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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
Physics and Astronomy

Doctor of Philosophy

ENGINEERING NONLINEARITIES IN ORGANIC AND HYBRID
MICROCAVITIES.

by Niccolo Somaschi

Semiconductor microcavities represent a rich playground for the investigation and ex-
ploitation of fundamental light—matter interaction as well as opto—electronic devices.
Due to strong interaction of confined photons with electronic excitations new quasipar-
ticles are formed, known as exciton—polaritons. These new eigenstates play a key role in
a various number of intriguing effects like Bose-Einstein condensation and superfluidity
due to their light—-matter duality which unifies at the same time small effective mass
and strong inter—particles interaction. Meanwhile, research achievements in the study of
organic light emitting diodes and organic trasistors combined with strong advancements

of the fabrication technologies has propelled the organic photonic and electronic field.

In the present thesis the physics of organic microcavities is explored with particular
attention at the limiting factors which prevent from the observation of cooperative non-
linear phenomena. Such structural and material issues are addressed by following new
engineeristic approaches. The inclusion of different organic dyes in the cavity active
region is demonstrated to enhance polariton population density by direct intracavity
pumping or either provide new efficient channels for particles relaxation.

Inspired by a similar design, an hybrid organic-inorganic microcavity which exploits
coupling of organic with inorganic quantum well excitons (Frenkel and Wannier—-Mott)
in a light emitting diode scheme is presented. Within this system, the optical cavity
mode simultaneously couples to both excitonic transitions for the formation of mixed
polariton states. The new bosonic eigenstates which arise from photon—mediated hy-
bridiazation of Frenkel and Wannier-Mott excitons are predicted to exhibit large radius,
small saturation density and large oscillator strength. Results from the optical charac-
terization enlighten the enhancement of nonlinear properties of such hybrid polaritons
while observation of strong coupling regime under electrical injection suggests the pos-
sibility for an effective exploitation of such unique polaritonic features in a electro—optic

device.
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Introduction

From photosyntesis to respiration, processes of light absoprtion, energy transformation
and its consecutive transfer represent elementary and essential reactions that recur in
any biological living system. As introduced in early 1931 by Yakov Frenkel [4], electronic
excitation is regarded as the first step in the process of light absorption and as the basic
medium that allows energy to be shared between different molecules without any request
of direct coupling. Being electron and hole pairs, excitons do not contribute to electrical
transport because they carry no charge. Nevertheless, their mobility is responsible for
any energy transport mechanism, fundamental not only in solids (semiconductor and in-
sulators) but also in meso and nanoscopic systems like molecular cyanine aggregates [5]
and complex molecules in photosynthetic systems of bacteria and higher plants where
excitons are responsible for light harvesting [6]. As such, depending on the compounds
where they reside in, exciton particles can show different properties (interaction strength
and size) which therefore relate to the optical response of those materials. The inten-
sity of the physical effects which arise when excitons interact and exchange energy with
light chages accordingly. Cooperative spontaneous emission [7—-9], optical nonlineari-
ties [10, 11] and optical bistability [12] can be studied in both organic and inorganic
semiconductors but with distinctive and peculiar behaviours in each case. Although
photons lie on the complete opposite extreme because of their bosonic nature and ab-
sence of mass, under particular conditions they can interact and mix with excitons to
form a new and unique phase where excitonic and photonic behaviours cohexist at the
same time.

General purpose of this thesis is the engineering of optoelectronic devices based on
organic active layers which exploit light and matter interaction for the observation of
strong coherent emission and nonlinear phenomena. Particularly, photonic devices which
embed J—aggreagates cyanine dyes are described, fabricated and characterized; their po-
tential for use as active medium in laser devices is exploited by means of engineering

designs which also comprehend the implementation of inorganic semiconductors.



The field of optics and photonics have increasingly gained attention from the research
community especially since the invention of the laser occured in the 1960s. In parallel,
development and discovery of new phenomena and technologies which encompass differ-
ent scientific areas (from medicine to biology and physics) have followed the expansion
of the field. As part of this process, research on organic semiconductors which started in
the late 1950s with studies on electrical conductivity of polymers has been redirected to
optics and photonics in the 1970s with the implementation of solution based dyes as gain
medium in laser devices. Such laser systems underwent a fast improvement which finally
led to their commercialization due to remarkable quantum efficiencies and stability ac-
companied by the possibility to cover the visible spectrum [13,14]. Subsequently, during
the 1980s and early 1990s, a big technological step was achieved with the development
of organic light emitting diodes (OLEDs) [15,16]. In those systems organic compounds
originally synthetized for laser dyes have found a commercial application in the solid
state as thin films, employed in OLED devices both as electrical transport layers and
light emitting layers [17]. Following the expansion of the new technology, mechanism
of exciton recombination and transport (Forster resonant energy transfer, FRET) and
in general physics of Frenkel (organic) type excitons has been furthermore investigated,
understood and expanded aimed at the efficiency improvement of those devices [18].
On the other hand, inorganic semiconductors were succesfully implemented in one of
the first and most groundbreaking discovery of the century, the transistor, presented in
1947 by William Shockley, John Bardeen and Walter Brattain. After that moment, a
steadily improvement of processing technologies occurred and inorganic semiconductors
started to assume the major role in the semiconductor industry as basic compounds for
commercial devices. Specifically, through molecular beam epitaxy (MBE) which enables
ultrapure, precise-thickness growth of alternating inorganic semiconductor layers we as-
sisted to a constant downscale of the device size and consequently to an esponential
growth of the transistor number implemented in a integrated circuit [19]. This repre-
sented the birth of the digital age and turning point for the revolution of the information
technology [20-22].

During the 1992 a new phase of research in photonic and more generally in solid state
physics was triggered by the first experimental evidence of strong light matter coupling.
Starting from the design of a VCSEL laser [23] and motivated by the theoretical con-
cept of coupling between atoms and cavities [24], Weisbuch et al. [25] demonstrated the
possibility to form new states, the so called polaritons, by enclosing a stack of inorganic
semiconductors layers in a planar cavity, i.e. between two highly reflective mirrors. The
characteristic reflectivity spectra of the optical cavity mode defined by a single dip in
a frequency wide high reflectance region was replaced by a doublet, mark of the strong
interaction of the excitonic transition with the electric field across the structure. Fur-
thermore, the angle resolved excitation/detection scheme implemented for the purpose

showed the great ease of accessibility to the entire polariton energy dispersions opening



new prospective and practical means for the investigation and exploitation of the new

physics just discovered.

Not much time passed before many others reasearch groups both theoretically and exper-
imentally, proved the extraordinary potentiality of the system. Because to their light—
matter duality, theoretical possibility for polariton to form a Bose-Einstein condensate
(BEC) acted as input for the investigation of their bosonic character into various forms.
First exampe was the innovative concept proposed by Imamoglou and coworkers [26]
which enlighten the possibility to exploit coherent light emission from a nonequilibrium
condense state of exciton—polaritons for the realization of a functional ” polariton laser”
device. Just a couple of years later bosonic nature of exciton—polaritons was definetely
ascertained by Savvidis [27] and Baumberg [28] who observed stimulated scattering of
polariton particles in a pump—probe experiment. Besides, practical evidence of Bose—
Einstein condensation of polariton was reported firstly in 2006 by Kasprzak et al. and
subsequently followed by many others [29-31]. These fundamental achievements trig-
gered and opened the way to new prospective for realization of practical devices as well
as fundamental studies of the matter [32-35]. In between all, it is worth mentioning the
concept of superfluidity [36,37], closely connected to Bose-Einstein condensation and
subject of constant investigation from various directions [38-41].

Common characteristic of all these systems (II-VI CdTe and III-V GaAs inorganic semi-
conductor based microcavities), with the only exception of GaN semiconductors, is the
cryogenic operation temperature required for the observation of strong coupling regime.
Weak interaction strength which bound together electrons and holes in Wannier—Mott
(inorganic) excitons limits the operation temperature to that range which avoid disso-
ciation of excitons due to the thermal energy. For this reason organic semiconductors
started to gain increasing consideration from the research comunity, as alternative plat-
form for polariton microcavities where strong coupling regime can be achieved at room
temperature. The motivation is due to the large binding energy characteristic of organic
Frenkel type excitons, which arises from their strong molecular localization and that
is considerably higher than the thermal energy at room temperature (kg7 ~26meV at
T=300K).

The first demonstration of strong coupling at room temperature was presented by Lidzey
et al. [42] who fabricated a planar microcavity whose active medium was made by a thin
film of organic dye. Similar to the work of Weisbuch et al. [25], Lidzey measured reflec-
tivity spectra at various angles where the appearance of a doublet undoubtedly proved
the formation of polariton particles in a clear strong coupling regime. Since then, the
polariton field showed an even further expansion pointed towards the progress of mi-
crocavity quality and especially of the fabrication of organic polariton devices. Strong
motivation and effort are still underway and this thesis is a part of it.

Under the previous considerations, it is important and interesting to underline that the

first demonstration of strong coupling regime under electrical excitation was achieved



with an organic based microcavity structure. Tischler and coworkers [43] fabricated a
full organic cavity LED based on the well developed design of a light—emitting—diode
(transport and emitting layers), which was embedded in between two mirrors to form
the active region of the cavity. Thickness and layers positions were chosen in such a
way to allow for efficient electrical injection and recombination as well as exciton—cavity
mode strong coupling. The fact that such important result was achieved with a mi-
crocavity device based on organic materials three years before the equivalent inorganic
microcavity LED [44] enlighten the suitability of organic compounds for the realization
of functional polariton devices. The reason which motivated this success has to be found
in the ease of processing, room temperature operation and furthermore to the possibility
to chemically design the compound to match particular wavelengths in the entire visible
spectrum.

Following this motivating achievement, advancement of the processing technologies per-
mited to improve dramatically the quality of organic based microcavities. If the first
structures were fabricated by using metallic mirrors, the possibility to deposit dielectric
distributed Bragg reflectors with ultra high reflectance allowed for the achievement of
stronger and more define polaritonic emission which also gave the oppurtunity for a more
deep investigation of polariton mechanisms and properties [1,45-47]. Nevertheless, the
actual organic microcavities suffer of different limitations which are especially related to
the nature of the active layer: structural inhomogeneity and molecular disorder of the
organic dyes (J-aggregate cyanine dyes) together with difficulties in the efficient excita-
tion of the microcavity system which also results in photobleaching issues. An indication
of these problematics is suggested by the fact that the only report of polariton nonlinear
emission in a organic microcavity was achieved by implementing a molecular crystalline

structure as active layer [48].

In the work we are here presenting, material problems and design obstacles are addressed
with the aim to enhance device quality towards the highly advance technological state of
microcavities based on inorganic semiconductors. Strong coupling regime in J-aggregate
microcavities is investigated by mean of various spectroscopic techniques which enlighten
both polariton and organic compound properties.

The experimental analysis begins in chapter 3 with investigation of intrinsic optical non-
linearities of a J-aggregate cyanine dye which findings are interpreted and supported
by mean of a theoretical description. Subsequently, the organic dye is embedded in a
microcavity structure and characterized. Polariton emission is spectrally and time re-
solved for a complete and detailed view on polariton formation and relaxation dynamics.
The important contribution of molecular vibrations is enlighten and their effect on the
relaxation mechanism is reproduced with a theoretical simulation of the full microcavity
polariton system.

The results from the investigation of nonlinearities and optical/time resolved character-
ization of J—aggregate dye in a film and in a microcavity underline once more how the

intrinsic nature of the compound and particular structural design limit the achievement
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of high polariton population densities required for the occurrence of any nonlinear pro-
cess. To overcome these limitations different cavity designs are implemented. At first,
the realization of two different microcavity structures which separately implement al-
ternative pumping schemes and introduce additional relaxation pathways that favourite
condensation of polariton particles, are addressed. Description of sample fabrication,
characterization and discussion of the observed improvements are all presented in chap-
ter 4.

With the same aim but following a different route is developed chapter 5 where the issues
related to organic compounds will be takled by considering the different approach pro-
posed by Agranovich et al. [49,50]. In these pioneering studies it was predicted that the
combination of organic and inorganic excitons in a unique cavity can lead to the forma-
tion of hybrid polaritons which combines favorable properties of both excitonic species.
The theoretical concept expanded in the first part of the chapter, is then followed by
a description of the fabrication steps which required fine combination of inorganic and
organic semiconductor processing techniques. Characterization of each single element of
the structure is presented to provide the basis for the complete analysis and description
of the full device in the strong coupling regime. Subsequently, investigation of optical
nonlinearities is pursued with direct comparison to the results obtained from the identi-
cal study of separate inorganic and organic microcavities. This new design structure is
presented not only as a way to overcome organic microcavities limitations but to propose
as well a platform where inorganic polariton nonlinearities are further more enhanced
and where observation of additional interesting features, such as negative polariton dis-
persion (section 5.3.1) can be also exploited.

As a starting point, in the following chapter 2 the physics of planar microcavity struc-
tures will be described and the main characteristics and differences between organic and
inorganic excitons introduced. This will lead to the concept of light—-matter coupling
and more specifically to a discussion of polariton particles in strongly coupled systems.
Furthermore, detailed description of the experimental setup, designed and exploited

along this work, will be presented in Appendix A (7).






Light and Matter Coupling

2.1 Introduction

Light—-matter interaction in semiconductor microcavities which results, under defined
conditions, in the formation of exciton—polaritons, will be theoretically described in the
present chapter. Particularly, each component which participates in the process will be
separately analysed. We will start with a description of planar microcavity structures
and follow with a general introduction of the excitonic properties of the condensed
matter. Organic and inorganic based microcavity systems will be studied along this
work and for this reason, a description of both class of semiconductors is here presented
to better understand the polariton physics and features which are driven by the intrinsic
properties of each compound. Polariton formation mechanism and general properties of
organic and inorganic exciton—polariton will be therefore highlighted in the final part
of the chapter to permit a full comprehension of more complex processes presented and

discussed further on in the thesis.

2.2 Semiconductor Planar Microcavities

The study of physical phenomena and exciton—polation properties performed in this
work is based on the light confinement effect provided by Fabry-Perot planar microcav-
ities, which represent the playground structure, i.e. basic element which recurs in every
sample investigated.

A semiconductor planar microcavity can be described as a vertical structure containing
thin slabs of semiconductor materials located between two highly reflective mirrors that
usually consist of metallic films, 111 — V type semiconductors or dielectric stacks tai-
lored to form a so called distributed Bragg reflectors. These DBRs are multiple repeats
of alternating pairs of materials characterized by high refractive index contrast. Modifi-

cation of the thickness of such layers (A/4) allows to frequency tailor the high reflectance
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Figure 2.1: a) Electric field across the structure defined by refractive index
values of the materials involved (Si02 and T'a2O5). Angle-resolved reflectance
images of the bottom DBR (b) and empty microcavity structure (c) which
displays in the stop band centre the parabolic dispersion of the cavity mode.
The simulation of electric field and reflectivity was performed via transfer matrix
method.

region, the so called stop band, around the wavelength A of the exciton embedded in the
cavity medium. Photon quantization in the vertical direction z (direction of growth) can
be achieved in these Fabry—Perot resonators with resulting modification of the cavity
photon dispersion, with respect to the photon in free space, according to k,Lcq, = N,
where L., is the effective length of the cavity chosen to be half-integer multiple of A
(mA/2). Under these conditions, vertical confinement allows the cavity to possess an

in—plane (parabolic) dispersion defined by the following:

N7 \* 9

— ) +k
(Lcav ) I
where n.q, is the refractive index of the cavity medium and the total wave vector kg is

such that k3 = k2 + kzgy (kzy = k). Model, design and study of these structures can be
easily performed by using the standard Transfer Matrix approach [51] which is based on

A A 1/2
C k‘o _ C

Necav Necav

E(k)) = (2.1)

the calculation of the propagation of the electromagnetic field (EM) across the structure.
An example of DBR reflectivity spectra and full cavity reflectance simulated with the
transfer matrix method are presented in figure 2.1 and refer to the full dielectric cavity
described in chapter 5. From position A and cavity mode linewidth §A is possible to
extract the overall microcavity quality factor Q (@ = A/0\) which directly relates to

photon and hence, polariton lifetime: 7 = hA/JA.

2.3 Organic and Inorganic Excitons

By definition, an exciton can be simply described as an interacting electron—hole pair

which is bound by Coulomb force and generated by absorption of light or by relaxation
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2 Organic and Inorganic Excitons

of free electrons and holes from high energy excited states. They are electrically neutral
but due to their mobility they are responsible for any process which involves transport
of energy. Accordingly to the electron—hole separation, which relates to the compound
where they reside in, excitons are divided in Wannier-Mott [52] and Frenkel [4]. The
first are commonly found in inorganic semiconductors while the second in organics. This
distinction orginates from the competition of two distinctive processes: the electron—hole
interaction strength and the hopping rate between molecules or atoms in the surround-
ings [53]. While overlap between electron and hole orbitals on the molecules in the
proximity relates to the hopping rate, Coulomb interaction contrasts this motion by

tighting electron and hole together in a limited space.

In the next sections we will specifically describe material properties and related exci-
tonic features of organic J-aggregate cyanine dyes and inorganic semiconductor quantum

wells, primary active compounds employed in organic and inorganic based microcavities.

2.3.1 Frenkel Excitons in J—aggregate Compounds

For the first time observed in alkali halides by Apker and Taft in 1950 [54], Frenkel
type excitons are characterized by high binding energies (order of 0.1-1eV) and small
electron—hole separation which is limited to one lattice constant (~lnm). Under this
condition, Coulomb interaction, which dominates over the hopping rate, is too strong
to allow for a physical separation and therefore electrons and holes in Frenkel excitons
occupy the same molecule. This molecular excitation is then represented by an electron
on the lowest unoccupied molecular orbital (LUMO) and a hole on the highest occupied
molecular orbital (HOMO) [2] strongly bound in such a way that their states appear
as discrete levels below the continuum which describe free electrons/holes (absence of
Coulomb force). Nevertheless, propagation of Frenkel excitons is still possible due to
interaction of transition dipoles of individual molecular excitations. This can be seen
as long-range energy transfer between neighbouring molecules which is also responsible

for the formation of an excitonic band despite no occurence of charge overlap.

The concept of Frenkel excitations can be extended without loss of generality to molec-
ular crystals, aggregates (both dimers and linear periodic chains involving N molecules)
and self-assembled structures. Particularly to the final scope of the present work we
will now restrict the discussion on molecular J-aggregates.

The so called J-aggregates of cyanine (polymethine) dyes refers to any aggregation of
molecules in which the width of the optical absorption band strongly decreases and
red-shift with a rise in the compound concentration [55-57]. The reason for this effect
has to be ascribed to the fact that under molecular aggregation, the electron transi-
tion of individual molecules tightly couples through their Frenkel excitonic interaction
with formation of abnormally sharp and intense band (J-band) [58], i.e. the transition

dipole of the entire aggregate is larger than that of the molecule considered singularly
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(monomer). Since their first discovery in the 1936 by Jelley (Jelly/J-aggregate) [59,60]
and indipendently Scheibe [61,62], this class of organic compounds has been a focus of
extensive studies during the last fifty years and lately also implemented in various com-
mercial applications. The reason is moslty due to the unique spectral characteristics,
combined with relative simple fabrication methods (spin—casting, Langmuir—Blodgett
and layer—by-layer LBL deposition) [63-65], which could be exploited in a manifold of
practical uses for light energy transformation. Abnormally narrow spectral width (com-
pletely unusual for organic materials), large oscillator strength [66,67] and giant cubic
susceptibility [68,69] allows J-aggregates compounds to be implemented as laser active
media, optical sensitizers, photoconducting materials, fluorescent tags, highly polariz-

able systems for nonlinear optics and primers for polymerization reactions [70].

The physical model describing the long—wave shift and enhanced band intensity can be
built up by considering the dipole—dipole interaction of a linear chain of two—level point
molecules which exhibits a ”head—to-tail” orientation [71,72]. To better comprehend
the N molecules interacting system we start the discussion by introducing the concept
of a physical dimer [2,73]. We consider a pair of identical molecules, denoted as 1 and
2, which are close enough to allow interaction between electrons and nuclei but at the
same time separated by a distance that neglets orbitals overlap. Under this hypothesis
we can describe their electronic excitations as Frenkel/molecular excitons and assume a
two level system: Sy as ground while S as excited state. The Hamiltonian of the dimer
Hgip, would be represented as the sum of the kinetic energies of electron and nucleis
of each molecule H,, and all the Coulomb interactions arising from the dipole-dipole
coupling Vio:

Hgiyy = Hy + Ho + V1o. (2.2)

From a diagonalization of the total system we then obtain that the originally degenerate
molecular excited states mixes and splits into two new delocalized states with energy
separation related to the interaction term Vjo. Furthermore, the overall transition dipole
ot Will be strongly orientation dependent as represented by a combination of the single
components:

tiot = (1 £ p2) /V2. (2.3)

In case of translational equivalence, i.e. molecules oriented parallel one to the other, the
transition moments can be either parallel or antiparallel allowing only one optical tran-
sition (figure 2.2 b). Whereas in case the molecules are not translationally equivalent
both excited states will be nonvanishing, i.e. optically allowed (figure 2.2 a).

A similar discussion could be extended in case of a J-aggregate chain of N monomers.
Super—radiant emission of the exciton states can be accomplish in case the local ex-
citations in each monomer comprising the molecular chain are spread throughout the

aggregate forming collective excitonic states . This is possible due to Forster energy
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2 Organic and Inorganic Excitons

{E DIMER

SR REEETE SR

Hy ”’tot:O
oblique parallel

Figure 2.2: Energy level modification which occurs in a dimer system with
related schematic representation of total transition dipole py, orientation and
magnitude in case of oblique (a) and parallel (b) alignement of the single dipole
moments g1 and o [2].

transfer between different sites in the aggregate which is usually of dipole—dipole char-
acter [66,67]. The 1D coupled exciton model is described by the Frenkel Hamiltonian [57]

N N
Hp =Y EPiP,+ Y JumDPiPn (2.4)
n

n,m (n#m)

where the excitation energy of site n is E,, = g+ d,, with ¢ being the transition energy
of an isolated molecule and §,, the fluctuation of this energy for each molecule within the
chain. P, and P); are the Pauli annihilation and creation operators while .J,,,,, represents
the dipole-dipole intermolecular interaction between the n® and m!* molecule on the
segment. Here J > 0 only in case of nearest—neighbor coupling whereas J = 0 for any
other interaction. Diagonalization of the Hamiltonian leads to the eigenfrequencies of
the one-exciton band at the k" state represented as Q = w + 2.Jcos (1k/N + 1), while
the oscillator strength of each dipole transition from the ground state to k = 1 state, in

the approximation of large N is given by [57]:
17 —agg = 081N + 1)1z (2.5)

Practical consequence of equation 2.5 is the localization of the oscillator strength towards
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the low—lying excitonic states of the J-aggregate [66] which results in the experimental
observation of both spectral narrowing and long—wave shift of the absorption peak com-
pared to that of a single monomer (frequency shift of the order of 50-60 nm). Since the
net oscillator strength intensity and redistribution on the chain depends on the number
of coherently coupled dye molecules, the level of disorder in such compounds is of crucial
importance for a correct understanding of the process of light absorption and coupling.
A detailed discussion of this problem will be faced in chapter 3.

From a combination of all the characteristics and physical mechanisms discussed above,
J-aggregate compounds were succesfully implemented in a microcavity structure by
Lidzey et al. [42] with achievement of strong photon—exciton coupling at room temper-
ature. This extraordinary and pioneering result has been possible due to the strong
oscillator strength of Frenkel excitons in molecular aggregates which remain bound even
at 300 Kelvin and permit to obtain gigantic Rabi splitting values (up to 300 meV) much
larger than the room temperature thermal noise (=26 meV), limiting factor for GaAs

and CdTe quantum well based microcavities.

2.3.2 Wannier—Mott Excitons in Quantum Wells

Complete different situation occurs in inorganic semiconductors where the high dielectric
constant acts as screening effect of the electron—hole Coulomb interaction. From this
basis Wannier and Mott [52] developed the concept of the named excitons which can be
ascribed with weak Coulomb binding energy (=1meV) and large charge overlap between
neighbouring atoms, i.e. electron and hole hopping on different crystal cells. Mean
electron—hole distance is therefore larger than the typical lattice constant (>10nm) and
for this reason one can conveniently regard the system as a continuum characterized by
a serie of hydrogen-like states where electrons and holes move freely (in conduction and

valence band) within the effective mass approximation [74].

More interesting phenomena could be investigated by spatial confinement of Wannier—
Mott excitons in thin layers of semiconductors surrounded by different materials charac-
terized by higher band gap. Such confinement quantises the energy states and modifies
both exciton wavefunction and density of states (figure 2.3). The binding energy of
excitons in quantum wells (2D) increases to four times the value in 3D bulk semiconduc-
tors [75] and for this reason absorption and photoluminescence can be observed even at
room temperature. Therefore, implementing quantum wells in a microcavity structure
allows for resonant coupling of high electric field with the ”"trapped” excitons and at the
final stage permits the achievement of strong light-matter coupling. As a consequence
from extremely large Bohr radius which favors overlap and their mutual interaction,
Wannier-Mott excitons present small saturation density and strong optical nonlineari-
ties which are then reflected into polariton particles when coupling with photons occurs.

Despite weak oscillator strength values compared to that of Frenkel type excitons, these

12



2 The Polariton Picture
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Figure 2.3: Density of states (DOS) calculated for various confinement ge-
ometries: (a) a bulk semiconductor/3D system, (b) semiconductor quantum
well /2D, (c) 1D system such as quantum wires and for (d) a 0D/quantum dots
system. Specifically for a 2D system, quantised wave functions of a particle in a
box of width L are displayed in (e) for both cases of infinite and finite barriers

(Vo).

properties allow for the observation of nonlinear cooperative phenomena in high Q in-
organic microcavities.

A possible route to unify favourable properties of Frenkel and Wannier—-Mott excitons in
a unique excitonic specie was proposed in 1997 by Agranovich et al. [49] and consists in
the hybridization of both excitons in mixed organic and inorganic structures. A detailed
description of the concept just introduced will be attain in chapter 5 where it will be

fully exploited in a hybrid organic—inorganic microcavity.

2.4 The Polariton Picture

After describing the process of light confinement and properties of the electrical excita-
tion in organic and inorganic semiconductor it is now possible to proceed by considering
confined excitons in a microcavity structure for the observation of strong light-matter
coupling. A strongly coupled microcavity can be realized by design quantum well/J—
aggregate exciton position at the antinode of the electric field which propagates through
the cavity region, embedded in between two high reflectance DBR mirrors. This is
schematically shown in figure 2.4 for both an organic and inorganic based microcavity.

Such interaction leads to the formation of new eigenstates called exciton—polaritons,
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Figure 2.4: Schematic representation of two microcavity structures which embed
(a) an organic J-aggregate layer and (b) an inorganic quantum well at the
electric field antinode (red line).

described by two energy distributions (Upper and Lower Polariton) which appears in

substitution of the exciton and cavity modes (figure 2.5).

The process of strong light matter coupling which results in polariton formation, could
be understood as follow. If we consider a medium which possess a strong response to
the electromagnetic wave (EM) incident upon it (i.e. photon and matter resonances are
equal, Weay = Wez ), a large polarization is induced in response to this excitation process.
However, when the exciton annihilates the energy is radiated back into the exciting
field: a photon with the same energy F and momentum k is emitted. The photon is
then reabsorbed by the medium and this periodic energy exchange between ligth and
matter continues. Essentially the material absorbs, reemits and then reabsorbs again
the same photon until the excitation is lost by scattering processes or the photon escapes
out of the cavity. Since an observer cannot define precisely whether the energy in the
system exists as a photon or as a polarization in the material, the energy is instead
stored in both, creating a quasi—particle consisting simultaneously of light and matter:
the exciton—polariton. This mechanism can be physically described by a simplie but
precise model which consists in assuming polariton particles as the new eigenstates that
arise from the coupling of two oscillators (one exciton and one photon) with independent
resonances, Weqy and wez, and which oscillate at a modified frequency wy, ;7 in case their

mutual interaction is strong enough [76]:

(WL,U — Weg + i’Yez)(WL,U — Weav T Z")’cav) = V2- (26)
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Figure 2.5: a) Dispersion image for a strongly coupled microcavity simulated
by mean of a coupled oscillator model. b, ¢) Hopfield coefficients for upper and
lower polariton branch which enlighten cavity and exciton mixing fractions as
function of angle. Uncoupled cavity and exciton distributions are also displayed
on top of (a) as white and red lines.

As already introduced, weqy and we, define uncoupled cavity and exciton eigenfrequencies
while e, and 7.4y, damping terms, the energy broadening of exciton and empty cavity
mode. Besides, V' represents the interaction strength.

Resulting from exciton—photon coupling, the solution of equation 2.6 is given by

Weg + Wean — & + 1 :
WLy = ex cav 5 (7% 'Ycav) + \/V2 + Z(Wez — ey — Z('Yeac o ’7cav))2- (2'7)

At resonance, weqy = Wez, pure real solutions would be obtained only in case the rate
of exciton—photon energy transfer is larger than the singular dephasing times: 2V >
Yex — VYeav- This condition correspond to the regime of strong coupling where lower and
upper polariton branches are formed. Accordingly, in case 2V = i — Yeaw, the square
root becomes immaginary and the transition to weak coupling occurs. In this regime,
the solutions are defined by the pure uncoupled exciton and cavity mode. As described
by equation 2.7, the new polariton eigenmodes are a coherent superposition of light and
matter with a composition that varies with the parallel wave vector kj|. These mixing
terms are the Hopfield coefficients of the new polariton modes and eigenstates of the
system in 2.6 [77].

As discussed in section 2.2 cavity mode dispersion is strongly dependent on the in—plane
wavevector while exciton distribution can be assumed flat for a wide range of k around

0. Following equation 2.1, the photon energy which is quantized on k., can be described
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Wk
Wcav(kn) = Weaw (0) (1 + 22) (28)
wcav((])neff

where n.rs is the effective refractive index of the structure and weqy(0) = ¢/NeffLeav
the photon energy at k; = 0. However, the in—plane wavevector can also be related to
the external angle of incidence of light 6 which is shining the structure, by

w(k)

from which directly follows the final expression for the uncoupled cavity mode as function
of 6:

o\ —1/2
Wea(0) = Weav(0) (1 - 3”; 9) . (2.10)
Mefs

The significance of the present equation is that under strong coupling regime, formation
of two polariton branches occurs, which dispersions vary over the in—plane wave vector
following a typical anticrossing behaviour at the exciton—photon resonance, a specific
point where polaritons are exactly half light and half matter. The magnitude of this
separation will be given by twice the interaction strength 2V, the Rabi splitting.

Polariton dispersion curves can be directly accessed by mean of angle tuning experiments:
reflectance, transmission or photoluminescence can be collected introducing an in—plane

component to the photon by moving the detector away from normal incidence.

2.5 Organic and Inorganic Microcavities

Along the present chapter we have demonstrated that polariton particles exist as mixture
of light and matter and for this reason it follows that excitonic properties charateris-
tic of a particular material dress the polariton particles and determine their features.
Particularly, while the photonic component defines the polariton radiative decay rate,
the exciton fraction relates to their ability to scatter and in general interact with the

environment [78].

As a matter of fact, the main difference between the two classes of semiconductor re-
sides in the substantial structural disorder typical of J-aggregate compounds which
alter dramatically the polariton picture with respect to microcavities structures based
on crystalline inorganic materials: Frenkel excitons behave as incoherent excitations
while Wannier-Mott like Bloch waves which are described by well defined wavevector
and group velocity. Therefore, in a J-aggregate based microcavity the majority of the
electronic excited states do not strongly couple to the cavity photons and hence can be
regarded as essentially incoherent and localized.

The consequence of structural disorder on the polariton states in organic microcavities

has been estensively investigated [3,79-83]. From a macroscopic approach introduced
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Figure 2.6: Polariton dispersions for a microcavity containing a disordered J-—
aggregate medium [3].

by Agranovich et al. [79] in 2003 which took into account molecular disorder in a phe-
nomenological way through the intrinsic energy broadening of the exciton spectrum, a
subsequent work conducted by Michetti and La Rocca few years later expanded the
previous description in the frame of a microscopic model [80]. By introducing explicitly
the translational symmetry breaking effect, the competition between exciton localization
due to the high degree of disorder and the strong light—matter coupling was understood
in detail with a representation of coexisting states with different character depending of
the spectral and momentum region analysed.

In the strong coupling regime, if the exciton—photon interaction induces the formation of
delocalized polariton states with a well defined wavevector, on the other hand, structural
disorder responsible of exciton scattering and phase breaking forces the localization of
those states, which hence lose the plane—wave shape of polaritons. The resulting in-
coherent states are found to reside both at large wavevectors and near the bottom
of the upper and lower branch, where the momentum uncertainty becomes significant
(6k = k) [79,80]. The new polariton picture is displayed in figure 2.6 as extracted from
reference [3]. In the former case, close to the exciton energy (k > kpqz), remarkable
density of uncoupled states may remain present, as also evident from the observation
of dispersionless luminescence between the upper UP and lower LP polariton (chapter
3.3). These states are incoherent, similar to the excited states in the noncavity mate-
rial, and are not affected by the strong coupling. On the other hand, the former case

(k — 0) relates to those states that are still cavity polaritons in the sense that they
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carry significant photon—exciton mixture although the wavevector is no more a ”good”
quantum number, i.e. not well defined (k < k). Despite of this, the physics of strong
light—matter coupling as previously described is not altered.

Processes of formation and relaxation of exciton—polaritons in strongly coupled inorganic
microcavities have been largely investigated and understood as due to mutual exciton—
exciton scattering and interaction with low energy (acoustic) phonons [78,84]. Through
these mechanisms, injection of carriers by optical or electrical pumping is followed by
relaxation of polaritons through the system down to the bottom of the lower branch
(k” = 0) where, due to their bosonic nature, they can condensate with macroscopic
occupation densities [29,85,86]. It is worth noting that this process is generally slow
(>1ns) and inefficient due to the formation of a bottleneck region at the point where the
photonic character of lower branch polaritons becomes predominat over the excitonic
fraction [87-89).

On the other hand, presence of substantial degree of structural disorder and high energy
molecular vibrations modify and alter the polariton relaxation dynamics in organic based
microcavities. These strong vibrational modes, as detailed explained in chapter 3.3 and
references [49,90,91], allow for strong and effective exciton—phonon coupling especially
with the large density of incoherent states providing an additional means for polariton
state population. As such, the following scenario can be pictured as consequence of
these considerations. Under nonresonant optical excitation, the majority of the incident
radiation which couples through the mirrors contributes to the formation of high energy
incoherent states. Then, fast relaxation mediated by interaction with acoustic phonons
occurs with increase of population at the low energy tail of the Gaussian distribution
which refers to uncoupled excitons; the so called exciton reservoir (ER) is hence formed.
Subsequently, radiative decay from these incoherent states directly pumps the coherent
upper and lower branch polariton states in resonance with the exciton energy. In case
of weak coupling regime, this photoluminescence emission simply radiates out of the
mirror following the cavity dispersion. With extremely short lifetime, the upper polari-
tons nonradiatively decay back into the large number of incoherent states (ER). Such
process was demonstrated to be very fast and effective [45,79] explaining the weaker pop-
ulation density found in the upper branch with respect to the lower [92]. In contrast,
polariton population of the lower branch states which are not optically pumped by the
exciton reservoir occurs via relaxation mechanisms, such as exciton—exciton scattering
and exciton—phonon scattering.

However, thermalization of polariton particles at low wavevectors is generally much
harder to achieve compared to inorganic based MCs. This is due expecially to the large
amount of uncoupled excitons which reduces the overall polariton population and de-
spite the presence of high energy molecular vibrations which act as efficient channel to

reduce bottleneck effects and speed up the relaxation process (=100ps) [1,45].
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Organic Microcavities

3.1 Introduction

Since the first observation of strong coupling in an organic based microcavity [42], many
different attempts have been done and different organic compounds were implemented as
active medium: porphyrin dyes, J-aggregate cyanine dyes and small molecules [93-95].
Despite many interesting results have been achived, the most used and exploited ma-
terial is at the moment represented by J-aggregate cyanine dyes: long aggregation of
monomers (up to 1000) which possess intense and sharp absorption band (J-band), high
radiative rates and very small Stoke shift [58]. Dipole-dipole interaction of individual
monomers of the chain leads to energy transfer throughout the chain and delocalization
of the eigenstates. In contrast, intrinsic disorder due to fluctuations in the onsite energy
of the monomers tends to localize the eigenstates at specific segments of the chain. The
resulting interplay between these two competing trends together with the coupling to
the cavity field results in extended polaritonic states where several monomers contribute
through their excitonic components. Although, on the total amount of excitonic states
only few of them are coherently coupled and possess required oscillator strength to par-
ticipate in the polariton formation (bright states). The majority (>70%) are optically
inactive, in this sense dark, and form the ensemble of uncoupled states, i.e. the exciton
reservoir (ER) [79]. The overall polariton density of states is thus enormously small with
respect to the initial excitonic population.

Recalling from chapter 2.5, the process of polariton formation in organic microcavities
optically or electrically excited, can be described as follows. FExcitons created at high
energy states by the pump immediately relax (within few fs) into the low energy tail of
the ER Gaussian distribution through scattering with acoustic phonons [81]. The optical
cavity mode creates a coherent polarization in the active region which interacts with the
collective molecular states. If this interaction is strong enough light—matter coupling oc-
curs with typical Rabi splitting and formation of delocalized polariton eigenstates. The

rest of the excitonic states in the ER remain incoherent and localized on the molecular
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Figure 3.1: a) Simplified scheme of polariton formation and relaxation in organic
based microcavities. Excitons formed at high energy by nonresonant pumping
immediately relax into the uncoupled exciton reservoir (ER). Relaxation into
upper (UP) and lower (LP) branches occur via phonon assisted scattering (Ra-
man spectra shown). b) Absorption spectra of the TDBC J-aggregate cyanine
dye.

sites because uncoupled to light (figure 3.1 a). Besides, as explained in detail in the
following sections 3.3, high energy molecular phonons provide an additional means for
population of polariton states through their interaction with excitons and subsequent
vibrationally assisted scattering into the lower branch dispersion .In general, the scat-
tering dynamics from ER and between UP and LP branches, together with exciton and
polariton lifetimes depend on cavity quality factor, dye concentration and nature of the
dye molecule used as active medium.

The large amount of uncoupled excitons that sit inactive in the reservoir represent the
strongest limitation for observation of any kind of nonlinear process (parametric ampli-
fication, lasing and Bose—Einstein condensation). This is why the polariton density of
states which can be normally achieved remains always below the population threshold
required for occurrence of such phenomena. To deeply understand and solve the problem
one has to look at the molecular length over which the exciton wavefunction is coher-
ent. For each type of J-aggregate molecule the coherence length is determined by the
interplay between the intermolecular excitation transfer interaction, the static and dy-
namic (scattering by nuclear motions) disorder and the inelastic scattering [58,96]. The
correlation of this specific value to the process of interaction and coupling of collective
excitonic states with the cavity photons would provide a realistic picture of the available
exciton "bright” states population and, at a later stage, of the polariton density.
Following this idea, the chapter starts with a study of the intrinsic third order optical
nonlinearities of a specific J-aggregate cyanine dye. The calculation of molecular coher-
ence length will be directly inferred from the experimental measurements and connected
to the corresponding degree of disorder which has to be taken into account for the mod-
eling of a strongly coupled microcavity system. J-aggregate based microcavities will

be then explored via angle-resolved photoluminescence and pump—probe spectroscopy.
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3 J-aggregate Nonlinearities

Experimental results will be shown and related discussion presented with particular at-
tention on polariton formation and phonon—-mediated scattering. All the results and
discussion presented below come from an intense and productive collaboration with Dr.
Leonidas Mouchliadis and Prof. Ilias Perakis which provided the theoretical support
used here to interpret the experimental data and model J-aggregate and microcavity

behaviors.

3.2 J-aggregate Nonlinearities

A thin film of J-aggreagate cyanine dye 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3- (4-sulfobutyl)-
benzimidazol-2-ylidene] propenyl]-1-ethyl-3-(4-sulfobutyl) - benzimidazolium hydroxide,
sodium salt (TDBC) is firstly characterized and subsequently used as active compound
for the realization of microcavity structures. Absorption spectra of the TDBC film is
defined by 51 meV linewidth and maxima located at 2.10 eV (figure 3.1 b). Here we
make use of the single beam Z-scan technique (extensively described in Appendix A
7.1) which permits to precisely measure sign and magnitude of third order optical non-
linearities (X(3)) of the material investigated. By moving the sample along the focus of
a pumping Gaussian beam, the transmittance variation is recorded at each step. From
this curve, nonlinear refractive index and nonlinear absorption (when present) can be
directly extracted. Additionally, exciton coherence length can be inferred by power de-
pendence study of the absorption variation.

The thin film characterized in our study was obtained by spin casting onto a quartz sub-
strate few ul solution of the J-aggregate dye (concentration of 4.2 mg/ml) suspended in
a water based polyvinylalcohol matrix (33 mg/ml). Refractive index (ng = 4) and thin
film thickness (400nm + 2nm) were measured by high precision scanning ellipsometer
within a range of 0.77 eV up to 6.2 eV.

3.2.1 Theory

In the polariton picture, a consistent description of nonlinear phenomena is based on the
interaction of intense electromagnetic radiation with high electronic excitation densities
produced in the medium. The study of characteristic third order optical nonlinearities
(nonlinear absorption and refraction) of the active material will also enlighten on the
process of population redistribution over two or more excited states.

We first start by describing our system (TDBC J-aggregate film) as an ensemble of
discrete monomers each one defined by three energetic levels: ground state Sy, first Sy
and second excited state Sy (figure 3.2 a). In the process of light absorption, electronic
species in the ground state can be promoted to a first excited level that serves as the
lower state of a second electric dipole allowed transition before excitons decay back to

the ground level. This mechanism is called Exzcited State Absorption (ESA) and can
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Figure 3.2: a) Energy level diagram for the TDBC J-aggregate molecule (b),
displayed together with a schematic rapresentation of the exciton wavefunction
spread over a calculated average of 10 monomers (c).

be conveniently described by absorption cross sections of ground (o¢;) and first excited
state (o12) which are related to the dipole matrix elements |uo1|* and |pu12]?. In this
case, the ESA coefficient is:

a19 = 019N (3.1)

with V7 the exciton concentration on Si:

dNy Qo1 ;

— = . 3.2

dt hv (32)
Here hv is the photon energy which produces the excitation, I the irradiance and o
is the linear absorption coefficient of the ground state, described also via cross section
oo1 times the density of the absorbing elements Ny on the state. To study the effect
of ESA on the transmitted intensity we first integrate such equation and introduce the

total fluence F(t),
0
o1 / / o1
Ny = — I(t)dt' = —F(t). .
V=00 [y = 9% ) (3.3

—00

By plug the above, in the following equation of irradiance variation

dl
o= —001Nol — 019N1 1 (3.4)
we then obtain IF
001012 2
— = —0g1 NoF'(t) — NoF~“(t). .
= —on NoF (1) - 2T N 1) (35)

In the particular case where excited state absorption cross section is larger than the
ground state one (012 > 0¢1) the process of light absorption is modified in the sense that
increasing input yelds increasing loss: the first excited state (S7) absorption becomes pre-

dominant with respect to the ground state absorption and thus an increase of population
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3 J-aggregate Nonlinearities

at higher excited levels (S2) occurs at the expenses of S7. These high energy states are in
most cases dark because of ultrafast non radiative decay mechanism. As such the overall
photoluminescence is subjected to an important decrease at high power densities. This
effect is described in literature as Reverse Saturation of Absorption (RSA) [97-100] and
relates directly to the intrinsic optical properties of the J-aggregate dye under study. In
this sense exciton—exciton annihilation, important mechanism which has been adopted
as first cause for absorption and PL quenching observed for the TDBC J-aggregate
dye [101], must be reconsidered in the light of this optical limiting behaviour. As such,
being RSA the predominant effect, exciton—exciton annihilation would represents only
a second order process in the optical response of reverse saturable absorbers excited by

intense optical stimulus.

In presence of RSA the far—field intensity deviation from a Gaussian distribution is
caused not only by nonlinear refraction, as the Z—scan theory explains, but also by

nonlinear absorption. Considering the third order optical nonlinearity y®) as:
3) , . (3
X =@+ i, (3.6)

the nonlinear refractive index no and the nonlinear absorption coeflicient as are related

to the real and imaginary part of x(3) by the Kramers-Kroning relations [102,103]:

xge) = 2nlegens, (3.7)

(3) n%eoc)\

Xim = Tom Q. (3.8)

We now follow the theoretical description of the Z-scan technique reported in the lit-
erature [104, 105] which solves the equation of fluence 3.5 over the spatial extent of
a Gaussian beam pulse, to obtain the normalized transmittance for an open aperture

Z—scan measurements:

ln(l + 1 40 2)
T— et (3.9)
1422
where [104-106]
ap1012F0Leyy
== % — ol 1
q0 o agloLegy (3.10)

and x = z/zy. Fy (Ip) is the fluence (irradiance) of the laser at the focus, [ is the sample
thickness and
Legs = (1+ ¢ Jagr. (3.11)

Equation 3.10 was used to extract, directly from the experimental curves, the values
of excited state absorption cross section (o12) and of the nonlinear absorption coeffi-
cient ag. Combined with the nonlinear refractive index extracted from a close aperture
Z—scan, in the way described in Appendix A (7.1), we could calculate the third order

optical nonlinearities X(?’) in virtue of 3.7 and 3.8.
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Despite the fact that Z—scan measurements provide precise values of excited state ab-
sorption cross section and nonlinear coefficients ag and ny simply from the analysis of
the experimental curves, an extended analysis which also considers reverse saturation
of absorption and exciton relaxation over the molecular energy levels is pursued. This
model, based on the three level system described at first at the beginning of the section,
is used in fact to calculate the temporal evolution of population redistribution among
the energetic states. More specifically, considering that the origin of optical nonlinear-
ities ¥ is related to the intensity—dependent population density of the excited levels,
excitation and decay mechanisms which govern electronic distribution (Np, N; and Ny)
on the three energetic states (Sy, S1 and S2) can be described by a set of three coupled
differential equations [107,108]:

90 — — 20l Ny + 410N,
% = %NO — %Nl — v10N1 + Y21 N2 (3.12)
% o,

where 19 and 12 represent decay rates from S7 to Sy and from S to S respectively.
Relaxation from Sy to Sy is neglected and as commonly treated [99,108], 12 is assumed to
be larger than v19. Accordingly to the description of a reverse saturable absorber, large
excited state absorption cross section with respect to the ground state one (12 > o1¢)
has also to be considered as indicated by the experimental results. Moreover, steady

state solutions of the time dependent absorption variation, described as:
a(t) = [Nooo1 + N1o12], (3.13)

are used to reproduce the observed reverse saturation of absorption behaviour with
high accuracy. We now relate nonlinear absorption and nonlinear refractive index to
the population density for each state and express the two coefficients via the following
[107,108]:

g = 01 Ng
(3.14)

ng = 7101 No-

Here I; = hvvyyp/o01 is the saturation intensity and the quantities K, and K, respec-
tively the ratio of absorption cross section and refractive volume of the excited state
to that of the ground state: K, = o12/001 and K, = m12/n01. To fully understand
the importance of the equations in 3.14 we must consider that nonlinear refraction of a
specific material is similar to the nonlinear absorption in the sense that it also results
from the excitonic transitions between molecular energy levels. Under this consideration
nonlinear refractive index can be related to the population difference between the levels
and represented via the constant of proportionality 7, the refractive volume [109]. From
equations 3.14 we can then distinguish between reverse saturable absorption (K, > 1)

or saturable absorption (K, < 1) and at the same time relate the sign of the nonlinear
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Figure 3.3: Experimental (symbols) and modeled (solid lines) Z—scan transmis-
sion signals at different power intensities for a TDBC film. Absorption satura-
tion as function of pump power is shown as inset.

refractive index to the molecular energy level occupancy by K,.. If excited state refran-
gibility is greater than that of the ground state, K, > 1, than the total refractivity

increases (ng > 0) while decreases (ng < 0) if smaller, i.e. K, <1 [109].

Results of the theoretical analysis are summarized and discussed in the following section.

3.2.2 Results and Discussions

The first important consideration refers to the shape of the characteristic open aperture
transmittance curves displayed in 3.3 and obtained by optically pumping the TDBC
film with a pulse beam at 2.138 eV and 80 MHz repetition rate. In here, the sign of the
absorption peak at the focal point of the focussed beam (Z = 0), indicates maximum
film absorption in the presence of maximum incident light, i.e. reverse saturation of

absorption (RSA). As expected, value of ground state absorption cross section has been

2

found to be much smaller than the excited state one: og; = 1.01z x 10~ *em? versus

012 = 5.68 x 10~ 13em? with resulting ratio of K, = 56, in accordance with the RSA case.
Ground state cross section was calculated from the linear absorption coefficient, cg; =

001 NAC = 2.8 x 10*em ™! (N4 is the Avogadro number and C' is the concentration in
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Figure 3.4: Absorption spectra for a TDBC J-aggregate film (red line). Close
aperture Z—scan curves which present nonlinear refractive index changes of sign,
are shown as insets for three different pump energies.

mol /em™3) while that of the excited state was extracted from the Z-scan transmittance
curve following the process described in the previous section (equation 3.10). Nonlinear
absorption coefficient is calculated in the same way and its value has found to be as =
2.9 x 102em/W (x\) = 1.14 x 10~4em?2/V2).

Informations about the degree of disorder and exciton wavefunction delocalization char-
acteristic of the TDBC cyanine dye are deduced experimentally by performing near
resonance (2.138 eV) Z-scan at different power intensities. When saturation of ab-
sorption is reached, 0.02 mW (0.08 nJ) in our case (figure 3.3), the number of photons
absorbed by the system becomes equal to the number of collective excitations. Therefore
a comparison between the molecular and photon density at the saturation point leads to
the number of molecules simultaneously excited by a single photon, i.e. the number of
molecules coherently coupled together. From our calculation, based on molecular weight,
dye concentration and power intensity at saturation, we obtain a coherence length value
of 10 molecules. This value well agrees with previously reported results [110,111] also
related to a J-aggregate dye characterized by a very similar molecular structure, hence
showing that the optical properties of the film are determined only by the microstruc-
ture of the J-aggregate dye and not by the film morphology. The truthfulness of our
interpretations is stressed even more by the high fidelity of experimental (symbols) and

simulated (solid lines) transmittance curves displayed together in figure 3.3.
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3 J-aggregate Nonlinearities

Additional indication on third order nonlinearities could be extrapolated by the analysis
of the close aperture Z—scan characteristic which provides direct indications on the non-
linear refrangibility of the compound. The shape of the transmittance curve is in fact
related to the sign of no which physically identifies a self-focusing or self-defocusing be-
haviour [100,104]. When various excitation pump energies are used, distinctive changes
of sign in corrispondance of well define positions on the TDBC absorption spectra are
observed: positive at 1.97 eV, negative at 2.17 eV and again positive at 2.39 eV (figure
3.4). Accordingly to the description of nonlinear refractive index illustrated in the pre-
vious section, the alternance of sel-focusing and self-defocusing behaviour also defines
a population density oscillation between ground and first excited state. At 2.39 eV, the
close aperture transmittance is defined by a valley—peak shape which indicates a posi-
tive nonlinear refractive index, ny = 3.86 x 10~ 5cm? /W (Xge) =3.28 x 10~ "ecm? V2, self
focusing behaviour) and a value of K, > 1. The density of population of the first excited
state, which is related to the refractive volume ratio K., is bigger in respect to the ground
one. A similar behaviour occurs at 1.97 eV where a value of ng = 1.10 x 10~%em? /W is
calculated (x5 = 8.57 x 10-8cm?/V2).

A different situation occurs for an excitation energy of 2.17 eV, very close to the
first resonance (2.10 eV) and characterized by almost double absorption intensity. A
negative nonlinear refractive index is measured, ny = —5.84 x 10~ %cm?/W (ng =
—4.96 x 107 7em?/V?), and correspective refractive volume ratio, K, < 1, indicates
higher occupation of the ground state in respect to that in Sj. This behaviour does
not directly depend on the wavelength of the excitation beam but mostly on the total
absorption of the dye and hence on the RSA strength, which varies dramatically at the
energy positions we have investigated. As result, the population distribution among the
three energy levels is strongly affected whitin the same range of radiation intensities
which remains always below the saturation point. The demonstration of this behavior
is provided by the changes in the density of states Ny, N1, No shown in figure 3.5 and
extracted from the system in 3.12 where a continuous excitation source is implied.

By definition of reverse saturable absorption, each photon introduced in the system is
more likely to be absorbed by particles already excited in the first energy level rather
than excite another one from the ground state. The extra energy introduced in the sys-
tem is devoted to depopulate S; by moving the excitons that reside in it to the second
excited level Sy which at steady state is the one that carry most of the excitation. At
equilibrium the system falls in a regime where the exciton density ratio between first
excited and ground state depends on the combination of characteristic absorption cross
sections og1, 019, decay rates 91, 7190 and excitation beam energy hw, as described by
the rate equations in 3.12. Therefore the evolution in time of the population occupation
of each level, displayed in figure 3.5, confirms this assumption and provides an addi-
tional means for the interpretation of the observed oscillations of excited/ground state
population ratio related to the sign of ns.

When the pump beam energy is 1.97 eV, we experimentally observe that the equilibrium
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Figure 3.5: Time evolution of the population densities Ny, N7 and Ns in each
of the three states Sp, S; and Sy as extracted from the rate equation system
introduced in 3.12 for three different pumping energies: (a) 1.97 eV, (b) 2.17
eV and (c) 2.39 eV.

between excitation/relaxation processes results in the presence of higher exciton density
in the first excited state compared to the ground one. Theoretical simulations presented
in figure 3.5 a describe the identical scenario: at steady state, reached after 100 ps from
the arrival of the pump (¢ = 0), Se carries most of the population while S; appears
weakly (20%) but at the same time more populated with respect to Sy (= 10%). As
expected, reverse saturation of absorption governs the general energy levels dynamics by
driving the biggest exciton amount (70%) on the nonradiative Sy level just after few ps
from the arrival of the pump. With an excitation energy of 2.39 eV (graph c), exciton
redistribution throughout the levels follows a similar behavior to the one just described
with the only slight reduction of Ny in favour of both Ny and Nj.

On the other side, close to TDBC resonance (2.17 eV) where dye absorption remark-
ably increases, nonlinear refractive index is found to be negative and as consequence
refrangibility ratio K, < 1. Calculation of Ny, N1 and N displayed in 3.5 b confirms
once more the experimental results. The Sy level remains the most populated state as
expected from RSA while excitation density in S; strongly reduces to reach a percentage
that at steady states results weaker than the one found in Sy, approximately constant.
Furthermore we observe that steady state equilibrium is reached only after ~250 ps
from the arrival of the pump indicating a much slower response of the dye in respect to
the previous cases (figure 3.5 a,c) where this delay was found to be less than the half
(=~ 100ps). This behaviour directly results from the stronger RSA effect observed near
the peak resonance where higher S; absorption retards the achievement of the steady
state S9 population density expected. The calculation of Ny, N7 and N, as function of
time t presented in figure 3.5 is extracted from the system in 3.12 for a fixed value of

pumping beam intensity I set below the saturation point.

The conclusions we can deduce from this analysis is that despite the TDBC J-aggregate

possesses relatively high optical nonlinearities and oscillator strength, reduced molecular
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3 Polariton Formation and Decay Mechanism

coherence length and especially reverse saturation of absorption seem to limit its qual-
itative behaviour in the presence of intense illumination. Therefore, its role in a more
complex system, as a planar microcavity could be, needs a revised theoretical investiga-
tion which put its basis into a realistic parameter of the intrisic degree of disorder. Only
in this way it would be possible to fully exploit the potentialities of J-aggregate based

microcavities towards the observation of collective nonlinear phenomena.

3.3 Polariton Formation and Decay Mechanism

After the study of the intrisic structural and optical properties of the TDBC J-aggregate
dye we follow the discussion with an investigation of the exciton—polariton dynamics in
organic based microcavities.

The microcavity samples under analysis were provided by the group of Prof. David
Lidzey at the University of Sheffield and consist of 220 nm J-aggregate TDBC thin film,
stacked in between two dielectric Distributed Bragg Reflectors (DBR) mirrors composed
of 11 A\/4 pairs of SiO2 and T'as0s5. Oxygen plasma sputtering deposition (Helia Pho-
tonics company) has made possible the realization of high finesse optical cavity mirrors
with quality factor of ~ 300 and respective polariton radiative lifetime of 100 fs. On the
other hand, the organic active layer was prepared by dispersing the TDBC cyanine dye
in a polyvinylalcohol (PVA) water based matrix (33 mg/ml). The solution was subse-
quently spin casted onto the bottom DBR mirror previously treated with oxygen plasma
bath to remove any organic contaminant. The TDBC dye concentration was varied in
between different samples to modify effective oscillator strength and hence tune the Rabi

splitting energy as the exciton—photon interaction takes place.

3.3.1 Ultrafast Phonon Assisted Polariton Build Up

The optical characterization of the planar microcavities was at first performed by means
of room temperature angle-resolved photoluminescence spectroscopy (Appendix A 7.2).
For the purpose a nonresonant quasi-CW pump excitation at 2.33 eV (7.58 kHz repetion
rate and 0.51 nm pulse width) was implemented. By tilting the sample with respect to
the excitation/collection lens we were able to image on a charge coupled device (CCD)
detector the angular photoluminescence emission in a range of angles from 0° up to
60°. With such configuration it was possible to characterize the lower polariton branch
entirely till the anti—crossing point which in the case of strong Rabi splitting occurs at
high wavevectors. At the same time linearly polarized detection, perpendicular to the
molecular transition dipole moment, was used to meet the resonant condition for the
polarization—dependent Raman scattering process. This effect, which has been shown
to play a crucial role in the polariton decay process, is due to the strong birefringence

of the spin casted film which results from the allignement of the molecular aggregates
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in the matrix [58,91,112]. In strongly coupled organic microcavities in fact, discrete
high energy vibrational modes characteristic of the organic active medium, interact
with electronic excitations and provide an efficient relaxation channel into lower energy
polariton states where the spectral separation from the lowest tail of the exciton reservoir
matches the molecular vibrations energies. As a result, high population densities and
intensity maxima are observed in the LP photoluminescence emission in correspondance
with phonon peaks visible in the Raman spectra when scaled to the ER energy (figure
3.6). Interestingly, the possibility to exploit manifold detuning conditions by a simple
scan over the sample surface permits to activate different vibrational modes depending
on the availability of polariton ”trap” states in the lower branch.

To confirm our findings and fully explain the process, we developed a theoretical model
of the system and solve the Heisenberg equation of motion which describes the time-
dependent lower polariton branch occupation. The linear model of a molecular aggregate
comprising hundreds (V) of monomers is described by the Frenkel Hamiltonian [67,113]
which takes into account that localized excitations are spread throughout the aggregate
by means of dipole—dipole intermolecular forces. By introducing the bosonic operator
bii which creates the vth collective excitation in the ith aggregate (over a total of Nygq),

we hence obtain the J-aggregate ensemble Hamiltonian:

N, Nagg
Hagg = Z euibzibui (3.15)

Vi

which describes the collective excitonic states defined at specific segments of the linear
chain. Besides, commonly assumed molecular disorder is here introduced by considering
energy fluctuation with a Gaussian distribution [114,115]. At this point we dropped the

nonlinear exciton—exciton interaction term to focus the attention on the linear response.

When considering a microcavity system and subsequent photon coupling term we obtain
a description of the final exciton—polaritons as delocalized eigenstates of the microcavity
that interact with the localized collective excitations of each aggregate (ER) [79] through
absorption or emission of vibrational quanta, also localized at each monomer of each

aggregate. The resulting Hamiltonian is:

Hrp = Z E,fPPTPk + Z embmbyZ + ZwAzc/\ZcM + Z gl),‘ifbm V! Z(ci +cxni)+

i v/ \i

> gkk,PTPk, (cli + o) + > _lgriPibui + gpibl Pl (ch; + exi)
kk'\i kvi
(3.16)

where the first three terms introduce respectively lower polariton branch, uncoupled
reservoir excitons and phonons bath. The subsequent terms describe the separate cou-
pling of phonons with ER states and lower branch polaritons while the last defines the

exciton—polariton interaction mediated by the phonons bath. While exciton—photon
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Figure 3.6: a, d) Normalized contour plots of the measured PL intensity for
two different exciton-photon detuning values. b, e) Modeled photoluminescence
intensity calculated in steady state condition. c, f) Raman spectra (red line)
and integrated PL profiles extracted from respective measured (solid line) and
simulated (dashed line) PL contour plots.

coupling was obtained by considering only the lowest exciton eigenstate in the Lifshitz
tail of the J-band of each aggregate, the phonon energies used in our simulations were
extracted from the measured J-aggregate Raman spectra (red line in figure 3.6 ¢ and f)
and scaled to the ER energy (peak of the Boltzman distribution). The Heisenberg equa-
tion of motion of the lower polariton population was then coupled to the phonon—assisted
density matrices which were treated in steady state by introducing their dephasing time
which guarantees energy conservation condition [116]. The contour plots and profiles of
figure 3.6 which present a comparison between experimental and simulated PL emission

at two different detunings show the excellent accordance of our model.

The following step of the analysis consisted in the time—-dependence study of the lower
polariton population. To compare temporal photoluminescence dynamics of the real
system with the one extracted from the theoretical model through the steady solutions
of the Heisenberg equation of motion, we perfomed transient pump—probe spectroscopy
on the lower polariton branch by exploiting the setup fully described in Appendix A
(7.4). The microcavity structure was excited non-resonantly using a pump pulse of
sub-100 fs width and 250 kHz repetition rate, at energy of 3.1 eV. The entire lower
polariton dispersion was resonantly scanned by adjusting the energy of the probe beam
accordingly (1.91 eV and 1.968 eV) while, for each LP position, the transmitted signal
was recorded with a balance detection scheme at various time delays. By using sub-35

fs time resolution we hence obtained detailed temporal curves from which informations
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Figure 3.7: a) Variation of the transmitted signal intensity at different time
delays, in and off resonance with the vibronic states. Modeled (solid line) and
measured (circles line). b) Rise time values extracted from experimental (dashed
line) and simulated (solid line) decay signals as presented in (a). Raman spectra
is also displayed as a black line for comparison, scaled to the exciton reservoir
energy.

on the polariton formation and decay were extracted. As such, by fitting the rise time
of the measured transmitted signal we could confirm the theoretical simulation in which
build-up times of the order of hundreds femtoseconds were predicted (figure 3.7). The
slower decay tail was not directly reproduced by the simulation and therefore its charac-
teristic lifetime, on the 10’s of ps, was simply measured from the experimental data by a
single decay exponential fit. While the ultrafast component reflects polariton build—up
times from delocalized bright exciton states, signal decay relates to the scattering rate
from all exciton reservoir states into the lower branch. More surprisingly, as shown in
figure 3.7 b, a remarkable enhancement of the relaxation time into those LP states which
met resonance conditions for scattering through molecular phonons was observed.

Both simulation and experimental findings indicate that vibrationally—assisted relax-
ation mechanisms prevail over other scattering processes and provide at the same time
the most effective channel for macroscopic population of specific polariton states on the

lower branch dispersion.

3.3.2 Effect of Molecular Disorder on the Light—matter Coupling

To account for the effect of high level of structural disorder on the light—matter coupling
process we connect the number of coherently coupled molecules, experimentally mea-
sured in section 3.2.2, to the disorder parameter included in the model of the uncoupled
J—aggregate system, introduced at first in chapter 2.3.1 (equation 2.4).

On a J-aggregate chain collective excitonic states can form through the mutual coupling
of different localized excitations which possess on—site energy distributions defined by

uncorrelated Gaussian with mean zero. The spread of the fluctuations, i.e. the variance
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3 Polariton Formation and Decay Mechanism

of the Gaussian (A), reflects the degree of disorder in the system which can be described

by the dimensionless quantity d:

=~ (3.17)

where J > 0 is the nearest—neighbor coupling (J = 0 for any other interaction) [57,113,
117]. The influence of molecular disorder is investigated by a study of the normalized os-
cillator strength (OSC) distribution [113] over the ensemble of collective states, assumed
to be 100, together with the Participation Number (PN) which defines the number of
molecules on which the exciton wavefunction is delocalized (figure 3.8). Here OSC is
calculated by rescaling the oscillator strength of each molecule to the total number of
states (100) over which is dispersed [113]. In the ideal case displayed in figure 3.8 a
for d = 0.1, the oscillator strength is found to be localized on the low energy side of
the molecular chain while exciton wavefunction extended on an average of 70 molecules
(PN=70) [114]. As the degree of disorder increases, the eigenenergies are strongly modi-
fied and important redistribution of OSC over the aggregate chain occurs. What follows
is the corresponding optical activation of several excitonic states, previously optically
inactive ("dark”), which acquire significant oscillator strength and contribute towards
the strong coupling. In turn, the participation number decreases as the higher disorder
induces localization. The number of coherently coupled molecules, identified with the
value of 10 by Z—scan measurements, was directly used as an input to determine the
level of system disorder d, which in sharp contrast to the commonly chosen value of
d=0.1 has to be assume as 0.8 (figure 3.8 d).

There are two main consequences for the process of exciton—photon coupling that such
analysis suggests. The first, unexpected, relates to the redistribution of the oscillator
strength along the molecular chain. In fact, strong level of disorder allows for high
energy states in the exciton reservoir to acquire enough oscillator strength to interact
and couple with the electromagnetic field of the cavity and give rise to collective polariton
eigenstates. Secondly and yet very important, is the fact that a highly disordered system
which accomplish strong localization of the collective excitonic eigenstates directly cause
an increase in the exciton—exciton mutual interaction coefficient. As the excitons are
shared among only few monomers the phase space filling is achieved much easier with
a corresponding increase of the nonlinear interaction. This can explain the high third—
order optical nonlinearities experimentally observed for the TDBC cyanine dye which

yet does not allow for the occurence of any polaritonic nonlinear phenomena.
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Alternative Approaches

4.1 Introduction

As observed in the previous chapter, despite J-aggregate compounds possess relatively
pronounced intrinsic nonlinearities, presence of reverse saturation of absorption limits
the optical response of the dye and subsequent polariton properties when imbedded in a
microcavity. To overcome these limitations we undertake an engineering approach which
consists in the modification of the presented design with the introduction of additional
organic compounds in the active region of the cavity to promote polariton thermalization
on lower lying states by enhancement of the J-aggregate pumping efficiency as well as
the relaxation mechanisms. In the first case the addition of a host dye characterized by
strong emission and absorption maxima located far away from the high reflectance stop
band allows for efficient intracavity pumping of the strongly coupled exciton—polariton
states. The host polymer possesses weak oscillator strength and as such, does not
contribute or alter strong coupling characteristic. On the other side, by including into
the microcavity a second J-aggregate dye with different exciton energy, we allow for
the formation of hybrid polaritons which retain properties of both coupled excitons.
The presence of two exciton reservoirs as well as the emergence of an additional middle
polariton branch increases the relaxation efficiency into the lower polariton states by

opening new effective pathways.

We start our discussion with the intracavity pumped microcavities which are investi-
gated by mean of angle resolved photoluminescence additionally combined with a study
of the polariton occupation. Differently, the hybrid organic-organic microcavities are
introduced with a description of the structure design and fabrication process, then char-

acterized via reflectivity, photoluminescence excitation and time-resolved measurements.

All the samples analyzed and presented in this chapter were kindly provided by the
group of Prof. David Lidzey at the University of Sheffield.
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Figure 4.1: a) Absorption and reflectance spectra of the TDBC J-aggregate dye
and bottom dielectric mirror used in the microcavity structure. b) Emission and
absorption spectra of the polyfluorene dyes FSBT and PFR in a blend film and
for PFR singularly.

4.2 Intracavity Pumped OMCs

One of the fundamental requirements for the achievement of coherent emission in inor-
ganic and organic based microcavities is the fabrication of high quality mirrors (high
Q factor) characterized by extremely high reflectance which endow polariton particles
with long lifetime. By following such approach, one has to consider that J-aggregate
compounds, most used semiconductor for organic microcavities, are characterized by
very narrow absorption spectra and small stoke shift. Besides, absorption maxima is
located inside the stop band and as such, efficient optical pumping is extremely difficult
to achieve in high Q organic cavities. The possiblity to introduce a host dye which acts
as cavity spacer and possesses strong emission in proximity of the maximum J-aggregate
absorption permits to overcome the problem and to introduce at the same time additional
advantages. Due to spectral overlap of the dye emission with the LP dispersion, direct
pumping of polariton states occurs with important effect on the uncoupled exciton (ER)
population which is consequently reduced. This represents an extremely favourable con-
dition for enhancement of the polariton density of states towards the threshold required
for observation of nonlinear processes. Remarkably, the maximum absorption energy of
such dyes which is positioned far outside of the high reflectance region allows for simpler
and most active optical excitation. To visually describe the situation just introduced
we report in figure 4.1 a absorption spectra of the TDBC J—aggregate and DBR. stop
band reflectance together with emission/absorption spectra of the chosen pumping dyes
(figure 4.1 b).

The first set of cavities was realized with a blended film of two polyfluorene dyes, com-
mercially labeled F8BT and PFR (in percentage of 60 and 40 respectively) while the
second set simply made by using PFR dye alone. All the samples were fabricated with
dielectric distributed Bragg reflectors mirrors with identical characteristics of the one

used for J-aggregate based microcavities analized in chapter 3; this to maintain similar
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4 Intracavity Pumped OMCs

Q factor (about 300) and hence coupling conditions. Specifically, both mirrors consist of
11 alternated pairs of Si0s and T'aoOs5 deposited by oxygen plasma sputtering on a glass
substrate and on top of the organic layers. On the other hand, the cavity region was
realized by spin casting the organic solutions directly on the bottom DBR: water based
solution for the TDBC J-aggregate dye, previously introduced, while toluene based for
the host dyes. In both cases the sample was heated on a hot plate at the temperature
of 70° Celsius for ~3 minutes to assure complete solvent evaporation. The resulting
active region is hence formed by two well defined films which absorption and emission
features are described by a combination of the spectral characteristic of each compound.
By changing the rotational speed we could also accomplish various film thickness values
and therefore allow for a manifold detuning conditions. As it will be subsequently showed
in the experimental discussion, this procedure would permit to tune energy position of
the lower branch states and consequently couple maximum dye emission at ~<1.937eV

(640nm) to chosen LP wavevectors for the most efficient pumping condition.

4.2.1 Characterization

All the microcavity samples were studied by means of angle resolved photoluminesce
spectroscopy. This was performed by combining the experimental setup shown in Ap-
pendix A (7.2) with an excitation pulsed beam at 3.1 eV and 100 kHz repetition rate,
shone on the sample at an angle of ~ 30° to avoid the collection of the scattered light.
Besides, the sample, kept at room temperature, was vertically tilted to permit light
collection in a solid angle centered at =~ 10°. PL emission of the full dispersion, from
low to high wavevectors, is in this way collected and complete information on polariton
thermalization is accessible.

Photoluminescence images for microcavity samples containing both kind of host dyes
(F8BT/PFR and PFR) and for different detuning conditions are displayed in figure 4.2.
Panel a and b refer to small negative detuning values where upper polariton branch is
also slightly visible, while ¢ and d represent two very negative detuned cavities. In the
latter cases the anticrossing point is located at high angles and therefore not clearly visi-
ble from the images. Using the coupled harmonic oscillator model a Rabi splitting value
of approximately 130 meV was extracted for all the samples studied. From a first look at
the images in figure 4.2 it is clear that there is strong polariton emission at the bottom
of the LP branch, which suggests high occupation densities near k|| = 0 compared to the
less bright high wavevector states. This remarkable feature is an indication of the effec-
tive intracavity pumping which sustains direct population of exciton—polariton states.
Bypassing relaxation and subsequent scattering into and from the reservoir of uncou-
pled excitons (ER), as usually occurs under nonresonant optical pumping, thermalization
and condensation of polariton particles at the bottom of the lower branch is very much
favourite: the nonradiative decay losses which occur in the ER are reduced with strong

enhancement of the polariton density of population. As observed in the images of figure
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Figure 4.2: Angle resolved photoluminescence images for four different sam-
ples at various detuning conditions and hosting dye: (a), (c) containing the
F8BT/PFR blend while (b) and (d) the PFR dye alone. J-aggregate exciton
position, cavity and polariton branches, extracted from the coupled oscillator
model, are also displayed as white dotted and continuous lines.

4.2 where a wide range of cavity detuning is explored, broad spectral linewidth of the
host dye (=0.25 eV) guarantees efficient polariton pumping even in those cases (small
negative detuning) where LP bottom states are distant from the F8BT/PFR emission
maxima (~1.937 eV). Nevertheless, calculation of exciton—polariton occupation along
the lower branch dispersion suggests that some detuning conditions are effectively more
favourable than others. Measured photoluminescence polariton intensity along the LP
is converted to the relative particle occupation number by taking into account the pho-
tonic/excitonic fraction, as known as the Hopfield coefficients, which changes with the
increase of k|, especially in case of very negative detuned cavities. As such, the observed
counts of the lower branch polariton PL are extracted and subsequently divided by the
photonic component calculated from the coupled oscillator matrix [118].

The obtained results are presented in figure 4.3 a. Here, the highest occupation number
observed (purple line) is related to sample 26 which possesses a cavity detuning of -160

meV. Under this condition the lower polariton states are positioned at an energy of
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Figure 4.3: a) Lower branch exciton—polariton occupation number for the four
structures previously introduced. b) LP occupation number of sample 26 fit with
the Maxwell-Boltzmann distribution (red line) calcuted with a temperature of
345 Kelvin. Error bars refer to the lower branch linewidth.

~1.92 eV, only 17 meV distant from the PFR emission maxima (1.937 eV) and thus
providing the maximum pumping efficiency. Such detuning value specifically defines
the most favourable condition for radiative population of polariton states and moreover
provides indications on the correct approach to follow for further design improvements.
It is worth mentioning that the second most efficient cavity detuning condition does not
correspond to the detuning value of -180 meV but to a small negative one (-38 meV),
where LP bottom states are located at the shoulder of the PFR emission spectra. We
attribute this behaviour to the fact that in the case of A=-180 meV, resonant pumping
of high wavevector states limits the fast thermalization at the bottom of the branch due
to the inefficient polariton relaxation mechanism observed at low k. In such states in
fact, particle character is dominated by the photonic fraction which reduces polariton
scattering efficiency with consequent bottleneck formation [87].

To study the thermalization process into k| = 0 we fit the occupation density curve
extracted from the PL emission intensity of sample 26 with the Maxwell-Boltzmann
(M-B) distribution N(E}) oc e~ Zx/k8T (B} is the polariton energy and N(FE},) indicates
the number of particles per state at that specific energy). Figure 4.3 b displays the
obtained results. Although there is a good agreement at the high energy tail of the LP
dispersion, the high temperature value extracted from the fit (T=345 Kelvin) suggests
that the polariton gas is not completely thermalized. This can be due to the mirror
losses and to the big cavity size which reduce the overall Q factor and eventually the
polariton lifetime.

Nevertheless, strong increase of population density on the states near k)| = 0, which is
observed to occur near and above the polariton condensation threshold [29,48], under-
line the effective improvement accomplished via the novel pumping scheme.

Following the positive trend of the obtained results we proceed with the investigation of

angle resolved photoluminescence emission dependence on the optical excitation power.
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Figure 4.4: a) Photoluminescence profiles extracted at k; = 0 on the lower

polariton branch at different excitation powers. b) Peak position and profile
linewidth as function of the applied power. Peak intensity dependence is also
shown as inset.

No changes on the experimental setup were implemented. Figure 4.4 shows the results for
this analysis on sample 26. Identical measurements were performed on all the remaining
structures with the achievement of very similar results despite different detuning condi-
tions. Evident from the pumping energy dependence of the emission intensity, linewidth
and peak position, photoluminescence saturation is found to occur before the density
threshold for stimulated scattering can be reached. In fact, by increasing the excitation
power, polariton emission grows at first linearly and then sublinearly until a point where
the system goes to the weak coupling regime (=40 nJ). After that point PL intensity
slightly increases due to the purely photonic contribution of the cavity mode and as a
consequence peak position blueshifts and profile linewidth at k) = 0 broadens.

Even if dye intracavity pumping strongly enhances the polariton states population and
favours subsequent partial thermalization, small quantum yield of the host dyes and
large cavity thickness does not allow polariton condensation. As a result, the intense
pulse energies applied bring the system to the weak coupling regime which follows pho-
tobleaching of the J-aggregate molecules. This behaviour is also observed in classical
organic microcavities which do not include additional emitting polymers. PL saturation
and photobleaching occur by using either CW or pulsed excitations. Nevertheless, the re-
markable improvement achieved by the inclusion of the emitting polymer and suggested
by the presented results is related to the strong increase of the polariton population at
zero wavevectors. This effect is uniquely due to the efficient pumping of the J-aggregate
dye by means of the additional emitter which populates polariton states bypassing the

loss mechanisms related to the exciton reservoir.
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4.3 Hybrid Organic-Organic MCs

If from one side the polariton density in J-aggregate based microcavities, as showed in
the previous section, can be strongly enhanced by mean of intracavity pumping mediated
by an additional host dye, population distribution and relaxation pathways through the
branches require further and deep investigations in order to overcome the basic limita-
tions characteristic of these systems.

We present in this section a study of a novel planar microcavity structure which con-
tains two organic J-aggregate dyes with different exciton energies, mixed together and
simultaneously strongly coupled to the optical cavity mode with resulting formation of
hybrid organic polaritons. The importance of the system resides in the fact that in
such configuration, the particular polariton distribution has been found to favour the
lower polariton branch population suggesting a strong relaxation pathway from higher
energy states down to k)| = 0, through the exciton reservoirs. As explained in detail in
the following part, angle resolved photoluminescence combined with photoluminescence
excitation spectroscopy and reflectivity measurements enlighten such relaxation dynam-
ics. Furthermore, additional time—decay analysis defines the characteristic scattering
lifetimes and underlines the negligible contribution to the relaxation dynamics provided
by direct Forster energy transfer process between the two different J—aggregate species
which form the blended film.

4.3.1 Device Structure and Fabrication Process

The presence of two J-aggregate excitons in the active region of a strongly coupled planar
microcavity allows for the formation of hybrid organic polaritons which simultaneously
retain excitonic properties of both compounds as well as the photonic features of the
optical mode responsible for the coupling. As previously reported for cavities made by
two different energies quantum wells [119] or organic materials [120], such system can
be studied via the three elements coupled harmonic oscillator where one photon couples

at the same time with two uncoupled excitons:

E. (9) Vew1 Ve Oy Oy
Ver1  Fegt 0 Qexl | = E(e) Qexl | - (41)
Ver2 0 Eero Qex2 Qex2

Here, E.(f) is the cavity mode energy defined as E.(0) = Fo(1 — sin*0/n)~ /2 where
FEy and n represent cutoff energy and cavity refractive index; V.,1 and Vg0 describe
the interaction potentials between the photonic and excitonic modes while E;; /5 are
the energies of unperturbed excitons. The solutions of the coupled matrix are defined
by three polariton dispersions (upper, middle and lower) with energies given by E(9).

Branch anticrossing is expected to occur at the two uncoupled exciton energies and at the
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Figure 4.5: Normalized absorption (black line) and PL spectra (red circles) of
a mixture of TDBC and NK-2707 in a gelatine matrix (ratio 3:1) with the
absorption and PL of separate TDBC and NK-2707 films shown in the left and
right insets respectively. The PLE spectrum, with detection at the PL peak of
NK-2707 (636.4nm), is also shown in the bottom part of the graph.

specific wavevector which defines photon—exciton resonance. The complete description of
photonic and excitonic weightings at each k| is given by the three mixing coefficient a.,
ezt and aego, basis functions of the coupled matrix. Full characterization of polariton

energies and properties will be presented and discussed in the following section.

The microcavity structure studied here consists of two thermally evaporated silver mir-
rors (200 nm and 30 nm thickness for bottom and top) which comprise in between them
the organic film formed by a mixture of both molecules. The two J—aggregate dyes used
in this work are the previously described TDBC and the 5-chloro-2-[3-[5-chloro-3-(3-
sulphopropyl-2(3H)-benzothiazolylidene]-2-methyl-1-propenyl]-3-(3-sulphopropyl) benzoth-
iazolium hydroxide inner salt compound with triethylamine (NK-2707, Hayashibara
Biochemical). Both dyes were individually dissolved in aqueous gelatine solutions (75
mg/ml) with a concentration of 5 mg/ml. After optical characterization the solutions
were mixed together in the ratio 3:1 (TDBC:NK-2707) to scale the overall PL contri-

bution due to smaller fluorescence quantum yield possesed by TDBC with respect to
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NK-2707. The active layer is hence obtained by spin casting the resulting mixture on the
bottom thick silver mirror. Absorption and emission spectra of both dyes are presented
in figure 4.5 b (black line and red circles): TDBC exciton is positioned at 590 nm with a
FWHM linewidth of 9.2 nm (16.1 nm FWHM of the photoluminescence spectra) while
NK-2707 exciton shows maximum absorption at 636 nm with relative absorption and
PL linewidth of 14.4 nm and 18.2 nm. As displayed in the central inset, by mixture
of the dyes in a 3:1 ratio we could obtain similar PL intensities despite higher TDBC
absorption maxima (6 times bigger than NK-2707) due to its greater concentration. The
choosen configuration permitted to form an optical cavity where the confined 3\/2 mode

is negatively detuned for both excitons

4.3.2 Characterization

The microcavity structures are optically characterized through photoluminescence (PL)
and photoluminescence excitation (PLE) spectroscopy. In addition, normalized reflec-
tivity R is also recorded with the same optical setup, fully described in Appendix A 7.5.
In this way cavity absorption A was recovered by assuming absence of light transmission
through the thick bottom mirror: A = 1 — R. The reason for such kind of measure-
ments lies on the fact that PLE spectroscopy of a particular polariton state, in this case
ki = 0 on the lower polariton branch, is dependent upon the amount of light that can
coupled into that state through the mirrors and from higher energy/wavevector states.
Therefore, PLE is related to both the photonic and excitonic component of the polariton
particle while reflectivity (absorption) only relates to the ability of the polariton state
to couple to light, defined by its photonic weight. As such, by removing the photonic
element simply dividing the PLE spectra by the calculated absorption spectra, only de-
pendent on the photonic fraction, we can recover uniquely the contribution related to
the excitonic component of the polariton, responsible of any particle—particle interac-
tion. Therefore, the pure scattering efficiency from each state into the bottom of the
lower branch is obtained.

After the initial characterization of both dyes, isolated and mixed, via absorption and
PL spectroscopy, we performed PLE on a reference film of the J-aggregates blend with
collection on the NK-2707 exciton energy to study possible molecular energy transfer.
As reported in figure 4.5 ¢, the small dip in intesity located at the TDBC absorption
peak suggests the very weak or even absence of energy transfer between the dyes outside
the cavity. This conclusion is furthermore supported in the next section when time decay
curves of both mixture and single dye films will be presented: the small change in the
TDBC lifetime when blended with NK-2707 indicates that the former does not act as
donor and neither the latter as acceptor. We speculate that the limited energy transfer
between the components in the control film results from the fact that phase—separation
in the blend film creates almost ”"pure” aggregates of TDBC and NK-2707 that are

phase—separated within the insulating gelatine matrix with a length—scale sufficiently
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Figure 4.6: a) Angle resolved photoluminescence image. Exciton energies, cavity
mode and polariton branches extracted from the coupled oscillator model are
displayed on top as black, red and white dotted lines. b,c) Polariton population
distribution extracted from the PL intensity in image (a) and mixing fractions
for each branch.

large to prevent direct dipole—dipole interaction.  Results and related discussion of
the optical study accomplished on the full hybrid microcavity structure are presented
below. The angular dependent photoluminescence emission is displayed in figure 4.6 a.
It can be observed that polariton emission, stronger at small angles on the lower branch,
becomes more pronounced on the middle for angles above 40°. Reflectivity spectra for
a broad range of angles are presented in figure 4.7 which in a similar manner, show the
behavior just described: the LP deep, very pronounced at low wavevectors, decreases at
higher angles accompanied by an increase of the MP and UP deeps.

To precisely define exciton and photon energies, polariton branches and mixing coeffi-
cients at each k), we fit the PL spectrum with a series of Lorentzian peaks (3 for the
polariton branches and 2 for the weakly coupled exciton reservoirs) which are subse-
quently used to reproduce relative dispersions by mean of equation 4.1. Accordingly to
the model, we find that at normal incidence the photon energy is 101 meV below the
NK-2707 exciton (ex1) and 250 meV below the TDBC exciton (ex2). A Rabi splitting
energy of 2V.,1= 73 meV is seen between the LP and MP, while the larger splitting of
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Figure 4.7: Reflectivity spectra at different angles from which the absorption im-
age is extracted. Upper (UP), middle (MP) and lower (LP) polariton branches
clearly show the typical anticrossing behavior expected for the strongly coupled
system.

2Vezo= 155 meV between the MP and UP is motivated by the higher TDBC oscillator
strength. Furthermore, population density P,, along the polariton branches can be

studied by converting peak emission intensity I, through the following:

Tpo
pol . (4.2)

2
‘a'y|

Ppy o

The relative population dispersions are shown in figure 4.6 b. The most interesting
features are related to the LP population which presents the general trend of increasing
with increasing emission angle. This effect is well documented [46,90] and is due to the
role played by the exciton reservoir in populating polariton states. Following nonres-
onant pumping, excitons relax through interactions with molecular vibrations into the
J—aggregate J-band and form a weakly coupled reservoir of thermalized exciton states.
These reservoir states populate the polariton states via two mechanisms. Firstly, as
reported in the previous chapter (3) excitons can ”dump” energy into molecular vibra-
tions and scatter into lower energy states or gain energy from vibrations to be promoted
into higher energy polariton states. The excitons may interact with a low energy con-
tinuum of molecular vibrations (usually considered to have energy <10 meV), or higher

energy discrete vibrational modes. Remarkably, these scattering processes are limited

45



540 _Loid) o
560 =
g < 0.8 TR
58048 —
= [ v v
— (o]
) ] 0.6 VvV o 1
2 600 = v o Vvvv
'a;a 620 2 0.4 i
S B
= < 02
ant m
0.0+—————————————
20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
Angle [deg.] Angle [deg.]
0251 €) vLP -
S, [ = 0.201 aUP ]
<
~N—
&0
=
2
L
>
§ ........

/-

20 25 30 35 40 45 50 55

20 25 30 35 40 45 50 55
Angle [deg.] Angle [deg.]

Zlh

(o

—
e
......
........

[0
S
e
o
:

[\
<

AN N N L a
ol
o

i
o
©
[
:
1

Wavelength [nm]

e
o

[o
2
Relative Efficiency [a.
<
e

'. 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
Angle [deg.] Angle [deg.]

Figure 4.8: a) Angular dependent PLE signal recorded at k)| = 0 on the LP.
b) Angular dependent absorption. c¢) Angular dependent relative scattering
efficiency to kj = 0 on the LP. The magnitude of the PLE, absorption and
efficiency for each branch are shown in parts (d), (e) and (f) respectively. Red,
white and black dotted lines refers respectively to the fitted exciton energies,
polariton and cavity dispersions.

by the short polariton lifetime which relates to J-aggregate exciton and cavity lifetime,
the first of the order of 10’s/100’s ps while the second, accordingly to a generally poor
cavity quality factor, =~10’s fs. As such, multiple scattering is strongly suppressed and
polariton particles remain confined to states close to the reservoir. Nevertheless, highly

energetic discrete vibrations can act as fast relaxation mechanism to populate polariton
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4 Hybrid Organic-Organic MCs

states far below the exciton energy [1].

The second mechanism which involves exciton reservoirs is ”optical pumping”: weakly
coupled excitons directly populate the photonic components of polaritons through their
radiative decay. This is an elastic process so only polariton states that overlap with the
reservoir emission are populated in this way. Again, this is limited to states close to the
reservoir. Despite the fact that similar reservoirs of ex1 and ex2 excitons are available to
populate both lower and middle polariton branch, we find that the relative population
of polaritons in LP is significantly greater than that in either UP or MP at all angles.
This observation provides qualitative evidence for an efficient energy relaxation pathway
that depopulates both UP and MP.

We can study the efficiency of such relaxation process by using PLE spectroscopy. The
PLE signal recorded at normal incidence (kj = 0) on the lower polariton dispersion
is plotted in figure 4.8 a and the PLE intensity for each branch (found by Lorentzian
fitting) in panel d. Starting from the upper branch, we notice that PLE is weak in the
proximity of zero degree states and increases with increasing angle. The MP PLE signal
also increases with increasing angle but shows a broad peak centered at 45°. Finally,
lower branch PLE signal, weak at small and large angles, presents a strong peak at 37°.
As already described at the beginning of our discussion, to account for the photonic
component inherent in the PLE signal we simultaneously measure the angular depen-
dent microcavity absorption. This is shown in figure 4.8 b and the magnitude plotted
in panel e. The UP absorption follows the same trend as the UP PLE signal, while the
MP absorption is similar to the MP PLE but with a less pronounced change in magni-
tude. In contrast, the LP absorption is markedly different from the LP PLE signal. The
former, as expected, is in fact strong at small angles and reduces with increasing angle
following the photonic fraction of the related polariton particles. Therefore, by dividing
the PLE signal by the absorption, we obtain a measure of the scattering efficiency of
each polariton state into the bottom of the lower branch dispersion. This is plotted in
figure 4.8 ¢ with the magnitude of each branch reported in panel f.

From a first look at the UP we notice a constant scattering efficiency with respect to the
angle. This has been observed in PLE measurements on single exciton cavities and it is
attributed to a fast scattering of UP polaritons into the exciton reservoir (on the order
of 10’s fs) before scattering into lower energy polariton states [45]. Since this scattering
rate is faster than the polariton radiative emission rate for all angles, we assume that
polaritons can effetively relax to the reservoir from all states on the UP. Once in the
reservoir, the excitons lose information about the original polariton state and for this
reason it is therefore the scattering efficiency from the reservoir we measure, not from
the UP states. Hence, since excitons in the reservoir carry no dispersion and can be con-
sidered indistinguishable, the scattering efficiency is constant with angle. The middle
polariton scattering efficiency instead, decreases constantly with increasing angle. This
behaviour suggests that there must be some other mechanism at play besides scattering
to the NK—2707 reservoir followed by scattering to LP. Direct scattering from the MP
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to LP is the most likely candidate. In fact, from a look at the mixing fraction related to
MP, we observe that the first excitonic component |oze,,31|2 strongly dominates at small
angles up to ~ 30°. Besides, since polariton particles scatter through their excitonic
fraction and the rate of such process is proportional to the overlap of similar exciton
mixing fractions in the initial and final states, we can assume that strong and efficient
scattering from MP to the NK-2707 reservoir as well as direct scattering from MP to
LP states will be increased at small angles. Considering now the lower branch, we notice
that the peak seen at first in the PLE signal is not reproduced in the LP absorption;
hence the PLE peak is still present in the efficiency, albeit less pronounced. We ex-
plain the presence of such strong feature as interplay between two different processes.
Firstly, a bottleneck effect due to the increase of the photonic character of polariton
particles that scatter down the LP (figure 4.6 e€). In fact, since polaritons particles in-
teract through their excitonic component while their radiative decay rate is proportional
to their photonic fraction, scattering is suppressed towards small angles and radiative
decay rates increased, forming a bottleneck region that polaritons cannot easily scatter
through. Secondly, we believe that the reduction in the PLE signal towards high angle
is due to thermal scattering of polaritons back to the exciton reservoir. Such decrement,
in fact, is not observed in a single TDBC exciton cavity due to the impossibility of
lower branch polaritons in the high energy states, to jump back in the ER, located much

farther with respect to the hybrid system.

After the discussion of the various relaxation pathways and their efficiency, we now pro-
ceed with the interpretation of the observed angular—dependent polariton PL intensity
shown previously in figure 4.6. We perform such analysis through a simple model based
on a series of rate equations which accounts for the processes that populate and deplete
states along each polariton branch. Assuming a rapid thermalization of the molecular
excitation which follows a non resonant pumping, the steady state exciton reservoirs pop-
ulation can be considered as constant [117]. We describe the time-dependent change
of the polariton population N in the lower, middle and upper banches, through the

equations 4.3, 4.4 and 4.5 which are solved at the steady state conditions.
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The equations also include the following term:
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Figure 4.9: Polariton emission intensity (open symbols) and modeled intensity
(red solid lines) for the UP, MP and LP.

with o=1 or 2. These equations are not directly coupled as direct inter branch relaxation
is prevented as it is very much slower than (in the linear regime) polariton radiative decay
or non-radiative relaxation to exciton-reservoir states at lower energy. The equations
instead describe the population exchange between the polariton branches and the two
exciton reservoirs. Solving for the steady state condition we fit the predicted polariton
photoluminescence emission to the experimental data in figure 4.9.

In all three equations are terms that account for the scattering from exciton reservoir
ex, to a polariton branch, mediated by the absorption (x B,) or emission (x 1+ By)
of a molecular vibration, where the ”thermal bath” of molecular vibrations is populated
according to the Bose—Einstein distribution. These terms are proportional to the param-
eters C'1 and Cy when describing exciton reservoirs ex1 and ex2 respectively, and scale
with the excitonic component \aeM]Q of the polariton (as scattering preferentially occurs
into exciton—like states). These terms scale with the polariton exciton energy separation
|AE,|, with scattering being more rapid for larger energetic separations. This process
is introduced in a phenomenological way [117] so that the terms are proportional to
(AE,/J)P7, where J = 75 meV, with p, left as a fitting parameter [117]. The LP (UP)
mainly contains exl (ex2) excitons, therefore equation 4.3 (4.5) accounts only for the

scattering from the exl (ex2) reservoir. The MP has an intrinsic hybrid nature and
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Cy = 5.64X10% | CEP =1.28X1071 | p; = 1.80X10°
Cy = 1.14X10% | CMP =1.22X10! p2 =0

Cs3 = 1.18X10" | CYP = 4.26X10°

Cy =2.01X1072

Table 4.1: Fitting parameters used in equations 4.3, 4.4 and 4.5 to produce the
measured PL emission displayed in figure 4.9.

can therefore exchange particles with both exl and ex2 exciton reservoirs, creating a
relaxation pathway between the two exciton species.

The terms proportional to the parameter C3 describe the direct optical pumping of
polariton states through radiative decay of weak—coupled excitons in the exciton reser-
voir, with the emitted photon being absorbed by the photonic component of a polariton
state. This process is known to be important in populating polariton states that are
close in energy to the reservoir. We describe this term as the product of the photon
fraction mixed into the polariton branch |a,)f|2, where X = LP, MP or UP, with the
relative PL intensity Px(f) from the reservoirs (determined from a non-cavity control

film) at each particular polariton energy. We normalize the total PL overlap such that

LPMPUP [56°
X 170

decay of polaritons and is proportional to the photon fraction of each state.

Px(68)df = 1. The term described by constant Cy represents radiative

The final term (including the fitting constant C5) describes polaritons non-radiative
scattering to the exciton reservoir; a fast process compared to polariton—polariton scat-
tering (especially for states along the UP and MP) [117]. We describe the relative
efficiency of the relaxation process Rx () using the measured PLE relaxation efficiency
data for each polariton branch as a function of angle as plotted in figure 4.8 f. We
normalize Rx for each branch such that f1576: Rx(0)df = 1. The measured PLE relax-
ation efficiency data describes the efficiency by which any polariton state relaxes to the
bottom of the LP (passing through the exciton reservoirs), and its use here to describe
the overall probability that any polariton state along the LP undergoes any form of
energetic relaxation, it is clearly an approximation.

We solve these equations to determine N for each branch as a function of angle. The
photoluminescence intensity from the cavity can then be calculated as a function of
angle using equation 4.2. We summarise the parameters used in our model in table
4.1. We note that the fitting value of p2 is zero, which is mainly due to the relative
small energy separation between the exciton reservoir ex2 and the polariton states of
UP and MP, which does not allow us to accurately determine this parameter. For the
LP, the relatively large energetic separation from the ex1 exciton reservoir allows us to

determine a finite value for pl.

A key results of the model is the ability of excitons to relax to and from states in the
middle polariton branch (MP), with such states effectively acting as a pathway between
the exciton reservoirs. Indeed, our model indicates that states in the MP are mainly

populated via direct scattering from the ex2 reservoir and then are depopulated by both
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radiative emission and relaxation to the lower—lying ex1 reservoir, with the relaxation
time of polaritons to exl predicted to be <10 fs. Our model also indicates that the
number of ex2 polariton states that scatter from the MP to the exl reservoir is greater
than 95%; a result that explains the strong suppression of luminescence from most of
the middle branch. The good fit between the simple phenomenological model we have
described and the PL measurements (figure 4.9), allows us to present the following
picture describing the relaxation dynamics in this hybrid polariton system. The UP is
populated by both optical pumping and thermal promotion of excitons from the ex2
reservoir. The relaxation of UP polaritons to the ex2 reservoir is much faster than its
radiative emission rate. Indeed, the model suggests that the radiative decay channel
is only responsible for depopulating 5% of the polaritons in this branch. The MP is
almost entirely populated by the scattering from the higher energy ex2 reservoir while
it is depopulated through two competing processes: non-radiative relaxation into the
ex] reservoir and direct radiative emission. Again we find that non-radiative relaxation
accounts for the depopulation of over 95% of the polaritons in this branch. Our results
indicate therefore that once an ex2 exciton scatters to an MP state, it is highly likely
to relax to the exl reservoir and hence the MP has the crucial function of exchanging
population between the two exciton species. Finally, the LP is populated by both

scattering and optical pumping from the ex1 reservoir.

4.3.3 Energy Transfer and Time Resolved Measurements

The last step in the investigation of exciton relaxation mechanisms and pahtways which
follow non resonant excitation of organic—organic hybrid microcavities, is the study of the
time resolved polariton emission. Through this analysis we could address the scattering
processes discussed in the previous section with their temporal behaviour and hence
complete their description. However, a preliminary analysis on the lifetime of both J—
aggregate excitons outside the cavity has to be pursued.

Time resolved emission of bare TDBC and NK-2707 J-aggregate films is performed to
clarify the presence and role of energy transfer in between the molecules. A simple
comparison of these exciton lifetimes with the ones extracted from a film of a mixed
solution of both compounds (ratio 3:1) will provide the required informations. The four
decay curves are plotted in panels a and b of figure 4.10 where black circles refers to the
single excitons while the red to the blended. From the biexponential decay fits of the
experimental curves referred to the isolated compounds it appears that TDBC exciton
lifetime is characterized by a fast and a slow component, respectively of 7 ps and 21 ps.
NK-2707 excitons instead, posses a longer lifetime which is still defined by a fast and a
slow part of 12 ps and 59 ps. It has been suggested that the fast component is due to
exciton—exciton annihilation process that occurs at high excitation densities [121] while
the slow refers to radiative emission.

We consider now the time resolved emission of both excitons when mixed together in
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Figure 4.10: Time decays of (a) TDBC (at 587 nm) and (b) NK-2707 (at 636
nm) in single component (black circles) and blended (red circles) films. ¢) TDBC
reservoir emission decay recorded from the cavity sample. Polariton emission
decays are also displayed for LP (green circles) and MP (blue circles) at (d) 07,
(e) 182 and (f) 35°.

the same solution (red circles). Specifically we find that the fast component of the
TDBC decay possesses the same value (within the resolution of the detector, 3 ps) as
extracted from the single compound, while the slow part appears slightly longer lived in
the blended film. This modification confirms our previous assumption that excitons are
not migrating from TDBC to the longer wavelength NK-2707 compound, i.e. energy
transfer does not occur. In fact, the presence of such process would have been manifested
by a remarkable shortening of the donor lifetime (TDBC) due to the fast transfer of
electronic excitation to the acceptor chromophore (NK-2707) [122]. On the other hand,
in case of NK-2707, the fast component seems again insensitive as to whether is in the
single or blended film, while a distinct reduction of the slow component occurs (from
59 ps to 39 ps). The nature of this effect is not completely understood, however we
speculate that the size of the aggregate domains may differ in the blend film compared
to the pure film. If the NK—2707 aggregates are smaller in the blend, then there may
well be additional quenching processes that occur that are associated with electronic
states at the edge of an individual aggregate.

Additional informations of TDBC exciton lifetime can be extracted by the study of the
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emission decay of the uncoupled reservoir states, recorded at 595 nm from the strongly
coupled microcavity sample. As reported in figure 4.6, the strong photoluminescence of
uncoupled TDBC excitons allows their study also when imbedded in a cavity. From the
fit of the decay curve shown in figure 4.10 ¢ we extract a value of the slow component
which is 7 ps faster with respect to the bare film (from 21 ps to 14 ps). The presence of
an additional non-radiative decay mechanism, specifically defined by exciton scattering

into polariton states, explains the observed change in the lifetime.

At last, polariton emission is time resolved at specific angles (0°, 18° and 35°) on the
middle and lower branch dispersions. The results of such analysis together with relative
biexponential decay fits are displayed in figure 4.10 d, e and f; blue and green circles refer
respectively to MP and LP. At first we notice that, as observed for TDBC and NK—2707
excitons, also LP and MP decays are characterized by a slow and fast component which
is due to exciton—exciton annihilation in the uncoupled reservoir states and therefore
not related to polariton decay processes. Specifically to the lower branch emission, we
find that the lifetime remains approximately constant (to within 5 ps) at the angles
observed. Besides, since the lifetime is measured relative to the arrival of the excitation
pulse, this must be seen as the sum of the scattering lifetime into the polariton state plus
their intrinsic lifetime. For this reason, the fact that measured lower branch polariton
lifetime closely approach the values obtained for the NK—2707 reference film (figure 4.10
b) supports our assumption that LP states are populated primarily through scattering
from the ex1 reservoir (NK—2707). The shorter polariton lifetime observed, compared
to the bare excitonic states, has to be addressed to the fact that polariton particles
lifetime is dominated by the short cavity one (10’s of fs) which compensate the longer
lived exciton component. Following the same trend, middle branch polaritons show
an overall shorter lifetime which relates to the one of the proximate TDBC reservoir.
Moreover, different population processes which dominate at high and low wavevectors
on the MP dispersion are reflected into noticeable decrease in the polariton lifetime at
increasing angles. Considering that at large k| MP states are mostly populated through
optical pumping from the ex2 reservoir excitons it follows that polariton lifetime tends
to converge to the radiative TDBC reservoir lifetime (figure 4.10 ¢). On the other hand,
polariton states further down the middle branch are not optically pumped and instead
mostly populated from the exl reservoir by thermally assisted scattering. As a result
their dynamics follow the decay of the ex1 (NK-2707) excitons (31 ps versus 39 ps). This
population process is made possible as the energy separation between the MP branch
and the ex] reservoir at 0° is <10 meV, a value smaller than k7T at room temperature
(26 meV).

Following the discussion on PL and PLE measurements on a hybrid organic-organic mi-
crocavity and subsequent study of J-aggregate excitons and polariton lifetimes we can
conclude that the presence of two different strongly coupled excitonic species creates fa-

vorable conditions for the efficient relaxation of the polariton population into the lower
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branch. Through PLE spectroscopy on the k| = 0 states on the LP we demonstrated
that relaxation dynamics involve the entire system, comprising high energy states on
the upper dispersion. Such relaxation channels involve principally the middle polariton
branch which has been observed to mediate between the two exciton reservoirs allowing
for a long range energy transfer from one J-aggregate specie to the others. Therefore,
we acknowledge the presence of multiple strongly coupled excitons as a remarkable im-
provement to the relaxation efficiency and final population of k| = 0 polariton states in

J—aggregate based microcavities.

In this chapter we have demonstrated that introducing in the cavity a host dye to directly
pump the J-aggregate dye or creating hybrid polaritons via photon coupling with a
mixture of two J-aggregate species provides a successful route to overcome the intrinsic
limitations of organic microcavities which active layer is formed by a single specie. On
one side intracavity pumping of the J-aggregate dye by means of an ultra—bright optically
inactive host dye allows for a remarkable enhancement of the polariton population which
results in the experimental observation of thermalized exciton—polaritons at the bottom
of the lower branch, phenomena not visible in the organic MCs studied in Chapter 3.
Further more, the presence of two different active dyes which simultaneously couple to
the optical mode allows for an efficient polariton relaxation at the bottom of the lower
branch through a long range energy transfer which involves multiple scattering between
the upper, middle and lower branches with the two different exciton reservoirs.

The realization and study of a new microcavity structure which simultaneously exploits

these two concepts for even further improvements is presented in the following chapter.
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Hybrid Organic Inorganic MCs

5.1 Introduction

Most of the impressive and fascinating results published in the past twenty years which
involve strong light—-matter coupling in planar microcavities, were achieved by exploit-
ing inorganic semiconductor quantum wells as active medium [25]. Parametric scatter-
ing [27], Bose-Einstein condensation [29], spin vortices [33,123] and the most recent
electrically pumped polariton laser [86] well embody the great potential of those sys-
tems. Meanwhile, investigation of organic based microcavities is extremely active and
conveyed especially towards the observation of coherent lasing emission [48,124]. The
big variety and ease of processing of organic molecules and polymers allows for the re-
alization of structures among the entire visible spectra [125,126] but at the same time
makes difficult the observation of any kind of nonlinear phenomena. The main reasons
can be addressed to the scattering losses related to structural disorder and to the re-
duced polariton density of population achievable in organic microcavities (chapter 2).
Various designs have been exploited to overcome such limitations: intracavity pumping
mediated by host dyes to increase polariton luminescence, strongly coupled organic LED
with high Q factor, Tamm plasmon and surface plasmon polaritons to enhanced light—
matter coupling [47,124,127,128] are examples of possible routes for improvement.

A completely different approach was for the first time theoretically introduced in the
pioneering work of Agranovich et. al. in 1997 and subsequentialy expanded by many
other research groups [49,129-131]. The idea consists in the possibility to combine
inorganic and organic semiconductors in a unique hybrid system which concentrates
advantages of both materials such as high temperature operation and strong nonlin-
earities. Here, Wannier-Mott and Frenkel excitons are in resonance with each other
and coupled through their dipole-dipole interaction at the interface of a multilayered
stack or through cavity photons when embedded in a microcavity structure. The new

formed eigenstates are described by a coherent linear combination of both excitonic
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Figure 5.1: a) Schematic representation of the hybrid microcavity LED. b)
Electric field profile across the entire microcavity structure as simulated by
transfer matrix method. In the inset is shown an enlargement of the active
region where field antinode on J-aggregate and QWs positions is enlighten.

species and therefore characterized by many desirable properties: small saturation den-
sity which enhances optical nonlinearities, large Bohr radius that favourites exciton—
exciton (polariton—polariton) interaction and high oscillator strength for room temper-
ature operation. This concept provides an elegant route to overcome basic limitations
often imposed by the optoelectronic properties of pure inorganic and organic materials
and provides efficient means to observe nonlinear cooperative phenomena which involve
organic semiconductors.

The most straightforward and simpler design that could fulfill the theoretical predictions
was suggested in the cited works and consists in a multilayered structure where a crys-
talline molecular semiconductor is deposited at the interface with inorganic quantum
wells. Despite the relative simplicity of the idea, problems related to material purity
and structural quality of the crystalline organic layer could arise during the fabrication
process. Organic molecular beam deposition (OMBD) in fact, permits to control the
deposited film on a scale of single monolayers (few nm) but at the same time purity and
crystallinity, at the present state of the art, can be guaranteed only on certain type of
surfaces and just by using specific molecules [132,133].

The very different approach we have followed exploits the possibility to couple together
spatially separated organic and inorganic excitations through the optical mode of a
planar microcavity for the formation of exciton—polaritons characterized by a mixture
of these three components. In addition, we exploit an efficient light—emitting—diode
scheme based on the electrical injection of carriers into the inorganic part of the struc-
ture. Owing to strong light-matter coupling regime the electrical excitation is rapidly
transferred via polariton to the organic counterpart, resulting in electroluminescence of

the hybridized polariton states.
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5 Design

The chapter will begin with a full description of the structure design together with details
of the fabrication process and results of the optical characterization. We will continue
the discussion with the investigation of optical nonlinearities by means of a power de-
pendence study of the polariton emission and conclude with experimental evidences of

Frenkel/Wannier—-Mott exciton strong coupling under electrical excitation.

5.2 Design

The main microcavity design is based on the principle that in case both inorganic quan-
tum wells and organic layers are positioned at the antinode of the electromagnetic field
profile across the cavity, hybridization with the optical mode occurs with resulting
Frenkel/Wanier—-Mott exciton—polaritons formation. To fulfill this requirement, the-
oretical simulations have been performed prior to the sample fabrication. The code
implemented for the purpose is based on the transfer matrix method which allows to
calculate the electric field function across a multilayer stack, based on the refractive
index of each layer. In this way it can be possible to reproduce any planar microcavity
structure under illumination of a light source at fixed energy and angle of incidence.
This method also allows to extract the field antinode positions together with stop band
and cavity mode energies to tailor accordingly the thickness of each compound for the
final achievement of strong coupling.

The complete microcavity structure displayed in figure 5.1 a with related simulation in
b consists in an active layer, composed by III-V semiconductor quantum wells and a
molecular J-aggregate forming cyanine dye film, embedded in between two distributed
Bragg reflectors (DBR) mirrors. The first half of the structure, fabricated by molecular
beam epitaxy (MBE) growth on a GaAs substrate, is formed by 24 \/4 pairs of n — type
doped AlAs/GaAs layers (bottom DBR), followed by six GaAs/AlGaAs quantum wells
and ultimately by a p — type AlGaAs layer which acts as spacer at the interface with the
organic film. Here, both p and n type doped layers guarantee the efficient injection of
carriers in the quantum wells from the metallic contacts. The top one deposited via gold
evaporation while the bottom obtained by positioning the final device onto an electri-
cally connected mount. Besides, etching was performed to ensure electrical isolation and
avoid that the injected carriers would spread horizontally under the top contact. With
this process we obtained different size mesas (diameter of 200, 350 and 500 pm) which
forced and localized the electrical injection on a small active area. The fabrication of
the second part of the microcavity consisted in the deposition of the organic J-aggregate
film and subsequently of the top dielectric mirror. The cyanine J-aggregate dye chosen
for the purpose is the U3 (3-[(2Z)-5-chloro-2-[((3E)-3-[5-chloro-3-(3-triethylammonium-
sulfonatopropyl)-1, 3-benzothiazol-3-ium-2-yljmethylene-2,5,5-trimethylcyclohex- 1-en-
1-yl) methylene] -1,3-benzothiazol-3(2H)-yl] propane-1- sulfonate) [134]. After being

previously dissolved in a water based polyvinylalcohol matrix solution (33 mg/ml), the
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Figure 5.2: a) Measured bottom DBR reflectance together with quantum wells
and J-aggregate PL emission. b) Quantum wells emission at various tempera-
ture conditions. At 25 Kelvin heavy hole excitons are located at 1.575 eV while
light holes at 1.565 eV.

dye was spin casted onto the half inorganic cavity (AlGaAs spacer layer and gold ring
contact) to obtain a homogeneous film with ~90 nm thickness and match the transfer
matrix simulation requirements. The choice of U3 J—aggregate guarantees nearly equal
Frenkel and W-M exciton energies (figure 5.2 a) in such a way that resonance interac-
tion through the electromagnetic field gives rise to polariton states with strong mixture
of both species. The top DBR mirror which consists in 8 alternating pairs of tantalum
pentoxide (T'a205) and silicon dioxide (Si02), was grown via sputtering deposition in
a oxygen plasma atmosphere. High precision and fabrication quality of the process,
together with high refractive index contrast of the two dielectric materials, permited to
obtain a very broad stop band and a measured overall cavity quality factor of ~1200.

Extremely important for the investigation and interpretation of the final results was
the optical characterization of every single component of the structure at each stage of
the fabrication process. Therefore, knowing the specific role played by each element at
specific conditions, permitted to obtain a clear picture of the general mechanisms which
govern the complete system in the strong coupling regime. White light reflectance and
photoluminescence spectroscopy were performed after the growth of the first half cav-
ity to investigate quality and energy position of the bottom inorganic stop band and
obtain as well detailed information about quantum well emission characteristics: heavy
holes and light holes exciton separation, emission linewidth and its energy shift at dif-
ferent temperatures. For the same purpose and with a similar method, J-aggregate PL
emission and dielectric top DBR mirror reflectance were investigated. The latter, for
increased accuracy and precision, was grown and studied separately on different samples
which will be described below. A summary of the bottom DBR reflectivity, quantum

wells and J-aggregate emission is shown in figure 5.2.
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Figure 5.3: a) Measured and simulated top DBR reflectance designed for the
full inorganic test microcavity. b) Transmittance measurements on the dielectric
cavity which shows extremely narrow cavity mode.

5.2.1 High Q Dielectric Microcavities

During the fabrication of a microcavity structure which implies two different types of
DBR mirrors (inorganic and dielectric) one has to take into account that the resulting
stop band and the cavity mode energy come from a composition of the two reflectivity
spectra in a way that is not easily predictable. As such, extremely high fabrication ac-
curacy is mandatory to fulfill completely the simulation requirements and obtain correct
detuning conditions.

Considering also the novelty of the approach we decided to realize different test mirrors
to fully match our simulation code parameters (refractive index values and thickness)
with measured reflectance spectra. Following the achievement of high fidelity and re-
producible samples we also designed and fabricated a full dielectric cavity to test mirror
quality and relate measured Q factor with number of DBR pairs. With an active region
simply constituted by a SiOy spacer layer and bottom/top DBR mirrors respectively
made by 15 and 11 pairs of alternating T'asOs and SiOs layers, we achieved a quality
factor of ~18000 (figure 5.3 b). The slight spectral difference between the simulated
and measured reflectance curves of the top DBR shown in figure 5.3 a are simply due to
a small variation in the refractive index parameters of the materials which compose the
mirror, from the one accounted in the transfer matrix code. Considering an expected
Q factor value of 20000, the obtained results emphasize the fidelity of the simulation
code, the elevated mirror quality and the great potential of this technique to obtain
high Q factor microcavities where both optical and electrical pumping schemes can be
successfully implemented. In case of inorganic microcavity LEDs in fact, the common
adopted design implies a top p — type doped DBR based on III-V semiconductors which
has been identified as structural limitation for the achievement of high Q due to cavity
losses related to doping. Thanks to the new approach we have here introduced, this issue

could be overcome and both high reflectivity and efficient electrical injection guaranteed.
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Figure 5.4: Sample 0: full inorganic microcavity in a LED design. a) Angle
resolved PL image recorded above threshold (80 mW). Polariton lasing is clearly
visible as very bright emission spot located near the bottom of the lower branch.
b) Nonlinear emission intensity dependence as function of excitation beam power
(threshold at 5 mW, 62 pJ) displayed on top of linewidth variation and peak
blueshift.

As a proof, the effect of a top dielectric mirror on a full inorganic microcavity in a light
emitting diode design was examined 5.4. The 11 pairs dielectric mirror was deposited on
top of 12 GaAs/AlGaAs type quantum wells and 35 pairs of n — type doped AlAs/GaAs
bottom DBR (sample 0) to obtain a measured quality factor of about 8000 in spite of
an expected value of 14000. This may suggest that problems related to the p — type
doped injection layer are still present and limit the overall quality. Nevertheless, clear
polariton lasing emission was observed and proved by the power dependence study of the
polariton photoluminescence intensity which shows a characteristic nonlinear increase
at the threshold power. Line narrowing and peak blueshift, displayed in figure 5.4 b,
accompany our interpretation. Additionally, theoretical fitting of the polariton branches
and cavity position, based on the coupled oscillator model which accounts for the contri-
bution of both heavy and light hole excitons, assures the persistence of strong coupling
regime even above threshold and hence confirms the pure polariton lasing emission [135].
The presented analysis was pursued by mean of angle resolved photoluminescence spec-
troscopy which setup, described in Appendix A 7.2, was combined with an excitation
pulsed beam of 1.65 eV and 80 MHz repetition rate. The full analysis of the experi-
mental results will not be presented here since it goes beyond the main purpose of the
dissertation. What is worth noting is the strong improvement attained by the use of a
top dielectric mirror in a microcavity LED structure which allows for the implementa-
tion of an alternative electrical pumping scheme and the achievement of lasing emission

due to the robust enhancement of the Q factor.
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Figure 5.5: Photoluminescence profile spectra of the inorganic sample A, mea-
sured from —30° to 30° with increment of 1°. Strong coupling between cavity
photons at 0 detuning and heavy hole excitons (dotted line) is demonstrated by
the appearance of lower and upper (much weaker PL) polarion branches, fit by
the simulated curves (solid lines) extracted from the couple oscillator model.

5.3 Characterization

In this section we will follow the discussion on hybrid (QWs/J-aggregate) microcavity
LEDs by presenting, analysing and interpreting the results obtained from the optical
characterization. All the photoluminescence images that will be shown below were col-
lected at a temperature of 20 Kelvin by means of angle resolved spectroscopy where a
CW laser beam of 1.65 eV energy acted as pump source.

At first, a preliminary investigation was pursued on a microcavity sample (sample A),
modified with respect to the design described in section 5.2 to incorporate only Wannier—
Mott quantum well excitons: the J-aggregate dye was removed from the polymer matrix
solution which was spin coated to preserve the correct cavity thickness. As distinctly
appear from the PL profile spectra of figure 5.5, measured from —30° to 30° with incre-
ment of 1°, strong coupling between heavy hole excitons (HH) at 1.575 eV and cavity
photons (A=0 meV detuning) is manifested by the formation of lower and upper po-
lariton branches. Theoretical fit based on the coupled harmonic oscillator model, as
explained further, provided a Rabi splitting value of 5 meV, in accordance with typical
values of III-V semiconductor based MCs [25] and measured quality factor of ~ 1200.
The full structure (sample B) which includes both inorganic and organic excitons was
then characterized and high oscillator strength Frenkel excitons, located at 1.586 eV,
were found to strongly interact with the optical mode. The appearence of an additional

branch, labeled as LP (lower polariton) in figure 5.6, separated from the J-aggregate
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Figure 5.6: a) Photoluminescence imaging of the hybrid sample B at cavity
detuning of -37 meV. Blue dotted lines refer to exciton and cavity positions
while white lines to polariton dispersions with related FWHM, as calculated
from the coupled oscillator model. Detuning is defined as difference between
cavity position and heavy holes energy. b) Hopfield cofficients for upper, middle
and lower polariton branches as extracted from the couple oscillator matrix.

energy and which exhibits typical anticrossing behaviour clearly suggests the presence
of strong coupling regime. At the same time, the middle polariton (MP) branch is found
to be very close to the HH exciton energy and still separated in virtue of the W-M
exciton/photon coupling demonstrated in figure 5.5. Cavity detuning, for simplicity, is
defined as difference between cavity position at k| = 0 and heavy holes energy.

For a deeper understanding of the observed behaviour we couple cavity photon, Frenkel
and Wannier—Mott excitons via the harmonic oscillator model and study the interaction

Hamiltonian for the system:

Ec(g) - ZFC Vf Vw o (6%
Vi Ej —ily 0 Bl =E®) |8] . (5.1)
Vo 0 Ey—1iTy| |7y 0%

E., Ef and E,, define the energies of unperturbed optical mode, Frenkel (J-aggregate)
and Wannier-Mott (QWs) excitons. Related profile linewidths (I'»=1.2meV, I'f=5bmeV,
I'y,=1.5meV) are introduced as damping terms while interaction potentials between
cavity photons and each of the two excitons are represented by Vy and V,,. Besides,
cavity mode dispersion E. can be expressed, as previously introduced (chapter 2.4 and
4.3), by the following relation: E.(0) = Ey(1 — sin?0/n)~/2 (Eq is the cutoff energy
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Figure 5.7: Photoluminescence imaging of the hybrid sample B at various cavity
detuning (A= -22 meV, -33 meV and -55 meV). Exciton positions and polariton
dispersions with related FWHM are also displayed as blue, green and white lines.

and n the refractive index). As also appear from equation 5.1 any kind of short range
interaction (dipole—dipole) between the two different exciton layers is precluded by the
presence of 200 nm thick AlGaAs spacer positioned within. Diagonalization of the
coupled system in 5.1 yields to three different polariton modes with energy defined by
E(0) (eigenvalues of the matrix) and basis functions by «, § and . These are the
Hopfield coefficients of the optical mode, Frenkel and W—M excitons and describe the
weighting of each component in the final eigenstate. By discharging Frenkel exciton
contributions, the model was used at first to fit polariton dispersions of the inorganic
structure (sample A) and extract a Rabi splitting (2V,,) of 5 meV. This value was then
input for the study of the full structure (sample B) where matrix (5.1) diagonalization led
to a J-aggregate Rabi splitting (2V) of ~60 meV, in accordance with values previously
reported [134]. The excellent fidelity of our simulation is proved by the theoretical fitting
of the experimental data with the three polariton dispersions extracted from the model
(figure 5.6 a and 5.7).

Hybridization of Frenkel and Wannier-Mott excitons is utterly clear by calculation of
la?, |8)? and |y|?, shown in panel b of figure 5.6 for each polariton branch. The specific
cavity detuning is such that upper branch (UP) character is mostly determined by
the photonic term in all the range of angle. In contrast, strong exciton mixing of
the middle polariton (MP) is found to dominate over the small photon fraction with
a maximum Frenkel/W-M hybridization observed at =~ 30° (|3|> = |7|?). The lower
branch (LP) instead, possesses a substantial mixing of the three components which all
play a significant role in the final polariton features. If Frenkel and photon components
dominate the polariton character near k; = 0, Wannier-Mott excitons contribution
becomes remarkable only at large wavevectors. Nonetheless, as it will be extensively
described in the next section, even a small percentage of Wannier—-Mott fraction at
k) = 0 in the LP states is found to produce important consequences to the final nonlinear

optical properties of the polariton particles.

An additional advantage of the presented system relates to the fact that spin casting
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process allows for the study of manifold detuning conditions due to the noticeable vari-
ation of the organic layer thickness. As such, simple investigation of different locations
across the sample serves as a straightforward approach for altering polariton features
by the adjustment of Frenkel/W—-M /photon fractions. As presented in figure 5.7, ~ 30
meV cavity shift can be easily achieved with important effects on the polariton states
population and features. For small negative detuning (A = E. — E,, < 0) in fact, we ex-
pect that direct scattering from the high density Frenkel exciton reservoir would favour
the population of such polariton states which are close in energy. On the other side,
as previously discussed in section 3.3, high negative detuning conditions would open ul-
trafast relaxation channels (= 100 ps) driven by J-aggregate molecular phonons [1,46].
This vibrationally assisted scattering mechanisms are expected to enhance the polariton
population at the bottom of the lower branch states, in case of resonance conditions, and
hence overcome the slow and inefficient decay (~1ns) observed in inorganic based micro-
cavities [87,89]. Furthermore, variation of excitonic and photonic fraction for each cavity
detuning would also have important consequences on the interbranch exciton—polariton
scattering. In fact the interplay between polariton particles at different wavevectors
on different branches characterized by a similar excitonic percentage, could modify the
scattering processes and at last affect the relaxation efficiency. For instance, high W-M
excitonic component found at small wavevector on the MP and at large k| on the lower
dispersion (figure 5.8 b) could lead to efficient polariton scattering in this direction.
Most remarkably, strong Frenkel exciton fraction found at large wavevectors on the MP
and at the same time at k| = 0 on the LP would open an effective path for direct po-
lariton relaxation which strongly increases particles density towards the required lasing
threshold (figure 5.8).

5.3.1 Negative Polariton Dispersion

In the particular hybrid system here investigated, the presence of two excitonic species
(Frenkel and W—M excitations) with high contrasting oscillator strength and broadening
of the exciton line, is at the origin of the strong polariton dispersion modification that we
observed experimentally and report in figure 5.8 a and b. In case of a cavity detuning
value of A=-22 meV in fact, the middle polariton dispersion frequency is found to
decrease with increasing momenta, at a position located just above the point of equal
Frenkel/W-M polariton composition |82 = |7|? (& 20°). As occurs in the lower branch
[41,136], exciton—polaritons at the well define inflection point possess a negative mass
M = h2(0?E/0k*)~! < 0, where k is the vector momenta and E the polariton energy. At
this point, together with the negative mass, strong exciton—exciton repulsive interaction
allows for macroscopic population which hence favourites the observation of nonlinear
processes [27,137,138].

In our system, the negative mass possessed by such polaritons is dressed by the excitonic

fraction of those particular states, in view of the fact that photons are massless particles.
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Figure 5.8: a, b) PL image and related integrated profile spectra of the hybrid
sample B for small negative detuning (A=-22 meV). Theoretical fit of the po-
lariton dispersion and relative broadening are displayed on top of (a) and (b)
with white or black continuos and dotted lines. Negative distortion of the mid-
dle branch is observed in proximity of the anticrossing with the lower dispersion.
¢) Photonic and excitonic mixing coefficients calculated for the upper, middle
and lower polariton branches.

As previously discussed (chapter 2), while Wannier-Mott type excitations imply a long
range interaction and usually possess positive effective mass, M,, = me + myp > 0
(me and my, are the effective mass of electrons and holes), exciton radius in organic
semiconductors is very small and for this reason the resonant intermolecular interaction
strongly depends on the molecular orientation: resulting exciton effective mass can have
different signs.

Considering an isotropic medium, the frequency w depends on the wavevector k and as

consequence the group velocity of the wave packet is defined as

_dw(k) _ kdw(k)
~ dk Kk dk

v, (5.2)
v, will be negative and codirected with -k in case dw(k)/dk < 0. Following the discussion
by considering a medium with small dissipation, in which energy propagation velocity
coincides with the group velocity, the so called Poynting vector S (energy flux vector)
is [139,140]:

S="Uvy (5.3)
where U is the time average energy density which in thermodinamic equilibrium is > 0.
It follows that in the case of negative group velocity, the energy flux S is directed

opposite to the wavevector k with occurance of negative refraction of light. Materials

where negative group velocity can be observed are those characterized by large oscillator
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strength and strong delocalization of the dielectric response function e;;(w, k) [141,142].
The presented microcavity system, in addition to negative effective mass polaritons
which can be also exploited at specific wavevectors k|| on the LP [27, 41], provides
additional advanges related to the decrease of the MP dispersion energy with increasing
of the wavevector. In fact, at those frequencies, negative group velocity and negative
refraction of light are expected. These effects will act in reversing the direction of
propagation of the polaritonic wave with respect to the wavevector k|| and ensure self—
focusing and self-localization at the specific inflection position. Further beyond, reduced
group velocity of the wave packet (the so called ”slow light”) is also responsible for the
strong enhancement of third order optical nonlinearities [143-146] which eventually,
combined with the mentioned effects, will permit to achieve the population density and
conditions required for the occurrence of parametric scattering, solitons formation and
other nonlinear phenomena.

As already presented in figure 5.8, the pronunced MP distortion can be modeled with
the three elements coupled oscillator matrix discussed above (equation 5.1) only by
implementing oscillator strength and dephasing time values characteristic of the specific
QWs and J—-aggregate excitons which form the microcavity structure we are investigating
(sample B). Even if a complete and expanded theoretical dissertation on the observed
behaviour will be presented in a separate work [147], it is worth underling that uniquely,
contrasting oscillator strength and dephasing time values peculiar of the two different
excitonic species allow for the appearance of a negative polariton dispersion in such a

limpid and easily accessible way.

5.4 Hybrid Polariton Nonlinearities

In the previous section, introducing the presence of negative middle branch polariton
dispersion, we enlighten one of the consequences of the Frenkel/W-M exciton mixing.
Therefore we now proceed with the investigation of optical nonlinear properties of such
hybrid polaritons with the study of photoluminescence polariton emission dependence
on the excitation beam intensity. For the purpose, a femtosecond pulse laser at 1.6 eV
and 100 kHz repetion rate was implemented and shone at an angle of 30° with respect to
the sample surface. The excitation energy was chosen in such a way to allow for the best
direct pumping condition of the J-aggregate dye and to favour the intracavity pumping
by means of the QWs emission. The collection system instead, is based on the angle
resolved setup described in Appendix A 7.2. We start our analysis on the hybrid sample
B and then compare the obtained results with a separate investigation of the isolated

inorganic and organic based microcavities (sample A and sample C).

From an observation at the results displayed in figure 5.9, immediately clear is the
presence of nonlinear emission from the lower polariton states at k)| = 0, where large

population density concentrates at high excitation pump intensities. Following panel a
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Figure 5.9: a, b) LP photoluminescence images of the hybrid system, at 1 nJ and
65 nJ pump energies. Related profile spectra at k|| = 0 and normalized to the
relative applied power are shown in (d) where peak position is also displayed as
inset. ¢) Emission intensity of the lower polariton branch (k) = 0) with relative
linewidth variation as function of excitation energy.

and b, which correspond to 1 nJ and 65 nJ pump energies, we distinguish a clear evo-
lution of the exciton—polariton population, initially extended on a broad range of states
and then gradually blueshifted and condensed with a nonlinear increase of its density.
This results in the appearance of an intense and sharp peak located at the high energy
side of the emission spectra as can been seen in the PL image of panel b and profile
spectra of panel d.

By relating emission intensity I to applied power P with the following relation, I = P™,
we could extract m from the curve slope (panel ¢) and identify the transition from linear
(m=0.98) to nonlinear regime (m=1.4) at the energy threshold of ~ 28 nJ. Such increase

is accompanied by a significant linewidth narrowing (2.5 meV), displayed in the right
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axis of panel c. At the same time remarkable blueshift of the peak position (~= 3 meV),
showed as inset in panel d, occurs. All these related effects are clear indications of
superlinear polariton emission and suggest a possible coherence build—up in the system.
Although Bose-Einstein condensation of exciton—polaritons has been observed in inor-
ganic MCs [29], we conjecture that condensation of Frenkel excitons, only theoretically
predicted [148,149], is here prevented by bimolecular quenching. This constraining
mechanism occurs frequently in a big variety of molecular compounds [150] and can be-
come very effective in a microcavity system excited by a nonresonant optical pump. In
fact, the main part of the excitation is concentrated in incoherent states (exciton reser-
voir) which possess high probability to undergo such annihilation process [101,121,151].
Despite this limitation, our experiment suggests that the unique mixture of properties
of both materials, achieved by photon mediated hybridization, is responsible for the
observed superlinear emission which has to be considered as a pre-lasing regime that

anticipates macroscopic polariton condensation.

The importance of exciton mixing in the observed nonlinear polariton emission is demon-
strated experimentally in the following discussion where LP photoluminescence of two
different microcavity structures which separately incorporate J—aggregate and QW ex-
citons, showed the absence of polariton nonlinearities. The PL emission is studied as
function of pump intensity within identical excitation conditions used for the hybrid
sample: samples temperature of 25 Kelvin and excitation at 30° with a 100 kHz pulse
beam at 1.6 eV. The inorganic MC previously introduced (sample A) was studied to-
gether with a full organic microcavity fabricated for the purpose (sample C). This was
made by following the same design described in section 3.3 which consists in the depo-
sition of the J—aggregate dye layer within bottom and top dielectric DBR mirrors. The
investigation of mirror quality and related quality factor accomplished during the main
fabrication process (section 5.2), permit us to realize a J-aggregate based MC with very
similar Q compared to the hybrid and inorganic ones (sample B and sample A).

We start our discussion with the results shown in panel a of figure 5.10 which refers
to the inorganic MC (sample A). Here, polariton photoluminescence increases linearly
until the intense optical pumping causes saturation of PL emission before any nonlinear
process can occur. What follows is a decrease of the emission intensity accompanied
by a redshift of the peak position (inset graph). No remarkable variation of the PL
bandwidth is reported.

Similar results were obtained for the full organic microcavity where strong coupling arises
from cavity/J—aggregate exciton interaction (figure 5.10 b). Polariton emission scales
linearly with the input power until high excitation densities bring the system to the
weak coupling regime. Accordingly, slight PL. maxima shifts and significant linewidth
broadening occur. This behaviour resembles the power dependence measurements of the
previously reported intracavity pumped MCs (chapter 4) and must be addressed to the
photobleaching of the organic dye due to intense applied laser powers [152].

The comparison of these individually coupled Wannier-Mott and Frenkel excitons based
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Figure 5.10: Emission intensity of lower polariton branch at k)| = 0 (black dotted
lines), with relative linewidth (grey dotted lines) and peak (inset) variation as
function of pump energy. a) Inorganic and b) organic microcavity sample.

MCs to the hybrid system, stresses the advantage of mixing organic and inorganic mate-
rials in the same microcavity to overcome the limitations imposed individually by each
component. Theoretical demonstration of this effect was previously given by Zoubi et.
al. [153] who described polariton states formed by substantial excitonic/photonic mix-
ing, as characterized by combination of intrinsic nonlinear features typical of Frenkel
and W-M excitons. Direct consequences of the hybridization process can be found in
dynamics, properties and at last stage condensation of the final eigenstates.

A closer look to both organic and inorganic nonlinear contributions and to the role played
in the studied system would help to understand the origin of the presented enlarged non-
linearities. As commonly found in literature, the traditional approach undertaken for
a theoretical description of Frenkel excitons consists in a simplification of their paulion
treatise by replacing Pauli operators with Bose type operators [154]. Together with
this process one must include in the picture an additional term which compensate the
difference between these two statistics. This term describes a short range nonlinear in-
teraction between bosons (kinetic exciton-exciton scattering) which in case of polaritons,
treated via effective potential approximation [153], could be represented as product of
Frenkel Rabi splitting energy and organic molecular size: 2Vfa%. On the other side,
nonlinear properties of inorganic semiconductors arise from the consideration of the
fermionic nature of electrons and holes which compose Wannier—Mott excitons. Follow-
ing the approach described by Ciuti et. al. [155], exciton exachange interactions results
in a repulsive polariton—polariton interaction when coupling with photons is included in
the theoretical description. In the same way as in the Frenkel polariton case, effective
potential approximation will lead to the description of W—M polariton interaction via
the following term: 2V,,A\2, where 2V}, represent Wannier-Mott Rabi splitting and A,
exciton Bohr radius.

Considering now both J-aggregate/QWs Rabi splitting values previously extracted from
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the system in 5.1 (60 meV and 5 meV) with related molecular size (ap ~ 1 nm) and
electron/hole radius (A, ~ 10 nm), we find that Wannier-Mott interaction potential is
approximately 1 order of magnitude bigger than the Frenkel one: 2V,,A\% = 8(2V})ad.
Since these two components differ in nature and especially in magnitude, it directly
follows that Frenkel/W—M exciton weigths in each polariton branch play a crucial role
in the final hybrid polariton—polariton interaction strength. In fact, in the case of an
external field oscillating with frequency w close to resonance with the polariton branch
s, at fixed in—plane wavevector k, we can define the third order polarization function
(x®) as [153]:
3) _ —Qf lgis|*

s(3
= 5.4
Xk (Vks —w — ist)?’(Vks —w + ZTkS) ( )

with
Qi o< (2Vi A2 [y l* + 2VeA% 1Ba]Y). (5.5)

Ts represent the previously introduced damping rates while |gi|* o< [a|*. Considering
that |a|?, |8]* and |y|? define the photonic, Frenkel and Wannier-Mott excitonic weights,
their strong effect on the polariton nonlinear response x(®) is utterly clear.

By simulation of the dispersion image which observed nonlinearities of figure 5.9 refers
to, excitons and photon percentages in each polariton branch at each defined angle are
extracted. Particularly to the lower polariton states at zero wavevectors (k) = 0) we
find an effective mixing of all the three components: |a|?*= 0.58 |8]*= 0.32 and |y|*=
0.1. Considering that the relatively small value of the W—M excitonic fraction can yet
provide efficient means for intensification of the nonlinear response, as here reported,
due to the high magnitude interaction potential supplied, we conjecture that further
design improvements which would increase such percentage could be undertaken for an

even larger enhancement of hybrid polariton nonlinearities.

5.5 Electroluminescence

To evaluate the full potential of the microcavity system here presented in the figure
of merit of a polariton device one has also to consider the possibility to achieve pho-
ton mediated exciton mixing via electrical injection. Simultaneous coupling of organic
and inorganic excitons with the optical mode is here attained with resulting formation
of polariton particles with very similar features compared to the previously reported
photoluminescence measurements. Additionally, increase of the polariton population

density is expected due to the particular structural design.

As already mentioned in the previous section 5.2 where a detailed illustration of the de-
vice structure was made, a light emitting diode scheme was implemented in the hybrid
microcavity device in such a way that high electrical conductivity typical of inorganic

semiconductors and strong optical response (oscillator strength) of organic excitons are
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Figure 5.11: Electroluminescence images and related profile spectra of the hy-
brid MC LED at two different detuning values A: (a), (¢) -36 meV and (b), (d)
3 meV. Polariton dispersion curves with related broadening, as calculated from
the coupled harmonic oscillator, are also displayed in (a) and (b) as continuous
and dotted white lines. Excitons and cavity positions are shown with blue and
green lines. In a similar way, middle and lower polariton branch position at
each angle are indicated with blue and black circles on the profile spectra in (c)
and (d).

simultaneously exploited. As such, efficient intracavity injection of carriers in the inor-
ganic QWs through the n™ and p™ doped DBR and AlGaAs spacer layer allows for the
created excitation to be shared among the three polariton branches as resulting from
the exciton—photon coupling regime.

Angle resolved electroluminescence images with extracted profile spectra, displayed in
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figure 5.11, present middle and lower polariton branches for two different detuning con-
ditions (A=-36 meV, 3 meV) and hence demonstrate the presence of strong coupling
regime. Couple oscillator model was used to fit polariton dispersions and bandwidth
based on dephasing time and Rabi splitting values previously calculated (2V;=60 meV
and 2V,,=5 meV). Reproducibilty of the experimental data with high level of precision
demonstrates that electrical excitation maintains the light-matter interaction strength
and suggests that hybrid polariton nonlinear properties previously reported are still pre-
served. Furthermore visible broadening of middle polariton branch can be interpreted
by considering that QWs EL emission is delocalized over a large area (9, 610%um?) with
respect to the spot excited by the laser pump (= 12um?): presence of defects, energy
shift and strong luminescence from uncoupled QW excitons emitting from the outer part
of the mesa all contribute to dim the emission of pure polaritonic states. For this reason
spatial filtering was implemented in the angle resolved collection setup by using an op-
tical diaphragm. Additionally, we could explain the strong polariton emission observed
at large wavevectors as due to the high exciton population injected in the QWs which
populates highly excitonic MP and LP states located in proximity of the W-M energy.
The important advantage of exploiting an intracavity pumping scheme is directly refered
to the intrisic disorder and inhomogenety which characterize the J-aggregate compound.
In fact, when optically pumped the formation of highly populated and uncoupled Frenkel
exciton reservoir states can cause important losses and hence reduce the overall polari-
ton population. Instead, by direct intracavity excitation, formation of such reservoir is
prevented since the entire excitonic population is transferred to polariton states. Sup-
pression of nonradiative decay and recombination of uncoupled excitons could therefore
guarantee large polariton densities [156,157].

From an applied current of 0.711 mA which correspond to the measured diode turn on
voltage of 2.5 V at 20 Kelvin, we can calculate the polariton population n, considering an
average carriers lifetime of 500 ps [158], via the following relation: n = J7/e. Here e is
the electron charge and J the current density. A polariton density of n = 2.3X10%m 2
is found. Despite the obtained value can appear small, the very weak turn on voltage re-
ported has to be considered. In fact 2.5 V appears very low in comparison to previously
reported organic and inorganic polariton LEDs [47,159,160] and therefore provides the
important indication that higher current values could be effectively achieved. In fact, a
saturation current value of =10 mA, measured for a weakly coupled test sample, would
increase the population density up to 3.2X10" ¢m ™2 and hence approach the thresh-
old values required for lasing. Direct electroluminescence measurements at high current
intensities were not performed to prevent damages of the organic layer due to heat dissi-
pation and hence compromise the device working function. Therefore, precautionary test
experiments will be required to evaluate with good accuracy the effect of high applied

voltages on the specific organic J-aggregate layer.
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5 Electroluminescence

In conclusion we have demonstrated that hybridization of inorganic and organic ex-
citons with the optical mode of a planar microcavity allows for the formation of po-
lariton particles which possess enhanced nonlinearities (sample B) with respect to the
bare compounds, QWs and J-aggregate, separately strongly coupled (sample A and C).
Such improvement is expected to occur even in the case of already pronounced intrinsic
polariton nonlinearities, common for inorganic based microcavities. Although, superlin-
ear emission suggests that further engineering improvements must be followed for the
achievement of polariton condensation. On the other hand, presence of a MP negative
dispersion guarantees polariton self-localization and provides the possibility for a deep
investigation of solitonic features, parametric amplification and other cooperative phe-
nomena.

Furthermore, the implementation of an electrical injection scheme which preserves strong
coupling strength, polariton nonlinearities and exploits direct intracavity polariton pump-
ing represents a step forward the realization of effective polariton based devices (polari-

ton laser, transistors and switches).

73






Conclusions

Since the first demonstration of strong light-matter coupling [25], organic and inorganic
semiconductor microcavities have been undergone a fast and remarkable improvement
following the advancements of the fabrication techniques which ameliorate the struc-
tural quality. As results, a manifold of fascinating phenomena have been observed and
exploited within practical devices [27,29,43].

In such interesting and rich scenario, the present thesis aimed at providing altenative
approaches which can overcome design and compounds limitations still affecting both
classes of microcavities. Although the main discussion was focused on the issues related
to organic materials and organic polaritons, a design scheme for extremely high quality
inorganic microcavities was also proposed. Besides, inorganic semiconductors were im-
plemented within a hybrid structure for the formation of mixed Frenkel/Wannier—-Mott

exciton—polaritons.

To enlighten the present state of the art of polariton microcavities, a review on light
and matter coupling was at first presented in chapter 2 with particular attention on
materials and excitonic properties of organic and inorganic compounds. Starting with a
description of molecular and crystallographic structure of both semiconductor species,
Frenkel and Wannier—Mott excitons were discussed and their behaviour in response to
an optical stimulus analysed. Under these basis it was then possible to picture a general
scenario of the main characteristic, advantages and limitations which define inorganic
and organic microcavities.

One of the main purposes of the improvement of organic based microcavities which this
work followed, was direct towards the observation of nonlinear phenomena which involve
Frenkel exciton—polaritons. Condensation of polaritons and observation of lasing emis-
sion in a J-aggregate microcavity for example, could be even commercially exploited with
the fabrication of a polariton laser device, based on the well developed organic light—
emitting—diode scheme which enables electrical excitation and strong coupling even at

room temperature.
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In chapter 3 the problem was initially approached with a detailed study of optical non-
linearities proper of a J-aggregate cyanine dye (TDBC) which represents the most used
and promising class of organic materials for realization of polariton devices. Despite
such organic compounds possess relatively high third order nonlinearities (nonlinear re-
fractive index and nonlinear absorption) with respect to other organic materials, it was
found that the optical response of the system follows the behavior of reverse saturable
absorbers (RSA): the optical excitation is strongly absorbed by already excited states
which possess larger absorption cross section compared to that of the ground state. It
follows that higher energy levels are strongly populated with possible lost of the main
percentage of the excitation via nonradiative decay processes. This behavior was con-
firmed by theoretical simulations here implemented to validate our experimental findings.
Additionally, the model was used to qualitatively describe the time evolution of the pop-
ulation density in each energy level. As displayed in figure 3.5 for the three excitation
energies used in the experimental analysis, the highest energy excited state, labeled in
the text as Sy, always carries the strongest amount of population in comparison with
ground and first energy levels hence confirming the RSA behaviour. Furthermore, such
analysis unveiled that population redistribution throughout the energy levels is modified
accordingly to the laser pump frequency and specifically that the alternation of popula-
tion density between S and Sy well describes the oscillations of the nonlinear refractive
index sign experimentally observed.

Besides, long-range molecular disorder characteristic of organic J-aggregates is well
known to be responsible of Frenkel exciton localization. As a consequence such disor-
der directly affects the exciton coupling with the electromagnetic radiation of a planar
cavity by reducing the polariton population in favour of the uncoupled reservoir states.
In this contest the effective exciton coherence length plays an important role over the
molecular aggregate. From our analysis on a TDBC J-aggregate thin film, wavefunction
delocalization was extracted and the average value of 10 molecules used as input for a
new theoretical treatise of the light—matter coupling process. From such experimental
indication a direct connection to the molecular disorder parameter was established to
revaluate the oscillator strength distribution over the aggregate chain. Indeed it was
found that from the commonly assumed value of 0.1 degree of disorder, which cor-
risponds to an average delocalization length (IPN) of 70 molecules, the statistic has to
be changed to a value of 0.8 which reflects the measured IPN value of 10 molecules (figure
3.8). Under this new scenario the oscillator strength was found to be redistributed over
higher energy collective states with strong influence on the amount of ”bright” states and
eventually to the exciton—polariton population density. At the same time strong on—site
eigenstate localization was accomplished and the following increase of exciton—exciton
mutual interaction understood as the principal origin of the experimentally observed
optical nonlinearities.

The particular TDBC J—aggregate dye was then implemented as active layer in a planar

cavity where exciton—polariton properties were investigated via optical characterization.
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Various intensity peaks at specific energy positions along the lower polariton dispersion
were observed in the photoluminescence spectra. A close look on the Raman spectra, of
the bare film disclosed the experimental observation by evidencing the presence of strong
vibrational modes characterized by the same energy which separates the emission inten-
sity peaks from the exciton reservoir energy. Experimental proof of vibrationally assisted
polariton scattering was hence obtained. This process was then reproduced by means of
a theoretical simulation which also provided important informations about the temporal
dynamics of such mechanism. Following these predictions, design and implementation
of a pump-probe setup permitted to observe remarkable differences in the rise time of
the decay signals related to LP energy states off and on resonance with the vibrational
modes. Specifically it was found that in the latter case, signal build—up (rise) times
which represent the polariton scattering from bright exciton states, are shorter with
respect of scattering times to off resonance energy states.

The results of such analysis enlightened the presence of a vibrationally assisted polariton
scattering mechanism which opens a fast and efficient relaxation path from uncoupled
states in the exciton reservoir directly to specific positions on the polariton dispersion.
This observation also suggests the possibility to exploit such relaxation process to ef-
fectively achieve macroscopic polariton population on well defined and localized lower
polariton energy states. In fact, by precise cavity tuning it would be possible to position
the highly populated resonance states at the bottom of the lower branch and thus benefit
for the achievement of the density threshold required for coherent lasing emission. By
combining this fine approach with an improvement of the cavity Q factor, being possible
by increasing the DBR mirror reflectance, polariton particles lifetime would also increase
and hence favour the thermalization process.

Furthermore cavity detuning could be set in such a way to address negative mass polari-
ton states on the lower branch by vibrationally assisted relaxation mechanisms. Reso-
nant optical pumping of those high density LP states would provide an additional means
for the enhancement of polariton—polariton scattering interaction aimed at the obser-
vation of parametric amplification which is not restricted by momentum conservation
due to the localized nature of the final states [161]. Implementation of the pump—probe
setup previously described (Appendix A 7.4) would perfectly suit for the purpose: the
transmitted probe beam, at different delays and resonant to the final state energy would

be investigated following the intense pumping of the phonon-resonant LP states.

Nevertheless, optical limitation due to reverse saturation of absorption, large amount of
uncoupled excitons together with design issues which introduces difficulties in the effi-
cient exciton pumping were problematics not yet solved. For this reason, two different
microcavity structures, designed and fabricated to individually address the problems,
were presented and their properties were described in chapter 4. In both systems the
original structure which consists in a J-aggregate layer positioned in between two dis-
tributed Bragg reflectors, was modified with the inclusion in the active region of a bright

host polymer or a second J—aggregate dye with different exciton energy.
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In the first case the polymer dye, optically inactive, acted as spacer and emitting layer,
providing a means for effective radiative intracavity pumping due to the spectral overlap
of dye emission with the polariton states. Besides, efficient excitation of the host/pump-
ing polymer was assured by the broad absorption spectra located far outside the high
reflectance stop band region. The optical characterization resumed in figure 4.2 enlighten
the achievement of large occupation densities at the bottom of the polariton dispersion.
The relatively low quantum yield of the host dye was assumed as possible cause that
prevented observation of polariton condensation. However, the possibility of bypassing
the exciton reservoir via direct population of polariton states was proved to strongly
favour the thermalization process towards the achievement of the lasing density thresh-
old. Noticeable improvements could be attained by substitution of the host pumping
dye with high quantum yield compounds together with a redesign of the microcavity
active region aimed at the reduction of the cavity size. In this direction layer—by—layer
deposition of the J-aggregate dye would guarantee ultra—thin films which could yet sus-
tain strong photon coupling and thus accomplish the purpose.

The second microcavity structure, fabricated and discussed in chapter 4, consists in a
planar cavity with active region defined by two different J—aggregate excitons mixed to-
gether to form a single uniform layer. Both excitons are optically active and contribute
to the strong coupling process with the formation of hybrid organic polaritons. The
system was described with a coupled harmonic oscillator model whose solutions were
then used to fit experimetal photoluminescence emission spectra (figure 4.6). The new
energy configuration which consists of three polariton branches, was demonstrated to
favour polariton relaxation from high energy states into the bottom of the lower branch.
Novel pathways which involve efficient multiple scattering between polariton branches
and the exciton reservoirs were identified. The middle branch especially, was found to
act as important transition channel which strongly depopulates high energy states due
to the vicinity to both reservoirs and to its strong excitonic hybridization that facili-
tates scattering processes. Such dynamics were revealed by combined photoluminescence
excitation and reflectance spectroscopy together with time decay measurements of po-
lariton states at different angular positions. Furthermore, time resolving PL emission of
bare excitons in separate films and combined in a blend, unveiled the absence of direct
molecular energy transfer. Despite of this, the observed relaxation dynamics could be
reconsidered in the view of the fact that such mechanisms allow for long range energy
transfer mediated by strongly coupled exciton—polariton states. The direct implementa-
tion of such approach for light—harvesting purposes has not yet been investigated but its
potential impact in both natural and synthetic systems is utterly clear. The first step
along this path could be attained by investigating microcavity structures formed by
J—aggregate dyes with various exciton energies. A direct relation of the relaxation effi-
ciency with respect to the exciton energy separation would draw the limiting boundaries

of such long—distant energy transfer and dictate further developments and applications.
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An alternative approach was then followed in chapter 5 where a novel microcavity struc-
ture was realized. The main idea which inspired the system is based on the concept
proposed by Agranovich and coworkers [49] in 1997 who demostrated that strong cou-
pling of Frenkel and Wannier—-Mott excitons via the electromagnetic mode of an optical
cavity could lead to the formation of hybrid polariton particles which unify favourable
properties of both semiconductor species in a unique system. On the other hand, pos-
itive achievements enlighten in chapter 4 suggested the correct path to undertake to
develop the most efficient and practical structural design.

Inorganic quantum wells and a J-aggregate dye were enclosed in between two distributed
Bragg reflectors to form the active region of the cavity; furthermore, a light—emitting—
diode scheme was implemented to permit electrical excitation of the system. Exciton
energies were chosen in such a way to guarantee the effective mixing of inorganic and
organic exciton species and to favor population of polariton states via intracavity pump-
ing. At the same time accurate modeling and tuning of the layers thickness assured
hybridization of Frenkel and Wannier—-Mott excitons through the photonic mode for
the formation of hybrid polaritons. It is worth mentioning that the fabrication of such
complex device required combination of state of the art of inorganic and organic semi-
conductor processing techniques. Particular attention was focused on the top dielectric
DBR mirror which required preliminary deposition tests to ensure reflectance quality
and correspondence of stop band position to the simulated spectra. An empty dielectric
cavity with extremely high quality factor, simulated (20000) and measured (/18000)
was fabricated for the purpose. Furthermore, the implementation of the dielectric mir-
ror as top DBR of an inorganic microcavity LED device allowed for the observation of
polariton lasing emission under optical pumping. Besides the good quality and fidelity
of the model, these results provided further indications on the importance of the novel
approach. In inorganic MC LEDs in fact, achievement of high quality factor is limited
by doped inorganic DBRs losses. Implementing a top dielectric mirror on the injection
layer guarantees at the same time good electrical contact and extremely high reflectance,
which could possibly lead to lasing emission also under electrical excitation.
Characterization and discussion of the organic-inorganic hybrid microcavity was pre-
sented in section 5.3. Strong coupling was observed in the photoluminescence spectra
and for a complete understanding, experimental data were modeled with a coupled har-
monic oscillator. The simulated curves nicely reproduce energy and linewidth of the
three polariton dispersions hence confirming the simultaneous coupling of both excitons
with the optical cavity mode. This theoretical analysis has been possible only after opti-
cal characterization of a secondary sample, devoided of J-aggregate excitons. Here, PL
profiles at different angles enlighten strong quantum wells exciton—photon coupling with
a Rabi splitting of 5 meV. The value was then implemented in the coupled oscillator
model of the full system which provided a J-aggregate Rabi splitting of about 60 meV,

in full accordance with typical organic microcavity structures [134].
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Enhanced polariton nonlinearities which are predicted to arise from Frenkel/Wannier—
Mott exciton mixing, were studied by means of photoluminescence dependence on the
optical excitation power, as displayed in figure 5.9. Despite of the fact that a clear
intensity threshold was not observed, superlinear emission accompanied by remarkable
PL spectra narrowing and peak blueshift were understood as important signs of a pre—
lasing regime that anticipates macroscopic polariton condensation. Most remarkable,
identical spectroscopic analysis repeated on two separately strongly coupled organic and
inorganic microcavities did not show any kind of nonlinearity. Sublinear dependence of
emission intensity, PL broadening and appearence of weak coupling regime undoubtedly
confirm the improvements achieved by Frenkel/W-M exciton hybridization. This con-
clusive statement acquires even more importance by considering that the hybrid system
proposed in this work represents a rich playground for the observation of interesting and
unusual phenomena. Clear experimental evidence of negative polariton dispersion was
in fact attained under particular cavity detuning conditions due uniquely to the photon
mediated hybridization of excitonic species (Frenkel and Wannier-Mott) characterized
by contrasting oscillator strength and broadening of the exciton line. The importance
of the observation, fully discussed in section 5.3.1, resides in the fact that in addition
to the particle negative mass possessed at the inflection point, the presence of negative
group velocity implies a negative refraction of light which acts in reversing the polari-
ton direction of motion and causing self-localization. Therefore, this system can favour
the investigation of various cooperative phenomena because of high population density,
strong polariton—polariton repulsive interaction and enhanced nonlinear optical effects
located at a well defined position on the middle polariton branch [138,145]. Further-
more, the accessibility of these states compared to the experimental difficulties presented
by the fine searching of the so called "magic angle” [27] could represent an important
advantage for the realization of double beam experiments aimed at the study of para-
metric amplification. Besides, the contrasting features of Frenkel and W-M excitons
would eventually introduce interesting modifications in the physics of the mentioned
phenomena, as only theoretically predicted for the case of organic polaritons [161]. Such
study, which will be supported by a detailed theoretical simulation of the system, is
effectively under consideration.

The last section of chapter 5 was entirely dedicated to the characterization of polariton
electroluminescence of the hybrid microcavity LED. The light—emitting—diode scheme
implemented in the structure allows for efficient carriers injection through the inorganic
conductive layers, directly into the quantum wells. As such, high conductivity typical of
inorganic semiconductors was exploited together with robust oscillator strength of the
organic dye. Owing to strong light—matter interaction the electrically injected excitation
is distributed among the upper, middle and lower polariton branch states preventing the
formation of the uncoupled Frenkel exciton reservoir (ER) which forms under nonreso-
nant optical pumping and that provides important loss channels. Finally, through the

simulation of the observed results, the electrically driven strong coupling regime was
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shown to maintain identical coupling strength as observed in the case of optical excita-
tion and therefore preserve polariton nonlinear features.

Among the advantages discussed along the present work, this study also provides all the
ingredients for a simple reproduction of a hybrid structure which comprehend semicon-
ductors able to sustain strong coupling even at room temperature. Strong optical cou-
pling based on GaN (InGaN) quantum wells and near UV organic compounds (NTCDA
and anthracene) have been already shown [3,31, 48] and therefore their simultaneous
implementation in a single microcavity structure could present only engineering related
issues. This consists in one of the main potentiality of our approach. Implementation of
such materials for the achievements of hybrid polaritons which possess strong particle
nonlinearities suggests the realistic possibility to attain Bose—Einstein condensation of
polariton at room temperature. Such experimental discovery would surely represents a
breakthrough in the physics of planar microcavities which will open alternative routes to
traditional inorganic or organic based systems. Due to the mixed nature of the hybrid
bosonic particles one should also consider that the interpretation of related phenomena
could possibly vary from the present knowledge of organic or inorganic strong photon
coupling. In fact, as already demonstrated by the negative middle polariton dispersion
here reported, unexpected phenomena could origin from the hybridization process and

give rise eventually to a new interesting and unexplored physics.
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Appendix A: Experimental Methods

7.1 Z-scan Experiment

In the Z-scan technique the far field sample transmittance of a focused Gaussian beam
is measured through a finite aperture as function of the position of the material relative
to the beam waist. A scheme of the experimental setup is shown for simplicity in figure
7.1. Transmittance variation is recorded with a large area photodiode (Newport, 818-SL
photodetector) capable of pW sensibility and then plotted as function of the sample
position Z in relation to the beam focus. The laser source used in our experiment
is provided by the frequency doubled signal of an optical parametric oscillator (OPO)
pumped by a femtosecond Titanium:Sapphire laser. Via OPO and subsequent second
harmonic generation (SHG), we obtained a wide range energy tuneable pulse beam with
200 fs width and 80 MHz repetition rate. For our analysis we used three different
excitation energies: off resonance (1.97 eV and 2.39 eV) and near resonance (2.17 eV)
of the first excitonic transition of the dye here investigated, where 50% change in the

linear absorption was observed in the measured spectra.

Starting the scan from a distance far away from the focus, the beam irradiance is low;
negligible non-linear refraction occurs and the transmittance remains constant. As
the sample moves towards the focus the beam irradiance increases (in case of negative
non-linear refractive index) due to sample self-focusing: beam narrowing occurs at the
aperture positioned in front of the collection system and increased of the transmittance
is observed.

As the scan continues and the sample passes the focal plane, self-defocusing increases
the beam divergence leading to beam broadening and further reduction of transmittance.
The Z—scan is then completed as the sample is moved away from the focus where the
transmittance becomes once again linear due to low irradiance. If the aperture shown
in figure 7.1 is removed, the Z-scan becomes insensitive to nonlinear refraction and
results in a null signal unless absorptive nonlinearity is present. In this case, the so

called ”open aperture Z-scan”, nonlinear absorption coefficient can be extracted from
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Figure 7.1: Schematic drawing of the Z—scan setup. While the first iris modifies
the beam waist, the second aperture (open or close) permits to swap in between
nonlinear absorption or nonlinear refraction type measurements. The sample
was moved along the focal point with a total path length of 5 cm and sensibility
of 0.1 mm provided by a piezoelectric translational stage.

the resulting transmittance curve. On the other side, the ”close aperture Z—scan” can
be used separately to determine nonlinear refraction which is sensitive to the size of
the aperture. This could be done only by previous removal of nonlinear absorption
contribution by dividing the close aperture transmittance curve by the open one.

For each of the two analysis a separate approach has to be use in order to extract values

for nonlinear absorption and nonlinear refractive index.

We report below the equations which describe a close aperture Z—scan and refer the

reader to section 3.2 for the treatise of the open aperture case.

In case of a close aperture Z—scan the transmitted signal is sensitive to the beam distor-
tion and nonlinear refractive index can be extracted.
In the assumption of thin samples, the electric field induced phase distortion is described
as:

% _ 27%21(2, 0. (7.1)
Here 2’ is the propagation depth in the sample, ) is the laser wavelength, I the beam
intensity and A¢g(0,0) is the peak—on—axis phase shift, empirically detemined by mea-
suring the peak to valley difference in the transmittance curve:

ATy, 2 0.406(1 — S)*27 | Ady| . (7.2)
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7 Angle Resolved Photoluminescence/Electroluminescence

While S is related to the aperture size, assumed S = 0.4 in case of close aperture and
S = 1 in case of the open one, relation 7.2 is directly calculated from the normalized
transmittance function in the limit of far field condition, small nonlinear phase change

(JA¢g| << 1) and assuming no radial variation of the electric field profile E,(r = 0) :

4A(Z50:L’

Tz 800 =1 = g 1 1y

(7.3)

Here x = z/ 2.

An extended and detailed description of the Z—scan technique and theory can be found
in references [103,162].

7.2 Angle Resolved Photoluminescence/Electroluminescence

Characterization and investigation of organic, inorganic and hybrid microcavities prop-
erties were performed along this thesis by angularly resolving polariton emission which
followed optical or electrical excitation. The sample was held on a translational stage
and kept either at room temperature (organic MCs) or cooled at cryogenic tempera-
tures (=15 Kelvin) via a standard cold—finger cryostat (inorganic and hybrid MCs) to
prevent exciton dissociation in GaAs quantum wells which usually occurs at about 100
Kelvin. In case of optical pumping the sample was excited at an angle of ~ 30° with
respect to the surface, by a 5 cm focal length lens. Photoluminescence emission instead
was collected through a microscope objective lens of NA 0.7. The Fourier plane behind
the objective which contains the k—space of the polariton emission (angular emission
is mapped to the radial position on the plane) is imaged directly onto the slit of a
monochromator equipped with a water—cooled charge coupled device (CCD) to obtain
energy Vs wavevector (k) resolution, i.e. wavelength Vs angle (figure 7.2). Before
monocromation, a longpass filter was used to remove any residual of the laser pump.

Different laser configurations were used along this work depending on the active layer
which composed the microcavity device under investigation. A tuneable Titanium-—
Sapphire oscillator which delivers ~100 fs pulses with a repetition rate of 80 MHz or a
tuneable Titanium:Sapphire continuous wave source were implemented to excite inor-
ganic and hybrid microcavities with near IR beam energies (chapter 5). On the other
hand, for power dependence measurements presented in the same chapter (section 5.4),
the previous system was coupled to an amplifier to reduce the repetition rate to 100
kHz. Besides, in case of organic based MCs, the compressed and amplified pulses were
subsequently coupled to an Optical Parametric Amplifier (OPA) to allow for frequency
tuning in the visible range (400nm—650nm). The Ti:Sapph—amplifier—OPA system was
chosen to efficiently pump the organic dyes and reduce at the same time characteristic

photobleaching effects by means of low repetition rate pulses (250 kHz).
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Figure 7.2: Cartoon representation of the full experimental setup used for an-
gle resolved photoluminescence/electroluminescence imaging and time resolved
analysis. For guidance, (I°, I11°) k-space, (I1°) real space and (IV?) energy
Vs time dispersions are shown at the specific positions along the setup.

In case of hybrid microcavity light emittion diodes, strong coupling regime was investi-
gated also by means of electrical excitation.

Through injection of carriers into the semiconductor quantum wells, formation of hybrid
polariton particles was achieved under conditions and processes specifically described in
chapter 5.5. A voltage generator which provides DC voltage and low current values was
used for the purpose. This allowed to prevent damages on the sensible organic layer and
hence maintain stable strong coupling regime conditions. Besides, polariton emission
was collected through the same modalities explained above and sketched in figure 7.2

for the case of optical excitation.

7.3 Time Resolved Analysis

The setup described above was also equipped with a streak camera which provided the
oppurtunity to investigate temporal dynamics of the angularly dispersed polariton pho-
toluminescence and electroluminescence emission. The k—space signal in fact, following

monocromation, was directly imaged onto an horizontal slit used to select the desired
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7 Pump-Probe Spectroscopy
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Figure 7.3: Schematic drawing of the two beam pump-probe setup fully de-
scribed in the main text.

range of angles to couple to the streak camera. A fully automated mirror positioned out-
side the monocromator allowed to selectively resolve in energy and time specific polariton
states on the branch dispersion. Experimental results of such analysis are presented and
extensively discussed in chapter 4.3.

A schematic representation of the entire setup is displayed in figure 7.2

7.4 Pump-Probe Spectroscopy

In the presence of systems governed by ultra—fast dynamics, transient pump—probe spec-
troscopy represents the simpliest way to study their temporal evolution.

This technique is based on an initial ultrashort pulse beam which is then split into two
terms, used to "pump” and ”probe” the process under study. In our case, the initial
Ti:Sapph femtosecond pulse (/100 fs at 80 MHz and 1.55 eV) is at first amplified and
compressed to achieve a repetion rate of 250 kHz. Through optical parametric amplifica-
tion (OPA) two different beams are then obtained: a strong nonresonant pump term at
3.1 eV, used to excite the system, and a weaker probe constantly adjusted to resonantly
follow the lower polariton dispersion energy. At the same time the sample was rotated
to follow the angular dispersion of the LP branch. By monitoring the transmittance
variation of the probe as function of its delay (=35 fs time resolution) with respect to
the arrival of the pump, detailed informations about relaxation time of each polariton

state on the lower branch can be extracted (section 3.3).
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Figure 7.4: Simplified scheme of the PL, PLE, reflectivity setup used to char-
acterize hybrid organic—organic MCs. Excitation/collection systems for photo-
luminescence, PLE and reflectance are displayed in red, blue and purple colors
respectively.

The full scheme of the setup is presented in figure 7.3. Due to the difficult purpose of
the experiment, the setup was designed to allow sample excitation with collinear pump
and probe beams. By combining this configuration with small spot sizes, we are able
to focus the analysis on tiny portions of the sample (area ~ 320um? ) and hence study
polariton states with high energy precision. At the same time, we made use of a single
grating spectrometer coupled with a balance detection scheme to remove any scattered
light due to the pump term and enhance the signal-to—noise ratio. As result, we ob-
tained clear decay curves which theoretical fitting provide important informations about

polarito build-up times (section 3.3).

7.5 PL and PLE spectroscopy

In the present section we describe the experimental techniques and related setup ex-
ploited for the characterization and study of hybrid organic-organic microcavities, ex-
tensively discussed in chapter 4.3. The full setup configuration, schematically displayed
in figure 7.4, allowed for angular resolved photoluminescence (PL), photoluminescence
excitation (PLE) spectroscopy and reflectance measurements. The sample was mounted
in a cryostat with wide angular access window positioned in the optical axis of a two ro-
tating arms goniometer. For PL measurements, the sample was maintained at a pressure
of < 1 x10™* mbar in order to reduce the effect of photo-oxidation while nonresonantly
excited at a large angle (out of the plane of collection, ~ 40°) with a 473 nm CW diode
laser focused on a spot of diameter ~200um. Photoluminescence emission was collected
on the second arm of the goniometer and coupled with a 5 mm liquid—core optical fiber

to a spectrometer. The collection arm was automatically scanned through the range of
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angles from 0° to 56° in increments of 1°. This permitted to energy resolve the entire

polariton branches up to the anticrossing point.

For PLE measurements instead, optical excitation was provided by a quasi-CW laser
system with 6 ps pulses at 40 MHz. The excitation spot was focused to a point of
approximately 500um in diameter centered on the same position on the sample as the
PL excitation spot. The collection angle was fixed at normal incidence while a fiber
coupled spectrometer was used, as before for PL, to collect the emission. Additionally, a
longpass filter was implemented to block the scattered excitation light from the collection
fiber. The excitation angle was spanned from 17° to 56° in increments of 1° while, at
each angle, the excitation wavelength was scanned between 530 nm and 670 nm with a
resolution of 2 nm to encompass the entire polariton region.

In case of the microcavity sample, lower polariton branch emission in each PL spectrum
was fit with a Lorentzian curve, which amplitude represents a single point of the PLE

image.

Furthermore, for the reason explained in the text above (chapter 4.3), the excitation
light reflected by the sample was collected with a silicon photodiode and the intensity
measured with a dual source power meter.

The excitation beam intensity was also sampled and measured prior to reach the sample
with a second photodiode in order to normalize the reflected light and hence obtain
the reflectivity of the sample R. Assuming no transmission through the sample, cavity

absorption would be simply given by 1-R.
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