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Abstract

For the last decades, substantial steps have been made towards utilizing the advan-
tages of polariton physics for the usage in optical devices. Many exotic phenomena
of bright physics have been observed in both organic and inorganic microcavities,
but still, a lot of theoretical and experimental venues remain unexplored. While
inorganic materials require cryogenic temperatures to be reached and defect-free
structures to exhibit strong coupling with large polariton nonlinearities associated
with polariton-polariton/exciton scattering, arising of state-of-the-art organic mate-
rials that exhibit outstanding optical properties allowing polariton physics at room
temperature has made a leap forward towards bringing the field closer to its inorganic
counterpart and to the point of consideration for practical applications. Though,
copious technological, theoretical, and experimental challenges are still on the way.

The goal of this thesis is to explore the most relevant venues and demonstrate
that ambient polaritonics does give a promise towards various applications. Hence,
in this work, the author discusses firstly a study of polariton lasing in a /2 pla-
nar strongly coupled organic microcavity filled with BODIPY-Br dye molecules and
demonstrates the transition to a quasi-steady state, nanoseconds long-lived, single-
mode polariton lasing regime. Secondly, the ability to undergo polariton condensa-
tion in a novel hybrid metal-DBR organic microcavity also filled with BODIPY-Br
dye molecules is investigated with a concomitant comparison of a polariton con-
densation properties in a control DBR-DBR microcavity. At last but not least,
second-order coherence properties of a room temperatures organic polariton con-
densates are examined where the author delineates an alternative approach to ac-
cess second-order coherence that is based on well-controlled single-shot technique
detection allowing for direct measurements of photon statistics of organic polariton
condensates, demonstrates an extremely low excessive quantum noise of polariton
photoluminescence reaching an experimentally measured value of ¢*(0) = 1.00034,
investigates nonlinear polariton system behavior upon reducing its lateral size, sup-
ported by a microscopic model that describes system dynamics, and studies stochas-
tic and static disorder contributions to spatial filamentation of real-space polariton
condensate profiles.
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Chapter 1

Introduction

Polaritons are quasi-particles formed as a result of the strong interaction of light
with matter (excitons and photons), which have an integer spin and, as a result,
obey Bose-Einstein statistics. Being hybrid particles, they inherit the properties of
both components: a small effective mass (107* — 1075 electron mass) and a short
lifetime ( 10 ps) from the photon component and strong nonlinear properties from
the exciton component. Strong interaction is realized inside heterostructures called
microresonators and conventionally consisting of two distributed Bragg reflectors
and an active medium in between them. The study of polariton physics at room
temperature became possible not so long ago, thanks to modern equipment and
techniques for creating microresonators on the nanometer scale using organic ma-
terials as the active medium of such structures. The localized nature of Frenkel
excitons excited in organic materials allows them to remain stable without the need
to reach cryogenic temperatures, since their binding energy exceeds the thermal mo-
tion energy of molecules kT, which makes it possible to observe the phenomenon of
strong coupling between light and matter under normal conditions. The first Bose-
Einstein condensation of such particles was observed in inorganic microresonators
at a temperature of 4K during the interaction of Wannier-Mott excitons and pho-
tons by Kasprzak et al. (5), while the first room temperature polariton laser was
demonstrated by Kena-Cohen et al. (6). Recently, polaritonics succeeded in various
optical devices such as an optical amplifier, optical transistor, and even all-optical

logic (7; 8).
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Chapter 1. Introduction

Though, in order to compete with conventional laser devices, one of the most
essential steps is to bring the idea of maintaining CW-lasing operation in organic
systems within our reach. This would certainly add up coherence to the field of
ambient polaritonics, bolster up the interest in conducting studies in that direction,
and potentially could pave the way towards implementation of the devices based
on connected polariton condensates, allowing, in principal, all-optical polariton cir-
cuitry on a chip. So far, there has been no demonstration of such a regime in
strongly coupled organic systems. For this reason, demonstration of quasi-steady
state exciton-polariton lasing/condensation in organic systems is a one of the central
parts of this thesis.

However, a gentle nature of organic materials exploited for ambient polaritonics
renders it as an extremely difficult task to find appropriate conditions to create and
maintain such quasi-steady state environment in a system intrinsically dissipative
by nature and highly prone to photodegradation. Each of the available platforms for
ambient polaritonics such as molecular dyes, polymers, fluorescent proteins, organic
crystals and organic/inorganic perovskites, has either advantages or disadvantages,
an ideal candidate has not yet been found in terms of the stability, resistance to
photobleaching, and strong nonlinearity. Moreover, an essential step in pushing the
field to its most compelling shores is studying novel designs of microcavities and
creation of microresonators: the choice of materials and the number of pairs for cre-
ating Bragg mirrors, the presence of additional layers inside the resonator to prevent
photooxidation, the additional spacers to adjust the position of the active medium
with respect to the maximum field inside the resonator to ensure maximum coupling
between the field and matter with nanometer precision. In this regard, the author
explores the possibility of exploiting Hybrid metal-DBR mirror in organic microcav-
ities for studying Frenkel exciton-polariton physics. The hybridity of the structure
consists in the use of an aluminum mirror as a substrate for the lower DBR, as a
result of which the structure becomes completely opaque in the wavelength range
under study. The advantage of such hybrid resonators is the relative ease of fab-
rication compared to similar DBR-DBR. structures and the expected reduction in

lasing threshold. The complexity of the study lies in the necessity to implement an

11



Chapter 1. Introduction

experimental setup operating in a reflective configuration operating in a single-shot
excitation regime. To date, exciton/polariton condensation has not been demon-
strated in such structures, which makes this part of the work of a highly relevance
in the field and beyond.

Further, macroscopic quantum phenomena in exciton-polariton systems have
for a long time been the subject of an extensive research going far beyond purely
fundamental interest. In a similar way shot-noise of lasers defines limits for laser
cooling and precise interferometry, noise in polariton systems sets boundaries for
emerging polariton applications such as organic polariton transistors, single-photon
polariton switches, electrically pumped polariton lasers, exciton-polariton topolog-
ical insulators, and polaritonic neuromorphic computing. However, gentle organic
materials used for ambient polaritonics make it an extremely cumbersome task to
study statistical properties of the condensate emission due to intrinsic tendency to
photodegradation and necessity to sustain millions of pump pulses without altering
emission properties. Moreover, high thermal fluctuations and strong spatial disor-
der drastically sophisticate their theoretical study, while on the experimental side
their sub-picosecond polariton dynamics cannot be acquired by standard Hanbury
Brown and Twiss (HBT) measurements due to the insufficient time resolution of
single-photon avalanche photodetectors of ~ 40ps. Hence, until now, second-order
coherence and photon statistics of room-temperature polariton condensates remain
an unexplored territory.

Throughout the last part of the thesis, the author develops an alternative ap-
proach to access second-order coherence which is based on well-controlled single-shot
detection allowing for direct measurements of photon statistics of polariton conden-
sates. Similar approaches relying on single photodetector measurements have been
used previously to study second order coherence in atomic condensates. Using this
technique, we demonstrate an unexpectedly low excessive quantum noise of around
1.9% for spatially highly fragmented organic polariton BECs at room temperature.
Reducing the size of the system increases the condensation threshold, nonlineari-
ties, and effective polariton thermalization rate due to kinetic losses originated from

ballistic propagation of polaritons out of the condensate area. However, it does
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Chapter 1. Introduction

not reduce the degree of fragmentation in a condensate, but instead enhances the
shot-to-shot fluctuations, while studied in a single-shot excitation regime.

In the following I list the flow of information through the structure of the thesis:

Chapter 2 - Background Here’s the literature review. Introduction to an un-
derlying physical phenomena attributed to polariton physics, and overview of

organic materials suitable for polariton applications at ambient conditions.

Chapter 3 - Quasi-steady state regime In this chapter I discuss and investi-
gate a quasi-steady state, 1.2 nanoseconds long-lived, single-mode polariton
lasing in organic microcavity filled with BODIPY-Br dye molecules and study
concomitant spectral changes in polariton emission. I then discuss prospects

and valuable insights this work may lead to.

Chapter 4 - Hybrid metal-DBR organic microcavities I then jump to the
investigation of optical properties, fabrication peculiarities, advantages and
drawbacks, and overall competitiveness for polariton applications of a new
organic microcavity hybrid design where instead of two Distributed Bragg
Reflectors (DBRs) we utilize metal-DBR microcavities to observe exciton po-

lariton condensation.

Chapter 5 - Photon statistics in organic microcavities In this chapter I in-
vestigate quantum statistical properties of polariton condensates in organic
active media. My experimental study demonstrates low particle number fluc-
tuations for highly populated condensates at room temperature. I show a
quantum noise of the condensate of ~100 times the shot-noise-limit of an
ideal coherent light source setting up the lower limit of the noise for organic
polariton devices. I delineate peculiar behaviour in second-order coherence
function once the system size is changed. Therefore a thorough analysis of
how dynamical, spectroscopic, and coherent properties of organic polariton

depend on the size of the lateral system is carried out.

Chapter 6 - Summary and outlook In the last chapter, we discuss our results

in the broader field’s scope, how they contribute to and broaden it, and what
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Chapter 1. Introduction

promises they give for future polaritonics operating at ambient conditions.
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"Things are as they are because they

were as they were."

Thomas Gold

Chapter 2

Background

2.1 History

A subject of investigation to modern science is not only real particles such as
molecules, atoms, ions, all sorts of fermions, neutrinos, that exist freely in nature and
are stable in time, but also so-called quasi-particles, or collective excitations which
arise when we consider a sophisticated macroscopic system to behave as it contains
various weakly, or strongly, interacting particles in vacuum. For instance, interac-
tion between electrons and holes in semiconductors can be described in terms of
elementary excitations called excitons, which are essentially a bound state between
electron and a hole attracted to each other by an electrostatic Coulomb interaction.
This is in high contrast to organic semiconductors, where elementary excitations
are also present, but are called Frenkel excitons, and their nature is a result of
a weak, electrostatic van der Waals forces that confines the material into a solid
state. Hence in organic materials excitons are tightly bound or highly localized
states with a characteristic size of ~ 10121, while in inorganics they are identified as
Wannier-Mott states with a characteristic size of ~ 1004 that allows them to travel
easier across a crystal lattice.

A cavity-polariton (from now on just polaritons) is a quasiparticle formed by
coupling an exciton to a confined photon mode within an optical cavity. Cavity-
polaritons are bosons and have an effective mass of ~ 10'! that of an atom (9) and

therefore undergo Bose—FEinstein condensation (BEC) at temperatures much higher
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Chapter 2. Background 2.2. Strong-coupling

than those observed with atomic gases (10). In this process, polaritons condense
into a single state once their density reaches a certain critical threshold, with all
polaritons within the condensate having the same energy, momentum, and phase.
Photons emitted by the condensate share these properties and as such possess the
same characteristics as a laser (11). This type of emission has been termed polariton
lasing (4; 12; 13; 14), with these devices being of emerging interest as novel low-

threshold lasers and light-sources.

2.2 Strong-coupling

Polaritons are hybrid quasi-particles that arise when elementary excitations of the
medium confine strongly with electromagnetic radiation - a regime known as strong
light-matter coupling. In this case, the normal modes of the system are not separate
light and matter excitations anymore but instead become hybrids, with properties
inherited from both their matter and light constituents. This regime can be reached
when an active medium, or absorber, is placed in a high finesse microcavity.

Many microcavities are based on two distributed Bragg reflectors (DBRs) placed
either side of the active layer. Such DBRs generally consist of a stack of alternating
high- and low- refractive index quarter-wave layers, producing mirrors that possess
both high reflectivity > 99% and low optical absorption. In a Fabry-Pérot micro-
cavity, the reflectivity of the cavity mirrors directly controls the degree of optical
confinement and the cavity mode linewidth. Optical confinement can be defined

by the cavity quality-factor (Q-factor) that is expressed using Q = A\/A\, where A

H‘ :

e/

o | \<‘ .
Exciton Photon 4 k”

Mirror Mirror
Active area

Substrate

Figure 2-1: Microcavity structure and matter-light coupling illustration. Two DBRs
with an active material sandwiched in between.
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Chapter 2. Background 2.3. Polariton condensation

is the cavity mode wavelength and A\ is its spectral full-width at half maximum
(FWHM) (15). Hence, by controlling cavity finesse that defines sharpness of the
cavity resonance and by controlling inhomogenious broadening of excitons in active
material that defines scattering rate of excitons we can reach a regime when total
losses of both cavity photons, v,, and excitons, ..., are less than coupling strength
between them. Then strong coupling is reached.

There are different theoretical approaches to derive new hybridized eigenstates
of the system. The most trivial one considers single-photon coupling to a two-level
system, and it is the Jaynes—Cummings model with the system Hamiltonian as

follows:

H=wa'a+FEoto™ +g(cTa+alo) (2.1)

where o+

are Pauli matrices describing raising and lowering transitions between
states in a two level system with the energy E, and af and A are creation and
annihilation operators for photon. The last term describes a coherent coupling
between the electromagnetic field and exciton with a coupling strength ¢. For a

fixed number of photons and excitons, n., in the system, the expression (2.1) can be

expressed in a 2r2 matrix and diagonalized to find new eigenvalues of the system:

e—w Nz 1
g VB = (ne,—1D)w+= [E +w /(B —w)? + 4g°n.,

g/ Nex 0 2

H,  =neg w+

(2.2)
We will discuss this model in a bit more detail further in Chapter 5, as it was used
as grounds to develop upon to describe experimental results on photon statistics in

organic polariton condensates.

2.3 Polariton condensation

Before we dive into a discussion on how we should relate to the phenomenon of

polariton macroscopic occupation of a ground energy state and differentiate between
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Chapter 2. Background 2.3. Polariton condensation

Pumping energy

a b
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Figure 2-2: (a) Energy level schematic of a three-level Ruby laser system. (b), (c)

Two regimes of photon emission process for a conventional laser: spontaneous and
stimulated emission. Adapted from Reference (16).

exciton-polariton lasing, condensation, or Bose-Einstein condensation, lets take a
step back and delineate polariton lasing and how it is conceptually different from
conventional photon lasing.

In normal lasers we pump the system by means of optical or electrical pumping
to excite active material to higher energy states from where via a non radiative
relaxation transitions it can occupy a long-living meta-stable state with a life-time
of up to milliseconds, Fig2-2a. From there the system can relax and spontaneously
emit photons in all directions, Fig2-2b. But when the pumping rate is increased
and a lasing threshold is reached, a population inversion on this meta-stable state
with respect to the ground state occurs, and the first few spontaneously radiated
photons stimulate a chain reaction resulting in a stimulated emission into a photon
mode. During this stimulated emission process a coherent monochromatic light is
emitted, Fig2-2b, or lasing.

Now, in strongly coupled systems, energy is stored in a form of hybridized form
of matter excitations and electromagnetic filed - polaritons. And rather than emis-
sion, one should discuss various scattering processes from dark excitonic reservoir.
Because once the system scattered into a polariton state, it simply decays from a
microcavity within the polariton lifetime. Relaxation processes in the system can
be divided into two main subgroups. The first subgroup is responsible for pop-

ulating polariton states, upper or lower ones, from high energy exciton reservoir.

18



Chapter 2. Background 2.3. Polariton condensation

into bright polaritonic states, Fig2-3 In
inorganic semiconductors these relax- | — a @

ation processes are mainly the interac- ‘
Upper polariton (UP)

tion with high energy optical phonons

(17), and electron polariton scattering & ‘ f
(18). For organic semiconductors it is i /l/l C)\ ,p[\f\
either vibron assisted radiative pumping 1 \/\/\/ " Exciton
(19) or phonon mediated non-radiative 1)
scattering (20). But once excitons have

Figure 2-3:  Schematics of exciton-

relaxed to polariton sates, thermaliza- . . .
polariton condensation formation process

tion processes step in, and, due to dif- via various relaxation channels. Adapted
ferent nature of excitons, they are not from Reference (4).
the same in organic and inorganic ma-
terials. While nonlinear interactions with low frequency molecular vibrations (21)
are responsible for thermolization in organic materials, interactions with acoustic
phonons or free charges (22) and polariton-polariton scattering (23) governs ther-
malization mechanisms in inorganic materials.

Once the exciton reservoir becomes more and more populated by means of an in-
creasing non-resonant optical pumping, for instance, more and more polaritons start
to occupy a ground state, and at some point stimulated relaxation to the ground
polariton state dominates other relaxation channels. This is when the build up of
a coherent macroscopically occupied state occurs, Fig2-3. And this state is called
exciton-polariton condensation. Up to this point no coherent emission in the sys-
tem, or any lasing, have taken place as only non-radiative and radiative relaxation
processes of energy conversion inside the system were considered. And coherence,
polarization, momentum, and phase are all the properties of a macroscopic wave-
function that describes a condensed state preoccupied by polaritons. But due to
dissipative nature of the system, polaritons have a finite life-time, and so does the
polariton condensation. And dissipating, the system, or cavity, can spontaneously
emit photons. These leaking photons inherit the phase, polarization, momentum,

and energy of this macroscopic wavefunction, and are called the polariton lasing.
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Chapter 2. Background 2.3. Polariton condensation

Hence, the source of a coherent emission in a polariton system is a spontaneous
decay of a coherent, macroscopically occupied state. That is what makes the main
difference from conventional lasing.

In recent years, increasing attention has been shown to the exploration of polari-
ton condensation effects in organic semiconductor microcavities, (6; 24; 25; 26; 27).
Here, Frenkel excitons have a binding energy that is much greater than kg7’ at
room temperature (28) and thus organic exciton—polariton microcavities are able to
undergo room temperature condensation (9; 6; 24).

Lets now briefly discuss the part why it is common to interchangeably use terms
polariton lasing and polariton condensation, and why it is not entirely accurate
to call it a Bose-Einstein condensation, even though it is widely accepted in the
community. Since polaritons are composite quasi-particles, i.e. a superposition
between exciton and photon, they are bosons as they have an integer spin (1 from
photon and 1 from exciton that itself is a sum of half-spin electron and a hole) and
hence, they could in principle undergo a transition to a Bose-Einstein Condensation
(BEC). Textbook physics defines a BEC as a macroscopically occupied state which
is macroscopically occupied by a gas of Bose particles, where the density of these
particles is high enough for them to reduce their chemical potential to the ground
state. In general, for a particle in 3-dimension with a dispersion relation given by

E), = B?k?/2m we can write BEC distribution as follows:

3

"= / (;iﬂ];‘ exp(Exp —1 kgT) —1 (2:3)

The critical density is reached when p — 0 and n(u — 0) = (mkpT/27h?)%/2((3/2),

where ((3/2) ~ 2.61 is the Riemann zeta function, and when particle density ex-
ceeds this value, macroscopic fraction of particles occupies lowest energy state. The
above holds for non-interacting Bose gas. In 2-dimensions, though, (2.3) diverges
as u — 0 and, hence, condensed state is not achievable for any given temperature
or density. However, if we consider an interacting Bose gas in two dimensions, it
can undergo a phase transition to a low temperature order state, which is called

Berezhinskii-Kosterlitz—Thouless transition, but not a BEC (29).
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Chapter 2. Background 2.4. Organic polariton platforms

2.4 Organic polariton platforms

So far, polariton condensation has been achieved in a wide spectrum of organic
materials. Even though first works on organic microcavities were aimed mainly at
J-aggregate cyanine dyes in host matrices (31; 32; 33), first polariton condensation
was observed in an organic single crystal (24).

Then, the most studied materials for polariton applications are fluorene oligomer
TDAF (an ambipolar blue organic light-emitting diode material (34)), brominated
boron bipyrromethene dye dispersed in a polystyrene matrix (BODIPY-Br), ex-
tensively studied by Cookson et al. 2017(35) and was used to demonstrate quasi-
steady state regime for polariton lasing (2), which is also a part of this thesis and
will be extensively discussed in Chapters 3 and 4. Another nonbrominated boron
dipyrromethene (BODIPY-G1) dye was utilized to investigate blueshift and polar-
ization properties in polariton condensate (27), and recently a highly photostable flu-
orescent dye 1,4-bis|2-[4-|N,N-di(ptolyl) amino|phenyl]vinyl|benzene (DPAVB) dis-
persed in a transparent polymer matrix (36) was shown to demonstrate a strong-
coupling regime and undergo transition to a polariton condensate sustaining more
than > 37000 pulses at 2P;,.

Conjugated polymers to some degree combine properties of molecular dyes and
organic crystals, and methyl-substituted Ladder-type polymer poly(paraphenylene)
(MeLPPP) was the first organic material to be spin coated and exhibit polartion
condensation being embedded in a dielectric microcavity (9). In our Hybrid Photon-
ics Laboratory in Skoltech I utilized this particular material to study photon statistic
in organic polariton condensate, and we will extensively discuss it further in Chap-
ter 5. Moreover, fluorescent proteins that can be bilogically derived have recently
been attracting a huge interest and have also been utilized to observe polarion con-
densation. For instatnce, jellyfish Aequorea victoria (37) possesses green fluorescent
proteins (GFP) which were cloned and were found of a considerable interest in fluo-
rescent microscopy. Polariton lasing was observed with GFPs as active medium (38)
as well as with another fluorescent protein mCherry (39). The molecular structures

of different organic materials are shown in Fig2-4.
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Figure 2-4: Set of organic materials exhibiting polariton condensation. Abbre-
viations: Anthracene crystal structure; TDAF, ter(9,9-diarylfluorene); MeLPPP,
methyl-substituted Ladder-type polymer poly(paraphenylene); GFP, green fluores-
cent proteins; BODIPY-Br, brominated boron bipyrromethene; DPAVB, 1,4-bis|2-
[4-|N,N-di(ptolyl) amino|phenyl|vinyl|benzene. Adopted from reference (30).
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"Time is what keeps everything from

happening at once."

Ray Cummings

Chapter 3

Quasi-steady state regime

3.1 Overview and motivation

Strongly coupled organic microcavities are perhaps the most developed material
systems for ambient polaritonics. A broad range of suitable materials has en-
abled the experimental observation of polariton lasing across the whole visible range
(6; 9; 24; 38; 35; 40; 41; 42; 43; 44; 27), as well as device-concepts ranging from
ultra-fast transistors and all-optical logic gates (44; 45), to single-photon switching
(46), all at room temperature under ambient conditions. However, the localised
nature of Frenkel excitons, alongside the typically ultra-short polariton lifetimes,
~ 100fs, limit both the study of many-body phenomena and applications that re-
quire macroscopic polariton transport. Unlike the case of inorganic semiconductor
microcavities, where continuous wave (CW) excitation allows for the replenishment
of particle losses, leading to the realisation of steady state polariton condensates, in
organic semiconductors polaron formation and photobleaching hinders CW opera-
tion. In a recent study, quasi-steady operation was implemented using nanosecond
non-resonant optical excitation in multi-\ fluorescent protein microcavities (38) that
led to the observation of extended temporal coherence, reaching 150ps (39), i.e. 3
orders of magnitude longer than the corresponding cavity lifetime. Multi-\ cavities
host several consecutive cavity modes complicating the distinction between strong
and weak coupling regimes. Here, we use a single-mode \/2 strongly coupled micro-

cavity of a BODIPY dye molecule. BODIPY dyes have been the subject of extensive
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studies for their applications in the strong coupling regime (47). Strongly coupled
BODIPY microcavities (48; 49; 50) and polariton lasing in these structures allow for
highly monochromatic tuneable coherent emission of duration up to ~ 2 picoseconds
(35; 41; 27).

In this first experimental chapter, the author demonstrates quasi-steady state po-
lariton lasing in a single-mode A/2 strongly coupled BODIPY microcavity, namely
the nanosecond long-lasting polariton condensate which exceeds inherent ultrafast
polariton lifetime (~ 100 fs) by 4-orders of magnitude. I employ a single-shot disper-
sion, real-space imaging, and time-resolved photoluminescence (PL) technique that
allows for full characterisation of the polariton condensate emission and its transient
PL dynamics under a single excitation pulse, where each excitation pulse-amplitude
and spatial profile are simultaneously recorded. The aforementioned technique pre-
vents averaging of the polariton emission characteristics due to pulse-to-pulse inten-
sity fluctuations (~ 15% for nanosecond YAG pumped optical parametric amplifiers)

and photo-bleaching of the organic emitter.

3.2 Cavity design

The microcavity structure under investigation consists of a A/2-thin organic slab
based on BODIPY-Br dye molecules dispersed into polystyrene host as 1:10 by
mass that, in turn, is sandwiched between two distributed Bragg reflectors (DBR).
For the bottom mirror, a 10-pair NbyO5/SiOy— DBR was deposited onto a quartz-
coated glass substrate using a mix of ion-assisted electron beam deposition and
thermal evaporation with the deposition rate of 10A/s. The BODIPY-Br/PS solu-
tion was spin-coated on top with an approximate thickness of 183 nm. A second
DBR consisting of 8 pairs of NbyO5/SiOs— A/4 layers was deposited on top of the
spin-coated organic material with the rate of 2A /s, using an electron beam without
an ion gun to avoid damage of organics. The microcavity has a Q-factor of ~450,
supporting strong light-matter coupling between the cavity photon and the Frenkel
exciton resonance associated with singlet Sy o — 51 electronic transition centered at

2.34 €V as shown on the right panel of Figure 3-2a. Reflectivity spectra is present
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Figure 3-1: Angle-dependent reflectivity spectra of the microcavity recorded at
different angles exhibit clear anti-crossing at the exciton resonance energy E.,. (gray
dotted-line) that occurs at k = 6um™" and indicates the formation of lower (LPB,
gray dashed-line) and upper (UPB, gray dashed-line) exciton—polariton branches.

The inset shows the reflectivity spectrum recorded at 35 degree of incidence that

corresponds to kjj = 6um ™.

on Fig.3-1 for a set of different angles.

3.3 Condensation measurements

The reflectivity map in Figure 3-2a that demonstrates anti-crossing of the bare
exciton and cavity modes at kj = 6pm ™" (35°) with a well-resolved normal mode
splitting of 110 meV (inset graph of Figure 3-2a). By fitting the data using a coupled
oscillator model we extract the value of Rabi splitting (€2) equal to 110 meV that
agrees well with the mode spliting at the anti-crossing point and fulfils criteria for
the strong coupling regime(51) according to € > /2(72 4+ k?) = 85 meV, where
v = 60 meV and k = 2.5 meV are bare exciton and photon linewidths (half widths
at half maximum).

The author performed an optical excitation of the microcavity using 4ns sin-

gle pulses tuned at the first Bragg minimum of the reflectivity spectrum (462nm)
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Figure 3-2: (a) Angularly resolved reflectivity map of the microcavity showing the
anti-crossing of the bare exciton and cavity modes (Exc, Cav, white dashed curves)
at kj = 5um~'. The white solid lines are the calculated upper (UP) and lower (LP)
polariton branches for a vacuum Rabi-splitting of 110meV and -164 meV exciton-
photon detuning. The inset graph shows reflectivity spectrum at the anti-crossing
point kj = 6um ™" (35°) taken along the white vertical dashed line. The right panel
shows the absorption (black) and photoluminescence (red) of the neat BODIPY-Br
film. (b), (c) Single-shot real-space photoluminescence images showing the spatial
distribution of polariton density under a single non-resonant nanosecond excitation
pulse below and above condensation threshold, respectively. The top panels show
the respective cross-section of the photoluminescence at the position of the dashed
white lines. (d), (e) Single-shot dispersion imaging of the FE.,kj-distributions of
polariton density below and above the condensation threshold respectively. The
white dashed lines show the position of the lower polariton branch and the solid
lines the angularly integrated photoluminescence. Adapted from Reference (2).

in order to reduce sample heating. Then, single-shot real-space images and E, k-
distributions of polariton PL were recorded in the transmission configuration. Fig-
ure 3-2b shows a typical linear polariton PL real-space image at P = 0.75 MW /cm?;
the cross-section along z-axis has the same full width at half maximum (FWHM)
as the pump spot (40um). With increased pump power by a factor of ~2 (P =
1.7MW/em?) the spatial distribution shrinks substantially (8um in FWHM), as
shown in Fig.3-2¢, and the emission intensity increases nonlinearly. Figures 3-2d,e
are single-shot dispersion images showing the polariton PL distribution along the
lower polariton branch (LPB), for the two pumping intensities. At low pump power,

polariton PL is distributed along the LPB, while for ~ twice the pump power we
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Figure 3-3: (a) Polariton photoluminescence intensity at kj ~ 0 integrated into
the range over +0.2um ™" as the function of incident pump fluence (bottom axis),
incident pump power density (top axis). The crossing point of the black dashed lines
is used to define condensation threshold. (b) The linewidth of polariton photolu-
minescence at FWHM (solid red circles) and the energy shift of the lower polariton
mode at kj = 0 (solid black squares) versus incident pump fluence (bottom axis)
and incident pump power density (top axis). The dashed lines are guides to the eye.
Adapted from Reference (2).

observe a collapse of the polariton distribution at the ground polariton state. The
white line profiles show the angularly integrated PL evidencing strong linewidth
narrowing and an energy blueshift at the higher pump power. These spectroscopic
characteristics are indicative of polariton condensation in semiconductor microcav-
ities (9; 24; 38; 35; 40; 43; 41; 42; 44; 27). Next we perform a full pump fluence
dependence to resolve the threshold excitation density for polariton condensation.
For the next step, I implement and conduct a single-shot dispersion imaging
for a range of pump fluences. Figure 3-3a,b show the pump-power dependencies of
PL intensity, linewidth, and blueshift at the ground polariton state & = 0. One
can explicitly see a clear threshold of the emission intensity at an incident pump
fluence of Py, = 8mJ/em? within 4+0.05P,, variation across a few mm? sample

area indicating good uniformity of the structure. This value is almost coincides
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with the threshold (6m.J/cm?) under 2ps-short pulsed excitation(41). The observed
condensation threshold is equivalent to 1.5M T /cm? in terms of irradiance - the
conventional parameter for the quasi-CW excitation; comparing thresholds in in-
organic and hybrid organic-inorganic systems operating under quasi-CW pumping
at room temperature(52; 53), it requires ~ 50 — times higher pump power. The
threshold is defined as the intersection point of linear and nonlinear curves fitting
the PL intensity, shown in Fig.3-3a by dashed lines. Note: we restrict the range
of pump fluences to avoid any possible degradation of the structure. At threshold
pump fluence we observe a 7-fold reduction in linewidth from 7 meV to 1 meV and
a concomitant blueshift of the ground polariton state up to 3 meV, as shown in
Fig.3-3b red and black data, respectively. We believe the condensate linewidth of 1
meV is the result of inhomogeneous broadening due to dynamic blueshift. Recently,
it was shown the blueshift arises from the interplay of the saturation effects and
intermolecular energy migration of both: bight and dark molecules(27). These spec-
troscopic characteristics together with the spatial collapse of the polariton emission
provide strong experimental evidence for the formation of a polariton condensate un-
der nanosecond optical excitation. Interestingly, we find that the spectral properties
of polariton condensates under nanosecond excitation are in quantitative agreement
with previous studies using picosecond excitation pulses (35; 41). It remains there-
fore to resolve the temporal dynamics of the emission and identify whether the

duration of the condensate extends substantially beyond the polariton lifetime.

3.4 Single-shot temporal dynamics

To investigate temporal dynamics, single-shot time-resolved PL measurements using
a silicon photodiode with 0.5ns rise-time are performed. Figure 3-4a shows the
normalized intensity of the temporal profile of a typical pump pulse (blue dashed
line), the instrument response function (IRF) (black dotted line), and polariton
PL (red solid line) averaged over five pulses to improve signal-to-noise ratio. For
convenience, Ons time is defined at the beginning of IRF’s rising edge. The IRF is
limited to ~ 1.03ns at FWHM and the excitation pulse has a duration of ~ 4ns at
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FWHM. The polariton PL is collected within the whole numerical aperture of the
microscope objective (NA = 0.42). Below threshold, at P ~ 0.5P;, the temporal
profile of polariton PL follows the pump pulse, extending to ~ 5.5ns at FWHM.
The dominant process populating polariton states is intracavity radiative pumping
as follows from the extensive study of polariton population mechanisms in such
dye-filled microcavities(48). It implies an effective population of polariton states
through the radiative decay of fluorescent dyes inside the cavity. Therefore, the
lifetime of the exciton reservoir governs relaxation dynamics of polariton PL below
the threshold and defines time delay of about 1ns with respect to the pump profile
accordingly. It agrees well with the typical PL decay time of bare BODIPY-Br
films (47). Since the energy difference between exciton reservoir and the ground
polariton state is equal to 164meV one can also anticipate contribution from vibronic
relaxation channel(54; 55; 56; 44). Figure 3-4b shows a single-shot spatial profile of
polariton PL for one of the pulses included in the average of the temporal polariton
PL profile of Figure 3-4a. Figure 3-4c shows the original and deconvoluted temporal
profiles of the normalised polariton PL for pump fluence twice above the threshold
(P ~ 2 x P,,) with respect to the pump pulse.

We can observe a shortening of the rise time of polariton PL above threshold,
resolution limited by the IRF, revealing the rapid formation of the condensate due
to bosonic stimulation of carriers from the exciton reservoir to the ground polariton
state. The condensate lifetime defined as the duration of deconvoluted polariton
PL at FWHM is equal to ~ 1.2ns, that exceeds polariton lifetime by a factor
of ~ 10000. Indeed, the lifetime of lower polaritons at the ground state can be
assessed as 1/7.p = | X |*/Trse + |C|? /7 = 94fs, where Tp,. = 1/7y = 22 fs is the
effective exciton dephasing time — inverse proportional to the linewidth of the matter
component (it is an upper limit of the dephasing rate as being assessed from the
inhomogeneously broadened electronic transition Sy —S1,0); 7o = Q/2mve = 136fs
is the photon lifetime in the cavity with given Q = 450 and bare mode energy of
Ec = 2.175meV (vo = 526THz); |X[> = (1 +6/1/(62 + Q2))/2 = 0.085 and |C|? =
(1—6//(62+Q2))/2 = 0.915 are exciton and cavity photon fractions of the ground

polariton state. Figure 3-4d shows the corresponding single-shot spatial condensate
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Figure 3-4: (a) Normalized, time-resolved polariton photoluminescence intensity
(red solid line) below condensation threshold, averaged over five realisations/pulses.
The blue dashed line shows the temporal profile of a single excitation pump pulse,
and the black dashed line corresponds to the instrument response function (IRF) of
the detector. (b) Single-shot real-space polariton photoluminescence image below
condensation threshold. (c) Single-shot, normalized, time-resolved polariton photo-
luminescence intensity (red dashed line) at approximately twice the condensation
threshold and its deconvolution with IRF (red solid line). The blue dashed line
corresponds to the normalized single-shot pump pulse profile. (d) Single-shot real-
space polariton photoluminescence image at approximately twice the condensation
threshold. The right panels of (b,d) show the profile of the photoluminescence in-
tensity at the position of the vertical white dashed line. Adapted from Reference

(2).

profile, which has collapsed below the spatial extend of the excitation pulse. The
collapse originates from the nonlinear increase of PL at the area within the pump
profile, where the optical gain exceeds losses. Asymmetries in the condensate profile
presumably relate to the effect of energy disorder inherent to organic microcavities.
The small spatial distribution of the condensate reduces dynamical instabilities in
agreement with previous studies(57; 58). Comparison of the spatial PL profiles of
Figures 3-4b,d provide supporting evidence that the temporal profile of Fig.3-4c
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corresponds to the emission from a polariton condensate. The temporal dynamics
of polariton PL above condensation threshold provide a unique direct observation

of a quasi-steady state polariton condensate in a A/2 planar organic microcavity.

3.5 Discussion

The direct measurement of the condensate lifetime provides valuable insight on the
transient processes of nonequilibrium polariton condensation, its connection with
spectral and polarization properties (27), dynamical instabilities, and noise limits of
coherent polariton sources (58). The latter study elucidates the crucial role of a con-
densate lifetime with respect to the Bogoliubov instability time-scale on the onset of
domain formation in a condensate wavefunction that dictates whether it posses ho-
mogeneous or highly disordered spatial distribution. Moreover, characterization of
the condensate lifetime facilitates the understanding of complex nonlinear dynamics,
including rates of depletion and replenishment of the exciton reservoir and polariton
states, respectively, under pulsed excitation (27). Long-lasting condensates exceed-
ing polartion lifetime for several orders of magnitude push the system one step closer
towards the regime of dynamic equilibrium as it corresponds to quasi-steady state
operation regime in view of ultrafast dynamics inherent to strongly-coupled organic
microcavities. This regime allows one to investigate hydrodynamics of polaritons
(59), including room-temperature superfluidity (60) and interactions between sepa-
rate condensates (61) that are capable of flowing over sufficient distances within the
condensate lifetime. Realisation of nanosecond organic polariton condensates offers
the possibility for devices relying on connected polariton condensates, paving the
way for all-optical polariton circuitry on a chip (62; 63; 7; 64; 65), available now in

ambient conditions (44; 46; 45).
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"If I have seen further than others,
it is by standing upon the shoulders

of Giants."

Isaac Newton

Chapter 4

Hybrid organic microcavities

4.1 Overview and motivation

In this chapter, we address the issue of time-consuming, costly, and prone to error
fabrication process of conventional DBR-DBR miscocavities, and explore a new
type of ‘hybrid’ dielectric mirror that is composed of a thick layer of a metal (Ag)
onto which we deposit one or more dielectric mirror pairs. Here, the function of
the silver mirror is to provide a high, broadband optical reflectivity that is then
enhanced by a low number of DBR pairs, with such structures being significantly
easier to fabricate. We are going to characterise the properties of these hybrid
mirrors and show that a structure composed of 4 DBR pairs backed by a silver film
have a comparable reflectivity to that of a conventional 10-pair DBR. We then will
investigate the properties of strongly-coupled cavities made using a hybrid mirror,
an organic semiconductor dye, and a conventional DBR, and show that cavities
incorporating a 1-pair hybrid mirror have a Rabi splitting energy that is around
14% larger than a 9-pair/10-pair DBR-DBR control. We also demonstrate enhanced
confinement, with structures based on a 10-pair hybrid mirror having a Q-factor that
is 24% larger than the DBR control. We then explore the non-linear properties of
a cavity utilising a 1-pair hybrid mirror and show that it can undergo polariton-
condensation. However, we find in contrast to the DBR control cavity, emission
from the hybrid cavity does not fully coincide with the bottom of the lower polariton

branch. Using atomic force microscopy (AFM) and scanning electron microscopy
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(SEM), we show that this effect most likely results from disorder at the interface
between the Ag mirror and the DBR.

Lets briefly delineate particularities of fabricating process and associated issues
with conventional microcavities. Many organic semiconductors have been shown to
enter the strong coupling regime using microcavities with relatively low-reflectivity
mirrors. Despite the fact that photon mode linewidths in low Q-factor cavities are
relatively large (10-100 meV), the high oscillator strength of organic semiconductors
results in large Rabi splitting energies, AQgqp;, of 100’s of meV to ~ 1leV (66; 67;
68; 69). Many of the highest Rabi splittings using organic semiconductors have
been observed in structures based on two metallic reflectors (at least one of which
is semi-transparent) with Q-factors of 10-65 (66; 70; 71; 72; 73). Here, the small
optical penetration depth of metals such as silver (Ag) results in a high degree
of optical confinement, which reduces the effective cavity length (L.ss). As the
Rabi splitting is inversely proportional to L.fs, ‘all metal’ cavities are generally
characterised by increased Rabi splittings, and—as they are simple to fabricate via
thermal evaporation—have effectively become the structure of choice in which to
explore polaritonic properties that do not rely on non-linear effects (25; 70; 71). To
achieve polariton condensation, however, relatively extended polariton lifetimes are
required. Most exciton—polariton microcavities that have been reported to undergo
condensation are based on two DBR mirrors and typically have Q-factors of several
hundred to > 1000 (41; 74; 75). The reflectivity of a DBR strongly depends on the
number of dielectric pairs (15), and thus such mirrors often comprise in excess of
30 individual layers, (35; 76; 77). Hence, fabricating such structures once again is
time-consuming, costly, and prone to error process.

Let us now discuss the design of hybrid distributed Bragg reflectors.

4.2 Hybrid distributed Bragg reflectors

Hybrid metal-DBR mirrors we fabricated by thermally evaporating a 200nm Ag film
onto a quartz-coated glass substrate, followed by the deposition of various numbers

(between 1 and 10) of SiOy/NbyOs quarter-wave pairs (refractive index ~ 1.46 and
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Figure 4-1: Hybrid metal-DBR mirrors. (a) Schematic of hybrid mirror. (b) Shows
the experimentally measured reflectivity of the 1-pair hybrid (red), 5-pair hybrid
(blue) and 10-pair DBR (black) mirrors, with transfer matrix reflectivity data for
the same mirrors plus Ag (grey) shown in (c¢). (d) Plots the calculated reflectivity
of each mirror at 550 nm. The horizontal dashed black line corresponds to the
reflectivity of a 10-pair DBR. In (b—d), legend and x-axis labels ‘HX’ correspond to
the hybrid mirrors, where X is the number of DBR pairs on top of the Ag, and ‘Ag’
and ‘DBR’ correspond to an Ag film and the 10-pair DBR, respectively. Adapted
from Reference (3).

~ 2.20, respectively) by electron beam evaporation. The structure of such a hybrid
mirror is shown schematically in Fig.4-1a. Figure 4-1b shows the normal incidence
white light reflectivity of a 1-pair hybrid, 5-pair hybrid and 10-pair (conventional)
DBR mirror, with a 200nm Ag mirror used as a reference. Figure 4-1c plots the
reflectivity determined using a transfer matrix reflectivity (TMR) model for the
same three mirrors and also that of silver. Here, our structures are based on a
relatively thick silver film (200nm) to maximise its optical reflectivity. Our TMR
model indicates that the reflectivity of a silver film does not increase once its thick-

ness exceeds 200nm. The cavity structures that we use (for details see Section 4.3
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"Optical properties of hybrid microcavities") are designed to extract light through a
conventional ‘top’” DBR, and thus our approach allows us to use relatively thick sil-
ver films having high reflectivity and low optical transmission on the bottom mirror.
We can see from Fig.4-1c that the hybrid mirrors have a comparable reflectivity to a
conventional DBR, together with a significantly broader stopband (high-reflectivity
region) resulting from the use of a silver mirror. Indeed, our TMR simulations in-
dicate that the hybrid mirrors (except for the 1-pair hybrid) have a reflectivity that
is (> 99.5%) over a bandwidth of 1307140nm (corresponding to ~ 530meV’). This
high-reflectivity band is wider than the stop-band of the control DBR, which is lim-
ited to around 90 nm (~ 350meV’). This widened stop-band is potentially useful,
as the large oscillator strength of organic semiconductors can result in large Rabi
splittings (100’s of meV) that are often greater than the width of the stopband of
a conventional DBR. Figure 4-1d plots the TMR model reflectivity of each mirror
explored (Ag, hybrid, DBR) at 550nm. It can be seen from this that, at this wave-
length, hybrid mirrors with five or more pairs have increased reflectivity compared

to a 10-pair DBR.

4.3 Optical properties of hybrid microcavities

We have used the hybrid mirrors outlined in Fig.4-1 to fabricate a series of strongly-

coupled microcavities containing the molecular dye bromine-substituted boron-dipyrromethene
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e ]
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Figure 4-2: (a) Normalised absorption (red) and photoluminescence (blue) spectra
of BODIPY-Br at 10% by mass in polystyrene. The molecular structure is shown in
the inset. Schematic of (b) the hybrid Ag-DBR microcavity and (c) a conventional
DBR-DBR microcavity. Adapted from Reference (3).
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Figure 4-3: Cavity design and pumping/detection configuration in reflection.

(BODIPY-Br). This dye combines high oscillator strength and relatively high pho-
toluminescence quantum yield, and has previously been shown to undergo polariton-
condensation (35; 2). Additionally, its photoluminescence (PL) emission lies in
a spectral region not easily accessible with traditional inorganic semiconductors
(green/yellow), making it desirable for laser applications.

To process BODIPY-Br it was first dispersed into a polystyrene (PS) matrix at
10% by mass in toluene. Here, the function of polystyrene is to prevent molecular
aggregation, a process that results in the quenching of BODIPY-Br luminescence. To
create thin films, the BODIPY-Br/PS blend was deposited by spin-coating. Figure
4-2a shows the normalised absorption and PL spectra of a BODIPY-Br/PS film
on a quartz substrate, with the molecular structure of BODIPY-Br shown in the
inset. It can be seen that the absorption and PL peak around 530nm and 547nm,
respectively.

Microcavities were fabricated by spin-coating a BODIPY-Br/PS solution onto
the hybrid-DBR mirrors. This was followed by the deposition of a 9-pair DBR
(via e-beam evaporation) on top of the active layer to create the full structure as
shown in Fig.4-2b. 1In all cases, the thickness of the BODIPY-Br/PS layer was
chosen to give a cavity mode positioned around 547nm. As a control, we also
fabricated a DBR-DBR cavity with a 10-pair bot- tom DBR, an active BODIPY-
Br/PS layer, and a 9-pair top DBR. The structure of this cavity is shown in Fig.4-
2c. To characterise the cavities, we first performed angle-dependent white light
reflectivity measurements to con- firm they operated within the strong coupling

regime. Here, measurements were performed using a goniometer setup in which
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Figure 4-4: (a) Plots the angle-dependent reflectivity measurement of a 4-pair
hybrid mirror cavity. Fits of upper (UPB) and lower (LPB) polariton branches (blue
solid lines) are made using a standard two-level oscillator model. The dispersion
of the cavity photon mode (E.,) and the exciton energy (FE,.) are also shown
(black dashed lines). (b) Shows the Rabi splitting for the hybrid mirror cavities and
the DBR control, where good agreement can be seen between experimental (light
red, two-level oscillator) and theoretical (dark red, TMR) values. The modelled
penetration of the electromagnetic field into the bottom mirror (grey) is also shown
here. (c) Shows the linewidth of the LPB for the hybrid mirror and DBR cavities,
comparing experimental (light blue) and theoretical (dark blue, from TMR) values.
In both (b) and (c), the x-axis labels ‘HX’ correspond to the hybrid mirrors, where X
is the number of DBR pairs on top of the Ag, and ‘DBR’ corresponds to the 10-pair
DBR. In (d), we plot the modelled Q-factor for hybrid mirror cavities with cavity
mode at 547 nm. The modelled Q-factor of the DBR control cavity is indicated by
a horizontal blue dotted line. Adapted from Reference (3).

a lens system positioned on a rotating optical rail was used to focus unpolarised
white light onto the cavity surface. A series of lenses on a second rotating op-
tical rail were used to collect the light and deliver it to a spectrometer (see Ref.
(78) for more details). The angle-dependent reflectivity of a 4-pair hybrid cavity is
shown in Fig.4-4a. Here we observe two dispersive dips in the reflectivity spectra

that undergo anticrossing around the energy of the BODIPY-Br exciton (530nm).
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These two features are identified as the
lower (LPB) and upper polariton (UPB)
branches, and we have used a two-level
oscillator model to fit their dispersions
(the solid lines in Fig.4-4a). It can be
seen that the description of the mea-
sured data is excellent.

TMR model was used to extract the
Rabi splitting energy for each of the
different cavities and this is shown in
Fig.4-4b together with experimentally
measured data. We note that the Rabi
splitting energy is primarily dependent
on the number of absorbers per unit
length in a cavity. However, here we at-
tribute changes in the Rabi splitting to
variations in the effective cavity length
(Lesg). As can be seen, we observe an
increase in Rabi splitting energy as the
number of DBR pairs on the bottom
hybrid mirror is reduced, with the cav-
ity incorporating a 1-pair hybrid DBR
having a Rabi splitting energy that is
around 14% larger than the DBR-DBR
control. Evidently, as the number of
DBR pairs in the hybrid mirror is re-
duced, L.ss is reduced which results in
an effective “concentration” of the elec-
tromagnetic field into the active cavity

region and an increase in the Rabi split-
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Figure 4-5: Electric field simulations of
the cavity mode (red) and refractive in-
dex (blue) for (a) the 1-pair hybrid cavity,
(b) the 5-pair hybrid cavity, and (c) the
DBR-DBR control cavity. From this, it
can be seen that the penetration length
of the E-field changes in the different mir-
rors. Here, we omit the top DBR mirror as
it is the same for all cavities, and thus the
x-axis denotes the distance from the inter-
face between the top DBR and the active
layer. The different layers are shaded for
clarity. Adapted from Reference (3).

ting. From Fig.4-5, where electric field simulations of the cavity mode for the 1-pair
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Figure 4-6: Effective lengths of the hybrid and DBR cavities. (a) shows the actual
effective length, while (b) shows the effective length assuming a constant active layer
thickness of 200 nm. From this it can be seen that the effective length increases as

an increasing number of DBR pairs are added to the bottom mirror. Adapted from
Reference (3).

and 5-pair hybrid cavities and the DBR control cavity are shown, it can be seen the
penetration of the field into the different mirrors and the refractive index variation
in each structure. This confirms the increased effective cavity length of structures
incorporating an increased number of DBR pairs and it was calculated, Fig.4-6, us-
ing Ref.(79). However, for simplicity, in Fig.4-4b we show the penetration depth of
the electromagnetic field into the bottom mirror only.

To explore the effect of the hybrid mirror on cavity Q-factor, we focused imaged a
445nm pulsed laser beam into a 4pm diameter spot on the cavity surface to generate
PL emission. A k-space imaging setup was then used to collect the luminescence and
image it into a CCD spectrometer, allowing the FWHM emission linewidth of the
LPB at normal incidence to be determined. Figure 4-4c plots the normal incidence
LPB linewidth measured from the various structures. It can be seen that there is
an apparent reduction in LPB linewidth as the number of mirror pairs is increased,
with this trend reversing for structures having more than 5 DBR pairs. However,
this ‘reversal” effect largely results from the fact that there was a small variation
in the cavity mode wavelength caused by unintended variations in the thickness
of the cavity active layer caused by the spin-coating process. This modifies the
relative exciton—photon fraction of the LPB, with the photon fraction increasing

(and linewidth reducing) as the negative detuning (energetic separation between
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the photon mode and the exciton) increases. We can account for this effect in our
model by using the known n and k data for the BODIPY-Br/PS film. This was
input into a TMR model to describe the dispersion of the LPB and UPB for each
cavity. From this, we were able to calculate the physical thickness of the organic
film, the position of the cavity mode at normal incidence, and the LPB linewidth.
This data is also plotted in Fig.4-4c, where we again find a good agreement between
model and experimental results.

Using our model, we are then able to calculate expected cavity Q-factor as a
function of the number of DBR mirror pairs. Here, we ‘turn-off’ the exciton oscillator
strength and calculate the LPB linewidth and cavity Q-factor assuming in all cases
the cavity mode is located at 547nm. The results of our model are shown in Fig.4-4d.
Here, we find the cavity Q-factor increases as the number of DBR pairs in the hybrid
mirror is increased, and for 4 or more pairs, exceeds that of the DBR-DBR control.
Furthermore, our model suggests that a cavity utilising a hybrid mirror consisting of
10 DBR pairs on top of an Ag film is expected to have a Q-factor that is 24% larger
than an equivalent ‘conventional’ cavity whose bottom mirror does not contain Ag,
(i.e. simply composed of a 10-pair DBR). As expected, we find that the measured
and modelled polariton linewidths shown in Fig.4-4c are strongly dependent on
mixing between the exciton and photon. For example, for the 1-pair hybrid cavity,
we determine (by modelling and experiment) an LPB linewidth of around 7meV at
normal incidence. However, the Q-factor of the same cavity is ~ 1000, suggesting
an uncoupled photon-linewidth of around 2.2meV. This substantial broadening
of the LPB linewidth occurs even though the excitonic fraction of this state is
relatively small (being 13% exciton and 87% photon). As we discuss below, this
broadened polariton linewidth masks a small amount of site-to-site variation of the
cavity photon energy that occurs as a result of structural disorder within the cavity

that only becomes apparent when polaritons undergo condensation and lasing.
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4.4 Condensation in metal-DBR microcavities

We have explored our structures for evidence of polariton condensation. Here, it
was decided to explore such effects in cavities that had the largest difference in
their structural properties. Condensation effects were therefore studied in a 1-pair
hybrid cavity and compared to a DBR-DBR control. In these experiments, the
hybrid cavity utilised an 8-pair top DBR mirror. The DBR-DBR control structure
was based on 10 and 8 DBR pairs, with the 10-pair mirror being fabricated by
Helia Photonics Ltd. In both cases, the cavities had a very similar exciton—photon
detuning, with the LPB being positioned at 567 and 569nm in the hybrid and DBR
cavities, respectively.

A simplified setup schematics used in this experiment is shown on Fig.4-7. The
setup operates at the reflection configuration, meaning the same objective 20x Mi-
tutoyo Plan Apo, NA = 0.42) is used to pump the cavity and to collect the output
emission from the cavity. To separate a pumping laser emission and polariton pho-
toluminescence a Longpass Dichroic Mirror (DMLP) with razor edge at 490nm was

used.

PI | N

Pump

A 4

== T3
icheson | N N
Intelllse ri) f’r?enter R AR A 20x, NA 0.42
— 7 S D—ﬂ

DMLP 490
I

Figure 4-7: Schematic of the experimental setup in the reflection configuration. The
setup allows for single-shot excitation and detection measurements of real-space and
k-space spaces. It also enables single-shot interferometry measurements with tunable
delay-stage to study either temporal or spatial coherence properties.

Ll

To generate polariton condensation, the microcavities were pumped non-resonantly
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Figure 4-8: 1-pair hybrid mirror cavity condensation results. Normalised dispersions
taken (a) below threshold and (b) above threshold. In both cases the red dashed
line is a fit to the LPB in the linear regime. (c—e) Show the dependence of (c¢) PL
intensity, (d) blueshift, and (e) full-width at half-maximum (FWHM) of the LPB
on the absorbed pump fluence. From straight line fits to the power-dependent PL
intensity in (c) (black solid lines), we determine a condensation threshold for this
cavity of 295 pJ/cm?. Here we see a non-linear increase in PL intensity, a spectral
blueshift, and a decrease in the FWHM of the LPB. The error bars in (d) and (e)
were calculated from the error on a Gaussian fit to the LPB at each fluence. Adapted
from Reference (3).

at normal-incidence using a single-shot imaging technique in reflection configuration,
with emission detected using k-space imaging. Here, the laser pulses (width of 150fs,
repetition frequency of 15H z) were focused onto the cavity surface into a spot with
a FWHM diameter of 30 m. For both cavities, the excitation laser wavelength was
tuned to the first Bragg minimum at the edge of the stopband (467nm for the hy-
brid cavity and 462nm in the DBR-DBR control) to maximise the transmission of

light into the cavity. In the data presented below, the PL intensity for the power

42



Chapter 4. Hybrid organic microcavities 4.4. Condensation in metal-DBR microcavities

dependence graphs was obtained by integrating single-shot real-space images of the
cavity emission. The blueshift and FWHM data were extracted from the single-shot

k-space dispersion images profiles filtered over 40.075um! range around k = 0.
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Figure 4-9: DBR-DBR control cavity condensation results. Normalised dispersions
taken (a) below threshold and (b) above threshold. In both cases the red dashed
line is a fit to the LPB in the linear regime. (c—e) Show the dependence of (c¢) PL
intensity, (d) blueshift, and (e) full-width at half-maximum (FWHM) of the LPB
on the absorbed pump fluence. From straight line fits to the power-dependent PL
intensity in (c) (black solid lines), we determine a condensation threshold for this
cavity of 180 uJ/cm?. Here we see a non-linear increase in PL intensity, a spectral
blueshift, and a decrease in the FWHM of the LPB. The error bars in (d) and (e)
were calculated from the error on a Gaussian fit to the LPB at each fluence. Adapted
from Reference (3).

Figure 4-8a plots the normalised PL emission from the hybrid mirror cavity
recorded below the condensation threshold, together with a TMR model fit to the
LPB dispersion. Here it can be seen that emission is initially distributed across

a large angular range. We find that as the pump fluence is increased above the
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condensation threshold, there is a non-linear increase in PL intensity (see Fig.4-
8¢), accompanied by an energy blueshift (Fig.4-8d) and a decrease in the linewidth
(Fig.4-8e). Such blueshifts of the LPB have previously been explained on the basis
of a partial saturation of the BODIPY optical transition (27). Figure 4-8b shows the
normalised PL emission above threshold, with the fit to the LPB below threshold also
shown, allowing the extent of the energy blueshift to be clearly seen. Specifically,
we determine a condensation threshold (determined from the measured absorbed
fluence) of 2954.J/cm? which is accompanied by a blueshift of 7meV and a reduction
in LPB FWHM linewidth from 11meV to ~ 2.8meV .

The equivalent condensation dataset to Fig.4-8 for the DBR-DBR control is
shown in Fig.4-9. From part (c), we determine a condensation threshold of 180u.J/cm?,
which is accompanied by a blueshift of approximately 3 meV (part d) and a reduc-
tion in emission linewidth from 5meV to ~ 1.6meV (part e). Interestingly, it is
clear that the blueshift observed in the hybrid mirror cavity (7meV’) is more than
twice that in the DBR cavity (3meV’). A larger blueshift is expected in the hybrid
mirror cavity for a given reduction in molecular oscillator strength, an effect that
we attribute to its enhanced Rabi splitting (39).

If we compare the distribution of emission in k-space for both cavities above
threshold (Figs.4-8b and 4-9b), it is evident that in the DBR-DBR control, the
emission is strongly concentrated around the bottom of the LPB. In contrast, we
do not evidence a full collapse to & = 0 in the hybrid mirror cavity; rather, the
emission appears to be distributed over a wider range of k-vectors and energies and
is apparently finely structured. We investigate the cause of this effect in "Investigat-
ing cavity homogeneity" below. Below threshold, the emission from both cavities
is unstructured and has a size approximating the laser excitation spot (20730um
(FWHM)). Above threshold, the condensate in both types of cavity has a complex
structure and consists of one or more separate domains having a size of between
~ 5 and 20pm. This effect has been previously observed and has been ascribed to

interactions between the polariton condensate and the exciton reservoir (80; 58)
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4.5 Cavity homogeneity

To explore the origin of the structure in the LPB dispersion above threshold, we
used a spatial mapping technique to measure the PL emission from the LPB as a
function of position for both the 1-pair hybrid cavity and the DBR-DBR control.
Here, the sample was mounted on a motorised (x, y) stage that was incorporated
into the k-space imaging setup, with sub-threshold emission mapped over an area
of (26 ) 26)um? in step-sizes of 1um using a laser focused to a diameter of around
4pum. From the PL spectra recorded, the peak emission energy at k = 0 at each
position was then determined across the cavity surface. We also calculated the range
of peak emission energies across the cavity and their standard deviation (SD). To
gauge the significance of our results, we also attempted to characterise the spectral
resolution of the mapping system. Here, light from a Ne/Ar lamp was directed
into the spectrometer with its entrance slit set to 20um, and it was found that the
emission line at 585nm had an apparent linewidth (FWHM) of 0.68meV. Note,
however, this measurement should only be viewed as an approximation of the true
system resolution, as the k-space mapping setup required the entrance slit of the
spectrometer to be fully-open in order to characterise the emission dispersion.

We first explored the emission from the DBR-DBR control cavity. A typical
(25 x 25)um images are shown in Fig.4-10a,b. From Fig.4-10a it can be seen that
there is a gradual transition in LPB energy across the image, indicating that there is
a slight ‘wedge’ in the cavity optical path-length. This effect possibly results from a
gradual variation in the thickness of the BODIPY-Br active layer. From an analysis
of the two images collected, it was determined that the peak energy of the LPB is
distributed over an energy range of around 1.3meV with a standard deviation of
0.29meV.

Using the same technique, we attempted to characterise the 1-pair hybrid cavity.
Here, the cavity that was used had a slightly lower Q-factor than the cavity discussed
in section 4.3 "Optical properties of hybrid microcavities" as a result of a reduced
number (8) of DBR pairs in the top mirror. In this case, due to the relatively broad
LPB linewidth (10 meV at k = 0) we were unable to resolve statistically significant
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Figure 4-10: (a) Shows a sub-threshold polariton emission map of the variation
in LPB emission energy from the DBR-DBR cavity from which condensation was
observed. The colour scale corresponds to the variation of the LPB energy (in units

of meV) around its average emission energy. (b) shows an additional PL map for
the DBR-DBR control cavity. Adapted from Reference (3).

differences in LPB energy across the cavity surface.

Therefore, to further characterise cavity homogeneity, cross-sectional SEM im-
ages were recorded. Figure 4-11a,b show SEM images of the 4-pair hybrid and
10-pair DBR mirrors, respectively. Significantly, we find evidence for voids between
the Ag and SiO? layer in the hybrid mirror structure having a lateral length-scale of
a few 100nm, with resultant disorder apparently propagating into the DBR layers.
In contrast, no such voids are evident in the DBR-DBR control, with the individual
mirror layers having a high degree of uniformity. We speculate that such voids in
the hybrid mirror cavity are highly likely to result in local fluctuations in effective
cavity length. We have also used AFM to image the various layers that constitute
the hybrid mirror and the DBR control and have used this to extract the root mean
square roughness. It was found that both the Ag and Si0, layers are individually
very smooth; however, we detect enhanced roughness from both an Ag/SiO, bilayer
and the 1-pair hybrid mirror. Such layers are in fact rougher than the 10-pair DBR
fabricated by Helia Photonics Ltd. We suspect the enhanced roughness of the 1-
pair hybrid mirror results from poor adhesion between the Ag and SiO; layers and

results in the voids observed in Fig.4-11b.
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Figure 4-11: (a),(b) Show SEM images of the 4-pair hybrid and 10-pair DBR mirrors
respectively. In (a), voids can be seen between the Ag and first SiO, layer Adapted
from Reference (3).

4.6 Discussion

We have observed polariton condensation in a hybrid mirror cavity and in the
DBR-DBR control at an absorbed fluence threshold of 295u.J/cm? and 180u.J/cm?,
respectively. It appears that the ratio of condensation thresholds scales inversely
with cavity Q-factor, with the DBR-DBR cavity undergoing condensation at a
threshold that is 1.6 times lower than that of the hybrid mirror cavity and possessing
a cavity Q-factor that is 1.7 times greater (1190 and 710, respectively). We note
that the condensation threshold of 180u.J/cm? in the DBR-DBR control observed
here is slightly lower than that observed in previous studies on a similar microcavity
containing BODIPY-Br which was determined as 530u.J/cm?18. We suspect such
differences may result from the shorter pump-laser pulse-lengths used here (150fs
compared to 2ps pulses used in previous experiments), with reductions in lasing
threshold being previously observed in weakly-coupled organic microcavities excited
using shorter pump-pulses (81).

We now discuss polariton relaxation processes in the two types of cavities ex-
plored. It is clear that the mapping experiments described in section 4.5 "Cavity
homogeneity" evidence a slowly changing energy landscape in the DBR-DBR cavity,
with the lateral size of the polariton condensate being either similar to, or smaller
than the length-scales over which the cavity path-length fluctuates. Specifically, we
find that the energy of the LPB changes by around 0.6meV over distances of around
10720pm (the typical condensate size). This level of dis- order is smaller than the
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linewidth of the condensate emission (1.6mel” at k = 0), and thus the ‘energetically
flat” landscape of this cavity allows complete relaxation to the ground polariton
state.

In the hybrid mirror cavity, however, we find that condensate emission does not
undergo complete collapse to k = 0, but is finely structured and distributed over a
wider range of k-vectors. In these cavities, SEM images evidence spatial disorder at
the interface between the DBR and the silver mirror having a lateral length-scale
of a few 100nm, with this disorder propagating through the DBR. At present, the
relatively large linewidth (10meV’) of the LPB below the condensation threshold
(which is mainly broadened by exciton—photon mixing) effectively masks energetic
disorder within the cavity. Once the condensation threshold is reached, however,
the narrowed condensate emission linewidth now allows energetic disorder within
the cavity to be evidenced through the fine-structure that emerges in the emission
dispersion curve (see Fig.4-8b). This structure indicates that the ‘fragmented’ con-
densates that are formed exist in a relatively disordered landscape resulting from
local variations in the cavity path-length, with the condensate linewidth (2.8meV
at k = 0) being almost a factor of two greater than that observed in the DBR-DBR
control cavity. We note that similar structure in k-space emission has previously
been observed in GaN and MeLPPP microcavities and has also been attributed to
thickness variations in the active layers (82; 83).

We suspect that the increased structural disorder in the hybrid mirror cavity re-
sults from poor adhesion between the Ag and SiOs layers, which results in a series
of voids at this interface. We have made preliminary attempts to reduce this issue;
for example, we have determined that the surface roughness of an Ag/SiO, bilayer
is not dependent on the deposition rate of S1Os.It is possible that other techniques
could be used to improve the quality of the interface between these layers—for exam-
ple, using adhesion promoters or thermal annealing during deposition to encourage
the Si0; to better adhere to the Ag film. Conversely, it may be possible to con-
struct ‘upside-down’ hybrid mirror cavities, with the Ag layer deposited onto the
final top surface of the cavity. This approach might result in an improved interface

between the Si0, and Ag layers; however, such cavities would likely require optical
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measurements to be made through the bottom glass substrate. While this would
not be an issue for linear optical spectroscopy, such a geometry is not well suited

to transient measurements due to multiple internal reflections within the thick glass

substrate.
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"If your experiment needs statistics,
you ought to have done a better ex-

periment."

Ernest Rutherfrod

Chapter 5

Photon statistics of organic polariton

condensates

5.1 Overview and motivation

In this chapter I develop an alternative approach to access second-order coherence
which is based on well-controlled single-shot detection allowing for direct measure-
ments of photon statistics of polariton condensates. Similar approaches relying on
single photodetector measurements have been used previously to study second-order
coherence in atomic condensates (84; 85). Using this technique I demonstrate an
unexpectedly low excessive quantum noise of around 1.9% for spatially highly frag-
mented organic polariton BECs at room temperature. Reducing the size of the
system increases the condensation threshold, nonlinearities, and effective polariton
thermalization rate due to kinetic losses originated from ballistic propagation of po-
laritons out of the condensate area (86). However, it does not reduce the degree of
fragmentation in a condensate, which has been discussed in recent reports (87; 88),
but instead enhance shot-to-shot fluctuations.

Macroscopic quantum phenomena in polariton systems has been the subject of
an extensive research going far beyond purely fundamental interest (26; 89; 90; 91).
Much attention has been paid to understand the coherent nature of organic polari-
ton condensates and its relation to onsite nonlinearities (39; 27) as well as disorder

(80; 88). Long-range order and temporal coherence of polariton condensates at room
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temperature have been shown by means of Michelson interferometry and via line-
narrowing in spectroscopic measurements (92; 24; 35; 39; 43). Although first-order
coherence is essential to manifest BEC formation, in principle, it cannot discrim-
inate between coherent and thermal states due to the lack of quantum statistical
information of light.

Quantum statistics of weakly interacting BECs of ultra-cold atoms resembles
Poisson distribution like an ideal laser (85). In this respect polariton BECs can
be very different from the atomic ones (93; 94). High thermal fluctuations (95),
onsite nonlinearities (96; 5; 97), and condensate depletion (98; 99) as well as mode
competition (100) can significantly broaden particle number distribution thereby
increasing quantum fluctuations way above the shot-noise limit. QQuantum statistics
of solid-state BECs besides the fundamental importance have a certain connection
to applications. In a similar way the laser shot noise defines limits for laser cooling
(101), precise interferometry (102) and others, noise in polariton condensates sets
boundaries for emerging polariton applications (103; 26; 104; 105; 106; 107; 108;
109; 110; 111; 100). In a recent report on single-photon switching, Zasedatelev et
al. (112) underpins the role of shot-to-shot intensity fluctuations of the condensate
that compromise switching fidelity. Thus, understanding the quantum statistics is
crucial in view of novel devices.

Until now, second-order coherence and photon statistics of room-temperature
polariton condensates remain an unexplored territory. From a theoretical point of
view polariton BECs are complex open dissipative systems which intrinsically are
far from equilibrium (113). Moreover, unlike polariton BECs at cryogenic environ-
ment, room temperature systems are also subject to high thermal fluctuations and
strong spatial disorder inherent to most of the practical structures (80), rendering
them extremely challenging for a theoretical study. On the experimental side the
main problem is sub-picosecond polariton dynamics that cannot be acquired in stan-
dard Hanbury Brown and Twiss (HBT) measurements due to the insufficient time
resolution of single-photon avalanche photo detectors of ~ 40 ps (114). Advanced
techniques for high-order correlation measurements based on photon counting with

a streak camera (115; 116) enable more than an order of magnitude improvement
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in time resolution but are still limited to few picoseconds (117) and usually, in case
of inorganic microcavities, require high repetition rates ~ 108Hz to collect enough
photon statistics. Even though organic polariton emission is more intense and the
repetition rate can be diminished, intrinsic photobleaching of organic microcavities
does not allow them to tolerate more than roughly several million pulses (118; 112).

In this regard, second-order coherence properties of a polariton condensate and
intensity statistics of an integrated polariton photoluminescence are thoroughly an-
alyzed, with respect to pumping power, pump spot size, and data windowing. Let
us now firstly discuss an experimental setup and techniques used to conduct this

study.

5.2 Experimental setup design

PI | N

Pump =

K- lens
/ T3
Michelson % """"""""""""""" \
Interferometer R A " _A | 20x, NA 0.42 ] 50x, NA 0.55

S PO S oF

== I
Figure 5-1: Experimental setup that allows for single-shot excitation and detection
measurements of real-space and k-space images in transmission configuration. It

also enables single-shot interferometry measurements with tunable delay-stage to
study either temporal or spatial coherence properties.

In this section, to begin with, I describe the design of the experimental setup,
set of equipment used throughout this part of work, and different configurations
this setup can operate at with an experiment schematic shown on Fig.5-1. The

heart of the setup is a high energy Ti:Sapphire regenerative amplifier (Coherent
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Libra-HE) that generates 800nm pulsed emission at a varying repetition rate from
10Hz to 1000Hz with a varying temporal width of the pulses from ~100 fs to ~2
ps. here pulses of ~2 ps are used in order to reduce pulses’ peak energy which in
turn prevents unwanted and inevitable photodegradation of a polymer and allows
for a broader range of excitation fluences in threshold units. Laser pulses then were
focused on a BBO crystal to generate second harmonic emission at 400nm which
consequently is focused on a sample by a focusing objective (50x Mitutoyo Plan
Apo, NA = 0.55). A focusing objective is placed on a translational stage that
allows one to adjust the size of the focusing beam in a sample plane. To collect the
output emission from the sample in transmission configuration another objective
(20x Mitutoyo Plan Apo, NA = 0.42) is used. Photoluminescence is then coupled to
a Princeton Instruments SP2750 spectrometer with an EMCCD camera Princeton
Instruments ProEM 1024BX3. The emission can be detected either in a real space
or reciprocal momentum space by putting an additional 1000mm conjugated lens
(k-lens) to project the Fourier plane of the collecting objective to the slit. Replacing
mirror with a 1200 grooves/mm grating allows one to spectrally resolve resulting
emission that goes through a spectrometer entrance slit of 200um width. To cut the
residual 400nm emission that inevitably goes through the cavity an additional long-
pass (LP) edge filter at 450nm was placed between the collecting objective and the
sample. An additional option to study first order coherent properties of the emission
both temporal and spacial is realized by using adjacent Michelson interferometer,
that one can switch to by using a flip mirror to redirect a polariton PL.

To calibrate the incident excitation fluence of the pump pulse, the average pump
power is measured using a calibrated Si photodetector Thorlabs-Det10/M and an
oscilloscope Keysight DSOX3054T

With this being described, we can now discuss the cavity design and other details

of the experiment in the next chapter.
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50x, NA 0.55 Metpep 20x, NA 0.42 I

Pump PL
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Figure 5-2: A transmission detection configuration technique with a schematic
cavity design under study. A pumping objective positioned on a translational stage
is used to create Gaussian pumping pulses of a varying spatial size. Long-pass (LP)
edge filter is used to block residual pumping laser emission.

5.3 Cavity design

Here a methyl-substituted ladder-type poly(paraphenylene) (MeLPPP) is utilized,
for realizing polariton physics (112; 26; 92; 119), Fig.5-2. The cavity design con-
sists of a thin 35-nm film of MeLPPP placed between two 50-nm spacers of SiO,,
which in turn are sandwiched between two SiO,/TasO;5 distributed Bragg reflec-
tors (DBR) on a glass substrate. This A\/2 organic microcavity exhibits an en-
ergy splitting of 150meV between the exciton resonance (2.72eV, 2.91eV) and the
lower polariton branch (2.582¢V) (Rabi-splitting), which is of the detuning order
between bare cavity and the exciton modes, fixed across all sets of measurements
in this work (140meV, LPB/exciton). In particular, Hopfield coefficients, or ex-

citon and cavity photon fractions, for the lower polariton state are the following:

X2 = (1+06//02 + 02))/2 = 0.162 and |C]? = (1 — 6//(0% + 02))/2 = 0.838.

5.4 Second-order coherence

Under a non-resonant 2ps pulsed excitation at 400nm and 10Hz repetition rate
focused down to 44um spot size, 300 successive single exciton-polariton realizations
are measured. To exclude the lab noise and laser drifts we postselect only those
realizations that correspond to +1% range of the input pump pulse energy which

has been set to 2.1x the condensation threshold (2.1P,,). As a result, we observe
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Figure 5-3: (a) Fluctuations of a total polariton number in a condensate at three
different excitation pump fluences: 1.5Pth 1.9Pth, and 3.9Pth, plotted with green,
blue, and orange markers, correspondingly, for a spot-size with a FWHM of 44um.
Right panel of figure (a) shows corresponding histograms of shot-to-shot particle
number fluctuations (photon statistics). (b) Dependence of the Fano factor (red)
and average polariton population (black) as a function of excitation fluency. Green,
blue, and yellow dots correspond to distributions from panel (a).

fluctuations of the total polariton population in a condensate of up to 10 percent from
the average value from realization-to-realization at a fixed excitation fluence (+1%)
Figh-3a. Increasing the pump fluence leads to an increase of the average polariton
population in a condensate according to the pump-power dependence Fig5-3b (right
axis) and simultaneously to the narrowing of the polariton population distribution
Figh-3a (different colours).

To quantify shot noise in the system we introduce the Fano factor, F = o2 /7,
that shows the deviation from pure Poisson statistics with F' = 1. Figh-3b demon-
strates a rapid increase of noise in our system near the condensation threshold
followed by a slight decrease the author introduces a time averaged zero-time-delay

second-order particle correlation function:

—= 0, —N
g 0)=1+ - (5.1)

where n is the ensemble averaged number of polaritons in a condensate, or total

population, and o2 is the variance of this number. Time averaging results from the
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Figure 5-4: Zero-time-delay second-order correlation function of the polariton con-
densate as a function of total polariton population. Red dots represent measured

(g@(0) — 1) time-averaged values calculated from experimental data shown in Figh-
3b. Blue dots correspond to the theoretical expectation of second-order correlation
function values extracted from the fit of experimental data. Vertical black dashed
lines show the total polariton population at the condensation threshold, 2 times the
condensation threshold, and 5 times the condensation threshold, respectively. The
black dashed line represents a model fit of experimental data with a ~ 1/n? function.

fact that even though we deal with pulsed-driven polariton condensates and operate
in a single shot detection regime, we still integrate all the emission over the con-
densate duration which is strongly dependent on the excitation duration time. For
the current pumping conditions with 2ps pump pulses our recently developed micro-
scopic model for an equivalent system (112) implies the lifetime of the condensate
to be ~ 1ps. Moreover, the value of the average second-order coherence depends on
the intensity correlation time. Applying the analysis described in reference (120),
we extract the intensity correlation time of ~ 2.6ns. Therefore, the condensation
lifetime limits the coherence in the system and the second-order coherence function
being integrated over the condensate lifetime provides values asymptotically close
to the the theoretical expectation of ¢(®(0) values. This renders such approach to
measure zero-time delay second-order coherence a powerful tool to probe photon
statistics of polariton condensates at room temperature.

Since for coherent light-matter waves ¢®(0,0) = ¢®(0) = 1 and for strongly
fluctuating condensates ¢(® (0) > 1, we observe a rapid transition of the system from

a thermal to a coherent state as we do the power scan from 0.5 to 5P, Figh-3b,
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reaching a quite noiseless, second-order coherent condensation regime with a record
g?(0) = 1.00034 at 5P,,, implying that the intrinsic particle number fluctuation
of a coherent state is around 100 times above the shot-noise limit Figh-4. This
regime is reached at gain saturation, as one can see from the pump-power intensity
dependence of the photoluminescence emission in Figh-3b (right axis). Taking into
account that we deal with ~ 107 polaritons in the system, we can neglect the term
1/m in equation 5.1, and hence, Figh-4 essentially shows the dependence of o2 /n?
on m. Since we observe a good agreement with a fit function ~ 1/m?% we can
conclude o2 is a weakly growing function of an average total population 7, while in
the classical case the noise is defined by fluctuations of an average photon number
n, and 02 ~ n? (121). Therefore, from Figh-4 we can infer that the noise in our
system does not have the classical origin, but manifests thermal and quantum nature
of BECs with a complex interplay that can be witnessed by the width of photon
number distributions depicted in Fighb-3a. This result is rather surprising accounting
for the large dynamical instability and disorder inherent to organic systems when
studied in the single-shot excitation regime.

Instability and disorder have been the subject in several recent works which
experimentally studied the origins of spacial filamentation, or fragmentation, of po-
lariton condensates (87; 88; 80). In-depth investigation of condensate filamentation
under single-sot excitation in high-QQ GaAs-based microcavities was attributed to
effective self-focusing, or hole-burning, which caused the appearance of a prevailing
contribution of the effective attractive interaction over the repulsive mean-filed one
for highly photonic polaritons (87). This effect is possible in the regime of short-
pulse excitation allowing for complete depletion of the exciton reservoir within a
single realization of the condensate, however, it is unlikely the case in our system, as
we deal with 2ps pulsed excitation and = 280fs polariton lifetime, that, once above
condensation threshold, works as a quasi-stationary excitation that continuously re-
plenishes and effectively clamps the exciton reservoir accordingly under stimulated
depletion towards the condensate. For the organic systems, the role of disorder on
condensate fragmentation was firstly discussed by Daskalkis et al. (80). Work by

Bobrovska et al. (88) experimentally demonstrated a dynamical instability of con-
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densates leading to the formation of multiple spacial domains and depending on the

size of spatial pump profiles.
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Figure 5-5: (a),(b) Real-space images of single condensate realizations obtained at
two thresholds for two different excitation spot sizes: 44um and 13um at FWHM,
respectively. (c),(d) Corresponding single shot images in momentum space obtained
at the same excitation conditions, and (e), (f) integrated over 500 single-shot real-
izations dispersion images. (g) Second-order coherence function at zero time-delay
as a function of excitation spot size.

5.5 Spot-size analysis

To reduce the degree of fragmentation and to explore the behaviour of the quantum
noise in the condensate, we vary the pump size of the Gaussian beam in the range
between 13 and 59 pm, and extract the ¢(®(0) values for 7 different spot sizes under
the same pumping conditions. To exclude any bias from sample inhomogeneity, each
spot-size value aggregates 8 different positions on the sample with 300 successive
realizations collected. To minimize fluctuations of the condensate occupancy due to
pump induced exciton reservoir density variations and to avoid photodegradation at

small spot sizes, we fix the excitation pump fluence at 2P, + 1%. Figh-5a,b shows
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real-space images of single condensate realizations formed by 44 ym and 13 pm pump
spots, respectively. Corresponding k-space images obtained at the same pumping
conditions are presented in Figb-5c,d. The experiment shows that instability is
equally present regardless of the size of the condensates. Importantly, we observe a
broadening of the polariton distribution in the momentum space by decreasing the
spot size Figh-5e,f evidencing an increase of the average group velocity of polaritons
i.e., the tendency to occupy higher-momentum states due to more kinetic energy
to outflow from the condensation area within the lifetime. At the same time we
observe a substantial growth in the shot-noise of the condensate with decreasing the
spot size Figb-g.

The expansion in momentum space is accompanied by an increase of the conden-
sation threshold for small spot sizes. This leads to the hypothesis that kinetic losses
of polaritons from the condensate due to polariton outflow are larger for smaller
sizes and hence, a higher density of excitons is needed to reach the threshold. We
consider the threshold pump fluence P, to be proportional to the total losses v from
the LPB:

Py oy (5.2)

There are two major channels in the energy dissipation rate of polaritons: the
internal radiative losses that correspond to the photon leakage from the cavity, 7o,
and the external ones that occur due to the outflow of polaritons from the pumped
area, Yout, which can be estimated as follows:

Yout = <U%§>L (53)

where (vg,) — is the average group velocity of the polaritons, leaking from the pumped
spot, L — is the circumference of the pumped area, S — is the area of the spot.
Assuming that the excited area is a circle of diameter d and v = 7 + Yousr, We obtain

the following dependence for the threshold excitation fluence:

Pa(d) = Py (c0) (1 + W) (5.4)
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Figure 5-6: (a) Condensation threshold as a function of excitation spot size. (b)
Blueshift and linewidth at FWHM of the condensate as a function of excitation spot
size. The data have been obtained by averaging over 30 E.k distributions of single
condensate realizations for each spot size.

where Py, (00) is the threshold pump fluence in the limit of large spot size (d >
Yo/ (Ver))-

From an integrated dispersion image of a polariton condensate with a partic-
ular size (Fig.5-7a), we extract dependencies of the polariton occupancy, n(k) =
N(k)/Niot (Fig.5-7c), and polariton group velocities, v,, (k) = dE(k)/dk (Fig.5-7d),
on polariton wave vector k [um™!], and calculate weighted average group velocity

of polaritons in a designated radial direction from the center:

(vgr) = D (k) Vor (k) (5.5)

k

Then, we repeat this procedure varying the size of the condensate from 20 to 55
pm to find the dependence of weighted average group velocity on the system size,
d, and fit this dependence with a function F' = A + Bd~!, Fig.5-8a, which we use
to find the threshold constant in the expression for the dependence of condensate

threshold on the system size Fig.5-8b:
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Figure 5-7: (a) Polariton dispersion at 2P, averaged over 500 realizations, (b) Fit
of the polariton dispersion within condensation region by extracting LPB positions
from k-vector cross sections of the dispersion image. (c) Dependence of polariton
occupancy on a wave vector (n(k)) where [ n(k)dk = 1. (d) Polariton group velocity
dependence on wave vector.
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Figure 5-8: (a) Dependence of average weighted group velocity for condensate po-
laritons on the system size (red dots) and its fit with ~ d~! function. (b) Dependence
of threshold pumping density on system size and its fit with Py, (d) function.

v\t
Par(d) = Pa(o) (1 ; W) (5.6)

From dispersion imaging below threshold, we extract internal radiative losses
Yo = 3.7-1073 (eV). From dispersion images at above threshold we extract the de-
pendence of average group velocity of polaritons on the excitation spot size, (vg)(d),
which increases with decreasing spot size. Using formula (5.4) we fit the experimen-
tally obtained threshold fluence values (Fig.5-6a, red axis). The following values

corresponds to the best fit result and experiment, respectively:

Pi(00) =~ 1.2 [mJ/cm?]

PSP (00) &~ 1.5 [mJ /em?]
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The experiment shows that the condensation threshold reaches a plateau of ~ 1.5
[m.J/cm?] above a certain spot size. We observe a nice quantitative agreement within
~ 25% deviation from the best fit result of a threshold constant. One should keep in
mind that our model is linear and lacking in taking into account nonlinearities that
play a significant role in the polariton condensate dynamics (24; 39; 27). Therefore,
further improvements of this model should include these effects.

Moreover, a non-linear threshold behaviour is accompanied by an tangible in-
crease of the condensate blueshift. Fixing the pump fluence at around 2P;;, we do
a single-shot dispersion imaging for 5 different spot sizes. Averaging dispersion im-
ages over 40 realizations at each spot size, we observe an increasing blueshift with
decreasing the spot size Figh-6b (red axis). This effect is accompanied by the broad-
ening of the condensate linewidth of the spectra integrated over +5um=! Figh-6b
(black axis). The build up of coherence in a condensate is affected by many param-
eters of the system, such as intrinsic nonlinearity (122), lifetime of exciton reservoir
(123), presence of dark excitons (124), and characteristic times of relaxation pro-
cesses (125). In our experiment this is rather limited by the dynamical blueshift
that smears out the linewidth within the pump pulse duration and the condensate
life-time.

To make sure that this effect has a physical nature rather than being a feature of
analysis or measured instrumental noises, we examine how calculated g(®(0) values
depend on the region of interest (ROI) of an integrated area of single-shot EMCCD
images for all available sets of condensate images for different spot-sizes. We apply
a circular mask with the diameter varying from 1um to 100um to real-space images
of single condensate realizations, top insets on Fig5-9, and calculate ¢(®(0) values
for each of the mask diameter, bottom left inset on Figh-9. We observe that upon
increasing the diameter of the mask in real-space, contribution of stochastic disorder
to ¢®(0) decreases, and starting from ~ 30um ROI diameter condensates of all sizes
reach their plateaus showing this remarkable increase in second order coherence
function at zero-time delay once the condensate size is reduced. Decline of the black
curve on the bottom left inset of Figh-9 might be due to increased contribution of

camera noise to integral intensity of the image, that keeps getting reduced upon
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Figure 5-9: Bottom left figure shows dependencies of the calculated ¢ (0) — 1
values at zero time-delay at ~ 2P, as a function of Region of Interest (ROI) size
within which the real-space polariton intensity is integrated for different spot-sizes
of the condensate: 14pum, 22um, 24pm, 34pm, 39um, and 44pm. Each point of
each curve is averaged over 8 different positions on the sample, and error bars
represent the spread. Right figure demonstrates dependence of the second-order
coherence function at zero time-delay at ~ 2P, as a function of an excitation spot
size corresponding to cross section values along red dashed line from left panel. Top
insets visualize ROI masks applied to real-space profile of a 44um condensate.

increasing the diameter of the mask. It is worth mentioning that since prior to the
analysis of second-order coherence function we postselected only those realizations
that corresponded to +1% range of the input pump pulse energy, changing this
tolerance interval from +1% to +2%, £5%, and +10% does not qualitatively affect

noise properties of the system and does not change dependence, right inset on Figh-9.

5.6 Integral emission properties

To understand the change in photon statistics with decreasing the size of the conden-
sate (Figh-5g) we need a detailed picture of the mechanisms behind polariton conden-
sation at room temperature. Therefore, we explore its behaviour by reconstructing
the experimental s-curves (pump-power dependencies) of a polariton emission with
a recently developed multimode microscopic model (112) which describes the full
dynamics of the system (for details see Section 5.7 "Microscopic Model"). One of
the dominant relaxation processes within the lower polariton branch is the ther-

malization mechanism (92; 112) which was utilized to explain effective stimulated
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Figure 5-10: Dependencies of polariton photoluminescence on pump fluence for 6
different dimensions of a Gaussian pump profile with FWHM values from 7.9 to
35.7um. (a) Experimentally obtained s-curves (color dots) with fits of linear and
non-linear prats of s-curve for small, medium, and large spot sizes (black dashed
lines). (b) Model s-curves indicating slight change of S-factor for 6 different values
of polariton losses, Yout = Y0 + (Ug:L, which correspond to 6 pump spot dimensions.
Inset shows corresponding fits of nonlinear regions from experimental s-curves for
small, medium, and large spot sizes, demonstrating slope change.

relaxation of polaritons towards the ground polariton state (113). The thermaliza-

tion term in the rate equations appears in a from V;L’;fm ~ n;(ng + 1)7.<°, where

Wi ,Wo
low

n; and ng are polariton densities at ¢ and 0 (ground) energy states, and is a
thermalization rate from higher energetic polariton states hw; towards the ground
state fuwy (112). This term evolves throughout the life-time of the polariton sys-
tem demonstrating nontrivial dynamics. The increase in total loss at LPB leads to

growth of the polariton population density below condensation threshold, the inset
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of Figh-10b shows the total polariton population density at the threshold. Therefore,
the total thermalization in the systems is getting faster for smaller spot sizes. But
with the further buildup of the condensate the increased total loss within LPB com-
promises accumulation of polariton density and thus, decreases the thermalization
term above condensation threshold (for details see Section 5.8 "Numerical simula-
tions"). Overall, it leads to an extension of the transient region at the cross-over
from a thermal to a coherent polariton state, which is evident as a flattening of
s-curves with decreasing the spot size, Figh-10b. Thus, our numerical simulations
qualitatively reproduce the experimental data from figure Figh-10a. It is a signifi-
cant revelation that distinguishes between polariton condensation and conventional
lasing in weakly coupled systems, as the increase of losses in conventional lasers
does not change the shape of s-curves (126), but shifts it along pump axis thereby
increasing the lasing threshold, while in polariton systems the threshold and the
shape of s-curve change. With this we can explain the behavior of a ¢ (0) with the
change of the pump spot dimensions shown in Fig.5-5g. Being under the gain satu-
ration regime, the condensate experiences larger excessive noise due to spontaneous

contribution as the stimulation is undersaturated for smaller spot sizes.

5.7 Microscopic Model

In this section we describe the microscopic model, first introduced in (112), used
to investigate the dynamics of polariton condensates and reproduce the integral s-
curves from Fig.5-10a.

We first introduce the standard Jaynes-Cummings Hamiltonian to describe the for-

mation of exciton-polaritons in the microcavity:

& S } : st o § : A+ 4 § : At A A At
HJC’ - hwcavkacavkacavk+ hwemckcezckcemck—i_ hQRk (Cemckacavk + Cexck:acavk)
k k k

(5.8)
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We then add the Frohlich term that describes resonant interactions with the vibron

subsystem of the molecules:
q kK

After diagonalization of the Hamiltonian the non-hermitian processes of pumping,
thermalization and dissipation are added via Lindblad superoperators. This results
in the following master equation for the density matrix of upper and lower polaritons:

dp i

dt ~ h

~ ~ A
~

(0 B| + Lup(5) + Liow(P) + Luiv(9) + Linerm (D) + L) (5.10)

Further on we use this master equation to derive the system of differential equations
for average polariton numbers in modes on lower and upper polariton branches, and
adiabatically exclude the three-operator averages. After discretizing the modes on
lower polariton branch in the region of interest (0 < k& < 3um™') and considering
the excitonic mode with energy equal to E,.. = 2.72eV as the pumped mode we

obtain the following equations:

dn,,

Tk + pump(t) — Gpoygs np(ngs + 1) — Gpoi np(ni + D) (5.11)

dn s —Aw
d;] = —VgsTgs T Gp—)gs np(ngs + 1) + Z Ytherm (ni(ngs + 1) —eh /Tngs(ni + Dz))
(5.12)
dni —Aw/T
dt e U + Gp%i np(ni + D’L) — Vtherm (ni(ngs + 1) —¢€ ngs(ni + Dz)) +

(5.13)

+ Z Vtherm (nj(nz +D;) — G_Aw/Tni(nj + Dj))_ Z Ytherm (nz(nj + D;) — G_Aw/Tnj (n; + Dz))

Jiwj>w; Jiwj<ws
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Figure 5-11:  Dependencies of polariton photoluminescence intensity on pump
fluence for two sets of parameters: (a) 6 different values of polariton losses 7,0
(Voerm = 1078 is fixed). (b) 6 different values of thermalization constant Yperm
(Vpor = 3.7TmeV s fixed).

Here ny,, ngs, n; are the occupancies of the pumped mode, the ground state
mode and one of the N = 30 modes in the region of interest on the lower polariton
branch correspondingly. vy, 74s, Vi are radiative losses of the same modes. Yinerm
is the thermalization constant, and G are the vibron-assisted transition constants

obtained from adiabatic exclusion of the vibron subsystem.

In the following section, We solve this system for different losses, described by

formula (5.3) .

5.8 Numerical Simulations

In this section we describe the numerical simulations using the equations, derived
in previous Section 5.7.

We first investigate the influence of radiative losses on the shape of the s-curves.
Figh-11a shows that increasing the losses not only leads to the almost linear increase
of condensation threshold (which is expected from the classic laser theory), but also
to the decrease of steepness of the non-linear parts of the curves and the elongation
of the transition region.

In order to understand the non-trivial change in the inclination of the s-curves

both in experiment and simulations we need to take a closer look at the thermaliza-
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Figure 5-12: (a) Two sets of data for evolution of thermalization term V77

ni(no+ 1)y in rate equations for transitions from higher (i=2, 5, 10, 15, and 20)
energy states to the ground (j=0) energy state for a 2ps pump pulse at ~ 3P, for two
different values of polariton losses: vy, = 3.7meV (dashed lines) and 7, = 10meV
(solid lines). (b) Logarithmic scale of figure (a). (A,B,C) bottom insets are zoomed
in regions from part (b) for three different time periods throughout condensation
buildup: before, near, and above threshold

tion processes in the system. Mathematically the thermalization terms in equations
5.10-5.13 are the key difference from the classical laser equations. Figd-11b shows
that higher thermalization terms in the equations (with manually increased thermal-
ization constants) result in steeper s-curves. Since these intra-LPB transition terms
depend not only on the thermalization constant but also on the general occupancy
of the LPB modes, it becomes clear that higher losses of the system result in smaller
polariton occupancies in the above-threshold regime, which leads to slower effective
thermalization and a gradual slope of the curves.

To prove the statement, we investigate the evolution of the thermalization term
in the equations for two different loss parameters, Figh-12. The dashed lines (smaller
losses) in the non-linear regime are above the solid ones (higher losses), which once

again shows that the effective thermalization speed is lower in the latter case.
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Figure 5-13: Real- and k-space polariton photoluminescence peculiarities revealed
under a single-shot and an ensemble averaged imaging for different pumping spot-
sizes with FWHM of 44pm, 38u, 29um, 19um, and 9u. (a)-(e): Single-shot real-
space polariton photoluminescence below the condensation threshold for different
spot-sizes. (f)-(j): Single-shot real-space polariton photoluminescence above the
condensation threshold for different spot-sizes. (k)-(n): Averaged over 20 realizations
k-space images of polariton photoluminescence above the condensation threshold for
44pm, 38um, 29um, and 19um spot-sizes, respectively. Top insets show binned in
k, direction k-space PL, and (o) shows the width of these distributions (FWHM) as
a function of a spot-size. (p)-(t): Single-shot k-space images of polariton photolumi-
nescence above the condensation threshold for 44um, 38u, 29um, 19um, and Yum
spot-sizes, respectively. Color scales of all images are normalized to the maxima of
these images.

5.9 Discussion

To summarize we studied statistical, spectroscopic, and dynamic properties of the

organic polariton condensate at room temperature as a function of its size. We
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developed a powerful technique for detecting single condensate realization that pro-
vides access to photon statistics and allows one to study quantum statistical prop-
erties of room temperature light-matter condensates. Our findings demonstrate
high degree of coherence of the condensate with a second-order correlation function
g (0) = 1.00034. The single-shot imaging reveals the highly disordered nature of
polariton condensate both in real and momentum spaces. We determined static
and stochastic contributions to the condensate disorder and extracted the total
shot-to-shot polariton number fluctuations as a function of the excitation spot size.
Moreover, we show the disorder is independent on the system size while the photon
statistics is getting broader by decreasing the system size. We explain the behav-
ior by the kinetic nature of polaritons that starts to contribute to the losses once
we enter the regime of small condensate sizes compromising intensity noise in the
system. The interplay between kinetic polariton losses and thermalization defines
complex non-equilibrium dynamics of polariton condensates at room temperature
in sharp contrast to conventional laser behavior leading to the discrepancy in the
photon statistics. From the practical point of view our results demonstrate that
room temperature organic polariton condensates have relatively low intensity noise
despite their non-equilibrium and disordered nature and are a promising system for
various application such as polariton coherent sources, amplifiers, switchers, and

logic gates.
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Summary and outlook

This work started with the demonstration of ability for strongly coupled organic
microcavity to undergo a polariton condensation in a quasi-steady regime, namely
when condensate life-time exceeds polartion life-time for several orders of magni-
tude. Single-shot time resolved photolumienscence measurements were carried out,
demonstrating first direct measurement of a polariton condensate life-time at room
temperature. Being self-evidently essential result for the ambient polaritonics field,
long-lasting condensation brings an elusive idea of an organic polariton system to
reach dynamic equilibrium closer to reality and offers the possibility for devices
relying on connected polariton condensates.

Further, the advantages of utilizing a hybrid metal-DBR organic microcavities for
studying exciton/polariton physics were demonstrated. The first demonstration of
such a system to undergo polariton condensation was reported. The system clearly
has drawbacks as well. The necessity to operate in the reflection regime makes
system less flexible and sophisticates the required optical design of the setup.

At last but not least, statistical, spectroscopic, and dynamic properties of the
organic polariton condensate at room temperature as a function of its size were stud-
ied. Well controlled detection of single condensate realization allows for studying
quantum statistical properties of room temperature light-matter condensates. Even
though, the method is still to be improved, as there are several experimental chal-
lenges that might hinder pure properties of the emission such as laboratory noise,

finite resolution of the photo-detectors, and EMCCD readout and background noises
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that can not be completely eliminated, it provides a priceless insight on stochastic
nature of highly disordered and dissipative system. From the practical point of view,
these results demonstrate room temperature organic polariton condensates have rel-
atively low intensity noise and are a promising system for various applications such
as polariton coherent sources, amplifiers, switchers, and logic gates.

The author believes that this work humbly broadens the horizons of the field and
suggests new directions for future studies on novel optical devices based on strong

light-matter interaction.
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