominate and the
cavity primarily modifies the emission rate and spectral distribution. When the rate of
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coherent energy exchange between photons and excitons exceeds their respective loss
rates, the system enters the strong-coupling regime, giving rise to new hybrid eigen-
states known as exciton—polaritons [9-11]. These quasiparticles combine the low ef-
fective mass and coherence of photons with the interactions and nonlinear response
of matter, enabling phenomena inaccessible in the weak-coupling regime, such as
superfluidity and low-threshold lasing [1, 12]. More recently, strong coupling has
been widely used to tailor the optical environment and the photonic density of states,
enabling spectral reshaping (e.g., narrowing and angular redistribution) and modified
emission characteristics without necessarily altering the underlying molecular relax-
ation pathways [13]. The theoretical foundations of coherent light-matter interaction
were established by Jaynes and Cummings in 1963, who described reversible energy
exchange between a quantized field and a two-level system [14]. Early experimen-
tal demonstrations of this regime were achieved in atomic and inorganic solid-state
systems [15-17]. The concept was subsequently extended to semiconductor micro-
cavities, where exciton—polaritons were first observed in the early 1990s [9]. Strong
coupling in organic materials was proposed by Agranovich in 1997 and experimen-
tally realized shortly thereafter by Lidzey and co-workers, marking the emergence of
organic polaritonics [11, 18]. Building on these developments, it was later shown that
exciton—polaritons can undergo macroscopic occupation of a single quantum state,
leading to polariton lasing. This regime was first realized in inorganic semiconductor
microcavities at cryogenic temperatures and subsequently extended to wide-bandgap
inorganic systems and organic microcavities operating at room temperature [19-22].

Organic semiconductors are particularly promising for strong coupling at room
temperature due to their tightly bound Frenkel excitons with large oscillator strengths
and high binding energies [23]. These properties allow the formation of stable po-
laritons at room temperature important for realizing practical devices [12, 22]. More-
over, organic materials offer molecular tunability of optical transitions and compati-
bility with low-cost, large-area, and solution-processed fabrication methods such as
spin coating, dip coating, and printing. These properties make them suitable for next-
generation photonic and optoelectronic devices that are energy-efficient and compat-
ible with low-cost fabrication [24].

Despite these advantages, achieving strong coupling in organic systems has pre-
dominantly relied on vacuum-deposited microcavity architectures fabricated using
sputtering, e-beam evaporation, or atomic layer deposition [11, 25, 26]. Such tech-
niques produce high-reflectivity mirrors and excellent optical quality microcavities,
but they are expensive, energy intensive, and sometimes incompatible with delicate
organic emitters. In contrast, solution processed microcavities provide a low cost
and scalable fabrication route. However, their optical quality, including reflectiv-
ity, layer uniformity, and interfacial smoothness, has generally remained insufficient
for achieving strong coupling. Most reported solution-processed distributed Bragg
reflectors (DBRs) exhibit reflectivities below about 90-95% and insufficient qual-
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ity factors, which can limit achievable Rabi splittings and hinder the realization of
polariton lasing [27]. More recently, Stingelin and co-workers have reported fully
solution-processed microcavities in which both DBR mirrors and the active layer
are fabricated from solution and that support clear signatures of strong light—matter
coupling [28]. In parallel, Publication III demonstrates solution-processed polari-
ton microcavities based on Rhodamine 6G, achieving Rabi splittings of up to 400
meV and highlighting the potential of fully solution-based architectures for access-
ing strong and ultra-strong coupling regimes. Nevertheless, when compared to work
on vacuum-deposited semiconductor and microcavities, the number of demonstra-
tions achieving robust, reproducible strong coupling and especially polariton lasing
in fully solution-processed platforms remains relatively limited. This motivates the
development of new solution-processed DBR architectures with carefully engineered
refractive-index contrast, low scattering losses, and precise thickness control specif-
ically tailored to strong-coupling and polariton-lasing applications.

This thesis addresses these limitations by developing and understanding solution-
processed microcavities capable of supporting strong light—matter coupling in or-
ganic materials. Specifically, it introduces a scalable, ambient-processed DBR ar-
chitecture based on solution-deposited multilayers that achieves optical quality and
reflectivity comparable to sputtered DBRs [29]. This work enables strong coupling
with large Rabi splittings and establishes a reproducible design, fabrication and char-
acterization methodology for solution-processed microcavities, as reported in Pub-
lication II [30]. Building upon this platform, the thesis further investigates exci-
ton—polariton behavior under different excitation regimes, including singlet—singlet
annihilation (SSA) processes in Publication II and polariton lasing in Publication III.

In parallel, the thesis explores vacuum-deposited microcavity organic light-emitting
diodes (OLEDs) to demonstrate how optical confinement can be used to tailor emis-
sion properties. Through controlled tuning of cavity detuning and mirror thickness,
these devices exhibit spectral narrowing, color control, and enhanced outcoupling
efficiency, as reported in Publication V [31]. The thesis also investigates how strong
light-matter coupling modifies excitonic relaxation pathways. In particular, Publi-
cation I'V addresses the important question of whether polaritonic states can enable
triplet harvesting by altering intersystem crossing kinetics and opening new radiative
channels [13, 32-39]. These results show that microcavity engineering provides a
platform for studying both OLED performance and their underlying photophysical
mechanisms.

Together, these studies form a comprehensive body of work that links microcav-
ity design, fabrication techniques, strong coupling physics, and device performance,
advancing the field toward accessible polaritonic systems. The thesis establishes
solution-processed microcavities as a viable alternative to vacuum-based approaches
and provides a framework for engineering optical modes in both polaritonic devices
and OLED architectures.



2 Optical microcavities

Note: The DBR architectures and fabrication strategies described in this chapter are
based on the work reported in Publications I-11I, where solution-processed multi-
layer mirrors were developed and integrated into optical microcavity structures.
Unless otherwise stated, the theoretical background and equations discussed in this
chapter are based on standard formulations found in Refs. [40, 41].

Optical microcavities provide a controlled electromagnetic environment in which
light can be confined, enhanced, and manipulated on sub-wavelength length scales.
By restricting the propagation of photons between two parallel mirrors, these struc-
tures support discrete resonant modes whose energies and spatial profiles are de-
termined by the optical path length of the cavity. The simplest realization is the
Fabry—Pérot resonator, consisting of two reflective surfaces separated by a spacer
layer, as illustrated in Figure 1. Multiple reflections within the cavity give rise to
constructive interference at specific wavelengths, creating standing-wave modes with
well-defined resonant conditions.

Mirror

ssauddIyL

Mirror

Figure 1. Schematic of a planar Fabry—Pérot microcavity showing two parallel mirrors separated
by a cavity spacer of thickness d, with light confined between the mirrors.

Different mirror architectures give rise to distinct optical properties. Metal-clad
microcavities, based on thin layers of metals such as silver, gold, or aluminum, offer
simple fabrication and strong field confinement, but their performance is limited by
absorption losses. In contrast, dielectric microcavities employ DBRs, a periodic
stacks of alternating high- and low-refractive-index materials to achieve very high
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reflectivity and low loss. These dielectric structures support sharper resonances and
higher quality factors, making them particularly suitable for applications requiring
precise spectral control, including vertical-cavity surface-emitting lasers (VCSELSs),
cavity-enhanced LEDs, and polaritonic devices [42, 43].

The aim of this chapter is to establish the theoretical framework required to un-
derstand the optical behavior of microcavities. We introduce the fundamental prin-
ciples governing their resonant modes, the influence of mirror design on cavity qual-
ity, and the conditions under which light-matter interactions can be modified or en-
hanced. These concepts form the basis for the solution-processed microcavity archi-
tectures developed in Chapter 3 and for the strong-coupling phenomena discussed in
subsequent chapters.

2.1 Optical confinement

In a planar microcavity, the electromagnetic field is confined in the direction perpen-
dicular to the mirror surfaces, while photons remain free to propagate in the plane of
the cavity. This vertical confinement leads to quantization of the photon field and the
formation of discrete longitudinal optical modes. Constructive interference occurs
when the optical path length between the mirrors corresponds to an integer multiple
of half the wavelength of light inside the cavity medium. The resonance condition is
therefore given by

_ 2ncd.

)\J_ - m ) (1)

where n. is the effective refractive index of the cavity spacer, d. is its physical
thickness, and m is the longitudinal mode order (m > 1). This relation shows that
the resonant wavelength can be tuned by adjusting either the cavity thickness or its
refractive index.

Light confined within the cavity is described by a total wavevector k., composed
of components perpendicular (k) and parallel (kH) to the mirror surfaces,

ke = K1 + k. (2)

The perpendicular component is fixed by the boundary conditions imposed by
the mirrors,

while the in-plane component is related to the propagation angle 6 inside the
cavity,

k” = ktot sin 6.
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This leads to an angle-dependent resonance condition for the cavity mode,

2n.d 0
Ae(0) = £Melc COSY (3)
m
Correspondingly, the cavity mode energy exhibits angular dispersion,
hem E
E.(6) - “)

- 2ncd, cos = cosf’

where E) is the mode energy at normal incidence, & is Planck’s constant, and c is
the speed of light in vacuum. This angular dependence gives rise to the characteristic
parabolic dispersion observed in angle-resolved reflectivity and photoluminescence
measurements.

Experimentally, optical measurements are performed from outside the cavity.
The internal and external angles are related by Snell’s law,

N SN Oing = Nexe SIN 9ext> (5
where ny is the refractive index of the surrounding medium (typically air, nex =
1).

Apart from spectral and angular properties of the cavity mode, spatial confine-
ment also determines the strength of the vacuum electromagnetic field associated
with a single photon. For a cavity mode of angular frequency w,., the root-mean-
square vacuum electric field amplitude is given by

[ hw,.
Ey = 6
0 QEOV’ ( )

where hw, is the photon energy, g is the vacuum permittivity, and V' is the

effective mode volume of the cavity. This expression shows that the vacuum field
strength increases for higher photon energies and, most critically, for stronger spatial
confinement of the optical mode. In planar microcavities, the small cavity thickness
and strong field localization at the antinode significantly enhance the electric field
per photon.

The magnitude of the vacuum electric field directly governs the light—matter in-
teraction strength with embedded emitters, such as molecular excitons. Strong field
confinement, combined with a high density of optical oscillators, enables the col-
lective interaction energy to exceed dissipative losses, forming the basis for strong
coupling and polaritonic phenomena discussed in later chapters.

The overall strength of optical confinement can be quantified by the cavity quality
factor (@), defined as the ratio of the resonance wavelength to the spectral linewidth,
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A
Q= AN (7
A high @ factor corresponds to a long photon lifetime and narrow linewidth,
both of which are desirable for cavity-enhanced emission and polariton lasing. The
achievable () depends strongly on mirror reflectivity and absorption losses: metal
mirrors typically yield Q < 100, whereas high-quality dielectric distributed Bragg

reflectors can achieve ( values exceeding 103,

2.2 Fresnel reflection and multilayer optics

The interaction of light with planar microcavities is governed by reflection and trans-
mission at interfaces between materials of different refractive indices. For a single
planar interface between two non-absorbing media with refractive indices n;, and
ng, the complex amplitude reflection coefficient at normal incidence is given by the
Fresnel equation [40],
ny —ne
ni +ny’
where R denotes the intensity reflectivity.
For absorbing materials such as metals, the refractive index of the second medium

r =

R=|rf? (8)

becomes complex, 7o = no + iks. At normal incidence, the Fresnel reflection coef-
ficient is obtained by replacing no with ng, yielding

ny — g |
ny + n2

(€))

This expression describes the interface reflectivity only; absorption losses arise from
field penetration and dissipation within the metallic layer and are fully captured in
multilayer optical models discussed in Section 2.3.

In microcavities and distributed Bragg reflectors, light undergoes multiple reflec-
tions within a stack of thin films. The overall optical response cannot be described
by a single interface, but instead results from interference between forward- and
backward-propagating waves in each layer. This problem is conveniently treated us-
ing the TMM, which provides the complex reflection and transmission coefficients
of a multilayer structure at a given wavelength and angle of incidence [41].

2.2.1 Transfer matrix formalism (TMM)

TMM is an invaluable tool for the design and characterisation of multilayer optical
structures such as DBR—DBR microcavities. Derived from Maxwell’s equations and
the Fresnel coefficients, the method accounts for the multiple internal reflections that
occur at each interface and the resulting constructive and destructive interference
effects.
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In this formalism, each layer is represented by a 2 x 2 matrix describing how
electromagnetic waves propagate within it. The matrix depends on the complex re-
fractive index of the material, its physical thickness, and the incidence angle and
polarization of the incoming light. By multiplying the matrices of all layers in the
order in which they appear in the stack, the overall transfer matrix of the multilayer
system is obtained. From this, the reflected, transmitted, and absorbed intensities can
be calculated as functions of wavelength and angle.

In addition to spectral properties, the TMM also allows the determination of
the electric field distributions within the structure. Consequently, any planar cavity
whether metal-clad, dielectric, or hybrid can be modeled to predict how it modifies
the propagation, confinement, and enhancement of light.

2.3 Metal-clad microcavities

Metal mirrors are among the simplest and most widely used reflectors in optical
microcavities due to their broad reflectivity across the visible spectrum and ease of
fabrication. Common materials include silver (Ag), gold (Au), and aluminum (Al),
each chosen for specific spectral and fabrication requirements. Their high reflectivity
originates from the large difference between the real and imaginary parts of their
complex refractive index,

i = n+ ik, (10)

where n is the refractive index and k is the extinction coefficient that accounts for
absorption losses in the material. The reflectivity 2 at normal incidence can be
expressed as

1 2_ (n—1)%+k?
(124 kY (b

From this expression, it is evident that materials with large & (i.e., metals) can achieve
high reflectivity, although this comes at the cost of increased absorption [40].

Figure 2 shows the calculated reflectivity spectra of Ag, Au, and Al mirrors,
demonstrating their broadband optical response across the visible range. Among
them, Ag exhibits the highest reflectivity and the lowest absorption losses, making
it the preferred choice for visible-range optical cavities. The lower reflectivity of
Au and Ag, particularly at shorter wavelengths, arises from their higher intrinsic
absorption.
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Figure 2. Reflectivity spectra of Al, Ag, and Au mirrors calculated using tabulated optical
constants. Data for the refractive indices and extinction coefficients are taken from Refs. |44, 45].
Ag exhibits the highest reflectivity and lowest absorption losses in the visible region, while Au
shows reduced reflectivity at shorter wavelengths due to increased interband absorption.

In practical microcavity design, one mirror (usually the bottom one) is made thick
enough to be completely opaque, while the top mirror is made semi-transparent to al-
low light to couple in and out of the cavity. The reflectivity and transmission of these
metal layers can be tailored by adjusting their thickness during deposition, typically
using techniques such as thermal evaporation, e-beam evaporation, or sputtering.

An additional advantage of metal-clad microcavities is their compatibility with
electrically driven device architectures. Because metals simultaneously serve as effi-
cient reflectors and electrodes, they enable straightforward integration into structures
such as OLEDs and polariton LEDs without requiring separate transparent conduc-
tive layers.

However, the major drawback of metallic mirrors is their significant absorption
losses, which limit the achievable cavity quality factor (Q)) to typically below 100.
The ()-factor, which quantifies how long light is confined within the cavity, is in-
versely proportional to the total optical losses. In metal mirrors, these losses arise
from both absorption within the metal and imperfect reflectivity. Consequently, the
linewidth of the cavity mode broadens, reducing the field enhancement and hindering
the observation of phenomena such as lasing.

Despite these limitations, metal-clad cavities remain valuable for proof-of-concept
studies and for applications where broadband operation, simplicity, and electrical
contact are prioritized over achieving ultrahigh Q)-factors.
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2.4 Distributed Bragg reflectors (DBRs)

An alternative to metallic mirrors in microcavity structures is the use of DBRs, which
provide high optical confinement through distributed feedback. A DBR, as shown in
Figure 3(a), consists of a periodic stack of alternating high- and low-refractive-index
dielectric layers, each with an optical thickness of one quarter of the design wave-
length (\res/4n). This multilayer arrangement produces constructive interference
for the reflected waves and destructive interference for the transmitted ones, thereby
creating a wavelength band of high reflectivity known as the photonic stopband (Fig-
ure 3(b)).

Reflected
beams

Incident
beam

Reflectivity (%)
(2}
Rt

Substrate (n)  Transmitted 0350 50 550 650
eam Wavelength (nm)

Figure 3. (a) Schematic diagram of a multilayer DBR, illustrating the constructive interference of
reflected beams within alternating high- and low-index layers. (b) Experimental reflectivity of the

six-pair TIOH/PVA—-Nafion DBR reported in Publication Il, displaying the characteristic stopband

centered near the design wavelength. P- and S-polarized spectra show excellent agreement.

In planar microresonators, an optical cavity sandwiched between two highly re-
flective DBRs allows for strong vertical photon confinement. The reflectivity of a
DBR stack depends primarily on two parameters: the refractive index contrast be-
tween the high (ngr) and low (nr) index materials, and the number of layer pairs (V).
Each pair contributes to the overall reflectivity through interference at each interface.
The maximum reflectivity at normal incidence for a DBR is given by

< 2N 2
1 e () >
Tlext nL
max — . j oN 2’
<1 + 2o () )

where n¢ is the refractive index of the cavity medium, n.y, is that of the external
medium, and NN is the number of high/low index pairs in the stack. The stopband
width A, i.e., the range of wavelengths over which high reflectivity is maintained,

(12)
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increases with the refractive index contrast An = ny — nj, according to

AN 4 -
_ Gl ( ML ’ (13)
)\DBR s ng + nr,

where A\pgr is the central (Bragg) wavelength of the stopband. These relations follow
the standard thin-film interference model.

Reflectivity

~400 500 600 700 0200 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4. (a) Reflectivity simulation of a quarter-wave DBR as the optical thickness of each layer
deviates from the ideal value d = \/4n. Even small deviations shift the stopband and distort its
symmetry. (b) Influence of the number of DBR pairs N on the reflectivity. Increasing N enhances
the stopband reflectivity and narrows the passband regions.

Compared to metal mirrors, DBRs exhibit minimal absorption losses and higher
optical quality factors (@), often exceeding several thousand. This makes them es-
sential components in VCSELS, high-Q resonators, and microcavity polariton struc-
tures. However, conventional DBRs are typically fabricated using vacuum-based
deposition techniques. To demonstrate an alternative approach, we developed a fully
solution-processed DBR (Figure 3b) and an empty microcavity comprising two six-
pair mirrors separated by a 164 nm spacer layer, as shown in Figure 5 and described
in Publication I. The resulting structure exhibits a distinct cavity mode centered at
510 nm with a quality factor of 91 and enables low-cost, scalable fabrication of di-
electric mirrors under ambient conditions.

In this approach, alternating layers of a high-refractive-index titanium oxide hy-
drate/poly(vinyl alcohol) (TiOH/PVA) hybrid and a low-index Nafion polymer were
sequentially deposited via automated dip-coating. This method provides nanometer-
level control over film thickness and ensures excellent reproducibility across mul-
tiple deposition cycles. By carefully optimizing the deposition parameters, six-pair
DBRs with reflectivity exceeding 80% were achieved, corresponding to quality fac-
tors among the highest reported for sub-10-pair solution-processed systems.
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Figure 5. (a) Experimental angle-resolved reflectivity map of the empty microcavity formed by two
six-pair DBRs and a 164 nm cavity spacer. The cavity mode and higher-order Bragg modes are
visible for both s- and p-polarizations. (b) Normal-incidence reflectivity of the same structure,
revealing a cavity-mode FWHM of 5.9 nm, corresponding to a cavity quality factor of @ = 91. Data
reproduced from Publication I.

For comparison, conventional vacuum-deposited DBRs based on dielectric pairs
such as SiO2/TiOy or AlIGaAs/AlAs typically achieve reflectivities exceeding 99%
and support cavity quality factors ranging from several hundred to several thou-
sand depending on cavity design and optical losses [25, 26]. Historically, most
solution-processed DBRs exhibited reflectivities of ~70-80%, limiting achievable
cavity quality factors and hindering strong-coupling applications [27]. In this work,
optimized polymer—inorganic multilayer DBRs fabricated entirely by solution pro-
cessing achieve reflectivities approaching ~95% and cavity quality factors up to
~300, enabling robust strong light—matter coupling and polariton lasing in solution-
processed microcavities [30]. These developments indicate that solution-processed
DBRs can approach the optical performance of vacuum-deposited mirrors while of-
fering advantages in cost, scalability, and ambient fabrication.

2.5 Solvents orthogonality and interlayer compatibility
in solution-processed DBRs and microcavities

Solution-processed optical microcavities and DBRs are commonly fabricated using
orthogonal solvent systems, where each layer is deposited from a solvent that does
not dissolve or swell the underlying film. This approach is widely adopted to enable
multilayer stacking without interfacial mixing. However, solvent orthogonality alone
does not determine the optical quality or feasibility of multilayer microcavities.

In practice, the formation of high-quality DBRs requires a balance between inter-
layer stability, optical smoothness, and interfacial adhesion, rather than strict solvent
orthogonality. In this thesis, high-reflectivity DBRs were realized using TiOH/PVA
and Nafion layers, despite both materials being processed from polar solvents. The
success of this system arises from the fact that, after deposition and drying, each layer
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becomes effectively insoluble, enabling multilayer growth without re-dissolution.

The TiOH/PVA layers form hybrid organic—inorganic networks through hydro-
gen bonding and coordination between Ti~OH groups and PVA hydroxyls, leading
to reduced polymer chain mobility and enhanced solvent resistance [46]. Similarly,
Nafion films reorganize during drying into stable ionic domains, which makes them
resistant to later solvent exposure. This stability allows sharp enough optical inter-
faces and smooth multilayer stacks to be maintained even without strictly orthogonal
solvents [47].

Importantly, a moderate degree of chemical compatibility between adjacent lay-
ers can be advantageous for the fabrication of solution-processed optical microcavi-
ties. Partial interfacial interactions improve adhesion and suppress dewetting, which
is essential for maintaining smooth and uniform films over many deposition cycles.
In contrast, excessively orthogonal material-solvent combinations can hinder wet-
ting and prevent the formation of continuous layers. For example, replacing Nafion
with a fluorinated polymer processed from a perfluorinated solvent led to severe
dewetting of subsequently deposited TiIOH/PVA layers, demonstrating that extreme
solvent orthogonality is not suitable for solution-processed DBR fabrication.

These considerations demonstrate that the key requirement for solution-processed
optical microcavities is not strict solvent orthogonality, but the formation of stabi-
lized layers that resist re-dissolution while maintaining sufficient interfacial compat-
ibility. Identifying this balance is central to the fabrication of organic and hybrid
microcavities.
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In this chapter, the fundamental concepts related to optical microcavities have been
introduced, beginning with the principles of photon confinement and resonance in
planar Fabry—Pérot geometries, including their angular dispersion and quality-factor
limitations. Both metal-clad and dielectric cavity structures were discussed, high-
lighting their respective advantages and limitations in terms of fabrication simplicity,
optical losses, and achievable quality factors. While metallic mirrors offer broadband
reflectivity and electrical conductivity, their high absorption restricts the attainable
@ values. In contrast, dielectric DBRs provide superior optical confinement through
constructive interference within multilayer stacks, enabling narrow linewidths and
high reflectivity essential for studying light—matter interactions.

To address the cost, scalability, and material-compatibility challenges associated
with vacuum-deposited DBRs, a fully solution-processed TiOH/PVA—-Nafion reflec-
tor system was developed. These dielectric mirrors combine high refractive-index
contrast with mechanical robustness and ambient-condition processing, enabling the
fabrication of all-solution-processed microcavities. The resulting structures exhibit
distinct cavity modes and quality factors among the highest reported for compara-
ble low-pair-count solution-processed DBR systems, demonstrating that high optical
performance can be achieved using low-cost fabrication routes.

Finally, the role of solvent orthogonality and interlayer compatibility in solution-
processed multilayer optics was examined, emphasizing that stabilized layer forma-
tion and controlled interfacial interactions are more critical than strict solvent orthog-
onality.

Together, the concepts, modelling tools, and materials introduced in this chap-
ter establish the physical and technological foundation for the subsequent chapters,
where these microcavities are employed to investigate strong light—matter coupling,
polariton lasing, and their application in optoelectronic devices.

14



3 Organic polaritons

Note: This chapter introduces the theoretical framework of strong light—matter cou-
pling and summarizes the experimental observations reported in Publications Il and
111, where strong coupling and polariton formation were demonstrated in solution-
processed microcavities.

Unless otherwise stated, the theoretical background and equations discussed in this
chapter are based on standard formulations found in Refs. [48].

The solution-processed microcavities developed in the previous chapter provide
an excellent optical platform for exploring light—matter interactions under confine-
ment. By introducing an active organic material into these structures, it becomes
possible to reach the strong light-matter coupling, where the exchange of energy
between excitons and cavity photons occurs faster than their respective decay rates
[1]. In this regime, the system gives rise to new hybrid light-matter quasiparticles
known as exciton—polaritons. These states inherit properties from both photons and
excitons, combining long-range coherence and delocalization with strong nonlinear
interactions. These can be harnessed to control optical emission, energy transfer, and
lasing processes at room temperature. This chapter focuses on the realization, optical
characterization, and analysis of fully solution-processed organic microcavities that
support strong light—matter coupling, establishing a scalable route toward low-cost
polaritonic devices [43].

3.1 Organic semiconductors and frenkel excitons

Organic semiconductors are carbon-based materials that exhibit semiconducting be-
havior due to the delocalization of m-electrons along conjugated molecular back-
bones [49]. They are typically composed of carbon and hydrogen, with oxygen, ni-
trogen, or sulfur atoms often incorporated to tailor the properties. They have emerged
as a versatile class of materials for optoelectronic applications, including solar cells,
transistors, light-emitting diodes, and lasers. Their key advantages over conventional
inorganic semiconductors are that they are lightweight, mechanically flexible, and
compatible with large-area, low-temperature, and cost-effective solution-processing
techniques. Moreover, their electronic and optical properties can be tailored and
tuned through chemical synthesis. By modifying molecular structures or incorporat-
ing specific functional groups, one can control properties such as absorption, emis-
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sion, photostability, and charge-transport characteristics. This has led to rapid ad-
vances in organic light-emitting diodes (OLEDs) and related technologies, where
emission can be engineered across the entire visible spectrum [50].

In contrast to crystalline inorganic semiconductors, where energy bands originate
from extended atomic orbitals, organic materials are composed of discrete molecules
held together by weak van der Waals interactions [50]. The electronic states of such
molecular solids are therefore largely localized on individual molecules. Optical ab-
sorption and emission arise from transitions between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), analogous to
the valence and conduction bands in inorganic systems. In conjugated molecules, the
alternating single and double carbon—carbon bonds create a delocalized 7-electron
system, which lowers the energy gap into the visible region and enables efficient
interaction with light.

When a photon is absorbed, an electron is promoted from the HOMO to the
LUMO, leaving behind a positively charged hole. The Coulombic attraction be-
tween these oppositely charged particles forms a bound electron—hole pair known as
an exciton. The nature of this exciton depends strongly on the dielectric environment
and the degree of electronic delocalization. Inorganic semiconductors with high di-
electric constants form weakly bound Wannier—Mott excitons, which are delocalized
over many lattice sites and possess binding energies on the order of 10 meV. Such
excitons are easily dissociated at room temperature. Organic semiconductors, on the
other hand, exhibit strongly localized Frenkel excitons with binding energies typi-
cally around 0.5-1 eV [49, 50]. These excitons are confined to individual molecules
and remain stable even at room temperature, making them ideal for exploring strong
light—matter coupling phenomena without the need for cryogenic operation.

Exciton dissociation in organic semiconductors can occur radiatively or non-
radiatively. The fraction of radiative decays over non-radiative decays defines the
photoluminescence quantum yield (PLQY)It is expressed as

L
ky + kny

where k; and ky, are the radiative and non-radiative decay rates, respectively.
Upon excitation, electron—hole pairs can form either singlet or triplet excitons de-

PLQY = (14)

pending on the relative spin orientation of the two charge carriers. Optical excitation
obeys spin selection rules (AS = 0), so population is initially created in singlet
excited states (S7) [50]. However, triplet excitons can also form indirectly through
intersystem crossing (ISC), a non-radiative process in which an excited singlet state
converts into a triplet state with a characteristic rate kigc. The fraction of excitations
that undergo ISC is

_ kisc
k'r + knr + kISC,

P 15)
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or via singlet fission in systems where E(S1) 2 2E(T1) [49]. In materials with
strong spin-orbit coupling (such as those containing heavy metal atoms) or under
two—photon excitation, direct population of triplet states may also occur. In con-
trast, electrical excitation generates electron—hole pairs with random spin orienta-
tions, leading to the formation of singlet and triplet excitons in 1:3 ratio prior to any
spin mixing [51].

To overcome these spin-related losses and achieve efficient light emission, sev-
eral classes of emissive organic materials have been developed. Phosphorescent
organometallic complexes exploit strong spin—orbit coupling from heavy-metal atoms
(such as iridium or platinum) to enable radiative decay from triplet states [51]. Al-
ternatively, thermally activated delayed fluorescence (TADF) materials utilize small
singlet—triplet energy gaps (A Egt) to promote reverse intersystem crossing (RISC),
converting non-emissive triplet excitons back into radiative singlets [52]. Both ap-
proaches significantly enhance internal quantum efficiency, enabling near-unity emis-
sion yields and making them particularly attractive for high-performance organic
light-emitting diodes.

The organic emitters used in this chapter, along with their photophysical proper-
ties and preparation methods, are described in Chapter 6. Here, we focus on how
these materials behave when embedded in microcavities and subjected to strong
light-matter coupling.

3.2 Fundamental light—matter interaction

When light propagates through a medium, its behaviour differs markedly from that in
vacuum. In free space, photons are quanta of the electromagnetic field with angular
frequency w = 27w, energy E = fiw = hv, and momentum k = (2 /\)k, where A
is the wavelength in vacuum and k defines the propagation direction. The dispersion
relation of photons in vacuum follows a linear form,

w(k) = [k, (16)

where c is the speed of light. In contrast, when light enters a dielectric medium, its
propagation is influenced by the polarization response of matter, which modifies the
dispersion to

k = n(w)kyac, a7

where 7(w) is the complex refractive index of the medium. Far from material reso-
nances, this simple refractive description suffices. However, near resonant frequen-
cies, the electromagnetic field and the medium’s electronic excitations interact more
intricately, giving rise to new collective states of light and matter.
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3.2.1 Weak coupling regime and the Purcell effect

In the weak coupling regime, the interaction strength g between light and matter is
much smaller than both the cavity photon decay rate « and the emitter dephasing rate
s

g < (K,7)- (18)

Under these conditions, the exchange of energy between the emitter and the cav-
ity field is irreversible, and no coherent light-matter hybridisation occurs. Instead,
the cavity modifies the electromagnetic environment experienced by the emitter by
changing the local density of optical states (LDOS) [53].

When the emitter’s optical transition is resonant with a cavity mode, this modi-
fied LDOS can enhance the spontaneous emission rate into that mode. The maximum
enhancement is described by the Purcell factor,

3
Fp— (A) ¢ (19)

42 \neg ) Ve’

where ). is the cavity resonant wavelength, n.g is the effective refractive index, @
is the cavity quality factor, and Vg is the effective mode volume [54].

A high @ (low optical loss) and a small Vg (tight confinement) therefore in-
crease the rate at which an excited emitter radiatively decays through the cavity
mode. This enhancement of spontaneous emission characterises the weak coupling
regime, where the emitter and the cavity mode do not form hybridised states and
behave as independent excitonic and photonic modes.

3.2.2 Strong coupling regime

When the interaction strength between light and matter becomes comparable to or
greater than their respective loss rates, the system enters the strong coupling regime.
In this regime, energy is exchanged coherently and reversibly between the confined
optical mode of the cavity and the electronic excitation of the active material. As
a result, the photon and exciton modes hybridize to form new eigenstates known as
exciton-polaritons, which are part light and part matter quasiparticles.

The behaviour of such a system can be understood intuitively using a classical
analogy of two coupled harmonic oscillators. Consider two identical masses, each
attached to a spring, and connected by a weak coupling spring. When the coupling is
absent, the two oscillators move independently at the same natural frequency. Once
coupled, their individual resonances split into two new normal modes, one where the
masses move in phase and another where they move out of phase. The frequency sep-
aration between these modes increases with the coupling strength. This frequency
splitting is the classical analogue of the Rabi splitting observed in optical micro-
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cavities, where the electromagnetic field (photon mode) and the material excitation
(exciton mode) exchange energy coherently [55].
The strong coupling is determined by the condition

1
g > 5\/72—1-/12, (20)

where ¢ is the coupling strength, -y is the exciton dephasing rate, and « is the photon
decay rate. The coupling strength depends on the transition dipole moment p, the
cavity mode volume V¢, and the number of coherently coupled dipoles N, such that

N hw,
2e0 Vet

g=4H 21

From a quantum electrodynamical perspective, the strong coupling regime is de-
scribed by the Jaynes—Cummings model, which treats the interaction between a two-
level emitter and a single mode of the quantized electromagnetic field. The system
Hamiltonian is expressed as

- 1
HJC — thde + 5%){5‘2 + hg (&Ta'f + &5’+) s (22)

where @' and & are the photon creation and annihilation operators, & is the Pauli
operator describing the two-level system with transition frequency wy, and 6+ are
the raising and lowering operators for the emitter [14].

Diagonalizing this Hamiltonian yields two hybrid eigenstates, the upper (| Py.))
and lower (| P_)) polariton states:

‘P:i:> :Oé:t‘ev()):tﬂ:t’ga 1>7 (23)

where |e,0) and |g, 1) represent the uncoupled exciton and photon states, respec-
tively. The coefficients a- and 5., known as the Hopfield coefficients, quantify the
excitonic and photonic character of each polariton branch [56]. Far below resonance,
the lower polariton (LP) branch is predominantly excitonic in nature, while the upper
polariton (UP) branch is mainly photonic. Conversely, far above resonance, the LPB
becomes photonic and the UPB excitonic. At exact resonance, the two modes are
equally mixed, containing 50% exciton and 50% photon character. This composi-
tion determines the effective mass, group velocity, and nonlinear interaction strength
of polaritons and is therefore crucial for understanding their optical and dynamical
properties.
At resonance (w. = wy), the two polariton branches are split by an energy

hQr = 2hg, 24)

where ()R is the Rabi frequency, representing the rate of coherent energy exchange
between light and matter. Experimentally, this appears as an anticrossing in the
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angle-resolved dispersion relation, separating the upper (UPB) and lower (LPB) po-
lariton branches.

In organic systems, strong coupling is facilitated by the large oscillator strength
and strong dipole moments of Frenkel excitons. These properties enable strong cou-
pling and polariton formation at room temperature.

3.2.3 Criteria for strong light—-matter coupling

Having introduced the physical origin of polariton formation, it is useful to state
the conditions under which a system is considered to be in the strong coupling
regime. Strong coupling arises when the rate of coherent energy exchange between
the molecular transition and the cavity mode exceeds the relevant dissipation chan-
nels. In other words, the interaction strength must dominate over both the exciton
dephasing rate y and the cavity photon decay rate «.

A commonly used criterion is

29 > v+ k, (25)

which expresses that the coherent coupling must outpace the average losses of the
two subsystems. A more stringent formulation requires that the coupling individually
overcomes each loss channel,

2g > v and 29 > K, (26)

ensuring that neither excitonic nor photonic dissipation quenches the coherent ex-
change of energy.

Experimentally, strong coupling is identified from an anticrossing in the angle-
resolved reflectivity dispersion, from which the Rabi splitting is obtained. For the
splitting to be spectroscopically observable, it must exceed the linewidths of the un-
coupled exciton and cavity modes. This requirement is often written as

I'x+T¢

AR > 5 ,

27
where I'y and I'. denote the full width at half maximum (FWHM) of the excitonic
absorption and cavity mode, respectively. When this condition is met, the upper and
LP branches appear as two distinct, spectrally separated features rather than a single
broadened resonance.

Together, these criteria ensure that the observed mode splitting reflects genuine
hybridisation of light and matter, rather than an artefact of absorption, broadening,
or perturbative cavity effects.
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3.2.4 Coupled harmonic oscillator model (CHOM)

The interaction between cavity photons and excitons can be described conceptually
using the CHOM. In this classical picture, the exciton and photon behave as two
oscillators with natural frequencies wy and w, that are coupled with strength g. The
resulting hybridization gives rise to two new normal modes that are analogous to the
lower and upper polariton branches observed in strongly coupled systems.
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Figure 6. (a,b) Simulated angle-resolved reflectivity maps for two different cavity detunings,
showing the characteristic anticrossing behaviour that evidences the onset of strong light—matter
coupling. The dashed lines indicate the uncoupled cavity and exciton modes, while the solid
curves represent the hybrid UP and LP branches obtained from the CHOM. (c,d) Corresponding
Hopfield coefficients, illustrating the evolution of the photonic (|3|2) and excitonic (|«|?) fractions of
the LP branch as a function of angle. At resonance, both components contribute equally,
confirming the mixed light—-matter nature of exciton-polaritons.

Mathematically, the system can be represented by the following matrix form:

(%57 &) @

where E. (k) is the cavity photon dispersion, Ex (k) is the exciton energy (assumed
nearly flat due to the large exciton mass), and g is the coupling strength between the
two oscillators.

Solving the eigenvalue problem yields two new energy branches:

W + %\/(Ec(k) — Ey(k))? + 4g2. (29)

Ey(k) =
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These correspond to the upper (&) and lower (£_) polariton branches, respec-
tively. At the resonance condition £, = Fy, the energy splitting between the two

modes is given by
hQr = 2g, (30)

where ()R is the Rabi frequency. The magnitude of this splitting is a direct measure
of the strength of the light—matter interaction and defines the onset of the strong
coupling regime.

Experimentally, this anti-crossing behaviour appears as a distinct splitting in the
angle-resolved reflectivity or photoluminescence dispersion, confirming the forma-
tion of hybrid light-matter states. This behaviour can be visualized through numer-
ical simulations based on the CHOM, as shown in Figure 6. The CHOM therefore
provides an intuitive link between the classical and quantum mechanical descrip-
tions of polariton formation and serves as the foundation for understanding polariton
condensation and lasing phenomena discussed in the following sections.

3.2.5 Relaxation mechanisms in organic polariton microcavities

.. internal conversion /
.., phonon emission

Energy

radiative
pumping
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Figure 7. Schematic illustration of relaxation pathways in organic microcavities. Strong
exciton—phonon coupling enables efficient vibron-assisted scattering and phonon emission into the
LP branch, facilitating relaxation toward low-momentum states. In addition, radiative pumping from
weakly coupled exciton states can contribute to the population of lower-energy polariton modes.
The diagram summarizes the relaxation channels relevant for organic microcavity systems.

In organic microcavities, where exciton—phonon coupling is strong, relaxation dy-
namics are governed by different mechanisms compared to inorganic systems. Vibron-
assisted scattering mediated by intramolecular vibrations provides an efficient chan-
nel for energy relaxation into the LP branch. Additional mechanisms, such as radia-
tive pumping by weakly coupled exciton states, can also contribute to the population
of low-energy polariton states [57-59].
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The relaxation pathways relevant for organic microcavities are illustrated schemat-
ically in Figure 7, highlighting phonon-mediated scattering, vibronic channels, and
radiative pumping processes that populate the LP branch.

3.2.6 Other Types of polaritons

While the experimental work presented in this thesis focuses on exciton—polaritons, it
is instructive to briefly discuss other classes of light—-matter quasiparticles that share
conceptual similarities. These include surface plasmon polaritons (SPPs), plexcitons,
and phonon—polaritons, each arising from the coupling of photons with different
collective excitations in matter.

In metals, collective oscillations of conduction electrons known as plasmons can
couple to electromagnetic waves at a metal—dielectric interface, forming surface plas-
mon polaritons (SPPs) [60]. The resulting electromagnetic field is confined near the
interface and decays exponentially into both media, enabling the confinement and
guiding of light at subwavelength scales, far below the diffraction limit. This intense
field localization makes SPPs highly sensitive to changes in the surrounding envi-
ronment, leading to their use in nanoscale optical sensing, photonic circuitry, and
surface-enhanced spectroscopy.

When plasmons couple strongly to excitons in nearby molecules or semiconduc-
tors, the resulting hybrid quasiparticles are known as plexcitons [61]. These states
inherit properties from both constituents, the field confinement and sensitivity of
plasmons, and the resonant optical response of excitons, allowing enhanced spon-
taneous emission, long-range energy transfer, and potential applications in efficient
light-harvesting, photocatalysis, and nanophotonic switching.

A further example is the phonon—polariton, which emerges from the coupling of
infrared photons with optical phonons that are the quantized vibrational modes of
a crystal lattice. The resulting hybrid modes exhibit strong field confinement and
tunability in the mid-infrared spectral region, enabling near-field heat management,
thermal emission engineering, and sub-diffraction imaging [62].

Although the following chapters focus on exciton—polaritons in organic micro-
cavities, the broader landscape of polaritonic systems illustrates the universality of
strong light-matter coupling and its growing relevance across photonics, nanotech-
nology, and materials science.

3.3 Demonstration of strong light—-matter Coupling in
organic microcavities

Building on the high optical quality of the solution-processed dielectric microcavities
introduced earlier in this thesis, Publications I-IV establish strong exciton—photon
coupling in a range of organic emitters using scalable fabrication routes. Strong cou-
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pling is identified through clear avoided crossings between cavity photon modes and
molecular excitons in angle-resolved reflectivity, together with quantitative agree-
ment with CHOM. These studies demonstrate that solution-processed architectures
can achieve coupling strengths comparable to those obtained in vacuum-deposited

microcavities.
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Figure 8. Angle-resolved reflectivity spectra of the microcavity for transverse electric (left) and
transverse magnetic (right) polarization adapted form Publication I. The observed anticrossing
between the exciton resonance and the cavity photon mode demonstrates the onset of strong
light-matter coupling. Open circles show the experimentally extracted dispersions, while the
dashed curves represent the uncoupled exciton and cavity modes used in the CHOM.

In Publication I, strong coupling was demonstrated in a hybrid microcavity con-
sisting of a solution-processed dielectric DBR and a thermally evaporated metal top
mirror embedding a neat film of the fluorescent emitter TDAF. Angle-resolved re-
flectivity measurements for both transverse-electric and transverse-magnetic polar-
izations reveal pronounced anticrossings between the cavity mode and the TDAF ex-
citon (Figure 8), providing clear evidence of the formation of UP and LP branches.
CHO fits yield vacuum Rabi splittings of approximately 750-800 meV, well exceed-
ing the combined exciton and cavity linewidths.

Publication II extended this approach to fully solution-processed planar micro-
cavities incorporating Rhodamine 6G dispersed in a PVA matrix. Rhodamine 6G is
an organic dye with a large oscillator strength and a broad excitonic resonance at
room temperature. By varying the dye concentration while keeping the cavity geom-
etry fixed, the exciton—photon coupling strength was tuned over a wide range. Angle-
resolved reflectivity measurements show upper and LP branches within the DBR
stopband for all concentrations studied (Figure 9). Coupled-oscillator fits yield Rabi
splittings increasing from approximately 130 meV to over 400 meV with increas-
ing concentration, reflecting the increase in collective oscillator strength. Compar-
ison with silver-clad and sputtered-DBR reference cavities shows that the solution-
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processed DBR microcavities achieve similar coupling strengths, while avoiding the
material degradation observed during sputtering.
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Figure 9. Angle-resolved reflectivity spectra of the microcavity for two cavity detunings adapted
from Publication 2. (a,c) Reflectivity maps showing the hybridization of the cavity photon mode
E.av With the exciton resonance Ex, resulting in the lower (LP) and upper (UP) polariton branches.
The dashed lines represent CHOM fits to the data, and the square points mark the experimentally
extracted peak positions. (b,d) Reflectivity spectra at selected angles, highlighting the anticrossing
behaviour and the angular evolution of the polariton branches.

In DPAVB-based microcavities, strong exciton-photon coupling is evidenced by
the appearance of clear avoided crossings in angle-resolved reflectivity. As shown in
Figures 10(a,b), the cavity photon mode hybridizes with three distinct excitonic res-
onances of DPAVB (Ex1, Exs, and Ex3), resulting in the formation of four dispersive
polaritonic branches: the UP, two middle polariton branches (MP; and MPs), and
the LP.

CHOM of the measured dispersions reproduces the experimental reflectivity maps
and yields Rabi splittings of approximately 230 meV, 160 meV, and 130 meV for the
respective light—matter interactions, in agreement with previously reported values for
DPAVB-based microcavities. The observation of multiple well-resolved polariton
branches and their characteristic anticrossing behaviour provides clear experimen-
tal evidence of strong light-matter hybridization in these fully solution-processed
microcavities.
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Figure 10. a) Angle-resolved reflectivity map of the DPAVB microcavity adapted from Publication
Il showing the formation of upper (UP), middle (MP,, MP3), and lower (LP) polariton branches
resulting from strong coupling between the cavity mode E. and multiple excitonic resonances Ex 1
and Ex 2. The dashed lines correspond to CHOM fits and the solid lines corresponds to a cavity
mode and exciton resonences. (b) Reflectivity spectra at selected detection angles confirming the
anticrossing behaviour and the evolution of the UP, MP, and LP branches with angle.
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Figure 11. Angle-resolved reflectivity maps of the TDAF microcavity for three cavity detunings
adapted from Publication IV. The coupling between the cavity photon mode E.., and the TDAF
exciton resonance FE.x leads to the formation of UP and LP polariton branches, as evidenced by
the clear anticrossing behaviour. The dashed lines correspond to the uncoupled exciton and cavity
dispersions, and the crosses indicate the experimentally extracted reflectivity minima used for
CHOM analysis.

Publication IV employed strong coupling as a controlled platform to investigate
electroluminescence dynamics in an operational OLED rather than to demonstrate
new polaritonic eigenstates. Polaritonic OLEDs (POLEDs) based on neat TDAF
films were fabricated in bottom-emitting microcavity architectures, with the LP en-
ergy systematically tuned to 2.95, 2.83, and 2.67 eV by varying the cavity thick-
ness. Angle-resolved reflectivity measurements reveal clear anticrossings for all de-
vices (Figure 11), and CHO fits yield Rabi splittings of 0.92, 0.88, and 0.96 eV for
POLED 1-3, respectively, in agreement with previous reports on TDAF under strong
coupling. Notably, even for the most negatively detuned device, where the LP lies at
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2.67 eV, the LP retains a substantial excitonic fraction of approximately 28%, con-
firming that strong coupling persists despite deep negative detuning. Taken together,
Publications I-IV demonstrate that strong light-matter coupling can be achieved re-
producibly in organic microcavities fabricated using solution-based methods and in-
tegrated device architectures. While strong coupling enables access to polaritonic
dispersion, high excitonic fractions, and nonlinear emission regimes, its impact on
intramolecular excited-state dynamics remains strongly system dependent and is not
necessarily manifested in delayed emission pathways. The results presented here
provide the experimental basis for the polariton lasing studies discussed in the fol-
lowing section, while also defining the practical limits of cavity-induced effects on
triplet-related processes in conventional fluorescent OLEDs.
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In this chapter, the fundamental concepts and experimental realization of strong
light—matter coupling in organic microcavities were presented. Starting from the
theoretical description of exciton—photon hybridization, the transition from the weak
to the strong coupling regime was discussed in terms of coherent energy exchange
between the cavity mode and the molecular exciton. The coupled oscillator frame-
work was introduced to describe the formation of the UP and LP branches, and the
appearance of a resolvable Rabi splitting was identified as the experimental signature
of strong coupling. Importantly, strong coupling is confirmed when the Rabi split-
ting exceeds the combined linewidths of the uncoupled exciton and cavity modes,
ensuring that the two polariton branches can be distinguished spectrally.

A range of microcavity architectures—including metal-clad, hybrid metal-DBR,
and fully solution-processed systems—were shown to satisfy this criterion using dif-
ferent organic emitters. The extracted Rabi splittings, extending from 170 meV to
beyond 900 meV, demonstrate that solution-processed microcavities can achieve cou-
pling strengths comparable to conventional vacuum-deposited devices. These find-
ings establish a solid experimental basis for the following chapters, where the focus
shifts from static strong coupling to dynamic phenomena such as polariton lasing
and coherent light emission.
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Note: This chapter presents the results reported in Publication III, focusing on po-
lariton lasing in solution-processed microcavities.

Unless otherwise stated, the theoretical background and equations discussed in this
chapter are based on standard formulations found in Refs. [48].

The achievement of strong light-matter coupling in solution-processed micro-
cavities, as discussed in the previous chapter, provides the foundation for realizing
coherent light emission through polariton lasing. Unlike conventional photon lasing,
which requires population inversion and stimulated emission, polariton lasing arises
from bosonic final-state stimulation, where exciton—polaritons undergo stimulated
scattering into the lowest-energy states of the LP branch. This nonlinear process en-
ables coherent light generation at significantly lower thresholds than photon lasing
and can occur at room temperature [63-65].

In this chapter, we demonstrate that entirely solution-processed organic micro-
cavities consisting of polymeric distributed Bragg reflectors and spin-coated active
layers that can sustain strong coupling and reach the nonlinear regime characteristic
of polariton lasing [30].

4.1 Photon lasing

Conventional photon lasing relies on three fundamental light-matter processes: ab-
sorption, spontaneous emission, and stimulated emission. When a photon with en-
ergy matching the electronic transition between two levels (Fo — Fy = hv) is
absorbed, an electron is excited from the lower level to the higher one. This ex-
cited electron can subsequently relax back to the ground state by emitting a photon.
In spontaneous emission, the photon is emitted randomly in phase and direction,
whereas in stimulated emission, an incident photon induces the emission of a second
photon that is coherent—identical in energy, phase, and propagation direction to the
first. This process assists the amplification of light in a laser medium.

To achieve sustained amplification, the rate of stimulated emission must exceed
that of absorption. This condition requires a population inversion, where the num-
ber of electrons in the excited state exceeds that in the ground state (No > Nj). In
thermal equilibrium, this situation does not naturally occur and must be achieved by
optical or electrical pumping. Once population inversion is established, photons gen-
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erated by stimulated emission are trapped between two mirrors forming a resonant
cavity. One of the mirrors is made partially transmissive, allowing a fraction of the
coherent light to escape as the laser output. Lasing begins when the gain provided by
stimulated emission compensates for all optical losses within the cavity, a condition
known as the lasing threshold.

The key signatures of photon lasing are a distinct threshold in the emission inten-
sity, spectral narrowing due to coherence buildup, and the selection of a single cavity
mode determined by the cavity length. Photon lasing therefore represents a regime in
which coherence arises through population inversion and stimulated emission within
a resonant optical cavity [41].

4.2 Photon vs. polariton lasing

While photon lasing relies on stimulated emission and inversion, polariton lasing
emerges in the strong light-matter coupling regime, where excitons and photons
hybridize into mixed quasiparticles, exciton—polaritons. These polaritons are bosons
that can accumulate in the lowest energy state via stimulated scattering, even without
population inversion [22, 26, 64, 65].

The key differences between photon and polariton lasing are summarized in Ta-

ble 1.

Table 1. Comparison between photon lasing and polariton lasing.

Property
Gain mechanism

Active species

Coupling regime
Threshold condi-
tion
Emission coher-
ence

Spectral behav-
ior
Linewidth evolu-
tion
Threshold power

Operation tem-

perature
Emission origin

30

Photon Lasing
Stimulated emission requiring
population inversion

Photons from electron-hole re-
combination

Weak exciton—photon coupling
Population inversion (No > N7)

Coherence established by cavity
feedback

Single lasing mode; no anticross-
ing

Abrupt narrowing at threshold
High (inversion required)

Limited by gain medium

Electronic transitions

Polariton Lasing

Stimulated scattering into a
macroscopically occupied polari-
ton state (no inversion)
Exciton—polaritons (hybrid light—
matter quasiparticles)

Strong exciton—photon coupling
Final-state stimulation above a
critical polariton density
Coherence from macroscopic oc-
cupation of a single polariton
state

Rabi-split polariton branches;
lasing from the LP branch
Progressive narrowing associated
with condensation

Low (bosonic stimulation; no in-
version)

Often room-temperature in or-
ganic systems

Emission from a polariton con-
densate on the LPB
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4.3 Polariton lasing

In the previous section, conventional photon lasing was described as a process re-
quiring population inversion and stimulated emission within an optical resonator. In
contrast, polariton lasing arises from a fundamentally different mechanism that does
not rely on population inversion. Instead, it is based on the macroscopic occupation
of a single quantum state by exciton—polaritons [65, 66].

4.3.1 Polariton condensation

Exciton-polaritons possess small effective mass, typically on the order of 104 m,
near zero in-plane momentum, owing to their strong photonic component. This ex-
ceptionally low mass enables polaritons to reach quantum degeneracy and undergo
condensation at temperatures far above those required for atomic Bose-FEinstein con-
densates, which normally require cryogenic cooling [63, 64]. The LP inherits its
dispersion primarily from the photonic component. To a good approximation, its
effective mass scales inversely with the photonic fraction:
_Mph_

|Cph‘27

where mpy, is the cavity photon effective mass and |C’ph\2 is the photonic Hopfield
coefficient.

In organic semiconductors, the large exciton binding energy and strong oscillator
strength of Frenkel excitons further facilitate polariton condensation at or near room
temperature [22, 26, 58].

Following non-resonant optical excitation, polaritons are initially created at high
energies on the LP. Through interactions with phonons and the exciton reservoir,
they redistribute toward lower-energy states near k = 0. This relaxation is not a true
thermalisation process as typically required for Bose—FEinstein condensation, but is
instead driven by stimulated scattering (bosonic final-state stimulation), which pref-
erentially populates the lowest polariton states at sufficiently high excitation densi-
ties.

As the pump power increases, the polariton density rises. When the average
interparticle distance becomes comparable to the polariton de Broglie wavelength,

h

\/ 27rmp01k:BT’

the system approaches the critical density for condensation, given approximately by

neAy ~ 1. (33)

(€29)

mrLp ~

AdB = (32)

At this point, the polariton wavefunctions overlap significantly, and quantum statis-
tics begin to dominate their behavior. Bosonic final-state stimulation enhances scat-
tering into the already occupied lowest-energy state that leads to a rapid build-up
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of population at £ ~ 0. This marks the formation of polariton condensation, in
which a macroscopic number of particles occupy the same quantum state. It should
be noted that polariton condensation is a non-equilibrium process and not a true
Bose-Einstein condensate, since polaritons have a finite lifetime and require contin-
uous optical pumping to maintain a steady-state population [66].

Above threshold, the condensate emits a bright, spectrally narrow, and tempo-
rally coherent light field known as polariton lasing. Unlike conventional photon
lasing, this coherence emerges without population inversion, arising instead from
spontaneous phase locking and collective occupation of the ground state. Experi-
mentally, condensation is identified by a nonlinear increase in emission intensity,
spectral line narrowing, and the appearance of long-range spatial and temporal co-
herence [22, 26, 63, 64].

4.3.2 Signatures of polariton lasing

Polaritons provide a lasing pathway in the strong-coupling regime, where coherent
emission arises from stimulated scattering into the lowest-energy states of the LP
branch, without requiring population inversion. In practice, polariton lasing is iden-
tified by a combination of signatures: a clear nonlinear threshold in LPB emission
intensity accompanied by linewidth narrowing, a redistribution of emission toward
low in-plane momentum (k) ~ 0), and the persistence of polaritonic emission (i.e.,
retention of strong coupling) above threshold [22, 26, 63, 65]. Additional supporting
evidence can include the build-up of first-order coherence and characteristic nonlin-
ear energy shifts of the LPB under increasing excitation density.

4.4 Polariton lasing in fully solution-processed micro-
cavities

Organic polaritons offer an alternative route to coherent light generation that can
operate at room temperature and at comparatively low thresholds, enabled by strong
light—matter coupling in optical microcavities. A major practical limitation, however,
is that while many organic polariton lasers employ solution-processed emitters, the
cavity mirrors are typically fabricated using vacuum deposition, which increases cost
and limits scalability. Building on the fully solution-processed dielectric microcavity
platform introduced earlier, Publication 3 demonstrates that coherent nonlinear emis-
sion can be achieved in microcavities fabricated entirely by solution-based methods,
establishing a scalable route toward low-cost polaritonic devices.

The devices investigated in Publication 3 are fully solution-processed organic
microcavities consisting of polymeric distributed Bragg reflectors (TiOH/PVA and
Nafion) and a spin-coated organic emitting layer. The cavity design supports strong
light—matter coupling under non-resonant optical excitation, enabling access to the
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nonlinear emission regime characteristic of polariton lasing. The samples were ex-
cited non-resonantly at 380 nm, and the emission was characterized using angle-
resolved and real-space microspectroscopy, as described in Chapter 6.
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Figure 12. Evolution of emission intensity (black circles) and linewidth (blue squares) as a function
of excitation fluence for a fully solution-processed microcavity adapted from Publicaiton Ill. A clear
threshold is observed near ~10 pJ/cm?, marking the onset of polariton lasing. Above threshold,
the emission intensity exhibits a nonlinear increase, while the linewidth collapses, indicating the
onset of temporal coherence and macroscopic occupation of the ground polariton state.

Under non-resonant optical excitation at room temperature. The devices ex-
hibit a clear nonlinear emission threshold at an absorbed fluence of approximately
20 wJcm~2, accompanied by a pronounced narrowing of the LP linewidth and a
macroscopic occupation of states near k| ~ 0. Below threshold, the emission fol-
lows the LP dispersion and increases linearly with pump fluence, while above thresh-
old a superlinear intensity increase and linewidth reduction to less than ~1 meV are
observed, marking the onset of coherent polariton emission (Figure 12).
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Figure 13. Angle-resolved emission maps at (d) 1.2P;, and (e) 9P, adapted from Publicaiton IlI.
With increasing excitation power, the polariton emission exhibits a continuous blueshift and
redistribution toward higher in-plane momenta, while remaining on the LP branch dispersion (white
dashed line). The persistence of the LPB and absence of mode collapse confirm that lasing occurs
in the strong coupling regime.
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Angle-resolved measurements in Figure 13 show that, above threshold, the emis-
sion remains on the LP branch and does not shift to the bare cavity mode or to exciton
emission [65, 66]. With increasing excitation density, the polariton emission exhibits
a small blueshift and gradually redistributes toward finite in-plane momenta. At high
pump powers, this redistribution results in symmetric emission at off-normal angles,
forming a characteristic momentum-space pattern while strong coupling is preserved.
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Figure 14. Real-space interferograms obtained in a Michelson interferometer configuration at (a)
1.1Py and (b) 4.5P;, adapted from Publicaiton 1ll. Just above threshold, well-defined interference
fringes indicate the formation of a spatially coherent polariton condensate. At higher excitation
fluences, fringe visibility decreases due to increased interactions and phase fluctuations within the
condensate.

The important feature of polariton lasing is the emergence of long-range spatial
coherence above threshold [22, 26, 64]. To probe this, a Michelson interferometer in
the retro-reflector configuration was used, in which the cavity emission is overlapped
with a spatially inverted replica of itself. Above the lasing threshold, high-contrast
off-axis interference fringes appear, demonstrating the build-up of first-order spa-
tial coherence and the macroscopic occupation of the k£ ~ 0 polariton mode in the
solution-processed microcavity (Figure 14). The coherence extends across the ex-
citation area and weakens at higher excitation densities, consistent with increased
polariton—polariton interactions.

Real-space imaging shows that the condensate dynamics change with increasing
pump power Figure 15 (a,b,c). Below threshold, the emission follows the Gaus-
sian profile of the excitation beam. At threshold, the emission becomes localized
at the center of the pump spot, while at higher excitation densities it redistributes
outward, forming an annular emission pattern. Spatially resolved input—output mea-
surements shown in Figure 15 (d) indicate that the emission at the pump center satu-
rates, whereas regions farther from the center continue to increase in intensity. The
observed annular emission pattern may arise from a repulsive interaction between the
polariton population and the exciton reservoir, which could drive polariton emission
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away from regions of high exciton density. Such spatial redistribution may reduce
local exciton saturation at the pump centre and thereby help preserve the strong-
coupling regime at elevated excitation fluences. Similar outward polariton flow and
annular intensity distributions have been reported previously in inorganic polariton
systems, such as GaAs and ZnO microcavities, typically under spatially structured
or ring-shaped excitation conditions [67]. In the present case, however, the annular
lasing emerges under uniform, non-structured excitation, suggesting that a different
mechanism may contribute to the observed behaviour. Control experiments exclude
material degradation, indicating that the spatial redistribution is an intrinsic feature
of the polariton emission in these structures. A detailed quantitative analysis of the
underlying reservoir-polariton dynamics is beyond the scope of the present work.
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Figure 15. Real-space evolution of the polariton condensate under Gaussian pumping at different
excitation powers adapted from Publicaiton lll. (a—c) Below threshold (0.9P;,), the emission follows
the pump profile; just above threshold (1.4P;,), the condensate localizes at the center; and at high
excitation (9.4 Py,), the emission redistributes outward to form an annular profile. (d)
Power-dependent emission intensity extracted at increasing radial positions from the pump center.
The central region saturates at high fluence, while off-center positions brighten with higher effective
thresholds, consistent with outward flow driven by repulsive polariton—reservoir interactions.

In addition to coherence and macroscopic occupation of the ground state, ther-
malization of the polariton population provides further evidence for the formation of
a condensate [65, 66]. For this, we analyse of the high-energy tail of the emission
spectra that reveals a progressive cooling of the polariton population with increas-
ing excitation density, with effective temperatures decreasing from approximately
480 K to near room temperature. This behavior indicates efficient energy relaxation
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and quasi-thermalization of the condensate, driven by density-dependent scattering
processes.

Taken together, these observations establish polariton lasing and condensate for-
mation in microcavities fabricated entirely by solution-based methods. They high-
light strong light—matter coupling as a key enabler of coherent emission in fully
solution-processed vertical microcavity architectures. More broadly, these results
show that simple and energy-efficient fabrication routes, when combined with appro-
priate material selection, can access new regimes of polariton behavior and provide
a scalable platform for future classical and quantum photonic devices.
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Figure 16. Thermalization of the polariton condensate adapted from Publicaiton Ill. (a—c)
Real-space emission profiles at excitation powers of ~3.3P,, ~5.3P,, and ~13.1Py,. (d-f)
Corresponding emission spectra with Maxwell-Boltzmann fits (gray dashed lines), showing
effective temperatures of 480 K, 436 K, and 341 K, respectively. The progressive cooling of the
polariton distribution with increasing pump fluence evidences quasi-equilibrium condensation and
efficient energy relaxation within the polariton ensemble.
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In this chapter, we have demonstrated the realization of polariton lasing in fully
solution-processed organic microcavities, highlighting the potential of low-cost, scal-
able fabrication for coherent light generation at room temperature. Building upon
the theoretical framework of exciton—polariton condensation, we identified clear ex-
perimental signatures of polariton lasing, including nonlinear emission intensity,
linewidth narrowing, energy blueshift, momentum-space condensation, coherence
build-up, and thermalization. The persistence of strong coupling above threshold
confirmed that lasing occurred within the polaritonic regime rather than through
conventional photon lasing. Furthermore, real-space imaging revealed rich con-
densate dynamics, such as outward redistribution and annular flow driven by po-
lariton—polariton repulsion, underscoring the complex interplay between interac-
tions and spatial confinement in organic systems. Together, these results estab-
lish solution-processed microcavities as a versatile and robust platform for studying
nonequilibrium condensates and advancing polariton-based photonic technologies.
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5 Polariton optoelectronics

Note: This chapter summarizes the work presented in Publications IV and V, which
investigate microcavity OLEDs and polariton-mediated excitonic processes.

The field of polariton optoelectronics seeks to merge the physics of strong light-matter
coupling with the functionality of organic semiconductor devices. As discussed ear-
lier, organic materials offer remarkable flexibility in tailoring electronic and optical
properties through molecular design and synthetic chemistry, enabling the realization
of a new class of emitters, photodetectors, and lasers [33, 66]. In particular, OLEDs
have transformed modern display and lighting technologies [51, 68-70].

Understanding the nature of electronic excitations in organic semiconductors is
therefore essential to linking fundamental excitonic processes with polaritonic and
device-level phenomena. This chapter introduces the electronic excited states in or-
ganic molecules, emphasizing the formation and dynamics of singlet and triplet ex-
citons, and discusses their significance in the operation and efficiency of OLEDs.

5.1 Organic Light—Emitting Diodes (OLEDS)

OLEDs are among the most prominent applications of organic semiconductors, ow-
ing to their low fabrication cost, flexibility, and ability to cover the full visible spec-
trum [32, 68, 70, 71]. Their operation relies on the recombination of electrons and
holes in an emissive organic layer to generate excitons, which subsequently decay
radiatively to emit photons.

5.1.1 Device structure and operation

A typical OLED consists of a multilayer structure deposited between two electrodes:
a transparent anode (often indium tin oxide, ITO) and a reflective cathode (typically
aluminium, silver, or a low-work-function alloy) [72, 73]. Between these electrodes,
several organic layers are stacked to facilitate charge injection, transport, and recom-
bination [71, 74]. A common configuration includes:

* a hole-injection layer (HIL) to assist hole injection from the anode,
* a hole-transport layer (HTL) to convey holes toward the emissive region,

* an emissive layer (EML) where recombination and light emission occur,
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* an electron-transport layer (ETL) to deliver electrons toward the EML,

* and sometimes an electron-injection layer (EIL) to facilitate charge transfer
from the cathode.
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Figure 17. Schematic structure and charge transport in a multilayer OLED. (a) Layer arrangement
of a typical OLED device, consisting of a HTL, an EML, and an ETL sandwiched between two
electrodes. (b) lllustration of charge injection and recombination: holes (gray circles) are injected
from the anode and transported through the HTL, while electrons (red circles) are injected from the
cathode and transported through the ETL. Charge carriers meet and recombine in the EML to form
excitons that subsequently emit light.

When a bias voltage is applied across an OLED, electrons are injected from
the cathode into the ETL, while holes are injected from the anode into the HTL.
These transport layers facilitate the movement of charge carriers by providing en-
ergetically favorable pathways and blocking the opposite charge to ensure efficient
confinement. Electrons drift through the ETL toward the EML, while holes migrate
through the HTL in the opposite direction. At the HTL/EML and ETL/EML inter-
faces, energy level alignment enables efficient carrier injection into the EML, where
electrons and holes meet to form bound electron—hole pairs (excitors). Exciton for-
mation and recombination occur primarily within the EML, whose composition and
thickness are engineered to maximize radiative recombination and minimize losses
[69, 71]. Additional layers, such as hole-blocking layers (HBL) or electron-blocking
layers (EBL), may be incorporated to prevent carriers from leaking out of the emis-
sive region, thereby improving charge balance and device efficiency. The radiative
decay of excitons within the EML produces photons, which propagate through the
device stack and are extracted as visible light.

5.1.2 Efficiency parameters

The efficiency of an OLED is typically quantified in terms of its internal and external
quantum efficiencies. The internal quantum efficiency (IQE) describes the ratio of
emitted photons to injected charge carriers within the device:

MQE = Nr X NMPLQY X 7ST, (34)
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where 7, is the charge-balance factor, npr,qy is the photoluminescence quantum
yield of the emissive layer, and ngr represents the fraction of excitons that can de-
cay radiatively (25% for fluorescent emitters and up to 100% for phosphorescent or
TADF systems) [51, 75-77].

However, not all generated photons escape the device due to optical losses caused
by total internal reflection and waveguiding within the organic layers. The external
quantum efficiency (EQE) accounts for this outcoupling efficiency (1out):

NEQE = MQE X Nout- (35)

In conventional planar OLEDs, 74y is typically around 20-30% [71, 78], meaning
that even highly efficient emissive systems can lose up to 70-80% of the generated
light to trapped modes.

5.2 Molecular orbitals and electronic excitation

In molecules, atomic orbitals (AOs) from the constituent atoms combine to form
molecular orbitals (MOs) through the linear combination of atomic orbitals (LCAO)
principle [79]. When two atomic orbitals, 14 and ¢ g, overlap, they form a bonding
and an antibonding orbital:

wbonding = wA + wBa wantibonding = wA - wB- (36)

Constructive interference increases electron density between the nuclei and stabilizes
the bonding orbital, whereas destructive interference creates a node and results in a
higher-energy antibonding orbital.

Electrons fill these orbitals according to the Pauli exclusion principle and Hund’s
rule. The Pauli exclusion principle states that no two electrons can possess the same
set of quantum numbers (n, [, m;, m); therefore, each orbital can hold at most two
electrons with opposite spins. Hund’s rule dictates that in degenerate orbitals, elec-
trons occupy separate orbitals with parallel spins to minimize Coulomb repulsion.

The highest occupied molecular orbital (HOMO) is the uppermost filled orbital,
while the lowest unoccupied molecular orbital (LUMO) is the lowest available empty
orbital. The energy difference between them,

Equp = Erumo — Enomo, 37

defines the optical bandgap and strongly influences the absorption and emission spec-
trum of the molecule [74].

When a photon of energy hv > Eg,, is absorbed, an electron is promoted from
the HOMO to the LUMO, leaving behind a hole. The electron and hole remain
bound by Coulomb attraction, forming a neutral quasiparticle known as an exciton.
The formation and relaxation of such excitons underpin the photophysical behaviour
of organic semiconductors, OLEDs, and polaritonic microcavities [74, 79].
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5.3 Singlet and triplet excited states

Photoexcitation in organic semiconductors promotes an electron from the HOMO to
the LUMO, creating a Coulomb-bound electron—hole pair known as an exciton. Due
to the low dielectric constant of organic materials, these excitons are tightly bound
(~0.5-1 eV) and typically localized on individual molecules [74, 79].

Depending on the relative spin alignment of the electron and hole, two distinct
excited-state manifolds can be formed:

* Singlet excitons (S = 0): Spins are antiparallel, resulting in a total spin of
zero. Radiative decay to the ground state is spin-allowed, giving prompt fluo-
rescence with lifetimes on the nanosecond scale [74, 79].

* Triplet excitons (S = 1): Spins are parallel, giving rise to three degenerate
substates (Mg = —1,0,41). Radiative decay is spin-forbidden, leading to
long lifetimes (microseconds—milliseconds) and dominant non-radiative decay
channels unless strong spin—orbit coupling enables phosphorescence [77].

The formation statistics depend on the excitation mechanism. Under optical ex-
citation, photon absorption preserves spin, and the initially formed state is a singlet
exciton; triplets arise only via ISC [79]. Because optical excitation preserves spin,
triplet excitons do not form directly but only through ISC, typically with rates rang-
ing from picoseconds to nanoseconds depending on molecular structure [74, 80].
Under electrical excitation, electron—hole capture is spin random and produces a sta-
tistical 1:3 ratio of singlet to triplet excitons:

Ps:Pr=1:3. (38)

which imposes a 25% upper limit on the internal quantum efficiency of purely fluo-
rescent OLEDs [81].

5.4 Relaxation mechanisms in organic semiconductors

Once an exciton is formed, it may relax through several radiative and non-radiative
pathways, which are summarized in the simplified Jablonski diagram in Figure 18.
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Figure 18. Simplified Jablonski diagram showing the key relaxation pathways of singlet and triplet
excitons in organic semiconductors, including fluorescence, internal conversion (IC), vibrational
relaxation, ISC, RISC and phosphorescence.

Singlet excitons (57) may decay directly to the ground state (Sp) via prompt flu-
orescence on nanosecond timescales, or undergo non-radiative internal conversion
(IC) [79]. Triplet excitons (17), formed either through ISC or via electrical excita-
tion, are spin-forbidden from returning directly to Sy, resulting in long lifetimes (mi-
croseconds—milliseconds) and dominant non-radiative decay unless additional mech-
anisms intervene [77].

Several pathways allow triplet excitons to contribute to delayed light emission:

* Phosphorescence: In heavy-metal complexes (e.g. Ir(II), Pt(Il)), strong spin—orbit
coupling (SOC) relaxes the spin selection rule and enables radiative decay
from 77 — Sp. This mechanism enables nearly 100% internal quantum effi-
ciency in phosphorescent OLEDs [51, 77].

* Thermally Activated Delayed Fluorescence (TADF): In donor—acceptor molecules
with a small singlet-triplet energy gap (A Egr), thermal activation can return
triplet excitons to S through RISC, leading to delayed fluorescence without
heavy atoms [75, 76]. The gap is determined mainly by the electron-hole ex-
change interaction:

AFEgr = 2J, (39)

where J is minimized by spatially separating HOMO and LUMO wavefunc-
tions [75, 76].
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* Triplet-Triplet Annihilation (TTA): Two triplet excitons may interact to pro-
duce one higher-energy singlet exciton:

T + T — 51+ So,

resulting in delayed fluorescence with a maximum theoretical efficiency of
50%. TTA is prominent in materials with long triplet lifetimes and high triplet
densities [51, 80].

» Trap States Delayed Emission: Triplets can be transiently captured at defect
sites and later released, producing weak long-lived emission. While generally
undesirable, such processes can influence recombination dynamics in disor-
dered organic films [80].

The characteristic rates of these processes span many orders of magnitude, from
sub-picosecond internal conversion to millisecond-scale phosphorescence. Table 2
summarizes the typical timescales associated with key radiative and non-radiative
pathways in organic semiconductors [74, 77, 79, 80].

Table 2. Typical timescales of relaxation pathways in organic semiconductors.

Process Mechanism Typical Timescale
Prompt fluorescence | S1 — Sy (radiative) 0.1 -10ns

IC S1 — Sy (non-radiative) 100 fs - 10 ps

ISC ST — 1T 1 ps- 100 ns
Phosphorescence T1 — Sy (radiative) 1 ps - 10 ms
Reverse ISC (RISC, | T} — 51 100 ns - 100 us
TADF)

Triplet-triplet annihi- | 77 + 77 — Sy us - ms (density de-
lation (TTA) pendent)

Delayed fluores- | S1 — Sy (radiative) 100 ns - ms

cence (TADF/TTA)

Trap-state emission | Defect-bound excitons us - seconds

These competing radiative and non-radiative channels govern the usable exciton
population in OLEDs, polaritonic microcavities, and other organic optoelectronic
systems. Understanding how to either harvest or suppress triplet states is therefore
central to the design of high-efficiency organic emitters and devices.

The prospect of using strong light—matter coupling to reshape molecular en-
ergy landscapes has motivated extensive research into polariton chemistry, where
the hybridization between excitons and confined photons creates new eigenstates
that may influence photophysical rates [13, 32-39]. One process of particular rele-
vance to OLEDs is RISC, in which triplet excitons convert into singlets. In principle,
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tuning the LP energy relative to the molecular triplet level could modify the ener-
getic driving force for such transitions, thereby altering delayed emission dynamics.
However, the collective nature of strong coupling in organic films means that any
polariton-induced modification of intramolecular processes may be strongly diluted
at the single-molecule level [34, 35]. Moreover, most prior studies probing polari-
ton effects on RISC have been performed under optical excitation in TADF emitters,
where intrinsically fast triplet harvesting often obscures subtler cavity-induced influ-
ences [32-35].

Publication IV therefore investigates a complementary regime: electrically driven
POLEDs based on a purely fluorescent emitter, TDAF, which has a large singlet—triplet
splitting (AEg, 7, ~ 0.8 eV) rendering RISC negligible [75, 76]. Electrical injec-
tion naturally generates a 3:1 ratio of triplets to singlets, providing a substantial triplet
reservoir directly within the device. TDAF is also an ideal material for this study due
to its high oscillator strength—enabling Rabi splittings near 0.9 eV—and its am-
bipolar transport, which allows the emitting layer to be placed directly between the
charge injection layers, producing a simple and uniform OLED microcavity structure
(Figure 19).

Figure 19. Cross-sectional architecture of the POLED, consisting of a bottom mirror
contact/MoQO3/TDAF/LiF/top mirror contact adapted from Publicaiton IV.

Three POLEDs were fabricated in which the TDAF thickness was varied to tune
the LP energy progressively toward the molecular triplet level. Angle-resolved re-
flectivity confirmed ultrastrong coupling, with vacuum Rabi splittings of 0.92, 0.88,
and 0.96 eV (Figure 20). The large splitting ensures that the LP maintains substan-
tial excitonic character even under strong negative detuning, a prerequisite for any
potential polariton—triplet interaction.
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Figure 20. Angle-resolved reflectivity for three microcavity OLEDs with progressively increasing
negative detuning adapted from Publicaiton IV. Dark dispersive bands correspond to the LP and
UP polariton branches. The dashed blue line marks the bare cavity mode wcav, While the dashed
white line indicates the exciton energy wex. Dashed curves show coupled-oscillator fits. From (a) to
(c), increasing negative detuning lowers the LP energy (2.95, 2.83, and 2.67 eV at normal
incidence), shifting the LP closer to the triplet.

To probe whether aligning the LP energy with the triplet manifold influences
excited-state dynamics, time-resolved electroluminescence (TREL) was performed
under pulsed electrical excitation. A reference OLED with an ITO anode was first
examined. Its EL decay exhibited a delayed component dominated by trap-assisted
emission rather than TTA or TADF, consistent with the absence of efficient RISC in
TDAF (Figure 21). This established a baseline against which the polaritonic devices
could be compared .

— TTA — TADF — TE

10°
107" ¢
10—2 L

1073 t

EL counts (a.u.)

1074 & : : : :
0 200 400 600 800 1000

t (us)

Figure 21. Adapted from Publicaiton IV, semi-logarithmic time-resolved electroluminescence
(gray) recorded after bias turn-off, together with rate-equation fits decomposed into contributions
from thermally activated delayed fluorescence (TADF, green), triplet—triplet annihilation (TTA, red),
and trap-assisted emission (TE, blue). The fit indicates that trap emission dominates the delayed
component.

TREL measurements of the three POLEDs revealed that the delayed electrolumi-
nescence traces are essentially unchanged across devices, despite systematically re-
ducing the LP—triplet energy separation (Figure 22). This behavior persisted across a
wide current range (30-150 mA.cm™?2), with only minor current-dependent quench-
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ing effects. Rate-equation modelling showed that the delayed EL in all devices is
dominated by trap-state recombination, with no evidence for a TADF-like channel
(triplet—LP—singlet) or a direct trap—LP transition. Within the resolution of the

experiment, strong coupling does not measurably alter triplet-harvesting pathways in
TDAF.

(a) (b)

100 -

POLED 3

— 30.73 mA/cm?
63.50 mA/cm?
105.00 mA/cm?
148.20 mA/cm?

J=90 mA/cm? |

— POLED 1
—— POLED 2
— POLED 3

_\
S

EL counts (a.u.)
=)
o

-
2
w

_\
2
L

) @Q Q q,QQ S %QQ \QQQ\%QQ
t(ps)

Figure 22. Time-resolved electroluminescence (TREL) following bias turn-off adapted from

Publicaiton IV. (a) Decay traces for POLEDs 1-3 measured at an injection current of ~ 90 mA cm—2

exhibit nearly identical delayed-emission profiles despite their different detunings. (b) TREL of

POLED 3 recorded at 30.7, 63.5, 105.0, and 148.2 mA cm~2; dashed lines show rate-equation fits.

The long-time decay tail varies only weakly with current, with modest quenching observed at
higher drive levels.

These results indicate that, although strong coupling is robustly achieved, tuning
the LP near the triplet manifold does not modify delayed emission dynamics in this
fluorescent emitter. A likely explanation is the collective nature of polaritons: the
photonic component is delocalized over N molecules, reducing its effective interac-
tion with any individual triplet or trap state by a factor ~ 1/N [34, 35]. As a result,
even when energetics appear favorable, cavity-assisted triplet harvesting remains too
weak to detect.

Overall, Publication IV demonstrates that in electrically driven POLEDs based
on TDAF, strong coupling substantially reshapes the photonic environment yet does
not induce observable modifications to triplet population dynamics. Whether polari-
tons can influence triplet behavior more broadly remains an open question and will
likely require systematic studies using emitters with intrinsically slow or tunable
RISC, well-defined TTA pathways, or strongly localized triplet states.

5.5 Metal-clad microcavity engineering for single-component
white OLEDs (WOLEDs)

OLEDs are central to modern display and lighting technologies, yet their widespread
adoption in solid-state lighting remains constrained by fabrication complexity, colour

46



Polariton optoelectronics

instability, and reliance on transparent electrodes such as indium-tin oxide (ITO).
Conventional WOLEDs typically employ multiple emitter (red, green, and blue) ei-
ther spatially separated or blended, requiring precise control of exciton distribution
and often exhibiting colour drift due to differential aging of the emitters. Single-
component WOLEDs circumvent these challenges, but they rely on synthetically de-
manding emitters with multi-resonant or aggregation-induced emission and remain
rare in practice. These limitations motivate alternative strategies that use photonic en-
gineering, rather than molecular design, to achieve broadband white emission from
a single, efficient blue emitter.

<\, Emission

Figure 23. (a) Schematic illustration of the Al-clad microcavity OLED used for spectral
engineering of a neat DMAC-DPS emitting layer adapted from Publicaiton V. The architecture
consists of an Al bottom electrode, MoO3 hole-injection layer, mCP hole-transport layer,
DMAC-DPS emitter, DPEPO electron-transport layer, and a thin Al/ LiF top electrode. The
combination of a weak cavity mode and surface plasmon polariton (SPP) modes at the
metal/dielectric interfaces redistributes the DMAC-DPS emission across the visible spectrum.

In Publication 5, we introduce a simple and scalable metal-clad microcavity ar-
chitecture as shown in Fig. 23 that converts the intrinsically blue electroluminescence
of the TADF emitter DMAC-DPS into spectrally tunable white light without using
ITO or multi-emitter systems. The device comprises a highly reflective 70 nm Al bot-
tom electrode, a neat DMAC-DPS emissive layer of adjustable thickness, standard
charge-transport layers, and an ultrathin 15nm Al top electrode acting simultane-
ously as the semi-transparent outcoupling mirror and the electrical cathode. DMAC-
DPS is an ideal platform for this approach due to its high internal quantum efficiency,
broad photoluminescence spectrum (420-650 nm), and established performance in
blue OLEDs. By varying the thickness of the DMAC-DPS layer, the effective cav-
ity length is tuned so that a weak cavity mode is placed at different regions of the
DMAC-DPS emission spectrum, enabling controlled spectral redistribution via cav-
ity filtering and radiative-rate modification.
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Figure 24. Optical and electrical performance of reference and microcavity WOLEDs adapted
from Publicaiton V. (a) Normalized experimental electroluminescence (EL) spectra of the reference
BEOLED and microcavity WOLEDs with warm (dgyr, = 55 nm) and cool (dgyr, = 75 nm)
emission. (b) External quantum efficiency nrqg (filled circles) and luminous efficacy (open circles)
as a function of luminance for the warm and cool WOLEDs. (c) Luminance as a function of applied
voltage for the warm (dgnr = 55 nm) and cool (dgnvr, = 75 nm) WOLEDs. (d,e) Contour plots of
normalized angle-resolved electroluminescence for the (d) warm and (e) cool WOLEDs. The
dashed white lines indicate the emission angles at which the relative spectral shift A\ reaches 1%.

Using the DMAC-DPS structure previously optimized for high efficiency [75],
we first demonstrate cavity-enhanced narrowband blue emission (500 nm, FWHM
40 nm, EQE 14%) and green emission (555 nm, EQE 10%). Increasing the emissive-
layer thickness further detunes the cavity resonance toward the red tail of DMAC-
DPS, producing broadband white emission from a single emitter. Devices with 55 nm
and 75 nm emissive layers yield warm (CCT 3790 K) and cool (CCT 4440-5050 K)
white spectra with FWHM values up to 190 nm Fig. 24 (a), and external quantum
efficiencies of up to 4.7% as shown in Fig. 24 (b,c). The white emission remains
highly angle-stable, with chromaticity variations below 3% over viewing angles ex-
ceeding +40° (Figure 24(d,e)), a notable advantage over multi-emitter WOLEDs
where spectral balance depends sensitively on current density and recombination
pathways.

The underlying spectral broadening originates from the combined action of a
low-(@) cavity mode and surface plasmon polariton (SPP) modes supported by the
thin Al electrodes. Optical simulations using a classical dipole model and TMM
reproduce the measured spectra with excellent agreement (Fig. 25a) and reveal that
cavity filtering (via the outcoupling function P,,;())) and radiative-rate enhance-
ment (EF())) jointly determine the final electroluminescence. Transient photolu-
minescence measurements shown in Fig. 25(b,c,d) support this interpretation: the
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prompt lifetime of DMAC-DPS decreases from 20.2 ns in a neat film to 17.3 ns in the
warm-white microcavity OLED, consistent with moderate radiative-rate enhance-
ment, while the delayed lifetime is also shortened (1.4 us vs 2.4 us), which attribute
to increased triplet quenching in the device environment.
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Figure 25. Calculated electroluminescence spectra and time-resolved photoluminescence
dynamicsadapted from Publicaiton V. (a) Calculated normalized electroluminescence spectra of
the top-emitting WOLEDSs, Tx1,()), obtained as Txr,(\) = Er(A) X Pout(A) x Bgr()), where
Bgyr,()) is the measured and normalized electroluminescence spectrum of the reference BEOLED.
(b) Transient photoluminescence (TRPL) decay of a DMAC-DPS neat film (blue) and the warm
WOLED (orange) under excitation at 370 nm, showing the prompt fluorescence component. (c)
Delayed photoluminescence decay measured for the same samples, revealing microsecond-scale
emission dynamics.The TRPL lifetimes in (b,c) were extracted from emission integrated over the
wavelength range 480-620 nm. (d) Prompt fluorescence decay detected at 430 nm for the
DMAC-DPS film and warm WOLED. Dashed lines represent double-exponential fits used to extract
the characteristic lifetimes.

Although the efficiency of these devices remains limited by absorption in the
ultrathin Al top electrode and charge imbalance for thicker DMAC-DPS layers, the
demonstrated architecture offers several advantages: it eliminates the need for ITO,
avoids multi-emitter complexity and achieves tunable, angle-stable white light emis-
sion with a single emissive material. Together, these results establish metal-clad
microcavities as a highly practical and material-efficient route to single-component
WOLEDs, providing new opportunities for large-area, low-cost, and sustainable
solid-state lighting technologies.
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In this chapter, we connected the fundamental excitonic processes of organic semi-
conductors with their behavior in optical microcavities and device architectures. Be-
ginning with the operation of OLEDs, we highlighted how charge injection, exciton
formation, and the balance between radiative and non-radiative pathways determine
device efficiency. A detailed examination of singlet and triplet excited states, along
with their relaxation mechanisms, established the framework necessary for under-
standing both conventional and polaritonic emission.

Building on this foundation, we explored how strong light-matter coupling can
reshape the photonic environment of an emitter. Through the study of TDAF-based
POLEDs, we examined whether tuning the LP toward the triplet manifold influences
electroluminescence dynamics. Although a delayed emission component emerged
in the microcavities, rate-equation analysis revealed that it originated from intrinsic
trap-state recombination rather than cavity-assisted triplet harvesting. Strong cou-
pling did not induce RISC or modify triplet behavior in this fluorescent system, un-
derscoring the need for broader material studies to establish whether polariton modes
can meaningfully influence triplet-related processes.

Finally, we demonstrated how optical engineering in the weak-coupling regime
can be used to tailor emission without altering molecular structure. By embed-
ding a neat DMAC-DPS film inside a metal-clad microcavity, we achieved single-
component, ITO-free WOLEDs through cavity- and SPP-mediated spectral redistri-
bution. The approach enables tunable white emission and simplified fabrication, re-
vealing how photonic architectures can complement molecular design in optimizing
device performance.

Together, these results illustrate how polariton physics and photonic engineering
offer powerful tools for modifying exciton dynamics, enhancing light extraction, and
shaping emission spectra in organic optoelectronics, while also highlighting open
questions surrounding triplet management under strong coupling.
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6 Materials and Experimental Methods

This chapter describes the materials, thin-film fabrication methods, microcavity as-
sembly procedures, and optical characterisation techniques used throughout this the-
sis. Emphasis is placed on solution-processed multilayer structures, organic emitters,
and the experimental setups required to investigate strong light—-matter coupling and
polariton dispersion. The theoretical principles behind key fabrication methods such
as dip coating and spin coating are also introduced to provide the physical basis for
the processing strategies adopted in this work.

6.1 Materials

A range of organic emitters with distinct photophysical properties were employed in
this work. Their selection was guided by spectral compatibility with the microcavity
design, film-forming behaviour, and suitability for solution or vacuum processing.
The following subsections summarise their key optical characteristics and the ratio-
nale for their use in the experimental studies, while detailed fabrication procedures
are presented later in this chapter.

Rhodamine 6G (R6QG)

Rhodamine 6G (R6G) is a xanthene-based fluorescent dye widely used as a bench-
mark emitter due to its high photoluminescence quantum yield (PLQY), strong ab-
sorption in the green spectral region, and excellent solubility in polar solvents [82].
Its broad absorption and emission spectra make it an ideal material for probing cavity
resonances and testing strong coupling conditions in solution-processed structures.
In this thesis, R6G was embedded in PVA to form smooth thin films with high opti-
cal quality. Because both R6G and PVA are water-soluble, they are not intrinsically
compatible with the aqueous dip-coating solutions used to deposit the DBR layers.
To ensure compatibility, the R6G/PVA films were encapsulated with a thin Poly-
TPD layer and then the sample edges were further sealed with UV-curable epoxy to
prevent solvent diffusion through the edges during top DBR fabrication.
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Figure 26. Absorption and emission spectra of Rhodamine 6G in a PVA matrix.

2,5-Bis[4-(diphenylamino)styryl]benzene (DPAVB)

DPAVB is a rigid, conjugated organic chromophore exhibiting strong 7—n* tran-
sitions in the blue—green spectral region [83]. It features high oscillator strength,
a narrow emission spectrum, and reduced non-radiative losses due to its structural
rigidity. These properties make DPAVB well suited for cavity—exciton coupling stud-
ies. In this work, DPAVB was blended with polystyrene (PS) to provide favourable
film morphology and thickness control during spin coating.
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Figure 27. Absorption and emission spectra of DPAVB in a polystyrene matrix.

2,8-Bis(diphenylamino)-9,9-dimethylfluorene (TDAF)

TDAF is a blue-emitting small molecule characterised by high PLQY and strong flu-
orescence originating from singlet excitons [84]. Its large bandgap and high triplet
energy render it suitable for use in both OLEDs and optical microcavities target-
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ing the blue spectral region. In this thesis, TDAF was deposited via vacuum ther-
mal evaporation to produce high-quality, smooth films for integration into hybrid
metal—dielectric cavity structures.
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Figure 28. Absorption and emission spectra of a neat TDAF film.

DMAC/DPS (TADF emitter system)

The DMAC/DPS donor—acceptor system is a well-established thermally activated
delayed fluorescence (TADF) emitter pair. It consists of an electron-donating acri-
dine derivative (DMAC) and an electron-accepting sulfone (DPS). The small sin-
glet—triplet energy splitting (AFst ~ 0.1 eV) enables efficient RISC, allowing
triplet excitons to upconvert into emissive singlets [75]. This mechanism facilitates
nearly unity internal quantum efficiency, making DMAC/DPS attractive for examin-
ing the interplay between triplet harvesting and strong light—matter coupling.
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Figure 29. Absorption and emission spectra of a neat DMAC/DPS film.
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TiOH/PVA hybrid high-index material

Titanium oxide hydrate/poly(vinyl alcohol) (TiOH/PVA) hybrid thin films served as
the high-index material in the solution-processed DBRs. It was synthesized follow-
ing the protocol by Russo et al. [85] by slowly hydrolyzing 2.2 mL of TiCl4 into 20
mL of cold H2O in an ice bath to hinder the formation of TiO2 nanoparticles and
their aggregation. This cold solution was then combined 1:1 in volume with cold
aqueous PVA (e.g., 15 g/L) to create the TIOH/PVA hybrid solution described by
Bachevillier et al. [86]. The hydrolyzed titanium precursor forms a polymeric net-
work of Ti—O-Ti bonds interlinked with hydroxyl groups, which act as scattering
centers when uncontrolled but can be effectively suppressed through coordination
with PVA chains. The addition of PVA not only enhances the structural integrity of
the film but also provides uniform coverage, reduces cracking during drying, and en-
sures nanoscale thickness control across large areas. The optical constants extracted
from ellipsometry measurements are shown in Fig. 30.
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Figure 30. Refractive index n()\) and extinction coefficient k() of the TiIOH/PVA hybrid film.
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6.2 Fabrication techniques
6.2.1 Spin coating

TiOH/Nafion

(i (i) (i)

Figure 31. (a) Schematic of the fabrication sequence for a solution-processed
TiOH/Nafion—-DPAVB:PS-TiOH/Nafion microcavity. The TiOH/PVA and Nafion DBR stacks are first
prepared by solution processing (1,3), after which the organic emitter layer is deposited by spin
coating (2) and subsequently annealed on a hotplate (4). (b) Cross-sectional SEM image of the
resulting structure, showing the TiOH/Nafion DBRs and the spin-coated DPAVB:PS layer. (c)
lllustration of the spin-coating steps taken from Ref. [46]: (i) droplet deposition, (ii) spreading and
thinning of the liquid film under rotation, and (jii) formation of a uniform solid film after solvent
evaporation.

Spin coating was used to fabricate the organic emitter layers employed in publica-
tions I and III and DBRs in publication III. The overall process for integrating these
layers into the solution-processed microcavities is illustrated in Fig. 31(a). The film
formation sequence is sketched in Fig. 31(c). A liquid initially wets the substrate
(i), then spreads and thins under the action of centrifugal forces during rotation (ii),
and finally forms a uniform solid film after solvent evaporation (iii). The final film
thickness is mainly controlled by the spin speed and follows the empirical scaling

h x Vw, (40)
55



Hassan Ali Qureshi

where h is the film thickness and w the angular rotation rate. Although solution vis-
cosity, solute concentration, and solvent volatility also affect the outcome, adjusting
the spin speed provides the most straightforward and reproducible way to tune film
thickness in practice. Spin coating yielded smooth, homogeneous layers enabling
the fabrication of high-quality microcavities. The specific processing parameters
used for each material system are summarised in Table 3.

Table 3. Spin-coating parameters used for the fabrication of organic emitter layers in this thesis.

Material Solvent / Host | Conc. | Speed | Time (s) | Annealing | Type
(mg/mL) (rpm)
Rhodamine 6G | Methanol /|1 2500 50 80°C / 2 | Static
PVA min
Rhodamine 6G | Methanol /13 2700 50 80°C / 2 | Static
PVA min
Rhodamine 6G | Methanol /15 3000 50 80°C / 2 | Static
PVA min
PolyTPD Chlorobenzene | 5 5000 50 100°C /10 | Dynamic
min
DPAVB Toluene / PS 20 2000 40 60°C / 2 | Dynamic
min
TiOH Water / PVA XX 4500 40 80°C / 2 | Static
min
Nafion IPA XX 4500 40 80°C / 2 | Dynamic
min

6.2.2 Dip coating

Dip coating was used to fabricate the TIOH/PVA and Nafion layers that form the
solution-processed DBRs. The process is illustrated in Fig. 32(a), where the sub-
strate is immersed into the precursor solution, withdrawn at a controlled speed, and
subsequently annealed to remove residual solvent. A thin liquid film remains on the
substrate during withdrawal due to the balance between capillary forces and viscous
drag, as schematically shown in Fig. 32(c). After solvent evaporation, this forms a
uniform solid layer suitable for multilayer optical stacks.
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Figure 32. (a) Schematic of the dip-coating process for TIOH/PVA and Nafion layers, illustrating
immersion, withdrawal, and annealing steps. (b) Cross-sectional SEM of a solution-processed
DBR-R6G-DBR microcavity showing highly uniform TiOH/PVA—Nafion multilayers. (c) The
process of dip coating taken from taken from Ref. [46]. Flow and force balance during withdrawal,
highlighting the roles of capillarity, viscous drag, and solvent evaporation.

In the draining regime relevant to this work, the final film thickness is governed
predominantly by the withdrawal speed and the viscosity of the coating solution.
Faster withdrawal produces thicker layers, whereas excessively high speeds may
lead to vertical thickness gradients; in such cases, increasing the solution viscos-
ity restores uniformity. The resulting TiIOH/PVA—Nafion multilayer DBRs exhibit
smooth interfaces and highly regular periodicity, as confirmed by the cross-sectional
SEM shown in Fig. 32(b). The specific processing parameters used in this thesis are
summarised in Table 4.

Table 4. Dip-coating parameters used for the fabrication of dielectric DBR layers in this thesis.

Material Solvent / Host Conc. Withdrawal | Annealing
(mg/mL) speed

TiOH/PVA Water / PVA 22 40 mm/min 80°C/ 1 min

Nafion IPA XX 40 mm/min 80°C/ 1 min
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6.3 Optical Characterisation
6.3.1 Fourier-space (k-space) and real-space microspectroscopy

A versatile optical microscope—spectroscopy platform was employed throughout this
thesis to perform real-space imaging, and k-space (Fourier-plane) spectroscopy for
reflectivity and PL of the samples. The same setup was used in Publications I and
II for reflectivity measurements, in Publication III for polariton PL and nonlinear
emission studies and in Publication IV and V for polariton EL studies.

Principle of k-space spectroscopy. Fourier-space spectroscopy exploits the angu-
lar information encoded in the far-field (FF) emission or reflection of a sample. In an
infinity-corrected microscope, the microscope objective maps each emission angle
onto a unique position in its back focal plane (BFP), such that the BFP represents the
angular—or equivalently momentum—distribution of the emitted light. The center
of the BFP corresponds to normal emission (# = 0°), while the radial coordinate
represents increasing emission angle up to the maximum collection angle defined by
the numerical aperture (NA) of the objective.

Because the magnitude of the photon wavevector in a medium of refractive index
n is k = nw/c, the in-plane momentum component is given by

nw
k= —sin6,
c

establishing a direct correspondence between emission angle and in-plane momen-
tum. Consequently, imaging the BFP provides direct access to the momentum-space
distribution of the optical modes.

In the Fourier-space configuration, the BFP is projected onto the entrance slit
of an imaging spectrometer. When the slit is nearly closed, a narrow cut through
the Fourier plane is selected, corresponding to a fixed transverse momentum com-
ponent (typically k, ~ 0), while the orthogonal direction is spectrally dispersed by
the grating. This configuration yields two-dimensional energy—momentum (E-Fkj|)
spectra, where each pixel row corresponds to a distinct in-plane momentum value.
Such measurements enable direct visualization of cavity and polariton dispersions,
identification of anticrossings, and extraction of key parameters including linewidths,
detunings, and Rabi splittings.

Optical layout. Angle-resolved reflectivity measurements were performed using a
broadband white-light source (Thorlabs SL.S201). For photoluminescence (PL) ex-
citation, a Light Conversion Pharos femtosecond laser system, coupled to Orpheus
and Lyra OPA, provided tunable excitation wavelengths spanning 280-2500 nm. Ex-
citation and collection were performed through the same optical path using infinity-
corrected microscope objectives with numerical apertures ranging from 0.2 to 0.75,
depending on the measurement.
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A beamsplitter positioned in front of the objective enabled coaxial illumination
for reflectivity measurements while preserving efficient signal collection. Light emit-
ted or reflected from the sample exits the objective as a collimated beam and is im-
aged by a 200 mm tube lens. A secondary beamsplitter directs a fraction of this beam
to a CMOS camera for real-space imaging, sample alignment, and monitoring during
measurements.

The remaining beam is routed to the spectroscopy arm, where relay optics project
either the real-space image or the objective back focal plane onto the entrance slit
of an imaging spectrometer (Teledyne Pixis 400) equipped with a two-dimensional
CCD detector (1340 x 400 pixels). In the Fourier-space configuration, the objec-
tive back focal plane is imaged onto the entrance slit of the spectrometer for angle-
resolved reflectivity and PL. measurements. Interchangeable gratings provide spec-
tral dispersion for energy—momentum mapping, while time-resolved measurements
are performed by redirecting the spectrometer output to Timeharp-260 avalanche
photodiode (APD).
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Figure 33. Schematic of the real-space and k-space microspectroscopy setup used for
angle-resolved reflectivity and photoluminescence measurements. The objective and tube lens
provide real-space imaging, while appropriate relay optics project either the real-space plane or
the back focal plane onto the spectrometer entrance slit. A white-light source is injected through a
beamsplitter for reflectivity, and PL is collected under non-resonant OPA excitation. Detection is
performed via a CMOS camera (imaging), CCD (spectroscopy), or APD (time-resolved
measurements).

6.3.2 Ellipsometry

Spectroscopic ellipsometry was employed extensively in this thesis to characterise
the optical properties and thicknesses of thin films used in both the solution-processed
and vacuum-deposited microcavities. Measurements were performed using a VASE
ellipsometer covering the spectral range 193-3000 nm.
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Ellipsometry measures the complex reflectance ratio

p= " _ tan(0) 2,
T's
where ¥ and A describe the change in amplitude and phase of p- and s-polarised
light upon reflection. By modelling the measured (¥, A) spectra, material parame-
ters such as film thickness, refractive index n(\), and extinction coefficient k£(\) can
be extracted with high accuracy.

Thickness determination. For organic and polymer films exhibiting negligible ab-
sorption in a transparent spectral region, thicknesses were obtained by fitting the data
with a Cauchy dispersion model of the form

B C

which reliably describes transparent dielectric films. This method was used to de-
termine the thicknesses of all the spin coated, dip coated and thermally evaporated
films in all the publications included in this thesis.

Extraction of optical constants. For films exhibiting absorption in the visible
spectral range—such as the TiIOH/PVA hybrid layers or optically active organic emit-
ters—the refractive index and extinction coefficient were retrieved by fitting the el-
lipsometric data with a Tauc-Lorentz oscillator model. This physically motivated
model combines a Tauc joint density of states with Lorentz oscillators, allowing a
self-consistent description of both interband absorption and the real part of the di-
electric function. The extracted n(\) and k() values were used as inputs for TMM
simulations of the microcavities.
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7 Conclusions and future outlook

This thesis has investigated optical microcavities and strong light—matter coupling in
organic systems, with a particular emphasis on solution-processed fabrication routes,
their optical performance, and their implications for polaritonic devices. By com-
bining scalable fabrication strategies with detailed optical and spectroscopic char-
acterization, this work demonstrates that high-quality microcavities and polaritonic
phenomena are not inherently restricted to vacuum-based processing.

Publication I, a solution-processed distributed Bragg reflector (DBR) platform
based on alternating Nafion and TiOH/PVA layers was introduced. Using an au-
tomated dip-coating approach, sub-100-nm multilayers with good thickness control
and reproducibility were achieved, enabling both hybrid DBR/metal and fully dielec-
tric microcavities. Despite the use of only six DBR pairs, quality factors exceeding
90 were obtained, highlighting the effectiveness of the approach. The use of Nafion
as a low-index material provided a cost-effective alternative to fluorinated polymers
commonly used in solution-processed DBRs. While the limited availability of purely
polymeric high-index materials remains a challenge, this work establishes solution-
processed DBRs as a viable and scalable route for organic microcavity fabrication.

Building on this platform, Publication II demonstrated strong light-matter cou-
pling in a fully solution-processed dielectric microcavity incorporating Rhodamine
6G as the active material. Large Rabi splittings exceeding 400 meV were achieved,
together with clear lower-polariton photoluminescence. Importantly, the coupling
strengths matched or surpassed those obtained in comparable metal-clad microcav-
ities, confirming that solution-processed dielectric cavities can reach the strong-
coupling regime without compromising optical quality. Excitation-dependent mea-
surements revealed a suppression of singlet-singlet annihilation in the polaritonic
structures compared to bare films, emphasizing the role of strong coupling and cavity-
modified optical environments in shaping photophysical observables. Beyond the
specific material system studied, this work lowers the experimental barrier to en-
try for polariton research by combining accessible fabrication and characterization
techniques.

In Publication III, the solution-processed platform was extended to demonstrate
the first fully solution-processed organic polariton microcavity laser. Both the di-
electric mirrors and the DPAVB:PS active layer were fabricated by spin coating,
enabling rapid, low-energy-cost device fabrication. Beyond the technical achieve-
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ment, this system revealed new polariton condensation behavior, including a re-
versible annular redistribution of the condensate under Gaussian excitation and sig-
natures of enhanced polariton—polariton scattering at high excitation densities. The
observed thermalization of the high-energy tail of the emission indicates efficient
energy redistribution within the polariton system. While the microscopic origin of
these effects warrants further investigation, the results highlight how simple fabri-
cation routes combined with tailored material choices can unlock qualitatively new
polariton physics.

Publication IV addressed the impact of strong coupling on excitonic relaxation
dynamics in electrically driven organic devices. By comparing polaritonic OLEDs
(POLEDs) with non-cavity reference OLEDs and tuning the lower polariton mode
relative to molecular triplet energies, no significant modification of delayed electro-
luminescence dynamics was observed. Rate-equation modelling showed that the de-
layed emission originated from charge trapping rather than polariton-mediated triplet
harvesting. These results demonstrate that, for the studied TADF system, strong cou-
pling does not provide a straightforward route to modifying triplet management. At
the same time, the work highlights the importance of carefully distinguishing pho-
tonic effects from genuine changes in molecular kinetics and identifies clear experi-
mental boundaries for polaritonic control of excited-state processes.

Finally, Publication V explored photonic microcavity effects in metal-clad white
OLEDs, focusing on spectral engineering rather than strong coupling. A simpli-
fied WOLED architecture was demonstrated using a single-component DMAC-DPS
emitting layer and eliminating the need for ITO electrodes. White emission was
achieved through the combined action of cavity modes and surface plasmon polari-
tons at the metal interface, with tunable correlated color temperature controlled by
cavity thickness. Optical simulations based on classical dipole emission and transfer-
matrix modelling reproduced the experimental spectra and confirmed that the ob-
served effects originate from cavity-engineered photonic density of states. While
device efficiencies remain below those of optimized reference OLEDs, this work
demonstrates the potential of microcavity photonics for spectrally engineered, low-
complexity lighting devices.

The results presented in this thesis demonstrate that solution-processed micro-
cavities can support not only strong light-matter coupling but also nonlinear polari-
tonic phenomena, including polariton lasing. This establishes solution processing as
a viable and scalable route for realizing advanced polaritonic architectures under am-
bient conditions. However, while polariton lasing represents a significant milestone,
its translation into practical optoelectronic device concepts—particularly electrically
driven devices such as OLEDs—remains an open challenge.

From a materials perspective, further progress in solution-processed high-refractive-
index layers—ideally based on purely polymeric systems—could reduce scattering
losses and improve optical quality, enabling higher-() dielectric mirrors with fewer
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layer pairs. Such developments would directly benefit both polaritonic devices and
photonic microcavity OLED architectures. In parallel, replacing fluorinated low-
index layers such as Nafion with more environmentally benign alternatives will be
important for sustainable scale-up of solution-processed DBRs.

Finally, the solution-processed polariton platform introduced here opens oppor-
tunities to explore nonequilibrium polariton dynamics, thermalization, and interac-
tion effects in organic systems using accessible fabrication and characterization tech-
niques. Systematic studies combining improved cavity designs with spatially and
temporally resolved spectroscopy may clarify the conditions under which polaritonic
states can offer tangible advantages for optoelectronic applications.
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