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P REFACE
The human senses are our contact channels with the surrounding. Among these senses,
one, in particular, stands out: Vision. We perceive 80 percent of information through our
eyes and the processes of vision. A process that is triggered by light. This fundamentally
important characteristic in human perception probably explains the long-standing efforts
throughout the history about understanding the nature of light, its properties, and interactions with the environment. From the time that Newton shined a beam of light on a prism
and described the chromaticity of white light until the present time where experiments in
quantum optics reveal different mysterious aspects of light, we have been driven forward
by questions such as: How would light behave under certain circumstances? Interestingly,
after all these years we face many surprises in our laboratories stemming from nontrivial
behavior of light under different experimental conditions. Discoveries and experiments in
optics changed our lives in many respects and led to many technological developments
throughout the past century and it still keeps influencing our lifestyle. However, among
all the developments and discoveries in optics, probably one single optical apparatus outshines all the others: The laser.
Since the invention of the first operating laser by Theodore H. Maiman in 1960, there
are probably a few areas of technical innovations that are not influenced by this light
source. Just a search on Wikipedia’s page titled “List of laser applications” is a brief attest
on how our daily life has been reshaped by this invention. Numerous areas of science
and technology nowadays are founded and driven by the spectacular properties of lasers.
In a sense, I would not feel uncomfortable calling the lasers as “the wheel of the modern
technology”.
Despite almost 60 years of intensive developments in lasers, yet they remain one of
the most active research fields in physics. It is like there is always something new to find
and there are always applications that benefit directly from novel laser developments. The
quest toward generating ultrashort pulses, extremely narrow bandwidth continuous-wave
lasers, low-threshold operations, and brighter laser systems are just a few of these ongoing
researches. The extensive range of applications has led to a great deal of understanding
about many fundamental aspects of light-matter interaction and nonlinear optics that
underpins all these phenomena.
Among these well-known research directions, there is another research line in optics
ix
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that focuses on miniaturizing lasers. Essentially, lasers that are than thinner than the
human hair, entering the territory of micro and nanotechnology. The primary motivation of these studies is the idea of integrated photonics- using photons instead of electrons for data processing. Obviously, miniaturizing lasers to the nanoscale brings its own
challenges and problems. Firstly, due to the size constraints and limitations imposed by
integration with other elements, new designs beside the conventional Fabry-Pérot cavities
are required. Secondly, because of the limited input power available for driving nanoscale
lasers, conventional nonlinear optical processes are not efficient anymore. Hence, lasers
with lower operating thresholds are preferred at the nanoscales. All these points together
require a paradigmatic shift in the design of coherent light sources.
Exciton-polariton lasers are one of the alternative solutions for developing versatile
coherent light sources at the nanoscale. Exciton-polaritons are quasi-particles arising
from strong light-matter interactions in optical cavities. Employing nonlinearities attainable from elementary material excitations (excitons), along with the bosonic properties
of exciton-polaritons, have provided a successful platform for achieving nonlinear optical
devices at the nanoscale.
In this thesis, I describe a series of experiments that demonstrate different aspects of
light-matter interaction between organic fluorophores and extended two-dimensional
metallic gratings for achieving exciton-polariton lasers. Moreover, using different
experimental and spectroscopy techniques, I have demonstrated the properties of organic
exciton-polariton lasers including their emission properties, the role of structural disorder
and the ultrafast dynamics and involved thermalization processes toward lasing. Despite
the detailed experimental investigation and various theoretical modeling throughout this
thesis, there remain questions and observations that require further investigations both
in the realm of theoretical as well as experimental physics.

Mohammad Ramezani, Eindhoven, Spring 2019
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C HAPTER 1
B RIEF OVERVIEW OF UNDERLYING
PHYSICS

A brief overview of the physical concepts involved in light-matter interaction is
given, with the focus on the canonical system investigated in this thesis, i.e.,
arrays of plasmonic nanoparticles coupled to organic fluorophores. The chapter
starts with introducing the grating equation and the properties of the modes
formed in these arrays, known as Surface Lattice Resonances (SLRs). The concept
of strong light-matter interaction and collective excitations, known as excitonpolaritons, are introduced as well. The chapter ends with a discussion about the
mechanism leading to the condensation of exciton-polaritons in organic systems
and the emergence of coherence.

1

1 Brief overview of underlying physics

1.1 Introduction
It frequently happens that we utilize a certain effect or a phenomenon for many years without understanding the precise scientific origin of it. Numerous examples can be found,
spanning from biology and genetics to condensed matter physics. The concept of lightmatter interaction, and more specifically plasmonic effects, has been probably one of
these phenomena. Surface plasmons are coherent oscillations of free electrons at the surface of metals due to the interaction with electromagnetic radiation. The use of plasmonic
effects without any knowledge of the underlying physics dates back to centuries ago. Our
understanding of light scattering and plasmonic effects was limited to few empirical observations when metallic debris was used to make the eye-catching stained glass windows
of Notre-Dame de Paris, or when Romans embellished the Lycurgus Cup using gold and
silver particles. The mysteries of plasmonic effects began to decipher by the pioneering
work of Gustav Mie in 1908, where by using Maxwell’s theory of electromagnetism, he
described the plasmonic effect and geometrical dependency of light scattering and absorption by gold nanoparticles [1]. More comprehensive sets of experiments at the end
of the 20t h century led to the foundations of what today is known as nanophotonics and
plasmonics, with a massive impact on our understanding of light and its interactions with
matter at the nanoscale.
Many scientists have devoted their efforts to uncover effects that are (in)directly associated with plasmonics. Within the slender room of this thesis, it is impossible to cover all
these experiments and theories. However, among the efforts throughout the past years, I
personally find the following three experiments exceptionally important for the advancement of this field:
Firstly, Drexhage’s experiment on the modification of the fluorescence decay rate close
to the metallic surface is the first important step toward more comprehensive studies in
plasmonics [2]. In this experiment, he argued that the interference of the emitted light
from Eu 3+ ions and the reflected light from a mirror could lead to the enhancement or
reduction of the radiative decay rate of the ions. This relatively simple experiment introduced the great potential of metal surfaces on controlling the local density of optical
states, and how modification of the photonic environment can be exploited as a tool to
enhance and suppress different relaxation channels of quantum emitters, the so-called
Purcell effect [3].
Secondly, Fleischmann’ work about the role of metallic surfaces on the enhancement of
Raman signals brought a new perspective to this field [4]. In this experiment, a tremendous enhancement of the Raman signal from pyridine molecules adsorbed on a rough
silver film was reported for the first time. The use of plasmonic effects for developing a
technique such as surface-enhanced Raman spectroscopy (SERS) is probably still the most
widespread use of plasmonics. Massive enhancement of the electromagnetic field and the
sensitivity of this technique has opened up the possibility of reaching the limits of single
molecule detection with chemical recognition [5].
The most recent pioneering experiment in the realm of plasmonics is Ebbesen’s experiments on the discovery of extraordinary optical transmissions (EOT) of light from
perforated metallic surfaces [6]. This work showed that for certain wavelengths the trans-
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mission from the hole array exceeds unity. In other words, the amount of light transmitted
from the hole array exceeds the transmission of a large hole with the equivalent area [7].
The work of Ebbesen and co-workers gave a strong momentum for a better understating of
surface plasmon polaritons (SPPs) and their interaction with small scatterers on metallic
surfaces.
One of the aspects that was discussed extensively after the discovery of EOT was the
complementarity of metallic hole arrays and metallic particle arrays [8]. Similar to the
hole arrays where propagating SPPs interact with the in-plane diffraction orders, known
as Rayleigh anomalies (RAs), leading to enhanced transmission; in arrays of metallic
nanoparticles, localized surface plasmon resonances (LSPRs) in individual nanoparticles
couple with RAs, resulting in an enhanced optical extinction. These two phenomena are
related by Babinet’s principle [8]. In the following sections, we discuss different aspects of
resonances formed by arrays of metallic nanoparticles.

1.2 Diffraction and Rayleigh Anomalies
In 1902, R. W. Wood observed a surprising phenomenon with an elusive origin: A sudden
drop of intensity for certain conditions in the spectrum of a continuous light source after
passing through a metallic grating [9]. He even pointed out the important characteristic
that this effect can be seen only for p-polarized light. Unable to explain the origin of this
phenomenon, Wood named these intensity irregularities “singular anomalies”. A few years
later, a relatively comprehensive explanation for “singular anomalies” was given by Lord
Rayleigh purely based on the propagating properties of the wave and the laws of refraction
and reflection. Lord Rayleigh pointed out that an anomaly occurs at the wavelength for
which a scattered wave emerges tangentially to the grating surface [10, 11].
These efforts led to a theory that could predict the frequencies of these anomalies with
partial success. However, the full accordance between the measurements and the model
was never obtained. The discrepancies result from overlooking the role of surface plasmons at the surface of the metals, a phenomenon that was not discovered until many years
later. However, the model that was proposed by Lord Rayleigh cast the formalism of modern diffraction theory, and it is used widely to predict the energy-momentum dispersion of
the diffracted beams. This theory simply correlates the momentum of the diffracted beam
(~
k ||d ) to the momentum of the incident beam (~
k ||i ) through the reciprocal lattice vectors
~l = (G~x , G~y ) = [(2π/a x )p~
of the grating (G
x , (2π/a y )q~
y ])) with the law of conservation of
momentum:
~l .
±~
k ||d = ~
k ||i + G

(1.1)

Throughout this thesis, we refer to the singular anomalies as “Rayleigh anomalies” (RAs).
These RAs are the in-plane orders of diffraction in the lattice and are calculated with equation (1.1). Expanding this equation for a rectangular lattice with the pitch sizes of a x and
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a y leads to the following dispersion relation
E (k ||i n )2 =

³ ħc ´2 h
n

2
k ||i
n+

³ 2π ´2 ³ 2π ´2
2π i
p +
q + 2k ||i n
p ,
ax
ay
ax

(1.2)

where (p,q) are integers giving the orders of the RAs in the lattice and n is the effective
refractive index of the medium where the grating is embedded. Throughout this thesis,
we frequently use the modes formed by (1,0), (-1,0) and (0,±1) orders of RAs. The first
two modes have linear dispersions, while the (0,±1) modes are degenerate and have a
parabolic dispersion.

1.3 Collective Nature of Surface Lattice Resonances
Isolated metallic nanoparticles or what has been coined as the term “optical antenna” are
nanometer-scale particles that manifest plasmonic resonances in the visible and infrared
part of the electromagnetic spectrum [12]. These nanoparticles are capable of supporting
coherent oscillations of the free electrons known as LSPRs. The high intrinsic polarizability
of these metallic nanoparticles leads to efficient scattering and absorption at resonant
frequencies [13]. The enhanced electromagnetic field intensity at close proximity to these
nanoparticles is a direct consequence of this large scattering cross-section, leading to a
strong radiative decay channel of LSPRs. Additionally, due to the enhanced absorption
efficiency, the ohmic dissipation of electromagnetic energy in these nanoparticles is considerable - an undesirable effect that possesses important challenges for the application
of plasmonic nanoparticles in different disciplines.
Improving the quality of plasmonic resonances, such as their lifetime and quality factor,
has led to the use of arrays of plasmonic nanostructures, where LSPRs supported by individual nanoparticles interact with the in-plane orders of diffraction or RAs supported by
the array. This improvement of the quality factor relies on the enhanced radiative coupling
of the individual nanoparticles. The modes that are formed through this condition are
referred to as Surface Lattice Resonances (SLRs), and they underlie all of the experiments
in this thesis.
The most widely used approach to calculate the spectral properties of SLRs is the coupled dipole approximation (CDA) [14]. In this approximation, an array of N nanoparticles
is considered such that the polarizability and the position of each nanoparticle in the array
is αi and r i , respectively. The polarization at each particle within the lattice is given by the
~i = αi E
~l oc,i , where E
~l oc,i represents the local electric field at the position of ~
ri .
relation P
~i nc,i ) and the
The local electric field at each position is the sum of the incident field (E
~d i pol e,i ) arising from the rest of the (N − 1) dipoles within the array, and
retarded fields (E
it can be self-consistently calculated with the equation
~l oc,i = E
~i nc,i + E
~d i pol e,i = E
~0 exp(i ~
E
k ·~
ri ) −

N
X
i =1,i 6= j

4

~ j (i = 1, 2, ..., N ),
Ai j · P

(1.3)

1.3 Collective Nature of Surface Lattice Resonances

Figure 1.1: Calculated energy-momentum dispersion of SLRs along (a) (1,0) and (-1,0)
RAs and (b) (0,±1) RAs. The energy of the LSPR is 2.6 eV and the pitch size of the lattice
is 400 nm. The effective refractive index of the medium is 1.46. For these calculations,
Ω12 = Ω13 = 0.5 eV and Ω23 = 0 eV. (c) Spectra of the dissipated power at k|| = 0 (purple)
and 1 mrad/nm (green) extracted from panel (a). (d) Spectra of the dissipated power at k||
= 0 mrad/nm (purple) extracted from panel (b).

where E 0 and k = 2π/λ are the amplitude and wavenumber of the incident plane wave,
respectively. Additionally, the dipole interaction matrix (A i j ) is expressed as

~ j = k 2 exp(i ~
Ai j · P
k ·~
ri )

~j )
~
r i j × (~
ri j × P
~
r i3j

+ exp(i ~
k ·~
r i j )(1 − i ~
k ·~
ri j )

~ j − 3r i j (~
~ j )]
[r i2j P
ri j · P
r i5j

,

(1.4)
where (i = 1, 2, ..., N , j = 1, 2, ..., N , i 6= j ). In this equation, ~
r i j is a vector connecting dipole
i to dipole j in the array. For an infinite array of identical nanoparticles with polarizability
αs , an analytical solution of equation (1.4) can be found by assuming that the induced
polarization on each particle is the same. By solving this equation, the following relation
5
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for the modified polarizability (α∗ ) is obtained by
α∗ =

1
,
1/αs − S

(1.5)

where S represents the retarded dipole sum that takes into account the particles separation and the configuration of the lattice and it is given by
S=

X h (1 − i ~
k ·~
r i j )(3cos 2 θi j − 1) exp(i ~
k ·~
ri j )
r i3j

j 6=i

+

k 2 sin2 θi j exp(i ~
k ·~
ri j ) i
ri j

,

(1.6)

where θi j represents the angle between r i j and the direction of the polarization defined by
the incident electric field. After obtaining α∗ , the absorption (C abs ) and scattering (C sc at )
cross-sections can be calculated as

and

C abs = 4πkℑ(α∗ ),

(1.7)

8
C scat = πk 4 |α∗ |2 ,
3

(1.8)

from which the extinction cross-section can be obtained:
C ext = C abs +C sc at .

(1.9)

In this model, when the difference between the imaginary components of 1/αs and S
is small and the real parts are equal, the denominator in equation (1.5) approaches zero,
and the extinction cross-section is maximum. This is the condition which corresponds to
the excitation of SLRs. This model can be used to calculate the extinction cross-section of
small particles that can be approximated by a dipole. In the case where the particles are
larger such that retardation effects become important, or multipolar resonances can be
excited within the frequency range of interest, other approximations or methods can be
used to calculate the extinction cross-section of SLRs [15, 16].
One of these methods that can capture the collective nature of SLRs and be used for
investigating their spectral and dispersive behavior is three coupled harmonic oscillators [17, 18]. Within this model, one oscillator represents LSPRs supported by individual
nanoparticles and two other oscillators describe the RAs. In the matrix representation, the
equation of the motion for the coupled systems is:

ω2 − ω2 − i γ1 ω
 1

Ω212

Ω213

Ω212
ω22 − ω2 − i γ2 ω
Ω223

Ω213



x1



F (−i ωt )
e

m



 
 x 2  = 
  
2
2
ω3 − ω − i γ3 ω x 3
Ω223



0
0

.


(1.10)

In this model, the system of three coupled oscillators with the individual resonant frequencies of ω1,2,3 is driven by a harmonic field of frequency ω, acting on the first oscillator
(LSPR). The losses associated to each oscillator are represented by γ1,2,3 . The coupling
6
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Figure 1.2: Distribution of the electric field magnitude and the extinction spectrum for
arrays of silver nanoparticles with (a) 5×5 particles at E = 2.185 eV (b) 9×9 particles at E =
2.073 eV (c) 17×17 particles at E = 1.994 eV and (d) an infinite particle array at E = 2.035 eV.
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rates between oscillators are given by Ω12 , Ω13 , Ω23 . The mass of the first oscillator is m,
F
represents the amand F quantifies the strength of the driving field. Hence the ratio m
plitude of the driving field. The spectra representing the optical extinction from a particle
array can be calculated by taking into account the dissipated power in the first oscillator
integrated over one cycle of the driving field through the relation 12 ℜ(F x˙1 ). It should
be noted that the amplitude of the driving field does not have any particular relevance
for these calculations as we are interested in obtaining the spectra itself for qualitative
comparison. The dispersion of the RAs is introduced through the relation between the
ω2,3 and k ||d that is obtained with Eq. ( 1.2).
SLRs can be considered as hybrid plasmonic-photonic modes that simultaneously manifest very large spatial extension and strong electromagnetic field enhancement. This
hybridization can be seen in the calculated dispersions of the SLRs using the coupled
oscillator model in Fig.1.1 (a,b) at the anticrossing points between the flat dispersion of
LSPRs at E = 2.6 eV and the dispersive RAs. Close to the points where anticrossing occurs
(k≈ 4 mrad/nm in Fig. 1.1(a) and k≈ 11 mrad/nm in 1.1(b)), the linewidth of the resonances gets broader, indicating higher radiative and ohmic damping due to a stronger
plasmonic character. By increasing the detuning, the photonic character of SLRs becomes
more dominant leading to narrower linewidths.
The other salient feature about SLRs is the asymmetric lineshape of the resonance
(Fig. 1.1(c, d)). This lineshape is known as Fano lineshape and is explained through
the spectral interference of modes with different linewidths. In the case of SLRs, LSPRs
manifest a very broad linewidth due to the strong radiative decay, and RAs are modes with
a narrow linewidth that occur only at specific wavelengths. Due to the spectral overlap
and coupling of these modes, Fano resonances are formed.
An important property of SLRs is their collective behavior. The strength of these resonances depends on the number of involved particles within the lattice. To elucidate
this effect further, we have simulated the extinction spectra and electromagnetic field
distribution of finite and infinite arrays of silver nanoparticles. To drive the system, a plane
wave with the polarization along the horizontal axis is incident along the normal direction.
The extinction spectrum of lattices of nanoparticles with the different number of particles,
together with the electric field distribution around the central particle of the lattice, are
shown in Fig.1.2. The lattice constant is 400 nm and the particles are 50 nm high and 50
nm wide in diameter. The lattice is assumed to be on quartz (n=1.45) and to be covered
with a 200 nm layer of Polymethylmethacrylaat (PMMA). Placing the particles in the lattice
and increasing their number leads to a gradual modification of the extinction spectrum.
This modification is the result of the radiative coupling between the nanoparticles due to
diffraction in the plane of the array. It should be noted that for relatively small particles
(radius < 25 nm), the geometrical parameters become less relevant and the dipole approximation could be employed to describe the radiation pattern of nanoparticles [19]. In this
gradual modification of the spectra and the electric field with the number of particles,
the formation of the long-range interactions between the particles is visible in Fig.1.2(c),
while for lower particle numbers (5×5 and 9×9) the long-range effects are less significant.
Eventually, in the limit of the infinite array of nanoparticles, a very large interparticle
radiative coupling along with a very narrow resonance in the extinction spectra can be
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seen in Fig.1.2(d). These characteristics correspond to the collective behavior of LSPRs
upon excitation of SLRs.
The improved optical properties of SLRs, and the variety of physical phenomena associated with light-matter interaction have provided an interesting platform for many
experimental and theoretical investigations. Among those, phenomena such as band edge
lasing [20, 21], enhanced directional absorption and emission [22, 23], and sensing [24,
25], are the effects that can be highlighted. Furthermore, special attention is given to
the interaction of SLRs with material excitations when the strength of these interactions
exceed the losses of the system. This situation is known as the strong coupling regime and
it will be the major focus of this thesis. In what follows, we will have a concise overview of
the concept of strong light-matter interaction and a brief lookout on the existing literature
concerning strong light-matter interaction using SLRs.

1.4 Strong Light-Matter Coupling
If the strength of interactions between a two- or multi-level system with an optical field
of a cavity is stronger than the total losses of the system, hybrid quasi-particles known as
exciton-polaritons can be formed that simultaneously manifest properties of their constituent (quasi-) particles, i.e., photons and exciton (elementary excitation in solids comprising a bound pair of electron and hole). The formation of the exciton-polaritons opens
up an exciting avenue in the field of photonics for developing new devices with improved
functionalities.
A close look into the fundamental properties of photons and excitons reveals important
intrinsic limitations associated with each of them that could potentially be improved using
the physics of strong light-matter coupling: unlike electrons, photons cannot interact
with each other due to the lack of electric charge. The absence of mutual interactions
between photons has imposed serious challenges in the fabrication of nonlinear devices
such as diode and transistors operating on few-photon levels. The interacting nature of the
excitonic component of exciton-polaritons can address the problem of lack of interactions
between photons and can have an important impact on the field of optoelectronics and
integrated photonics [26]. Electrons and holes in excitons can be harvested to form free
charge carriers in photovoltaic applications. However, excitons are known to be susceptible to any kind of structural imperfections and disorder, leading to the localization of
exciton wavefunctions and limiting their diffusion length and mobility. The hybrid nature of exciton-polaritons leads to spatially extended wavefunctions (photonic character)
that results in interesting properties such as robustness toward structural disorder and
enhanced diffusion [27–29]. Hence, investigating different aspects of exciton-polariton
physics has been a major driving force in condensed matter physics for developing devices
with improved functionalities spanning from nonlinear optics to photovoltaics. Moreover,
the possibility of altering the energy levels and surfaces in the matter due to the formation
of exciton-polaritons has opened up a wide perspective for controlling photochemical
reactions and processes, highlighting the potentials of strong light-matter interaction in
different disciplines [30].
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Within the context of quantum electrodynamics, where both matter and radiation are
quantized, the problem of interaction between emitters and resonant structures, such as
cavities, is described by the Jaynes-Cumming Hamiltonian. This Hamiltonian considers
a single two-level system interacting strongly with the quantized electric field of a cavity
(Fig. 1.3(a,b)). The formalism of Jaynes-Cummings Hamiltonian is expressed as [31]:
ħΩ
1
(â σ̂+ − â † σ̂− ),
H = ħω0 σ̂z + ħω(â † â) − i
2
2
2d
ξ0 ,
ħ
s
ħω
ξ0 =
,
2²0 V
Ω=

(1.11)

(1.12)

(1.13)

where â † (â) is the bosonic
¡ ¢ladder operator
¡ ¢ responsible of creating (annihilating) a photon
in the cavity, and σ̂+ = 00 10 and σ̂− = 01 00 are the Fermionic ladder operators that express
the transitions between the ground and excited states.¡ ω0 is¢ the angular frequency of the
0 is the Pauli matrix denoting
resonant transition in the two level system and σ̂z = 10 −1
the energies of the states. Ω is the Rabi frequency that quantifies the rate of energy exchange between the two-level system and the cavity photon. Alternatively, Ω describes the
strength of the coupling between the cavity field and the two-level system. Moreover, d is
the transition dipole moment associated with the two-level system, and ξ0 is the electric
field amplitude per photon in the mode volume V.
The solutions of the Jaynes-Cumming Hamiltonian are coherent superpositions of the
electronic excitation in the two level system and the photon in the cavity,
ΨLP = αLP |g 〉 |1〉 + βLP |e〉 |0〉 ,
ΨU P = αU P |g 〉 |1〉 + βU P |e〉 |0〉 .

(1.14)

These new hybrid states known as upper (ΨLP ) and lower (ΨLP ) polaritons, are the linear
superposition of the product of an atom in the ground state (|g 〉) with one photon in the
cavity (|1〉), and the product of an atom in the excited state (|e〉) and no photon in the
cavity (|0〉).
Despite the importance of the Jaynes-Cummings model, its implications are limited
to a single emitter in a cavity. In the case of interaction between many excitons and
optical cavities that concerns most of the work in this thesis, the collective nature of the
interactions and the presence of many two-level systems within the cavity needs to be
taken into account. The extension of the Jaynes-Cummings Hamiltonian to N two-level
systems interacting with a cavity mode is known as the Tavis-Cummings Hamiltonian. The
eigenstates in the single excitation subspace are superpositions of all uncoupled states
such that either a single emitter is excited (all other two-level systems in the ground state
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Figure 1.3: Fabry-Pérot cavity in the (a) absence and (b) presence of a two-level system. (c)
Generic representation of anticrossing and the formation of the upper polariton (up) and
lower polariton (lp) with splitting ħΩ observed in angle-resolve transmission. (d) Energy
levels of the lower and upper polaritons after hybridization between the cavity photons
and exciton. Note that lp and up represent the lower and upper polaritons, respectively.

and no photon), or a single photon is in the cavity and all the emitters in their ground
states. In this condition, the eigenstates of the system are
ΨK =

N
X
i =1

βiN |g 1 g 2 ...e i ...g N −1 g N 〉 + αK |g 1 g 2 ...g i ...g N −1 g N 〉

(1.15)

In this equation, K refers to the N +1 eigenstates of the systems. These eigenstates include
an upper and a lower polariton, formed by the superposition of a molecular bright state
P
|g 1 g 2 ...e i ...g N −1 g N 〉 |0〉 with the single photon state |g 1 g 2 ...g N 〉 |1〉. Addition|B 〉 = p1
N
ally, all other N − 1 superpositions of molecular excitations do not couple to the photon
and form the dark states (αK = 0) that are not visible in the spectrum [31]. In this case, the
energy gap between the upper and lower polaritons state is given by
G=

ħΩ p
= N d ξ0 ,
2

(1.16)

p
where Ω is the Rabi frequency. The importance of this equation is the presence of the N
term that scales the strength of the interaction with the square root number of two-level
systems. This scaling relation underpins the majority of the experiments on strong lightmatter interaction, where a very large number of quantum emitters is required to form
exciton-polaritons. Recently, Chikkaraddy
et al. have experimentally demonstrated the
p
dependency of Rabi splitting on N down to the level of a single molecule using single
gold nanospheres on a gold film, forming a gap plasmon structure as the cavity [32].
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Different experimental methods can be employed to investigate the strength of lightmatter interaction. The most straightforward approach is to measure the dispersion of
the modes supported by the system. Measurement techniques such as angle-resolved
transmission or reflection provide such information (Fig. 1.3(c)). One signature of the
strong coupling regime, i.e. a regime where the strength of the interactions exceeds the
total decoherence and losses of the system, is the appearance of the avoided crossing at the
energies and momenta where the two modes approach each other. This avoided crossing
is the result of the formation of upper and lower exciton-polaritons with an associated
Rabi splitting of ħΩ between the polaritons (see Fig. 1.3(d)). The interaction between the
two modes can be expressed by a two-state Hamiltonian
Ã
H=

E c − i γc

G

G

E x − i γx

!
,

(1.17)

where, E c and E x describe the energies of the optical mode and exciton with the associated
losses of γc and γx , respectively. In this Hamiltonian, G describes the strength of the
interaction as in Eq. 1.16. Note that the dispersive nature of the cavity mode can be easily
incorporated into this Hamiltonian through its dependency on the detuning parameter
such as momentum. Diagonalizing this Hamiltonian leads to its eigenenergies, which can
be expressed as
E± =

¸
·
q
1
E c + E x − i (γc + γx ) ± 4G 2 + (E c − E x − i (γc − γx ))2 ,
2

(1.18)

which describe the energies of the upper and lower polaritons. This equation shows how
the energies of new eigenstates deviates from the uncoupled ones (see Fig. 1.3(c,d)).

1.5 Strong coupling of SLRs with material excitations
Arrays of plasmonic nanoparticles supporting SLRs have been employed by different
groups to achieve strong light-matter interactions [33]. Ease of fabrication, due to the
planar architecture of 2D lattices, in addition to the possibility of supporting optical
modes with different dispersive properties have been the two main motivations for the
use of SLRs instead of the canonical microcavities formed by two parallel mirrors. The
other implicit but interesting feature of these resonances is the transparency of the lattice
for most of the frequencies, except for the frequency of the SLRs. The term “open cavity”
has often been used to describe this property, which lifts the restricted conditions that are
imposed by other optical resonators such as microcavities, allowing to have a wide access
to the majority of the frequencies for pumping and probing the system (see Fig.1.4). This
particular property of open cavities plays a crucial role in the last chapter of the thesis
where broadband ultrafast nonlinear spectroscopy is employed to study the dynamics of
the system.
Several classes of materials with different properties have been used for strong coupling
of excitons with SLRs . In what follows we give a short overview of some of these studies:
12
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Figure 1.4: (a) Structure of a Fabry-Pérot cavity and transmission spectrum from such a
structure. (b) Structure and transmission spectrum of an open cavity such as plasmonic
particle arrays.

Organic fluorophors: Organic fluorophores has been widely employed for studying
strong coupling with SLRs [34–39]. Frenkel excitons, generated via electronic
transitions of the molecules, provide a versatile and interesting platform for
studying some of the properties of collective strong coupling at room-temperature.
Different families of organic fluorophors such as Rhodamin, Perylene, and
Cyanine (J-aggregate form) have been used in different experiments. Generally,
most of these molecules are embedded in an inert polymer matrix such as
polymethylmethacrylate (PMMA) or polystyrene (PS) and their solution is spincoated on the array. In addition to randomly distributed organic fluorophores in
polymer matrices, organic crystals such as tetracene have been also used for strong
coupling with SLRs.
Carbon nanotubes: Carbon nanotubes are another class of materials used for hybridization with SLRs [40]. Apart from the strong binding energy of the excitons and small
Stokes shift in carbon nanotubes, their remarkable charge transport properties have
made them an interesting candidate for realizing electrically-driven polariton devices at room temperature. Similar to organic fluorophores, carbon nanotubes also
are embedded in a polymer matrix and spin-coated on the sample.
Inorganic semiconductors: In addition to the organic and room-temperature systems,
inorganic semiconductors, such as GaAs quantum wells, have been used for strong
coupling with SLRs [41]. The main motivation of this work has been the spectral shift
of the exciton resonance along with the increase of the radiative decay of excitons.
2D semiconductors: The recent focus on Transition Metal Dichalcogenides (TMDs) for
their optical and electrical properties has led to the observation of many interesting
phenomena in condensed matter. One particular property of these systems is the
possibility of supporting excitons with high binding energies in the visible range of
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the spectrum, making them an interesting material for strong light-matter coupling.
In this framework, strong light-matter interaction of TMDs with optical cavities aiming to improve properties such as exciton diffusion length is one of the important
directions that motivates the use of plasmonic arrays as optical resonators [42, 43].

1.6 Condensation of Exciton-Polaritons
As described earlier, exciton-polaritons manifest properties that make them suitable platforms for nonlinear optical devices at a micro/nanoscale. Within this paradigm, excitonpolaritons have been the subject of intensive studies in condensed matter physics with the
initial motivation of achieving a source of coherent radiation similar to lasers, but without
the need of population inversion. This motivation originally stems from the proposal of
Imamoglu et al. in 1996, where the bosonic nature of these quasi-particles was proposed
for such a device [44]. This proposal was based on the possibility of Bose-Einstein condensation (BEC) phase transition of exciton-polaritons at high temperatures. BEC is a
state of matter, which was originally predicted by Satyendra N. Bose and Albert Einstein
in 1924 [45]. In BEC, a significant number of bosonic particles, including gases of dilute
atoms, molecules, quasi-particles, and photons, occupy the lowest quantum state, such
that they form a macroscopic coherent state that can be described with a common wavefunction. For a uniform gas of free, non-interacting bosons, the critical temperature for
BEC is given by [46]
Tc = 3.3

ħ2 n 2/3
,
mk B

(1.19)

where n and m are the number and the (effective) mass of the bosons, and k B is the Boltzmann constant. Despite the fact that dilute atomic gases, such as sodium and rubidium,
have been used for the pioneering experiments demonstrating BEC, they require temperatures as low as 100 nK, posing significant experimental challenges for implementing
these experiments [47, 48]. One approach to manifest BEC at higher temperatures is to use
(quasi-) particles with lower (effective) masses. Due to the photonic character of excitonpolaritons, their effective mass is 4-5 orders of magnitude smaller than the mass of an
electron, pushing the limits of BEC to room temperature.
Taking into account the nature of BEC, a significant difference between conventional
lasers and exciton-polariton condensates (alternatively called exciton-polariton laser) is
the thermodynamic state of the system. To create lasing action, one needs to drive the
system out of equilibrium to create a population inversion. However, the dynamics
of exciton-polariton BEC is governed by the tendency of the system for reaching
thermodynamic equilibrium via various thermalization processes. However, due to
the intrinsic losses of the cavities and the excitons, exciton-polariton condensates
cannot reach thermodynamic equilibrium and they form non-equilibrium condensates
in a driven-dissipative system. As a result of this fundamental difference, thresholds
for creating coherent light emission are predicted to be lower for exciton-polariton
condensates than for conventional photon lasers based on population inversion in a gain
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Figure 1.5: Minimal critical pump fluence (lasing threshold) calculated for an organicbased exciton-polariton laser as a function of the coupling strength (g ) and the crossover
from weak to strong coupling. Note that the coupling scales with the number of the
p
molecules ( Nm ). Figure from Ref. [49].

medium. As an example, the minimal critical pump to achieve coherent emission as a
function of coupling strength is calculated for an organic-based exciton-polariton laser in
Fig. 1.5, predicting a considerable reduction of the threshold as the system transits toward
strong coupling regime [49].
Exciton-polaritons in semiconductor quantum wells are particularly attractive due to
their repulsive interaction arising from their excitonic character [50]. These interactions
are due to the extended wavefunction of Wannier-Mott excitons excited in quantum-wells,
making them an interesting platform for studying the physics of interacting Bose gases in
the driven-dissipative regime. Among the physical phenomena that rely on the interaction of exciton-polaritons, we can name optical parametric oscillation [51], and amplification [52, 53], superfluidity [54], and bistability and multistability behavior in coupled
microcavities [55].
In the past few years, the use of organic compounds as active materials for providing
excitons through electronic transitions has attracted significant interest. This interest is
partly due to the potentials of exciton-polaritons in photochemistry and the modification
of their energy levels [30], and partly due to the stable molecular excitons (Frenkel excitons) with large binding energies that led to observations of exciton-polariton lasing at
room-temperature [38, 56–58]. The processes involved in exciton-polariton lasing will be
discussed in more detail in the upcoming chapters.
Here, we give a brief overview of some of the important aspects that distinguish organic
systems from their inorganic counterparts. Mechanisms leading to the thermalization of
exciton-polaritons strongly depend on the choice of materials and the circumstances in
which the experiments are done. The canonical systems for condensation experiments
are Fabry-Pérot cavities with inorganic semiconductors, such as InGaAs quantum wells
embedded in GaAs. Inorganic quantum wells support Wannier-Mott excitons. These excitons have extended wavefunctions over many unit-cells of the semiconductor crystal,
15

1 Brief overview of underlying physics
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Figure 1.6: (a) Polariton-polariton interactions as one of the dominant relaxation
mechanisms for BEC of exciton-polaritons in inorganic systems. (b) Relaxation of excitonpolaritons via ground-state vibrational quanta to form BEC in organic molecules. Note
that the energy of the condensate is independent of the exciton-polariton dispersion and
is determined by the energy of the vibrational quanta in the molecules (∆E vi b ). See
chapters 6 and 7 for experimental demonstrations.

capable of showing strong dipole-dipole interactions. However, their exciton binding energy is usually lower than the thermal energy of room temperature, k B T , where T is the
temperature, making them unstable. As a result, most of the experiments need to be
done at cryogenic temperatures. This characteristic leaves the mutual dipolar interactions
between exciton-polaritons and their interactions with the exciton-polariton reservoir as
the main relaxation mechanism in thermalization processes toward condensation (See
Fig. 1.6(a)) [50].
Exciton-polariton condensation at room temperature using organic molecules has been
a novel approach to make low threshold coherent light sources. However, the different
properties of exciton-polaritons formed in organic systems posses new and important
questions regarding the thermalization dynamics of this category of condensates. The first
important difference between organic and inorganic exciton-polaritons is the incoherent
pumping scheme. Inorganic systems are usually driven by CW lasers that effectively leads
to the conditions of a driven-dissipative regime, where the excitation laser continuously
pumps the exciton-polariton reservoir while photons decay from the condensate due to
the finite lifetime of the cavity mirrors. Moreover, lifetimes of Fabry-Pérot cavities for inorganic systems are very long compared to their thermalization dynamics. These conditions
lead to the formation of condensates that are close to thermodynamic equilibrium. In
contrast, organic condensates rely on the excitation with ultrashort laser pulses to reach
a sufficiently high density of exciton-polaritons for bosonic stimulation, i.e. a process
in which bosons are inelastically scattered into a state that has the highest pre-existing
bosonic population, and that results in an impulsive drive of the system. Moreover, the
lifetimes of the cavities are very close to the timescales of the thermalization process in
organic molecules, leading to highly nonequilibrium conditions.
Organic molecules support Frenkel excitons that are localized on molecular sites. Due
to the spatially confined wavefunction of Frenkel excitons, Coulomb interactions between
these excitons are negligible despite the strong transition dipole moment associated to
them. Additionally, due to strong coupling between electronic transition and nuclear
configurations, rovibrational dressing and excitation of the vibrational degrees of freedom
in molecules in inevitable [49].
As a result of all the differences mentioned above, understanding the physics of the
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organic-based exciton-polariton lasing requires a thorough investigation within a new
range of boundaries that are not necessarily in agreement with the behavior expected
from inorganic systems. Among these differences, thermalization mechanisms leading
to condensation in organic systems are particularly different from mutual interactions
between inorganic exciton-polaritons (Fig. 1.6(b)). It has been suggested that groundstate molecular vibrations play an important role in the relaxation of exciton-polaritons
in organic systems. The first formalism of this theory was proposed by Mazza et al. in
Ref. [59]. In this model, they consider that the scattering process is mediated by a molecular photoemission with the creation of a vibrational quantum in the ground-state of the
molecule, assuming that the vibrational state is localized onto single molecules.

1.7 Outline of this thesis
In this thesis, different aspects of light-matter interaction between optical modes in arrays
of plasmonic nanoparticles and organic fluorophores are investigated.
In chapter two, we discuss how the spatial and spectral overlap between emitters and
optical modes can influence the selective outcoupling of the emission from a given mode.
We experimentally demonstrate how the coupling between the organic molecules and
SLRs can be improved by increasing the spatial overlap between the modes and the emitters.
Following chapter two that investigates the emission properties of the emitters coupled
to SLRs, the focus of chapter three is on the absorption process. One of the major problems using plasmonic structures for enhancing the emission of emitters is the presence
of Ohmic losses during the pump and absorption processes. These losses manifest themselves in the reduction of the external quantum efficiency of plasmonic-based devices. Using an interferometric technique in a resonant pumping scheme, we experimentally and
theoretically demonstrate how these losses can be minimized by controlling the symmetry
of the excitation field with respect to the symmetry of the electric field in the resonance.
In chapter four, we show how plasmon-exciton-polaritons (PEPs) can be formed in the
strong coupling regime by increasing the molecular concentration in the polymer matrix.
The dependency of the coupling on molecular density, the appearance of Rabi splitting
and the properties of PEPs, such as their group-velocity in an anisotropic lattice are quantified.
In chapter five, the properties of PEPs in the nonlinear regime, their spectral properties
and the condensation of PEPs are thoroughly investigated. Output versus input power
measurements for different coupling strengths, and the competition between the polaritons formed by bright and dark plasmonic modes are discussed. These measurements are
followed by time-resolved photoluminescence studies that demonstrate the energy shifts
of the condensate due to dipole-dipole interactions. Moreover, spatial coherence properties of PEPs in the linear and nonlinear regime are investigated using a Mach-Zehnder
interferometer.
In chapter six, we exploit the open cavity properties of plasmonic arrays to investigate the role of the vibrational transitions of the molecules on PEP condensation and
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the insensitivity of the condensation energy with respect to the dispersion of the cavity.
Moreover, due to the presence of strong structural disorder, the emission manifests an
unusual omnidirectionality.
The last chapter of this thesis is dedicated to the study of the ultrafast dynamics of PEP
condensates after photoexcitation. Using nonlinear spectroscopy (Transient Absorption),
we investigate how the dynamics of the ground state is modified by transiting from a
linear to a nonlinear regime. Sharp spectral features with long dephasing times appear
in the ground-state signal, indicating that certain vibrational modes have been populated
efficiently as a result of the condensation.

18

C HAPTER 2
M ODIFIED EMISSION OF EXTENDED
LIGHT EMITTING LAYERS BY
SELECTIVE COUPLING TO
COLLECTIVE LATTICE RESONANCES

We demonstrate that the coupling between light emitters in extended polymer
layers and modes supported by arrays of plasmonic particles can be selectively
enhanced by accurate positioning of the emitters in regions where the electric
field intensity of a given mode is maximized. The enhancement, which we
measure to reach up to 70 %, is due to the improved spatial overlap and coupling
between the optical mode and emitters. This improvement of the coupling leads
to modification of the emission spectrum and the luminous efficacy of the sample.
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2 Modified emission of extended light emitting layers by selective coupling to collective
lattice resonances

2.1 Introduction
Resonant metallic nanoparticles have been the subject of many studies in recent years
due to their ability to enhance and confine electromagnetic fields in sub-wavelength volumes. These characteristics originate from coherent oscillations of free charges confined
in the nanoparticles, termed as localized surface plasmon resonances (LSPRs) [60]. In
addition to LSPRs, periodic arrays of metallic nanoparticles can support collective lattice
resonances [8, 61]. These lattice resonances originate from the radiative coupling between
LSPRs, enhanced by diffracted orders in the plane of the array or by refractive index guided
modes in the proximity of the array. In the former case the collective resonances are
known as surface lattice resonances (SLRs) [15, 16, 61–65], while the latter are known
as waveguide-plasmon polaritons [66, 67] or quasi-guided modes [68], depending on
the degree of coupling between the localized resonances and the waveguide modes. In
contrast to LSPRs, collective resonances are characterized as being weakly confined to the
nanoparticles, i.e. having a large extension into the surrounding media [64, 69]. This feature of lattice resonances is a consequence of their hybrid photonic-plasmonic nature [68].
The delocalization of the electric field leads to a reduction of Ohmic losses in the metal,
while destructive interference of the light scattered to the far-field reduces the radiation
damping, which results in resonances with higher quality factors [61, 70]. The use of these
phenomena has led to linewidths in hybrid photonic-plasmonic resonances as narrow
as 1 nm and resonance Q-factors of 400. [71, 72]. Due to the improved characteristics
of lattice resonances, they have been proposed for applications such as sensing [24, 73],
spectroscopy [74], surface-enhanced Raman spectroscopy [75, 76], solid-state lighting [22,
67, 77, 78] and lasing [20, 79]. Indeed, light emitters in the proximity of nanoparticle arrays
can couple to collective resonances, resulting in a modification of their emission. This
coupling leads to spectral reshaping [64, 80], changes in the directionality [81] and polarization of the emission [82], and a modified spontaneous decay rate accounting for the
change of the optical density of states [83–85]. There are several parameters that influence
the coupling of the light emitters to the optical resonances, including their dipole moment
orientation, the transition frequency and the spatial overlap between the light emitters
and the local electric field associated with the resonance.
In this chapter, we demonstrate the control of the emission from extended luminescent
layers by controlling the spatial overlap between the resonant field associated with collective lattice resonance and the light emitters. This control is achieved by the selective
placement of the emitters at a defined distance from the nanoparticle array, and the subsequent variation of their position relative to the array. The selective localization of the
emitters enables a preferential coupling of the emission to a certain collective resonance
by maximizing the spatial overlap of the emitters with the electric field of the collective
resonances. This approach results in an improved emission in the forward direction with
engineered spectrum. It also defines a new path in the design of plasmonic-based color
converting layers that can be used in white light emitting devices with improved directional emission and brightness [22].
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2.2 Fabrication of nanoparticle array and characterization
Periodic arrays of aluminum nanoparticles with a size of 3 × 3 mm2 have been fabricated
onto a fused silica substrate by substrate conformal nanoimprint lithography (SCIL) followed by reactive ion etching (RIE) of the aluminum. SCIL enables the fabrication of large
area samples with high reproducibility [86, 87]. This technique makes use of a nanostructured rubber stamp that contains the structure of the lattice along with the shape of the
nanoparticles. To fabricate arrays of aluminum nanoparticles, a quartz substrate covered
with a thin film of aluminum (150 nm) is used and a sol-gel layer is spin-coated directly on
aluminum. The rubber stamp imprints the nanostructures onto the sol-gel layer. After the
imprinting, the sol-gel layer is removed by RIE using CF4 /N2 such that the areas between
sol-gel nanoparticles are free of resist and aluminum layer is exposed. Afterward, the
second RIE step is employed using Cl2 /BCl3 to etch the exposed aluminum. Meanwhile,
a combination of N2 and CH4 is used for passivation of aluminum nanoparticles. Figure 2.1 (a) shows a top view SEM image of the aluminum array. The structure consists of
a hexagonal array of nanoparticles with a lattice constant of 475 nm. The nanoparticles
have the shape of pyramids with a height of 150 nm and a diameter of 80 nm at the top
and of 140 nm at the bottom. Each particle is coated by a thin layer of native oxide (Al 2 O 3 )
that protects the particles from further oxidation. In Fig. 2.1(b) a side view of the array is
shown. The step around the apex of each particle is due to the two-step etching process
applied during the fabrication procedure in order to etch the sol-gel mask on top of the
aluminum layer.[86, 88]
In order to position the emitters at defined heights relative to the nanoparticles, three
different polymer layers with a total height of 700 nm were spin-coated on the arrays. The
fabrication steps are illustrated schematically in Fig. 2.1 (c). The schematic representation
of the three investigated samples with positioned emitters is displayed in Fig. 2.1 (d). In
the first sample, named S1, the lowest layer has a thickness of 200 nm and consists of a
transparent UV-curable polymer (NOA 61© ) with a refractive index of 1.52, which was dissolved in toluene for spin-coating. A second layer with a thickness of 50 nm of polystyrene
(refractive index 1.59) containing 3 wt% organic emitters (highly efficient F305 Lumogen© )
is spin-coated on top. For the uppermost layer, Polyvinylpyrrolidone (PVP) of refractive
index 1.56 was spin-coated on top of the polystyrene layer with a thickness of 250 nm
(See Fig. 2.1 (d) left). Another sample, named S2, was prepared using the same method,
however, the thickness of the layers was varied to locate the dye molecules at the height
between 450 nm and 500 nm. In this sample, the Norland 61 polymer with a thickness of
450 nm was spin-coated, on top of which was the 50 nm layer of the polystyrene containing
the dye molecules. The upper 200 nm thick layer was made of PVP to achieve a total
layer thickness of 700 nm (See Fig. 2.1 (d) middle). In order to compare the emission of
the samples with positioned emitters with a sample containing emitters homogeneously
distributed over the full layer, a third sample, named S3, was fabricated with a polystyrene
layer with a thickness of 700 nm over the particle array containing 3 wt% dye molecules
(See Fig. 2.1 (d) right). In the first two samples, the thin layers are formed by three different
polymers. The reason for selecting different polymers is to avoid dissolving or damaging
the underlying layer due to the contact with the solvent of the next layer.
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Figure 2.1: (a) Top view SEM image of a hexagonal array of aluminum nanoparticles
with a lattice constant of 475 nm. (b) Side view of the same array. (c) Sketch of the
fabrication process of a multilayered luminescent layer on the metallic structure. Fused
silica substrate is shown in green. The Al nanoparticles are represented in dark gray.
Transparent UV-curable polymer and PVP polymer are shown in light gray within the
luminescent layer. The thin film of polystyrene (PS) containing the dye molecules is
indicated as a red layer. (d) The structure of the three investigated samples with positioned
emitters in different regions.

We have performed extinction measurements to resolve the different resonances in the
samples, using a collimated linearly polarized white light beam generated with a halogen
lamp. The incident beam is s-polarized (polarization along the y-axis) and the sample is
rotated along the y-axis (See Fig. 2.1(a)). The transmittance in the direction of the incident
beam (zero-order transmittance, T0 ) is collected by a lens (f = 5 cm) focusing the light into a
multimode optical fiber with a 400 µm core diameter and measured with an spectrometer
(Ocean Optics USB2000+© ) at each angle of incidence. The extinction is defined as 1-T0 .
Figure 2.3 displays the extinction spectra of S3 as a function of the angle of incidence.
To correlate the features in the extinction spectra shown in Fig. 2.3 with collective lattice
resonances supported by the array, we calculate the Rayleigh Anomalies (RAs), i.e. the
dispersion of diffracted orders grazing to the plane of the array, using the grating equation
described in chapter 1
~l ,
±~
k kd = ~
k ki + G
(2.1)
2π
~
where ~
k kd = 2π
λ n e f f û d and k ki = λ si n(θ)û i are the parallel components of the diffracted
and incident wave vectors, respectively (û d and û i are the unitary vectors along the
~l is the reciprocal lattice vector of the hexagonal
diffracted and incident directions), G
array, θ is the angle between the wavevector of the incident beam and the direction
normal to the sample, and n e f f is the effective index defining the phase velocity of the
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Figure 2.2: Conditions leading to the formation of quasi-guided mode and guided mode
in a three-layer system.

in-plane diffracted wave, i.e. the RAs. RAs are responsible for the enhanced radiative
coupling of LSPRs, which leads to SLRs [15]. Therefore, the dispersion of SLRs should be
similar to that of the RAs. In this structure, assigning the value of n e f f for the in-plane
diffracted wave is not straightforward, since the surrounding medium of the particles is
inhomogeneous due to the presence of the substrate. For the calculation, we assume an
average effective refractive index n e f f of 1.52. The dispersions of (±1,0) and (0,±1) RAs
are shown in Fig. 2.3 with solid white lines.
Along with the RAs, we calculate the dispersion of the quasi-guided modes in the polymer supported by this multi-layered medium. The details of the quasi-guided modes
calculations can be found in Refs.[78, 89, 90]. Here, we describe the equations that can
be used in the empty lattice approximation to describe the dispersion of the quasi-guided
modes in our system. The conditions leading to the formation of quasi-guided modes in
a three-layer system is illustrated in Fig. 2.2. Note that in this figure, θd is the diffracted
angle that can be calculated from equation 2.1 and it is given by the following formula for
a hexagonal lattice.
s
θd = arcsin

λ0 p ´2 ³ λ0 ´2 ³
2q ´2
+
p+p
.
si nθi + p
n2
n2 d
3n 2 d
3

³n

1

(2.2)

In this equation, d is the lattice constant, (p,q) are the diffrcation orders, and θi is the angle
of incidence.
For the condition depicted in Fig. 2.2(a), where n 1 < n 2 si nθd < n 3 , total internal reflection can occur for certain ranges of θd at the interface between mediums 1 and 2 (higher
refractive index contrast). Every reflection from this interface introduces a phase shift
(φ21 ) along the propagation direction of the wave that can be calculated for TE and TM
modes as follow:
tan

tan

φT21E

φT21M
2

= (n 22 sin2 θd − n 12 )1/2 /(n 2 cos(θd )),

(2.3)

= n 22 (n 22 sin2 θd − n 12 )1/2 /(n 12 n 2 cos(θd )).

(2.4)

2
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Figure 2.3: Angle resolved extinction map measured with s-polarized incident light. The
solid white lines correspond to the dispersion of Rayleigh anomalies in a homogeneous
medium with refractive index of 1.52. The solid green (TE) and red (TM) lines indicate the
position of zeroth-order quasi-guided modes. The dashed lines are higher order quasiguided modes.

In this situation, the maximum field intensity in the middle layer occurs when the following relation between δ and phase shift φ21 is satisfied
2k 0 n 2 L cos θd − φ21 = 2mπ.

(2.5)

Dispersions of the quasi-guided modes can be calculated by combining equation (2.2)
with equations (2.3) - (2.5) for TE and TM modes. The red (TM) and green (TE) solid curves
correspond to the zeroth order quasi-guided modes coupled into free-space through the
(1,0), (-1,0) and (0,±1) diffracted orders. Also, the first order quasi-guided modes are
shown in the same figure by the red and green dashed lines. As can be seen in Fig. 2.3,
a good agreement between the calculated dispersion and the extinction measurement is
obtained. However, we should consider that these calculations are based on the empty
lattice approximation in which the coupling between modes is neglected [91]. This
coupling can partially explain the discrepancies between measurements and calculations.
To study the effect of the spatial overlap between the different collective modes of the
array and the emitters on the directionality of the emission and photoluminescence enhancement in the forward direction, we focus on the direction normal to the array. Figure
2.4(a-c) displays the extinction measurements at normal incidence of the array with the
dye layer at a height of 225 ± 25 nm (S1), the array with the dye layer at a height of 475 ±
25 nm (S2) and the array fully covered with dye molecules (S3), respectively. In all the
measurements, three narrow resonances and one broad peak are clearly distinguishable.
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Figure 2.4: Measured (solid) and simulated (dashed) extinction spectra at normal
incidence with the luminescent layer covering the array with the thickness of 700 nm. (a)
The sample with 50 nm layer doped with the dye at 225 ± 25 nm (S1). (b) The sample with
50 nm layer doped with the dye at 475 ± 25 nm (S2). (c) The sample with the dye randomly
distributed all over the polymer layer (S3).

The narrow resonances can be assigned to the collective resonances supported by the
arrays and the broad peak can be attributed to the localized surface plasmon resonance in
the individual nanoparticles. In the extinction measurements of the samples with emitters
localized at the defined heights, i.e. S1 and S2, (Figs. 2.4 (a-b)) there are small shifts in the
frequency of the peaks relative to S3. These shifts can be explained by the small change
of the effective refractive index in the multilayered samples due to the different polymers
that have been used.
To gain more physical insight into the extinction measurements, we have performed
Finite-Difference Time-Domain (FDTD) (Lumerical Inc.) simulations of the extinction.
The optical constants of the aluminum and fused silica used in the simulations are obtained from literature [92]. The simulations of the extinction of the three samples are
displayed in Figs. 2.4(a-c) as dashed lines, where we see a good agreement with the experiments. At this point, we stress that the extinction spectra for the three samples are
very similar. These similar spectra are expected because of the low concentration of dye
molecules, which do not introduce significant changes in the permittivity of the layers.
In order to have a better insight on the modes supported by the array and their electric
field distributions, the simulated electric field intensity enhancement in the layer at each
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Figure 2.5: Three dimensional FDTD simulations of the spatial distribution of the electric
field |E |2 normalized by the incident field intensity |E 0 |2 for a hexagonal array fabricated
on a silica substrate with refractive index of 1.46, and covered by 700 nm layer of polymer
with a refractive index of 1.59. This structure corresponds to S3. Similar field distributions
are expected for S1 and S2 due to the similar refractive indexes of the different layers.
Simulations are performed considering that the array is illuminated with a plane wave at
normal incidence with a wavelength of (a) E 1 = 1.720 eV, (b) E 2 = 1.939 eV, (c) E 3 = 1.997
eV, and (d) E 4 = 2.063 eV. Results are shown in a xz plane of a unit cell of the array. The
nanoparticles and the different dielectric interfaces are marked using white lines.

resonant frequency is depicted in Fig. 2.5. In this figure, the local field intensity enhancement (relative to the incident intensity) for a plane wave at normal incidence is shown.
The nanoparticle boundaries and the interfaces between the different dielectric layers are
represented by white lines in Fig. 2.5, while the dashed lines indicate the boundary of the
nanoparticle in the back plane. Strong variations in the spatial distribution of electric
field intensity can be seen for the different frequencies. The three narrow peaks at E =
1.939 eV (E 2 ), E = 1.997 eV (E 3 ) and E = 2.063 eV (E 4 ) in the extinction are associated
with the collective resonances arising from the periodic array and the layered waveguide
system. As mentioned earlier, at the frequency of the collective resonances, the electric
field intensity is enhanced and extends out of the plane of the particle array. The distinctive characteristic of the collective resonances is the enhancement of the electric fields in
large volumes compared to the LSPRs in the vicinity of individual particles. This can be
clearly appreciated by comparing their field profiles with that of the LSPRs on the metallic
particles, i.e., the field profile at E = 1.720 eV (E 1 ) (Fig. 2.5(a)), which shows the highly
localized and strong field enhancement at the bottom of the particle.
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Figure 2.6: PL spectra for the samples with the dye layer between (a) 225 ± 25 nm (S1)
and (b) 475 ± 25 nm (S2). The PL of the dye layer in the absence of the plasmonic array is
shown as the brown shaded area in each case.

2.3 Photoluminescence enhancement of the samples with
positioned emitters
As previously discussed, in order to maximize the coupling of the emission to the collective resonances of the array, it is necessary to maximize the spatial and spectral overlap
between the emitters and the resonances. We can satisfy the spectral overlap by choosing
emitters that are luminescent in the frequency range of the resonance. However, due
to the heterogeneous spatial distribution of the electric field, most of the emitters that
are homogeneously distributed over the polymer layer will not efficiently couple to the
resonances.
The photoluminescence (PL) spectrum in the normal direction was measured for each
sample to investigate the effect of localizing the emitters at different positions across
the layer and the impact of this localization on the improvement of the emission. A
continuous-wave (CW) diode laser emitting at the wavelength of 453 nm (2.733 eV) is
used to excite the sample at an incidence angle of 10 degrees. In Figs. 2.6 (a-b), the PL
spectra of the samples with the emitters at h= 225 ± 25 nm (S1) and at h= 475 ± 25 nm
(S2) are shown, respectively. The emission of a bare layer of the emitters with the same
thickness but without the nanoparticle array is displayed as the brown shaded area in
each panel. A strong spectral reshaping of the emission, which is different for the two
samples can be observed.
To illustrate the effect of localizing the emitters at the defined height and their spatial
overlap with the different modes of the sample, we have determined the photoluminescence enhancement (PLE) [93]. The PLE is defined as the ratio between the emission of
the emitters on top of the nanoparticle array to the emission of a similar layer without the
presence of nanoparticles (reference layer). The spectrally resolved PLE measurements
of three samples are shown in Figs. 2.7 (a-c). By changing the height of the thin layer of
the dye molecules across the polymer layer, the PLE spectrum changes significantly as a
consequence of the coupling of the emission to different modes. As mentioned earlier
in the description of extinction measurements, due to the use of different polymers with
slightly different refractive indices, small shifts in the frequency of each peak with respect
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to the frequency of the similar peak in the other samples is observed. In Figs. 2.7 (a-c) we
have marked the same modes by dots with similar colors for different samples. Two strong
peaks of enhanced PL at E = 1.947 eV and E = 1.989 eV, and one less pronounced peak at
E = 2.055 eV are visible in emission of S3. The PL is enhanced by a factor of 15 at E = 2.947
eV and 14 at E = 1.989 eV with respect to the reference. By positioning the emitters at a
height of 225 ± 25 nm (S1), the PLE at E = 1.989 eV is lowered to a value of 9. In exchange,
the PLE at E = 1.947 eV is intensified up to 21 times. Similarly, by positioning the emitters
at a height of 475 ± 25 nm (S2), it is possible to increase the PLE at E = 1.989 eV from 14
to 24 that corresponds to 70% increase with respect to S1. At the same time, the PLE at
E = 1.947 eV drops from a value of 15 to 10.
In order to describe the changes in PLE, we make use of the Lorentz reciprocity theorem
and calculate the electric field intensity in the layer when it is illuminated by a plane wave
in the same direction at which the photoluminescence was measured. By reciprocity, the
local intensity enhancement of the field component along the orientation of the dipole
moment at the position of the emitter is proportional to the dipole emission probability
in the direction of illumination. The local intensity enhancement can be defined as the
fractional radiative local density of states (RLDOS) in that direction. The total intensity
enhancement (IE) is defined as the integral of the intensity enhancement over the volume
occupied by the emitters.
¯
R ¯
¯ A(x, y, z, E , Ω)¯2 dV
I E (E , Ω) = R V¯
¯
¯ A r e f (x, y, z, E , Ω)¯2 dV

(2.6)

V

where Ω is the solid angle given by the elevation and the azimuthal angle of emission,
A(x, y, z, E , Ω) is the local electric field amplitude at the energy E and at the spatial position (x, y, z) where each emitter is located, and A r e f (x, y, z, E , Ω) is the local electric field
amplitude in the absence of the nanoparticle array. For each sample, the volume is defined
as a region within the polymer where the emitters are positioned. Simulations of the IE for
the three different samples in our study are shown in Figs. 2.7 (a-c) as dashed lines. An
excellent agreement between the simulations and the experimental results is obtained,
confirming that the inhomogeneous field distribution across the polymer layer on top of
the nanoparticle array is responsible for the differences in the emission.
We have calculated the IE for all the intermediate heights and as a function of the emission frequency. These calculations are displayed in Fig. 2.7 (g). Through this figure,
we can quantitatively assign the outcoupling efficiency of the emission in the forward
direction from sources located at different heights and emitting at different frequencies.
For instance, to efficiently couple the emission to the mode radiating at E = 1.939 eV, the
emitters should be placed between the heights of z = 50 nm and 600 nm. Similarly, for
the resonance at E = 1.989 eV the optimum height with the highest coupling efficiency is
between z = 200 nm and 600 nm. In the frequency range from E = 1.861 eV to E = 1.902
eV, an oscillation in the IE is observed, which corresponds to the Fabry-Pérot resonance in
the polymer layer. At E = 1.778 eV, a moderate enhancement of the IE is visible at small
heights. This enhancement corresponds to the LSPRs in the individual nanoparticles.
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Figure 2.7: Measurements of the photoluminescence enhancement (solid) and simulations of the intensity enhancement, i.e., integrated total electric field intensity (dashed)
for a hexagonal array covered by a polymer layer as a function of the free space frequency
for the sample with 50 nm layer of the polystyrene containing the dye at height (a) 225 ± 25
nm (S1) and (b) 475 ± 25 nm above the substrate (S2) and (c) the sample with 700 nm layer
of polystyrene containing the dye (S3). The schematic representations of the structure
for different samples are shown in the inset of each panel. (d) The map of the calculated
fractional RLDOS normalized by the fractional RLDOS of the polymer layer without the
nanoparticle for the forward direction.

2.4 Spectral luminous efficacy
The ability to control the emission spectrum of sources by their coupling to defined
modes, represents an interesting approach to improve the efficacy of light sources. The
emission of the investigated dye extends beyond E = 1.770 eV, however, the array has
been designed such that it mainly modifies the emission in the spectral range comprised
between 1.902 eV < E < 2.067 eV, i.e., the red range of the visible spectrum where the
human eye is most sensitive. In order to quantify the impact of the change in the spectral
content of the emission, we determine the red luminous efficacy (η) in the direction
defined by the solid angle Ω as the ratio between the luminous flux and the spectral
power density. One must note that, unlike for the spectral luminous efficacy where
the integration is performed over the entire visible range, the red luminous efficacy is
integrated over a narrower range of frequencies within the red part of the spectrum[94].
The luminous efficacy defines how well a source produces visible light as perceived by the
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human eye, and can be expressed as
R
η(Ω) = 683

J (ν, Ω) ȳ(ν)d ν
R
J (ν, Ω)d ν

(2.7)

where J (ν, Ω) is the spectral power density, which is proportional to the emitted intensity
in the solid angle of Ω per unit time at frequency ν. The factor of 683 in Eq. (3), with
units of lumens per watt, scales the luminous efficacy with the definition of the lumen,
and ȳ(ν) is the photopic sensitivity curve of the eye. The integrals are defined in the range
of frequencies at which the source emits.
The calculated η for the dye layer at the height of 225 ± 25 nm in the emission range of
the dye, i.e., between 1.455 V and 2.477 eV, and in the normal direction, is 265 lm/W. This
value becomes 269 lm/W when the emission is modified by the metal nanoparticle array
(S1), which represents a negligible variation of the luminous efficacy. By positioning the
layer of dye at the height of 475±25 nm, η for the bare layer becomes 266 lm/W. This value
is very close to the luminous efficacy measured for the bare layer of the dye in the previous
sample due to the unchanged emission profile. η increases to 294 lm/W by introducing
the plasmonic array (S2), which represents a 10% enhancement respect to the bare layer.

2.5 Conclusion
In conclusion, we have demonstrated that by positioning emitters at different heights
with respect to an array of metallic nanoparticles it is possible to strongly modify their
emission spectrum. This modification is caused by the different coupling of the emission
to collective resonances supported by the array. These resonances are characterized by
delocalized field distributions, which significantly enhances the emission in the forward
direction. The precise positioning of the emitters favors the coupling of the emission to
certain modes that are preferentially coupled out into free space by the array.
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C HAPTER 3
C OHERENT CONTROL OF THE
OPTICAL ABSORPTION AND
EMISSION IN A PLASMONIC ARRAY
COUPLED TO A LUMINESCENT LAYER

We experimentally demonstrate the coherent control, i.e., phase-dependent
enhancement and suppression, of the optical absorption and light emission in an
array of metallic nanoantennas covered by a thin luminescent layer. The coherent
control is achieved by using two collinear, counter-propagating and phasecontrolled incident waves with energy matching the absorption spectrum of dye
molecules coupled to the array. Symmetry arguments shed light on the relation
between the relative phase of the incident waves and the excitation efficiency
of the optical resonances of the system. This coherent control is associated
with a phase-dependent distribution of the electromagnetic near-fields in the
structure. By enabling a significant reduction of the unwanted dissipation in
the metallic structures while enhancing the photoluminescence intensity, this
coherent control may improve the performance of light-emitting devices.
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3.1 Introduction
Methods for controlling spontaneous emission are at the heart of diverse fields of physics.
In general, these methods can be classified into two types. One type of control thrives
on the interplay between the excitation field and the energy levels of the emitter. Coherence and quantum interference are the essential ingredients of spontaneous emission control methods employed in atomic physics [95–99]. Recently, solid-state systems
such as quantum dots have enabled experimental demonstrations of protocols originally
developed for atoms by means of polychromatic incident fields [100]. The second type
of spontaneous emission control is based on Purcell’s remark: spontaneous emission is
not an inherent property of the emitter, but it also depends on the environment [101].
Within this paradigm structures are designed to modify the electromagnetic field intensity
at the position of the emitter, thereby affecting its spontaneous emission. This second
approach is attractive in the context of non-resonant molecular fluorescence. There, the
excitation and emission frequencies are different and the coherence of the excitation is lost
via relaxation. Consequently, relaxation to the ground state via spontaneous emission can
be modified by resonant structures such as optical antennas [102, 103], or non-resonant
periodic structures such as photonic crystals [104–106]. A major difference between the
first and second type of spontaneous emission control concerns the role of the phase of the
driving field. For atoms under resonant excitation, the phase of the driving field represents
an important degree of freedom for controlling spontaneous emission [96]. In contrast,
non-resonant molecular fluorescence enhancements based on designed electromagnetic
environments are widely regarded as phase-insensitive.
In this chapter, we demonstrate the coherent control of the non-resonant photoluminescence (PL) emission intensity from an ensemble of molecules by controlling the phase
of the excitation field. To achieve this, we couple an ensemble of randomly dispersed dye
molecules in a polymer matrix to a periodic array of metallic nanostructures. The array
displays localized and collective electromagnetic modes weakly coupled to the molecules
at the emission and absorption frequencies, respectively. Previous works have shown
that the emission spectrum from similar systems can be designed by resonant processes
at the emission frequencies [22, 64, 107, 108], while the intensity can be enhanced by
processes at the absorption frequencies under single-wave illumination [23]. Here, we
combine these approaches by driving the coupled array-emitter system with two coherent,
collinear and counter-propagating laser waves whose relative phase is controlled. The
dependence of the resonances of the array on the relative phase of the driving fields allows us to demonstrate resonantly enhanced phase dependent absorption and emission
intensity in a coupled resonator-emitter system. We elucidate the non-trivial nature of
this control by analyzing the phase-sensitive electromagnetic field enhancements at the
position of the emitters and of the metallic nanostructures through full-wave simulations.
Our central finding is that the ratio of the absorption by the molecules to the absorption
by the metallic structures exhibits a maximum at a particular value of the relative phase
between the two driving fields. Thus, our results open a new path to mitigate the longstanding issue of absorption losses by metallic nanostructures and to increase the external
quantum efficiency of incoherent light-emitting devices.
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Figure 3.1: (a) SEM image of the array. The scales are 2µm (large image) and 300 nm
(zoom). (b) Measured (black) and simulated (gray) normal incidence extinction of the
array of aluminum nanopyramids. For clarity, the simulation is vertically displaced by 0.5.
The dashed line corresponds to the degenerate (±1, 0), (0, ±1) RAs.

We have investigated the optical response of a 3 × 3 mm2 square array of aluminum
nanopyramids fabricated onto a silica substrate using substrate conformal imprint lithography [86]. The same method described in chapter 2 is employed here for the fabrication
of the current sample. The lattice constant is 340 nm, the pyramids have a height of 150
nm, are 100 nm wide at the base and 80 nm wide at the top. We spin-coated on top of the
array a 200 nm-thick layer of polystyrene doped with F305 Lumogen© dye at 1% weight
concentration.
Fig. 3.1(a) shows scanning electron micrographs of the array prior to the deposition of
the dye layer. Figure 3.1(b) shows with black line the extinction spectrum of the sample
measured at normal incidence given by 1 − T /Tr e f , with T /Tr e f the zeroth-order transmittance, i.e., transmission in the forward direction from the array, and Tr e f is the transmission from the sample in the absence of the nanoparticles. With the gray line we show
simulations results, vertically shifted for clarity, for the same structure obtained with the
Finite Difference in Time Domain (FDTD) method. We use periodic boundary conditions
and values of the Al permittivity from Ref. [92]. The refractive index of the glass substrate
is constant at n s = 1.46, while the complex refractive index of the dye-doped polymer
layer was obtained from ellipsometry measurements. The two peaks observed in experiments and simulations at energies around 2.214 eV and 2.494 eV correspond to photonicplasmonic resonances in the particle array. The peak at E = 2.214 eV is associated to localized surface plasmon resonances (LSPRs) in individual metallic nanostructures and we
call this energy E LSP R ; While the peak at E = 2.494 eV corresponds to collective resonances
termed as surface lattice resonances (SLRs) [109] and this energy is called E SLR . As pointed
out earlier in chapter 1, the origin of the SLRs is the enhanced radiative coupling between
LSPRs by the degenerate (±1, 0), (0, ±1) Rayleigh Anomalies (RAs), i.e., the diffracted
orders radiating grazing to the plane of the array [15, 18, 61–63, 70, 110, 111]. These RAs are
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Figure 3.2: Normalized spatial distribution of the electric field intensity in the array
plotted in the vertical plane cutting the nanopyramid along its center. The array is
illuminated at normal incidence by a monochromatic wave propagating along -z (vertical)
direction at the energy of (a) E SLR = 2.494 eV and (b) E LSP R = 2.214 eV. Only one unit cell of
the square array is shown.

marked with dashed line in Fig. 3.1(b). The spatial distribution of the near field intensity
at these two resonances is shown in Fig. 3.2. Note that at E SLR = 2.494 eV, corresponding
to the electric field of SLR, the fields are more delocalized and demonstrating the coupling
between the nanoparticles in the array (see Fig. 3.2(a)). However, for E LSP R = 2.214 eV, the
electric field enhancement is the greatest near the corners of the nanoparticle, and these
fields decay within relatively short distances from the surface of the nanoparticles (tens of
nanometers). This is the typical behavior of LSPRs in single metallic nanostructures.
For the measurements of the coherent control of the PL, we used a Mach-Zender interferometer: two collinear and counter-propagating continuous waves (a control and a
signal) from an Ar-Kr laser emitting at the energy of E = 2.494 eV corresponding to the
energy of SLR illuminate the sample at normal incidence. We ensured that the two incident waves have equal intensity. The schematic illustration of the setup is shown in
Fig. 3.3. The control wave propagating from the substrate-side is phase-delayed with
respect to the signal wave propagating from the air-side. The phase difference between
the two waves is controlled by changing the optical path length of the control wave with
a mirror mounted on a computer-controlled piezo actuator. A similar approach has been
used to demonstrate time-reversed lasing in thick slabs [112, 113] and coherent absorption in thin layers [114–117]. However, the applicability of these techniques to the realm
of spontaneous emission has hitherto remained unexplored. The extension is far from
trivial because the far-field spectrum of metallic nanostructures can differ from their nearfield [118–121], and emitters are sensitive to the latter [67]. Moreover, in our experiments,
the emitters and the resonators are spatially separated, and the presence of strong field
gradients can modify the absorption in the emitters with respect to the absorption in the
metal.
The emission was measured at 14 degrees from the normal to the sample. At this angle, the emission intensity is maximum due to the coupling of this emission to the (-1,0)
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Figure 3.3: Schematic illustration of the Mach-Zender interferometer used in the
experiment.

SLR of the array. The emission intensity depends also on the absorption energy. Here
we focus on this dependency. In Fig. 3.4, we plot the peak PL intensity as a function
of the phase difference between the incident waves with connected open circles. Since
molecular fluorescence is an incoherent process, and we are acting only at the absorption
energy, no change in the spectral shape was observed as a function of ∆φ. Due to the
interference nature of this phenomenon, we expect the PL intensity to follow a cosine
square function with a period of 2π. In Fig. 3.4 the gray continuous line is a guide to
the eye representing a cosine square function with a period slightly smaller than 2π. The
deviation from 2π is likely due to a small misalignment in the interferometer that may
result in a difference between the nominal read-out of the piezo actuator and the real
path difference introduced. The connected open triangles in Fig. 3.4 correspond to the PL
resulting from the incoherent sum of the two incident waves; it is obtained by measuring
the phase-independent PL of the dye layer in the presence of the array when the sample is
illuminated either from the air side or from the substrate side.
The PL is strongly modulated by the absorption efficiency of the dye at different pump
phases. This, in turn, is due to the electric field distribution in the structure, which is
related to the excitation efficiency of the SLR. While the single wave time-integrated dissipated power is a phase-insensitive quantity, the presence of two waves changes this
situation dramatically. This phenomenon is explained in detail in what follows.

3.2 Coherent control of the absorption
We have performed FDTD simulations to illustrate the interference mechanism that determines the absorption in the structure and gives rise to the measured PL modulation.
Two separate simulations have been done with a single plane wave impinging either from
the air-side or from the substrate side. The absorption of the dye-doped polymer layer was
included via the complex refractive index n l = 1.59 + i 0.003 at E SLR . The complex electromagnetic field components were calculated as a function of the relative phase between
the two waves ∆φ using the superposition principle for the fields. In the absence of the
nanopyramids, the two counter-propagating incident waves form a quasi-standing wave
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Figure 3.4: Connected open circles: measured modulation of the maximum of the PL
as a function of the phase difference between the two incident waves. Connected open
triangles: PL of the dye layer resulting from the incoherent sum of the two incident waves.
The grey continuous line is a guide to the eye representing a cosine square function.

for the energies E LSP R and E SLR . We define ∆φ = 0 when this quasi-standing wave has a
node approximately at a height that corresponds to the mid-height of the nanopyramids.
Correspondingly, for ∆φ = π the total field has an antinode at this height.
The absorptance of the system as a function of the incident photon energy, E , and
of the
phase difference between the two incident waves, ∆φ, is given by A(E , ∆φ) =
π²0 E R
00
2
V ²(E ) |E t ot (E , ∆φ)| dV , where ²0 is the vacuum permittivity, c is the speed of light,
h
00
² is the imaginary component of the permittivity of the dye layer or of the metallic
nanopyramid, |E t ot (E , ∆φ)|2 = |E 1 (E , φ1 ) + E 2 (E , φ2 )|2 is the intensity of the total electric
field normalized by the incident field, |E 1,2 (E , φ1,2 )|2 are the intensities of the two incident
waves, and V is the integration volume. The inset in Fig. 3.5(a) shows the absorptance
integrated over the volume of the nanopyramids (grey curve) and of the dye layer (black
curve) under single plane wave illumination impinging from the air-side. This phaseindependent absorptance, calculated with E 2 (E , φ2 ) = 0, is resonantly enhanced in the
metal and in the dye layer at the energies that correspond to the SLR and the LSPR.
In Figs. 3.5(a) and (b) the absorptance in the dye layer and in the nanopyramids is represented for ∆φ = 0 and π, respectively. For ∆φ = 0 we observe that the absorptance at the
SLR, i.e., at 2.494 eV, is enhanced both in the metal and in the dye while the absorptance
at the LSPR energy, i.e., at 2.214 eV is reduced. The opposite behavior is observed for
∆φ = π, where the SLR absorption is fully suppressed, while that of the LSPR is significantly
enhanced. These results are in agreement with the phase-modulated emission previously
presented, where the emission can be correlated to the modulated absorption in the dye
layer at the energy of the pump laser, i.e., E = 2.494 eV.
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Figure 3.5: Calculated absorptance in the dye layer (black curve) and in the metal
nanopyramids (grey curve) as a function of the incident energy for a phase difference
between the two driving fields of (a) ∆φ = 0, (b) π. Inset: calculated absorptance for single
wave illumination.

Next we elucidate the coherent control over the excitation efficiency of the two resonances by looking at the near-fields. In Figs. 3.6(a-d), we plot, in color, the electric field
enhancement at the plane defined by the incident polarization and wave vector. The
arrows represent the real part of the x − z electric field components. The incident energy
is E SLR in Figs. 3.6(a,b), and E LSP R in Figs. 3.6(c,d). Figures 3.6(a,c) correspond to ∆φ = 0,
while Figs. 3.6(b,d) correspond to ∆φ = π (the color scale changes from figure to figure).
We stress that the fields in Figs. 3.6(a,d), calculated for ∆φ = 0 and ∆φ = π, respectively,
qualitatively resemble those for the single wave illumination (see Fig.3.2).
By comparing Figs. 3.6(a,b) with Figs. 3.6(c,d) we notice that there is an opposite response of the system to ∆φ at the two energies E SLR and E LSP R . To explain this different
response we compare the symmetry of the field distribution when the two resonances
are excited with the symmetry of the driving electric field in absence of the array. For
comparison, the real part of the x-component of this driving field is plotted next to each
color plot in Fig. 3.6 as a function of z with a continuous black curve. For both energies, the
driving field is antisymmetric for ∆φ = 0 and symmetric for ∆φ = π, both with respect to
a plane crossing the nanopyramid approximately at its mid-height. The arrows plotted in
Figs. 3.6(a,b) show a quadrupole field distribution in the nanopyramid and antisymmetric
with respect to the plane z = 40 nm for E SLR ; While the field is dipolar and symmetric
for E LSP R . Therefore, the SLR is efficiently excited only when the total driving field is
antisymmetric and it is suppressed when the driving field is symmetric. The opposite
occurs for the LSPR. Based on the previous arguments, we can conclude that by controlling
the symmetry of the field distribution via the relative phases of the driving fields, it is
possible to control the efficiency of the excitation of the two resonances. The field extends
throughout the unit cell when both resonances are efficiently excited, while the fields are
more strongly confined to the nanopyramid at the LSPR energy. For both resonances, the
regions of high and low electric field intensity interchange when passing from ∆φ = 0 to
37

3 Coherent control of the optical absorption and emission in a plasmonic array coupled
to a luminescent layer

Δϕ= π, ESLR= 2.494 eV

Δϕ= 0, ESLR= 2.494 eV
(a)

2

|E|

z (nm)

|E|

100

100
0

0
-2

0

2

-170

Re(Ex)

0
x (nm)

170

0

-2

2

-170

0

40

2
100

|E|

z (nm)

2

|E|

170

(d)

200

100

0
x (nm)

Δϕ= π, ELSPR= 2.214 eV

(c)

200

0
Re(Ex)

Δϕ= 0, ELSPR= 2.214 eV
40
z (nm)

10

(b)

200

2

200
z (nm)

50

0

0
-2 0
2
Re(Ex)

-170

0
x (nm)

170

0

-2

0
2
Re(Ex)

-170

0
x (nm)

170

0

Figure 3.6: Color plots: spatial distribution of the normalized intensity of the total
electric when the system is illuminated at normal incidence with two coherent, collinear
and counter-propagating waves. The field is plotted in the plane y = 0 crossing the
nanopyramid along its center. Arrows: real part of the y-z component of the total electric
field. (a,b) are calculated for E SLR while (c,d) are calculated for E LSP R . (a,c) are obtained
for ∆φ = 0, while (b,d) are obtained for ∆φ = π. Next to each plot is shown the calculated
real part of the amplitude of the total incident electric field in the dye layer without the
array. The horizontal red lines indicate the thickness of the dye layer, and the green dashed
line represents the height position of the top of the nanopyramid. The dashed blue line
indicates Re(E x ) = 0.

∆φ = π.
We stress that the origin of this characteristic response of the array to the phase of the
driving fields is on the height of the nanopyramids and the retardation of the scattered
field with respect to the incident field. The nanopyramids can be simplified by two electric
dipoles oscillating at the base and top. When n e f f λ2π h ≈ π the two dipoles are out of
SLR
phase, leading to the quadrupole field distribution. Assuming an effective refractive index
n e f f at least as large as the refractive index of the layer, we obtain h ' 150 nm, which
is very close to the height of the nanopyramids. Figure 3.6 also shows that the position
of the node of the quasi-standing wave in the layer without the array for E LSP R slightly
shifts when passing from ∆φ = 0 to ∆φ = π, while it remains at the same height for E SLR .
Specifically, in Fig. 3.6(c) the node of the driving field does not match exactly the plane of
symmetry of the quadrupole field distribution, i.e., z = 40 nm. For this reason, the LSPR in
Fig. 3.5(a) is not fully suppressed.
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Figure 3.7: (a) Modulation of the absorptance in the dye layer (open squares and black
curve) and in the metallic array (open triangles and gray curve) for E SLR as a function of
∆φ. Dashed lines: incoherent absorption in the dye layer (black line) and in the metallic
array (gray line) (b) Figure of merit of the emission (Open circles and black curve), defined
as the ratio of the absorption in the light emitting layer by the total absorption, as a
function of ∆φ. The dashed horizontal line corresponds to the condition of single wave
illumination. Open diamonds and grey curve: P out /P i n as a function of ∆φ

3.3 Impact of the coherent control on plasmonic losses
Optical losses in metals constitute a major limitation for many applications of plasmonics,
such as spontaneous emission [22], or stimulated emission [20, 21, 122]. To asses the
impact of losses with respect to the desired absorption in an emitting volume, we define
the following figure of merit [123]: F oM =

A d ye
A met al +A d ye

, where A d ye is the absorptance in

the volume occupied by the emitters, i.e. the dye layer, and A met al is the absorptance in
the metal, i.e., the aluminum nanopyramids.
In Fig. 3.7(a) we plot A d ye (open squares and continuous black curve) and A met al (open
triangles and continuous gray curve) as a function of ∆φ for the absorption peak associated with the excitation of the SLR. The two curves follow a cosine square function with
period 2π, in qualitative agreement with the measurements shown in Fig. 3.4. The dashed
black and gray lines correspond to the absorption in the dye layer and in the metallic array,
respectively, for single wave illumination.
The theoretical modulation of the absorption is in qualitative agreement with the experimental modulation of the emission, but the latter is roughly three times lower. This
is likely due to the fact that the experimental pump energy coincides with the maximum
in extinction at the SLR, but the maximum in absorption is slightly shifted by 2 nm with
respect to the extinction. The small surface roughness of the dye layer (on the order of ±20
nm) could also modify the in-coupling and out-coupling of light [124].
We plot the FoM as function of ∆φ in Fig. 3.7(b). The dashed line is the FoM for single
wave illumination. The FoM increases by a factor of 3 at a particular relative phase between the two incident waves. The maximum FoM that can be theoretically achieved in
the investigated sample reaches a value as high as 90%, significantly improving the 68%
that is obtained in the standard single wave illumination configuration. The improved
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absorption ratio results from a strongly reduced absorption in the metal and a significant,
albeit reduced, absorption in the dye layer. This is associated with a redistribution of the
near field intensity in the structure which, for the ∆φ corresponding to the peak of the
absorption ratio, overlaps better with the dye layer than with the metallic nanopyramids.
In other words, the improved FoM is the consequence of the reduced pump enhancement
by the nanostructures, which also leads to a net reduction in the absorption of the dye
layer as shown in Fig. 3.7(a).
In Fig. 3.7(b), we plot the ratio of the total output power to the incident one with the gray
curve and open diamonds. This ratio is reduced for ∆φ = π as the absorption in the dye
is reduced with respect to the single wave configuration. However, the absorption and,
consequently, the light conversion efficiency can be optimized by changing the excitation
angle, or by increasing the dye concentration. Since the coherent control of the absorption ratio is only achieved at absorption energies, any process occurring at the emission
energies is preserved. This emission can still be enhanced at the corresponding energies.

3.4 Conclusions
In conclusion, we have experimentally demonstrated the coherent control of absorption
and, as a consequence, the modulation of light emission in an ensemble of dye molecules
coupled to an array of aluminum nanopyramids illuminated with two coherent, collinear,
counter-propagating, and phase-controlled waves. Photoluminescence intensity measurements show a strong dependence on the relative phase between these waves, in qualitative agreement with the enhanced absorption in the dye layer obtained with numerical
simulations. The coherent control of absorption is mediated by the enhancement and
suppression of hybrid plasmonic-photonic resonances in arrays of metallic nanopyramids, as a consequence of the match between the symmetries of these modes and of the
driving field. By controlling the phase-dependent optical absorption of the system we can
achieve a significant reduction of losses in plasmonic structures. As it relies on symmetry,
our approach is general with respect to the emitters used and to the resonant structure to
which they are coupled, as long as dimensions allow matching the parity of the resonant
mode to that of the net driving field.
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C HAPTER 4
D ISPERSION A NISOTROPY OF
P LASMON -E XCITON -P OLARITONS
IN L ATTICES OF M ETALLIC
N ANOPARTICLES
When the electromagnetic modes supported by plasmonic-based cavities interact
strongly with molecules located within the cavity, new hybrid states known as
plasmon-exciton-polaritons (PEPs) are formed. The properties of PEPs, such
as group velocity, effective mass and lifetime, depending on the dispersive and
spectral characteristics of the optical modes underlying the strong coupling.
In this chapter, we focus on lattice modes supported by rectangular arrays of
plasmonic nanoparticles known as surface lattice resonances (SLRs). We show
that SLRs arising from different in-plane diffraction orders in the lattice can
couple with the molecular excitons leading to PEPs with distinct dispersions, and
thus different group velocities. These results illustrate the possibility of tailoring
the transport of PEPs through the design of lattices of plasmonic particles.
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4.1 Introduction
In chapters 2 and 3, we have described the modification of emission and absorption processes in quantum emitters weakly coupled to the resonances supported by the arrays of
plasmonic nanoparticles. In the following chapters, we turn our focus on strong interaction of quantum emitters with the optical resonances in arrays of plasmonic structures
and demonstrate several physical phenomena, which can be observed in this regime. The
realization of strong light-matter coupling at room temperature using organic molecules
to exploit properties of exciton-polaritons has been the driving force of many theoretical
and experimental studies in recent years. Exciton-polaritons possess intriguing properties
which have been exploited for wide-ranging purposes: room temperature Bose-Einstein
condensation and polariton lasing [38, 56–58], enhanced exciton transport [28, 29] and
conductivity [125] in organic semiconductors, modified electronic potential energy surfaces in molecular systems [126, 127] and altered chemical reaction yields [128, 129] comprise a small set of associated research highlights across numerous disciplines.
In the realm of strong light-matter coupling, microcavities have historically been the
canonical system for studying exciton-polaritons [50] by virtue of their intuitive design
and robust cavity modes. In recent room temperature experiments the types of photonic
structures employed for strong-coupling have multiplied, ranging from single plasmonic
nanoparticles [130], to planar metallic surfaces, [131, 132] plasmonic hole arrays, [133]
and nanoparticle arrays [36, 134]. The hybrid quasi-particles resulting from the strong
coupling of molecular excitons with modes in plasmonic resonances, i.e., modes arising
from the coherent oscillation of the electrons at the interface between the metal and the
surrounding dielectric, are called plasmon-exciton-polaritons (PEPs).
The strength of microcavities lies in the high-quality resonances associated with their
well-defined cavity modes. Plasmonic structures, on the other hand, suffer from strong
radiative and non-radiative losses [123], resulting in relatively broad linewidths. The improvement of the resonance quality factor leads to increased lifetimes; a condition that
makes the realization of strongly coupled coherent states feasible. Nevertheless, the strong
field enhancement within a small mode volume at the vicinity of these structures has
made the realization of strong light-matter coupling possible [32].
Among the aforementioned plasmonic structures, it has been shown that periodic arrays
of plasmonic nanoparticles are suitable platforms for strong coupling experiments [36, 38,
134–137]. Plasmonic arrays offer the dual advantage of independent control over both the
energy-momentum dispersions, as well as the linewidths of collective resonances (surface
lattice resonance, SLRs) supported by the arrays[16]. The modification of the dispersion
is of central relevance for the design of photonic systems enabling the precise control of
the properties of the exciton-polaritons, including group velocity and effective mass [134].
Furthermore, these systems benefit from the ease in positioning the organic molecules in
the vicinity of the plasmonic nanoparticles [138] and the possibility for integration with
planar photonic technologies due to the open nature of the cavity.
In this article, we demonstrate strong coupling of excitons in organic molecules to SLRs
in anisotropic arrays of nanoparticles. By exploiting the coupling of excitons to different
orders of diffraction, we allow for the excitation of PEPs with different dispersions and
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Figure 4.1: (a) Normalized absorption spectrum of the organic dye. (Inset) SEM image of
the array of silver nanoparticles. The scale bar is 400 nm.

group velocities. This leads to anisotropy in the properties of the generated PEPs which
can not take place in a conventional cavity, where cylindrical symmetry limits the dispersion. By combining PEP dispersions with different propagation constants in different directions, it is conceivable to design systems analogous to birefringent crystals for
nonlinear polaritonics or provide directivity in the transport and propagation of excitonpolaritons for optoelectronic applications.

4.2 Sample fabrication
Arrays of nanoparticles were fabricated by substrate conformal imprint lithography onto
glass substrates (Corning glass, Eagle 2000, n = 1.51). This technique, which is based
on a polydimethylsiloxane (PDMS) stamp to conformally imprint nanostructures, offers
great potential for fabrication of nanostructures over large areas with high precision and
reproducibility [86]. A more detailed description of the fabrication is given in chapter 2. In
this study, we used silver as a metal with low loss in the visible range of the electromagnetic
spectrum. A scanning electron micrograph image of the fabricated structure is displayed
in the inset of Fig. 4.1. The array of the nanoparticles is a rectangular lattice with lattice
constants a x = 200 nm and a y = 380 nm along the short and long axes, respectively. The
height of the nanoparticles is 20 nm and the nominal length and width of the nanoparticles
are 70 nm and 50 nm, respectively.
One complication associated with silver nanoparticles is oxidation under ambient conditions, which can deteriorate their optical and plasmonic responses. To avoid this oxidation, the nanoparticles are encapsulated with an 8 nm layer of SiO2 and 20 nm of Si3 N4
immediately after the evaporation of the silver. These passivation layers lead to stable
particles with proper resistance against oxidation.
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As an organic dye molecule, we use a rylene-based dye [N,N0 -Bis(2,6-diisopropylphenyl)1,7- and -1,6-bis(2,6-diisopropylphenoxy)-perylene-3,4:9,10-tetracarboximide].
The
normalized absorption spectrum of this compound is shown in Fig. 4.1(a). The ease of
processability and high photostability are the main motivations for using this molecule.
The main electronic transition of this molecule is located at Ex1 = 2.237 eV, with a linewidth
(Γx1 ) of approximately 0.090 eV at room temperature. The second peak at Ex2 = 2.409 eV
corresponds to a vibronic sublevel of the first electronic excited state.
To strongly couple the molecular excitons to the SLRs supported by the array, a layer of
PMMA containing the molecules with a thickness of 120 ± 20 nm was spin-coated on top
of the array. Small variations of the thickness within the error range do not influence the
optical properties SLRs. We dissolved the dye molecules and PMMA in chloroform and
stirred the solution at 60 ◦ C for 1 hour. Two different samples were prepared with a weight
concentration of the organic molecules with respect to PMMA of 35 wt% and 50 wt%.

4.3 Surface lattice resonances in arrays of nanoparticles
To have a better insight in the electric field distribution of the resonances supported by
the metallic nanoparticles, we have performed Finite-Difference Time-Domain (FDTD)
simulations for the single particle as well as for an array of nanoparticles with the lattice
parameters described above. In all the simulations, the structure is illuminated at normal
incidence with a plane wave with the polarization vector oriented along the short axis of
the nanoparticles. In Fig. 4.2(a), the scattering cross section of the single particle with a
resonance at ELSP R = 2.5 eV is plotted with a red curve. This resonance corresponds to the
localized surface plasmon resonance (LSPR) with a dipolar (λ/2) electric field distribution.
The total electric field intensities corresponding to the LSPR for the plane across the middle of the particle (top view) and the cross-sectional plane (side view) are shown in Figs.
4.2(b,c) in a logarithmic scale. The LSPR creates a strong electric field enhancement at
the vicinity of the nanoparticles. However, the extension of the field to the surrounding
medium is limited to a few tens of nanometers. This spatial confinement reduces the
efficient coupling of the electromagnetic field to a few of the molecules distributed in the
PMMA layer [138]. Furthermore, the strong Ohmic and radiative losses associated with
LSPRs leads to the broad linewidth and short lifetime of these resonances.
As it is explained earlier in chapter 1, the losses associated to LSPRs in individual particles can be significantly reduced by creating a lattice of plasmonic nanoparticles in which
the particles interact via coherent scattering by means of the in-plane diffraction orders,
known as Rayleigh Anomalies (RAs) to form SLRs [15, 123, 123].
The simulated extinction of the array supporting the enhanced diffractive coupling between LSPR is shown in Fig. 4.2(a) as a blue curve. The extinction is defined as (1-T /Tr e f )
where T is the zeroth-order transmission, i.e., transmission in the forward direction from
the array, and Tr e f is the transmission from the sample in the absence of the nanoparticles,
i.e., the transmission of the substrate. The appearance of a narrow peak in the extinction
of the periodic array of nanoparticles can be explained in terms of the interplay between S
and 1/α. The measured extinction at normal incidence is displayed in Fig. 4.2(a) as a gray
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Figure 4.2: (a) Measurement (gray line) and simulation (blue line) of the extinction for the
array of silver nanoparticles. (brown line) Simulation of the scattering cross-section of the
single particle illuminated by the plane wave. The extinction measurement is vertically
displaced by 0.5. Electric field intensity of a single particle at E = 2.5 eV at the plane
passing through (b) the middle height and (c) the cross-section of the particle. Electric
field intensity of the particle within the rectangular lattice at E = 2.139 eV for the plane
passing (d) through the middle height and (e) the cross-section of the particle. Note
that in all simulations, the incident plane wave is polarized along the short axis of the
nanoparticle (along y-direction in panels (b,c)).

line. The measurement is shifted vertically for clarity and it shows a good agreement with
the simulations. The small discrepancies between the simulated and measured extinction
spectra can be explained by the Gaussian beam illumination and finite sample size in
the experiment, compared to the plane wave illumination and infinite sample size for
the simulations. Moreover, small size variations between the simulated and measured
nanoparticles could also induce some discrepancies.
As mentioned earlier in chapter 1, a significant reduction of the linewidth (enhanced
quality factor) is observed for the array of nanoparticles. Moreover, due to the photonic
nature of the diffraction order giving rise to the SLRs, these modes exhibit a more spatially
extended electric field profile than LSPRs. Given the fact that the lattice is formed by plasmonic nanoparticles with large polarizability, the local electric field intensity of the modes
is enhanced due to LSPRs. This effect can be revealed through the comparison between
the spatial distribution of electric field intensity for a single nanoparticle Figs. 4.2(b,c) and
the nanoparticle in the lattice Figs. 4.2(d,e). In Figs. 4.2(d,e), we can see the simultaneous
delocalization and enhancement of the electric field intensity in the lattice. The spatial
modification of the electromagnetic field and its further extension into the regions far
from the particle leads to an increase in the number of molecules that can couple to
the electromagnetic mode, resulting in an increased collective coupling strength of the
molecular excitons with the SLRs.
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4.4 Strong coupling of molecular excitons to SLRs
One of the signatures of strong light-matter coupling is the modification of the energy
dispersion and the appearance of an anticrossing at the energy and momentum where
the dispersions of the lattice modes and molecular excitonic transition cross each other.
To measure the strong coupling between the molecular excitons and the SLRs, we have
implemented angle-resolved measurements in order to measure the optical extinction as
a function of the angle of incidence, i.e., as a function of the wave vector parallel to the
surface of the array. These measurements retrieve the dispersive behavior of the resonances supported by the array. As it was pointed out previously in chapter 1, the collective nature of the strong-coupling implies that the strength of the light-matter interaction
should increase by increasing the number of the excitons within the mode volume of the
cavity, leading to an enhanced anticrossing in the dispersion. The coupling strength in the
collective strong coupling is given by the Rabi energy
p
ħΩ = 2 N d ξ0 ,

(4.1)

where ξ0 and d are the electromagnetic field amplitude and the transition dipole moment
of the exciton, respectively and N is the number of excitons coupled to the optical mode
that expresses the collective nature of strong coupling [139].
To strongly couple SLRs to molecular excitons, we spin-coated a layer of PMMA doped
with the dye molecules at 35 wt% and 50 wt%. In these experiments, we select the periodicity of the lattice such that the energy of the SLRs at zero momentum, i.e., k = 0, is
lower than the energy of the molecular excitonic transition (E X 1 = 2.240 eV). This condition corresponds to negative detuning between the energies of the cavity mode and the
excitonic transition. The directions of the sample rotation to determine the SLRs from the
extinction measurements are shown in the left side of Fig. 4.3. In these measurements,
the polarization of the incident light is fixed along the short axis of the nanoparticles,
i.e., the x-axis. The extinction measurements are shown in Fig. 4.3, where (a), (b) and
(c) correspond to the sample rotation along the long nanoparticle axis, i.e., the y-axis, and
(d), (e) and (f ) along the x-axis. Figures 4.3 (a) and (d) correspond to the extinction of a
sample with a polymer layer of 120 nm but without the organic molecules. With these
measurements, we resolve the bare SLRs resulting from the different orders of diffraction.
The grating equation described in chapter 1 is used as follows to correlate the extinction
measurements with SLRs resulting from different RAs,
~l ,
±~
k kd = ~
k ki + G

(4.2)

sin(θ)û i and ~
k kd =
û d are the parallel components of the incident
where ~
k ki =
and diffracted wave vectors, respectively (û d = (û x , û y ) and û i are the unitary vectors
along the diffracted and incident directions), θ is the angle between the wave vector of
the incident beam and the direction normal to the surface of the sample, n e f f is the
effective index defining the phase velocity of the in-plane diffracted wave, i.e., the RAs,
~l = [(2π/a x )p, (2π/a y )q] is the reciprocal lattice vector of the array with p and q corand G
responding to the orders of diffraction and ax and a y the lattice constants. In Fig. 4.3 (a),
2π
λ
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Figure 4.3: Measurements of the extinction for the array of nanoparticles with SLR excited
along the (0, ±1) RAs while the array is covered with 120 nm (a,d) of undoped PMMA and
doped PMMA with (b,e) 35 wt% (c,f) 50 wt% dye. (a-c) SLRs and PEPs dispersions when
excited along the x-direction. (d-f) SLRs and PEPs dispersions along the y-direction. Black
dashed lines indicate the excitonic and vibronic transition of the dye.

we observe the degenerate SLRs along p = 0, q = ±1, i.e., the (0, ±1) order. The dispersion
of the (0, ±1) RAs is given by
E (0,±1) = ±

ħc
ne f f

q
k x2 + (2π/a y )2 ,

(4.3)

where a y = 380 nm and ~
k ki = k x û x has only a component along the x-direction, i.e.,
the sample is rotated along the y-direction. The measured full width at half maximum
(FWHM) of this SLR is 16 meV at k x = 0 mrad/nm. The FWHM of the SLR increases by
increasing k x due to the reduction of the detuning between the RAs and the LSPR (at
E = 2.458 eV), which results into an enhanced plasmonic character of the SLR. Moreover,
one should notice that the dispersion of the SLR along k x and k y is quite different, a
difference that also extends to the linewidths. For this particular system, it seems that
SLR along k x is more damped than along k y . As the resonances in these systems have
Fano lineshapes, one can also describe the features of the resonance like linewidth by
the strength of the coupling between the discrete state (RAs) and the continuum (LSPRs),
which depends on the dispersion of the RAs.
Figures 4.3 (b) and (c) correspond to the extinction of the samples with 35 wt% and
50 wt% dye concentration, respectively. In these figures, the energies of the excitonic and
vibronic transitions of the molecules are marked by black dashed lines at E X 1 = 2.24 eV and
E X 2 = 2.41 eV, respectively. A clear anti-crossing between the excitonic resonance and the
SLR can be observed. This anti-crossing gets more pronounced as the molecular concentration is increased. In addition, the onset of hybridization between vibronic molecular
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transitions and the SLR, which leads to the formation of the middle polariton is visible
at E ≈ 2.41 eV, although the coupling strength is not large enough to give rise to a clear
splitting.
The other RAs that provide a new set of SLRs with entirely different dispersion compared
to the previous case are the RAs arising from the diffraction of ~
k ki along the y-direction, i.e.,
~
k ki = k y û y . This situation corresponds in the experiments to rotate the sample along the
x-direction. In this case, the dispersion of the (0, ±1) diffraction orders are linear and given
by
E (0,±1) = ∓

ħc
[k y ± 2π/a y ] .
ne f f

(4.4)

This SLRs with linear dispersions are displayed in Fig. 4.3(d). Similar to the previous
case, the strong coupling of the SLRs with the molecular excitons, shown in Figs. 4.3 (e)
and (f) for 35 wt% and 50 wt% dye concentration, respectively, leads to their hybridization
and the formation of PEPs with an anticrossing at k y ≈ 1.5 mrad/nm. As we show ahead,
one important result of this simultaneous occurrence of PEPs with distinct dispersion
anisotropy is the modified PEP group velocity. An interesting feature that can be seen in
the dispersion of the strongly coupled linear SLRs to excitons is the dark nature (absence
of extinction) of the upper polariton band at k y = 0 mrad/nm. A similar response has
been reported previously and it is explained by the antisymmetric field and charge distributions across the nanoparticles due to the optical retardation along their long axis [18].
These distributions lead to the suppression of the net dipole moment and the absence of
extinction. Recent experiments showing exciton-polariton lasing in nanoparticles arrays
have revealed the relevance of dark modes for PEPs condensation [38]. We note also that
the SLRs associated to the (±1,0) RAs are not visible in the extinction measurements of
Fig. 4.3. This absence is due to the shorter lattice constant along the x-direction (a x = 200
nm), which shifts these resonances to higher frequencies.
To determine the coupling strength and group velocities of PEPs along different directions, We can fit the measurements to a few-level Hamiltonian given by:

E SLR
H =  G1
G2

G1
E x1
0


G2
0 ,
E x2

(4.5)

where E SLR is the energy of the SLR, E x1 and E x2 are the energies of the vibronic bands.
Here, we focus on the linear-response regime, such that the two dominant vibronic peaks
can be treated as separate independent resonances of the molecule. Moreover, G 1 and G 2
are the strength of the coupling between the SLR and the molecular transitions. Note that
in this model we treat the different SLRs independently from each other. By diagonalizing
this Hamiltonian, we can obtain the energy eigenvalues of the system. In Figs. 4.4(a,b),
the green solid lines correspond to the fitted dispersions to the measured lower PEP bands
for the sample with 50 wt% dye concentration. The red dots in these figures represent the
experimental values obtained from the measurements of Fig. 4.3(c,f ). A good agreement
between the measured and calculated dispersions is achieved. However, there are some
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Figure 4.4: The dispersions of the lower polaritons (red dots) obtained from the extinction
maps for SLRs propagating along (a) y- and (b) x-direction. The solid green and yellow
lines represent the polaritons resulting from the analytical model based on the described
Hamiltonian. The black dashed line at E X 1 = 2.24 eV (E X 2 = 2.41 eV) represents the energy
of the excitonic (vibronic) transition in the molecules. The blue dashed line represents the
energy dispersion of SLRs in the absence of dye molecules.

discrepancies that can be related to the simplified nature of the model and the fact that it
does not take into account all the molecular energy sublevels and transitions that can also
couple to the SLRs. In addition, in the energy region where the upper polariton modes
are expected, there are a number of additional photonic modes in the system (e.g., guided
modes in the polymer layer). As we have not included these modes in the simple model
we use to obtain the lower polariton dispersion, the middle and upper polaritons of the
model Hamiltonian do not correspond well to the actual modes of the system. Therefore,
we do not discuss their dispersions in detail.
Using these fits we extract the value of ≈120 meV for the Rabi energy of the (0,±1) PEPs
with 35 wt% dye concentration, which is greater than the linewidths of SLR (77 meV)
and the inhomogeneously broadened excitonic transition (90 meV). By increasing the dye
concentration to 50 wt% we observe that the Rabi splitting increases to ≈170 meV for PEPs
along k x and k y .
To emphasize the anisotropy on the dispersion of the PEPs, we have reconstructed the
three-dimensional PEP dispersion in Fig. 4.5 (a). The dispersions are extracted from the
diagonalization of the few-level Hamiltonian given by Eq.(7). The photon fraction of the
PEPs is color-coded in Fig. 4.5(a). A close look into this figure shows that the curvature of
the dispersion surfaces is different along different directions. In comparison with microcavities that manifest cylindrical symmetry and isotropic dispersion, arrays of nanoparticles can have very anisotropic dispersion. One immediate consequence of this anisotropic
dispersion is the different group velocity (v g = ħ−1 (d E /d k)) of the polaritons along different directions. This feature can be particularly interesting within the context of enhanced
exciton-polariton transport in the strong coupling limit as a way to control the flow of
exciton-polaritons [28, 29]. The anisotropic nature of the PEPs will also enable to control
the scattering of the exciton-polaritons applicable for exciton-polariton condensation and
parametric oscillation and amplification [38].
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Figure 4.5: (a) Three dimensional dispersion of PEPs. The color indicates the photon
fraction of the PEPs. The photon fraction of ≈ 0.5 around the Rabi splitting indicates
the strong plasmonic behavior of the exciton-polaritons. (b) Group velocity of PEPs as
a function of k x (blue circles) and k y (red circles).

In order to determine the PEPs group velocities along the x and y directions, we have
calculated the first derivate of the dispersion from the experimental extinction maxima.
The group velocities of the PEPs, normalized by the speed to light in vacuum, are shown
in Fig. 4.5 (b) as a function of the wave vector. In this figure, the red curve corresponds
to the group velocity of the lower PEP band along k y , while the blue curve shows the
group velocity along k x . The anisotropy in the dispersion leads to very different group
velocities, with a velocity ratio close to 10 for small values of the wave vector. While the
close-to-linear dispersion for k y leads to a large group velocity, the parabolic dispersion for
k x leads to slow PEPs. In addition to the different dispersions along different directions,
the difference in the curvature of the PEPs should lead to distinct effective masses and
anisotropic transport of exciton-polaritons. For SLRs arising from the diffraction along xdirection, the effective mass can be calculated from the second derivative of the dispersion
(m ∗ = 4 × 10−4 m e at k x = 0 mrad/nm, where m e is the electron mass). However, for SLRs
along the y-direction, the dispersions are linear and the effective mass of the relativistic
particles needs to be taken into account.

4.5 Conclusion
In conclusion, we have shown that planar arrays of metallic nanoparticles can provide
a powerful platform for creating the hybrid states of light and matter, plasmon-excitonpolaritons, with distinct dispersions and enable to make a polaritonic medium with tailored anisotropy. The quality of the fabricated arrays and their associated geometrical
parameters lead to the observation of Rabi splitting between the upper and lower PEPs
with different polariton dispersions and group velocities. Such degree of control of the
properties of PEPs can be potentially applicable for the design of polariton based circuits
with an anisotropic response.
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C HAPTER 5
P LASMON -E XCITON -P OLARITON
L ASING
Metallic nanostructures provide a toolkit for the generation of coherent light
below the diffraction limit. Plasmonic-based lasing relies on population inversion of emitters (such as organic fluorophores), along with feedback provided by
plasmonic resonances. In this regime, known as weak light-matter coupling, the
radiative characteristics of the system can be described by the Purcell effect. As
it is pointed out in the previous chapter, strong light-matter coupling between
the molecular excitons and the electromagnetic field generated by the plasmonic
structures leads to the formation of hybrid quasi-particles known as plasmonexciton-polaritons (PEPs). Due to the bosonic character of these quasi-particles,
exciton-polariton condensation can lead to laser-like emission at much lower
threshold power than in conventional photon lasers. In this chapter, we observe
PEP lasing with a low threshold in an optically pumped organic system through
a dark plasmonic mode in an array of metallic nanoparticles. Interestingly, the
threshold power of the polariton lasing is reduced by increasing the degree of
light-matter coupling in spite of degradation of the quantum efficiency of the
active material, highlighting the ultrafast dynamic responsible for the coherent
emission, i.e., stimulated scattering. These results demonstrate a unique roomtemperature platform for exploring the physics of exciton-polaritons in opencavities.
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5.1 Introduction
Exciton-polaritons – hybrid light-matter quasi-particles formed by strong exciton-photon
coupling – have inspired more than two decades of highly interdisciplinary research [140].
Polariton physics has largely focused on semiconductor microcavities, where the strong
nonlinearities associated with quantum well excitons [51, 53] combined with the highquality factor cavities available through state-of-the-art epitaxial techniques, have enabled the first observations of Bose-Einstein condensation (BEC) [141] and superfluidity
[54] in optics. A key early vision of the field focused around the possibility to achieve a
coherent light source at low threshold powers without the need for population inversion:
a polariton laser [44]. Polariton lasers have remained in the realm of proof-of-principle
experiments [142] and their widespread use has not yet been adopted as efforts continue
to lower thresholds and optimize operating parameters. In an effort to overcome some
of the material-related limitations hampering applications of exciton-polaritons, as well
as to explore novel light-matter states associated with distinct types of excitons, several
researchers have recently turned their attention to organic materials [131, 133, 143–145].
While organic systems are generally disordered, their optical transitions can have large
transition dipole moments allowing them to couple strongly to light at room temperature.
Several independent studies have already reported polariton lasing/BEC [56, 57] and nonlinear interactions with organic excitons [58] in microcavities.
Recently, plasmonic systems have emerged as a promising alternative platform for exploring exciton-polaritons in an open architecture. The "cavity" defining the resonator
is no longer a multilayer dielectric stack possessing a complex spectral response, which
facilitates the integration of exciton-polariton devices with integrated photonic circuits. In
these plasmonic systems, previously shown to be highly suitable for photon lasing [20, 79,
146–148], the excitonic material can be easily integrated by solution processing. The quality factors of plasmonic resonances are much lower than their counterparts in dielectric
microcavities. However, the subwavelength field enhancements generated by resonant
metallic nanostructures can significantly boost the light-matter coupling. Indeed, strong
plasmon-exciton coupling has already been observed [36, 130, 133–135, 137, 145, 149],
but earlier attempts toward achieving plasmon-exciton-polariton (PEP) lasing remained
unsuccessful due to the inefficient relaxation mechanism of PEPs and the saturation of
strong coupling at large pumping fluences [135]. Here we demonstrate PEP lasing from an
optically pumped array of silver nanoparticles coated by a thin layer of organic molecules
at room temperature, occurring at a low threshold [26]. Strong coupling between excitons
in the organic molecules and collective plasmonic resonances of the array forms PEPs. By
increasing the PEP density through optical pumping, we observe a pronounced threshold in the emission intensity accompanied by spectral narrowing. Besides these generic
lasing characteristics, our system exhibits two rather distinct features: first, the threshold
power for PEP lasing is reduced in parallel with a degradation of the quantum efficiency
of the material. This counter-intuitive behavior from the standpoint of conventional laser
physics is intimately related to the onset of strong coupling and the emergence of new
eigenstates, i.e., PEPs. A second distinct feature of our PEP laser stems from the fact
that the nanoparticle array supports dark, as well as bright modes. The mode that first
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Figure 5.1: (a) Normalized absorption (blue) and photoluminescence (red) spectra of the
layer of PMMA doped with dye molecules in the absence of the plasmonic array. The inset
shows an SEM image of the array of silver nanoparticles. (b) Schematic illustration of the
array covered with a thin layer of PMMA doped with dye molecules.

reaches the lasing threshold is, in fact, dark below the threshold. While dark mode photon
lasing has attracted significant interest in the plasmonics community for several years,
we provide the first report of lasing from a dark mode in a strongly coupled plasmonexciton system. Lasing from this dark (below threshold) mode also manifests in an abrupt
polarization rotation of the emitted light by 90◦ above the threshold.
We first characterize strong-coupling between excitons in an organic dye and the lattice
modes supported by an array of silver nanoparticles through optical extinction measurements. Subsequently, using numerical and semi-analytical techniques we analyze the
modes supported by the array and the composition of the associated PEPs, respectively.
Photoluminescence (PL) measurements on the sample pumped off-resonance provide
the emission response at increasing PEP densities. At high emitter concentration, we
observe Rabi splitting, the signature of plasmon-exciton strong coupling, together with the
appearance of stimulated scattering and PEP lasing. By measuring the dispersion of the
PL at several pump-fluences for both polarizations we identify the dark mode responsible
for PEP lasing in this system.

5.2 Sample Characterization
Fig. 5.1 shows the normalized absorption and PL spectra of a layer of PMMA doped with
organic dye molecules. We use a rylene dye [N,N0 -Bis(2,6-diisopropylphenyl)-1,7- and 1,6-bis(2,6-diisopropylphenoxy)-perylene-3,4:9,10-tetracarboximide] as an emitter [150],
due to its high photostability and low propensity towards aggregation at high concentrations. Two distinct peaks corresponding to the main electronic transition at E = 2.24 eV and
first vibronic sideband at E = 2.41 eV are evident in the absorption spectra of the molecules.
A layer of PMMA doped with dye molecules with a thickness of 260 nm is spin-coated on
top of the plasmonic array of silver nanoparticles. The sample used for the experiments in
this section has been fabricated with the same recipe described in chapters 4. A scanning
electron micrograph image of the fabricated array is depicted in the inset of Fig. 5.1. The
array consists of particles with dimensions of 200 × 70 × 20 nm 3 and the pitch sizes along
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Figure 5.2: The extinction measurements of the sample with incident light polarized along
the short axis of the nanoparticles in the absence (a) and the presence (b) of the dye
molecules. The extinction of the same sample illuminated by the light polarized along
the long axis of the nanoparticles without (c) and with (d) the dye. The white dashed lines
indicate the energies of the two strongest vibronic transitions in the molecules (horizontal
lines) and the SLR dispersion whereas the dashed black lines correspond to the PEP
modes. Maps of the induced charge density (e,f) and normalized electric field amplitude
(g,h) for the corresponding lowest PEP modes at k x = 0 mrad/nm. (e,g) correspond to the
bright (dipolar-like) resonance, while (f,g) to the dark (quadrupolar) resonance at k x = 0
mrad/nm.

the x and y directions are 200 nm and 380 nm, respectively.
First, we measure the angle-resolved extinction of the nanoparticle array when covered
by an undoped layer of PMMA (Figs. 5.2(a,c)). The polarization of the incident light is fixed,
and set to be either perpendicular (top row) or parallel (bottom row) to the long axis of the
nanoparticles as indicated by the arrow in the inset. Here we take advantage of a particular
type of plasmonic modes that are supported by periodic arrays of metal nanoparticles, the
so-called surface lattice resonances (SLRs). These modes are the result of the radiative
coupling between localized surface plasmon (LSP) resonances in the individual nanoparticles enhanced by the in-plane diffracted orders of the array, i.e., the Rayleigh Anomalies
(RAs). Energy dispersions and quality factors of these SLRs can be tailored by varying
the geometrical parameters and energy detuning between RAs and LSP resonances [71,
151]. In addition, the enhanced in-plane radiative coupling reduces the radiative losses
associated to localized resonances [152] and the redistribution of the electromagnetic field
around the particles also reduces Ohmic losses [123], creating narrow resonances with
high-quality factors [16, 64, 152].
By probing the sample under different polarizations and angles of incidence, we couple
to different resonances with distinct electric field distributions and symmetries depending
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on which RAs are probed. The resonance with parabolic dispersion in Fig. 5.2(a) demonstrates the combination of both strong extinction and narrow linewidth in SLRs, which
results in this case from the enhanced radiative coupling of (0,±1) RAs to a dipolar LSP
resonance supported by the individual nanoparticles (see below). Similarly, by rotating the
polarizer and aligning the incident electric field along the long axis of the nanoparticles,
we probe the coupling of (0,±1) RAs to a quadrupolar LSP resonance supported by the rods
(see also below) [107]. Differences between the extinction measurements of Figs. 5.2(a,c)
can be observed, where the most important is the vanishing SLR at k x = 0 mrad/nm for
incident electric field parallel to the long axis of the rods. For this case, the electric field
distribution is not dipole-active along the polarization direction. As a result, the coupling
of the free space radiation into this mode is inefficient and the mode is dark at normal
incidence. This behavior implies a strong reduction of radiation losses of this mode which,
as we will show later, is a key ingredient to achieve PEP lasing [153, 154]. Due to the multipolar character of the dark mode, the net dipole moment is not zero (Fig. 5.2). This residual
dipole moment is responsible for the out-coupling of the PL above the threshold that is
reported ahead. Extinction measurements of the same array in the presence of a 260 nm
thick PMMA layer doped with dye molecules are shown in Figs. 5.2(b,d). The dye concentration (C) in the polymer is 35 wt% and the measurements are referenced to the extinction
of the doped layer without the nanoparticles. Increasing the molecular concentration
modifies the extinction dispersion as a result of the hybridization between the SLR and the
molecular transition. For both polarizations we observe an anticrossing in the extinction
dispersion and an associated Rabi splitting, ħΩ = 200 meV, at k x ≈ 7 mrad/nm, which
reveals the emergence of strong coupling between the SLR and molecular excitations.
The coupling leads to the creation of upper and lower PEPs where hybridization occurs
for both bright and dark modes. In Fig. 5.2(d), another resonance slightly blue-shifted
with respect to the lower PEPs is visible. This resonance corresponds to the guided-mode
supported by the polymer layer. The appearance of this guided mode is due to the increase
of the refractive index of the doped polymer layer when the molecular concentration is
increased.
As described earlier in chapters 1 and 4, to analyze the hybrid light-matter nature of
the PEPs formed by strong coupling of the SLRs to the dye molecules, we use a few-level
Hamiltonian that reproduces the measured extinction dispersions and allows the determination of the Hopfield coefficients defining the exciton and photon components of the
strongly coupled system. We treat each field polarization separately, with Hamiltonian (for
each in-plane momentum)

E SLR
H =  G1
G2

G1
EX 1
0


G2
0 
EX 2

(5.1)

where E SLR is the energy of the SLR, E X 1 (E X 2 ) is the dispersionless energy of the first
(second) absorption peak of the dye, and G 1 (G 2 ) describes the coupling between the SLR
and the molecular modes. In Fig. 5.2, both the input energies of the “bare” states and the
energy of the lowest PEP modes are depicted. As the actual system contains additional
states at higher energies that we do not treat, we only focus on the lowest coupled state
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in the figure. Nevertheless and for completeness, we show also the middle and upper
polariton states in Fig. 5.2(d). From this analysis we can extract the Hopfield coefficients
of the lower PEP, indicating that at k x = 0 mrad/nm it is composed of 75% SLR and 25%
molecular excitations, with similar values obtained for both polarizations. We note here
that while the SLR for the polarization along the long axis of the particles is dark under farfield excitation at k x = 0 mrad/nm, the coupling to the molecules occurs in the near-field
and thus attains similar strengths for both polarizations.
Electromagnetic calculations were also performed to simulate the extinction properties of the experimental samples. Both FDTD (LumericalTM ) and FEM (Comsol
MultiphysicsTM ) methods were employed, finding an excellent agreement with the
extinction maps in Fig. 5.2. Geometric and material parameters were extracted from SEM
images of the samples and previous literature [92], respectively. The right insets in Fig.
5.2 render electric field amplitude and induced surface charge density maps evaluated
at k x = 0 mrad/nm. The top insets (Fig. 5.2(e,g)) show that, for polarization along the
short axis, the near-field is governed by the bright dipolar-like LSP supported by the rods,
i.e., the so-called (λ/2) LSP, as anticipated above. On the contrary, the bottom insets
(Fig. 5.2(f,h)) indicate that a dark quadrupolar LSP, i.e., the (3λ/2) LSP, resonates for
incoming light polarized along the long axis of the rod. Importantly for lasing purposes,
both polaritonic modes spectrally overlap within an energy window of a few
p meV. The
vacuum Rabi frequency Ω defining the coupling strength is proportional to N , where N
is the number of excitons within the mode volume of the resonance. Therefore, achieving
strong coupling with organic molecules requires increasing their concentration within
the polymer matrix such that the exciton density is maximized [36, 134, 148]. However,
one immediate drawback expected from increasing C for the emission is the emergence
of considerable inter-molecular interactions, which can lead to spontaneous aggregation
(modifying the spectral properties of the sample) and also to a reduction of fluorescence
lifetime (τ) due to the enhancement of non-radiative decay channels (concentration
quenching of the emission) [155]. Importantly, the dye molecules used here do not suffer
from aggregation at high C as the normalized absorption spectrum for different C remains
unchanged. To quantify the concentration quenching, we have measured the lifetime and
quantum efficiency of the polymer layers at different C. In Fig.5.3, one can see that at low C
the quantum efficiency of the molecules is close to the unity and the lifetime of the excited
molecules is 5.8 ns. However, by increasing C to 35 wt% the quantum efficiency is reduced
to 3 % with a corresponding τ = 400 ps. The emissive properties of high C samples are
thus unsuitable for stimulated emission and photon lasing, where a high quantum yield
is desired for achieving gain. In fact, the prediction that lasing without inversion could be
achieved by exploiting many-body coherence in strongly coupled exciton-photon systems
has been a major motivation for the development of exciton-polariton lasers [44].
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Figure 5.3: (a) Fluorescence lifetime measurements for the PMMA layers with different dye
concentrations. (b) Quantum efficiency of the dye doped layer for different concentrations

5.3 Nonlinear emission of PEPs
In order to investigate PEP lasing, we optically pump the sample nonresonantly and measure the PL spectra as a function of the incident excitation power for different concentration of the molecules. The wavelength of the pump laser is centered at λexc = 500 nm
(E exc = 2.48 eV) and the pump polarization is fixed along the short axis of the nanoparticles for all experiments. The spectra of the PL for the sample with C = 35 wt% in the forward
direction for different absorbed pump fluences is shown in Fig. 5.4(a), where we observe
the appearance of a very sharp peak in the emission spectrum at a fluence of 18 µJ/cm2 .
In Fig. 5.4(b), we plot the maximum of the PL intensity as a function of absorbed pump
fluence for three different concentrations of dye. For the low concentration sample, C
= 15 wt%, the PL intensity increases linearly with the incident power. This sample is at
the onset of the appearance of exciton-SLR hybridization in extinction. At C = 25 wt%,
we observe the emergence of a threshold in the PL, followed by a superlinear increase of
the emission. The nonlinear response of the system is further increased at C = 35 wt%
where the threshold fluence is lowered by a factor of 2. This threshold fluence is one
of the lowest values observed in optically pumped organic polariton lasers [56–58] and
also is lower than the reported threshold for plasmonic-based photon lasers in the weak
coupling regime [20, 156]. Note that in our experiments, photo-degradation occurs before
the transition to the weak coupling regime [135], so the photon lasing is precluded by the
damage threshold. Moreover, it is interesting to note that below the threshold the emission
decreases as C increases. This decrease is mostly due to the reduction of the PLQE.
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Figure 5.4: (a) Emission spectra along the forward direction for the array of nanoparticles
covered with PMMA with the dye concentration of 35 wt % at increasing absorbed pump
fluences. (Inset) Close view of the lasing peak. Upper panel: Absorption spectrum of the
dye (solid curve). The energies of the lasing emission, the main electronic transition and
the first vibronic sideband of the molecule are indicated by the gray shaded areas. Note
that the energy differences ∆1 and ∆2 are equal. (b) Photoluminescence peak intensity as
a function of absorbed pump fluence for three samples at different dye concentrations.
(c) Linewidth and energy shift of the photoluminescence peak as a function of absorbed
pump fluence for the sample with C = 35 wt% dye concentration. The linewidths and peak
energies are extracted by fitting a Gaussian function to the spectrum. The error bars in
peak energy plot are set by the resolution of the spectrometer (≈ 1 meV) (d) Polarization
of the emission from the sample with C = 35 wt% below and above threshold (P = 1.5Pt h ).
The long axis of the nanoparticles is oriented along the vertical direction (θ = 0◦ ).

The linewidth of the PL as a function of the absorbed pump fluence is shown in
Fig. 5.4(c), where a strong reduction of the linewidth above the threshold and hence, a
substantial increase of the temporal coherence, can be observed. In Fig. 5.4(d) we display
the polarization of the emission below and above the threshold for the sample with C =
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35 wt%. Below the threshold, the emission of the sample is mainly polarized along the
short axis of the particles, i.e., 90◦ . This emission is associated with PEPs originating from
the hybridization of the bright SLR with excitons (see Fig. 5.2(b)). Interestingly, above
the threshold, the polarization of the emission rotates by 90◦ and is primarily oriented
along the long axis of the particles. This polarization rotation strongly indicates that the
emission above the threshold is dominated by the PEPs created from the dark modes
whose polarization point to the long axis of the particles (see Fig. 5.2(d)).
After excitation, the molecules relax to the PEP band. In this incoherent relaxation, the
in-plane momentum is not conserved, leading to a broad distribution of excitation across
the whole band. Most of the excitation thus ends up in high-k x reservoir modes that are
almost uncoupled from the SLR [141]. In order to achieve polariton lasing, the population
of a single state has to become large enough to obtain significant bosonic stimulation. In
semiconductor microcavities, the necessary relaxation from the reservoir typically relies
on exciton-polariton and polariton-polariton scattering. In contrast, microscopic models
for organic polariton lasing have suggested that vibronic coupling can play a more important role in dissipating excess momentum than exciton-polariton and polariton-polariton
scattering [59, 157, 158]. In this picture, high frequency intramolecular vibrational modes
allow exciton-polaritons to scatter directly from the reservoir towards the lower energy
levels [159]. This implies that organic exciton-polariton lasing is most efficient when the
relaxation from the reservoir to the lasing state is resonant with a strong optical phonon
line [56]. As shown in the top inset of Fig. 5.4(a), this condition is exactly fulfilled in the
current sample: the energy difference, ∆ = ∆1 = ∆2 , between the vibronic subpeaks of the
molecule (the phonon energy) corresponds exactly to the energy difference between the
lowest peak and the lasing state (see chapter 6 for more discussions). Moreover, one needs
to take into account that in addition to the role of the lattice parameters in modifying
the detuning between the SLR and the molecular exciton, the change of the molecular
concentration can also alter the detuning through the change in the refractive index of
the layer. The specific energy at which the polariton lasing occurs also poses an interesting question: while energy shifts are seen as the smoking-gun for interactions between
polaritons in semiconductors microcavities, the reported spectral behavior of polariton
lasers in organic systems has been variable [56–58]. In our system as the PL below and
above the threshold is dominated by different modes, we must distinguish the values of the
energy shift for these two regimes. In Fig. 5.4(c), one can see that above the threshold, the
dominant photoluminescence originating from the dark mode shifts by 1.3 meV and locks
at 2.038 eV. Locking of the energy shift above threshold has been predicted by the model
in Ref. [58]. This is in agreement with our measurements considering organic polariton
interaction within the condensate. Note that due to the dark character of the mode, it is
not possible to estimate the energy shift associated with this mode below the threshold.
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Figure 5.5: Normalized angular-resolved emission measurements for two detection
polarizations, parallel and orthogonal to the long axis of the nanoparticles, for the array
of nanoparticles covered with PMMA with the dye concentration of 35 wt %. The cartoon
in the inset of each panel depicts the orientation of the nanoparticles with an arrow
indicating the direction of the transmission axis of the polarization analyzer. The emission
intensity in the unit of counts/s at E = 2.04 eV and kx = 0 mrad/nm for each detection
condition is indicated at the bottom of each panel. (a-c) Angle-resolved PL for different
pump fluences with the analyzer along the short axis of the nanoparticle visualizing to
the bright mode along (0,±1) RAs supported by the array. (d-f) Angle-resolved PL for
different pump fluences with analyzer along the long axis of the nanoparticle. In this
configuration, the dark mode excited by (0,±1) RAs is probed. The bare modes associated
with the uncoupled SLRs are shown by the white dashed line in each panel.

Similar to the extinction measurements shown earlier, we can use angular-resolved
measurements to study PEP emission at increasing pump fluences as we approach the
critical density of PEPs [135]. In Fig. 5.5, we display the measured dispersion of the
emission both below and above the threshold for two orthogonal detection polarizations
corresponding to the bright and dark modes seen in Figs. 5.2(b,d). In Figs. 5.5(a,d), where
the pump fluence is below the threshold, we recover the same dispersions as those shown
previously in the extinction measurements, with a bright mode for horizontal polarization
and a dark mode for vertical. We observe emission over the whole range of k x indicating
that, as mentioned above, the molecular relaxation process populating the PEPs after
high-frequency excitation does not conserve k x = 0 mrad/nm. Moreover, the PL from
the uncoupled molecules lead to the green and cyan background in Figs. 5.5(a,d). Upon
increasing the pump fluence, we observe a collapse in the emission pattern towards
k x = 0 mrad/nm over the narrow spectral range seen in the spectra of Fig. 5.4(a). As we
mentioned earlier, while the system exhibited no vertically polarized emission at normal
incidence below the threshold, above the threshold the lasing peak is mainly polarized
along this direction. This behavior highlights one of the major differences between open
systems defined by plasmonic lattices and traditional microcavities: the bright mode
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corresponding to the SLR of Fig. 5.2(a) represents a lossy mode due to the radiation losses
as it can efficiently couple out into free-space. On the other hand, the dark mode is
significantly less lossy at k x = 0 mrad/nm due to suppression of radiation losses, which
favors PEP lasing at this mode. The PEPs created via this mode can be accumulated with
a much lower probability of decay. The energy dispersion of the bare modes associated
with uncoupled SLRs for the dark and bright modes are shown in Fig. 5.5 indicating that
the system remains in the strong coupling regime. We also observe in Fig. 5.5(c), a residual
PL emission with a flat dispersion at the energy in which the lasing occurs. This emission
is due to the scattering and polarization conversion of the PEP lasing emission from local
imperfections in the sample.

5.4 Time-resolved Photoluminescence
To gather fundamental insights into the nature of this coherent emission, we performed
time- and energy-resolved PL measurements by using an imaging spectrometer coupled
to a streak camera with a time resolution of 1.8 ps. When pumping at fluences below
threshold, the PL from the doped polymer layer shows a decay time of about τ = 30 ps,
both on the plasmonic array (red dots in Fig. 5.6(a)) and on the bare glass substrate (green
dots in Fig. 5.6(a)). Differences on the lifetime between the molecules laying on the bare
substrate and those coupled to the plasmonic array would be expected as a consequence
of the Purcell effect or non-radiative quenching. However, in our experiment, the PL emission mainly originates from molecules spread in the whole polymer layer height (260 nm),
not all coupled to the SLR, the intensity of which is mainly localized around the metallic
nanostructures. As the excitation power increases above the threshold, the decay time at
the energy of the PEP reduces by 1 order of magnitude, to about τ = 3 ps (blue dots in
Fig. 5.6(a)). The shortening of the emission lifetime above the threshold is the result of the
effective scattering from the exciton reservoir to the bottom of the lower polariton branch
and the short cavity photon lifetime compared to the non-radiative polariton decay rate.
We investigated further the time-resolved emission above threshold by fitting the emission spectra of Fig. 5.6(b) at each time with a Gaussian peak profile and extracting the
relative peak energy, as shown in Fig. 5.6(c) (≈1 ps time steps are used). An instantaneous blue shift as large as 2.5 meV appears when the system is excited. This blue shift
is due to the mutual PEPs interactions and those of PEPs with the exciton reservoir [58].
This is a clear signature of polariton condensation, which, differently from photon lasing,
manifests a density-dependent energy shift: the exciton reservoir depletes in time, and
the energy shows a continuous redshift toward the vacuum state (Fig. 5.6(c)) during the
formation and decay of the condensate. The condensate has formed some picoseconds
after the excitation pulse; however, the system continues to redshift due to the further
reduction of the total population in the reservoir. This behavior is fast enough to exclude
any possible heating related effects, which in any case would show a blue shift rather
than a redshift with time, and it is similar to what has been already observed in excitonpolariton condensates with inorganic semiconductor microcavities [160]. This temporal
dynamic not only demonstrates the presence of reservoir-PEPs interactions but also shows
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that plasmon-exciton coupling still holds while condensation occurs and excludes photon lasing processes that may appear in the weak coupling limit if the coupling strength
saturates [50]. Moreover, taking into account the absorption coefficient of the dye and
the number of photons at the threshold power, we estimated the interaction constant g =
∆E/N being ≈2 ×10−23 eV cm 3 , where ∆E is the energy blue shift and N is the density of the
initial excited electron-hole pairs. Considering the dilution of the dye, this is in accordance
with the previous estimation of Frenkel excitons in organic semiconductors [58].

Figure 5.6: PEP temporal dynamics and interaction-driven blueshift. (a) Time-resolved PL
of the sample, below (red dots) and above (blue dots) condensation threshold. The green
dots show time-resolved PL intensity for the bare polymer layer doped with molecules,
whereas the solid black line shows the temporal profile of the exciting laser pulse. (b)
Time- and energy-resolved PL above PEP condensate threshold, as measured on the streak
camera. (c) Emission peak energy at different time delay as obtained from Gaussian fit of
the time-resolved photoluminescence PEP condensate trace at different delay times. (d)
The linewidth of the emission as extracted by a Gaussian fit of the time trace as a function
of time.
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5.5 Spatial and Temporal Coherence
The PL dispersion as a function of k x is displayed in Fig. 5.7(a,b) for pump fluences below
(P = 0.8 P t h ) and above (P = 1.1 P t h ) threshold, respectively. At pump fluences below
threshold (Fig. 5.7(a)), the PL dispersion follows the dispersion of the LP band shown in
(Fig. 5.2(d)). As the pump fluence is raised above the polariton lasing threshold, the PL
dispersion collapses into a sharp peak centered at E = 2.04 eV and k x = 0 mrad/nm, as
displayed in Fig. 5.7(b) .
The real space emission pattern also changes radically below and above the threshold,
as shown in Fig. 5.7(c,d). While the PL is homogeneously distributed over the excited
area below threshold (Fig. 5.7(c)), a structured stripe-like pattern extended along the ydirection arises when the sample is pumped above the threshold (Fig. 5.7(d)). The random
allocation of the stripes across the emission pattern can be explained by sample imperfections and inhomogeneities as can be inferred by the different emission patterns (not
shown) obtained on different regions of the sample.

Figure 5.7: a,b) Normalized angle-resolved photoluminescence for pump fluences (a)
below (P= 0.8Pth) and (b) above (P= 1.1Pth) the condensation threshold. The falsecolor maps represent the emitted intensity in a linear scale. (c,d) Real-space emission
maps showing homogeneous and structured emission, below (c) and above (d) threshold,
respectively

One of the most important characteristics of a polariton condensate is the macroscopic
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spatial coherence. In PEP systems, spatial coherence of the order of few microns has been
already reported in the linear regime [136, 145] and was described in terms of plasmonexciton hybridization induced by strong coupling. However, in standard plasmonic lasing,
larger coherence has been observed but always inside the excitation spot [161].
In our nonlinear system, the 2D emission image of the sample above threshold retrieves
all the information about spatiotemporal correlations of the PEP condensate, which
can be extracted by using interferometric techniques. In particular, we have employed
a Michelson interferometer, schematically shown in Fig. 5.8, with the sample nonresonantly excited with a 20 µm laser spot (E = 2.48 eV, 100 fs pulse duration, 1 kHz
repetition rate). The corresponding emission image was collected with an objective lens
and separated with a beam splitter along two perpendicular optical paths, which define
the two arms of the interferometer. The two images, rotated by 180 deg with respect
to each other around the autocorrelation point, are superimposed and interfere at the
entrance slits of a monochromator equipped with a CCD camera.

Figure 5.8: Slightly tilted Michelson interferometer used for spatial coherence measurements.

Since the sample is excited non-resonantly, the excitons relax incoherently into the PEP
band, with a phase that is not imposed by the laser pump. At sufficiently high PEP densities, phononic relaxation from the exciton reservoir rapidly populates the long-living
polariton state at k x = 0 mrad/nm, leading to bosonic stimulated scattering and, finally, to
condensation. By measuring the visibility of the interference fringes, we can thus obtain
a complete spatial reconstruction of the first-order correlation function g (1) (r 1 , r 2 , ∆t ) of
the condensate, at each temporal delay ∆t between the pulses in the two arms of the
interferometer:
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where E is the wave (emission) originated from the condensate at the space-time point
(r,t). A typical interference pattern, measured at a pumping power P = 1.2P t h and ∆t = 0, is
shown in Fig. 5.9(a), with the maximum fringe visibility in the center of the image (i.e., the
autocorrelation point, r= r0 ). The spatial map of the g (1) (-r,r,0) is displayed in Fig. 5.9(c),
as calculated from Fig. 5.9(a), while the profile along the black dashed-line starting from
the autocorrelation point is displayed in Fig. 5.9(e). By fitting the experimental decay with
an exponential function, a coherence length of L x ≈ 100 µm is obtained.
In addition to the presence of 1D long-range spatial correlations along the stripes, one
could wonder if, despite the disorder, the PEP condensate can still manifest the wholly 2D
nature of SLRs. In order to verify this property, the g (1) along the direction perpendicular to
the emitting stripes is measured in another position by rotating the sample, as displayed
in Fig. 5.9 (d,f). We find that, regardless of the spatial fragmentation of the condensate,
there is a high degree of coherence, which is maintained also between different stripes. In
particular, by fitting all the g (1) maximum positions along the stripes, an exponential decay
is still obtained, shown as a red curve in Fig. 5.9(f ), with a coherence length of L y ≈ 120 µm.
This value is very similar to the one obtained for the x-direction, which demonstrates the
2D nature of the PEP condensate. In Fig. 5.9(b), we clearly observe that by increasing
the excitation power, both the intensity and the coherence length increase, as shown in
Fig. 5.9(b) with black and red dots, respectively, manifesting the spontaneous buildup of a
global phase at the PEP condensation energy due to the phase coherent Bose stimulated
scattering process. Since the LP branch below threshold has a very low emission intensity,
the pump rate dependence of the coherence length and the emission intensity have been
estimated only above threshold (Fig. 5.9(b)).
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Figure 5.9: Two-dimensional spatial coherence of the PEP condensate. (a) Experimental
interferogram. (b) Emission intensity and coherence length along the x-direction as a
function of the excitation power. (c) Map of first order correlation function. The dot at the
center indicates the autocorrelation point r0 . (e) Profile of the g (1) (−x, x, 0) extracted along
the black dashed line in (c), parallel to the x-axis. (d) Map and (f) profile along the dashed
line, parallel to the y-axis, of the first order correlation function, in the configuration with
vertical PEP condensate stripes. The red line shows the exponential fit to the coherence
data showing a decay length of about 100 µm for both directions.

Finally, we also measured the coherence time of our PEP condensate as shown in
Fig. 5.9(a) for three different delays on an individual emitting stripe. The g (1) (r = 0, ∆t),
at the autocorrelation point, is then calculated and plotted in Fig. 5b, displaying a loss of
coherence with a decay time of t c ' 1.7 ps, as obtained by fitting the experimental points
with a Gaussian decay function. We expect this coherence time to be underestimated
due to the pulsed nature of the excitation. In fact, as shown in the sketch of Fig. 5.10(b),
when one of the arms of the interferometer is delayed with respect to the other, only a
partial temporal superposition of the emission signals coming from the two arms can
interfere, while an increasing background signal from not-overlapping pulses (shown as
gray shaded regions in the sketch) reduces the overall visibility of the fringes.
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Figure 5.10: Temporal coherence of the PEP condensate. (a) The interference pattern of
an individual emitting stripe, at different delay times ∆t (0.07, 0.7, and 2.7 ps, respectively)
between the two arms of the interferometer. (b) Time decay of the coherence in the
autocorrelation point, g (1) (r 0 , ∆t ). The red line shows the stretched exponential fit to
the data. Inset: sketch of the partial superposition between the signals of the two
interferometer arms resulting from the pulsed excitation and delayed in time with each
other. Only the overlapped signal part contributes to the interference.

Conclusion
In conclusion, we demonstrate the first polariton laser based on a plasmonic open cavity
using an organic emitter. By exploiting diffractive coupling in a metallic nanoparticle
array, we obtain spectrally sharp surface lattice resonance modes leading to the formation
of PEPs in a dye-doped layer above the surface of the array. A lasing threshold in this
system appears alongside the onset of strong-coupling at high dye concentrations, when
a sufficiently large number of molecules interact with the SLR mode, leading to an avoided
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crossing as seen in extinction measurements. At subsequently higher concentrations, the
threshold pump energy diminishes and we observe a very low lasing threshold in organic
polariton laser systems. Though the observation of strong-coupling appears in far-field
measurements through coupling of a bright mode to molecular resonances, the radiatively
dark mode supported by the array plays a critical role in the near-field providing a low-loss
channel in which polaritons can accumulate. This ultimately results in PEP lasing at an
orthogonal polarization to that of the bright mode. While the optimal conditions for polariton lasing in plasmonic arrays remain to be determined, subsequent tailoring of both
the mode structure of the array and the emitter could conceivably lower the lasing threshold reported here further (for instance by making use of pump-enhancement). Note that
the energy difference between the RAs and the LSP resonance in arrays of nanoparticles
defines the confinement of SLRs to the surface, i.e., the mode volume and also their quality
factor which affect the threshold. Therefore, arrays of metallic nanoparticles constitute a
rich system that requires a thorough investigation. In addition, the ease in the fabrication
of large area arrays by nanoimprint lithography and the open nature of the cavity opens
a window through other interesting phenomena occurring in polariton systems with an
architecture that provides potentially straightforward implementation into devices.
Time-resolved measurements reveal the ultrafast ps dynamics leading to the condensate
formation, with a 2.5 meV energy blueshift of the condensate due to PEP interactions.
A widely extended two-dimensional spatial coherence is also observed, showing a high
degree of robustness against disorder and inhomogeneities. As a result, our system can
be described as a single macroscopic state, with a coherence length longer than 100 µm.
These findings are very promising for studying properties of quantum fluids at room temperature with ultrafast dynamics, thus opening the way towards future plasmon-excitonpolariton based condensates and devices.
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C HAPTER 6
N ONLINEAR EMISSION OF
MOLECULAR ENSEMBLES STRONGLY
COUPLED TO PLASMONIC LATTICES
WITH STRUCTURAL IMPERFECTIONS

In the previous chapter, we focused on plasmon-exciton-polariton (PEPs) lasing
from a sample with a low degree of imperfections. Here, we demonstrate how
structural imperfections in the lattice can influence the behavior reported in
chapter 5 in molecular layers strongly coupled to extended light fields in arrays
of plasmonic nanoparticles. As pointed out earlier in this thesis, hybrid lightmatter states formed by the strong coupling of Frenkel excitons in molecules
to surface lattice resonances are known as PEPs. These resonances result
from the radiative coupling of localized surface plasmon polaritons in silver
nanoparticles, enhanced by diffraction on the array. By designing arrays with
different lattice constants, we show that the nonlinear emission frequency is solely
determined by the relaxation of exciton-polaritons through vibrational quanta
in the molecules. We also observe long-range spatial coherence in the samples,
which supports the explanation in terms of a nonlinear collective emission of
strongly coupled PEPs. In contrast to recent observations of exciton-polariton
lasing and condensation in organic systems, photonic modes play a minor role
at the emission frequency in our system and this emission has an undefined
momentum because of the structural imperfections. This remarkable result
reveals the rich and distinct physics of strongly coupled organic molecules to
photonic cavities.
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6.1 Introduction
Exploring the physics of exciton-polaritons, i.e., quasi-particles formed by the strong coupling of light and matter has been the motivation of many experimental and theoretical
works [50]. Room-temperature realizations of strong light-matter coupling have been
made possible by combining organic materials and nanophotonic structures [131, 133].
In line with previous studies on exciton-polaritons in inorganic microcavities at low temperatures, organic exciton-polaritons have been shown to exhibit nonlinearities such as
optically parametric oscillation [162], polariton lasing [38, 56, 163], condensation [57, 58,
164] and superfluidity [165].
Coherent emission phenomena, such as exciton-polariton lasing using organic
molecules shares many similarities with its inorganic counterparts at low temperatures.
However, there are fundamental differences that distinguish the two phenomena [26].
Unlike the mobile and spatially extended Wannier-Mott excitons found in inorganic
semiconductors, Frenkel excitons in organic materials tend to be highly localized to
single or few molecules. At low temperatures and in inorganic materials, the dominant
relaxation channels leading to polariton lasing or non-equilibrium exciton-polariton
condensation are polariton-polariton and polariton-exciton scattering [50], mediated by
Coulomb interactions between spatially extended excitons. In contrast, such interactions
in organic molecules tend to be weak due to the localized nature of Frenkel excitons.
However, an additional relaxation channel exists through intramolecular phonons and
vibronic coupling [56, 59, 158, 159]. In this case, high-frequency Franck-Condon active
vibrational modes act to resonantly populate lower energy polariton states, eventually
leading to condensation at a faster rate than that dictated by thermalization through
numerous weak scattering events [38, 158, 159, 166].
In this chapter, we use arrays of plasmonic nanoparticles supporting collective modes,
known as surface lattice resonances (SLRs), to strongly couple them to the electronic transition of organic molecules in the vicinity of the array with structural imperfections and
demonstrate the coherent nonlinear emission. Unlike microcavities, the lattice of plasmonic nanoparticles can be considered as an open cavity, i.e., the sample is transparent
for most of the energies and momenta except at resonances, and we can directly access
the energy and the momentum of the exciton-polaritons after the scattering process. This
characteristic enables us to observe a transition from spontaneous emission to coherent
nonlinear emission of molecules strongly coupled to SLRs. Surprisingly, the emission
frequency is solely determined by the relaxation of exciton-polaritons through vibrations
in the individual molecules collectively coupled the SLRs, and SLRs do not play a relevant
role in the emission besides enhancing the out-coupling of light. Other salient feature
of the emission, revealed with Fourier microscopy, is that this emission occurs in the full
momentum space. In contrast to what is reported in chapter 5, in addition to the other
demonstrations of exciton-polariton lasing and condensation in organic systems [56–58],
where the coherent emission above threshold has a defined wavevector, in our system
there is not a single mode at the emission frequency that defines the wavevector of the
coherent emission. Instead, a speckle-like emission pattern due to structural imperfections is observed, modulated by the linear outcoupling of the emission by SLRs. This
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behavior of coherent emission arises from the presence of structural imperfections in the
lattice. Interferometric measurements reveal the long-range spatial coherence over the
pumped area constituting a clear indication of the collective radiation of the molecules.
These results demonstrate a novel and unconventional behavior of emission with enhanced spatial and temporal coherence in the nonlinear regime despite the absence of a
well-defined emission momentum as could be expected from any exciton-polariton condensate or laser.

6.2 Sample fabrication
The sample was fabricated on a glass substrate (Corning glass, Eagle 2000). The substrate
was thoroughly cleaned in an ultrasonic bath with acetone for 30 minutes, followed by
rinsing in IPA, DI water and drying with N2 gas blow. The substrate was further cleaned
with O2 plasma at 300W for 10 minutes to promote the adhesion of positive electron beam
resist (ZEP520A). The nanoparticle arrays, with a size of 2.5 ×2.5 mm2 , were fabricated with
electron beam lithography (Raith EBPG 5150), followed by a standard lift-off process. An
e-beam evaporator (BVR2008FC) was used to evaporate 1.5 nm Ti at the rate 1 Å/s and 20
nm Ag at the rate of 3 Å/s. Subsequently, the sample was placed inside the 100 o C chamber
of the Atomic Layer Deposition reactor (Oxford Instruments OpALTM ) to deposit 3 nm of
Al2 O3 with [Al(CH3 )3 ] TMA precursor (Air Liquide, 99.9999%). A 200 nm layer of PMMA
was spin-coated on top of the Ag arrays to characterize the bare surface lattice resonance.
Afterward, the PMMA layer was removed using acetone and a new layer of 45 %wt dye
molecules in PMMA with a thickness of 230 nm was spin coated on the array.

6.3 Experimental results
The scanning electron microscopy image of the silver nanoparticle array is shown in
Fig.6.1(a). The long lattice constant (x-direction) of the array is a 1 =380 nm, and the
short lattice constant is a 2 =200 nm. The dimensions of the particles are 200 nm× 50
nm× 20 nm. A similar sample with a slightly longer lattice constant of a 1 =420 nm has
been fabricated with the same particle dimensions. The array is covered with a 230
nm thick layer of PMMA doped with a rylene dye (N,N’-Bis(2,6-diisopropylphenyl)-1,7and -1,6-bis (2,6-diisopropylphenoxy)-perylene-3,4:9,10-tetracarboximide) with 45 wt%
concentration of the dye in the polymer. The absorption and emission spectra of this dye
are shown in Fig. 6.1 (b). The two major peaks in the absorption spectrum at E x1 = 2.24
eV and E x2 = 2.41 eV correspond to the electronic transition and vibronic transition of the
molecules at the excited state, respectively.
Arrays of plasmonic nanoparticles can support SLRs [16, 64, 152, 167]. These are hybrid plasmonic-photonic modes resulting from the enhanced radiative coupling between
Localized Surface Plasmon Resonances (LSPRs) of the individual nanoparticles through
the in-plane orders of diffraction, i.e, Rayleigh Anomalies (RAs). The dispersion of the
RAs can be calculated using the grating equation describing the conservation of the inplane momentum. Strong field enhancement along with a delocalized electric-field, are
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Figure 6.1: SEM image of a silver array fabricated on a glass substrate. (b) Normalized
absorption and emission spectra of the dye molecules. Measurements of extinction for the
array with pitch sizes of (c) 380 nm and (d) 420 nm. The insets indicate the orientation of
the array and its rotation direction (white arrow). Yellow arrow represents the polarization
of the incident white light. The white dashed line at 2.035 eV shows the energy of the
nonlinear emission. The red dashed curves represent the SLRs. The horizontal red dashed
lines indicate the energy of the electronic and vibronic transition of the molecules and
gray solid curves illustrate the dispersions of the PEP.

characteristic of SLRs. These properties facilitate the interaction of SLRs with the organic
molecules to achieve strong light-matter coupling and the formation of plasmon-excitonpolaritons (PEPs) [36, 37, 39, 134].
The angle-resolved extinction of the samples was measured using white light to determine the dispersion of the PEPs. The polarization of the incident light is fixed along the
short axis of the nanoparticles (y-axis) to excite the LSPRs along this axis. The samples
were rotated around the x-axis. In Fig.6.1(c,d) we can see the extinction measurements
of the arrays with a 1 = 380 and a 1 = 420 nm, respectively. These dispersions are similar
for the two samples, albeit with an energetic red-shift due to the longer lattice constant.
The red dashed curves in this figure indicates the dispersion of the first-order SLR in a
medium with an effective refractive-index of 1.5. The non-dispersive red dashed horizontal lines indicate the energy of the electronic transition and the first vibronic transition
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of the molecules. A similar anti-crossing in the dispersion of the modes as previously
described in chapters 4 and 5, characteristic of the strong light-matter interaction and
the formation of PEPs, is seen at the energy and momentum where the SLR (E SLR (k)) and
molecular transition intersect. As pointed out earlier in chapter 1, considering only the
coupling of the SLRs to the electronic transition (E x ), the upper and lower energy PEPs are
given by
·
¸
q
1
E SLR (k) + E x − i (γSLR + γx ) ± 4g 2 + (E SLR (k) − E x − i (γSLR − γx ))2 .
(6.1)
E ± (k) =
2
where the Rabi energy ħΩ = 2G defines the coupling strength, and γSLR and γx are the
decay rates of the SLR and the excitons, respectively.
The solid gray curves in Figs. 6.1(c,d) correspond to the dispersion of the coupled states
obtained by diagonalization of the Hamiltonian in which the coupling of the molecular
transitions to the SLR is considered, but neglecting the coupling between the electronic
transition and the vibronic transition. A Rabi energy splitting of 220 meV is obtained
between the lower and middle polariton bands.
To study the emission properties of the samples at different pump fluences, they were
pumped using pulses of 100 fs and E pump = 2.455 eV under normal incidence. The repetition rate of the pump laser was 1 kHz. The emission from the sample was collected in the
normal direction. In Fig. 6.2(a), the emission of the sample with a 1 = 380 nm is shown as a
function of the photon energy and pump fluence. By increasing the pump laser intensity,
the emission intensity increases linearly until the emergence of the threshold and the
nonlinear increase of the emission intensity. The sample with a 1 = 420 nm manifests a
similar behavior. To illustrate the nonlinear behavior of the emission of both samples, the
emission intensity at the forward direction is plotted as a function of the incident pump
fluence in Fig. 6.2(b).
To fully characterize the emission properties of the dye molecules, we have implemented two separate control experiments. In the first experiment, we measured the
amplified spontaneous emission (ASE) of a 230 nm thick layer of PMMA doped with
45 wt% dye molecules in the absence of any plasmonics structure. The spectrum of
the ASE is shown in Fig. 6.3 as a blue curve. Furthermore, to illustrate the effect of the
periodic structure and SLRs on the formation of the PEPs and to exclude the possibility
of plasmonic lasing (spaser) through LSPRs, we have fabricated an array of random
nanoparticles with the same size and geometry of the nanoparticles of the periodic arrays
and covered it with an identical dye-doped polymer layer. By pumping the random array,
we do not observe lasing even at the highest fluences reachable by our laser (black curve
in Fig. 6.3). The main difference with the bare molecular layer is that the broad peak of
the ASE is slightly blue-shifted due to the interplay of the loss and gain in the presence of
the plasmonic nanoparticles.
The vibrational quantum of the molecules in our system has an energy E X 2 - E X 1 , i.e., the
energy difference between the electronic transition and the first vibronic transition in the
absorption spectrum. The role of vibronic relaxation on the nonlinear emission energy
is shown in Fig. 6.3, where the emission spectra above the threshold (P = 1.2Pt h ) for the
samples with the pitch size of 380 nm and 420 nm are plotted. It can be seen that the
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Figure 6.2: (a) Emission spectra of the array of nanoparticles with lattice constant a 1 = 380
nm for different pump fluences. (b) Emission intensity at 2.032 eV as a function of the
incident pump fluence for the arrays with lattice constants of 380 nm (blue) and 420 nm
(red).

energy of the nonlinear emission peak is insensitive to the significant change in the lattice
constant and the dispersion of the SLRs. These measurements confirm that the emission
frequency is independent of the cavity frequency and is locked one vibrational quantum
below the exciton-polariton reservoir (zero-phonon line of the molecules). In this case, the
effect of the cavity is limited to strongly couple the optical mode to the molecular excitons.
The radiative scattering of PEPs with molecular vibronic states leads to coherent emission.
Having established the role of vibronic relaxation in the nonlinear regime, we can
wonder the effect that this molecular process has in the momentum distribution of the
emission. For organic-based exciton-polaritons in which the molecules are randomly
distributed in the polymer matrix, the relaxation of exciton-polaritons occurs due to the
scattering from the vibrations localized on the individual molecules collectively coupled
to the optical mode, i.e., the SLR. The momentum of exciton-polaritons after vibronic
relaxation with phonons is not well-defined due to the localization of this process on
individual molecules. Consequently, we should expect a broad momentum distribution
of emitted photons after relaxation [59]. Hence, unlike inorganic exciton-polaritons,
the momentum is not necessarily a good quantum number to describe the nonlinear
emission. The distribution of momenta after the scattering of PEPs from the molecular
vibrations can be determined by measuring the angular distribution of the emitted
photons. Measuring the intensity at the back focal plane of the objective lens used to
collect the emission is a straightforward method to access this information. We have
used a 50× objective with an NA=0.6 to collect the emission. In these measurements, the
pumped area is kept larger than the field of view of the objective. The Fourier patterns
of the emission from the samples with a 1 = 380 and 420 nm are shown in Figs. 6.4(a,b)
at a pump fluence below the threshold (P= 0.8Pt h ), and using a bandpass filter at E
= 2.032 ± 0.016 eV to collect solely the nonlinear emission above the threshold. The
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Figure 6.3: ASE spectra of a PMMA layer with 45wt% dye (blue curve) and a similar layer
on top of a array of random nanoparticles (Black curve). The red and green curves are
the emission spectra of the arrays with lattice constants 380 nm and 420 nm covered with
PMMA/dye, pumped at P = 1.2P t h . The peak at E ≈ 1.92 eV corresponds to the emission
of the lower-PEP from 420 nm pitch sample.

emission pattern of both samples at pump fluences below the threshold is the result of
the enhanced outcoupling due to the lattice [88].
Figures 6.4(c,d) show the Fourier patterns obtained from the samples by pumping
above the threshold. Even above the threshold, the emission is not limited to specific
wavevectors as previously reported in similar hole arrays or nanoparticles arrays weakly
and strongly coupled to organic molecules [20, 38, 79, 122]. Instead of a well-defined
wavevector for the nonlinear emission, this emission is omnidirectional, with a speckle
pattern in reciprocal space. The speckle pattern can be attributed to the fact that the
detected emission is the result of the localized coherent emissions and the interference in
the far-field. In addition, the PEP bands are also visible in the Fourier patterns above the
threshold. Similar to the emission enhancement below the threshold, at these bands the
intensity is enhanced by the out-coupling of the emission. We have confirmed that the
PEPs bands do not play a major role in defining the momentum of the nonlinear emission
by measuring that below and above the threshold, and regardless of the pump fluence,
the ratio of the intensity emitted along the PEPs bands with respect to the intensity
emitted in different directions remains nearly constant. These measurements are shown
in Figs. 6.4(e,f ), where the normalized intensity profiles to the averaged maximum of the
emission below and above threshold along k y /k are displayed. This constant intensity
ratio confirms that the optical modes contribute to the enhancement of the out-coupling
of the emission, but not in the nonlinear emission process itself. We note that the
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Figure 6.4: Fourier image of the emission below the threshold (0.8P t h ) from the sample
with lattice constant of (a) 380 nm and (b) 420 nm along the x-direction. Fourier image
of the emission from the samples beyond the threshold (1.2Pt h ) from the sample with
lattice constant of (c) 380 nm and (d) 420 nm (Unit of intensity is cps). Cross-section of the
Fourier pattern below and above the threshold at kx /k = 0 and along the k y /k for a lattice
constant of (e) 380 nm and (f) 420 nm.

absence of a defined emission momentum despite the large temporal coherence is one
of the major differences with respect to the conventional band-edge lasing or excitonpolariton lasing from plasmonic systems where the emission occurs in well-defined
direction [20, 38, 79, 122, 168]. This characteristic of the coherent emission supports the
argument that the emission from strongly coupled molecules to SLRs originates from
local (molecular) sources with undefined momentum [59]. In particular, we need to
take into account the role of disorder and imperfections in the nanostructure during the
fabrication process [169]. Due to the imperfections in the lattice or within the polymer
matrix, localized electric-field hot spots can be formed that lead to flat dispersion of the
emission. To gain insight in the modification of the electric fields due to the presence
of imperfections, we have simulated the electric-field intensity in the array of silver
nanoparticles at the frequency of the SLR in the absence and presence of imperfections.
To simulate the lattice of nanoparticles with imperfect particles, we have made a finite
lattice of nanoparticles with the size of 20×20 nanoparticles. Each nanoparticle in this
lattice contains a certain surface roughness. Each nanoparticle is composed of many thin
slices of 4 nm with random variance in width between 20 nm to 46 nm that results in a total
length of 173 nm. In the absence of imperfection (Fig. 6.5(a,c)) the electric-fields are more
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Figure 6.5: SEM images of samples with 380 nm pitch size along the long axis (a) used in
in Ref.[38] (Low imperfections) (b) used in the current work with high degree of disorder
and imperfections . The scale bars are 200 nm. Simulations of the electric field intensity
for the lattice (c) without imperfections and (d) with imperfections. Angle resolved PL
measurements of the exciton-polaritons above the threshold for the sample (e) without
structural imperfections and (f) with structural imperfections.

homogeneously distributed over the space and significant radiative-coupling between the
particles is visible due to the collective nature of SLRs. By introducing the imperfections
in the array (Fig. 6.5(b,d)) many near-field hot spots can be observed besides a less
pronounced long-range radiative-coupling between the nanoparticles. To better illustrate
the role of disorder on the nonlinear behavior, we have included angle-resolved PL maps
corresponding to these two samples in 6.5(e,f). These comparisons illustrate the very
different emission properties in samples with different degrees of disorder. The larger
imperfections in the current sample prevent the system to radiate with a well-defined
momentum, i.e., a general property of polariton lasing.
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Figure 6.6: Interference pattern of the emission from the sample with the pitch size of 380
nm (a) below (P = 0.6Pt h ) and (b) above threshold (P= 1.5P t h ). Interference pattern of
the emission from the sample with the pitch size of 420 nm (c) below (P = 0.6Pt h ) and (d)
above threshold (P= 1.5P t h ) for the sample with pitch size of 420 nm. A bandpass filter at
E = 2.032 ± 0.016 eV is used to select the superradiant emission.

6.4 Spatial Coherence in the nonlinear regime
An interesting observation is the long-range spatial coherence of the nonlinear emission,
despite its localized nature. Long-range spatial coherence in the samples was measured
using a Michelson interferometer, where in one of the arms a retroreflector is placed to
make a centrosymmetric image of the original emission image. The images of the two
arms of the interferometer are overlapped on a CCD camera. No interference fringes are
visible in any of the samples when they are pumped below the nonlinear threshold (see
Figs. 6.6 (a)), indicating the absence of coherence in the linear regime. In contrast, fringes
over the full image appear in the interferogram when the pump fluence is increased above
threshold (see Fig. 6.6 (b)). These fringes indicate the persistence of long-range spatial
coherence although the emission is originated from localized sites, which points toward
the role of radiative-coupling between the nanoparticles leading to the formation of SLRs.

6.5 Conclusions
In conclusion, we have shown a new emission regime of organic molecules coupled to
collective plasmonic resonances. In particular, we have demonstrated that an ensemble
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of excited molecules with an electronic transition strongly coupled to a surface lattice
resonance in an array of plasmonic nanoparticles radiate coherently despite the presence
of structural imperfections. In contrast to organic polariton condensates, where there is a
well-defined emission momentum, the nonlinear emission in our study is not significantly
influenced by the optical modes and a speckle-like pattern is measured in all the probed
directions. The frequency of the emission is solely determined by the vibrational quanta
of the individual molecules. We also measure a long-range spatial coherence, confirming
the coherent emission of the strongly coupled molecules.
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C HAPTER 7
U LTRAFAST DYNAMICS OF
N ON - EQUILIBRIUM O RGANIC
E XCITON -P OLARITON
C ONDENSATES
In the past three chapters, we have focused on the time-integrated properties
of exciton-polaritons, such as condensation thresholds and spatial coherence,
in addition to the behavior of the condensate in the presence of structural
disorder and imperfections. The exact mechanisms leading to the thermalization
of organic exciton-polaritons towards condensation are not yet understood,
partly due to the complexity of organic molecules and partly to the canonical
microcavities used in condensation studies, which limit broadband studies.
Here, we use an array of plasmonic nanoparticles strongly coupled to organic
molecules (as described in chapter 5) to successfully measure the broadband
ultrafast dynamics of the strongly coupled system. Sharp features emerge in the
transient spectrum originating from the formation of a condensate with a welldefined vibrational composition. These measurements represent the first direct
experimental evidence that molecular vibrations drive condensation in organic
systems and provide a benchmark for modeling the dynamics of organic-based
exciton-polariton condensates.

81

7 Ultrafast Dynamics of Non-equilibrium Organic Exciton-Polariton Condensates

7.1 Introduction
Strong light-matter interaction and the resulting bosonic hybrid states known as excitonpolaritons have been the subject of major scientific efforts in recent years. The collective
behavior of exciton-polaritons and the physics associated with their interacting nature
have led to many important observations within the territory of nonlinear optics [50].
While most of these observations have been done using high-quality inorganic semiconductor microcavities, there has been a recent growing interest in organic-based excitonpolaritons due to their strong exciton binding energy, providing a room temperature platform for these investigations [38, 56–58, 164]. As we have seen in chapters 5 and 6, organicbased exciton-polariton condensation is an underlying phenomenon for the realization of
low-threshold coherent light sources. Organic-based exciton-polariton condensates share
several similarities to their inorganic counterparts, however, profound differences exist
specifically in their thermalization mechanisms. This calls for research to improve the
efficiency of these systems and to reduce their operation thresholds.
As described briefly in chapters 1 and 5, one feature unique to organic-based excitonpolariton condensation concerns the role of intramolecular vibrations: vibronic coupling
in organic systems has a large effect on not only the photophysics but also on the relaxation dynamics of small molecules en route to condensation [59, 158, 170, 171] and
continues to be explored in the contexts of the emissive properties of exciton-polaritons.
According to theoretical works, which focus on few-level systems describing optical transitions coupled to a single high-frequency vibrational mode, the process of relaxation from
the exciton-polariton reservoir to the bottom of the dispersion curve is assisted by the
emission of a vibrational quantum in the electronic ground state [59, 157]. Despite these
theoretical studies, no direct experimental evidence of this relaxation mechanism towards
condensation has been reported up to now. The existing experimental literature has thus
far focused on the dynamics of exciton-polaritons in the linear regime [139, 172–175], leaving the nonlinear relaxation dynamics of organic-based condensates unexplored. Condensation in molecular systems has not yet been achieved in the steady state but follows
impulsive excitation using short laser pulses, thus requiring ultrafast resolution to monitor
the subsequent relaxation of the system.
In this chapter, we investigate the ultrafast dynamics of condensation and probe the fate
of the participating molecules in this process. Broadband ultrafast transient-absorption
(TA) spectroscopy, where a pair of short pulses are used to excite the sample and subsequently probe it, allows to investigate both excited- and ground-state dynamics of the system and isolate unique signals accompanying condensation. In these measurements, we
observe the appearance of very sharp spectral features in the transient signal for excitonpolariton densities above the threshold for condensation. These features originate from
the presence of a macroscopically occupied coherent state with a well-defined vibrational
composition. Our measurements represent the first direct experimental evidence of the
role of molecular vibrations in the formation of organic exciton-polariton condensates.
To probe the condensation dynamics over a broad spectral range, we use an array of
silver nanoparticles with optical modes strongly coupled to the electronic transition of
the organic molecules [36, 38, 39]. The optical modes in these systems are propagating
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waves on the surface of the array, known as Surface Lattice Resonances (SLRs). Unlike
microcavities, where the transmission is low at energies and momenta other than the
exciton-polariton bands, exciton-polaritons formed by SLRs have high transmission at
frequencies above and below the exciton-polariton dispersion, facilitating a broadband
probe of the system. By varying the incident laser power, and thus the density of excitonpolaritons, we monitor the formation of the condensate through the evolution of the TA
signals.

7.2 Sample description
The investigated sample was previously introduced in chapter 5 and consists of a glass
substrate (refractive index= 1.51) with a periodic array of silver nanoparticles on top. On
top of the array, there is a 200 nm layer of PMMA doped with a rylene based molecule
(N,N’-Bis(2,6-diisopropylphenyl)-1,7- and -1,6-bis (2,6-diisopropylphenoxy)-perylene3,4:9,10-tetracarboximide) with 35 wt% concentration of the dye with respect to the
PMMA. The absorption and the photoluminescence (PL) spectra of the PMMA doped
with the dye molecules are displayed in Fig. 5.1(a). The absorption spectrum shows a
pronounced and well-defined maximum associated to the 0-0 electronic transition and
two distinguishable vibronic replicas at higher energies.
The presence of the molecules in the PMMA layer at sufficiently high concentrations
within the mode volume modifies significantly the dispersion of the SLRs, resulting in
strong light-matter coupling [35–37, 39]. In Fig. 5.2, we plot the extinction of the sample
with the dye-doped layer. The Rabi splitting between the lower and middle PEPs is 200
meV. Additionally, increasing the molecular concentration leads to the enhancement of
the refractive index of the PMMA layer. This increase results in the formation of the guided
mode in the layer as can be seen as a dispersive mode with a minimum energy of 2.12 eV
in Fig. 5.2(d).
Similar to chapter 5, the photoluminescence (PL) properties of the system are investigated following photoexcitation of the sample with 150 fs pulses at E pump = 2.455 eV,
generated with an optical parametric amplifier. In contrast to previous investigations in
inorganic systems, condensation and associated phenomena in organic materials have relied on short pulses, high brightness amplified laser sources to achieve a sufficient density
of exciton-polaritons [38, 56, 58]. To observe the transition from the linear to the nonlinear
regime corresponding to exciton-polariton condensation, we increase the pump fluence
and collect the PL in the forward direction. In Fig. 7.1(a) we show the collected PL intensity as a function of the absorbed pump fluence. Upon increasing the pump fluence,
a threshold for condensation is resolved and a transition to the nonlinear regime in the
emission becomes evident. In addition, a sharp peak with a narrow linewidth appears in
the PL spectrum above the threshold (Fig.7.1(b)). Above the threshold, we also observe
a modification of the angular distribution of emission consistent with condensation at
k x = 0. In addition to the angle-resolved measurements of the PL described in chapter 5,
we have also performed imaging of the back focal plane of the collection objective in a
Fourier microscope to quantify this modification: below the threshold the emission of the
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Figure 7.1: (a) Intensity of the emission in the forward direction as a function of the
absorbed pump fluence. (b) Emission spectra for pump fluences below (0.2P t h ) and above
(2P t h ) the polariton-lasing threshold (P t h ). Fourier pattern of the emission at the energy
of the condensation for fluences below (0.2P t h ) (c) and above (2P t h ) (d) the threshold.
The white circle represents the numerical aperture of the collection objective. The color
sales represent the PL counts per second at 2.04 eV.

sample at the energy of 2.04 eV, which corresponds to the condensate energy, follows the
dispersion of the SLRs (see Fig.7.1(c)); However, the emission at the same energy is highly
directional above the threshold (see Fig.7.1(d)), and out-coupling occurs mainly in the
forward direction (k x /k = k y /k = 0).
It has been previously suggested, through observation of the PL dispersion of excitonpolaritons [159, 176, 177], that there is a strong correlation between the PL in the linear
regime from organic exciton-polaritons and the discrete vibrational modes supported by
the molecules. Specifically, the PL is enhanced at energies equal to the frequencies of
certain vibrational modes. Note that the zero-phonon line is considered in these works
to be approximately at the energy of the main electronic transition. A rapid population
increase of the exciton-polaritons at k x = 0 is possible at sufficiently high excitation densities, following emission of a high-frequency vibrational quantum in the molecular groundstate [38, 56, 59, 157, 158]. The phenomenological representation of this process, proposed
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Figure 7.2: Phenomenological model used to described the process of vibrationallyassited radiative emission proposed by Mezza et al. in Ref. [59, 157]

.
by Mazza et al. in Ref. [157], is displayed in Fig. 7.2. In this model, they consider that
the scattering process is mediated by molecular photoemission with the creation of a
vibrational quantum in the ground-state of the molecule, assuming that the vibrational
state is localized onto single molecules. The immediate consequence of this model is
that the energy of the condensate is defined by the energy of the vibronic replica in the
molecules rather than the energy of the cavity.
To examine the correlation between the energy of the condensate and the molecular
vibrational degree of freedom, we measure the spontaneous Raman spectra of the dye
molecules (Fig. 7.3). Multiple peaks associated with different vibrational degrees of freedom are present in this molecule. The strongest peak in this Raman spectrum is at ∆E= 170
meV. Interestingly, the difference between the energy at which exciton-polariton condensation occurs (E pl = 2.02 eV) and the energy of the electronic transition in the molecules
is approximately equal to the Raman peak associated with the strongest vibrational mode
in the molecules. This correspondence suggests the role of molecular vibrations in the
condensation process in agreement with the previously suggested relaxation mechanism
in the linear regime [157, 177].
To have a deeper insight into the processes involved at the molecular level after photoexcitation, we need to study the dynamics of PEPs and the possible relaxation mechanisms
at different pump fluences. For this purpose, we use an ultrafast transient absorption (TA)
spectroscopy technique.

7.3 Pump-Probe experiment
Within the context of nonlinear spectroscopy, the pump-probe experiment is one of the
most widely employed techniques to probe the dynamics of the ground and excited states
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Figure 7.3: Absorption and spontaneous Raman spectra of the dye along with a schematic
representation of the dominant channel responsible for the relaxation of the organicbased exciton-polaritons.

of different compounds. Hence, it has been commonly used to trace population relaxation, wave packet dynamics, and chemical reaction kinetics. This technique relies on the
third-order coherent nonlinear wave mixing and the signal is radiated collinear with the
probe. As a result, the conservation of the momentum or wavevector matching is given by
~
k si g = +~
k pump − ~
k pump + ~
k pr obe = ~
k pr obe .

(7.1)

To measure the ultrafast TA of the PEP condensate, we used a pump-probe setup according to the schematic illustration in Fig. 7.4(a). A 800 nm pulse with 100 fs time duration
generated from a regenerative amplifier (Coherent Legend Elite) is sent to the setup. A
small fraction of the input beam (5%) illuminates a sapphire crystal to generate the white
light, i.e. the broadband probe. The white light is collected and collimated by an off-axis
parabolic mirror and travels between a pair of chirped mirrors with 8 total reflections to
compensate the second-order dispersion. The white light beam is focused on the sample and the transmitted beam is sent into the spectrometer. The rest of the input pump
(95%) is directed into a BBO crystal for frequency doubling and sent to the retro-reflector
mounted on a delay stage. The pump is focused on the sample where the probe is present
to provide a spatial overlap between the pump (400 nm) and the broadband probe (see
Fig. 7.4 for the spectrum of the white light). The temporal overlap is provided using a
delay stage. A chopper is placed in the optical path of the pump to modulate the pump at
a 500 Hz frequency. The TA signal for each delay time is calculated as
T − T0
∆T
=
,
T
T0

(7.2)

where T represents the transmission of the probe in the presence of the pump and T0 is
the transmission of the probe in the absence of the pump. In a simplified picture taking
into account a compound containing a ground-state, and first and second singlet excited
states (S1 and S2 ), different transitions between energy levels manifest themselves in three
different contributions to the TA signal: Ground-state bleach (GB), Stimulated emission
(SE) and Induced absorption (IA). These contributions are illustrated in Fig. 7.5(a). GB
and SE are identified as positive components in the TA signal, since they both contribute
86

7.4 Transient absorption below threshold

to the enhanced transmission of the probe, while IA leads to a negative component of the
TA due to the partial absorption of the probe by higher energy levels in the sample.
In the case of fluorescent samples, we need to take into account that the emission from
the sample (below or above the threshold) is not part of the coherent signal generated in
pump-probe experiment; However, since the probe is incident on the sample at normal
incidence, in addition to the white light probe, the time-integrated lasing emission is also
collected by the spectrometer. This signal can be removed using a double-modulation
scheme, including a second chopper to modulate the probe, which is rotating at half of
the frequency of the first chopper [178]. Simultaneous modulation of the pump and the
probe generates four pump-probe states: pump on- probe on (T11 ), pump on- probe off
(T10 ), pump off- probe on (T01 ) and pump off- probe off (T00 ). These states are represented
in Fig 7.5(b). Hence, ∆T /T is calculated according to the following equation:
T11 − T10 − (T01 − T00 )
∆T
=
.
T
T01 − T00

(7.3)

7.4 Transient absorption below threshold
To obtain a comprehensive comparison, we first look into the dynamics of the bare layer
of PMMA doped with molecules. In this way, we are able to benchmark the dynamics of
uncoupled molecules before proceeding with the strongly coupled sample. The temporal
evolution of the TA signal for the bare dye layer is shown in Fig. 7.6(a). Unlike transient
photoluminescence, which is sensitive to only excited states, the TA provides spectral
information on both excited and ground state species. The TA plot exhibits two main
bands of the positive signal corresponding to the ground state bleach (E ≈ 2.4 eV and
E ≈ 2.2 eV) and stimulated emission (E ≈ 2.2 eV and lower energies), consistent with the
steady-state absorption and photoluminescence spectra.
The relaxation of the population in the sample occurs slowly and, rather than fitting
individual traces to recover the population dynamics, we use a global analysis approach
to estimate the lifetime of the excited state [179]. We describe the dynamics using a single
exponential component in the kinetic model used to fit the temporal evolution of the
TA maps. Using this kinetic model, we can describe the TA data in terms of time and
independent spectral variables to extract the decay time of each of the involved species.
We consider the time window between 1.8 ps to 150 ps in our analysis and exclude the first
1.8 ps dynamics due to the presence of fast spectral shifts due to wavepacket dynamics
and to the instrument response function. In the inset of Fig.7.6(a), we show the decay
associated spectrum (DAS) of the TA obtained from the global fitting approach, where the
associated decay time extracted from the model is τ = 108 ps.
Having characterized the dynamics of the bare dye molecules, we investigate the influence of the SLRs and strong light-matter coupling on the dynamics of the system at different pump fluences. The time evolution of the TA signal for the same layer in the presence
of the particle array and for low excitation fluence is shown in Fig. 7.6(b). Similarly to the
case of the bare layer, we observe a slow decay. The main difference is the Fano-like shape
in the TA in the vicinity of E = 2.1 eV. This signal corresponds to the guided mode observed
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Figure 7.4: (a) Schematic illustration of the pump-probe setup used for transient
absorption spectroscopy. The spectrum of the broadband probe generated in the sapphire
is displayed in the inset. (b) Configuration of the pump and the probe with respect to the
sample and momentum conservation law associated with pump-probe experiment.

in the dispersion of Fig. 5.2(d) as the nanoparticle array facilitates the scattering of light
into the guided mode supported by the PMMA layer. The perturbation of the refractive
index of the dye-doped PMMA layer by photoexcitation of the molecules, gives rise to a
bleach signal, which follows the recovery of the photoexcited dye.
By applying the same time window as previously (1.8-150 ps) and the global analysis
scheme using a single exponential kinetic model, we can extract the DAS (inset of
Fig. 7.6(b)) and a lifetime of 109 ps. The similar lifetimes between the bare layer and the
layer on the array suggest that the density of the uncoupled molecules is significantly
larger than those that are strongly coupled to the lattice, which is in agreement with
previous studies suggesting that a minor percentage of excitons in the reservoir is
coupled to the optical modes to form coherent exciton-polaritons states [180]. Hence,
the differentiation between the coupled molecules from uncoupled ones can be very
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Figure 7.5: (a) Generic energy levels used to describe different contributions to the
transient signal from pump-probe experiment (GB: Ground-state bleach, SE: Stimulated
Emission, IA: Induced Absorption). (b) Four different pump and probe states occuring in
double modulation scheme.

P /P t h
τ(ps)

0.65
(uncoupled)
108

0.65

1

1.45

2.75

109

126

108

98

Table 7.1: Overview of the lifetime of the slow-decaying components at different fluences
(P /P t h ). All values are reported for strongly-coupled samples unless otherwise specified.

challenging in the linear regime and in the absence of resonant pumping, where the
initial state preparation in the TA experiment becomes dominated by exciton-polaritons.
Nevertheless, and as we show next, the measurements below the threshold will help us
to separate the dynamics of the uncoupled molecules from those that are participating in
PEP condensation processes at pump fluences above the threshold.

7.5 Transient absorption above threshold
To study the influence of PEP condensation on the dynamics of the molecules and its
impact on the TA signal, we carry out pump-probe experiments at fluences above the
threshold. These measurements are displayed in Fig. 7.7. The most striking features in
these measurements are several sharp peaks appear and decay within a few ps. These
sharp peaks overlap with the previously observed broad bleach features seen in Fig.7.6. As
a result, the time evolution of TA signal above the threshold comprises a long-lived signal,
that is related to the uncoupled molecules and a fast decaying component, with very sharp
spectral features, appears shortly after photoexcitation. The global analysis scheme used
in previous measurements to benchmark the signals associated with uncoupled molecules
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Figure 7.6: Temporal evolution of the TA spectra for a (a) bare layer of the dye in PMMA,
and (b) for the array covered with the dye in PMMA below the polariton condensation
threshold (P = 0.65P t h ). The curves in the right inset of each panel represent the DAS
obtained from the global fitting analysis.

can be used here as well, to better isolate the signals associated with the condensate. The
signal associated with the uncoupled molecules is subtracted from the raw data in Fig.7.7,
which represents the contribution to the condensation process with faster decay.
The time evolution of the TA signal at the threshold pump fluence is shown in Fig. 7.7(a).
After 8.3 ps, very sharp spectral features persisting for ≈ 10 ps appear at E = 2.191 eV, along
with some sidebands at higher energies. This feature becomes more noticeable for the
higher pump fluences of 1.45P t h (Fig.7.7(b)) and 2.75P t h (Fig.7.7(c)). To better illustrate
the spectral shape of these sharp peaks in the TA signals, we plot the TA spectra at t = 2
ps and t = 5 ps (dashed lines in Fig.7.7(c)) for the pump fluence of 2.75P t h in Fig.7.7(d).
Another salient feature of these measurements is the appearance of these sharp peaks at
earlier times by increasing the pump fluence. The time when these peaks appear in the TA
spectra is shown in Fig. 7.7(e) as a function of pump fluence.
The dynamics above threshold reveal some interesting features: the appearance of a
transient signal persisting over a few picoseconds is consistent with the timescale for formation and decay of the condensate as seen in time-resolved PL measured by streak camera with lower time-resolution (see Fig. 5.6, chapter 5 for more information) [181]. It
needs to be noted that we do not observe any similar transitions in the SE signals at lower
energies and these features are solely present in the GB.
To explain the sharp transient features shortly after photoexcitation, we must turn our
attention to the role of vibronic coupling in the PL and condensation of PEPs, as discussed
at the beginning of this chapter and earlier in chapter 1. Following excitation, nonresonantly excited molecules quickly thermalize to form the exciton reservoir at E ≈ 2.2 eV.
At sufficiently high excitation densities, non-equilibrium condensation occurs in organic
systems proceeding via vibrational relaxation, whereby the macroscopically populated
state associated with the condensate will carry the imprint of the intramolecular vibrations
which facilitated its formation. In this respect, the timescale and linewidth associated with
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Figure 7.7: Temporal evolution of the TA spectra for excitation fluences (a) on threshold,
(b) above threshold (P = 1.45P t h ) and (c) well-above threshold (P = 2.75P t h ). (d) TA
spectra at t = 2 ps and 5 ps for an excitation fluence of P = 2.75P t h (Dashed lines in panel
(c)). (e) The time of the appearance of the condensate features.

the sharp features observed during the lifetime of the condensate point directly to vibronic
coupling.
From the spectroscopy point of view, sharp spectroscopic features in organic systems at
room temperature in the condensed phase are rare, due to the (in-)homogeneous broadening arising from the system-bath coupling. As such, we can assume that these sharp
features associated with particular vibronic transitions result from the higher temporal
coherence of the condensate with respect to the uncoupled molecules. In this way, TA
could be used to probe the excitonic component of the exciton-polariton condensate,
as has previously been shown for inorganic BECs [182]. However, within the paradigm
of nonlinear spectroscopy, an alternative explanation can be given based on the Raman
transitions of the molecule: as the condensate forms and decays, a narrowband pulse of
light is generated by the sample in the vicinity of the coupled molecules. Following the
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mechanisms probed by femtosecond stimulated Raman spectroscopy, it is also possible
that the lineshapes seen here result from Raman signals, with Raman shifts occurring
relative to the energy of condensate [183].
Both of these mechanisms point towards the intramolecular degrees of freedom of the
molecules participating in the formation of the condensate, with vibrations providing a
fingerprint for monitoring the condensate dynamics, and perhaps even its composition
in terms of the specific molecular wavefunctions. In the absence of a general theory of
nonlinear spectroscopy of exciton-polaritons [184], assigning the precise spectroscopic
origin of the condensate signal is challenging; However, our measurements confirm the
importance of the vibrational relaxation mechanism of organic molecules in driving the
excitons from the reservoir towards condensation, on the scale of individual molecular
bonds and picoseconds.

7.6 Conclusion
Using ultrafast transient absorption spectroscopy, we have shown for the first time the
spectroscopic signatures of formation and decay of organic exciton-polariton condensates
at room temperature, formed by nonresonant excitation of molecules strongly-coupled
to a metallic nanoparticle array. By using an open cavity, we are able to probe over a
large bandwidth, following the dynamics of the strongly-coupled system via several optical
transitions. These measurements provide new insights on the timescales and mechanisms
for condensation in organic systems. Most notably, we measure sharp transitions in the
nonlinear signals originating from the vibrational degrees of freedom of the molecule,
which mediate the relaxation of excitons from the reservoir into the exciton-polariton
states. Future studies using resonant pumping and at cryogenic temperatures can provide additional information about the relaxation, in order to optimize conditions for condensation in these systems and to push organic exciton-polaritons lasing towards lower
thresholds.
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Summary
Coherent energy exchange between materials excitations and photons in cavities has
opened a broad landscape of physical phenomenon within the realm of fundamental and
applied physics. Formation of exciton-polaritons, bosonic quasiparticles that manifest
properties like Bose-Einstein condensation, is one of the interesting results of strong lightmatter interaction. Within this paradigm, building and studying a nanoscale coherent
light source at room temperature based on the Bosonic properties of these particles has
been a primary goal of this project.
The investigated system comprises arrays of silver nanoparticles supporting collective
modes known as Surface Lattice Resonances (SLRs) and organic fluorescent molecules
that support Frenkel excitons.
In the first chapter of the thesis, the general properties of SLRs and strong light-matter
coupling are introduced. Following the introduction, chapter two describes the influence of the SLRs on the emissive properties of fluorophores. Furthermore, it has been
experimentally demonstrated how the coupling of the emitters to the optical modes can
be enhanced by improving the spatial overlap between the flourophors and the optical
modes.
In chapter three, we experimentally demonstrate how the Ohmic losses associated with
absorption process can be suppressed using interferometric techniques and resonant
pumping of SLRs. These results are explained by understating the (mis)match between
the symmetry of the optical modes and excitation beams.
Chapter four focuses on characterizing the dispersive properties of the exciton-polaritons
formed by the strong-coupling of SLRs and organic fluorophores in the linear regime.
Properties such as concentration dependency of the coupling and group velocities of
exciton-polaritons are investigated.
In chapter five, the nonlinear behavior of the system, i.e. exciton-polariton condensation,
and the properties of the generated coherent light such as threshold curves, dependency
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of the threshold to the molecular concentration, polarization of the emission and spatial
and temporal coherence are studied.
One of the important properties that leads to the demonstration of the exciton-polariton
condensation is the high quality of the fabricated array. The absence of structural imperfections and disorder is an important parameter that facilitates the exciton-polariton
condensation. In chapter five, we use an array of silver nanoparticles that contains many
structural imperfections and irregularities to assess the robustness of exciton-polariton
condensation. In this study we observe a strong modification of the emission momentum
despite the presence of the long-range spatial coherence arising from the extended nature
of SLRs.
Frenkel excitons utilized throughout this thesis are formed on the organic molecules.
The coupling of the electronic transitions to the vibrational degree of freedom in organic
molecules has a vast impact on the dynamics and thermalization mechanisms of excitonpolaritons upon photoexcitation. Investigation of the involved time-scales during the
condensation and the consequence of the condensation on the molecular vibrations is
a crucial step in understanding the influential parameters that can modify the emission
threshold. In the last chapter of this thesis, using nonlinear spectroscopy we successfully
measure the time scale on the involved processes in addition to the influence of the
condensation of the ground state vibrational degree of freedom of the coupled molecules.

Future Perspectives
In the following section, we discuss the possible research avenues within the context
of organic-based exciton-polaritons that could be important steps following the demonstration of exciton-polariton condensation using organic molecules in different systems.
Reduction of the polariton lasing threshold
The research about nonlinear properties of organic-based exciton-polariton has been
mainly focused on the observation of exciton-polariton lasing and condensation. These
experiments, as pointed out earlier in this chapter, utilize amplified femtosecond
optical pulses to achieve high enough density of exciton-polaritons necessary for the
condensation. Despite the successful observation of phenomena such as condensation
and superfluity using this experimental approach, prospects of applications for organic
based exciton-polaritons pumped by amplified femtosecond pulses seems not to be clear.
To address this limitation, reduction of the exciton-polariton lasing threshold could be
vitally important as it enables us to use significantly less powerful lasers as the excitation
source. The efforts toward the reduction of polariton lasing thresholds could be continued
along two main directions:
Chemistry perspectives: Designing molecules with strong transition dipole moment
and the possibility of reaching high enough molecular concentrations without leading
to problems such as concentration quenching and exciton-exciton annihilation could
potentially lead to lower polariton lasing thresholds. In addition, a more comprehensive
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study on the role of vibrational relaxation in the organic based polariton lasing and
investigation of the methods that can influence these processes could lead to better
understanding of the mechanisms that modify the threshold values.
Photonics perspective: Designing the cavities with high quality factor could potentially
lead to lower polariton lasing threshold. Microcavities with quality factors between
100-600 and plamsonic lattices supporting dark modes (modes with suppressed radiative
losses) have been used for achieving exciton-polariton lasing. The reported polariton
lasing thresholds for all these studies are in the same order of magnitude and close to each
other. However, a comprehensive study on the role of cavity losses and resonance quality
factors is required to determine the role of optical losses in the process of condensation
using organic compounds.
Optical parametric oscillation and amplification
One of the appealing aspects tightly related to the nonlinear properties of excitonpolaritons is the possibility of manifesting optical parametric oscillation and amplifications at relatively low pump fluences. Observation of these two phenomena is the result
of the excitonic character of exciton-polaritons and their mutual interaction that leads
to considerable χ3 values (third-order nonlinear coefficient) that allows the observation
of these nonlinear processes. Optical parametric oscillation and amplification has been
so far observed in inorganic exciton-polaritons at low temperatures. No experimental
observation of these phenomena in organic system is reported by the date this thesis is
finalized. As pointed out earlier, the extended wavefunction associated with Wannier-Mott
excitons allows the long-range and effective interactions among them. These interactions
are far less significant in organic compounds due to the inherently localized wavefunction
of Frenkel excitons. As a result, the strength of the third order interactions in organic
systems is not significant enough for observation of optical parametric oscillation and
amplification. However, the possibility of incorporating a very high density of molecules
within the mode volume of the optical mode is an advantage that can be utilized to
enhance these interactions. In parallel, using molecules with strong oscillator strength,
and cavities with higher quality factors could be beneficiary toward this quest.
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Samenvatting
De coherente uitwisseling van energie tussen excitaties in materialen en fotonen in
trilholtes (cavities) heeft een breed veld geopend binnen de fundamentele en toegepaste
fysica. De formatie van exciton-polaritonen, bosonische quasideeltjes die eigenschappen
manifesteren zoals Bose-Einstein condensatie, is één van de interessante resultaten
van sterke licht-materie-interactie. Binnen dit paradigma is het bouwen en bestuderen
van een coherente lichtbron op nanoschaal bij kamertemperatuur, gebaseerd op the
bosonische eigenschappen van deze deeltjes, een primair doel geweest van dit project.
Het bestudeerde systeem omvat een rangschikking van zilver nanodeeltjes dat collectieve
modi ondersteunt die bekend staan als oppervlakteroosterresonanties (Surface Lattice
Resonances, SLRs) en fluorescente organische moleculen waar Frenkel-excitonen in kunnen bestaan.
In het eerste hoofdstuk van dit proefschrift worden de algemene eigenschappen geïntroduceerd van SLRs en sterke licht-materie-interactie. Daaropvolgend wordt in hoofdstuk
twee de invloed van SLRs op de uitschijnende eigenschappen van fluoroforen beschreven.
Daarnaast wordt experimenteel aangetoond hoe de koppeling van de emitters aan de
optische modi versterkt kan worden door de ruimtelijke overlapping te verbeteren van
de fluoroforen en de optische modi.
In hoofdstuk drie, demonstreren we experimenteel hoe de Ohmische verliezen, die
verband houden met absorptie, onderdrukt kunnen worden door gebruik van interferometrische technieken en het resonant pompen van de SLRs. The resultaten worden
uitgelegd door begrip van de overeenkomst (en het gebrek daaraan) in de symmetrie
tussen de optische modi en de excitatiestralen.
Hoofdstuk vier richt zich op de karakterisering van de disperse eigenschappen van de
exciton-polaritonen die gevormd zijn door de sterke koppeling tussen de SLRs en de organische fluoroforen in het lineaire regime. Eigenschappen zoals de concentratieafhankelijkheid van de koppeling en de groepssnelheid van de exciton-polaritonen worden onderzocht.
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In hoofdstuk vijf wordt het nonlineaire gedrag van het systeem bestudeerd, dat wil zeggen:
exciton-polaritoncondensatie en de eigenschappen van het daarbij gegenereerde coherente licht, zoals de kromme van de condensatiedrempel, afhankelijkheid van deze drempel aan de moleculaire concentratie, de polarisatie van het uitgezonden licht en de coherentie in ruimte en tijd.
Eén van de belangrijke eigenschappen die leidt tot de demonstratie van de excitonpolartioncondensaten is de kwaliteit van het gefabriceerde rooster. Het ontbreken
van wanorde en imperfecties in de structuren is een belangrijke parameter die de
exciton-polaritoncondensatie faciliteert. In hoofdstuk vijf gebruiken we een rooster
van zilvernanodeeltjes dat veel imperfecties en onregelmatigheden in de structuur
bevat om de robuustheid van exciton-polaritoncondensatie te bepalen. In deze studie
observeren we een sterke verandering van de emissie-impuls, ondanks de aanwezigheid
van coherentie over grote afstand die voortkomt uit het uitgespreide karakter van de SLRs.
Frenkel excitonen, waar overal in dit proefschrift gebruik van wordt gemaakt, worden
gevormd in organische moleculen. De koppeling van elektronische overgangen aan de
vibrationele vrijheidsgraad in organische moleculen heeft een uitgebreide impact op de
dynamica en de thermalisatiemechanismen van exciton-polaritonen na foto-excitatie.
Onderzoek naar de betrokken tijdsschalen gedurende de condensatie en het gevolg van
de condensatie op de moleculaire vibraties is een cruciale stap om de parameters te
begrijpen die de condensatiedrempel kunnen beïnvloeden. In het laatste hoofdstuk
van dit proefschrift, wordt nonlineaire spectroscopie gebruikt om de tijdsschalen van
de betrokken processen te meten, naast de invloed van de condensatie op de mate van
vibrationele vrijheid van de grondtoestand van de gekoppelde moleculen

Vooruitzichten
In de hieropvolgende paragrafen bespreken we de mogelijke onderzoekspaden binnen de
context van op organische materialen gebaseerde exciton-polaritonen, die interessante
vervolgstappen kunnen zijn op de demonstratie van exciton-polaritoncondesatie in
verschillende systemen, die gebruik maken van organische moleculen.
Verlagen van de drempel voor polarion lasers
Het onderzoek naar de nonlineaire eigenschappen van op organische materialen
gebaseerde exciton-polaritonen heeft zich vooral gericht op de observatie van excitonpolaritonlasers en condesatie. Deze experimenten gebruiken, zoals eerder in dit
hoofdstuk aangeduid, versterkte femtoseconde optische pulsen om een excitonpolaritonconcentratie te bereiken die hoog genoeg is om condensatie te bereiken.
Ondanks dat deze methode tot succesvolle observatie van fenomenen zoals condensatie
en superfluïditeit leidt, is het vooruitzicht voor toepassingen voor op organische
materialen gebaseerde exciton-polaritonen gepompt met versterkte femtoseconde
optische pulsen niet duidelijk. Om deze beperking te verhelpen, kan het van vitaal
belang zijn om de drempel van exciton-polaritoncondensatie te verlagen, aangezien dit
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het mogelijk maakt om veel minder krachtige lasers te gebruiken als excitatiebron. De
inspanningen om de polaritonlaserdrempel te verlagen kunnen zich voortzetten langs
twee belangrijke richtingen:
Scheikundige vooruitzichten: Het ontwerpen van moleculen met een sterk dipoolmoment en de mogelijkheid om hoge moleculaire concentraties te verwezenlijken zonder
dat dit leidt tot problemen, zoals concentratie uitdoving (concentration quenching) en
exciton-exciton annihilatie, zou mogelijkerwijs kunnen leiden tot een lagere polaritonlaserdrempel. Daarbij zou een uitgebreidere studie naar de rol van vibrationele relaxatie
in de op organische materialen gebaseerde exciton-polaritonen en een onderzoek naar de
methodes die deze processen beïnvloeden leiden tot beter begrip van de mechanismen
die de drempelwaarden wijzigen.
Fotonische vooruitzichten: Het ontwerpen van trilholtes met een hoge kwaliteitsfactor
(quality factor) kan mogelijkerwijs leiden tot het verlagen van de drempel. Microtrilholtes
met kwaliteitsfactoren tussen de 100 en 600 en plasmonische roosters die donkere modi
ondersteunen (modi met onderdrukte uitstralende eigenschappen) zijn gebruikt om
exction-polarionlasers te realiseren. De gerapporteerde polaritonlaserdrempel voor al
deze verschillende studies liggen in dezelfde ordegrootte. Er is echter een uitgebreide
studie naar de rol van trilholteverliezen en de kwaleitsfactor van resonanties nodig om de
rol van optische verliezen in het condensatieproces van organische samenstellingen te
bepalen.
Optisch- parametrische oscillatie en versterking
Een van de meest aantrekkelijke aspecten die sterk verbonden zijn aan de nonlineaire
eigenschappen van exciton-polaritonen is de mogelijkheid tot de manifestatie van
optisch- parametrische oscillatie en versterking bij relatief lage pompsterkte. De
observatie van deze twee fenomenen is het gevolg van het excitonische karakter van
de exciton-polaritonen an hun wederzijdse interactie die leidt tot aanzienlijke χ3 waarden (de derde orde nonlineaire coëfficient) die deze nonlineaire processen mogelijk
maakt. Optisch-parametrische oscillatie en versterking is tot dusver waargenomen in
inorganische exciton-polaritonen bij lage temperaturen. Tot op de dag van dit schrijven
is er geen verslag gedaan van experimentele waarnemingen van deze fenomenen
in organische systemen. Zoals eerder aangeduid, biedt de uitgespreide golffunctie
geassocieerd met Wannier-Mott excitonen de mogelijkheid tot effectieve interactie over
grote afstand. Deze interacties zijn er in veel mindere mate in organische samenstellingen,
door het intrinsiek gelokaliseerde karakter van Frenkel excitonen. Dit resulteert er in dat
de derde orde interactie in organische systemen niet groot genoeg is voor de observatie
van optisch-parametrische oscillatie en versterking. Echter zou de mogelijkheid om een
zeer hoge concentratie moleculen in een klein mode-volume aan te brengen, gebruikt
kunnen worden om deze interacties te versterken. Tegelijkertijd zou het gebruik van
moleculen met een hogere oscillatiesterkte en trilholtes met een hogere kwaliteitsfactor
gunstig kunnen zijn voor het volbrengen van deze zoektocht.
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