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Introduction

Today, any new technology permitting a reduction of energy consumption is welcome to
cope with global warming. In the context oflighting, which accounts for 15% of worldwide
electricity consumption and 5% of global greenhouse gas emissions, light-emitting diodes
(LEDs) has emerged as a breakthrough due their high power conversion efficiencies and
low cost compared to the incandescent bulbs. In this respect, the Nobel Prize of Physics
in 2014 was awarded jointly to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura for
their pioneering work in the early 1990s on high-performance blue-emitting LEDs [1]. On
the other hand, laser diodes, which are similar to the LEDs, are the most common type of
lasers. Their directional and coherent light is useful for a wide range of applications such
as for optical fibre telecommunication, lasing printing, DVD and Blu-rays. However, the
solid-state emitting devices, LEDs and laser diodes, suffer from a drop of efficiency when
emitting in the green wavelength region. This problem is commonly referred to as the
“green gap problem” [2-4]. Much research is therefore conducted to improve the already
used materials to bridge the green gap. Another approach is, however, to look at different
materials which would permit to obtain light-emitting devices with high efficiencies in

the green region.

Another breakthrough in the early 1990s in the research community was the first ex-
perimental observation of cavity exciton-polaritons in 1992 by Weisbuch et al. [5]. The
cavity exciton-polaritons results from the strong coupling regime between a photonic
mode in a microcavity and the excitons of a semiconductor, electron-hole pairs bound
by Coulomb interaction. As a result, the exciton-polaritons are coherent superpositions
of the photonic and excitonic states. More simply, one can see the excitons—polaritons as
half-light half-matter quasiparticles. Intriguing physical properties are inherited due to
the hybrid nature of the exciton-polaritons and one of which is the Bose-Einstein conden-
sation of exciton-polaritons which was first theoretically proposed in 1996 by Imamoglu
et al.[6] and experimentally demonstrated in 2006 by Kasprzak et al. [7]. The polariton
condensation in a microcavity results in an emission of an amplified coherent light and
is consequently also referred to as polaritonic lasing. This peculiar lasing mechanism
allows reaching lasing thresholds two orders of magnitude lower than the usual lasers.
This threshold reduction would lead to a reduction of electrical consumption of solid-
state lasers, which explain the keen interest from the research community on exciton-

polaritons.
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Recently, the 3D hybrid halide perovskites (CH3NH3;PbX3, with X a halogen (I, Br, C))
and derivatives have gained much attention in the semiconductor community. 3D halide
perovskites have first emerged in 2012 within the framework of photovoltaics with perov-
skite-based solar cells reaching today efficiencies of 25.2% [8], which is higher than the
polycrystalline Silica-based solar cells. One of the crucial advantages of such halide per-
ovskites is their low-temperature and solution-processed deposition methods which rep-
resent a low cost of production. Additionally, since 2014, the halide perovskites have
been found to possess excellent emission properties [9-11]. For example, the halide per-
ovskites emission wavelengths can be tuned in the entire visible spectrum via chemistry
substitutions [12]. Moreover, exciton-polaritons have previously been observed on the
2D perovskites counterparts before the thesis started. Even though the lasing actions are
obtained via optical pumping, the good charge transport properties of the perovskites
[13, 14] give hope towards the realization of halide perovskite-based diode lasers or even

polaritonic lasers emitting in a broad range of wavelengths, including the green region.

In the context of the green gap problem for the solid-state lasers and the new coming
halide perovskite-based lasers, I studied, in this PhD, microcavities containing the green-
emitting bromide perovskite CH3NH3;PbBr; in the prospect of obtaining a perovskite-
based polaritonic laser.

Chapter 1 first introduces the physical concepts of the weak and strong coupling re-
gimes needed to understand the excitons-polaritons and the differences between the con-
ventional lasers and the polaritonic lasers. The second part of the chapter concerns the
state of the art of conventional lasers based on halide perovskites. Finally, the state of the
art of the strong coupling regimes obtained with halide perovskites is detailed as well as
the reported halide perovskite polaritonic lasing actions. The halide perovskites are con-

fronted to other materials regarding the strong coupling regime.

The perovskite green laser developed in this thesis is at the crossroads of several very
active topics. Therefore, Chapter 1 is the longest chapter of this PhD manuscript as differ-
ent states of the art are detailed as exhaustively as possible. Most of the work on 3D halide
perovskite lasing and strong coupling reviewed in this chapter concerns studies published
during the preparation of the PhD thesis; only a few were published beforehand.

Chapter 2 presents the experimental methods used during the thesis. The perovskite
spin-coating deposition methods and the characterization instruments are first intro-
duced. Finally, the experimental optical set-ups are detailed: the photoluminescence
(PL) spectroscopy set-up and the Fourier spectroscopy set-up allowing to perform angle-

resolved reflectivity and photoluminescence measurements.
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Chapter 3 details the design, the conception and the characterization measurements
of the CH3;NH;3PbBr;-based microcavity. A large surface 3A/2 CH3;NH3;PbBrz-based mi-

crocavity is then fabricated and its roughness is studied.

In chapter 4, the strong coupling regime of the CH;NH3;PbBr3-based microcavity is
demonstrated in both angle-resolved reflectivity and photoluminescence measurements.
In this chapter, the microcavity is pumped at low densities. This result is particularly im-
portant for the perovskite community as it is the first observation of the strong coupling
regime containing a spin-coated layer of 3D perovskite. Moreover, the strong coupling
regime is obtained with a large surface gain medium with a low production cost and with
good charge transport properties. This is interesting regarding polaritonic devices. This
work led to a publication in ACS Photonics [15].

In Chapter 5, the lasing action of the CH;NH3PbBr3;-based microcavity is studied. A
random lasing emitting in the green and directionally filtered by the lower polariton dis-
persion curve was demonstrated in the bromide perovskite-based microcavity. The angle
of emission can be controlled by changing the microcavity detuning. The results is inter-
esting for the fundamental physics as it combines two intriguing physical phenomena:
the cavity exciton-polariton and the random lasing. The control of the random lasing
emission direction is also interesting for optoelectronic applications. The results pre-

sented in this chapter are in preparation for a second publication.
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CHAPTER 1. THE HALIDE PEROVSKITES FOR GREEN LASER EMISSION

Introduction

This chapter aims at describing the state of the art of halide perovskites in the context
of solid-state lasers. The halide perovskites are compared in terms of laser performance
with different materials such as inorganic semiconductors, organic materials, emerging
new materials such as the transition metal dichalcogenides (TMDs). In this chapter, two
modes of lasers are considered: the lasers in weak coupling regime, referred as conven-
tional lasers, and the lasers in strong coupling regime, the polaritonic lasers. The first
part of this chapter describes the theoretical background used in the thesis, namely the
weak and strong coupling regimes between a semiconductor exciton, electron-hole pair
bound by Coulomb interaction, and the photonic mode of a planar microcavity. This sec-
tion then describes the differences between conventional lasers and polaritonic lasers.
Finally, the second part of the chapter introduces the halide perovskites and presents the
state of the art of the halide perovskite-based lasers in weak coupling, the strong coupling
with halide perovskites and the halide perovskite-based polaritonic lasers.

1 "Conventional lasing" vs. "Polaritonic lasing"

Two different regimes can occur when an optically active material is coupled to a photonic
mode of a photonic structure: strong and weak coupling regimes. The nature of the cou-
pling depends on whether the light-matter interaction overcomes the photonic mode and
material losses. The case of the weak coupling corresponds to the conventional lasers: the
optical resonator defines the lasing emission wavelength. In the strong coupling regime,
photonic and emitter states are mixed and give rise to polaritons, bosonic quasi-particles,
which are coherent superpositions of the two states. In our case, we focus on exciton-
polaritons arising from the strong coupling between the exciton of organic or inorganic
materials and the photonic mode of a planar microcavity. As bosonic quasiparticles, the
Bose-Einstein condensation of exciton-polaritons can take place when polariton popula-
tion at the fundamental state exceed unity. And the so called polariton laser is the coher-
ent emission of photons escaping from the Bose-Einstein condensate. In this section, we
first introduce the concepts needed for the optically active material: the excitonic state,
the oscillator strength of an optical transition, and the Lorentz oscillator model for the
complex refractive index. In a second time, the photonic mode of a microcavity is de-
scribed. In a third time, the theoretical aspects of the weak and strong coupling regimes
are presented, and finally, the mechanisms of lasers in weak and strong coupling are de-
tailed.



1. "CONVENTIONAL LASING" VS. "POLARITONIC LASING"

1.1 The optically active material
1.1.1 Exciton in a semiconductor

Electronic band in a semiconductor

In a semiconductor, the available energy levels of the electrons are in the form of a va-
lence band and a conduction band separated by the gap energy, Eg. At zero temperature,
the valence band is the highest fully occupied band, and the conduction band the lowest
unoccupied one. The electrons of the valence band correspond to the electronic outer
shell of atoms and participate in the chemical bondings in the crystal. Under an excita-
tion (thermal energy, optical excitation, etc..) the electrons at the top of the valence band
can be promoted to the conduction band. The promoted electrons can then freely move
and participate in the material conduction. Simultaneously, the vacancy of the promoted
electron in the valence band behaves as a quasi-particle, the hole, with a positive charge,
+e, with e the elementary charge.

Conduction band

Valence band

Figure 1.1: Energy dispersion of a semiconductor

The valence and conduction bands are dependent on the electron wavenumber, k,.
In the case of direct band-gap semiconductors, the bottom of the conduction band and
the top of the valence band are situated at the same wavevector, considered null here for
simplicity. At low momenta around this point, the valence and conduction band disper-
sion curves can be approximated as parabolas, shown in figure 1.1, and whose respective

dispersion curves are given by equation 1.1:
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2k.2 h2k2
Ecp(ke) =Eg+>—, and Evp(kl)=0--—, (1.1)
2m, 2my

where the top of the valence band is taken as the energy origin, m;, is the electron effective
mass and m; the hole effective mass. Note that the hole behaves like an electron with a

positive charge and an inverted energy dispersion with respect to the momentum axis.
Absorption and Photoluminescence of semiconductors

Figure 1.2 a) shows the direct band-gap semiconductor absorption process. When an
electron of the valence band absorbs a photon of energy hw larger that the gap energy Eg,
the electron is promoted to the conduction band and a hole is promoted to the valence
band, creating an electron-hole pair. The absorption coefficient of a 3D semiconductor is
then null for photon energies below the gap energy and is proportional to the density of
state of a 3D semiconductor, i.e (Aw — EG)% [16] (See figure 1.2 b)).

Absorption Photoluminescence

a) b)

1
a x (hw — Eg)Z

—_—_——————

Figure 1.2: Absorption and photoluminescence processes in a semiconductor

Semiconductors can emit light through the processes of electroluminescence and pho-
toluminescence. In the first process, the electron is excited via current injection into the
semiconductor and in the second process by shining the semiconductor with photons of
energies higher than the bang gap energy as shown in figure 1.2 c). Only the second pro-
cess will be considered in the following as only optical excitation has been performed in
this thesis. As described above, electron-hole pairs are created when the semiconductor
absorbs photons of energy iw. The electrons and the holes then relax along their respec-
tive bands by emitting phonons, vibration modes within the crystals. Electrons (holes)
then accumulate at the bottom (top) of the conduction (valence) band with an energy
spectrum width of about the thermal energy, kgT. Finally, electrons and holes of the same

momentum recombine by emitting a photon at an energy close to the bandgap energy.
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1. "CONVENTIONAL LASING" VS. "POLARITONIC LASING"

However, in some semiconductors, resonances occur in the absorption spectrum at
energies lower than the energy gap, and the photoluminescence (PL) is redshifted with
respect to the energy gap. These resonances cannot be described without taking into
consideration the Coulomb interaction between the negatively charged electron and the

positively charged hole, which gives rise to a new quasi-particle: the exciton.

Excitons

An exciton in a semiconductor is a quasi-particle formed by an electron-hole pair
bonded by the Coulomb interaction [16]. Two types of excitons can be observed (see fig-
ure 1.3): the Wannier-Mott exciton (free exciton) and the Frenkel exciton (tightly bound
exciton). The Wannier-Mott excitons occur mainly in inorganic semiconductors, their
radii cover several atoms of the lattice, and the exciton can be considered as moving freely
within the crystal and is then referred to as free exciton. The Frenkel excitons are more
generally observed in organic semiconductors, and their radii are comparable to the inter-
atomic distance of the lattice. In this case, the excitons are tightly bound to one atom of
the lattice, which hinders its mobility. In the following, only the Wannier-Mott excitons

(free excitons) are considered.

e & o _0 & & s s s ® & & & s s s 8 s
. -e 3 . ® & & s s s s s s
. . - . R EEEEERE
. - - . ® * o 0 e 0 e e e o
. - . . e o 0 0 0 ho * e e 0
. B R . e ° 0 o@a s * o @
. - - . . ® o o oo s s s s e
. . e e e e ¢ o o o o o o o o
. - ' h* * * e o o o o 0 s 0 e e
e & & o o o o o s o e o o o o o s 0 o o
(a) Free exciton (b) Tightly bound exciton

Figure 1.3: Two types of excitons in a crystal : the Wannier-Mott exciton and the Frenkel exciton.
Extracted from [16]

As the radius of the free exciton is much larger than the lattice inter-atomic distance,
the dielectric constant, €,, of the environment surrounding the exciton can be considered
as uniform. Such as the hydrogen atom, the free exciton is composed of a positive and
a negative charge bonded by the Coulomb interaction. Hence, the solutions from the
Schrédinger equation of the hydrogenoid model can be extrapolated. This results, for
the free exciton, into discrete available binding energies, EZ, with their corresponding

discrete available radii, ry, both related to the principal quantum number 7 given by:

my 1 Ry Rx my
E}l = X2 == and = —enfay=nlax, (1.2)
m

my ez n?>  n? M

where my is the free electron mass, €, the relative permittivity, my = (mg;my)/(m, + m,;)

the reduced exciton mass (m and m; are the electron and hole effective masses, respec-

9
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tively), Ry the Rydberg constant and ay the Bohr radius. One can introduce the exciton
Rydberg constant Rx = (Z—’Eé)RH and the exciton Bohr radius ax = mmL)f(’aH. The excitons
are then characterized by their binding energy, E;, and radius, rx, inversely proportional
to the binding energy. An exciton is stable when its binding energy is larger than the
phonon mode energies. The most energetic phonon for a given temperature has an en-
ergy of the order of the thermal energy k;T. An exciton is then considered stable when its
binding energy is higher than the thermal energy, i.e. E, > k;T. For the free excitons, the

binding energies are of the order of a few to tens of meV.

Like the hydrogen atom, the energies available for the free excitons, E¢, lie relatively
to their ionization limit, which is here at the gap energy Eg, leading to:

E! = Eg - E7, (1.3)

where E} is the binding energy of the exciton in the n'" level. In general, the binding en-
ergy, Ep, refers to the binding energy of the exciton in the ground state, i.e. when n=1.

As the excitons are composed of electrons and holes, their energies are also dispersive
and depend on the exciton momentum kx = k. + kj. The exciton energy dispersion can
be approximated for low momenta by a parabolic dispersion as shown in figure 1.4 a) :

R2K2
EY(kx) = By + —=, 1.4

X( X) X0 ZM; ( )

where E{ ) = Eg — E] is the exciton energy at kx = 0 and My = m; + m; the exciton total

effective mass.

Figure 1.4 b) shows the absorption of a semiconductor exhibiting free excitons. It
is composed of the continuum absorption of the electron-hole pairs at energies higher
than the gap energy (see figure 1.2) and by the resonances at each exciton energy with a
linewidth yx. The exciton linewidth quantifies the losses of the exciton, which depend
on many factors such as its coupling with the radiative continuum, optical and acoustical
phonon vibrations, non-radiative trapping. The losses lead to a finite coherence lifetime
of the exciton # = Yﬂx

From equation 1.2, the ground state free exciton, n = 1, has the largest binding energy
and the smallest radius. The excited excitons, n = 1, have lower binding energies and
larger radii, which make them less stable than the ground state excitons. In general, only
the free excitons at the ground state are observed due to their increased stability and larger
distance from the absorption continuum. For these reasons, only the ground state free

exciton will be considered in the following with an energy noted Ex :

10
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Eg Photon energy

Figure 1.4: a) Energy dispersion of an exciton b) Absorption of a semiconductor exhibiting an

exciton

R2 k2
X (1.5)

Ex(kx) = Exo + ——
X

2M

1.1.2 The oscillator strength

The oscillator strength, f,s., is a dimensionless quantity between 0 and 1 describing the
strength of a given electronic transition, i.e. the probability for the transition to occur.
This quantity characterizes the radiative coupling between the transition and the electro-
magnetic environment. Thus for light-matter interaction applications, a large oscillator
strength is desired. For instance, in the case of an exciton, the lower the exciton radius
(i.e. the higher the exciton binding energy), the larger the exciton oscillator strength. In-
deed, the probability of radiative recombination of an electron-hole pair increases when
the electron and the hole are closer within the crystal.

In the quantum description, the oscillator strength of a transition between two energy
levels is proportional to the square transition dipole moment multiplied by the energy
difference between the two levels[17]:

2m0

=z (Er—ENI(i|d|f) P, (1.6)

fosc =

where my is the electron mass, & the reduced Planck constant, E; ¢ the initial and final
energy levels and | (i|d|f)|* the square of the transition dipole matrix.

In general, this relation is not practical to measure the oscillator strength of a given
transition in a material. The oscillator strength can, however, be obtained from the ab-
sorption spectra as it is the parameter which determines the intensity of the transition

absorption line. When the transition absorption can be approximated by a Gaussian func-
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tion, the oscillator strength can be obtained by integrating the absorption coefficient over

the transition resonance [18]:

fosc= 1;7:_[0:2 fO((V)dV, (1.7)

where N (cm™3) is the absorber concentration, c the light velocity, e the fundamental
charge and v the photon frequency.

Another method to obtain the oscillator strength from a material is by fitting the di-
electric function with the Lorentz oscillator model or similar models. The Lorentz os-
cillator model will be further discussed in the following section describing the material
refractive index.

1.1.3 The refractive index

The complex refractive index of a material is defined by n = n + ik with n the refractive
index and k the extinction coefficient. It classically describes the propagation of light in
a material and thus is an important feature to consider when studying light-matter in-
teraction. The refractive index is related to the complex dielectric constant of the mate-
rial, €= €1 + iex and the relative permeability constant of the material, p,. For the non-

magnetic materials, in which p, = 1, the expression of the refractive index is:

1 1
n:\/i[\/e%+e§+e1] and k:\/g[ €2 +e—eql. (1.8)

The material energy-dependent absorption coefficient can also be derived from the

dielectric function and depends on the extinction coefficient k, not to be confused with

the wavenumber k:

AnEk(E)

E) =
a(E) hc

(1.9)

In order to obtain the refractive index and the absorption coefficient of a material, one
should get its dielectric constant. The Lorentz oscillator model is a theoretical approach
to describe the energy-dependent dielectric constant of a material.

The Lorentz model

In the Lorentz oscillator model, the electrons are considered to be bound to the atom
nucleus by a spring-like force. When an applied electric field interacts with the electron’s
charge, the electron is moved from its position, and the spring-like force pushes the elec-
tron back to its original position. As a consequence, the electron oscillates around its
equilibrium position. The electrons displacements then create a dipole moment which
produces a dielectric susceptibility)N( =1 — €. When the applied electric field is oscillating

12
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with a pulsation w, one can retrieve the relation between the complex dielectric constant,
€, as a function of the electric field frequency [16]:

Ne? 1

N )
Mo€o (03 — 02 + inw)

e(w)=1+ (1.10)
where € is the vacuum electric permittivity, N the electron density, m, the mass of the
electron, e the elementary charge, wg and n are the resonant frequency and the damping

constant of the oscillator.

Usually, the optically active materials have several absorption resonances, and so the
dielectric function can be considered as the sum of several Lorentz oscillators as such:

- N€2 f
€(w) =€x + > > 2] : :
Mmp€g (woj — W7 +in;jw)

(1.11)

We insert here €, the permittivity at high frequency and f; the dimensionless oscilla-
tor strength for each oscillator. From the Lorentz oscillator model, the oscillator strengths
are all equal to 1, meaning that all the resonances participate with the same intensity to
the light absorption process. However, experiments show that the oscillator strengths vary
for different resonances with values less than 1, i.e. f; <1. The equation 1.11 generalizes
the Lorentz model to several transitions with different oscillator strengths.

After multiplying by the constant /? the nominator and the denominator of the frac-

tion in equation 1.11, one can get the energy-dependent dielectric function:

Aj

€(E) =€ty —,
(B3, —E?) +iYE

(1.12)

where A j(eVZ) = (Ne?h?)/(mgep) is the constant related to the oscillator strength of an
oscillator, Eg; (eV) is the resonance energy of the oscillator, y; (eV) is the homogeneous
linewidth and E (eV) the photon energy.

Figure 1.5 shows the dielectric function, the refractive index, and the absorption coef-
ficient for an example of two oscillators using equations 1.12, 1.8 and 1.9. In this exam-
ple, one sharp oscillator is located at 2.3 eV (Eq; = 2.3 eV, Ag; = 50 eV?, yo1 = 200 meV)
and another oscillator at 4.2 €V (Ey, = 4.2 eV, Ay, = 200 eV?, Yoz = 800 meV). The per-
mittivity at high frequency, e, was set at 10. The figures show that an oscillator gives a
Lorentzian shape to the extinction and absorption coefficients, k and a. The intensity of
the Lorentzian is proportional to the oscillator strength, f;, the width to the homogeneous
linewidth y; and the position to Eq;. The oscillator also affects the real part of refractive
index n in the same energy region with the shape of a Lorentzian derivative.

13
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Figure 1.5: Example of a system exhibiting two Lorentz oscillators (Eg; = 2.3eV, Ag; = 50eV?, Yo1 =
200meV, Ep, = 4.2eV, Agp = 200eV?, Yoz = 800meV, €5,=10). a) Dielectric constant €; + i€y, b)
refractive index n + ik and c) absorption coefficient a calculated using the equations 1.12. The

effect of the parameters are shown on c).

Although this model is based on simple hypothesis, it is still used nowadays to de-
scribe the dielectric constant and refractive index of atoms, molecules and solids. For
example, in a semiconductor, the exciton resonances can be characterized as Lorentz os-
cillators and the band to band absorption as another large Lorentz oscillator. One can
then obtain an idea of the exciton linewidth, yx, and the exciton oscillator strength, fx.

The Tauc-Lorentz model

However, the Lorentz oscillator model does not describe very well the effect of the
bandgap Eg in the semiconductor absorption. To better describe the dielectric constant
of the semiconductors, one can take into account the Tauc joint density of states in the
Lorentz model, leading to the Tauc-Lorentz model [19]. For a semiconductor, the Lorentz
oscillators describe the excitonic transitions and the Tauc joint density of states the semi-
conductor absorption continuum. In this model, the imaginary part of the dielectric func-
tion is the product of the imaginary part of the dielectric function of a Lorentz oscillator
and the dielectric imaginary part from the Tauc joint-density of states [20]. This results in
the following expression:

ArY(E-EG)* 1

€= @m-prpeee E>Ed)

€e2=0 (E=<Eg),

(1.13)

where E is the oscillator resonance energy and vy is the linewidth parameter, both de-
scribing the same physical quantities as the Lorentz parameters described above. The
parameter At (eV?) = Ap * At is here the product of the parameter related to the Lorentz
oscillator strength, Ay, and the Tauc coefficient At. The real part of the dielectric function,

€1, can be retrieved by performing the Kramers-Kronig transformation of e,.
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1.2 The microcavity photonic mode

Now that all the elements to describe the light-matter interactions have been introduced,
the photonic modes in a microcavity are discussed in this subsection.

A photonic structure confines the light in one, two, or three dimensions, forming pho-
tonic modes with a dispersion defined by the structure. In the case of a planar microcavity
(see figure 1.6 a)), the light is confined in one dimension between two mirrors separated
by a distance of a few times the half emission wavelength (L.,, = pA/2, p is an integer).
In the normal direction of the planar microcavity, the photonic mode momenta have dis-
crete values due to the confinement: k; = %. However, the photons momenta k are
composed of a normal and a parallel component, i.e. kK = k; + k;;, which leads to a pho-

tonic mode energy dispersion given by eq. 1.14 :

hc hc T
Epn(ki) = k= (L2

= +k?
Neff Neff V' Leav

2, (1.14)

with n.rr the effective refractive index of the microcavity and k;, the in-plane momen-
tum of the photonic mode. As for the excitons, the dispersion can be approximated as a
parabolic dispersion at low k;, (see figure 1.6 b)), given by:

h? k?
Epn(ks) = Eg+ — . (1.15)
2M
ph
hngsr . . . .
where M; h= cllfci f is the effective mass of the photon of the photonic mode and Ey is the

photonic mode energy at zero momentum.

The effective mass of the photonic mode is analogous to the effective mass of the
electron and the hole in a semiconductor. This quantity describes the curvature of the
parabola at low k;,: the lighter the photonic mode mass, the sharper the parabola. In
general, the photonic mode mass is four orders of magnitude lighter than the exciton
mass [21] meaning that the photonic mode dispersion is much sharper than the exciton
dispersion.

To observe the photonic modes, one needs to measure the microcavity absorption, A,
as a function of the in-plane wavenumber k;,. Indeed, absorption measurements permit
to obtain dispersion curves in a system. In general, the microcavity mirrors have reflec-
tivity coefficients, which makes the cavity transmission very low. As a consequence, the
absorption can be obtained directly from reflectivity measurementsas A= 1-R-T = 1-R,
with R the reflectivity and T the transmittance. In addition, one can find a relation be-

tween the in-plane wavenumber, k,/, and the angle of observation 0 (see figure 1.6 a)):

E
k//Z—Sil’l(e). (1.16)
ch
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Angle-resolved reflectivity is hence a key experimental method to probe the microcav-
ity photonic modes. From equations 1.14 and 1.16 one can retrieve the angle-dependent

photonic mode dispersion :

Eo

. 2 -
/11— sznré ©)
eff

Figure 1.6 c) sketches the expected absorption spectrum of the microcavity at normal

E@©) = (1.17)

incidence. The absorption is characterized by an absorption line at Ey, the energy of ab-
sorption at normal incidence. The width of a photonic mode absorption line is noted y

and is further discussed in the following.

a) b) TE c)
/ I A (6 =0°)
7 | i
/] | : I
7/ | [ Epn® = Eo/ /1 RLAQ
/ | Teff | Vph
7/ | Epn(ky/) = Eo + Z:fj/ |
/ | " I
/ R T
7 0 k.0 bo E

Figure 1.6: a) Sketch of a microcavity b) Energy dispersion of a microcavity photonic mode as
function of the in-plane wavenumber k;; or of the incident angle 8. c) Absorption spectrum of a

microcavity at normal incidence (0°)

In photonic structures, losses occur by photon leakage across boundaries (a mirror in

a planar microcavity for example), by photon absorption or scattering. The losses can be

expressed by the photonic mode linewidth y,; = % which is inversely proportional to the
p

photon coherence time ¢, within the photonic structure. The non-dimensional quality
E,n(0)  Epu(0)t
faCtOTQ: ph( ) — ph(ﬁ) ph
Yph 4
rameter which in general is desired to be maximized to obtain the strong coupling regime.

indicates the quality of a given photonic structure and is a pa-
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1.3 The weak and strong coupling regimes

In the two previous parts, we have defined all the physical aspects useful to describe light-
matter interaction in a medium and the photonic modes in microcavities. This part then

describes the interaction between the photonic mode and an optically active material.

1.3.1 Preamble
Before presenting the concept of the weak/strong coupling, the main physical quantities
needed for the description are summarized, and the detuning § is introduced:

n2 k2 . . .
e Ex(kx) =Exo+ % is the exciton dispersion;
X

o M;; is the exciton total effective mass;

* fx is the oscillator strength of the exciton describing the interaction strength of the

exciton with the light;
¢ tyx is the exciton lifetime;

* vx is the exciton linewidth, in eV, which is related to the exciton lifetime # = h/yx;

212

ks, . . . .
* Epn(k//) = Eo + 53+ ]’1 is the photonic mode dispersion for low k;;;
p

o M;h is the photonic mode effective mass;

* Epn(0) =Eo/ \/ 1 —sin? (6)/(n§ r f) is the angle-dependent photonic dispersion;
* tpn is the photon lifetime in the microcavity;

* Ypn is the cavity linewidth, in eV, which describes the optical losses in the microcav-
ity related to the photon lifetime in the cavity ¢, = I/ Ypp;

* Q is the microcavity quality factor which describes the quality of the microcavity
Eph(o) _ Eph(o)tph
Yph - h ’

and is directly dependent on the photonic mode lifetime Q =

Figure 1.7 a) shows the in-plane wavenumber-dependent dispersion curves of the ex-
citon and the photonic mode. Because the exciton effective mass is about four order of
magnitudes heavier than the photonic mode effective mass, the exciton dispersion can
be considered as flat in the characteristic region of k;, of the photonic mode dispersion.
When the photonic dispersion is zoomed in, see figure 1.7 b), the exciton energy can be
considered constant and will be noted as Ex. At k;; = 0, the difference of energy between
the excitonic energy Ex, and the photonic energy at normal incidence Ey is defined by the
detuning 6 = E; — Ex. Another essential feature to consider is the in-plane wavenumber
for which the exciton energy crosses the photonic mode energy (see the green dots in fig-
ure 1.7 b)). The crossings of the two energies only occurs when the detuning 6 is negative.

The same remarks apply to the angle-dependent dispersion curves.
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Figure 1.7: Energy dispersion of a microcavity photonic mode along the excitonic dispersion : a)
for large k;; and b) for low k;,
1.3.2 Quantum description: the simple model of the two-level oscillator

The coupling regime between an exciton and a photonic structure can be explained by
considering a simple two-level model in the basis composed by the photonic state of en-
ergy E,;,(0) and the excitonic state of energy Ex:

|ph) = (;) ;X =

0)
. (1.18)
1

The losses of the two states are taken into account by adding to the energy their re-
spective complex linewidths y,, and yx. The resulting Hamiltonian is then L

g [Ern®—iypn 8 (1.19)
g Ex—iyx)’ '

where g is the coupling strength between the exciton and the photonic mode and de-

pends on fx, the exciton oscillator strength, and V, the modal volume of the photonic

mode [22]:
_ ] K|k
&7\ amege, vV v (120

In the following, we will keep in mind that the coupling strength g is proportional to

the square root of the ratio of the exciton oscillator strength to the microcavity modal vol-

ume, i.e. gx 4/ fx/V.

1 This Hamiltonian is non-hermitian but permits to take into account the losses in a simpler way than by
considering the coupling of the system with the external continuum of states.
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The diagonalization of the Hamiltonian gives rise to two new eigenvectors, |u* > and
|[u~ > of eigenvalues:

1 1
BT 0) = S [Epn(®) + Ex — i(Ypn +Yx)] £ \/ g2+ J[Ex ~Epn®) +ilypn—Yx)I2, (121

. . +,— . . . +y—
where the imaginary parts of u™~ correspond to the eigenstates linewidths v, and the
real part to the eigenstates energies E;;’_.

A characteristic of the strong coupling is a splitting of energies separated by a Rabi
splitting energy, hQ2, that we introduce here:

hQ = \/4g2—(yph—yX)2. (1.22)

The strong coupling regime occurs if the Rabi splitting AQ is a real number. This im-
plies that the coupling strength g is higher than half of the absolute value of the difference
between the photonic and excitonic linewidths y,, and yx :

o IYpn — YxI .

> (1.23)

If this condition is not met, the system is in the weak coupling regime.

1.3.3 Weak coupling regime

Let us now consider only the case of the angle for which the excitonic energy crosses the
photonic mode dispersion, i.e. when Ex = E,;,(0r0ssing) (see the green dots in figure 1.7

b)). The two eigenvalues of the system at this angle are:

b 1 . 1
B (ecrossing) =Ex - E[Z(th +yx)] £ EhQ- (1.24)

In the case of the weak coupling, i.e. when g < lY”hZ—_YXl

, hQ is a purely imaginary num-
ber. As a consequence, the energies E;’_, related to the real parts of p+'—(emss,-ng), are

degenerate:
E:'_(ecrossing) = Eph(ecrossing) = Ex. (1.25)

Hence, the coupled system exhibits only one energy at this angle/momentum. When
one obverses the coupled system absorption at this angle, only one absorption line ap-
pears at the excitonic/photonic mode energy (see figure 1.8 a)). For other angles, where
the photonic mode is out of resonance, the coupled system energies are exactly the ener-
gies of the exciton and the photonic mode, Ex and Ej, (see figure 1.8 b).
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Figure 1.8: a) Absorption spectrum at the crossing point of an excitonic medium-based microcav-
ity in weak coupling regime. b) E nergy dispersion curves of an excitonic medium-based micro-

cavity in weak coupling regime.

However, at the crossing angle of the two dispersion curves, the imaginary parts of
the eigenvalues p™~ given by the equation 1.30 are different, which lifts the linewidth
degeneracy:

+

- 1 i
Y’ (ecrossing) = _5[(th +yx)] th- (1.26)

In a few words, this results in a higher rate of emission of the optically active material
due to its weak coupling to the resonant photonic mode. This phenomenon is known as
the Purcell effect [23].

1.3.4 Strong coupling regime

In the weak coupling regime, the Rabi oscillations occurring in the system are slower than
the decoherence times of the exciton and photonic states, #x and t,,. However, when
the coupling strength overcomes the photonic and excitonic losses, the Rabi oscillations
become faster than the decoherence times leading to a splitting of the energies. Following
the two-level model, when g = w, the Rabi splitting 7Q) is a real number and the

system energies at the crossing points are split while the linewidths have an equal value

of (yx +Ypn)/2:

- 1
P-+’ (ecrossing) = Eph (ecrossing) * EhQ- (1.27)

At the crossing angle/momentum, the absorption spectrum of the system then ex-
hibits two lines separated by the Rabi splitting 2Q) (see figure 1.9 a). The crossing point in
the case of strong coupling is replaced by an anticrossing point. In general, as the obser-
vation of the strong coupling requires to observe the split energies, another condition for
the strong coupling is needed: the Rabi splitting energy should be larger than the mean
linewidth of the exciton and the photonic mode to observe the two separate split energies:

YphtYX
—

hQ = (1.28)
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Figure 1.9: a) Absorption spectra at the anti-crossing point of an excitonic medium-based mi-
crocavity in strong coupling regime. b) Energy dispersion curves of an excitonic medium-based
microcavity in strong coupling regime: the lower polariton branch (LPB) and the upper polariton
branch (UPB). The dashed lines represent the bare exciton energy (in blue) and the bare photonic
mode (in red).

For other angles/momenta, the system exhibits energies different from the excitonic
and the photonic mode energies. Their dispersion curves are represented in figure 1.9
b. On the contrary to the weak coupling, the excitonic and photonic mode state are not
the eigenstates of the system. The eigenstates are coherent superpositions of the exci-
tonic and photonic states: the lower and upper polaritons (LP and UP) which are two new

quasi-particles, part photon and part exciton, whose eigenvectors are:

|[UPB,0) =« h,0)+ 1X),
{ UPB|P > Burs (1.29)

ILPB, 6) = arpg | ph,0) + Pres X),

associated with the eigenvalues :

1 1
HLpup(0) = E[Eph(e) +Ex —ilypn+YX)I £ \/g2 + Z[EX —Epn(®) +i(ypn—vyx)1%  (1.30)

where the imaginary and real parts of ppyp(0) correspond respectively to the polaritons
linewidths and the polaritons energies. arpp,upp and Prpp,upp are the projections of the
polaritons on the photonic and excitonic states. Their square moduli, |0<Lp]3,UpB|2 and
If)LpB,UpBI2 are the photonic and excitonic weights of the polaritons, also known as the
exciton and photonic fractions of the polariton, which are shown on figure 1.10. At the
anti-crossing points, both the lower and upper polaritons have an equal portion of pho-
ton and exciton, i.e IO(LPB,UP];;I2 = 0.5 and |Brpe,uPB |2 = 0.5. However, the portion of photon
and exciton are unbalanced at other angles/momenta. At low angles/momenta, the lower
(upper) polariton is mostly photonic (excitonic), and at large angles/momenta mostly ex-

citonic (photonic).
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Figure 1.10: Photonic and exciton fractions IO(LPB,UPBI2 and I[BLPB,UPBI2 of: a) the LPB and b) the
UPB

Close to k;; = 0, the dispersion curves become parabolic-like and we can define an
effective mass for the upper and lower polaritons: My pg ypg. As the polaritons are hybrid
states, their mass and linewidth (related to their lifetime) depends on the photonic and

excitonic effective masses and linewidths weighted by the photon and exciton fractions

2 2.
loarps,upsl” and |PrLpe upBl-:

1 loarps,upsl®  1Bups,LPBI®
= : + Purs, , (1.31)
MLypg,upB Mpp Mx
2 2
YLpB,UPB = laLpB,UPBl“Ypnr + |PUPB,LPBI YX- (1.32)

Due to their hybrid nature, the polaritons possess the features of both the exciton and
the photon. First, because the photon and the exciton are bosons with integer spins (the
exciton is formed by two fermions with half-integer spins), the polaritons are bosonic
quasi-particles. Due to their photonic part, polaritons are much lighter than the free
electrons, can propagate ballistically over macroscopic distances [24], can be excited via
optical pumping, and the potential landscape can be engineered through the photonic
structure [25-27]. Due to their excitonic part, polaritons possess strong non-linearities
properties as the exciton-exciton interaction is three order stronger than the Kerr photon-

photon interaction [28].

These features make the polaritons interesting, both for fundamental physics and for
applications. From the fundamental physics point of view, exciton-polaritons are consid-
ered as quantum fluid of light [29], which opens the way to study fascinating phenomena
such as out-of-equilibrium Bose Einstein condensation [7], superfluidity [30], quantum
vortex [31], analog black hole [32] and topological insulator [33, 34]. From the application
point of view, the polaritons can be used to make novel all optical devices such as po-
lariton laser [7], transistor [35], gates [35], interferometer [36], resonant tunnelling diodes
[27], or optical routers [37], which all requires much lower threshold than conventional

pure photonic devices.
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1.3.5 Classical description of the strong coupling regime

In the previous section, the strong coupling regime has been described with a quantum
mechanical approach. However, the observation of two anti-crossed energy dispersion
curves in angle/momentum resolved absorption spectra of microcavities in the strong
coupling regime can also be explained with a classical description: the transfer matrix
method using the Lorentz Oscillator model (described previously).

The transfer matrix method

The transfer matrix method is used in optics to predict the propagation of electro-
magnetic waves in a succession of layers of different refractive indices [38]. This method
is based on the Maxwell’s equations and uses matrices to describe the propagation of
monochromatic progressive electromagnetic plane wave through layers and interfaces.
The matrices for the interfaces are retrieved with the electromagnetic boundaries condi-
tions. As a result, one can retrieve the total reflectivity and transmission coefficients of a

system containing a succession of dielectric layers.
Example of classical description of a system in strong coupling regime

Figure 1.11 shows an example of angle-resolved absorption spectra of a simulated mi-
crocavity using the matrix transfer method and the Lorentz oscillator model. The hypo-
thetical microcavity is composed of a dielectric mirror of seven bi-layer of SiO,/TiO,, of
an optically active material whose refractive index is given by a single Lorentz oscillator,
of a layer of PMMA as a spacer layer to control the cavity detuning and of a silver mir-
ror. The Lorentz oscillator represents here, at first approximation, the effect of an exciton
to the material refractive index spectrum. Figure 1.11 shows four different results of the
numerically angle-resolved absorption spectra depending on the optically active material

refractive index.

Figure 1.11 a) corresponds to the case where the refractive index of the optically active
material is a real constant set here to 2.25 and the extinction coefficient k is set at zero.
In this case, the material is an optically passive material which leads to a passive micro-
cavity. In the absorption map, a parabolic absorption dispersion can be observed, which
is coherent with the parabolic dispersion of a passive microcavity described previously.
Note that here the effective refractive index of the microcavity is constant as well as the

photonic mode linewidth.

Figure 1.11 b) displays the case where the real part of the optically active material
refractive index is obtained with one Lorentz oscillator (Eg = 2.3eV, Ag = 0.3eV?, yq =
50meV) while the extinction coefficient k is set at zero. The cavity effective refractive index

is then dependent on the photon energy. This case is non-physical but is useful to under-
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Figure 1.11: Simulated angle-resolved absorption spectra using the transfer matrix method. The
pseudo-colour maps are in linear scale. The hypothetical microcavity is composed of a dielectric
mirror of seven bi-layer of SiO,/TiO,, of an optically active material whose refractive index is given
by a single Lorentz oscillator, of a layer of PMMA as a spacer layer to control the cavity detuning
and of a silver mirror. a) case where the refractive index of the optically active material is a real
constant set at 2.25 and the extinction coefficient k is set at zero. b) case where the real part of the
optically active material refractive index is obtained with one Lorentz oscillator (Eg = 2.3eV, Ag =
0.3eV?, yo = 50meV) while the extinction coefficient k is set at zero. c) case where the extinction
coefficient k is obtained with one Lorentz oscillator (Eg = 2.3eV, A = 0.3eV?, Yo = 50meV) while
the real part of the optically active material refractive index is set at 2.25. d) case of the optically
active material whose refractive index is entirely described by a Lorentz oscillator (Eq = 2.3¢V,
Ag =0.3eV?, Yo = 50meV).

stand the role of the real part of the refractive index in the emergence of two anti-crossed
energy dispersion curves in the strong coupling regime. We observe in the angle-resolved
absorption that the energy dispersion is no longer parabolic. Instead, two "parabolas”
appear and are linked with an S-shaped dispersion which is similar to the S-shape of the
refractive index real part. Indeed, the deviation in angle of this dispersion curve from
the cavity mode depends on the deviation of the microcavity effective refractive index
to the constant effective refractive index found previously. The lower "parabola" is then
redshifted with respect to the first case’s parabola due to the increased effective refrac-
tive index, n.fs (and hence increased optical length, n.r¢L), which leads to a lower cavity
mode energy Ey. Similarly, the upper "parabola" is blueshifted with respect to the first
case’s parabola due to the reduced effective refractive index at higher energies.
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Figure 1.11 c) illustrates the case where the extinction coefficient k is obtained with
one Lorentz oscillator (Eg = 2.3eV, Ay = 0.3eV?, yo = 50meV) while the real part of the
optically active material refractive index is set at 2.25. This case is also obviously non-
physical but shows the role of the extinction coefficient k for the anti-crossing of the two
energy dispersion curves. We observe here the same parabolic dispersion as in figure 1.11
a). However, because of the high absorption around the excitonic energy, the parabola is
split into two. Note that a slight change of curvature occurs at the extremities of the two
pieces of the split parabola.

Figure 1.11 d) presents the case of the optically active material whose complex refrac-
tive index is entirely described by a Lorentz oscillator. We obtain here two anti-crossed
absorption energy dispersions which can be referred to as the lower and upper polaritons.
The curvature of the two dispersions are similar to the curve of the two "parabolas" found
in figure 1.11 b), however, the S-shape is not observable anymore because of the high ab-
sorption of the Lorentz oscillator around the excitonic energy. Moreover, the linewidths of
the two dispersion curves are wider and angle-dependent, which is characteristic of the

hybrid nature of the polaritons.

We showed here that both the real and imaginary parts of the refractive index of a
Lorentz oscillator in the transfer matrix method can classically explain the polariton dis-
persion in a microcavity in the strong coupling regime. The classical description is a use-
ful tool to predict and fit the polaritonic dispersion curves from a given microcavity. How-
ever, unlike the quantum model, it cannot predict the bosonic nature of the polaritons
and the related physical phenomena such as polaritonic lasing.

1.4 Polaritonic lasing : the case of a laser based on a microcavity in

strong coupling regime

1.4.1 Photoluminescence of a microcavity in the strong coupling regime

Before describing the polaritonic laser, which is one of the main applications of the cav-
ity exciton-polaritons, one needs to describe the photoluminescence process of a micro-
cavity in the strong coupling regime sketched in figure 1.12. We will only consider here
weak optical excitations out of resonance, meaning optical excitations with photon en-
ergy hw.y. much higher than the polariton energies. In the following, this photolumines-

cence process is referred to as "polariton photoluminescence".

First, as the excitation photon energy is higher than the lower polariton band, the
species that absorb the light are the electrons at large momenta (large compared to the

polariton momenta) which creates hot electron-holes pair. This step corresponds to step
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Figure 1.12: Sketch of the photoluminescence process of a microcavity in the strong coupling
regime. The part above represents the full picture with step 1 corresponding to the photon ab-
sorption creating electron-hole pairs and step 2 corresponding to the exciton relaxation. The part
below represents the close picture around the LPB with step 3 corresponding to the lower polariton

relaxation and step 4 to the polariton dissociation resulting in the emission of photons.

1 in figure 1.12 and is the same absorption process like the one in a bare semiconductor.
The Coulomb interaction between the electrons and holes creates excitons which relax
along the excitonic band by emitting phonons (step 2). The excitonic relaxation is ex-
tremely effective in the states with large momenta as these states have a very large curva-
ture, therefore a high state density. When the excitons reach the low momenta close to the
lower polariton inflexion point, the polaritons are created. Because this relaxation pro-
cess is almost instantaneous, all polaritons will first be populated in these states, called
the excitonic reservoir, before relaxing in the lower momentum states. The polaritons
then relax along the lower polariton branch after the inflexion point via the interactions

of the polariton excitonic parts with phonons or other polaritons (step 3). As the lower po-
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laritons are mostly excitonic at these momenta, the relaxation process is efficient. How-
ever, when the lower polaritons relax, the excitonic(photonic) fraction of the lower po-
laritons decreases(increases), which slows down the polariton relaxation scattering pro-
cesses. Moreover, the polaritons lifetime is principally limited in the low momenta region
by their photonic parts lifetime related to the microcavity quality factor. Consequently,
the polaritons dissociate during the relaxation in the lower polariton branch, which leads
to the exciton recombination and the emission of a photon conserving the polariton mo-
mentum and energy. This dissociation of polaritons along the lower polariton band leads
to the "polariton photoluminescence" taking the form of the lower polariton branch (step
4).

We note that because of the high density of states of the excitonic reservoir, the re-
laxation pathways bypass the upper polariton branch, which means that no photolumi-
nescence should be expected from the upper polariton branch. However, this is only true
in the case of polaritons a large Rabi splitting energy 27Q2 much larger than the thermal
energy k;T. In the case of systems exhibiting weak excitons (low exciton binding ener-
gies and oscillator strengths), for example in GaAs-based microcavities, cryogenic tem-
peratures are needed to observe the excitons and hence the cavity exciton-polaritons. In
these conditions, the thermal energy is of the order of magnitude of the Rabi splitting, and
as a consequence, the "photoluminescence is thermalized" [39]. Hence, both the lower
and upper polariton branches can be observed with photoluminescence measurements
as it can be seen in figure 1.13 a) (the colour map is in log-scale) in an InGaAs quantum
well-based microcavity extracted from [40]. In this case, the inflexion point of the lower
polariton branch can be well distinguished.

a) b) Room Temperature
1.460 34
UupPB
o 3.3 -
— 1.455 0 = Bare X
2 S S
% 10° B o 3.2 Bare Cav
& . 2 %
5 1450 weg 2
= [ @
9 = C
0, S W 31
1.445
3.0 e
20 0 20 20 0 20 40 60 80
Angle [7] Angle (deg)

Figure 1.13: a) Photoluminescence of polaritons in an InGaAs quantum well-based microcavity
where both the LPB and UPB can be observed. Extracted from from [40]. b) Photoluminescence
of polaritons in a ZnO-based microcavity where only the LPB can be observed (the signal at high
angles corresponds to the coupling of one of the Bragg mirror mode to the exciton). Extracted
from [41].
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In large bandgap semiconductors such as ZnO and GaN, as the Rabi splitting energy
hQ is much higher than the thermal energy k;, T, only the photoluminescence from the
lower polariton branch can be observed. Figure 1.13 b) shows the example, extracted from
[41], of the photoluminescence of a ZnO-based microcavity in the strong coupling regime
where only the lower polariton branch can be observed. Moreover, because the Rabi
splittings are too large, the inflexion point of the lower polariton branch is hard to spot.
For these two reasons, only reflectivity/transmissivity experiments can demonstrate the
strong coupling regime by revealing the upper polariton branch and the anti-crossing of
the dispersion curves. However, it is possible to suggest the strong coupling regime from
angle-resolved photoluminescence spectra if the measured dispersion effective mass is
much larger than the expected photonic effective mass.

1.4.2 Polaritonic lasing
Bose-Einstein condensation

The elementary particles can be classified into two categories: the fermions with half-
integer spins and the bosons with integer spins. The fermions are governed by the Fermi-
Dirac statistics and by the Pauli exclusion principle stating that no more than one fermion
(of the same spin) can occupy the same quantum state. On the contrary, the bosons follow
the Bose-Einstein statistics for which several bosons can occupy the same quantum state.
The Bose-Einstein condensation, which is the massive occupation of the fundamental
state, was predicted by Einstein in 1925 following the work of Bose [42]. The condensa-
tion occurs when the average distance between the bosons d = N~!/3, with N the boson

density, is lower than the boson thermal De Broglie wavelength Apg = \/(2nh2)/ (mk;T)
which describes the spatial spread of the particle, i.e. its wave-function. To obtain Bose-
Einstein condensation, one needs to control the temperature T and the bosons density
N to satisfy this condition. For example, the first experimental demonstration of Bose-
Einstein condensation was obtained with a diluted gas of rubidium, Rb, and the temper-
ature needed was as low as 170nK with a density of 2.5 x 1012cm ™3 as the rubidium atoms

are very heavy, around six order of magnitude heavier than the electrons [43].
Bose-Einstein condensation of the exciton-polaritons

Polaritons are composite bosons and can, in principle, condensate to the fundamen-
tal state at k;; = 0 when the right conditions of temperature and density are met. How-
ever, as the polariton system exhibit losses due to photon escape from the microcavity,
and requires permanent re-injection, the polariton condensation process cannot be de-
scribed by the text-book BEC theory with equilibrium thermodynamics. Indeed, polari-
ton condensation takes place in an out-of-equilibrium system with the interplay of gain

and losses [29]. Itis arich and complicated mechanism which is still subject of contempo-
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rary research. Nevertheless, due to the bosonic nature, the criterion for polariton BEC to
take place at a given polaritonic state is that the polariton population at this state exceed
one. Indeed, this density condition will trigger the stimulated relaxation from all other
states to this considered one. This results in the formation of a macroscopic and coherent

state of polaritons, called polariton condensate.

Because of the polariton finite lifetime, photons of the polaritons in the condensate
escape out of the cavity while conserving the coherence properties of the condensate.
The process then leads to a coherent emission of light which is referred to as polaritonic
lasing. Analogously to conventional laser, there exists for polaritonic lasers a pumping
threshold for which the condensate is triggered and the gain overcomes the losses. As
the system is permanently pumped, the excitonic reservoir is always present and coexists
with the condensate. Similarly, under threshold, the excitonic reservoir coexists with the
polaritons along the lower polariton branch. The coexistence of the condensate and the
excitonic reservoir is the signature of a permanent injection, the polariton laser is the sig-

nature of a permanent loss.
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Figure 1.14: a) Angle-resolved photoluminescence below and above the threshold of the first ex-
perimentally demonstrated polaritonic laser in a CdTe-based microcavity at 5K. Extracted from
[7]. b) Lower polariton occupancy factors as a function of the polariton momenta at different tem-
peratures obtained in [44]. The inset shows the angle-resolved photoluminescence spectra above

and below the temperature threshold. Extracted from [44]

Figure 1.14 a) shows the angle-resolved photoluminescence spectra under and above
the threshold of the first experimentally demonstrated polaritonic laser in a CdTe-based
microcavity at 5K with an estimated threshold density of 5.108cm™2 [7]. Under the limit,
the lower polariton branch photoluminescence is broadly distributed whereas above the
threshold the photoluminescence is concentrated at k;; = 0, sign of the polariton con-
densation. Figure 1.14 b) shows another example of a polariton condensate in which the
condensation is obtained by reducing the system temperature at a constant high excita-
tion [44]. The graph shows plots of the polariton occupancy factors as a function of the
polariton momenta at different temperatures. It can be seen than below the temperature

of 25K the occupancy factor at k = 0 is higher than one, which demonstrates the polariton
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condensation. The inset of figure 1.14 b) shows the angle-resolved photoluminescence
spectra above and below the temperature threshold. These two examples illustrate that
the polariton condensation is possible under the right condition of polariton density and

temperature.

The two examples shown above were among the first demonstrations of polaritonic
lasers. These polariton condensations were obtained at low temperatures because of the
low binding energy of the CdTe excitons limiting the exciton stability at higher tempera-
tures. Naturally, because of the light mass of the polaritons, the polaritonic lasing could
be later demonstrated at room temperature with materials exhibiting stronger excitons
such as GaN [45], ZnO [46], organic materials [47], and also perovskites [48, 49].

Bottleneck effect

Although Imamoglu et al. proposed the principle of the polaritonic laser in 1996 [6],
the first experimental demonstration by Kasprzak et al. was obtained only ten years later
[7]. The main difficulty faced by the polariton community was the so-called "bottleneck
effect” which is the accumulation of the polaritons close to the inflexion point of the lower
polariton branch. This accumulation is due to the long relaxation time, tr, as well as the
increased photonic portion of the polaritons in the most curved part of the lower polari-
ton branch. The bottleneck effect, further detailed in the following, then prevents from

obtaining a sufficient polariton density at k = 0 to trigger the condensate.

The first step in the polariton relaxation process is the extremely effective relaxation of
the excitons to the excitonic reservoir. The relaxation occurs principally with the emission
of optical phonons of large energy (compared to acoustic phonons) as the conditions of
conversation of energy and momentum can be respected. The second step concerns the
relaxation of polaritons from the excitonic reservoir to the state k;; = 0 in the most curved
part of the lower polariton branch. Because of the steep curve, the scale of energy between
the polaritons current states and the fundamental state becomes smaller than the optical
phonons energy: the polaritons cannot relax to the fundamental state by emitting optical
phonons. For this reason, the polaritons relax by emitting successively several acoustic
phonons whose energies are much smaller than the energy scale. In addition, the scatter-
ing rate, proportional to the polariton excitonic part, is reduced the further the polariton
relax along the lower polariton dispersion. As a consequence, the relaxation of polaritons
is strongly slowed down. On the other hand, as the lower polariton branch bends, the
photonic part of the polaritons increases which increases the probability of the polari-
tons to undergo radiative recombination. Therefore the relaxation time, fg, is longer than
the lower polariton lifetime, t1pg, i.e. fg > f1pp, and the bottleneck occurs: the polaritons
accumulate close to the inflexion point of the dispersion curve.
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Figure 1.15 shows an example of the bottleneck effect observed in a ZnO-based micro-
cavity extracted from [50]. In this case, when the detuning decreases, the bending of the
dispersion curve is reduced. The angle for which the bottleneck occurs is lowered until
the curve of the lower polariton branch is flat enough for the bottleneck effect to disap-

pear.
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Figure 1.15: Polariton photoluminescence in a ZnO-based microcavity obtained at 200K for three

different detunings. The Bottleneck effect is observed for the first two large detunings on the left

and disappear for the lowest detuning on the right. Extracted from [50]

One of the conditions to observe polaritoniclasing is the polariton lifetime to be longer
than the relaxation time, t;pg > tg. For this purpose, one can either decrease the relax-
ation time of the polariton, fg, or increase the lifetime of the polariton, #p. The former
solution is related to the detuning and the Rabi splitting and the latter to the cavity qual-
ity factor, Q = w, and the material quality. Indeed the defects in the material reduce
both the cavity quality factor and the exciton lifetime as the defects can dissociate the ex-

citons.

Another way to circumvent the bottleneck effect is to raise the exciton density in the
reservoir by increasing the excitation. When the exciton density in the excitonic reservoir
is high enough, the polariton-polariton interactions through their excitonic parts bring
polaritons to higher energetic states and other polaritons to lower excited states by con-
servation of the energy and momentum [51]. The polaritons brought to higher states then
relax back by interactions with acoustic phonons to the excitonic reservoir. This tech-
nique then reduces the relaxation time g of the polaritons. However, this approach in-
creases the excitonic screening effects, which lower the exciton oscillator strength. This
effect reduces the Rabi splitting until at a certain exciton density where the strong cou-
pling regime is lost [52]. This transition from strong to weak coupling is called the Mott
transition. Therefore, the most crucial parameter to improve is the cavity quality factor to
increase the polariton lifetime and obtaining the polaritonic lasing before the Mott tran-

sition.
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The bottleneck effect was first observed in small bandgap semiconductors such as
GaAs and was solved by improving the quality factors to values higher than 30000, and
with the polariton-polariton interactions. For large band gap semiconductors, however,
the bottleneck effect is not as crucial. Indeed, the energy scale between the excitonic
reservoir and the fundamental state are at the same order of magnitude of the optical
phonon energies. The quality factor required for polaritonic lasing can then be as low
as a thousand and the polariton-polariton interactions are not needed. For large detun-
ings, however, the bottleneck effect still remains (see example in figure 1.15). Neverthe-
less, for logical device applications such as the polaritonic transistors, the polariton life-
time should be long and the non-linearities, from the polariton-polariton and polariton-
exciton interactions, are required. Consequently, a large quality factor is still desired.

1.4.3 Differences between polaritonic and photonic lasing

The main difference between the polaritonic lasers, occurring in cavities in strong cou-
pling regime, and photonic lasers, occurring in cavities in weak coupling regime, comes

from the underlying mechanism giving rise to the light amplification and coherence:

- In the case of conventional lasers, lasing is the result of the stimulated emission pro-
cess taking place in a gain medium in which there is an electronic population inversion.
In semiconductors, electron-hole pairs act as the gain medium and the photons are the
species being amplified and gaining the coherence. The electronic population inversion
is required for the stimulated emission to balance the re-absorption of the emitted pho-
tons. The lasing threshold is then determined by the density needed for the inversion and
also by the density required to compensate for the losses from the cavity defects.

- In the case of polaritonic lasers, the amplification and coherence come from the
process of stimulated scattering initiated when the polariton density at the ground state
(k;; = 0) reaches a threshold. In this case, the polaritons are the species being amplified
and gaining the coherence. The emission of coherent light is the result of the photonic
part of condensated polaritons leaking through one of the cavity mirrors. Therefore, the
emission of light and the process of amplification and coherence building are indepen-
dent. For this reason, the absorption of the emitted photon does not need to be balanced
by the stimulated process, and therefore, the electronic population inversion is not re-
quired for the polariton lasers, often called a laser without inversion. The density required
for the polariton lasers is the critical density described earlier to trigger the condensate.
This density is in general 2-3 orders of magnitude lower than the densities for the elec-
tronic population inversion in conventional lasers [53]. As a consequence, the polaritonic
lasers exhibit very low thresholds, which explain the very keen interest of the scientific
community for such lasers.

The distinction between the two types of lasers is very clear regarding their mecha-

nism. However, the difference is not that obvious in practice. Indeed, both the polaritonic
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lasers and photonic lasers emit a coherent light with a high spatial and temporal coher-
ence when a pumping threshold is reached. In both cases, one observes, at the threshold,
a collapse of the linewidth, related to the increased temporal coherence, and an ampli-
fication of light. The coherent output light of a polaritonic laser is then not so different

from the coherent light of a photonic laser.

In essence, a microcavity lasing emission is polaritonic if the microcavity is in strong
coupling. However, even if the strong coupling is demonstrated at low densities of pump-
ing, one needs to make sure that the system is still in strong coupling at the high densities
required for lasing. Indeed, as mentioned above, the oscillator strength of the exciton is
weakened at high density, which decreases the Rabi splitting until the strong coupling is
lost at the Mott transition. Figure 1.16 shows an example of a ZnO-based microcavity los-
ing the strong coupling at density around the lasing threshold [50]. In this case, the lasing
takes place at normal incidence in the cavity mode.
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Figure 1.16: Example of a ZnO-based microcavity losing the strong coupling at density around the
lasing threshold [50]. Angle-resolved photoluminescences pseudo-colour maps of the cavity at a)
0.285 P4y, b) 0.79 Py, ©) 1.2 Py, with P4y, the lasing threshold power. The photoluminescence can
only be observed in the lower polariton branch in a) and from both the lower polariton branch and
the cavity dispersion in b). The lasing photoluminescence occurs only on the cavity mode in c).
Extracted from [50]

The following then presents some properties of the polariton lasers differing from the
photonic lasers, which can be used to distinguish between the two different lasers.

Double Thresholds

As mentioned above, due to its more efficient laser mechanism, the polaritonic laser
thresholds can be 2 to 3 orders lower than the conventional laser thresholds [53]. In some
systems exhibiting polaritonic lasing, a second threshold occurring at higher densities
can be observed. This second threshold occurs at higher densities than the Mott density,
which means that the laser at the second threshold is actually a photonic laser.
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Figure 1.17 shows an example of a second threshold observed in a GaAs system in [54]:
the first threshold corresponds to a polariton laser in the strongly coupled system and the

second threshold to a photon laser when the strong coupling is lost.

a)

-y
o

D
T

.
.
.
.

_‘
<
T

Peak Intensity (arb. units)

10 100
Pump Power (mW)

Figure 1.17: Example of a second threshold observed in a GaAs system in strong coupling in [54]:

the first threshold corresponds to a polariton lasing in the system in strong coupling and the sec-

ond threshold to a photon lasing when the strong coupling is lost. Extracted from [54]
Blueshift

In the majority of conventional lasers, the lasing modes redshift with pump intensity
increasing because of the device heating. However, in the case of polaritonic lasing, the
modes blueshift. This property has two origins. The first one is the already mentioned
reduction of the Rabi splitting with higher exciton densities, which blueshifts the lower
polariton band. This blueshift occurs in general at higher density than the polaritonic
lasing threshold when the density is close to the Mott transition density. The second ori-
gin is due to the excitonic part of the polaritons. Indeed, the polaritons are bosons which
can interact with one another or with the excitonic reservoir via Coulomb interactions
thanks to their exciton parts. These interactions are repulsive, which leads to a blueshift
of the polaritons energies. This blueshift can occur at densities around or lower than the
lasing threshold.

Figure 1.18 shows an example of the polariton blueshift around the polariton lasing
threshold observed in a microcavity containing CsPbCl; nanoplatelets in [48]. It is worth
noting that the blueshift of the polaritonic lasing can also be observed in the case of the
first polaritonic laser discussed above and shown in figure 1.14 a).

Linewidth

Both photonic and polaritonic lasers are characterized by a sharp decrease of the
linewidth at the lasing threshold. However, in polaritonic lasers, the sharp decrease is
followed by a continuous increase of linewidth. This is principally related to the emission
blueshift mentioned just above and instabilities of the pumping intensities. The result-

ing measured emission is an average of emission with different blueshifts resulting in a
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larger linewidth. Figure 1.19 shows the example of the microcavity containing CsPbClj
nanoplatelets in [48] showing the increase of the linewidth (in blue) above the polaritonic
lasing threshold.

Energy (eV)
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Figure 1.18: Polariton blueshift around the polariton lasing threshold observed in a microcav-
ity containing CsPbCl; nanoplatelets in [48]. Angle-resolved photoluminescence pseudo-colour
maps of the cavity at a) 0.75 Py, b) 1.0 P;j, c) 1.3 Py, with Py, the lasing threshold power. A slight
blueshift of the lower polariton dispersion and the polariton lasing peak, compared to the ini-
tial lower polariton dispersion (dashed white curves), can be observed at threshold b) and above
threshold c). Extracted from [48]
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Figure 1.19: Evolution of the linewidth above the polariton threshold observed in a microcav-
ity containing CsPbCl; nanoplatelets in [48]. In red is the integrated intensity as a function of
the pumping intensity showing an amplification above the threshold. In blue is the polaritonic

linewidth showing a sharp decrease at threshold followed by an increase. Extracted from [48]
Propagation of the condensate out of the excitation spot

As discussed previously, a polariton condensate always coexists with an excitonic reser-
voir. The excitonic reservoir only exists under the pumping spot and induce a local blue-
shift to the condensate due to the interaction between polaritons in the condensate and
the excitons in the excitonic reservoir. Out of the excitation pump spot, the potential
energy of the condensate is smaller. And if the excitation pump spot is small, the local

blueshift forms a stiff potential hill in k-space which pushes the condensate out of k,;, = 0.
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The polariton acquires then kinetic energy, which leads to the polariton going up along
the lower polariton dispersion at larger k;, [55]. If the local blueshift amounts to V, then
the wavevector of propagation is kggc = \/W. The propagation length is given
by L = vggc tLpg where f1pg is the polariton lifetime and vggc = v/2V/mypg is the polariton
velocity. The propagation is then only visible for pumping spot smaller than the propaga-
tion length.

Figure 1.20 shows an example of a propagating condensate emitting at large angles in
a microcavity containing a CsPbBr; microwire in [49]. More details on the results of the
studies shown in figures 1.18,1.19 and1.20 from [48] and [49] will be given in the part re-
viewing the strong coupling regimes obtained with perovskites.
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Figure 1.20: Example of an nonequilibrium coherent polariton condensates emitting at large an-

gles in a microcavity containing a CsPbBr; microwire in [49]. Angle-resolved photoluminescence

images of the cavity at a) 0.75 Py, b) 1.3 P;j,. Above the threshold, polariton lasing occur at the

angles +20°. Extracted from [49]

Nonlinearities

Finally, the polariton condensates are characterized by their non-linearites owing to
the polariton excitonic part. The non-linearities are essential regarding the logical device
applications and results from two distinct processes: the exciton-exciton interactions or
the band-filling saturation at densities close to the Mott density. For the condensates at
cryogenic temperatures with small bandgap semiconductors, the non-linearities come
from the exciton-exciton interactions. Indeed, in these cases, the exciton are of the Wan-
nier type. For large band gap semiconductors, generally exhibiting Frenkel excitons, the
non-linearities are due to the band-filling saturation. This type of non-linearities are not
really suitable for applications as the exciton can be easily screened. However, hybrid per-
ovskites have been recently shown to be a large band gap material for which the exciton-
exciton interactions govern the non-linearities [56]. This results goes in the way towards
polaritonic logical devices based on perovskites operating at room temperature.
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2 Halide perovskites: a new material for lasers in the weak

and strong coupling regimes

Over the last decade, the 3D halide perovskites 2 have emerged in the framework of pho-
tovoltaics. More precisely, the pioneer works on halide perovskite-based solar cells were
published in 2009 [57] and 2012 [58] with solar-cell efficiencies reaching 3.8% and 9.7%,
i.e. the same order of magnitude as the organic-based solar cells studied for about two
decades [8]. The crucial advantage of the halide perovskites is their low-temperature
and solution-processed deposition in contrast with the expensive high-temperature tech-
niques used for silicon. Naturally, the halide perovskites have brought attention to the sci-
entific community, and the perovskite-based solar cells have reached today an efficiency
of 25.2% [8], higher than the polycrystalline silicon-based solar cells. The stability of the
material [59] and the toxicity of solar cells due to the presence of lead [60] are two ob-
stacles to the commercial development of perovskite devices. However, much effort has
been made by the perovskite community and significant progress has been obtained in
terms of material stability (by encapsulation, material synthesis, improvement of contact
materials, etc.) [59]. Regarding the toxicity, two approaches are under investigations: the
encapsulation of the perovskites for preventing the leakage of Lead from the perovskite

devices [61] and replacing lead by another divalent metal, for example Tin (Sn) [62].

In the meantime, as the perovskites hold promises in the photovoltaic field, their good
optical properties are also interesting for light-emitting devices such as electrolumines-
cent diodes and lasers. The easy tunability of the perovskite emission wavelength across
the entire visible range via chemistry substitution is one of the main advantages in this
matter [12]. The first observation of Amplified Spontaneous Emission (ASE) in perovskite
occurred in 2014 [9], and it was rapidly followed by the first perovskite-based LEDs [12, 63]
and Lasers [10, 11, 64-67]. The lasers mentioned here are lasers in weak coupling regime.
Although the strong coupling has been studied with the counterparts 2D perovskites from
1998 [68], the first perovskite-based polaritonic laser has been obtained in 2017 with the
3D perovskite CsPbCl; [48].

In this second part, the properties of the 3D and low-dimensional halide perovskites
are introduced. The state of the art of the perovskite lasers in the weak and strong cou-

pling regimes is finally provided.

2The perovskite, named after the Russian mineralogist Lev Perovski, originally referred to the Calcium
Titanate CaTiOj first discovered in 1839 in the Ural mountains of Russia by Gustav Rose. The name is now
also applied to the materials with the same crystal structure AMXs.
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2.1 Characteristics of halide perovskites
2.1.1 The 3D halide perovskites

Figure 1.21 shows the crystal structure, AMX;, of the 3D halide perovskite. A is a cation
which can be organic, in general methylammonium CH3;NH;" (MA) or formamidinium
HC(NH,)," (FA), or inorganic, generally caesium (Cs), or a mixture of these, for example,
CspoMA g. M is a divalent metal cation with a coordination number of 6 and is, in gen-
eral, the lead Pb. Tin (Sn) -based halide perovskites also exist but are much less studied
and performing than the lead counterparts. X is a halide and can be either bromide (Br),
chloride (Cl), iodine (I), or a mixture of these halides. The inorganic part is organized in

octahedra while the cations A fills the cuboctahedral holes.
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Figure 1.21: 3D halide perovskite crystal structure

The perovskites can be synthesized in different morphologies: in single crystals, in
thin films, in quantum dots, nanoplatelets, nano/microwires. The properties of the per-
ovskites of the same composition depend significantly on their morphology. For exam-
ple, confinement effects occur in low dimension morphologies such as in quantum dots
or nanowires, which blueshift the bandgap and strengthen the exciton stability. Also, the
optical properties depend on the quality of the materials: for example, the perovskite sin-
gle crystal and thin films, both three dimensional, differ because of the high crystal quality
of the single crystal and the many defects in the polycrystalline thin films. Moreover, the
optical properties also depend on the deposition methods. For example, the thin film can
be composed of grains of different types and shapes depending on the experimental con-

ditions.

One of the main properties of the 3D perovskites is the tunability of their gap en-
ergy, and hence of their emission wavelength, via chemical substitution. For example
the lodine-based perovskites CH3NH;Pbl; and CsPbl; have a band gap around 1.6 eV and
emit in the infrared, at around 780 nm. The bromide-based perosvkites CH;NH;PbBr;
and CsPbBr; have a band gap around 2.3 eV and emit in the green at 540 nm and the
chloride-based perosvkites CH3NH3PbCl; and CsPbCl; a band gap around 3 eV and emit
in the blue at 400 nm. The perovskites CH;NH3;Pbl;, CH;NH3;PbBr; and CH3;NH3;PbCl,
will be called respectively MAPI, MAPB and MAPCI in the following of the manuscript.
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Figure 1.22 shows an example of halide substitution in Cs-based perovskites, extracted
from [69]. The emission wavelength can be tuned continuously over the visible range by
changing the stoechimoetry between the chloride, bromide and iodine.

b CsPb(CI/Br), . CsPb(I/Br), |
CsPbCl, CsPDbBr, CsPbl,

Norm. PL

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.22: Example of wavelength tunability in Ceasium-based halide perovskites via halide sub-
tution. Extracted from [69]

Besides the emission tunability, the perovskites possess a high absorption coefficient
over the visible range thanks to their direct bandgap (~ 10°cm™Y [70], long-range car-
rier diffusion lengths larger than 1 um [71], relatively high charge carrier mobility as high
as 10 cm?.V~1.S7! [13, 14]. All these properties explain the good performances of the
perovskite-based solar cells [72] and LEDs [12, 63]. The good transport properties give
hope to achieve electrically injected perovskite based-lasers or polariton devices.

The stability of the exciton depends mostly on the halide composition of the per-
ovskite. For the Iodine-based perovskites, the binding energy is around 16 meV at low
temperature (10K) and close to zero at room temperature [73]. The consensus is that the
free carriers are the species which dominate the optical properties, which is an additional
advantage for obtaining high-efficiency solar cells. When the halide is changed from io-
dine to bromide or chloride the bandgap increases and also the binding energies. For
the chloride-based perovskites, the exciton binding energies lie between 41 and 75 meV
(69, 74-77], which is higher than the 25 meV thermal energy at room temperature. This
implies that the excitons are stable at room temperature. In the case of the Bromide-
based perovskites, various values between 15 to 110 meV can be found in the literature
[75, 76, 78-88], which means that the nature of the species dominating the photophysics
of the bromide-based materials is still not well known.

The stability in time, the photostability and the thermal stability of perovskites re-
main severe issues regarding the applications (solar cells, LEDs and lasers). For example,

thin films of the perovskites MAPI are stable only for a few days as the perovskite trans-
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forms gradually into crystals of Pbl, through the action of light, oxygen and humidity.
This degradation can be seen by the eye as the black MAPI turns into yellow after a few
days [89]. However, the encapsulation of the perovskites can improve the stabilities as it
protects the perovskite from the humidity. Furthermore, stability depends on the chem-
ical composition of the perovskites. For example, the perovskites MAPB and MAPCI are
much more stable than MAPI. Additionally, changing the cation MA (methylethylammo-
nium) by FA (Formamidinium) or Cs (Caesium) increases the stability. The crystal quality
is another essential aspect for the perovskite stability, as the grain boundaries favour the
degradation. As a consequence, progress on stability has been achieved by optimizing
the synthesis, composition and encapsulation of perovskites. As an illustration, carefully
designed perovskite-based solar cell modules can pass the dark damp heat test for 1000
hours at 80% of humidity [90]. However, more work needs to be done on the perovskite
stability for the perovskites-based solar cells to meet the market requirements, one of

which is stable operation for at least 25 years.

In this PhD, the perovskite MAPB with a bandgap in the green has been chosen as it
could address the green gap problem of LEDs and lasers. Because of the high absorption
close to the bandgap of the perovskite, small thicknesses are required for lasing applica-
tions. Therefore, MAPB thin films with thicknesses of the order of a hundred nanometers

deposited by spin-coating will be introduced in a microcavity.

2.1.2 Thelow-dimensional perovskites

When the organic cation A is larger than the anion (MA, FA, Cs), the structure of the per-
ovskite becomes bi-dimensional. Figure 1.23 a) shows the structure of a 2D perovskite of
chemical formula (RNH3),MX, where R is a carbon group. These 2D perovskites have the
particularity of self-organizing in alternative organic and inorganic multilayers when de-
posited. The 2D perovskites are composed of inorganic octahedra MXg layers separated
by layers of the big organic molecules RNH;. Confinement of the electrons and the holes
within the inorganic parts occurs thanks to the higher potential in the organic layers than
in the inorganic layers (see figure 1.23 b)) (ref). This makes the 2D perovskites natural
multi-quantum well structures. The physics of the confinement in quantum wells is not
going to be detailed here as no confinement occurs in the perovskite studied in this PhD.
Briefly, the confinement blueshifts the material bandgap and brings closer the electron
and the hole, which increases the exciton binding energy and the oscillator strengths.
For example, the perovskite (CgH5C,H,NH3),Pbl,, called hereafter PEPI, composed of
phenylethylamine (PE), lead (Pb) and Iodine (I), has an emission wavelength blueshifted
to the green compared to its 3D counterpart MAPI, which emits in the infrared. Moreover,
the PEPI exciton is much more stable than the MAPI exciton with binding energies of a
few hundred of meV (ref), and possesses a huge oscillator strength, which makes it suit-
able for light-emitting devices.
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Figure 1.23: a) Crystal structure of a 2D perovskite b) Sketch of the 2D perovskite energy levels to
illustrate the 2D perovskite organization in quantum wells

It is possible to control the confinement and hence the emission wavelength, binding
energies, and oscillator strengths by realizing Ruddlesden-Popper perovskites, presented
in figure 1.24, of chemical formula (RNH3),A,, ;M X3,,;, where M and X are the same
elements as before and R and A are "big" and "small" organic cations. In the Ruddlesden-
Popper perovskites, the number of inorganic layers between the organic parts varies the
confinement. When n = 1, we retrieve the formula of the 2D perovskite described above,
and when n = oo, the 3D perovskite formula. For example, for the Ruddlesden-Popper
perovskite (CgH5C,H,NH3),(CH3NH3),,_1Pb, I3, ;, one can continuously vary the exciton
binding energies from a few meV (MAPI) to hundreds of meV (PEPI). For these reasons
the Ruddlesden-Popper perovskites are also referred as 2D-3D perovskites.
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Figure 1.24: Sketch of the Ruddlesden-Popper perovskite with n varying from 1 to co
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The advantages of the Ruddlesden-Popper compared to the 3D perovskites are their
better optical properties (huge exciton binding energies, large oscillator strengths) and
stability. For example, a one-year stable solar cell based on 2D-3D perovskites, yet with an
efficiency of 11.9%, has been recently reported [91]. However, the charge transport of the
2D-3D perovskites suffer from the increased number of organic layers forming insulator
barriers, which is a drawback for the current injection required for LEDs and Lasers [92].

2.2 Laser in the weak coupling regime with halide perovskites

2.2.1 The green gap for solid-state emitting devices

In 2014, the Nobel prize of physics was awarded jointly to Isamu Akasaki, Hiroshi Amano
and Shuji Nakamura for the invention of blue efficient light-emitting diodes (LEDs) [1, 93,
94]. These LEDs based on nitrides of aluminium, gallium and indium are now the mate-
rials used commercially for blue-emitting LEDs and also for blue laser diodes (LD). The
[II-nitride semiconductors and alloys (for example, InGaN) possess energy gaps cover-
ing the entire visible spectrum. However, only the III-nitride semiconductor-based LEDs
and Laser diodes emitting in the violet and the blue region are efficient. Replacing the
Nitride by Phosphide and one obtains the III-phosphides semiconductors (for example,
AlInGaP) which are the other leading materials for the commercial LEDs and Lasers. The
[I-phosphides and alloys can also cover multiple wavelengths and are efficient in the red
region. Both the III-Nitride and III-Phosphide semiconductors are not performing in the
green region. Figure 1.25 extracted from [2] whose data are collected from [3, 4] illus-
trates the drop of efficiency of the III-Nitrides and III-Phosphides LEDs in the green re-
gion. This region where the LEDs and laser diodes are rare and not performing is known as
the "green gap" region. Finding a material which would resolve the "green gap" problem
remains a challenge for the solid-state based lasers. Such a material should possess ex-
cellent optical properties in the green region and good charge transport properties while
remaining at the lowest possible cost.

2.2.2 Lasingin the weak coupling regime with halide perovskites

Since the first observation of Amplified Spontaneous Emission (ASE) from a MAPI thin
film in 2014 [9], followed the same year by the demonstrations of halide perovskite lasing
in a vertical surface cavity [10], in perovskite nanoplatelets exhibiting whispering gallery
modes [65], in polycrystalline perovskite thin films [66, 67] and in a spherical resonator
[11], the halide perovskite has gained a lot of attention from the laser community. Es-
sentially, the halide perovskites present high quantum yield (near unity) [64, 95], high
absorption coefficient (~ 10°cm™!) [70], high optical gains (up to 3200 cm™!) [96], low
thresholds (as low as 0.220 pJ/cm?) [64] and more importantly, continuous wavelength
tunability via chemistry substitutions [9, 69, 97, 98]: lasing action with halide perovskites

has been achieved in the entire visible range and the near-infrared. These properties
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Figure 1.25: Maximum external quantum efficiencies of commercial III-Nitride and III-
Phosphides LEDs illustrating the "green gap". The data points are taken from [3] and the data
stars from [4]. Extracted from [2]

make the halide perovskites interesting for many applications and especially in the "green
gap" region where the laser diodes are rare and not performing [2]. The main challenges
for the perovskite-based lasers involve the perovskite structural stability and thermal sta-
bility [99]. As for the solar cells, progress was obtained on the structural stabilities via
encapsulation, optimization of the interfaces and perovskite synthesis and composition.
The thermal instabilities are due to the poor perovskite thermal conductivity, and for this
reason, most of the lasing actions with halide perovskites were obtained with femtosec-
ond or picosecond pulsed pump laser to limit heating from the pumping. Indeed, with a
pulsed laser, the damage threshold is reduced, which allows reaching the lasing threshold.
However, halide perovskite lasing could recently be achieved with continuous pumping
[100-107], which constitutes as a progress on the thermal stability and as a crucial step
for electrical injection. Electrically injected perovskite-based lasers have not yet been
achieved.

In the following, we will review the main trends of research concerning lasing with
halide perovskites. For more detailed information on this topic, the reader is invited to
read the reviews on which this part is based [99, 108, 109].

The resonators for perovskite lasing

We will first describe the lasing action in perovskites occurring naturally within thin
films or single crystals. Because of the high refractive index in the visible range, higher
than 2, the reflectance at the perovskite-air interface is high, and the critical angles are
small, which permits the light to be well confined within the crystal where the gain oc-
curs. For these reasons, lasing action could occur directly in nanowires which are natural
Fabry Perot cavities with the two end facets serving as cavity mirrors [64, 97,110, 111]. The
feedback needed for the lasing action can also be brought by whispering gallery modes,

and lasing could hence be performed in perovskite nanoplates, microplates and micro-
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spheres [65, 112-114]. Due to the high gain in perovskites, lasing could be obtained in
highly scattering thin film without any well-defined modes; this lasing is referred as ran-
dom lasing [66, 67, 115-118, 118-129]. More details on random lasing will be given in
Chapter 4 of this manuscript. Figure 1.26 shows sketches of these three types of lasing
that can occur directly from synthesised perovskites without any external feedback nor
post-synthesis treatments.

a) b) c)

Random Lasing

Fabry-Pérot cavity Whm:)elﬂn‘a sﬁ![ery .

glass substrate ‘

Figure 1.26: Sketches of the different types of resonators which can occur directly from perovskite
without any external feedback a) Fabry Perot microcavity in perovskites nanowires b) Whispering
gallery modes in perovskites nanoplates, microplates and microspheres c¢) Random lasing action
in highly scattering perovskite thin films. a) b) extracted from [99] c¢) Extracted from [130]

Of course external feedback has been considered in different types of resonators: in
VCSEL (Vertical Surface Emitting Laser) [10, 131], in Distributed Feedback (DFB) cavities
[100, 102, 132], in photonic crystals [133, 134] and other external structures permitting
whispering gallery modes, for example lasing could be obtained from silica microsphere
surrounded by a layer of MAPI [11].

All the architectures of the perovskites lasers are in the nano or micro-scale. Indeed,
because the perovskites have large absorption coefficients and high absorption close to
the bandgap, the thickness of the perovskites should not be higher than a few hundred
nanometers. Otherwise, the losses induced by the self-absorption would be higher than
the gain and hence prevent from obtaining the lasing. The perovskite lasers reported in
the literature are thus micro and nano-lasers.

Optical gain and quantum yield

Studies on the perovskite optical gain have been carried out, and values of a from sev-
eral tens to few thousands of cm ™! have been measured for different kinds of perovskites
(MAPI, Caesium based perovskites, Ruddlesden—Popper perovskites) [109]. When Xing
et al. first demonstrated the ASE, the optical gain measured was of 250 cm ™! from a MAPI
thin-film [9]. Later, a high gain 0of 3200 cm ™! could be obtained from a high-quality MAPI
thin film deposited with an atomic layer deposition method [96]. Xing et al. also mea-
sured the quantum yield, PLQY, (ratio of the photon emitted to the photon absorbed) of
the MAPI thin film above the ASE threshold close to 20% [9]. Thereafter, Zhu et al. could
estimate the quantum yield of a high-quality MAPI nanowire to be near unity above the

lasing threshold [64]. Moreover, Braly et al. could recently demonstrate an internal quan-
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tum yield of passivated MAPI thin film of 92% [95]. The passivation of the thin film signif-
icantly decreased the non-radiative recombination at the film surface, which explains the
high quantum efficiency. These results show that the perovskites possess intrinsic high
optical gain and high quantum yields; the quality of the perovskite crystal is hence crucial

for the lasing performance.
Quality factors

The quality factors, Q, obtained from perovskite-based lasers depend highly on the
type of resonator and the perovskite crystal quality. For example, quality factors from op-
tical microsphere can reach values of the order of 108 or even higher; however, due to
the scattering induced by the perovskite thin films, the quality factors of perovskite-based
microspheres are limited so far to values of the order of a thousand [108]. The quality
factors obtained with perovskite-based lasers range from a hundred to several thousand
[108, 109]. Amongst the highest quality factors reported, we can note as examples the
quality factor of 7000 in a CsPbBr; microcrod [135], of 6100 in a Caesium perovskites-
based microsphere [136], of 3600 in a MAPI-based nanowires [64], or 1420 in a perovskite
VCSEL [137]. Such as for the optical gain or quantum yield, improving the crystal qual-
ity of the perovskites remains essential to improve the quality factors of perovskite-based
lasers further and reach quality factors close to the ones of the conventional semiconduc-
tor micro-lasers. Increasing the quality factors is also important to decrease the lasing
thresholds.

Pulsed lasers pumped perovskite lasers and thresholds

The perovskites-based lasers are in most cases pumped with femtosecond, picosec-
ond or nanosecond pulsed lasers. In these cases, the achieved thresholds range from a
fraction of pJ/cm? to a few hundred of puJ/cm? and are again dependent on the perovskite
quality. As an illustration, the lowest threshold value of 0.220 uJ/cm? was obtained in
high-quality MAPI-based nanowires exhibiting the high-quality factor of 3600 [64], while
the random lasing threshold of a highly scattering MAPI thin film is of 195 uJ/cm? [67].

Multi-photon pulsed lasers pumped perovskite lasers and thresholds

Lasing with perovskite could also be obtained with two-photon pumping [138-141]
three-photon pumping [142-144] or even 7-photon pumping [145]. The perovskite las-
ing thresholds with multi-photon pumping are increased compared to the one-photon
pumping with values from several hundred of uJ/cm? to few hundreds of mJ/cm? : for
example 786 pJ/cm? in a two-photon pumped MAPB microwire [138] and 130 mJ/cm? in
a three-photon pumped MAPB microrod [143].
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Continuous-wave optically pumped perovskite lasers and thresholds

Continuous-wave lasing is considered as a critical intermediate step in the hope of re-
alizing electrically injected diode lasers. This is the reason why intense research has been
carried out on continuous-wave pumped perovskites-based lasers. At the early ages, be-
cause of the poor thermal stability of the perovskites, the perovskite lasing action could
only be obtained with pulsed lasers pumping. In 2016, Jia et al. could demonstrate, at
160K, a quasi continuous-wave lasing from a metal-clad MAPI DFB laser under 25 ns
pulse pumping and a repetition rate of 25 MHz with a threshold around 5 kW/cm? [100].
Later, the authors could demonstrate, in a similar architecture, continuous-wave lasing
with the perovskite MAPI with a threshold of 17 kW/cm? at 106K up to 160K [102]. The
lasing could sustain for about an hour at 106K. These results can be explained by the high
thermal conductivity of the Al,03/Au/Si and Al,05/sapphire substrates and of course, the
low temperature of operation (100-160K). Alias et al. could demonstrate continuous-wave
pumped ASE for the first time with a threshold of 89 kW/cm? at room temperature in a
VCSEL architecture containing the perovskite MAPB with a sapphire substrate [101]. The
authors attribute this result from optimization of the cavity modes with the perovskite
gain, a sufficient cavity quality factor of 203, a good material quality (the authors worked
with a passivated and annealed perovskite layer) and the good thermal stability of the de-

vice.

With thermal nanoimprint lithography (NIL), Li et al. could obtain high-quality factor
(Q=17872) MAPI-based DFB via a direct patterning onto the perovskite layers [104]. This
method, at the same time, improved the perovskite emission characteristics. As a result,
the lasing threshold could dramatically be reduced down to 13 W/cm?, allowing to obtain
continuous-wave lasing at room temperature for the first time. However, the lasing could
only be sustained during 250s at 15 W/cm?. Very recently, the same authors could demon-
strate room-temperature continuous-wave lasing from a photonic crystal containing the
perovskite MAPB with a threshold of 9.4W/cm? via the same thermal nanoimprint lithog-
raphy technique [105]. The perovskite MAPB was chosen to improve the device stability as
the MAPB perovskite is much more stable than the MAPI perovskite. Room-temperature
continuous-wave lasing with perovskite could also be achieved in a DFB containing quan-
tum dots of MAPB, MAPI, MAPCI in polyacrylonitrile films with thresholds of respectively
15, 24 and 58 W/cm? [106]. The authors explain the threshold reduction by the interac-

tion between polyacrylonitrile and the perovskite quantum dots.
Continuous wave lasing could also be observed in CsPbBr; nanowires at cryogenic

temperatures respectively at 4K with a threshold of 1.45 nW [107] and at 77K with a thresh-
old of 6 kW/cm? [103].
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To summarize, by the improvement of the quality factors, the reduction of the thresh-
old and the optimization of the thermal stability of the devices (for example by including
highly thermal conductive substrates), continuous-wave lasing with perovskites could be
recently obtained at room temperature. However, there remains work on the perovskite
stability over time, but overall these results give great hope towards electrically injected
perovskite-based lasers. For more information on continuous-wave pumping perovskite-
based lasers, the reader is invited to read the recent progress report on this topic [146].

Wavelength tunability

Another property of perovskite-based lasers is the possible continuous wavelength
tunability covering the visible range and the near-infrared range. In 2014, Xing et al. could
demonstrate ASE from different perovskites with different chemical compositions emit-
ting at different wavelengths [9]. This result was particularly important as it showed that
the perovskite could provide gain in the visible range, including the green gap region of
the III-V semiconductor lasers. Figure 1.27 shows two examples of wavelength tunabil-
ity from perovskites lasers, with CsPbX3 nanowires (with X a mixture of the halides I, Br
and Cl) [98] (figure 1.27 a) and with perovskite nanowires containing a mixture of For-
manidinium (FA) and Methyethyamonium (MA), and a mixture of halides (I, Br, Cl) [97]
(figure 1.27 b). With the inclusion of the Formanidinium, near-infrared wavelengths can
be reached (see figure 1.27 b). Another way to tune the emission wavelength is to play
with the perovskite dimensionality, for example by varying the perovskite quantum dots

size to vary the quantum confinement [69].

Engineering of perovskite lasers

As stated above, the emission wavelength of the perovskite lasers can be tuned via
chemistry composition and/or the control of the dimensionality. However, after synthe-
sis, the wavelength remains fixed. For practical reasons, it is interesting to be able to tune
the emission wavelength post-synthetically. This post-synthetical tailoring of the emis-
sion wavelength is possible with halide perovskites via halide substitution with cation
and anion exchange techniques [147-150]. For example, Li et al. could demonstrate a
reversible transformation of the perovskite MAPB to MAPI via a vapour transport process
[150]. Another approach is the halide substitution with inductively coupled plasma (ICP)
etching [151], Zhang et al. could show that the lasing intensity and threshold remains un-

affected through the reversible changes.

The lasing performances can be improved with passivation techniques, such as com-
bining perovskites with graphene [152], plasmonic materials [153], ZnO nanoparticles
[120], and surfactant ligands [154]. The improvements can be a lasing threshold reduc-
tion [120, 152, 153], emission enhancement [120, 152, 153] or an improved stability [154].
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Figure 1.27: a) Lasing emission spectra of CsPbX3 nanowires (with X a mixture of the halide I, Br
and Cl) covering the visible spectrum from [98]. Extracted from [98]. b) Lasing emission spectra
of nanowires of perovskites containing a mixture of Formanidinium (FA) and Methyethyamonium
(MA), and a mixture of halides (I, Br, Cl) from [97]. The emission wavelength covers the green

region to the near-infrared region. Extracted from [97]

Patterning or shaping the perovskites into well-defined architectures is required for
perovskite-based lasers or devices. One approach is to incorporate the perovskites by
vapor-phase or spin-coated deposition methods in passive architectures such as micro-
spheres [11], photonic crystals [133, 134], DBF [100, 102, 132], etc... Inverse opal struc-
tures where the perovskite is infiltrated were also considered to obtain 2D and 3D pho-
tonic crystals [155-157]. Directly patterning the already synthesised perovskites is an-
other path for obtaining well-defined architectures. Semiconductor technology has been
performed to directly pattern the perovskites, such as nanoimprint lithography [158-161],
electron-beam lithography [162], solvent-assisted gel printing (SAGP) [163], X-ray lithog-
raphy [164], laser direct writing (LDW) [165, 166], wettability-assisted photolithography
(WAP) [167], inductively coupled plasma (ICP) etching [162], focused-ion beam etching
[168, 169].

One of the many applications explored with perovskites are the nanolaser arrays, which
are intensively investigated with conventional semiconductors towards their possible use

in highly integrated photonic devices. Top-down lithography and nanoimprinting can
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precisely build uniform pattern but would increase the price of the devices. For these rea-
sons, many techniques at lower cost have been proposed to fabricate perovskite-based

nanowire arrays [170-173].

2.3 Strong coupling with perovskites: towards perovskite-based polari-

tonic lasers

In the following, the strong coupling and polaritonic lasing obtained with halide per-
ovskites will be put in the context of the field of the strong coupling. A first part will give

the general context, and a second part will focus on strong coupling with perovskites.

2.3.1 Context: the strong coupling and polariton lasing in the literature
Strong coupling regime

The strong coupling was first theoretically proposed by J.J. Hopfield in 1958 [174] to
describe the light propagation in semiconductors, and observed in ZnO bulk crystals by
Hopfield and Thomas in 1965 [175]. The cavity polaritons , analogue to the bulk polari-
tons, were first experimentally demonstrated in 1992 by Weisbuch et al. [5] with an AlGaAs
quantum wells-based microcavity thanks to the progress on semiconductor epitaxy. This
work became the pioneering work not only for the cavity polaritons but for photonic crys-
tal polaritons or nanowire polaritons. Since then, the strong coupling regime has been
demonstrated with many types of materials : with inorganic semiconductors such as GaAs
(5, 39], ZnO [176, 177] or GaN [176, 177], with organic materials [47, 178-180], more re-
cently with monolayers of transitional metal dichalcogenides (TMDs) [181, 182] and of

course with halide perovskites [68].

There are many exciting potential polaritonic applications and many of them could be
demonstrated in lab prototypes such as the polaritonic lasers [7, 47], polariton transistors
[35] and interferometer [36], resonant tunneling diodes [27], optical gates [35] and router
[37]. However, only a few of these were electrically injected, a key step for real exploita-
tion [183-186]. The majority of the prototypes were obtained under optical pumping, and
some were only demonstrated at low temperature. Therefore, one needs to find a mate-
rial with good transport mobilities, exhibiting strong excitons with large binding ener-
gies and large oscillator strength for obtaining the polaritons at room temperature. More-
over, such polaritonic devices would require the polariton to propagate through macro-
scopic distance. Thus, the material should be homogeneous on a large thin-film surface.
Concerning the thickness, the strong coupling in microcavities requires the gain material
thickness to be a few times the emission half wavelength (nA/2). Finally, the material de-
position, synthesis and patterning into microstructures should be available at the lowest

possible cost.
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Due to the maturity of the technologies used for their fabrication, the GaAs based mi-
crocavities exhibiting strong coupling are the most developed and accomplished systems
for both fundamental research on polariton, for example, the study of out of equilibrium
Bose-Einstein condensates, and for the research related to the polaritons applications. In
this regard, most of the proof-of-concepts of polaritonic devices listed above have been
achieved with GaAs systems. Nevertheless, the strong coupling can only be achieved at
cryogenic temperature due to the small GaAs excitonic binding energies. Large bandgap
semiconductors such as GaN and ZnO are more suited for obtaining room temperature
polaritons due to their higher exciton binding energies. However, the technologies re-
quired for the deposition of inorganic semiconductors, GaAs, ZnO and GaN, and the en-
gineering to incorporate them into microstructures remain at a high price (high temper-

ature and high vacuum are required).

The soft chemistry and low-temperature synthesis and deposition of the organic ma-
terials make them more relevant for low-cost polaritonic devices. Moreover, the organic
materials in which the strong coupling has been demonstrated exhibit very strong ex-
citons, with binding energies of a few hundred meV. Nevertheless, their poor transport
properties reveal as a major drawback for electrical injection. In the meantime, the TMDs
combine the low-cost deposition aspect, strong excitons and good transport properties,
but their fragility prevents so far their deposition in large areas.

Polariton lasers

The polariton lasers have been obtained through optical excitation with many kinds
of materials, at low temperature in CdTe [7] and GaAs [187] and at room temperature with
materials exhibiting stronger excitons such as GaN [45], ZnO [46] and organic materials
[47].

The strong coupling could also been obtained with electrical injection. The first po-
laritonic LEDs were obtained in 2005 with polyelectrolyte/] aggregate dye bilayers [188]
and later with other organic materials [189, 190], carbon nanotubes [191], inorganic semi-
conductor such as ZnO [192], GaN [193] and GaAs[194-197] and this even at 315K [197].
Very recently polaritonic LEDs were reported with Van der Waals materials [198].

The work on polariton LEDs was a first step towards electrically injected polariton

lasers which could be obtained in GaAs systems at low temperature with or without the
help of a magnetic field [183-185] or with GaN at room temperature [186].
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2.3.2 Strong coupling regime and polariton lasing with 2D perovskites

Before 3D perovskites CH3NH3;PbX; emerged as potential materials for the photovoltaic
field in 2012, their 2D counterparts were the most studied due to their excellent excitonic
properties. Between the first demonstration of strong coupling regime with perovskites
by Fujita et al. in 1998 [68] and the beginning of the perovskite "fever" with 3D per-
ovskites, most of the strong coupling demonstrations were done with phenylethylamine
(PE)-based 2D perovskites and more especially with the Iodine-based perovskite PEPI
emitting in the green. More precisely, 11 out of the 17 reports published at that time con-
cern the perovskite PEPI. Before the perovskite "fever", the studied 2D perovskites were
spin-coated thin films of rather low quality and the quality factors were subsequently low.
Due to the large oscillator strengths, strong coupling regime could still be observed de-
spite the low quality factors. However, polaritonic lasing could not be observed. After
the emergence of 3D perovskites in the photovoltaic field, a lot of work was done on the
crystal quality and strong coupling regime could be obtained with systems containing

synthesised or exfoliated single-crystal thin films in the prospect of polaritonic lasing.

Strong coupling regime with 2D perovskite thin films

The first demonstration of the strong coupling with perovskites has been achieved in
a distributed feedback (DFB) resonator containing the perovskite PEPI [68] whose sam-
ple’s sketch is given in figure 1.28 a). Like the planar microcavities, the DFB structures
possess photonic modes with a given dispersion. When the incident light angle is tilted
along the direction of the periodic grating (x-direction in figure 1.28 a)), the observed pho-
tonic mode dispersion curves are in the form of cones represented by black lines in figure
1.28 b). The dashed lines in figure 1.28 b) correspond to replicas of the dispersion rep-
resented by a black solid line. Figure 1.28 c) shows the theoretical polariton dispersion
curves (black solid lines) in a DFB in strong coupling regime in the case of a negative de-
tuning (AE < 0) and along the grating direction, k,. The DFB photonic mode curve is
plotted as a dashed black line and the exciton energy annotated by Ey. The anti-crossing
region is zoomed-in in figure 1.28 d). When the incident light angle is tilted along the per-
pendicular direction of the grating (y-direction in figure 1.28 a)), there is no waveguide
effect from the grating and the observed photonic modes are then similar to cavity pho-

tonic modes.

The strong coupling in the DFB structure has been demonstrated in angle-resolved
transmission measurements in the grating direction and the perpendicular direction in
[68], and a Rabi splitting of 100 meV has been measured in both cases. The quality factors
of the photonic modes are not given in this article. The obtained Rabi splitting is really
large compared to the Rabi splitting in GaAs based-microcavities but remains lower than
the expected Rabi splitting considering the high oscillator strength of PEPI. The authors

explain this feature by the rather poor spatial overlap between the exciton and the pho-
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Figure 1.28: a) Sketch of the distributed feedback (DBF) structure studied by Fujita et al. [68] b)
Photonic modes represented as black lines in the the direction of the periodic grating (x-axis in a))
of the DFB. The dashed lines correspond to replicas of the dispersion represented by a black solid
line. ¢) Theoretical polariton dispersion in the DFB along the grating direction, k,, in the case of a
negative detuning (AE < 0). The lower and upper polariton dispersion curves are plotted as black
solid lines, the DFB photonic mode curve as a dashed black line, and the exciton line is annotated
as Eg. d) Zoom of the anti-crossed region of the LPB and UPB dispersion curves. Extracted from
(68]

tonic mode field in their structure. In [199], the authors studied the photoluminescence
under nonresonant excitation of the same structure with a Rabi splitting of 75 meV and
observed an enhancement of the photoluminescence for modes resonant with the exci-
ton. In [200], the authors proposed a theoretical interpretation of the results found in [68]
and [199].

Shimizu and Ishihara also studied the strong coupling regime in DFB structures in
2002 [201] and observed non-linearities of the polariton dispersion curves due to the
exciton part of the polaritons. With pump-probe measurements, they showed that the
transmission dips blueshift during the pump pulse due to the change of the polariton dis-

persion caused by excitonic Stark effect.

The aforementioned DFB structures can be regarded as 1D photonic crystals * and
hence, other types of photonic crystal can be considered. Indeed, strong coupling with
the perovskite PEPI has also been demonstrated with photonic crystals in 2 dimensions

3In these cases, not in the subwavelength regimes
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[202] with a Rabi splitting of 100 meV and three dimensions [203] with a Rabi splitting of
240 meV. Figure 1.29 shows the sketches of these two photonic crystal structures. In the
first case, the patterning is similar to the DFB expanded to the second direction in the
plan. The Rabi splitting of 100 meV is identical to the ones found in the DFB structure.
The structure of the second case is different: it is composed of an arrangement of silica
microspheres infiltrated by the perovskite PEPI (named PAPI in this article). The Rabi
splitting is here more than twice larger than in the case of the 1D and 2D photonic crys-
tals meaning that the spatial overlap between the excitons and the photonic mode field

has been strongly improved in this 3-dimensional photonic crystal.

polystyrene

quartz

‘ y
PEPI glass substrate
X

Figure 1.29: a) Sketch of the 2D photonic crystal in [203]. Extracted from [203]. b) Sketch of the 3D
photonic crystal in [202]. Extracted from [202].

Planar microcavities were later considered by our group to study the strong coupling
with 2D perovskites. The microcavities were at first in general composed of a bottom di-
electric mirror, a spin-coated perovskite layer, either one spacer layer above or two spacer
layers beneath and above the perovskite layer and a silver layer as the top mirror. These
microcavities will be hereafter called DBR/Ag microcavities, where DBR holds for dielec-
tric Bragg reflectors. The spacer layers were in general polymer layers such as PMMA
(Poly(methyl)metacrylate). The 2D perovskites-based microcavities were closed by a sil-
ver mirror deposited by evaporation, which did not damage the perovskite protected by
the spacer layer. Figure 1.30 shows an example of one of the microcavities studied along

with its angle-resolved reflectivity spectra and polariton dispersion curves.

The quality factors of these microcavities were limited both by the quality of the poly-
crystalline perovskite thin films and the silver mirrors. However, despite the low-quality
factors, the strong coupling could still be observed due to the very strong 2D perovskite
oscillator strength. The strong coupling could be observed at room temperature in mi-
crocavities containing the PEPI perovskite or pFPEPI doped PMMA perovskite (pf for p-
fluorophenethylamine) with Rabi splittings of 89.6 meV [205], 140 meV [206] 136, 150 and
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Figure 1.30: a) Microcavities studied in [204] along with its angle-resolved reflectivity spectra b)

and polariton branches dispersion curves c). Extracted from [204]

190 meV [204] and with quality factors as low as 25. In the latter case, our group showed
that the Rabi splitting could be controlled by changing the design of the microcavities. In-
deed, the spatial overlap between the exciton and the photonic field can be enhanced by
placing the excitons at the field antinodes (see figure 1.31). With the perovskite CHPI, sim-
ilar to PEPI with the phenylethylamine (PE) replaced by cyclohexenyl-ethyl-ammonium
(CH), the strong coupling, with Rabi splittings of respectively 160 and 130 meV, could even
be observed in a microcavity with two silver mirrors or even in a microcavity with one sil-
ver mirror while the interface with air was used as the second mirror [207] . In these two
cases, the quality factor was even lower than in DBR/Ag microcavities.
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Figure 1.31: a) and b) Example of two microcavities studied in [204] with different designs. The

spatial overlap between the exciton and the cavity photonic field is better in the first case. Ex-
tracted from [204]

In DBR/AI microcavities, the strong coupling regime could be observed with 2D per-
ovskites emitting in the UV, for example, with the perovskite PEPCI, the iodine of PEPI
being replaced by chloride (Quality factor Q of 15 and Rabi splitting 2Q of 230 meV)
[208, 209]. In this case, an aluminium mirror was chosen as it is more suitable in the
UV region.

Despite the many reports demonstrating the strong coupling, polaritonic lasing has
not been obtained in the 2D perovskite-based microcavities and photonic crystals. This

54



2. HALIDE PEROVSKITES: A NEW MATERIAL FOR LASERS IN THE WEAK AND STRONG
COUPLING REGIMES

is probably due to the bottleneck effect as the large Rabi splitting, caused by the large
oscillator strength, makes the slope of the LPB at low angle/momenta rather steep and
hence the polariton relaxation time long. Moreover, because the perovskites were de-
posited in thin films, many defects could hinder the exciton lifetime, and the poor quality
factor reduced the cavity photon lifetime significantly. All these reasons made the polari-
ton lifetime shorter than the relaxation time. Indeed Lanty et al. in [204] suggested that
the increase of the photoluminescence at large angles from their cavities was related to
the bottleneck effect. Later, Gaétan Lanty demonstrated the bottleneck effect from these
microcavities in his PhD manuscript (in French) [210], by dividing the polariton emission
at each angle/momentum by the photonic fraction f? to obtain the polariton population
along the LPB (see figure 1.32). In order to address these problems, different axes of im-
provement were considered: decrease the relaxation time of the perovskite, increase the
polariton lifetime by improving the cavity quality factor, by either increasing the closing
mirror reflectivity or the material quality.
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Figure 1.32: Polariton population showing the bottleneck effect measured in a cavity from [204]
obtained by dividing the polariton emission at each angle/momentum by the photonic fraction f3.
Extracted from [210]

A way to decrease the relaxation time of the polaritons is to reduce the LPB slope by
coupling the microcavity photonic mode with the 2D perovskite and another material
also exhibiting excitons. In the case of the strong coupling in these systems, the two ex-
citon transitions involved lead to three polariton modes, the upper, middle, and lower
polaritons. In general, the lower polariton branch possesses a reduced slope compared to
the systems with only one exciton transition. This method has been used by our group in
[211] where strong coupling has been obtained in the UV range in a microcavity contain-
ing the perovskite PEPB and the organic material ZnTPP (Zn-tetraphenyl-porphyrin) or
in a microcavity containing the perovskite MFMPB (5-methyl-2-furanmethanamonium
bromide-based 2D perovskite) and ZnO [212]. The sketch of the latter case’s microcavity
and the polariton branches is given in figure 1.33.
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Figure 1.33: a) Sketch of the microcavity studied in [210] b) dispersion of the lower, middle and
upper polaritons of the hybrid microcavity. Extracted from [210]

Regarding the improvement of the microcavity quality factors, one has to improve
the reflectivity of the closing mirror. Due to the fragility of the perovskite thin films, the
high-temperature deposition methods used for dielectric materials, such as epitaxy, CVD
(Chemical vapour deposition) or sputtering, for example, could not be applied to deposit
the top dielectric mirror directly on the half microcavity containing the perovskite. Han
et al. [213, 214] proposed a technique depicted in figure 1.34 to deposit a dielectric mir-
ror on top of a fragile active material without degrading the material. Briefly, an external
top dielectric mirror (DBR) is placed on top of the half cavity inside a recipient filled with
a liquid which is non-destructive for the gain material. The liquid is later removed, and
the evaporation of the remaining solvent inside the microcavity keeps both parts fixed.
With this technique, Han et al. could obtain a quality factor of 2500 from a passive cav-
ity and a quality factor of 86 from a perovskite containing cavity in the strong coupling
regime [214]. The decrease between the two quality factors is due to the roughness of
the perovskite spin-coated thin film. However, this quality factor of 86 remains 3.5 times
higher than the ones of the microcavities in [204-206]. Using this technique, and taking
advantage of a top Bragg mirror containing sub-micrometric sphere-like defects, Nguyen
et al. could observe zero-dimensional polaritons at room temperature with quality fac-
tors reaching 750 [215].

Strong coupling with 2D perovskites high quality single crystals

At this point, it could have been shown that the good excitonic properties of the 2D
perovskites make them suitable as low-cost materials for the strong coupling. However,
the huge oscillator strength combined with the poor quality of the perovskite thin films
has revealed as an obstacle for the realisation of the polaritonic lasing. Indeed, the po-

lariton relaxation time is too long compared to the polariton lifetime limited by the small
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Figure 1.34: Sketch of the top Bragg mirror deposition method in [214]. Extracted from [214]

quality factors and the exciton lifetime. The two latter features are both related to the low
quality of the perovskites spin-coated layers. Moreover, the fragility of these layers pre-
vents from depositing monolithically a top dielectric mirror leading to a reduced quality
factor. The poor vertical transport properties of these 2D perovskites is another issue con-
cerning the electrical injection needed in the polaritonic-based devices. However, since
2012, much work has been done on the optimisation of the perovskite crystals quality. In
particular, crystals with much better quality such as thin single crystals (synthesised or

exfoliated) appeared recently.

Fieramosca et al. could demonstrate the strong coupling regime with 2D perovskites
thin single crystals without an external optical cavity as the crystal end-facets serve as
mirrors [216]. The perovskites studied were the butylammonium (BAI), octylammonium
(OCT) and phenethylammonium (PE) based 2D perovskites, called here BAPI, OCTPI and
PEPI. The thin single crystals were obtained by exfoliating bulk crystals obtained with
the AVCC technique developed in our team [217] (Anti-solvent Vapor-assisted Crystal-
lization). The quality of these crystals is much better than in the spin coated thin films;
however, their thicknesses are of the order of a few micrometers. As a consequence, sev-
eral optical modes occur inside the crystal, which hinders the light-matter coupling. Nev-
ertheless, several LPB branches could be observed in angle-resolved reflectivity experi-
ments (see figure 1.35). The authors showed that by varying the carbon group of the 2D
perovskites, they could change the confinement of the exciton and as a result, the Rabi
splitting with values of 103, 146 and 210 meV respectively for PEPI, OCTPI and BAPI.

Wang et al. also obtained strong coupling with a thick PEPI exfoliated single crystal
and could embed thick and much thinner exfoliated PEPI and PEPB single crystals in a
double Bragg mirror microcavity [218]. The deposition of the second mirror was done
with e-beam evaporation onto the 2D perovskite. The quality factor of 2200 found here
is much higher compared to the first quality factor of 2D perovskite-based microcavities.

From the microcavities, the strong coupling between the cavity mode, the Bragg modes
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Figure 1.35: Angle-resolved reflectivity maps both in TE (a) and TM (b) polarization along with the
simulated spectra of the thick PEPI crystal in [216]. (c) shows the theoretical cavity modes along
with the theoretical LPB branches. Extracted from [216]

and the exciton could be demonstrated. Later Fieramosca and al. also could embed thin
exfoliated PEPI single crystals in a double Bragg mirror microcavity using a sputtering
technique [56] to deposit the top mirror. From this microcavity, the authors could observe
strong non-linearities due to polariton-polariton interaction. The authors also obtained
these non-linearities from a thick single PEPI crystal without external mirrors.

2.3.3 The strong coupling regime and polariton lasing with 3D perovskites

After the first demonstrations of lasing with halide perovskites, the 3D perovskites gained
attention in the perovskite polariton community. Although their excitonic properties are
weaker than in the 2D perovskites from the lack of natural confinement provided by the
organic layers, the 3D perovskites possess better charge transport properties than 2D per-
ovskites, which makes them more suitable for electrical injection. The 3D perovskites
studied have morphologies with much better crystal quality than spin-coated thin films
such as nano/microwires, microplates and nanoplatelets.

Strong coupling in nanowire-based microcavity

In the case of nanowires and nanoplatelets, the Rabi splitting is increased due to the
size reduction of the photonic resonator (with lateral characteristic sizes of a few hun-
dreds of nanometres), which notably reduces the modal volume. Indeed, the coupling

strength g is proportional to the square root of the ratio of the oscillator strength to the

modal volume, g < +/ fosc/Vm-

Park et al. [219] observed in 2016 lasing action from CsPbl;, CsPbBr3, CsPbCl; nano-
wires. Lasing can occur in nanowires without an external cavity as the nanowires serve

both as the gain medium and the cavity with the two end-facets as mirrors and the trans-
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verse surfaces forming a light waveguide. However, the authors observed an unusual
spectral spacing of the nanowire laser modes. Figure 1.36 shows an example of the un-
usual mode spacing from three different CsPbBr; nanowires in another study [103]. It
was suggested that the unusual spacing could come from the strong light-matter cou-
pling. However, the strong coupling has not been demonstrated in this study but only
suggested. It was only one year later that the strong coupling could be demonstrated in a
3D perovskite-based micro/nanowires [220].
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Figure 1.36: Photoluminescence spectra of three CsPbBr; nanowires of different size (a) 20 um (b)

14 um (c) 7 um from [103]. Only the low energy part of the photoluminescence is shown. (d) Mode
spacing increasing whith decreasing energies. Extracted from [103].

Before describing the strong coupling with halide perovskites-based nanowires, one
needs to consider the experimental differences related to the observation of the polari-
tons between the usual microcavities and the nanowires. Both the microcavity and nano-
wire are optical resonators; however, while the former presents macroscopic lateral dis-
tances (um up to cm?), the latter exhibits lateral dimensions equivalent to the emission
wavelength (hundreds of nm) [103]. This results in the diffraction of the light escaping
the nanowire end-facets. Also, because of the size of the nanowires, the detunings are
negative and very large, and the confinement in the lateral directions makes the effective
photon mass one order of magnitude heavier than in microcavities. The effective pho-
tonic mass can be obtained from M, = (mhic)(a=?+ b‘z)%, where a and b are the lateral
dimensions [221]. As a result, the anti-crossing occurs at momenta higher than the free
photon momenta and can not be observed with the usual angle-resolved measurements.

To obtain the LPB dispersion, one needs to collect the modes energies from the pho-
toluminescence lasing spectra (see figure 1.37). The momenta of these modes are un-
known as the momentum-resolved PL cannot be performed. However, the momentum
spacing, nj/L with j an integer and L the nanowire length, is known and the wavenumber

is determined by k;; = nj/L+ ky with ky the unknown momentum of the zeroth mode.
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The following consists in considering the microcavity E(k) relation: E(k) = hck;,/ve(w)
with epsilon the dielectric constant of the nanowire’s medium approximated by a Lorentz
model. By fitting the E(k) relations to the experimental energies, with ky and the Lorentz
parameters as free parameters, one can get the nanowire dispersion. This dispersion is
later fitted with the strong coupling model (see figure 1.37). This method was used in
(220, 222-224]. The approach in [103] was slightly different as it considered another E(k)
relation depending of the effective photonic mass, M, = (1th/c) (a%+b7? %, known from
the measurement of the nanowire lateral sizes a and b. At the end, and for all the cases,
only the LPB in a small region around the anti-crossing and above the light cone could be
obtained (see figure 1.37).
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Figure 1.37: a) On the right: lasing emission of a CsPbBr; nanowire in [222]. On the left: fitting of
the polaritonic dispersion curves obtained from the energies of the lasing peaks. Extracted from
[222] b) Experimental lower polariton dispersion of a CsPbBr; nanowire in [103] (in red) along with
the fitted dispersion curves of the upper polariton (solid black line) and lower polariton (dashed
black line). The green line corresponds to the bare exciton energy, the dashed blue line to the
nanowire photonic mode dispersion and the solid blue line to the free photon cone. Extracted
from [103].

As the small lateral sizes of the nanowires reduce the mode volume, very large Rabi
splittings could be obtained. In MAPB micro/nanowires, the Rabi splittings obtained were
of 268, 390 meV [220] or even of 564 meV [223]. The very large Rabi splitting of the latter
case is due to the coupling of the nanowires with surface plasmons from a layer of sil-
ver (Ag). Wang et al. showed that the Rabi splitting of CsPbX; nanowires vary depending
on the halide (210, 146 and 103 for respectively the Chloride, Bromide and Iodine-based
nanowires) [222], coherent with the variation of the exciton strength with respect to the
change of halide. Values of 200 meV [103] and even from 401 to 656 meV [224] were re-
ported in CsPbBr; nanowires. The giant Rabi splitting of the latter one denotes excellent

confinement of the electric field inside the nanowire.
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The variation of the Rabi splitting as a function of the nanowires lengths and so the
modal volume has been studied [220, 223, 224] confirming the dependence on f/V of the
Rabi splitting /22. The group velocity dE/dk;, and so the group refractive index, ng = ¢/ vg
were also studied as a function of the Rabi splittings [220, 223, 224]. An enhancement of
the group refractive index has been shown for large Rabi splitting, which leads to a reduc-
tion of the group velocity, which is characteristic of polaritons and could be interesting
for slow-light applications.

Polaritonic lasing could not be obtained in three of these studies [220, 222, 223] where
only photonic lasing could be observed. For example, Zhang et al. ruled out the possi-
bility of polaritonic lasing due to the lack of blueshift of the lasing peaks. However, the
lasing peak blueshift, characteristic of polaritonic lasing, could be obtained in other stud-
ies [103, 224] and this even with continuous-wave pumping (77K) [103]. At first Evans et
al. concluded that the lasing taking place in their nanowires was polaritonic lasing, but
the authors recently reported new results and recognized that the lasing was instead orig-
inating from the coupling between nondegenerate electron-hole plasma and plasmons
[111]. Du et al. [224] showed that the lasing threshold occurring in the bottleneck region
drastically decreased when the Rabi splitting was higher than 400 meV and concluded
that this was due to the transition from a photonic lasing to a polaritonic lasing. This po-
laritonic lasing has been possible thanks to the much better quality factors compared to

the vertical microcavities.
Polaritonic lasing with 3D perovskites-based microcavities

In 2017, Su et al. obtained for the first time polaritonic lasing with perovskites [48].
The authors incorporated high-quality CsPbCl; nanoplatelets in a double DBR micro-
cavity with a quality factor of 300. Figures 1.38 a) and b) show the sketch of the stud-
ied microcavity and the microscopy/fluorescence images of the CsPbCl; nanoplatelets.
From angle-resolved reflectivity and photoluminescence measurements, the strong cou-
pling could be demonstrated with a large Rabi Splitting of 265 meV. The microcavity was
then pumped with a femtosecond pulse laser (100fs, 1kHz repetition rate) and when the
threshold of 12uJ/cm? was reached the Bose-Einstein condensation of the lower polari-
tons could be observed as shown in figure 1.38 c,d and f. Figure 1.38 f) shows the log-log
PL intensity (in red) and the semi-log Full Width at Half Maximum (FWHM) (in blue) as
a function of the pump power at null in-plane wavenumber, k;; = 0. The sharp increase
of the PL intensity followed by saturation and the sharp decrease of the linewidth at the
threshold is a signature of the polaritonic lasing, yet this characteristic can also be ob-
served in the case of photonic lasers. However, the increase of the PL linewidth before the
threshold and after the threshold can be attributed to the polaritons non-linearities, i.e.
the exciton-polariton and polariton-polariton interactions. It can be seen at the threshold
and above threshold that the LPB photoluminescence is blueshifted in respect with the
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LPB dispersion below threshold marked as the dashed white dispersion (see figure 1.38
¢,d and e. Figure 1.38 g) depicts this behaviour by plotting the blueshift of the emission
at k;; = 0 below and above the threshold and shows a sharp blueshift below the thresh-
old and a slight blueshift above the threshold. The authors showed that the blueshift and
increase in linewidth were dominated by polariton interactions with the excitonic reser-
voir below the threshold and polariton-polariton interactions above the threshold. To
further demonstrate the polaritonic nature of the lasing, interferometry measurements
have been performed. The spatial image of the condensate emission has been taken in
a Michelson in which the image has been reversed in one arm (see figure 1.38 h and i).
Interferences occur in the superposed image (see figure 1.38 j) confirming the long-range
spatial coherence of the polariton.

In 2018, Su et al. showed another polariton condensate in another perovskite-based
microcavity [49] with CsPbBr; microwires (see figure 1.39 a and b). In this case, the pho-
ton is not only confined in the direction of the microcavity (z-axis in figure 1.39 a) but
also in the lateral direction of the microwire (y-axis in figure 1.39 a). For this reason, the
microcavity exhibits several cavity modes that can be strongly coupled to the excitonic
transition. When the long axis x is parallel to the spectrometer slit several lower polariton
branches can be observed in the angle-resolved photoluminescence spectrum (see figure
1.39 ¢) with the lowest energetic LPB being predominant. When the y-axis is set parallel
(see figure 1.39 d), the angle-resolved photoluminescence map shows discrete polaritons
states induced by the optical confinement from the small CsPbBr; width. Figures 1.39 e
and f shows the angle-resolved photoluminescence spectra below and above the polari-
tonic lasing threshold of the microcavity in the case when the x-axis is set parallel to the
spectrometer enter slit. However, unlike in the previous case, the Bose-Einstein conden-
sation does not occur at the null momentum/angle, but at the angles + 20°. This conden-
sation at non-null momentum is the signature of the polariton condensate propagation
in the microwire. The authors showed the emission blueshift and linewidth increase be-
low and above the threshold and also interference fringes from Michelson interferometry
to demonstrate the polaritonic nature of the lasing results. The propagation properties
of this quasi-condensate were then investigated: for that, the end of the microwire was
pumped in a small area (red dashed circle in figure 1.39 g (i)) which leads to interference
fringes in the microwire microcavity (see experimental result in figure 1.39 g (ii) and the-
oretical result in figure 1.39 g (iii)). This result means that the polariton propagated to the
other end of the microwire, was reflected and propagated back to the pumping region and
interfered with new coming polariton. This proved that some polaritons could propagate
over 60 um. The authors also calculated a polariton group velocity of 10 pm/ps, several

times larger than in GaAs-based microcavities and a polariton lifetime of 3 ps.

At the time this manuscript is being written, really recent reports on perovskite-based
polaritons condensate are published on Arxiv: Su et al. demonstrates this time the po-
lariton on microcavities based on CsPbBr; micropillar array creating an array of polari-

ton condensates [225]; Bao et al. obtained polaritonic lasing in a microcavity containing
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Figure 1.38: a) Sketch of the microcavity containing CsPbCl; nanoplatelets in [48]. b) Microscope
and fluorescence images of the CsPbCl; nanoplatelets. c) d) and e) Angle-resolved photolumi-
nescence spectra of the microcavity under the lasing threshold (0.75P;;) at threshold (P;,) and
above threshold (1.3P;;). f) Log-log PL intensity (in red) and the semi-log Full Width at Half Maxi-
mum (FWHM) (in blue) as a function of the pump power at null in-plane wavenumber, k;; = 0. g)
Blueshift of the emission at k;; = 0 below and above the threshold h) Spatial image of the polariton
lasing emission in one arm of the Michelson i ) Reverse image in the other arm of the Michelson

and j) superposition of the two images showing interferences. Extracted from [48].
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Figure 1.39: a) Sketch of the microcavity containing a CsPbBr; microwire in [49]. b) Microscope
and fluorescence images of the microcavity. c) Angle-resolved photoluminescence of the micro-
cavity when the x-axis (see the sketch of a)) of the microcavity is set parallel to the spectrometer
slit. Two LPB branches can be observed. d) Angle-resolved photoluminescence of the microcav-
ity when the y-direction is set parallel to the entrance slit of the spectrometer. Discrete polariton
states can be observed. e) Angle-resolved photoluminescence of the microcavity (x-axis parallel to
the spectrometer slit) under the lasing threshold (0.75 P;;,) and f) above the threshold (1.3 P;). g)
Schematic of the interferences experiment in the microwire microcavity (i) image of the microwire
microcavity with the red circle indicating the pumping spot (the blue circle is not detailed in this
manuscript) (ii) experimental result (iii) theoretical result. Extracted from [49].
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CsPbBr; microplates, involving the excited Ryberg state n=2 of the exciton [226]. These

intriguing results raise the perovskites as serious candidates for polariton lasing both for

the polariton applications but also for fundamental research on polariton Bose-Einstein

condensation.

2.3.4 Summary of halide perovskite-based polaritons

The following table 1.1 summarizes the strong-coupling results obtained with halide per-

ovskites and compares the different perovskites, photonic structures, quality factors, Rabi
splittings and the specificities. One of the results of this PhD with MAPB thin-film [15]
detailed in chapter 4 of this manuscript is included.

Perovskite Dimensionality Morphology Structure Quality factor Rabi Splitting Comments Year Reference
(Below threshold) (hQ\ meV)
PEPI 2D Thin film DFB 100 1998 Fujita et al. [68]
PEPI 2D Thin film DFB 75 Same structure as [68] 1999 Fujita et al. [199]
PEPI 2D Thin film DFB Theoretical model of [68] 2001 | Yablonskii et al. [200]
PEPI (called PAPT) 2D Thin film 2D Photonic crystal 240 2001 Sumioka et al. [203]
PEPI 2D Thin film 1D Photonic crystal Non Linearities 2002 Shimizu et al. [201]
PEPI 2D Thin film 2D photonic crystal 100 2003 | IshiHayase et al.[202]
PEPB 2D Thin film Planar microcavity 200 162 +ZnTPP in PMMA 2006 Wenus et al. [211]
PEPI 2D Thin film Planar microcavity 25 140 2006 Brehier et al.[206]
PEPI 2D Thin film Planar microcavity 25 136-150-190 2008 Lanty et al.[204]
PEPC1 2D Thin film Planar microcavity 230 2008 Lanty et al.[208]
CHPI 2D Thin film Planar microcavity Low-Q 130 - 160 Metal-air Metal-Metal 2009 Pradeesh et al. [207]
PEPCI 2D Thin film Planar microcavity 15 230 2009 Lanty et al.[209]
MFMPB 2D Thin film Planar microcavity 52 +Zn0O 2011 Lanty et al. [212]
pFPEPI doped PMMA 2D Thin film Planar microcavity 89.6 2012 Wei et al. [205]
PEPI 2D Thin film Planar microcavity 80 168 2012 Han et al. [213]
PEPI 2D Thin film Planar microcavity 85 unknown 2013 Han et al. [214]
PEPI 2D Thin film Planar microcavity 750 168 Same structure as [213] 2014 Nguyen et al. [215]
CsPbBry 3D Nanowire Nanowire Photonic lasing 2016 Park et al. [219]
MAPbBry 3D Micro-Nanowire Micro-Nanowire 268390 Photonic lasing 2017 Zhang et al. [220]
CsPbCly 3D Nanoplatelets Planar microcavity 300 265 Polariton lasing 2017 Su et al.[48]
CsPbBry 3D Microwire Planar microcavity 1150 120 Polariton lasing 2018 Suetal. [49]
PEPI BAIOCT 2D Exfoliated crystal Crystal 2 170 - 240 - 250 (9) 2018 | Fieramosca et al. [216]
CsPbX3 (X=1, Br, Cl) 3D Nanowire Nanowire 103 - 146 - 210 Photonic lasing 2018 Wang et al. [222]
Strong coupling with
PEPI PEPB 2D Exfoliated crystal | Planar microcavity 2200 242 Cavity and Bragg modes 2018 Wang et al. [218]
Enhanced with
MAPbBry 3D Nanowire Nanowire 267 up to 564 surface plasmons 2018 Shang et al. [223]
Photonic lasing (hQ2 <400 meV)
CsPbBry 3D Micro-Nanowire Micro-Nanowire 401 up to 656 Polaritonic lasing (2 >500 meV) | 2018 Duetal. [224]
CsPbBry 3D Nanowire Nanowire 200 CW lasing 2018 Evans et al.[103]
Rydberg (n=2) exciton polariton

CsPbBry 3D Microplate Planar microcavity 672 Polariton lasing 2018 | Bao et al. (ArXiv) [226]
MAPbBry 3D Thin film Planar microcavity 92 70 2018 Bouteyre et al. [15]
PEPI 2D Exfoliated Planar microcavity 170 Study of

AVCC Crystal Crystal 170 polariton-polariton interaction | 2019 | Fieramosca et al. [56]
CsPbBry 3D Micropillar array Microcavity 120 Array of polariton condensate | 2019 | Su et al. (ArXiv) [225]
PbBr-based Langmuir-Blodgett (LB)
layered perovskite 2D Thin film Microcavity 116 technique 2019 Eraetal. [227)

Table 1.1: Summary of the halide perovskite-based polaritons
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3 Conclusion of the chapter

In this chapter, the physical concepts concerning light-matter interaction in an optically
active material were presented as well as the coupling between such a material with a
microcavity confining light in photonic modes. The weak or strong coupling regime can
occur in such a system, depending on whether the interactions compensate for cavity
and material losses. From the strong coupling regime, the lower and upper polaritons
were introduced, which are coherent superpositions of the photonic mode state and exci-
tonic state. One of the main applications of the strong coupling regime was discussed: the
polaritonic laser. In the following, two types of lasers have been considered: the laser in
weak coupling regime, which is a conventional laser, and the laser in the strong coupling

regime, i.e. the polaritonic lasing also known as polariton condensation.

The 3D halide perovskites and low dimensional halide perovskites were introduced as
emerging materials in the context of the photovoltaic field and for the light-emitting de-
vices such as LEDs and lasers. Halide perovskites present exceptional optical properties
and advantages among the wavelength tunability via chemical substitution and the low
cost of the solution-processed synthesis. Due to the tunability, the halide perovskites can
address the "green gap" problem, which corresponds to the drop in efficiency of the com-
mercial LEDs and laser diodes in the green region. The main obstacle today to the com-
mercial development is the perovskite stability, which has been significantly improved in

recent years and surely will be further improved.

The state of the art of halide perovskite-based lasers in weak coupling regime has been
presented. Briefly, the lasing properties of the halide perovskite-based lasers are remark-
able. However, the lasers suffer from the low thermal stability of the halide perovskites.
For this reason, most of the lasing action could only be obtained under pulsed regime.
Due to the improvement of the resonators quality factors, the heat management and the
perovskite instabilities, lasing was recently demonstrated with continuous-wave pump-
ing. These results are particularly significant as it is a crucial step before exploring electri-
cal injection, which is required for commercialization. Progress on the engineering of the
perovskite-based lasers, such as nanoimprint patterning, also gives hope towards com-

mercial halide perovskites-based lasers.

Strong coupling and polaritonic lasing with halide perovskites have also been explored.
The polaritonic lasers, due to the bosonic nature of polaritons, present very low thresh-
olds and are consequently very interesting regarding commercial applications. Thanks
to the excellent excitonic properties, the strong coupling could be obtained with low di-
mensional perovskites and with 3D halide perovskites. Polaritonic lasing could not be
achieved so far with low dimensional perovskites even if the quality of these perovskites

has dramatically improved after the emergence of the perovskite in the photovoltaic field
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in 2012. The issues could come from the too-large Rabi splitting caused by the giant
oscillator strength of these perovskites. Regarding the 3D perovskites, with modest ex-
citonic properties, the polaritonic lasing could be obtained in high-quality nanowires,
nanoplatelets and microwires embedded or not in microcavities. Exciting results con-
cerning the Bose-Einstein condensation of the polaritons were obtained. However, the
polaritonic lasing was only achieved in small surfaces, limited to a few micrometres. This
reveals as a drawback for future commercialization as the small surfaces would prevent

the engineering of the polariton-based devices.

In this PhD, we will present the strong coupling regime and the lasing action of mi-
crocavities containing large-surface (few cm?) spin-coated MAPB (CH;NH3PbBr;) thin-
films. The choice of the MAPB perovskite is due to its energy gap in the green to address
the "green gap" problem and the spin-coating deposition for its low cost and the achieve-
ment of large surfaces. In the following chapters, the experimental methods, the fabrica-
tion of the microcavities, the strong coupling demonstration and the lasing effects of the
MAPB-based microcavities will be presented.
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CHAPTER 2. EXPERIMENTAL METHODS

Introduction

This chapter introduces the experimental methods used during the PhD. The first part
details the deposition techniques for the different layers of the MAPB-based microcav-
ity: the spin coating methods for the deposition of the MAPB and PMMA layers and the
evaporation method for the silver layer. The second part presents the measuring instru-
ments used for the characterization of the layers and the microcavities and the third part
describes the optical set-ups to characterize the microcavities.

The experiments have been carried out in Laboratoire Aimé Cotton (LAC) but also in
collaboration with Groupe d’Etude de la Matiére Condensée (GEMAC) in Versailles and
Institut des Nanotechnologies de Lyon (INL) in Lyon.

1 Deposition methods of the microcavity layers

1.1 Spin-coating method

The spin-coating method, illustrated by figure 2.1, consists in depositing a solution con-
taining precursors of a coating material in a volatile solvent onto a substrate. The sub-
strate is rotated, and the centrifugal force spreads the solution along the surface of the
substrate. The sample is later annealed for the remaining solvent to evaporate. In the
case of hybrid perovskites, annealing also permits a better crystallization of the material.
It results in a uniform thin film whose thickness depends on the rotation speed and accel-
eration, v,,; and a,,; respectively, the solution concentration, the duration of rotation,
tror, and the solvent viscosity. The reader can find more information on the spin coat-
ing method on the spin-coating guide by Ossila corp. [228]. The spin-coating method
was used to deposit thin films of CH;NH3;PbBr3, called MAPB, and polymer layer PMMA
(Poly(methyl methacrylate)) and was carried out in Laboratoire Aimé Cotton (LAC).

Solvent evaporation

: S

— —
. - - | — I —
| Substrate | v | Substrate | | Substrate |
Spin coater Spin coater Spin coater

Deposition and Rotation Wet thin film
acceleration

Annealing and
crystallization

Figure 2.1: Sketch of the spin-coating method

70



1. DEPOSITION METHODS OF THE MICROCAVITY LAYERS

1.2 Deposition of the MAPB perovskite

The following chemical reaction describes the crystallisation of MAPB:
PbBr2 + CH3NH3Br_> CHgNHstBI‘s. (21)

In our case, crystallisation occurs during the spin-coating deposition. Two methods
of deposition of MAPB by spin-coating were used during the PhD: the one-step method
and the two-step method.

1.2.1 One-step deposition

Figure 2.2 illustrates the one-step method for MAPB deposition. The first crucial step is
the cleaning of the substrate to remove the dust and defects which would prevent the so-
lution to spread evenly on the surface. The substrate is cleaned in ultrasound baths of ace-
tone and ethanol for ten minutes each. The substrate is dried with air and is later treated
with UV-ozone for five minutes. The second step is the spin coating of a 0.7 mol/L™! so-
lution of PbBr, + CH3NH;3Br in DMF (Dimethylformamide) on the cleaned substrate. The
spin-coating parameters are : v;,,=2000 rpm, d,,,=2000 rpm/s, ;,=15s and the solution
parameters: Vpyvr = 5mL, mcp,Nnpr = 392mg, mppp;, = 1.2858. Finally, the perovskite
thin film is annealed on a hot plate at 90°C for 15 minutes.

1. Cleaning of the 2. Spin coating of 3. Annealing the
subtrates CH,NH,Br + PbBr, /[DMF | CH;NH,PbBr, layer

* Ultrasound baths of CHyNH,Br + PbEr,

acetone and ethanol for (0.7Min DMF) Solvent evaporation
10 minutes each &
* Dry the substrate with 6
air
| Substrate |
* UV-ozone treatment for Spin coater

CH,NH;PbBr,

5 minutes
Substrate
(In the meantime, heat the Hotplate
hot plate at 90°C)

2000 rpm during
15 sec 15 min at 90°C

Figure 2.2: Method of the one-step deposition

The PbBr, powders were purchased (Sigma Aldrich, 211141, 98%) and the CH;NH;3Br
powders were synthesised by Gaélle Trippé-Allard of Laboratoire Aimé Cotton (LAC) (See
the supplementary information of [15] for the synthesis). The substrates were quartz sub-

strates (1.1x1.1 cm?), and the volume of solution used for the spin-coating was 100 pL.
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1.2.2 Two-step deposition

The two-step method was inspired by the technique used in [229]. Figure 2.3 presents
the two-step deposition method. The substrate is cleaned the same way as for the one-
step method. A 0.5 mol/L™! solution of PbBr, in DMF (2mL, mpppr, = 367mg) heated
at 70°C is spin-coated on the clean substrate (6500 rpm, 2000 rpm/s, 30s). The PbBr,
thin film is then immersed vertically in a 7mg/mL of CH3NH;3Br solution in isopropanol
(Visopropanot = 30mL, mcu,Nu,pr = 210mg). A 50 mL beaker was used to immerse the
entire sample. The reacted thin film is placed in the spin-coater for rinsing (6500 rpm,
2000 rpm/s, 30s). Finally, the sample is annealed for 45 minutes at 100 °C.

1. Cleaning of the 2. Spin coating of 3. Annealing the
subtrates PbBr, / DMF PbBr, layer

PbBr,

* Ultrasound baths of (0.5M in DMF at 70°C) Solvent evaporation

acetone and ethanol for

10 minutes each 6
* Dry the substrate with é
air
| Substrate |
* UV-ozone treatment for Spin coater

PbBr,

5 minutes
Substrate
(In the meantime, place a Hotplate
solution of PbBr2 (0.5M in

DMF) in a water bath set at
70°C and heat the hot plate at

6500 rpm during

80°C) 5 min at 70°C
30 sec
4. Soaking in 5. Rinsing the 6. Annealing the
CH;NH;Br CH;NH;PbBr; layer | CH;NH,;PbBr; layer
(In the meantime, heat
the hot plate at 100°C) Solvent evaporation
Tweezer
CH3NH,PbBr,
CH,NH,Br Substrate
(7 mg/mLin Spin coater

CH3NH,PbBr,

Isopropanol)
Substrate
@9 Hotplate

6500 rpm during
Soak during 20s 30 sec 45 min at 100°C

Figure 2.3: Method of the two-step deposition

The CH3;NH3Br solution could be reused in general four or five times before using a
new solution. For the depositions on the quartz substrates, the volume of PbBr, solution
used for the spin-coating was 100 pL, and for the depositions on the half-inch diameter

commercial Bragg mirrors (detailed in Chapter 3) 20 pL.
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1.3 Deposition of the PMMA layer

Figures 2.4 and 2.5 show the deposition method of PMMA on a substrate or on a MAPB
thin film already deposited, respectively. In the second case, there is no substrate cleaning
step. The deposition consists of spin-coating at x rpm (2000 rpm/s, 30s) a y wt.% solu-
tion of PMMA (Sigma Aldrich, 182230, MW 120,000 by GPC) in toluene (10 mL), with x
the spin-coater rotation speed and y the concentration in wt.%. The values of x ad y are
changed to vary the PMMA thickness (More details in Chapter 3). The volume of solution
for the spin-coating is 100 uL in the case of a quartz substrate and 20 pL in the case of a

commercial Bragg mirror. The sample is later annealed at 100°C for 30 minutes.

1. Cleaning of the
subtrates

2. Spin coating of
PMMA / Toluene

3. Annealing the
PMMA layer

* Ultrasound baths of
acetone and ethanol for
10 minutes each

* Dry the substrate with
air

* UV-ozone treatment for
5 minutes

(In the meantime, heat
the hot plate at 100°C)

PMMA
(6.6% wt.% in toluene)

o
b

| Substrate |

Spin coater

<>

2000 rpm during
30 sec

Solvent evaporation

PMMA
Substrate

Hotplate

30 min at 100°C

Figure 2.4: Method of PMMA deposition on a substrate
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Figure 2.5: Method of PMMA deposition on a MAPB thin film already deposited.
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1.4 Deposition of the silver layer

The silver (Ag) layers were deposited on half cavities (MAPB+PMMA on a Bragg mirror)
by evaporation in a cleanroom using the Edwards Auto 306 thermal evaporator. Rasta
Ghasemi, head of the cleanroom of Institut d’Alembert de 'Ecole Normale Supérieure
Paris-Saclay operated the deposition. The silver layer thickness is measured by a quartz
crystal micro-balance positioned close to the sample during the evaporation.

2 Methods for the layers characterizations

2.1 Optical microscope

During the PhD, the interference contrast optical microscope (Nikon) was used in Groupe
d’Etude de la Matiere Condensée (GEMAC).

Optical microscopy was used as a first quick measurement to characterise the mor-
phologies of the layers of MAPB and PMMA. The phase-contrast enables to discern the
difference of heights and the grains better. However, optical microscopy does not give

quantitative information on the vertical height of the observed objects.

2.2 Contact profilometry

The profilometer (Stylet dektak 8, Bruker) was used in Groupe d’Etude de la Matiere Con-
densée (GEMAC) to measure the thicknesses of the different layers obtained in this PhD.

Contact profilometers measure thickness and surface roughness of layers by scanning
a diamond stylus in contact on a sample. By measuring the variation in the stylus height,
the profilometer can obtain the height profile of the sample along a horizontal direction.
The vertical resolution is nanometric, and the horizontal resolution ranges from 100 nm
to 100 pm. The profilometry technique is then useful for accurately measuring the thick-
ness of layers and measuring large dimensional roughnesses on large scales. Atomic Force

Microscopy (AFM) is needed to study the roughness at smaller scales.

2.3 Atomic Force Microscopy (AFM)

The commercial Atomic Force Microscopy (AFM) (MFP3D standalone, Asylum) was used
in Laboratoire Aimé Cotton" (LAC) to measure the roughness of the different layers ob-
tained in the PhD.

An Atomic Force Microscope (AFM) is composed of a very sharp tip (1-10 nm), moun-
ted on a cantilever, which probes the surface of a sample. The Van der Waals forces be-

tween the surface and the tip deflect the cantilever. A laser beam is shined on the can-
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tilever, and the deflection is measured by detecting the variation in the laser reflection
with a photodiode array detector. A control feedback system keeps the value of the force
constant during the scan by varying accordingly, with piezoelectric motors, the height of
the tip to the surface. The variation of the cantilever height along the horizontal distance
gives the sample height profile. With this technique, the horizontal resolution of AFM can
reach a fraction of nanometers. For this reason, Atomic Force Microscopy (AFM) is useful
to study the structure at the nanoscale of layers, but only on a small scan scale.

2.4 Spectrophotomer Perkim Elmer

The spectrophotometer Perkin-Elmer (Corp.) UV/visible Lambda950 was used in Labora-
toire Aimé Cotton (LAC) for three types of characterizations : absorption measurements,
diffuse reflectance measurements (with the integrating sphere accessory (150mm)) and

Specular reflectivity measurements (with the Universal Reflectance Accessory(URA)).

2.4.1 Absorption measurements

Absorption measurements consist in measuring the Optical Density (OD) spectrum (or
absorbance spectrum) of a material. During the measurement, a light beam at a spe-
cific wavelength A is equally separated into two optical paths, the sample path and the
reference path in which are placed the sample deposited on a substrate and a similar sub-
strate, respectively. The intensities of the transmitted light by the sample, I;, and by the
substrate, I, are then measured. The optical density is then given by:

I;:(A)

ODM\) =-1
(A) OgIO(IoU\)

). (2.2)

The optical density describes the amount of light absorbed by the material and thus,
how much light is transmitted. An OD of 1(2) corresponds to a transmission coefficient of
1071(1072).

2.4.2 Diffuse reflectance

Diffuse reflection is the reflection in all directions originating from multiple light scatter-
ing in a thin film. Diffuse reflectance measures the loss of light intensity due to scattering
related to surface roughness. The optical density measured in the absorption measure-
ments needs to be corrected to take into account only the absorption of the perovskite
without the losses due to light scattering [16]:

OD¢or = 0Dy +1log10(1 —Rp), (2.3)

where OD.,; is the corrected OD, OD,,. is the non-corrected OD and Rp is the diffuse re-

flectance.
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Diffuse reflection is measured with an integrating sphere which is a sphere covered
in the inside by a diffuse white coating and is composed of small entrance and exit slots.
Thanks to the multiple scattering inside the sphere, the detector detects the light refracted

by the sample in all directions.

2.4.3 Specular reflectivity measurements

Specular reflectivity corresponds to the reflection of light at the opposite angle of the in-
cident light angle. The reflectance R(A) = I(A)/Ip(A) is given by the ratio between the
reflected light intensity, I, (A), and the initial light intensity, Ip(A).

With the Perkin Elmer spectrophotomer, the reflectance can be measured at different
angles, from 8° to 60°of incidence. The surface probed by the reflectivity measurements
(as well as in the absorption measurements) was 1x1 mm?. This large surface area will be

an essential aspect to consider in the following chapters.

3 Optical experimental set-ups

3.1 Optical instruments

Different optical set-ups were used during the PhD in two different laboratories: in Lab-
oratoire Aimé Cotton (LAC) and in Institut des Nanotechnologies de Lyon (INL). Before
presenting the different optical set-ups, the various instruments of the two laboratories

are described.

3.1.1 Laser and white light sources

The pump laser source used in Laboratoire Aimé Cotton (LAC) is a femtosecond pulsed
laser (¢pyi5e = 100 1S, frep=1 kHz, A=800 nm) of the Hurricane integrated Ti:Sapphire Am-
plifier System (Spectra Physics corp). The femtosecond laser pulses were obtained using
the Chirped Pulse Amplification (CPA) method with the Mai Tai Ti:Sapphire femtosecond
pulse laser (Spectra Physics, 800 nm, 80MhZ, 100 fs) and the Evolution-15 pump laser
(Spectra Physics). The output laser was doubled in frequency with a Barium borate (BBO)
doubling crystal. The resulting pump laser is then a high intensity femtosecond pulsed
laser (fy15¢ = 100 fs, frep=1kHz) emitting at 400 nm.

This laser source was used for PL and Fourier spectroscopy measurements as a func-
tion of the pump power to study the microcavities lasing characteristics. Indeed, this
pulsed laser can achieve high intensities enabling to reach the lasing thresholds. However,
the Hurricane system was a limiting factor during the PhD because of its recurring fail-
ures. The system worked for eight months combined during the PhD, which was enough
to obtain good results but prevented from carrying complementary experiments.
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In Institut des Nanotechnologies de Lyon (INL), a halogen lamp (DH-2000, Ocean Op-
tics) and a picosecond pulsed laser diode (,;se = 50 ps) emitting at 405 nm (PDL 800-D,
PicoQuant) were used in a Fourier spectroscopy set-up for angle-resolved reflectivity and
angle-resolved photoluminescence measurements, respectively. The laser diode could be
in pulsed (31.5 kHz to 80 MHz) or continuous wave (CW) mode. The repetition rate of 80
MHz was chosen for the experiments. Lasing action could not be obtained with this pi-
cosecond pulsed laser diode during the PhD. For this reason, the lasing characterization

measurements were carried on in Laboratoire Aimé Cotton (LAC).

3.1.2 Spectrometers and CCD

Two spectrometers were used in Laboratoire Aimé Cotton (LAC):

- The Princeton Instruments SP2500i spectrometer equipped with a monochromator (with
three diffraction gratings: 150 g/mm, 1200 g/mm, 2400 g/mm), a CCD camera (Pixis: 100B
Ropers Scientific) and a photodiode (demander a Damien). The 1200 g/mm grating, used
in this PhD, leads to a spectral resolution AA = 0.09 nm.

- The Princeton Instruments SP2150 spectrometer equipped with a monochromator (with
two gratings: 150 g/mm, 1200 g/mm) and a CCD camera (Pixis: 100B Ropers Scientific).
The 1200 g/mm grating, used in this PhD, leads to a spectral resolution AA = 0.4 nm.

In both cases, the CCD camera is composed of 1340 pixels in the horizontal axis cor-
responding to the wavelength axis and 100 pixels in the vertical axis for imaging.

In Institut des Nanotechnologies de Lyon (INL), the spectrometer used was the Mi-
croHR spectrometer (Horiba) equipped with a monochromator (grating of 1200 g/mm)
and a Sincerity (Horiba) CCD camera. The spectral resolution is AA = 0.3 nm. The CCD
camera is composed of 1024 pixels in the horizontal axis and 256 pixels in the vertical
axis. This CCD camera with more vertical pixels is more suitable than the CCD camera
used in Laboratoire Aimé Cotton (LAC) for imaging measurements, especially for Fourier
spectroscopy measurements.

3.1.3 Objectives and Lenses

A 0.9 NA microscope objective (MPLFLN50x, Olympus), a 0.6 NA objective (CFI Plan Fluor
ELWD 40x C, Nikon) and a 5 cm lens were used during the PhD to focus the pump laser
on the sample.
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3.2 PL spectroscopy
3.2.1 Principle

Photoluminescence (PL) spectroscopy consists of exciting a sample with a pumped laser
and collecting the emitted photoluminescence with a spectrometer. Figure 2.6 shows a
sketch of a PL spectroscopy set-up. The pump laser is focused by an objective or a lens
to excite the sample. The PL signal is collected by the same objective/lens and is then
focused with a large diameter lens onto the spectrometer slit. The focal length of this
lens should be adapted to the spectrometer f-number. In the spectrometer, a diffraction
grating disperses the light horizontally, and the output signal can be either be collected
by a CCD camera or by an avalanche photodiode when a flip mirror is introduced. By
changing the grating angle, it is possible to change the central wavelength of the measured
spectrum. The wavelength window of the spectrum depends on the characteristics of the
gratings. With the computer connected to the CCD camera and the spectrometer, one can
read the resulting spectrum and can also change the spectrometer parameters.

Pumping Laser | __Excitation Computer
A=405 nm

CCD
Filter Camera
405 nm

2 H J_ pew

= rating

€ PL E QQ(‘QQ 8 Avalanche

3 i photodiode

Lens or Objective Large Diameter
lens

yé—
z X Spectrometer

Figure 2.6: Sketch in top view of the PL spectroscopy set-up.

The sketch in figure 2.6 shows the reflection configuration in which the excitation and
collection are performed with the same objective/lens from the same side. It is also possi-
ble to use the transmission configuration in which the pump laser is focused from behind
the sample by another objective/lens, and the PL signal is collected from the other side.

3.2.2 Set-up number 1 in "LAC" laboratory

In the first PL spectroscopy set-up in Laboratoire Aimé Cotton (LAC), the sample is excited
by the 100 femtoseconds pulsed laser at 1 kHz of repetition rate emitting at 400 nm. The
0.6 NA objective focuses the pump laser in the reflection configuration, and the Princeton
Instruments SP2500 spectrometer collects the PL signal with a spectral resolution of 0.09
nm. The spectrometer lens is a 2-inch wide lens of focal 7.5 cm.
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This optical set-up is the main PL spectroscopy set-up of our group in Laboratoire
Aimé Cotton (LAC), which is also coupled to a cryostat for low-temperature measure-
ments and with motorized actuators to perform p-PL mappings (see next section). As
this optical set-up was already packed with all the possible configurations, it was not pos-
sible to incorporate another lens for the Fourier spectroscopy. For this reason, a second
PL spectroscopy set-up was mounted.

3.2.3 Set-up number 2 in "LAC" laboratory

In the second PL spectroscopy set-up, the sample is also excited by the 100 femtoseconds
pulsed laser at 1 kHz of repetition rate emitting at 400 nm. The spectrometer is replaced
by the Princeton Instruments SP2150 spectrometer with a spectral resolution of 0.4 nm.
The pump laser is focused by the 0.9 NA objective in the reflection configuration or by a
lens of focal 5 cm in the transmission configuration. The spectrometer lens is a 2-inch
wide lens of focal 7.5 cm.

3.3 pPL

In the first PL spectroscopy set-up, the objective focusing the pump laser can be translated
in the two directions perpendicular to the optical axis (y and z directions in figure 2.6)
with the motorized actuators (demander a Damien) controlled by a Labview program. By
scanning the sample with the objective, it is possible to map the PL signal of a specific
area of the sample. The PL signal is collected with the avalanche photodiode at one given
wavelength which can be chosen with the spectrometer. The spatial resolution, which
depends on the focus of the pump laser and the step of the micro-controllers, was of 0.5
pm. The measurement of the PL maps is referred in this PhD as the pu-PL measurements.

3.4 Fourier spectroscopy
3.4.1 Principle

Fourier spectroscopy consists of placing a lens, the Fourier lens, in the PL spectroscopy
set-up to image the sample’s momentum k-space, also known as Fourier space. From
another point of view, the Fourier lens is used to disperse the emission angles in one
direction. These two perspectives are equivalent since the wavenumbers in the Fourier
plane are dependent on the emission angle. As a consequence, the Fourier spectroscopy
set-up permits to perform angle-resolved photoluminescence measurements, and angle-

resolved reflectivity measurements when replacing the pump laser with a white light beam.

Figure 2.7 and figure 2.8 show the Fourier spectroscopy set-up in lateral view and
three-quarter view, respectively. This set-up is similar to the PL spectroscopy set-up in
figure 2.6. However, in this case a Fourier lens is placed at focal distance behind the sam-

ple’s Fourier plane between the objective and the spectrometer lens. With this set-up,
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light originating from a height +h in the vertical axis of the Fourier plane (z-axis in figure
2.7) is projected to the spectrometer slit at a height -d. The light is then spectrally dis-
persed horizontally in the spectrometer, and the emission from the h point occurs as a
horizontal line at a height -d’ in the CCD camera (see figure 2.8). In general, the height d
at the spectrometer slit and d’ at the CCD camera are the same, and in the following, it will
be considered that d = d’. We have then shown that with the Fourier spectroscopy set-up,
a vertical position in the Fourier plane can be imaged vertically in the CCD camera. Fi-
nally, an angle of emission, 0, can be imaged vertically in the CCD camera as the height h
depends on the sample emission angle. Using geometric optics, one can find that :

ld| = Eh, h= futan(0), |d|= Mtan(E)), (2.4)

fr fr

where f,,, fr and fs are respectively the focal lengths of the objective, the fourier lens and

the spectrometer lens.

Fourier Fourier
plane  lens Spectrometer

obj. 4 Spectro ¢
lens

elawed 0))

Sample

4vde)  d(e)r

WD fu fr D fs
y X
Figure 2.7: Sketch in lateral view of the Fourier spectroscopy set-up. The light originating from the
sample at an angle 0 is projected to the spectrometer slit at a height d(6) and to a height d’(0) to
the CCD camera. The optical path in the spectrometer is perpendicular to the sketch plane and is

therefore not represented. The term WD corresponds to the working distance of the objective.

3.4.2 Focal length of the Fourier Lens

The maximum emission angle which can be imaged, 0,4, is determined by the numer-
ical aperture (NA) of the objective, i.e. 0,4, = asin(NA). Consequently, the focal length
of the Fourier lens must be chosen so that all the emission angles, from 0° to 0,,,, are
dispersed in all the CCD vertical pixels. If the focal length is too small, the large angles are
projected outside of the CCD camera. For this reason, the maximum height d,,,, of the
projections in the CCD camera should be equal or lower than half of the size of the CCD
camera, Iccp, i-e. dpax < tccp/2. Using the equation 2.4 one finds that :
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Figure 2.8: Sketch in three-quarter view of the Fourier spectroscopy set-up. The light originating
from the sample at an angle 0 is projected to the CCD camera a height d’(6). The emission angles

are dispersed vertically (z-axis), and the light is spectrally dispersed in the horizontal direction (x,y

plane).
Amax = Mtan(asin(NA)), (2.5)
fe
which leads to :
2
fr= Juls tan(asin(NA)). (2.6)
Icpp

3.4.3 Maximum distance between the fourier lens and the spectrometer lens

Another parameter to consider is the distance, D, between the Fourier lens and the spec-
trometer lens (see figure 2.7 and figure 2.9). If this distance is too long, the spectrometer
lens, of diameter dy;, diaphragms the incoming light. The case of the critical distance is
shown in the sketch of figure 2.9. From this sketch, the critical distance is:

dfsﬁ 1

2 f, tan(asin(NA))’ 2.7)

Dmax =

However, this theoretical maximum distance as well as the Fourier focal length are ob-
tained using geometric optics. In the case of Fourier spectroscopy set-ups with objectives

of large numerical aperture (NA), geometric optics cannot describe well the system and
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Figure 2.9: Sketch in lateral view of the Fourier spectroscopy set-up in the case of the critical
distance between the Fourier lens and the spectrometer lens in which the spectrometer lens di-

aphragms the incoming light.

is used only as a first approach and for didactic purposes. In general, because of aberra-
tions, the distance between the Fourier lens and the lens in front of the spectrometer can

be larger than the critical distance given in equation 2.7.

3.4.4 Correction of the measured PL and reflectivity maps

For the angle-resolved photoluminescence measurements, one should collect the back-
ground signal, Bpy, of the experimental room. The corrected photoluminescence map is
the difference between the measured photoluminescence, PL,, and the background sig-
nal Bp;, i.e. PL=PL,, —Bpr.

In the case of angle-resolved reflectivity measurements, one needs to know the value
of the reflectivity. However, the CCD camera only measures the signal reflected by the
sample, R,,, which depends on the white light source intensity. For this reason, one
should measure the background signal but also measure the reflectivity of a reference mir-
rofr, R’r?z r whose real reflectivity R:e r is known. The reference mirror needs to be placed in
the same position as the sample, and the reference mirror reflectivity should be measured

in the same condition as for the sample. The corrected reflectivity is then given by:

RI‘
R = (R~ Br) (e

)s (2.8)
ref —Br
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3.4.5 Raw data processing of the CCD camera results

Once corrected, the photoluminescence and reflectivity maps need to be numerically
processed to obtain wavelength/angle(wavenumber) maps. Figure 2.10 a) shows a sketch
of a typical map obtained with the CCD camera in a Fourier spectroscopy set-up. The
map is characterised by two areas: an area with signal (white area) and another without
signal (shaded area). The area without signal corresponds to the emission angles greater
than the maximum angle, 0,,,x, which could not be imaged by Fourier spectroscopy. One
can notice that the area with signal is not symmetrical. Indeed, the CCD camera is, in
general, tilted with respect to the horizontal axis. The vertical dispersion of the angle is
consequently not vertical on the CCD camera. One can then numerically rotate the sig-
nal maps since in practical a CCD camera is never perfectly aligned. Numerical rotation
corresponds to the first step of the numerical process. Note that the tilting angle is exag-
gerated in the sketch.

Figure 2.10 b) shows a sketch of the photoluminescence or reflectivity maps after nu-
merical rotation. The signal area is in the form of a trapeze as the upper and lower limits
correspond to the maximum positive and negative angles(wavenumber), 0,,,4x (knax) and
—0max(—kmax), which depends on the optical set-up overall chromatic aberration. The

central line corresponds to the zero-angle(wavenumber).

The next step in the numerical process is to convert the x and y axes from pixels to
wavelength and angle(wavenumber), respectively. In general, the wavelength axis is al-
ready converted by the spectrometer. For the angle(wavenumber), one can use the rela-
tion given by equation 2.4. However, this relation is obtained with geometric optics and
therefore does not work in the case of Fourier spectroscopy set-up with high NA objec-
tives. As a consequence, two alternative methods to convert the y-axis in angles were
used in this PhD :

- The first method was used for the maps shown in Chapter 4. The dispersion curve of
a Bragg mode of the microcavity is measured with both the Fourier configuration and
the Perkin Elmer spectrophotometer. The Bragg mode comes from the Bragg mirror of
the microcavity. As the angles of the Perkin Elmer spectrophotometer are well defined,
the angle-dependent Bragg mode dispersion curve could be known with precision. The
y-axis was then converted in angles such that the two measured angle-dependent Bragg
modes matched.

- In the case of the maps in Chapter 5, only the photoluminescence was measured. Hence,
the Bragg modes reflectivity could not be obtained, and the previous method could not
be used. The method is then to consider that for each wavelength, the vertical axis is
linear with the wavenumber varying from 0 um =1 to kjuax = E/ch sin(0,,4x). Indeed, the

signal in the CCD is the direct image of the Fourier plane. Each y-axis at each wavelength
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was then converted in angles using 0 = ch/E sin(k). This method requires that the upper
and lower limits are visible in the maps and so the CCD is filled at around 80%. The focal

length of the Fourier lens should then be:

fr= iM tan(asin(NA)). 2.9

0.8 tcpp

a) Step 1 : rotate the raw image

PXLy, x 6,k, Raw data from the CCD camera
'y

No signal

Numerical rotation

No signal

PXL, x A
b) Step 2 : convert the x,y axis into A,0 or A,k axis

PXL, x 0, k, Rotated data from the CCD camera

0,0 = asin(NA)

E
k7 = E $in(Omax)

0=0°
k,=0pum™!

—

O.min = —asin(NA)
No signal

. E

min _ B 3
i = — i (Bpmin) L
PXL, o A

Figure 2.10: Sketches of a typical photoluminescence or reflectivity map obtained from the CCD

camera in a Fourier spectroscopy set-up a) before and b) after numerical rotation.
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3.4.6 Set-upin "INL" laboratory

In Institut des Nanotechnologies de Lyon (INL), the Fourier spectroscopy set-up was com-
posed of the 0.9 NA microscope objective (MPLFLN50x, Olympus) of focal length 1.8 mm
and working distance (WD) 3 mm, a Fourier lens of focal length 20cm, a spectrometer
lens of focal length 15cm, the MicroHR spectrometer (Horiba) and a Sincerity (Horiba)
CCD camera. The sample was either pumped by the picosecond laser diode emitting
at 405nm (PDL 800-D, PicoQuant) for the angle-resolved photoluminescence measure-
ments or shined by the halogen lamp (DH-2000, Ocean Optics) for angle-resolved reflec-

tivity measurements.

The CCD camera is composed of 250 vertical pixels with a total vertical length of 7.7
mm. As a result, the angular resolution of the angle-resolved photoluminescence and re-
flectivity maps was better than in the Fourier spectroscopy set-up in Laboratoire Aimé
Cotton (see the next section). However, the picosecond pulsed laser could not reach in-
tensities high enough to reach the microcavity lasing thresholds. This set-up was then
used for the angle-resolved measurements at low pump density described in chapter 4,

demonstrating the strong coupling regime of the MAPB-based microcavity.

3.4.7 Set-upin "LAC" laboratory

The Fourier spectroscopy set-up in Laboratoire Aimé Cotton (LAC) is the same as the PL
spectroscopy set-up number 2 presented previously in which a Fourier lens is added. The
set-up could be switched from the PL spectroscopy configuration to the Fourier spec-
troscopy configuration by introducing the Fourier lens and inversely by removing the
Fourier lens. The set-up was composed of the 0.9 NA microscope objective (MPLFLN50x,
Olympus) of focal length 1.8 mm and working distance (WD) 3 mm, a Fourier lens of focal
length 25cm, a spectrometer lens of focal length 6.3cm, the Princeton Instruments SP2150
spectrometer and a CCD camera (Pixis: 100B Ropers Scientific). The sample is excited by
the 100 femtosecond pulsed laser at 1 kHz of repetition rate emitting at 400 nm either
through the objective in the reflection configuration or by a 5cm lens in the transmission

configuration.

The CCD camera is composed of 100 vertical pixels with a total vertical length of 2
mm. The angular resolution was therefore reduced compared to the one in the set-up
in Institut des Nanotechnologies de Lyon (INL). However, the lasing thresholds could
be reached with the femtosecond pumped lasers. This Fourier spectroscopy set-up was
therefore used for the angle-resolved photoluminescence measurements as a function of
the pumping power presented in Chapter 5.
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4 Conclusion of the chapter

This chapter presented the experimental methods of this PhD. The deposition methods
will be applied to fabricate the 3A/2 MAPB-based microcavity described and studied in
the following chapters. The characterizations methods and the optical set-ups reported
here will be used to characterize each layer of the microcavity and to study the microcavity
optical and lasing properties.
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CHAPTER 3. DESIGN, FABRICATION AND CHARACTERISTICS OF THE MAPB BASED
MICROCAVITY

Introduction

In this chapter, the design obtained with the transfer matrix method, the fabrication via
spin coating and evaporation and the measurements of the microcavity characteristics
will be presented. This work resulted in a 3A/2 MAPB-based microcavity, which is further
detailed for its strong coupling regime in Chapter 4 and its lasing effect in Chapter 5. This
microcavity is composed of a commercial Bragg mirror (Layertec, corp), a 100 nm spin-
coated layer of MAPB, a 350 nm spin-coated layer of PMMA and a layer of 30 nm of silver
(Ag) deposited by evaporation as the closing mirror. An overall roughness of around 30
nm with grains of about 25-50um size allows us to tune the detuning of the microcavity

by changing the position probed in the microcavity.

1 Simulation of the passive cavity

Before fabricating the microcavity, it is necessary to know the layers to be used and the
thicknesses to be applied. For the design, one can simulate the reflectivity spectra, and
the electric field intensities of a microcavity with the transfer matrix method which was
introduced in Chapter 1 in part 1.3.5. For the simulation, the dispersive complex refrac-
tive indices of the materials were collected from the literature. The desired result is a
microcavity containing the gain material with a cavity mode energy close to the excitonic

energy and an antinode of the absolute field covering the gain material.

The materials considered for the realization of the microcavity were a commercial
Bragg mirror (Layertec (corp)), the perovskite MAPB, a spacer layer of PMMA (Poly(methyl)
methacrylate) to control the thickness of the microcavity and a silver (Ag) layer as the clos-
ing mirror. The only constraint for the microcavity simulation concerns the MAPB layer.
Indeed, the thickness of the best-quality MAPB layers obtained experimentally was of 100
nm, and for this reason, the MAPB thickness was set at 100 nm for the simulation.

1.1 The commercial Bragg mirror

The bottom mirror considered for the realization of the MAPB-based microcavity is the
same commercial Bragg mirror (Layertec (corp)) described in the PhD manuscript (in
french) of Gaétan Lanty [210]. The mirror, whose schematic is presented in figure 3.1
a), is composed of 6.5 pairs of two alternative layers, named hereafter H and L, deposited
on top of a fused silica substrate. The H and L layers are characterized by their refractive
indices of ng = 2.36 and n;, = 1.46 and thicknesses of t;; = 54.6nm and t;, = 88.2nm. The
exact nature of the two materials H and L is kept secret by the company LayerTec. Vari-
ations in layer thickness occur for the two bottom pairs (see figure 3.1). Finally, a 10 nm
layer of Silica is deposited on top of the mirror to facilitate the perovskite deposition.
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Figure 3.1: a) Structure of the commercial Bragg mirror (Layertec (corp)) as described in the PhD
manuscript (in french) of Gaétan Lanty [210]. This structure is noted as simulation 1 b) Structure of
the commercial Bragg proposed in this PhD to better fit the commercial Bragg mirror experimental
reflectivity spectra. This structure is purely used for the simulations and may not describe the
actual structure of the mirror. This structure is noted as simulation 2. c) and d) Experimental
(solid black line) and simulated with the simulation 1 (red dashed line) reflectivity spectra for an
incidence angle of 8° (c)) and 45° (d)). e) and f) Experimental (solid black line) and simulated with

the simulation 2 (red dashed line) reflectivity spectra for an incidence angle of 8° (e)) and 45° (f)).

The figures 3.1 c¢) and d) show the reflectivity spectra of the commercial mirror per-
formed at 8° and 45° of incidence (solid black line) and the simulated reflectivity spectra
using the parameters stated above (in red). The experimental reflectivity spectra were
taken with the Perkin Elmer spectrophotometer described in Chapter 2. The experimen-
tal reflectivity at 8° shows a stopband (range of photon energy where the mirror reflectivity
is near unity) centred at 2.4 eV with a reflectivity of 97.74% and extended from 2.1 to 2.78
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eV. From figures 3.1 c) and d), one can observe a mismatch between the experimental re-
flectivity and the simulation. First of all, the stopband of the simulation is larger than the
experimental stopband. Second, the experimental and simulated Bragg modes occur at
different energies. The Bragg modes are the reflectivity dips outside of the stopband re-
gion. This mismatch suggests that the parameters used for the simulation are inaccurate.
The difference of the stopband bandwidths indicates that the refractive index contrast
(nyg — ny) is larger in the case of the simulation.

Several reasons could explain the mismatch such as the limitations of the transfer ma-
trix method to precisely simulate such a complex Bragg mirror or the use of constant in-
stead of dispersive refractive indices. Nevertheless, another structure, shown in figure 3.1
b), has been proposed in this PhD to better simulate the Bragg mirror. This structure may
not describe the real structure of the mirror and is purely used for the simulations as it
allows us to better fit the experimental spectra at 8° and 45° of incidence (see figures 3.1
e) and f)).

1.2 The refractive indices used for the simulation

The refractive indices used for the bottom Bragg mirror layers are those given by the sec-
ond simulated structure in figure 3.1 b). The extinction coefficient, k, of these layers is set
to zero as we can neglect the absorption of the Bragg mirror. The refractive index of PMMA
was considered constant at 1.5 with an extinction coefficient set to zero [230]. The disper-
sive complex refractive indices of the MAPB and the silver layers were extracted from the
literature [231, 232] and are presented in figure 3.2. For the design of the microcavity, one
needs to simulate the passive microcavity to measure the photonic mode energy without
the effect of the optically active material which is here MAPB. For this reason, the absorp-
tion (extinction coefficient k) of the MAPB layer was set to zero, and its refractive index
was set constant at 2.236, its mean value between 1.8 and 3.6 eV. The dispersive refractive
index of MAPB will be used later on in Chapter 4 to simulate the reflectivity spectra of the

fabricated microcavity.

a) n and k of MAPB b) n and k of silver
2.5 0.7 0.35 - . -

2 2.5 3 3.5 2 25 3 3.5
Energy (eV) Energy (eV)

Figure 3.2: a) MAPB dispersive complex refractive index extracted from [231]. b) Silver dispersive

complex refractive index extracted from [232].
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1. SIMULATION OF THE PASSIVE CAVITY

1.3 Simulation of the passive microcavity

The final architecture obtained is the 3A/2 microcavity presented in figure 3.3 composed
of the commercial Bragg mirror, 100 nm of MAPB, 350 nm of PMMA, and 30 nm of silver.

30 nm

350 nm

100 nm

Commercial
Bragg mirror
Layertec (corp)

Bragg mirror

Figure 3.3: Final architecture obtained for the 3A/2 MAPB-based microcavity composed of the
commercial Bragg mirror, a 100 nm of MAPB, 350 nm of PMMA and 30 nm of silver (Ag).

Figure 3.4 shows the simulated microcavity reflectivity spectrum under normal inci-
dence and the simulated absolute field distribution inside the microcavity. From the re-
flectivity spectrum, one can observe a cavity mode at 2.305 eV, which is close to the MAPB
excitonic energy of 2.355 eV indicated by the vertical blue dashed line. The simulated
quality factor of 113 was obtained by fitting the cavity mode with a Lorentzian function
(red dashed line). The quality factor is mostly limited by the silver absorption. In figure
3.4 b), three antinodes can be observed inside the cavity (MAPB and PMMA), two in the
PMMA and one in MAPB. Most importantly, the optically active material which is here
MAPB is in one of the antinodes of the absolute field intensity.
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Figure 3.4: Simulated reflectivity spectrum (solid black line) of the passive microcavity under nor-
mal incidence with the matrix transfer method and Lorentzian fit (red dashed line) of the cavity
mode to measure the cavity quality factor of 113. The vertical blue dashed line shows the MAPB
excitonic energy of 2.355 eV b) Simulated absolute field distribution in the passive microcavity
obtained with the matrix transfer method. Three antinodes can be seen inside the cavity (MAPB
and PMMA), two in the PMMA layer and one in the MAPB layer making the architecture a 3A/2

microcavity.
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1.4 Calculation of the effective refractive index

Another physical quantity can be calculated from the design of the microcavity, which
is the effective refractive index of the cavity n.rr. This effective refractive index is the
average value of the refractive index inside the microcavity composed by the MAPB and
PMMA layers and the penetration lengths of the mirrors. The penetration length inside
the silver mirror can be neglected, and the penetration length in the Bragg mirror, Lg;qgg,
is calculated with the following equation 3.1 [233]:

Ao niny

LBragg = 3.1

2 ne(ny—m)’
where n, » are the refractive indices of the two alternative layers of the Bragg mirror, Ag
is the central wavelength of the Bragg mirror, and n,=1.66 is the effective refractive index

inside the cavity (MAPB and PMMA layers) without taking into account the penetration
length :

_ (nmaPB IMAPB + TPMMA [PMMA)
¢ =

) (3.2)
(tmaPB + tPMMA)

where nyapg and npyvma are respectively the MAPB and PMMA refractive indices, tyvaps,
fpMMA, respectively the MAPB and PMMA thicknesses.

The effective refractive index of 1.75 can then be obtained from the equation 3.3 :

NMAPB IMAPB + IPMMA 'PMMA + NBraggLlBragg

Hopp = 1.75, (3.3)
erf ImaPB + IpMMA + LBragg

where np;qg¢ is the effective refractive index of the Bragg mirror given by equation 3.4,
with #; » the thicknesses of the two alternative layers of the Bragg mirror:

NBragg = Az 2 I ZZ & (3.4)

From this simulation, we could obtain a passive microcavity with a cavity mode close

to the excitonic energy and with an antinode of the absolute field intensity covering the
perovskite layer. The quality factor is of 113 and the effective refractive index of 1.75. As a
remark, the microcavity is, in reality, a 2A microcavity when the penetration length in the
Bragg mirror is taken into account, however, the microcavity is called a 3A/2 microcavity
as the optical length in the MAPB and PMMA layers is three times the half of the MAPB

emission wavelength.
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2 Deposition and characterization of the optically active layer
: the MAPB layer

Now that the design of the microcavity is given, the microcavity can be fabricated. The
first step consists in depositing the MAPB thin film. Two spin-coating methods detailed
in Chapter 2 were studied in this PhD for the deposition of the MAPB perovskite: the
one-step and the two-step methods. The best results in terms of film thickness and qual-
ity were obtained with the two-step spin-coating method. The difference in film quality
could be seen by the naked eye. With the one-step process, the perovskite could not be
homogeneously deposited on a quartz substrate, and the thin film presented many de-
fects. This subsection will give the characterization results of the perovskite thin films
deposited with the one-step and two-step techniques.

2.1 Microscope images of the MAPB layers

Figure 3.5 shows the microscope images of a MAPB thin film deposited with the one-step
method at 20x magnification (figure 3.5 a)) and of a MAPB thin film deposited with the
two-step method at 20x magnification (figure 3.5 b)) and at 100x magnification (figure 3.5
¢)). From the first two images, the difference of quality between the thin films deposited
with the one-step and two-step processes is undeniable. The colour difference between
the two images comes from the different parameter settings used during the measure-
ments with the interference contrast microscope. In the case of the thin film deposited
with the two-step method, the perovskite covers the surface homogeneously while for the

one-step process, the thin film is composed of grains of around 10*10 pm?.

a) b) c)

450um Quartz + MAPB (One step) 450pum Quartz + MAPB (Two step) Quartz + MAPB (Two step)

100 ym
—

590 um 590 um 120 pm

Figure 3.5: Microscope image of a MAPB thin film deposited with the one-step methods at 20x
magnification a) and of a MAPB thin film deposited with the two-step method at 20x magnifica-
tion b) and at 100x magnification c). The red square in b) indicates the region of the thin films
visualized in c). The red square in c) gives the size of the AFM image presented later for compari-

son.
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2.2 Photoluminescence and absorption of the MAPB Layer

Figure 3.6 shows the absorption spectra of two perovskite thin films deposited by spin
coating on a quartz substrate with the one-step method and the two-step method, re-
spectively. Four main differences can be noted between the two absorption spectra. First
of all, the absorption at the excitonic energy, at 2.355 eV, is higher with the one-step MAPB
thin film than with the two-step one. This suggests that the one-step thin film is thicker
than the two-step thin film. Second, at low energy below 2.28 eV, i.e. below the bandgap
and the excitonic resonance, the absorption of the one-step thin film is much higher than
for the two-step thin film. As the residual absorption below the bandgap of a semiconduc-
tor generally comes from the defects of the crystal, we can speculate that the one-step thin
film presents many more defects than in the two-step thin film. This is in accordance with
the results obtained with optical microscopy. The third difference is the absorption above
the bandgap, at energy higher than 2.37 eV. The absorption spectrum of the two-step thin
film increases with energy as expected for a 3D semiconductor while the absorption is
rather flat for the one-step thin film, which is unusual. Finally, the excitonic resonance
at 2.355 eV is much more pronounced in the two-step thin film than in the one-step thin
film (see figure 3.6 b)). In conclusion, based on the absorption spectra, the two-step spin-
coating method gives better results for the MAPB thin films.
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Figure 3.6: Absorption spectra of two MAPB thin films deposited by spin coating, one using the
one-step method and the other using the two-step method in the range from 1 to 4.2 eV a) and in
the range from 2.1 to 2.8 eV b).

Figure 3.7 a) shows the diffuse reflection of two MAPB thin film deposited with the
one-step and two-step methods. The diffusion of the one-step MAPB thin film is twice as
high as the two-step MAPB thin-film diffusion, indicating once again that the film quality
is better with the two-step deposition method. The optical densities of the two thin films
can then be corrected from the measured diffuse reflection [16]:

ODcor - ODnC + lOgl()(l - RD), (3-5)

where OD.,, is the corrected optical density, OD,, is the non-corrected optical density,
and Rp is the diffuse reflectivity of the thin film. The figures 3.7 b) and c) show the cor-

rected optical densities (OD) along with the non-corrected optical densities (OD,,.) of the
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MAPB thin films deposited with the one-step and two-step method, respectively. The dif-
ference between the corrected and non-corrected optical densities is more pronounced
for the one-step MAPB thin film than the two-step MAPB thin film which is coherent with
the larger diffuse reflection of the one-step MAPB thin film. However, in both cases, the
absorption below the excitonic transition is non-zero, unlike usual semiconductors. The
residual absorption could be due to either defect levels in the MAPB gap or unmeasured
remaining diffuse reflection.
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Figure 3.7: a) Diffuse reflection of two MAPB thin films deposited with the one-step and two-
step method. b) Corrected and non-corrected optical density of a one-step MAPB thin film. c)
Corrected and non-corrected optical density of a two-step MAPB thin film.

We have then shown with optical microscopy and with absorption and diffusion mea-
surements that the MAPB layers are of better quality when deposited with the two-step
method. For this reason, we only consider in the following the perovskite thin films de-
posited with the two-step spin-coating method.

Figure 3.8 shows the photoluminescence spectrum of a MAPB thin film deposited with
the two-step method as well as the absorption spectrum presented in figure 3.7 c). The ab-
sorption spectrum is characterized by an excitonic resonance at 2.355 eV (Ex = 2.355eV)
with a Half Width at Half Maximum (HWHM) of 39 meV and a band absorption contin-
uum at higher energies. The photoluminescence is Stokes-shifted at an energy of 2.32 eV
with a Full Width at Half Maximum (FWHM) of 96 meV. The excitonic linewidth, yx, can
be estimated to be of 78 meV and 96 meV respectively from the absorption and photolu-
minescence spectra.

Finally, the absorption coefficient can be recovered from the optical density with the
equation 3.6, where « is the absorption coefficient and t the thin film thickness:

OD

Figure 3.9 shows the MAPB absorption coefficient obtained from the two-step MAPB
thin film optical density shown in figure 3.8. The result is very similar to the absorption
coefficient measured in the literature [229] with an absorption coefficient of around 0.7
10°cm™! at the excitonic resonance.
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Figure 3.8: Absorption (in red) and Photoluminescence (in blue) spectra of a MAPB thin film de-
posited with the two-step method. The excitonic linewidth, yx, can be estimated to be of 78 meV

and of 96 meV respectively from the absorption and photoluminescence spectra.
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Figure 3.9: MAPB absorption coefficient obtained from the two-step MAPB thin film optical den-
sity shown in figure 3.8

2.3 Profilometry of the MAPB layers

Profilometry measurements were performed on MAPB thin films deposited with the two-
step method on quartz substrates or on the Bragg mirrors to measure the thicknesses of
the MAPB layers. In one part of the sample, the perovskite layer was removed with the help
of a plastic tweezer to create a step between the substrate and the perovskite layer as it can
be seen in figure 3.10 a) from a picture taken with the Profilometer. Profilometry scans
were performed to measure the height of the step created, giving the thickness of the
perovskite layer. Figure 3.10 b) shows one scan obtained with a MAPB thin film deposited
on a Bragg mirror and gives a thickness of about 100 nm. The thicknesses measured with
profilometry were around 100 nm for the perovskite layers, either deposited on quartz
substrates or Bragg mirrors. Regions such as the sample extremities could exhibit higher
thicknesses.
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As a remark, a profilometry scan of a PbBr, layer deposited on the Bragg mirror is
shown in figure 3.10 c) with the profilometry scan of the MAPB thin layer for comparison.
The thickness of the PbBr, layer before its reaction with the solution containing MABr is
about 60 nm. This indicates that after the reaction, which corresponds to the second step

of the two-step deposition, the thin film gains 40 nm of thickness.
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Figure 3.10: Profilometry measurements performed on a MAPB thin film deposited on a Bragg
mirror a) Picture of the scanning surface taken with the profilometer. This picture shows the part
where the perovskite has been removed to create a step between the Bragg mirror and the per-
ovskite b) Profilometry scan of the MAPB layers deposited on the Bragg mirror. c¢) Profilo scan of a
PbBr, layer before the second step of the two-step spin-coating method along with the profilome-

try scan of the MAPB layer.

2.4 AFM image of the MAPB layer

From the microscope image of figure 3.5 c), one can observe that the two-step thin film
is not so homogeneous. Atomic force microscopy (AFM) has then been performed on the
perovskite layer with the AFM set-up described in Chapter 2. The red square in figure 3.5
c) gives the size comparison of the surface area of the microscope image and the AFM im-
age. Figure 3.11 presents the AFM image of a MAPB thin film deposited with the two-step
spin-coating method. The AFM image reveals that the MAPB thin film is polycrystalline

with a roughness of about 15 nm composed by grains of 500nm to 1um size.

Figure 3.11: AFM image of a MAPB thin film deposited with the two-step spin-coating method. a)

top view and b) side view of the AFM image.
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3 Deposition and characterization of the spacing layer : the
PMMA layer

The second step of the fabrication of the microcavity concerns the deposition of a 350
nm layer of PMMA. The following will present the characterization results of the PMMA
deposition on a substrate (quartz substrate or Bragg mirror) and an already deposited
MAPB layer.

3.1 Empirical law for the PMMA thickness

To obtain a thickness of 350nm, we used the results reported by Walsh et al. [234]. The
authors proposed an empirical relation between the thickness of spin-coated PMMA layer
on silicon wafers, the concentration of PMMA in Toluene solutions and the spin coating
rotation speed (in rpm) 3.7 :

IPMMA = 0.926_1'56 LU_O'SI, 3.7)

where fpypma is in um, c is the concentration in wt.%, and w is the rotation speed of the
spin-coater in rpm. In the article, the spin-coating duration is of 60 seconds and the ac-

celeration is not given.
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Figure 3.12: PMMA thickness against spin-coating rotation speed (in rpm) for five different con-
centrations (5%, 5.5%, 6%, 6.6% and 7%) for PMMA layers deposited on Silicon wafers with solu-
tions of PMMA in Toluene using the equation 3.7. The black horizontal line corresponds to the
desired thickness of PMMA of 350 nm, the red star to the concentration of 6.6% and the rotation
speed of 1900rpm chosen in this PhD.

Figure 3.12 shows the relation between the PMMA thickness and the spin-coating ro-
tation speed (in rpm) for 5 different concentrations (5%, 5.5%, 6%, 6.6% and 7%) using
the equation 3.7. The thickness of the PMMA increases with increasing concentration
and decreasing rotation speed. The black horizontal line indicates the desired thickness
of PMMA of 350 nm. The red star corresponds to the concentration of 6.6% and the ro-
tation speed of 1900 rpm chosen in this PhD. The acceleration was 200 rpm/s® and the
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spin-coating duration time 30s. We chose a concentration and a speed which would theo-
retically give a PMMA thickness of 371.6 nm, however experimentally we would generally
obtain thicknesses of around 350 nm. The difference between our experimental results
and the empirical relation could come from the difference of substrate used in this PhD

or other experimental considerations such as the spin-coating duration.

3.2 Microscopy images of the PMMA layers

Microscopic images of the PMMA layers deposited on the Bragg mirrors, see figure 3.13
a), and on the MAPB layers already deposited, see figure 3.13 b) and c), were taken. The
microscope images of figures 3.13 a) and b) were taken at 5x magnification and the mi-
croscope image of figure 3.13 ¢) at 50x magnification. On the microscope image of the
PMMA deposited directly on the Bragg mirror, one can observe that the PMMA layer is
slightly rough in the form of grains of around 25*25 um? at the centre of the microcavity
(top right of the image) and the shape of "wavelets" of about 25 pm in width at the ex-
tremities of the Bragg mirror (bottom left of the image). The roughness shape depends
on the distance of the microcavity area to the centre of rotation during the spin coating.
When the PMMA is deposited on top of a MAPB layer, one can retrieve these grains. In
figures 3.13 b) and c), the grains can be observed with an alternation of blue and yellow
zones. The difference between the reflected colours comes from the local variation in the
thickness of the two layers.
a) b) <)

1.7 mm Bragg + PMMA 1.7 mm Quartz + MAPB + PMMA 170 pm Quartz + MAPB + PMMA

2.2mm 2.2mm 220 pm

Figure 3.13: Microscope image of a PMMA thin film deposited on a Bragg mirror at 5x magnifica-
tion a) and on a MAPB thin film at 5x magnification b) and at 50x magnification c). The red square
in b) indicates the region of the region visualized in c). The red square in c) gives the size of the
AFM image presented later for comparison.

3.3 Profilometry of the deposited PMMA layer

Profilometry measurements have been performed on a PMMA layer deposited on top of
a MAPB layer deposited on a Bragg mirror. Figure 3.14 shows a picture of the part where
the MAPB/PMMA layer has been removed to create a step. The profilometry scan of the
MAPB/PMMA layer shown in figure 3.14 gives a total average thickness of 450 nm with a
roughness of around 30 nm and grains of 25 to 50 pm in width. As the MAPB thickness
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is 100 nm, we obtain the desired thickness of 350 nm for the PMMA layer. The size of the
grains measured confirms the grains seen in the microscope images.

a) b) c)

MAPB+PMMA

Bragg mirror 430 0

0 200 400 600 800 0 200 400 600 800
Lateral position (um) Lateral position (um)

Figure 3.14: Profilometry measurements on a PMMA layer deposited on top of a MAPB layer de-
posited on a Bragg mirror a) Picture of the scanning surface taken with the profilometer. This pic-
ture shows the part where the MAPB/PMMA layer has been removed to create a step b) Profilome-
try scan of the PMMA layer deposited on MAPB. c¢) Comparison of the MAPB/PMMA profilometry
scan and the MAPB profilometry scan to reveal the PMMA layer thickness of 350 nm.

3.4 AFM image of the MAPB+PMMA layer

Figure 3.15 presents the AFM image of a PMMA thin film deposited on a MAPB thin film
deposited on a Bragg mirror in a surface area characteristic of the MAPB/PMMA grains
size described before. The red square in figure 3.13 c) gives for comparison the size of
the AFM image and the microscope image. The AFM reveals a roughness of about 3.6
nm, which is lower than the MAPB layer roughness of 15 nm and shows dips (black cir-
cles) of around 20 nm depth and 1-2 pm width in the MAPB/PMMA layer. This probably
comes from the deposition of the PMMA on top of the previously presented MAPB grains
0of 500nm to 1pm size. The MAPB/PMMA layers are then composed of two types of rough-
ness with different lateral characteristic dimensions, one with lateral size of about 1 um
and the other of lateral size of about 25 pm. Due to the limited resolution of the profilome-
ter, only the roughness of large lateral dimensions could be observed in the profilometry
measurements.
b)

26.5 nm
20.0

15.0 26 nm

0 nm

Figure 3.15: AFM image of a PMMA thin film deposited on a MAPB thin film deposited on a Bragg

mirror. a) top view and b) side view of the AFM image.
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4 Deposition of the closing silver mirror

The final step of the microcavity fabrication is the deposition of a 30 nm layer of silver (Ag)
on top of a half cavity (MAPB+PMMA on a Bragg mirror) by evaporation in a cleanroom.
The silver layer thickness is measured by a quartz crystal micro-balance positioned close
to the sample during the evaporation. Figure 3.16 shows an AFM image of a silver layer
deposited on top of a MAPB/PMMA layer deposited on a Bragg mirror. The AFM reveals a
roughness of about 4.4 nm in the entire image and of 1 nm in the red box shown in figure
3.16 a). Figure 3.16 b) shows the thickness variation in the slice of the AFM image along
the black line in figure 3.16 a).
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Figure 3.16: a) AFM image of a silver layer deposited on top of a MAPB/PMMA layer deposited on a
Bragg mirror. The roughness in the total area is of 4.4 nm and in the red box of 1 nm. b) Thickness
variation in the slice of the AFM image along the black line in a).

5 Summary of the different roughnesses

From the profilometry and AFM measurements, the vertical and lateral characteristic di-
mensions of each layer of the microcavity are known and are schematically presented in
Figure 3.17. Figure 3.17 a) shows a schematic of the thickness against the lateral position
of a complete microcavity on a large scale considering only the roughness with a large
lateral dimension. The MAPB layer is flat with a thickness of 100 nm from the profilome-
try measurement. The PMMA layer has an average thickness of 350 nm and is composed
of grains 25 pm wide and 20 nm deep from the profilometry measurement. Profilom-
etry measurements have not been carried on a complete microcavity during the PhD,
the thickness of the silver layer is then considered to be of 30 nm on every position from
the evaporator micro-balance measurement and so the silver layer "follows" the PMMA
roughness. Figure 3.17 b) shows a schematic of the thickness against the lateral position of
a complete microcavity on a small scale by considering all the roughness. The MAPB and
PMMA layers are composed of small grains of around 1 um wide while the silver layer
remains flat as no grains were observed in the AFM image of the silver layer (see figure
3.16).
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Figure 3.17: Schematic of the characteristic vertical and lateral dimensions of each layer of the
microcavity obtained with profilometry and AFM measurements. a) Large scale vertical and lateral
dimensions considering only the large lateral dimensional roughness b) Small scale vertical and

lateral dimensions considering all roughness.

6 Characterization of the complete microcavity

During this PhD, batches of five microcavities were fabricated at once and in general, one
or two microcavities among them were exploitable. Figure 3.18 shows the pictures of a
microcavity after each step of fabrication. Experiments have been performed on several
microcavities, but as the results did not differ much from one microcavity to another, only
one microcavity will be considered in the following of this manuscript. In this section, two
characterization measurements of the aforementioned complete microcavity will be pre-
sented: a spatially-resolved micro-photoluminescence measurement to obtain the spatial
variation of the microcavity detuning and the microcavity reflectivity spectrum at normal

incidence.

Figure 3.18: Pictures of the microcavity after each step of fabrication: a) after the MAPB deposition
b) after the PMMA deposition and c) after the silver (Ag) deposition.

6.1 Variation of the detuning

As areminder, the detuning, 6 = E,(0°) —Ex, is the difference between the photonic mode
energy at normal incidence, Eph(0°), and the exciton energy, Ex. As the photonic mode
energy at normal incidence is dependent on the microcavity thickness, the detuning is
expected to vary spatially due to the microcavity overall roughness which was measured
previously.

102
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The spatially-resolved pPL set-up discussed in Chapter 2 has been used to measure
the spatial variation of the microcavity detuning. In this set-up, the PL intensities of a
sample area are collected by an NA 0.6 objective and an avalanche photodiode (APD) for
a given wavelength. Several 100x100 pum? size maps with 2pum size pixels were measured
for different wavelengths (from 534 to 556 nm every 2 nm) in the same area of the mi-
crocavity. Figure 3.19 a) shows six of the twelve collected maps. The PL intensity of each
pixel was collected for every map resulting in the PL spectrum of the given pixel. Every
spectrum was fitted by a Gaussian function, and the resulting fitting parameters gave the
Full Width at Half Maximum (FWHM), integrated intensity and the cavity mode energy of
each pixel. Figure 3.19 shows the example of the Gaussian fitting of the spectra collected
from the pixels ((10pm,60pum), (50pum,50pum) and (8um,4pm)). Finally, the difference be-
tween the excitonic energy of 2.355 eV and the spatially-resolved photonic mode energy

at normal incidence was mapped, as shown in figure 3.20.
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Figure 3.19: Spatially-resolved intensity pseudo-colour maps (in linear scale) of the microcavity.
a) Six spatially-resolved p-PL pseudo-colour maps of 100x100 um? in size with pixels of 2um size
measured for different wavelengths (from 534 to 556 nm every 2 nm) in the same microcavity area.
b) Example of Gaussian fittings of spectra collected from the pixels ((10pum,60um), (50pum,50um)
and (8um,4um)). The spectrum at each pixel was obtained by collecting the PL intensities in every

map taken at different wavelengths of the same pixel.
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The detuning map of figure 3.20 a) reveals a spatial variation of the cavity detuning
with areas of constant detuning of around 20 um to 50 pum which is similar to the size of
the grains measured of the MAPB/PMMA layer by profilometry in section 3.3.4. Moreover,
the detunings range from -43 meV to -91 meV which represents a variation in PMMA layer
thickness from 348 nm to 362 nm using the simulation and considering the MAPB and sil-
ver layer thicknesses as being constant. This variation in thickness of about 14 nm is of
the same order as the roughness of the MAPB/PMMA layer of 30 nm from the profilom-
etry in section 3.3.4. As an illustration, figure 3.20 b) shows the detuning pseudo-colour
map placed to scale on top of the microscope image in section 3.3.2 of a MAPB/PMMA
layer. As a conclusion, the map of the microcavity detuning confirms the roughness of
the MAPB/PMMA layer measured in the previous sections. This variation will allow us in
the next two chapters to tune the cavity detuning by changing the position probed on the
microcavity in order to analyse the angle-resolved reflectivity and PL measurements as a

function of the detuning.

X (pm)

Figure 3.20: a) Spatial variation of the microcavity detuning obtained with a spatially-resolved
micro-photoluminescence measurement. The detuning variation comes from the MAPB/PMMA
roughness, which was measured in the previous sections. The pseudo-colour map is in linear
scale. b) Same spatial pseudo-colour map of the detuning variation put to scale on top of the mi-
croscope image of the MAPB/PMMA layer presented in section 3.3.2. This illustrates that the char-
acteristic size of areas with constant detuning is similar to the size of the area of the MAPB/PMMA

layer with constant thickness.

6.2 Reflectivity spectrum

Figure 3.21 shows the reflectivity spectra at 8 ° of incidence as black solid lines at each
step of the fabrication : after the MAPB deposition on the Bragg mirror (figure 3.21 a)),
after the PMMA deposition (figure 3.21 b)), and after the silver deposition (figure 3.21 c)).
The Bragg mirror reflectivity is shown as a black dashed line in each figure to indicate the
original position of the stopband. In the three cases, the dips of the reflectivity spectra at
energies higher or lower than the Bragg mirror stopband correspond to the Bragg mirror

modes. In the following, only the dips which lie inside the stopband will be considered.
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Figure 3.21: Reflectivity spectra at 8 ° of incidence at each step of the microcavity fabrication:
after the MAPB deposition on the Bragg mirror a), after the PMMA deposition b), and after the
silver deposition c). The Bragg mirror reflectivity is shown as a black dashed line in each figure
to indicate the original position of the stopband. The dips corresponding to the MAPB exciton
absorption are indicated by purple arrows and the dips corresponding to cavity modes by green

arrows. The nature of the two dips indicated by red arrows is the subject of the next chapter.

In the reflectivity spectra after the MAPB deposition and after the PMMA deposition,
a reflectivity dip in the middle of the stopband indicated by the purple arrow can be ob-
served: this dip corresponds to the excitonic absorption of the MAPB layer. In these two
cases, other broader dips indicated by the green arrows can be seen within the stopband,
which correspond to cavity modes. These cavity modes are very broad as the quality fac-
tors of the cavity composed only by the MAPB layer or the MAPB and PMMA layers is very
low. In the case of the reflectivity of the complete microcavity in figure 3.21 c) three dips
can be observed, one indicated by a green arrow, considered to be a cavity mode, and two
by red arrows. Whether the two other dips can be attributed to a cavity mode and the

excitonic resonance or the lower and upper polaritons is the subject of the next chapter.
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7 Conclusion of the chapter

In this Chapter, the design, the fabrication and the characteristics of the 3A/2 MAPB-
based microcavity were presented. The microcavity is composed of a commercial Bragg
mirror, a 100 nm spin-coated layer of MAPB, a 350 nm spin-coated layer of PMMA and a
layer of 30 nm of silver (Ag) deposited by evaporation as the closing mirror. Based on ab-
sorption and microscopy measurements, the two-step spin-coated method has revealed
to be the best approach to obtain large-surface and homogeneous thin layers of MAPB.
Homogeneous in the sense that the MAPB layer covers the whole Bragg mirror surface
without any pinhole. AFM measurements have shown however that the MAPB layers
with the two-step method present a roughness of about 14 nm and grains of 500 nm to
1pm size. An overall roughness of the MAPB/PMMA layer of around 30 nm with grains
of about 25-50um size was measured by profilometry. AFM measurements have shown
that the silver layer is smooth compared to the MAPB and PMMA layers. A map of the de-
tuning spatial variation of the complete microcavity confirmed the roughness measured
previously by profilometry. Finally, the experimental reflectivity at 8° of incidence of the
complete microcavity has shown two reflectivity dips. The origin of these two dips, bare
exciton and cavity modes or upper and lower polaritons is the topic of the next Chapter.
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CHAPTER 4. STRONG COUPLING REGIME IN THE 3A/2 MAPB-BASED MICROCAVITY

Introduction

This chapter will present the angle-resolved reflectivity, angle-resolved photolumines-
cence measurements and analysis carried on the 3A/2 MAPB-based microcavity presented
in the previous chapter to demonstrate the strong coupling regime. As a reminder, the mi-
crocavity is composed of a commercial Bragg mirror, a 100nm layer of MAPB, a 350 nm
of PMMA and a 30nm layer of silver. The MAPB/PMMA layer is characterized by a rough-
ness of around 30 nm and is composed of grains of 25 to 50 pm in width, which leads to a
variation of the detuning along the microcavity surface. An effective refractive index, nqrr
of 1.75 and a quality factor of 113 have been calculated from the microcavity design. Fi-
nally, the simulation of the angle-resolved reflectivity and photoluminescence maps will

be discussed.

1 Motivations

The exciton-polaritons give hope toward the implementation of a novel optoelectronic
technology. All-optical logical devices on a single chip are the perspective of the exciton-
polaritons. In such a device, the polaritons must propagate over macroscopic distances
to transport and process the information in logical blocks. For this reason, the desired
material needs to sustain the strong coupling regime at room temperature, have good
charge transport properties, have a low synthesis cost and be deposited over a large sur-
face. Many materials have been explored such as GaAs, GaN, ZnO, organic materials, 2D
perovskites and TMD (Transition metal dichalcogenides). Each of them presents its ad-
vantages, such as the low cost of synthesis of the organics, 2D perovskites and TMDs or
the precision of deposition of the inorganic semiconductors allowing precise engineer-
ing of the polariton systems. However, the production cost of the inorganic materials is
high, and for GaAs, the strong coupling regime can only be obtained at cryogenic tem-
peratures. Organic materials suffer from their poor charge transport properties and the
2D perovskite from anisotropic charge transport properties. The TMDs are in the form of
ultra-thin layers with small surface areas. In this context, we demonstrate in the following
the strong coupling regime at room temperature in a 3A/2 microcavity containing a large-
surface MAPB thin-film. This result gives hope to MAPB-based polariton devices, possibly

electrically injected, thanks to the good transport properties of the 3D perovskites.

2 Reflectivity spectra obtained with the spectrophotome-

ter

Before discussing the angle-resolved reflectivity and photoluminescence results from the
Fourier spectroscopy set-up, let us consider the reflectivity spectra taken at different in-

cidence angles with the spectrophotometer presented in figure 4.1 a). Large areas of 1x1

108



2. REFLECTIVITY SPECTRA OBTAINED WITH THE SPECTROPHOTOMETER

mm? were detected by the spectrophotometer and therefore, a large number of different
detunings. The measured reflectivity spectrum is then the average of reflectivity spectra
with different detunings. One could expect to observe many reflectivity dips in the re-
sulting reflectivity spectrum coming from the different cavity modes. However, only two
reflectivity dips can be seen within the Bragg mirror stopband (see the dips in the red
rectangle in figure 4.1 a)). This can be explained by the relatively homogeneous distribu-
tion of the detunings around an average value within the probed area. The averaging of
the cavity modes results in broadened and shallower reflectivity dips than in a case with-

out roughness. The reflectivity simulations at the end of the chapter further confirm this

assumption.
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Figure 4.1: a) Reflectivity spectra at different incidence angles taken with the spectrophotometer
(see Chapter 2). The area probed on the microcavity is Imm x Imm. The red rectangle represents
the range of energy of interest. The yellow lines are guides for the eyes to follow the dispersion of
the dips, and the blue dashed line represents the excitonic energy taken from the MAPB absorp-
tion spectrum in Chapter 3. b) Reflectivity dips energies collected at each spectrum with different
incidences angles. The yellow stars are the collected experimental data. The two solid black lines
are the lower and upper polaritonic dispersions of the two-level model fitted to the experimental
data with the values of ner=1.75, Ex=2.355 eV, 0=-35 meV and g=38 meV. The blue and red dashed
lines are the dispersions of the uncoupled exciton and photonic mode, respectively.

For each reflectivity spectrum at different angles of figure 4.1 a), the energies of the re-
flectivity dips were collected and reported as yellow stars in the energy/angle diagram of
figure 4.1 b). These data points were fitted with the strong coupling two-level model pre-
sented in Chapter 1. The effective refractive index, n,rr was set at 1.75, and the excitonic
energy, Ex, was set at 2.355 eV from the microcavity design and the MAPB absorption
spectrum in Chapter 3. For simplicity, the excitonic and photonic linewidths were set at
zero while the coupling strength, g, and the detuning, 8, were let as free parameters. A
good agreement has been reached with g=38 meV, giving a Rabi splitting, 7Q), of 76 meV,
and 6=-35 meV, corresponding to the average detuning probed in the large area by the
spectrophotometer.
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However, despite the good agreement between the two-level model and the collected
experimental data, this result is not sufficient to demonstrate the strong coupling regime.
The polaritonic dispersion from reflectivity and photoluminescence measurements must
be obtained from the same microcavity position. Moreover, the probed area must be re-
duced to limit the inhomogeneous broadening induced by the roughness. Angle-resolved
reflectivity and photoluminescence performed on the microcavity with a Fourier spec-
troscopy set-up will then be discussed.

3 Angle-resolved photoluminescence and angle-resolved re-

flectivity by Fourier spectroscopy

Angle-resolved reflectivity and photoluminescence have been performed on the micro-
cavity with the Fourier spectroscopy set-up in collaboration with INL Lyon (see section
2.3.4.6 in Chapter 2). In the Fourier spectroscopy set-up, the microcavity is excited by a
picosecond pulsed laser (50ps, 80 MHz) emitting at 405 nm with a spot size of 1 um? for
the photoluminescence and by a white light beam with a spot size of 10x10 pum? for the
reflectivity. The two spot sizes are smaller than the MAPB/PMMA layers grains and the ar-
eas of constant detuning measured by profilometry and with the p-PL set-up in Chapter 3.
It is worth noting that inhomogeneities could come from another roughness with smaller
characteristic sizes such as from the 1 um MAPB grains. Nevertheless, we can consider

that only one detuning is probed for a given position with the Fourier spectroscopy set-up.
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Figure 4.2: Angle-resolved reflectivity and photoluminescence results on three different positions
of the microcavity and hence on three different detunings: a) Position 1, b) Position 2 and c) Po-
sition 3. The left panels, with negative angles, are the reflectivity maps and the right panels, with
positive angles, are the photoluminescence maps. The pseudo-colour maps are in linear scale.

The blue dashed line is the uncoupled exciton energy.

Figure 4.2 shows the angle-resolved reflectivity and photoluminescence results on
three different microcavity positions and hence for three different detunings. The left
panels, with negative angles, are the reflectivity maps and the right panels, with positive

angles, are the photoluminescence maps. In the reflectivity maps, two different disper-
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sion curves can be observed under and above the excitonic energy represented as the blue
dashed line. At large angles, the lower dispersion is not really apparent as is the upper dis-
persion profile at small angles. An anti-crossing of the dispersion curves, signature of the
strong coupling regime, can be distinguished. For the photoluminescence maps, only the
dispersion curve below the excitonic energy is visible. One can notice a small vertical shift
between the reflectivity and the photoluminescence lower dispersion profiles. This is due
to a little variation in position of the white light beam spot and the pulsed laser spot. The
dispersions will be later collected by taking vertical slices of the reflectivity and photolu-
minescence maps. This process, as well as the fitting of the dispersions, will be described

in the next section.

4 Fitting of the polaritonic dispersions

4.1 Collection of the experimental dispersions

Slices of the reflectivity maps were taken at each angle as shown in figures 4.3 a), b), and
c) to collect the dispersions of the three positions discussed previously. Each slice was fit-
ted with a double-Lorentzian function. The energies of the Lorentzian functions centres
were reported in energy/angle diagrams shown in figures 4.3 d), e) and f). With this tech-
nique, the lower and upper dispersions of the reflectivity are discernible, and a clear anti-
crossing can be observed, indicating the strong coupling regime. Similarly, the linewidths
of the lower dispersions were collected by fitting with a single Lorentzian the photolumi-
nescence spectra at each angle of the photoluminescence maps (see figure 4.4 a) b) and
c)). The linewidths of the Lorentzian were then reported in Linewidth/angle diagrams
(see figure 4.4 d) e) and f)).

4.2 Fitting of the experimental dispersions

In the following, the fitting process of the experimental data with the two-level model will
be explained. The excitonic energy, Ex, is fixed at 2.355 eV and the effective refractive in-
dex, nerr, is fixed at 1.75 from respectively the MAPB absorption spectra and the design
of the microcavity in Chapter 3. The coupling strength g, the detuning 9, the excitonic
and photonic linewidth, yx and Y, are let as free parameters. One could directly fit the
energy dispersions collected from the reflectivity maps (see figure 4.3) and find a good
agreement between the experiment and the theoretical polaritonic dispersions. How-
ever, a good agreement can be found for an infinite number of sets of values of g, yx and

Yph» as long as the fitted Rabi splitting 42 = \/ 482 — (Ypn — Yx)? satisfies the experimental
Rabi splitting. Indeed, a change of the set g, yx and y,; for which the Rabi splitting is
constant only induces an insignificant change of the polaritonic dispersions around the
anticrossing point. For this reason, the experimental reflectivity dips obtained with the
spectrophotometer in part 4.1 could be fitted with yx and v, set at zero. On the other
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Figure 4.3: Slices of the reflectivity maps at different angles a) for the position 1, b) position 2 and c)
position 3. Each reflectivity spectrum is fitted with a double Lorentzian function. The grey dotted
lines correspond to the experimental slices and the solid black lines to the double Lorentzian fit.
The yellow lines are guides for the eyes to follow the dispersion of the dips and the blue dashed
line represents the excitonic energy. The energies of the Lorentzian functions centres are collected

in energy/angle diagrams d) for the position 1, e) position 2 and f) position 3.
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Figure 4.4: Slices of the photoluminescence maps at different angles a) for the position 1, b) posi-
tion 2 and c) position 3. Each photoluminescence spectrum is normalized and fitted with a single
Lorentzian function. The grey dotted lines correspond to the experimental slices and the solid
black lines to the single Lorentzian fit. The yellow lines are guides for the eyes to follow the disper-
sion of the PL spectra and the blue dashed line represents the excitonic energy. The linewidths of
the Lorentzian are collected in linewidth/angle diagrams d) for the position 1, e) position 2 and f)

position 3.
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hand, the linewidths yx and y, are significant regarding the polariton linewidths since

Yips,ups = larpsupsl*Ypn + [Pups,Lpel* Yx (see eq 1.32 in Chapter 1), with |app,upsl* and
Bups,LPB 12 the photonic and excitonic weights of the polaritons.

For these reasons, the fitting of the angle-resolved reflectivity and photoluminescence
dispersions will be done in three steps. The first step consists in fitting the dispersions
collected from the reflectivity spectra (see figure 4.3) with the coupling strength g and the
detuning 6 as free parameters and the linewidths yx and y,, set as zero. The second step
is the fitting of the linewidth obtained from the photoluminescence maps (see figure 4.4)
with the theoretical lower polariton linewidth. The theoretical linewidth corresponds to
the imaginary part of the eigenvalue of the two-level systems (see eq 1.30 in Chapter 1).
The relation can be written as such: yrpg = IXIZYX + ICIZth with |X|? and |C|? the lower
polariton excitonic and photonic weights which depend on g, §, Ex, n, £ Yx and ypp. In
this fit, the linewidths yx and v, are let as free parameters and the parameters g, and 6
are set to the values found in the first step. The final step is to fit the dispersion from the
reflectivity maps with g and 6 as free parameters but this time with the linewidths set to
the values found in the second fit. As a result, good agreements were met between the
two-level model and simultaneously the experimental dispersion obtained from the re-
flectivity maps and the experimental linewidths from the photoluminescence maps.

Figure 4.5 shows the fitting results for the three positions presented previously. The
figures in the left column correspond to the experimental dispersions collected from the
reflectivity maps fitted with the polaritonic dispersions. The central figures are the exper-
imental linewidths along with the theoretical lower polariton linewidth y;pg = |X|2YX +
IClzyph using the parameters obtained with the final fit. In this case, the linewidths are
plotted against the difference between the excitonic energy and the lower polariton en-
ergy. The figures on the right correspond to the photonic and excitonic weights, |X|> and
|C|?, as a function of the angle.

4.3 Discussion on the obtained parameters

From the fit of the three studied positions, and of other positions not shown in this chap-
ter, detunings were found ranging from -107.3 meV to 20.4 meV. The parameters, g, Ypn

and yx are reported as a function of the detunings in figures 4.6 a) and b). From these

values, one can deduce the Rabi splitting hQ = \/ 4g2 - (Ypn — Yx)? and the cavity quality
factor Q = Epp/ypn with Epj, the photonic mode energy at normal incidence. The Rabi
splittings and the quality factors as a function of the detunings are reported in figure 4.6
¢) and d).
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Figure 4.5: Fitting of the angle-resolved reflectivity and photoluminescence maps with the po-
laritonic dispersion a) for the position 1, b) position 2 and c) position 3. The parameters found
from the fit are indicated on top of each subfigure. The figures in the left column correspond to
the fitting of the experimental dispersions collected from the reflectivity maps with the polaritonic
dispersions. The grey dotted lines are the experimental data, and the solid black lines are the lower
and upper polariton dispersions from the two-level model. The blue and red dashed lines are the
dispersions of the uncoupled exciton and photonic mode, respectively. The central figures cor-
respond to the lower polariton linewidth collected from the photoluminescence maps along with
the theoretical lower polariton linewidth using the final parameters. The linewidths are plotted
against the difference between the excitonic energy and the lower polariton energy. The figures
on the right are the photonic (in red) and excitonic (in blue) weights of the lower polariton as a

function of the angle.
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Figure 4.6: Fitting parameters found from the fit of the angle-resolved reflectivity and photolumi-
nescence maps. a) Excitonic and photonic linewidth, yx and Y. b) Coupling strength, g. c) Rabi
splitting, 2Q. d) Quality factors, Q.

The values of the excitonic linewidths, yx range from 68 meV to 105 meV which is in
agreement with the order of magnitude of the excitonic linewidths measured from the
MAPB absorption and photoluminescence spectra of respectively 78 meV and 96 meV in
Chapter 3. The average value of the excitonic linewidth is 84.6 meV. The values of the exci-
tonic linewidths, yx, are comparable to those found in the literature from photolumines-
cence spectra with values from 88 meV to 120 meV [125, 143, 235-237]. The discrepancy
of excitonic linewidths with respect to the probed position could be explained by the in-
homogeneous distribution of the defects in the MAPB thin film.

The photonic linewidths range from 20 meV to 50 meV. The different values can be
explained by a non-homogeneous distribution of defects along the microcavity. The line-
widths are as sharp as the roughness is low. The photonic linewidths give a quality factor
ranging from 46 to 116. The average value of the quality factor is 81, which is not far from
the simulated passive microcavity quality factor of 113 given in Chapter 3. This result
indicates that the quality factor is principally limited by the losses induced by the silver
mirror rather than the defects and the roughness.

The coupling strength g ranges from 38.8 meV to 51.9 meV, which leads to a Rabi split-
ting ranging from 63 to 81 meV with an average value of 73 meV. These large Rabi Split-
tings are in the same order of magnitude as those of systems containing large band-gap
materials such as GaN and ZnO [50, 238-240].

4.4 Final results on the ARR and ARPL maps

From the results of the dispersion fits, we have demonstrated the strong coupling regime
in the 3A/2 MAPB-based microcavity. Figure 4.7 shows the same angle-resolved reflectiv-
ity and photoluminescence maps previously presented along with the theoretical polari-
tonic dispersions. The two dispersions observed in each reflectivity map are the lower and
upper polariton dispersions, and the dispersion observed in each photoluminescence
map is the emission from the lower polariton.
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Figure 4.7: Angle-resolved reflectivity and photoluminescence results from three different posi-
tions of the microcavity and therefore from three different detunings: a) -90.2 meV, b) -68.5 meV
and c) -20.4 meV. The left panels, with negative angles, are the reflectivity maps and the right pan-
els, with positive angles, are the photoluminescence maps. The pseudo-colour maps are in linear
scale. The two solid black lines are the lower and upper polaritonic dispersions from the two-level
model fitted to the experimental data. The blue and red dashed lines are the dispersions of the
uncoupled exciton and photonic mode, respectively.

As pointed out before, the lower and upper polariton dispersions in the reflectivity
maps are not well defined respectively at large and small angles. The reason for the lack
of discernibility of the polaritonic dispersions in these regions can be explained as follows:
since the intensities of the polaritons dips are proportional to the photonic weights [241],
the polaritons exhibit weak dips in their most excitonic parts at large and low angle re-
gions for respectively the lower and upper polaritons (see for example the lower polariton
excitonic weights in figure 4.5). Oppositely, the lower and upper polaritons show strong
dips in their most photonic areas, respectively at small and large angles. At resonance, the
lower and upper polaritons exhibit dips of the same intensity. Due to the lack of contrast,
the polariton dispersion curves can not be well distinguished in the pseudo-colour maps
(see figure 4.7) but can however be observed in vertical slices (see figure 4.3).

The photoluminescence of the upper polariton is not observed from the 3A/2 MAPB-
based microcavity as for microcavities containing large bandgap material in the strong
coupling regime at room temperature [50, 238-240]. Besides, the inflexion point of the
lower polariton emission, one of the signatures of the strong coupling, cannot be ob-
served in the photoluminescence maps. The reasons for this situation were discussed in
Chapter 1. First, the thermal occupation of the upper polariton branch is low due to the
large Rabi splitting compared to the thermal energy at room temperature. Second, the
relaxation pathways go directly from the highly occupied excitonic reservoir to the bot-
tom of the lower polariton branch. In the PL. maps, another characteristic of the polariton
emission could also be observed, namely the bottleneck effect, which will be discussed in

the next section.
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5 Bottleneck effect of the lower polariton photolumines-

cence

In the two positions with the lowest detunings (in absolute value) presented so far in this
chapter (see figure 4.7 b) and c)), there is no bottleneck effect since the maximum of the
PLintensity lies at the normal incidence. However, for the largest detuning (see figures 4.7
a)) there is an accumulation of the PL signal at angles between 10° and 25°. Figures 4.8 a)
to e) show the angle-resolved photoluminescence pseudo-colour maps for five different
detunings, two of which were presented previously (those in figure 4.7 a) and b)). For de-
tunings lower than -74 meV (d) and e), the PL signal accumulates at normal incidence, for
the detunings higher (a),b) and c)) the PL signal accumulates again at angles between 10°
and 25°. The accumulation of the photoluminescence signal at non-zero angles suggests
the bottleneck effect.
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Figure 4.8: Bottleneck effect on the 3A/2 MAPB-based microcavity. a) to e) Angle-resolved pho-
toluminescence pseudo-colour maps for five different detunings: a) -107.3 meV b) -90.2 meV c)
-74.2 meV d) -68.5 meV e) -23 meV. f) to j) Angle-resolved photoluminescence divided at each an-
gle by the lower polariton photonic weight of the same five detunings. The polariton population is
proportional to the photoluminescence divided by the photonic weight. The pseudo-colour maps
are in linear scale. k) to o) Integrated intensity at each angles (normalized by max) of the pho-
toluminescence divided by the photonic weight for the same five detunings. The points are the
experimental data and the solid lines are guides for the eyes.
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It is necessary to study the polariton population along the lower polariton branch to
determine whether this accumulation is indeed due to the bottleneck effect. The polari-
ton population can be recovered by dividing the photoluminescence signal at each an-
gle by the corresponding lower polariton photonic weight |C|?>. The figures 4.8 f) to j)
show the pseudo-colour maps of the photoluminescence divided by the photonic weight
at each angle for the same detunings presented above. One can observe that for detun-
ings lower than -74 meV, the population maxima are at normal incidence, and for larger
detunings, the population maxima lie at around 20°. The figures 4.8 k) to o) show the in-
tegrated intensity at each angle (normalized by max) of the photoluminescence divided
by the photonic weight of the same five detunings and confirm the accumulation of the
PL signal at 20° for the detunings higher than 74 meV. To summarize, the Bottleneck effect
occurred in the 3A/2 MAPB-based microcavity when the detuning is larger than 74 meV.

6 Discussion on the MAPB exciton stability at room tem-

perature

In the literature, the stability of the MAPB excitons at room temperature is still under dis-
cussion as values ranging from 15 to 110 meV can be found for their binding energies
[75, 76, 78-88]. As a reminder, an exciton is stable at room temperature if its binding
energy is higher than 25 meV, the thermal energy. In the case of the chloride-based per-
ovskites, the values of the exciton binding energies were found higher than 25 meV, be-
tween 41 and 75 meV [69, 74-77]. Consequently, the exciton-polaritons could be obtained
from micro/nanowires, nano/microplates-based CsPbCl; [48, 222] and even polaritonic
lasing [48]. On the other hand, the iodine-based perovskites exhibit weak excitons with
binding energies around 16 meV at low temperarure (10K) and close to zero at room tem-
perature [73]. The strong coupling could be obtained with iodine-based 3D perovskites
but only with nanowires in which the lateral confinements strengthen the exciton [222].
In a MAPI-based microcavity similar to the 3A/2 MAPB-based microcavity of this PhD,
only the weak coupling could be observed [242]. Therefore, the strong coupling regime
in the 3A/2 MAPB-based microcavity suggests that the excitons in the 3D bromide per-
ovskites are stable at room temperature.

Regarding the issue of the exciton stability, the photoluminescence was further stud-
ied. Indeed a weak signal at energies higher than the exciton energy occurs in the pho-
toluminescence maps. This signal is around ten times weaker than the lower polariton
photoluminescence. Figure 4.9 shows angle-resolved photoluminescence maps for the
detuning studied in this chapter with an enhancement by a factor of around 10 at neg-
ative angles and energies higher than 2.37 eV. One can then observe that a weak signal
appears above the excitonic energies at angles corresponding to the angles of the cavity

mode. The angle of the signal follows the cavity modes for the different detunings. As

118



6. DISCUSSION ON THE MAPB EXCITON STABILITY AT ROOM TEMPERATURE

this signal is not constant with angles, one can rule out the possibility of an emission of
the uncoupled excitons. This signal could come from free carriers weakly coupled to the
microcavity with a less efficient radiative relaxation. This assumption would be coherent
with recent studies [87, 243] suggesting that the free carriers and excitons coexist at room
temperature in bromide perovskites.
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Figure 4.9: Enhancement at negative angles of the angle-resolved photoluminescence for energies
higher than 2.37 eV for the detunings: a) -90.2 meV, b) -68.5 meV and c) -20.4 meV. The pseudo-
colour maps are in linear scale. The enhancement factors are a) 15, b) 14 and c) 7. The two solid
black lines are the lower and upper polaritonic dispersions from the two-level model fitted to the
experimental data. The blue and red dashed lines are the dispersions of the uncoupled exciton
and photonic mode, respectively.
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7 Simulations of the results

This section presents the simulation by the matrix transfer method of the reflectivity spec-
tra obtained with the spectrophotometer and the angle-resolved reflectivity and photolu-
minescence maps obtained with the Fourier set-up. The Bragg mirror parameters, the
dispersive refractive index of the MAPB and silver layers used for the simulation are the
ones presented in Chapter 3. The influence of the roughness of the MAPB and PMMA lay-
ers will be first studied which will give a better idea of the impact of the roughness on the
two different kinds of measurements. Finally, the influence of the MAPB refractive index
will be studied.

7.1 Influence of the roughness on the simulated reflectivity and photo-

luminescence
7.1.1 Simulation of reflectivity spectra obtained with the spectrophotometer

The reflectivity spectra of the 3A/2 MAPB-based microcavity obtained with the Perkin
Elmer spectrophotometer have been simulated using the matrix transfer method and

with four sets of parameters reported in table 4.1. FSigure 4.10 presents the simulation

results.
MAPB PMMA Ag MAPB PMMA
thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
Simulation 1 110 344 30 0 0
Simulation 2 110 344 30 15 0
Simulation 3 110 344 30 15 25
Simulation 4 110 348 34 15 25

Table 4.1: Parameters used for the simulations of the reflectivity spectra obtained with the spec-
trophotometer using the extracted refractive index [231]

The first simulation presented in figure 4.10 a) has been performed with a MAPB thick-
ness of 110 nm, a PMMA thickness of 344 nm and a silver thickness of 30 nm. The thick-
nesses used are close to the thicknesses measured with the profilometry in Chapter 3.
The roughness has not been taken into account in this simulation. As a result, the two
reflectivity dips (represented by green arrows in figure 4.10), corresponding to the lower
and upper polariton dips are much sharper and deeper than the experimental dips. As
already discussed at the beginning of this chapter, the experimental reflectivity spectra
were collected over a large rough surface of Imm x 1mm with a certain distribution of
detunings.

The second simulation shown in figure 4.10 b) was obtained with the same parameters
as the first simulation. However, the roughness of 15 nm of the MAPB layer, similar to the
one measured in Chapter 3 (see part 2.4), was taken into account by averaging simulated
reflectivity spectra with thicknesses of MAPB ranging from 103 to 197 nm. In this case,
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the simulated dips are shallower and less sharp than those of the first simulation, but the
dips remain deeper and sharper than the experimental ones. By adding the roughness
of 25 nm of the PMMA layers, similar to the one measured in Chapter 3 (see part 3.3), in
the third simulation shown in figure 4.10 c), the simulated reflectivity dips get as broad
as the experimental reflectivity dips but remain deeper. Finally, the final simulation is
shown in figure 4.10 d). The thickness of the silver layer was raised to 34 nm. The PMMA
thickness had to be changed to 348 nm to compensate for the change of detuning. The
last simulation reproduces well the experimental lower and upper polariton reflectivity
dips of the experimental reflectivity spectrum obtained with the spectrophotometer at 8°
of incidence.
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Figure 4.10: Simulations by the transfer matrix method of the reflectivity spectrum at 8° of inci-
dence obtained with the spectrophotometer. The values of the parameters used for the simula-
tions by the matrix transfer method are reported in table 4.1. a) Simulation with no roughness, b)
Simulation with a MAPB roughness of 15 nm. ¢) Simulation with a MAPB roughness of 15 nm and
a PMMA roughness of 25 nm. d) Same simulation as in c) with a silver thickness of 34 nm. e) Sim-
ulation of the reflectivity spectra at the different incidence angles using the simulation parameters
of d).

These simulations have shown that the roughness of the MAPB and PMMA layers have
to be taken into account. It further confirms that the reflectivity spectrum obtain from a
large Imm x 1mm area with the spectrophotometer is the average of reflectivity spectra

of alarge number of detunings as it was stated at the beginning of this chapter.

Finally, figure 4.10 e) shows the simulation for the other angles of incidence using the
same parameters of figure 4.10 d). The range of energies of interest is indicated by the pur-
ple rectangle. From this figure, one can see that the simulation only works at low angles

as the simulated reflectivity dips gets deeper than the experimental dips with the angle
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increasing. Moreover, a shift in energy between the experimental and simulated upper
polariton reflectivity dips appears at large angles. It will be shown in the following that
this deviation comes from the dispersive MAPB refractive index extracted from the litera-

ture [231] which may not describe perfectly the MAPB thin-film refractive index.

7.1.2 Simulation of the angle-resolved reflectivity and photoluminescence maps

The angle-resolved reflectivity and photoluminescence maps of the three detunings stud-
ied in this chapter are simulated with the transfer matrix method. The photolumines-
cence is compared to the simulated absorption, Agj;, = 1 — Rgim — Tsim, as the matrix
transfer method can only simulate the reflectance and the transmittance. The simula-
tions were performed with the MAPB refractive index extracted from [231] without or with

taking into account the MAPB roughness.

Simulation without taking into account the layers roughness

Figure 4.11 shows the simulations using the MAPB refractive index extracted from
[231] of the angle-resolved reflectivity maps for the three detunings studied in this Chap-
ter. The left panels correspond to the experimental reflectivity maps and the right panels
to the simulated reflectivity maps. The parameters used for the three detunings are re-
ported in table 4.2. In all three cases, the roughness has not been taken into account.
From these results, one can see that the simulated lower polariton branches are sharper
than the experimental ones. Moreover, the colour of the simulated dispersion curves is
darker than the experimental dispersions, which means that the reflectivity of the polari-
ton branches is lower in the simulation than in the experiment. This scenario is similar to

the cases in figures 4.10 a), b), and c).

Detuning MAPB Ref: PMMA Abs: PMMA Ag MAPB PMMA
(meV) thickness (nm) | thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
-90.2 100 364 361 28 0 0
-68.5 100 355.5 354.5 28 0 0
-20.4 100 342 347 34.5 0 0

Table 4.2: Parameters used for the simulations of the angle-resolved reflectivity and photolumi-
nescence maps using the extracted refractive index [231] and without taking into account the lay-

ers roughnesses

Figure 4.12 shows the angle-resolved photoluminescence maps compared with the
simulated absorption maps of the same three detunings. The left panels correspond to
the experimental photoluminescence maps and the right panels to the simulated ab-
sorption maps. The experimental photoluminescence and the simulated absorption are
normalized for comparison purposes. The same parameters as for the reflectivity maps

were used except for the PMMA thicknesses, which were slightly changed to compensate
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for the small shift between the experimental reflectivity and photoluminescence detun-
ings (see table 4.2). From the result, it is clear that the simulated absorption linewidth is
much sharper than the experimental photoluminescence linewidth. Note that, the upper
polariton branch is visible in the simulated absorption maps and not in the photolumi-

nescence maps. Indeed, these two phenomena are different as the photoluminescence

involves the absorption, the relaxation and the emission of the polaritons.

a) 6= -90.2 meV b) 4= -68.5 meV c) 6= -20.4 meV
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Figure 4.11: Simulation of the reflectivity maps with the MAPB refractive index extracted from [231]
and without taking into account the layers roughness of the detunings: -90.2 meV a), -68.5 meV b)
and -20.4 meV c). The left panels correspond to the experimental reflectivity maps and the right
panels to the simulated reflectivity maps. The pseudo-colour maps are in linear scale. The two
solid black lines are the lower and upper polaritonic dispersions from the two-level model fitted
to the experimental data. The blue and white dashed lines are the dispersions of the uncoupled

exciton and photonic mode, respectively. The values of the parameters used for the simulations
by the matrix transfer method are reported in table 4.2.
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Figure 4.12: Comparison of the photoluminescence maps with the simulated absorption maps
obtained with the MAPB refractive index extracted from [231] and without taking into account the
layers roughness for the detunings: -90.2 meV a), -68.5 meV b) and -20.4 meV c). The left panels
correspond to the experimental photoluminescence maps and the right panels to the simulated

absorption maps. The pseudo-colour maps are in linear scale. The values of the parameters used
for the simulations by the matrix transfer method are reported in table 4.2.
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In summary, the experimental polariton linewidths are broader than the simulated
polariton linewidths, and the simulated reflectivity dips are deeper than the experimen-
tal reflectivity dips. The broadening and the dip reduction of the experimental polaritons
probably come from the roughness of the layers. As a consequence, the roughness of the

layers will then be taken into account in the following section.

Simulation considering the roughness

The angle-resolved reflectivity and photoluminescence maps were then simulated by
using the same parameters as in the previous section 4.7.2.1 but taking into account the
roughness of the layers. Good results were obtained by considering the roughness of
MAPB as 12 nm for the detunings -90.2 meV (see figure 4.13 a)) and -68.5 meV (see fig-
ure 4.13 b)), and 20 nm for the detuning -20.4 meV (see figure 4.13 c)) and the roughness
of the PMMA layer at zero. The values of the parameters used for the simulation are re-
ported in table 4.3. Unlike the case of the reflectivity spectra with the spectrophotometer,
only the MAPB roughness was taken into account. This result is consistent with the spot
size of the pump laser and the white beam of the Fourier spectroscopy set-up. Indeed,
the area probed with the spectrophotometer was of Imm xImm which is much larger
than the characteristic size of the MAPB roughness and the MAPB/PMMA roughness. For
the Fourier spectroscopy set-up, the spot sizes are smaller than the characteristic size of
the MAPB/PMMA roughness and in the order of magnitude of the MAPB layer roughness.
As a consequence, it is coherent to consider only the MAPB roughness in the case of the
angle-resolved reflectivity and photoluminescence maps obtained with the Fourier spec-
troscopy set-up.

Detuning MAPB Ref: PMMA Abs: PMMA Ag MAPB PMMA
(meV) thickness (nm) | thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
-90.2 100 364 361 28 12 0
-68.5 100 355.5 354.5 28 12 0
-20.4 100 342 347 34.5 20 0

Table 4.3: Parameters used for the simulations of the angle-resolved reflectivity and photolumi-
nescence maps using the extracted refractive index [231] and by taking into account the layers

roughnesses

Figure 4.13 shows the simulation results for the reflectivity maps. For the case of the
smallest detuning: -20.4 meV (see figure 4.13 c)), the simulation reproduces well the ex-
periment. For the two other detunings, a good match between the simulation and the
experiment maps occurs at low angles between 0° and 15°. At small angles, the simu-
lated lower polariton reflectivity dispersions are as broad and as deep as the experimental
lower polariton experimental dispersion. However, at larger angles, both the simulated
lower and upper dispersions are deeper than the experimental polariton dispersions. Be-

sides, an unusual decrease in reflectivity below the lower polariton inflexion point can be
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noticed in the simulations of the same two detunings. This decrease can be observed as
an increase of the simulated absorption below the lower polariton inflexion point in fig-

ure 4.14 a) and b). The photoluminescence is also not well reproduced by the absorption

simulations (see figure 4.14) a) and b).
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Figure 4.13: Simulation of the reflectivity maps with the MAPB refractive index extracted from
[231] and by taking into account the MAPB roughness for the detunings: -90.2 meV a), -68.5 meV
b) and -20.4 meV c). The left panels correspond to the experimental reflectivity maps and the right
panels to the simulated reflectivity map. The pseudo-colour maps are in linear scale. The two
solid black lines are the lower and upper polaritonic dispersions from the two-level model fitted
to the experimental data. The blue and white dashed lines are the dispersions of the uncoupled

exciton and photonic mode, respectively. The values of the parameters used for the simulations
by the matrix transfer method are reported in table 4.3.
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Figure 4.14: Comparison of the photoluminescence maps with the simulated absorption maps ob-
tained with the MAPB refractive index extracted from [231] and by taking into account the MAPB
roughness for the detunings: -90.2 meV a), -68.5 meV b) and -20.4 meV c). The left panels cor-
respond to the experimental photoluminescence maps and the right panels to the simulated ab-

sorption maps. The pseudo-colour maps are in linear scale. The values of the parameters used for
the simulations by the matrix transfer method are reported in table 4.3.
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As with the simulations of the reflectivity spectra obtained with the spectrophotome-
ter, when the reflectivity spectra are well simulated at low angles, the simulation does not
work with large angles. Conversely, when the reflectivity is well simulated at large angles,
the simulation does not work well at low angles. Therefore, with the set of parameters
used so far, the experimental reflectivity and photoluminescence can not be well repro-
duced at the same time at low and high angles with the transfer matrix method. In fact,
the problem is not angle related but related to the energy (wavelength). The mismatch
between the simulated reflectivity in the case of the two large detunings (see 4.13 a) and
b)) occurs when the polariton dispersions are at energies higher than 2.28 eV. In the case
of the lowest detuning, the experimental reflectivity is well reproduced as the polariton
dispersions are always above 2.28 eV. Therefore, the experimental reflectivity and photo-
luminescence can not be well simulated at the same time for energies lower and higher
than 2.28 eV. The issue then comes from the energy-dependent parameters used in the
simulation, which are the dispersive refractive indices of the MAPB layer and the silver
layer.

In the following, we will consider that the problem only comes from the MAPB refrac-
tive index and not from the silver refractive index. Indeed, the extracted MAPB refractive
index [231] was measured on a single crystal. It is known in the perovskite community
that the optical properties of the same perovskite in the crystal form or the thin film form
slightly differ. Therefore, the extracted MAPB refractive index may not describe well the
refractive index of a MAPB thin film. One of the main problems with the extracted refrac-
tive index is that the extinction coefficient k is zero below the perovskite excitonic transi-
tion. However, because of the diffusion and defects, a constant absorption occurs below
the excitonic transition in the MAPB thin-film absorption (see Chapter 3). The simula-
tions performed so far could then not take into account this constant absorption at low
energy. For these reasons, the influence of the MAPB refractive index on the simulations

will be discussed in the following.

7.2 Influence of the MAPB refractive index

In this section, the influence of the MAPB refractive index on the simulation of the angle-
resolved reflectivity and photoluminescence maps will be studied. First, the MAPB ex-
tinction coefficient will be replaced by the experimental extinction coefficient obtained
from the absorption coefficient presented in Chapter 3. Then, a customized MAPB re-
fractive index obtained with a modified Tauc-Lorentz model will be proposed. Finally, the
customized refractive index will be used to fit the reflectivity spectra obtained with the

spectrophotometer.
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7.2.1 Simulation with an experimental extinction coefficient

The experimental extinction coefficient k can be obtained from the absorption coefficient
o of the material with the following equation 4.1, where A is the light wavelength :

k= )\_(x- 4.1)

41

Figure 4.15 a) shows the experimental extinction coefficient obtained from the ab-
sorption coefficient presented in Chapter 3 and is compared in figure 4.15 b) with the
extinction coefficient collected from the literature [231] noted as k;;;. Unlike the extinc-
tion coefficient extracted from the literature, the experimental extinction coefficient is
different from zero at energies below the excitonic transition. Additionally, the experi-
mental extinction coefficient is higher at each energy, but the excitonic transition is less

pronounced.

b) 0.35

21 22 23 24 25 2.6 21 22 2.3 24 25 26
Energy (eV) Energy (eV)

Figure 4.15: a) Experimental extinction coefficient obtained from the absorption coefficient dis-
cussed in Chapter 3. b) Comparison between the experimental extinction coefficient and the ex-

tinction coefficient collected from the literature [231]

Figures 4.16 and 4.17 show the simulation with the transfer matrix method of the
experimental angle-resolved reflectivity and photoluminescence maps using the exper-
imental MAPB extinction coefficient. The real part of the MAPB refractive index remains
the one extracted from the literature [231]. The values of the parameters used for the
simulation are reported in table 4.4. No roughness of the MAPB layer was needed which
would mean that the experimental extinction coefficient already takes into account the
MAPB roughness. This could be explained by the fact that the absorption measurements

of the MAPB thin film were taken by the spectrophotometer on a large surface.

Detuning MAPB Ref: PMMA Abs: PMMA Ag MAPB PMMA
(meV) thickness (nm) | thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
-90.2 100 365.5 361.5 30.5 0 0
-68.5 100 355 353 30.5 0 0
-20.4 100 340 344 33 0 0

Table 4.4: Parameters used for the simulations of the angle-resolved reflectivity and photolumi-

nescence maps using the experimental extinction coefficient

127



CHAPTER 4. STRONG COUPLING REGIME IN THE 3A/2 MAPB-BASED MICROCAVITY

a) 6=-90.2 meV b) 6= -68.5 meV C)
. R_.
simul simul

2.5 2.5 2.5
S S S
224 L2 224
> > >
< > <
2 2 2
N 2.3 1 5 2. N 2.3

2.21 2.2 2.2

40 20 0 20 40 40 20 0 20 40 40 20 0 20 40
Angle(°) Angle(®) Angle(®)
Figure 4.16: Simulation of the reflectivity maps by using the experimental extinction coefficient for
the three detunings and without taking into account the layers roughness for the detunings: -90.2
meV a), -68.5 meV b) and -20.4 meV c). The left panels correspond to the experimental reflectivity
maps and the right panels to the simulated reflectivity maps. The pseudo-colour maps are in linear
scale. The two solid black lines are the lower and upper polaritonic dispersions from the two-level
model fitted to the experimental data. The blue and white dashed lines are the dispersions of the

uncoupled exciton and photonic mode, respectively. The values of the parameters used for the
simulations by the matrix transfer method are reported in table 4.4.
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Figure 4.17: Comparison of the photoluminescence maps with the simulated absorption maps
obtained by using the experimental extinction coefficient and without taking into account the
layers roughness for the detunings: -90.2 meV a), -68.5 meV b) and -20.4 meV c). The left panels
correspond to the experimental photoluminescence maps and the right panels to the simulated

absorption maps. The pseudo-colour maps are in linear scale. The values of the parameters used
for the simulations by the matrix transfer method are reported in table 4.4.

A good agreement is met between the experimental and simulated reflectivity maps
regarding the intensity of the reflectivity dispersions. However, for the two large detun-
ings of -90.2 meV (see figure 4.16 a)) and -68.5 meV (see figure 4.16 b)) the simulated lower
polariton reflectivity is broader than the experimental lower polariton reflectivity. The dif-
ference in width can also be seen in the photoluminescence simulations (see figures 4.17

a) and b)). Moreover, the contrast between the lower and upper polariton branches at
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the anticrossing point is decreased in the simulations due to the less prominent excitonic
transition in the experimental extinction coefficient. For the lowest detuning of -20.4 meV
(see figure 4.16 c)), a good agreement is met between the simulation and the experiment.
Again, the problem of the simulations comes from the MAPB refractive index below the
excitonic transition energy. Unlike the previous case where the absorption was zero under
the excitonic transition, here the absorption is too strong at low energy. Indeed, the exper-
imental extinction was obtained from an absorption measured on a large area and may
not describe the extinction coefficient for smaller areas. In the following, a customized
MAPB refractive index obtained with a slightly modified Tauc-Lorentz model will be pro-
posed to simulate the angle-resolved absorption and photoluminescence maps better.

7.2.2 Simulation with a customized MAPB refractive index

The customized MAPB refractive index

For better simulations, the MAPB extinction coefficient needs to be a trade-off be-
tween the experimental extinction coefficient and the extinction coefficient extracted in
the literature [231]. The extinction coefficient needs to be non-zero below the excitonic
energy, the excitonic transition should be more pronounced than in the experiment and
the extinction coefficient must be lower than the experimental extinction coefficient be-
low and above the excitonic transition. For this reason, we propose in this PhD a sim-
ulated MAPB refractive index with a modified Tauc-Lorentz model. The Tauc-Lorentz
model was discussed in Chapter 1 and is reminded in the following equation 4.2:

_v AjYjE-Eg)® 1
€2=1 (E2-Ef )2 +YSE2 B (E>Eg), 2

€e2=0 (E=<Eg),

where Eg(eV) is the semiconductor energy gap, Eoj(eV), y;(eV) and A;(eV) are respec-
tively the position in energy, the linewidth and the Tauc-Lorentz coefficient of the j-th
oscillator. The real part of the dielectric function, €;, can be retrieved by performing the
Kramers-Kronig transformation of €,. Finally, the real and imaginary parts of the refrac-
tive index are obtained by using the equation 1.8 in Chapter 1. In our modified Tauc-
Lorentz model, a constant permittivity €gefecr = €defecr,1 + i€defect,2 is added to the Tauc-
Lorentz permittivity € = €; + i€y to take into account the parasitic permittivity induced by
the defects.

Figure 4.18 a) presents the proposed MAPB refractive index obtained with the modi-
fied Tauc-Lorentz model with two oscillators. The parameters used for the excitonic os-
cillator were: E(;=2.33 eV, I';=65 meV, A;=45 eV? and for the second oscillator: Ey,=8 eV,
I',=87 meV, A,=51 eV . The other parameters were Eg =2.25 eV, €4efecs,1 = 1.01 Em ™ and
€defect,2=0.55 Em~L. Figure 4.18 b) compares the real part of the proposed MAPB refrac-
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tive index noted as ng;;, and the real part of the refractive index extracted from [231]. The
real part of the proposed refractive index is lower than the refractive index extracted from
[231]. Figure 4.18 c¢) compares the extinction coefficients from the experiment, k., the
literature, k;;; and the modified Tauc-Lorentz model kg;,;,. The proposed extinction coef-
ficient is non-zero below the excitonic transition, lower than the experimental extinction
coefficient below and above the excitonic energy and with a more pronounced excitonic
transition than obtained in the experiment. The desired requirements enunciated previ-

ously are met.
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Figure 4.18: MAPB refractive index proposed with the modified Tauc-Lorentz model. a) Real part,
n, and imaginary part, k, of the proposed MAPB refractive index. b) Comparison between the
real part of the proposed MAPB refractive index, n;;;, and the real part of the refractive index
extracted from [231], n;;;. ¢) Comparison of the extinction coefficients from the experiment, k.,

the literature, k;;; and the modified Tauc-Lorentz model kg; .
Simulation of the angle-resolved reflectivity and photoluminescence

The figures 4.19 and 4.20 show the simulations of the reflectivity and photolumines-
cence maps using the proposed MAPB refractive index. The values of the parameters
used are reported in table 4.5. No roughness of the MAPB layer was needed. A really
good match occurs between the experimental and simulated reflectivity maps in figure
4.19 and this for the three detunings. The match is not as good between the experimental
photoluminescence maps and the simulated absorption maps in figure 4.20. As already
mentioned, the comparison between the photoluminescence and the absorption is only
used as an illustration.

Detuning MAPB Ref: PMMA Abs: PMMA Ag MAPB PMMA
(meV) thickness (nm) | thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
-90.2 100 370 366 35 0 0
-68.5 100 361 358 35 0 0
-20.4 100 346 350 35 0 0

Table 4.5: Parameters used for the simulations of the angle-resolved reflectivity and photolumi-

nescence maps using the customized refractive index

The good results from the reflectivity maps simulation could suggest that the pro-
posed refractive index describes well the MAPB refractive index. However, there are many

considerations to take into account. There is no certainty that the thicknesses used for
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Figure 4.19: Simulation of the reflectivity maps with the proposed MAPB refractive index obtained
with the Tauc-Lorentz model without taking into account the layers roughness for the detunings:
-90.2 meV a), -68.5 meV b) and -20.4 meV c). The left panels correspond to the experimental re-
flectivity maps and the right panels to the simulated reflectivity maps. The pseudo-colour maps
are in linear scale. The two solid black lines are the lower and upper polaritonic dispersions from
the two-level model fitted to the experimental data. The blue and white dashed lines are the dis-
persions of the uncoupled exciton and photonic mode, respectively. The values of the parameters
used for the simulations by the matrix transfer method are reported in table 4.5.

a) 6= '90'.2 meV b) 6= -68.I5 meV c) 6= -ZQ.4 meV
PL | A

2.5 2.5 2.5

S S S

224 224 224

S 2 S

2 2.3 2 231 2 2.3

L L L

N
N
N
N
N
N

40 20 0 20 40 40 20 0 20 40 40 20 0 20 40
Angle(°) Angle(°) Angle(°)
Figure 4.20: Comparison of the photoluminescence maps with the simulated absorption maps
obtained with the proposed MAPB refractive index obtained with the Tauc-Lorentz model without
taking into account the layers roughness for the detunings: -90.2 meV a), -68.5 meV b) and -20.4
meV c). The left panels correspond to the experimental photoluminescence maps and the right
panels to the simulated absorption maps. The pseudo-colour maps are in linear scale. The values

of the parameters used for the simulations by the matrix transfer method are reported in table 4.5.

the simulation are correct, neither the silver refractive index nor the Bragg mirror param-
eters. With a different set of parameters, the matching refractive index for the simulations
would have changed. However, the proposed refractive index permits us to obtain good
simulations for the different detunings and so could be used to predict the reflectivity and
photoluminescence maps for other thicknesses of the MAPB, PMMA and silver layers.
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Simulation of the reflectivity spectra obtained with the spectrophotometer

The customized refractive index was then used to fit the reflectivity spectra at different
incidence angles obtained with the spectrophotometer. In this case, the roughness of the
MAPB layer was set at zero, as the MAPB refractive supposedly already takes into account
the MAPB roughness, and the roughness of the PMMA layer was of 25 nm, as in the case
of the simulation using the extracted MAPB refractive index [231] in section 4.7.1.1. The

values of the parameters used for the simulations are reported in table 4.6.

MAPB PMMA Ag MAPB PMMA
thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)
110 347 375 0 25

Table 4.6: Parameters used for the simulations of the reflectivity spectra obtained with the spec-

trophotometer using the customized refractive index
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Figure 4.21: Simulations by the transfer matrix method using the customized refractive index of
reflectivity spectra at different incidence angles obtained with the spectrophotometer. The pa-

rameters used for the simulation are reported in table 4.6.

Figure 4.21 shows the simulated results of the reflectivity spectra obtained with the
spectrophotometer. We will only consider the reflectivity between 2.1 eV and 2.6 eV, the
region of the polariton dips indicated by the purple rectangle. The reflectivity of the lower
polariton is well reproduced at each angle which was not the case for the simulation us-
ing the extracted refractive index [231] in section 4.7.1.1. The reflectivity of the upper
polariton is only well reproduced at low angles as the simulated upper reflectivity dips are
deeper and slightly blueshifted compared to the experimental reflectivity dips at high an-
gles. However, the differences between the upper reflectivity dips intensity and position
of the experiment and simulation are much less pronounced than in the case using the
extracted refractive index [231].
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As in the previous section, this result shows that although better results are obtained,
the customized refractive index may not describe well the real MAPB thin film refrac-
tive index as there are many considerations to take into account in the simulation (thick-

nesses, roughness, silver refractive index, etc...).

7.3 Predictions of the strong coupling for other microcavity designs

Even though the customized refractive may not describe the real MAPB thin film refractive
index, good simulation results were obtained. For this reason, the customized refractive
index can be used to predict the reflectivity and absorption of microcavities with different
architectures. Figure 4.22 show two examples of angle-resolved reflectivity and absorp-
tion maps obtained with the transfer matrix method and the proposed refractive index
along with the simulated absolute field distribution inside the microcavity. The first ex-
ample corresponds to the same design of the microcavity studied in this PhD but without
the layer of PMMA. The second example corresponds to a microcavity with a very thin
layer of MAPB of 20 nm. The parameters used for the simulation are reported in table 4.7.
In the first case (see figures 4.22 a) and b)), the strong coupling is obtained with a Rabi-
splitting of 114 meV with an upper polariton branch slightly more visible at low angles
than in the case of the experimental results presented in this chapter. This simulated ar-
chitecture gives a higher Rabi splitting, but can not be performed practically as the MAPB
layer needs to be protected by a spacer layer during the evaporation the silver layer. For
the second example (see figures 4.22 c) and d)), only the weak coupling regime is ob-
tained since the reflectivity and absorption dispersions cross the excitonic energy. This
can be explained by the antinode of the electric field inside the microcavity not covering
the MAPB unlike in the first example (see figures 4.22 b) and d)).

MAPB PMMA Ag MAPB PMMA

thickness (nm) | thickness (nm) | thickness (nm) | roughness (nm) | roughness (nm)

Simulation 1 100 0 40 0 0
Simulation 2 20 135 40 0 0

Table 4.7: Parameters used for the two examples of angle-resolved reflectivity and absorption

maps using the customized refractive index
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Figure 4.22: Two examples of simulated angle-resolved reflectivity and absorption maps using the
proposed refractive index along with the simulated absolute field distribution inside the micro-
cavity. In the simulated reflectivity and absorption figures (a) and c)), the left panels correspond
to the simulated reflectivity maps and the right panels to the simulated absorption maps. The
pseudo-colour maps are in linear scale. a) and b) First example where the strong coupling regime
is achieved with a Rabi splitting of 114 meV. The two solid black lines are the lower and upper po-
laritonic dispersions. The blue and red dashed lines are the dispersions of the uncoupled exciton
and photonic mode, respectively. c) and d) second example where only the weak coupling regime

is achieved. The parameters used for the simulations are reported in table 4.7
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8 Conclusion of the chapter

In this Chapter, the strong coupling regime at room temperature has been demonstrated
in a 3A/2 microcavity containing a large-surface MAPB thin-film. The average Rabi split-
ting energy was of 73 meV and the average cavity quality factor of 81. For the appli-
cations, obtaining strong coupling at room temperature with a material deposited in a
large-surface with a low cost of synthesis and good charge transport properties gives hope
towards integrated, possibly electrically injected, MAPB-based polaritonic devices. Addi-
tionally, this result suggests that the MAPB exciton is stable at room temperature and is
coherent with recent studies [87, 243] suggesting that the free carriers and excitons coexist
at room temperature in bromide perovskites. The angle-resolved reflectivity and photo-
luminescence maps could be well simulated using a customized refractive index similar
to the complex refractive index extracted in the literature [231]. All these results were ob-
tained via reflectivity and photoluminescence measurements at low pumping densities.
In the following Chapter, the behaviour of the microcavity at a high density of pumping,

i.e. the microcavity lasing action, will be presented.
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CHAPTER 5. LASING ACTION OF THE 3A/2 MAPB-BASED MICROCAVITY

Introduction

The main goal of this PhD is to study the lasing of green-emitting perovskites to address
the green-gap problem for the LEDs and lasers diodes. As mentioned in Chapter 1, the
green-gap problem refers to the wavelength region in which the commercial LEDs and
lasers diodes are not efficient. The chosen perovskite is the perovskite Ch;NH;PbBr;,
called MAPB, as it emits in the green and the selected configuration is a dielectric/metal
3A/2 microcavity in which the strong coupling regime has been demonstrated in Chapter
4. The active material in the cavity is a spin-coated polycrystalline MAPB thin film which
is a disordered medium, as seen in Chapter 3. For this reason, we observed random lasing
action. This chapter aims at demonstrating that this random lasing is directionally filtered
by the lower polariton dispersion of the microcavity. This result is interesting because it
allows reaching lasing at large angles as large as 20° and permits to control the random
lasing directionality.

The first part of this chapter introduces the concept and the state of the art of random
lasing. In the second part, we demonstrate random lasing action in a MAPB thin-film cov-
ered by a PMMA thin-film, called MAPB/PMMA sample, having the same characteristics
as the MAPB and PMMA layers in the microcavity. In the third part, the lasing of the cavity
is explored. The influence of the microcavity, in particular the impact of the lower polari-
ton dispersion, on the random lasing is studied. A numerical approach is then proposed
to support our hypothesis that the random lasing is filtered by the polariton dispersion
and permits the control of the lasing directionality.

1 Concept of the random lasing

1.1 Introduction to random lasing

The word "laser" comes from the acronym "Light Amplification by Stimulated Emission of
Radiation" which is the light amplification using stimulated emission, a process in which
an excited atom or electron decays by interacting with a photon and releasing another
photon of the same frequency and momentum. However, the current definition of a laser
is a device containing a gain medium amplifying the light and an optical resonator pro-
viding optical feedback. Therefore, light is not only amplified but also possesses increased

temporal and spatial coherence from the selection of specific modes by the resonator *.

Generally, the lasers are composed of optical resonators with a specific architecture,
for example, Fabry-Pérot or Distributed FeedBack (DFB) cavities. In these cases, the opti-
cal modes are well defined. However, in highly disordered systems, optical feedback can

1By this definition, the Erbium amplifiers using stimulated emission or gain media exhibiting Amplified

Spontaneous Emission (ASE) are not considered to be lasers.
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1. CONCEPT OF THE RANDOM LASING

occur via multiple random scattering of light. When light is amplified by stimulated emis-
sion in these random resonators, and the gain compensates for the losses, lasing occurs
and is called random lasing. There are two categories of random lasing described in the
literature depending on the coherence or incoherence of the optical feedback [244]. In

this PhD, only the coherent random lasing will be discussed.

The pioneering work for random lasing was held by Ambartsumyan et al. who studied
in 1966 the lasing action of a Fabry-Pérot cavity for which a mirror was replaced by a
highly scattering plane [245]. Later in 1968, Letokhov et al. theoretically predicted that
multiple scattering could serve as the optical feedback in a laser [246]. The random lasing
with coherent feedback was first demonstrated in the late 1990s [247, 248]. Since then,
the random lasing has been demonstrated in various materials and configurations (see
the reviews [249-252]). Due to the high gain and high refractive index of the perovskites,
the random lasing has been demonstrated in iodine-based perovskites [66, 67, 115-117],
chloride-based perovskites [118] and bromide-based perovskites [118-127, 253, 254].

1.2 Characteristics of the random lasing with coherent feedback

In a scattering medium, when the scattering is strong enough to scatter some light back
to the original position, optical closed loops are formed and provide the necessary coher-
ent feedback for the random lasing action [247, 255]. These loops act as random cavities
leading to random cavity modes. Part of the random lasing emission is scattered out of
the sample. The lasing emission can then be either collected from the side or from the
surface of the sample (see figure 5.1 a)). Above the random lasing threshold, the PL spec-
trum is characterized by narrow peaks which are the modes of the random cavities (see
figures 5.1 b) and c)). The different loops possess different losses and therefore, different
lasing thresholds. When the pumping is increased, more loops start to lase, which adds
lasing peaks in the PL spectrum.

Optical random loops have been directly observed in different studies [255, 257]. How-
ever, Polson et al. proposed to use the Power Fourier Transform (PFT) to determine the
size of the pseudo-cavities without directly imaging the loops. The Power Fourier Trans-
form of a random lasing spectrum (as a function of the wavenumber 1/A) gives rise to
Fourier peaks, as shown in the example in figure 5.2. The cavity length, L.4,, is pro-
portional to the position of the m,;, Fourier peak in the spatial frequency, p,;, as L¢gqy =
pmn/mn, with n the gain medium refractive index. In the case of the example from [258]
in figure 5.2, the average retrieved cavity length is of 37 um. In general, in thin films, the
size of the loops is much larger than the film thickness, meaning that the gain occurs in

the sample plane and the loops are two-dimensional (see for example [255]).
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Figure 5.1: Measurement of random lasing spectra. a) Schematic of the random loops and mea-
surement of their random lasing emission from the surface or the side of the sample. In this ex-
ample, measurements are done with fibre bundles. b) and c) Random lasing spectra obtained at
different angles of observation b) from the side and c) from the surface of a ZnO polycrystalline
thin film from [256]. The figures are extracted from [256].
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Figure 5.2: Example of the power Fourier transform of a random lasing spectrum from [258]. The

inset is the corresponding random lasing spectrum as a function of the inverse wavelength 1/A.
Extracted from [258]

Due to multiple scattering, the random lasing output emission is multi-directional.
When the random lasing emission is observed from the side, the random lasing spectra
differ with the observing angle, and when observed from the surface the PL spectra are
angle-independent (see two examples in figure 5.1 b) and c¢)). The random lasing multi-
directionality can be used for some applications such as display technologies [259]. How-
ever, for conventional lasers applications, the control of the random lasing directional-
ity is required. For this reason, random lasing media have been coupled to optical fibers
[260], to a Bragg grating [261], photonic crystals [262], and planar microcavities [263-267].
The directionality can also be controlled by pump shaping [268].
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2. RANDOM LASING OF THE MAPB/PMMA LAYER

Finally, the random lasing threshold depends on several factors: the gain medium
(gain, quantum efficiency, refractive index), the scattering strength, the scatterers density
and the pumping spot size [249]. Indeed, for the latter, the pumping spot size should
be large enough to cover the optical loops for efficient pumping. For this reason, the
threshold is minimized when the pumping spot size is close to the loop size and increases

with decreasing spot size.

2 Random lasing of the MAPB/PMMA layer

In this section, the attention is focused on the random lasing of a MAPB thin-film cov-
ered by a PMMA thin-film, called MAPB/PMMA sample. The PL spectroscopy and angle-
resolved photoluminescence measurements as a function of the pumping power of the
MAPB/PMMA sample are presented. The polaritonic or photonic nature of the random
lasing is discussed later at the end of this section.

As a reminder, the sample is excited with the femtosecond pulsed laser (#,;s5. ~ 100
fs, frep=1 kHz) emitting at 400nm. Because of the low thermal stability of the perovskites,
the sample can be damaged for very high densities. Control measurements (see Appendix
A) were then performed on the MAPB/PMMA sample to determine the pumping powers
for which the perovskite was not damaged. Only these pumping powers are presented in

this section.

2.1 PL spectroscopy of the MAPB/PMMA sample

Photoluminescence spectroscopy as a function of the excitation power has been per-
formed on the MAPB/PMMA sample using the experimental set-up number 2 presented
in Chapter 2 (section 2.4.2.3). The 0.9 NA objective was used to focus the pump laser on
the sample on the PMMA side and collect the signal as shown in figure 5.3. In this section,

the energy resolution is of 1.7 meV.

0.9 NA objective
PL

ajensqns
advIN
VYNNI

Figure 5.3: Sketch of the excitation configuration of the MAPB/PMMA sample measurements.

Figure 5.4 presents results of the PL spectroscopy as a function of the excitation power
on a position (named position RL 1) of the MAPB/PMMA sample. The PL spectra for exci-
tation power ranging from 0.8 to 2 times the lasing threshold (P;j) are shown in figure 5.4
a). The photoluminescence below threshold is similar to the MAPB thin-film photolumi-
nescence spectrum presented in Chapter 3. In this case, the Full Width at Half Maximum
(FWHM) is 100 meV. Three small peaks with a line width of about 3 meV appear when
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CHAPTER 5. LASING ACTION OF THE 3A/2 MAPB-BASED MICROCAVITY

the excitation power reaches 0.65 pW. At higher pumping, the peaks gain more intensity,
and new peaks appear. The overall signal is broadened at high excitation powers, which
is probably due to the appearance of many lasing peaks in close spectral proximity. The
lasing modes occur in the same range of energy, between 2.26 and 2.29 eV, in which the
Amplification of Spontaneous Emission (ASE) takes place in MAPB thin films [229] cor-
responding to the region of MAPB highest net gain. Figure 5.4 b) showing the pseudo-
colour map of the normalized PL spectra as a function of the ratio of the pump power to
the threshold power, P/P,, helps to discern the lasing peaks and their behaviour with the
pump increase. The lasing peaks slightly blueshift when the pumping power is increased
(around 2 meV between 1 P;;, and 2P;;,). The integrated photoluminescence intensity (be-
tween 2.26 and 2.29 eV) as a function of the ratio of P/P;, (in log-scale) showing a slope
discontinuity is presented in figure 5.4 c). All these lasing characteristics occurring in the
MAPB/PMMA sample without an external resonator are in favour of the random lasing.
We note that the power threshold of 0.65 puW, which gives a threshold in fluence of 221.9
mJ/cm? (see the conversion method in Appendix B), is two orders of magnitude higher
than the thresholds found for other MAPB random lasing actions of 2.5 mJ/cm? [129] and
of around 0.5 mJ/cm? [253]. We explain this discrepancy by the fact that our spot is much
smaller than the spots used in [129] and [253] (for example in [129], a two-fold decrease is
obtained when the spot size varies from 500 pm? to 4000 pm?).
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Figure 5.4: a) PL spectroscopy as a function of the ratio of the pump power to the threshold power,
P/P;j, on a position on the MAPB/PMMA sample. The energy resolution is of 1.7 meV. b) Pseudo-
colour map (in linear scale) of the normalized PL spectra as a function of P/P,. c) Integrated

photoluminescence intensity as a function of the excitation power, in log-scale
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2. RANDOM LASING OF THE MAPB/PMMA LAYER

This random lasing is made possible by the roughness of the MAPB layer. Indeed, it
was shown with AFM scans in Chapter 3 (see figure 3.11) that the MAPB layer is poly-
crystalline and composed of grains of 500 nm to 1 pm size. Also, a waveguide confining
the light is formed between the quartz substrate and the PMMA layer (refractive indices
around 1.5) sandwiching the MAPB layer (refractive index of around 2.3). The grains in
the MAPB layer scatter the light within the plane of the layer and create the necessary op-
tical closed-loops for random lasing.

Power Fourier Transform was performed on the PL spectra above the lasing thresh-
old to evaluate the characteristic lengths of the optical loops. However, due to the small
number of visible lasing peaks, the results were not satisfactory. Instead, the free spectral
range, FSR = v,;,41 — v;; with m an integer, of the PL spectra was studied. Figure 5.5 a)
shows five lasing spectra of the MAPB/PMMA sample for which the free spectral range
is studied. Blue triangles indicate the lasing modes and blue dotted lines link the same
lasing modes occurring at different pump powers. A vertical offset is applied between
successive spectra for better readability. Figure 5.5 b) shows the difference in energy be-
tween the m'" modes and the 15’ mode against the modes numbers. The curve is fitted
with a linear function (red dashed line). The characteristic length of 100 um of the optical
loops is retrieved from L = hc/(ns) 2 where n = 2.3 is the MAPB refractive index, c is the
light velocity and s is the slope of the linear function. This size is much larger than the
thickness of the sample (of around 500 nm) and confirms that the random lasing occurs

in the sample plane.
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Figure 5.5: a) Lasing spectra of the MAPB/PMMA sample for which the free spectral range,
FSR = vj41 — Vi, is studied. Blue triangles indicate the lasing modes and blue dotted lines link the
same lasing modes occurring at different pump powers. A vertical offset is applied between each
spectrum for better readability. b) Energy difference between the m!” and 1% modes with respect
to the mode numbers. The curve is fitted with a linear function (red dashed line). The character-
istic length of 100 um of the optical loops is retrieved from L = hc/(ns), where n = 2.3 is the MAPB

refractive index, c is the light velocity and s is the slope of the linear function.

2For planar cavities, a factor of 2 appears in the denominator as the round trip must be taken into ac-
count. Here the cavity length represents the perimeter of the optical loop.
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CHAPTER 5. LASING ACTION OF THE 3A/2 MAPB-BASED MICROCAVITY

2.2 Angle-resolved photoluminescence of the MAPB/PMMA sample

Angle-resolved photoluminescence as a function of the pumping power was performed
on the MAPB/PMMA sample using the Fourier spectroscopy set-up in Aimé Cotton Lab-
oratory (LAC) presented in Chapter 2 (section 2.4.4.7). The excitation configuration is the
same as the one presented in figure 5.3: a 0.9 NA objective focus the pump laser on the

PMMA side and collect the signal. In this section, the energy resolution is of 1.7 meV.
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Figure 5.6: Angle-resolved photoluminescence maps a) below (0.4 P;;) and b) above (1.3 P;j,) the
random lasing threshold of the MAPB/PMMA sample. The pseudo-colour maps are in linear scale.

The ARPL pseudo-colour maps below (0.4 P;;,) and above (1.3 P;,) the random lasing
threshold of another position (named position RL 2) on the MAPB/PMMA sample are
shown respectively in figures 5.6 a) and b). The ARPL maps at other powers of excitation
as well as the angle-integrated PL spectra and the integrated PL intensity as a function of
the pumping power curve are given in Appendix C. Below the lasing threshold, at 0.4 P;y,
the emission of the MAPB/PMMA sample is angle-independent, centered at 2.3 eV with
an FWHM of 100 meV. Above the lasing threshold, at 1.3 P;j, the same broadband signal
appears in dark blue, and two random laser peaks appear as two horizontal red lines at
2.275 eV and 2.283 eV. As expected for a random lasing emission, the laser peaks emit in
all directions when the signal is observed from the surface of the sample [256]. Indeed,
the random lasing signal originating from the sample surface is scattered in all directions
out of the surface.

2.3 Discussion on the nature of the random lasing

It is reasonable to question the photonic or polaritonic nature of the lasing occurring in
the MAPB/PMMA sample as Niyuki et al. did with resonance-controlled ZnO random
lasers [269]. Indeed, as discussed in previous chapters (Chapter 1 and Chapter 4), the
strong coupling regime could be observed in MAPB nanowires [220, 223] and also in our
3A/2 microcavity [15] (see Chapter 4). The blueshift of the lasing peaks observed in fig-

ure 5.4 (of around 2 meV between 1 P;; and 2P;j;) could be an argument in favour of
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3. LASING ACTION OF THE 3A/2 MAPB-BASED MICROCAVITY

the polaritonic lasing but could be explained by the blueshift of the MAPB emission with
increasing temperature (of around 24 meV between 300K and 370K) [236]. However, to
demonstrate the strong coupling regime unambiguously, the polariton mode dispersions
should be measured, which is impossible in practise here because of the multiple scatter-
ing. Thus, the polaritonic or photonic nature of the lasing of the MAPB/PMMA sample

remains unanswered.

3 Lasing action of the 3\/2 MAPB-based microcavity

In this section, we study the lasing action of the 3A/2 MAPB-based microcavity and ex-
pose arguments to support our hypothesis: the random lasing from the MAPB layer is fil-
tered directionally by the lower polariton dispersion of the microcavity in strong coupling
regime. First, the PL spectroscopy and angle-resolved photoluminescence measurements
as a function of the pumping power of the microcavity are presented. Second, a numerical
approach is proposed to support our hypothesis. And finally, we confront our hypothesis

with other possible lasing mechanisms.

As for the MAPB/PMMA sample, the microcavity is excited with the femtosecond pul-
sed laser (fpy15e = 100 fs, frep=1 kHz) emitting at 400nm and control measurements (see
Appendix A) were performed on the microcavity to rule out the pumping powers for which

the perovskite is damaged.

3.1 PL spectroscopy of the 3A/2 MAPB-based microcavity

Photoluminescence spectroscopy as a function of the excitation power has been per-
formed on the 3A/2 MAPB-based microcavity using the experimental set-up number 1
presented in Chapter 2 (section 2.4.2.2). The 0.6 NA objective was used to focus the pump
laser on the silver side and collect the signal as shown in figure 5.7. In this section, the
energy resolution is of 0.38 meV.

(=
(=

Figure 5.7: Sketch of the excitation configuration of the microcavity PL spectroscopy measure-

ajessqn

ments.

The results measured at a position A on the MAPB-based microcavity are presented
in figure 5.8. The PL spectra for excitation powers ranging from 0.9 P;;, and 1.35 P, are
shown in figure 5.8 a). Due to the coupling of the perovskite to the microcavity, the PL
spectrum below the threshold is shifted to 2.272 eV, compared to the PL spectrum of the
uncoupled MAPB thin film (see figure 3. in Chapter 3) and the uncoupled MAPB/PMMA
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sample (see figure 5.4), the FWHM is 53 meV. One lasing peak appears on top of the broad-
band PL at 2.273 eV with a FWHM of 3 meV when the lasing threshold is reached. Other
peaks occur at other energies followed by a broadening of the overall signal at higher
pumping due to the overlapping of several lasing modes. The other modes are not re-
ally perceptible in figure 5.8 a) as one mode dominates but are discernible in the pseudo-
colour map of the normalized PL spectra as a function of P/P, in figure 5.8 b). As in
the case of the MAPB/PMMA sample, the laser peaks slightly blueshift (around 1 meV
between 1 P, and 1.2P;j), which is probably due to the MAPB emission blueshift with
increasing temperature [236]. The integrated PL intensity as a function of the pumping
power curve in figure 5.8 c¢) demonstrates the lasing of the microcavity with a threshold of
135 uW, which gives a threshold in fluence of 2.62 mJ/cm? (see the conversion method in
Appendix B) which is two orders of magnitude lower than the MAPB/PMMA random las-
ing threshold (around 200 m]J/ cm?). Indeed, this decrease of lasing threshold is probably
due to the presence of the cavity as it has been shown that the effect of external feedback
(e.g. an external mirror or a cavity) can dramatically reduce the random lasing threshold
[256, 263, 270]. For example, in [253], the MAPB random lasing threshold is reduced from
500 pJ/cm? to 20-30 uJ/cm? when the MAPB film is placed in a microcavity.
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Figure 5.8: a) PL spectroscopy as a function of the ratio of the pump power to the threshold power,
P/P;y, on a position of the 3A/2 MAPB-based microcavity. The energy resolution is of 0.38 meV.
b) Pseudo-colour map (in linear scale) of the normalized PL spectra as a function of P/P;,. c)

Integrated photoluminescence intensity as a function of the excitation power, in log-scale
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Figure 5.9 presents the PL spectroscopy results on another position (named position
B) of the MAPB-based microcavity. The PL spectrum is also coupled to the cavity and
is shifted to 2.3 eV with an FWHM of 66 meV. Slightly above the lasing threshold, three
lasing peaks can be observed with a dominant mode at 2.285 eV presenting an FWHM of
2 meV. The threshold power is 90 W leading to the threshold fluence of 1.68 mJ/cm?, of
the same order of magnitude as for position A. In both the position A and position B, the
lasing peaks of the microcavity occur at the same range of energy as the random lasing
peaks of the MAPB/PMMA sample, between 2.26 and 2.29 eV.
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Figure 5.9: a) PL spectroscopy as a function of the ratio of the pump power to the threshold power,
P/P4p, on another position of the 3A/2 MAPB-based microcavity. The energy resolution is of 0.38
meV. b) Pseudo-colour map (in linear scale) of the normalized PL spectra as a function of P/P,,.
¢) Integrated photoluminescence intensity as a function of the excitation power, in log-scale

Figure 5.10 shows the study of the free spectral range of the position A (see figure
5.8) and the position B (see figure 5.9) to evaluate the characteristic lengths of the op-
tical loops. For the position A in figure 5.10 a) and b), the characteristic length obtained
is of 144 pm, and for the position B in figure 5.10 ¢) and d), of 215 pm. In both cases,
the characteristic cavity lengths are similar to the characteristic length found for the ran-
dom lasing of the MAPB/PMMA layer. Moreover, these characteristic lengths are much
larger than the microcavity vertical length, suggesting that the gain occurs in optical loops
within the MAPB plane.
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Figure 5.10: a) and c¢), Lasing spectra with vertical offsets for which the free spectral range is studied
for the microcavity a) position A and c) position B. Blue triangles indicate the lasing modes. b) and
d) Energy difference between the m'" and 15 modes with respect to the mode numbers for the
microcavity b) position A and d) position B. The curves are fitted with linear functions (red dashed
lines). The characteristic cavity lengths are retrieved from L = hc/(ns), where n = 2.3 is the MAPB

refractive index, c is the light velocity and s is the linear function slope.

3.2 Angle-resolved photoluminescence of the 3\/2 MAPB-based micro-
cavity

Angle-resolved photoluminescence as a function of the pumping power was performed
on the microcavity using the Fourier spectroscopy set-up in Aimé Cotton Laboratory (LAC)
presented in Chapter 2 (section 2.4.4.7). For the first position studied (see figure 5.12 a)),
the focus and the collection were done on the silver side with a 0.9 NA objective as shown
in figure 5.11 a). For the three other positions (see figure 5.12 b) ¢) and d)), a 5-cm lens fo-
cuses the pump laser on the Bragg mirror and a 0.9 NA objective collects the signal from
the silver side as shown in figure 5.11 b). In this section, the energy resolution is of 1.7
meV.

0.9 NA objective

e
(e

Figure 5.11: Sketch of the two excitation configurations of the microcavity angle-resolved photo-

ajensqns

Lens f=5cm

luminescence measurements.
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Figures 5.12 a) to d) show the angle-resolved photoluminescence results on four dif-
ferent positions (named position 1,2,3 and 4) of the microcavity corresponding to four
different detunings. The row noted as i) corresponds to the photoluminescence maps
below the lasing threshold (at 0.1, 0.2, 0.1, 0.2 P;j), and the row ii) to the photolumines-
cence maps above threshold (at 1.4, 1.6, 1.4, 1.1 P;;). The ARPL maps at other powers of
excitation as well as the angle-integrated PL spectra and the integrated PL intensity as a
function of the pumping power curves of these positions are given in Appendix C.

a) Position 1 b) Position 2 C) Position 3 d) Position 4
6=-107 meV 6=-96.8 meV 6=-75meV 6=-34 meV
P=0.1P,

P=0.1P, P=02P,

Energy (eV)

Energy (eV)

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0
Angle (°) Angle (°) Angle (°) Angle (°)

20 40 -40 -20 0 20 40

Figure 5.12: Angle-resolved photoluminescence pseudo-colour maps on four different positions
of the microcavity with detunings, 6, of : a) -107 meV, b) -96.8 meV, c¢) -75 meV and d) -34 meV. The
resolution for the energy axis is 0.38 meV and for the angle axis 0.7°. The row (i) corresponds to
the maps below the lasing threshold (at 0.1, 0.2, 0.1, 0.2 P,;,), the row (ii) above the threshold (at
1.4, 1.6, 1.4, 1.1 P;p). The pseudo-colour maps are in linear scale. On top of each ARPL map are
plotted the fitted polariton dispersions (in black) along with the uncoupled excitonic energy (in

green) and photonic modes (in red).

In the four photoluminescence maps below the threshold (see figure 5.12 a-i), b-i), c-i)
and d-i)), a parabolic dispersion can be observed. As the strong coupling regime has al-
ready been demonstrated previously in this microcavity, these parabolic dispersions are
attributed to the lower polariton photoluminescence. For each different position, the dis-
persion was collected by fitting slices of the photoluminescence maps (between -20 ° and
20 °) with a Lorentzian function and reporting the Lorentzian centres in an energy/angle
diagram. The collected dispersions were then fitted to the two-level model using the pa-
rameters found in figure 4.5 a) of Chapter 4 (n,7r=1.75, Ex = 2.355 eV, g=48.7 meV, yx=90
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meV and y,,=25 meV) and with the detuning, 3, as the only free parameter. The results of
the dispersion collection and fitting are shown in Appendix D. The detuning, §, are found
respectively -107 meV, -96.8 meV, -75 meV and -34 meV for the figures 5.12 a), b), ¢) and d).
A good agreement is met between the theoretical and experimental lower polariton dis-
persions using the parameters found previously confirming the strong coupling regime.
The lower and upper polariton dispersions (in black) are plotted on top of the photolumi-
nescence maps of figure 5.12 along with the excitonic energy (in green) and the uncoupled

photonic mode dispersion (in red).

Above the lasing threshold for the four positions (see figures 5.12 a-ii), b-ii), c-ii) and
d-ii))), laser peaks appear in dark red and the lower polariton emission in dark blue. Be-
cause another spectrometer was used for the angle-resolved measurements, the energy
resolution of 1.7 meV is lower in the photoluminescence maps than the resolution of 0.38
meV in the PL spectra presented in the previous section. As a consequence, the lasing
peaks are not well resolved and not clear in the pseudo-colour maps, but are more visible

in slices taken at given angles as shown in Appendix E.

In the four cases, the energies of the laser peaks lie between 2.26 and 2.29 eV, in the
same range of energies already seen for the random laser peaks of the MAPB/PMMA sam-
ple (see figure 5.4 and figure 5.6). For the three first positions with the largest detunings in
figures 5.12 a), b) and c), the laser peaks only arise at the intersection between the lower
polariton dispersion and the energy of the lasing peaks at the angles of + ~ 22.4°, + ~
18.2° and + ~ 15.8° with divergences in angle of ~ 12.5°, ~ 11.9° and ~ 12.3°, respectively.
In the three cases, the energies of the lasing peaks are around 2.28 eV. However, in the last
position corresponding to the lowest detuning in figure 5.12 d), two laser peaks emerge at
2.281 eV and 2.285 eV under the theoretical lower polariton dispersion at 0° with a diver-
gence of ~ 29.7°. The values of the lasing peaks angles and divergences were obtained by
taking a slice of the ARPL maps at the energy of the lasing peaks and by fitting the slices

with Lorentzian and Gaussian functions. The slices and the fits are shown in Appendix E.

These observations support the hypothesis of the random lasing emission being fil-
tered by the lower polariton dispersion curve. Indeed, as for the positions A and B of
the cavity, the lasing peaks of these four positions occur at the same energy range as the
random lasing peaks of the MAPB/PMMA sample. Moreover, in the three first positions,
the angle of the lasing emission occurs at the intersection between the lasing peak ener-
gies and the lower polariton dispersions. However, the result obtained in the last position
remains intriguing. In the following, a numerical approach is proposed to explain the
random lasing filtering by the lower polariton dispersion curve. It will be shown that the

result in position 4 (see figure 5.12 d)) is not contradictory with the hypothesis.
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3.3 Expected emission angles and emission divergences

To further study the lasing mechanism proposed, the expected emission angle and emis-
sion divergence as a function of the detuning will be calculated. The emission angle and
divergence are determined by the intersection between the energy of a random lasing
peak and the lower polariton dispersion. As the lasing peaks observed in the photolu-
minescence maps of the MAPB/PMMA sample (figure 5.6) and of the cavity (figure 5.12)
are around 2.28 eV, the random lasing peak energy will be considered to be 2.28 eV. The
lower polariton dispersion is obtained using the theoretical polariton equation and using
the parameters found in figure 4.5 a) of Chapter 4 (n,7r=1.75, Ex = 2.355 eV, g=48.7 meV,
Yx=90 meV and y,,=25 meV) except for the detuning, §, let as the only free variable. As a
reminder, the resolution of the two-level model gives rise to two eigenvalues, one of which
is the lower polariton eigenvalue :

1 1
1P (8) = 2 Epn(8) + Ex — i(Yph +Yx)] - \/ g2+ 7 [Ex ~Epn(®) +iypn —Yx)I2,
0+ Ex (5.1)

in2(0 '
V eff

The lower polariton dispersion corresponds to the real part of the lower polariton

with E,,(0) =

eigenvalue ppp of equation 5.1. To obtain the expected emission angle of a random laser
peak coupled to the lower polariton branch, one needs to find the angle for which the
lower polariton branch equals the random lasing peak energy, i.e. RE[prp(Oemission)] =
Epeak- The analytic solution is not trivial, and, moreover, the calculation of the emission
divergence is even more difficult as it requires to take into account the lower linewidth,
which corresponds to the imaginary part of the lower polariton eigenvalue pyp of equa-
tion 5.1.

For this reason, a numerical approach is proposed and is illustrated in line (ii) of figure
5.13 for the four positions on the microcavity. The line (i) of figure 5.13 presents for the
sake of comparison the same angle-resolved PL pseudo-colour maps above the threshold
as in figure 5.12. For each detuning, the lower polariton dispersion, Epp, is plotted as a
solid black line and the lower polariton linewidth, yip, is taken into account by plotting as
a grey shaded area the region of the lower polariton dispersion delimited by the linewidth.
The emission angle is given by the intersection between the random lasing peak energy,
plotted as a green dashed line, and the lower polariton dispersion. The emission diver-
gence is given by the angular width of the intersection in the shaded area.

For the three detunings shown in figures 5.13 a), b) and c), the lasing emission is com-
posed of two symmetric lasing lobes at non-zero angles of opposite signs with two equal
divergences. However, in the fourth position in figure 5.13 d), the lasing emission is in
the form of one lasing lobe at normal incidence with a large divergence. The numerical

approach reproduces well the results and predicts the transition between the two-lobe
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Figure 5.13: Illustration of the numerical approach to predict the angle and divergence of lasing
for the different positions. The line (i) corresponds to the same angle-resolved PL pseudo-colour
maps as in figure 5.12 of the four position on the microcavity above the threshold. The pseudo-
colour maps are in linear scale. The line (ii) is the numerical results corresponding to the detuning
of the same four positions. The solid black lines correspond to the lower polariton dispersions.
The grey shaded areas correspond to the regions of the lower polariton dispersions delimited by
their linewidths. The green dashed line corresponds to the random lasing peak energy. The red
dashed lines indicate the lasing angles and the blue solid lines the lasing emission divergences.

and one-lobe configuration. The transition occurs because when the absolute value of
the negative detuning decreases, the emission angle decreases while the divergence in-
creases. When the detuning of -74 meV is reached, the two lasing lobes are wide enough
and close enough to each other to merge into one lasing lobe centered at normal inci-
dence. The two-lobe configuration occurs for negative detunings larger than -74 meV
and the one-lobe configuration for detunings lower than -74 meV. Figure 5.14 illustrates
the transition from the detuning -75 meV to -73 meV.

The numerical results for the expected emission angles and divergences are shown
in figure 5.15 a) and b), respectively. Only the absolute value of the emission angle is
considered. The green and pink stars correspond to the detunings shown in figure 5.14
before and after the transition mentioned above, and the experimental emission angles
and divergences are plotted as black crosses. The good agreement met between the results
from the experiment and the numerical results is another argument in favour of the lasing

mechanism proposed in this PhD.
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Figure 5.14: Illustration of the transition between the two-lobe and one-lobe configuration from
the detuning a) -75 meV to b) -73 meV. The solid black lines correspond to the lower polariton
dispersions. The grey shaded areas correspond to the regions of the lower polariton dispersions
delimited by their linewidths. The green dashed line corresponds to the random lasing peak en-

ergy. The red dashed lines indicate the lasing angles and the blue solid lines the lasing emission
divergences.
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Figure 5.15: Expected emission a) angle and b) divergence obtained with the numerical approach.
The black crosses are the experimental data. The purple and pink stars correspond to the detun-

ings before and after the transition mentioned above and shown in figure 5.14.

With the numerical approach, we can see that by varying the detuning it is possible
to control the emission angle of the microcavity lasing either at normal incidence or be-
tween 13.5 ° and 60 °. However, the divergence of the lasing emission is higher than 10°,
and the angles between 0 ° and 13.5 °, called hereafter critical angle, are not accessible.
The divergence and critical angle are limited by the lower polariton linewidth, thus by the
exciton and the photonic mode linewidths. As the exciton linewidth is intrinsic to the gain
material, the only way to decrease the lasing emission divergence and the critical angle is
to lower the photonic mode linewidth and thus to improve the microcavity quality factor.
Figure 5.16 presents the influence of the microcavity quality factor on the critical angle

and the divergence of a lasing emission at 20° (in semilog). The black stars indicate the
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quality factor of around 90 of our case. Both the divergence and the critical angles are
reduced with the quality factor increasing. However, the reduction is saturated for quality
factors higher than 1000, which means that for a MAPB-based microcavity, a quality factor
of 1000 is enough to obtain the best performance of the lasing emission directional filter-
ing. The critical angle cannot be lower than 8° and the divergence of a lasing emission
at 20° cannot be lower than 3.7°. This is due to the excitonic linewidth, which limits the
reduction of the lower polariton linewidth with the quality factor increasing. As a conse-
quence, another way to achieve better filtering would be to use a gain medium exhibiting
an exciton with a smaller linewidth.

a) b)
o4 Critical angle 35 Divergence for an emission at 20°
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Figure 5.16: Influence of the cavity quality factor on the a) critical angle under which the emis-
sion angle cannot be controlled (in semilog) and b) the divergence of a lasing emission at 20° (in

semilog). The black stars indicate the quality factor of around 90 of our case.

3.4 Discussion on the nature of the microcavity lasing

Throughout the chapter, we have exposed arguments to support our hypothesis of a ran-
dom lasing occurring in the MAPB layer and directionally filtered by the microcavity lower
polariton dispersion. However, this interpretation needs to be confronted with other
types of lasing: the polaritonic lasing of a microcavity in strong coupling regime or the
photonic lasing of a Vertical Cavity Surface-Emitting Laser (VCSEL).

First of all, the result obtained on the last position in figure 5.12 d) shows a lasing
emission at energies lower than the theoretical lower polariton dispersion, which is in
contradiction with polaritonic lasing. In the case of the three positions corresponding to
large detunings in figures 5.12 a), b) and c), the lasing emission at large angles could sug-
gest a propagation of a polariton condensate (see section 1.4.3 in Chapter 1), in which the
polariton condensate can be observed at non-zero in-plane wavevectors. As a reminder,
this phenomenon is due to the polariton interactions with the excitonic reservoir, which

ejects the polariton condensate radially from the center of the pump spot and provide the
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condensate with kinetic energy [55]. This only takes place when the pump spot size is
smaller than the polariton condensate propagation length. For larger spots, the polariton
condensate lies at k;,=0. In our system, the estimated polariton condensate propagation
length is around 500nm (see Appendix F). However, lasing emission occurs at large an-
gles whether the microcavity is pumped with a small or a large spot, which discredits the
hypothesis of a propagation of polariton condensate. Indeed, the pump laser beam was
focused by a 0.9 NA objective for the first position in figure 5.12 a) and by a 5 cm lens for
the positions in figures 5.12 b) and c). Consequently, these two arguments lead us to rule

out the polaritonic lasing.

It is also questionable whether the lasing is simply the case of a photonic lasing of
a VCSEL. However, only one mode would have been expected in the range of energy of
the MAPB emission, between 2.2 and 2.4 eV, as the microcavity length is three times the
half MAPB emission wavelength (3A/2). In our case, several modes were observed at the
same time in the PL spectroscopy (see figure 5.8 and figure 5.8) and angle-resolved pho-
toluminescence measurements (see Appendix C for the angle-integrated PL spectra). The
multi-modal aspect of the microcavity lasing is then the main argument for excluding the

VCSEL photonic lasing as a possible explanation for the lasing.

4 Conclusion of the chapter

In this chapter, the lasing action of the 3A/2 MAPB-based microcavity, as well as the ran-
dom lasing action of a sample of MAPB thin-film covered by PMMA, have been studied
via PL spectroscopy and angle-resolved photoluminescence measurements. The lasing of
the microcavity results in a multi-modal lasing emission at large angles or zero-angle. The
emission angle and emission divergence depends on the detunings, and we can obtain
the angles of 0°, 22.4°, 18.2° and 15.8° experimentally. This result can not be explained in
term of a classical lasing occurring in a VCSEL or by the polaritonic lasing. A hypothesis
has been proposed to explain the phenomenon: the lasing takes place as random lasing
in the MAPB layer and is filtered directionally by the lower polariton dispersion. Several
arguments support this hypothesis. The microcavity is composed of the same MAPB and
PMMA layers in which random lasing was observed. The microcavity lasing peaks are at
the same range of energy as the random lasing peaks. The characteristic pseudo-cavity
lengths obtained for the microcavity lasing and the MAPB/PMMA random lasing are sim-
ilar. Finally, a numerical approach can reproduce and predict the lasing emission angle
and emission divergence of such a lasing. In summary, we have shown that in such a
structure, the angle and divergence of the lasing emission can be controlled by changing
the detuning and the cavity quality factor. If one can achieve a laser in which the detun-
ing can be controlled dynamically after fabrication, one could change the lasing direction
at will, which could be interesting for lasing mapping applications, similar to the LIDAR
(light imaging, detection, and ranging) technology.
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The halide perovskites have recently emerged in the framework of photovoltaics and light-
emitting devices such as LEDs and lasers, and the state of the art is already rich and var-
ious. The good optical properties of halide perovskites make them candidates for future
polaritonic devices. Indeed, the strong coupling was demonstrated with different types of
perovskites, and polaritonic lasing could be obtained with some of the best systems. The
perovskites lasers, conventional and polaritonic, are today optically pumped in the pulsed
regime. However, the good charge transport properties of the perovskites and the recent
results on continuous wave laser pumped perovskites lasers give hope to a future electri-
cal injection of the perovskite lasers. Due to the cost-effectiveness of the perovskite de-
position and their good performance, commercialized perovskite light-emitting devices
could appear in the near future. The remaining barriers for this perspective are the low
stability and low heat tolerance of the perovskites. However, much progress has been ob-
tained on these points over the past few years.

The search for cost-effective and performing lasers devices can be done by optimiz-
ing either the gain medium or the lasing mechanism. The aforementioned polaritonic
laser is an example of a lasing mechanism permitting reaching efficient lasers due to
their very low thresholds. Coupled with perovskite, the polaritonic devices would also
be cost-effective. On the other hand, random lasing is an example of a lasing mecha-
nism which would reduce the production costs. Indeed, random lasing occurs in highly
disordered gain media in which a fine design of the laser structure is not necessary. The
multi-directionality and low coherence, compared to usual lasers, can satisfy various ap-
plications such as speckle-free imaging. However, for typical laser applications, the direc-
tionality of the lasing devices is desired.

The result of this thesis is a part of this broad context combining the quest of cost-
effective and performing laser and the halide perovskites.

Strong coupling regime at room temperature was first demonstrated in chapter 4 in
a large surface spin-coated bromide perovskite-based 3A/2 microcavity. Because of the
overall roughness studied in chapter 3, the detuning of the microcavity (the difference
between the excitonic energy and the photonic mode energy at normal incidence) could
be tuned by changing the position probed. A large average Rabi splitting of 70 meV and

an average microcavity quality factor of 90 were measured. Besides the polaritonic lasers,
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the perspectives of the exciton-polaritons are all-optical logical devices in which the po-
laritons carrying the information would propagate over macroscopic distance to be pro-
cessed in logical blocks such as polaritonic transistors. Therefore, the strong coupling
regime demonstrated in this thesis shows that the cavity exciton-polaritons can be ob-
tained at room temperature over a large surface thin film whose deposition is at low cost.
Moreover, recent demonstrations on perovskite thin-film patterning into microstructures
via nanoimprint and lithography technologies could go in the way of a perovskite po-
laritonic single-chip logical device. For these reasons, this work was published on ACS

photonics [15].

In Chapter 5, the lasing of the bromide perovskite-based microcavity was studied. A
random lasing emitting in the green and directionally filtered by the lower polariton dis-
persion curve was demonstrated in the bromide perovskite-based microcavity. The ran-
dom lasing directionality can be controlled by changing the detuning of the microcavity,
which here could be tuned by changing the position probed. The angles of 0°, 15.8°, 18.2°,
and 22.4° were experimentally obtained. We confirmed numerically that the emission an-
gle can be controlled with the microcavity detuning and emission angles from 10° to 60°
or higher can be reached. The lasing divergences were rather large, but it was shown nu-
merically that the emission divergence can be reduced by increasing the cavity quality
factor. The quality factor could be increased in our case by replacing the silver mirror by
a Bragg mirror, however it would represent as a challenge due to the fragility of the per-

ovskites at high temperatures.

This result is interesting in terms of fundamental physics by the original mechanism
proposed which combines two intriguing physical concepts: the cavity exciton-polaritons
and the random lasing. Regarding the applications, the control of random lasing emission
could reveal interesting in the area of optoelectronics, for example, for the LIDAR technol-
ogy. Additionally, the lasing emission of the bromide perovskite-based perovskite was in
the green region. As a consequence, this result is currently under preparation for publica-

tion.

Other perspectives can be envisioned, such as the study of electrical injection of poly-
crystalline CH;NH3PbBr5 thin films in the prospect of obtaining random lasing. This work
would be carried out in collaboration with the XLIM laboratory in Limoges, which is spe-
cialized in light-emitting devices and collaborate with our team. Working on CH;NH;PbBr;
thin single crystals using the AVCC methods elaborated by Ferdinand Lédée in our team
could be another future project [217]. The quality factor of the cavity would be increased
due to the better crystal quality, which would increase the polariton lifetime. Thanks to
the internal reflection in the CH3NH3;PbBr; crystal, one could consider a cavity composed
of only one Bragg mirror, with one of the crystal facet serving as the closing mirror. Finally,
with a much smaller roughness, the random lasing would be suppressed or strongly de-
creased, which would give hope on obtaining polaritonic lasing.
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A. CONTROL MEASUREMENTS FOR THE PUMP POWER-DEPENDENT
MEASUREMENTS IN CHAPTER 5

A Control measurements for the pump power-dependent

measurements in Chapter 5

For the PL spectroscopy and angle-resolved photoluminescence measurements as a func-
tion of the pumping power of the MAPB/PMMA sample and the 3A/2 MAPB-based micro-
cavity (in Chapter 5, section 2 and 3), control measurements were carried on to determine
the pumping powers for which the perovskite was not damaged. The PL intensities, Ipo,
from the samples excited at a low fixed pumping power, Py, are measured at the beginning
of the experiment. During the experiment, the pumping power is increased, and after the
measurements at certain pumping powers (control points), the PL intensity at low pump-
;0, is decreased by more than 20%
compared to Ipy, the results obtained with this power or with higher powers are excluded.

ing power, I,PO’ is measured again. If the PL intensity, I
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B. CONVERSION OF THE LASING THRESHOLDS

B Conversion of the lasing thresholds

This appendix details the conversion of the pumping threshold of Chapter 5 in average
power (in uW) to pumping threshold in Fluences (in pJ/ cm?) which can be retrieved with
the following equation:

_ P __ Pu
freps frepﬂ(%)z’

Fin (B1)

where Py, is the threshold in average power, Fy, is the threshold in fluence, f;) is the
repetition rate of the pumping laser (1 kHz), S = 7 * (0/2)? and o are respectively the area
and the waist of the pump laser beam, which depend on the objective or lens used to fo-

cus the pump beam on the sample.

During the experiments, the laser pump power was measured with a power-meter be-
fore the laser was focused. Hence, the pump laser could be absorbed by, the objective or
the lens and by the layers before attaining the MAPB layer where the gain occurs. More-
over, Fresnel reflections occur at the interfaces between two consecutive layers. These
losses are then taken into account for the conversion of the threshold from power to flu-
ence. The absorptions and Fresnel reflections were calculated using the layers refractive
indices at 400 nm and the Fresnel equations. The values of the losses are reported in table
B1.

Layer Losses by Interfaces Reflectivity at
absorption (%) interfaces (%)

Ag 86.2 Air/Ag 96.38
PMMA 7.7 Ag/PMMA 95.61
Bragg mirror PMMA/MAPB 5.43
Lens Bragg mirror 34.1
Si02/MAPB 6.24

Lens (2 interfaces) 4

Table B1: Losses of the pumpinglaser by the layers absorptions and the reflections at the interfaces

The waist of the pump laser was measured to be 50 pm when focused with a 5 cm
lens. However, the size of the pump spot has not been measured when focused with the
0.6 and 0.9 NA objectives. This prevents to precisely calculate the thresholds in fluence.
The laser spot size for the 0.9 NA objective will be considered to be 0.5 pm, around the
diffraction limit, and for the 0.6 NA objective 1 pm in order to have orders of magnitude

of the fluences.



C. ADDITIONNAL DATA FOR THE ARPL MAPS IN CHAPTER 5

C Additionnal data for the ARPL maps in Chapter 5

This appendix gives additional data of the positions studied on the MAPB/PMMA sample
and the 3A/2 MAPB-based microcavity with the Fourier spectroscopy set-up in figure 5.6
and figure 5.12 a), b), c), and d).

C.1 Position RL2 in figure 5.6
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Figure C1: Angle-resolved photoluminescence maps of the position RL2 on the MAPB/PMMA

sample at different pumping powers (from 0.3 to 6.0 P;;,). The pseudo-colour maps are in linear
scale.
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Figure C2: Angle-integrated PL of the position RL2 on the MAPB/PMMA. a) Angle-integrated PL
spectra at different pumping powers. b) Pseudo-colour map (in linear scale) of the normalized
Angle-integrated PL spectra as a function of P/P;,. c¢) Curve of the integrated PL intensity as a
function of the pumping power.
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C.2 Position 1 in figure 5.12 a)
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Figure C3: Angle-resolved photoluminescence maps of the position 1 on the 3A/2 MAPB-based
microcavity at different pumping powers (from 0.1 to 15.4 P;;). The pseudo-colour maps are in
linear scale. On top of each ARPL map are plotted the fitted polariton dispersions (in black) along
with the uncoupled excitonic energy (in green) and photonic modes (in red).
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Figure C4: Angle-integrated PL of the position 1 on the 3A/2 MAPB-based microcavity. a) Angle-
integrated PL spectra at different pumping powers. b) Pseudo-colour map (in linear scale) of the
normalized Angle-integrated PL spectra as a function of P/P;j,. c¢) Curve of the integrated PL in-

tensity as a function of the pumping power.
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C.3 Position 2 in figure 5.12 b)
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Figure C5: Angle-resolved photoluminescence maps of the position 2 on the 3A/2 MAPB-based
microcavity at different pumping powers (from 0.1 to 15.4 P;;). The pseudo-colour maps are in
linear scale. On top of each ARPL map are plotted the fitted polariton dispersions (in black) along

with the uncoupled excitonic energy (in green) and photonic modes (in red).
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Figure C6: Angle-integrated PL of the position 2 on the 3A/2 MAPB-based microcavity. a) Angle-
integrated PL spectra at different pumping powers. b) Pseudo-colour map (in linear scale) of the
normalized Angle-integrated PL spectra as a function of P/P,. c) Curve of the integrated PL in-

tensity as a function of the pumping power.
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C.4 Position 3 in figure 5.12 ¢)
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Figure C7: Angle-resolved photoluminescence maps of the position 2 on the 3A/2 MAPB-based
microcavity at different pumping powers (from 0.1 to 15.4 P;j;). The pseudo-colour maps are in
linear scale. On top of each ARPL map are plotted the fitted polariton dispersions (in black) along
with the uncoupled excitonic energy (in green) and photonic modes (in red).
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Figure C8: Angle-integrated PL of the position 3 on the 3A/2 MAPB-based microcavity. a) Angle-
integrated PL spectra at different pumping powers. b) Pseudo-colour map (in linear scale) of the
normalized Angle-integrated PL spectra as a function of P/P,. c) Curve of the integrated PL in-
tensity as a function of the pumping power.
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C.5 Position 4 in figure 5.12 d)
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Figure C9: Angle-resolved photoluminescence maps of the position 2 on the 3A/2 MAPB-based
microcavity at different pumping powers (from 0.1 to 15.4 P;;). The pseudo-colour maps are in
linear scale. On top of each ARPL map are plotted the fitted polariton dispersions (in black) along
with the uncoupled excitonic energy (in green) and photonic modes (in red).
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Figure C10: Angle-integrated PL of the position 4 on the 3A/2 MAPB-based microcavity. a) Angle-
integrated PL spectra at different pumping powers. b) Pseudo-colour map (in linear scale) of the
normalized Angle-integrated PL spectra as a function of P/P,. c) Curve of the integrated PL in-
tensity as a function of the pumping power.
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D Fit with the two-level system of the ARPL maps in Chap-
ter 5

This appendix shows the fitting method of the lower polariton dispersion curves of the
four position in figures 5.12 a-i), b-i), c-i) and d-i). The experimental dispersion curves
are obtained by fitting slices of the photoluminescence maps (between -20 ° and 20 °)
with a Lorentzian function. The Lorentzian centres are reported in energy/angle diagrams
shown in figure D1. The collected dispersions curves are then fitted to the two-level model
using the parameters found in figure 4.5 a) of Chapter 4 (n,rf=1.75, Ex = 2.355 eV, g=48.7
meV, yx=90 meV and Y,;,=25 meV) and with the detuning, 9, as the only free parameter.
a) b) <) d)

24 6= -107.0 meV 6= -96.8 meV 6= -75.0 meV 6= -34.0 meV
8 A

Energy (eV)

P =0.1 Pth P =0.2 Pth P=0.1 Pth P =0.2 Pth

22

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40

Angle (°) Angle (°) Angle (°) Angle (°)
Figure D1: a) to d) Fitting of the lower polariton dispersion curves of the four positions in figures
5.12 a-i), b-i), c-i) and d-i), respectively. The grey dots represent the experimental data from the
Lorentzian fits of the slices at different angles. The fitted polariton dispersions are plotted in black,

the uncoupled excitonic energy in green and the uncoupled photonic mode in red.
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E Slices at given angles and energies of the ARPL maps in

Chapter 5

This appendix shows the slices taken at given angles and at given energies of the ARPL
maps in figures 5.12 a-ii), b-ii), c-ii), and d-ii). In figure E1, the ARPL maps are reproduced
in the row (i), the slices taken at given angles (vertical slices) are shown in the row (ii), and
the slices taken at given energies (horizontal slices) are shown in the row (iii). The vertical
slices of the row (ii) helps to better discern the lasing peaks. The fitting of the horizontal
slices in row (III) with Lorentzian and Gaussian functions permits to obtain the values of

the lasing peaks angles and divergences.

a) Position 1 b) Position 2 C) Position 3 d) Position 4

6=-107 meV 6=-96.8 meV 6=-75meV 6=-34 meV
-_—
——

— X

3 ©

5 =

[

: 3
Q)
©
wn

v -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
Angle (°) Angle (°) Angle (°) Angle (°)
Slice at 22.22° Slice at 17.17° Slice at -18.08° Slice at -7° —
-_—
v ——P=0.1P, ——P=0.2P Ty —P=0.2P -
th v th th
\ _P:1'4P‘h gl

2 >

< o

£ —

5 )

c

s 28

o —_
(@)
D
wn

225 23 235 25 23 235 25 23 235 25 23 235
Energy (eV) Energy (eV) Energy (eV) Energy (eV)
Slice at 2.282 eV Slice at 2.282 eV Slice at 2.280 eV Slice at 2.282 eV p—
. =:
-—
—

= m

& >

2 1]

g -]

g oQ

c

z =
(%)
(@)
D

-40 -20 0 20 40 v
Angle (°) Angle (°)

Figure E1: a) to d) Slices at given angles and given energies of the ARPL maps in figures 5.12 a-
i), b-ii), c-ii), and d-ii), respectively. The row (i) shows the ARPL maps with the fitted polariton
dispersions plotted in black the uncoupled excitonic energy and photonic modes in green and red
respectively. The pseudo-colour maps are in linear scale. The row (ii) shows the slices of the ARPL
maps for given angles. The row (iii) shows the slices of the ARPL maps for given energies fitted

with Lorentzian and Gaussian functions.



E ESTIMATION OF THE POLARITON PROPAGATION LENGTH

F Estimation of the polariton propagation length

The polariton propagation length is given by :

L=uvip x tp, (F1)

where f1p is the polariton lifetime and vyp is the polariton velocity.

The polariton lifetime can be considered to be close to the photonic mode lifetime
Ipn = hQ/2Eq, where h is the reduced Planck constant, Eq the photonic mode energy at
normal incidence, and Q the quality factor. In our case, Q =92 and E, = 2.248, 2.258, and
2.28 eV for the figures 5.12 a), b) and c), respectively. The polariton lifetime is estimated
tobe t1p =~ 13 fs.

The polariton velocity is given by:

vp = (M x kprop)/mLPy (F2)

where kj;,p is the wavenumber of the propagated polariton condensate [55], and myp is

the lower polariton effective mass.

The propagated polariton condensate wavenumber, ky;op, is related to the polari-
ton condensate energy, Eggc, and emission angle, Ogec as kprop = (Epgc/ch) sin(Opgc).
In our case, Eggc and Oggc are the lasing emission energy and angle: E; 45, =~ 2.28 €V and
O1asing=22.4°,18.2° and 15.8° for the figures 5.12 a), b) and c), respectively.

The polariton effective mass, myp, is related to the curvature of the lower polariton
branch at k;; = 0. It can be obtained by fitting the lower polariton dispersion at low k;,
with a parabola (E, = Eg + Ck/zl). The polariton effective mass, myp, is retrieved with
myp = h%/(2 x C), where C is the coefficient of the parabola. The lower polariton effective
mass is found respectively to be 8.3, 8.4 and 8.9 eV.ps®.um 2

a),b)andc).

in the case of the figures 5.12

The polariton propagation lengths of 470 nm, 377 nm, and 309 nm are found respec-

tively for the figures 5.12 a), b) and c).
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Résumé de la these

Depuis 2012, les pérovskites hybrides halogénées de type CH3;NH3;PbX; (X = I, Br ou Cl)
sont apparues comme tres prometteuses non seulement dans le domaine du photovol-
taique mais aussi pour les dispositifs émetteurs de lumiere comme les diodes électrolu-
minescentes (LEDs) et les lasers. L'un des avantages cruciaux de ces matériaux semicon-
ducteurs est leur méthode de déposition a basse température et en solution. L'ajustement
de la longueur d’onde d’émission des pérovskites dans tout le spectre visible par de sim-
ples substitutions chimiques dand la partie halogénée est un autre atout. En particulier,
les pérovskites halogénées montrent une grande efficacité de luminescence dans le vert
et pourraient répondre au probléme du « green gap » dans les sources laser (le « green
gap » fait référence a la faible efficacité des diodes électroluminescente et diodes laser a

semi-conducteurs dans le vert).

Par ailleurs, les polaritons excitoniques de cavité suscitent un vif intérét dans la re-
cherche car permettant 1’élaboration de lasers polaritoniques a trés bas seuil. Les po-
laritons excitoniques de cavité sont des quasiparticules, mi-lumiére mi-matiere, résul-
tant du régime de couplage fort entre un mode photonique dans une microcavité et les
excitons d'un semiconducteur, paires électron-trou liées par I'interaction de Coulomb.
D’intrigantes propriétés physiques proviennent de la nature hybride des polaritons exci-
toniques et I'une d’entre elles est la condensation de Bose-Einstein des polaritons exci-
toniques. La condensation de polaritons dans une microcavité entraine I’émission d’'une
lumieére cohérente amplifiée et est par conséquent également appelée laser polaritonique.
Ce mécanisme particulier permet d’atteindre des seuils lasers de deux ordres de grandeur

inférieurs a ceux des lasers habituels.

Ce manuscript s'inscrit dans les contextes des pérovskites halogénées, du probleme
du « green gap » pour les LEDS et les diodes lasers, et des polaritons excitoniques de cav-
ités. Il présente I'étude de microcavités contenant la pérovskite bromée CH;NH3;PbBr;
émettant dans le vert dans la perspective de réaliser des microlasers.

Le chapitre 1 présente dans un premier temps les concepts physiques des régimes
de couplage faible et fort et les différences entre les lasers conventionnels et les lasers
polaritoniques. La deuxiéme partie du chapitre concerne I'état de I'art des pérovskites
halogénées dans les domaines des lasers conventionnels, des polaritons excitoniques et

des lasers polaritoniques.



RESUME DE LA THESE

Le chapitre 2 présente les méthodes expérimentales utilisées au cours de la these :
méthodes de dépot de la pérovskite, caractérisations du matériau, montages optiques tels
que spectroscopie de photoluminescence (PL) et spectroscopie de Fourier permettant de

réaliser des mesures de réflectivité et de photoluminescence résolues en angle.

Le chapitre 3 détaille la conception, la réalisation et les mesures de caractérisation
de la microcavité a base de CH;NH3PbBr;. Une microcavité de grande surface a base de

CH;3NH3PbBrj; est ensuite fabriquée et sa rugosité est étudiée.

Dans le chapitre 4, le régime de couplage fort de la microcavité a base de CH;NH3;PbBr3
est démontré par des mesures de réflectivité et de photoluminescence résolues en angle.
Dans ce chapitre, la microcavité est pompée a de faibles densités. Ce résultat constitue
la premiere observation du régime de couplage fort contenant une couche de pérovskite
3D déposée par spin-coating. De plus, le régime de couplage fort est obtenu avec un mi-
lieu a gain de grande surface, a faible cotit de production et avec de bonnes propriétés de
transport de charge, ce qui est intéressant pour réaliser des dispositifs polaritoniques.

Dans le chapitre 5, 'action laser de la microcavité a base de CH;NH3PbBr; est étudiée.
Une émission de laser aléatoire (« Random lasing » en anglais) dans le vert, filtrée direc-
tionnellement par la courbe de dispersion des polaritons de basses énergies, est démon-
trée. L'angle d’émission peut étre controlé en modifiant le désaccord de la microcavité,
c’est-a-dire la différence entre I'énergie du mode photonique de la cavité et I'énergie de
I'exciton de la pérovskite. En plus de son intérét fondamental, le systeme étudié dans
cette these, permettant le contrdle de I’angle de I'émission du laser aléatoire jusqu’a de
grandes valeurs d’angle, présente un intérét pour certaines applications optoélectron-

iques, de type LIDAR notamment.
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Résumé :

Depuis 2012, les pérovskites hybrides halogénées
de type CH3NH3PbX; (X = I, Br ou Cl) sont appa-
rues comme trés prometteuses non seulement dans
le domaine du photovoltaique mais aussi pour les
dispositifs émetteurs de lumiere comme les diodes
électroluminescentes et les lasers. Lun des avan-
tages cruciaux de ces matériaux semiconducteurs
est leur méthode de déposition a basse température
et en solution. Le réglage de la longueur d’onde
d’émission des pérovskites dans tout le spectre vi-
sible par de simples substitutions chimiques dans
la partie halogénée est un autre atout. En particu-
lier, les pérovskites halogénées montrent une grande
efficacité de luminescence dans le vert et pour-
raient répondre au probleme du "green gap” dans les
sources laser (le "green gap” fait référence a la baisse
d’efficacité des diodes électroluminescente et diodes
laser a semi-conducteurs émettant dans le vert).

Le travail de doctorat mené ici a porté sur la
réalisation d’un laser pompé optiquement a base de
la pérovskite hybride CH3NH3;PbBr; émettant dans le

vert. La structure réalisée consiste en une microca-
vité verticale a base d’'une couche mince de 100 na-
nomeétres de CH3NH;PbBr; déposé par “spin-coating”
(dépbt par enduction centrifuge), insérée entre un mi-
roir diélectrique et un miroir métallique. Nous avons
démontré, a température ambiante, le régime de cou-
plage fort entre le mode photonique de la microca-
vité et I'exciton de la pérovskite. Ce régime de cou-
plage fort conduit a la création de quasi-particules ap-
pelées les polaritons excitoniques, qui sont une su-
perposition cohérente d’'états photonique et excito-
nigue. En augmentant la puissance injectée optique-
ment, nous avons obtenu un effet laser dans cette mi-
crocavité. Létude des propriétés d’émission de ce la-
ser met en évidence que nous avons réalisé un la-
ser aléatoire, émettant dans le vert, filtré directionnel-
lement par la courbe de dispersion du polariton de
basse énergie. Ce filtrage par la courbe de dispersion
du polariton permet le contréle de la directionnalité
de I'émission laser sur une grande gamme d’angles
: des angles aussi grands que 22° ont été obtenus
expérimentalement.

Title : Hybrid halide perovskite-based microcavity lasers
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Abstract :

Since 2012, the hybrid halide perovskites of
CH3NH3PbX3 (X = I, Br or Cl) type have emerged as
very promising not only in the field of photovoltaics but
also for light-emitting devices such as light-emitting
diodes and lasers. One of the crucial advantages of
these semiconductor materials is their low tempera-
ture and solution deposition method. The tuning of
the perovskites emission wavelength throughout the
visible spectrum by simple chemistry substitutions in
the halogenated part is another asset. In particular,
the halide perovskites show a high luminescence effi-
ciency in the green and could address the "green gap”
problem in laser sources (the "green gap” refers to
the drop in efficiency of light-emitting diodes and la-
ser diodes emitting in the green).

The thesis work carried out here is focused on the de-
velopment of an optically pumped laser based on the
hybrid halide perovskite CH3NH3;PbBr; emitting in the

green. The structure consists of a vertical microcavity
based on a 100-nanometre thin film of CH3NH3;PbBr;
deposited by spin-coating, inserted between a dielec-
tric mirror and a metal mirror. We have demonstra-
ted, at room temperature, the strong coupling regime
between the microcavity photonic mode and the ex-
citon of the perovskite. This strong coupling regime
leads to the creation of quasi-particles called exciton-
polaritons, which are a coherent superposition of pho-
tonic and excitonic states. By increasing the optically
injected power, we obtained a laser effect in this mi-
crocavity. The study of the emission properties of this
laser shows that we have produced a random laser,
emitting in the green, filtered directionally by the dis-
persion curve of the lower polariton. This filtering by
the polariton dispersion curve allows the directiona-
lity of the laser emission to be controlled over a wide
range of angles: angles as large as 22° were obtained
experimentally.
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