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RESUME

Les exciton-polaritons sont des quasiparticules hybrides possédant a la fois des propriétés
associées a la lumiere et a la matiere. Ils sont formés dans les microcavités optiques con-
tenant un matériau semiconducteur, lorsque 1’échange cohérent d’énergie entre le matériau
et le mode de cavité surpasse les pertes intrinseques de ceux-ci. Cette condition définit
le régime de fort couplage lumiere-matiere, observable par une modification importante du
spectre d’absorption di a I’émergence des polaritons comme nouveaux états propres du sys-
téme couplé. Les propriétés uniques des polaritons (entre autres, leur caractére bosonique,
leur faible masse effective, et leurs interactions nonlinéaires) en font un systéme particuliere-
ment intéressant a la fois pour la recherche fondamentale sur l'interaction lumiere-matiere
et 'optique quantique, et pour le développement de nouveaux dispositifs photoniques. Une
importante application potentielle est I'utilisation de condensats de polaritons comme source

de lumiere cohérente avec un seuil d’émission beaucoup plus bas qu'un laser conventionnel.

Dans ce travail, nous nous concentrons sur les polaritons utilisant des matériaux semicon-
ducteurs a haute énergie de liaison excitonique : les nanotubes de carbone et les perovskites
inorganiques. Ceux-ci possedent des propriétés avantageuses pour le couplage fort lumiere-
matiere, car leurs excitons sont stables a température ambiante et ont une grande force
d’oscillateur et une longue durée de vie. De plus, ils peuvent étre fabriqués par des méthodes

de traitement en solution plutot que par la croissance de couche minces sous ultravide.

Nous utilisons des méthodes de spectroscopie résolue en angle (phololuminescence, réflection
et transmission) pour caractériser les propriétés des polaritons dans des microcavités optiques
de haute qualité incorporant des couches minces de canotubes de carbone fortement concen-
trées, fabriquées selon un nouveau procédé développé par nos collaborateurs a I’Université
du Wisconsin(Madison). Les propriétés des polaritons obtenus (taux de couplage lumiere-
matiére, largeur de raie spectrale) surpassent les valeurs publiées jusqu’a présent dans la lit-
térature scientifique pour les microcavités a base de nanotubes de carbone. Par des mesures
de photoluminescence sous excitation continue et ultrarapide des couches minces de nan-
otubes (en cavité et hors-cavité), nous identifions I'annihilation exciton-exciton et la faible
efficacité quantique de photoluminescence comme causes principales empéchant la formation

d’un condensat de polaritons dans nos échantillons (méme a des températures cryogéniques).
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La réponse optique non-linéaire du mode polaritonique est caractérisée par des mesures de
transmission résolue en angle sous excitation résonante ultrarapide, et un modele numérique

dans le domaine temporel est développé pour analyser les résultats.

Finalement, nous développons un modeéle numérique a éléments finis implémentant 1’équation
de Gross-Pitaevskii pour modéliser les phénomenes hydrodynamiques observés par nos col-
laborateurs a I’Université du Nebraska(Lincoln) dans des microcavités optiques utilisant le
perovskite inorganique CsPbBr3. Nous observons une bonne correspondance qualitative et

quantitative entre le modele et les résultats expérimentaux.
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ABSTRACT

Exciton-polaritons are hybrid light-matter quasiparticles. They are formed in optical mi-
crocavities containing a semiconductor material, when the rate of coherent energy exchange
between the material and the cavity mode overcomes their combined intrinsic decay rate.
This defines the strong light-matter coupling regime, evidenced by drastic changes in the
absorption spectrum from the emergence of polaritons as the new eigenstates of the coupled
system. The unique properties of polaritons (including boson statistics, low effective mass,
and nonlinear interactions) make them a particularly interesting system for studying light-
matter interaction and quantum optics, and could enable the development of new photonic
devices. An important potential technological application is the use of polariton condensate

states as coherent light sources with a much lower emission threshold than conventional lasers.

In this work, we focus on polaritons using semiconductor materials with high exciton bind-
ing energy : carbon nanotube and inorganic perovskites. These materials posses attractive
properties for strong light-matter coupling experiments : the excitons are stable at room
temperature, with a large oscillator strength and long lifetime. Furthermore, good quality

thin films can be fabricated from solution processes rather than epitaxial growth.

We use angle-resolved photoluminescence, reflectance and transmission spectroscopy to char-
acterize the properties of polaritons in high-quality optical microcavities containing dense
carbon nanotube thin films, fabricated by a novel method developed by collaborators at
the University of Wisconsin-Madison. The measured polariton properties (light-matter cou-
pling rate, polariton linewidth) surpass the best values reported in the literature for carbon
nanotube exciton-polaritons. By photoluminescence measurements of thin films and micro-
cavities under continuous and ultrafast nonresonant excitation, we show that exciton-exciton
annihilation and low photoluminescence quantum yield are the two dominant factors which

prevent the formation of a polariton condensate in our samples even at low temperatures.

The subthreshold nonlinear optical response of the polariton microcavities is characterized by
angle-resolved transmission measurements under ultrafast resonant excitation, and a time-

domain numerical model is developed to analyze the results.
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Finally, we develop a numerical model using a finite-element method implementation of the
Gross-Pitaevskii equation to model hydrodynamic phenomena observed by collaborators at
the University of Nebraska-Lincoln in optical microcavities using the inorganic perovskite
semiconductor CsPbBrs, and find good qualitative and quantitative agreement between the

model and the experimental results.
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CHAPTER 1 INTRODUCTION

1.1 General introduction

Polaritons are hybrid quasiparticles formed in the strong light-matter coupling regime, when
the rate of coherent energy exchange between a matter excitation and a mode of the electro-
magnetic field is sufficiently high to overcome the intrinsic decay rate of both states. They
possess properties inherited both from their light and matter components, enabling various
nonlinear quantum phenomena to be observed, the most famous of which is the formation
of a polariton condensate state. The strong light-matter coupling regime has been demon-
strated using many materials and resonator geometries, each with advantages and drawbacks,
and not all of which allow polariton condensation. Carbon nanotubes (CNTs) are a semi-
conductor material with attractive properties including a large exciton binding energy, large
oscillator strength, and fabrication by solution processing. There have been some reports of
polariton microcavities using CN'Ts, showing that the light-matter coupling strength can be

very high, but that low cavity quality factor causing short polariton lifetime is a major issue.

1.2 Research Objectives

The aim of the research project was to exploit the opportunities enabled by a fabrication
process recently developed in the Arnold group at the University of Wisconsin-Madison. This
process allows them to produce high-quality optical microcavities with very high concentra-

tion films of purified carbon nanotubes.

Using these microcavity samples, we set out to achieve the following research objectives :

1. Achieve higher light-matter coupling strength and longer polariton lifetime than was

previously possible with CNTs.

2. Investigate the linear and nonlinear optical response of CN'T polariton microcavities,

using angle-resolved reflection and photoluminescence spectroscopy.

3. Attempt to form a polariton condensate at room temperature, which has never been

achieved in CNT polariton microcavities.



1.3 Thesis Outline

This thesis comprises five chapters, excluding introduction and conclusion.

Chapter 2 is a review of the fundamental concepts underpinning the work. First, we introduce
the concept of exciton-polaritons, and the phenomena that arise from polariton-polariton in-
teractions. We then describe the photophysics of semiconducting carbon nanotubes, the
material used in all the experiments discussed in Chapters 3-5. A discussion of nonlinear
optics follows, which is essential to understand the experiments and numerical modelling in

Chapter 5. Finally, we present a short literature review of carbon nanotube microcavities.

In Chapter 3, we describe the process of microcavity design and fabrication, as well as the
various characterization techniques that were used to tune fabrication parameters in order
to obtain the desired cavity properties. We then describe the experimental setup used for
angle-resolved reflection and photoluminescence (PL) spectroscopy, which was the main ex-
perimental technique used throughout the project. We conclude this chapter by discussing
the measurements of CN'T polaritons in the ultrastrong coupling regime, as well as the design

of cavities with a very narrow-linewidth polariton state.

In Chapter 4, we discuss photoluminescence measurements of CN'T bare films and micro-
cavities, in the steady-state and short-pulse optical pumping regimes. We observe proper-
ties of high-concentration CNT films that are detrimental to their use in polariton devices;
namely, a rapid photoinduced degradation, and a strongly suppressed PL emission intensity
under pulsed excitation compared to continuous-wave pumping. We calculate the exciton-
exciton annihilation (EEA) coefficient from these experiments, and find that EEA explains
the observed reduction in polariton PL intensity. Finally, we find that even for the highest
quality-factor microcavities fabricated, we are unable to observe polariton condensation, even

at cryogenic temperatures.



In Chapter 5, we discuss the measurement and numerical modelling of the optical third-order
nonlinearity of exciton-polaritons. We first describe the measurement, using a modified ver-
sion of the Fourier imaging microscope described in Chapter 3. Then, we show the results of
measured polariton mode blueshift for two microcavities with different detunings. Finally, we
discuss the implementation of a time-domain finite-element numerical model to simulate the
response of a polariton cavity to a femtosecond resonant pump pulse, including a third-order
nonlinear polarization term. We show that the model is robust with respect to variations
in the pump pulse duration, spectral shape, or chirp, and that it correctly reproduces the
measured blueshift in the case of a purely refractive nonlinearity, but fails when saturable
absorption is present. We also examine a discrepancy between the model and experimental
results relating to the transmitted intensity at zero angle, and show with additional simula-

tions that it is caused by the modulation of refractive index in the in-plane direction.

Chapter 6 is dedicated to a different but related research project, where we developed a finite-
element time-domain numerical model implementing the driven-dissipative Gross-Pitaevskii
equation (GPE). This was done in order to model experiments performed by our collabora-
tors on polariton microcavities using not carbon nanotubes, but a different semiconductor
with strongly-bound excitons : lead halide perovskite crystals. We explain how the model
was implemented, how the available experimental parameters were used to calculate the ap-
propriate coefficients of the GPE, and show that the model reproduces experimental results

for different values of pump fluence and injected in-plane momentum.



CHAPTER 2 THEORY BACKGROUND AND LITERATURE REVIEW

In this chapter, we will give a brief overview of the important theoretical concepts underpin-
ning the work, namely : strong light-matter coupling, the photophysics of carbon nanotubes,
and classical nonlinear optics. This is followed by a review of the published reports on carbon

nanotube exciton-polaritons.

2.1 Strong light-matter coupling

The interaction between an excitation of the electromagnetic field and an excitation in a
material reaches the strong coupling regime when the rate of coherent energy exchange be-
tween the two excitations is faster than their combined rate of decay. This is expressed as
Qr > 7Ye + V2, where Qg is the coupling rate, and ~., are the decay rates of the electro-
magnetic mode and the material excitation respectively. In the strong light-matter coupling
regime, the behaviour of the system is best described by defining new excitations (polaritons)
which are coherent superpositions of light and matter states. This has been realized with
many different types of excitations in various materials [1]; there are plasmon-polaritons,
phonon-polaritons, magnon-polaritons, etc. In this work, we focus on the strong coupling
between bound electron-hole pairs in semiconductors (excitons) and photon excitations in a
planar optical microcavity, creating microcavity exciton-polaritons. For simplicity, we will

simply refer to these as "polaritons" in the rest of the work.

2.1.1 Excitons in semiconductors

The electronic band structure in solids generally contains a set of continuous bands of allowed
electronic states separated by band gaps, i.e. ranges of energy where no allowed electronic
state exists. A material is a semiconductor when its Fermi level (the energy required to
add an electron to the system) is inside a band gap [2]. In this case, the electronic states
below the gap (in the valence band) are fully occupied, and the states above the gap (in the

conduction band) are unoccupied.



When a photon is absorbed in the solid, adding energy to the system, an electron can be
excited from the valence band to the conduction band. The many-body quantum state of
the valence band with N — 1 electrons can be represented by defining a collective excitation
with a positive charge and effective mass, called an electron hole. Since the electron and
hole have opposite charges, they can be bound by Coulomb interaction to form a chargeless
composite quasiparticle, the exciton. Excitons have a hydrogen-like energy level structure,
and their spatial extent can be described by a Bohr radius ag. The exciton bound state exists
for a short time until it either decays radiatively when the electron and hole recombine, or
nonradiatively when its coherence is destroyed by scattering of the electron or hole on a de-
fect in the material. Excitons can also decay nonradiatively via exciton-exciton annihilation
(EEA), where one exciton is destroyed and its energy transferred to another exciton [3]. EEA
becomes an important relaxation pathway when the exciton density is high, which is the case

in experiments pumped with ultrafast laser pulses.

Excitons can behave quite differently depending on the strength of the Coulomb interaction
between electron and hole. In semiconductors with a low dielectric constant (such as organic
semiconductors), we observe Frenkel excitons : the exciton binding energy is large, on the
order of 100 meV [4], and the Bohr radius is very small. The exciton is localized to a a
single crystalline unit cell or a single molecule. In semiconductors with a large dielectric
constant, we observe Wannier-Mott excitons. Electric field screening reduces the strength of
the Coulomb interactions, such that the binding energy is only a few meV (and therefore not
thermodynamically stable at room temperature) and the exciton is delocalized across a large
number of crystalline cells. This is typical of inorganic semiconductors, for example GaAs

with an exciton binding energy of 4.9 meV [5]

2.1.2 Photon modes in microcavities

Optical cavities are structures which confine light in one or more dimensions, constraining the
local density of states of the electromagnetic field from a continuum to a number of discrete
modes. Microcavities are cavities where the length scale is on the order of the wavelength
of the light. This high degree of confinement leads to a large field enhancement inside the
cavity. Various geometries can be used to achieve this result, such as dielectric microdisks or
microspheres [6] [7], waveguide-coupled microrings [8] or one- and two-dimensional photonic
crystals [9] [10]. The simplest case to describe mathematically, which nevertheless exhibits

all the properties relevant to us for the purposes of this work, is the Fabry-Pérot microcavity.



The Fabry-Pérot cavity structure is defined as two parallel planar mirrors separated by a
gap of width L filled by a material of refractive index n. The resonant modes of the cavity
are defined by the following condition on the out-of-plane wavevector inside the cavity (the

phase of the electric field must be a multiple of 27 after a round-trip):

m
k. =py (2.1)

where p = 1,2, 3... is the mode order index. At normal incidence (k, = |k|) and considering
the fact that the resonance condition applies to the wavevector inside the cavity (where the

refractive index is n), the resonance frequency wy = 27/ |ko| of the p-th order cavity mode is

e
wo=p (2.2)

When the electromagnetic wave is propagating with an non-normal angle of incidence 6 (i.e.
ky # 0), the magnitude of the wavevector must be larger to satisfy the resonance condition
on k. From the definition of the out-of-plane wavevector component k; = |k|cosf, we can
derive the following relation for the dispersion of the resonance frequency of the fundamental

cavity mode (p = 1):

Wo

w(f) = —— (2.3)
1 (20)
Note that it is often useful to express the cavity mode dispersion in terms of the in-plane

component of the wavevector :

wth) = i + (Shy) 24)

If we do a series expansion of this expression around %k = 0 and discard the higher-order
terms, the energy dispersion of the cavity mode at low incident angles becomes equivalent to

that of a free particle with an effective mass m.ss = ’C‘—jhwo,



h2k?
hw(k”) = hwgy + 5 I

. (2.5)
Meff
The effective mass of a microcavity photon is extremely small : taking typical values of
fiwg = 2eV and n = 1.5, mepp = 8 - 107%kg, or five orders of magnitude smaller than the
electron mass. This has important implications for the formation of polariton condensates,
further discussed in 2.1.4.

For metal-mirror microcavities, L can be taken directly as the separation distance between
the mirrors. However, the case of dielectric mirrors, an effective cavity length L.y must be
used, taking into account the penetration depth of the field in the mirrors. This penetration
depth varies as a function of the wavelength and incident angle, which can cause a slight
deviation between the actual dispersion and this simple model. However, as we will see in
Chapter 3, equation 2.3 can reproduce the measured cavity mode dispersion in real samples

quite well, in the range of wavelengths and angles we are interested in.

A critical property of the cavity mode is its quality factor @), expressing the degree of con-

finement of the electromagnetic field. For any resonance, the quality factor is defined by

_ W
Q=" (2.6)

where wy is the resonant frequency and ~ is the full-width at half-maximum (FWHM)
linewidth of the resonance. In a Fabry-Pérot cavity with identical mirrors of reflectance

R, the quality factor is given by the expression

Q . QWOHL

= R (2.7)

For metal mirrors, the reflectance is limited to about 98%, which in microcavities (where L is
small) limits the quality factor to 100-200. However, using dielectric mirrors, the reflectance
can be dramatically improved, with commercially-available epitaxially-deposited crystalline
dielectric mirrors reaching R = 99.999% [11] and more common sputtered distributed Bragg
reflector (DBR) mirrors (such as the ones fabricated for this project) reaching R = 99.8%.
Note that the expression above considers only the mirror losses, while in a cavity filled with

a real material, there would also be absorption losses.



The term for the loss per round trip (1 — R)? should then be updated to (1 — R — A)? with
A being the one-way-trip power loss from material absorption. Other possible losses that
can reduce the cavity mode lifetime include scattering from surface roughness, and imperfect

mirror flatness or parallelism [12].

The rate of decay (from leakage through the mirrors to the outside environment, and from
absorption) of the energy confined by the cavity mode is an important parameter for defining

the strong light-matter coupling regime and directly depends on the quality factor :

Y= 6 (2-8>

2.1.3 Coupled-oscillator model

The physics of the strongly-coupled cavity-exciton system can be described by employing the
second quantization formalism, and representing the cavity mode and exciton as quantum

harmonic oscillators [13]. The Hamiltonian describing the coupled system is

H =1 (welky)akax + wiblby + Qr(afbi + b)) (2.9)
ki

where hw,(kyj) is the cavity mode energy dispersion as defined in equation 2.3, fw, is the
exciton energy (with a negligible energy dispersion compared to the cavity mode, due to the
large difference in effective mass), and the Rabi frequency {2 is the coupling strength or rate
of energy exchange between the cavity mode and exciton!. The operators (a},a) and (b}, b)
are the bosonic annihilation and creation operators for the cavity mode photon and exciton
respectively, and the term (&L?)k + &klA)L) describes the coupling, where a photon is destroyed

while an exciton is created with the same wavevector, and vice versa.

In the Fock basis |N., N,), the matrix representation of the Hamiltonian in the single-

excitation reduced space {|1,0), [0,1)} is

a=hny (“C(k') QR) (2.10)

k| QR Wy

QR is proportional to /N f/V with N the number of excitons coupled to the cavity, f the exciton
transition oscillator strength, and V' the cavity mode volume [14]



The eigenstates of this Hamiltonian are coherent superpositions of the cavity photon and
exciton states : the exciton-polaritons. For each in-plane wavevector k| there are two eigen-
states which are identified as the upper polariton (UP) and lower polariton (LP) according
to their energy. The LP and UP energies are the eigenvalues of H

Euprp(k)) = 2 (wc(/f) + W £ 40% + (welky) — wz)z) (2.11)

Here we can see where the strong coupling condition 2 > 7. + 7, comes from. The energy
splitting between the LP and UP states when w. = w, is 2h{2g. If the Rabi frequency is not
large enough to fulfill the strong coupling condition, the splitting will be smaller than the
linewidth of the exciton transition and cavity mode, and it will not be possible to resolve
the two polariton states. Instead, we would observe a broadening of the bare transition (or,

equivalently, an increase in the decay rate).

The coefficients of the eigenvectors {|LFPy),|UPs)} (termed the Hopfield coefficients) deter-
mine the relative contribution of the photon and exciton states of the polariton state. The
photon and exciton fraction of a given polariton state (shown below for the LP state) are

calculated by projecting the eigenvectors onto the basis vectors of the reduced Fock space:

Colkpl? = (1 01LPYP = § (1 - e )

wc(k” )—wx)2+4Qiz
(2.12)

Co(ky)2 = {0, 1|LP) 2 = L (1 elly) s )
| ( H)’ ’< ) ’ k)’ 2 + \/(wc(k\|)—wx)2+49?g

The photon and exciton content of a given polariton state determine its properties [15]. For
example, the effective mass of the lower polariton is determined from the cavity photon and

exciton effective masses with

1 Col?  |C)?
G2 Gl

mrp my My

(2.13)

and the decay lifetime of the lower polariton is similarly expressed in terms of the cavity

mode lifetime and exciton lifetime as
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1 Cl?  |C)?
Gk el

TLP Tp Tx

(2.14)

When describing polariton cavities, the cavity energy is usually defined by the detuning A

between the exciton transition and the cavity mode energy at normal incidence.

A = hw, — w.(0)) (2.15)

The main parameters controlling the polariton dispersion for a given semiconductor material
(fixing the value of wy and n) are therefore A and Qg. In Figure 2.1, we show the polariton

energy dispersions and Hopfield coefficients for the negative, zero, and positive detuning cases.
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(a) A <0 (b) A =0 () A>0

Figure 2.1 Example energy dispersions of the LP(red) and UP (blue) modes and Hopfield
coefficients for different values of A. The bare exciton transition energy and cavity mode
dispersion are indicated with dashed lines.

In the zero detuning case, both polariton states have equal photonic and excitonic fractions.
In the negative detuning case, the LP mode has a more photonic character, and in the posi-
tive detuning case, the LP mode is more excitonic. This is visible by comparing the curvature
of the energy dispersion : as the exciton fraction increases, the polariton effective mass also

increases, flattening the energy dispersion.
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2.1.4 Polariton-polariton interaction and polariton condensation

Like photons, polaritons follow Bose-Einstein statistics. Unlike photons, however, polaritons
are able to interact with each other through Coulomb interaction wvia their excitonic compo-
nent [16]. The bosonic nature of polaritons means that they are able to form a condensate
state, and polariton-polariton interactions enable faster relaxation to the ground state, fa-

cilitating the accumulation of polariton density required to reach the condensation threshold.

Bose-Einstein condensation is defined as the macroscopic occupation of a state by an en-
semble of bosons, leading to long-range quantum coherence. The phase transition to the
condensate state occurs when the mean interparticle spacing (inversely proportional to the
polariton density n) becomes smaller than the thermal de Broglie wavelength. In two dimen-

sions, this condition is expressed

2m€ff
mh?

n> kT (2.16)

The dependence of the condensation threshold on the effective mass is an important reason for
the intense research interest in polariton condensation. Their very low effective mass can al-
low the formation of condensates even at relatively high temperature, and room-temperature
polariton condensation has been demonstrated using several different semiconductor materi-
als [17]. To illustrate this point, we consider the value of the thermal de Broglie wavelength
Mg = 321 nm in the material system where Bose-Einstein condensation was first observed
(®"Rb dilute atomic vapor, cooled down to T'= 170 - 1072 K). For exciton-polaritons with a
typical effective mass of 3 - 1073° kg, the thermal de Broglie wavelength has the same order

of magnitude at room temperature : \gg = 530 nm at 7" = 300 K.

In practice, experimentally-realized polariton condensates are typically far from thermody-
namic equilibrium because the polariton lifetime is shorter than the thermalization time [18].
As such, their energy distribution function does not exactly follow a Bose-Einstein distri-
bution. However, the phenomena typical of Bose-Einstein condensates can still be observed
in polariton condensates, such as superfluidity [19] [20] and the formation of quantized vor-
tices [21].
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The long-range quantum coherence associated with the condensed state, in combination with
the radiative decay of exciton-polaritons by leakage through the cavity mirrors, means that
a polariton condensate emits light with a high temporal and spatial coherence [22], similar to
a laser. There are two important distinctions between the emission of a polariton condensate

and a traditional laser (which operates in the weak light-matter coupling regime).

First is the origin of the coherence. In a polariton condensate, the coherence of the emitted
light comes from the underlying coherence of the polariton population; the particle species
that accumulates coherence is polaritons. In conventional lasers, the particle species that
accumulates coherence is the cavity photon, and the gain medium is an incoherent bath of
excited charge carriers. The difference between the polariton lasing and conventional lasing
regimes in the same microcavity has been observed [23], and the difference between the hybrid
light-matter nature of polariton lasing and the purely photonic nature of conventional lasing
was demonstrated by observing the change in the emission under a strong applied magnetic
field.

The second important difference is the density threshold for coherent emission. The polariton
density threshold for condensation was shown in Equation 2.16. The lasing threshold for a

conventional semiconductor laser is the Mott density

1
NMott =~ —5 (2.17)
g

where ag is the exciton Bohr radius. For example, in gallium nitride, the polariton conden-
sation threshold is n. ~ 108¢cm~2 while the Mott density is naee ~ 103em™2, five orders
of magnitude larger [24]. The numerous potential applications of a tunable coherent light
source with a pumping threshold much lower than conventional semiconductor lasers is one
of the main reasons motivating the development of polariton devices. In practice, there are
numerous engineering challenges (among others, the difficulty of forming a condensate with
electrically injected carriers and the poor chemical stability of the semiconductor materials
used) to be overcome before polariton sources are commerically competitive with the mature

technology of conventional semiconductor lasers [28].
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Experimentally, the polariton condensation threshold is characterized by an increase in the
slope of polariton emission intensity with applied pump power (or equivalently, a change
in the slope of the polariton occupation number), a narrowing of the polariton emission
linewidth, and an increase in the slope of the polariton energy shift with applied power [25].
The latter effect is often referred to as the "blueshift" and arises from the polariton-polariton
interaction energy. A blueshift proportional to the polariton density can be observed even
below the condensation threshold, as we show in Chapter 5, but it becomes much more
apparent in a condensate, due to the large increase in polariton density. An example of
the experimental signatures of polariton condensation is illustrated in Figure 2.2. In this
example, the condensate forms at the minimum of the lower polariton dispersion curve (at
K = 0). This is typical for non-resonantly-pumped microcavities in the negative detuning
regime [26]. When a polariton state is populated by resonant excitation, a condensate can be
formed at an arbitrary position on the dispersion curve [19]. Condensation can also occur at
non-zero momentum states for microcavities pumped non-resonantly, when the pump spot is

very small and the detuning is close to zero [27].

Population of the polariton mode from the exciton bath

When a semiconductor-filled microcavity is driven with an external light source, the pump
initially excites the LP and UP polariton states in addition to a large background density
of dark states (exciton reservoir). Different relaxation and scattering processes then transfer
population to the minimum of the lower polariton dispersion [28] at kj = 0, where a con-
densate will form if sufficient occupation density can be reached. The relative contribution
of the different dynamical processes involved depends on the semiconductor material and
the cavity properties, and determines whether polariton condensation is possible in a given
system. Three important such processes are radiative pumping, phonon-polariton scattering,

and polariton-polariton scattering.

In radiative pumping (illustrated in Figure 2.3a), the excitons from the reservoir decay radia-
tively and excite the kj = 0 polariton state though its photonic part. The radiative pumping
rate can be optimized by controlling the cavity-exciton detuning to overlap the bare exciton
PL emission with the minimum of the LP dispersion. Radiative pumping has been identified
as the main contribution to the occupation of the kj = 0 polariton state in microcavities
using the BODIPy-Br molecular dye [29].
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Figure 2.2 Polariton spatially-resolved (a) and angle-resolved (b) photoluminescence emission
spectrum in a CdTe quantum well microcavity below and above the condensation threshold.
Reproduced (adapted) with permission from [25].

Polaritons created at very high momenta (where the lower polariton is mostly excitonic in na-
ture) dissipate energy quickly through polariton-phonon scattering mediated by the Coulomb
interaction of the excitonic component [18]. As the polaritons move down the LP branch
dispersion curve, the rate of this scattering process decreases (as the exciton fraction of the
LP state diminishes). At the dispersion inflection point where |C,[* = |C,|?, the energy
dissipation from phonon scattering becomes negligible. In systems where the cavity mode
lifetime is smaller than the exciton lifetime, this is also accompanied by a reduction in the
polariton lifetime. This creates a "bottleneck" in the polariton population where relaxation

to lower momenta is inhibited [30].
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Polaritons with the same momentum k; can interact with each other in an elastic scattering
process [31] (illustrated in Figure 2.3b). One polariton is scattered higher up the dispersion
curve to 2k and the other is scattered to the kj = 0. This can overcome the polariton relax-
ation bottleneck, as the polariton scattered to higher momentum can efficiently cool again

through polariton-phonon scattering.

Both spontaneous elastic polariton-polariton scattering and stimulated scattering are possi-
ble [31]. If the occupation of the kj = 0 state is sufficiently high, the stimulated scattering
process (where the scattering rate is enhanced by the final state occupation) dominates, the

occupation at kj = 0 increases substantially, and the condensate is formed.
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Figure 2.3 Schematic representation of different processes that can contribute to populating
the kj = 0 polariton state from the exciton bath. (a) In radiative pumping, spontaneous
emission of reservoir excitons is reabsorbed by the polariton state. (b) Polariton-polariton
scattering, sending one polariton to the k| = 0 state and the other one to a higher-momentum
state. Reproduced (adapted) from [28] under CC-BY 4.0 license.
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Dynamics of a polariton condensate

The dynamics of a coherent gas of interacting polaritons are complex, but can be well-
represented by a mean-field approximation (using classical evolution equations for the ex-
pectation values of the quantum field theory). Within this approximation, the dynamics
of the polariton field are described by a nonlinear partial differential equation named the
Gross-Pitaevskii equation [32], in the "driven-dissipative" formulation which includes terms
for the pumping and decay of the polariton population (as opposed to the canonical GPE, de-

rived for boson gases with a conserved number of particles such as condensates of cold atoms).

L d (ve(r,t))  [P(rt)
i (wxm)‘( o >+

The photon part of the state (represented by the wavefunction v¢¢) is pumped by a driving

o _m% | 0 Yo(r,t)
0 Vi(r) = = + gxlix (r, )P ) | \eox(r,1)

(2.18)

term P(r,t) and decays with a rate 7. The exciton part of the state (represented by the
wavefunction 1y ) is subject to an external potential V' (r) (representing for example a de-

fect in the material), decays at a rate vy, and the exciton-exciton interaction potential is

described using the parameter gx.

The term H’ is the single-particle Hamiltonian given by

) WK
fr = (w0t ams s (2.19)
W hws

identical to the one derived in section 2.1.3.
In many cases, the GPE can be simplified further, by assuming that only the lower polariton

mode has non-negligible occupation [16]. This was done for the numerical simulations pre-

sented in Chapter 6.
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2.2 Photophysics of Carbon Nanotubes

Carbon nanotubes are an allotrope of carbon shaped like a cylinder (or several concentric
cylinders) with a diameter on the order of a nanometer, and length that can reach several
centimeters [33]. Since their initial discovery in 1991 in the soot from a carbon-electrode
arc discharge [34], their unique mechanical, electronic, and optical properties have attracted
much interest, and the processes for their synthesis and purification have been greatly im-

proved. The original 1991 report by Ijima has now been cited in over 30 000 publications.

In the context of this project, we are interested in the optical response of semiconducting
CNTs, which are dominated by excitonic effects due to the confinement of charge carriers to
the tube surface. We will describe the origin of the electronic band gap in CN'Ts and discuss
the photophysics of CNT excitons. Experimental details concerning the chirality purification

and thin film fabrication will be discussed in section 3.1.1.

2.2.1 Chirality and electronic band structure

The structure of carbon nanotubes can be defined by first considering a piece of graphene
(a sheet of carbon atoms in a hexagonal pattern) and rolling it along a defined vector Cj, to

form a cylinder (Figure 2.4a).

Ch(n,m) = na; + may (2.20)

Cy(n,m) is named the chiral vector, and is defined in terms of the graphene lattice basis
vectors a; and a;. Nanotubes with a structure defined by Cj(n,m) are said to have the

chirality (n,m).
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Figure 2.4 Structure of single-walled carbon nanotubes and definition of the chiral vector.
Reproduced (adapted) with permission from [35]. Copyright 2018 by Annual Reviews.
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Figure 2.5 Contour maps of band separation in the first Brillouin zone of graphene, overlaid
with the lines of allowed states for CN'Ts. The associated CNT electronic band structure is
also plotted to the right of each contour map. (a) Metallic CNT : the lines of allowed states
cross the K point. (b) Semiconducting CNT : the lines of allowed states do not overlap with
a K point, creating a band gap. Reproduced (adapted) with permission from [36].

The electronic band structure of graphene does not have a gap : the valence and conduction
bands connect at six points (named the K-points). However, when a graphene sheet is rolled
into a cylinder, the wavevector of the electrons are constrained by a periodic boundary con-

dition enforcing continuity of the electron wavefunction around the tube’s circumference.

k-C,=2nq (¢€Z) (2.21)
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The values of k satisfying the periodicity condition for a given CNT chirality define one-
dimensional "lines of allowed states" on the two-dimensional band structure of graphene
(Figure 2.5). For values of n,m such that mod(n — m,3) = 0, the lines of allowed states
cross a K-point, and the CNT is metallic : it has no bandgap. For other CNT chiralities, the
lines of allowed states avoid the K-points and the CNTs are semiconducting, with a bandgap
scaling inversely with CNT diameter. The different lines of allowed states define different
electronic state bands, labelled with an index j. The transitions between the j; valence band

and the j, conduction band are noted Sj, ;,.

The selection rules for conservation of angular momentum allow optical excitation of S;,;,
transitions, with the condition that the electric field must be parallel with the CNT axis for
S;; transitions and transverse to the CNT axis for 5}, ;, transitions. The S;; transitions have
a large oscillator strength [37]. The oscillator strength of S, ;, transitions is suppressed by
the depolarization effect, and typically only S;; transitions are considered [38] when inter-

preting CNT optical absorption spectra.

2.2.2 Excitons in CNTs

Optical excitation of a S;; transition forms an exciton due to Coulomb interaction between
the electron and hole, as discussed in section 2.1.1. The confinement of charge carriers to
the CNT surface forces the electron and hole to remain in close proximity, giving excitons
in nanotubes an unusually large binding energy of several hundred meV [35]. Apart from
their large binding energy, they exhibit features typical of Wannier-Mott excitons, such as

delocalization over a large spatial extent [39]) and high mobility [40].

There are two non-equivalent K-points in the first Brillouin zone, leading to four poten-
tial singlet excitons [41]. The lowest-energy exciton has zero angular momentum and even
parity, so it is dipole-forbidden. The second exciton has zero angular momentum and odd
parity, so optical excitation is allowed : we call this transition the direct bright Si; exci-
ton. The remaining two excitons are degenerate in energy 36 meV above the bright Si;
transition [42] and correspond to indirect transitions between subbands with different in-
dices ji, j2, with a nonzero linear momentum. However, the indirect transitions (which we
call the K-momentum dark exciton) can still occur with the assistance of a D-band phonon

at 1300 cm~! [43]. This transition appears in the absorption spectrum as a peak near 1.43 eV.
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The proposed mechanism of the phonon-assisted brightening of a dark exciton was confirmed
by Blackburn et al. comparing the spectra of CN'Ts synthesized from '2C and *C isotopes,
which showed that the peak is shifted by the same amount as the D-band phonon [44]. The

states involved in this transition are illustrated in Figure 2.6.

Figure 2.6 Schematic representation of the bright Sj; direct exciton transition (highlighted in
blue) and the phonon-assisted K-dark exciton transition (highlighted in orange). Reproduced
(adapted) with permission from [45].

For the use of CNTs in polariton microcavities, an important parameter is the photolumi-
nescence quantum yield (PLQY), defined as the ratio of radiative decay rate to total decay
rate. In carbon nanotubes, the PLQY of excitons is very low. Depending on synthesis and
processing methods, PLQY values from 0.2% to 2.4% have been reported for the S;; exciton
for the (6,5) chirality (CNTs suspended in dilute solution) [46].

Excitons are quenched by scattering on defects in the CN'T sidewall or when they diffuse to
the ends of the tube [47]. The generally accepted explanation for the low PLQY is that due
to the high mobility of excitons and the long intrisic exciton lifetime, excitons are likely to be
quenched by encountering a defect before they can recombine radiatively, even at low defect
densities [48] [49].
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Using milder processing methods (shear-force mixing compared to tip sonication) has been
shown to improve the PLQY from 1.5% to 2.4% [46] of as it introduces fewer defects and
produces longer tubes. Aside from damage from aggressive processing, defects can also be

introduced by surface adsorption of charged impurities [50] or by oxidation [51].

A recently developed approach for improving the PLQY aims to introduce new defects
through chemical functionalization. These artificial defects locally perturb the band struc-
ture of the nanotube and creates a lower-lying energy level that traps the exciton without
quenching it [49], providing more time for the exciton to decay radiatively. A dramatic im-
provement in PLQY can be observed for very short nanotubes [52], but the improvement for

micrometer-length, low-defect-density CNTs is only a factor of two [53].

All of these results were measured on CNTs in dilute solution. In dense thin films, the
PLQY is reduced further by an order of magnitude (0.17% in films of shear-force-mixed
(6,5)CNT:PFO-BPy with a concentration of 39%wt) [54], due to the introduction of numer-

ous exciton quenching sites at the point of contact between different tubes.

2.3 Nonlinear optics

To provide a theoretical background for the discussion of the nonlinear optical measurements
and simulations presented in Chapter 5, we summarize some basic concepts of classical non-

linear optics, with a focus on monochromatic parametric and non-parametric X(3) processes.

The response of a material to an applied electric field E is classically described in terms
of an induced polarization density P adding a contribution to the applied field, to give a
displacement field D.

D(t) = eoE(t) + P(¢) (2.22)
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The relation between the induced polarization density and the applied electric field is parametrized

by the material electric susceptibility x :

P(t) = eoxE(t) (2.23)

As the material response is not instantaneous, the induced polarization is more properly
expressed as a function of time, as a convolution integral over all past values of the applied
electric field.

Plt) = ¢ /_t (it — B dF (2.24)

It is convenient to work in the frequency domain, since taking the Fourier transform of

equation 2.25 turns the convolution integral into a simple product.

P(w) = egx(w)E(w) (2.25)

The frequency-domain electric susceptibility x(w) is related to the refractive index dispersion
n(w), which can be measured experimentally via ellipsometry, as will be discussed in section
3.2.

n(w) = /14 x(w) (2.26)

It should also be noted that in the formalism where the electric field is represented as
E(t) = Eoe'®™%)  the refractive index and the electric susceptibility are complex quan-
tities. The real part relates to light refraction (affecting the phase of the wave) and the

imaginary part to absorption (affecting the amplitude).

The linear dependence of the induced polarization as stated in equation 2.26 is valid up
to a certain field amplitude, but it cannot be valid for an arbitrarily large applied electric
field, because the bound charges in the material that create the induced dipole cannot be
displaced infinitely far from their equilibrium positions. Therefore, at some value of applied

field amplitude, the P field must begin to deviate from a simple proportionality relation to E.
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This can be mathematically described by a series expansion of P [55].

P(w) = & (X" (@)E(w) + X (@)E* (@) + X (@) E*(w) + ...) (2.27)

The first-order term of x is the linear susceptibility, and the higher-order terms add non-
linear corrections to the induced polarization. Note that for materials which have inversion

symmetry, all the even-order terms in the expansion vanish.

The linear electric susceptibility is a 3-by-3 matrix, representing the polarization in each

direction induced by an electric field in each direction.

P, X8 X XD | Ee
Pyl =eo |x§) x5 Y| (B (2.28)
P,

NUINOR ] | oX

For an isotropic material, this is a diagonal matrix with all elements identical, but in material
with lower symmetry, the form of the matrix is more complicated. This causes phenomena
such a birefringence, a change in refractive index dependent on the orientation of the light

polarization with respect to the material principal axes.

(N)

In the case of the nonlinear electric susceptibility, ¥/ is represented as a (n+1)-rank tensor,

which will describe the induced nonlinear contribution to the polarization as

P¢(2) =€) xﬁf}cEgEk (2.29)
ik

PY =S X B BBy (2.30)
ki

Where the number of independent elements and the tensor symmetries are determined by
the symmetries of the underlying material. In the case of carbon nanotube thin films, the

material has uniaxial optical anisotropy, with the optical axis normal to the film plane.
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This means that in the TE polarization, the susceptibility does not depend on the angle of

incidence, and we can represent the susceptibility by a simple scalar number.

The higher-order terms of the material electric susceptibility give rise to various nonlinear
optical processes which have important technological applications. Our aim here is not to
present an exhaustive review of nonlinear optics, but to summarize those who are relevant to
this work. To this end, we do not discuss second-order nonlinear processes in detail (since the
materials used in this work are centrosymmetric). We focus our discussion of x® processes
on the general case of four-wave mixing, and the specific examples of third-harmonic gen-

eration and the optical Kerr effect. We also briefly discuss non-parametric third-order effects.

Four-wave mixing : third harmonic generation and optical Kerr effect

In equation 2.30, the different electric fields in the tensor product do not necessarily have to
be at the same frequency. In the most general description of a third-order nonlinear process,
we consider the interaction of four waves at different frequencies [56], with the condition
wy + ws + w3 = wy enforcing conservation of energy. The third-order electric susceptibility
for a given combination of frequencies is written x® (wy; w1, ws,ws), and the polarization at

frequency wy is

: 1
3 3
P (wn) = 7603 Xijha (w5 w1, wa, 03) By (1) B (w2) Eu(wos). (2.31)
jkl
For the wave-mixing process to occur efficiently, the waves at the different frequencies must
be able to co-propagate without destructively interfering. This imposes a condition on the
wavevectors known as the phase-matching condition : k; +ks +ks+ ks = 0. In practice, this
means that to realize a specific wave-mixing interaction in a given material, the frequency,

propagation direction and polarization of the incident waves must be precisely tuned.
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We shall consider the simplest case, where there is only one frequency in the applied electric
field. We write the expression for the third-order nonlinear polarization in the time domain?
for an applied electric field E(t) = Eq cos(wt)

PO (t) = eox® (w)E} cos® (wt) (2.32)

_1

Using the trigonometric identity cos®(z) = 5

cos(3x) + 2 cos(z), this becomes

1 3
PO (t) = ZEOX(3) (w)E3 cos(3wt) + ZEOX@) (w)E3 cos(wt) (2.33)

The first term corresponds to the generation of third-harmonic radiation at 3w, in the four-
wave mixing notation : (3w;w,w,w). The second term is equivalent to a modulation of the
linear susceptibility by an amount %X(?’)Eg. The generated wave has the same frequency as

the incident wave : (w;w, —w,w).

The intensity-dependent modulation of the susceptibility is known as the optical Kerr effect,

and is commonly described as a modulation of the refractive index :

n(I) =ng + nol (2.34)
where ny (known as the nonlinear refractive index or Kerr coefficient) is given by

3x®
~ 4n2egc

An important consequence of the Kerr effect is self-focusing of light beams in ) materials.
The spatial intensity profile of a light beam (typically, a Gaussian distribution) causes a
spatial variation of the refractive index, which acts as a lens. This can either focus or defocus

the beam depending on the sign of n..

2Here, we can use the time-independent susceptibility x(w) because we are assuming a monochromatic,
continuous excitation.
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In the case of a positive Kerr coefficient, the self-focusing of the beam increases the peak
intensity, further increasing the refractive index modulation. This can lead to a waveguiding
effect allowing diffractionless propagation or to a runaway self-focusing which increases the
peak intensity above the damage threshold of the material. The optical Kerr effect and Kerr
self-focusing are the fundamental nonlinear processes underpinning the experiments and sim-

ulations described in Chapter 5.

Non-parametric y®) processes : saturable and two-photon absorption

All the nonlinear interactions described so far were parametric processes, defined as inter-
actions that do not involve real optical transitions in the material, and so do not describe
the absorption of radiation. They relate to the real part of x*). However, the third-order
susceptibility can also have an imaginary part, describing changes in absorption proportional

to the intensity.

As the absorption of light by a material is accompanied by a transition from the ground state
to an excited state, if the intensity of the light is sufficiently increased, eventually the ground
state population will be depleted and the probability of absorption will decrease. This effect

is known as saturable absorption, and the intensity-dependent absorption is expressed

&%)

o) =177

(2.36)

where «q is the linear absorption and I is the saturation intensity at which the absorption

is reduced by half.

Two-photon absorption (2PA) is another process modulating absorption as a function of light
intensity, in the opposite direction. If the intensity is sufficiently high, a transition at fre-
quency 2w can be excited with light at a frequency w, by the simultaneous absorption of two

photons. The intensity-dependent absorption for 2PA follows the form

all) =ag+ pI (2.37)

where [ is the 2PA coefficient.
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Saturable and two-photon absorption can both be present in the same material and one or
the other can dominate the nonlinear absorption depending on the wavelength and inten-
sity [57]. This is the case in the carbon nanotube thin films used in our experiments [58];
measurements of the saturable and two-photon absorption are discussed in section 3.2.4 and
5.1.2.

In this overview, we have only discussed the cases of continuous-wave excitation. There are
also nonlinear optical effects that occur specifically with ultrashort light pulses, such as self-

phase modulation leading to supercontinuum generation, and the formation of solitons.
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2.4 Carbon nanotube exciton-polaritons

Optical microcavities reaching the strong coupling regime with semiconducting carbon nan-
otubes were first demonstrated in 2016 by Graf et al. [46]. The cavities used metal mirrors
and (6,5)CNT:PFO-BPy thin films at concentrations ranging from 0.20%wt to 1.71%wt.
Angle-resolved reflectance measurements confirmed the strong-coupling regime by a clear
anticrossing of the exciton and cavity mode dispersions, with fitted Rabi splitting between
34meV and 112meV. Angle-resolved photoluminescence showed emission from the lower po-
lariton branch, and no emission at the bare exciton energy. The angular distribution of the
emission for some values of coupling and detuning suggested the existence of a polariton
relaxation bottleneck. Due to the roughness of the top cavity mirror (evaporated directly on

the CNT film surface), the polariton quality factor was limited to 23.

Soon after, the same group demonstrated the electrical pumping of polaritons using a light-
emitting field-effect transistor structure embedded inside a metal-mirror microcavity. Angle-
resolved reflectance measurements without applied bias to the contacts confirmed the strong
coupling regime, with a Rabi splitting of 127meV. Under optical pumping, the cavity showed
polariton photoluminescence emission similar to what was observed in previous work. How-
ever, due to the integration of the field-effect transistor structure, polariton electrolumines-
cence could also be observed. The identical energy dispersion spectrum on the electrolu-
minescence and photoluminescence confirmed electrical pumping of exciton-polaritons. The
LP occupation distribution was analyzed and found to be in thermal equilibrium, indicating
efficient relaxation of the electrically-pumped polaritons. By varying the detuning, electro-
luminescent emission could be tuned from 1060 to 1530nm. The external efficiency of the
device was quite low (on the order of 10™*), which was explained by the low PLQY of the
films (measured at 0.17%) and the scattering losses limiting the polariton lifetime. The
dependence of electroluminescence intensity on detuning showed a maximum at -160meV,
and decreased at larger negative detunings. This suggests that radiative pumping might not
be the dominant mechanism for polariton population, and that exciton-phonon scattering

involving the D-band phonon at 160meV could play a role.

The field-effect transistor structure also allowed the modulation of the Rabi splitting by
electrical doping. When a negative voltage was applied to the top gate, an excess of holes
accumulated in the channel, which bleaches the Si; exciton transition. By modulating the

gate voltage, a transition between the weak and strong coupling regimes could be observed.
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Mohl et al. further explored the idea of CNT doping in the strong coupling regime [59].
A gold-mirror cavity (one of the mirrors also acting as a working electrode) filled with a
dense (6,5)CNT:PFO-BPy film was connected to a film of metallic CNTs acting as a counter
electrode, with an ion gel electrolyte covering the two films. An applied voltage between
the electrodes doped the (6,5)CNTs with holes, which formed trions (charged excitons).
Angle-resolved reflectance showed the expected lower and upper polariton modes, with the
apparition of an additional mode in the polariton dispersion when the potential was applied.
This was attributed to the strong coupling of trions with the cavity mode. The photolumi-
nescence emission intensity was reduced in the doped case, but the angular distribution of
the intensity suggested a more efficient relaxation in the doped case, as more of the total

intensity was concentrated near kj = 0.

Gao et al. demonstrated metal-mirror CNT polariton cavities using dense aligned CNT thin
films [60]. Due to the strongly anisotropic transition dipole moment of the exciton in CNTs,
the use of aligned films concentrated all of the oscillator strength in one direction. This
allowed the tuning of the light-matter interaction from the weak to the ultrastrong coupling
regime (up to a Rabi splitting of 329meV) by rotating the polarization of the incident light.
An angle- and polarization-resolved transmission measurement showed a parabolic mode dis-
persion when the polarization was perpendicular to the CN'T axis, and a splitting of the mode
into upper and lower polariton branches for the parallel polarization. The use of aluminium
mirrors with good reflectance at 560nm allowed the observation of strong coupling of the
Soo exciton transition. The complete two-dimensional energy surface of the cavity modes
showed the continuous transition from weak to ultrastrong coupling, with exceptional points

connecting the lower and upper polariton surfaces.

Liittgens et al. [61] measured the PL emission of microcavities containing unmodified CNTs
and CNTs functionalized with luminescent sp® defects which shifted the S;; PL emission peak
while leaving the absorption essentially unchanged. This allowed them to compare the exci-
ton population for cavities with the same detuning but a different spectral overlap between
the exciton emission and LP absorption spectra. The results show a 10-fold enhancement
of polariton occupation with the luminescent defects, in the detuning range where they are
well-matched to the LP energy. This is strong evidence that radiative pumping is the domi-

nant mechanism for polariton population from the exciton bath in CNT microcavities.
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Additionally, time-resolved measurements showed no significant change in polariton emission
lifetime between the unmodified and functionalized CNTs, ruling out vibrationally-assisted
scattering as a significant polariton populating process. The PL lifetime was also unaffected
as the LP mode was tuned to resonance with a weakly-coupled transition, showing that Pur-
cell enhancement by the LP mode does not occur, and cannot explain the observed increase in

PL emission intensity, which must be attributed to the relaxation of occupied polariton states.
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CHAPTER 3 STRONG AND ULTRASTRONG COUPLING IN CNT
MICROCAVITIES

In this chapter, we describe the methods used for the design, fabrication, and characterization
of carbon nanotube-filled optical microcavities. We discuss the measurement of linear optical
properties of both the constituent thin films and the fully-assembled cavities and show that
by using high-concentration nanotube films, the ultrastrong coupling regime can be attained,

and we observe strong coupling of the cavity mode with a phonon-assisted transition.

3.1 Microcavity design and fabrication

For the experimental results discussed in Chapters 3-5, all samples were fabricated by Dr.
Abitha Dhavamani in the group of Dr. Michael S. Arnold at the University of Wisconsin-
Madison (UWM). She performed the chiral purification of CNTs, the fabrication of drop-cast
and vacuum-filtered CNT films, and the lamination of microcavities. To provide context for
the results discussed in this work, the fabrication methods from Dr. Dhavamani’s publica-

tions [45] and dissertation [62] are summarized below.

3.1.1 CNT purification and film fabrication

The CNTs used in all samples during the project were commercially sourced (CoMoCAT
SG65i, Sigma-Aldrich) and were purified using a selective solubilization method [63] [46]
with the polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,60-(2,20-bipyridine))] (PFO-
BPy). This polymer wraps selectively around the (6,5) chirality of CNTs, allowing them
to remain in dispersed in solution while other CNT chiralities aggregate into bundles which

can be removed by ultracentrifugation.

CNT chirality purification

The mixed-chirality CNT starting material is dispersed by tip sonication in a solution of
PFO-BPy in toluene. The resulting suspension is then centrifuged at high speed for a short
time (300,000¢ for 10 minutes) which precipitates all the undesired-chirality CNTs, and the



32

supernatant is then filtered (PTFE membrane, 5um pore size) to remove residual impurities.

The toluene solvent is removed from the supernatant by rotary evaporation. After solvent re-
moval, the solid residue contains almost exclusively PFO-BPy-wrapped (6,5) CNTs and excess
PFO-BPy polymer. For the fabrication of high-density CNT films, the excess polymer con-
centration must be reduced as much as possible. This is done by redispersing the CNTs in hot
tetrahydrofuran (THF') followed by centrifugation at moderate speed for a long time (50,000¢
for 24 hours) to precipitate the purified (6,5) CNTs and leave excess polymer dissolved in the
supernatant. The CNT pellet is redispersed in fresh THF and the CNT to PFO-BPy ratio is
checked by optical absorbance spectroscopy. The centrifugation /redispersion in fresh solvent
is repeated until the absorbance measurement shows a wrapping polymer to CNT mass ratio
close to one, indicating minimal remaining excess polymer. A final centrifugation isolates
the CNTs, which can be redispersed in o-dichlorobenzene (ODCB) or toluene at the desired

concentration to produce a "CNT ink" for the preparation of thin films.

Thin film fabrication

Two different methods were used for CNT thin film fabrication : drop-casting and vacuum
filtration.

For drop-casting, a micropipette is used to deposit calibrated volumes of CNT ink in ODCB
on a glass substrate. The ink is then allowed to dry in ambient conditions. The resulting
films are initially very non-uniform, with a rough thick spot at the center. The surface
quality is improved by soaking in hot solvent baths (toluene followed by isopropanol) to re-
move polymer residue and reduce surface roughness, thereby producing a relatively uniform
thickness across the width of the substrate (Figure 3.1a). By varying the concentration and
volume of CNT ink used, the film thickness could be varied from 10nm to 150nm. The upper
bound on film thickness is determined both by the maximal concentration of the CNT ink
before the solution becomes unstable and precipitates, and by the maximum volume that
can be supported by the substrates before the ink spills over the edge. The maximum CNT
concentration that could be obtained in drop-cast films was 43% CNT by weight. This is the

concentration that was used for the fabrication of CNT microcavities.
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For vacuum filtration, the CNT ink is prepared in toluene, sonicated for two minutes, and
pre-filtered through a PTFE membrane with 10um pore size to remove aggregates. Then, a
calibrated volume of this particle-free CNT ink is filtered at a controlled flow rate (using a
vacuum pump) through a mixed cellulose ester (MCE) membrane with a pore size of 25nm
placed on a corrugated glass filter. This allows for the toluene to flow through, leaving the
CNTs to be collected on top of the membrane to form a dense film. The thickness and uni-
formity of the film are dictated by the concentration of the CNT ink, the filtration flow rate,
and total filtration volume. After the desired volume of CNT ink has flowed through, the
membrane (holding the CNT film) is removed from the corrugated glass and placed carefully
on the desired substrate with the CNT film facing down. It is then wetted with a drop of
isopropanol and soaked in hot acetone vapours. This dissolves the MCE membrane, leaving
the transferred CNT film adhered to the target substrate (Figure 3.7b).

The vacuum-filtered CNT films have a diameter of 13mm fixed by the size of the MCE mem-
brane. When transferred onto larger substrates, this leaves a CNT-free region which can be
used for baseline measurements or (in the case of microcavities) to compare measurements
of a "loaded" and "unloaded" cavity with identical parameters except for the presence of
CNTs. Using the vacuum-filtration method, films with thicknesses from 10 to 100nm were
obtained, with a very high concentration of 63% CNT by weight. A disadvantage of the
vacuum-filtration method is that the prefiltration step (required to remove aggregated CNT
bundles and obtain a smooth uniform film) removes part of the CNTs from the solution,
which changes the final thickness of the films for a given filtration volume. The amount of
CNTs removed by the prefiltration step cannot be calculated, making it difficult to fabricate
vacuum-filtered films with reproducible thicknesses. The CNT film may also develop wrinkles
and tears during the transfer from the MCE membrane to the target substrate, which limit

the usable area for measurements.

The first experiments were performed using drop-cast films. This was later changed to
vacuum-filtered films for two reasons : first, it allowed higher CN'T concentration in the
final films, and second, it allowed the use of a non-chlorinated solvent for the CNT ink
preparation, which reduced trion absorption and improved the long-term stability of optical
properties (this is discussed in more detail in the "Absorbance spectroscopy" section below).
Both methods produce dense CN'T films which are mostly aligned within the substrate plane

but otherwise randomly oriented (Figure 3.7c) with a surface roughness of about 2nm [62].
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Figure 3.1 (a) CNT film fabricated by drop-casting. (b) CNT film fabricated by vacuum
filtration. [Image credit Abitha Dhavamani| (c) Scanning electron microscope image of a
drop-cast CNT:PFO-BPy film, showing the random in-plane alignment of the nanotubes and
the high surface roughness. Reproduced with permission from [62], Copyright 2024 by Abitha
Dhavamani.

3.1.2 Microcavity fabrication

With microcavities fabricated in the conventional "bottom-up" manner, where the bottom
mirror, semiconductor layer, and top mirror are grown sequentially on a single substrate, the
maximum concentration of CNTs that can be used is limited by the surface roughness of the
CNT film. At concentrations above a few percent, the surface roughness causes significant
scattering losses in the top mirror grown on top of the CNTs. This suppresses the quality

factor of the cavity mode and leads to very short polariton lifetime.

The key innovation that enabled the use of highly-concentrated CNT thin films in microcav-
ities while maintaining a high quality factor was the lamination process, using two pristine
mirrors on separate substrates and a polyvinyl acetate (PVAc) bonding layer. This process

was developed at UWM and used for all the microcavities fabricated during the project.

Prior to cavity fabrication, high-quality mirrors are grown on glass substrates. From the
batch of pristine mirrors, one is used as the bottom mirror on which the CNT layer is de-
posited using the drop-casting or vacuum-filtration methods discussed previously. A PVAc
film is then spin-coated on top of the CNT film. The PVAc film has three purposes : it
smooths out the rough surface of the CNT film, it serves as a spacer layer to tune the cavity
mode energy, and it acts as a bonding layer to attach the top mirror. A second pristine

mirror is also spin-coated with PVAc to be used as the top mirror.
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The bottom and top mirrors are then laminated together in a heated press (12 MPa pressure
at 100C) to bring the PVAc films to their glass transition temperature, where the polymer
flows to fill any gaps and permanently bond the two substrates together. This method has
been successfully employed to fabricate both metal-mirror and dielectric-mirror microcavities
incorporating high-concentration CNT films (Figure 3.2) without introducing excess mirror

scattering losses.

(a) (b)

Figure 3.2 (a) Laminated gold-mirror microcavity with drop-cast CNT film. (b) Laminated
DBR-mirror microcavity with vacuum-filtered CNT film. [Image credit Abitha Dhavamani]

3.1.3 Transfer-matrix modelling and optimization of cavity design

Prior to fabrication, the microcavity design is modelled using the transfer-matrix method
to produce simulated reflection, transmission and absorption spectra for a range of incident
angles. The angular dispersion of the polariton modes in the simulated spectra is then fitted
to a coupled-oscillator model (see section 2.1.3) to extract detuning and Rabi splitting values.
The cavity design can then be optimized to improve key metrics such as the quality factor

and Rabi splitting, and adjust the detuning to the target value for the planned experiments.

The transfer-matrix method

The transfer-matrix method (TMM) is a widely-used tool for modelling the optical response
of multilayer structures [64]. The electric field at the input and output of the structure is
represented as two-component vectors consisting of the complex amplitudes of the forward-
and reverse-propagating waves. The structure under study is represented as a 2x2 matrix

transformation acting on these vectors.
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This transformation (the "transfer matrix") is computed by simple matrix multiplication of
the characteristic transfer matrices of each individual layer and interface, derived from the
Fresnel equations for the complex reflection and transmission coefficients. These charac-
teristic transfer matrices are defined in terms of the layer thickness and refractive index,
the polarization, the wavelength, and the wavevector (or equivalently, the incidence angle).
From the transfer matrix of the entire structure, the transmission and reflection coefficients
can be easily calculated, and the absorption coefficient is known from energy conservation
(A=1—R-T). In order to simulate the angle-resolved spectra of a multilayer structure, the
transfer matrix must be computed for a range of wavelengths and angles, and the transmis-
sion or reflection coefficient calculated from the transfer matrix elements for each point A, 6.
Examples of TMM-calculated angle-resolved reflectance spectra for a polariton microcavity
are shown in Figure 3.4. The energy dispersions on the LP and UP modes that were derived

in Chapter 2 are clearly recognizable in the TMM simulations.

From partial transfer matrices (that is, transfer matrices computed up to the j-th layer),
the complex amplitude of the forward and back-propagating waves at each interface can be
known, and the electric field amplitude profile along the propagation direction can be calcu-
lated. Knowledge of the cavity mode electric field profile is useful when trying to optimize
light-matter coupling, as the overlap of the semiconductor layer with the cavity mode field
can be maximized by adjusting the thickness of spacer layers (see section 3.4). An example

of a simulated electric field profile is shown in Figure 3.3.

For the computation of angle-resolved spectra, the tmm open-source Python package by Steven
Byrnes [65] was used. For calculation of the electric field profile, a MATLAB code was de-

veloped following the derivation in [64].
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Figure 3.3 Electric field amplitude profile computed using TMM, for a 10.5-pair DBR cavity
using symmetrical spacers to optimize the overlap of the CNT layer (in red) with the cavity
mode electric field.
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Figure 3.4 TMM-calculated angle-resolved reflectance spectra of a DBR-mirror cavity in the
strong-coupling regime, with different spacer thicknesses to adjust the cavity-exciton detun-
ing. (a) Positive detuning regime. (b) Near-zero detuning regime. (c) Negative detuning
regime. The features at high angle and low energy are the DBR mirror sidelobes.

Extraction of polariton parameters from TMM-simulated spectra

From the angle-dependent spectra calculated from TMM, the angular dispersion of the LP
and UP mode energy can be extracted by fitting Lorentz lineshapes to the spectra (when
the mode occurs close to the edge of the DBR stopband, adding an exponentially decaying
background terms can be required). The energy dispersion can then be fitted to the coupled
oscillator model to obtain the polariton parameters A and g, the exciton-cavity detuning
and Rabi splitting. For example, in Figure 3.5 we show the results of fitting the coupled-

oscillator model on the angle-resolved reflectance spectra of Figure 3.4.
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Figure 3.5 Coupled-oscillator model fit (red) to the TMM-calculated angle-resolved re-
flectance spectra of Figure 3.4. The fitted bare exciton energy and cavity mode dispersion
are also shown (black).

This workflow (TMM simulation of the angle-resolved spectra followed by fitting the simu-
lated spectra to the polariton mode energy dispersion model) was used not only for simulating
cavity designs prior to fabrication, but also for modelling fabricated cavities after character-
ization, using measured values of the layer thicknesses. This is discussed in more detail in

section 3.2.7.

3.2 Characterization

3.2.1 Microscope images

To assess CNT film morphology and surface quality, as well as diagnose adhesion issues in
laminated microcavities, most samples received from UWM were first photographed under
4X to 50X magnification in the same microscope that is used for angle-resolved spectroscopy
measurement. Two imaging modes were used : bright-field transmission and dark-field scat-

tering microscopy.

In the bright-field imaging mode (Figure 3.6a), white light from a halogen lamp is focused
on the sample at normal incidence, and the transmitted light is collected by the imaging
objective. Differences in absorption are clearly visible, which allows the visual assessment of
the uniformity of the CNT layer (Figure 3.7). Defects such as CNT aggregates or cracks are
also easily detected. However, pinholes in the transparent layers of the cavity or air gaps due

to poor adhesion between substrates are not easily detected in brightfield imaging.
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Figure 3.6 (a) Illumination setup for bright-field transmission microscopy. The illumination
light is focused on the sample at normal incidence by a condenser lens, and the transmitted
light is collected by the microscope objective. (b) Illumination setup for dark-field scattering
microscopy. The illumination light is focused on the sample by a condenser lens with a long
focal length (to reduce the angular spread of illumination) and incident at a grazing angle.
The transmitted light (yellow beam) is not collected by the microscope objective, but part
of the light scattered by defects or sharp features in the sample (orange beam) lies inside the
objective’s acceptance angle and is collected.

In the dark-field imaging mode (Figure 3.6b), the white light source is collimated and incident
on the sample at a grazing angle, such that only scattered light, and no directly transmitted
light, is detected. Any small cracks or pinholes in any layer of the cavity appear as bright
spots on a dark background, and air gaps from incompletely laminated regions appear as
bright areas (Figure 3.8). The dark-field imaging mode was extensively used throughout the
various experiments performed with the CNT cavities, in order to align the optical pump or

probe spot with a clean, defect-free location in the sample.

The bright-field and dark-field microscopy images illustrate one of the difficulties of working
with high-concentration CNT films; even the best film that were fabricated had many tears,
pinholes, wrinkles and other defects. This limits the size of the optical probe spot that can
be used, as the probe cannot be allowed to overlap with defects which scatter and absorb the

probe light, introducing artifacts in the angle-resolved spectra.
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Figure 3.7 (a) Bright-field transmission image of a good-quality vacuum-filtered CNT film.
Some tears and pinholes in the film are visible, as well as CNT aggregates. The film thickness
does not change noticeably over the field of view, giving the film an uniform pale purple colour.
Scale bar 100pm. (b) Bright-field transmission image of a poor-quality vacuum-filtered CNT
film. The film thickness is uneven, with thick spots appearing a darker purple color. Pinholes
and tears are also present. Scale bar 100um.

Thickness non-uniformity also limits the size of the probe spot. CNT film thickness cannot
be allowed to vary significantly over the width of the probe spot, or the measured cavity

modes will appear broadened.

In practice, this means it was necessary to use a probe spot of a few pum in diameter, close
to the diffraction limit. Because of this constraint, the maximum optical power that could
be used to pump or probe the cavity without damaging the measurement spot was very low,
and the signal at the detector was correspondingly weak. In the photoluminescence measure-
ments discussed in Chapter 4 as well as in the nonlinear measurements discussed in Chapter
5, poor signal-to-noise ratio was a major challenge that could have been overcome by using

more optical power spread over a larger spot size, if the CNT films had been more uniform.
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Figure 3.8 (a) Dark-field scattering low-magnification image of a laminated CNT cavity with
DBR mirrors. The well-laminated, defect-free regions suitable for measurement appear as
uniform dark areas, while regions with incomplete adhesion between substrates appear as
bright areas. Cracks and pinholes are visible as sharp bright features. Scale bar 1000um. (b)
Dark-field scattering high-magnification image of a laminated CNT cavity with DBR mirrors.
This level of magnification is used during experiments to align the optical probe spot with a
defect-free spot in the sample. Scale bar 100um.

3.2.2 Absorbance spectroscopy

In addition to its use during CNT ink preparation to determine the CNT to wrapping poly-
mer ratio, absorbance spectroscopy (using an Agilent Cary 7000 spectrophotometer)was used
to assess the quality of the thin films, and as an indication of total CNT content of the film
(the product of CNT concentration and film thickness). For example, to confirm that CNT
films made on the same day with the same batch of ink could be considered identical, their
absorption spectra were compared (Figure 3.9). We can also observe that the absorption
linewidth of the Sj; transition (FWHM = 76meV in vacuum-filtered films with 63%wt load-
ing) is about twice as large in these highly concentrated films as what was reported for
drop-cast films at < 2%wt concentration [66] and nearly four times broader than dilute
(6,5)CNTs in solution [46]. Broadening of the exciton transition at high concentrations is

expected, as contact between nanotubes creates quenching sites which reduce exciton lifetime.
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Figure 3.9 Comparison of the absorbance spectra of two vacuum-filtered CNT films fabricated
on the same day, from the same batch of ink.

The absorbance spectra allowed us to identify some issues that could then be mitigated with
changes to the fabrication and sample handling methods. The first issue was the high losses
on the low-energy tail of the S;; transition at 1000nm, which has two causes : the trion
absorption peak at 1150nm and a broad background from scattering losses (due to roughness
of the film). These excess losses occur in the energy range where the lower polariton lies,
suppressing the polariton lifetime. The issue was partially mitigated by changing the solvents

used in the film processing from toluene to THF and isopropanol (Figure 3.10).
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Figure 3.10 Absorbance spectra of drop-cast films made from the same ink, using a toluene
soak (black) or THF and isopropanol soaks (red) for processing.
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The other issue that was noticed was a gradual bleaching of the exciton transitions as the
films aged, over a timescale of a few months. We determined that this was caused by ox-
idation from exposure to the ambient atmosphere (Figure 3.11), and solved the issue by
storing all samples in a nitrogen glovebox, protected from light. However, some samples
still showed signs of degradation, possibly from dissolved oxygen in the CNT ink solvents

that remained trapped in the films after fabrication. This is discussed further in section 4.2.4.
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Figure 3.11 Absorbance spectra of drop-cast CNT films two weeks after fabrication (black)
and after 6 months storage (red). (a) Storage in ambient air. (b) Storage in dry nitrogen
glovebox. In both cases, the samples were protected from light by aluminium foil.

3.2.3 Spectroscopic ellipsometry

To be able to model the cavities’ optical response, and design cavities with the desired energy
dispersion, it is essential to know the optical dispersion of all the materials to a high degree
of accuracy. In the case of the DBR mirrors, as they were made commercially (Spectrum
Thin Films, Intlvac Canada), the dispersion data from the manufacturer could be used di-
rectly. For the films fabricated at UWM (CNT, PVAc) or Polytechnique Montréal (MgFs),
it was necessary to characterize the optical dispersion. This was done using variable-angle
spectroscopic ellipsometry, with a J.A. Woolam RC2 ellipsometer in the Functional Coating
and Surface Engineering Laboratory at Polytechnique Montréal. The thicknesses of spin-
coated and evaporated films were also measured with ellipsometry in order to calibrate the

fabrication processes.
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Because of variability in optical properties between different batches of CNT films, with each
cavity fabrication run, a bare CNT film was also prepared for characterization. The optical
dispersion for all the CNT films in that fabrication run can then be determined to a good
degree of accuracy, and the cavities in the fabrication run can be modelled using the transfer-

matrix method.

The variability in optical properties between different batches of films posed a significant
challenge throughout the project. The cavities were designed from numerical simulations
using optical dispersion data from previous fabrication runs, but the fabricated design would
have slightly different CNT optical properties, and would deviate from the design. Our col-
laborators at the University of Madison made various improvement to the CNT purification
and film fabrication processes throughout the project, but reproducibility remains low. To
circumvent this issue, in each fabrication run, several cavities were fabricated with small vari-
ations in the CNT layer thickness around the design value. This increased the probability

that at least one sample would be close to the simulated design.

Since the oscillator strength of the exciton transitions in CNTs is strongly anisotropic (the
transition moment dipole being aligned with the nanotube axis), the optical dispersion of
the CNT thin films is also anisotropic. In aligned CNT thin films, the anisotropy is biaxial,
with strong absorption and dispersion only in the direction corresponding to the alignment
axis [67] and negligible absorption in the two other axes. In the case of the randomly-oriented
films used in our experiments, the anisotropy become uniaxial as the in-plane contributions
are averaged over all CNT orientations. Note that for TMM simulations, the definitions of
the characteristic transfer matrices for the CNT layer in the TM-polarized case would need
to be modified to account for the optical anisotropy. However, in this work, we only consider
the TE-polarized mode as it is the one with the strongest light-matter coupling. Therefore,
we can use the isotropic formulation of the transfer-matrix method with the in-plane optical

dispersion of the CNT layer.

In variable-angle spectroscopic ellipsometry, the sample is illuminated with a collimated beam
of polarized light, and the polarization state of the reflected beam is measured. This measure-
ment is done for a range of wavelengths and incidence angles. For each wavelength and angle,
the ellipsometry data is expressed as a matrix (the Miiller matrix) representing the trans-

formation of the polarization state of the light (in the Stokes vector formalism) by the sample.
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The Miiller matrix elements must then be fitted with an optical dispersion model and a
geometry model (number of layers present and their thickness) to extract experimentally

relevant sample parameters.

For the CNT thin film samples, the model that gave the best fits was an uniaxial model.
The in-plane dispersion was represented by several Lorentz oscillators to model the S;; tran-
sition of the (6,5) CNT chirality, its phonon sideband, and the associated trion. Additional
Lorentz oscillators were added to model the Sy; transitions of the (7.,5), (8,3), and (9,1) CNT
chiralities which were not fully removed by the purification process and were present as trace
contaminants. A background permittivity was included in the model to account for the index
of the wrapping polymer PFO-BPy, and Lorentz oscillators at zero energy and high (about

10eV) energies account for the optical transitions outside of the measured wavelength range.

The out-of-plane dispersion was represented by a similar model, with only the background
terms (background permittivity, and the zero-energy and high-energy poles). The coefficients
of the background terms were constrained to be identical between the in-plane and out-of-

plane models.

The substrate dispersion must also be included in the ellipsometry model. A clean substrate
from the same batch as the one used for the CNT thin film was measured separately on the

ellipsometer, and fitted with a Sellmeier dispersion model.

In the case of highly absorbing thin films, it can be difficult to accurately determine the
imaginary part of the refractive index from ellipsometry data alone, as it is correlated with
film thickness in the model [68]. To mitigate this issue the ellipsometry data was first fit-
ted in a wavelength range of 1500-2500nm, below the Si; transition, where the CNT film is
essentially transparent. This data can be fitted with a simple isotropic Sellmeier model to
extract the film thickness, which is then fixed during the fits with the complete model in the
wavelength range around S7;. Contact profilometer measurements (Dektak XT) confirmed

that the values of CNT film thickness obtained in this way are accurate.
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To further improve the accuracy of the imaginary refractive index, the CN'T dispersion model

was simultaneously fitted to the ellipsometry data and to a normal-incidence transmission

spectrum measured separately using a spectrophotometer. An example of optical dispersion

obtained in this was is shown in Figure (3.12) and the corresponding fits to the ellipsometry

and transmission data are shown in Figure 3.13.
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Figure 3.12 Optical dispersion of a drop-cast CNT film with a concentration of 43%wt,
fitted from ellipsometry and transmission data. In-plane refractive index (black), in-plane
absorption (red), out-of plane refractive index (blue).
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Figure 3.13 Multiple Lorentz oscillator model (black dashed curve) fit to the measured (a)
Miiller-matrix elements at angles ranging from 45 to 75 degrees (b) Normal-incidence trans-

mission data.



47

3.2.4 Nonlinear optical characterization of the CNT thin film

To support the numerical modelling of the polariton nonlinear response experiments dis-
cussed in Chapter 5, the optical nonlinear response of the CNT thin films was characterized

using the Z-scan method. This is discussed in more detail in Chapter 5.

The Z-scan method is a widely-used experimental technique to characterize the refractive
and absorptive nonlinear optical response of thin films [69]. A laser beam (typically a pulsed
laser, in order to reach the very high peak intensity required to observe nonlinear effects) is
focused on the sample with a long focal length lens. The sample is mounted on a motorized
linear stage, and is translated along the beam propagation direction (crossing the focus) as
the transmitted laser intensity in the far field is measured. Two measurements are done
(either sequentially, or simultaneously using a beamsplitter or camera) : the open-aperture
(OA) measurement records the total transmitted intensity, and the closed-aperture (CA)
measurement records the intensity transmitted through a circular aperture centered on the

beam.

The OA measurement is sensitive to the nonlinear absorption of the sample. As the sample
approaches the beam focus, the incident peak intensity increases, which will either increase
the absorption (in the case of multiphoton absorption processes) or decrease it (in the case
of saturable absorption). This will be visible as a dip or a peak in the normalized OA trans-

mission.

The CA measurement is sensitive to both nonlinear absorption and nonlinear refraction. To
more clearly visualize the effect of refractive nonlinearity, the CA trace can be divided by the
OA trace to factor out the contribution from nonlinear absorption. The Gaussian transverse
intensity profile of the laser will cause a Gaussian modulation of the refractive index in the
film, effectively forming a lens. Adding this lens in the path of the laser will change its
divergence, and change the power transmitted through the aperture. For example, a positive
lens placed after the beam focus will reduce the divergence, and increase the transmission
through the central aperture, while a negative lens would have the opposite effect. As the
sample approaches the beam focus and the peak intensity increases, the nonlinear refractive
index modulation becomes larger. Note that adding a lens at the exact position of the focus
does not affect the beam divergence, which is why the CA/OA trace has a value of one at

the focus position z = 0.
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The OA and CA/OA normalized transmission traces can be fitted with an analytical model
[70] to extract the phase shifts A¢ and ¢ caused by the refractive and absorptive nonlinear-
ity respectively. These can then be used to calculate material properties such as the Kerr
coefficient ny and two-photon absorption coefficient 5. The analytical models rely on ap-

proximations valid in the perturbative nonlinear optics regime, where Anyy /ng < 1.

In materials with a very strong nonlinear response, or when the measurement is done close to
a material resonance, more complex modelling of the Z-scan data is required, using numerical

beam propagation algorithms [58].
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Figure 3.14 Example Z-scan traces. (a) Open-aperture trace for a material with 5 > 0
corresponding to two-photon-absorption (black) or f < 0 corresponding to saturable one-
photon absorption (red). (b) Closed aperture traces for a material with a positive (black) or
negative (red) Kerr coefficient ns.

3.2.5 Micro-absorption measurement of CNT film thickness

In the case of DBR-mirror microcavities, all the materials in the structure can be considered
non-absorbing, except the CNT layer. It is therefore possible to determine the CNT thick-
ness inside the cavity from an absorption measurement. This is very useful for accurately

modelling the microcavities with the transfer-matrix method.
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Due to the defects that commonly occur in laminated microcavities (substrate cracking, tears
and wrinkles in the CNT film), the large measurement spot size of a benchtop spectropho-
tometer is not suitable for this measurement, as much of the light would be scattered. Instead,
we use a micro-absorption setup (illustrated in Figure 3.15) to measure the absorption in ran-

domly selected defect-free locations in the sample, with a spot size of approximately 25 pm.

We use a 532nm laser as the probe (measuring the absorption of the Sy exciton transition),
far outside of the stopband of the DBR mirrors. The power is attenuated to about 100uW to

avoid damaging the sample. The absorption is measured in several locations and the average

:

Figure 3.15 Experimental setup for the micro-absorption measurements at 532nm. ND :
Neutral density filter. RD, TD : Reflected, transmitted signal detector (Si photodiode). BS
: 50:50 beamsplitter.

value is used to calculate the film thickness.

(>
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Sample

3.2.6 Angle-resolved micro-reflectivity and photoluminescence

The main tool used to investigate the microcavities was angle-resolved reflectance and pho-
toluminescence spectroscopy. The experimental setup was built around an Olympus IX81

inverted microscope (Figure 3.16).

Pump or probe beams are injected at the microscope back port, reflected up into the mi-
croscope objective by a beamsplitter, and focused onto the sample. Typical spot size is
2 — 10pum. Light from the sample is collected by the same objective and focused by a tube
lens, forming an image plane a few centimeters away from the microscope side port output.

An iris aperture (A) is mounted at this plane to remove stray light.
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Lens L1 (f=100mm), placed one focal length away from the image plane, forms a Fourier
plane at a distance of one focal length on the opposite side. The Fourier plane is the spatial
Fourier transform of the image plane, where position in the plane correlates with the angle
of the light emitted from the sample, rather than the position from which it was emitted.
Lenses L2 (f=100mm) and L3 (f=300mm) form a relay which focuses a magnified image of
the Fourier plane on the spectrometer entrance slit. When L2 is removed, L1 and L3 form a
relay which focuses the real-space image on the spectrometer entrance slit. L2 is mounted on
a kinematic base which allows it to be moved in and out of the optical path without losing

alignment, for easy switching between real-space and Fourier imaging modes.

In the space before L3, the light is always collimated whether the system is in real-space or
Fourier-imaging mode. This is a convenient place to insert filters in the optical path. Usually,
a linear polarizer is installed to select between measurement of the TE or TM modes of the
microcavity sample. During PL. measurements, a longpass filter is also installed to cut out

any residual pump that was not removed by the dichroic beamsplitter.

Image Fourier
plane plane LP

0| 04010 =]

T I L1 L2 L3 Spectrometer
f=100 f=100 f=300

(Collimated light source)

N

—
Sample

Olympus IX81
Microscope

Figure 3.16 Schematic of the setup for angle-resolved reflectance and photoluminescence spec-
troscopy. BS:Beamsplitter. TL:Tube lens (f = 180mm). A:Iris aperture. LP:Linear polar-
izer. The microscope eyepiece output port and the illumination optics for bright-field/dark-
field imaging are omitted for clarity.

The angle-resolved spectroscopy microscope setup can be used in different configurations
(Table 3.1). During an experiment, the real-space imaging mode is typically used at the be-
ginning to measure the pump spot size and align the pump spot. The setup is then switched
to the angle-resolved spectroscopy mode for the measurement. The Fourier-space imaging

mode is mostly used during setup alignment and calibration (see Appendix A).
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Table 3.1 Configuration of the detection optics for the different imaging modes of the setup.

Imaging mode Lens L2 | Spectrometer slit | Spectrometer grating
Real-space imaging Removed Fully open Zero-order
Real-space spectroscopy Removed 30 pum Target wavelength
Fourier-space imaging Installed Fully open Zero-order
Angle-resolved spectroscopy | installed 30 pum Target wavelength

Procedure for angle-resolved spectroscopy measurements

The general procedure for measuring angle-resolved spectra is outlined below. Measurements
discussed elsewhere in the text will refer to this procedure, and any deviations or additions

will be explained in the relevant section.

The sample is fastened with Kapton tape to a metal microscope slide with a 15mm central
aperture, and loaded into the microscope sample holder. Looking through the eyepiece and
using dark-field illumination, the collection objective is focused on the sample, and a suitable

spot for measurement is located.

Once the sample is in focus and the microscope field of view is centered on a defect-free spot,
the microscope imaging path is switched from the eyepiece to the side port output. The
detection optics are then configured for real-space imaging. The white light source for dark-
field illumination is switched off, and the pump (or probe, depending on the experiment) is
attenuated to the lowest power possible. The shutter is opened to let the pump illuminate
the sample, and the beam turning mirrors at the microscope back port are adjusted to align
the pump spot with the center of the field of view on the camera. If required, a real-space

image is then save to keep a record of the pump spot size.

The beam shutter is then closed, and the detection optics are reconfigured for angle-resolved
spectroscopy. The pump attenuation and camera gain/integration time are set to the values
required for the measurement. A background image is measured with the shutter closed, and

a second image is measured immediately afterwards with the shutter opened.
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For reflectance measurements, the beamsplitter below the objective is a 50:50 non-polarizing
plate beamsplitter, and the light source is a fiber-coupled stabilized halogen lamp and achro-
matic large-beam collimator. For photoluminescence measurements, the 50:50 beamsplitter
is replaced with a longpass dichroic filter with a cutoff wavelength of 600nm, and the light

source is a pump laser (typically a few milliwatts at 532nm). Examples of angle-resolved
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Figure 3.17 Examples of angle-resolved reflectance and photoluminescence spectra measured
with the Fourier imaging microscope. (a) Reflectance of a DBR, unloaded cavity mode close
to the stopband edge. (b) Lower polariton PL emission of a DBR cavity in the far negative
detuning regime.

spectra measured using this system are shown in Figure 3.17.
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3.2.7 Fitting of the polariton dispersion model to angle-resolved spectra

The measured reflection spectra can be fit with Lorentz or Voigt lineshapes and the modes’
energy dispersion extracted as described previously for the TMM-simulated spectra, and then
fitted to the polariton energy dispersion model to obtain the Rabi splitting and detuning val-

ues.

Because we are operating the cavities in a negative detuning regime (to increase the lower
polariton lifetime), the upper polariton mode contrast is very low. As a result, in most of
our samples, it was not possible to resolve the UP mode in the Fourier-imaging spectroscopy

measurement.
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It is possible to fit the polariton dispersion model only to the lower polariton branch (if a
wide enough angular range is measured to see the deviation from a parabolic dispersion at
large angles), at the cost of wider confidence intervals on the fitted coefficients. For the DBR
cavities, another strategy can be used, exploiting the fact that the entire cavity structure can
be inferred from the linear characterization measurements. The refractive index dispersion of
all materials in the cavity is accurately known from ellipsometry. The thicknesses of the DBR
high- and low-index layers (and the MgF, spacer layer, if present) are also known from ellip-
sometry. The thickness of the CNT layer is known from the micro-absorption measurement.
The only unknown thickness in the structure is the spin-coated PVAc spacer/bonding layer.
This can be determined by fitting the measured LP energy dispersion to a TMM-simulated

one, with PVAc thickness as the only free parameter.

Once this is done, the TMM model completely reproduces the cavity’s angle-resolved disper-
sion, but can be computed to an arbitrarily high precision and without noise. Fitting the
polariton energy dispersion model to the UP and LP modes in the TMM-simulated absorp-
tion spectra of the cavity then yields the Rabi splitting and detuning values with a much
narrower uncertainty than fitting the LP mode alone in the experimental data. An example

of the process is shown in Figure 3.18.
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Figure 3.18 Process for fitting a coupled-oscillator model to a TMM model based on the
characterization of a real sample. (a) Measured angle-resolved reflectance spectrum of a
CNT DBR microcavity. Only the LP mode is visible. (b) TMM-calculated angle-resolved
reflectance of the same sample, based on the measured layer thicknesses and optical dispersion
of the materials. (c¢) When the colourscale is adjusted, the UP mode can now be resolved

in the TMM simulated spectrum.

(d) LP and UP dispersion fitted on the TMM data,

overlaid on the original measurement. The fitted parameters are A = —90.16 + 0.11meV,

Qr =61.75 £ 0.02meV.
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3.3 Observation of ultrastrong coupling in metal-mirror CNT microcavities

Using the microcavity lamination fabrication method and the high-concentration single-
chirality CNT films, metal-mirror cavities were fabricated and demonstrated record-breaking
exciton-photon coupling strength for CN'Ts, reaching into the ultrastrong coupling regime.
We also observed an additional polariton mode in the angle-resolved reflectance data, arising
from the strong coupling of the cavity mode to a phonon-assisted exciton transition, and
determine the coupling strength of both transitions to the cavity mode using an extended

coupled-oscillator model.

The results described in this section were published in:

A. Dhavamani, L. Haeberlé, J. Wang, S. Kéna-Cohen, and M.S. Arnold, "Cavity-mediated
hybridization of bright and dark excitons in an ultrastrongly coupled carbon nanotube micro-
cavity", ACS Photonics 8, 2375-2383 (2021) Copyright ©2021 American Chemical Society.
DOI : 10.1021/acsphotonics.1¢00540

The fabrication and angle-resolved reflectivity measurements in the article were performed
by Dr. Dhavamani. The contributions of the author to the article were : transfer-matrix
modelling and design of the microcavity structure, development of the three-branch model for
fitting the polariton energy dispersion, and angle-resolved photoluminescence spectroscopy

measurements.

3.3.1 Samples under investigation

Four cavities were fabricated, using drop-cast films of (6,5)CNT:PFO-BPy with a concentra-
tion of 43%wt. The cavities used evaporated gold mirrors, with a 60nm thick mirror on the
bottom substrate and a 30nm thick mirror on the top substrate. These values were chosen
in order to optimize the polariton mode reflectance contrast when measured through the
top substrate, while maximizing the quality factor. The cavities were fabricated using the
lamination method described in 3.1.2. A constant thickness of 150nm was used for the PVAc
bonding layer, while the thickness of the CNT layer varied from 80nm in the first cavity to
150nm in the fourth.
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3.3.2 Angle-resolved reflectance measurements

The angle-resolved reflectance was measured using a J.A. Woollam V-VASE variable-angle
spectroscopic ellipsometer, at incidence angles from 20 to 60 degrees. This was used instead
of the Fourier-imaging microscope system because of its large detector spectral range. Due
to the very large Rabi splitting of the cavities, the UP branch energy lies outside of the de-
tectable range of the InGaAs detector in the Fourier-imaging setup. The measurement spot
size when using the ellipsometer with focusing probes is approximately 500 ym, much larger
than in the microscope. The large spot size combined with the non-uniform thickness of the
CNT and PVAc films is expected to broaden the linewidth of the observed modes, but they
remain easily resolvable. The TE polarization is used, as it provides the largest light-matter

coupling.

The measured reflectance spectra (Figure 3.19) show that in addition to the expected UP
and LP branches, a third peak is present, which we name the middle polariton (MP) branch.
This third mode arises from the strong coupling of the cavity mode with the phonon-assisted
K-dark exciton transition (see section 2.2). As the detuning is increased, we can also observe
a small peak at 1010nm with a negligible energy dispersion slope, which we attribute to
strong coupling of the Sy; transition with the second-order cavity mode (this LPs polariton
branch would have very large positive exciton-photon detuning, and therefore an almost en-
tirely excitonic character, giving it a very high effective mass). We do not consider the LP,

branch in our modelling.

3.3.3 Coupled-oscillator model

For modelling the light-matter coupling in these samples, we follow the same derivation as
in section 2.1.3, but considering three excitations : the fundamental cavity mode with en-
ergy hw,, the S1; bright exciton transition with energy hw;, and the phonon-assisted K-dark
exciton transition with energy Aws,. In the second quantization formalism, the Hamiltonian

describing the coupled cavity-exciton system is expressed

H = hwedla + hwy 6161 4+ hwy 6365 + hQy (661 + a'61) + hQy, (a6) + a'6y) (3.1)

where (a, a'), (61, 61), (62, 63) are the bosonic annihilation and creation operators for the
cavity mode photon, the bright S;; exciton and the phonon-assisted K-dark exciton respec-

tively.
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Figure 3.19 Measured angle-resolved reflectance spectra of the four gold-mirror CN'T micro-
cavities. (a) Example reflectance spectra for one of the cavities, with the three observed
polariton branches labelled. (b-e) Angle-resolved reflectance of the four microcavities, from
highest to lowest detuning. The bare exciton transition energies and the unloaded cavity
mode dispersion are indicated with orange dashed curves, and the eigenvalues of the fitted
coupled-oscillator model are indicated with the white and black curves. Reproduced with
permission from [45]. Copyright 2021 American Chemical Society.

The coupling of each exciton transition with the cavity mode is parametrized by the Rabi

frequencies €2; and €,.

In the Fock basis |N., Ny, No), the matrix representation of the Hamiltonian in the single-
particle reduced space {|1,0,0), 0,1,0), |0,0,1)} is

hw. Q1
HA—/ = Ql hwl 0 (32)
Qy 0 hw
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The angular energy dispersion of the polariton branches is obtained by diagonalizing the

matrix H’ to obtain the eigenvalues, with the cavity mode energy defined using equation 2.3.

To fit the coupled-oscillator model to the measured energy dispersion of the samples, the
exciton transition energies hw; = 1.245e¢V and hws; = 1.442eV are fixed to the values fitted
from absorbance spectra of the CNT film material. The fit parameters are the detuning at
normal incidence A between the Si; bright exciton transition and the cavity mode energy,
the cavity mode effective refractive index n.ss, and the Rabi frequencies €2y, €25. The fitted

values for the four microcavities are listed in Table 3.2.

Table 3.2 Fitted parameters of the coupled-oscillator model to the measured energy dispersion
of the CNT microcavities. Reproduced (adapted) with permission from [45]. Copyright 2021
American Chemical Society.

Sample | texr (nm) | A (meV) Ry (meV) | Ay (meV) | nesy
1 80 40 + 1% 210 1% | 79+ 4% 1.80 + 4%
2 100 =50+1% | 210+ 1% | 97+3% 1.91 £ 5%
3 138 —120£2% | 220+ 3% | 106 £6% | 1.91+ 9%
4 150 —200+2% | 230 +3% | 103£8% | 1.87+£11%

We observe that the Rabi frequencies 2y, €2y increase slightly with increasing CNT film
thickness. This is consistent with the fact that light-matter coupling strength scales with
the square root of the number of oscillators in the cavity, but scales inversely with the cavity
mode volume. As tont is increased, both the number of oscillators and the mode volume
increase. For a completely filled cavity, these two effects would compensate exactly and the
coupling strength could be independent from the detuning [14]. In our case, the cavity is
not completely filled due to the presence of the PVAc bonding layer, and there is a small

variation of €} with tonr.

The ratio of the fitted €2y and €2y is consistent with the measured ratio of the bright S,
exciton transition to the phonon assisted K-dark exciton transition oscillator strengths fitted

from ellipsometry and absorbance data.

The Hopfield coefficients of the polariton modes (from the eigenvectors of H') show that the
LP branch is a mixed cavity photon and bright S;; exciton state, with negligible contribu-
tion from the phonon-assisted K-dark exciton. The MP and UP branches have significant

contributions from both exciton transitions.
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Finally, owing to the high CNT concentration of the thin films and the small mode volume
inherent to metal-mirror microcavities, the light-matter coupling strength obtained in these
samples is large, with 2; = 230meV and {2, = 103meV in the sample with the thickest CNT
film. The maximal observed total splitting between the LP and UP branches was 486meV,
surpassing the previous highest reported value of 329meV [60] for CNT polariton microcav-
ities. The ratio of Rabi splitting to polariton linewidth is 2€;/y.p = 15.3, showing that
despite the very high CNT concentration, a good quality factor was preserved. The normal-
ized coupling € /w; = 0.187, showing that the cavity is in the ultrastrong coupling regime.
This is the highest-reported value of the normalized coupling in polariton microcavities with
Wannier-Mott excitons [14] [71] [60].
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Figure 3.20 Measured angle-resolved photoluminescence spectra for microcavity # 4. The
fringes near zero angle are caused by Fabry-Pérot interference between the reflections on the
substrate front and back surfaces (substrate thickness 0.15mm).

3.3.4 Angle-resolved photoluminescence

The lower polariton photoluminescence emission was measured in our angle-resolved spec-
troscopy setup (Figure 3.20), and we confirmed that the LP energy dispersion from pho-
toluminescence matches what was measured in reflectance using the ellipsometer. The LP
emission linewidth (yzp = 30 meV) also matches the linewidth measured in reflectance. The
PL emission intensity distribution is essentially uniform over the measured angular range,
showing that there is no polariton relaxation bottleneck. Finally, no PL emission was ob-

served at the MP energy, showing efficient relaxation to the LP state.
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3.4 High quality factor microcavities with large Rabi splitting

The metal-mirror cavities discussed in the previous section demonstrated the possibility of
reaching the ultrastrong coupling regime with high-concentration CNT films despite their
inherent high surface roughness, by exploiting the lamination method developed at UWM.
However, the absorption losses of metallic mirrors limit the quality factor that can be ob-
tained, and prevent the use of high peak pump intensities. Our initial research objectives
included nonlinear optical characterization of the cavities and attempting to reach the po-
lariton condensation threshold, which would both require optical pumping with femtosecond
laser pulses. For these experiments, another series of microcavities was designed, using di-
electric mirrors. The design of the mirrors is a standard DBR quarter-wave stack, with 8 to
11 pairs of high- and low-index layers. The mirrors use a N + 1/2 pair structure (with the
last layer being a high-index layer) to position the cavity mode electric field maximum at the

center of the cavity structure.

Since DBR cavities have larger mode volumes than metallic-mirror cavities, the light-matter
coupling strength is reduced [12]. The structure of the cavity was slightly modified to op-
timize the light-matter coupling, by evaporating an additional spacer layer of magnesium
fluoride (MgFs) on the bottom DBR substrate. The CNT film is deposited on the MgFy
spacer, and the PVAc spacer/bonding layer is spin-coated on top. The top DBR substrate
is then bonded to the PVAc layer using the hot press lamination process. With this "quasi-
symmetrical" geometry where the CN'T film is centered between two spacer layers of closely-

matched refractive indices, the CNT overlap with the cavity mode electric field is maximized.

With the optimized structure and high-quality DBR mirrors, CNT polariton cavities were
fabricated with hQ2z between 50meV and 100meV, detunings between -200meV and -50meV,
and polariton linewidths between 2meV and 10meV. These cavities were used for CW and
pulsed-excitation photoluminescence measurements (Chapter 4) and nonlinear transmission
spectroscopy measurements (Chapter 5). Due to the high quality factor of the cavity mode
and the non-negligible absorption losses of the CN'T material, the reflectance contrast of the
LP mode was much smaller in DBR DBR cavities than in the gold-mirror cavities, espe-
cially when the detuning was close to zero. This made the measurement of spectra with good

signal-to-noise ratio (SNR) more challenging, and is discussed further in the relevant chapters.
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CHAPTER 4 PHOTOLUMINESCENCE MEASUREMENTS ON CNT
THIN FILMS AND MICROCAVITIES

In this chapter, we discuss measurements of the photoluminescence emission from CNT thin
films and polariton microcavities. Using femtosecond pulse non-resonant excitation, we find
no evidence of polariton condensation in the microcavities, both in ambient conditions and
at cryogenic temperatures. Furthermore, we observe that polariton PL emission intensity is
strongly suppressed when using a pulsed pump when compared to a CW pump of the same
average power. We measure the exciton-exciton annihilation rate constant in the CNT thin
film material, and find that a simple rate equation model can reproduce the fluence depen-
dence of the PL emission intensity both in the bare films and in the polariton microcavities.
Finally, we observe a rapid photoinduced degradation of the PL emission in vacuum-filtered

films, while the absorption spectrum remained unchanged.

4.1 Measurement of exciton-exciton annihilation in CNT thin films

The confinement of carriers due to the one-dimensional nature of CNTs gives the excitons
their high binding energy and high mobility, but also increases the probability of exciton-
exciton interactions. In particular, exciton-exciton annihilation (described in Chapter 2) has
been observed to be a dominant contribution to the exciton dynamics of single-walled carbon
nanotubes [3] [72].

We characterized exciton-exciton annihilation in a 100 nm-thick drop-cast (6,5)CNT:PFO-
BPy thin film with a mass loading of 43%. Photoluminescence emission spectra were mea-
sured under non-resonant excitation of the Si; exciton using 200fs pump pulses at 808nm
from an optical parametric amplifier. A sequence of spectra were measured with increasing
pump fluence. To verify that there was no photodegradation of the material, after each
measurement, the fluence was lowered to the lowest value, and the emission spectrum was
compared to the first measurement. The measured fluence range corresponds to the widest
range that could be used, with the lowest value determined by the noise floor of the detector

and the highest value determined by the material damage threshold.
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The pump pulse creates a very high localized density of excitons "instantly" (i.e. much faster
than the exciton lifetime) which can then either decay by themselves, or decay through
exciton-exciton annihilation. As the pump fluence is increased, the measured PL emission

saturates (Figure 4.1) as the contribution of EEA to the total decay rate increases.

Integrated PL intensity (a.u.)

50

0 10 20 30 40 50 60 70 80
Absorbed pump fluence (U]fcmz}

Figure 4.1 Integrated PL emission intensity as a function of pump fluence (black) and fitted
rate equation model (red). The fitted EEA coefficient is v = (5.53 £ 1.04) - 1078 cm3/s.

Although EEA dynamics in carbon nanotubes have been described using multi-level rate
equation models [3] and time-dependent annihilation rates to take into account exciton diffu-
sion [72], we find that our experimental results are well-fitted by a simple rate equation model
considering only the Si; exciton population, with a time-independent annihilation rate. The
rate of decay of the exciton density n(t) is given by the sum of the linear decay and EEA

terms :

dn n(t)

E = —T — 7%2@) (41)

Where 7 = (4.19 + 0.11) ps is the linear exciton lifetime (measured from pump-probe spec-

troscopy of an identical drop-cast film [73]) and +y is the EEA coefficient.
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The initial exciton density n(t = 0) = ny can be estimated from the absorbed pump photon

density, making the approximation that every absorbed pump photon creates a Si; exciton.

F,
hwp

ng = (4.2)
where Fj, is the absorbed pump fluence and /w, is the pump photon energy. Note that in the
calculation of the absorbed pump fluence F,, we use the linear absorption of the CNT film,
without including a saturable absorption term. We do not have a measured value for the sat-
uration intensity at 808nm for this material, but extrapolating from measurements at other
wavelengths on a similar film [58] we estimate that it would be on the order of 10 GW /cm?,

while the peak intensity at the highest fluence in this measurement was 1.5 GW /cm?.

The solution of differential equation 4.1 is

1

Since the detector in the experiment is much slower than the exciton dynamics, the measured
signal is proportional to the total number of excitons generated from the pulse, given by the

time integral of n(t).

o0 1
PL / n(t)dt = —log (1 + ngy7) (4.4)
0 v

We find that the measured PL intensity is well-reproduced by equation 4.4, with a fitted
EEA coefficient vy = (5.53 +0.93) - 1073 cm?/s. This is comparable to the value reported in
other low-dimensional semiconductors, for example v = 3.35-107* ¢cm?/s in (PEA),Pbl, per-
ovskite [74], v = 1.8 1073 em?/s in ZnSe/CdSe quantum wells [75], and v = 4.3- 1072 cm?/s

in monolayer molybdenum disulfide [76].
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4.2 PL of CNT microcavities

The angle-resolved photoluminescence of polariton microcavities provides complementary
information to the angle-resolved reflection data discussed in the previous chapter. The
polaritons decay through their photonic component, with the emitted light momentum cor-
responding to the polariton momentum. It follows that the photoluminescence intensity
emitted at a certain angle is proportional to the population of the polariton state at the
corresponding momentum (scaled by the photon fraction |Cp|? of the polariton state). There-
fore, the angular distribution of photoluminescence intensity carries information about the
polariton state occupation statistics. This is particularly important in the measurement of
polariton condensation. The condensate state is characterized by a macroscopic occupation
of the ground state, which is clearly visible in the angle-resolved photoluminescence spectra

as a sharp increase in PL intensity at zero angle.

4.2.1 Steady-state photoluminescence

CW-pumped polariton PL emission spectroscopy was mostly used as a diagnostic tool to
check sample quality. The defects introduced during CNT ink processing and aging of the
samples after fabrication reduce the CNT exciton photoluminescence quantum yield [46].
This makes the PL intensity a sensitive indicator of sample degradation (degradation mech-
anisms affecting the PLQY are discussed further in section 4.2.4). However, even in freshly-
prepared samples, the PLQY was very low, and required several seconds of integration with
high detector gain and a strong pump to obtain spectra with sufficient SNR. The absolute
PLQY of the dropcast and vacuum-filtered films was too low to be measured with the avail-
able equipment, but is likely on the order of 0.1% [54] when freshly-prepared, and degrades
over time. The CW PL intensity was also used to check for spot damage after measurements,
by comparing the spectra at the same sample position pre- and post-measurement. A typical

angle-resolved spectrum is shown in Figure 4.2.

4.2.2 Polariton PL emission under CW and short-pulse nonresonant excitation

As one of the research objectives of the project was to demonstrate polariton condensation,
most of the PLL measurements performed on our microcavity samples were performed with
femtosecond pulse excitation, in order to create the very high polariton densities required to

reach the condensation threshold. However, with the very first measurements, we observed
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that the PL emission intensity was strongly suppressed when the samples were excited with
femtosecond pulses, compared with CW pumping at the same wavelength and average in-
tensity (Figure 4.3a). This posed a significant challenge for pulsed-excitation measurements,
as the PL emission intensity was already very low even in the CW case (due to the low

photoluminescence quantum yield of carbon nanotubes).
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Figure 4.2 Angle-resolved photoluminescence emission spectrum of a CNT DBR microcavity
under CW excitation with a 532nm laser.
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Figure 4.3 Comparison of polariton PL emission between a CW pump (black) and 200fs
pulses at 100kHz repetition rate (red), for the same average power, wavelength, and laser
spot size. (a) PL spectrum at zero angle for an average absorbed power P, = 200 uW. The
polariton mode is the peak at 1.02eV; the other peak is PL leakage from the DBR mirror
side lobe and was not included in the calculation of integrated PL intensity. (b) Integrated
PL intensity at zero angle as a function of average absorbed pump power.
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The low PL emission intensity severely limited the usable range of pump fluence. In all of our
samples, the difference between the lowest possible fluence that still allowed a PL signal to
be measured with sufficient SNR and the onset of photoinduced damage to the measurement
spot was a factor of 5-10. With such a narrow range, it is difficult to properly characterize

nonlinear phenomena.

To determine whether the observed suppression of PL intensity can be explained by exciton-
exciton annihilation, we calculate the ratio of exciton densities in the CW and pumped cases.

In the CW excitation case, the rate equation describing the exciton density is

dn I, n(t)
— = - — 4.5
dt  hw, T (4:5)

where [, is the absorbed pump intensity. We have neglected to include the EEA term in
the above equation, as the exciton density under CW excitation is too low for EEA to be

significant. The steady-state solution (as t — 00) is

1,7
now = hw
p

(4.6)

2 (corresponding to the highest-measured intensity in

Figure 4.3b), the steady-state exciton density is now = 2.04 - 10% cm 2.

For an absorbed intensity of 12 W/cm

In the pulsed pump case with the same average absorbed intensity, the absorbed fluence is
120 pJ/ecm?, and the initial exciton density is ng = 4.88 - 10 em™2. Using equation 4.4 for
the total exciton density generated by one pulse and multiplying by the pulse repetition rate

frep = 100 kHz, we can calculate the average exciton density generated by the pulsed pump.

Ngs = f;@ log (1 + noy7) (4.7)
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As expected, in the limit v — 0, the calculated exciton density is the same as that of the
CW pump case. When v = 5.53 - 1072 cm?/s, we find ng = 4.64 - 107 cm™2. The exciton
density is reduced by a factor of 4.4 compared to the CW case. This matches the experi-
mental results of Figure 4.3, where the PL. was suppressed by a factor of 4.23 £ 0.41 at the
far end of the fluence range. We can conclude that the weak PL emission observed when
pumping the polariton cavities with femtosecond pulses can be entirely explained by the large

exciton-exciton annihilation rate in carbon nanotubes.

The experimental results in Figure 4.3 are typical of what was observed in pulsed-pump
PL experiments on the CNT microcavity samples (the same saturation behaviour, low PL
emission intensity, and low damage threshold were observed in cavities with various values of
Rabi splitting and detuning). In all cases, the characteristic nonlinear increase in polariton
PL emission intensity and narrowing of the polariton emission linewidth that occur at the

condensation threshold could not be observed.

4.2.3 Cavity PL fluence dependence at low temperature

As we have seen in Chapter 2, the polariton condensation threshold is proportional to tem-
perature. As we were unable to observe signatures of condensation in the PL emission at
room temperature, we performed measurements in a closed-cycle helium cryostat (Advanced
Research Systems DE-204S) at temperatures from 5K to 250K.

For practical reasons (the cryostat was not located on the same optical table as the InGaAs
camera and spectrometer), the low-temperature PL measurements were not angle-resolved.
Because of the minimal working distance imposed by the spacing between the sample holder
and cryostat window, long focal length lenses were used for pump injection and PL collection.
The pump beam (680nm, 50fs pulses, 100kHz repetition rate) was focused with a f = 200mm
lens to a spot size of approximately 200um, and incident on the sample at a 30 degree angle.
The PL emission around zero degrees was collected with a f = 100mm lens, using a 12mm iris
to limit the numerical aperture. The collected PL was coupled into a 400pum-core multimode
optical fiber to bring the collected PL signal to the entrance slit of the spectrometer. The

setup for low-temperature PL. measurements is illustrated in Figure 4.4.
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For 12 temperatures between 4.6K and 275K, the PL emission spectrum was measured at
five different pump fluences (again, the maximum pump fluence was limited by the sample
damage threshold). The lower polariton PL emission shifts to higher energy as the cavity
is cooled (Figure 4.5) due to thermal contraction of the multilayer structure reducing the
effective cavity length. The position of the sample drifted with changes in temperature, and
it was necessary to realign the collection optics and the multimode fiber coupling every time

the cryostat temperature setpoint was modified.

As a result, the absolute intensity of the measured PL can not be compared between datasets
taken at different temperatures, as the collection efficiency was not the same. However, the
pump power dependence of the PL intensity can be compared (since the collection efficiency
does not change during the power sweep, and the pump laser spot size is unaffected by small

changes in sample position).

Spectrometer  MMF f=35mm  f=100mm

=l

Cryostat

0

°

v —

OPA

ND

Figure 4.4 Experimental setup for low-temperature PL. measurements. OPA: Optical para-
metric amplifier. ND : variable neutral density filter. A : Aperture. MMF : Multimode fiber.

We observe no significant changes in the pump power dependence of the PL emission in-
tensity over the entire range of temperature from 4.6K to 275K (Figure 4.6a). We observe
PL emission saturation in all the datasets, with a constant saturation power independent of
temperature (Figure 4.6b). Even at the the lowest measured temperature of 4.6K, where the
polariton condensation threshold is expected to be reduced by a factor of ~ 64 compared
with room temperature, there was no qualitative change to the shape of the PL emission

power dependence.
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Figure 4.5 Polariton PL emission spectrum at zero angle at temperatures from 4.6K to 275K

(increasing temperature from blue to red).
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Figure 4.6 (a) Power dependence of polariton PL emission intensity at temperatures from
4.6K to 275K (increasing temperature from blue to red). The curves are fits of the data to a
saturation model kP/(1 + P/P;). (b) Fitted saturation power of the polariton PL emission

as a function of temperature.
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After the low-temperature measurements were done, when removing the sample from the
cryostat, we found that the microcavity had delaminated. This is likely due to the large mis-
match of coefficients of thermal expansion between the glass substrates and the PVAc bonding
layer. Given that this makes the measurement a destructive procedure for our samples, and
that there were no significant changes to the PL spectra or PL power dependence with tem-
perature motivating further investigation, we did not perform any other low-temperature

experiments.

4.2.4 Photoinduced degradation of PL emission in vacuum-filtered films

The first microcavities fabricated for the project used drop-cast films made from CNT ink
with ODCB solvent(see Chapter 3). When these samples were first received, the photosta-
bility of PL emission under CW pumping was measured (Figure 4.7) and we found that at
pumping intensities below the damage threshold, the PL emission intensity from bare films
and microcavity polaritons was stable over a timescale of an hour (while the typical duration

of a single PLL measurement is under a minute).

1.1

1.08

1.06

Normalized PL intensity
o - [
o o o
oo =t [2¥] B

o
o
=

0.94

0.92

0.9

0 10 20 30 40 50 60
Time (min)

Figure 4.7 Polariton PL emission intensity over time for a DBR-mirror cavity using a drop-
cast CNT film. The sample was under CW excitation by a 532nm laser at an absorbed
intensity of 3.1 kW /cm?.

This was assumed to be the case for all CNT films, and this assumption was not re-verified
when the fabrication process was changed to vacuum-filtered films using CN'T ink in toluene.
Much later, we found that the PL emission from vacuum-filtered films actually showed a

rapid degradation over a timescale of seconds when excited with a CW pump at an inten-
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sity that was previously confirmed to be safe for drop-cast films. The time dependence of
the decrease in PL follows a biexponential decay curve (Figure 4.8a), suggesting that there
are two different mechanisms contributing to the photodegradation, a fast one (73 = 41.5
seconds) and a slower one (75 = 4.9 hours). Interestingly, while the PL emission is strongly
suppressed, the polariton mode energy and linewidth remain unaffected (Figure 4.8b). This
indicates that the mechanism at play does not change the absorption spectrum of the ma-
terial. If the degradation mechanism acted to reduce the absorption of the Si; transition, it
would reduce the light-matter coupling strength and shift the lower polariton mode to higher

energies (Rabi contraction).
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Figure 4.8 (a) Polariton PL emission intensity over time for a DBR-mirror cavity using a
vacuum-filtered CNT film, and fitted biexponential decay model with 71 = 41.5+ 0.3 seconds
and 7 = 4.90 & 0.04 hours. The sample was under continuous CW excitation by a 532nm
laser at an absorbed intensity of 0.36 kW /cm?. (b) Normalized PL spectra before (black)
and after (red) the PL intensity has decayed by 42% from continuous excitation.

It is likely that the degradation mechanism suppresses the PLQY of CNT excitons. Due to
the high mobility of excitons in carbon nanotubes, a low density of exciton-quenching defects
is sufficient to significantly suppress the PLQY [48], which would reduce the polariton occu-
pation rate given that radiative pumping is the dominant process for polariton population in
CNT microcavities [61].
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It has been previously observed that excitation of the Si; or Ss transitions in the presence
of oxygen greatly increases the rate of formation of sp? defects which act as exciton quench-
ing sites [51]. Although all samples were stored under nitrogen between measurements, the
CNT ink preparation, thin film fabrication, and cavity lamination were done in ambient
atmosphere, and dissolved oxygen in the solvents might have remained trapped in the final
samples. It is not clear why the samples using drop-cast CNT films were much more stable
than the vacuum-filtered films using the same CNTs and wrapping polymer. At the time
the phenomenon was noticed in vacuum-filtered films, we did not have any freshly-made
drop-cast films to do a side-by-side comparison. Further investigation into the mechanisms
of photoinduced degradation will be critical for enabling the use of high-concentration CNT

thin films in photonics applications.

In summary, we have performed measurements of the photoluminescence emission of CNT
excitons and CNT microcavity polaritons, using CW and femtosecond nonresonant excita-
tion. We find that the polariton PL emission in the steady-state is very weak, due to the
low PLQY of the CNT excitons. Under femtosecond pulse excitation, the PL emission is
suppressed even further as EEA becomes an important nonradiative decay channel for ex-
citons. This was confirmed by measurements of the EEA coefficient of the CNT material.
Because of these two factors, we were unable to observe polariton condensation even at re-
duced temperature. We also observed rapid photoinduced degradation of the PL intensity in
vacuum-filtered CNT films, which we attribute to the formation of sp? defects with efficient

exciton quenching.
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CHAPTER 5 NONLINEAR RESPONSE OF A POLARITON CNT
MICROCAVITY UNDER PULSED RESONANT EXCITATION

After the CNT microcavity design, fabrication and characterization process was sufficiently
optimized, samples could be obtained with CN'T concentrations far exceeding what had been
previously reported in the literature, while maintaining a high quality factor. The nonlinear
response of these samples to a very intense resonant short pump pulse was characterized us-
ing angle-resolved transmission spectroscopy, and dramatic changes in the polariton energy
dispersion could be observed, in addition to the expected energy blueshift due to polariton-

polariton interactions.

To investigate the mechanisms behind the observed intensity-dependent changes in the mea-
sured angle-dependent spectra, numerical models were developed. First, a time-domain wave
optics model using the Duffing model of nonlinear optical polarization allowed us to repro-
duce the polariton mode energy shift at normal incidence, but was unable to fully explain the
features in the experimental data. Additional simulations using the transfer-matrix method
and a frequency-domain finite-element wave-optics model allowed us to rule out different
possible causes and finally explain the remaining features as being caused by a Kerr lensing

effect occurring inside the cavity.

5.1 Nonlinear characterization of CNT polariton microcavities

As discussed in previous chapters, angle-resolved spectroscopy is the main tool used to char-
acterize polariton microcavities, providing information on energy dispersion and polariton
population statistics. The experiments presented thus far used it to probe the cavities in
the linear regime, where the polariton density is low and polariton-polariton interactions
are negligible. Most of the measurements were also performed using continuous-wave exci-
tation, so that the system was observed in the steady-state regime. Here, we consider the
case of a very strong resonant excitation, creating a high density of polaritons, such that
polariton-polariton interactions become significant and blueshift the polariton mode energy.
By necessity, the excitation must be delivered in an ultrashort pulse, such that the peak
intensity is high enough to observe a nonlinear response, but the average intensity is low

enough to avoid damaging the sample from excessive heating.
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5.1.1 Experimental setup

Both reflection and transmission measurements were attempted, but obtaining artefact-free
reflection spectra of the cavities with sufficiently high signal-to-noise ratio was challenging,
as the contrast of the polariton mode in the samples was very small. In transmission, the
probe light that is not resonant with the polariton mode is reflected away from the sample
and never enters the setup, giving a spectrum with a low background. In reflection, the probe
light that is not resonant with the mode is reflected towards the setup, where scattering and
unwanted reflections on optical surfaces add artefacts and noise, making the task of resolving
a small dip in a large background even more difficult. To get the best accuracy in fitting the

polariton mode energy, the cavities’ nonlinear optical response was measured in transmission.

The experiment used the same setup as the linear reflectivity and PL measurement (Figure
3.16), with some changes. To maximize the collected signal, the beamsplitter between the
collection objective and the microscope tube lens is removed. This shifts the Fourier-space
image slightly, and alignment of the Fourier lens L2 has to be adjusted when the setup is
configured for transmission measurements. A periscope and microscope objective on a three-
axis translation stage were added to focus the probe beam on the sample from the top side
(with the collection objective on the bottom side). A supercontinuum light source was built

to generate broadband short pulses with tunable spectral width and fluence.

Pump laser

: o = OTLEF 2 -0

ND1 ND2

[T HWP

(To microscope)

Figure 5.1 Setup for the supercontinuum probe generation. ND1 : Variable neutral density
filter (manual). A1, A2 : Iris apertures. L1 : f = 100mm focusing lens. YAG : bmm-thick
YAG crystal. L2 : f = 35mm collimating lens. LPF : 1050nm longpass filter. SPF : 1150nm
shortpass filter. ND2 : Variable neutral density filter (servo-controlled). BS : non-polarizing
50:50 beamsplitter. RD : Reference detector (Germanium photodiode). HWP : Achromatic
half-waveplate.
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Supercontinuum light source

In order to excite the polariton mode resonantly, a source of ultrashort optical pulses with
tunable energy and sufficiently large bandwidth is required. Initial experiments used a Light
Conversion ORPHEUS-F optical parametric amplifier as a probe, but the bandwidth (ap-
proximately 7nm) of the pulses was not well-suited to the measurement for the following

reasons :

e Depending on the sample, the LP mode linewidth ranges between 3 and 5nm. To
measure the transmission spectrum with good SNR, the probe should be significantly
broader spectrally than the mode. Otherwise, there is not enough light intensity to

accurately measure transmission in the wings of the transmission peak.

e The LP mode shifts to higher energy as the angle increases. The probe should also
spectrally overlap with the LP mode at these higher angles, if we wish to measure the

blueshift over a range of angles.

» The polariton mode is expected to shift to higher energy due to nonlinear effects (polari-
ton blueshift, introduced in section 2.1.4). The probe must be spectrally broad enough
to continue to overlap with the mode as it shifts, to continue to efficiently excite the
mode. Otherwise, the nonlinear shift could be underestimated by the measurement

(optical limiting).

A widely-used method to obtain broadband probe pulses for ultrafast spectroscopy is su-
percontinuum (SC) generation in a bulk transparent medium [77]. For this experiment, a
Smm long yttrium-aluminium garnet (YAG) crystal was used to generate a supercontinuum
from 1030nm, 290fs pump pulses at a 100kHz repetition rate. The SC generation setup is
illustrated in Figure 5.1.

The pulse energy, spot size, and numerical aperture of the pump are critical parameters to ob-
tain a stable SC filament [78] [79]. A variable reflective attenuator is used to control the pump
pulse energy, and an iris controls the pump beam diameter. The parameters that yielded
the most stable SC spectrum were a beam diameter of 3.75mm and a pump pulse energy

of 540nJ. The pump is focused into the YAG crystal using a f = 100mm achromatic doublet.
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The SC light exiting the crystal is collimated by a f = 35mm achromatic doublet lens, and
filtered by a pair of edgepass filters (1050nm longpass and 1150nm shortpass) to eliminate
the unconverted 1030nm pump and avoid overheating the sample by exciting it with light
outside of the cavity mirror stopband. The pulse energy after the filters (total energy in the
band 1050-1150nm) was 70nJ. When setting up the SC probe, we ensured that there was no
out-of-band leakage through the edgepass filters by dispersing the SC beam with a prism, and

checking with a thermal power sensor that all of the SC power was refracted to the same angle.

The spectrally-filtered SC beam is then attenuated by a motorized variable reflective atten-
uator, and is divided in two by a 50:50 non-polarizing beamsplitter plate. Half of the beam
is used as the probe for the experiment. It passes through a half-wave plate to align its
polarization with the analyzer polarizer in the detection optics. The probe is then routed via

a periscope to the microscope top objective, where it is focused on the sample.

The other half of the beam is used as a reference, and its average power is measured by
a germanium photodiode. As the spectral responsivity curve of this sensor is quite flat
in the wavelength range 1050-1150nm [80], the measured power value does not need to be
corrected to account for the broad SC spectrum. The sensor’s saturation behaviour was
characterized by measuring the deviation between photodiode-measured power and thermal
sensor-measured power for a range of pulse energies, and it was determined that below a pulse
energy of 50nJ, the germanium photodiode was accurate within 5%. During the polariton

blueshift experiment, the pulse energy in the reference beam was never increased above 5nJ.

The generated probe spectrum (Figure 5.2) is distinctly asymmetric due to the drop-off of
SC generation efficiency as the frequency offset from the pump increases [79] and the sharp
cut-off of the longpass filter at 1050nm. The probe intensity peaks at 1060nm and has a
FWHM of 25nm, with the red-side shoulder decreasing much less sharply than the blue side.
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Figure 5.2 (a) Angle-resolved spectrum of the supercontinuum probe. (b) Probe spectrum
at normal incidence.

Procedure for nonlinear blueshift measurement

The procedure for the blueshift measurement is derived from the general procedure for angle-

resolved spectroscopy (see section 3.2.6), with a few additional steps.

The transmission measurement is very sensitive to defects in any part of the cavity. Since the
probe light must propagate through the entire thickness of the sample, a dust particle, crack
or pinhole in any of the layers (including the substrate back surfaces) will cast a shadow that
will appear as a dark stripe artifact in the angle-resolved spectra. In the initial sample load-
ing procedure, after a defect-free spot in the CNT layer is located, the focus of the collection
objective is shifted up and down to examine each layer as well as the substrate back surfaces
in the dark-field imaging mode. Only spots that are defect free through the entire thickness

of the sample are selected for measurement.

The probe spot alignment is done by attenuating the SC probe to a very low pulse energy
(typically 0.02nJ), configuring the setup for real-space imaging, and adjusting the top objec-
tive position to center and focus the probe spot on the camera’s field of view. This is first
done without a sample loaded, and the angle-resolved spectrum fo the probe is recorded to
serve as a transmission baseline. The supercontinuum intensity and spectrum are stable over
a time scale of a few hours, so the baseline measurement is typically done at the beginning

of each day, or when switching samples, but not for every single measurement.
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Each time the baseline is measured, the reference to sample power ratio is also measured by
placing a germanium photodiode power sensor at the sample position in the microscope and
recording the measured power at the reference detector and at the sample position. This
ratio is normally about 0.44 but can vary by a few percent when the top objective alignment
is adjusted. For the ratio measurement, the sensor is not placed at the focal plane of the top
objective but rather a few millimeters away, to avoid saturating the photodiode with a high

localized peak intensity.

After loading a sample, the top objective focus must be re-adjusted, since propagation
through the glass substrate will shift the focal plane slightly compared to propagation in

free space.

To perform the blueshift measurement, the probe pulse energy is set to the lowest value that
allows measurement of a spectrum with sufficient SNR (about 0.05nJ). The power read by
the reference detector is recorded, and a background spectrum is measured with the probe
shutter closed. The shutter is then opened and a transmission spectrum is measured. The
shutter is closed, and the probe pulse energy is increased. This sequence is repeated for a
range of probe pulse energies. As the probe pulse energy is increased, the camera integration
time is decreased to avoid saturation. Finally, the probe pulse energy is decreased again to
the first (lowest) value, and a final transmission spectrum is measured. The overlap between
the first and last spectra shows whether there has been any sample damage during the mea-
surement. If the first and last transmission spectra do not overlap, the dataset is discarded
and the experiment is repeated in a different spot on the sample, reducing the maximum
probe energy used. When setting up the experiment, we confirmed that the lowest probe
pulse energy of 0.05nJ does not degrade the sample even after several minutes of continuous

excitation.
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5.1.2 Samples under investigation

The cavities used in the nonlinear polariton blueshift experiment used vacuum-filtered (6,5)
CNT:PFO-BPy films with a very high mass loading of 63%. The mirrors were 11.5-pair
Si0O9/TasO5 DBRs with a design wavelength of 1000nm, fabricated by Intlvac Canada by
ion-beam sputtering on 0.7mm thick borosilicate glass substrates. To maximize the overlap
of the CNT film with the cavity mode electric field, two spacer layers were used : an evapo-

rated MgFs spacer on the bottom mirror, and a spin-coated PVAc spacer on the top mirror.

The two cavities used identical mirrors and CNT layers of similar thickness, but different
spacer thicknesses in order to study the nonlinear response at two different exciton-photon
detunings. The linear characterization techniques described in section 3.2 were used to mea-
sure the layer thicknesses in both samples (Table 5.1) and fit the linear angle-resolved spectra
with the polariton energy dispersion model (Table 5.3). Both cavities had a large Rabi split-
ting on the order of 100meV and were in the negative detuning regime, with cavity MC1 at
a large negative detuning of —84meV and cavity MC2 at a more moderate negative detuning
of —45meV.

Table 5.1 Measured layer thicknesses in the two CN'T microcavities used in the nonlinear
blueshift experiment.

Sample | MgFy thickness (nm) | CNT thickness (nm) | PVAc thickness (nm)
MC1 | 224 43 177
MC2 | 172 35 181

Table 5.2 Measured polariton energies and linewidths of the two CN'T microcavities used in
the nonlinear blueshift experiment.

Sample | LP energy at k, =0 (meV) | LP FWHM at k, =0 | LP Q-factor
MC1 1121 2.98 377
MC2 | 1160 5.75 202

Table 5.3 Fitted polariton parameters of the two CNT microcavities used in the nonlinear
blueshift experiment.

Sample | Rabi splitting 2AQx (meV) | Detuning A (meV)
MC1 | 139 -84
MC2 | 106 -45
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Z-scan measurement of the CNT thin film material

To be able to model the nonlinear response of the microcavity, the nonlinear optical response
of the CNT material must first be known. This was characterized using Z-Scan measurements
(see section 3.2.4). The Z-scan measurements and the fitting of the data to the analytical

model in reference [70] were performed by Pierre-Luc Thériault.

When the microcavities were received from UWM, a bare vacuum-filtered CNT film on glass
substrate (fabricated in the same batch and assumed to have the same linear and nonlinear
optical properties as the films inside the cavities) was provided as a reference sample for
characterization. The linear optical dispersion and film thickness were first measured by

ellipsometry and absorbance spectroscopy, before the Z-scan measurements.

Some preliminary Z-scan measurements were taken at a wavelength of 1110nm (close to the
LP mode wavelength of the MC1 cavity) at two different peak intensities : 6.2GW /cm? and
25 GW /cm?. The results from these measurements (Table 5.4, Figures 5.3, 5.4) had a good
signal-to-noise ratio and showed that at 1110nm, there is no detectable nonlinear absorption
at low peak intensity, two-photon absorption at high peak-intensity, and that the Kerr coef-

ficient is negative and saturates quickly as the peak intensity is increased.

Table 5.4 Z-scan measured Kerr coeflicients at 1110nm for the reference CNT film of cavities
MC1 and MC2.

Peak intensity Io(GW /cm?) | Kerr coefficient ny(m?/W)
6.2 (—2.372 £ 0.049) - 10~ 1*
25 (—1.22240.103) - 1074

These preliminary Z-scan measurements were done soon after the samples were fabricated,
but before the nonlinear blueshift measurements were performed. After starting the nonlin-
ear measurements of the cavities, we attempted to perform additional Z-Scan measurements
at 1070nm (close to the LP mode wavelength of the MC2 cavity) and at 1110nm (to measure
lower peak pulse intensities closer to what was used in the experiment). Unfortunately, the
CNT film had degraded despite being stored under a dry nitrogen atmosphere. The Z-scan
data at 1070nm (Figure 5.5) was very noisy and showed significant variation between mea-

surement spots on the film.
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We can observe significant saturable absorption at 1070nm as the probe transmission was
always increased at the focus (even for very low peak intensities), but the transmission con-
trast in the open-aperture data did not follow a consistent trend as the peak intensity was
increased and varied by a large factor between different spots on the sample, so a value for

the one-photon saturable absorption intensity I5;p4 could not be extracted.
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Figure 5.3 Z-scan data (black) and fitted model (red) for the reference CNT film at 1110nm
and Iy = 6.2 GW /cm?. (a) OA trace, showing no significant nonlinear absorption effects (No
fitted model is shown for the open-aperture data as there are no visible features). (b) CA/OA
trace, showing a strong signature of a negative Kerr effect with fitted ny = (—2.372+0.049) -
10~ m?/W.

We will focus the numerical modelling efforts in section 5.3.5 on cavity MC1, as it is the
only one where we have a good measurement of the Kerr coefficient in the CNT mate-
rial. The peak intensities in the cavity nonlinear blueshift experiments are lower than
what was used in the Z-scan preliminary measurements, and the actual Kerr coefficient
is likely slightly higher. The measured Kerr coefficients can be fitted with a saturation model
na(Io) = n2(0)/(1+1o/Is, kerr) to find a baseline Kerr coefficient ny(0) = —3.375-107 m? /W
and a Kerr saturation intensity I ger = 14.19 GW/ecm?. This is consistent with previ-
ous Z-scan measurements performed in our group on drop-cast CNT films at 1060nm and
1200nm [58]. However, in the absence of additional data points at other I, values, the sat-
uration model is over-fitted and cannot reasonably be used. Instead, we will use the value

measured at 6.2 GW /cm? in the numerical model, and ignore the saturation of the Kerr effect.
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Figure 5.4 Z-scan data (black) and fitted model (red) for the reference CNT film at 1110nm
and Iy = 25 GW /cm?. (a) Open-aperture trace, showing a signature of two-photon absorption
with fitted § = 0.398 +0.042cm/MW. (b) Closed-aperture trace, showing a strong signature
of a negative Kerr effect with fitted ny = (—1.222 £ 0.103) - 10~ m?/W.
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Figure 5.5 Example Z-scan data and fitted model for the reference CNT film at 1070nm
and Iy = 2.71MW /ecm?. Other spots in the same film measured at this wavelength and
peak intensity showed different nonlinear response, indicating the material had degraded.
(a) Open-aperture trace, showing a signature of saturable absorption with fitted I, = 2.95 +
0.31MW /cm?. (b) Closed-aperture trace. A good fit could not be obtained on this dataset.
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5.1.3 Measurement results and discussion

Both cavities exhibited strong changes in the angle-resolved transmission spectrum as a func-
tion of incident fluence. In addition to the expected positive energy shift of the polariton
mode, we observed several other features, which dominated the measured spectra and made
it difficult to resolve the change in energy. These features are qualitatively different between
samples MC1 and MC2; we will discuss the measurement results for both microcavities sep-

arately.

Cavity MC1 (large negative detuning)

In the angle-resolved transmission spectra for cavity MC1 (Figure 5.6), the most striking
change is the decrease in LP mode contrast at normal incidence, and the increase around 16
degrees. This was not expected from the simple model of a microcavity containing a Kerr
medium, where the mode dispersion should remain essentially the same, but shift to higher

energy as the refractive index is modulated by the Kerr effect.

The redistribution of transmitted intensity towards a high angle when the incident fluence
is increased was observed in all measured spots in the cavity, and absent from the control
spots (regions in the cavity that contained no CNTs, and were otherwise identical). This
shows that the effect is caused by the nonlinear optical response of the CNT film and not
a measurement artifact or scatter from a defect in the sample. The mechanism for this ef-

fect was not obvious, and required additional numerical modelling to explain (see section 5.4).

The blueshift of the polariton mode is not apparent in the angle-resolved spectra of Figure
5.6. In order to show it more clearly, spectra at normal incidence and at 16 degrees were
fitted with an asymmetrically-broadened Lorentz lineshape (Figure 5.7), and the fitted mode
energy, linewidth and contrast could be plotted as a function of incident probe fluence (Fig-
ure 5.8).

For both angles, the polariton mode shifts to higher energy as the fluence increases, with
a larger blueshift observed at 16 degrees (Figure 5.8a). In the polariton description of the
cavity, this would be explained by the fact that polaritons interact with each other through
their excitonic component : as the angle is increased, the detuning is reduced, which in-

creases the Hopfield coefficient corresponding to the excitonic part of the polariton state,
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thereby increasing the polariton-polariton interaction strength. In the classical nonlinear
optics description, the equivalent explanation is that the cavity mode energy increases at
higher angles, which brings it closer to the exciton absorption peak, and the Kerr coefficient

increases close to a resonance in the material.

At both angles, the polariton mode blueshift showed saturation behaviour, and the depen-
dence of the blueshift on the incident probe fluence was fitted (Figure 5.10) to a simple
saturation model Fpp(F) = FEy + H’;,iﬁpm The fitted slope k£ was 6.6 times larger at 16
degrees than at normal incidence, and the saturation fluence was roughly the same around
4 mJ/cm?(the confidence intervals of the fitted saturation fluence overlap between the two
datasets). For the normal incidence case, the maximal blueshift reached before risking sam-
ple damage was AE = 0.52 meV, and at 16 degrees AE = 2.29 meV. These energy shifts
are comparable to what has been reported in perovskite polariton microcavities below the

condensation threshold [81].

The variation in LP mode contrast is drastically different between the two angles (Figure
5.8¢c). At normal incidence, the contrast is suppressed with increasing probe fluence, down
to 6% of its original value. At a 16 degree angle, the contrast initially increases by a factor
of 3, until the incident fluence reaches 4.5 mJ/cm? where the trend reverses and the contrast

decreases again, while always remaining larger than the linear value.

The effect of increasing probe fluence on polariton mode linewidth was also different between
the two angles : at normal incidence, a slight broadening was observed, while at 16 degrees

there was a reduction in linewidth of about the same size.
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Figure 5.6 Angle-resolved transmission spectra at different probe fluences for cavity MCI.
All plots use the same colourscale, ranging from 0 to 0.125.
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Figure 5.7 Example of a measured transmission spectrum for cavity MC1 at normal incidence
(black) and the fitted asymmetrically-broadened Lorentz peak (red).
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Figure 5.8 Dependence of the fitted LP mode parameters on the incident fluence for cavity
MC1 at normal incidence (black) and 16 degrees (red). The error bars correspond to the
95% confidence interval of the fit parameters.
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Figure 5.9 Dependence of the fitted cavity mode parameters on the incident fluence for
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incidence. The error bars correspond to the 95% confidence interval of the fit parameters.
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Cavity MC2 (moderate negative detuning)

In the angle-resolved transmission spectra for cavity MC2 (Figure 5.11), there are also dra-
matic changes with increasing fluence, which are qualitatively different from what was ob-
served in MC1. There is again a reduction of the LP mode contrast (Figure 5.12c). This
is accompanied by significant broadening of the mode at normal incidence (Figure 5.12b).
However, unlike in the case of MC1, the contrast at high angle decreases everywhere, instead
of concentrating the energy at a particular angle. Furthermore, on the low-energy side of the
mode, the contrast is decreased below the linear value. This makes it impossible to properly
fit the LP mode energy at high angle with a Lorentz lineshape, as the transmission spectrum

deforms significantly and changes from a peak to a dip with increasing fluence (5.14).

Since the Z-scan measurements of the bare films at 1070nm suggest that there is significant
saturable absorption in addition to the Kerr nonlinearity, it is not surprising that the nonlin-
ear response of the CM2 cavity is qualitatively different than that of MC1 (where there were
no nonlinear absorption effects). However, the presence of saturable absorption, and the fact
that it could not be well-characterized, would make the modelling of the nonlinear response
of MC2 very difficult.

The LP mode energy initially increases sharply with the incident probe fluence, but saturates
at a low fluence and starts to decrease, before gradually increasing again with a much smaller
slope (Figure 5.12a). This could be due to the presence of both the refractive (Kerr) nonlin-
ear effect, which will shift the mode to higher energies, and the saturable absorption which
would tend to shift the mode energy down (as the exciton transition saturates, the exciton-
photon coupling is decreased, which reduces the splitting between the LP and UP modes;
this effect is sometimes called "Rabi contraction" [82]). These two competing effects will have
different saturation intensities, which would complicate the form of the intensity dependence
of total blueshift beyond a simple linear or linear-with-saturation model. Nonetheless, the
same saturation model that was used to fit the blueshift of cavity MC1 could be used on the
normal-incidence spectra from cavity MC2, if the fit was restricted to the low-fluence range
below the inflection point (Figure 5.13). The fitted slope k of the polariton blueshift was 27
times larger than for the normal-incidence data from cavity MC1, which is consistent with
the fact that the LP mode energy in MC2 is closer to the exciton energy. The maximum

blueshift observed in cavity MC2 at normal incidence was AE = 2.29 meV.
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Figure 5.11 Angle-resolved transmission spectra at different probe fluences for cavity MC2.
All plots use the same colourscale, ranging from 0 to 1.25 - 1074,
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At normal incidence, the LP mode linewidth increases up to a factor of two from its initial

value, and saturates at about the same rate as the mode energy (Figure 5.12b). Finally, the

contrast of the LP mode decreases in a similar manner as what was observed for cavity MC1,

although not to the same extent (Figure 5.12c).
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Figure 5.12 Dependence of the fitted LP mode parameters on the incident fluence for cavity
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5.2 Heat diffusion modelling

When a nonlinear response is observed in a power sweep experiment, it is important to rule
out thermal effects. If the absorbed power from the probe pulses is significant, local heating
of the measurement spot could change the optical properties of the materials, or thermal
expansion could increase effective layer thicknesses. In a cavity, this would tend to shift the
mode to lower energies, as the effective cavity length would increase. This could partially or

completely mask the nonlinear blueshift we are trying to measure.

A common way to reduce the contribution of thermal effects is to perform the measure-
ment at a low pulse repetition rate, typically below a few hundred Hz [83] [84]. Because the
thermal effects depend on the average power absorbed at the pump spot, they will increase
with increasing repetition rate. The Kerr effect depends only on the peak amplitude of the
electric field, and will remain the same for a given pump fluence. Therefore, if the observed
blueshift were unaffected by changes in pulse repetition rate, we could be confident that the

contribution of thermal effects is negligible.

In the case of polariton blueshift measurement, it was not practical to perform the experiment
at a low repetition rate, because of the very low transmitted light intensity of the sample.
Using a repetition rate of 100kHz, the signal-to-noise ratio of the transmission spectrum
ranged from 5 to 85 depending on probe fluence. If the repetition rate were decreased to 1
kHz to reduce spot heating, for an equivalent probe fluence the signal would be reduced by
a factor of 100 and be impossible to resolve in the noise floor, much less fit the peak center

energy accurately.
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Therefore, instead of directly measuring the contribution of thermal effects, it was necessary

to estimate spot heating by numerical modelling.

5.2.1 Simulation setup

Using the COMSOL Multiphysics finite-element modelling software, a simple simulation was
implemented to solve the Fourier heat diffusion equation for a 2D axisymmetric geometry.
The modelled structure was simplified compared to the actual cavity. Since the thermal
properties of the SiO5 and TayO5 in the dielectric mirror stacks are similar to those of the
underlying glass substrate [85], they were not included in the model, and only the central part
of the cavity was modelled. This consists of a 200nm MgF, spacer, 50nm CNT:PFO-BPy
film and 200nm PVAc spacer. The thin film stack is surrounded on both sides by 50um thick
glass substrates, and the lateral size of the model is 50um. The substrate dimensions were
increased until the temperature gradient was negligible at the outer boundary of the model,
so that the substrates could be considered infinitely large. The outside boundaries of the
model were fixed to a temperature of 300K using a Dirichlet boundary condition. The initial

temperature of the films and substrates was also set to 300K.

The material parameters needed as model inputs are the thermal conductivity s, the specific
heat capacity c,, and the density p. For the borosilicate glass substrates [86] and the evapo-
rated MgF, spacer [87], all these values are easily found in the manufacturer’s datasheet. For
the PVAc polymer, the data can be found in a handbook of material properties [88]. How-
ever, for the CNT:PFO-BPy film, the material properties have not been directly measured

and must be estimated.

Measured or simulated thermal properties for PFO-BPy-wrapped (6,5)CNT films were not
available in the literature, but published values for similar-composition samples can be used
as an approximation. Avery et al. measured an in-plane thermal conductivity at 300K of
16.5 W/m - K in PFO-BPy wrapped (10,8) vacuum-filtered CNT films of roughly the same
concentration and thickness as what was used in our experiments [89]. They did not measure
the out-of-plane thermal conductivity or the specific heat capacity. The thermal conductiv-
ity of CNT films is generally anisotropic, with reported ratios k,/k, ranging from 1.3 to 32,
depending on the film composition and fabrication method [90] [91] [92]. In this simulation,

we do not model anisotropic heat transport in the CNT film.
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Pradhan et al. measured the specific heat capacity of randomly-oriented mixed-chirality
single-wall carbon nanotube thin films [93] : ¢, = 720(J/kg - K). Finally, the density of
the CNT:PFO-BPy films can be estimated as follows : The density of a single (6,5)CNT is
easily calculated, given that both the diameter [94] and the number of carbon atoms per unit
length [95] are precisely known. This computes to a density of 4.02g/cm?. The density of the
bulk PFO-BPy polymer has not been published in the scientific literature or in the supplier
specification, but the density of the related polymer PFO is 0.88g/cm?® [96]. Using these
two values, and the CNT mass loading ratio of the film of 63% (calculated from absorption
measurement of the CNT ink), the bulk density of the CNT:PFO-BPy film is estimated to
be 1.73g/cm?.

The maximal absorbed power in the measured spot is calculated by integrating the product
of the CNT cavity absorption spectrum (from a transfer-matrix model) and the probe power
spectral density. Since the cavity absorption spectrum depends on incidence angle, the in-
tegration must be done over the probe injection angle as well as over the wavelength. The
largest average incident probe power used in the experiment was 227uW, of which 0.83uW
was absorbed in the CNT layer and contributed to the heating of the measured spot. A heat
source with a Gaussian distribution of FWHM 3um and a total power of 1luW was added to
the model.

Table 5.5 Values of the material parameters used in the heat diffusion model

Material k (W/m-K) | ¢, (J/kg-K) | p (g/cm?)
MgF, 0.33 1000 3.18
Poly-(vinyl acetate) | 0.159 1183 1.19
CNT film 16.5 720 1.73
Glass substrate 1.114 858 2.51
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5.2.2 Results

The steady-state solution of the numerical model showed a rise in temperature of 0.076K at
the center of the pump spot, for an absorbed power of 1uW (Figure 5.15). The peak tem-

perature value can then be used to estimate the change in the cavity’s transmission spectrum.
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Figure 5.15 (a) Absorbed intensity distribution for a total absorbed power of 1uW (red curve)
and in-plane temperature profile in the CNT film (black curve). (b) Out-of-plane temperature
profile.

When the temperature of a material is increased, two competing effects contribute to a change
in optical path length : thermal expansion of the material will increase the physical path
length, and the thermo-optic effect will reduce the refractive index, partially compensating
the increase in optical path length [97]. To make a conservative estimate of the upper bound
of polariton mode energy shift expected from thermal effects, we will neglect the thermo-optic

effect, and consider only thermal expansion.

The coefficient of thermal expansion (CTE) of all the inorganic materials in the cavity is on
the order of 107¢ K~! [86] [98] [85]. The CTE of PVAc polymer is two orders of magnitude
larger at 2.8 - 10~* K= [88]. Therefore, thermal effects on the inorganic layers in the cavity
are not considered in the simulation. The coefficients of thermal expansion for CNT:PFO-
BPy films or polyfluorene polymers in general (PFO, PFO-BPy, or other derivatives) could
not be found in the published literature.
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Because carbon nanotubes exhibit negative thermal expansion [99], CNT-containing com-
posite films tend to have a smaller CTE than the bulk host polymer [100] [101] [102]. To
make the most conservative estimate on the upper bound of thermal expansion, this effect
is neglected. Since the CTE of the host polymer is not known, the CNT:PFO-BPy film is
considered to have the same CTE as the PVAc film in the simulation. This seems a reason-
able approximation for two reasons : First, in the range above cryogenic temperatures but
below the glass transition temperature, many polymers have similar coefficients of thermal
expansion on the order of 107*K™! [88]. Second, since the CNT:PFO-BPy film is four times
thinner than the PVAc spacer film, its contribution to the total thermal expansion will be

relatively small.

In order to simulate the effect of thermal expansion on the cavity absorption spectrum, the
transfer-matrix model of the cavity was modified to increase the thickness of the CNT and
PVAc films as a function of temperature. For the CNT film, since the light absorption de-
pends on the number of nanotubes (which remains constant), as the film thickness increases,
the imaginary part of the refractive index is reduced proportionally, to keep the total absorp-

tion constant.
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Figure 5.16 (a) TMM-calculated cavity absorption spectra at normal incidence for tempera-
ture shifts from -25K (blue) to +25K (red) (b) Center energy of the LP mode (black) as a
function of temperature shift, and linear fit (red) with a slope of —42 peV /K.
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The simulated temperature range was £25K around ambient. The lower polariton mode ab-
sorption peak was fitted with a Lorentz lineshape for each temperature, and the dependence
of the mode energy on temperature was fitted to a linear function with a slope of —42 peV /K
(Figure 5.16).

According to the simulation results, the 0.076 K rise in temperature from the absorbed probe
power at the highest fluence used in the experiment would lead to a —3.18 eV shift in po-
lariton mode energy. This is two orders of magnitude smaller than the nonlinear blueshift
observed in the experiment, and one order of magnitude smaller than the narrowest confi-
dence interval in the mode energy measurements. We can conclude that thermal expansion

at the probe spot did not have a significant contribution to the observed experimental spectra.
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5.3 Time-domain modelling of polariton nonlinear response

Given the many features in the measured angle-resolved spectra, it is difficult to directly
interpret the nonlinear response and identify the mechanisms involved. To help investigate
the polariton microcavity’s behaviour under strong resonant excitation, we first developed
a numerical model of the nonlinear response in the time-domain. This allowed us to verify
that the polariton nonlinear blueshift could be well explained by the Kerr effect (which was
the measured dominant contribution of the nonlinear response of the CNT material). We
then performed additional simulations to test assumptions regarding the effect of changes in
pump pulse duration and spectral shape. Finally, we used a frequency-domain model of a
simplified structure to show that the other features in the data could be explained by the

presence of an induced gradient of the refractive index inside the cavity.

5.3.1 Kerr nonlinearity in the time domain : the Duffing model

To verify that the observed polariton blueshift is consistent with the measured optical non-
linearity of the CNT thin film material, a numerical model of the cavity nonlinear response
was implemented using the COMSOL Multiphysics software [103]. While nonlinear transfer-
matrix methods exist [104] and have been used to model polariton microcavities [105], they
are not well-suited to model our polariton blueshift experiment. TMM models are expressed
in the frequency domain, and calculate the optical response at a single well-defined frequency
(making the assumption that the system being modelled is in steady-state equilibrium under
CW excitation). In the case of the polariton blueshift experiment, the optical probe is a
broadband pulse, with many frequencies contributing to the nonlinear polarization. Cru-
cially, the probe pulse duration is on the order of the polariton mode lifetime, which means
that the system does not have sufficient time to reach a steady state. To accurately model
the microcavity’s response to a transient excitation, it is necessary to explicitly compute the
time evolution of the electric field. This is achieved using the finite element method (FEM)
to solve Maxwell’s equations. The linear dispersion, absorption, and nonlinear polarization

of the CNT material are represented in the time domain using the Duffing model.

To properly reproduce the cavity’s optical response, both its linear (refractive index disper-
sion and absorption spectrum) and nonlinear (Kerr effect) properties must be modelled. This
is straightforward to do in the frequency domain : The linear dispersion and absorption can

both be represented by a Lorentz oscillator model of the material polarization, and the Kerr
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effect can be taken into account by adding a nonlinear polarization term. In the instantaneous
Kerr effect approximation, the Kerr coefficient ny is considered a constant (independent of
frequency). Previous measurements in our group [58] have shown that ny can be expected to
vary relatively slowly with frequency in the range 1050-1150nm covered by the probe in this

experiment, making it possible to use this approximation.

The frequency-domain Lorentz model of the material susceptibility is :

B frwi
X(w) = w? —w? —iwyL

(5.1)

Where f| is the Lorentz oscillator strength, wy is the Lorentz oscillator frequency, and vy is

the Lorentz oscillator damping rate.

This can be translated to the time domain as [106] the following differential equation for the

material polarization :

0P oP

wrl + Lo +wiP(t) = e frwi E(t) (5.2)

Similarly, as described in section 2.3, the instantaneous Kerr effect is described in the fre-

quency domain as

n(w) = ng + nol(w) (5.3)

Where ny is the linear index, ng is the Kerr coefficient and I(w) is the local intensity at a
given frequency. This can also be written in the time domain as a differential equation for

the material polarization [107] :

P(t) = eo(ni — 1)E(t) + 2eqnona I (t)E(t) (5.4)

which is an approximate expression where the term (noI(t))? has been dropped from the
expansion of (ng + nyl(t))?, and is therefore only valid when nyI(t) < 1 (always the case
in nonperturbative nonlinear optics). The intensity is I(t) = |F|?/2n where 7 is the wave

impedance of the material.
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The Duffing model is an extension of the Lorentz model which adds a nonlinear restoring

force to the classical harmonic oscillator. It can be expressed in the time domain as [107] :

PP Py e
o RO P(t) = e et E (Y (5:5)

where « is a nonlinearity coefficient. We can make a small-signal approximation where
P ~ 1 + P2 (dropping the higher-order terms of the expansion) to lower the computa-

tional cost of solving the model, leading to equation 5.6.

0*P oP

Frl + Qv +wi(1+a|P(t)*)P(t) = e frwi E(t) (5.6)

To relate the value of « in the Duffing model to the value of ny in the nondispersive instan-
taneous Kerr model, we consider the Duffing model in the nondispersive limit, where v, — 0

and wy;, — oo. In this case, equation 5.6 reduces to the form

P(t) +a(P(t)’ = e frE(t) (5.7)

From equations 5.4 and 5.7, the following relation between o and ny can be derived (valid in

the small-signal regime) [107]:

nong

—&fin

(5.8)

One of the limitations of the Duffing model is that due to the approximations in the derivation
above, the calculated material polarization starts to deviate significantly from the frequency-
domain Kerr model when the refractive index nonlinear modulation An/nyg in increased above
the order 1072 [108]. Therefore, the Duffing model as derived here is usable only in the per-

turbative regime of nonlinear optics.

Also, the Duffing model as used in the existing literature can only describe the real part of the
third order nonlinear polarization (corresponding to the Kerr effect), and not the imaginary
part (corresponding to either two-photon absorption or saturable absorption). From Z-scan

measurements at the MC2 mode energy (close to the Sj; transition), we know that there is
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significant saturable absorption. In order to apply the same numerical modelling strategy to
cavity MC2, it would have been necessary to extend the Duffing model to account for sat-
urable absorption. Since we were unable to measure consistent Z-scan data for the CNT film
at 1070nm, we would not have had accurate values to use in such an extended Duffing model,
and so we did not develop one. However, this remains a promising idea to be developed in
the future in order to accurately model nonlinear polariton cavities operating close to the ex-

citon resonance, where both refractive and absorptive nonlinear effects play an important role.

5.3.2 Approximation of the CNT dispersion with a single-oscillator Lorentz

model

For the material nonlinear response to be accurately represented by the Duffing model, it
must first be described in terms of Lorentz oscillators. The full optical dispersion of the CN'T
film derived from fits to ellipsometry and absorbance data is expressed as a sum of many
Lorentz oscillators plus background terms describing the asymptotic dispersion towards zero
and infinite frequencies. This model would be cumbersome to translate to the time-domain
Duffing formulation. However, in the experiment the probe spectrum is restricted to a rel-
atively narrow band between 1050 and 1150 nm. Therefore, the cavity response will be

accurately modelled as long as the CN'T material dispersion is accurate within that band.

A single-oscillator Lorentz dispersion model with a background permittivity term was able
to approximate the measured CNT material dispersion near the LP mode wavelength at
1106nm (figure 5.17). The real part of the dispersion is well-reproduced, but the imaginary

part does not overlap as well with the model due to the trion absorption peak near 1140nm.

Table 5.6 Coefficients for the Lorentz model fitted to the CNT material dispersion in the
band 1050-1150nm

Coefficient | Description Fitted value
fr Oscillator strength 0.39696
wr, Center frequency 2m - 304.8978 THz
YL Damping rate 2m - 7.4082 THz
€00 Background permittivity | 2.6206
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Figure 5.17 (a) Real part of the CNT refractive index near the MC1 mode wavelength.
Ellipsometer-measured dispersion in black, fitted Lorentz model in red. (b) Imaginary part
of the CNT refractive index near the MC1 mode wavelength.

5.3.3 Validation of the Duffing model implementation

To check that the Duffing model as implemented in COMSOL Multiphysics with the param-
eters in table 5.6 properly reproduces the measured linear dispersion and shows the expected

nonlinear change in refractive index, a simple model was set up to simulate light propagation
through a CNT thin film.

Given that the standard formulation of the Duffing model does not use a background per-
mittivity, it was necessary to slightly adapt it to properly account for e, with a modified

definition of « :

Nono
€& (fr+ew—1)%n

o =

(5.9)

Where the linear index ny = 2.139 is set to the value at the LP mode resonance wavelength

of 1106nm, and the Kerr coefficient ny = —2.372 - 107 m?/W is set to the Z-scan measured

2

value at 1110nm and the lowest measured peak intensity of 6.2 GW /cm® (see section 5.1.2).



102

Numerical setup

The model geometry is defined in two dimensions and consists of a single rectangular domain
(50nm wide and 1000nm high). The left boundary is the input interface, configured as a
source for a right-propagating plane wave. The right boundary is configured with a scatter-
ing boundary condition (SBC) to absorb all incident energy. The top and bottom boundaries
are configured as perfect magnetic conductors. In the center of the domain, a probe records
the time-dependent electric field F(t) and displacement field D(t).

A differential equation node was created in the COMSOL model to model the material in-
duced polarization 13(15) according to the Duffing model as defined in equations 5.6 and 5.9.
The displacement field used by the solver was defined as D(t) = epens E(t) + P(t) to account
for the background permittivity.

The domain is meshed with a swept mesh of rectangular elements (a single element in the
transverse direction, 5nm wide elements in the propagation direction) and the solver time
step size is set to 0.005fs. This value was chosen to ensure that the Courant-Friedrich-Lévy
(CFL) number, defined as the fraction of a mesh element traversed by the wave during a time

step, remained below 0.2 to ensure stable convergence of the solver and accurate results.

After the simulation, the recorded E(t) and D(t) fields are Fourier-transformed to obtain

E(w) and D(w), which are then used to calculate the refractive index with

n(w) = EOD;‘EJJ) (5.10)

Results

Two series of simulations were run. The first series modelled the propagation of a continuous-
wave signal of wavelength 1100nm for increasing intensity. In the small-signal regime, the
refractive index modulation is linear with the intensity, and the index decreases as the in-
tensity increases, as expected for a negative Kerr coefficient (Figure 5.18). However, the
simulated ny and ny when using the coefficients in table 5.6 and equation 5.9 respectively
were slightly different from the expected values, likely because of the approximations used in

deriving the Duffing model.
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By manually adjusting the values of f;, and o by a small amount, both the linear index
and the slope of the nonlinear index modulation could be corrected to match the expected
values. The optimized values are noted in table 5.7. At intensities beyond 0.1 GW /cm?,

the simulated refractive index starts to noticeably deviate from equation 5.3 with an error

<nDUffmg - nKe’r’T‘)/nKer'r > ].0_3

Table 5.7 Optimized coefficients for the Duffing model of the CNT material

Coefficient | Optimized value
fr 0.396447
Q@ 1.39115 - 10° m*/C?

The second series of simulations modelled the propagation of a broadband short pulse
(Ao = 1100nm, FWHM; = 500fs, FWHM,, = 16THz), for increasing peak intensity (Fig-
ure 5.19). At very low peak intensity, the Kerr effect contribution is negligible, and the
calculated dispersion exactly overlaps with the frequency-domain Lorentz model of equation
5.1 with the coefficients of Table 5.6 (with a relative error An/n < 10~ between the Duffing-
calculated and Lorentz dispersions). As the peak intensity is increased, the refractive index
decreases below the linear value. The peak index modulation occurs at 1095nm, close to
but not exactly at the pulse center wavelength (where the intensity is highest). This offset
is caused by higher-order dispersion of the probe pulse, which distorts the pulse temporal

envelope shape as it propagates.

This simple model validates the implementation of the Duffing model in the COMSOL Multi-
physics FEM software, as both the linear dispersion and nonlinear refractive index modulation

of the CNT material show the expected behaviour.



104

214

2135

]
-
w

[
e
]
h

]
-
L]

215

]
-
=

Simulated refractive index
[\~
=
o

217

2085

209 I I I L I L L L L
o 002 004 006 008 01 012 014 016 018 02

CW Intensity (GW/em®)

Figure 5.18 Simulated refractive index at 1100nm for the Duffing model under CW excitation,
for a range of probe intensities. The red curve plots equation 5.3 with ng = 2.139 and
ny = —2.372- 1074 m?/W.

-0.005

0.0

-0.015

-0.025

-0.03

-0.035

-0.04
1040 1060 1080 1100 1120 1140 1160

Alnm)

Figure 5.19 Refractive index modulation calculated with the Duffing model for increasing
peak pulse intensity (black curve : linear regime (1 V/m), coloured curves : 0.01 to 0.1
GW /cm? peak amplitude, increasing from blue to red).

5.3.4 Probe pulse spectral and temporal envelope

To define a time-domain numerical model of the blueshift experiment, the probe pulse has
to be expressed as a function Ej,(t). While the spectrum of the incident probe is accurately
known from the baseline probe transmission measurement, the temporal envelope and the

spectral phase are not.
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Ideally, these would have been measured using a Frequency-Resolved Optical Gating (FROG)

system, but this was not available at the time the experiment was performed.

An approximation of the pulse duration was derived in the following manner. The chirp of
the supercontinuum pulse at the output of the YAG crystal is known from Kerr-gate pump-
probe measurements [109] and is approximately linear with a value of 2.5 - 1073 rad/fs?.
When propagated through all the optics between the YAG crystal and the sample (collimat-
ing doublet lens, two edgepass filters, variable attenuator, and 20X microscope objective), the
probe pulse accumulates a group delay dispersion! (GDD) of approximately 4000 fs*> which
stretches the pulse and slows the chirp down to 2 - 107* rad/fs®.

We attempted to match the center frequency, linewidth, and spectral shape asymmetry of the
probe pulse (Figure 5.2) with a linearly-chirped sinusoidal wave, using various analytical ex-
pressions for asymmetric temporal envelopes, but a satisfactory solution could not be found.
Ultimately, the probe pulse E;,(t) was simply defined as a Gaussian-envelope linearly-chirped

sinusoidal wave:

(t —t9)?

(0:/2)?

with the coefficients listed in Table 5.8. This definition does not accurately reproduce the

Ei(t) = Ey - exp <— In(2) ) sin(wo(t — to) + g(t —t9)?) (5.11)

entire spectral shape (Figure 5.20) of the probe. However, it approximately matches the
intensity and slope near the LP mode wavelength at 1106nm. We expect that the cavity’s
nonlinear response will be relatively insensitive to the intensity at frequencies far from reso-
nance, since the off-resonance components of the probe will be mostly reflected by the first
DBR mirror and will not significantly contribute to the intracavity field. Similarly, the non-
linear response can be expected to be relatively unaffected by the exact shape of the temporal
envelope, because the pulse width is much shorter than the mode lifetime. Both of these as-

sumptions will be tested in section 5.3.5 with additional simulations.

Exact GDD values at the 1100nm wavelength could not be obtained in the literature or from the optics
manufacturers, except in the case of the longpass filter [110]. For the shortpass filter, the GDD was assumed
to be the same as for the longpass. For the lenses, the GDD was estimated from the glass thickness, using
the specified GVD values from the glass manufacturer [86] [111] [112].
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Table 5.8 Coefficients for the analytical expression of the incident probe pulse E;,(t)

Coeflicient | Description Value
Ey Peak amplitude (Variable)
to Amplitude temporal envelope center | 1500fs
oy Amplitude temporal FWHM 566fs
wo Center frequency 27 - 282.823 THz
3 Linear chirp 2-10~% rad /fs?
0.9
0.8
Zo7
LE 0.6
Tos
E 0.4
Soa
0.2
|
0.1 i
0 | |
950 1000 1050 1100 1150 1200
A (nm)

Figure 5.20 Measured (black) vs analytical time-domain definition (red) spectrum of the SC
probe pulse. The thin dashed line marks the LP mode wavelength at 1106nm.

5.3.5 Modelling of the nonlinear response for cavity MC1
Cavity geometry and material parameters

The layer thicknesses in the cavity were determined using the linear characterization tech-
niques described in section 3.2. The refractive indices in all materials except the CNT layer
were set to a constant value (the value at the LP mode wavelength), and the dispersion of
the CNT layer was represented by the Duffing model developed in the previous section. The
glass substrates at either end of the structure were modelled with a thickness of 100nm, but

were effectively of infinite thickness due to the SBC on the outside boundaries.
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Numerical setup

The numerical setup (Duffing model differential equation, meshing, solver settings) was iden-
tical to the one used for the Duffing model validation simulations, with the exception of the
incident pulse, which is defined using equation 5.11 with the coefficients in Table 5.8. The
mesh element size was kept at 5nm for the CNT layer but increased to 25nm in the other

layers. A point probe is configured to record FE,,;(t), the electric field in the output substrate.

The simulation is run for a total time of 10ps, sufficiently long for the incident pulse to be
completely reflected, absorbed or transmitted, with negligible stored energy remaining in the
cavity. This takes approximately three hours with the available computing power (AMD
Ryzen Threadripper 3970X 3.70GHz). After the simulation, the input field E;,(t) and trans-

mitted field E,,;(t) are Fourier-transformed, and the transmission spectrum is calculated :

(5.12)

Results

With a weak intensity probe pulse (Ey = 1 V/m), the calculated normal-incidence trans-
mission spectrum in the linear regime can be compared with the measured spectrum for the
lowest probe fluence (Figure 5.21). While the energy of the LP mode is well-reproduced by
the model, the linewidth is slightly overestimated and the contrast of the transmission peak
is not accurate. The contrast of the simulated mode is 4.85 times lower that what was ob-
served experimentally. This difference is present in both time-domain and frequency-domain
models; The TMM and COMSOL-calculated spectra overlap perfectly with each other, bu
not with the experimental data. There are two likely contributing factors to these differences
between the model and the sample. First, the absorption spectrum of the CNT layer could
not be fully reproduced by a single-oscillator Lorentz model, due to the additional absorption
peak near 1140nm (attributed to trion absorption). Specifically, at the mode wavelength of
1106nm, the real absorption is slightly lower than in the Lorentz model. This accounts for
the narrower linewidth of the mode in the experimental results. Second, the models of the
DBR mirrors use a "perfect" stack where all the high-index layers and low-index layers are
identical. In the actual DBRs, unavoidable variations in thickness during manufacturing and

scattering losses due to surface roughness reduce the reflectivity compared to the ideal case.
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The polariton mode of cavity MC1 lies close to the DBR stopband edge, where small errors
in layer thickness can cause a large drop in reflectivity. This would account for the higher

transmission contrast seen in the experimental data.
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Figure 5.21 Simulated (red) and measured (black) normal-incidence transmission spectra for
cavity MC1 in the linear regime. A scaling factor of 4.85 was applied to the simulated data
to match the peak transmission value.

With stronger probe pulses (peak intensity ranging from 0.02 to 1.5GW /cm?), we can observe
a blueshift of the LP mode energy as the probe intensity is increased (Figures 5.22, 5.23a).
This is qualitatively consistent with what was observed in the experimental measurements of
cavity MC1 (Figure 5.8a), although the simulated blueshift shows a linear dependence with

probe fluence over the whole simulated range, while the measured blueshift saturates.

We would not expect the saturation of the blueshift to be reproduced by the model, as it
relates to saturation of the Kerr coefficient at high intensities, an effect that is not predicted

by the simple Kerr model of equation 5.3.

The mode linewidth and contrast are not well-reproduced by the model; in the simulation,
the linewidth slightly decreases and the contrast increases as the mode shifts to higher energy.
This is the opposite of what was observed experimentally, where the mode was broadened
by about 50% and the contrast suppressed by 94% at the maximum blueshift of 0.52meV.
The increase in contrast in the time-domain Duffing model of the cavity is also inconsistent
with the TMM simulations where the mode energy was shifted by thermal effects (Figure
5.16). In the TMM results, the contrast was suppressed as the mode shifts to higher energies,
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although not as much as what was observed experimentally. When the peak intensity is in-
creased an order of magnitude further (well beyond the limit where the Duffing model ceases
to reproduce the Kerr model properly) the simulated peak transmission becomes larger than

unity, which is obviously unphysical.

At the highest simulated peak intensities, the shape of the transmission spectrum starts to
change significantly with a new peak appearing on the low-energy side of the mode. This hap-
pens as the peak intensity in the CNT layer is increased above the threshold of 0.1GW /cm?

where the Duffing model starts to significantly deviate from the Kerr model.

The changes in transmission spectra at the high end of the simulated peak intensities are
indicative of the model’s failure to properly capture the nonlinear response of the material

beyond the small-signal regime.

%1072

Transmission

0 . . . . .
1.1 1105 111 1115 112 1125 113 1135 114
Energy (eV)

Figure 5.22 Cavity MC1 simulated normal-incidence transmission spectra in the linear regime
(black) and at peak pulse intensities from 0.02 to 1.5GW /cm? (increasing from red to blue).
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Figure 5.23 Simulated LP mode parameters for cavity MC1 as a function of incident probe
fluence.

Sensitivity of the model to probe pulse duration

To verify our assumption that the cavity response would not be highly sensitive to changes in
pulse duration, a series of simulations was run with resonant probe pulses (spectral FWHM
of 10THz or about ten times wider than the LP mode) of different temporal widths, start-
ing with a FWHM of 100fs and progressively increasing the dispersion until the FWHM
reached 1600fs. As the probe pulse was stretched to longer durations, its peak intensity was
proportionally reduced in order to keep the fluence constant. For each pulse duration, five
simulations were run with increasing pulse fluence, and the LP mode blueshift as a function
of incident probe fluence was fitted to extract the slope. The results show that the slope of
the blueshift with respect to probe fluence increases by only 4.4% (Figure 5.24) as the pulse
is temporally stretched by a factor of 16. This justifies the approximation of only considering
the probe fluence in modelling the experiment, when the exact temporal envelope width is
not known. We can also observe that the variation of the nonlinear response with probe pulse
duration is steeper at low pulse durations, and more moderate as the probe pulse becomes

much longer than the mode lifetime of approximately 300fs.
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Figure 5.24 (a) Simulated LP mode energy in cavity MC1 as a function of incident probe
fluence, for probe pulse FWHM from 100fs to 1600fs (increasing pulse duration from blue to
red). (b) Slope d(AE)/dFy of the simulated LP mode blueshift in cavity MC1 as a function
of probe pulse.

Sensitivity of the model to off-resonance pumping

The second assumption made to simplify the model was that the cavity response would be
dominated by the on-resonance frequency components of the probe pulse. To verify this,
a series of simulations was run to model the nonlinear response of the cavity to a probe
pulse with a spectral width of 5THz and a peak intensity of 0.1 GW/cm?, with the center
frequency detuned from the LP mode by 0 to 10THz. We can observe that the blueshift
drops off rapidly as the detuning is increased, following the decrease of the spectral overlap
between the probe pulse and the intracavity field (Figure 5.25). This supports our assump-
tion that only the on-resonance frequency components of the probe contribute significantly

to the nonlinear blueshift.
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Figure 5.25 Simulated LP mode blueshift for cavity MC1 as a function of probe detuning
(black). Spectral overlap between the probe and the LP mode intracavity field as a function
of probe detuning (red curve).

Comparing the simulated and measured nonlinear blueshift

Using the two assumptions verified above, we can define a straightforward way to compare
the experimental results with the time-domain numerical model, even if the model did not
accurately reproduce the probe pulse spectrum and temporal envelope. The precise intensity
envelope I(t) of the probe in the experiment is not known, but the total pulse fluence is,
as well as the probe spectrum S(w). As we have shown above, the fluence is the important
quantity determining the size of the LP mode blueshift, and off-resonance components of the

probe do not significantly contribute to the nonlinear response.

If the total fluence of the probe Fj is corrected by a factor representing the fraction of total
fluence that is on-resonance with the LP mode, the resulting "effective fluence" F,s; should

allow comparison of the nonlinear response between datasets with different probe spectra.

In the experiment, the probe intensity was distributed over a wide angular range (Figure
5.2a). For the measurement of the normal-incidence spectra, the transmitted signal at zero
angle was integrated over a width of five pixels to improve the SNR. The definition of effective
fluence for the experimental measurement must take into account the overlap of the angular
intensity distribution of the probe with the angular integration region, in addition to the

spectral overlap of the probe with the polariton mode.
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We define Fisf as

Jor J200t084 S (ky, w) dk, dw) (5.13)

Fepp = Fo < =
Jo f96§25 S(ky,w) dky dw

where S(k,,w) is the angle-resolved spectrum of the probe, the integration bounds k, €
[—0.65,0.65] correspond to the numerical aperture of the collection objective and k, €
[—0.0184,0.0184] defines the region of Fourier-space integrated to calculate the normal-
incidence spectrum. The integration bounds (w; = 27-269.9554THz, wy = 27-272.6138THz)
correspond to the 1/e? width of the simulated LP mode intracavity intensity spectrum, con-

taining approximately 86% of the total intracavity optical power.

The value of F,¢s for the experiment is easily calculated by numerical integration of the
measured probe angle-resolved spectrum. In the definition of F.¢; for the numerical model,
the integration in Fourier space is not necessary, as the model uses a plane wave excitation

(all the incident fluence is at normal incidence).

When the polariton mode blueshift as a function of effective fluence is plotted for the experi-
mental and numerical results (Figure 5.26), we can observe the overlap of the model with the
small-signal behaviour of the cavity. The value of d(AE)/dF.;; = 34.76 +0.04 peV - cm?/pJ
for the simulated data agrees with d(AFE)/dF,;; = 33.87+1.73 ueV - cm?/uJ for the experi-

mental data (in the range of fluence below the saturation threshold in the experimental data).
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Figure 5.26 Measured (black) and simulated (blue) blueshift of cavity MC1 as a function of
effective probe fluence. The red shaded region indicates the confidence interval of the linear
fit to the first five points of the measured data. The fitted slope is (d(AE)/dFefs).,. =
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5.4 Modelling of the fluence-dependent changes in LP mode contrast

Additional numerical modelling was performed to elucidate the origin of fluence-dependent
changes in the angle-resolved transmission spectral map observed in the experiment, es-
pecially the large reduction in mode contrast which could not be reproduced in the FEM

time-domain model.

5.4.1 Non-linear absorption

Our first hypothesis was that there might be two-photon absorption in the CNT material,
too small to be measured by the Z-scan method but causing a sufficient increase in cavity
absorption losses to suppress the quality factor at high peak probe intensity. The noise floor
and dynamic range of our Z-scan setup allows the reliable detection of a change in transmis-
sion on the order of 5-1073. This can be translated into a lower bound for the detectable
change in the imaginary part of the refractive index. Beer-Lambert’s law of absorption gives

the transmission coefficient of the CNT thin film in the linear regime :

(5.14)

47 Lk,
Tozexp<— T O)

Ao
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Where L is the thickness of the material, ky is the imaginary part of the linear refractive
index, and )y is the vacuum wavelength. If a nonlinear effect modulates the value of ky by
a small amount Ak, the transmission will change to a new value 7", according to the new
absorption kg + Ak. The quantity measured by the Z-scan method is the relative change in
transmission AT /Ty = (Ty — T")/Ty. The absolute change in transmission AT is :

(5.15)

AT = exp <_47rLk0> exp (_ AnL(ko + Ak))

Ao Ao

We can do a series expansion of this expression around Ak = 0 and discard the higher-order

terms (assuming the perturbative nonlinear optics regime where Ak < 1).

AT = @Ak exp (—
Ao

47TL:I€0

0

) + O(AK?) (5.16)

The expression for the relative change in transmission then reduces to

AT  4ArnL
— = —Ak 5.17

From this expression, knowing the film thickness L = 35.6nm and the wavelength Ay =
1110nm, we can calculate that the minimal detectable AT /Ty of 5 - 1073 corresponds to
Ak = 0.0124.

To estimate how sensitive the transmission contrast of the lower polariton mode would be to
2PA; a series of TMM simulations was run. The microcavity structure was defined using the
parameters for cavity MC1 from Table 5.1 and the ellipsometer-measured optical dispersion
for all materials, except the CNT layer. For the CNT layer, a small Ak was added to the
true material dispersion, simulating the additional absorption losses from 2PA. A range of

Ak from zero to 0.025 were simulated.
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Figure 5.27 (a) TMM-simulated normal-incidence transmission spectra for cavity MC1, with
an absorption offset Ak from zero to 0.025 added to the CNT layer (increasing Ak from red
to blue). (b) TMM-simulated normalized LP mode transmission contrast as a function of
Ak.

The results (Figure 5.27) show that quite a large change in absorption is required to signif-
icantly affect the LP mode transmission contrast. Over a range of Ak from zero to 0.025
(twice the calculated minimum detectable modulation of the absorption for our Z-scan setup),
the LP mode contrast is reduced by only 55%. In the experiment, the mode contrast was
reduced by about 95%. Based on these results, two-photon absorption cannot account for

the observed changes in LP mode transmission contrast.

The relatively low sensitivity of the mode contrast to changes in the material absorption can
be explained by the fact that in the MC1 cavity, the absorption losses are large and dominate
the mirror losses. The total losses of the system are therefore approximately proportional
to the absorption. In a regime where the absorption losses are smaller than or equal to the
mirror losses, a small change in absorption can lead to a dramatic change in the cavity mode

quality factor, an effect exploited in cavity-enhanced absorbance spectroscopy.

Another argument against the nonlinear absorption hypothesis is that while it could possibly
have explained the observed reduction in transmission contrast at normal incidence, it could

not have explained the simultaneous increase at higher angles.
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5.4.2 Four-wave mixing

Another possible explanation for the redistribution of transmitted intensity from zero angle
to 16 degrees is a four-wave mixing process (see section 2.3). If light at the bottom of the
polariton dispersion can be converted to light at another frequency and higher angle, this
would account for the depletion of intensity at zero angle and the corresponding observed

increase at 16 degrees.

To determine if this is possible in our sample, we plot the energy dispersion of the lower

polariton cavity (Figure 5.28).
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Figure 5.28 Energy dispersion of the lower polariton mode in cavity MC1. The blue dot
marks the state where intensity is depleted, and the red dot marks the state where intensity
is increased. The green shaded region indicates the range of momenta that can be injected
by the supercontinuum probe.

For a wave mixing process to explain the observed experimental features, it should convert
at least one photon at the energy Ey = 1.121 eV and momentum k; = 0 indicated by the
red marker on the figure, and produce at least one photon at the energy E; = 1.131 and
momentum k; = 1.58 pum™"' corresponding to the blue marker. This process will only be
possible if energy and momentum are both conserved (that is, the sum of the energies of
the destroyed and created photons should be equal, and the sum of the momenta of all four
photons involved in the wave mixing process should be zero). We will examine all possible

combinations of destroyed and created photons to see if any of them satisfy these conditions.
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We can first consider the degenerate pump case where two & = 0 photons are converted
to two photons at different energies (signal and idler). If the signal photons has energy
E, = 1.131 €V, the idler photon must have an energy of F; = 1.111 eV and an in-plane mo-
mentum of &k = —1.58 um™'. Such a state does not exist on the lower polariton dispersion

curve.

The case where two k| = 0 photons and one photon at some energy F, are converted to one
photon at the blue market position can be immediately dismissed, as this would require E,

to be negative.

We then consider the more general case where one k) = 0 photon and another photon at some
other energy £, are converted to a signal and idler photon, where the signal photon has an
energy /s = 1.131 eV. The value of E, is restricted to the range of states that can be excited
by the supercontinuum probe, and the energy of the idler photon cannot exceed 1.217e¢V
(the mode energy when the angle of incidence reaches 90 degrees). Within these constraints,
there are no possible combinations of £, and E; that satisfy energy conservation. This also
exclude the case where one k; = 0 photon and one photon with energy E, are converted to

a pair of photons at a degenerate energy F.

Finally, we can consider a process converting one k = 0 photon and a pair of degenerate
photons at some energy FE, to one photon at the energy F, = 1.131 V. This would require
the degenerate pump photons to have an energy £, = 50 meV and an in-plane momentum

k= -0.79 pm~!. Again, such a state does not exist on the polariton dispersion curve.

From these arguments, we can conclude that four-wave mixing processes cannot explain the

observed features in our experiment.
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5.4.3 Intracavity Kerr lens

The third hypothesis that was examined hinged on the fact that while the optical probe in
the experiment was focused to a small spot with a Gaussian spatial intensity profile, the
time-domain FEM model used a plane wave to reduce the computational cost. The meshing
also used a single mesh element in the direction transverse to the propagation of the wave.
This meant that it was effectively a 1D model, and did not reproduce the modulation of the

refractive index in the transverse direction.

In reality, the tightly focused probe beam creates a negative Kerr lens at the measurement
position, which we can expect to perturb the cavity mode, and would affect the angle-resolved
transmission. While the case of an intracavity Kerr medium has been thoroughly described
in the context of modelocking lasers [113], that is not equivalent to the case we consider
here. In the typical treatment, the cavity is large and the beam is relatively wide, and the
formalism of Gaussian beams with the paraxial approximation can be used. In our case, both
the cavity length and the probe focal spot size are on the order of the wavelength, requiring

a wave-optics approach.

A time-domain wave-optics simulation of the intracavity Kerr lens using the Duffing model
was not practical, due to the heavy computational cost that would result from meshing the
transverse direction over the whole geometry. To attempt to gain insight into the qualitative
behaviour of the angle-dependent transmission when a transverse refractive index modulation

is present, a much simpler frequency-domain toy model was simulated instead.

Numerical setup

The toy model consisted of a purely photonic cavity (no semiconductor material) using two
5-pair DBR mirrors (ny = 2.5, n = 1.5, design wavelength 1000nm) and a center layer with
nc = 1.5. The cavity mode wavelength at normal incidence was chosen to coincide with the
DBR design wavelength. All materials were absorptionless and dispersionless. The cavity
was surrounded by vacuum on both sides with ng = 1, and all the outside boundaries of the
geometry were configured as SBCs. The left boundary was also configured as a source for a
Gaussian beam focused to a spot size of 3um, with the focal plane in the center of the cavity.

The entire geometry was meshed with 25nm-size triangular elements.
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The model was solved in the frequency domain using a direct solver, for a range of frequencies
around the resonance (955-1005nm with a 0.1nm step). For each solution, the spatial Fourier
transform of the position-resolved electric field intensity at the output boundary |E(Zeus, y)|?
.

was computed to obtain the angle-resolved intensity |E(k,)|*. In this manner, the angle-

resolved spectral intensity map of the transmitted light was obtained.

To calculate the angle-resolved transmission, a baseline simulation was run with the same
geometry and meshing, but setting the refractive index of all the domains to ng = 1, simulat-
ing the propagation of the probe beam through free space. Then, the angle-resolved spectral
intensity map of the cavity model was divided by that of the baseline model to produce
the angle-resolved transmission spectral map (Figure 5.30a) showing the parabolic energy

dispersion of the cavity mode.

In order to model the intracavity Kerr lens without having to explicitly add a Kerr term to the
model, the nonlinear modulation of the refractive index was approximated using the linear
solution for the electric field intensity distribution. The electric field intensity transverse
profiles at the center of the cavity for all simulated wavelengths were averaged together to
give the effective intensity distribution when excited with a spectrally flat light source (Figure
5.29a). Finally, the intracavity Kerr lens can be approximated by manually introducing a
transverse refractive index modulation in the cavity center layer according to the effective
field intensity distribution (Figure 5.29b).
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Figure 5.29 (a) Wavelength-averaged transverse intensity profile in the center layer of the
baseline model (black curve) and cavity model (red curve). Probe spot FWHM 3 pm. (b)
Transverse refractive index profile applied to the center layer of the cavity model (modulation
depth An = —0.01).
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Figure 5.30 (a) Simulated angle-dependent transmission for a 5-pair DBR cavity with an
uniform refractive profile index in the center layer (b) Simulated angle-dependent transmis-
sion for the same cavity, with a modulation of the refractive index profile in the center layer
(modulation depth An/ny = —0.01). The fast oscillations in the transmission intensity are
interference artifacts arising from the finite size of the modelling domain and imperfect ab-
sorption by the SBC outside domain boundaries.
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Results

When the angle-resolved transmission spectral map is recalculated with this modulation,
an effect qualitatively very similar to what was observed in the experiments appears (Fig-
ures 5.30b, 5.31). As the refractive index modulation increases, shifting the mode energy
up, the transmission at normal incidence is suppressed, the mode linewidth at normal inci-
dence is broadened, and the transmission at higher angle increases. A modulation amplitude
of An/ng = —0.002 is sufficient for the effect to appear in the simulated angle-dependent
transmission spectra; modulation depths of up to An = 0.01 were simulated in order to

demonstrate the changes more clearly.

The experimentally observed behaviour at high angle (linewidth narrowing, increased blueshift)
is not perfectly reproduced, but this is not unexpected given the approximations used in this
very simple model (no material dispersion, no energy dependence of the nonlinear response,
nonlinear index modulation calculated from the linear electric field distribution). Never-
theless, the fact that this very simple model was able to reproduce the most important
unexplained features in our experimental data supports the hypothesis that the intracavity

negative Kerr lens causes significant changes in the cavity mode energy dispersion.
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Figure 5.31 Simulated cavity mode parameters at normal incidence (black) and 9 degrees
(red) for the simple DBR cavity as a function of the refractive index transverse modulation
depth.

This simulation was computed in the frequency-domain, calculating the propagation of a
single frequency at a time, and would not have shown wave-mixing effects dependent on

phase-matching between different frequencies.
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To our knowledge, the effect observed here has not been previously described in the litera-
ture. It occurs in the specific case of a microcavity with a highly-nonlinear Kerr material
being excited with a focused spot of broadband light, and becomes properly apparent only

in angle-resolved transmission spectroscopy measurements.

The dramatic change in the angular and spectral transmission pattern could have applica-
tions as an optical switch, beam steering device or as an optically tunable spectral filter, and
merits further investigation with more advanced numerical modelling. As the effect does not
seem to depend on the cavity being in the strong-coupling regime, microcavities could be
fabricated using only low-absorption dielectric materials, with a suitable low-loss and high
Kerr-coefficient material such as amorphous silicon carbide [114] in the cavity center. If the
absorption losses are low enough, the effect could be visible under CW excitation without
thermal damage to the measurement spot, which would considerably reduce the complexity of
numerical modelling of the results; a nonlinear 2D transfer-matrix formulation similar to [105]
could be used to simulate a full 2D model of the microcavity including the Kerr effect and
the Gaussian intensity profile of the probe beam. If a time-domain simulation is necessary,
using the finite-difference time-domain (FDTD) method would be more resource-efficient and
could allow a full 2D model to be solved in a reasonable amount of time?. There are FDTD
models of the Kerr effect in Lorentz-dispersive materials which have been shown to be numer-
ically stable, computationally-efficient, and accurate in the perturbative regime [115]. Both
of these strategies are promising approaches for future numerical experiments to study the
effect of a strong negative Kerr lens integrated into an optical microcavity, and examine its

potential application to the development of new photonic devices.

2In this work, FEM modelling was used instead of FDTD for practical reasons of software license avail-
ability.
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CHAPTER 6 SIMULATION OF COHERENT POLARITON DYNAMICS
IN PEROVSKITE MICROCAVITIES

This chapter discusses a different project, led by our collaborator Dr. Wei Bao at the Uni-
versity of Nebraska-Lincoln. Dr. Bao’s group developed a process for the in-situ growth of
large defect-free single crystals of lead cesium bromide perovskite semiconductor material in
high-quality-factor optical microcavities. This allowed them to measure high quality images
of the real-space and Fourier space photoluminescence over large length scales, and to ob-
serve hydrodynamic phenomena characteristic of polariton condensates. In particular, the
transition between normal flow and scatterless superfluid flow around a defect was observed
at the polariton condensation threshold, and Cerenkov supersonic flow could be observed

when polaritons were created with a sufficiently large in-plane momentum.

The author’s contribution to this project was the numerical modelling of the experiments by
implementing the driven-dissipative Gross-Pitaevskii equation in the COMSOL Multiphysics
FEM software. Real-space time-integrated images of the polariton density were generated
using the model for different sets of parameters corresponding to the experimental conditions,

and showed a good agreement with the features observed experimentally.

The experiments and simulations presented in this chapter were published in reference [20] :

K. Peng, R. Tao, L. Haeberlé, Q. Li, D. Jin, G.R. Fleming, S. Kéna-Cohen, X. Zhang,
and W. Bao, "Room-temperature quantum fluids in halide perovskites', Nature Communica-
tions, vol. 13, no. 7388 (2022). DOI : 10.1038/s41467-022-34987-y

Dr. Bao’s group later demonstrated a XY Hamiltonian quantum simulator [116] based on a
lattice of polariton condensates using high-quality perovskite microcavities. That work was

supported by numerical models based on the ones developed in our group and discussed below.
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6.1 Background

6.1.1 Metal halide perovskite semiconductors

Metal halide perovskites are a class of semiconductor materials with the chemical structure
ABXj where A is an organic or alkali metal cation, B is a metal (typically lead or tin) and
X is a halogen. Their electronic and optical properties have been extensively studied, as
they are particularly well-suited to optoelectronic applications such as photovoltaic cells and
light-emitting diodes [117] [118]. Many of the same properties also make them a promising
material for exciton-polariton experiments [119] : they have a direct band gap with a large
oscillator strength, a high exciton binding energy allowing experiments to be performed at
room temperature, and a high exciton-exciton nonlinear interaction strength. These prop-
erties can be tuned to a certain extent by the choice of the A, B, and X components. In
addition, metal halide perovskites are fabricated by solution processing, making experiments

cheaper and faster than materials that require ultrahigh-vacuum slow crystal growth.

The specific perovskite material used in the experiments discussed in this chapter is cesium
lead bromide (CsPbBr;), with a band gap of 2.4eV and exciton binding energy of 36meV [120].

6.1.2 Microcavity fabrication and linear characterization

The microcavities were fabricated using a similar approach to what was done for our CNT
laminated microcavities. High-quality DBR mirrors (SiOy/TagOs, nine pairs) were grown
on fused quartz wafers by electron beam evaporation. An array of square gold pillars was
then patterned on top of the DBR surface, and two patterned wafers were aligned and joined
together by thermal compression in a wafer bonding machine. The bonded wafers were then
diced into cm-sized chips for individual microcavity fabrication. Each chip consists of a pair
of high-quality mirrors, kept parallel and at a controlled spacing by the gold pillars. The
quality factor of the empty cavities after wafer bonding and dicing was measured at approx-
imately 900.

High-quality, large-size single crystals of cesium lead bromide (CsPbBr3) were then grown
inside of the empty cavities, using the inverse temperature crystallization method. A precur-
sor solution of lead bromide and cesium bromide in dimethyl sulfoxide (DMSO) is prepared

and allowed to fill the cavity by the capillary effect.
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The cavity is then slowly heated on a hotplate, where the inverse temperature dependence
of CsPbBrs in DMSO causes crystals to grow from the precursor solution. The method can
produce single-crystal plates hundreds of micrometers wide, fully filling the gap between the
mirrors (confirmed by measuring the crystal thickness by AFM on a debonded chip) and
very low defect density (confirmed by a high PLQY and long PL lifetime). Crystals were
also grown in "control" cavities using bonded quartz wafers without the reflective DBR coat-

ing, to perform absorption and photoluminescence measurements.

The polariton dispersion of the perovskite microcavities was measured using angle-resolved
transmission spectroscopy (Figure 6.1). An interesting feature can be observed in the po-
lariton energy dispersion : Due to the optical birefringence of the perovskite crystal, the
effective cavity length is different for light polarized along the two in-plane principal axes
of the crystal, lifting the degeneracy of the TE and TM modes at normal incidence. A full
treatment of the light-matter coupling in this case needs to consider the TE-TM splitting at
k = 0 in addition to the effective mass of the cavity photon in the TE and TM-polarizations.
However, since all the experiments use a narrowband pump laser tuned to excite only the
TE lower polariton, a simple coupled-oscillator model considering only the TE cavity mode
is sufficient to describe the system. The exciton energy Ex = 2406meV is known from the
absorption spectrum of a CsPbBrj single crystal grown in the same conditions as the mi-

crocavity crystal. The fitted parameters of the coupled-oscillator model are listed in table 6.1.
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Figure 6.1 Angle-resolved transmission spectra of the microcavity, showing the TE-TM split-
ting due to the perovskite crystal’s optical birefringence. The z and y directions are the
crystal principal axes in the plane of the cavity. Reproduced from [20] under CC-BY 4.0
license.
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Table 6.1 Fitted polariton parameters of the perovskite microcavity.

Parameter Fitted value
Exciton-cavity mode detuning A | -71.1 meV
Rabi splitting 2hQ g 151.4meV

6.1.3 Hydrodynamic measurements

The aim of the experiment was to observe and characterize two important nonlinear quan-
tum hydrodynamic phenomena : superfluidity and Cerenkov supersonic flow. While room-
temperature polariton condensation has been previously demonstrated in microcavities using
CsPbBrs nanowires [121] and small single-crystal plates [122], superfluidity and supersonic
flow had not been reported, because the observation of these hydrodynamic phenomena re-

quires a very homogenous crystal over a much larger length scale.

Superfluidity is defined as the suppression of scattering in a quantum fluid [16]. When the
polariton density is increased beyond the condensation threshold, polariton-polariton inter-
actions will change the polariton energy dispersion, shifting it to higher energy and deforming
its shape from a parabolic curve to a linear one [18]. This can be seen in plots of the polariton
dispersion curve obtained by solving the GPE with the Bogoliubov approximation (Figure
6.2).

In this regime, superfluid flow is possible when the Landau criterion is respected : the group
velocity v, of the polariton fluid must be lower than the critical velocity of the system. The
critical velocity here is the polariton speed of sound ¢ (the speed at which polariton-polariton
interactions can propagate energy through the fluid), which depends on the polariton density

|¥|?, polariton-polariton interaction potential g, and polariton effective mass mpp.

\112
cs:,/g| | (6.1)
mrp

When the Landau criterion is respected, there are no available states on the energy dispersion

curve for polaritons to scatter to, and they propagate around obstacles without interacting
with them.
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Figure 6.2 Bogoliubov excitation spectra calculated at low (red) and high (blue) pump in-
tensity. (a) When the k, is small enough to fulfill the Landau criterion, there are no possible
states for condensate polaritons to scatter to when encountering an obstacle. (b) When k,, is
large enough to violate the Landau criterion, although the dispersion shape is still strongly
modified by polariton-polariton interactions, there are lower-energy states that condensate
polaritons can scatter to. Reproduced (adapted) from [20] under CC-BY 4.0 license.

Both v, and ¢, can be controlled experimentally. Using a resonant pump with an in-plane
momentum £k, (determined by the incidence angle of the pump beam), the polariton group
velocity is given by v, = hk,/mpp. The polariton density is tuned by simply changing the
intensity of the pump with a variable attenuator, which in turns controls the polariton speed

of sound c,.

Two series of experiments were performed using two different pump wavevectors k,. In both
experiments, the pump energy was tuned to be slightly blue-shifted (by an amount &~ 5meV)
with respect to the polariton mode energy at k,, in order to efficiently excite the lower po-
lariton mode after its energy dispersion has been shifted by polariton-polariton interactions.
A short-pulse pump (250fs pulses from an optical parametric amplifier) was used in order to
allow the polariton state to evolve freely after the initial excitation. An localized defect was
artificially created in the CsPbBrj crystal by burning a pm-sized spot with a tightly-focused
nonresonant pump beam. The flow of the polariton fluid around this defect could then be
observed using real-space and Fourier imaging in a transmission geometry, using one objec-

tive lens for the injection of the pump and another objective lens for the imaging.



129
In the first series of experiments, aiming to observe superfluid flow, the value of k, = 2.3um™"
was sufficiently low to fulfill the Landau criterion. Images of the polariton density were mea-
sured at different values of pump fluence, and two regimes could be observed (Figure 6.3).
At low fluence, there are parabolic interference fringes in front of the defect, caused by back-
scattered polaritons, as well as a shadow trailing behind the defect. As the pump fluence is
increased beyond the polariton condensation threshold, both of these features are strongly

suppressed, indicating scatterless flow around the defect.

Figure 6.3 Real-space image of the polariton density for an injected pump wavevector of
k, = 2.3um™! and a fluence of 0.07 (I) and 6 (II) uJ/cm?. Scale bar 5um. Reproduced
from [20] under CC-BY 4.0 license.

In the second series of experiments, aiming to observe Cerenkov supersonic flow, the value of
k, was increased to 4.2um™" in order to violate the Landau criterion. This time, as the pump
fluence was increased, the interference fringes were not suppressed, but transitioned from a

parabolic to a linear shape (Cerenkov pattern) characteristic of supersonic flow (Figure 6.4).

With increasing pump fluence, an increase of the aperture half-angle of the linear fringe pat-
tern (Mach cone angle ¢) was observed. ¢ is determined by the Mach number (the ratio

between the fluid velocity and the sound velocity) according to the relation [16]

Cs
ing = — 6.2
g = * (6.2)
The polariton speed of sound was calculated from the observed Mach cone angle in Figure
6.4 and determined to be 10.4 um/ps, which confirms that the Landau criterion is violated

since the polariton group velocity v, = hk,/mpp = 17um/ps is larger than c,.
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Figure 6.4 Real-space image of the polariton density for an injected pump wavevector of
k, = 4.2um™* and a fluence of 0.06 (I) and 5.6 (II) pJ/cm?. Scale bar 5um. Reproduced
from [20] under CC-BY 4.0 license.

6.2 Numerical modelling of the polariton fluid dynamics

6.2.1 Driven-dissipative GPE

The Gross-Pitaevskii equation describes the dynamics of a fluid of weakly-interacting bosons
(see section 2.1.4). In the case where the Rabi frequency Qp is much larger than the other
energy scales of the system (polariton kinetic and interaction energies, LP-pump detuning),
the GPE can be simplified [16] by only considering the time evolution of the lower polariton
field W(r,t) :

ih

aqf(;,t) _ <thp VR b gl (e, 1)) + V(r)) U(r,t)+hP(r,t)  (6.3)

In equation 6.3, the lower polariton mode energy is described using a parabolic dispersion
with the rest energy hwrp = 2.2368 ¢V and effective mass mpp = 2.56 - 10~ kg fitted from
the measured angle-dependent transmission data. The polariton decay rate vy,p = 2.87 ps~!
is calculated from the measured linewidth of the mode. The polariton-polariton interaction
potential is parametrized by the constant g = 0.5 ueV - um?, which can be determined by
the slope of the measured LP mode energy blueshift with respect to the polariton density.
V(r) is the potential of the scattering defect. Finally, the driving term P(r,t) represents the

rate of creation of polaritons by the pump.
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The pump pulse is expressed as a plane wave of frequency w, with a Gaussian temporal and

spatial envelope and peak amplitude F), :

_(t—tp)? Ir|2

P(r,t) = Fpe(i(kp'r_“’pt)) e i e 297 (6.4)

where the widths oy, are related to the FWHM by 0 = FWHM/(2,/21n(2)). The pump
spot FWHM (fitted from the real-space images) was 16um for the Cerenkov experiments and
24pm for the superfluidity experiment. The laser pulse temporal FWHM was 250fs.

The amplitude F,, of the driving term is related to the pump laser pulse peak intensity by

the expression

vrrlo

F,=0C, ST
p

(6.5)

derived from input-output theory [19] [123], where C,, is the Hopfield coefficient correspond-
ing to the photon fraction of the lower polariton state at the pump momentum k, (calcu-
lated from the coupled-oscillator model fitted to the measured angle-dependent transmis-

sion). The pump pulse peak intensity is calculated from the measured pump fluence Fy with

Iy = Fo/(oi/T).

6.2.2 Numerical setup

To simulate the polariton hydrodynamic phenomena observed in the perovskite microcavi-
ties, equation 6.3 was implemented in the COMSOL Multiphysics FEM software using the
General Form PDE interface. The lateral size of the simulation domain was set at 100um.
This provides a sufficient space for the polaritons created at the center of the domain to decay
before reaching the edge, avoiding numerical artefacts from edge reflections in the results.
Similarly, the total duration of the simulation is set to 3500fs, corresponding to five times
the polariton lifetime after the end of the pump pulse, in order to let the polaritons from the

pump pulse decay completely.
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The scattering defect was modelled as a circular region in the center of the domain (diameter
0.8um in the case of the Cerenkov simulations and 2.2um for the superfluidity simulations)
where the potential V(r) was set to 50meV, about twice the polariton kinetic energy. This
value was arbitrarily chosen to provide a sufficient potential barrier to induce scattering on
the plariton fluid on the defect. Outside of the defect region, V(r) = 0. In addition, since
the cavity is damaged in the defect spot, the polariton decay rate in the defect region was set
to 100 - v p. Once again, this is an arbitrarily large value, in order to destroy the polaritons

created by the pump inside the defect region.

The simulation domain was meshed with triangular elements with a maximal size of 100nm.
The mesh element size and the polariton group velocity v, p = hk,/mrp ~ 17um/ps de-
termine the maximum size of time step that can be used by the solver to ensure numerical
stability according to the CFL criterion (discussed in section 5.3.3). When using a solver

step size of 1fs, the CFL number is 0.17 which is acceptable.

After the numerical model has been solved for a given pump fluence and wavevector, the so-
lution ¥(r,¢) contains the time evolution of the polariton field complex amplitude. What was
experimentally measured was the time-averaged intensity, as the detector response is much
slower than the timescale of the polariton dynamics. To properly compare the simulation
with the experimental data, the solution is integrated to give the time-averaged polariton

density

U (r))? = ;/OT U (r, £) U(r, t) dt (6.6)

where T = 35001fs is the total simulation duration.
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6.2.3 Results
Superfluid flow

The first series of simulations aims to reproduce the superfluidity experiment, by using a
pump wavevector of 2.3um™1. The time-averaged polariton polariton density maps for pump
fluences below and above the condensation threshold (Figure 6.5) clearly show the transition
to superfluid flow. At low polariton density, the polaritons are back-scattered on the defect,
leading to density oscillations in front of the defect from the interference between the forward-
propagating and back-scattered polaritons. There is also a shadow or region of low polariton
density behind the defect. When the pump fluence is increased, the intensity envelope of
the interference wavefronts and length that the shadow extends in the wake of the defect are
both reduced, This is a signature of the transition to a scatterless flow characteristic of the
superfluid state. The difference is made more visible in one-dimensional cuts of the polariton
density across the defect (Figure 6.6). Note that while the interference fringes and shadow
are suppressed at high fluence, they do not disappear completely (this is also the case in the
experimental data in Figure 6.3). This is mainly due to the fact that polariton density is
integrated over time, and contains contributions from the leading and trailing edge of the

pulse (below threshold) even when the peak intensity of the pulse is above threshold.
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Figure 6.5 Simulated time-averaged polariton density |¥(r)|? for an injected pump wavevector
of k, = 2.3um™" (a) below and (b) above the condensation threshold.
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Mormalized \4'|2

Figure 6.6 Normalized simulated time-averaged polariton density profile across the defect
below (red curve) and above (blue curve) the condensation threshold. The pump in-plane
momentum is k, = 2.3 um~!. The position of the defect (dashed black lines) is also shown
for reference.

Cerenkov supersonic flow

The second series of simulations aims to reproduce the Cerenkov experiment, by using a
pump wavevector of 4.2um~t. The time-averaged polariton polariton density maps for pump
fluences below and above the condensation threshold (Figure 6.9) show the transition from
subsonic to supersonic flow. At low polariton density, a parabolic interference wavefront is
produced in front of the defect, similar to the below-threshold results of the first simulation.
As the pump fluence is increased, the interference fringes are not suppressed, but transition
to a linear shape (Cerenkov pattern). The aperture angle of the Mach cone increases at
higher pump fluence, as the higher polariton density translate to a higher speed of sound,

and a higher ¢, /v, ratio.
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Figure 6.7 Simulated time-averaged polariton density |¥(r)|? for an injected pump wavevector
of k, = 4.2um™" (a) below and (b) above the condensation threshold.

6.2.4 Optimized simulation parameters

After we provided the initial simulation results, which qualitatively reproduced the observed
features of the experimental data, Kai et al. [20] further refined the model by adjusting the
polariton parameters mpp, wrp, Yo p to more accurate values. The results from the updated
model (Figures 6.8, 6.9) show better quantitative agreement with the experimental data,
with a remaining scale factor ~ 5 between the simulated and measured fluences. This is
attributable to the approximations inherent to the calculation of the polariton density in
the simulation, and to the fact that the numerical model uses the peak fluence, while the
experimentally measured fluence is the mean value (averaged over the spot size). The aper-
ture half-angle of the Mach cone in Figure 6.9b was 38 degrees, corresponding to a polariton
speed of sound ¢, = 10.6pum/ps close to the experimentally-measured value. In the opti-
mized model, small-amplitude (5meV) random fluctuations of the external potential V (r)
were added in order to better reproduce the appearance of the measured polariton density

images.
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Figure 6.8 Simulated time-averaged polariton density |¥(r)|? with optimized polariton pa—
rameters and random fluctuations of V'(r) for an injected pump wavevector of k, = 2.3um™"
and a fluence of 3.5 (I) and 35 (II) uJ/cm?. Scale bar 5um. Reproduced from [20] under

CC-BY 4.0 license.

Figure 6.9 Simulated time-averaged polariton density |¥(r)|> with optimized polariton pa-
rameters and random fluctuations of V (r) for an injected pump wavevector of k, = 4.2um™"
and a fluence of 3.5 (I) and 35 (II) uJ/cm?. Scale bar 5um. Reproduced from [20] under
CC-BY 4.0 license.

6.3 Discussion

By using an in-cavity crystal growth method, Peng et al. were able to fabricate cavities
containing sufficiently large and uniform single crystals of CsPbBrs to demonstrate super-
fluid and Cerenkov supersonic flow of a polariton fluid. The finite-element-model numerical
simulation of the driven-dissipative Gross-Pitaevskii equation that we developed was able
to reproduce the experimentally observed features of the real-space images for both polari-
ton flow regimes, using the experimentally-measured values for the polariton dispersion and

polariton-polariton interaction potential.
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CHAPTER 7 CONCLUSION

7.1 Summary of Works

By exploiting a novel fabrication method developed by the Arnold group at UWM, very high
concentration CNT thin films could be integrated into high quality factor optical microcavi-
ties. We have demonstrated ultrastrong coupling in metal-mirror cavities, with a normalized
coupling exceeding the previous highest-reported value for Wannier-Mott excitons. We were
also able to demonstrate strong coupling of the phonon-assisted K-dark exciton transition

with the cavity mode.

In DBR-mirror cavities, we demonstrated the narrowest CNT polariton linewidth yet re-
ported. We performed CW and pulsed PL measurements on the DBR cavities and found that
the maximum attainable polariton density was severely limited by the large exciton-exciton
annihilation rate. Due to these constraints, we could not reach the polariton condensation
threshold, even at cryogenic temperatures. Furthermore, we observed rapid degradation of
the polariton PL emission under continuous pumping, which we attribute to the photoexcited

formation of quenching sp® defects.

Resonant excitation of DBR-mirror polariton cavities with a supercontinuum probe allowed
us to observe nonlinear effects below the condensation threshold, such as a shift of the polari-
ton energy with increasing fluence. A numerical time-domain model of the nonlinear optical
response of the cavity was developed, and was able to reproduce the observed energy shift in
the perturbative regime (before the saturation of the Kerr effect). However, other features in
the measured angle-resolved spectra were not explained by the model, namely a broadening
of the mode linewidth, a strong suppression of the transmission at normal incidence, and a

increase of the transmission at larger angle.

Additional simulations allowed us to identify the mechanism driving these changes as the
formation of an intracavity Kerr lens. The specific case of an intracavity Kerr lens in a
microcavity excited by a diffraction-limited focused spot had not been previously reported

in the literature, and merits further investigation.
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Finally, an finite-element model implementing the driven-dissipative Gross-Pitaevskii equa-
tion was developed, and could fully reproduce the observed hydrodynamic phenomena ex-
perimentally observed by collaborators in a polariton condensate using a DBR microcavity

containing a large defect-free CsPbBrs perovskite single crystal.

7.2 Limitations

The results of the photoluminescence and blueshift experiments show that the initial strategy
aiming to maximize CN'T concentration and cavity quality factor is not optimal for achieving
the initial goal (demonstrating polariton condensation). The very high concentration used in
our samples came with a number of drawbacks, including low reproducibility of film thick-
ness, low uniformity, high scattering losses, and low PLQY. The high cavity mode quality
factor combined with the high losses of the CNT material meant that the polariton mode
contrast was very small. This made it very difficult to resolve the mode with good SNR with

the available instruments.

One of the initial arguments motivating the use of CNTs for polariton microcavities was
their high photostability compared with organic dyes. In our vacuum-filtered samples, we
observed the opposite : the rapid and irreversible photoinduced degradation of PLQY is a

major issue for polariton devices, and should be investigated further.

The developed time-domain-model of the polariton cavity with the Duffing equations is com-
putationally expensive, and had to be defined on one dimension due to constraints on the
available memory and processing power. To fully simulate the angle-resolved transmission
spectrum, a two-dimensional description is required. The model needs to be considerably
optimized to make this possible. A numerical approach based on the FDTD method is likely

to prove faster and more efficient.

Finally, a better characterization of the nonlinear response of the CNT film material will be
essential to build accurate models of the nonlinear response of CNT microcavities. In this
work, only a few datapoints at one wavelength could be measured, as the material degraded
in storage. However, in future experiments, this could be avoided simply by performing all

the characterization immediately after sample fabrication.
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If accurate measurements of the material nonlinear absorption can be obtained, the numeri-
cal model could be extended to include the imaginary nonlinear susceptibility, enabling the

simulation of polariton cavities with close to zero detuning.

7.3 Future Research

To better determine the optimal parameters for CN'T polariton microcavities, the influence
of concentration on key metrics such as PLQY, exciton linewidth, background absorption,
scattering losses, and uniformity /morphology should be systematically characterized. The
constraints on the cavity quality factor could also be relaxed; it is not useful to have ex-
tremely reflective mirrors when the material absorption and scattering losses outweigh the
mirror losses by several orders of magnitude. A cavity with moderate quality factor would
allow easier measurement of the angle-resolved spectra and be cheaper to fabricate. Similarly,
if reducing the CNT concentration improves the material properties and the ease of sample
fabrication at the cost of reduced coupling strength, that could be an acceptable trade-off as

long as we remain firmly in the strong-coupling regime.

The cause of the photoinduced PLQY degradation should be investigated, and side-by-side
comparisons of the photostability of dropcast and vacuum-filtered films should be performed
to confirm our observation that the degradation seems much worse in the vacuum-filtered

material.

As the low PLQY of CNTs is a major limiting factor in achieving polariton condensation, it
would be very interesting to use CNTs functionalized with sp® luminescent defects to improve
the polariton population rate in our high quality factor DBR microcavities, as was demon-

strated by Liittgens et al. in metal-mirror microcavities [61].

The use of functionalized CN'Ts using engineered defect sites to localize the excitons also sug-
gests the possibility of modifying exciton-exciton annihilation dynamics. For a given EEA
cross-section, if the excitons are localized instead of diffusing freely along the tube, the an-
nihilation rate should be reduced, but this has never been measured. A comparison of EEA
coefficients between pristine and functionalized CNT thin films of identical concentration

would be a relatively simple and potentially very impactful experiment.
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Finally, the large observed changes in the transmitted angular intensity pattern of a nonlinear
microcavity as a result of intracavity Kerr lensing are a novel effect that should be investi-
gated further, although it is unrelated to strong light-matter coupling. Additional simulations
accurately modelling the Kerr lens in a numerically self-consistent manner could determine
if there are any useful applications for optical switching or optically actuated beam steering.
A recently developed nonlinear transfer-matrix method that supports inhomogeneity in the

transverse direction [105] would be well-suited to this problem.
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APPENDIX A ALIGNMENT AND CALIBRATION OF THE
ANGLE-RESOLVED SPECTROSCOPY SETUP

This is intended as a reference for future users of the angle-resolved micro-spectroscopy setup.

Alignment and focusing

Focus and tilt of the camera

1.

10.

11.

Select the correct grating on the spectrometer (the same that will be used in the mea-

surement). Set the wavelength to Onm.

Close the slit to 30um width.

. Install a scattering target in the microscope sample holder (600 grit ground glass dif-

fuser, piece of Teflon sheet, white paper, etc).
Switch the microscope imaging path to the eyepiece.

Using grazing angle illumination from below (ex. OSL2 halogen lamp), focus on the

target surface with a low-magnification objective.
[Nluminate the target from above with OSL2 lamp or other bright white light source.
Switch the microscope imaging path to the side port.

Now, the field of view of the objective (containing a flat uniform bright field) should
be focused on the spectrometer entrance slit by the L1/L3 relay.

Looking at the live feed from the camera, adjust the focus to get the sharpest possible

image of the slit, and the tilt to align the slit image on the vertical axis.

Lock the camera in place. The alignment will shift a bit when tightening the screw,

you will need to adjust the initial position so the tilt and focus are good once locked.

Note the slit position Xy on the sensor. The field on view of the microscope will be
aligned to center on this position. Note : this will not be the same as the center of the
sensor (i.e. Xy = 320 for a 640px wide sensor) because of the camera mount mechanical

tolerances.
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Alignment and focus of L3 (f = 300 mm achromatic doublet)
Focus

Using a ruler, make sure the distance between the lens back flange and the plane of the spec-
trometer slit (at the center of the micrometer screw) corresponds to the back focal length
of the AC508-300-C-ML lens (f, = 291.3 mm). See the reference drawing on the Thorlabs
website for the correct measurement location on the lens. Make sure to use a spacer or other
means to keep the ruler horizontal and avoid parallax error. Aim for an accuracy of Imm or
better.

Alignment, XY position
1. Remove lens L1 from the path.

2. Place a reticle alignment target (ex. R1DS2P) in the microscope sample holder and

illuminate from above.
3. Switch the microscope imaging path to the eyepiece.
4. Center the target reticle on the eyepiece reticle and focus the image.
5. Switch the microscope imaging path to the side port.

6. Place a LMR2AP alignment plate on L3. Adjust the lens XY position to center the

projected reticle image on the center of the alignment plate.

Alignment, tilt
1. Install a beam block before the spectrometer.
2. Set up an alignment laser collinear with the microscope optical axis.
3. Install a SM1-threaded iris on the microscope side port.

4. Adjust the tilt of L3 to align the back-reflected spot from L3 on the iris.

During normal operation, L3 is never moved, and minor adjustments in the im-

age position or focus are done with L1.
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Alignment and focus of L1 (f = 100 mm biconvex)
Coarse alignment, XY position

Follow the same procedure as for XY alignment of L3, using the LMR2AP alignment plate
of L1.

Coarse focusing
1. Follow steps 1-5 of the XY focusing of the L3 lens.
2. Looking at the live image on the camera, adjust the Z-position of L1 until the image
of the alignment target reticle is sharp.
Alignment, tilt

Follow the same procedure as for tilt alignment of L3, using the back-reflected spot from L1.

Any polarizers or filters between L1 and L3 can slightly shift the image position
or focus. The fine alignment should be performed with the same optics in the

path as what will be used in the measurement.

Fine alignment, X
1. Set up the alignment reticle in the microscope sample holder.

2. Looking at the live feed from the camera, adjust the L1 X-position until the reticle is

centered on the position of the slit (position recorded during initial camera alignment).

L1 is not an achromatic lens. To ensure correct focus, the L1 Z-position must
be adjusted while illuminated with approximately the same wavelength range as

what will be used during the experiment.
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Fine focusing
1. Insert the appropriate bandpass filters in the illumination light path.

2. Looking at the live field from the camera, adjust L1 Z position until the image of the

target reticle is sharp.

3. Note the Y, position of the center of the alignment target reticle.

While the X-center of the camera field of view can be accurately defined (at the slit X-
position), there is no similar obvious feature to locate the Y-center of the field of view. It
is not coincident with the Y-center of the sensor (i.e. Y=256 for a 512px-height sensor),
because of the mechanical tolerances of the camera spectrometer mount. From experience,
when trying to align the center of the field of view with the sensor Y-center, the L1 lens be-
comes significantly offset from the microscope field of view, and the image is distorted. The
coarse Y-alignment using the LMR2AP alignment plate is sufficient to obtain a real-space

image free of distortions.

Alignment and focus of L2 (f = 100 mm achromatic doublet)
Coarse alignment, XY position and tilt
1. Follow steps 1-3 of the tilt alignment of L1 and L3.

2. Place a LMR2AP alignment plate on L2. Adjust L2 XY position until the alignment

laser spot is centered on the plate.

3. Remove the alignment plate and adjust the tilt of L2 to center the back-reflected spot

on the iris.

4. Repeat the previous two steps until both position and tilt are correct.
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Fine alignment and focusing

1. Mount a sample that emits approximately isotropic light at the measurement wave-

length (for example, a fluorescent thin film) and set up the appropriate optical pump.

2. Looking at the live field from the camera, adjust L2 Z position until the image of the

Fourier plane (which should be a uniform filled circle) is sharp.
3. Adjust L2 XY position until the Fourier plane is centered on the same Xy, Yy position

as the real-space image.

Calibration

Wavelength calibration

Wavelength calibration is performed using a standard procedure, measuring the spectrum
from a spectral calibration source (Oriel 6031 Kr lamp, Oriel 6032 Ne lamp) at different
grating positions and fitting the measured peak position to reference spectral lines from the
NIST database. For optimal resolution of the spectral lines, the lamp is placed at the Fourier
plane between L1 and L2, such that a sharp image of the lamp is projected on the spectrom-

eter entrance slit.

Fourier plane scale calibration

The position rr on the Fourier plane is proportional to the in-plane wavevector scaled by a
magnification factor M; depending of the focal lengths of the microscope objective, micro-
scope tube lens, and L1, L2, L3 :

In practice, due to the cropping of the Fourier plane by the spectrometer entrance slit (ori-

ented along the y direction), only the k, component is measured.

yp = Myk, = Mjsind,
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Calibration of the Fourier plane magnification measures M (rr) in order to correct for any

aberrations in Fourier imaging.

1. Set up an alignment laser collinear with the microscope optical axis. The power should
be suitably attenuated to avoid damaging the camera, and the wavelength should be
close to the wavelength used in actual measurements to avoid errors in magnification

from chromatic aberration.

2. Mount a low-period transmission grating in the microscope sample holder (150 lines/mm

works well).

3. Looking at the live field from the camera, rotate the grating until the line of bright
spots from the different diffraction orders is vertical (aligned with a column of pixels

on the camera).

4. Record the measured diffraction pattern.

The 0, of the diffraction orders for a given wavelength is easily calculated from the grating
equation, and the measured yp position can be fitted to the calculated k, with a polynomial
function for Mj. in practice, a second-order polynomial is sufficient for a perfect fit, with
the quadratic coefficient being a small correction three orders of magnitude smaller than the

dominant linear coefficient.
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APPENDIX B LIST OF EQUIPMENT AND INSTRUMENTS

Instruments

First Light Imaging CRED-2 InGaAs Cooled-sensor SWIR camera
o Princeton Instruments ISOPLANE 160 imaging spectrometer

e Thorlabs PM100D power meter

o Thorlabs S120C power sensor (Si photodiode)

« Thorlabs S122C power sensor (Ge photodiode)

« Thorlabs S401C power sensor (Thermopile)

Equipment
e Olympus IX81 Inverted Microscope
o Thorlabs OSL2 fiber-coupled halogen light source (illumination for BF/DF imaging)
o Thorlabs SLS201L stabilized fiber-coupled light source (CW reflectance measurements)
o Thorlabs CPS532 (532nm, 5mW laser diode, pump for CW PL measurements)
o Thorlabs L808P200 (808nm, 200mW laser diode, pump for CW PL measurements)
o Thorlabs SH1/KSC101 (Solenoid beam shutter and controller)
 Light Conversion PHAROS (femtosecond laser, 100kHz, 290fs, 1030nm)
o Light Conversion ORPHEUS-F (tunable optical parametric amplifier)

o Advanced Research Systems DE-204S closed-cycle helium cryostat
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Optics
Optics are from Thorlabs unless indicated otherwise.

e Olympus LCPlan N 50X/0.65IR (Infrared objective)

« BSW26R (beamsplitter for reflectance measurements)

o Edmund optics 69-901 (600nm dichroic longpass for PL measurements)

« FELHO0850 (longpass in Fourier optics)

« LB1630 bi-convex lens f=100mm (L1 in Fourier optics)

o AC508-150-C-ML infrared achromatic doublet f=150mm (L2 in Fourier optics)
« AC503-300-C-ML infrared achromatic doublet f=300mm (L3 in Fourier optics)
« LPNIR100-MP2 (linear polarizer in detection optics)

o NDC-50C-4 (Variable reflective neutral-density filter, SC pump attenuation)

o NDC-50C-4 (Variable reflective neutral-density filter, SC attenuation. Mounted on

servo rotation stage.)
« AC254-100-B-ML (pump focusing into YAG crystal)
o Light Conversion NM1b (5mm YAG crystal for supercontinuum generation)
« AC254-035-C-ML (supercontinuum collimation)
o BSW29 (600-1700nm 50:50 beampsplitter, separates the SC probe/reference beams)
o FELH1050 (1050nm longpass)
« Edmund Optics 89-669 (1150nm shortpass)
o Edmund Optics 39-051 (achromatic half waveplate)

e Olympus LUCPlanFL N 20X/0.45 (objective for focusing SC probe on sample)
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