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Abstract

This dissertation presents an experimental study of optical nonlinear effects in exciton-
polariton microcavities based on II-VI semiconductors, with cadmium telluride (CdTe) as
the main material platform. The work focuses on phenomena such as optical bistability,
exciton-polariton condensation, and controlled interactions between polariton condensates. It
also develops experimental tools that advance reciprocal- and real-space resolved studies for
precise imaging and efficient excitation of microstructures.

First, transmissive CdTe microcavities in the strong coupling regime fabricated by a lift-off
process are introduced. The input-output characteristics revealed optical bistability with two
distinct types of hysteresis loops, depending on laser detuning: one with the conventional shape
and direction reported for other types of microcavities, and a new one, exhibiting a triangular
shape and an opposite direction of formation. Angle-resolved measurements demonstrated
that the switching mechanism is linked to a thermally induced transition between strong
and weak coupling regimes. A theoretical model including thermal redshifts and coupling
reduction reproduced the observed bistabilities. The system also provided access to natural
exceptional points in the polariton spectrum. Encircling experiments were performed by
simultaneously tuning the excitation power, which effectively modulated the coupling strength,
and by tracing the in-plane wavevector. Together, these parameters allowed the exploration
of the exceptional point topology.

Then, ballistic coupling of condensates in semimagnetic CdTe microcavities is investigated.
In this system, the giant Zeeman effect under an external magnetic field modifies exciton-
photon detuning and polariton effective masses. Experiments showed that the magnetic field
switches the parity of the condensate dyads between in-phase and anti-phase states. The
effect was observed in real- and momentum-space interference patterns and was explained
using analytical model and spinor Gross-Pitaevskii simulations.

Finally, polymer microlenses fabricated directly on the surface of microcavities using
two-photon polymerization are presented. Ray-tracing simulations guided the microlens
design. Experiments confirmed that the microlenses extend the accessible in-plane wavevector
range, allow parallel measurements in reciprocal space from multiple spots on the sample with
microlens arrays, and reduce the laser pulse energy required to achieve condensation threshold
by locally concentrating excitation. Their functionality was demonstrated in both dielectric
and semiconductor microcavities under cryogenic conditions.

Altogether, the dissertation reports the realization of transmissive CdTe microcavities with
novel bistability mechanisms, the appearance and encirclement of natural exceptional points,
the magnetic-field induced parity switching of condensate supermodes, and the development
of microlenses as tools for single and multiplexed reciprocal space studies. Together, these
results document new nonlinear effects in II-VI microcavities and establish novel methods for
their systematic investigation.






Streszczenie

W niniejszej rozprawie przedstawiono badania eksperymentalne dotyczace nieliniowych efektéw
optycznych w mikrownekach polarytonowo-ekscytonowych opartych na pélprzewodnikach
grup II-VI, z tellurkiem kadmu (CdTe) jako gléwnym materialem bazowym. Praca koncentruje
sie na takich zjawiskach, jak bistabilno$¢ optyczna, kondensacja polarytonowo-ekscytonowa
oraz kontrolowane oddzialywania miedzy kondensatami polarytonowymi. Opracowuje rowniez
narzedzia eksperymentalne, ktére umozliwiaja prowadzenie badan w przestrzeni odwrotnej
i rzeczywistej w celu precyzyjnego obrazowania i wydajnego wzbudzania tych mikrostruktur.

Na poczatku przedstawiono mikrowneki na bazie CdTe w silnym sprzezeniu, wytworzone
w procesie lift-off. Charakterystyka wejscia-wyjscia ujawnita bistabilno$¢ optyczna z dwoma
odrebnymi typami petli histerezy w zaleznosci od odstrojenia energii lasera: jedna o typowym
ksztalcie i kierunku, opisywanym dla innych typéw mikrownek, oraz nowa, o tréjkatnym
ksztalcie i przeciwnym kierunku tworzenia. Pomiary z rozdzielczoscia pedowa wykazaty, ze
mechanizm przetaczania jest powiazany z termicznie indukowanym przejsciem miedzy silnym
i stabym sprzezeniem. Model teoretyczny uwzgledniajacy przesuniecia termiczne i redukcje
sprzezenia odtworzyl zaobserwowane bistabilnosci. Taki uktad zapewnit réwniez dostep do
naturalnych punktéw wyjatkowych w widmie polarytonéw. Przeprowadzono eksperymenty
okrazajace punkt wyjatkowy, poprzez jednoczesne dostrajanie mocy pobudzania, co skutecznie
modulowalo site sprzezenia, oraz poprzez $ledzenie wektora falowego w plaszczyznie. Parametry
te tacznie umozliwily zbadanie topologii punktéw wyjatkowych.

Nastepnie zbadano sprzezenie balistyczne kondensatéw w pétmagnetycznych mikrownekach
na bazie CdTe. W tym uktadzie pod wplywem zewnetrznego pola magnetycznego, pojawiajacy
sie gigantyczny efekt Zeemana modyfikowal odstrojenie miedzy fotonem a ekscytonem i masy
efektywne polarytonéw. Eksperymenty wykazaly, ze zewnetrzne pole magnetyczne przelacza
parzysto$¢ kondensatu miedzy stanami w fazie i w antyfazie. Efekt ten zaobserwowano
we wzorach interferencyjnych przestrzeni rzeczywistej i w przestrzeni pedu i wyjasniono za
pomoca modelu analitycznego oraz symulacji Grossa-Pitaevskiego.

Na koniec przedstawiono mikrosoczewki polimerowe wytworzone bezposrednio na powierz-
chni mikrownek przy uzyciu polimeryzacji dwufotonowej. Projekt ksztattu mikrosoczewek
oparto na symulacjach §ledzenia promieni. Eksperymenty potwierdzily, ze mikrosoczewki rozsz-
erzaja dostepny zakres wektorow falowych w plaszczyznie, umozliwiaja jednoczesne pomiary
w przestrzeni odwrotnej z wielu punktéw na prébce za pomoca uktadéw mikrosoczewek oraz
zmniejszaja energie impulsu laserowego wymagang do osiagniecia progu kondensacji, poprzez
lokalng koncentracje wzbudzenia. Ich funkcjonalnoéé wykazano zaréwno w mikrownekach
dielektrycznych, jak i pélprzewodnikowych w warunkach kriogenicznych.

Catoéciowo, w pracy opisano realizacje mikrownek CdTe z nowatorskimi mechanizmami
bistabilnosci, pojawienie sie i otoczenie naturalnych punktéw wyjatkowych, indukowane
polem magnetycznym przetaczanie parzystoséci supermodéw kondensatu oraz opracowanie
mikrosoczewek jako narzedzi do badan przestrzeni odwrotnej, w pojedynczym miejscu, jak
i w wielu jednoczesnie. Wyniki te dokumentuja nowe efekty nieliniowe w mikrownekach I1-VI
i ustanawiajg metody do ich systematycznego badania.
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Chapter 1

Motivation

In the current Information Age, collecting, processing, and analyzing data has become essential
for scientific research, medicine, finance, and technology, as well as for everyday life. The
resulting rapid growth of demand for data processing has pushed conventional silicon-based
electronics close to its limits. The current approach of continued miniaturization of transistors
is reaching the physical boundaries and quantum limitations. Simultaneously, silicon electronics
is constrained by resistive losses, leading to high energy consumption and emerging heat
dissipation challenges. These limitations have stimulated the search for alternative paradigms
for data processing and computation that could provide both higher speed and lower energy
requirements.

Among the proposed solutions, photonic platforms stand out because of the intrinsic
advantageous properties of light: unparalleled speed, high bandwidth, low latency, and the
absence of resistive losses. However, the difficulties in engineering strong nonlinear effects
in photonic systems remain a major obstacle for practical implementations of logic and
information processing. In those, nonlinearity is essential as it provides the mechanism for
signal switching, information storage, and mutual interactions between signals, functions that
are at the core of any computing device.

An unique way to engineer a strong nonlinear response in photonics is to couple light with
matter. Namely, hybrid light-matter quasiparticles known as exciton-polaritons combine a
strong nonlinear response stemming from exciton-exciton interactions with mentioned above
advantages of photons. They can be realized in various types of optical microcavities. The
most common approach utilizes semiconductor microcavities, where electronic excitations
in quantum wells are strongly coupled to the photonic resonances of the cavity. Exciton-
polaritons provide a versatile platform for implementing nonlinear photonic functionalities at
a low energy cost. Their unique nonlinear functionalities have already been recognized as a
potential platform for photonic data processing that supports multiple distinct computational
paradigms [1]. Taking this importance as a starting point, the expansion and control of
nonlinear properties of exciton-polaritons are the main topics of this dissertation.

The storage and processing of binarized information requires two available stable states.
Here, exciton-polaritons bring optical bistability, which enables two robust and switchable
states of transmission directly implementing binary memory in the optical microcavity. This
work extends the optical bistability into CdTe-based microcavity platform. This led to the



discovery of alternative mechanisms driving the bistable behavior, enabling the implementation
of two novel regimes of optical bistability (Chapter 4] and Ref. [2]).

A different paradigm of information processing that has especially recently gained significant
attention is neuromorphic computing. This approach requires nonlinear nodes that function
as neurons that directly process the information when arranged in interconnected function-
specific networks. In this context, non-equilibrium Bose-Einstein condensates of exciton-
polaritons have already been established as advantageous neuron-like nodes, offering the
required nonlinearity and interconnectivity [3-7].

However, practical applications of neuromorphic computing require low-power operation.
In the context of an exciton-polariton platform, it corresponds to reducing the optical excitation
power required to reach the condensation thresholds. To address this challenge, this work
introduces polymer microlenses printed directly onto the microcavity surface. The optimized
design of the microlenses maximizes the efficiency of light injection, significantly reducing the
energy required to achieve the condensation threshold. Simultaneously, this approach increases
the efficiency of the emitted light collection and brings access to otherwise unreachable high-
momenta polariton states, concurrently optimizing angle-resolved emission imaging (Chapter @]
and Ref. [§]). Additionally, arrays of such microlenses enable previously inaccessible parallel
imaging of reciprocal space from multiple positions on the sample simultaneously (named here
as multiplexed k-space imaging).

Looking beyond the classical information processing paradigms, polariton systems have
been recognized as a platform for analog quantum simulators [9]. Coupled condensates network
can directly emulate spin models such as the XY Hamiltonian [10], offering an explicit physical
solution to complex optimization problems and many-body quantum phenomena. In this
approach, the functionality of the network is encoded within the coupling rates between
the individual condensate sites. This work explores the adjustability of these rates by the
natural fluctuations of the photonic potential inherent in CdTe-based microcavity systems [11]
(Chapter . Moreover, this dissertation demonstrates a new method for controlling the
coupling between individual condensate sites by an external magnetic field. Specifically,
benefiting from the unparalleled sensitivity to magnetic field of Mn-doped semimagnetic
microcavities, the magnetic field is used to switch the parity of a synchronized collective
condensate supermode, thereby providing a novel handle for engineering condensate networks
and exploring their use as simulators (Chapter |5/ and Ref. [12]).

All of these functionalities, namely optical bistability, polariton condensates and their
coupled networks, rely on exploiting the nonlinear interactions of exciton-polaritons. The
overarching goal of this dissertation is therefore centered on identification, control, and
harnessing those nonlinearities to advance both fundamental understanding and potential
applications of polariton physics.

The work is structured as follows:

Chapter [2|is devoted to the theoretical introduction of the basis of polariton physics.
Introduces the properties of excitons trapped in semiconductor quantum wells as well as
optical resonators, specifically microcavities. Later, strong and weak coupling regimes between
those two constituents are discussed. Finally, a non-equilibrium Bose-Einstein condensation
of exciton polaritons is presented.

In the following, Chapter [3| presents experimentally characteristic properties of CdTe-
based optical microcavities. It concentrates on the experimental methods for the observation



of a strong coupling regime, which are the basis of the whole dissertation. The following
measurements are used to introduce properties of polariton Bose-Einstein condensates, study
photonic potential landscapes in CdTe-based microcavities, and demonstrate differences
between strong and weak coupling regimes.

Chapter [4] describes the bistable behavior of II-VI semiconductor microcavities. The
Chapter begins with the presentation of the method used for the preparation of transmissive
microcavities, obtained here by the water-assisted lift-off method. Following investigations
of the quasiresonant laser transmission through the cavity as a function of incident light
intensity reveal bistability in the power input-output characteristics with two distinct types of
hysteresis. The first observed bistability exhibited a hysteresis loop with the typical shape
and direction reported in the literature for other types of microcavities, although it appeared
for an unusual laser detuning, whereas the second, newly observed “triangular” hysteresis
displayed an unusual, opposite direction of formation. The experimental observations are also
fully supported by a theoretical model. The Chapter also includes a section showing that a
controlled transition between the strong and weak coupling regimes allowed access to a natural
exceptional point in polariton dispersion. An additional noteworthy result presented in this
Chapter is the observation of a third type of optical bistability in a single QW CdTe-based
microcavity, arising solely from the redshift of the photonic mode with increasing transmitted
laser power.

Chapter 5| is devoted to ballistically coupled polariton condensates in semimagnetic
microcavities in an external magnetic field. The experimental results present switching of the
parity of a synchronized polariton condensate dyad with a magnetic field. These results are
presented in both real space and momentum (k-) space, where the varying magnetic field leads
to a change in the number of interference fringes, which is further confirmed by theoretical
modeling.

Chapter [6] introduces polymer microlenses which can be directly printed on top of
the microcavities. The numerical methods based on ray-tracing are used to design specific
functionalities of the microlenses. Later part details the microlenses printing process. The
following optical measurements confirm the applicability of the microlenses for momentum-
resolved imaging, also under cryogenic conditions. Additionally, arrays of such microlenses
enable simultaneous multi k-space imaging (polariton multiplexing), allowing parallel collection
of multiple polariton dispersions. The use of microlenses also leads to a significant reduction
in the energy required to reach the condensation threshold.

Chapter (7| presents a summary of the entire dissertation with Appendix I (section
including details of the structure of the investigated samples and Appendix II (section
containing an analysis of interactions between three condensates trapped in separate potential
minima, observed in a CdTe-based microcavity. In contrast to the dyad system discussed
in Chapter [5] where the condensates are synchronized through ballistic propagation, the
three-condensate configuration in Appendix II exhibits interactions governed by diffusive
propagation.



Chapter 2

Introduction to semiconductor
microcavities

Exciton-polaritons are hybrid light-matter quasiparticles, resulting from strong coupling
between cavity photons and quantum well excitons. Their dual nature provides them an
exceptionally small effective mass and significant nonlinear interactions, making them an
interesting platform for exploring nonlinear effects such as non-equilibrium Bose-Einstein
condensation or optical bistability.

This Chapter begins with an introduction of the basic concepts necessary to understand
the phenomena addressed later in the work. First, the properties of excitons in semiconductor
quantum wells will be presented, with emphasis on their binding energies, space confinement,
and relevance for optical interactions. Next, the concept of optical microcavities will be
introduced, including their design, spectral properties, and role as resonators. Then, by
combining these two ingredients, the physics of strong exciton-photon coupling in microcavities
will be described, with a distinction between the weak and strong coupling regimes, leading
to the formation of exciton-polaritons. The closing section of this Chapter details the process
by which such polaritons transition into a non-equilibrium Bose-Einstein condensate.

2.1. Excitons in semiconductor quantum wells

Electrons in atoms can occupy only specific, quantized energy states, known as energy levels.
Within a crystal in which many atoms form a regular lattice, these discrete levels overlap and
form continuous energy bands of allowed states. Electrons in a given solid state material fill
the available states up to a characteristic value known as the Fermi energy. The Fermi energy
with respect to the available energy bands determines the electrical properties of the material
and allows the classification of solids into three groups: metals, semiconductors, and isolators.

The flow of electric current in solids arises from the directed motion of free charge carriers,
which requires the presence of available electronic states. In metals, the Fermi energy lies
within a band. As a result, even for an arbitrarily small energy excitation, there are available
states contributing to electric conduction.

In semiconductors and insulators, the Fermi energy is located in the forbidden energy
range between two accessible bands, known as the valence and conduction bands. The valence



band is completely filled and separated from the conduction band by an energy interval, the
so-called band gap (E,) [13]. It specifies how much energy must be provided to a bound
electron in the valence band to become a free carrier in the conduction band.

In insulators, the band gap energy is high, as a result those materials are electrically
non-conductive. For insulators, the band gap is generally greater than 4 eV (e.g. boron
nitride E, ~ 6.0 €V, sapphire E, ~ 8.8 eV, or diamond E, ~ 5.5 eV). It makes it practically
impossible to excite electrons from the valence band to the conduction band under normal
conditions [14].

Semiconductors are characterized by significantly lower band gaps compared to insulators,
which makes it possible to generate free carriers. In these materials, electrons can be excited
from the valence band to the conduction band using an energy at least equal to the band
gap. This can be achieved through various mechanisms such as illumination, heating, or the
application of an electric field [15]. Typically, the band gap of semiconductors lies in the range
of 0.1-3 eV (for example, gallium arsenide F; ~ 1.42 eV, cadmium telluride £, ~ 1.5 €V,
or indium phosphide E, ~ 1.34 eV). The listed values correspond to normal conditions, i.e.,
room temperature and atmospheric pressure, while any change in these parameters leads to a
change in ;. The easiest parameter to tune the band gap is the temperature, which affects
the crystal through thermal expansion of the lattice. Typically, as the temperature increases,
the band gap decreases [16,17]. Another external parameter that can be used to modify Ey is
the hydrostatic pressure, which alters the band structure of the crystal. Most often, increasing
pressure reduces the band gap, while lowering the pressure increases it, although this is not a
universal rule [18,19]. Moreover, doping, mechanical strain, and reduction of dimensionality
in nanostructures can also strongly influence the effective band gap of materials.

In semiconductors illuminated by light, when the photon momentum can be conserved
(for instance, in a direct band-gap material), absorption of a photon with energy higher
than the band gap promotes an electron to the conduction band. This leaves in the valence
band an unoccupied electron state. Such a band with an empty state can also be described
by introducing a new quasiparticle, called a hole, which carries an effective positive charge.
The electrons can interact with holes via Coulomb interactions, leading to the formation
of a bound pair known as an exciton. This state has an energy lower than the band gap
E, of the host material, because part of the electron-hole pair’s energy is reduced by their
Coulomb attraction. The difference between the band gap and the actual energy required to
create an exciton is called the exciton binding energy Ej. This energy, as well as the average
electron-hole separation, can be estimated using a simple hydrogen-like model, in which the
electron plays the role of the light particle orbiting around the much heavier hole. This
approach not only provides an approximate value of the binding energy but also introduces
the so-called exciton Bohr radius ap, which defines the average distance between the electron
and hole in the bound pair.

Excitons can be classified according to their size, expressed in terms of the exciton Bohr
radius. If the Bohr radius is comparable to the lattice constant, the exciton is referred to as a
Frenkel exciton. Such excitons exhibit high binding energy and are typically strongly localized
on a single atom or molecular bond. They are characteristic of crystalline organic materials
and alkali metal halides. The second type, so-called Wannier-Mott excitons, are characterized
by a much larger Bohr radius (tens of times larger than the lattice constant). They exhibit
a relatively lower binding energy and are characteristic of semiconductors such as cadmium



telluride (CdTe, an important material in this dissertation, which will be discussed in more
detail in the following sections) or cadmium selenide (CdSe) [15].

In addition to bulk crystals, excitons are primarily studied in systems with reduced-
dimensionality, such as quantum wells (2D), quantum wires (1D), and quantum dots (0D),
where the charge carriers are confined in one, two, or all three spatial directions, respectively.
This reduced dimensionality strongly enhances Coulomb interactions, which in turn modify
the exciton binding energy and radius. For example, in the ideal two-dimensional case, this
binding energy is about four times greater than in a three-dimensional material:

EX = 4E3P. (2.1)

This confinement leads to significant changes in their energetic and optical properties [13].

In this work, excitons formed in quantum wells are specifically relevant. A quantum well
is created when a thin layer of semiconductor is sandwiched between barrier layers with a
larger E,, as shown in Fig. 2.1} To observe quantum confinement effects, the width of the
well must be at least comparable to the exciton Bohr radius in the bulk material. In practice,
this corresponds to layer thicknesses of a few to several tens of nanometers, depending on
the semiconductor. An example is the CdTe/CdMgTe system, where the width of a single
quantum well is usually about tens of nanometers [15].

N
conduction band
— electron —
- A
o Eg exciton
(0]
0
valence band
hole R —
barrie QW varriel

\ 4

Growth direction

Figure 2.1: Quantum well exciton. Schematic representation of a quantum well, showing
the exciton, energy gap, barriers, and the valence and conduction bands.

The exciton energy can be described as:

h?k?

where Fy includes the electron-hole interaction energy and confinement contributions, and
the effective exciton mass is given by:

m* = me + my,. (2.3)

The effect of quantum confinement depends on the ratio of the quantum well width to
the Bohr radius. In practice, for materials such as CdTe, the typical exciton binding energies

10



in quantum wells are on the order of several tens of meV, which is sufficient to observe
bound excitonic states well above cryogenic temperatures, in some cases even up to room
temperature [20-22].

The optical properties of quantum wells are often dominated by excitonic effects. Excitons
can be directly excited by light, which gives rise to pronounced features in absorption
spectra |23]. Under nonresonant excitation, relaxation frequently occurs through excitonic
states, which radiative annihilation dominate the photoluminescence spectra [24]. Due
to their enhanced stability in such systems, excitons have found practical applications in
optoelectronics, for example, in light emitters [25] or semiconductor lasers [26,27].

2.2. Optical microcavities

Optical resonators are fundamental components of many photonic devices as they allow the
control and confinement of light. In particular, the operation of lasers critically relies on
optical resonators, which provide the necessary feedback to preserve stimulated emission.

A Fabry-Pérot resonator is an optical resonator composed of two parallel mirrors between
which light undergoes multiple reflections and interference. As a result, standing waves
are formed for specific wavelengths, where the radiation fulfilling the resonance condition is
strongly localized. The condition for the formation of a standing wave depends on the optical
distance between the mirrors, i.e., n.L, is the effective path that light travels inside the cavity
considering the refractive index of the medium, and is given by:

2n.L
A= 2.4
N ’ ( )

where L denotes the distance between the mirrors, n. is the refractive index of the medium
inside the resonator, and N is the mode number. Light with a wavelength that does not
satisfy this resonance condition is predominantly reflected and does not form a standing wave
inside the cavity.

An optical microcavity is a special type of Fabry-Pérot resonator, in which the distance
between the mirrors is on the order of the optical wavelength. As a result, the spectral
separation between consecutive cavity modes increases significantly, along with the localization
of the optical field within the cavity. In practice, the most commonly used mirrors are
Distributed Bragg Reflectors (DBRs) [28-30], although in simpler designs high-quality metallic
mirrors may also be employed. DBRs can provide a very high reflectivity, typically R = 99%.
In semiconductor structures, reflectivities as high as R > 99.9% can be achieved [28,30],
which exceeds the reflectivity of classical metallic mirrors (e.g. silver in the visible range:
R ~ 95-98% [31]), where, in addition, absorption losses become significant.

A Distributed Bragg Reflector consists of a periodic stack of pairs of layers with alternating
refractive indices n; and thicknesses L;, which fulfill the condition:

Ao
L= 20, 2.
n 1 (2.5)

where \g is the designed (or central) wavelength. This condition ensures that the reflections
from the successive interfaces of the multilayer stack add up in phase, resulting in strongly
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enhanced reflectivity. Around the wavelength Ay, the mirror exhibits a broad spectral region
of high reflectivity, also known as the photonic stopband.

The relative width of the stopband in the limit of a higher number of pairs of layers can
be estimated from the refractive index contrast between the DBR layers [32}33]:
AFE 4 ( |n2 —ni | )

~ — arcsin
E. ng + nq

where E. is the central energy of the stopband (E. = hc/Ag). The reflectivity of a DBR grows
with both the refractive index contrast An = |ny — nq| and the number of layer pairs. For
example, for GaAs/AlAs DBRs characterized by high refractive index contrast, about 15-20
pairs are already sufficient to exceed 99% reflectivity [34]. In practice, further increasing the
number of layers provides diminishing returns and becomes limited by technological challenges
such as precise thickness control, interface roughness, absorption losses, or strain accumulation

(2.6)

during growth.

By placing a layer of refractive index n. and thickness of L. between two such DBRs, a
microcavity structure is obtained that supports standing optical modes confined between the
mirrors.

Figure 2.2(a) shows an example of the simulated, using transfer-matrix method [35],
reflectivity spectrum of a single Bragg mirror composed of 22 alternating layers of Cdg 4Mgg ¢ Te
and Cdg.ggZng.0aMgg.osTe, with refractive indices ny = 2.46 and ny = 2.74, respectively. The
photonic stopband is clearly visible in the spectrum between 1.52€eV to 1.68 eV, with optical
modes appearing at its edges (also called Bragg modes), which correspond to standing waves
located mainly in the mirrors. Figure b) presents the reflectivity spectrum of a complete
optical microcavity formed by placing two of such Bragg mirrors around a central cavity
layer. In this case, a distinct cavity mode appears within the stopband at the designed central
wavelength of A\g = 777 nm (1.596 V).

=
o

Reflectivity
o
o

0.0 s
1.4 . . . 1.5 1.6 1.7 1.8
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Figure 2.2: Reflectivity spectra of a single DBR and microcavity.(a) Simulated
reflectivity spectrum of a single Bragg mirror composed of 22 alternating layers of Cdg.4Mgg.¢Te
and Cdg gsZng.0aMgo.0sTe, with refractive indices ny = 2.46 and ny = 2.74. (b) Reflectivity
spectrum of a complete optical microcavity formed by placing two such Bragg mirrors around
a central cavity layer.

The microcavity photon resonance energy depends on the incidence angle, that is, on the
in-plane wavevector of the photon. The photon energy dispersion in such a cavity can be
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written as:

C ™ 2
Eon(ky) h (2) + kit (2.7)

" e\ \Le
where kj is the in-plane wavevector of the photon. For kj < 27/Le, a series expansion leads
to a parabolic dependence:

21.2
k) _ Ew(0)

= . 2.8
2Mer eff c2/n? (28)

Epn(k)) = Epn(0) +

This allows for defining an effective cavity photon mass. Introducing the concept of effective
mass in the system of optical microcavities makes it possible to treat the motion of a photon
in the cavity analogously to a massive particle, although with an extremely small effective
mass on the order of 107°~10~% of the free electron mass [30,36].

The finite lifetime of the photon in the cavity is directly related to the linewidth of the
cavity resonance. A convenient parameter characterizing the quality of an optical cavity,
which is determined by the photon lifetime, is the quality factor Q:

E,p
- 2.9
where E,, is the resonance energy and AFE is the full width at half maximum (FWHM) of
the resonance. For large values of (), the resonance linewidth is narrow, which corresponds to

a long photon lifetime 7, approximately given by:

~ 1Q

. 2.10
i (2.10)

T

2.3. Microcavity exciton-polaritons, strong and weak coupling
regimes

Having introduced the concepts of excitons and optical microcavities in the previous sections
of this Chapter, the focus now turns to systems in which both phenomena occur together. By
placing quantum wells at the maximum of the electric field distribution of the microcavity, the
interaction of excitons with cavity photons is enhanced. Depending on the relative strength of
this interaction compared to the losses of the system, two distinct regimes can be distinguished.

In weak coupling regime the rate of coherent energy exchange between excitons and cavity
photons is slower than their respective decay rates. In this regime, the microcavity primarily
modifies the emission properties of the emitter. Characteristic manifestations include the
Purcell effect (enhancement of spontaneous emission due to the cavity), photonic lasing, or
redshift [28-30,37].

In contrast, when the rate of coherent energy exchange between the excitonic and photonic
modes exceeds their decay rates, the system operates in the strong coupling regime. Here,
separate bare exciton and photon modes are no longer observed as the system instead exhibits
two new hybrid eigenstates of the upper and lower polaritons.

The system in the strong coupling regime can be modeled as two coupled oscillators,
described by the Hamiltonian [30}38]:
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Epn(ky)  5OQr
h
§QR Eex(k”)

)

where Epp,(k|) and Eex (k) denote the bare photon and exciton energies, and h{)g is the Rabi
splitting. Diagonalization of the Hamiltonian yields the polariton eigenenergies:

Eph(k:”) + Eex(k”
2
corresponding to the upper (+) and lower (—) polariton branches. The equation describes
characteristic for the strong coupling regime energy levels repulsion (anticrossing) of the

polariton states as a function of the energies of bare exciton and cavity photon modes.

The associated eigenvectors of H define the Hopfield coefficients, which quantify relative
contributions to a polariton mode, photonic C(k) and excitonic X (k). This is described by
the following equations:

Ey(k)) = ) %\/[Eph(k\\) — Eox(ky)]” + h2Q2. (2.11)

Eon(ky) — Eex(k
ClkpE = (1 s —omly) - Frlly) ) , (2.12)
VB () — Eex ()2 + 7202
Eon(ky) — FPex(k
X kP = 4 (1 - oully) - Belly) ) . (2.13)
VB (k) — Eox (k]2 + 1202
These coefficients are real and positive, and satisfy the normalization condition:
Ok P + X (R =1, (2.14)

ensuring that each polariton is a normalized superposition of photon and exciton basis states.
An important parameter when discussing exciton-polaritons is the exciton-photon detuning,
defined as the difference between the cavity photon energy and the exciton energy at kj = 0:

§ = Epn(0) — Eex(0). (2.15)

Figures (a)f(c) show exemplary dispersion relations of exciton, photon, and polariton
branches for negative, zero, and positive detuning, respectively. Figures (d)f(f) present the
corresponding Hopfield coefficients, which quantify the excitonic and photonic fractions of the
lower polariton branch in each case.

For negative detuning [§ < 0, Figs. [2.3(a,d)], where the minimum energy of the photon
mode is tuned below the exciton energy, the polariton states are more photonic, and the
point of equal contributions is shifted to higher values of k. In the case of zero detuning
[0 = 0, Figs. (b,e)], exactly at k| = 0 the photonic and excitonic contributions to the lower
polariton are equal, but the excitonic fraction increases with k). For positive detuning [§ > 0,
Figs. (c,f)], the photon mode energy is higher than the exciton energy, resulting in a lower
polariton branch with a stronger excitonic character.

Strongly coupled systems exhibit remarkable properties derived from their hybrid light-
matter nature [30}36,39,40]. Experimental observations include polariton lasing, collective
phenomena such as non-equilibrium Bose-Einstein condensation [41,/42], quantum vortices [43],
superfluidity [44], and the formation of solitons [30,45].

14



1.62

1.61

Energy (eV)

1.60

25 00 25 25 00 25
Wavevector (um™1)
" 5=0meV ]

Hopfield coefficient

25 00 25 25 00 25
Wavevector (um™1)

Figure 2.3: Illustration of how the detuning between exciton and photon modes
changes the dispersions. (a)—(c) Dispersion relations for negative, zero, and positive
detuning, showing the bare exciton and photon modes (black dashed lines), and the resulting
polariton branches (solid red lines). (d)—(f) Hopfield coefficients of the lower polariton branch
for the three detuning, indicating the excitonic (purple) and photonic (green) fractions.

2.4. Non-equilibrium Bose-Einstein condensation of exciton-
polaritons

The Bose-Einstein condensate (BEC) is a quantum state of matter, theoretically described by
S. N. Bose and A. Einstein in 1924-1925. Einstein, based on Bose’s work on the quantum
statistics of photons, demonstrated that bosons, that is, particles with integer spin, can
macroscopically occupy the lowest quantum state at temperatures close to absolute zero. As
the system is cooled, the particles begin to macroscopically populate a single state at the
energy minimum. The first experimental confirmation of creating a BEC in atomic gases was
achieved by E. Cornell and C. Wieman [46] in 1995 for rubidium atoms and shortly afterwards
by W. Ketterle for sodium atoms [47]. However, this required extreme cooling conditions,
since condensation was observed only at temperatures on the order of hundreds of nanokelvins.
This results from the very large atomic mass and the necessity of creating a highly dilute gas,
which, according to the formula for the critical temperature (T, o< n?/3/m), leads to values in
the nanokelvin range.

In 2006, J. Kasprzak and collaborators demonstrated for the first time the experimental
observation of exciton-polariton BEC in a semiconductor microcavity [42]. Polaritons, as a
hybrid light-matter quasiparticles, possess an extremely small effective mass (about 10~ of
the free electron mass [48]), compared to atomic gases. As a result, condensation occurs at
temperatures much higher than those in atomic systems. Initially, observations were only
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possible under cryogenic conditions, but further research led to the realization of condensation
at room temperature, including organic materials [49,/50], polymers [51,52], perovskites [53-55],
and transition metal dichalcogenides (TMDs) [56,57]. The possibility of observing exciton-
polariton condensation at room temperature is related to the properties of excitons. In
conventional inorganic semiconductors (e.g., GaAs or CdTe), the exciton binding energy is
only a few meV, which limits the stability of excitonic states to low temperatures. In organic
materials, perovskites, or TMDs, this binding energy is significantly higher (up to tens to
hundreds of meV), making excitons stable even at room temperature [58|.

It should be noted that exciton-polariton condensation is a non-equilibrium process. Due
to the finite lifetime of polaritons, maintaining the condensate requires external pumping, here,
pulsed excitation, so the system typically does not reach thermal equilibrium. Consequently,
the term “condensate” used throughout this work refers to a non-equilibrium, driven-dissipative
condensate, distinct from equilibrium Bose-Einstein condensation observed in ultracold atoms
Systems.

The creation of a polariton condensate requires an appropriate excitation scheme. Typically,
as can be seen in Fig. [2.4] nonresonant pumping is used. In this excitation scheme, the laser
energy is set higher than the energy of the polariton modes, optimally near the upper Bragg
minimum. Photon absorption creates high energy free charge carriers, which then relax
into excitonic states, forming the so-called excitonic reservoir. The reservoir is made of
high-wavevector excitons, which upon subsequent interactions with phonons undergo rapid
scattering processes (on the picosecond timescale), enabling polaritons to relax to lower energy
states [42]. For their high densities, polaritons as bosonic particles undergo a stimulated
scattering process that enables efficient population transfer toward the lowest-energy polariton
states once the occupation threshold is reached. Condensation occurs when the macroscopic
population of the ground state of the polariton is reached.

The condensation process can be observed as a nonlinear increase in emission intensity, a
blueshift of the emission energy, and linewidth narrowing [41,42]. The blueshift originates
from the interactions of matter component, which manifest as repulsive contributions to both
polariton-polariton and polariton-excitonic reservoir interactions, leading to an overall increase
in the condensate energy with growing density. Although exciton-polariton condensates
can form at pump powers significantly lower than the lasing threshold of conventional
semiconductor lasers, research is ongoing to further reduce it even further.
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Figure 2.4: Scheme of exciton-polariton condensate formation. Nonresonant absorption
leads to the generation of free carriers, which then relax into the excitonic reservoir, from
where polariton states can become populated, and under appropriate conditions the ground
state can reach macroscopic occupation of the ground state forming the condensate.
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Chapter 3

Optical properties of CdTe-based
semiconductor microcavities

Before discussing the physical effects observed in strongly coupled systems, this Chapter
introduces the experimental aspects of the work. It describes the growth method of the optical
microcavities, presents their preliminary characterization, and outlines the experimental setup
used in the optical studies.

3.1. Molecular Beam Epitaxy growth of optical microcavities

All semiconductor samples investigated experimentally in this work were grown using Molecular
Beam Epitaxy (MBE). The microcavity structures based on cadmium telluride (CdTe), which
constitute most of the samples studied in this thesis, were designed and fabricated in the
Molecular Beam Epitaxy Laboratory of the Faculty of Physics, University of Warsaw, by Prof.
Wojciech Pacuski and Dr. Barttomiej Seredynski.

MBE is one of the most precise crystal growth methods, allowing thickness control at
the level of an atomic monolayer. Heated effusion cells containing high-purity metals or
compounds, typically 7N purity or higher, are used as atom sources for growth. The purity
of source materials is described by the N-grade notation, where the number preceding N’
indicates how many nines appear in the fractional purity. The high material purity minimizes
point defects and directly translates into improved optical properties. During heating, the
elements evaporate, producing atomic fluxes directed toward the substrate placed in the
growth chamber. Substrates in this technique are wafers, flat monocrystalline plates, most
commonly with a diameter of 2-3 inches. A wafer is mounted in a dedicated holder, first
introduced into the load-lock chamber, then transferred to the preparation chamber, and after
proper pumping, finally moved into the growth chamber.

The entire process takes place under ultra-high vacuum (UHV), on the order of 10~
mbar. Such conditions are achieved using a combination of pumps. A membrane pump feeding
a turbomolecular pump (providing a high vacuum of about 10~% mbar in the load-lock), an
ion pump (maintaining vacuum in the preparation chamber at ~ 10~ mbar), and a cryogenic
pump allowing for UHV conditions in the growth chamber at ~ 10711 mbar [59]. In addition,
the walls of the growth chamber are cooled with liquid nitrogen, which promotes the trapping
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of residual contaminants and helps maintain process cleanliness.

During growth, parameters such as substrate temperature, effusion cells temperatures,
and the resulting atomic fluxes are precisely controlled. A key tool for monitoring crystalline
quality is Reflection High-Energy Electron Diffraction (RHEED). This technique enables
evaluation of the surface crystallinity, growth mode (layer-by-layer or three-dimensional), and
growth rate. A beam of electrons with energies of several keV is directed toward the surface at
a small angle. The electrons are diffracted on atomic rows, producing characteristic patterns
on a detector. Depending on the appearance of the diffraction image, one can determine
whether the grown structure is amorphous, polycrystalline, or of high-quality monocrystal
character. Furthermore, oscillations of the RHEED intensity provide direct information on
the growth rate, allowing calibration with monolayer precision.

The typical growth temperature of group II-VI semiconductor microcavities is around
300-350 °C, with a deposition rate of about one monolayer per second. This process requires
highly precise temperature control because elements such as tellurium exhibit high vapor
pressures, and even small deviations may lead to significant changes in atomic fluxes. In MBE,
several atomic species can be supplied simultaneously from different effusion cells, which makes
it possible to grow complex multilayer structures with controlled composition and doping.
During growth, magnetic ions, such as manganese, can be incorporated into Bragg mirrors [60]
or quantum wells [61-65]. In the mirrors, magnetic ions primarily modify the refractive-index
profile; in an external magnetic field the index becomes field-dependent, thereby shaping the
dispersion of the photonic modes, while doping the quantum wells modifies the magnetic
properties of excitons. This approach enables the realization of magnetic or semimagnetic
microcavities, which are unique compared to other studied systems, and allows the observation
of new phenomena related to the interaction with an external magnetic field [61-67].

3.2. Strong coupling regime in II-VI microcavity

The thesis concentrates on experimental investigation of the optical properties of semiconductor
microcavities. All of the spectroscopic measurements were performed at the Polariton
Laboratory at the Faculty of Physics, University of Warsaw. The general scheme of the
experimental setup used for the reflectivity and photoluminescence measurements is shown
schematically in Fig.

All experimental results were obtained using microcavities based on semiconductors
made of elements from groups III-V and II-VI of the periodic table and, unless stated
otherwise, collected at a temperature of 4.5 K, in a cryostat cooled with liquid helium. During
measurements, the sample chamber was evacuated to a vacuum of 1076-10~7 mbar to prevent
condensation of water vapor on the sample surface. The sample was mounted on a so-called
“cold finger” — a copper plate with high thermal conductivity, directly connected to the flow of
liquid helium. To ensure proper thermal contact, the sample was attached to the cold finger
using a silver paste. The entire system was located in a vacuum chamber.

The optical measurements were performed in the visible and near-infrared spectral range.
Reflectivity measurements were performed using a halogen lamp. This lamp covered the entire
spectral range relevant to all investigated microcavities. For photoluminescence measurements,
a pulsed Ti:sapphire laser was used (Coherent Mira-900 laser, pulse duration 4 ps, repetition
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Figure 3.1: Experimental setup for measuring semiconductor optical microcavities.
The setup allows for measurements of both reflectivity and photoluminescence. Microscope
objective was used to focus light on the sample surface, and then the signal from the sample
was collected using the same microscopic objective and lenses appropriately positioned in the
detection path, either in real space or in reciprocal configuration.

rate of 76 MHz, tunable wavelength range approx. 700-850 nm).

As indicated in the experimental setup scheme (Fig. , the laser and the halogen lamp
could be directed into the sample from the reflectivity side. Light was directed to a microscope
objective and then focused onto the sample surface. The reflected light (together with emission
from the sample in photoluminescence measurements) was collected with the same microscope
objective and directed to the spectrometer slit, equipped with 2D CCD camera or directly to
the CCD camera sensor. The laser power was adjusted using a rotating neutral density filter,
and the power incident on the sample was measured with a power meter. In the detection
path, two lenses were used to observe the Fourier plane (k-space) on the spectrometer or
camera, or a single lens was used to image the real space of the sample.

A scheme of these imaging configurations is presented in Fig. [3.2(a). The observation
of reciprocal space requires a microscope objective that collects the signal from the sample
and performs a Fourier transform of that signal. The Fourier transform is realized at the
back focal plane of the objective (BFP) also known as the Fourier plane (FP), i.e. the surface
where rays emitted at the same angle from different positions on the sample intersect. The
Fourier transformed signal then passes through two appropriately aligned lenses, of which the
first is the so-called Bertrand lens (named after the mineralogist Emile Bertrand, the inventor
of this configuration), and the second is an imaging lens. The Bertrand lens (sometimes called
the Fourier lens) allows observation of the BFP of the objective, while together these two
lenses form a relay system that projects the Fourier plane onto the detector sensor.

The momentum of the photons can be decomposed into components perpendicular and
parallel to the sample. In the microcavity the perpendicular component is quantized and
directly dependent on the cavity width. The in-plane momentum of polaritons is continuous
and conserved after optical recombination. Angle-resolved imaging provides access to the
angle at which light exits the sample, and thus to the polaritons in-plane momentum. The
relation between the emission angle and the in-plane wavevector is given by:
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Figure 3.2: Optical setups showing how light rays are directed in reciprocal and
real space imaging configurations. (a) The reciprocal space imaging setup consists of a
microscope objective, a Bertrand lens, and an imaging lens, and (b) the real space imaging
setup uses a microscope objective to collect the signal and a lens to focus it onto a camera or
spectrometer slit.

E .
k= %sm& (3.1)

where FE is the energy of the photon emitted from the cavity. Since all measurements presented
in this work are referenced to the in-plane component kj, it will be referred to simply as k
throughout the text.

A schematic experimental configuration illustrating the propagation of light rays in the
real-space imaging setup is shown in Fig. |3.2(b). Imaging of the real space of the sample
employs an optical setup consisting of two optical elements. The first element, which is
typically a microscope objective or a short-focal length lens, collects the reflected or emitted
signal from the sample and collimates it. The second focusing lens is positioned so that it
precisely focuses the collimated signal on the spectrometer slit or camera sensor, enabling the
real-space (spatial) image of the sample to be captured.

The presence of strong coupling in a semiconductor microcavity system can be experimen-
tally demonstrated by measuring the polariton dispersion relation. Using the experimental
setup described above, both white-light reflectivity and photoluminescence momentum-resolved
spectra were measured from a CdTe-based semiconductor optical microcavity (Sample C.3, for
more details on the structure, see Appendix I, . The results were collected at a temperature
of 4.5 K and are presented in Fig.|3.3] Figures|3.3{a,b) were measured at the same position on
the sample, while the maps shown in Figs. c,d) were collected at a different position with
different detuning. These two measurements demonstrate the possibility of tuning the cavity
photon mode energy across the sample. This tuning arises from the intentional thickness
wedge of the cavity layer introduced during MBE growth, which modifies the optical path
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length and shifts the cavity photon energy. As a result, measurements at different sample
positions allow access to various detuning values.

The map shown in Fig. [3.3(a), presents white-light reflectivity from the microcavity, with
clearly visible lower and upper polariton modes in the dispersion map. The lower polariton is
observed in the energy range between 1.60 eV and 1.62 eV, while the signal from the upper
polariton appears above 1.62 eV. The coupled oscillator model described above in Eq. ,
was overlaid on the experimental dispersion relation. The modeled lower and upper polariton
branches are shown with red dashed lines. The dispersion observed in reflectivity agrees very
well with the model. The modeling allows for the determination of the Rabi energy h{lp
as 12 meV as well as the bare exciton and cavity photon energies, indicated in Fig. (a)
with white dashed lines. From the modeling, the exciton-photon detuning at the investigated
position was determined as § = —17.7 meV (E,,=1.6023 eV, E=1.602 V).

Additionally, as described above, photoluminescence from the sample can be excited using
a laser tuned to the first Bragg minimum of the studied structure. For these measurements,
the laser wavelength was tuned to 730 nm, corresponding to an energy of 1.70 eV. The
photoluminescence spectrum in Fig. (b) was obtained at the same sample position as
the reflectivity map in Fig. (a), for a laser pulse energy of 20 pJ. The results show a
homogeneous population of the lower polariton branch, while no signal from the upper
polariton is observed. The upper polariton retains a substantial excitonic fraction and a
broader resonance, which suppress its visibility. In contrast, the lower polariton has a larger
photonic fraction (particularly near k = 0), which enhances its coupling to the external
electromagnetic field and enables for more efficient light emission.
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Figure 3.3: Strong coupling regime observed for two detunings on a Sample C.3
microcavity. (a) White-light reflectivity at the first sample position, showing clear branches
of the lower and upper polaritons. (b) Photoluminescence from the same position, revealing
only emission from the lower polariton branch under nonresonant excitation. (¢) White-light
reflectivity at a second position on the sample, corresponding to a different detuning, with
both polariton branches visible. (d) Photoluminescence from the second position.

To demonstrate the effect of a different detuning, additional measurements were performed
at another position on the sample, and presented in Figs. c,d). At this position, the lower
polariton signal is observed between 1.61 €V and 1.62 ¢V, while the upper polariton signal
appears above 1.625 eV. The white-light reflectivity map in Fig. (c) was modeled with
the coupled oscillator model, yielding a detuning of § = —7 meV. Similarly to the previous
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case, the photoluminescence map was collected at a pulse energy of 20 pJ and presented in
Fig. [3.3(d), which shows only the lower polariton emission. This spatial dependence of the
detuning will be utilized in the following sections of the thesis.

3.3. Non-equilibrium Bose-Einstein condensation in CdTe-based
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Figure 3.4: Polariton condensation from Sample C.3 under nonresonant pulsed
excitation. (a) Momentum-resolved PL spectra collected at low excitation energy (7.67 pJ),
with visible a uniform population of the lower polariton branch. (b) Map collected near the
condensation threshold (70.94 pJ), and (c) above the threshold (98.84 pJ). (d) Extracted
parameters of Lorentzian fits to the photoluminescence spectra at k = 0, with integrated
emission intensity, blueshift of the emission energy, and linewidth narrowing of the lower
polariton mode.

As described above, polariton condensation can be achieved under nonresonant excitation.
The experiment was carried out using the setup shown in Fig. with a pulsed Ti:sapphire
laser. Measurements were performed on Sample C.3, under conditions analogous to those
described above, with photoluminescence collected for increasing excitation density.

The results are shown in Fig. The momentum-resolved spectra in Fig. (a), collected
at a pulse energy of 7.67 pJ, shows a uniform population of the entire lower polariton branch,
visible between 1.61 eV and 1.62 e€V. Then, the coupled oscillator model was modeled to the
dispersion map, yielding a detuning value of § = —7.5 meV between the photonic and excitonic
modes. When the excitation pulse energy was increased, a redistribution of the population
along the lower polariton branch was observed. At a pulse energy of 70.94 pJ, corresponding
to the condensation threshold [Fig. [3.4(b)], lower-polariton mode becomes macroscopically
occupied around k = 0 and undergoes an interaction-induced blueshift. After exceeding the
threshold and further increasing excitation, the condensate state was still observed, which
was confirmed by the map shown in Fig. [3.4fc), obtained at 98.84 pJ.

A more detailed analysis of the signal was carried out by extracting cross-sections of
the maps at k£ = 0 for successive excitation energies. Lorentzian fitting were performed to
the emission peaks, from which the intensity, energy blueshift, and spectral linewidth were
extracted as functions of increasing pulse energy, as shown in Fig. (d) The observed
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nonlinear increase of the emission intensity reflects the onset of polariton condensation. The
energy blueshift originates from repulsive polariton-polariton interactions, which increase the
effective potential energy of the condensate. In turn, the linewidth narrowing indicates the
build-up of macroscopic coherence in the system. Together, these signatures confirm the
realization of non-equilibrium Bose-Einstein condensation in the investigated CdTe-based
microcavity sample.

3.4. Photonic potential fluctuations in CdTe-based microcavity

Despite the very high precision of MBE growth, CdTe-based structures exhibit a significant
degree of photonic disorder, which arises from crystalline defects and spontaneous strain
relaxation. This disorder results in local fluctuations of the photonic potential energy, which
distinguishes CdTe-based microcavities from their GaAs-based counterparts. In GaAs-based
cavities, the photonic potential is typically flat, which allows for relatively longer-range
propagation of polaritons and their condensates (which in extreme cases reach several tens
of micrometers [68]). In contrast, in CdTe-based microcavities the disorder leads to strong
spatial modulation of the photonic potential.

As a consequence, polariton condensates in CdTe structures are typically strongly localized
in potential minima rather than freely propagating [42,63]. This localization strongly affects
the condensation dynamics, as the condensate emission predominantly originates from these
local minima.
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Figure 3.5: Effect of photonic disorder on polariton states in a CdTe microcavity.
(a,b) White-light spatially-resolved reflectivity spectra at two different sample positions,
corresponding to different detuning values [cf. Figs. (a)f(d)], showing local fluctuations
of the lower polariton energy. (c) Spatially-resolved photoluminescence spectra below the
condensation threshold (0.32 pJ), where localized states appear on top of a broad emission
background. (d) At higher excitation power (26.30 pJ), the localized states become more
pronounced while the background signal decreases. (e) Above the condensation threshold
(70.41 pJ), condensation occurs into localized states, visible as spectrally narrow emission peaks.
A redistribution of intensity between different localized states is observed with increasing
excitation.
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This effect can be clearly observed in the spatially-resolved experiments shown in Figs. [3.5]
The reflectivity map in Fig. [3.5(a) corresponds to the detuning presented in Figs. 3.3(a,b),
while the map in Fig. [3.5(b) corresponds to the position with detuning shown in Figs. [3.3{c,d).
The reflectivity maps reveal that the energy of the lower polariton fluctuates differently
depending on the local detuning. For more negative detuning [Fig. [3.5((a)], the polariton
has a larger photonic fraction, and fluctuations occur between 1.595 eV and 1.612 eV. For
less negative detuning [Fig. [3.5(b)], the fluctuations are observed in a smaller energy range,
between 1.612 eV and 1.618 €V.

The influence of disorder is also visible in photoluminescence. At the position of Fig.|[3.5(a),
even well below the condensation threshold (0.32 pJ), Fig.|3.5{c) already shows several localized
states that appear on top of a broad emission background. As the excitation power increases,
as shown in Fig. [3.5(d), for 26.30 pJ, the intensity of these localized states increased as well,
while the broad background fades. Once excitation exceeds the condensation threshold in
Fig. e), for 70.41 pJ, the emission spectrum narrows, confirming condensation in localized
states. Interestingly, with higher excitation, the emission shifts between different localized
states. In the last two panels, the initially dominant state on the left weakens, while the state
on the right becomes stronger.

As shown, photonic disorder in CdTe-based microcavities not only suppresses long-range
polariton propagation but also determines the localization sites of the condensates by the
built-in potential landscape. This feature is fundamental for understanding the behavior of
condensates in this material platform and will remain an important theme in the following
Chapters.

3.5. Exciton-photon coupling dependence on temperature

A practical demonstration between the strong and weak coupling regime can be obtained
experimentally by tracing polariton dispersion relations as a function of temperature. The
measurements were obtained on a Sample C.3.

The measured white-light reflectivity spectra in reciprocal space are presented in Fig. [3.6]
As shown in Fig. [3.6(a), measured at a temperature of 5 K, the lower and upper polariton
modes are clearly visible in the dispersion map. The map was modeled with the coupled
oscillator model, where the bare photonic mode and the exciton mode are indicated with
white dashed lines, and the lower and upper polariton branches are shown with red dashed
lines. From the modeling, the detuning at the investigated position was determined as
0 = —19.2 meV. The subsequent maps were collected for the higher temperatures, indicated
in the lower right corner of each panel. As can be seen, within the temperature range of 5 K
to 130 K, corresponding to Figs. [3.6(a)—(1), polariton modes remain clearly visible and the
modeling procedure was straightforward, since the full wavevector range available on the maps
was well resolved. As the temperature increased, the polariton modes were observed to move
closer to each other, approaching a detuning value of zero. With increasing temperature, the
polariton modes were also observed to broaden, accompanied by a gradual decrease in the
contrast between the polariton modes and the background signal. This broadening mainly
reflects stronger exciton-phonon scattering at higher temperatures, which shortens the exciton
coherence time and by exciton-photon interactions, widens the polariton resonances. As
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Figure 3.6: Temperature dependence of polariton dispersion in experiment on a
CdTe-based microcavity. White-light reflectivity maps in reciprocal space for Sample C.3
at selected temperatures, as indicated in each panel. The data were modeled using a coupled
oscillator model. White dashed lines mark the bare photonic and excitonic modes, while red
dashed lines indicate the upper and lower polariton branches. Polariton modes remain clearly
visible up to 130 K [panels (a)—(1)], while at higher temperatures the modes broaden and
disappear. At 180 K [panel (p)], only a broad photonic resonance is observed, indicating the
transition from strong to weak coupling regime.

the detuning approaches zero, at normal incidence (k = 0) the lower polariton gains more
excitonic character and broadens strongly. The upper polariton, remains spectrally broad
as it retains a substantial excitonic fraction. As the excitonic resonance broadens, its peak
amplitude decreases, which reduces the visibility on the reflectance spectrum.

The reliable modeling became difficult above 130 K, where the linewidth of the polariton
modes significantly increased and their depth relative to the background decreased. Moreover,
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Figure 3.7: Extracted parameters of the coupled oscillator model from the reflec-
tivity maps and from the Lorentzian fitting to the data as a function of increasing
temperature. (a) Bare cavity photon energy Eyy, (b) Rabi energy hdg, and (c) exciton
energy Fey as a function of temperature. (d) Temperature dependence of the lower polariton
mode linewidth (FWHM) at k£ = 0, obtained from Lorentzian fits. (e) Evolution of the
detuning during heating. A consistent increase in detuning is observed up to 130 K, above
which the results are less reliable due to broadening and reduced spectral contrast of the
modes.

an additional signal appeared in the spectral range between approximately 1.608 eV and
1.625 eV, with an effective mass different from that of the polariton modes, which, based on
its energy range, can be attributed to the coupling with the light-hole exciton. At 180 K
[Fig. N(p)], only a spectrally broad photonic mode is observed. Therefore, it can be concluded
that at a temperature of about 180 K the system no longer exhibits the strong coupling
regime.

The parameters obtained by applying the coupled oscillator model are plotted as a function
of temperature in Fig. The extracted parameters include Epp,, h)g, and Eey, presented
in Figs. [3.7(a)—(c), respectively. In addition, Lorentzian profile was fitted to the spectra at
k =0 to extract the linewidth of the lower polariton mode, as shown in Fig. [3.7(d). Finally,
Fig. 3.7(e) illustrates the change of detuning during the measurements. Between 5 K and
130 K detuning smoothly increases, whereas above this temperature the results are less reliable
due to the difficulties in applying the model to the raw spectra. As the temperature increases,
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the optical path length increases because the refractive index rises (and the cavity undergoes
thermal expansion). Consequently, the cavity photon energy decreases and the cavity mode
shifts to lower energy. The exciton energy decreases more strongly as a result of the band-gap
shrinkage with the temperature. Here, as the system starts at strongly negative detuning, the
detuning shifts toward zero value. The lower polariton spectrally broadens as it inherits the
increased linewidth of the excitonic resonance. In addition, the broadened excitonic resonance
results in lowered coupling efficiency with the cavity mode, which is observed as a decrease of
the Rabi splitting. These measurements confirm that in white-light reflectivity the strong
coupling regime can be observed in CdTe-based microcavities up to temperatures as high as
130 K.
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Chapter 4

Optical bistability in transmissive
II-VI microcavities

The results described in this Chapter are published in:

1. M. Furman, et al., "Inverted optical bistability and optical limiting in coherently driven
exciton-polaritons" (2023), APL Photonics, 8, 046105 [2]

and

2. A. Opala, M. Furman, et al., "Natural exceptional points in the excitation spectrum of a
light-matter system" (2023), Optica 10, 8 [69].
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One of the most important phenomena originating directly from the nonlinear properties
of exciton-polariton systems is optical bistability. It is a direct manifestation of polariton-
polariton interactions which can be used for the realization of all-optical logic elements and
switches. This Chapter demonstrates optical bistability in a CdTe-based microcavity, a
material system in which this effect had not been previously reported in the transmission
geometry. This achievement was only possible because of the development of novel sample
fabrication methods that enabled direct access to the transmission geometry in strongly
coupled CdTe-based microcavities, thus opening new possibilities for probing nonlinear effects.

To this end, a transmissive CdTe-based microcavity was fabricated using a specially
developed lift-off method. In this process, the epitaxial growth is extended by an additional
water-resolvable sacrificial layer. This allows for the separation of the actual microcavity
stack from its original substrate. For ease of further experiments, the exfoliated free-standing
microcavity was transferred onto a transparent sapphire support, allowing for transmission
measurements. This approach not only preserved the optical quality of the microcavity but
also provided a unique experimental configuration for investigating the nonlinear dynamics of
polaritons under resonant excitation.

The optical quality of the structure after the lift-off process was verified using momentum-
resolved reflectivity and photoluminescence measurements. These confirmed that the system
remained in the strong coupling regime and supported the formation of a non-equilibrium
Bose-Einstein condensate of polaritons.

Subsequent quasiresonant laser transmission experiments revealed clear signatures of
optical bistability in the input-output power characteristics. Importantly, two new distinct
types of hysteresis loops depending on the excitation conditions were discovered. These
bistable behaviors differ qualitatively from those reported in other semiconductor microcavity
systems, showing unique features arising from the interplay between thermal effects and
the transition between strong and weak coupling regimes. Subsequent observations resolved
in reciprocal space, showed a redshift of the polariton modes and a reduction of the Rabi
splitting, while real-space emission patterns exhibited spatial reorganization between bistable
states.

Finally, a theoretical model was developed to fully support both types of bistabilities
observed experimentally. The model incorporated the experimentally confirmed effects of
energy redshift and the reduction of the Rabi splitting. Both of those effects drove the
transition from strong to weak coupling. The model successfully captures the newly identified
forms of optical bistability. In addition, the theoretical analysis proves that in the investigated
CdTe-based microcavities, the underlying nonlinear mechanisms differ fundamentally from
those previously established in other polaritonic materials.

4.1. Introduction to bistability in optical microcavities

Optical bistability is a well-known example of a nonlinear phenomenon in optics. It occurs
when the system exhibits two different stable stationary states under the same excitation
conditions depending on the history of the system. The appearance of this effect is possible
when the output of an optical system (for example transmission or reflection of light) is not
directly proportional to the incident field but requires a presence of a nonlinear effect [70L[71].
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Two necessary requirements for observing the bistability are the presence of a nonlinear
medium, which provides an excitation intensity-dependent refractive index or absorption,
and a feedback mechanism, which is most often realized in an optical resonator [72,/73].
Experimentally, this behavior is most often observed as the formation of a hysteresis loop in
the input-output power characteristic, when the pump power is adiabatically increased and
decreased [70].

Since its first observation, optical bistability has attracted much interest due to the
possibility of realizing optical switches and memory elements based on bistable systems [74,[75].
In later years, this phenomenon has been demonstrated in a wide range of nonlinear optical
platforms, from semiconductor lasers [76-78], through cold atom systems [79-81], to cavities
filled with nonlinear materials [73,/82], and photonic crystals [83,84]. Optical bistability
has also been observed in VCSELs [85-87], in layered semiconductor materials [88], and in
plasmonic systems [89]. These examples highlight the universality of the bistability effect.

A particularly interesting system exhibiting optical bistability is a semiconductor optical
microcavity operating in the strong coupling regime. There, the excitonic component of
polaritons leads to strong nonlinear effects [404/90].

In the literature, two explanations can be found for the occurrence of optical bistability in
strongly coupled microcavity systems. The first theoretical proposal [91] suggested that the
transition from the strong to weak coupling regime can lead to hysteresis, what was confirmed
experimentally [92]. However, the better known mechanism responsible for bistability in
optical microcavities is based on the polariton-polariton interactions, which act as a Kerr-type
nonlinearity [40,90,93-95]. In such a system, the polariton mode shifts to higher energies with
increasing polariton density as a result of repulsive polariton-polariton interactions, thereby
modifying the resonance condition with respect to the pumping laser.

Recently, optical bistability in polariton systems has also been reported in device-oriented
structures such as polariton diodes [96], confirming its relevance for future applications in
optical switching and information processing.
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Figure 4.1: Model of S-shaped optical bistability in a strongly coupled microcavity.
The calculated transmission intensity in a function of excitation power exhibits a S-shaped
dependence with a hysteresis loop between low- and high-transmission states. Adapted from
Ref. [93].
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The experiments reported in [93,97] presented a direct experimental demonstration of
the optical bistability. In their realization, the energy of the laser reflected or transmitted
through the microcavity was tuned slightly above the energy of the lower polariton mode.

A theoretical model explaining this behavior is described in Baas et al. [93]. The mean
field model includes a Kerr-type nonlinear contribution stemming form repulsive polariton-
polariton interactions which results in an energy blueshift of the polariton resonance energy
under strong excitation. Figure presents the solution of the model, demonstrating a
S-shaped dependence of transmission on the excitation intensity. At low excitation powers,
the transmission remains weak due to the significant energy detuning between the laser and
the polariton mode. As the excitation power increases, the transmission intensity increases
until it reaches the bottom turning point of the S-shaped characteristic. Here, the middle
branch of the characteristic is physically unstable, leading to a rapid switch from the low-
to the high-transmission branch. Physically, this jump coincides with the bringing of the
polariton mode in resonance with the laser, providing sudden increase of transmittance.

Upon decreasing the laser power, the system follows the high-transmission branch down to
the top turning point of the S-shaped curve. Here, the transmission intensity suddenly drops
as the system returns to the low-transmission state, forming a characteristic counterclockwise
hysteresis loop in the input-output intensity plane.

This characteristic bistable behavior of the system depends on the laser-polariton detuning
A = FEp, — Erp, where Epp is the energy of the lower polariton branch, and Ef, the excitation
laser energy compared with the linewidth of the lower polariton mode v p. In particular, the
model predicts that the bistability appears only when the laser detuning A is greater than
V/37Lp. For smaller laser detunings the bistability disappears and the system realizes either
the so-called optical limiter regime or for the A = \/3~1p the optical discriminator regime. In
these regimes, the transmission varies smoothly with excitation power without the formation
of two distinct stable branches.

The model introduced by Baas et al. provides a useful reference for interpreting bistable
phenomena observed in strongly coupled microcavities. In this work, its conceptual framework
serves as a starting point for understanding of optical bistability. However, the behavior
observed here of CdTe-based transmissive microcavities deviates significantly from the predic-
tions of this model, suggesting other underlying mechanisms and demonstrating a necessity
for developing a specific theoretical description.

4.2. Exfoliation of II-VI semiconductor microcavities

The transmission configuration is especially convenient for the observation of bistability in
optical microcavities. For CdTe-based microcavities, the structure can be grown by MBE on
two types of substrates, CdTe substrates |[98-100] and GaAs substrates [11,|101], however,
both these materials are nontransparent in the energy range corresponding to excitons in
CdTe quantum wells. However, there are documented methods for fabricating semiconductor
optical microcavities suitable for measurements in transmission. Such approaches include
mechanical polishing [102] and chemical etching of selected material layers [103].

In this work, another method was used to separate the nontransparent GaAs substrate
from the CdTe-based microcavity. It was realized by introducing an additional, hygroscopic
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‘sacrificial’ buffer layer between the microcavity and the substrate. This so-called lift-off
method, already applied to CdTe-based optical microcavities, was developed at the Faculty of
Physics, University of Warsaw, and described in Ref. [104,[105].

(a) (b) beaker with water (C) (d) (e)
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Figure 4.2: The process of creating a transmissive, CdTe-based semiconductor
microcavity, using the lift-off method. (a) A transparent sapphire (Al;O3) substrate
attached to the CdTe microcavity grown on a nontransparent GaAs substrate. The sacrificial
MgTe layer is marked in yellow. (b) A microcavity glued to the transparent substrate with a
beaker with demineralized water prepared for the MgTe oxidation process. (c) Submerging the
microcavity in water for approximately 24 hours. (d) Detachment of the GaAs substrate from
the microcavity. (e) The microcavity on the new transparent substrate after the water-based
exfoliation process.

Figure presents a schematic procedure of the fabrication process of the transmissive
CdTe-based optical microcavity with the lift-off method. During MBE growth of the micro-
cavity on the nontransparent GaAs substrate, a 90 nm-thick magnesium telluride (MgTe)
sacrificial layer was grown between the substrate and the microcavity structure. It is shown
in Fig. M(a) as a yellow layer. MgTe is a hygroscopic material that dissolves easily in water,
thus allowing for the separation of the microcavity structure from the substrate. After the
growth, the sample was prepared for immersion in water. A new, transparent substrate was
attached to the top Bragg mirror with a glue. After attaching the new substrate to the top
surface of the microcavity, the sample was placed in a beaker with demineralized water and
left for approximately 24 hours [Fig. c)] After that time, the oxidation of the MgTe layer
was completed and the sample was removed from the water and dried. The GaAs substrate
was pushed from the side with a wooden toothpick. Then, as seen in Fig. [4.2(d), the old
substrate detached without significant resistance and was removed. The resulting transmission
microcavity, presented schematically in Fig. |[4.2{e), was finally dried using a stream of nitrogen
gas.

The described procedure was tested using various transparent substrates and glues. Fig-
ure (a) shows an image of different trial samples. Both glass and sapphire substrates were
tested, along with various gelfilms and glues to attach the sample. Finally, sapphire (AloO3)
was chosen because of the ease of cutting to match the sample dimensions, as it easily breaks
along the crystallographic planes. Sapphire also did not crack upon cooling, unlike some glass
substrates.

The tested glues behaved differently in water and under cryogenic conditions. Some of the
tested glues became opaque in water, while the gelfilms detached together with the sample
during measurements. The final choice for measurements was a Marabu-fixogum glue, a photo
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Figure 4.3: Process of fabricating a CdTe-based transmissive microcavity via water-
based exfoliation. (a) Tested CdTe-based optical microcavities used for optimizing the
exfoliation procedure, employing various substrates, glues, and soaking times in distilled water.
(b) Photography of the final glue selected for bonding the sample, which met all requirements
for cryogenic temperatures and transmission measurements.

of which is presented in Fig. [4.3((b).

During the exfoliation process, it was especially important to properly attach the micro-
cavity to the transparent substrate. It was crucial to avoid blocking the access of water to the
MgTe layer. If the layer of glue was too thick and spread over the edges of the microcavity
when pressing the new substrate onto the sample, the glue can restrict the water access during
the oxidation process. It can completely block the process and disallow the separation of the
microcavity from the substrate. If necessary, excess glue has to be carefully removed, e.g.
with a wooden toothpick.

Figure 4.4: CdTe-based optical microcavity prepared for transmission measurements.
(a) Transmissive sample on the new substrate after water-based exfoliation. (b) The sample
mounted on a transmissive cold finger inside the cryostat.

Following this optimized procedure produced a CdTe transmission microcavity. Figure |4.4]
presents photographs of the final transmissive microcavity. Figure a) shows the microcavity
immediately after the exfoliation process, transferred onto a new substrate and placed in a
laboratory Petri dish. Subsequently, Fig. (b) shows the transmissive microcavity attached
to the cold finger inside the cryostat. A detailed description of the full structure of the sample
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can be found in Appendix I, under the name Sample C.1.

4.3. Strong coupling regime and polariton BEC after exfoliation

After completion of the water-based exfoliation process, the optical quality of the microcavity
was checked to verify whether the system exhibited a strong coupling regime at T = 4.5 K.
For this purpose, a white-light halogen lamp was used to measure the momentum-resolved
reflectivity spectrum, as shown in Fig. (a). In the reflectivity map obtained in this way, two
modes corresponding to the lower and upper polariton branches are visible. For wavevector
values above 2.5 um ™!, a characteristic anticrossing of the modes can be observed, confirming
that the sample is in the strong coupling regime. In Fig. (b), a cross-section at k = 0
(marked with a red dashed line) was extracted from the reflectivity map, and the resulting
spectrum was fitted with a double Lorentzian profile. The parameters obtained from this fit
were used to determine the Q-factor of the microcavity, with a value of Q = 345.

0 1

Energy (eV)
2

N
o
o

NP TP TP TP TP TEPRE TP TP

-25 00 25 12000 14000
Wavevector (um™?) Reflectance (arb. units)

Figure 4.5: White-light reflectivity from a transmissive CdTe microcavity, showing
the lower and upper polariton modes. (a) Momentum-resolved dispersion measured on
a spectrometer for transmissive Sample C.1. (b) Cross-section at k = 0 [red, dashed line in
(a)] with a double-Lorentzian fit. The linewidth of lower polariton branch yp = 4.63 meV
and its energy of Erp = 1.599 eV extracted from the fit were used to determine the cavity
Q-factor of Q) = 345.

The next stage of the characterization measurements was to investigate the photolumines-
cence of the transmissive microcavity and to observe the transition of exciton-polaritons into a
non-equilibrium Bose-Einstein condensate. Photoluminescence measurements were performed
using the experimental setup described in Chapter [3] and shown in Fig. The microcavity
was excited nonresonantly with a pulsed Mira-900 laser with the energy of 1.746 eV, tuned to
the first Bragg minimum of the cavity. Measurements were carried out with the sample inside
a cryostat at a temperature of 4.5 K.

A series of measurements was taken for increasing excitation laser pulse energy. Figs. a)f
(c) presents momentum-resolved photoluminescence spectra. The pulse energy values for each
map are indicated in the lower right corner. The dispersion obtained for low pulse energy
(Epuise = 0.03 pJ) is presented in Fig. (a). Here, the entire lower polariton branch is
populated, exhibiting nonuniform occupation, typical for inhomogeneous CdTe-based samples.
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As the pulse energy increased, as presented in Fig. (b) for Epuse = 2.70 pJ, gradual
relaxation of polaritons from a broader range of wavevectors toward the bottom of the lower
polariton branch near k = 0 was observed. Due to the inhomogeneous photonic potential in
the CdTe samples, the condensate did not perfectly localize around k& = 0. After exceeding
the condensation threshold (Epuise = 3.30 pJ), the dispersion shows only a spectrally narrow
line, as presented in Fig. [4.6{c). Furthermore, the spectrum below the condensation threshold
was modeled with a coupled-oscillator model, with the resulting coupling strength of 12 meV.

The collected spectra were then analyzed using Lorentzian fits to cross-sections of each
dispersion map at k characterized by the highest signal intensity. From the fits, the integrated
intensity, linewidth of the polariton mode (FWHM), and energy shift of the signal were
extracted for each pulse energy. The results are summarized in Fig. d), where intensity is
shown in black, blueshift in green, and FWHM in red, as a function of increasing excitation
pulse energy. The transition to non-equilibrium polariton condensate occurred at a pulse
energy of approximately 3.30 pJ, where the nonlinear increase of the emission intensity
coincides with the sudden narrowing of the spectral linewidth.
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Figure 4.6: Non-equilibrium Bose-Einstein condensation on transmissive, exfoliated
CdTe-based microcavity. (a) Momentum-resolved emission spectra collected below the
condensation threshold, at excitation energy Ep,use = 0.03 pJ, with a relatively broad lower
polariton mode populated along the entire polariton branch. A coupled oscillator model
was modeled to the data, with the following parameters: Ey, = 1.6 eV, Eq = 1.603 €V,
h§) = 0.012 eV and mg), = 1.71 x 1075 me. (b) Momentum-resolved emission spectra showing
the onset of condensation, where polaritons start to accumulate mainly near the dispersion
minimum at the excitation energy of Eyus = 2.70 pJ. (¢) Momentum-resolved emission
spectra of the condensate, spectrally localized in energy, collected at excitation energy of
Epuise = 3.30 pJ. (d) Condensation characteristics obtained from Lorentzian fits to cross-
sections of the maps at successive excitation powers, showing the intensity, blueshift, and

FWHM.

These characterization measurements demonstrate that the exfoliation method provides
microcavity samples operating in the strong coupling regime and exhibiting BEC of exciton-
polaritons. After confirmation of the high quality of the transmissive samples, it is possible to
investigate optical bistability.
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4.4. Optical bistabilities in exfoliated microcavities

4.4.1. Bistable laser transmission through exfoliated microcavities

The experimental configuration for measuring optical bistability was designed to collect the
total intensity of light transmitted through the sample for the varying intensity of the incident
laser. The measurement system, shown in simplified form in Fig. is based on two separate
photodetectors (power meters), independently measuring the incident and transmitted laser
intensity.
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Figure 4.7: Measurement setup with two detectors for optical bistability experi-
ments. The system consists of two power meters: one placed before the sample to monitor
the input power beam, and another positioned after the sample to measure the transmitted
light intensity.

In this experiment, the sample was excited quasi-resonantly, which means that the incident
laser energy was tuned close to the energy of the polariton modes. A tunable, linearly polarized,
continuous-wave Ti:sapphire laser (Coherent MBR) was used as the laser source.

The laser beam power was controlled using a set of a linear polarizer, a half-wave plate, and
a second linear polarizer. The two linear polarizers were oriented perpendicular to each other
(crossed polarizers), while the rotation of the half-wave plate modified the laser transmission
through the system. The half-wave plate was mounted on a motorized, computer-controlled
rotational stage, allowing for precise and automated adjustments. The angle of the half-wave
plate was varied in the range from 0° to 45°, enabling continuous control of the transmitted
laser intensity. As a result, the laser power could be continuously tuned over a broad range,
from a few microwatts to several tens of milliwatts.

With this method, the dependence of the transmitted light intensity on the half-wave
plate angle 6 is described by:

I(0) = Iysin®(26), (4.1)

where I is the incident light intensity.

The laser power incident on the sample was monitored after a 90:10 beam splitter. The
weaker, reflected part of the beam was directed to the power meter. The remaining 90% was
focused on the sample, placed in the transmissive configuration cryostat using a lens with a
focal length of f = 25.4 mm. The beam spot on the surface of the sample was approximately
12 pm in diameter. The light transmitted through the sample was collected by a microscope
objective (Nikon, TU-Plan, 50x, NA = 0.55) and sent to the second power meter.
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This configuration allowed for measurement of the transmitted power as a function of the
input power (input-output characteristics). For each laser detuning relative to the polariton
mode energy, a separate transmission characteristic was collected.
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Figure 4.8: Observation of new types of hysteresis in CdTe-based microcavity.
(a) Exciton-polariton dispersion relation for the CdTe-based microcavity, with marked laser
detunings of A = —2.1 meV, A = 4.1 meV and A = 11 meV between which the laser
transmission was measured. (b)—(e) Input-output characteristics collected for successive laser
detunings. (b,c) Transmission intensity dependences showing novel types of bistabilities: for
positive A = 4.1 meV (b), and negative detuning A = —2.1 meV (c). (d) Input-output
characteristics for successive detunings of the laser energy from the bottom of the lower
polariton branch (between A = —2.1 meV and A = 4.1 meV). (d) Input-output characteristics
collected for successive laser detunings collected between A = 4.1 meV and A = 11 meV.

All measurements were performed at 4.5 K. Each analyzed position was scanned with
a laser power, collecting the input-output power characteristics, and then the laser energy
was changed and the scan was repeated. At the position that had the appropriate detuning
for observing bistability, the white-light reflectivity spectrum from the detection side was
collected to determine the local detuning between the photon and exciton modes. Figure (a)
shows the dispersion of the polariton modes obtained from a coupled oscillator model applied
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to the reflectivity spectrum, which at this position revealed a slightly negative detuning of
0 = —1.5 meV. This result differs from earlier reports, where optical bistability was typically
observed for positive or near-zero detuning [93,97]. The dispersions of the upper and lower
polariton branches are marked with solid red lines, while the photon mode is shown with a
navy blue dashed line, and the bare exciton with a dark gray dashed line.

The transmission measurements presented in Figs. [£.8(b)~(e), were performed for different
energies of the incident laser, quantified by the laser-to-lower polariton detuning A.

The first case corresponds to the laser energy set 4.1 meV above the minimum of the lower
polariton branch. The energy of the laser with respect to the polariton modes is presented
in Fig. [4.8{(a) with a light-green line and labeled A = 4.1 meV. Figure (b) presents the
obtained input-output characteristic. At low laser powers up to 35 mW, the transmitted
intensity increased almost linearly with the incident power. However, around 36 mW the
transmission rapidly switched to a higher transmission state. As the incident power was
further increased, the transmission intensity remained stable. When laser power was reduced,
the system remained in the high-transmission state up to 32 mW, after which it switched
back to the low-transmission state. Switching up at 36 mW and down at 32 mW resulted in
the formation of a closed hysteresis loop with a counterclockwise direction of evolution. The
direction of the hysteresis is indicated by the arrows marking the direction of the change in
the incident laser power.

The observed bistability resembles the behavior known in microcavity systems operating
in the strong coupling regime [93,(97]. However, there were also significant differences. Firstly,
it occurred at much higher excitation powers. Moreover, the behavior at high laser powers
was unexpected. Once the system switched to the higher transmission state, upon further
increasing of the input laser power, the transmitted light intensity decreased, instead of
increasing. In addition, the condition A > v/3,~rp described by the theory for the observation
of optical bistability was not met, since the linewidth of the lower polariton mode was
~vLp = 4.63 meV. This unexpected behavior led to further investigation of this system.

The aim of the following measurements was to investigate the bistable behavior at different
laser-polariton detunings. The experimental results of the input-output power dependence for
successive laser energies are summarized in Figs. (d,e). The plots are labeled by the detuning
A. A positive A indicates that the laser energy was set above the lower polariton energy,
while a negative A corresponds to excitation below. The extreme excitation energies between
which systematic measurements were collected are also indicated by lines in Fig. 4.8(a), and
their detunings are equal to A = 11 meV (marked with a dark red line) and A = —2.1 meV
(marked with blue).

The characteristics were measured starting from the position of the laser energy at
A =11 meV, as shown in Fig. 4.8(e). This is the position where the laser energy exceeded the
upper polariton energy. The measurement at A = 11 meV exhibited a nonlinear dependence
of the transmitted light intensity, but it did not show a separation into two distinct states
between which the system could switch. For detunings above A = 7.1 meV, the system still
exhibited nonlinear transmission. At A = 7.1 meV, a closed hysteresis loop was observed. At
this point, the input-output characteristic resembled the optical discriminator regime, with
both low- and high-transmission states being degenerate. Moving the laser energy closer to
the lower polariton branch (A = 6.1 meV and A = 5.1 meV), an opening of the hysteresis
loop was observed and the optical bistability with counterclockwise hysteresis orientation
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was shifted towards higher input powers. Additionally, the hysteresis width increased with
decreasing laser energy.

The characteristic already described was collected at A = 4.1 meV. Subsequently, further
input-output power characteristics were measured for successive laser energies approaching
the minimum of the lower polariton branch, which are collectively presented in Fig. [4.8|(d).
At A = 3.1 meV no bistable behavior was observed, in contrast to the expected narrowing of
the hysteresis width. In the input-output curve, the transmitted laser power increased, but
with a slower rate above 10 mW. This effect became more pronounced as the laser energy
was tuned closer to the polariton minimum, for example, at A = 1.0 meV. When the laser
energy was set resonant with the lower polariton energy (A = 0 meV), the input-output curve
consisted of two regimes. Up to approximately 10 mW the transmission increased linearly
with the laser power. At higher powers, the transmitted intensity started to decrease.

Further, the laser energy was tuned below the lower polariton dispersion. For A =
—1.0 meV, the transmission increased linearly with excitation power until a critical value
of 15 mW. At this point, the system exhibited a sudden drop in transmission to a lower
transmission state, after which the transmitted signal continued to decrease steadily. When
the laser power was reduced, the signal did not follow the same curve as during the power
increase. The characteristics met the linear part of the curve at around 13 mW, forming a new
type of hysteresis loop. As the laser energy was tuned further below the polariton minimum,
at A = —2.1 meV, the width of this hysteresis loop increased and ranged between 17 mW and
38 mW [this hysteresis case was additionally placed on a separate panel in Fig. |4.8{c)]. Notably,
this new type of hysteresis loop was oriented clockwise, in contrast to the counterclockwise
direction of the standard optical hysteresis observed in strongly coupled microcavity systems.

In the following sections, measurements aimed at explaining this behavior are presented.
As a comment on the observed phenomenon, the results indicate that the microcavity imposes
an upper limit on the transmitted intensity: when the input signal exceeds a certain threshold,
depending on the type of the bistability, the transmission saturates or decreases. Such a
self-limiting response is characteristic for so-called optical limiters |[106-108], devices designed
to restrict transmission and protect detectors or optical components from excessively intense
light. Similar optical limiting effects have been demonstrated across a wide range of photonic
structures, including waveguides [109,110|, photonic crystals |[111], microcavities [112,]113],
and strongly coupled microcavity systems [40}/114].

4.4.2. Microcavity properties under strong resonant laser illumination

In order to gather more insights into the observed bistable behavior, the emission from the
sample was analyzed during the input power cycle loops. The detection setup for measurements
in real and momentum spaces was extended by adding three short-pass filters, marked in the
schematic Fig. as SP filters. The use of multiple filters was necessary because of the very
high intensity of the transmitted laser. In the quasi-resonant measurements, the laser is tuned
directly near the polariton modes, and its intensity is several orders of magnitude stronger
than the photoluminescence from the sample. Therefore, it was crucial to efficiently suppress
the laser by adjusting the angle-tunable filters, so that the laser light was blocked while the
emission from the sample was preserved.

Since the measurements were demanding and required several days to complete, the
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Figure 4.9: Experimental setup used for photoluminescence measurements of the
sample, under quasi-resonant laser transmission. Along the detection path, additional
SP filters were introduced to suppress the transmitted laser while allowing the sample emission
to be collected on a detector (CCD camera or spectrometer).

positions on the sample at which the input-output characteristics were collected were not
identical across different datasets. The crucial points of reference were always the detuning
value A for a given measurement and the shape of the corresponding input-output power
characteristic. In practice, this meant ensuring that the characteristic measured with the power
meters consistently matched the expected laser energy relative to the polariton minimum.

Momentum-resolved photoluminescence spectra corresponding to each type of hysteresis
(each laser energy detuning) were measured using the setup shown in Fig. 4.9f These
measurements focused on determining the shape of the dispersion of the modes rather than
the signal intensity.

Figure presents the results for the first energy detuning, tuned to the minimum of
the lower polariton branch (A = 0meV). The corresponding input-output power dependence
is presented in Fig. [4.10[(a). It shows maximum transmitted power at 18 mW, followed by a
sharp decrease in output intensity, but importantly without bistable behavior.

The corresponding dispersion maps under resonant transmission of the laser through
the polariton mode can be seen in Figs. [£.10(b)—(g). The gray area on the maps marks
the inaccessible spectral region due to the filtering of the strong incident laser beam. All
photoluminescence maps were modeled with the coupled oscillator model, with the resulting
parameters summarized in Table [4.1]

For the lowest investigated power of 504 uW in Fig. b), a clear emission from the
lower polariton was observed around 1.6 eV. Based on this signal, the coupled oscillator
model was applied. The extracted exciton-photon detuning equal to —1.5 meV was consistent
with the previous bistability measurements in this system. Four subsequent dispersion maps
[Figs. c)f(f)] were collected along the linear part of the input-output power characteristic.
In Fig. c), measured at 2.67 mW, the emission from the lower polariton branch was
stronger and still well reproduced by the initial coupled oscillator model. Additionally, a weak
signal from the upper polariton became visible near k = 0, close to the energy of 1.605 eV,
consistent with the modeled dispersion relation.

At 6.9 mW [Fig. [4.10(d)], the emission broadened spectrally. Moreover, both the lower
and upper polariton modes shifted to lower energies, indicating a decrease of both the bare
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Figure 4.10: Momentum-resolved photoluminescence spectra with laser energy
tuned exactly at the lower polariton energy minimum. (a) Input-output power
characteristic measured with the excitation laser tuned to the minimum of the lower polariton
branch. (b)—(g) Photoluminescence dispersion maps collected under resonant excitation for
increasing laser powers, with the spectral region of the laser masked on gray. The coupled-
oscillator model was applied to the emission, allowing extraction of photon and exciton
energies, effective photon mass, and Rabi splitting, as summarized in Table

photon and bare exciton energies. The intensity distribution along the modes also changed.
It concentrated more around k = 0, suggesting a reduction of the Rabi splitting A2r. This
was confirmed by the applied coupled oscillator model. At the higher input power of 9.75 mW
[Fig. [4.10)(e)], a further redshift of both polariton modes was observed. The signal from the
upper polariton, visible near 1.603 eV, became significantly broader in momentum compared
to Fig. (d) A further reduction in Rabi splitting was also indicated by the even stronger
emission at low momenta. At an even higher power of 16.33 mW [Fig. [1.10|(f)] the reduction
of both upper and lower polariton energies and Rabi splitting became clearly visible.

The most significant change appears at the powers after the sudden intensity drop at the
input-output power characteristic around 18 mW. At 24.2 mW [Fig. [£.10{g)], lower polariton
mode was no longer visible, and the emission around the energy range of the upper polariton
became very broad in k-space. These two observations suggest that, at this input power,
strong coupling is lost. The modeled bare photon and exciton energies for this dispersion map
support the hypothesis of a transition from the strong to weak coupling regime. Additionally,
the continued redshift of both polariton modes suggests the presence of thermal effects, which
induce a decresing energies of both the photon and exciton components and a progressive
reduction of the Rabi splitting.
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Table 4.1: Parameters of the coupled oscillator model for successive maps in Fig. m

Map | Epn [eV] | Eex [eV] | hQ [eV] mpy/Me

1.602 1.6035 0.010 | 1.71 x 107°
1.602 1.6035 0.010 | 1.71 x107°
1.6006 | 1.6030 0.008 | 1.71 x 107°
1.6002 1.6028 0.007 | 1.71 x 10~°
1.599 1.6023 0.003 | 1.71 x 10~°
1.598 1.6020 0.000 | 1.71 x 10~°
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The next results were obtained for the input laser energy tuned below the bottom of
the lower polariton branch (A = —1.7meV). In this regime, the input-output characteristic
shows a bistable behavior with a clockwise hysteresis loop, shown in Fig. 4.11j(a). For this
measurement, the transmission initially linearly increased with laser power up to 24 mW, after
which a sudden drop to a lower-transmission state occurred. In this state, further increase of
the laser power led to only a slight growth in transmission. When the power was subsequently
decreased, the transmission intensity did not followed the same characteristic. Instead, the
transmission was lower within 25 mW to 17mW range, forming a triangular hysteresis loop.

The white-light reflectivity map collected at this position is shown in Fig. 4.11|(b). The
laser energy is indicated with a red solid line, along with the applied coupled-oscillator model.
From the reflectivity spectrum and the model, the photon-exciton detuning of § = —2.8 meV
was extracted. Figure (c) presents the reflectivity map that indicates the spectral regions
cut out by the filters during the photoluminescence measurements. The filters were used to
suppress the very strong laser signal, and additionally to weaken the lower polariton emission,
thus allowing the observation of the PL from the upper polariton. The filter operating limit
is marked with an orange dashed line and marked as “SP”.

The photoluminescence maps shown in Figs. [4.11[d)~(h) display the results obtained while
increasing the laser power from 0 mW to 30 mW, whereas Figs. i)f(m) present the data
collected during the reverse sweep, with the power decreasing from 30 mW to 0 mW.

An additional polarizer was introduced on the detection line to filter out the laser light
transmitted through the sample. As in the previous measurement series, all maps were
intensity normalized, and the analysis was focused on the shape and curvature of the polariton
modes.

At the lowest power of 5 mW [Fig. (d)], both the lower and upper polariton modes
are visible. The lower polariton branch is observed around 1.60 eV, while the upper polariton
appears near 1.61 eV. The observed intensity of the upper polariton is significantly higher than
that of the lower polariton branch. However, this is a result of additional filtering of the lower
polariton spectral range with the short-pass (SP) filters. The actual emission intensities of
both the laser and the lower polariton were much stronger than those of the upper polariton,
and the filters were applied to enable simultaneous observation of the curvature of both
polariton branches.

Figures (e)f(g) present the measured photoluminescence from the system under
increasing excitation power for a series of subsequent laser powers following the linear part of
the input-output characteristic shown in Fig.[4.11{(a). In Fig. e), taken at 11.44 mW, both
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Figure 4.11: Momentum-resolved photoluminescence spectra with laser energy
tuned below the bottom of the lower polariton energy.(a) Input-output power char-
acteristic measured with the laser tuned slightly below the bottom of the lower polariton
branch with A = —1.7 meV, showing optical bistability with a clockwise hysteresis loop. (b)
White-light reflectivity map with applied coupled-oscillator model. (¢) Reflectivity map with
the model, indicating the spectral regions cut by filters during the photoluminescence (PL)
measurements. (d)—(h) PL dispersion maps collected while increasing the excitation power
from 0 to 30 mW, and (i)—(m) corresponding maps obtained during the reverse power sweep.

upper and lower polaritons are clearly visible. Further increase in laser power, Fig. (f)
(18.23 mW) reveals a slight redshift of the upper polariton mode. The further redshift is
noticeable in Fig. [4.11fg), collected at 22.21 mW, just before the transition to the lower
transmission state. It is worth noting that with the increasing input laser power, the emission
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intensity of the upper polariton branch increased faster than that of the lower polariton
branch.

The last photoluminescence map on the increasing input power ramp was collected at
27.80 mW [Fig. (h)], above the bistable region. Compared with the previous dispersion
maps, a clear difference was observed. The lower polariton branch was no longer visible, while
the signal above 1.608 eV broadened both spectrally and in momentum. The disappearance of
the emission from the lower polariton mode combined with a significant drop in the transmitted
laser power suggests that in this regime strong coupling was lost. The photoluminescence
signal visible above 1.608 eV can then be attributed to a spectrally broadened exciton emission
weakly coupled to the cavity mode.

In the next step, momentum-resolved photoluminescence was investigated for the same
excitation powers, but in reversed order. This enabled a direct comparison of differences
in the dispersion at the same input powers but corresponding to two bistable transmission
states of the input-output characteristic. Beginning from 30 mW, when the system was in the
low-transmission state, the power was gradually reduced. Figure (m) presents the map
collected at 27.8 mW, reproducing the dependence observed in panel (h). The emission signal
was most intense at larger wavevectors, as the system, being in the lower-transmission state,
occurred in the weak-coupling regime.

The next investigated laser power of 22.21 mW corresponds to the bistable range of input-
output characteristics. The collected photoluminescence map presented in Fig. [4.11)(1) shows
dispersion branches that are strongly populated at higher wavevectors. It more resembles the
higher excitation power in Fig.|4.11{m), than the same input power, but collected during the
intensity increase power ramp in Fig. [4.11f(g). There is no trace of the lower polariton mode,
through which the laser could be transmitted, which may indicate that the system remains
in the weak-coupling regime. Compared to panel (m), intensity of both bright arms now
begin slowly to move towards k ~ 2.5 um~!. This may suggest that as the power decreases,
the photon mode shifts towards higher energies. Such a redistribution of emission towards
higher k£ can also originate from the loss of coupling with light-hole excitons. Instead of the
step-like dispersion characteristic of multiple exciton resonances in the weak-coupling regime,
the system evolves towards the smooth bare cavity-photon dispersion.

This trend is confirmed in Fig. |4.11f(k), which shows the signal collected at 18.23 mW
[same as panel (f)]. The power remains within the bistable range, but near the point where
the input-output characteristic switches back from the lower-transmission state to the linear
characteristic. The signal observed here reveals that the curvature of the emission in the
upper polariton energy range begins to resemble more that of the polariton mode. However,
the more intense arms at larger wavevectors are still dominant and spectrally broad. The
lower polariton branch is still not visible; thus, the system is in the weak-coupling regime
(detected emission comes from the photon mode). Once again, the photoluminescence signal
significantly differs from the one collected at the same input power for the power increase
ramp.

Figure [4.11(j), collected at 11.44 mW, presents the photoluminescence after the system has
returned from the lower-transmission state to the linear part of the input-output characteristic.
Clear emission from both the upper and lower polariton modes reappear, and the dispersion
matches the one collected at the same power in panel (e). A similar situation is observed
in Fig. |4.11(i), measured at 5.1 mW, where the upper and lower polariton modes are again
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visible, fully reproducing the behavior from panel (d).
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Figure 4.12: Polariton dispersion relations under quasi-resonant laser transmis-
sion, for the laser energy above the lower polariton mode. (a) Input-output power
characteristic for positive laser detuning, showing optical bistability with a counterclockwise
hysteresis loop. (b) White-light reflectivity map with applied coupled-oscillator model. (¢)—(h)
Corresponding photoluminescence dispersion maps collected for increasing laser power. (i)—(n)
PL maps obtained for the reverse sweep (decreasing power).

The dispersion maps collected at selected laser powers along the input-output characteristic,
on both the increasing and decreasing power sweeps, reveal how the polariton modes evolve
with respect to the fixed laser energy. The photoluminescence observations show that with
the laser energy detuned below the lower polariton branch, the emerging clockwise hysteresis
corresponds to the transition between the strong and weak coupling regimes. This means
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that each of the bistable states of the hysteresis differs by the presence or absence of strong
coupling in the system.

The last investigated configuration corresponded to the transmitted laser energy tuned
above the minimum of the lower polariton branch with A = 6.5 meV. The collected input-
output power characteristic is shown in Fig. (a). In this case, the hysteresis loop exhibited
a counterclockwise orientation, with two well-defined states of high and low transmission. As
the laser power increased, the system remained in the low-transmission state from 0 mW up
to about 45 mW, after which it switched to the high-transmission state. While decreasing
the laser power, the return to the low-transmission state occurred around 26 mW, thereby
forming a hysteresis loop.

The corresponding white-light reflectivity map is shown in Fig. b). Two modes are
clearly visible, the lower polariton around 1.595 eV and the upper polariton near 1.61 eV. A
coupled-oscillator model was applied to this map, allowing determination of the photon-exciton
detuning of —3.5 meV. During photoluminescence measurements with the laser transmitted
through the sample, a crossed polarizer was used to suppress the laser intensity. As in previous
measurements, the maps were intensity normalized, since different filters and acquisition times
were used, and the focus of the analysis was on the curvature of the dispersion rather than
the signal intensity.

Figures (c)f(g) present photoluminescence maps collected while increasing the laser
power, but still along the lower-transmission branch of the input-output characteristic. In
Fig.4.12(c), taken at 7.40 mW, the emission was well described by the coupled-oscillator model
obtained from the reflectivity map. At this power, only the emission from the lower polariton
was observed. In Fig. [4.12(d), measured at 12.31 mW, an additional weak signal from the
upper polariton appeared at higher energies. A redshift of both modes was also observed. The
trend continued in Fig. 4.12(e), collected at 17.77 mW, and in Fig. [4.12[f), taken at 26 mW,
with both polariton modes shifting further to lower energies. A significant change occurred in
Fig. (g), collected at 38.60 mW. The lower polariton shifted substantially to lower energy,
and its curvature changed compared to previous measurements, while the upper polariton
remained visible. As can be seen, at this input power the upper polariton is in resonance
with the laser energy. At 53.10 mW [Fig. M(h)], corresponding to the high-transmission
state of the input-output characteristic, the modes shifted further to lower energies, and the
laser energy was higher than the upper polariton, at k¥ = 0. Additionally, the linewidth of
the lower polariton mode broadened, its curvature significantly changed, and the emission
intensity weakened at high emission angles. All of these effects can again be attributed to
heating at higher excitation powers.

The same set of measurements was performed while decreasing the laser power incident on
the sample. Figures [1.12|i)—(n) show the dispersion maps collected for the same transmitted
laser powers as in the increasing-power sequence. Starting from Fig. [4.12|(n), collected at
53.10 mW, the dispersion corresponds to the high-transmission state and is identical to the
map in Fig. 4.12(h). The following laser power of 38.60 mW corresponded to the bistable
range. The emission spectra shown in Fig. m) exhibited the same shape as in panel
(n). Importantly, despite being collected at the same power as the map in panel (g), the
visible difference shows that the system was in a different transmission state depending on the
measurement sequence. The subsequent maps [Figs. [£.121)~(i)] lie outside the bistable power
range. The photoluminescence maps correspond to those obtained in the increasing-power run
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but collected in the reverse power ramp direction. They show a gradual recovery of the lower
polariton energy back to its initial position. Finally, at 7.40 mW [Fig. (i)], the system
returned to the original configuration of the lower polariton mode, similar to the map shown
in panel (c).
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Figure 4.13: Real-space emission measurements collected with the laser tuned
above the lower polariton branch at A = 5.5 meV. (a) Input-output power charac-
teristic of transmitted laser for the laser tuned above the lower polariton branch, showing
a counterclockwise hysteresis loop. (b)—(d) Real-space emission maps collected at 1.7 mW,
23.31 mW, and 30 mW during the power-increasing scan, illustrating the transition from
the low- to the high-transmission branch. (e)—(g) Corresponding maps obtained at the same
powers during the power-decreasing scan.
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These measurements demonstrate that, in the regime of optical bistability with counter-
clockwise hysteresis, thermal effects also play a key role, inducing a redshift of the polariton
modes and spectral broadening. The switching to the high-transmission state occurs when
the laser energy crosses the upper polariton branch.

Additional measurements were performed in real-space emission under quasi-resonant
excitation. To extend the observation area, the focusing lens was replaced with a focal length
of f =75 mm. All of the incident laser light was fully blocked off by the appropriate filters.
Specifically, when the laser energy was tuned below the minimum of the lower polariton
branch, a short-pass filter was used, which allowed observation of emission from both the lower
and the upper polariton (presented in Fig. 4.15)). Similarly, for excitation at the minimum,
both branches were visible, with the signal from the lower polariton dominating at larger
wavevectors (Fig. [4.14). In contrast, when the laser energy was set above the lower polariton
minimum, the laser signal was suppressed by a long-pass filter, transmitting only the emission
from the lower polariton while cutting off the contribution from the upper branch (Fig. 4.13)).
The measurements focused on comparing the photoluminescence within the bistable regime,
examining how the emission behaved at the same excitation power depending on whether the
measurement was performed during the increase or the decrease of the laser power.

In the first measurement, the laser energy was tuned above the lower polariton branch
at A = 5.5 meV. As shown in Fig. [4.13|(a), the input-output power characteristic shows the
formation of a hysteresis loop with a counterclockwise orientation. During the increase of laser
power, the transmission gradually rose up to about 25 mW, followed by a sudden switch from
the low- to the high-transmission branch. The return to the low-transmission state occurred
around 23 mW, thereby forming the hysteresis loop.

Figures [4.13(b)—(d) present real-space emission maps collected during power increase
scan. The data correspond to three excitation powers: 1.7 mW, within the low-transmission
state, 23.31 mW, still in the low-transmission state and at 30 mW, after switching to the
high-transmission state. As can be seen, the real-space patterns were similar within the same
transmission state. In addition, interference fringes appeared in this regime, whose origin is
not yet fully understood. They are suspected to arise either from phase coupling within the
emission itself or from interference between the transmitted laser and the emission. In the
high-transmission state, the emission became more spatially localized, while the interference
fringes remained visible.

Figures [1.13|e)—(g) show the emission maps collected at the same excitation powers during
the power-decreasing scan. Importantly, the emission map collected at 23.31 mW, within the
bistable region, shows clear differences in the real-space patterns, depending on the direction
of the power ramp. The low- and high-transmission states are thus distinguishable also by
their real space emission profiles.

The second analyzed real-space measurement series corresponded to the case where the
laser energy was tuned exactly to the minimum of the lower polariton branch (A = 0.0 meV).
The input-output power characteristic shown in Fig. M(a), featured a drop in transmission
around 11 mW, but no hysteresis loop was observed in this measurement. The response of
the system was the same, regardless of whether the measurement was performed during the
increase or decrease of the laser power.

Figures [£.14[(b)—(d) present spatial emission maps collected for three selected excitation
powers (1.84 mW, 8.87 mW, and 26 mW) during the power increasing scan. The emission
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Figure 4.14: Real-space emission measurements collected with the laser tuned to
the lower polariton branch at A = 0.0 meV. (a) Input-output power characteristic of
transmitted laser for the laser tuned to the minimum of the lower polariton branch, showing
a nonlinear transmission response regime without hysteresis. (b)—(d) Real-space emission
maps collected at 1.84 mW, 8.87 mW, and 26 mW during the power-increasing scan. (e)—(g)
Corresponding maps obtained at the same powers during the power-decreasing scan.

profile in Fig. [4.14{(b) consisted of randomly distributed, densely packed, small (< 5 pm)
emission spots. The emission intensity increased with the incident laser power in Fig. 4.14|c),
but preserved the spatial profile. However, the spatial emission pattern changed significantly
at powers above 11 mW [Fig. 4.14{d)] (corresponding to the intensity drop in input-output
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curve). Figures |4.14)e)—(g) show the corresponding emission maps collected at the same
powers but during the power-decreasing scan, starting from 35 mW. No significant differences
were observed between the maps obtained at the same excitation powers in the two scan

directions.
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Figure 4.15: Real-space emission measurements collected with the laser tuned below
the lower polariton branch at A = —1.5 meV. (a) Input-output power characteristic
of transmitted laser for the laser detuned below the lower polariton minimum, showing
the formation of a clockwise hysteresis loop. (b)-(d) Real-space photoluminescence maps
collected at 0.38 mW, 14.43 mW, and 21.56 mW during the power-increasing scan. (e)—(g)
Corresponding maps obtained at the same powers during the power-decreasing scan.

Figure a) shows the last input-output power characteristic collected for a laser detuned
below the lower polariton minimum at A = —1.5 meV. During the increase of laser power, a
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linear growth of transmission was observed up to approximately 17 mW, followed by a sudden
drop to a lower-transmission branch. When the power was decreased, the transmitted signal
did not follow the same trajectory, but remained on the lower-transmission returning to the
linear dependence at 13 mW.

Figures [£.15[b)—(d) present the real-space photoluminescence collected at three represen-
tative excitation powers of the transmitted laser: at 0.38 mW, corresponding to the linear
increase of transmission, at 14.43 mW, still within the linear regime and at 21.56 mW, where
the system followed the lower-transmission state. With the change of excitation power, a
brightening of the potential minima on the sample was observed for the two lower powers.
After the rapid transmittance drop, the emission pattern switched, with enhanced lumines-
cence originating from different regions on the sample. Figs. [4.15(e)—(g) show analogous
measurements collected for the same laser powers but during a gradually decreasing laser
power scan. For the emission maps collected at 14.43 mW, depending on the scan direction
(increasing or decreasing laser power), the emission maps exhibited distinct patterns, reflecting
whether the measurement was performed on the high- or low-transmission branch.

Importantly, all three series of measurements were carried out at the same position on
the sample, with the only parameter changed between the scans being the laser energy. This
variation alone significantly altered the appearance of the real-space emission: from a strongly
localized spot [Fig. , through a partially illuminated region [Fig. , to an entirely
brightened real-space field [Fig. [.14].

To summarize the experimental results, the k-space spectra track the evolution from
strong to weak coupling in every bistability regime (depending on the A value) and the switch
between the transmission states. The real-space maps confirm this by showing distinct spatial
patterns at the same input power on the two sides of the hysteresis loop (and identical patterns
in the no-hysteresis case). Together, these observations demonstrate that the two bistable
states correspond to different coupling regimes, distinguished by the presence or absence of
strong coupling.

4.4.3. Theoretical description of both types of optical bistability

The theoretical model describing the experimentally observed effects was proposed and
developed by Dr. Andrzej Opala and Prof. Michal Matuszewski. The theory aiming to
explain the appearance of two new types of hysteresis in a CdTe-based semiconductor optical
microcavity system was based on the standard two-component model. This model is commonly
used in polariton systems to describe Rabi splitting [115] and Rabi oscillations [116-119)],
Bose-Einstein condensation with long-range phase coherence [39], as well as nonlinear excitonic
effects such as the formation of solitons [120,[121] or the observation of multistability [122}|123].
It has also been applied to the analysis of the propagation and dissipation processes in
microcavities [1241/125]. In this model, it is assumed that the pumping laser energy lies within
the spectral range of the polariton mode energies.
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The entire analysis aimed at creating a model that fully reproduces the observed effects
began with the presentation of the standard two-component model, which couples the mean-
field equations [1264|127] describing the evolution of the photonic and excitonic components of
polaritons. These equations take the form:

d , hQ .
ih e = (Bc(k) - ihye)ve + ?wa 1 Fe it

. d . hQ)
171&%( = (Bx(k) — ihyx + gx|vx)?)vx + ?FWC,

where Ec(k) = EQ + ’;Li}:f is the dispersion relation of cavity photon, and Ex (k) = EY + gi,ff
is the dispersion relation of excitonic states in the quantum well. The parameters y¢ and 'y);(
represent the loss coefficients of the photonic and excitonic components, respectively. The Rabi
splitting h{2r describes the coupling strength between photons and excitons, while the term
FewLt corresponds to the external pumping of the system, with F determining the amplitude
of the laser pump and Fp, = hwy, the pump energy. Moreover, the parameter gx denotes
exciton-exciton interactions strength, originating from Kerr-type third-order nonlinearities.
This contribution was crucial for describing the standard bistability known from microcavity
systems based on group III-V materials [93].

Calculations were performed to determine the system response to laser excitation by
solving Eqgs. and analyzing the steady-state density of the photonic component, |1/J%S 2,
which is proportional to the transmitted optical intensity. In this model, the laser field
amplitude F' was slowly increased from zero to a chosen maximum value and then decreased
back to zero, which allowed to obtain complete hysteresis loop.

Figure (a) shows the result obtained for the laser energy close to the lower polariton
branch (A = 2.09 meV). In this case, a typical S-shaped hysteresis loop was obtained, formed
between the pump field (laser power) and the photonic response. This dependence is known
in the literature and has been analyzed both theoretically and experimentally [40}90,93].
Although this hysteresis may appear similar to that experimentally observed square-shaped
loop with a counterclockwise orientation, it is not a correct description of the experimental
results. It will be obvious when we investigate different laser energies, leading to predictions
contrary to the experimental results.

Figure M(b) presents the results of the model obtained for a pumping laser energy
located slightly above the upper polariton branch (A = 12.34 meV). For this detuning, an
unusual triangular hysteresis loop with a counterclockwise orientation was obtained. This
result was not observed experimentally for such a laser detuning between the lower polariton
mode.

The appearance of this hysteresis was explained by a nonlinear blueshift induced by
exciton-exciton interactions. Figs. (C,d) show the calculated polariton dispersions for
two laser pump amplitudes: (c) lower F; and (d) higher F5. For low input power (c), the
shift Ag = gR\w)%S\Q was insignificant and the energy difference between the photon and
exciton modes at k = 0 was about 2 meV. The solid red lines indicate analytically determined
dispersions of the lower and upper polaritons, including the exciton energy shift, and the
dashed orange lines indicate the positions of the uncoupled photon and excitonic modes. Panel
(d) shows the situation for higher laser power, where a significant blueshift strongly modified
the polariton branches.

(4.2)
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Furthermore, Fig. e) shows the Hopfield coefficients C'y and Xy, which describe the
photonic and excitonic fractions of the upper polariton [128]. It was calculated that for the
larger laser power Fb, the upper polariton becomes significantly more excitonic, with the
excitonic fraction at k = 0 being higher by about 0.26 compared to the F} case. This explains
the observed decrease in photonic density with increasing laser power. What can be also seen
in Fig. 4.16(a), when a laser energy was closer to the lower polariton minimum, the opposite
mechanism was observed, leading to an enhancement of the photonic component.

The triangular hysteresis loop shown in Fig. |4.16{b) was thus interpreted as an effect of
the change in polariton composition with increasing laser power.
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Figure 4.16: Theoretical simulations of optical bistability in a microcavity system
with nonlinearities from exciton-exciton interactions. (a) Calculated input-output
characteristic for a pump energy close to the lower polariton branch (Ep, = —4.25 meV,
A = 2.09 meV), showing a typical S-shaped hysteresis loop. (b) Input-output characteristic
for a higher value of laser energy (Ep, = 6 meV, A = 12.34 meV), resulting in a triangular
hysteresis loop with a counterclockwise orientation. (c,d) Calculated polariton dispersions at
two laser pump amplitudes: (c¢) low F}, where the blueshift Agp is insignificant, and (d) higher
F5, where a significant blueshift modifies the polariton branches. (e) Hopfield coefficients of
the upper polariton, showing the increase of the excitonic fraction for larger laser amplitudes.

As can be seen, the initially proposed model successfully reproduced the effects observed
in strongly coupled polariton systems that exhibit Kerr-like nonlinearities. However, it fails
for the hysteresis loops observed in this CdTe-based transmissive microcavity. Therefore, in
order to reproduce the experimentally observed characteristics, the model was extended to
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include additional effects.

Specifically, the redshift of the polariton modes induced by thermal processes, as well as
the transition of the system from the strong to the weak coupling regime through a reduction
of the Rabi splitting [124] AQ2r. The modified equations take the form:

d _ RO .
ih—1c = (Ec — ihye)e + —thx + Fe L,
at 2 (4.3)

. d . RQ
lh&lbx = (Ex — ihyx + gx|¢x|?)vx + ?wc-

In this extended two-component model, the effective photon dispersion Ec and exciton
dispersion Fx include a correction for the redshift induced by thermal effects [129,(130]. It was
assumed that the thermal effects scale quadratically with the laser pump amplitude, leading
to the equations:

Ec = Ec — Bo|F%,

_ (4.4)
Ex = Ex — px|F|?,

where Sc and fx are phenomenological coefficients that describe the strength of thermal
effects. Although phenomenologically both modes shift by similar amounts (8¢ =~ fBx) for
a given pump power, in real semiconductor materials these values may differ significantly
depending on the material properties |129].

The model was further extended by adding a decrease of the Rabi splitting, which leads to
a gradual loss of strong coupling at high exciton densities with high laser powers. This effect
arises from phase-space filling (Pauli exclusion principle) [126]. The effective Rabi frequency
was therefore written as:

Q=0% e~ (Brnr+Balux|?) (4.5)
‘ 2
where [¢x|? denotes the coherent exciton density and ng ~ a —— describes the density of

X
incoherent, thermally excited carriers. Here, « is a scaling parameter and Q% is the bare Rabi

splitting in the absence of saturation. The coeflicient 7 defines the influence of incoherent
carriers, while §y describes the role of coherent carriers with loss of strong coupling.

Figure [4.17] presents the optical bistability characteristics with hysteresis loops obtained
from the extended model described by Eqgs. . In this extended model, the main source
of nonlinearity was assumed to be the loss of strong coupling, rather than exciton-exciton
interactions as in the standard model. This condition is satisfied when gx < [2Qr. In
Fig. [4.17|(a), optical bistability with a hysteresis loop is shown for a pump energy close to the
upper polariton branch (A = 7.34 meV, E, = 1 meV). The loop shape and counterclockwise
orientation correspond to the experimental results obtained for excitation near the upper
polariton branch [as shown in Fig. £.8(b)]. In Fig. [1.17(b), optical bistability with a clockwise
hysteresis loop is observed for a laser energy below the lower polariton branch (Ey, = —6.9 meV,
A = —0.55 meV). In this case, a triangular hysteresis loop was obtained, where a rapid
depletion of the photonic field density above the critical laser power led to a drop into a lower
transmission state. This type of bistability is attributed to the dominant contribution of loss
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of the strong coupling in the system, compared to exciton-exciton interactions, together with
the thermally induced redshift of the photon and exciton modes.
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Figure 4.17: Optical bistability in the extended two-component model. (a) Calculated
input-output characteristic for a pump energy close to the upper polariton branch (A =
7.34 meV, Fr, = 1 meV), showing a counterclockwise hysteresis loop consistent with the
experimental observations. (b) Input-output characteristic for a pump energy below the lower
polariton branch (A = —0.55 meV, Ey, = —6.9 meV), displaying a triangular hysteresis loop
with clockwise orientation.

The extension of the standard two-component model by including experimentally observed
effects such as the thermally induced redshift of polariton modes and the reduction of the
Rabi splitting enabled reproduction of the hysteresis loops observed in the experiment. The
modified model captures the transition between strong and weak coupling regimes, as well
as explains the appearance of unconventional hysteresis shapes and their orientation. This
demonstrates that thermal effects and phase-space filling effects play a role in determining
the nonlinear response from the CdTe-based transmissive microcavity system, which extends
the range of optical bistability types observed so far in microcavity systems.

4.5. Observation of exceptional points during the transition of
the system from strong to weak coupling regime

Optical microcavities are lossy systems in which photons and excitons exhibit limited lifetime.
Such a system can therefore be described by a non-Hermitian Hamiltonian where loss or gain
are introduced via imaginary parts of the energy. Non-Hermitian systems allow for a specific
degeneracies in parameter space, exceptional points (EPs), where not only the eigenvalues
(energies) but also the eigenvectors (states) coalesce. EPs are also characterized with specific,
winding topology, resembling a Mobius strip. After an adiabatic encirclement of an EP the
state switches to the other branch, and only two full loops return it to the initial state.

In the theory proposed by Dr. Andrzej Opala and Prof. Michal Matuszewski, it was shown
that such exceptional points can arise naturally. This means that they can appear without
intentional tuning loss imbalances or polarization degrees of freedom. In this case, natural
exceptional points occur exactly at the boundary between strong and weak coupling regimes.
Importantly, the EP does not coincide with the photon lasing threshold. The theoretical
explanation of this naturally occurring exceptional point was the generation of so-called

56



Bogoliubov excitations (fluctuations on top of the polariton fluid). In this way the effective
coupling strength can be weakened and encircle the EP in a two-parameter space spanned by
the coupling strength and the particle wavevector.

The work considered a non-Hermitian model of two polariton modes:

. Ec —ihe EQR
H= B 2 : (4.6)
591{ Ex —ihvyx

o hPK?
here Ec(k) = E
where Eq(k) o+ e

denotes the dispersion of the cavity photon, Ex (k) is the (approx-

imately flat) exciton dispersion, h{dy is the Rabi splitting, and y¢ and yx are the photon and
exciton loss rates, respectively.
The eigenenergies of this Hamiltonian are

By = %(Ec + Bx — ih(yx +70) £/ (6 — ih(7c — 1x))? + (hQ)? ), (k) = Bo(k) - Ex(k),
(4.7)
where the real part Re(F4) sets the positions of the energy branches, with the imaginary part
Im(EL) - the decay rate that describes their losses.
From these expressions it follows that an anticrossing (characteristic for strong coupling
regime) occurs when:

Or > |ve — 7/, (4.8)

and an exceptional point appears precisely when the square root in the eigenenergies vanishes
at zero detuning, i.e.,
OQr =|yvc—7x| and 6=0. (4.9)

The Hamiltonian also implies that the EP is unrelated to the photon lasing threshold.
Lasing requires positive feedback and gain exceeding losses, whereas the Hamiltonian describes
even vacuum fluctuations. This distinction is consistent with theoretical predictions [131}]132].

The dynamics of a coherently pumped system are governed by

. d . hQ iy
ih o = (Ec(k) — ihye)ve + 7%)( + Feiwnt, (4.10)
and N
. d . hQ
ihUx = (Ex(k) — yx)vx + T% + gx|vx Pvx. (4.11)

Here, Fe~™“rt is a coherent laser pump at frequency wp, and gx represents the exciton-exciton
nonlinearity, which was negligible in the main analysis.

Experimentally, the effective coupling Qr was observed to decrease with increasing laser
power, i.e., with increasing reservoir density due to saturation (phase-space filling and formation
of an incoherent reservoir). To first order,

Or = Ok (1 - Bnr) ~ Ok (1 - v’iuﬂ) : (4.12)
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where ng is the reservoir density and g its decay rate. Thus, by increasing the pump power
|F|? one can optically reduce Q.

Next, by analyzing small fluctuations (Bogoliubov excitations) on top of the fluid and
moving to a frame rotating with w,, one obtains the Hamiltonian:

Ec(k) — hwy — ihyc —0Or
8 2 (4.13)
7QR EX — hwp — ih")/X

Structurally, this is the same model as the Hamiltonian introduced above, but with the
parameter {2g and an overall energy shift by hw,. Therefore, the Bogoliubov excitations
inherit the EP and the transition between strong and weak coupling regimes.

Figure 4.18: Natural exceptional point appearing between strong and weak coupling
regimes via optical tuning. (a) Momentum-space photoluminescence under resonant
excitation at the minimum of the lower polariton branch for increasing laser power. Colored
thick curves are fits to the two polariton branches and color encodes Hopfield coefficient. As
the power increases, the effective coupling Qg decreases, and the system passes through the
vicinity of the EP into the weak coupling regime. Reducing the power restores strong coupling
and mode splitting. (b) Parameters extracted from fits with increasing laser power, coupling
strength Qg and exciton energy Ex. (c) Trajectory in (k,Qg) encircling the EP (white star).
A single loop transfers the state between polariton branches, whereas two loops return it to
the initial branch.

The geometry of the spectrum near an EP resembles a two-sheeted Riemann surface on
which the two branches glue together at the exceptional point. Encircling the EP along a loop
in the parameter space of the wavevector and the coupling Qg, a single full loop transfers the
state to the other branch, and only after two full loops the state returns to the initial position.

Figure M(a) shows photoluminescence maps in reciprocal space under resonant excitation
with the laser set at the minimum of the lower polariton, for different laser powers. In the
experiment associated with the observation of the new type of optical bistability, it was noticed
that increasing the power of the laser transmitted through the microcavity led to the loss of
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strong coupling. This revealed an additional degree of control over the coupling strength via
the excitation power, which was subsequently utilized to probe exceptional points. As the
power increases, the effective coupling Qr decreases, as was already demonstrated in main
part of this Chapter. The colored thick curves overlaid on the maps correspond to fits of
the energies of the two polariton branches, with the color indicating the photonic Hopfield
coefficient. At low power a clear branch splitting characteristic of strong coupling is observed.
With increasing power, the splitting diminishes; the system passes through the vicinity of
the EP into the weak-coupling regime, seen as branch crossing as for non-interacting modes.
Reducing the power restores strong coupling and the mode splitting.

Figure M(b) presents the values of Qg and the exciton energy Ex, extracted from fits to
the experimental data, as functions of increasing laser power. One can tune Qp by more than
an order of magnitude using the laser power alone, whereas Fx shows no significant energy
shift. Hence, the spectral changes arise not from an energy shift but from a weakening of the
coupling strength.

Encircling of the exceptional point in this system is shown in Fig. |4.18|(c), which presents
a visualization in the (k, QR) plane with a loop whose points correspond to the white circles
in Fig. [4.18(a). The white star marks the position of the EP. The dispersion maps in panel
(a) are labelled with the same numbers as the points in panel (¢). Starting from the map
marked “start”, where the white circle lies on the lower polariton branch at k &~ —5 pm™"', the
corresponding position in panel (c) is also labeled “start”. As the laser power increases from
maps “2” to “4”, the white circle shifts to k = 0, while the coupling strength Qg decreases and
eventually vanishes, leading to a transition from the polaritonic anticrossing to the crossing
of bare photon and exciton modes (weak coupling). In map “5” the system remains in the
weak-coupling regime, but the white circle moves towards k ~ —6 pum™!, as also indicated
in panel (c). With further decrease of the laser power, QR increases again and the strong
coupling regime is restored, visible in maps “6”, “7”, and “end”. Importantly, after completing
this closed trajectory around the exceptional point, the white circle ends up on the upper
polariton branch in panel (a), even though in the (k, Qg) space of panel (c) it returns to the
same point.

In summary, it was shown that by tuning the excitation power the effective coupling strength
can be optically controlled, allowing the system to cross between strong and weak coupling
regimes. It was demonstrated that this transition gives rise to a natural exceptional point,
appearing without the need for engineered asymmetries or loss imbalance. The measurements
revealed the collapse and reopening of the polariton splitting, and the trajectory in (k, QR)
space confirmed the characteristic topology of the EP, where one encirclement transfers the
system from the lower to the upper polariton branch. In this way, experimental evidence was
provided that Bogoliubov excitations can weaken the coupling and lead to the emergence of
EPs, establishing CdTe-based microcavities as a platform for studying non-Hermitian physics
and topological mode switching under fully optical control.

99



4.6. Observation of optical bistability from a redshift of photonic
mode in CdTe-based microcavity

The main goal of these studies was to investigate the optical properties and strong coupling
behavior of a simplified microcavity structure containing only a single quantum well. The
results presented in this section concern measurements of a CdTe-based microcavity, not
previously described in this thesis, grown as part of a separate project. It was the first
microcavity structure containing a single 10 nm CdTe quantum well, grown by MBE by
Prof. Wojciech Pacuski and M.Sc. Adam Szczerba, which exhibited strong coupling even after
exfoliation and transfer onto a transparent substrate.

Unlike previously discussed samples containing multiple quantum wells, the presence of
only one QW significantly affects several parameters of the system. In particular, it reduces
the overall oscillator strength and thus the Rabi splitting compared to multi-QW structures.
However, it also allows for a clearer interpretation of exciton-photon interactions, minimizes
inhomogeneous broadening due to well-to-well variations, and provides a well-defined platform
for studying the intrinsic properties of a single excitonic resonance. This makes the sample an
important reference system for understanding the role of quantum well density in determining
the strength of polariton coupling.

It was a CdMnTe/CdMgTe microcavity consisting of 25 pairs of Bragg reflector layers,
with a A/2 CdMgTe cavity containing a quantum well. A MgTe buffer layer was grown
between the microcavity structure and the substrate, allowing the water exfoliation process
and transfer onto a transparent substrate. After exfoliation, the microcavity operated in the
strong coupling regime. As shown in Fig. [4.19(c), reflection map in reciprocal space revealed
polariton modes. In the energy range from 1.615 eV to 1.620 eV, a signal originating from
the lower polariton was observed, mainly within the in-plane wavevector range —2.5 um~! to
2.5 um~!. For energies above 1.620 eV, a signal from the upper polariton was visible in the
wavevector range extending up to £4.5 um~!. The experimental data were modeled with a
coupled-oscillator model, from which the Rabi splitting was determined as hf) = 6 meV, with
detuning § = —5.2 meV. A Lorentzian fit of the k = 0 cross-section yielded the lower polariton
energy Frp = 1.615 eV and FWHM = 2.43 meV, giving a cavity quality factor of Q = 665.

The prepared microcavity was mounted in a cryostat and cooled down to 4.5 K. The first
measurement was performed in a setup with two power meters, shown in Fig. to study the
total transmitted light intensity through the polariton modes. As presented in Fig. (a),
scanning the laser energy around the lower polariton minimum revealed nonlinear behavior
and optical bistability. The laser-lower polariton detuning values, labeled as A in the figure,
define the position of the laser relative to the lower polariton minimum. A positive value
indicates that the laser energy was above this minimum.

For A = 1.0 meV, a nonlinear increase in transmission was observed, starting from the
lowest laser powers on the input-output characteristic up to approximately 6 mW. When the
laser was tuned exactly to the minimum (A = 0.0 meV), first a linear increase in transmission
was detected up to about 5 mW, above which the transmitted intensity remained flat. For
negative detuning values, i.e., when the laser was tuned below the lower polariton energy, a
hysteresis loop opened at the transition point between the two linear transmission regimes.
Interestingly, the hysteresis exhibited a counterclockwise direction of formation, which had not
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Figure 4.19: Optical bistability and hysteresis in a CdTe-based transmissive mi-
crocavity with a single QW. (a) Input-output power characteristics of the CdTe-based
microcavity showing the creation of optical bistability at different laser detunings A relative
to the lower polariton minimum. (b) Hysteresis loop collected at A = —2.0 meV, with arrows
indicating the switching direction. (c) Reciprocal space white-light reflectivity map of the
microcavity with overimposed coupled-oscillator model (white dashed lines indicates bare
photon and exciton modes, red dashed lines polariton modes). The dark-blue dashed line
marks the laser energy. Extracted parameters from the modeling: Rabi splitting h{2 = 6 meV,
detuning 0 = —5.2 meV, photon energy Ey, = 1.616 eV, exciton energy Fex = 1.621 eV, and
effective photon mass mp, = 2.3 x 1075me. (d)—(g) Reciprocal space maps at different laser
powers showing the photon-like mode and its redshift due to thermal effects.

been observed in the previously described results. In the previously studied microcavity, tuning
the laser below the lower polariton minimum led to a “triangular” hysteresis with a clockwise
formation. However, here the hysteresis was not triangular but rather “square-shaped”. For
the more negative laser-polariton detuning, the bistable range grew.

To investigate this phenomenon in more depth, detailed measurements of the hysteresis
at A = —2.0 meV were performed, as shown in Fig. [£.19(b). In the power range from 0 to
13 mW, a linear increase in transmission was observed, after which the system switched to a
higher-transmission state that persisted despite increasing laser power, with no further growth
in transmission. When decreasing the laser power, transmission increased within the bistable
range from about 13 mW to 11 mW, followed by a drop between 11 mW and 9.5 mW. Below
9.5 mW, the system switched back to the lower-transmission branch. The counterclockwise
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direction of the hysteresis is indicated with arrows in the figure.

Next, quasi-resonant transmission measurements in reciprocal space were carried out. In
Fig. [4.19(c), where the coupled-oscillator model was superimposed, the energy of the laser was
additionally marked by a dark-blue dashed line. Spectral filters (SP) were used, as indicated by
shaded regions from around 1.617 eV to the 1.605 eV in Figs. [1.19(d)—(g). Additionally, white-
light illumination was applied from the reflection side to track the dispersion of the modes.
Since emission from the sample was weak, simultaneous collection of emission and white-light
reflection were possible. At 4.18 mW [Fig. [4.19|(d)], corresponding to the lower-transmission
state, the signal resembled the photon mode curvature rather than the polariton mode. At
higher powers, still within the lower-transmission state [Figs. (e,f)], photoluminescence
from the photon mode was observed, with the model fit showing a redshift of the mode energy,
suggesting thermal effects in the system. In Fig. [4.19(g), collected after switching to the
higher-transmission state, the photon mode energy dropped more abruptly, reaching the laser
energy.

These results indicate that even at a relatively low laser power of 4.18 mW, the cavity was
no longer operating in the strong coupling regime. This suggests that the observed hysteresis
originates from transmission changes through the bare photon mode in the weak coupling
regime crossing the energy of the incident laser.

4.7. Summary

The studies presented in this Chapter provide new insights into nonlinear phenomena in
exciton-polariton systems. They demonstrate that optical bistability in optical microcavities
can arise from mechanisms fundamentally different from the well-known description based
on Kerr-type nonlinearities. The bistable response observed in this work originates from the
interplay between thermal effects and a transition between strong and weak coupling regimes,
revealing a qualitatively new form of nonlinear behavior in CdTe-based microcavities.

To enable direct access to transmission characteristics and allowing for precise tracing
of input-output power dependencies, a transmissive CdTe-based microcavity was employed.
This configuration, made possible by the development of a reliable lift-off approach, opened a
new experimental pathway for exploring nonlinear polariton dynamics in II-VI semiconductor
systems. The observations revealed two distinct novel types of hysteresis loops, whose proper-
ties could not be explained by the literature model based on polariton-polariton interactions.
The additional momentum-resolved experimental results demonstrated a mechanism in which
the two bistable states correspond to strong and weak coupling regimes. This conclusion was
also confirmed by measurements in real space. Depending on the type of hysteresis loop,
the transition between the low- and high-transmission states is accompanied by a switching
between strong and weak coupling regimes, driven by thermally induced redshifts and a
reduction of the Rabi splitting. The observed here bistability in CdTe-based microcavities
arises not only from nonlinear interactions but also from a switching between strong and weak
coupling regimes, mediated by thermal effects.

Theoretical modeling supported this interpretation, showing that the inclusion of thermal
energy shifts and coupling reduction reproduces the experimentally observed hysteresis loops.
The developed framework extends the understanding of bistability in polaritonic systems and
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identifies temperature- and coupling-controlled mechanisms as new degrees of freedom for
manipulating nonlinear optical responses.

In addition, the observed possibility of tuning the exciton-photon coupling strength with
the incident laser power opened access to phenomena related to non-Hermitian physics.
Specifically, exactly at the crossing between strong and weak coupling regimes the system
exhibits Exceptional Point (EP), a spectral singularity unique for non-Hermitian systems.
This work experimentally explored the nontrivial winding topology of EP by encircling it in
momentum—coupling strength plane.

In a broader perspective, all of these findings establish CdTe-based transmissive microcav-
ities as an experimental platform for studying and controlling nonlinear polariton phenomena.
The discovered form of bistability enriches the landscape of polariton nonlinearities and may
provide a basis for novel photonic functionalities such as optical switching, logic operations, and
tunable polariton devices driven by coupling transitions. In addition, the effective tunability
of the coupling strength opens the access to non-Hermitian physics.

63



Chapter 5

Magnetic field control of
exciton-polaritons condensate
supermode parity

The results described in this Chapter are published in:
M. Furman, et al., "Magneto-optical induced supermode switching in quantum fluids of light"
(2023), Communications Physics, 6, 196.
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Controlling the spatial organization of coherent light fields is a challenge in polaritonics,
closely related to the rapidly growing field of polariton-based quantum simulators [10,/133135].
In such systems, engineered potentials allow for the realization of lattice configurations and
control over coupling between individual sites, enabling the emulation of complex many-body
Hamiltonians. While magnetic fields are routinely used to manipulate the polarization of
light in magnetooptical systems, introducing them as an additional degree of control over the
coupling between condensate sites offers a novel way to tune the spatial configuration and
interactions within polaritonic lattices. The aim of this Chapter is to demonstrate that an
external magnetic field can serve as a control parameter for the spatial state of a polariton
condensate, specifically enabling switching between distinct parities of a condensate supermode.
This represents a new magnetooptical effect, which acts not on the spin (polarization) but on
the spatial degree of freedom of light.

To demonstrate this effect, we used a specially designed CdTe-based semimagnetic optical
microcavity incorporating semimagnetic quantum wells doped with Mn ions. The presence of
magnetic ions enhances the sensitivity of the system to external magnetic fields through the
giant Zeeman effect. That provided the necessary energy shift for modifying the polariton
dispersion and condensate properties.

In the following, the phenomenon of magnetic-field-induced supermode parity switching is
presented and analyzed both in real and reciprocal space. The experiments reveal how the
Zeeman splitting alters the effective masses and dispersion of the spin-polarized polariton
branches. This led to a change in the phase relation between two coupled condensates and,
consequently, to a reversal of the supermode parity. The observations are supported by
theoretical modeling and numerical simulations based on the spinor Gross—Pitaevskii equation,
which reproduce the switching behavior.

This work provides the first experimental evidence for a magnetooptical effect that
reconfigures the spatial state of a polariton condensate. Beyond its fundamental significance,
this result introduces a new pathway for magnetic control of coherent states of light in
microcavity systems, opening perspectives for tunable polaritonic circuits and hybrid magneto-
optical devices where both spin and spatial degrees of freedom are actively manipulated.

5.1. Introduction to ballistically coupled polariton condensates

Particles in the exciton-polariton condensate created by a nonresonant laser can propagate
ballistically over significant distances. Depending on the sample properties, such propagation
can occur with only weak scattering, reaching tens or even hundreds of micrometers across the
sample [68,136]. Ballistic condensates have been observed in microcavities with energetically
homogeneous photonic potentials exhibiting long polariton lifetimes. In such structures, at the
excitation laser spot, a reservoir of hot excitons is created. This reservoir feeds the condensate
and generates a repulsive potential because of strong exciton-exciton interactions. Because
of the high homogeneity of the cavities, the reservoir does not trap the condensate at the
same position. Instead, the ballistic condensate is repelled and spreads away from the laser
spot [136,137]. This phenomenon has been observed, among others, in planar GaAs/InGaAs
microcavities [138].

When the microcavity is excited by multiple laser beams, the resulting condensates can
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couple between each other by ballistic exchange of particles. This allows for the realization of
so-called polariton dyads (formed from a pair of condensates) or triads (formed from three
coupled condensates) [139]. In a polariton dyad, the system establishes a common phase,
and the condensates at individual sites can lock either in-phase or in anti-phase. In such
configurations, interference fringes arise in the area between the excitation sites. These two
states can be distinguished by the parity of the interference pattern, which manifests itself
through the number of observed fringes [104|139,/140]. The parity of the interference pattern
originates from whether the ballistically propagating polaritons arrive at the opposite site
in-phase or anti-phase. The parity of the supermode can be thus changed by controlling this
phase. It can be realized by tuning physical parameters such as the distance between the
excitation beams, additional pumping, or the exciton-photon detuning of the cavity. Moreover,
it has been shown that introducing additional sub-threshold laser spots can create effective
barriers, enabling control over both the sign and strength of the coupling between condensates
and thereby switching the system between ferromagnetic (in-phase) and antiferromagnetic
(anti-phase) configurations [140].

Ballistic condensates can be arranged in entire networks of mutually interacting conden-
sates [10,138,139}141,/142]. Specifically, such networks can be used as quantum simulators. For
example in [10] networks of several dozen condensate nodes were used to find solutions of XY
Hamiltonians. The authors showed that the system spontaneously selects a configuration of
relative phases (ferromagnetic or antiferromagnetic), which was confirmed by the observation
of interference patterns in real space.

The aim of this Chapter was to demonstrate a novel method of controlling the parity
of coupled polariton condensates using an external magnetic field. Semimagnetic optical
microcavities provide an especially suitable platform for exploring magnetic-field induced
effects. These structures contain quantum wells doped with magnetic ions and are known
for their pronounced magnetic-field-dependent properties. Photoluminescence from such
microcavities has revealed several magnetic field dependent effects, including lowering of the
condensation threshold in magnetic field [61]. It was also demonstrated that even relatively
small magnetic field lead the condensate to acquire strong circular polarization [64], and
concluding with the observation of the giant Zeeman effect [65] of exciton-polaritons.

As shown in Fig. [5.1] which contains results taken from Ref. [65], applying a magnetic field
in the Faraday configuration to such a microcavity leads to the energy splitting of excitons
into states with opposite spin projections, corresponding to circular polarizations ot (spin
+1) and o~ (spin —1). The behavior of the system in the magnetic field is dominated by
heavy-hole excitons, which are the primary contributors to the observed strong coupling.
Light-hole excitons lie at higher energies and possess both a smaller oscillator strength and a
weaker Zeeman splitting.

In the polariton dispersion maps in Fig. |5.1{(a), after applying the magnetic field, the lower
polariton branch splits into branches with o™ and ¢~ polarizations. The magnitude of this
polariton splitting depends on the detuning between the bare cavity photon mode and the
exciton, the larger the excitonic fraction of the polariton, the stronger the observed splitting.

Figure (b) additionally shows how the magnetic field up to 5 T induces a Zeeman
splitting of the heavy-hole exciton energies, while the cavity photon mode remains essentially
unchanged. As a result, the exciton-photon detuning becomes field-dependent. Furthermore,
Fig.[5.1)(c) presents how the Rabi splitting energy changes as a function of the applied external

66



(a)

Figure 5.1: Magnetically induced Zeeman splitting of exciton-polaritons in a
semimagnetic microcavity. (a) Exciton-polariton dispersion relation photoluminescence
maps showing the splitting of the lower polariton branch into o™ and o~ polarized components
under applied magnetic field up to 5 T. (b) Evolution of heavy-hole exciton and cavity photon
energies as a function of magnetic field up to 5 T. (c) Dependence of the Rabi splitting energy
on the applied magnetic field. Data adapted from [65].

magnetic field.

The giant Zeeman splitting influencing exciton-photon detuning and the excitonic compo-
nent of polaritons also affects the effective mass of the lower polariton branch. As illustrated
schematically in Figs. (c,d)7 these changes modify the curvature of the dispersion relation:
without magnetic field the lower polariton branch has a certain effective mass [panel (c)],
whereas under applied field the dispersion becomes changed [panel (d)]. Such a modification
of the dispersion affects the phase relation of ballistically propagating polaritons between two
excitation sites, and thereby provides a mechanism for switching the parity of the condensate
supermode using a magnetic field. Confirming this prediction is the main goal of the studies
described in this section. To this end, the experiment was designed to excite a condensate
supermode using two spatially separated laser beams in a semimagnetic semiconductor micro-
cavity based on CdTe, as schematically shown in Fig. M(a). Figure b) further illustrates
the experimental concept, where the application of a magnetic field is expected to enable
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switching of the condensate supermode parity. In this work, this phenomenon was investigated
primarily in the real space of the sample, and the observed effects were further confirmed in
reciprocal space.

Figure 5.2: Concept of condensate supermode control in a semimagnetic CdTe-
based microcavity. (a) Two spatially separated laser beams generate interacting polariton
condensates. (b) Applying an external magnetic field enables switching of the condensate
supermode parity. (c¢) Schematic polariton dispersion without magnetic field. (d) Magnetic
field induced splitting of the heavy-hole exciton into o and o~ states; the o™ state couples
to the cavity photon, modifying the polariton effective mass and allowing parity switching.
The image was made by Dr. Mateusz Krol.

As an aside, it is worth recalling that the use of magnetic fields to control other properties
of light is known in optics. Well-known magneto-optical phenomena include the Faraday
effect, in which the polarization plane of linearly polarized light rotates when passing through
a medium under an applied magnetic field. Another example is the Kerr effect, where the
polarization changes after reflection from a magnetized surface. These classical effects primarily
modify the polarization state of light, which is in contrast with the effect proposed here, where
the magnetic field affects the spatial mode of the electromagnetic field.
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5.2. Polariton condensate supermode in magnetic field

The constructed experimental setup is presented in Fig. [5.3] In the experiment a picosecond
laser (Mira-900) was used with a pulse duration of 4 ps and a repetition rate of 76 MHz.
The sample was excited nonresonantly. The laser wavelength was tuned to the first Bragg
minimum and set to 710 nm, corresponding to a photon energy of approximately 1.75 eV. The
laser was divided into two beams using a 50:50 beam splitter. The power of both beams was
separately controlled with neutral density (ND) filters.

r-space  k-space ~ ND  spectral

spectrometer lens lenses filters filter S \g/ ¥\\>\
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ND ND
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Figure 5.3: Scheme of the experimental setup used for measurements in magnetic
field up to 9 T, in Faraday geometry using two nonresonant excitation beams of
CdTe-based microcavity. The experiment was performed using a picosecond laser, a delay
line, and polarization optics at excitation and detection sides. The photoluminescence signal
was collected in a confocal geometry at 4.5 K under a magnetic field of up to 9 T.

After splitting, the first beam was coupled to an optical fiber. The second beam, before
coupling to another optical fiber, was directed onto a delay line consisting of mirrors mounted
on translation stages. The delay line allowed to precisely control the relative arrival time at
the sample between the laser pulses from both arms. In these measurements it was essential
to align the two beams so that they reached the sample simultaneously. After passing through
the fibers, both beams were recombined at another beam splitter and directed towards the
cryostat.
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A linear polarizer, half-wave plate, and quarter-wave plate were used on the excitation
path to set the desired linear polarization of the beams. The optical power of each beam was
verified before the sample using a power meter placed in front of the cryostat.

The experiments were carried out in an AttoCube bath cryostat equipped with a 9 T
superconducting magnet. A magnetic field was applied to the sample in the Faraday geometry,
which means that the field was parallel to the optical axis, i.e., along the direction of light
propagation. The sample was mounted on an xyz piezo translation stage, which allowed
precise positioning and focusing.

Excitation and collection of the emitted light were performed with a high numerical
aperture microscope objective. The collected light entered a polarization selection setup.
In the measurements, o "-polarized emission was detected, corresponding to the field orien-
tation. Next, a spectral filter then blocked the reflected laser light and transmitted only
the photoluminescence signal. Lenses were used to project the signal either on a camera or
onto a spectrometer slit, with one lens for real space or with two lenses for reciprocal space
imaging. Additional ND filters in the detection path allowed the light intensity incident on
the photodetectors to be reduced when necessary.

All measurements were carried out at the temperature of 4.5 K. The investigated structure
was a semimagnetic CdTe-based optical microcavity (Sample C.2), containing quantum wells
doped with 0.5% Mn ions.

5.2.1. Condensate supermode parity switching

Semiconductor microcavities based on II-VI materials are characterized by a highly inhomoge-
neous photonic potential, as discussed previously in Chapter [3| Section “Photonic potential
fluctuations in CdTe-based microcavity”. Despite this inhomogeneity, ballistically propagating
condensates can still be observed, although over much shorter distances, and they are rare
and difficult to identify experimentally.

A single ballistic condensate propagates without forming interference fringes, but when
two condensates are created simultaneously they can couple into a polariton supermode. In
such a case interference fringes arise from the superposition of two polariton waves, giving rise
to quantized standing-wave modes visible in dispersion maps and in the real-space emission
profile. Particular care was therefore taken to ensure that the observed fringes were not due
to local potential traps, but indeed originated from ballistic coupling of condensates. The
position on the sample was carefully tested to exclude the influence of strong inhomogeneities
of the photonic potential.

The main goal of this part of the study was to observe magnetic-field induced switching of
the spatial interference pattern (parity) of a polariton supermode. The results studied in real
space by collecting x-y maps on a CCD camera are presented in Fig.

Figure (a) presents the real-space photoluminescence map of the condensate excited
with a single beam. The excitation beam had a FWHM of about 2 wm on the sample, and
the pulse energy was set to 3.3 pJ. The emission observed from this region was strongly
inhomogeneous, considerably broader and more diffuse than the excitation spot. The FWHM
of the photoluminescence signal was about two times larger than that of the laser beam. The
approximate position of the observed signal on the map was indicated by a red dashed circle.
Figure (b) presents the real-space photoluminescence map from the second excitation beam,
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Figure 5.4: Real-space photoluminescence maps of supermode polariton condensate.
(a,b) Emission patterns for each excitation beam measured separately. (¢) Two excitation
spots delayed by 200 ps show no interference fringes, confirming the finite coherence time.
(d) Synchronized beams create two condensates forming a supermode, with two interference
fringes between them. (e) Real-space emission at B = 9 T with enhanced intensity and a
change in the number of fringes. (f) Evolution of interference fringes with increasing magnetic
field. (g) Cross-sections at B =0 and B =9 T demonstrating the field-induced shift of fringe
positions.

measured under the same excitation pulse energy of 3.3 pJ, but separated by about 7 um from
the first beam. Although the laser spot size at this position was the same as in Fig. [5.4{(a),
the emission was considerably more confined. A single well-localized emission spot with an
FWHM of about 1.5 um was detected, surrounded by a weaker spatially extended background
signal. The emission area was also marked with a red dashed circle for clarity. Because
the photonic potential in CdTe-based microcavities is highly inhomogeneous, the emission
patterns from two positions on the sample look different, even if both beams have the same
spatial profile. Figure (c) presents the combined result obtained when the microcavity was
excited by two laser beams, with pulse energy of 3.3 pJ each. Here, one beam reaches the
sample about 200 ps later than the other, realized by extending the optical path by 60 mm in
the delay line. In this case, the resulting photoluminescence map resembled a simple sum of
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the signals obtained from the two individual excitation spots. This indicates that the delay
time of 200 ps was much longer than the condensate lifetime (about 12 ps in CdTe-based
microcavities [11]), and therefore the phase coherence could not be preserved.

When the excitation pulses in two beams were synchronized in time, interference fringes
appeared, as shown in Fig. [5.4(d). The intensity maxima are located directly under the two
excitation spots, which are indicated by dashed red circles. The presence of two interference
fringes between them confirms that the condensate crates a single supermode synchronized in
anti-phase. The fringes are indicated in Fig. [5.4{d) by light green crosses. This measurement
was performed without any external magnetic field. When a field of B =9 T was applied,
the real-space PL map changed, as shown in Fig. [5.4{e). The intensity of both condensates
increased. More importantly, in the region where two interference fringes were observed
without the magnetic field, three fringes appeared under B = 9 T. This indicates that the
relative phase between the two condensates forming the supermode changed, and that they
became locked in-phase. The positions of the three fringes are marked by red crosses.

To follow the evolution of the condensate supermode, cross-sections were extracted from
the PL maps at successive magnetic fields between 0 T and 9 T and presented in Fig. [5.4(f).
This representation allows for identification of the field at which phase synchronization is
lost and the field at which the parity of interference fringes changes. Although the total
signal shows only a relatively low amplitude of the fringes, a characteristic evolution can be
observed in the range of B =~ 3 — 4 T, where the fringe initially located near 3 um gradually
merges with the outer fringe around 4.5 um. For clarity, Fig. [5.4{g) presents cross-sections for
two extreme field values. The light green curve corresponds to zero magnetic field, with the
two fringes marked by light green arrows. The red curve shows the result at B =9 T, with
three red arrows marking the positions of the fringes. Although the lack of energy resolution
leads to limited visibility of the interferences in the integrated signal, the change in the fringe
positions between the two field values confirms the effect of the magnetic field on the real-space
interference pattern.

5.2.2. Condensate supermodes switching resolved in energy

Next, the real-space signal was directed to the entrance slit of the spectrometer to obtain
energy-resolved data, allowing to spectrally resolve different modes of the condensate. As in
the previous section, photoluminescence was measured for each excitation beam separately and
also for two beams with one delayed in time relative to the other. The results are presented
in Fig. [5.5

Figs. a,b) show the PL signal from two different excitation spots measured indepen-
dently. The emission was spectrally broad, with no dominant emission energy. In Fig. [5.5(b),
localized states appear near 1.603 eV, showing the inhomogeneous photonic potential typical
for CdTe-based microcavities.

For two beams incident on the sample but one delayed by 200 ps [Fig. [5.5(c)], no interference
fringes were observed in the energy-resolved map between two excitation spots. When the
time delay was reduced, a condensate formed simultaneously at both excitation sites, and their
phases became synchronized [Fig. [5.5(d)], both beams crossed the condensation threshold. A
strong emission appeared at 1.606 eV, marked on the map with a dashed red line. At this
energy, two condensates located around x = £3 um with two interference fringes between
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Figure 5.5: Spectrally resolved photoluminescence in real space of coupled polariton
condensates. (a,b) Real-space emission from two excitation spots measured independently
at a pulse energy of 3.3 pJ. (¢) Two beams delayed by 200 ps show no interference fringes. (d)
Phase-synchronized emission from a condensate supermode with two interference fringes at
1.606 eV. (e) Emission at B =9 T shows an energy shift of the supermode and the appearance
of a higher-order mode. (f) Evolution of mode energies with increasing magnetic field. (g)
Cross-sections at energy of 1.606 eV demonstrating phase desynchronization around B =5 T
and the transition from two to three interference fringes. (h) Line profiles at 1.606 eV for
B =0T (green, two fringes) and B =9 T (red, three fringes).

them form a polariton condensate supermode. A higher-energy mode at 1.608 eV with three
interference fringes was also observed, but with a much lower intensity. All these measurements
were performed at zero magnetic field. When a magnetic field of B =9 T was applied, the
emission pattern changed, as shown in Fig. [5.5(e). The main supermode redshifted to about
1.604 eV, while at 1.606 eV a second mode of opposite parity appeared. The energy evolution
is shown in Fig. |5.5(f), presenting spatially integrated emission versus magnetic field. The
strongest signal, starting at 1.606 eV for B = 0 T, shifted to 1.6045 eV at the highest magnetic
field, with simultaneous increase in emission intensity. The weaker higher-energy mode was
also visible from energy of 1.608 eV for B = 0 T, to energy of 1.606 eV for B =9 T, moving
in energy with the field.

To study the supermode phase behavior, cross-sections were extracted at the energy
corresponding to the strongest mode at zero magnetic field (1.606 V), with the results shown
in Fig. [5.5(g). At this energy, it was possible to identify phase desynchronization range and
the change in the parity of interference fringes. The parity change occurred around B ~ 5 T.
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Above this value, the system shift from supermode with two fringes (anti-phase) to supermode
with three fringes (in-phase) at higher magnetic fields.

Finally, Fig. [5.5(h) presents cross-sections through the maps in panels (d) and (e) at
1.606 eV. The light green cross-section (0 T) shows two interference fringes, indicated by
arrows. The red ones (9 T) reveals three fringes, whose positions are shifted compared to the
zero-field case and located in between the original fringes.

5.2.3. Condensate supermode in reciprocal space

The same position that was analyzed in real space in the previous section was investigated in
momentum space using the spectrometer.

Figures (a,b) present the polariton dispersion collected for each excitation beam sepa-
rately. Individually, each beam was below the condensation threshold. The maps show the
emission from the lower polariton branch around 1.605 eV. For both beams, the dispersions
exhibit similar behavior, with a higher polariton population at higher wavevectors. The
vertical interference fringes visible at k = 0, most likely originating from the additional
reflection from the beam splitter in the detection system.

Figure [5.6|(c) shows the polariton dispersion when both excitation beams were present
simultaneously and together exceeded the condensation threshold, creating a coupled ballistic
condensate. The time delay between the beams was adjusted so that both laser beams reached
the sample simultaneously. The pulse energies of both beams are indicated at the top of the
maps. Figure (c) shows the photoluminescence dispersion map without external magnetic
field. Several discrete modes appear around 1.606 eV with constructive interference fringes.
The number of fringes depends on the detuning and the momentum range at which the modes
are observed. The most visible signal is from the central mode, highlighted with a dashed
red line at 1.606 ¢V. Here, two condensates at 2.5 um ™!
fringes between them.

are visible, with two interference
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Figure 5.6: Polariton dispersion maps for individual and coupled condensates. (a,b)
Dispersion of the lower polariton branch measured for each excitation beam separately. (c)
Formation of a polariton supermode from two ballistic condensates without external magnetic
field. (d) Dispersion of the supermode in a magnetic field of B =9 T, showing an energy shift
and a change of the effective polariton mass.

Next, a magnetic field of B =9 T was applied to the sample [Fig. [5.6(d)]. The first visible

74



effect was a shift of all modes to lower energies. Also, the wavevector range over which the
supermode emission was observed broadened. These results confirm the mechanism described
in the introduction, where the Zeeman splitting shifts the exciton energy, thereby modifying
the exciton-photon detuning and consequently the lower polariton dispersion. Because the
measurements focused on the energy range of the lower polariton mode, the condensate
supermode measurements were taken on a more detailed grating on the spectrometer, so the
observed spectral range is narrower.

5.3. Theoretical description of the condensate supermode in
magnetic field

The theory used to describe the observed phenomena was developed by Dr. Helgi Sigurdsson.
The basis of the theory is the change in the polariton dispersion and polariton-polariton
interactions under an external magnetic field. In addition, a spin-reservoir model was included
to account for the spin imbalance in the presence of a magnetic field. Next, it is shown that
this allows one to change the synchronization conditions of two condensates and to switch their
supermodes. A condition for the critical magnetic field B was also derived. In addition,
numerical simulations were carried out to confirm the mode switching.

The model is explained step by step. The discussion begins with how the applied external
magnetic field affects the polariton mode. The lower polariton branch, considered for both
spins:

R %z%{ (Gl o) (5.1)

where ey (k) = h2k?/2m is the energy of the cavity photon, which scales quadratically with
momentum k. When an external magnetic field is applied, the heavy-hole exciton energy
changes due to the Zeeman effect and a spin splitting is observed, what can be written as
ex+ = €0 F LBgesi B, where ¢q is exciton energy in a zero magnetic field (B = 0), pp is Bohr
magneton, and geg is an effective factor g of the exciton. {2g in denotes the Rabi energy, i.e.,
the light-matter coupling strength.

Furthermore, the photonic and excitonic fractions of the polariton, are given by Hopfield
coefficients. The excitonic fraction is equal to:

ex,+ — €ph(k)

XeP=3(1- (5.2)
Viexs — en(l)]? + 403
while the photonic fraction can be written as:
— k
CeP=1L(1+ xa — eonlk) (5.3)

\/[GX,i — epn(k))? + 403

It is evident that the polariton composition depends on the magnetic field through the
heavy-hole exciton energy. This means that the larger the exciton fraction, the stronger the
magnetic field influence.
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Another important effect is that the effective mass of the polaritons depends on their
photonic/excitonic fraction. If the polariton is more photonic, i.e., when |C|? is larger, the
polariton has a lower effective mass. If the polariton is more excitonic, its effective mass is
higher. Applying a magnetic field changes these proportions and makes the masses (m4) of
spin-up and spin-down polaritons different, as expressed by:

m

(5.4)
where m denotes the effective photon mass of the optical cavity.

The theory can be used to determine the condition for supermode switching. Two
polariton condensates were considered that originate from from two laser spots and can
synchronize, forming the supermode. During propagation between the excitation sites,
polaritons accumulate phase equal to:

Ad ~ ked, (5.5)

where k. is the mean wavevector of the propagating polaritons and d is the distance between
the laser excitation spots.

If A¢p = 0 (mod 27), the condensates are in phase and an even supermode is observed
in emission, whereas if A¢ = 7 (mod 27), the condensates are out of phase and an odd
supermode is observed. The magnetic field changes k., and can therefore switch the parity of
the supermode from even to odd or vice versa.

The value of k. can be estimated, assuming that the interaction energy of the condensate
is equal to its kinetic energy. This assumption provides only an estimate of the order of
magnitude, because it depends on parameter such as exciton reservoir density ny 5, which is
not directly accessible experimentally, and can be written as:

4gOm |Xa|2
koo =~ 4| — nx o, 5.6
c,o \/NQWh2 |Ca‘2 X,o ( )

from which it follows that k. depends on the ratio of Hopfield coefficients (| X,|?/|C,|?), i.e.,
it depends on the magnetic field as well as on the exciton reservoir density nx », where nx , is
excitonic reservoir density for a given spin projection o. In short, the magnetic field increases
k¢4, which can trigger a change of the supermode parity.

For the system to switch to a mode of different parity, the difference of wavevectors (before
and after turning on the field) must yield a phase of 7 over the distance d, what can be
written as:

T = |ke,o(Barit) — ke,o(0)] d. (5.7)

In this way, the critical magnetic field B at which the switching occurs can be determined.

The behavior of the polariton condensate supermode in magnetic field can be also simulated
using the Gross—Pitaevskii equation (for the condensate), coupled to equations for the exciton
reservoir:

3 9 . ihRn
i (;/;i - [€i<_lv) + AL 4o |y + Ga(nas + n[,i)]?ﬂi, (5.8)
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where R is the stimulated scattering rate of excitons from the reservoir to the condensate, n4 +
is density of active excitons in the reservoir with spin %, ny + is the density of inactive excitons,
a4 means nonlinear interaction coefficient between polaritons with spin £ (condensate self-
interaction energy), G4 is interaction coefficient between the condensate and the exciton
reservoir (condensate-reservoir interaction constant).

To closely reproduce the experiment, equations for the exciton reservoir were added:

ona +
ot
which describe how the population of excitons with a given spin evolves in the reservoir, where
I's + is the spin relaxation rate, and W is exciton flow rate from the inactive reservoir to the
active reservoir. The magnetic field splits these rates and leads to an excess of one spin over
the other, which subsequently affects the condensate.

These equations describe how the polariton condensate wavefunction evolves in time under
losses, gain from the reservoir, and interactions. The results of the simulations, presented in
Fig. show that for small magnetic fields the supermode is parity is odd. Upon increasing
the magnetic field, the parity switches to even, in agreement with the initial predictions.
Overall, the results summarized in Fig. show the transition of supermode parity as a
function of increasing magnetic field.

= — (F + Fs,i + Rhﬁi‘z) nA+ + Fs;n,q; + an,i. (5.9)
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Figure 5.7: Numerical Gross-Pitaevskii simulation showing the change of supermode
parity with increasing magnetic field. (a) Time-integrated profile of the total condensate
density along y = 0, calculated for increasing magnetic field. (b,c) Corresponding density
maps in the z-y plane for B = 2 T and after the switching at B =7 T.

77



5.4. Summary

The results presented in this Chapter expand the toolbox for one of the main goals in
polaritonics of achieving external control over the spatial organization of coherent light. It
is demonstrated that a magnetic field can be used not only to tune the polarization of light
(as in most magnetooptical effects), but also to reconfigure its spatial mode structure, and
coherent coupling between distant sites. This represents the first experimental realization of a
magnetically induced parity control of polariton condensate supermodes.

The experiments revealed that an applied magnetic field modifies the spatial interference
pattern between two coupled ballistic condensates forming a synchronized supermode. As the
field increases, synchronization between the condensates is first lost and later restored in a
supermode of opposite parity. This transition was directly observed in the real-space emission
as a change in the number of interference fringes and was confirmed in reciprocal space by
the corresponding modification of the polariton dispersion.

The experimental observations are consistent with the developed theoretical model. The
giant Zeeman splitting in the semimagnetic microcavity modifies the excitonic contribution
to polaritons, alters the effective masses and wavevector of the condensate. These changes
shift the phase synchronization conditions between the individual condensate sites and define
a critical magnetic field at which the mode parity switching occurs. Numerical simulations
based on the spinor Gross—Pitaevskii model reproduce the observed behavior, confirming the
microscopic mechanism of the transition.

This work introduces a new degree of freedom in the control of the coherent coupling
between polariton condensates, by means of magnetic field—tuning of their spatial supermodes.
Beyond its fundamental importance for understanding light-matter coupling in semimagnetic
microcavities, this finding opens a route toward magnetically reconfigurable polaritonic devices,
where both spin and spatial coherence can be manipulated on demand.
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Chapter 6

Polymer microlenses for optical
microcavities: reciprocal space
imaging and lowering condensation

threshold

by: Marcin Muszynski

The results described in this Chapter are published in:
M. Furman, et al., "Multiplexed back focal plane imaging with on-chip integrated microlens
array" (2025), arXiv, in review.
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Efficient coupling of light into and out of the cavity is essential for microcavity systems,
as exciton-polaritons are optically created and their properties are determined from the
emitted light. One of the challenges for polariton applications is thus the efficient excitation
and detection of light within microcavities because it directly affects the energy cost of
condensation and the feasibility of nonlinear optical operations. The aim of this Chapter is to
develop an approach that enables lower excitation thresholds and enhanced control of polariton
systems through improved optical coupling. Here, elliptical polymer microlenses are proposed,
designed, and fabricated directly on top of microcavities to demonstrate the improved efficiency
of light injection and collection. By exploiting their immersion-like properties and because
of their optimized high numerical aperture, these microlenses allow extraction of emission
that would otherwise not couple out from the structure. Simultaneous tight focusing of
the excitation lowered the threshold of the nonlinear effects, all of which were provided by
compact, microscale polymer structures.

The microlenses act here as integrated high-performance micro-objectives, extending the
accessible range of emission wavevectors. Simultaneously, they preserved the Fourier-plane
imaging capability typical of conventional microscope optics and essential for investigations
of polariton systems. This makes them a powerful tool for studying polariton dispersion,
condensation dynamics, and nonlinear interactions in regimes where the use of bulky high-NA
external optics is impractical, especially at cryogenic temperatures.

The Chapter begins with the description of the microlens design process. Ray-tracing
simulations were employed to optimize their geometry for their specific function, e.g. for
efficient reciprocal space imaging. The subsequent section presents the fabrication procedure
based on two-photon polymerization, detailing the methods required to achieve optical-grade
surfaces and precise alignment with the microcavity. Then, the optical performance of the
produced microlenses is compared with conventional microscope objectives, showing not only
their higher NA, improved light collection efficiency, but also simplification of the detection
setup.

The advantages of the microlenses are confirmed in different types of microcavities,
ranging from a simple dielectric system to GaAs- and CdTe-based structures operating in
the strong coupling regime at cryogenic temperatures. It is shown that microlenses enable
imaging of polariton dispersion relations with high resolution and an extended wavevector
range to reveal states and features inaccessible to standard microscope objectives. Moreover,
microlenses arranged in arrays were used for polariton dispersion multiplexing: collecting
multiple momentum-resolved images simultaneously within a single measurement. Finally,
it is demonstrated that integrating microlenses with microcavities reduces the excitation
threshold for the localized exciton-polariton condensates, paving the way for compact and
energy-efficient polariton networks operating in the low-power regime.

6.1. Introduction to the microprinting of polymer microstruc-
tures

As can be already seen from the previous chapters, momentum-resolved spectroscopy is an

exceptionally practical tool for the investigation of microcavity systems. Reciprocal space
imaging, also referred to as k-space analysis or back focal plane (BFP) imaging, is a technique
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that allows mapping the angular distribution of light emitted or transmitted by a sample. This
distribution directly corresponds to the in-plane wavevector of photons or other quasi-particles.
The access to the energy-momentum relation (dispersion relation) is important to understand
optical phenomena in nanophotonics [143-145|, plasmonics [146], layered materials [147/148],
and optical cavities [42,{149,/150]. Fourier plane imaging was used, among other applications, to
study the nature of dipole transitions in single emitters [151,/152], and to map band structures
in photonic crystals and metamaterials [153-156].

Momentum space imaging is based on a specific property of a convex lens, which creates
Fourier transform of the signal at its back focal plane. Traditionally, k-space imaging is
performed in microscopic systems, where a high numerical aperture objective is used to
perform the Fourier transform. However, this approach has some limitations. Obtaining a
wide range of emission angles requires high numerical aperture (NA) and short focal length
objectives, which are typically characterized by a short working distance (WD). Unfortunately,
this makes them difficult to use in low-temperature measurements, where the sample is
located deep inside the cryostat. In such situations, angle-resolved ellipsometry techniques
are sometimes used as an alternative [157], but they also have limitations. The available
range of emission angles in this method is narrow, and it is still difficult to implement with
samples placed in a cryostat [158]. To overcome these challenges, recent advances in polymer
microprinting have been used to extend the capabilities of momentum-space imaging, for
example by enabling access to wavevector ranges that were previously inaccessible with other
experimental techniques.

The development of 3D microprinting techniques, particularly two-photon lithography,
has opened the way for the fabrication of complex optical structures with sub-micrometer
and micrometer dimensions [159]. This method has been used, among others, to form light
couplers [160], optical fiber micro-connectors [161], waveguides [162], metamaterials composed
of polymers [163,/164], optical antennas |165], as well as microlenses [166]. Microlenses in
particular are beginning to play an important role in photonics, as they enable efficient
collection of the emitted light from the investigated structure. Polymer lenses with optimized
geometry enabled improved coupling with weak emitters, such as quantum dots or transition
metal dichalcogenide (TMD) materials, increasing the intensity of detected signals [166].

Polymer microlenses printed directly on the sample surface have already been demonstrated
as a miniaturized alternative for microscope objectives |166|, as shown in Fig. They
collimate light emitted from the structure into a parallel beam while simultaneously providing
access to a broader set of wavevectors than in standard setups with microscope objectives.
According to the principles of Fourier optics, such a microlens should also form a back focal
plane, meaning it could be used for reciprocal space imaging. Printing the microlens directly
on the sample removes the restriction of a limited working distance and enables its use in
cryostats, where optical access with the external optics is especially challenging. At the same
time, because each microlens collimates light locally, a set of them can be used as a series
of independent micro-objectives. This enables simultaneous access to reciprocal space from
multiple spatial points on the sample, without the need for mechanical scanning or changing
the detection setup. This is especially useful capability for large-scale k-space mapping under
cryogenic conditions.

Moreover, the large numerical aperture of such microlenses opens new possibilities in
nonlinear effects in semiconductor microcavities. The higher NA of a microlens allows for a
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tighter focusing of the excitation beam in the active layer, leading to an increase in polariton
density and and thereby allowing the condensation threshold to be reached with effectively
lower power.

(c)

(b)

Figure 6.1: SEM images and the operating principle of an ellipsoidal microlens
designed for collecting emission from quantum dots and transition metal dichalco-
genide monolayers. (a) A SEM image of single solid immersion microlens printed on a flat
substrate, and (b) a SEM image of an array of such microlenses. (c¢) Ray-tracing simulation
illustrating propagation of the emitted light. The images were taken from the article [166].

6.2. Ray-tracing analysis of microlenses (for Fourier plane imag-
ing)

In the literature [166], the focus was only on the collimation of light emitted from the structure
and did not address the properties of the resulting Fourier plane. For this reason, this project
began with a theoretical analysis of the Fourier planes in such microlenses.

A custom ray-tracing program was written in Python to analyze the propagation of light
in polymer microstructures. This script, created in collaboration with M.Sc. Przemystaw
Oliwa, is based on classical geometric optics, where light propagation is determined by Snell’s
law of refraction. The program simulated the trajectories of light rays emitted at various
angles and originating from different points within the structure, what allowed for evaluation
of the optical performance for different microlens geometries.

The investigated microlenses had the shape of a solid rotational ellipsoid, cut off from the
bottom by a plane perpendicular to its major axis (the plane marked gray on the panel), as
presented in Fig. [6.2(a). In the simulations, the geometry was analyzed in cross-section along
this major axis, which gave an ellipse, as shown in Fig. b). Such ellipse is characterized by
two dimensions: the major axis of total length 2a, composed of two equal semi-axes a oriented
along the z-direction, and the minor axis of length 2b, composed of two equal semi-axes b
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along the z-direction. In addition, the simulations included parameter d, which defined the
vertical offset of the cut off plane relative to the center of the ellipse along the z-axis. This
parameter could take positive or negative values. A positive d indicated that the ellipse
was cut above its center, resulting in a microlens shorter than a half-ellipsoid. A negative d
indicated the cut below the center, giving an elongated microlens shape. d = 0 corresponded
to an exact half-ellipsoid, as indicated in Fig. (a). Adjusting d therefore directly controlled
the microlens “height”.

(@) (b)

R B N — " positive values of d

A oSS / negative values of d

Figure 6.2: Schematic illustration of the microlens shape and the definition of its
geometrical parameters. (a) Microlens as a rotational ellipsoid with the semi-axes a and
b indicated, along with a gray plane representing the cut off of the ellipsoid to form the
microlens d. Here, the cut off occurs at d = 0, i.e., exactly in the middle of the microlens
height. (b) Cross-section through the center of the ellipsoid along its major axis, showing the
semi-axes a and b and the variation of the parameter d. Shorter microlenses correspond to
larger positive d values, while longer ones correspond to larger negative d values.

The simulations used real values of the optical parameters of the materials. The microlenses
were made from a photocurable resin with a refractive index of n = 1.52. Refractive indices of
the various layers that compose the optical microcavity, including Bragg reflectors (DBRs),
barriers, and quantum wells, were also considered in the program. For SiO3/TiO2 and
CdTe-based microcavities, the thicknesses of layers, barriers, and quantum wells, as well as
refractive indices, were provided directly by the growers. For the GaAs-based microcavity,
the layer thicknesses were determined from a scanning electron microscope (SEM) image,
while the refractive indices at T' = 4.5 K were taken from Ref. [167]. The paths of light rays
propagating through the DBR layers, the microlens, and finally into the air were calculated
using Snell’s law at each material interface.

Figure [6.3] presents the operating principle of the Python program used to determine the
Fourier plane. As shown in Fig. [6.3(a), the light source was located at the position of the
quantum wells within the microcavity. To accurately reconstruct the Fourier plane, five to
ten emission points were chosen within the quantum wells, separated along z-axis by approx.
0.01 pum. From each of these points, light rays were propagated in multiple directions, covering
a wide range of emission angles. Rays emitted at the same angle [marked as red lines in
Figs. [6.3(a)—(c)] from different starting positions intersected at points that were close to each
other. In theory, only two such rays intersect exactly at the same point, but in the simulation
several rays per one angle value were used. For each emission angle, the program calculated
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(a) (b) (c) (d)

Figure 6.3: Frames from the ray-tracing program illustrating steps in constructing
the Fourier plane. (a) A single ray (dark red line) propagating from the source, located
at the center of the microcavity, through the DBR layers and the microlens. (b) Two rays
emitted at the same angle, passing through the Bragg mirror and microlens, and intersecting
at a single point. (c) Five rays emitted at the same angle from the structure, intersecting
after exiting the microlens. The center intersection point is marked in teal. (d) The complete
Fourier plane for the microlens, obtained by combining the intersection points determined for
all considered emission angles.

the center intersection position of the rays [teal dot in Fig. [6.3|c)], which defined a single point
of the Fourier plane for a given microlens geometry. Only the rays that intersected were taken
into account. As shown in Fig. (d), repeating this procedure for all the emission angles
considered results in the full Fourier plane (teal curve visible at a height of approx. 20 pum).

(a) (b) (c) (d)

(e) (f) (9) (h)

Figure 6.4: Images generated using a ray-tracing simulation program. The modeled
microlenses have established values of semi-axes named a and b, while the cutting depth
parameter d is varied. Panels (a)—(d) show how rays emitted at different angles from a single
point within the structure propagate through the cavity and microlens with values of d from
more negative (a) to more positive (d). (e)—(h) Corresponding shape of the Fourier plane
(shown in teal).
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The shape of the Fourier plane was investigated with varying parameter d, which controls
the “height” of the microlens, while the parameters a and b were kept constant. This
procedure is illustrated in Fig. [6.4] where the analysis began with microlenses having negative
d values, corresponding to high geometries, and ended with the analysis of positive d values,
corresponding to short microlenses. Figures (a)f(d) present trajectories of rays (dark red
lines) emitted from the center of the microcavity (marked with a star). Figures [6.4[e)—(h)
show the reconstructed Fourier plane (teal curves) of each microlens.

As seen in Fig. [6.4f(a), very good collimation of rays is obtained. However, for the same
microlens geometry, the Fourier plane shown in Fig. [6.4|(e) is strongly elongated along the z
axis, spanning more than 10 um. On the other hand, in the opposite limit of large negative d
[Fig. h)}, the Fourier plane becomes nearly flat, but at the cost of poor ray collimation, as
visible in Fig. |6.4(d). These two extreme cases demonstrate that both ray collimation and
Fourier plane shape vary significantly with d.

Based on the results of the simulations, it was found that overly convex microlenses (high
positive values of d) produced an elongated Fourier plane and are characterized with limited
angular collection range. In comparison, large negative values of d produced a broader k-vector
range but resulted in a strongly curved Fourier plane. The optimal d range of —0.5 um
to 0.6 um corresponded to a Fourier plane located approx. 7-13 um above the top of the
microlens [as shown in Figs. [6.4ff,g)], with the Fourier surface fitting within the depth of
focus of the detection optics. This enabled the fabrication of microlenses that simultaneously
provided a wide collection angle (NA ~ 0.95) and minimal image distortion in reciprocal
space.

The final dimensions of the microlenses, defined by the parameters a, b, and d for each
investigated structure, are listed in the corresponding sections, where they are discussed in
detail. With a numerical aperture of approximately 0.95, these microlenses offer a substantial
advantage over conventional microscope objectives, whose numerical aperture values typically
reach only about 0.6 (for those with WD > 10 mm).

6.3. Printing of the microlenses by two-photon polymerization

The microlenses were fabricated directly on the surfaces of the investigated structures using
two-photon photolithography. This process relies on the simultaneous absorption of two
photons (typically in the infrared range) by a resin molecule. The combined energy of these
two photons exceeds the threshold required to initiate the polymerization process. Due to
the nonlinear nature of two-photon absorption, polymerization occurs only in the center of
the focal point where the light intensity is the highest. As a result, the effective volume
of such a 3D pixel, called a voxel, is smaller than the diffraction-limited focal point. This
enables the fabrication of highly precise 3D structures with a resolution down to hundreds of
nanometers [168,169].

In this work, a Photonic Professional system (Nanoscribe, GmbH), shown in Fig. a),
was used, specifically designed for the high-precision fabrication of micro- and nanostructures
using two-photon technology. As presented in Figs. (c,d), a photosensitive material,
Nanoscribe’s proprietary IP-Dip resin (refractive index n = 1.52) was used. This resin is
optimized for use with high-numerical aperture oil-immersion objectives and is fully compatible

85



with the system’s optics.

\

Figure 6.5: Photographs showing the Nanoscribe system, sample holders, and the
IP-Dip resin used for printing. (a) The Nanoscribe system, in which the laser beam enters
the device from below, and the red arrow indicates the location of the sample holder with the
glued sample. (b) Sample holders used for attaching microscope slides, the one shown in the
bottom part of the photo was used in this printing. (c, d) Packaging of the IP-Dip resist. The
glass vial (c) contains the older version of the resin, equipped with a built-in measuring cup.
The newer version of packaging (d) comes with a syringe-style dispenser for easier dosing.

The sample fabrication process begins by mounting a microscope slide in a dedicated
sample holder [example holders are shown in Fig. [6.5(b)]. The sample is attached to the slide
using a transparent glue. Once the glue cures, a single drop of IP-Dip resin is applied to the
sample surface. The entire holder is then inverted and inserted into the printer mounting
stage [marked with a red arrow in the photo from Fig.[6.5(a)]. A rotating turret allows for the
selection of the objective. In this case, a Zeiss oil immersion microscopic objective of 100x
magnitude with a NA of 1.3 was used. The scheme and the photography of the objective are
shown in Figs. [6.6[(a,b). The objective is designed to operate within the resin and provides
both high resolution and a tightly focused beam, which is essential for efficient two-photon
absorption.

As the microscope objective approaches the sample, it gradually immerses in the resin.
Full immersion is critical for achieving correct beam focusing and ensuring that polymerization
occurs only at the intended focal point. Once the focus is precisely adjusted along the z-axis
(the printing depth), the microlens can be printed.

For the polymerization process, an external fiber-coupled femtosecond laser (Calmar Laser
Mendocino) was integrated with the Nanoscribe system. The laser parameters used for
polymerization were: wavelength A\ = 785 nm, pulse duration of approximately 100 fs, and
repetition rate of 50 MHz.

Before the printing process, the desired microlens geometry must be converted into a
print-path .gwl file. It describes the trajectory that the laser follows within the resin (in
the actual experimental configuration, the laser position is fixed while the sample holder
is moving) to accurately reproduce the desired microlens shape. The print-path files were
generated using a Python script initially written by Dr. Aleksander Bogucki and Dr. Lukasz
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(a)

IP-Dip resin

sample on a slide

Figure 6.6: Immersion microscopic objective used for printing in photoresist. (a)
Schematic illustration of how such a microscope objective enables microstructure fabrication
inside the resin. (b) Photograph of the immersion objective used for microlens printing.

Zinkiewicz, and later modified by me to microlenses optimized for back focal plane imaging.
As illustrated in Figs. [6.7(a)—(c), the microlens is printed using a spiral scanning pattern,
with the spiral radius dynamically adapted to the shape of the structure.

Figure 6.7: Design of microlens printing based on a spiral pattern. The visualization
was created in the DeScribe software. (a) Close-up of a single microlens design, (b)
top view showing the spiral trajectory used for layer-by-layer fabrication, (c¢) microlens array
prepared in DeScribe for printing.

The generated print-path file is then imported into DeScribe, Nanoscribe’s dedicated
software. DeScribe allows for planning the layout consisting of multiple components, e.g.
arrays of microlenses, markers, calibration grids, text labels, and other structures. The
software also determines the laser power during polymerization. Next, the DeScribe software
generates a complete file in .stl format, ready to be loaded into the device control program
(NanoWrite).

In the next step, in NanoWrite, the control software for the Nanoscribe-printer, additional
parameters affecting the printing precision can be configured, including print speed, axial
resolution, initial coordinates, and tilt correction. The tilt correction is especially important
when the sample is not perfectly flat. This procedure takes height measurements at 25 reference
points and adjusts the focal plane during printing to maintain optimal focus throughout the
entire microlens array area.

After all settings are confirmed, the laser initiates selective polymerization of the resin.
Once printing is complete, the sample is developed by immersing it in appropriate solvents.
The sample was immersed for 20 minutes in di(propylene glycol) methyl ether and then in
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isopropanol. In our case, a magnetic stirrer was used to aid in the process. Finally, the sample
was air-dried.

However, initial attempts at printing did not yield fully functional structures, primarily
due to alignment issues within the optical system. For an extended period, the Nanoscribe
printer had not been used, and the optical path required realignment. Ensuring that the
laser beam entered the objective precisely along its axis and focused into a clean Gaussian
spot was essential to achieve reproducible polymerization. The laser power also had to be
recalibrated for the specific structures. Depending on the underlying material and geometry,
the thermal conductivity of the substrate varied, requiring individual adjustment of the laser
power. When the power was too low, the resin did not fully polymerize. However, if the
power was too high, the resin overheated and even boiled, resulting in burned or damaged
areas within the structure, which can be observed as black spots in the optical microscope
images in Figs. a)f(c). To remedy this, the central part of each microlens (inner spirals)
was printed using one power level, while the outer layer of the spiral was printed twice using
a slightly higher power to ensure that the structure was fully cured and mechanically stable.

(€)) (b) ©)

20 um 20 um 20 um

Figure 6.8: Three example images of a microlens sample damaged during laser
polymerization. (a)-(c) Each black spot corresponds to resin that was burnt due to excessive
laser power.

Initial prints, conducted after optical alignment was corrected, were performed on silicon
substrates. The structures appeared to be printed correctly, judging by the images from
the optical microscope. However, when they were examined under the scanning electron
microscope (SEM), they resembled craters, only the outer layer was polymerized, whereas the
inner volume remained as unpolymerized resin. This indicated improper laser power settings.
To verify the quality of the print in detail, a thin gold layer (between 80 and 120 nm) was
sputtered onto the sample surface to allow charge dissipation during SEM imaging. Selected
SEM images of these early microlenses prints are presented in Fig.

After appropriate laser powers were determined, print quality still required further opti-
mization. The parameters selected within the software environment had a substantial effect
on the final result. The most critical parameter was the print speed, which could be adjusted
using the PerfectShape option. This feature offers three main modes: Quality — the slowest
but most precise, providing the highest fidelity and smoothest surfaces, Intermediate — offering
a less accurate printings compared to Quality mode and Fast — the fastest option, significantly
reducing the total print time (by more than 50% compared to Quality), but at the expense of
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Figure 6.9: First printed structures after initial laser beam alignment. SEM images
show craters and visible dirt around the printed area, resulting from incomplete polymerization.
Only the outer resin layer was hardened, leaving unpolymerized fragments around the print.

fine detail reproduction and surface smoothness. The choice of mode directly affected the
fabrication time and the quality of the printed structures.

Another issue encountered was related to the stitching at the point at which the spiral
printing path ended. These artifacts were linked to mismatches between the spiral termination
and the overall print speed, particularly when using the ‘Fast’ or ‘Intermediate’ modes. As
shown in Figs. a,b), if the process terminated too early, the outer layer of the microlens
was incomplete. If it ended too late, excess material accumulated or distorted the structure’s
profile, what is visible in Figs. (c,d). To compensate, the spiral trajectory was artificially
extended or shortened in the code, effectively allowing the spiral to “overlap” or end slightly
before the nominal final radius.

Figure 6.10: Examples of prints requiring parameter tuning in the Nanoscribe
software. SEM images show stitching artifacts, in panels (a, b) the printing process ended
too soon, and in panels (c, d) the process ended too late.

Figure shows the final results, when the printing procedure was optimized by carefully
selecting laser power, print speed, exposure modes, and stitching corrections. The result-
ing microlenses exhibited high surface quality, precise curvature, and minimal defects, as
demonstrated in the final SEM images.
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Figure 6.11: Final, functional prints. (a)-(c) Microlenses of different parameter d, fabricated
using optimized laser settings and fine-tuned parameters in the Nanoscribe software.

6.4. Reciprocal space imaging with microlenses

Typically, reciprocal space (k-space) imaging uses high numerical aperture microscope objec-
tives that perform a Fourier transform of the emitted light. In the resulting Fourier (back focal)
plane, rays emitted at the same angle overlap to form the angular (momentum) representation
of the emission. In a typical reciprocal space setup [Fig. [6.12(a)], the FP is projected onto the
slit of a spectrometer or camera using so-called Bertrand lens followed by an imaging lens
which forms the final image. This configuration has some limitations, especially in cryogenic
experiments, where optical access to the sample is limited. In such cases, long working distance
microscope objectives are used, which offer lower NA and therefore restrict the accessible
emission angle range, resulting in reduced wavevector range.

In our case, the conventional microscope objective was replaced with an ellipsoidal microlens,
directly printed on the sample. Each microlens collimates the locally emitted light, performing
the same role as the microscopic objective. Its main advantage is the ability to collect light at
emission angles up to 80 degrees in air (NA ~ 0.95), by being directly attached to the sample
surface. Such microlenses can also operate inside cryostats under cryogenic temperatures.
The remaining optical components in the detection path follow standard configurations. In
such a setup [Fig. b)], the Bertrand lens in conjunction with the imaging lens projects
the Fourier plane onto the detection element.

The main difference between using a conventional microscope objective and a polymer
microlens lies in the physical size of the Fourier plane (FP). For a microscope objective, the
FP diameter can be estimated as:

DFP =2 x NA x f, (61)

where NA is the numerical aperture of the objective and f is its effective focal length. For
typical objectives, this results in FP dimensions on the order of millimeters, in contrast to the
micrometer-scale FP obtained with a microlens. This large discrepancy naturally suggests
that using a microlens requires short focal length Bertrand lens. It is optimal to use high
magnification microscope objectives to serve as the Bertrand lens. Proper microscope objectives
also bring additional benefits, such as correction of chromatic and other optical aberrations,
high optical quality, and improved field flatness. Although conventional microscope objectives
can also play the role of the Bertrand lens, we tested both microscope objectives (5%, 10x,
20x, 50x) and standard biconvex lens (e.g., f = 25.4 mm) as Bertrand optics.
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Figure 6.12: Comparison of setups used for reciprocal space measurements. (a)
In the conventional configuration, a microscope objective collects the signal and performs
a Fourier transform, with the Fourier plane (FP) located outside the cryostat. (b) In the
modified configuration, a microlens acts as the microscopic objective, generating the Fourier
plane inside the cryostat.

6.4.1. Dielectric SiO2/TiO,

The performance of the fabricated microlenses was tested using a reference SiOy/TiO2
microcavity structure. A detailed description of this structure (named Sample A) can be
found in Appendix I, This structure exhibits a distinct, deep cavity photon mode visible
at room temperature. Because of that, it can be treated as a convinient model system for
the experimental characterization of the accessible range of in-plane wavevectors (k) using
microlenses.

Based on ray-tracing simulations, a microlens with parameters a = 10.06 pm, b = 7.64 pm,
and d = —0.44 pm was selected. To experimentally validate the simulations, a series of
microlenses was printed with similar values of a, b, and d, which are listed in Table
Halogen lamp reflectance dispersion maps were collected for each Fourier plane shape shown in
Figs. [6.13|e)—(h). The corresponding experimental results are presented in Figs. [6.13|(a)—(d),
in each case, the upper panel presents the measured reflectivity dispersion relation, while
the lower panel shows the corresponding Fourier plane. For the microlenses that are too tall
[as shown in Figs. [6.13|(a),(e)], corresponding to strongly negative values of the parameter
d, the full dispersion curve cannot be captured in a single measurement. The curvature of
the calculated Fourier plane in Fig.[6.13(e) extends significantly outside of the approx. 1 pm
depth of focus of the Bertrand objective microscope (NA = 0.55, f = 4 mm and magnification
50x). The higher wavevector regions of the dispersion could be accessed by the adjustment
of the focus of the Bertrand lens (microlens no. 1 in Table @ A similar limitation was
encountered for microlenses that were too flat [as in Figs. [6.13(d),(h)], i.e., with large positive
values of d, where the smaller numerical aperture of the microlens caused a significant portion
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Figure 6.13: Comparison of experimental reflectivity maps obtained for microlenses
of varying heights. For each microlens, the corresponding Fourier plane profile
is also shown. (a) Reflectivity map for the tallest microlens (no. 1), corresponding to the
Fourier plane shown in panel (e). Subsequent maps for microlenses no. 2 to 4 are presented in
panels (b)—(d), with their respective Fourier planes shown in panels (f)—(h). Panels from (e)
to (h) have already been shown in Fig.

of rays to be lost, and the dispersion was again only partially visible (microlens no. 4). The
most advantageous results were obtained for microlenses no. 2 and 3, which allowed clear
observation of the dispersion, including for high in-plane wavevectors. It was demonstrated
that the designed microlens (no. 2) provides the broadest angular (momentum) collection
range while maintaining an appropriate Fourier plane profile.

The reflectivity dispersion obtained using the microlens was compared with that measured
on planar (not fabricated) part of the cavity, using a long working distance microscope
objective (NA = 0.55, magnification 50x) in a setup, which functioned as the Bertrand
lens in the microlens-based configuration. The results are presented in Figs. (b,c).
Additionally, as shown in Fig. a), theoretical dispersion was calculated using the Berreman
Method [170,171]. To compare the experimental data more precisely, cross-sections of both

Table 6.1: Parameters of the microlenses printed on Sample A, from which dispersion was
observed in white-light reflectance maps in reciprocal space.

No. | afpm] | b[pm] | d[pm]
9.92 | 7.62 | —4.58
10.06 | 7.64 | —0.44
10.07 | 7.65 | 0.58
10.11 | 7.66 | 3.61

=W DN
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the reflectivity maps were fitted with Lorentzian profiles to extract cavity mode energy at
the corresponding wavevectors. A parabola was fitted to the data extracted from the photon
dispersion in the planar structure. These were then plotted alongside the values extracted from
the microlens-based measurements. As shown in Fig. [6.14|(d), the data from the microlens
setup align well with the fitted dispersion, validating the design and alignment of the system.
The wavevector range accessible in the microlens system was equal to (—10.12, 10.12) um™!,
compared to (—4.91, 4.91) um~! with the microscope objective. The figures also include
dashed lines defining the numerical aperture range for the objective and microlens. The navy
blue lines indicate the NA = 0.55 for the microscope objective, while dark red indicate the
microlens aperture of approximately NA = 0.95.

Figure 6.14: Comparison of white-light reflectivity maps in reciprocal space for
Sample A. (a) Simulation performed using the Berreman Method, showing the numerical
aperture of the microlens with dark red dashed lines and the numerical aperture of the
objective with navy blue dashed lines (simulation by M.Sc. Przemystaw Oliwa). (b) Dispersion
relation for the planar structure, collected using the objective with the NA marked on the
map, (c) dispersion collected using the microlens with its NA marked with dark red dashed
lines, and, for comparison, the NA range of the objective from panel (b), overlaid with navy
blue dashed lines. (d) Plot showing the extracted energies from the Lorentz fitting from both
dispersions and the parabola fitted to the results of the planar structure. The dark green
points come from the fitting to the mode from the planar structure, while the pink points
come from the fit to the results collected using the microlens.

These results confirm that the microlens-based system enabled efficient imaging of a wide
range of reciprocal space, including high-angle emission that is inaccessible via standard
long-working-distance microscope objectives, typically used in cryogenic measurements. Here,
Sample A microcavity served as an applicable reference system for evaluating microlens
performance, and the used procedure provides a reliable calibration of the in-plane wavevector
scaling for subsequent studies of more complex microcavity structures.

Importantly, the glass substrate of Sample A is transparent in the spectral range cor-
responding to its photonic cavity mode. This enables optical characterization not only in
reflection but also in transmission geometry. To demonstrate the feasibility of working with
microlenses in a transmission configuration, the sample was integrated into a measurement
setup that allowed light to propagate through the structure. A schematic diagram of the
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experimental setup is shown in Fig. (a). A halogen lamp served as the broadband light
source for illumination. On the transmission side of the sample, a magnifying lens and a
microscope objective with a magnification of 60x and numerical aperture NA = 0.7 were used
to focus the transmitted light on the sample. The numerical aperture of this objective defined
the maximum range of accessible in-plane wavevectors k, limiting the angular range that
could be transmitted through the structure. On the detection side, an array of microlenses
was printed directly onto the surface of the sample. A Dove prism on the detection line was
used to precisely align the row of microlenses along the entrance slit of the spectrometer. A
10x microscope objective, which acts as a Bertrand lens, was used to image the Fourier plane
of the microlenses.

The dispersion map acquired using this configuration is presented in Fig. [6.15(b). The
resulting measurement clearly reveals distinct parabolic dispersions, corresponding to the
transmission of white-light through individual microlenses. The signal visible between the
parabolic dispersions corresponds to the light directly transmitted through the planar parts
of the sample, outside of the microlenses. Importantly, this configuration revealed the
coexistence of both real and reciprocal space information within a single dataset. While
the light transmitted from regions outside the microlenses corresponded to a defocused,
global real-space image of the sample, the signal collected through each microlens was
Fourier-transformed, providing momentum-space information. This dual character requires
interpreting such measurements within two coordinate systems: one describing the global
real-space imaging and the other corresponding to the local reciprocal space generated by
each microlens.
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Figure 6.15: Measurement of white-light transmission through microcavity Sam-
ple A, with a row of printed microlenses, conducted at room temperature. (a)
Schematic of the experimental setup used in the measurement. White-light was introduced
into the cavity through a microscope objective. An additional magnifying lens was placed in
front of the objective to increase the illuminated area. (b) Experimental results showing four
dispersions measured simultaneously from four microlenses positioned vertically with respect
to the spectrometer slit. A parasitic signal from the planar region of the cavity is visible
between the microlenses, resulting from the uniform excitation of the entire sample surface.
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6.4.2. Strongly coupled GaAs-based microcavity

Following the successful measurements of microlenses integrated with a dielectric microcavity
structure, where they enabled high-momentum reciprocal space imaging and showed compati-
bility with standard microscope setups, the next step was to test their applicability in a more
complex system. Specifically, the goal was to apply them in a GaAs-based microcavity system
operating in the strong coupling regime at cryogenic temperatures.

For this purpose, measurements were performed on Sample B, which consisted of a
GaAs/AlGaAs distributed Bragg reflector cavity with 12 Ing05Gag.9sAs quantum wells em-
bedded between the mirrors. More details on the structure of the Sample B can be found in
Appendix I, This sample is characterized by very distinct and spectrally narrow polariton
modes. The photoluminescence experiments were conducted under nonresonant excitation
using a pulsed Ti:sapphire laser (Mira-900) with a wavelength of 785 nm (1.5794 €V) with the
sample cooled to 4.5 K.

Figure 6.16: Comparison of photoluminescence reciprocal space maps for Sample B
between the planar microcavity measured using microscope objective and the
microcavity structure with a printed microlens. (a) PL map obtained from the planar
structure using a microscope objective with NA = 0.55, with an applied coupled oscillator
model. (b) Energy in the function of wavevectors parameters extracted by Lorentzian fitting
of the lower polariton branch from panel (a) with numerical aperture of the objective marked
with the orange dashed lines. (¢) PL map of the microcavity with printed microlens, together
with an applied model. (d) Emission maxima from Lorentzian fitting for the data shown in
panel (c), with both marked numerical apertures of the objective (orange dashed lines), and
microlens (navy dashed lines).

The initial measurements were carried out on the planar structure without any microlens.
The collected signal was analyzed using a standard reciprocal space imaging configuration,
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where a 50x microscope objective with a numerical aperture of NA = 0.55 was used to form
the Fourier plane. Reciprocal space PL map is shown in Fig.[6.16[a). On the vertical axis the
relative energy is shown, defined with respect to the minimum of the lower polariton branch.
As seen in the map, a clear signal from the lower polariton branch appears in the range from
0 meV to about 5 meV. The wavevector range where this signal is visible extends between
approximately £4.08 um~'. Outside this region the map is uniformly colored with dark-blue
background, reflecting the absence of detectable signal beyond the numerical aperture of the
objective. Notably, the signal from the lower polariton is much stronger at higher wavevector
values, a phenomenon known in polariton physics as the bottleneck effect. It arises from the
excitonic component of polaritons interacting with phonons, which are unable to provide
sufficient energy and momentum transfer, causing particles to accumulate predominantly at
large wavevectors. Above the relative energy of 9 meV, a signal originating from the upper
polariton branch is observed over the same wavevector range. The intensity on the spectrum
above 9 meV was multiplied by a factor of 20 due to the significantly weaker intensity of the
upper polariton signal compared to that of the lower polariton. Characteristic anticrossing of
the polariton modes, typical of the strong coupling regime, is visible in the spectrum. The data
were then modeled using a coupled oscillator model (red dashed lines define polariton branches,
and white dashed lines define photon and exciton modes), from which the Rabi splitting energy
of 8 meV was extracted, along with the detuning between the bare photon mode and the
exciton, § = —4.7 meV. Subsequently, the cross-sections along constant wavevector directions
were fitted with Lorentzian profiles to extract the energy and in-plane momentum of the lower
polariton (LP) branch. The obtained results are shown in Fig. |6.16(b). Only the LP branch
was analyzed due to its higher visibility in PL spectra, which allowed for precise determination
of the maximum detectable wavevector value which defines the numerical aperture of the
collection optics. Unlike the upper polariton, the LP branch flattens near the exciton energy
and signal extends over a broader k-space range. In this plot, the numerical aperture range
of the objective (NA = 0.55) is also indicated with dotted orange lines, showing excellent
agreement with the values obtained from Lorentzian fitting.

Subsequently, analogous measurements were performed on a region of the sample with
a printed microlens on the surface. The microlens geometry had been previously optimized
via ray-tracing simulations to match the structure. This time the 50x objective was used as
the Bertrand lens to image the Fourier plane from the microlenses. Figure (c) presents
the angle-resolved PL spectrum obtained in the configuration with a printed microlens on
the microcavity surface. As in the measurement performed with the microscope objective,
the vertical axis shows the relative energy, with its zero set at the minimum of the lower
polariton branch. It was observed that printing the polymer structure on the microcavity
surface introduced strain, resulting in a shift of the bare photon mode energy by 3.7 meV
and of the exciton energy by 6.6 meV, therefore, the energy scales on the vertical axis were
unified for both measurements. In this case, the signal from the lower polariton was observed
in the range from 0 meV to about 9 meV. An important outcome was the much broader
accessible wavevector range for the lower polariton compared to the dispersion measured with
the microscope objective, the signal extended between 47.13 um~!. Furthermore, in contrast
to the previous measurement, the lower polariton signal did not exhibit a bottleneck effect.
This may be a result of the modified detuning caused by strain, which alters the curvature of
the dispersion and changes the efficiency of phonon-assisted relaxation. As in the case of the

96



objective-based measurement, in order to extract the upper polariton signal, the intensity on
the spectrum above 10 meV was multiplied, this time by a factor of 4. In the map obtained
under excitation through the microlens, an additional symmetric signal was observed on both
sides of the lower polariton dispersion, starting at approximately 0 meV and decreasing to
approximately —2 meV at the edges of the map. This originates from the strain-induced
photonic potential under the microlens, from which part of the polaritons relax into the planar
cavity minimum.

Additionally, a coupled oscillator model was applied to the PL spectrum, yielding the
dispersions of the upper and lower polariton branches (red dashed lines), along with the
bare photon and exciton modes (white dashed lines). From this model, the detuning was
determined as 6 = —7.6 meV, and the Rabi splitting energy as h{2 = 8 meV. Subsequently, as
in the objective-based results, Lorentzian fits were applied to cross-sectional profiles, and the
extracted LP energies as the function of wavevectors were plotted in Fig. (d) In this plot,
the numerical aperture of the microscope objective used in the planar cavity measurement
(orange dashed lines) and to NA = 0.95 expected for the microlens configuration (blue dashed
lines) are also indicated. As can be seen, the LP signal obtained with the microlens matched
perfectly with the theoretical calculation of the numerical aperture.

The results revealed a substantial extension of the accessible wavevector range with the
microlens. While the planar configuration enabled observation of wavevectors within the
range £4.08 um~! (corresponding to NA = 0.55 of the microspoce objective), the microlens
allowed access up to £7.13 um ™!, equivalent to NA ~ 0.95.

An important feature of the microlenses is that they remain fully operational under
cryogenic conditions, at vacuum levels of the order of 10~7 mbar, reliably withstanding such
hard environments. After their robustness was confirmed, it was also verified that the use of
microlens allowed efficient momentum-resolved detection of strong coupling regimes on the
microcavity samples.
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Figure 6.17: Momentum-resolved photoluminescence maps of a GaAs-based micro-
cavity measured at 4.5 K, with different Bertrand optics. (a) Measurement using a
microscope objective with focal length f = 4 mm (50x magnification). (b) Measurement using
a microscope objective with f = 10 mm (20x). (¢) Measurement using a microscope objective
with f =20 mm (10x). (d) Measurement using a microscope objective with f = 40 mm (5x).
(e) Measurement using a simple biconvex lens with focal length f = 25.4 mm.

The next step involved evaluating the resilience of microlens Fourier plane measurements
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on the imaging optics. Specifically, the use of microscope objective with high NA and short
focal length (NA = 0.55, f =4 mm, 50x) as a Bertrand lens in the detection path was replaced
with microscope objectives or lens of increasing focal length and decreasing magnification.
The motivation behind this was to enable the use of simple optical components. Typically,
microscope objectives become increasingly expensive with magnification, while a simple
focusing lens is significantly more affordable. These tests also allow to explore the limits of
working distance achievable with microlenses, demonstrating that they can operate effectively
even with long-distance optics. Due to the microscopic scale of the Fourier plane formed by
the microlens (about 20 um), its imaging required lenses or microscopic objectives with a
relatively short focal length in order to obtain magnified image on the sensor.
Measurements were carried out using Bertrand optics with microscope objectives with
effective focal lengths f =4 mm (50x), f = 10 mm (20x), f =20 mm (10x), f = 40 mm
(5%), and a spherical bi-convex lens with f = 25.4 mm. The results of the measurements are
presented in Fig. m The first measurement, shown in Fig. |6.17|(a), displays the reciprocal
space photoluminescence obtained using a 50x microscope objective with a focal length of
f = 4 mm (the shortest tested in this series). As can be seen, both the lower and upper
polariton branches are clearly visible. The lower polariton signal spreads between the energies
of approximately 1.46 eV to 1.47 eV, while the upper polariton, which for better visibility was
multiplied by a factor of 4, appears above 1.47 eV. The applied coupled oscillator model shows
excellent agreement with the experimental data, and the same set of fitted parameters was
used for the subsequent panels. The next result, obtained with a 20x microscope objective
used as the Bertrand lens with f = 10 mm, is shown in Fig.|6.17(b). The observed polariton
dispersion closely resembles that of the previous panel. No significant deterioration of the
emission was observed, a broad wavevector range was still visible, and the polariton modes
retained sufficient accuracy. The degradation of the dispersion quality began to appear in
Fig. (c), measured using a 10x microscope objective with f = 20 mm as Bertrand lens.
Here, a broadening of the lower polariton dispersion lines was observed. For the following
measurement, presented in Fig. [6.17|(d), performed with a 5x objective of f = 40 mm, the
polariton lines were significantly broadened, and a reduction in signal visibility at higher
wavevector values was evident. This objective had the longest focal length of all microscope
objectives tested in this experiment. Nevertheless, it still allowed for reciprocal space imaging
with reasonably high k-space resolution. The last optical element tested in the experimental
setup with the microlens was a spherical bi-convex lens with f = 25.4 mm. Unlike microscope
objectives, this lens lacked aberration corrections, which typically constitute a major advantage
of microscope objectives, as they improve imaging fidelity and reduce distortions. The results
obtained with the bi-convex lens are presented in Fig.|6.17(e). A pronounced broadening of
the polariton lines was observed compared to the objective-based configuration, as well as
a narrowing of the accessible wavevector range. Nevertheless, despite being a very simple
optical element, the bi-convex lens used as a Bertrand lens still enabled the acquisition
of polariton dispersion, while with much lower k-space resolution compared to microscope
objectives. Another comment should be made on the signal visible at around 1.458 eV in
Figs. (d,e), particularly intense at the map edges for large wavevectors. When using either
the 5x objective or the bi-convex lens with f = 25.4 mm, the laser spot size exceeded the
diameter of the microlens. As a result, the planar part of the microcavity was also excited
in these measurements, producing emission at significantly lower energies than the polariton

98



modes excited using the microlens.

As expected, decreasing the magnification of the imaging optics resulted in reduced k-space
resolution due to a smaller Fourier image being projected onto the camera, thus occupying
fewer pixels. Nevertheless, clear polariton dispersion maps were still obtained even with the
spherical lens. This demonstrated that, with the microlenses, high-quality momentum-resolved
spectroscopy could be achieved without relying on bulky, high-NA microscope objectives,
significantly simplifying the experimental setup and making it more compatible with cryogenic
systems.

6.4.3. Parallel momentum-space mapping with microlens matrix

The results shown above demonstrated capturing of momentum-space resolved images using a
single microlens. The purpose of the following research was to show that printed microlenses
can not only replace conventional microscope objectives for wide-momentum reciprocal space
imaging, but also enable simultaneous, parallel measurements across multiple spatial positions
on a sample - a capability that, to the best of my knowledge, has not been demonstrated
experimentally before.
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Figure 6.18: Images of the printed array of microlenses for simultaneous imaging
of 64 reciprocal spaces. (a) SEM image of a test 8 x8 microlens array printed on a silicon
substrate. (b) Optical microscope image showing a top view of the printed microlens array.
(c) Photograph of the array printed on the actual Sample B, captured through a standard
laboratory microscope.

The main motivation for this approach is that each microlens provides momentum-space
information from a well-localized region of the sample. By fabricating arrays of microlenses
directly on the microcavity surface, it becomes possible to simultaneously probe multiple
spatial positions and thus observe k-space dispersions from different regions in parallel. The
compact size of individual microlenses, occupying only about 300-450 um? of surface area each,
further facilitates such integration, enabling scalable and multiplexed momentum-resolved
measurements. Previous white-lamp transmission measurements performed on Sample A
(presented in Fig. had already shown that illuminating a few microlenses aligned in a row
with a single broad beam allowed multiple dispersion relations to be captured simultaneously
in a single spectrometer image. Building on this concept, the approach from an arrangement
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of microlenses along one direction to two-dimensional array was extended, and demonstrated
that photoluminescence measurements can also be performed in such a multi-microlens
configuration.

To validate the fabrication process, a test matrix of 64 microlenses was first printed on a
silicon substrate. As shown in Figs. (a,b), SEM and optical reflection imaging confirmed
the successful and symmetric printing of all microlenses. In the next step, the same fabrication
was repeated on the actual microcavity sample. After printing the matrix on Sample B, a
photograph of the array was taken using a standard benchtop laboratory microscope with
approximately 10x magnification, shown in Fig. c).

(a) AE (b) (c)

Figure 6.19: Multiple reciprocal spaces mapping with a microlens array. (a) Schematic
three-dimensional dispersion relation of a parabolic mode. (b) Projection of the dispersion onto
the (kz, ky) plane without energy resolution, forming a circle. (c) Experimental realization
using Sample B with a microlens array. Simultaneous excitation of 64 microlenses produces
an array of circles, each corresponding to a distinct reciprocal space image from an individual
microlens.

To demonstrate what was achieved in the experiment, the following figures in this section
present schemes illustrating the individual measurements. Figure (a) presents a schematic
visualization of the two-dimensional dispersion relation for a mode with parabolic energy
dependence. The = and y axes correspond to the wavevectors k; and k,, while the z-axis
represents the energy. If such a two-dimensional dispersion is observed without energy
resolution, its projection onto the (k;, k) plane forms a circle, as illustrated in Fig. |6.19(b).
Experimentally, such reciprocal space signals can be observed directly on the CCD camera.
For this purpose, the Sample B with a printed array of 64 microlenses was cooled to 4.5 K
in a cryostat and excited with a nonresonant laser beam. A lens was introduced into the
optical path to expand the excitation beam into a Gaussian profile broad enough to uniformly
illuminate the entire microlens array (approx. 160x160 pm). In this configuration, each
of the 64 microlenses performed a Fourier transform of the local photoluminescence signal,
producing 64 distinct Fourier planes corresponding to their spatial positions on the sample.
These Fourier planes were then relayed through the detection optics, including the Bertrand
and imaging lenses, and projected onto the CCD camera as simultaneously collected, separate
polariton dispersions. A 10x microscope objective (f = 20 mm) was used as the Bertrand
lens. As shown in Fig. [6.19|(c), the simultaneous excitation of all 64 microlenses produced
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an array of 64 circles, each representing an individual (k, k,) space formed within a single
microlens.
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Figure 6.20: Results demonstrating the use of microlenses to simultaneously capture
multiple reciprocal spaces in a single measurement. (a) A scheme showing how the
reciprocal space (kg, ky) signal appears without spectral resolution, where the emission pattern
takes the form of a circle, and each microlens produces its own such Fourier plane. The
right side of panel presents eight of these reciprocal space images aligned vertically on the
spectrometer slit, each positioned so that the center of its k,-axis is located at the center of the
slit. Each microlens produces a separate dispersion with its own local k-space axis, while the
complete image, combining signals from multiple microlenses, is shown on the global real-space
background. (b) Experimental result showing the dispersions collected with a spectrometer
from eight independent locations on the sample, each covered by a separate printed microlens.
(c) Schematic 3D visualization of the dispersion relation, with cross-sections taken at specific
energies. Depending on the selected energy, the (k,, ky) cross-section appears either as a ring
or as a single spot (at the dispersion minimum). (d)—(f) Experimental reciprocal space maps
at constant energies. Those energies are also indicated by dashed yellow, orange, and red lines
indicate in (b).

The physical interpretation of the signal outside the individual k-spaces is more complicated.
Since the expanded laser beam was large enough to cover the full microlens matrix, it also
excited the surrounding areas in a defocused manner. As a result, the collected image contained
not only the 64 reciprocal space patterns but also a weak global background. For clarity, the
axes in this image were labeled as “Global real space”, similar to the description of the axis in
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the measurement of transmission through a microlens (Fig.[6.15). Under full illumination of
the microlens array, the real space of the sample was effectively observed, while focusing on a
single circle provides access to the local (k;, k) space generated by the corresponding microlens.
This measurement demonstrated the feasibility of parallel observation of photoluminescence
dispersions generated by the microlens array.

The next experimental concept was the simultaneous observation of multiple polariton
photoluminescence signals from a microcavity with a printed microlens array, this time with
energy resolution. This idea is illustrated schematically in Fig. a). The left panel recalls
the situation from the previous figure, where a single reciprocal space (kz, k) image without
energy resolution appears as a circle. When such a reciprocal space image is projected onto a
spectrometer, the diffraction grating provides spectral resolution, allowing the measurement
of energy-resolved reciprocal space. The right panel of Fig. a) visualizes the case where,
instead of a single reciprocal space image, several (in this case, eight) reciprocal space
signals, each originating from a different microlens, are aligned along the entrance slit of
the spectrometer. The top part of the sketch represents the spectrometer slit, with each
violet circle corresponding to a reciprocal space image generated by a microlens. All eight
circles are centered along the slit. The bottom part shows the expected spectrometer output:
each circle should transform into a separate dispersion relation, so that the spectrometer
simultaneously collects eight distinct polariton dispersions. As explained in the previous figure,
each dispersion corresponds to a different location on the sample and is therefore described
by its own “Local k-space” axes. However, when all dispersions are viewed together on the
spectrometer, the horizontal axis is referred to as “Global r-space”.

The experimental result with this configuration, obtained in a reflection geometry, is
presented in Fig. b). It was obtained by aligning eight microlenses along the spectrometer
slit to simultaneously excite and collect emission from the microcavity in the strong coupling
regime. The map clearly shows intense emission from eight lower polariton branches between
1.46 eV and 1.47 €V, as well as emission from the upper polariton branches above 1.473 eV.
For better visibility, the part of the spectrum corresponding to the upper polaritons, i.e.,
above 1.473 eV, was multiplied by a factor of three. The weak signal between the individual
polariton dispersions originates from polaritons relaxing from the minima of the dispersions
modified by microlens-induced strains into the photonic potential minimum of the planar
microcavity.

While energy resolution in reciprocal space imaging can be achieved with a spectrometer,
here an alternative approach was applied to directly visualize constant-energy slices of the
dispersion relation. Images at constant energy were collected at three characteristic energies:
in the high-energy part of the lower polariton dispersion [yellow dashed line in Fig. [6.20|(b)],
at the center of the lower branch (orange dashed line), and at its minimum (red dashed line).
This concept is illustrated in Fig. [6.20|c), which shows a schematic 3D view of the dispersion
relation with cross-sections taken at specific energies, color-coded consistently with the map
in Fig. 6.20(b). Depending on the selected energy, the (k;, k,) cross-section appears either as
a ring or as a single spot (at the dispersion minimum). Short-pass and long-pass filters were
used to obtain these energy slices, and the resulting single-energy reciprocal space maps were
captured directly on a camera. As shown in Figs. [6.20(d)—(f), the first two slices revealed
well-defined concentric circles of varying diameter, corresponding to different parts of the
dispersion relation. As expected, at the dispersion minimum in Fig. [6.20(f), only small circular
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spots were observed.

To verify the effectiveness of simplifying the detection optics, a similar experiment was
conducted using a basic bi-convex lens with a f = 25.4 mm focal length as a Bertrand lens
in place of the microscope objective. Despite the reduced resolution due to uncorrected
aberrations, the main features of polariton dispersion were still observable, demonstrating that
momentum-resolved reciprocal space measurements can be achieved using even the simplest

optics, as shown in Figs. [6.21)(a)—(d).
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Figure 6.21: Results demonstrating the feasibility of using only basic bi-convex
lens as a Bertrand lens to image multiple reciprocal spaces within the same
measurement. (a) Experimental map of dispersions collected with a spectrometer from eight
separate regions on the sample, each with a printed microlens, using a lens with f = 25.4 mm
as the Bertrand lens. The yellow, orange, and red dashed lines mark the energies at which the
experimental cross-sections were taken. (b)—(d) Cross-sections at selected energies through
the dispersions. Depending on the chosen energy, the (k;, k,) cross-section is observed either
as a ring or as a single spot located at the dispersion minimum.

Simultaneous imaging of arrays of independent polariton dispersions opens new experi-
mental possibilities. It can significantly simplify the characterization of large samples, thanks
to the straightforward capability to print multiple polymer structures across a large area. It
is particularly promising for the study of heterostructures of transition metal dichalcogenides
(TMDs), with Moiré patterns, patterned waveguides or photonic crystal arrays, where spatial
variation plays a crucial role.

Additionally, adjusting the orientation of the microlens array relative to the spectrometer

103



slit allows collecting different cross-sections of the two-dimensional dispersion. As schematically
illustrated in Fig.|6.22|(a), in the conventional approach such a reconstruction is achieved by
translating the final lens in the detection path, placed directly in front of the spectrometer slit.
By translating this lens along the axis perpendicular to the slit, it becomes possible to acquire
cross-sections of the full (k,, k) dispersion relation. Specifically, as shown in Fig. b)7 the
spectrometer slit can be aligned to select different k, values, in contrast to the standard case
with k, = 0, as represented by the two planes A and B to the left and right of £, = 0. This
procedure is visualized in Fig. [6.22(c) as the motion of the reciprocal space (k;, k) image
relative to the spectrometer slit. For a cross-section at plane A, the reciprocal space image
is shifted to the right relative to the slit, and the dispersion minimum is observed at higher
energy on the camera. When the (k;, ky) plane is aligned exactly with the slit, the dispersion
with the true energy minimum is measured. Finally, when the reciprocal space image is shifted
to the left, the observed dispersion minimum again appears at higher energy. In this way,
reciprocal space tomography is performed by translating the lens in front of the spectrometer
slit. Collecting multiple such maps and combining them into a single three-dimensional data
cube enables a 3D reconstruction of the dispersion relation.
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Figure 6.22: Standard setup for reciprocal space tomography. (a) Scheme showing
how moving the final lens in the axis perpendicular to the spectrometer slit centers a different
region of the (kz, ky) plane on the slit. (b) Parabolic dispersion with planes A and B marked
on the left and right side of & = 0, corresponding to different selected wavevectors. (c)
Hlustration of how the (k,, ky) signal is positioned on the spectrometer slit for plane A, for
k =0, and for plane B, together with the corresponding shapes of the measured dispersion

Using a printed microlens array, different k, parts of the polariton dispersion could be
accessed simply by shifting the sample position. Because each microlens is integrated with
the sample and acts as a miniature microscope objective, moving the sample therefore shifts
the corresponding Fourier-plane image with respect to the spectrometer slit. This enables
two-dimensional mapping of the dispersion. This concept is presented schematically in
Fig. [6.23(a). To demonstrate this effect, a Dove prism was used to fine-tune the orientation of
the image projected onto the spectrometer slit. This configuration is illustrated schematically
in Fig. b). The experiment began with all eight microlens reciprocal space (k, k,) images
aligned along the spectrometer slit so that each produced an identical dispersion pattern
on the spectrometer. The sample position was then slightly shifted to move the microlens
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signals away from the slit center, and the Dove prism was rotated to realign the microlens
signals such that the last microlens was positioned at the slit center, while the first microlens
corresponded to larger k, wavevectors of the dispersion.

The resulting dataset in Fig. [6.23|(c), shows the evolution of the dispersion appearance
across consecutive PL maps from the microlenses. For better visibility of the upper polariton
branch, the high-energy signal intensity was multiplied by a factor of three. The measurement
was performed in a single acquisition, demonstrating that, as an alternative to moving the
final lens in the detection path, it is possible to perform a tomography of the entire (k. ky)
dispersion by using an array of printed microlens. In these measurements, a 5Xx objective
with f =40 mm was used as the Bertrand lens, which limited the momentum resolution.
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Figure 6.23: Dispersion tomography performed using a microlens. (a,b) Schematic
illustration of the microlenses configuration used for a single accumulation (k, k,) dispersion
tomography measurement. (c¢) Experimental demonstration showing the evolution of disper-
sion from consecutive microlenses, collected in a single acquisition. This approach enables
tomography of the full (k;, k,) dispersion, without moving the final lens in the detection path.
In this measurement, a 5x objective (f = 40 mm) served as the Bertrand lens, resulting in
limited resolution.

6.5. Microlenses for reducing energy required for achieving the
condensation threshold

The measurements described in the previous section showed that polymer microlenses can
operate at cryogenic temperatures (4.5 K) and are not damaged by exposure to pulsed picosec-
ond laser excitation. Furthermore, their functionality in photoluminescence measurements
had been confirmed, which motivated the extension of their application to another microcavity
system operating under similar conditions. In the present study, the microlenses were printed
on a new type of microcavity based on II-VI semiconductors, whose key feature is the ability
to sustain exciton-polariton condensation, unlike the previously measured Sample B. An
important characteristic of this structure, which supports the occurrence of the condensation,
is the intrinsic photonic disorder, resulting from structural imperfections introduced during
MBE growth. Although photonic disorder typically complicates the experiments, in the
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context of non-equilibrium polariton condensates, it becomes advantageous as it enables
localization of the condensate in photonic potential traps.
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Figure 6.24: The use of microlenses to reduce energy required for achieving the
condensation threshold. (a)-(d) Momentum-resolved PL spectra for two detunings in the
CdTe-based sample, measured below and above the condensation threshold. Above threshold,
emission localizes into discrete trap states, indicating condensation in potential minima.
Dashed lines show applied coupled oscillator model. (e,f) Extracted from each dispersion
and fitted with Lorentzian profiles condensate energy blueshift, linewidth (FWHM), and
intensity with increasing excitation pulse energies. (g)—(j) Statistical analysis of condensation
thresholds, dark green bars represent the standard configuration, pink bars correspond to the
microlens configuration. Left panels show results for the first detuning, right panels for the
second.

The studied sample was a microcavity based on CdTe, named Sample C.3. It consisted of
two distributed Bragg reflectors made of alternating layers of CdZnMgTe and CdMgTe. Six
CdTe quantum wells doped with Mn were placed between the mirrors. The detailed description
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of the sample can be found in Appendix I, [7.1] The shape of the microlens was again designed
using ray tracing simulations. Here, the microlenses were optimized for maximum excitation
injection efficiency, resulting in the numerical aperture of this microlens close to 1. The
obtained geometric parameters of the microlenses are: a = 10.28 um, b = 7.95 um, and d
= —0.21 um. This design allowed the excitation beam to be tightly focused close to the
diffraction limit, where the large NA plays a role, making the system suitable for enabling
the observation of a non-equilibrium Bose-Einstein condensate of exciton-polaritons at lower
excitation powers.

Due to the significant spatial fluctuations of the photonic potential over small regions
of the CdTe microcavity sample, the confirmation of the impact of microlenses on lowering
the condensation threshold required a statistical approach. The studied microcavity had a
thickness wedge along its entire length, which caused the detuning between the photonic
and excitonic modes to vary with position. By selecting measurement regions perpendicular
to the wedge direction, the detuning remained nearly constant, enabling the collection of
statistical data under well-controlled conditions. Two representative detuning values were
chosen [first detuning below and above the threshold is shown in Figs. a,b), and second
detuning is presented in Figs. (c,d)], and in each of these regions an array of microlenses
was fabricated on the sample surface.

For each detuning, photoluminescence measurements were performed at 13 distinct posi-
tions using two excitation setups, a standard configuration, in which a microscope objective
(NA = 0.55, 50x magnification) focused the excitation beam on the planar part near the
microlens, and a microlens configuration, where the same objective served as a Bertrand
lens while the excitation was focused by a microlens. The sample was excited with Coherent
Mira-900 pulsed laser at wavelength A = 730 nm (1.6984 V), corresponding to the first Bragg
minimum. For each site, a series of PL dispersions was measured with increasing excitation
power, using the standard configuration and the microlens-based one. This procedure was
repeated independently for the second detuning region, again collecting 13 pairs of datasets
for each configuration.

In CdTe-based sample, the collected dispersions were less uniform than in GaAs-based
structures. Furthermore, the strain introduced by the microlenses resulted in energy shifts of
both: the cavity mode (by 0.6 meV) and exciton (by 1 meV), relative to the planar regions
of the sample. As shown in Figs. [6.24|(a)—(d), the coupled oscillator model was applied to
dispersion relations for both detunings (parameters used for: first detuning: Ep, = 1.615 €V,
Fox = 1.621 eV, hQlgr = 0.013 eV, m;;h = 1.1x107% m,, and second detuning: Ep, = 1.6226 eV,
Eo = 1.621 eV, hQQr = 0.013 eV, m;h =1.1x107° me.). Above threshold, the emission
clearly localizes into discrete trap states, indicating condensation in potential minima.

From each dispersion, a cross-section at k = 0 was extracted and fitted with a Lorentzian
profile. This allowed to define the polariton energy blueshift, linewidth (FWHM), and intensity
with increasing pump power, as shown in Figs. (e,f)7 as representative characteristics
for both detunings. For every measurement, the signal was analyzed as a function of the
laser pulse energy. The nonlinearity of the signal intensity with increasing laser pulse energy
was then determined, and on this basis the condensation threshold was estimated for each
measurement. The complete statistical analysis of the condensation thresholds for both
detunings is presented in Figs. (g)f(j), where dark green bars correspond to the standard
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configuration, and pink bars to the microlens configuration. The left panels show results
for the first detuning, and the right panels for the second (z-axis scales differ between the
microscope objective and microlens configurations).

The results confirm that microlens-based excitation reduces the energy required to reach
the condensation threshold compared to the conventional setup. This improvement exceeds
the reduction expected from simple diffraction-limited focusing: for the first detuning the
threshold decreased approximately 7 times, and for the second 25 times. Under the diffraction-
limited conditions, the excitation spot area is reduced from approximately 2.1 um? for the NA
= 0.55 objective to approximately 0.6 um? for the high-NA microlens. While a substantial
part of the threshold reduction is consistent with the smaller excitation area imposed by the
diffraction limit (3.5x), the observed factors of 7x and 25x indicate additional mechanisms
beyond pure geometric focusing. First, printed microlenses induce local strain, which shifts
the cavity mode and exciton energies and thereby modifies the detuning. Second, unlike
a microscope objective designed to focus in air, the microlens geometry is optimized for
propagation through high refractive index DBR layers, providing improved focusing directly at
the quantum-well plane. Third, the immersive properties of the microlenses can lower Fresnel
reflection losses by providing an intermediate refractive-index layer, in place of high An
air-semiconductor interface. The enhanced focusing efficiency, combined with the localization
effects in the traps, makes microlenses promising platform for studying nonlinear polariton
phenomena at excitation powers significantly lower than those required in standard microscopy
configurations.

6.6. Summary

The aim of this Chapter was to introduce polymer microlenses as a tool for enhancing the
excitation efficiency and improving the optical access to exciton-polariton microcavities. Both
those properties are essential for exploring nonlinear effect, such as Bose-Einstein condensation
at low excitation powers. The main goal was to develop an integrated optical platform enabling
efficient excitation and light collection under cryogenic conditions, where conventional high-
numerical-aperture objectives are limited. To achieve this, the specifically designed elliptical
polymer microlenses were fabricated directly on the surface of semiconductor microcavities,
offering a compact and efficient alternative for both excitation and reciprocal space imaging.

Ray-tracing simulations were used to optimize the microlens geometry to ensure access to
a wide range of in-plane wavevectors while preserving the undistorted Fourier-plane mapping.
The two-photon polymerization method provided reproducible fabrication of microlenses with
controlled curvature and high optical quality.

Experimental measurements in various types of microcavities confirmed that the microlenses
can not only replace bulky external microscope objectives but also extend the accessible
k-space range, allowing observation of dispersion features that are otherwise inaccessible with
standard optics. This improvement directly translates into improved control of excitation
conditions and enhanced detection sensitivity, which are crucial for studying nonlinear polariton
dynamics. Arrays of microlenses further expanded the experimental capabilities, allowing for
the simultaneous collection of multiple dispersions, a concept referred to here as polariton
multiplexing.
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In the investigated CdTe-based cavities, the integration of microlenses resulted in a more
efficient light extraction and a noticeable reduction of the excitation threshold for exciton-
polariton condensation, confirmed by statistical measurements across varying exciton-photon
detuning. This demonstrates that polymer microlenses are not only a practical solution for
optical access but also a tool that enables new experimental regimes of low-power nonlinear
polariton physics.

In summary, the work presented in this Chapter introduces a novel, energy-efficient
optical platform that combines precise reciprocal space imaging with the ability to control
polariton systems in ambient and cryogenic environments. The introduced approach opens
new possibilities for exploring nonlinear phenomena and scalable polariton architectures where
local optical elements define excitation, detection, and coupling in a single integrated structure.
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Chapter 7

Summary

The dissertation is devoted to nonlinear effects in exciton-polariton condensates realized in
CdTe-based semiconductor microcavities, demonstrating this II-VI material system as a ver-
satile platform for exploring the interplay between light-matter coupling and material-specific
characteristics. Across the Chapters, nonlinear effects are both the subject of investigation
and a resource enabling more complex phenomena. Two main effects of non-equilibrium Bose-
Einstein condensation and optical bistability, serve as key manifestations of polariton-polariton
interactions and form the foundation of the presented studies. All developed methods and
device architectures were conceived to either reveal or control these nonlinear behaviors,
allowing exploration of regimes previously unreachable in exciton-polariton systems.

A defining feature of the II-VI microcavities is the intrinsic inhomogeneous photonic
potential landscape originating from growth-related disorder. Rather than treating this as a
limitation, the thesis demonstrates how it can be harnessed to facilitate polariton condensation
by spatially localizing polaritons in natural photonic traps and to engineer coupling between
them. This structural disorder can act as a natural environment for coupled polariton
condnsates, offering an experimentally accessible route toward the creation of engineered
polaritonic lattices and networks. Additionally, these localization and coupling properties are
further explored in Appendix II, where interactions between three condensates trapped in
separate potential minima are analyzed, providing insight into complex coupling geometries.

The thesis then introduces new types of optical bistabilities in transmissive CdTe-based
microcavities. The first bistability featured a hysteresis loop with the conventional shape and
direction known from other microcavities, although it emerged at an uncommon laser detuning,
while the second, newly identified “triangular” hysteresis exhibited an unusual opposite
switching direction. That observation was possible only because of the specific fabrication: a
lift-off process, which allows transmission measurements not available in standard designs.
Systematic power-dependent studies revealed bistable switching mechanisms associated with
a thermally driven transition between the strong and weak coupling regimes. A proposed
theoretical model that incorporates redshifts and Rabi splitting reduction reproduced the
observed hysteresis and identified the physical origin of this unconventional bistability. This
constitutes the first observation of bistability in a II-VI microcavity governed by a coupling-
regime transition, in contrast to the established description based on Kerr-type nonlinearities.
Moreover, the controllable transition between the strong and weak coupling regimes provided
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access to an exceptional point in the polariton dispersion. Here, the experimental encircling
of the exceptional point in the parameter space trajectories was used to trace the topology of
the surrounding energy branches.

The dissertation further demonstrates magnetic-field control over the spatial parity of
a polariton condensate supermode. It exploits the giant Zeeman effect in a semimagnetic
CdTe microcavity with Mn-doped quantum wells. The magnetic field modifies the detuning
and effective masses of the spin-polarized polariton branches, driving a transition between
in-phase and anti-phase parity of condensate supermodes. The results expand the known
means of controlling coherent coupling in light-matter systems. They reveal that external
magnetic fields can reconfigure not only spin but also spatial symmetry of condensate modes
as an important step toward magnetically tunable polaritonic architectures and reconfigurable
optical elements.

A dedicated part of the dissertation presents the development of polymer microlenses
printed directly on microcavity surfaces. Designed through custom ray-tracing simulations,
these microlenses combine the focusing efficiency of high-numerical-aperture objectives with
the compactness and applicability under cryogenic conditions. They enable local excitation,
high-resolution and multiplexed reciprocal space imaging, from different spatial positions.
Beyond expanding measurement capabilities, the microlenses reduce the energy needed to
achieve condensation thresholds and enhance light extraction, providing an experimentally
scalable route toward low-power polariton devices. The developed technology constitutes a new
optical platform for spatial control over condensate sites, paving the way for the realization of
interconnected polariton circuits and networks of coupled condensates.

Together, the dissertation establishes several original contributions to the understanding of
nonlinear properties of exciton-polariton systems. It identifies new bistability mechanisms gov-
erned by transitions between the weak and strong coupling regimes on demand, demonstrates
the feasibility of magnetic control over condensate spatial symmetry, and introduces inte-
grated microlenses that enable energy-efficient access to nonlinear regimes. From a scientific
perspective, these results deepen the understanding of how nonlinearity, and external control
parameters intertwine in hybrid light-matter systems. From an application viewpoint, the
developed methods open pathways toward energy-efficient, reconfigurable polaritonic devices,
including optical switches, coupled-condensate networks, and magnetically controlled elements
for information processing. The perspectives opened by this work include further exploration
of band topology around exceptional points in non-Hermitian polariton systems, active control
of condensate synchronization via local optical or magnetic fields, and the development of
integrated architectures combining CdTe microcavities with on-chip microoptical elements.
The demonstrated combination of material-specific advantages and purpose-built tools marks
CdTe-based microcavities as a uniquely adaptable platform for studying and harnessing
nonlinear phenomena in polariton condensates.

7.1. Appendix I: Description of the microcavity samples
This Appendix details the investigated samples. Depending on the material platform, the

samples were divided into three groups: Sample A (dielectric SiOy/TiO2), Sample B (based
on GaAs), and sample C (based on CdTe).
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7.1.1. Sample A

Sample A was a dielectric stack composed of five pairs of SiOy/TiO9 Bragg layers that form
the top and bottom reflectors grown on a transparent fused silica. The central cavity layer was
made of SiOy. Sample A did not contain an active emitter layer. It exhibited a well-defined
cavity mode and allowed reliable reflectance and transmission measurements through the
structure. The microcavity was designed for a central wavelength of A\g = 732.77 nm and
operated at room temperature. This microcavity sample was grown using the electron-beam
deposition technique, in which a high-energy electron beam is directed onto a target material,
causing localized heating and evaporation. The resulting vapor then condenses on the substrate
in a controlled manner, forming alternating dielectric layers that constitute the Bragg mirrors.
The sample was grown by Dr. Janusz Kubrak from VIGO Photonics.

A schematic of the structure of sample A is shown in Fig. m(a), while Fig. b) presents
a photograph of the cavity attached to a holder that enabled transmission measurements.
This cavity was commonly used in experiments for the calibration of the optical setup, as its
well-defined cavity mode allows characterization of the reciprocal space and the accessible
k-vector range of a given microscope objectives. Specifically, it was used to calibrate the
reciprocal space imaging system based on polymer microlenses, which is described in Chapter [6]
“Polymer microlenses for optical microcavities.”

(a) (b)
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} 5 x SiO,/TiO,
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Figure 7.1: Structure of Sample A dielectric microcavity. (a) Schematic illustration
of the SiO3/TiOq cavity. (b) Photograph of the actual microcavity mounted on a holder
enabling transmission measurements.

7.1.2. Sample B

GaAs-based Sample B was grown using MBE in the group of Prof. Benoit Deveaud at Ecole
Polytechnique Fédérale de Lausanne and was fabricated from group III-V semiconductors,
mainly based on gallium arsenide (GaAs).

A scheme of Sample B is shown in Fig.[7.2|a) indicating the Bragg mirrors and quantum
wells. Figure (b) presents a SEM image of the sample taken at the Centre of New
Technologies, University of Warsaw, by Dr. Marta Bilska. The structure consisted of
distributed Bragg reflectors (DBRs) made of alternating GaAs and AlAs layers. The bottom
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DBR comprised 15.5 GaAs/AlAs pairs, while the top DBR contained 12 pairs. The GaAs cavity
layer contained four groups of three Ing g5Gag.g5As quantum wells. The entire microcavity
was designed for a central wavelength of Ay = 860 nm.

(a) (b)

4x3 QWs, Ing o5/Gag o5/As
GaAs barrier

GaAs substrate
Figure 7.2: Structure of Sample B microcavity. (a) Schematic illustration showing the

GaAs-based microcavity with a description of its composition. (b) SEM image of the sample,
taken at the Centre of New Technologies, University of Warsaw by Dr. Marta Bilska.

7.1.3. Samples C.1, C.2 and C.3

The second type of semiconductor microcavities, denoted as Sample C.1, Sample C.2, and
Sample C.3, was made of group II-VI compounds based on doped cadmium telluride (CdTe).
These structures were designed and grown in the Molecular Beam Epitaxy (MBE) Laboratory
at the Faculty of Physics, University of Warsaw, by Prof. Wojciech Pacuski and Dr. Barttomiej
Seredynski.

The structures of the CdTe-based microcavities are presented schematically in Figs.
[74] [T5] These samples differ in their substrates, buffer layers, and mirror compositions,
but share a common design principle with embedded CdTe:Mn quantum wells separated by
appropriate barriers.

Figure[7.3|shows Sample C.1, which is a transmissive microcavity exfoliated onto a transpar-
ent AlyO3 substrate. The top mirror consisted of 20 pairs of Cdg ggZng 0aMgo.0sTe/Cdg 52Mg 48
Te layers, while the bottom mirror consisted of 20 pairs of Cdg 50Mgg.48Te/Cdg gsZng.0aMgo.0s Te.
Within the cavity, three double CdTe:Mn quantum wells were placed, separated by Cdg.ggZng.o4
Mg psTe barriers. The design wavelength of this structure was A\g = 820 nm. This sample was
characterized and used to measure the optical bistability effect, described in the Chapter [4]
“Optical bistability in transmissive II-VI microcavities.”

Figurepresents Sample C.2, a non-transmissive cavity grown on a 3-inch GaAs:Si (100)
substrate. The structure included a GaAs buffer, followed by ZnSe and ZnTe buffers. The
bottom Bragg mirror was composed of 19 pairs of Cdg 35Mgo.65Te/Cdo 874Zn0.033Mgo.093Te
layers, while the top mirror contained 16 pairs of Cdg g74Zn¢.033Mgo.093Te/Cdo.35Mgp.65Te
layers. Within the cavity, three pairs of CdTe:Mn quantum wells were embedded, with
Cdg.g74Zmg 033Mgg.093Te barriers. The structure was designed for a central wavelength of
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Figure 7.3: Schematic structure of transmissive CdTe-based microcavity, Sample C.1.
CdTe-based microcavity exfoliated onto an AloOg substrate, designed for A\g = 820 nm.

Ao = 780 nm. This sample was characterized and used to measure ballistic condensates
in a magnetic field, described in Chapter |5, “Magnetic field control of exciton-polaritons
condensate supermode parity”, and to investigate the interaction between three polariton
condensates located in the photonic potential minima on the sample, described in Chapter [3]
“Three coupled polariton condensates in complex potential landscapes.”
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Figure 7.4: Schematic structure of CdTe-based microcavity, Sample C.2. Non-
transmissive CdTe-based microcavity, designed for Ay = 780 nm.

Finally, Fig. [7.5 illustrates Sample C.3, which was grown on a 3-inch GaAs:Si (100)
substrate with a GaAs buffer, followed by ZnSe, ZnTe, and Cdg.g5Zng o5Te buffers. The
bottom DBR consisted of 20 pairs of Cdg.40Mgo.60Te/CdgssZng 0aMgo osTe layers, and the top
mirror of 16 pairs of Cdg ggZng 04Mgo.0sTe/Cdg.40Mgo.¢0Te layers. Inside the cavity, three pairs
of CdTe:Mn quantum wells were incorporated, separated by Cdg.ggZng.gsMgg osTe barriers.
The central design wavelength was A\g = 820 nm. This sample was used to measure the
presence of strong coupling in temperature measurements in CdTe optical microcavity samples,
described in Chapter [3] “Optical properties of CdTe-based semiconductor microcavities.” It
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was used to compare condensation thresholds with and without printed polymer microlenses
on its surface, as described in Chapter [6] “Polymer microlenses for optical microcavities”.

} 16 x Cdy g5ZN0.04M3g 05 T€/Cdg 40Mgg 60 TE

3x2 QWs, CdTe:Mn
Cdy 8sZNg.04Mgy o5 T€ barrier

20 x Cdg 40Mgg 6o T€/Cdg g5ZNg 04MJg s T€

Cdg g5ZNgsTe
ZnSe, ZnTe
GaAs:Si (100) 37, GaAs buffer

Figure 7.5: Schematic structure of CdTe-based microcavity, Sample C.3. Microcavity
of CdTe, designed for A\g = 820 nm.

7.2. Appendix II: Three coupled polariton condensates in com-
plex potential landscapes

The motivation for this study originated from a theoretical proposal suggesting the use
of coupled non-equilibrium Bose-Einstein condensates for neuromorphic computations. In
particular, the key characteristic feature under investigation is the strong nonlinear response
of neighboring condensates to small variations in the excitation energy near the condensation
threshold of each node in the network. This behavior results from the nonlinear coupling
between the nodes.

To explore this concept experimentally, this research focused on the interaction of three
condensates simultaneously formed in three potential minima of a CdTe-based microcavity,
each excited by an independent laser spot. The difference between this project and the one
discussed in Chapter [o|lies in the nature of the interactions: in Chapter [5| the condensates
in a dyad synchronized through ballistic propagation, whereas in the present Appendix they
interact via diffusive propagation.

As the results presented here are currently being used in ongoing theoretical work aimed
at training a neural network based on the corresponding model, a separate chapter was not
dedicated to this topic. Nevertheless, the experimental results obtained in this project are
complete, the experimental part of the study has been concluded, and are consistent with the
overall scope of this thesis. For this reason, the results are included in the Appendix as an
illustration of another class of phenomena observable in CdTe-based microcavities, namely
those arising from the nonlinear interactions of several (in this case, three) non-equilibrium
Bose-Einstein condensates, enabled by the unique photonic potential landscape and the rich
nonlinear properties of these structures.
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7.2.1. Introduction to the topic of three coupled condensates

The preferential tight localization of the polariton condensates in a naturally occurring
potential minima opens the question of interplay between multiple such sites. This section
is devoted to the experimental investigation of the interactions between multiple polariton
condensates formed in CdTe-based microcavities with an inhomogeneous photonic potential
landscape. The focus is on exploring how such condensates couple and influence each other
when confined to predefined positions within a disordered environment. To achieve that, a
Spatial Light Modulator was employed as a tool to shape the excitation profile, providing a
way to control condensates at the selected sites.

The measurements revealed that the strength and character of the interactions between the
condensates depend sensitively on the shape of the local photonic potential. To demonstrate
this effect, several representative regions of the sample were investigated, each corresponding
to a distinct potential configuration and pump geometry. Together, these examples highlight
the diversity of experimental conditions available in disordered CdTe-based microcavities.

The acquired dataset of condensate patterns formed within inhomogeneous photonic
potentials provides a valuable foundation for further theoretical analysis, for example, as an
experimental and realistic input for current simulation methods of coupled condensates, or
potentially even as inspiration for alternative, neuromorphic or paradigm-shifting modeling
approaches. Due to the inherent disorder of the potential landscape, the resulting data
represent more complex and realistic scenarios, which can help improve the robustness and
generalization capabilities of such models.

7.2.2. Realizations of three coupled condensates

To generate the desired excitation patterns, an experimental arrangement with a Spatial Light
Modulator (SLM) was implemented. This setup allowed for precise shaping of the pump
profiles, including multiple excitation spots with independently controlled intensities. This
configuration enabled the controlled creation of three interacting condensates localized in the
minima of the photonic potential. A schematic diagram of the experimental setup with the
SLM is presented in Fig.

The experiment was performed on a CdTe-based microcavity (Sample C.2), placed in
a cryostat, in 4.5 K. The system was investigated under nonresonant excitation using a
picosecond Coherent Mira-900 laser, with the wavelength tuned to the first Bragg minimum.
In the following, the optical setup with the Spatial Light Modulator operating in amplitude
modulation mode is described. The Gaussian laser beam was expanded with a lens and
then passed through a polarizer and a half-wave plate, which together ensured the correct
polarization orientation relative to the SLM axis. After reflection from the SLM, a second
linear polarizer transmitted only the part of the (laser) beam whose polarization had been
rotated by the SLM, thereby generating an amplitude-modulated pattern. This configuration
enabled the SLM to impose a controlled spatial intensity distribution of the laser beam, which
was then relayed by the optical system and imaged onto the sample plane by the microscope
objective. In this way, the spatial pattern defined on the SLM matrix was directly reproduced
on the surface of the microcavity in the form of the laser intensity distribution.

The aim of the experiment was to create three distinct polariton condensates coupled to
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Figure 7.6: Experimental setup with the Spatial Light Modulator (SLM). A picosec-
ond laser was used to excite the sample. Patterns were created using SLM in amplitude mode,
which were then directed onto the sample.

each other on a disordered CdTe-based cavity sample. The SLM was computer-controlled
via a custom Python software written together with Dr. Marcin Muszynski, that displayed
predefined intensity profiles on its matrix. During the experiment, the grayscale values of the
SLM were used to control the excitation power of each individual spot, while two additional
parameters were adjusted: the relative positions and half-widths of three Gaussian beams.
The positions and widths of the individual spots were chosen so as to excite three condensates
localized in separate minima, of the photonic potential without unwanted overlap. Independent
power control through the grayscale scaling of the SLM was crucial, as it allowed precise
tuning of the excitation intensity directly from the software, without the need for additional
optical filters. The patterned laser beams were directed by a set of mirrors and focused onto
the sample surface using a microscope objective. On the sample, this resulted in a laser
intensity profile consisting of three Gaussian beams arranged at the vertices of a triangle,
ensuring a non-collinear geometry.

The developed Python script allowed independent control of the power of the three
excitation spots, enabling the excitation of polariton condensates that could exchange particles
between neighbouring minima of the photonic potential. In this context, “interaction” was
identified through mutual changes in the emission intensities of condensates located in
neighbouring minima when the excitation power in one of them was varied. However, in many
locations, only two condensates were visibly coupled. This limitation arose from the high
potential barriers between the minima, which restricted particle exchange. In other cases,
irregular disorder led to emission spreading into neighbouring sites even at low pump power
from one laser beam.

Using the setup described above, the real-space emission from the sample was collected,
and each location was examined. Initially, each of three laser spots was used individually to
confirm that it excited emission from a single, spatially well-defined condensate. Subsequently,
additional beams were added, and the changes in intensity at one position were monitored as
the pump energy in neighbouring minima increased. In this way, three complete datasets were
collected for three distinct regions of the sample. Each dataset was characterized by a different

117



Figure 7.7: Measurement results for the first location on the sample. (a) Three laser
beams, generated by the SLM and marked with turquoise circles numbered from 1 to 3. (b)
Photoluminescence under simultaneous excitation with all three beams at maximum pulse
energy. Emission regions are indicated with red dashed lines, and each emission spot is labelled
with a Roman numeral corresponding to the respective beam. (c¢)—(e) Photoluminescence
under excitation with each beam individually.

photonic potential landscape and relative beam arrangement. Figure shows the results of
the first dataset. Figure (a) illustrates the positions of the three laser spots, each with a
half-width of approximately 2 pm. The excitation powers were chosen individually for each
spot, and the corresponding emission behavior is discussed in the following panels. The beams,
shaped by the SLM, are indicated by turquoise circles labelled from 1 to 3. Figure (b)
presents the photoluminescence obtained under simultaneous excitation with the maximum
pulse energies of all three laser spots. The emission regions are marked with red dashed lines,
and each spot is labeled with a Roman numeral corresponding to the respective beam. It
was observed that the emission did not always originate exactly at the pump position but
was displaced by less than one micrometer toward the most favorable potential minimum.
Figures[7.7/(c)—(e) show the emission when each beam was used individually. The condensation
thresholds for single beams were on the order of several to tens of picojoules per pulse.

The full three-dimensional dependence of the emission for the three interacting excitation
spots is shown in Fig.[7.8] The pulse energy ranged from 0.05 pJ to 3.6 pJ for the first beam,
from 0.01 pJ to 5.7 pJ for the second, and from 0.02 pJ to 7.6 pJ for the third. Each laser power
range was divided into 12 steps. The measurements were performed systematically: starting
with two beams turned off, the energy of the remaining beam was varied from minimum to
maximum. Then, one of the other two beams was increased by one step, and the procedure
was repeated. In total, 12x12x12 = 1728 measurements were collected.

For each emission spot, the average intensity was extracted from a region marked with the
dashed red circle. The extracted intensities were plotted on 3D graphs [Figs. [7.§[a),(c),(e)],
which show the same sampling grid in 1st beam, 2nd beam, 3rd beam (12x12x12), while the
point color encodes the intensity of a single emission spot: I (from 1st beam), I (from 2nd
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Figure 7.8: Analysis of condensate interactions for the first position on the sample.
(a),(c),(e) The same 1st beam, 2nd beam, 3rd beam grid (12x12x12); color encodes Iy, I,
and I3, respectively (no special highlighting of point subsets). (b),(d),(f) Corresponding 1st
beam, 2nd beam slices at fixed 3rd beam, showing how each intensity varies with the first and
second beam.

beam), I3 (from 3rd beam), respectively. All measurements are plotted uniformly, and the
apparent structure comes from the color values. For example, Fig. a) shows the (1st beam,
2nd beam, 3rd beam) grid colored by I, Fig.|7.8|c) by I2, and Fig. [7.8(e) by I3. To aid in
interpretation, panels (b),(d),(f) present 2D slices through the same 3D dataset at a fixed
value of the 3rd beam: specifically, fixed the 3rd beam to its 12th (highest) step (7.6 pJ in
this dataset) and plotted intensity over the (2nd beam, 1st beam) plane (x = 2nd beam, y =
1st beam). Thus, panel (b) is indeed a cross-section of (a) at the 12th step, panel (d) is a
cross-section of (c) at the 12th step, and panel (f) is a cross-section of (e) at 12th step. While
there are 12 possible slices (one per 3rd-beam step), for brevity, one representative slice at

119



the highest step is shown; the remaining slices exhibit consistent trends (not shown). If the
intensity was distributed uniformly along one axis of the plot, this indicated no interaction
between the two locations. In contrast, if the intensity was concentrated near one corner,
evenly covering the region corresponding to increasing pulse energy of both beams, this
indicated interactions between condensates. An additional factor was whether the signal
could be described by a nonlinear function, that is, whether the emission from the two points
increased asymmetrically and nonlinearly. If so, this confirmed the presence of nonlinear
effects between the condensates. Such signals were clearly visible in the 3D plots, while in 2D
they were particularly evident at lower excitation energies.

Figure 7.9: Measurement results for the second analyzed location on the sample.
(a) Relative arrangement of the three laser beams, each position marked with turquoise circle.
(b) Emission regions corresponding to individual condensates, outlined with red dashed circles
used for averaging the signal intensity while varying the pulse energy. (c)—(e) Emission from
each position under excitation with a single laser beam at the same low pulse energy.

Overall, the collected results suggest interactions among all three condensates: across
the cases considered, the intensity tends to concentrate toward the high-high corner of the
2nd beam, 1st beam plane at fixed 3rd beam, which is consistent with a joint dependence on
both beams. In addition, nonlinear behavior appears more pronounced in Figs. (a,b) and
Figs.[7.§(c,d), and less evident in Figs. [7.8(e,f).

Analogous measurements were performed for the next two measured regions on the sample.
Each analyzed location differed in the potential on the sample and the laser spots configuration.
However, these differences provide additional datasets for training the neural network.

The next analyzed region of the sample was characterized by three condensates that were
visually more separated from each other than in the first example, as shown in Fig. [7.9(b).
Around each emission spot, a red dashed circle was drawn to define the area from which
the signal was averaged during the measurement series with varying laser pulse energy. The
relative arrangement of the beams is shown in Fig. [7.9(a). Although the third laser beam had
the highest pulse energy, the emission signal from the corresponding location did not exhibit
the highest intensity. The subsequent panels [Figs. [7.9)c)—(e)] present the emission from each
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Figure 7.10: Analysis of interactions between three neighbouring condensates in the
second investigated region of the sample. (a),(c),(e) Three views of the same 1st beam,
2nd beam, 3rd beam sampling grid, with color encoding I3, I, I3, respectively. (b),(d),(f)
Corresponding 1st beam, 2nd beam slices at fixed 3rd beam that visualize how each intensity
depends on the first and second beam.

location under excitation with a single laser beam at a low pulse energy value, kept the same
for all these measurements.

Similarly to the previously analyzed location, the intensities of the condensate were
extracted to investigate the mutual influence of emissions from three neighbouring regions of
the sample, excited with increasing laser pulse energies in predefined sequences. The pulse
energy ranges were as follows: for the first beam from 0.01 pJ to 5 pJ, for the second from
0.05 pJ to 6.7 pJ, and for the third from 0.1 pJ to 9.2 pJ. As previously, the energy was
varied in 12 equal steps for each beam. Intensity values were normalized prior to plotting the
final results. As previously, the energy was varied in 12 equal steps for each beam. Intensity
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Figure 7.11: Measurement results for the third analyzed location on the sample.
(a) Arrangement of the three laser beams, marked with turquoise circles and numbered. (b)
Photoluminescence emission under simultaneous excitation with all three beams. (c)—(e)
Photoluminescence maps for each beam excited individually. In panels (d) and (e), the
strongest emission is observed in the region marked with a red dashed circle, with weaker
emission also appearing from neighbouring potential minima.

values were plotted as measured (normalization was applied for the 3D /2D visualizations).
As before, the results are shown as three 3D panels of the same 1st beam, 2nd beam, 3rd
beam grid with color encoding I1, I, I3, respectively [Figs. [7.10a),(c),(e)], and as 1st beam,
2nd beam slices at fixed 3rd beam [Figs. [7.10(b),(d),(f)]. In these maps, clear interactions
were observed, manifested by stronger emission in the corners of the maps. Furthermore, all
analyzed maps exhibited nonlinear behavior, the emission profile of two interacting points
was non-uniform and could be described by a nonlinear function.

The last analyzed region more closely resembled the first studied area. Although the laser
beams were clearly separated from each other [marked with turquoise circles and labeled with
numbers in Fig. [7.11{(a)], the observed emission originated from points located nearby but not
directly beneath the excitation spots. The emission from three points under simultaneous
excitation with all laser beams is shown in Fig. b). Photoluminescence maps were also
collected for each beam individually and are presented in Figs. [7.11](c)-(e). In particular,
for the results shown in Figs. (d,e), it can be seen that the strongest emission occurs in
the region indicated by the red dashed circle, although weaker emission from neighbouring
potential minima was also observed.

Next, as for the previously analyzed locations, a three-dimensional grid consisting of
12x12x12 points was plotted, again showing the same 1st beam, 2nd beam, 3rd beam
sampling grid in three panels, with color encoding I1, I, I3. These dependencies are presented
in Figs. [7.12a),(c),(e). Panels (b),(d),(f) show the corresponding 1st beam, 2nd beam slices
at fixed 3rd beam. As in the previous measurement series, the results reveal not only the
mutual interactions between the analyzed regions but also indications that these interactions
may be nonlinear in nature.

122



Figure 7.12: Analysis of condensate interactions for the third investigated location
on the sample. (a),(c),(e) depict the identical sampling grid spanned by the 1st, 2nd, and
3rd beams, with point color representing I, Is, and I3, respectively. (b),(d),(f) show the
matching slices in the (1st beam, 2nd beam) plane at a fixed 3rd-beam setting, illustrating
how each intensity varies with the first and second beam.

The experiments not only allowed the observation of effects related to emission localization
but also revealed the presence of nonlinear interactions between condensates. These experi-
mental datasets provided a foundation for further analysis, including the training of a neural
network designed to recognize and model the relationships between the excitation parameters
and the observed emission signals.

In summary, the experimental results presented in this section demonstrate the interactions
between three polariton condensates in CdTe-based microcavities with inhomogeneous photonic
potential. By combining flexible beam-shaping using a Spatial Light Modulator with systematic
measurements of emission profiles and interaction dependencies, it was possible to create a
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data that captures both the localization properties of condensates and the nonlinear coupling
between them. The significance of this approach lies not only in the observation of polariton
dynamics in disordered structures but also in establishing an experimental basis for modeling.
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Chapter 9

Scientific conferences and scientific
schools
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2022", Szczyrk, Poland, 04.06.2022 - 10.06.2022, title: "Optical Limiting in Coherently
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11.

12.

9.2.
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title: “Strong Coupling of Light and Matter Observed in a Tunable Microcavity with
2D-Perovskites at Room Temperature”, poster;

10th International Conference on Spontaneous Coherence in Excitonic Systems “IC-
SCE 10, 2020”, Melbourne, Australia, 28.01.2020 - 31.01.2020, title: "Tunable Room-
Temperature Exciton-Polaritons in a Microcavity Containing 2D-Perovskites”, poster;

International Photonics and OptoElectronics Meetings “POEM 2019”, Wuhan, Chiny,
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Participation in scientific schools
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