
 

Strong light–matter coupling and exciton-polariton
condensation in lattices of plasmonic nanoparticles
Citation for published version (APA):
Ramezani, M., Berghuis, M., & Gómez Rivas, J. (2019). Strong light–matter coupling and exciton-polariton
condensation in lattices of plasmonic nanoparticles. Journal of the Optical Society of America B: Optical Physics,
36(7), E88-E103. https://doi.org/10.1364/JOSAB.36.000E88

Document license:
TAVERNE

DOI:
10.1364/JOSAB.36.000E88

Document status and date:
Published: 17/06/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1364/JOSAB.36.000E88
https://doi.org/10.1364/JOSAB.36.000E88
https://research.tue.nl/en/publications/55af7249-4465-4f1a-b5e2-d1fb334c3a5b


Strong light–matter coupling and
exciton-polariton condensation in lattices
of plasmonic nanoparticles [Invited]
MOHAMMAD RAMEZANI,1,2 MATTHIJS BERGHUIS,1 AND JAIME GÓMEZ RIVAS1,3

1Department of Applied Physics, Institute for Photonic Integration, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands
2e-mail: m.ramezani@tue.nl
3e-mail: j.gomez.rivas@tue.nl

Received 19 February 2019; revised 16 April 2019; accepted 16 April 2019; posted 14 May 2019 (Doc. ID 360326); published 17 June 2019

Arrays of metallic nanoparticles support collective plasmonic resonances known as surface lattice resonances
(SLRs). The strong and delocalized electromagnetic fields associated with SLRs provide an excellent platform
for experiments within the realm of light–matter interaction. The planar architecture of these arrays also provides
a feasible system for coupling to different materials. One of the areas where SLRs have demonstrated their
potential is strong light–matter coupling, with possible applications in nonlinear optics, coherent light generation,
photochemistry, and optoelectronics. In this perspective, we describe how SLRs are formed in arrays of plasmonic
nanoparticles, introduce different materials used for strong coupling with SLRs, discuss some experiments that
demonstrate the nonlinear emission of strongly coupled organic molecules with SLRs, and give our vision on
future research directions of strongly coupled SLRs with organic molecules. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.000E88

1. INTRODUCTION

The rise of the field of plasmonics after the seminal work of
Ebbesen et al. has led to a paradigm shift in our understanding
of light–matter interaction at the nanoscale [1]. The ample
opportunities for manipulating electromagnetic radiation using
different materials, structures, and geometries have found ex-
tensive applications in different fields, such as nano-optics [2],
photovoltaics [3], nonlinear optics [4], light emission [5], and
single molecular detection and sensing [6,7].

Among all possible plasmonic structures, one particular sys-
tem has attracted significant attention: arrays of metallic nano-
particles with particle separation comparable to the wavelength
of light and supporting optical modes that propagate in the
plane of the array [8,9]. These modes are known as surface lat-
tice resonances (SLRs), and combine characteristics of resonan-
ces in single nanoparticles, such as strong field enhancement
due to the plasmonic effect, with collective phenomena in
arrays, like diffraction [10–16]. SLRs are the result of the en-
hanced radiative coupling between the individual nanoparticles
within the lattice [17]. This coupling leads to the formation of
hybrid plasmonic–photonic modes that contain rich physics.
Compared to single plasmonic nanoparticles, in which the field
enhancement usually extends up to a few nanometers from the
particles, SLRs can enhance significantly the electromagnetic
field at distances of several hundreds of nanometers [18,19].

Strong field enhancement at the regions far from the nanopar-
ticles is one of the most prominent characteristics of SLRs and
can be used to improve and coherently control light absorption
[20,21], enhance emission [22–29], increase nonlinearities
[30,31], and enhance the spatial coherence [32,33]. Another
characteristic is their very narrow linewidths arising from the
reduction of radiation and Ohmic losses [14,34,35,36], which
can be exploited for the improvement of the sensitivity of plas-
monic sensors [37–39], or to achieve band edge lasing [40–47].
From a practical point of view, fabrication techniques to make
nanoparticle arrays with excellent precision over large areas have
made these systems reliable platforms for different experiments
[48,49]. One of the emerging fields of research, in which arrays
of metallic nanoparticles supporting SLRs have demonstrated
their potential, is strong light–matter coupling [32,50,51–53].
Strong light–matter coupling between optical modes in a cavity
with quantum emitters is an interesting direction in the field of
quantum optics with implications for nonlinear optics, photo-
chemistry, charge transfer, and exciton transport.

In this perspective, we review the origin of SLRs and the
phenomena leading to the formation of these optical modes.
We introduce different theoretical methods that can be used
to calculate the spectral properties of these resonances and dis-
cuss their collective nature and dependence on the number of
the particles. We also review recent progress on strong light–
matter coupling of these optical modes with different materials

E88 Vol. 36, No. 7 / July 2019 / Journal of the Optical Society of America B Review

0740-3224/19/070E88-16 Journal © 2019 Optical Society of America

https://orcid.org/0000-0002-8038-0968
https://orcid.org/0000-0002-8038-0968
https://orcid.org/0000-0002-8038-0968
mailto:m.ramezani@tue.nl
mailto:m.ramezani@tue.nl
mailto:m.ramezani@tue.nl
mailto:j.gomez.rivas@tue.nl
mailto:j.gomez.rivas@tue.nl
mailto:j.gomez.rivas@tue.nl
mailto:j.gomez.rivas@tue.nl
https://doi.org/10.1364/JOSAB.36.000E88
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAB.36.000E88&amp;domain=pdf&amp;date_stamp=2019-06-14


to form exciton-polaritons. Exciton-polaritons are bosonic
quasi-particles that can undergo Bose–Einstein condensation
at sufficiently high densities. Recently, organic fluorophores
have been used as the source of excitons for exciton-polariton
condensation experiments. We focus here on the mechanisms
leading to exciton-polariton condensation of SLRs strongly
coupled to organic fluorophores and the dominant processes
involved in the condensation dynamics. We finish with a future
perspective on how the field of strong coupling of excitons with
SLRs may evolve in the future.

2. DIFFRACTION AND RAYLEIGH ANOMALIES

In 1902, Wood observed a surprising phenomenon with an
elusive origin: an increase of the intensity, followed by a sudden
drop, for certain wavelengths in the spectrum of a continuous
light source after passing through a metallic grating [54].
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 as “singular anomalies.” A few years later, a com-
prehensive explanation for these 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 [55,56].

These efforts led to a theory that could predict the frequen-
cies of these anomalies with partial success. However, a full
agreement between the measurements and the model was never
obtained. The discrepancies result from overlooking the role of
surface plasmons at the surface of metals, a phenomenon that
was not discovered until many years later. The model that was
proposed by Lord Rayleigh cast the formalism of modern dif-
fraction theory and it is used to predict the energy-momentum
dispersion of the diffracted beams. This theory correlates the
momentum of the diffracted beam (~k∥d ) to the momentum

of the incident beam (~k∥i) and the reciprocal lattice vectors

of the grating ( ~Gl ) with the law of conservation of momentum:

�~k∥d � ~k∥i � ~Gl : (1)

Throughout this paper, we refer to the singular anomalies as
“Rayleigh anomalies” (RAs). These RAs correspond to the in-
tensity increase observed by Wood and they are the in-plane
orders of diffraction in the lattice, i.e., the condition at which
a diffracted order becomes evanescent. The RAs can be calcu-
lated with Eq. (1). (Note that the decrease of intensity reported
by Wood was due to the grating assisted coupling of the
incident wave to surface plasmon polaritons in the metal.)
Expanding this equation for a rectangular lattice with the pitch
sizes of ax and ay, and considering that the parallel component
of the incident wave vector is along the x-direction, leads to the
following dispersion relation:

E�k∥i�2 �
�
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�
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�
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�
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�
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�
�
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�
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� 2k∥i
2π

ax
p
�
,

(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. We frequently use the modes
formed by (1, 0), (−1, 0), and (0,�1) orders. The first two
modes have a linear dispersion, while the (0,�1) modes are
degenerate and have a parabolic dispersion.

3. SURFACE LATTICE RESONANCES

Isolated metallic nanoparticles, or what has been coined as the
term “optical antennas” [57], are nanometer-scale particles that
manifest plasmonic resonances [or localized surface plasmon
resonances (LSPRs)] in the visible and infrared part of the
electromagnetic spectrum. These resonances are coherent oscil-
lations of the free electrons driven by an external electromag-
netic field. The high intrinsic polarizability of these optical
antennas, due to the LSPRs, leads to efficient scattering
and absorption at resonant frequencies [58]. The enhanced
electromagnetic field intensity at close proximity to these nano-
particles is a direct consequence of this large scattering cross
section, leading to a strong radiative decay channel for LSPRs.
Additionally, due to the enhanced absorption efficiency, the
Ohmic dissipation of electromagnetic energy in these nano-
particles is considerable—an undesirable effect that possesses
important challenges for the application of plasmonic nanopar-
ticles in different disciplines [59].

Improving the quality of plasmonic resonances, such as their
lifetime and quality factor, has led to the use of arrays of nano-
structures, where LSPRs supported by individual nanoparticles
interact with the in-plane orders of diffraction or RAs supported
by the array. The improvement of the quality factor relies on the
enhanced radiative coupling of the individual nanoparticles, and
as mentioned before, the modes that are formed through this
condition are the SLRs. Arrays of optical antennas supporting
SLRs can be regarded and the optical analog of antenna phased
arrays that emit electromagnetic waves only in defined directions
given by the relative phases of the individual antennas [60,61].
Some examples of such arrays are shown in the scanning electron
microscope (SEM) images of Figs. 1(a)–1(c). This beaming
enhances the emission in these directions, while reducing the
radiative losses in other directions by interference, with a net
reduction of the total radiation losses.

A numerical method to calculate the spectral properties of
SLRs is the coupled dipole approximation [12,13,15]. In this
approach, the nanoparticles are approximated as point dipoles.
An array of N nanoparticles is considered, such that the polar-
izability and the position of each nanoparticle in the array is
αi and ri, respectively. The polarization at each particle within
the lattice is given by the relation Pi � αiE loc,i, where E loc,i
represents the local electric field at the position of ri. The local
electric field at particle i is the sum of the incident field (E inc,i)
and the retarded fields (Edipole,i) arising from the rest of the
(N − 1) dipoles within the array, and it can be self-consistently
calculated with the equation

E loc,i � E inc,i � Edipole,i

� E0 exp�ik · ri� −
XN

i�1, i≠j
Aij · Pj �i � 1, 2,…,N �,

(3)
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where E0 and k � 2π∕λ are the amplitude and wavenumber of
the incident plane wave, respectively. Additionally, the dipole
interaction matrix (Aij) is given by

Aij ·Pj�k2 exp�ik · ri�
rij ×�rij ×Pj�

r3ij

�exp�ik · rij��1− ik ·rij�
�r2ijPj −3rij�rij ·Pj��

r5ij
, (4)

where (i, j � 1, 2,…,N , and i ≠ j). In this equation, rij is a
vector connecting dipole i to dipole j. For an infinite array
of identical nanoparticles with polarizability α, an analytical sol-
ution of Eq. (4) can be found by assuming that the induced
polarization on each particle is the same. By solving this equa-
tion, the following relation for the effective polarizability (α	) is
obtained by

α	 � 1

1∕α − S
, (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
j≠i

��1 − ik · rij��3 cos2θij − 1� exp�ik · rij�
r3ij

� k2 sin2θij exp�ik · rij�
rij

�
, (6)

where θij is the angle between rij and the direction of the polari-
zation. After obtaining α	, the absorption (C abs) and scattering
(C scat) cross sections can be calculated with

C abs � 4πkI�α	� (7)

and

C scat �
8

3
πk4jα	j2, (8)

from which the extinction cross section can be obtained:

C ext � C abs � C scat: (9)

An example of extinction spectra for a single nanoparticle and a
lattice of nanoparticles is displayed in Fig. 2(a). In the couple

dipole model, when the difference between the imaginary
components of 1∕α and S is small and the real parts are
equal, the denominator in Eq. (5) approaches zero, and the ex-
tinction cross section is maximum. This is the condition which
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Fig. 2. (a) Calculated spectra of the extinction cross sections of a
single particle (green) and a lattice of particles with pitch of 480 nm
using the coupled dipole approximation. The particles are considered
as Ag ellipsoids with semiaxes a � 30 nm and b � c � 120 nm, em-
bedded in a homogeneous medium with a refractive index of 1.515.
(b) Real and imaginary parts of S and 1∕α. The SLRs correspond to the
energy at which R�1∕α� equals R�S� and the difference between the
imaginary components of S and 1∕α is small (reproduced from
Ref. [64] with permission from APS).

Fig. 1. SEM images of samples with (a) square symmetry made of aluminum nanoparticles with pitch size of 400 nm (Ref. [21], reproduced with
permission from APS), (b) hexagonal symmetry made of aluminum nanoparticles with pitch size of 475 (Ref. [62], reproduced with permission from
APS), and (c) rectangular symmetry made of silver nanoparticles with pitch sizes of 380 and 200 nm (Ref. [63], reproduced with permission from
OSA).
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corresponds to the excitation of SLRs and it is indicated by the
dotted vertical lines in Figs. 2(a) and 2(b), where in (b) the real
and imaginary parts of S and 1∕α are shown as a function of the
energy. The coupled dipole model can be used to calculate the
extinction cross section of small particles that can be approxi-
mated by a point dipole. In the case where the particles are
larger, such that retardation effects become important, or multi-
polar resonances can be excited within the frequency range of
interest, other methods need to be used.

One of these methods that can capture the collective nature
of SLRs is the coupled harmonic oscillators model [65,66].
Within this model, one oscillator represents LSPRs supported
by individual nanoparticles and two other oscillators describe
the RAs [e.g., the (1, 0) and (−1, 0) diffraction orders]. In the
matrix representation, the equation of motion for the coupled
systems is0
B@

ω2
1 −ω

2 − iγ1ω Ω2
12 Ω2

13

Ω2
12 ω2

2 −ω
2 − iγ2ω Ω2

23

Ω2
13 Ω2

23 ω2
3 −ω

2 − iγ3ω

1
CA
0
B@

x1
x2
x3

1
CA

�

0
BB@

F
m e

�−iωt�

0

0

1
CCA: (10)

In this model, the system of three coupled oscillators with the
individual resonant frequencies of ω1,2,3 is driven by a har-
monic field of frequency ω, acting on the first oscillator
(LSPRs). The losses associated with each oscillator are repre-
sented by γ1,2,3. The coupling rates between oscillators are given
by Ω12,Ω13,Ω23. The mass of the first oscillator is m, and F
quantifies the strength of the driving field. Hence the ratio F

m
represents the amplitude of the driving field. The spectra rep-
resenting the optical extinction from a particle array can be cal-
culated by taking into account the dissipated power in the first
oscillator integrated over one cycle of the driving field through
the relation 1

2R�F _x1�. 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 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. (2).

SLRs can be considered as hybrid plasmonic–photonic
modes that simultaneously manifest large spatial extension
and strong electromagnetic field enhancement. This hybridiza-
tion can be seen in the calculated dispersions of the SLRs using
the coupled oscillator model in Figs. 3(a) and 3(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
the anticrossing occurs [k∥ ≈ 4 mrad∕nm in Fig. 3(a) and
k∥ ≈ 11 mrad∕nm in Fig. 3(b)], the width of the resonances
gets broader, indicating higher radiative and Ohmic damping
due to a stronger plasmonic character. By increasing the
detuning between the LSPRs and the RAs, the photonic char-
acter of the SLRs becomes more dominant, leading to narrower
linewidths.

The other salient feature about SLRs is their asymmetric line
shape [Figs. 3(c) and 3(d)]. This shape is known as Fano line

shape and is explained through the spectral interference of
modes with different linewidths. In the case of SLRs, LSPRs
manifest a broad linewidth due to the strong radiative decay,
and RAs are modes with a very narrow linewidth that occur
only at specific wavelengths. Due to the spectral overlap and
coupling of these modes, Fano resonances are formed. The
Fano line shape, associated with the spectrum of SLRs, com-
plicates the determination of the resonance quality factor and
lifetime. This complication arises from the Fano parameter,
which, besides the losses, it also contributes to the width of
the resonance [67].

Methods used extensively to calculate the spectral response
and the electromagnetic field distribution of arrays of nanopar-
ticles beyond the dipolar approximation are numerical simula-
tions in the frequency or time domains. We illustrate this with
an example that shows the collective behavior of SLRs: the
strength of SLRs depends on the number of particles in 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 using the
finite-difference time-domain technique (FDTD Lumerical).
A plane wave with the polarization along the horizontal axis
is incident along the normal direction to drive the system.
The extinction spectra of lattices of nanoparticles with different
number of particles, together with the electric field distribution
around the central particle of the lattice, are shown in Fig. 4.
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

Fig. 3. 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).
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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 modi-
fication 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 geomet-
rical parameters become less relevant and the dipole approxi-
mation could be employed to describe the radiation pattern
of the nanoparticles [15,68]. 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 par-
ticles is visible in Fig. 4(c), while for lower particle numbers
(500D75 and 900D79) the long-range effects are less signifi-
cant. Eventually, in the limit of infinite array of nanoparticles,
a very large interparticle radiative coupling, along with a
very narrow resonance in the extinction spectra, can be seen
in Fig. 4(d). These characteristics correspond to the collective
behavior of LSPRs upon excitation of SLRs.

The improved optical properties of SLRs have provided an
interesting platform for many experimental and theoretical in-
vestigations of light–matter interactions. Especially interesting
is the regime known as strong coupling, when the strength
of the interactions exceeds the losses of the system. In what
follows, we give a concise description of the concept of strong

light–matter coupling and an outlook on the existing literature
concerning strong coupling with SLRs.

4. STRONG LIGHT–MATTER COUPLING

If the strength of interactions between a two-level or multilevel
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. These quasi-particles simultaneously
manifest properties of their constituent (quasi-)particles, i.e.,
photons and excitons. The formation of exciton-polaritons
opens up an exciting avenue in the field of photonics for devel-
oping 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 be potentially improved using the phys-
ics 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 im-
posed serious challenges in the fabrication of nonlinear devices
operating on few-photon levels. The interacting nature of the
excitonic component of exciton-polaritons can address this
problem and can have an important impact on the field of opto-
electronics and integrated photonics [69]. Electrons and holes in
excitons can be harvested in photovoltaic applications. However,
excitons are known to be susceptible to structural imperfections
and disorder, leading to the localization of exciton wave func-
tions and limiting their diffusion length and mobility. The hy-
brid nature of exciton-polaritons leads to spatially extendedwave
functions (photonic character) that results in interesting proper-
ties, such as robustness toward structural disorder and enhanced
diffusion [70–75]. Hence, investigating different aspects of ex-
citon-polariton physics is a major driving force for developing
devices with improved functionalities, spanning from nonlinear
optics to photovoltaics. Moreover, the possibility of altering the
energy levels and surfaces in matter due to the formation of ex-
citon-polaritons, has opened up a wide perspective for control-
ling photochemical reactions [76–82], energy transfer [83–86],
and intersystem crossing [87,88], highlighting the potential of
strong light–matter interaction in different disciplines.

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 interact-
ing strongly with the quantized electric field of a cavity
[Figs. 5(a) and 5(b)]. The Jaynes–Cummings Hamiltonian is
expressed as [82,90]

H � 1

2
ℏω0σ̂z � ℏω�â†â� − i ℏΩ

2
�âσ̂� − â†σ̂−�, (11)

Ω � 2d
ℏ
ξ0, (12)

ξ0 �
ffiffiffiffiffiffiffiffiffiffiffi
ℏω
2ϵ0V

s
, (13)

where â†(â) is the bosonic ladder operator responsible of creat-
ing (annihilating) a photon of energy ℏω in the cavity, and

Fig. 4. Distribution of the electric field magnitude and the extinc-
tion spectra for arrays of silver nanoparticles with (a) 500D75,
(b) 900D79, (c) 1700D717 particles, and (d) an infinite particle array.
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σ̂� �
�
0 1
0 0

�
and σ̂− �

�
0 0
1 0

�
are the Fermionic ladder

operators that express the transitions between the ground and
excited states; ω0 is the angular frequency of the resonant tran-

sition in the two-level system and σ̂z �
�
1 0
0 −1

�
is the Pauli

matrix denoting the energies of the states. Ω is the Rabi fre-
quency that quantifies the rate of energy exchange between
the two-level system and the cavity photon and defines the
strength of the coupling; d in Eq. (12) 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 � αLPjgij1i � βLPjeij0i,
ΨUP � αUPjgij1i � βUPjeij0i: (14)

These new hybrid states known as upper (ΨUP) and lower
(ΨLP) polaritons, are the linear superposition of the product
of an atom in the ground state (jgi) with one photon in the
cavity (j1i), and the product of an atom in the excited state
(jei) and no photon in the cavity (j0i). The mixing terms
αLP, βLP, αUP, βUP are known as the Hopfield coefficients [91].

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 linear superpositions of all uncoupled
states such that either a single photon is in the cavity and
all the emitters are in their ground states or a single emitter

is in the excited state and all the other emitters are in the ground
state and no photon is present in the cavity. In this condition,
the eigenstates of the system are

ΨK �
XN
i�1

βNi jg1g2…ei…gN−1gN i

� αK jg1g2…gi…gN−1gN i: (15)

In this equation, K refers to the N � 1 eigenstates in this sys-
tem. These eigenstates include an upper and a lower polariton,
formed by the superposition of a molecular state jBi �
1ffiffiffi
N

p
P jg1g2…ei…gN−1gN ij0i with the single photon state

jg1g2…gN ij1i. This state is known as bright state as it is
coupled to the photon. Additionally, all the other N − 1 super-
positions of molecular excitations are not coupled to the
photon and form the dark states (αK � 0) that cannot be de-
tected in the spectrum [82]. In this case, the energy gap
between the upper and lower polaritons states is given by

G � ℏΩ
2

�
ffiffiffiffiffi
N

p
dξ0, (16)

whereΩ is the Rabi frequency. The importance of this equation
is the presence of the

ffiffiffiffiffi
N

p
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 light–matter interaction, where a very large number
of quantum emitters is required to form exciton-polaritons.
Recently, Chikkaraddy et al. have experimentally demonstrated
the dependency of the Rabi splitting on

ffiffiffiffiffi
N

p
down to the level

of single molecules using gold nanospheres on a gold film [92].
Different experimental methods can be employed to inves-

tigate the strength of light–matter coupling. The most straight-
forward approach is to measure the dispersion of the modes
supported by the system. Measurement techniques, such as
angle-resolved transmission or reflection, provide such informa-
tion [Fig. 5(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. 5(d)]. In a classical picture, this inter-
action between the two modes can be expresses by a two-state
Hamiltonian:

H �
�
Ec − iγc G

G Ex − iγx

�
, (17)

where Ec and Ex 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. (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,

Fig. 5. Fabry–Perot cavity in the (a) absence and (b) presence of a
two-level system. (c) Generic representation of the anticrossing and
formation of the upper polariton (up) and lower polariton (lp) bands,
with splitting ℏΩ. (d) Energy levels of the lower and upper polariton
bands for a fixed wave vector after hybridization between the cavity
photons (c) and excitons (x). Figure adapted from Ref. [89] with per-
mission from Nature Publishing Group.
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E� � 1

2

h
E c � E x − i�γc � γx�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4G2 � �E c − E x − i�γc − γx��2

p i
, (18)

which describe the energies of the upper and lower polaritons.
This equation shows how the energies of new eigenstates de-
viate from the uncoupled ones. An example of strong coupling
between a SLR and a cyanine J-aggregate is shown in Fig. 6(b).
Figure 6(a) displays the absorption spectrum of the bare
J-aggregate layer.

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 coupling and formation of plasmon-exciton-polaritons
(PEPs). The ease of fabrication, due to the planar architecture
of 2D lattices, in addition to the possibility of supporting op-
tical modes with different dispersive properties, have been the
two main motivations for the use of SLRs instead of the canoni-
cal microcavities formed by two parallel mirrors. The other
implicit but interesting feature of these resonances is the trans-
parency of the lattice for most of the frequencies, except for the
frequency of the SLRs. The term “open cavity” has been often

used to describe this property, which lifts the restricted condi-
tions that are imposed by other optical cavities, allowing wide
access to the majority of the frequencies for pumping and
probing the system. Figure 7 shows schematically the structure
of a Fabry–Perot cavity and an array of plasmonic particles and
their associated transmission spectra, illustrating the concept of
open cavity.

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. We
also illustrate in Fig. 8 these different systems.

In addition to organic and room-temperature systems, inor-
ganic semiconductors, such as GaAs quantum wells, have been
used for strong coupling with SLRs [97]. Figures 8(a) and 8(e)
show the structure of a GaAs quantum well and its associated
absorbance spectra. 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. Excitons in GaAs
quantum wells are stable at cryogenic temperatures and, due
to the spin–orbit coupling, they manifest two transitions in
the absorption spectrum associated with the heavy-holes and
light-holes. Moreover, due to the low-temperature nature of
these excitons, the thermal contribution to the inhomogeneous
broadening is suppressed. The photostability of GaAs and
other inorganic systems is much better compared to their
organics counterparts. The reported values of the Rabi splitting
(40–50 meV) are smaller than those of the room-temperature
materials, due to the weaker transition dipole moment
[see Fig. 8(i)].

Carbon nanotubes are another class of materials used for
hybridization with SLRs [94,98]. Apart from the strong bind-
ing 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. The schematic
representation of a carbon nanotube and their absorbance spec-
trum are shown in Figs. 8(b) and 8(f ). Similar to organic fluo-
rophores, carbon nanotubes also are embedded in a polymer
matrix and spin-coated on the sample. In addition to interest-
ing electrical properties, the energy of the excitons is relatively
low compared to organic fluorophores, allowing the access to
lower ranges of the energy spectrum. The reported Rabi split-
ting energy for carbon nanotubes coupled to SLRs is around
120 meV [see Fig. 8(j)].

Fig. 6. (a) Absorptance spectrum of a layer of cynine J-aggregate.
(b) Extinction measurement of a silver nanoparticle array with a
90 nm layer of cyanine J-aggregate (TDBC) deposited on top. The
flat and dispersive gray curves indicate the absorption peak of the
J-aggregate and the dispersion of the SLR, respectively. The white
curves indicate the upper and lower polaritons formed due to the
strong coupling between the SLR and excitons in the J-aggregate layer.

Fig. 7. (a) Structure of a Fabry–Perot cavity and transmission spec-
trum from such a structure. (b) Structure and transmission spectrum
of an open cavity defined by a plasmonic particle array.
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Organic fluorophores have been widely employed for study-
ing strong coupling with SLRs [32,50,51–53,63,99–101].
Various families of organic fluorophores, such as rhodamine
[see Figs. 8(c) and 8(g) for the structure and absorbance spec-
trum], perylene, and cyanine (J-aggregate form), have been
used in different experiments. Generally, most of these mole-
cules are embedded in an inert polymer matrix, such as PMMA
or polystyrene, and their solution is spin-coated on the array.
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 due to their strong oscillator strength.
Absorption and emission of organic fluorophores cover the
entire range of visible and near-IR frequencies, making them
flexible materials for developing emitting devices based on
exciton-polaritons. However, organic compounds are suscep-
tible to photodegradation and their photostability is not par-
ticularly high. Typical Rabi splittings associated with organic
fluorophores are between 100 and 300 meV [see Fig. 8(k)].

The recent interest on transition metal dichalcogenide semi-
conductors (TMDs) for their pronounced different properties
when they are thinned to an atomic monolayer, has led to the

observation of several interesting phenomena [102]. The struc-
ture and absorptance spectrum of a WS2, as one of the widely
used 2D-TMDs, is shown in Figs. 8(d) and 8(h). One particu-
lar property of these materials is their high exciton binding
energies in the visible due to the 2D confinement, which makes
them particularly interesting for strong light–matter coupling.
In this context, strong light–matter coupling of TMDs with
SLRs has been reported [96,103,104,105]. The absorption/
emission energy and their quantum efficiency can be modified,
and the strength of the coupling can be controlled by the
number of the layers coupled to the SLRs [96].

6. CONDENSATION OF EXCITON-POLARITONS

As mentioned earlier, exciton-polaritons manifest properties
that make them suitable platforms for nonlinear optical devices
at a microscale/nanoscale. Within this paradigm, exciton-
polaritons have been the subject of intensive studies in con-
densed 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

Fig. 8. Different materials used for strong coupling with SLRs, including (a) semiconductor quantum wells, (b) carbon nanotubes, (c) organic
fluorophores, and (d) transition metal dechalcogenide. Absorbance spectrum of (e) GaAs quantum well (reproduced from Ref. [93] with permission
from IEEE), (f ) carbon nanotube (reproduced from Ref. [94] with permission from ACS), (g) Rhodamine 6G (reproduced form Ref. [95] with
permission from Springer), and (h) monolayer of WS2 (reproduced form Ref. [96] with permission from ACS). (i) Energy-angle dispersion of
quantum well excitons strongly coupled to a 1D lattice of Au rods (reproduced from Ref. [97] with permission from APS). (j) Wavelength-angle
dispersion of carbon nanotubes strongly coupled to a 2D lattice of Au particles (reproduced from Ref. [94] with permission from ACS). (k) Energy-
momentum dispersion of a 2D lattice of Ag nanoparticles strongly coupled to Rhodamine 6G embedded in PMMA (reproduced from Ref. [32] with
permission from ACS). (l) Energy-momentum dispersion of 16 layers of WSe2 strongly coupled to a 2D array of Ag nanorods (reproduced form
Ref. [96] with permission from ACS).
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the bosonic nature of these quasi-particles was proposed for
such a device [106]. This proposal was based on the possibility
of a Bose–Einstein condensation (BEC) phase transition of ex-
citon-polaritons at high temperatures. BEC is a state of matter,
which was originally predicted by Satyendra N. Bose and Albert
Einstein in 1924 [107]. In BEC, a significant number of
bosons, e.g., gases of dilute atoms, molecules, quasi-particles or
photons, occupy the lowest quantum state. This ground-state
occupation forms a macroscopic coherent state that can be de-
scribed with a common wave function. For uniform gas of free,
noninteracting bosons, the critical temperature for achieving
BEC is given by [108]

T c � 3.3
ℏ2n2∕3

mkB
, (19)

where n and m are the number and the (effective) mass of the
bosons and kB 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
[109,110]. One approach to manifest BEC at higher tempera-
tures is to use (quasi-)particles with lower (effective) masses.
Due to the photonic character of exciton-polaritons, their
effective mass can be 4 to 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 differ-
ence between conventional lasers and exciton-polariton con-
densates (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 pop-
ulation inversion. The dynamics of exciton-polariton BEC is
governed by the tendency of the system for reaching thermo-
dynamic equilibrium via various thermalization processes [91].
However, due to the intrinsic losses of the cavity and the ex-
citons, exciton-polariton condensates cannot reach thermody-
namic equilibrium and they form nonequilibrium condensates
in driven-dissipative systems. As a result of this fundamental
distinction, 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 medium [106]. As an example, the minimal critical
pump to achieve polariton lasing as a function of coupling
strength is calculated for an organic system in Fig. 9, predicting
a considerable reduction of the threshold as the system transits
toward the strong coupling regime [111].

Exciton-polaritons in semiconductor quantum wells are
particularly attractive due to their repulsive interaction arising
from their excitonic character [91]. These interactions are due
to the extended wave function of Wannier–Mott excitons ex-
cited 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 [112] and amplification [113,114],
superfluidity [115], and bistability and multistability behavior
in coupled microcavities [116]. Mechanisms leading to the

thermalization of exciton-polaritons strongly depend on the
choice of materials and the circumstances in which the experi-
ments are done. The canonical systems for condensation
experiments are Fabry–Perot cavities with inorganic semicon-
ductors, such as InGaAs quantum wells embedded in GaAs. As
pointed out, Wannier–Mott excitons in inorganic quantum
wells have extended wave functions over many unit-cells of
the semiconductor crystal, capable of showing strong dipole–
dipole interactions. This characteristic makes the mutual
dipolar interactions between exciton-polaritons and also their
interactions with the exciton-polariton reservoir as the main
relaxation mechanism in thermalization processes toward con-
densation [see Fig. 10(a)] [91]. However, their exciton binding
energy is usually lower than the thermal energy of room
temperature, kBT , where T is the temperature, making them
unstable. As a result, most of the experiments need to be done
at cryogenic temperatures.

In the past few years, the use of organic compounds as active
materials for providing excitons through electronic transitions
has attracted a lot of interest. This interest is mainly due to the
stable molecular excitons (Frankel excitons) with large binding
energies that has led to the observation of exciton-polariton
lasing at room temperature [63,117,118–120]. Due to the
spatially confined wave function of Frenkel excitons, Coulomb
interactions between these excitons are negligible despite
the strong transition dipole moment associated with them.
Additionally, due to strong coupling between electronic tran-
sition and nuclear configurations, rovibrational dressing and
excitation of the vibrational degrees of freedom in molecules
is inevitable [111].

Exciton-polariton condensation at room temperature using
organic molecules has been a novel approach to make low-
threshold coherent light sources. However, the different prop-
erties of exciton-polaritons formed in organic systems poses
new and important questions regarding the thermalization
dynamics of this category of condensates. The first important
difference between organic and inorganic exciton-polaritons
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Fig. 9. Minimal critical pump fluence (lasing threshold) calculated
for an organic-based exciton-polariton laser as a function of the
coupling strength (G
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of the molecules (
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is the incoherent pumping scheme. Inorganic systems are usu-
ally driven by CW lasers that effectively leads to the conditions
of the driven-dissipative regime, where the excitation laser con-
tinuously pumps the exciton-polariton reservoir while photons
decay from the condensate due to the finite lifetime of the
cavity mirrors. Moreover, lifetimes of Fabry–Perot cavities for
inorganic systems are very long compared to their thermaliza-
tion dynamics. These conditions lead to the formation of con-
densates that are close to their thermodynamic equilibrium. In
contrast, organic condensates rely on the excitation with ultra-
short laser pulses to reach sufficiently high density of exciton-
polaritons for bosonic stimulation, i.e., a nonlinear process in
which bosons are inelastically scattered into the state that has
the highest bosonic population. This excitation results in an
impulsive drive of the system. Moreover, the lifetimes of the
cavities are very close to the time scales of the thermalization
process in organic molecules, leading to highly nonequilibrium
conditions.

As a result of all the differences mentioned above, under-
standing the physics of organic-based exciton-polariton lasing
requires a thorough investigation within a new range of boun-
daries that are not necessarily in agreement with the behavior
expected from inorganic systems.

7. THERMALIZATION OF ORGANIC EXCITON-
POLARITONS AT ROOM TEMPERATURE

The thermalization mechanisms leading to condensation in
organic systems are different than the mutual interactions
between inorganic exciton-polaritons [Fig. 10(b)] [121]. It has
been suggested that ground-state molecular vibrations play an
important role in the relaxation of exciton-polaritons in organic
systems. In [122], it was considered that the scattering process
is mediated by a molecular photoemission with the creation of a
vibrational quantum in the ground state of the molecule, as-
suming that the vibrational state is localized onto single mol-
ecules (Fig. 11). The immediate consequence of this model is
that the energy of the condensate is defined by the vibronic
replica in the molecules rather than energy of the cavity, as rep-
resented in Fig. 10(b). This is a fundamental difference with
respect to inorganic systems, where the energy is defined by
the exciton-polariton dispersion [Fig. 10(a)]. The model pro-
posed in [122] is based on the kinetic equations for polariton
and exciton populations with decay rates accounting for vibra-
tionally assisted processes. Recently, in an alternative approach,
a microscopic model based on the nonequilibrium Dicke–
Holstein Hamiltonian has been employed, which takes into

account the coupling of the vibrational degree of freedom to
the electronic states of many molecules coupled to a single cav-
ity mode [111]. This model captures phenomena such as the
role of vibrational sidebands on feeding the polariton conden-
sate, and the modification of the lasing threshold as a function
of the coupling strength (see Fig. 9).

The first experimental demonstration pointing toward the
effect of molecular vibrations on the condensation of organic
exciton-polaritons was done by Kéna-Cohen and Forrest using
anthracene microcavities [117]. One year later, it was demon-
strated by Cole et al. (using J-aggregate microcavity) that the
photoluminescence along the exciton-polariton band was
enhanced at the energies that correspond to the Raman tran-
sitions of the molecules [123]. Note that the zero phonon line is
considered to be at the exciton-polariton reservoir energy.
Moreover, one needs to take into account that due to the finite
linewidth of the modes at room temperature, the precise
energies associated with these molecular and polaritonic modes
are not well-defined. However, phenomenological models can
be used to estimate the energy at which exciton-polaritons scat-
ter into and form the condensate. Following the work of
Kéna-Cohen in 2010, organic-based exciton-polariton lasing
has been demonstrated using different organic compounds,
such as conjugated polymers (MeLPPP) [118], TDAF (2,7-
bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl)
fluorine) [119], perylene molecules [63], and even proteins
[120]. A common feature of these experiments is the presence
of high-frequency vibrational modes coupled to the electronic
transition and providing an efficient relaxation channel for
condensation.

(a) (b)
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interactions

Direct transfer through 
vibrational scattering

Exciton-Polariton
reservoir 

BEC

Exciton-Polariton
reservoir 
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Fig. 10. (a) Polariton-polariton interactions as one of the dominant relaxation mechanisms for BEC of exciton-polaritons in inorganic systems.
(b) Relaxation of exciton-polaritons via ground-state vibrational quanta to form BEC in organic systems. 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 (ΔE vib).

Fig. 11. Phenomenological model used by Mazza et al. to describe
the process of vibrationally assisted radiative emission responsible for
the efficient relaxation of the polaritons to lower energy levels.
Reproduced from Ref. [122] with permission from APS.
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8. PLASMON-EXCITON-POLARITON
CONDENSATION WITH SLRs

Recently, it has been shown that SLRs can be used as optical
modes for the formation of PEP condensates [63] (condensates
of plasmon-exciton-polaritons) and photon condensates [124].
The relevance of plasmonic arrays supporting SLRs as an alter-
native platform for organic-based condensation experiments is
on its open cavity structure, which allows broadband and easy
access to the condensates for excitation and spectroscopy.

An array of silver nanoparticles strongly coupled to perylene
dye was used for the first demonstration of PEP condensation
[63]. In this study, the relation between strong coupling
and the nonlinear behavior of the system was investigated
[Fig. 12(a)]. It was shown that at low molecular concentrations
(c < 15 wt%), where the coupling is not strong enough, only a
linear emission was observed. However, a transition from
linear to nonlinear emission and reduction of the emission line-
width was observed by increasing the molecular concentration
and enhancing the coupling strength (c > 25 wt%) [see
Figs. 12(a) and 12(b)]. A remarkable observation was the
reduction of the condensation threshold as the molecular con-
centration was increased, despite the strong reduction of the
emission quantum efficiency of the molecules by concentration

quenching [Fig. 12(c)]. It should be noted that a reduction of
the quantum efficiency in normal lasers (stimulated emission)
should increase the lasing threshold. However, in the strong
coupling regime the quantum efficiency does not to play a criti-
cal role. Other properties of this system above the threshold,
such as the spectral shape and angle-resolved emission, were
investigated in [63] [see also Fig. 12(b)]. Also, the spatial
coherence properties of the PEPs above the threshold and the
degree of the first-order coherence were quantified in [33]. In
the same study, the time-resolved emission of the PEPs was
investigated using a streak camera and revealing interesting fea-
tures. One of these features is the time-dependent spectral red-
shifting due to the reduction of PEP density in the condensate.
It was also observed that the intensity of the emission is maxi-
mum at times long after photoexcitation (8 ps) highlighting the
complex dynamics of PEP condensation in organic systems.

It must be noted that conventional photon lasing from the
arrays of plasmonic nanoparticles supporting SLRs in the vicin-
ity of a dye-doped layer has been reported [40,41]. Despite
many similarities between photon lasing and PEP lasing, the
energies at which the lasing occurs are assigned differently.
In photon lasing, the energy is dictated by the energy of the
optical mode and its overlap with the gain medium. However,

Fig. 12. (a) Emission intensity of perylene molecules at different concentrations coupled to an array of Ag nanoparticles as a function of the pump
fluence. Up to 15 wt. % molecular concentration, the sample is in the weak coupling regime and a linear emission is observed. Increase of the
concentration leads to the formation of PEPs and the nonlinear emission threshold (reproduced from Ref. [63] with permission from OSA).
(b) Emission spectra for different pump fluences below and above the condensation threshold (reproduced from Ref. [63] with permission from
OSA). (c) Quantum efficiency of the layer containing the molecules as a function of the molecular concentration. (d) Spatial coherence of the sample
measured with a Mach–Zehnder interferometer (reproduced from Ref. [33] with permission from ACS). (e) Time-resolved emission of the sample at
the energy of the PEP condensate (reproduced from Ref. [33] with permission from ACS).
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PEP lasing relies on the vibrational modes of the organic mol-
ecules and the energy is independent of the SLR energy [125].

9. PLASMON-EXCITON-POLARITONS
LASING/CONDENSATION IN THE PRESENCE
OF DISORDER

The quality of the fabricated sample and the density of the
structural imperfections and disorder in the nanoparticle array
can impact the behavior of the system. Within this context,
PEP condensation is not an exception either, as discussed in
[125]. In Figs. 13(a) and 13(b), two samples with different de-
grees of disorder are shown. Figure 13(a) shows an array with
low degree of imperfections in the lattice while Fig. 13(b) dis-
plays a sample with low fabrication quality. The presence of the
imperfections on individual nanoparticles within the array in-
troduces a large number of locations with inhomogeneously
enhanced electric fields in comparison with the perfect lattice,
where the electric field is dominated by SLRs [Figs. 13(c) and
13(d)]. As a result of this inhomogeneous field, the radiation
pattern of the emission beyond the threshold is significantly
modified. In Figs. 13(e) and 13(f ), the angle-resolved emission
of the PEP laser above the threshold is shown. For the sample
with low degree of imperfections a narrow distribution of the
emission in the momentum space is observed. However, in-
creasing the density of imperfections leads to a wide spread
of the emission momentum [Fig. 13(f )].

10. PERSPECTIVES

We discuss possible future research directions within the field
of organic-based exciton-polaritons that could be important
steps following the demonstration of PEP condensation.

A. Reduction of the Polariton Lasing Threshold

The research on nonlinear properties of organic-based exciton-
polaritons has been mainly focused on the observation of
exciton-polariton lasing/condensation. These experiments, as
pointed out earlier, 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 superfluidity using
this experimental approach, prospects of applications for
organic-based exciton-polaritons pumped by amplified femto-
second pulses seem improbable. To address this limitation,
reduction of the exciton-polariton lasing threshold could be
vitally important. The efforts toward the reduction of polar-
iton lasing thresholds could be continued along two main
directions.

Chemical direction: Designing molecules with strong tran-
sition dipole moments, and the possibility of reaching high
enough molecular concentrations without quenching and exci-
ton-exciton annihilation, could potentially lead to lower polar-
iton lasing thresholds. In addition, a more comprehensive study
of the role of vibrational relaxation in organic-based polariton
lasing, and the investigation of the methods that can influence

Fig. 13. SEM images of samples with 380 nm pitch size along the long axis (a) used in [63] with low density of imperfections. Inset: simulations
of the electric field intensity for the lattice without imperfections. (b) Used in [125] with high degree of disorder and imperfections. Inset: sim-
ulations of the electric field intensity for the lattice with structural imperfections. The scale bars are 400 nm. Figures reproduced from Ref. [63] and
Ref. [125] with permission. Angle resolved PL measurements of the exciton-polaritons above the threshold for the sample (c) without structural
imperfections and (d) with structural imperfections.
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these processes, could lead to a better understanding of the
mechanisms that modify the threshold values.

Photonics direction: Designing cavities with high quality
factor could potentially lead to lower polariton lasing threshold.
Microcavities with quality factors between 100–600 and plas-
monic lattices supporting dark modes (modes with suppressed
radiative losses) have been used for achieving PEP lasing. The
reported polariton lasing thresholds for all these studies are of
the same order of magnitude. 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.

B. Optical Parametric Oscillation and Amplification

One appealing aspect related to the nonlinear properties of
exciton-polaritons is the possibility of achieving optical paramet-
ric oscillation and amplification at relatively low pump fluences
[112,113]. 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). Optical parametric oscillation and ampli-
fication has been so far only observed in inorganic exciton-
polaritons at low temperatures [113,114,126,127]. As pointed
out earlier, the extended wave function associated with
Wannier–Mott excitons allows the long-range and effective
interactions among them. These interactions are far less signifi-
cant in organic compounds due to the inherently localized wave
function of Frenkel excitons. As a result, the strength of the
third-order interactions in organic systems has not been large
enough for the 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 defined by SLRs is an advantage that can be
utilized to enhance these interactions. Also, using molecules
with strong oscillator strength and cavities with higher quality
factors, could help for this quest.

C. Modification of the Photochemical Reactions

Besides the applications in nonlinear optics, where polaritons are
investigated under high fluence pump intensities, the formation
of exciton-polaritons in the strong coupling regime modifies
materials properties, even in the absence of the light [78].
Historically,modifications to the properties of organicmolecules
are achieved by synthesizing different molecular structures.
Although the possibilities of molecular synthesis are huge, there
are limits to the performance of molecular systems. In the strong
coupling regime, the modified properties result from the
hybridization of excitons with photonic modes in the cavity.
As discussed earlier, this hybridization leads to the formation
of a lower and an upper polariton band. Due to the hybrid
light–matter character, exciton-polaritons have properties that
cannot be achieved by chemical synthesis, such as very low ef-
fective mass and a delocalized nature [72,73]. These unique
properties of exciton-polaritons make strong coupling a prom-
ising tool to modify molecular properties, without changing the
chemical composition. In the past years, both experimental and
theoretical studies have shown enhanced properties of excitons
in molecular semiconductors [70,72,79,83,85,86,88,112].

These “proof of principles” underpin the potential of strong cou-
pling as a promising technique for enhancing or suppressing the
yield of certain photochemical reactions. Moreover, the open
cavity formed by nanoparticle arrays leading to SLRs opens
the possibility of exploiting strong coupling from improving
the photochemical properties that are pivotal for improved
performance of organic solar cells and light-emitting diodes.

As described in this review, arrays of plasmonic nanopar-
ticles can provide a flexible planar platform for novel experi-
ments in nonlinear optics and photochemistry. The ease of
fabrication in addition to the possibility of probing of the sys-
tem over a large spectral range make these arrays an exciting
system for future investigations [128,129].
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