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Abstract

Transport, localization and orbital line lasing in driven-dissipative polariton
lattices.

The implementation of lattice Hamiltonians in driven—dissipative photonic plat-
forms offers new routes to control transport, localization, and lasing beyond what
is accessible in equilibrium solid-state systems. In this thesis, we experimentally
and numerically investigate these properties using a hybrid light-matter quasi-
particle called exciton—polaritons in semiconductor lattices with non-trivial band
structures in the presence of gain, loss and particle interactions. In the rst part, we
study a one-dimensional chain of coupled micropillars and show that interference
between coherent drives and lattice eigenmodes enables phase-controlled direc-
tional transport and interference-induced localization. Furthermore, by increasing
the pump power, we demonstrate nonlinearity-enabled localization at detunings
where the linear system remains only weakly localized. In the second part, we en-
gineer a two-dimensional Lieb sp lattice where the s and p orbital modes of two
pillars with different diameters are hybridized to form line-like eigenmodes. Using
spatially structured non-resonant pumping, we realize recon gurable line lasing
and show that cross-shaped excitation produces two orthogonal line lasers that
lock in energy, phase, and polarization. Finally, we develop a driven—dissipative
lattice lasing model that identi es orbital coupling and reservoir-induced blueshift
as the minimal ingredients required for this phase locking. Overall, this work high-
lights polariton lattices as a powerful system for tailoring interference, band struc-
ture, and nonlinearity to realize unconventional transport, localization, and lasing
phenomena that are dif cult to achieve in lattices with trivial band structures.

Keywords: Exciton polaritons, Semiconductor micropillars, Drive and dissipation, Inter-
ference, Lieb sp lattice, Orbital line lasing, Cross locking laser.






Résumeé

Transport, localisation et émission laser orbitale en ligne dans des réseaux de
polaritons sous forgage et dissipation.

L'implémentation d'Hamiltoniens décrivant des réseaux dans des plateformes
photoniques sous forcage et dissipation ouvre de nouvelles voies pour contréler le
transport, la localisation et I'émission laser, au-dela de ce qui est accessible dans les
systemes a I'état solide a I'équilibre. Dans cette thése, nous étudions expérimentale-
ment et numériquement ces propriétés en utilisant une quasi-particule hybride
lumiére—matiere, I'exciton-polariton, dans des réseaux semi-conducteurs a struc-
tures de bandes non triviales en présence de gain, de pertes et d'interactions entre
particules. Dans une premiere partie, nous étudions une chaine unidimensionnelle
de micropiliers couplés et montrons que l'interférence entre excitations cohérentes
et modes propres du réseau permet de réaliser un transport directionnel contrélé
par la phase ainsi qu'une localisation induite par interférence. En augmentant la
puissance de pompage, hous démontrons en outre une localisation permise par la
non-linéarité, a des désaccords pour lesquels le systéeme linéaire reste seulement
faiblement localisé. Dans une deuxiéme partie, nous concevons un réseau de Lieb
sp bidimensionnel, dans lequel les modes orbitaux s et p de deux micropiliers de
diamétres différents sont hybridés pour former des modes propres de type ligne.
A l'aide d'un pompage non résonant spatialement structuré, nous réalisons une
émission laser en ligne recon gurable et montrons qu'une excitation en forme de
croix produit deux lasers en ligne orthogonaux qui se verrouillent en énergie, en
phase et en polarisation. En n, nous développons un modéle d'émission laser dans
un réseau sous forcage et dissipation qui identi e le couplage orbital et le décalage
vers le bleu induit par le réservoir comme ingrédients minimaux nécessaires a ce
verrouillage de phase. Globalement, ce travail met en évidence les réseaux de po-
laritons comme une plateforme puissante pour fagonner l'interférence, la structure
de bande et la non-linéarité, a n de réaliser des phénomenes de transport, de local-
isation et d'émission laser non conventionnels, dif ciles a obtenir dans des réseaux
a structure de bande triviale.

Mots-clés: Excitons-polaritons, micropiliers semi-conducteurs, forgcage et dissipation, in-

terférence, réseau de Lieb sp, émission laser orbitale en ligne, laser a verrouil-
lage croisé.

Xi






ACKNOWLEDGMENTS

Looking back on one of the most important chapters of my life over the past
three years in France, | realize that this thesis is not only the result of academic
effort, but also the result of love, support, patience and encouragement of the
people who stood by me through every stage of this journey.

Firstly, | thank Almighty God for giving me strength and perseverance through-
out this journey.

| express my deepest gratitude to my PhD Director Prof. Alberto Amo Garcia.
Coming to a country so far from my own, with a language and culture that were
completely unfamiliar to me, was a true leap of faith not only for me, but also
for my supervisor, who believed in me from the very beginning. Your con dence
in my potential and your guidance throughout this journey helped me grow
as a researcher. Beyond academic supervision, he taught me to think critically,
explore and truly understand the deeper meaning behind scienti ¢ work. | will
always remember the book “The Structure of Scienti c Revolutions” that you
gifted me, because it marked a beautiful beginning to this journey and helped me
understand not only how science is done, but why it should be done.

A special mention goes to my co-supervisor Dr. Clément Hainaut, who played
an important role in shaping this thesis work. | have always admired your
pedagogical approach, which played a crucial role in helping me carry out both
my experimental and numerical work in a more systematic and rigorous manner.

| also wish to acknowledge the administrative teams, the P5 team, the CERLA
team, and the PhLAM team for their kindness and assistance. Their unseen efforts
greatly helped create an environment that was both encouraging and conducive
to my research.

My heartfelt thanks go to the members of the jury for kindly accepting our
request to evaluate this thesis and for the insightful comments they have given
to my work. | am honored by their presence during the defence and for their
valuable remarks.

A special and heartfelt thanks to my master's supervisor Prof. Yogesh Natesan,
whose in uence has been deeply important in my life. He helped me to lay the
foundation of my scienti ¢ rigour and shaped the way | re ect on society and its
political realities. His teachings have left a lasting mark on both my intellectual

Xiii



growth and my understanding of the world.

This milestone would not have been possible without the care and encour-
agement | received from so many people. During my stay in France, | had the
privilege of meeting remarkable individuals, many of whom became close friends.
To all of you, | will always cherish the memories we created together. Reaching this
point would not have been conceivable without you. However, among them, there
are a few friends whom | owe a particularly special mention: Cécilia Ouarkoub,
Rabih El Sokhen, Rajesh Kumari Rajendran, Abdu Subahan Mohammed, Nathalie
Moubarak, Ribal Beyrouti, Rajesh Asapanna, Clarisse Fournier, Kayce Ouahrouch.
Each of you made this chapter of my life richer and far more memorable in your
own way.

My deepest affection goes to my family, from my grandmother to each of my
uncles and aunts, who have been the foundation of every step | have taken on
this journey and life. To my parents, no words will ever be enough to express
what | owe you for your sacri ces and for the unconditional love you have always
showered upon me. To my sister, you have always had a special place in my life
as the person to whom | turn to whenever | stand before an important decision.
Your advice, understanding and constant presence have guided me through so
many moments, and your love and warmth remain forever. To my brother-in-law
and all my cousins, you have truly been pillars in my life. Knowing that | could
always count on you has been one of the greatest blessings. This highest academic
degree is not my accomplishment alone; it is a shared achievement that belongs to
all of you.

Finally, to my wife and dearest friend, Mrs. Divya Sherin, who has been with
me for around 8 years, words cannot hardly express what your presence has
meant to me. Your love, companionship, and unwavering support have carried me
through every high and low, and this chapter of my life would not have been the
same without you.

This thesis work has been a space of learning, growth, and self-discovery. | have
made mistakes, learned from them, and have come to believe that this is how one
truly grows not in perfection, but in re ection, humility, and perseverance. For that
reason, | do not see this as an ending, but as the beginning of a new chapter, one
that | hope will be guided by purpose, responsibility, and the desire to contribute,
in whatever way | can, to building a better world for all.

“The philosophers have only interpreted the world, in various ways; the point
is to change it.”- Karl Marx.

Xiv



DECLARATION OF AUTHORSHIP

I, Tony Mathew Blessan, born in Kerala, India, on April 19, 1997, declare that
all the material in this thesis, entitled "Transport, localization and orbital line lasing in
driven-dissipative polariton lattices', is the product of my work. | certify that | con-
ducted this research primarily while pursuing a research degree at the University
of Lille from December 2022 to February 2026.

Except for instances explicitly cited within the thesis, | have not incorporated
any material previously published or sourced from another thesis for any degree or
diploma. All contributions from other individuals have been duly acknowledged
within the body of the thesis. Furthermore, this thesis has not been presented
for the attainment of any other degree or diploma from any other educational
institution.

Signature: Tony Mathew Blessan 24 February 2026

XV






PUBLICATIONS

This thesis entitled 'Transport, localization and orbital line lasing in driven-
dissipative polariton lattices' presents original research conducted by the author.
Some sections of this work have been published or are currently under review.
Permission has been obtained from the respective publishers to reproduce and
incorporate these materials in this thesis for academic purposes.

Some of the results and gures presented herein may appear in future publica-
tions after the submission of this thesis.

» Tony Mathew Blessan, Bastian Real, Camille Druelle, Clarisse Fournier, Al-
berto Mufioz de las Heras, Alejandro Gonzalez-Tudela, Isabelle Sagnes, Ab-
delmounaim Harouri, Luc Le Gratiet, Aristide Lemaitre, Sylvain Ravets,
Jacqueline Bloch, Clément Hainaut, and Alberto Amo, Directional trans-
port and nonlinear localization of light in a one-dimensional driven-dissipative
photonic lattice, Physical Review Research, vol. 7, p. 033283, 25 Sep. 2025.
DOI: 10.1103/b3wk-r8r3.

» Tony Mathew Blessan, Bastian Real, Clément Hainaut, Marijana Milicevic,
Isabelle Sagnes, Abdelmounaim Harouri, Luc Le Gratiet, Aristide Lemaitre,
Sylvain Ravets, Jacqueline Bloch, and Alberto Amo, Line lasing in a two-
dimensional lattice of orbital photonic resonators. The article was submitted to
OPTICA on 21 Dec. 2025. The preprint is available on arXiv: 2512.18719.

Except for the references cited in this thesis, no part of its content has been
copied or derived, in whole or in part, from any previously approved thesis or
dissertation. The main content of this thesis contains no unacknowledged material
drawn from the research or publications of others. This thesis has not been submit-
ted, either in full or in part, to any other university or institution for the award of
a degree or diploma.

XVii






INTRODUCTION

Arti cial lattices are engineered structures that replicate the periodicity and
coupling patterns of crystalline solids but for classical or quantum waves instead
of electrons [1, 2]. By carefully designing the geometry and interaction between
discrete sites whether optical cavities, microwave resonators, or acoustic scatter-
ers these platforms can emulate the physics of tight binding models originally
developed for solid state systems [2—4]. At the heart of this analogy is the tight-
binding Hamiltonian, which describes a particle or wave hopping between discrete
sites with a characteristic coupling strength [4, 5]. In arti cial lattices, this coupling
corresponds to physical parameters such as optical tunneling between waveguides,
evanescent coupling between resonators, or acoustic wave overlap between scatter-
ers. This mapping enables experimental platforms with high control over lattice
geometry, boundary conditions, and coupling strengths, allowing them to emulate
a wide range of band-structure and topological phenomena [2, 4, 5].

Arti cial lattices have been realized across a wide range of platforms: In
photonic crystals, periodic modulation of the refractive index creates bandgaps
and dispersion resembling electron bands [6, 7]. In laser-written waveguide arrays,
light propagation along the longitudinal axis simulates time evolution in tight-
binding chains [1]. In microwave and acoustic resonator networks, localized modes
are coupled through near- eld interactions to form arti cial band structures [3,
8]. These systems have enabled the exploration of fundamental wave phenomena
such as: 1) Bloch oscillations: oscillatory motion of wavepackets under external
potential gradients [1, 9, 10]. 2) Topological edge states, where waves propagate
uni-directionally along boundaries [11-14]. 3) Flat band localization, where inter-
ference leads to compact localized states even without disorder [15, 16].

What makes arti cial lattices particularly interesting is it's tunability and ob-
servability they offer. parameters like coupling strength, disorder or dimension-
ality can be precisely engineered, and both real-space and spectral responses can
often be directly measured [1, 5, 10, 17]. As a result, these systems serve as highly
controllable testbeds to explore wave transport, localization, and topological phys-
ics in a variety of classical and quantum regimes [1, 5, 10, 12].

In contrast to conservative (Hermitian) systems, where energy is conserved
and dynamics are unitary, photonic and polaritonic implementations of arti cial
lattices are typically realized as open systems. In such lattices, energy is con-
tinuously exchanged with the environment through external driving (e.g. optical
or electrical pumping) and dissipation (e.g. radiative losses, absorption). For il-



Figure 0.1: (a) Schematic representation of a photonic lattice with zoomed view of two
sites having input/ouput elds and couplings where G is a coherent, photon
tunneling term, whereas g j(lp) and gj(ld) are dissipative gain and loss couplings,

respectively. Taken from [18]. (b) Quantum emitter and driven-dissipative con-
guration: quantum emitters with nearest-neighbour hopping J having one or
several lasers with frequency w and amplitude W ¢ driving locally the cavities
of the coupled cavity array of loss rate k. Taken from [19].

lustration, Fig. 0.1 shows schematic examples of such driven—dissipative lattices
which include the hopping, pumping and loss processes. Consequently, steady
states are not equilibrium ground states of a conservative Hamiltonian, but non-
equilibrium steady states set by a dynamical balance between gain and loss [20].
This class of systems, commonly referred to as driven—dissipative lattices, is natur-
ally described by lattice models with hopping supplemented by drive and loss
terms in the form of driven Bose—Hubbard or Jaynes—Cummings—Hubbard ar-
rays governed by a Lindblad master equation framework [20, 21]. As a result,
driven—dissipative lattices exhibit non-equilibrium behavior, including complex ei-
genvalue spectra [22], non-thermal steady states [21], and mode selectivity gov-
erned by gain saturation and nonlinear interactions rather than energy minimiza-
tion [23]. These features give rise to rich physics beyond traditional band theory
and make driven—dissipative arti cial lattices a versatile platform for exploring
non-Hermitian and non-equilibrium phenomena [20-23].

For these reasons, over the past decade, driven-dissipative systems have become
fertile grounds for exploring new phenomena. In particular, they have enabled the
observation of 1) Exceptional points and non-Hermitian degeneracies, where both



eigenvalues and eigenvectors coalesce [24, 25]. 2) Parity-time (PT) symmetric sys-
tems, exhibiting sharp phase transitions between real and complex spectra [26, 27].
3) Non-Hermitian skin effects in lattices with asymmetric (non-reciprocal) coup-
lings, where modes accumulate at boundaries even in periodic lattices [22, 28, 29].
4) mode competition between different spatial, spectral, or polarization modes of
the lattice [30, 31], leading to non-linear phenomena such as bistability [32—34],
mode locking [35, 36], and multistability [37, 38]. These phenomena illustrate how
driven—dissipative lattices go beyond Hermitian systems, offering access to tun-
able, non-equilibrium behavior. In practice, this tunability can be realized either
by engineering gain and loss via non-resonant pumping or, in resonantly driven
implementations, by tailoring the coherent pump through its amplitude, phase,
detuning, polarization, and spatial pattern that control the populated modes and
the resulting effective non-Hermitian dynamics.

Although many of the phenomena discussed above can, in principle, be real-
ized in a variety of arti cial lattices, most existing photonic implementations re-
main non-recon gurable: the band structure and localization properties are xed
by the geometry and refractive-index pro le and are dif cult to modify once fabric-
ated. A particularly suitable platform to overcome these limitations is provided by
exciton-polariton lattices that allow both resonant (coherent) and non-resonant (in-
coherent) pumping. Exciton—polaritons (microcavity polaritons) are hybrid light-
matter quasiparticles that arise from the strong coupling between quantum-well
excitons (i.e. bound electron-hole pairs) and con ned photons in a semiconductor
microcavity, leading to a characteristic mode splitting into upper and lower polari-
ton branches [39]. Because polaritons are superpositions of photons and excitons,
their properties inherit contributions from both components. From the photonic
part, polaritons acquire an extremely small effective mass (about 10 ° times the
mass of free electrons) and the ability to leak out of the cavity as photons that
encode the full information on the polariton eld corresponding to its amplitude,
phase, energy, polarization (pseudospin) and coherence. This direct optical readout
allows one to reconstruct band structures for studying transport properties via
photoluminescence experiments. From the excitonic part, polaritons inherit strong
non-linear interactions and a spin degree of freedom, which make them sensitive
to external control using magnetic elds [40-42]. Therefore, the combination of a
exible photonic landscape with sizable excitonic interactions provides a driven-
dissipative lattice platform in which transport and localization properties can be
fundamentally explored and engineered.

Thanks to modern lithography and etching techniques, microcavity polaritons
can be laterally con ned to cylindrically symmetric mesas of a few micrometers
in diameter, known as micropillars. In these structures, the in-plane motion of
polaritons is quantized, giving rise to a discrete set of con ned modes (s, p, d,
...) in close analogy with the electronic levels of an atom. Individual micropillars
therefore act as arti cial atoms and can be used as the basic building blocks of



Figure 0.2: (a) Tilted SEM view of the half-etched honeycomb lattice of micropillars. (b)
Measured lower-polariton dispersion along the (K °! G ! K) direction at (B =
0 T) where black dots indicate the corresponding band structure calculated
from a Bloch-mode model for the same honeycomb geometry. Taken from [43].

polariton lattices. By arranging several micropillars in a way that their photonic
modes overlap, one- and two-dimensional arrays can be realized (an example is
shown in Fig. 0.2(a). The resulting collective modes form polariton bands that
are described by a tight-binding model [44] (as shown in Fig. 0.2(b)) with well-
de ned onsite energies and hopping amplitudes. In practice, this control can be
most conveniently realized experimentally in microstructured cavities such as mi-
cropillar lattices, where the in-plane potential is de ned by etching the cavity layer
into coupled pillars. The driven—dissipative nature of polaritons allows localiza-

Figure 0.3: Real-space emission from a resonantly driven polariton dimer, showing the
transition from a de-localized two-site mode (a) to a self-localized state on the
driven cavity as the pump power (non-linearity) increases (b). Taken from [45].

tion to be engineered by shaping pump and loss: for example, spatially structured
pumping in a honeycomb lattice creates localized gap states whose emission forms



localized lasing modes [46]. Localization can also be realized with resonant pump-
ing. For example, in a polariton dimer, coherently driving only one of the two
sites excites a superposition of the bonding and antibonding modes. Repulsive
polariton—polariton interactions shift the energies of these modes in a population
dependent way, such that the population distribution between the two sites de-
pends on the total density. This leads to multi-stable, self-trapped states in which
most of the polaritons remain localized at the driven site [45]. An illustration of this
phenomenon is presented in Fig. 0.3(a,b). In lattices with at bands, localization
instead originates from destructive interference imposed by the lattice geometry,
and the combination of interactions and resonant driving gives rise to non-linear
localized solitons built from the at-band manifold, such as discrete gap solitons
in one dimension and compact localized states in two dimensions, with polariton
densities pinned to only a few micropillars [47, 48].

Interference-based localization in lattices, particularly in the non-linear regime, has
been explored theoretically, but experimental demonstrations remain scarce. This gap leads
to one of the central questions in this thesis: how can interference between external drives
and lattice eigenmodes be actively used to achieve robust control of transport in linear
regime and localization in non-linear settings experimentally?

Recently, it has been demonstrated that external drives can be used as an addi-
tional control knob: by tailoring the spatial pro le and phase of the pump, one can
engineer interference between the drive and the lattice eigenmodes, and thereby
control transport properties without modifying the lattice itself [49-52]. Some
earlier work by members of our group has already explored this idea. Jamadi
et al. [49] demonstrated recon gurable localization within a honeycomb lattice
of lossy micropillars. By resonantly driving the lattice with multiple laser spots
at energies inside the photonic bands, they were able to localize light down to
a single lattice site of micrometer scale. Real et al. [50] performed a numerical
study of a square photonic lattice driven at energies near a saddle point of its
band structure, where light propagation is strongly anisotropic. By manipulating
the phase and placement of multiple coherent drives, they engineered interfer-
ence between the drives and lattice modes to obtain quasi-1D, uni-directional bulk
propagation, as well as drive-induced localized states with controllable localiza-
tion length. Mufioz de las Heras et al. [51, 52] theoretically examined how Kerr
non-linearity affects interference-based driven—dissipative localization in 1D and
2D photonic lattices. They showed that nonlinearities do not destroy this local-
ization; instead, extend it to pump frequencies where the linear system would
remain delocalized (“nonlinearity-enabled localization”). These localized states ap-
pear precisely where the total intensity inside the lattice is minimal, with non-
linear signatures such as optical bistability being strongly suppressed.



Figure 0.4: (a) SEM images of the BIC laser array (a = 563 nm, 40 40 unit cells; scale bars
3mm and 500 nm) and measured far- eld patterns of symmetry-protected BIC
modes for different a. Taken from [53] (b) Schematic of the OAM microlaser on
an InP substrate with simulated spiral phase of the emitted light (OAM charge
| = 1). Taken from [54] (c) Topological micropillar laser based on a zigzag chain
of coupled micropillars embedding QWs between DBRs, showing lasing from
a topological edge mode in the bandgap. Taken from [55] (d) Degenerate cavity
with a masked gain medium imaged onto a back mirror in a 4f telescope. A
kagome-shaped loss mask selects 1500 coupled Gaussian beams forming a
2D kagome laser lattice. The far- eld interference recorded on a CCD shows
broad bow-tie features instead of sharp peaks, revealing frustrated phase lock-
ing and the absence of long-range phase order. Taken from [56].
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