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Abstract

Materials with perovskite lattices have caught the attention of a large
community of researchers worldwide. Their importance arises from their
distinctive mechanical and electrical characteristics, which include pyro-
electricity and piezoelectricity, dielectric and superconducting properties,
significant nonlinear coefficients, and potential electro-optic effects. As a
result, this material family is a good candidate for a wide range of appli-
cations. Due to all of the various crystallographic variations and chemi-
cal diversity, despite the relative simplicity of its crystal structure, ABXj,
the perovskite lattice encompasses a huge number of compounds, where
A is an inorganic or organic bulky cation, B is a metal cation and X the
halide anion. Currently, metal halide perovskites with the same crystal
structure as that of ABXj3, have become limelight in the field of optoelec-
tronics and photonics. Within context, all inorganic CsPbXj3 (with X =
Cl, Br, I) perovskite nanocrystals (PNCs) have more recently emerged as
outstanding materials with remarkable optical characteristics, such as high
absorption efficiency, a quantum yield of emission exceeding 90% at ambi-
ent temperature, an adjustable bandgap based on size and shape tuning,
and high nonlinear optical coefficients. This low-cost substitutes, based on

(nano)materials synthesized using colloidal chemistry methods enable semi-

XIII



conductors to have configurable optical properties that can be engineered
during the synthesis. Furthermore, their colloidal nature allows for easy in-
tegration into any optical architecture using coating or printing procedures.
Another outstanding point of the CsPbX3 PNCs is the ability to tune their
bandgap and, as a result, their light emission spectrum by changing the
composition of the halide anion (X): their peak wavelength is observed at
around 400 nm (near UV), 510 nm (green), and 680 nm (deep red) for X
= Cl, Br, and I, respectively, in addition to the Cl,Br,I;_,_, combinations
with 0<x, y<1. Moreover, light emission of these PNCs in the form of films
is characterized by high color purity, with Photoluminescence (PL) Full
Width at Half Maximum (FWHM) as low as 20 nm for CsPbBr; (green
emission) and less than 15 nm for those of CsPbCl3 (emission in blue vio-
let). Additionally, two-dimensional (2D) van der Waals nanomaterials have
attracted considerable attention for potential use in photonic and optoelec-
tronic applications in the nanoscale, due to their outstanding electrical and
optical properties, differing from their bulk state. Currently, 2D perovskites
belonging to this group of nanomaterials are widely studied for a wide range
of optoelectronic applications. The crystal lattice in 2D perovskites is com-
posed of an inorganic octahedral layer sandwiched by long organic cations,
resulting in 2D quantum well structures. The general chemical formula
for 2D perovskites is RoA, 1B, X3,.1, where Ry is a long organic cation
(phenethylammonium, butylammonium, ethylammonium, ...), A is a tiny
organic cation (methylammonium (MA), formamidinium (FA), ...), B is a
metal inorganic cation (e.g., lead, tin, and so on), and X is a halide in-
organic anion (i.e., chloride, bromide, or iodide). 2D perovskites due to
their excitonic properties are also promising materials for photonics and

nonlinear devices working at room temperature. Nevertheless, strong exci-
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tonic effects can reduce the photocurrent characteristics when using thinner
perovskites phases. Lead and other hazardous heavy metals, on the other
hand, are common in perovskites. As a consequence, lead-free perovskites
were developed as a low-cost, non-toxic, earth-abundant material for the
next generation of optoelectronic applications. However, recent research
has revealed that lead free perovskites have poor ferroelectric properties,

which may limit their applications.

In light of these concerns, the purpose of this Ph.D. thesis is to fully indi-
cate the significance of perovskite materials as active materials for quantum
photonics, from both fundamentally and an application standpoint. All
physical mechanisms responsible for spontaneous emission in PNCs must
be explored for the first research objective within that goal. Single PNC
samples will be examined first as fundamental building blocks for quantum
light sources, from which more complex architectures can be built. Control-
ling emitted light in single nanocrystals (NCs) and fully characterizing its
dependence on excitation fluency, capping ligands and passivation to have
a stable emission, and determining the decay time of these single NCs are
all important steps to this objective. Once the ideal conditions for PNCs
are developed, they can be used as quantum light sources, with the quality
of the light being evaluated the second order photon correlation function.
The next landmark will be to investigate two-dimensional (2D) perovskite,
a type of 2D van der Waals nanomaterial, for its potential use in photonic
and optoelectronic applications at the nanoscale. Optimizing the conditions
for mechanical exfoliation of bulk crystals of two different phases of 2D per-
ovskites with the lowest quantum well thickness of n=1 and n=2 to achieve
sufficiently thin 2D nanoflakes is an important step towards achieving this

goal. Once the optimal conditions for these two different phases of 2D per-
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ovskites with n=1 and n=2 are established, their optical properties can be
investigated at low temperatures using a confocal micro-Photoluminescence
(u-PL) spectroscopy system. The final objective is focused on the incorpo-
ration of perovskite materials in an open access fiber-based microcavity.
The cavity specific geometry provides strong optical confinement of the
modes. The open style of the fiber cavity allows for independent move-
ment of the fiber mirror, allowing for in-situ tuning of the cavity resonance,
and typically over a wider spectral range, which this tuning is not possi-
ble in monolithic microcavity. As a result, controlling the various parts of
this cavity setup, such as glue the fiber mirror to a fiber holder, mounting
piezoelectric motors, and so on, as well as properly understanding the pos-
sible light-matter interactions and Light mode coupling based on numerical
models, is a significant step toward achieving this objective. The final step
will be to deposit different perovskite materials (for example, the aforemen-
tioned PNCs) in the microcavity to investigate light-mater interaction and
Light mode coupling. In light of the above-written results, this Ph.D. thesis
suggests that perovskite materials are promising candidates for opening the

way for a new generation of quantum light sources and their applications.
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Resumen en castellano

Los materiales con estructura de tipo Perovskita han atraido la atencién
de una amplia comunidad de investigadores en todo el mundo. Su importan-
cia radica en sus particulares caracteristicas mecanicas y eléctricas, como la
piroelectricidad y la piezoelectricidad, sus interesantes propiedades dieléctri-
cas y superconductoras, o la aparicion de grandes coeficientes no lineales que
dan lugar a interesantes efectos electrodpticos. Como resultado, esta fami-
lia de materiales es una destacada candidata para desarrollar una amplia
gama de aplicaciones en el campo de los dispositivos optoelectronicos. A
pesar de la relativa simplicidad de su estructura cristalina los materiales
del tipo perovskita incluyen una enorme variedad de compuestos, debido
a todas las posibles variaciones cristalogréaficas y a su diversidad quimica.
Actualmente, los haluros metalicos de perovskita del tipo ABXj3, han co-
brado protagonismo en los campos de la optoelectronica y la foténica. A
es un catién voluminoso inorganico u organico, B es un catién metélico co-
mo Pb?T 0 Sn?* y X el anién haluro. Particularmente, los nanocristales de
perovskita (PNC) inorganicos CsPbX3 (con X = Cl, Br, I) son materiales
excepcionales que presentan propiedades 6pticas de alto interés, como una
alta eficiencia de absorcién, un rendimiento cuantico de emisién superior al
90 % a temperatura ambiente, una banda prohibida sintonizable en funcién

del tamano y la forma de los nanocristales, o altos coeficientes 6pticos no
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lineales. Esta alternativa de bajo coste, basada en la ingenieria de nano-
materiales sintetizados mediante técnicas de quimica coloidal, permite que
los semiconductores tengan propiedades opticas configurables que pueden
disenarse durante la sintesis. Ademas, su naturaleza coloidal permite in-
tegrarlos facilmente en cualquier arquitectura éptica mediante técnicas de
recubrimiento o impresién. Otro punto destacable de los PNCs CsPbX3 es
la sintonizacion de su banda prohibida, y por consiguiente de su espectro de
emisién de luz, modificando la composicién del anién haluro (X): su longitud
de onda pico se observa en torno a 400 nm (UV cercano), 510 nm (verde) y
680 nm (rojo intenso) para X = Cl, Br e I, respectivamente, ademads de las
combinaciones Cl,BryI;_,_, con 0 < z, y < 1. La emisién de luz de estos
PNC se caracteriza por una gran pureza de color, con una anchura de la PL
(FWHM) de escasos 20 nm para los de CsPbBrs (emisién en verde) y me-
nos de 15 nm para los de CsPbCl; (emisién en azul violeta) a temperatura

ambiente.

Por otra parte, los nanomateriales van der Waals bidimensionales (2D)
reciben una gran atencién por su capacidad de integracién en aplicaciones
foténicas y optoelectréonicas que requieren nanoestructuraciéon. Sus extra-
ordinarias propiedades eléctricas y Opticas, difieren de las propiedades de
los mismos materiales masivos. En la actualidad, las perovskitas bidimen-
sionales (2D) pertenecientes a este grupo de nanomateriales se estudian
ampliamente para ser incluidas como emisores épticos en una amplia gama
de aplicaciones optoelectronicas. La red cristalina de las perovskitas 2D se
compone de una capa octaédrica inorganica intercalada por largos cationes
organicos, lo que da lugar a estructuras de pozo cuantico 2D. La férmula
quimica general de las perovskitas 2D es RoA,,_1B,X3,,11, donde Ry es un

catién orgénico largo (fenetilamonio, butilamonio, etilamonio, ...), A es un

XVIII



Setatira Gorji

catién organico diminuto (metilamonio (MA), formamidinio (FA), ...), B es
un catién inorgénico metélico (por ejemplo, plomo, estano, etc.), y X es
un anién inorgdnico haluro (por ejemplo, cloruro, bromuro o yoduro). Las
perovskitas 2D, debido a sus propiedades exciténicas, también son mate-
riales muy interesantes para las aplicaciones en fotonica y dispositivos no
lineales operados a temperatura ambiente. Sin embargo, los fuertes efectos
exciténicos pueden reducir las caracteristicas de la fotocorriente cuando se
utilizan fases de perovskitas mas delgadas.

Por 1ltimo, conviene senalar que el plomo y otros metales pesados peli-
grosos son habituales en las perovskitas. Por ello, las perovskitas sin plomo
vienen desarrollamdose como un material de bajo coste, no téxico y de alta
abundancia que puede ser clave para la proxima generacion de aplicaciones
optoelectronicas. Sin embargo, investigaciones recientes revelan que este ti-
po de perovskita no-toxica posee problemas tanto desde el punto de vista
de su estabilidad, como del posible detrimento de sus altas prestaciones,
como sucede con la reduccién de la ferroelectricidad, lo que puede limitar

el desarrollo de aplicaciones y dispositivos.

0.1 Objetivos:

A la luz de estas consideraciones, el objetivo general de esta tesis doctoral
es estudiar y analizar la importancia de los materiales de perovskita como
medios activos para la fotonica y la optoelectrénica, y mas particularmente
para su inclusién en las tecnologias cuantica, tanto desde un punto de vista
fundamental como de aplicacién. Para ello, se utilizan las extraordinarias
propiedades 6pticas de las perovskitas 2D y los NCs de perovskita de haluro
de plomo (LHPs) para analizar diferentes funcionalidades, como la emisién

de fotones uno a uno, la emisién éptica discreta de pares aceptor-dador o
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la interaccion de la emisién de perovskitas 2D con resonadores y cavidades
opticas. De este modo, podemos dividir los objetivos principales en tres

secundarios:

En primer lugar, hemos analizado distintos mecanismos fisicos respon-
sables de la emisién espontéanea en las PNC. Se han examinado muestras
PNC de perovskita aisladas, como materiales fundamentales para disenar
fuentes de luz cuantica, a partir de los cuales se pueden construir arquitec-
turas més complejas. El control de la luz emitida en PNCs aisladas y la
caracterizacion completa de su dependencia con los parametros de excita-
cién Optica, los ligandos de recubrimiento y la pasivacion para tener una
emision estable, como la medida de los tiempos de vida de las transiciones
Oticas presentes en estas PNCs aisladas, son pasos importantes hacia este
objetivo. Una vez establecidas las condiciones 6ptimas que ofrecen la mejor
estabilidad y calidad éptica, estas nanoestructuras semiconductoras podran
utilizarse como fuentes de luz cudntica, evaludndose la calidad de la luz

mediante una funcién de correlacion de fotones de segundo orden.

El segundo hito propuesto en esta tesis consiste en investigar la emision
de perovskitas bidimensional (2D), un tipo de nanomaterial van der Waals
2D. Este anélisis esta motivado por su posible uso en aplicaciones fotonicas
y optoelectrénicas en la nanoescala. Un paso importante en la consecucion
de este objetivo es la optimizacion de las condiciones para la exfoliacion
mecanica de cristales masivos pertenecientes a distintas fases de perovski-
tas 2D, clasificadas en funcién del grosor de pozo cudntico inorganico. Una
vez establecidas las condiciones Optimas para estas dos fases diferentes de
perovskitas 2D con n=1 y n=2, se pueden investigar sus propiedades 6pti-
cas a bajas temperaturas utilizando un sistema de espectroscopia confocal

micro-PL.
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Como tercer objetivo se propone la incorporacién de materiales de pe-
rovskita en microcavidades de acceso abierto disenadas en fibra 6ptica. La
geometria especifica de las cavidades proporciona un fuerte confinamiento
optico de los modos. El acceso abierto a la cavidad de fibra éptica permite
el movimiento independiente y relativo entre los espejos que forman la ca-
vidad, lo que permite el ajuste in-situ de la resonancia de la cavidad sin la
reduccion en el acoplamiento que se observa en las alternativas de cavidades
monoliticas. Tipicamente, el rango espectral de la cavidad es mas amplio.
En consecuencia, el control de las distintas partes 6pticas y mecénicas que
forman y caracterizan estas cavidades, asi como la comprension adecuada
de las posibles acoplamiento de modos de luz y luz-materia interacciones
a partir de modelos y simulaciones numeéricas, son pasos destacados hacia
la consecucion de este tercer objetivo particular. Finalmente, los resulta-
dos de los analisis numéricos se contrastaran con medidas experimentales
del acoplamiento luz-materia entre los modos de la cavidad y la emision de

distintos materiales de Perovskitas.

0.2 Metodologia:

Método de inyeccién en caliente para la sintesis de na-

nocristales:

Se sintetizaron NCs de perovskita de haluro de plomo (LHP) siguiendo el
método de inyeccién en caliente cominmente utilizado para preparar NCs
de compuestos semiconductores [I-VI, IV- VI, y ITI-V. Se obtuvieron nano-
cubos (NC) coloidales de CsPbX3 (X = Cl, Br, I) con un PLQY cercano
al 90 % a temperatura ambiente y una amplia gama de colores para ser

utilizados como materiales activos. En resumen, el método de inyeccién
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en caliente consiste en la inyeccion de precursores de calcogenuros (S, Se,
Bis(trimetilsilil)sulfuro, etc.), precursores metalicos (haluros metélicos, en
el caso de los PNC) y ligandos especificos de alto poder de coordinacién
(oleilamina, acido oleico, trioctilfosfina, zwitteriénico, etc.) en otra solucién
de coordinacién caliente con precursores metalorganicos en un disolvente
de alto punto de ebullicién (octadeceno). Los matraces se mantienen bajo
una atmosfera inerte de Ny y a una temperatura relativamente baja, infe-
rior a 200 - 300 °C. Una vez inyectados los precursores, se inicia la reaccion
quimica y se generan las primeras moléculas de mondémero. Segin el mode-
lo clasico de LaMer, la concentracién de mondémeros se sobresaturara con
el tiempo, dando lugar a la formacion de centros de nucleacién. Las semi-
llas formadas seguiran aumentando en nimero mientras que la poblacién
de mondémeros disponibles disminuye constantemente hasta que se alcanza
un punto critico. En este punto, casi no se produce nucleacién debido a la
baja concentracién de monémeros. Una vez formados los ntcleos, actuaran
como semilla para el crecimiento de los cristales; se formaran nanocrista-
les mas grandes por coalescencia de los ya existentes, tal y como describe
un proceso conocido como maduracién de Ostwald. Dado que los procesos
de nucleacion de las semillas y de crecimiento cristalino estan acoplados,
ambas etapas desempenan un papel a la hora de decidir el tamano medio
final y la distribucién de tamanos de las NC. Existen muchas estrategias
para controlar el proceso de crecimiento y la distribucién del tamano de
los nanocristales. Los parametros mas importantes son la temperatura de
reaccion, el tiempo de reaccion, la concentracion de precursores y la con-
centracién de disolventes de coordinacion. Durante las etapas finales de la
sintesis de NCs, las NCs resultantes se recubren con una capa de moléculas

tensioactivas (ligandos) que proporcionan estabilidad coloidal y pasivan los
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defectos superficiales. Sin embargo, la solucién de NC sintetizada también
contiene disolvente de alto punto de ebullicién, subproductos de la reaccién,
precursores que no han reaccionado y ligandos. Asi pues, la soluciéon bruta
debe purificarse con una estrategia de disolventes polares/no polares para
eliminar los residuos quimicos y mejorar la distribucién final de tamanos
y las propiedades reolégicas generales de la solucién final. Normalmente, el
disolvente de alto punto de ebulliciéon se sustituye por disolventes de bajo
peso molecular, como el n-hexano o el tolueno. La solucion coloidal final de

NC, lista para el colado de la pelicula, suele denominarse nanotinta.

CsPbX; (X=Br, I) Nanocristales con Oleilamina, ligan-

dos de acido oleico:

Las CsPbX3 PNCs se sintetizaron siguiendo el método de inyeccion en ca-
liente con algunas modificaciones. Todos los reactivos se utilizaron tal co-
mo se recibieron, sin ningiin proceso de purificacion adicional. Después de
preparar la solucién de Cs-oleato, se anadieron 0,41 g de Csy COj3 (Sigma-
Aldrich, 99,9%), 1,25 mL de 4cido oleico (OA, Sigma-Aldrich, 90 %) y 20
mL de l-octadeceno (1-ODE, Sigma-Aldrich, 90 %) en un matraz de tres
bocas de 50 mL a 120 °C en vacio durante 1 h bajo agitacion constante.
Después, la mezcla se purgd con Ny y se calenté a 150 °C, disolviendo com-
pletamente el Csy COs3. La solucién se almacend bajo No, manteniendo la
temperatura a 100 °C para evitar la oxidacién del Cs-oleato.

Para la sintesis de CsPbBr3, y CsPbls NPs, se mezclaron 0,69 g de
PbBry (ABCR, 99,999 %), 0,87 g de Pbly (TCI, 99,99 %), con 50 mL de
1-ODE en un matraz de tres bocas de 100 mL. La mezcla se calenté a
120 °C en vacio durante 1 h con agitaciéon constante. A continuacion, se

anadieron por separado 5 mL de OA y oleilamina (OLA, Sigma-Aldrich,
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98 %) al matraz bajo Ny, y la mezcla se calenté rdapidamente a 170 °C.
Simultaneamente, se anadieron 4 mL de solucién de Cs-oleato a la mezcla
y ésta se sumergié en un bano de hielo durante 5 s para apagar la reaccién.
Para realizar el proceso de aislamiento de las PNCs, las soluciones coloidales
se centrifugaron a 4700 rpm durante 10 min. A continuacion, se separaron
los pellets de NCs tras desechar el sobrenadante y se volvieron a dispersar

en Tolueno para concentrar las PNCs a 50 mg mL .

CsPbBr; Nanocristales con ligandos zwitterionicos:

La sintesis de CsPbBrg PNCs mediante la adicién de ligandos zwitteriéni-
cos se realizé mezclando cantidades estoquiométricas de Cs-oleato, Pb-
oleato, TOP-Br, y sulfobetaina basada en N- dodecil-N,N-dimetil-3-amonio-
1-propanosulfonato (ASC12), con algunas modificaciones. Para preparar la
solucién de Cs-oleato (0,4 M), se mezclaron 1,628 g de Csy CO3 (5 mmol), 5
mL de 4cido oleico (OA, 16 mmol) y 20 mL de 1-octadeceno (1-ODE) en un
matraz de tres bocas bajo vacio al calentar a 120 °C, hasta la finalizacién de
la evolucién del gas. Por otra parte, el Pb- oleato (0,5 M) se preparé mez-
clando 4,61 g de acetato de plomo (II) trihidratado (12 mmol), 7,6 mL de
OA (24 mmol) y 16,4 mL de ODE en un matraz de tres bocas bajo vacio al
calentar a 120 °C, hasta la evaporacion completa del dcido acético y el agua.
Simultdneamente, se preparé la disolucién de TOP-Br; (0,5 M) combinando
6 mL de trioctilfosfina (TOP, 13 mmol) 9,4 mL de tolueno y mesitileno, y
0,6 mL de bromo (11,5 mmol) bajo purga de Ns.

En esta etapa, se mezclaron 5 mL del Pb-oleato preparado (0,0025 mol),
4 mL de Cs-oleato (0,0016 mol), 0,336 g de ASC12 (1 mmol) y 10 mL de
1-ODE en un matraz de tres bocas de 50 mL y se calenté a 120 °C en vacio.

A continuacion, se purgd la reaccion de mezcla con Ny y se aumento la
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temperatura hasta alcanzar 180 °C. Aqui, se inyectaron rapidamente 5 mL
de TOP- Bry (0,0025 mol), y la reaccién se apagd en un bano de hielo. Para
aislar el producto final, las PNC se centrifugaron a 5000 durante 5 min con
60 mL de acetona. Los pellets de PNCs se separaron del sobrenadante, se

redispersaron con tolueno a 50 mgmL™!.

TEA-,Snl, microcristales:

Sintesis de Snl, - Solucion precursora TOP

En este procedimiento tipico, se mezclaron 1 mL de 2-etilhexanoato de
estano (II) y 2 mL de trioctilfosfina (TOP) en un matraz de fondo redondo
de 25 mL y se desgasificaron en vacio bajo agitacion magnética durante 1
hora a temperatura ambiente. Después se cambié la atmoésfera por flujo de
nitrogeno y se inyecté 1 mL de trimetil silil yoduro (TMSI) en una relacién

molar de TMSI/Sn?** = 2.

Sintesis de microplacas TEA>Snl,

En un matraz de fondo redondo de 3 bocas, se desgasificaron 20 mL de
mesitileno y 1 mL de &cido oleico a temperatura ambiente durante 1 hora
en vacio. A continuacion, se inyecto la solucion de Snl, - TOP en el matraz
de reacciéon bajo atmésfera de nitrogeno y se elevd la temperatura a 160
°C. Por tltimo, se inyectaron 0,11 mL de 2-tiofenetilamina (TEA) y, tras
5 segundos, se enfrié la mezcla de reaccion hasta temperatura ambiente.
Por ultimo, se inyectaron 0,11 mL de 2-tiofeneetilamina (TEA) y después
de 5 segundos, la mezcla de reaccién se enfrié en un batnio de hielo hasta
temperatura ambiente. Las microplacas TEA,Snl, se aislaron por centrifu-

gacion y se lavaron con n-hexano tres veces. Las microplacas de TEA;Snl,
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se volvieron a dispersar en 3 mlL de n-octano y se almacenaron en una

guantera.

0.3 Preparaciones de muestras:

Preparacién de NCs aisladas de CsPbX; (X=Br, I) dis-

persas sobre sustratos de SiOs:

Nuestra intencion en este estudio es medir la emision de luz de las CPN
aisladas. Con este objetivo, preparamos muestras dispersadas sobre un sus-
trato. Para la preparacién de las muestras se utilizo una oblea comercial de
Si recubierta con una pelicula de SiO, de 285 nm de espesor, la oblea se lim-
pia secuencialmente con etanol, isopropanol y acetona. A continuacién, la
deposicion de PNCs se llevé a cabo mediante recubrimiento por inmersion
utilizando una suspensién coloidal de PNCs con una concentracién contro-
lada en Tolueno, con el fin de definir una interdistancia de particulas mayor

que nuestra resolucién optica.

Preparacion de muestras de perovskita 2D:

Sintesis de PEA,Pbl, (n=1): Solucién A. Se disolvié polvo de PbO
(1116 mg, 5 mmol) en una mezcla de solucién acuosa de HI al 57% p/p
en peso (5,0 mL, 38 mmol) y H3PO, acuoso al 50 % (0,85 mL, 7,75 mmol)
calentando hasta ebullicion bajo agitacion enérgica durante unos 10 min.
Entonces pudo observarse la formacién de una solucién de color amarillo
brillante. Solucién B. En un vaso de precipitados separado, se neutralizo
CeH;CHyCH,NH; (fenetilamina, PEA) (628 ul, 5 mmol) con HI 57% p/p

(2,5 mL, 19 mmol) en un bano de hielo, obteniéndose una solucién clara de
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color amarillo palido. Si se observa un precipitado sélido o la formacion de
una suspension, se puede calentar ligeramente hasta que se haya disuelto.
Una vez preparadas ambas soluciones, se procede a la adiciéon lenta de la
solucién B a la solucién A. Una adicion rapida podria producir un precipita-
do, que se disolveria posteriormente al calentar la soluciéon combinada hasta
ebullicion. Tras mantener la solucion en ebullicion durante 10 minutos, se
interrumpio la agitacion y se dej6 enfriar a temperatura ambiente. Al alcan-
zar dicha temperatura se produjo la cristalizaciéon de placas rectangulares
de color naranja. El proceso de cristalizacién se complet6 al cabo de 1 hora.
Los cristales se aislaron por filtracién de succiéon y se secaron completamen-
te en un ambiente de presion reducida. Los cristales individuales obtenidos

se lavaron con éter dietilico frio.

Sintesis de PEA;MAPD,I; (n=2): Solucién A. Se disolvié polvo de
PbO (1116 mg, 5 mmol) en una mezcla de solucién acuosa de HI al 57 % p/p
en peso (5,0 mL, 38 mmol) y HsPO, acuoso al 50 % (0,85 mL, 7,75 mmol)
calentando hasta ebullicién bajo agitacion enérgica durante unos 5 min y
formando una solucién amarilla. A continuacién, se anadié muy lentamente
CH3NH3Cl en polvo (169 mg, 2,5 mmol) a la solucién amarilla caliente,
formandose un precipitado negro que se redisolvié rapidamente bajo agita-
cién para conseguir una solucién clara de color amarillo brillante. Solucién
B. En un vaso de precipitados separado, C¢H; CH,CHoNH, (PEA) (880 pl,
7 mmol) se neutralizé con HI 57 % p/p p/p (2,5 mL, 19 mmol) en un bafio
de hielo, obteniéndose una solucion clara de color amarillo pélido. La adi-
cién de la solucion de PEAT a la solucién de Pbl, produjo inicialmente un
precipitado negro, que se disolvié calentando la soluciéon combinada hasta
ebullicién. Tras interrumpir la agitacién, la solucién se enfrié a tempera-

tura ambiente y empezaron a aparecer cristales de color rojo cereza. La

XXVII



precipitacion se considerd completa tras ~1 h. Los cristales se aislaron por
filtracién de succién y se secaron a fondo a presion reducida. El material se

lavé con éter dietilico frio.

0.4 Exfoliacion mecanica:

La exfoliacion mecanica es una de las mejores técnicas para obtener peliculas
finas de hasta una monocapa (ML) de materiales exfoliables. Se trata de
una técnica descendente, basada en la diferencia de fuerza entre los débiles
enlaces van der Waals (vdW) entre capas y los fuertes enlaces covalentes
intracapa en la estructura laminar. En este proceso, un cristal estratificado
masivo recién escindido (perovskita 2D en nuestro caso) se deposita sobre
una cinta scotch o adhesiva y se despega suavemente varias veces de la cinta,
doblandose repetidamente contra si mismo. Debido a los enlaces vdW mas
débiles entre capas, en cada exfoliacién el material pelado separado de la
fuente masiva serd mas delgado, obteniéndose finalmente hasta MLs del
material original. Cuantas mas veces se exfolie el material, las nanohojas
de perovskita 2D obtenidas seran mas delgadas, a costa de perder tamano
lateral de la nanohoja final. No existe una receta para el nimero ideal de
veces o de la presion a aplicar en cada exfoliacion; depende del material
exfoliado. Se utilizé Nitto Tape azul para minimizar la cantidad de restos
de adhesivo en las nanohojas exfoliadas. Por ltimo, una vez exfoliado el
material en la cinta, se realizard la ultima exfoliacién entre la cinta y el
sustrato de destino para transferir o reexfoliar aleatoriamente las nanohojas

de la cinta al sustrato.
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0.5 Preparacion de muestras para microca-

vidades de acceso abierto (CsPbBr; NCs
& TEASnl; microcristales):

El objetivo en este caso es acoplar la emision PL de los materiales de pe-
rovskita a los modos de cavidad. Para lograr este objetivo, depositamos
NCs de CsPbBr3 y microcristales de TEA;Snl, a concentraciones optimi-
zadas sobre el DBR planar, dando lugar a una monocapa uniforme de NCs
y microcristales mas o menos aislados. EI DBR planar se limpia con etanol,
isopropanol y acetona antes de depositar los materiales. A continuacién, uti-
lizando un método de recubrimiento por centrifugacién a 3000 rpm durante
30 segundos, se depositaron materiales de perovskita con una concentracion
optimizada (con una dilucién de tres érdenes de magnitud) sobre el espejo

DBR planar.

0.6 Caracterizacion o6ptica:

Espectroscopia optica y microscopia optica confocal:

Todas las mediciones a baja temperatura se llevaron a cabo utilizando una
configuracion u-PL estandar, con las muestras colocadas en el dedo frio de
un criostato de ciclo cerrado de bajas vibraciones (AttoDRY800 de Attocube
AG). Se utiliz6 un ldser de excitacién de onda continua (pulsada) con una
longitud de onda de A=405 nm (450 nm) para excitar la muestra, para
obtener los espectros de p-PL (trazas de TRPL — Fotoluminiscencia resuelta
en tiempo). El estenope confocal queda definido por el nicleo de fibras

opticas monomodo utilizadas para recoger la emisién 6ptica. La excitacion
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y la deteccion se llevaron a cabo utilizando un objetivo de microscopio 50 X
de larga distancia de trabajo y una apertura numérica de NA = 0,42, que se
coloco fuera del criostato. La reflexion laser de la muestra a se filtré usando
un filtro pasa larga- La senal éptica recogida por la fibra se dirigio a la
entrada de un monocromador doble de 0,3 m de distancia focal (Acton SP-
300i de Princeton Instruments). La senal difractada por las redes de Bragg
se detecté con una cdmara CCD de Si refrigerada (Newton EMCCD de
ANDOR) para registrar los espectros p-PL, y un detector de fotodiodo de
avalancha monofoténico de silicio (de Micro Photon Devices) conectado a
una tarjeta electrénica contaje de fotones para correlacionar coincidencias
en el tiempo (TCCI900 de Edinburgh Instruments) para las medidas p-TRPL

y de correlacién de fotones.

Correlacion de fotones (interferometria Hanbury Brown
y Twiss):

Para medir y clasificar experimentalmente las distribuciones temporales de
fotones, debemos disponer de algin modo de registrar los tiempos de llega-
da de los fotones emitidos. La técnica de interferometria de Hanbury Brown
y Twiss (HBT) es una técnica sencilla y robusta para medir las estadisticas
de fotones mediante el andlisis de coincidencias. Esta técnica emplea un
divisor de haz 50/50 para dividir el flujo de fotones en los dos brazos de
salida del divisor de haz, que se hacen dirigir hacia dos detectores de fotones
(en este caso Fotodiodos de Avalancha, APDs) separados que funcionan en
el modo de recuento de fotones. De esta forma la coincidencia de fotones
se puede medir sin un deadtime relativo entre la medida de cada detector.
La medida de coincidencia se realiza mediante una tarjeta de contaje de

pulsos, o mediante un etiquetado temporal de puslos. Usando una técnica
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de TCSPC (Time Correlated Single Photon Counting), uno de los canales
activa un temporizador, que se detiene con la medida en el segundo ca-
nal. De esta forma se puede medir la coincidencia relativa al tiempo entre
ambos eventos (start y stop). El tiempo de retardo de las coincidencias pro-
porciona un valor relativo temporal, cuya resolucion viene determinada por
la propia respuesta temporal de los detectores APD vy el jitter electrénico,
limitando por tanto la ventana minima de deteccion y la precision tempo-
ral de la medida de coincidencia. En las técnicas de etiquetado temporal
la medida de coincidencia se reconstruye como proceso postmedida. Para
extraer informacion util de esta medicién mediante la funcién de correlacion
de segundo orden g (0), se comparan los recuentos de coincidencias en pa-
ra retraso nulo (At=0) respecto al nivel de coincidencia descorrelacioandas
(i.e., a retrasos muy largos comparados con el tiempo de emisién del sistema

(At — £00)).

Mapa de microfotoluminiscencia (mapa p-PL):

Para desarrollar el mapa de pu-PL utilizamos el software libre Qudi, que es
un conjunto de sistemas generales, modulares y multioperativos escrito en
Python 3 para controlar experimentos de laboratorio. Proporciona un en-
torno estructurado mediante la separacion de la funcionalidad en capas de
abstraccion de hardware, l6gica de experimentos e interfaz de usuario. El
conjunto de caracteristicas basicas comprende una interfaz grafica de usua-
rio, visualizacion de datos en directo, ejecuciéon distribuida en redes, creacion
rapida de prototipos mediante cuadernos Jupyter, gestién de la configura-
cién y registro de datos. La coleccién de la senal de pu-PL se llevé a cabo
utilizando un microscopio confocal de barrido basado en fibra, con las mues-

tras colocadas en un criostato de ciclo cerrado sin vibraciones (AttoDRY800
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de Attocube AG). El rango maximo de barrido de un piezoeléctrico se re-
duce con la temperatura desde 50 pum a temperatura ambiente hasta ~30
pm, a bajas temperaturas (4K). En nuestro estudio, realizar un mapa com-
pleto de p-PL de una muestra es muy ttil antes de comenzar las mediciones
puntuales; por ejemplo, al estudiar el u-PL de NCs de perovskita indivi-
duales, el mapeo ayuda a reconocer cubos individuales aislados. En el caso
de moncapas 2D, también es util para estudiar la emisiéon PL no uniforme

debida a la morfologia de la muestra.

0.7 Conclusion:

Teniendo en cuenta los resultados anteriores, esta tesis doctoral concluye
que los materiales de perovskita son candidatos prometedores para abrir el
camino hacia una nueva generacién de aplicaciones y dispositivos foténicos
y cuanticos. El objetivo principal de esta tesis doctoral se ha centrado en
la incorporaciéon de materiales de perovskita que emiten en las longitudes
de onda visibles en aplicaciones foténicas y cuanticas. En particular, la im-
plementacién de las propiedades épticas destacadas de los NCs LHPs 2D y
coloidales para aportar diferentes funcionalidades, tales como caracteriza-
cion de la emisién de fotones uno a uno, la emision éptica de pares aceptor-
dador discretos, como la interaccién luz-materia y entre modos éticos por
medio del control de cavidades dpticas abiertas, en diversas implementa-
ciones fotdénicas y cuanticas. La mayoria de ellas se estudiaron utilizando
CsPbX3 PNCs, perovskitas 2D y sin plomo y los resultados més importantes

se presentan en los parrafos siguientes:
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Estabilidad 6ptica del nanocristal de perovskita CsPbXj

(X=Br, I) para la emisién de fotén tinico:

En el andlisis de este capitulo hemos utilizado espectroscopia criogénica de
w-PL y p-TRPL para examinar PNCs individuales con dos ligandos de re-
cubrimiento diferentes, deduciendo un ancho de linea homogéneo medio de
las transiciones Opticas excitéonicas en muestras preparadas para ambos ca-
sos. En comparacién con los ligandos OLA/OA tipicos con anchos de linea
medios de ~2,35 meV, los anchos de linea homogéneos de la emision 6ptica
de NCs CsPbBr3 individuales con ligandos ZW muestran un estrechamien-
to significativo, y una mayor estabilidad, reduciendo tanto los efectos de
parpadeo optico y de difusién espectral. El valor medio del ancho de linea
PL de las NCs con los ligandos de ZW, con un valor medio de ~250 peV,
es el valor mas pequeno registrado hasta ahora en la bibliografia para las
NCs de CsPbBr3. Ademas, basandonos en las medidas de u-TRPL, se ob-
servo un tiempo de decaimiento ligeramente mas largo para las NCs simples
de CsPbBr3 con ligandos ZW, lo que las hace mejores candidatas para ser
integradas como fuentes de luz cuantica que las que usan ligandos del tipo
OLA/OA. Sin embargo, en el caso de las NCs de CsPbls, esta estrategia
(utilizar ligandos ZW en lugar de OLA/OA) no obtuvo los mismos resul-
tados, y los ligandos tradicionales OLA/OA siguieron siendo los mejores

candidatos.

Emision 6ptica discreta donante-aceptor en perovskitas

2D:

En este capitulo, nuestra observacién de las lineas de u-PL estrechas y

discretas asociadas a las transiciones de pares dador-aceptor (DAP) com-
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plementa algunas observaciones recientes sobre este tipo de complejos de
carga, como la sintonizacion de la energia de enlace del excitén mediante
interacciones dador-aceptor o el rendimiento de la emision de fotones uno a
uno emitidos por la recombinacion DAP en hBN 2D. Mediante espectros-
copia HR-XPS, demostramos que los dos componentes organicos presentes
en la muestra de fase n=2 promueven la formacién de los defectos respon-
sables de la transicion DAP. En concreto, la coexistencia del cation MA™T,
que da lugar a la segregacién de Pb, y del cation PEA,, que provoca la
distorsion de la lamina de la red inorgénica, podria favorecer el desplaza-
miento e intercambio de dtomos de MA™' y Pb, de ahi la formacién de los
estados aceptor de MA p, v dador de Pbj;4. El uso de un modelo sencillo de
correccién coulombiana predice la presencia de estados DAP de baja densi-
dad en el rango espectral cercano a la emisiéon de las trasciones excitonicas,
y, por tanto, tanto la baja DOS como la gran separacién de la funcion de
onda donante-aceptora explican las transiciones épticas estrechas DAP me-
didas con tiempos de vida de varios nanosegundos. Para proporcionar una
aplicacion futura basada en el control de estos estados, deberian disenarse
rutas especificas de preparacion de muestras para controlar y optimizar la
poblacién de los estados DAP, su como su localizacion o aislamiento. De-
bido a sus caracteristicas y sus propiedades espectrales, junto con su alto
brillo de fotoluminiscencia, el estado DAP en Perovskitas 2D representa un
estado electrénico interesante a tener en cuenta para el desarrollo del campo
emergente de las tecnologias cuanticas, como la polariténica cuantica o la

optica cuantica no lineal.
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Interaccién Luz-Materia y acoplamiento de modos de
luz en una microcavidades optica basada en fibra de

acceso abierto:

En esta ultima parte de la tesis, se ha estudiado el acoplamiento de los mo-
dos de una microcavidad basada en fibra de acceso abierto y la emision de
distintas muestras de Perovskitas. Tras montar la microcavidad y controlar
varios aspectos de su configuracién y sus propiedades, como obtener control
en el pegado de los espejos DBR céncavo depositados sobre los extremos
de las fibra y caracterizar las propiedades fundamentales de los modos es-
tacionarios, se depositaron NCs de CsPbBrs en el interior de la cavidad
optica, estudiando la interaccién de los modos 6ticos fundamentales con la
emision de las NCs a temperatura ambiente. La geometria especifica de las
cavidades proporciona un fuerte confinamiento éptico de los modos, y su
estilo abierto permite el movimiento independiente del espejo de la fibra,
permitiendo el ajuste in situ de la resonancia de la cavidad sin la reduc-
cién del acoplamiento. Ademas, la configuracién se model6 numéricamente
para comprender con precision las posibles interaccién luz-materia y acopla-
miento de modos de luz entre las ondas de Bloch contenidas en los espejos
DBR y los modos parcialmente confinados de la microcavidad localizados
fuera de su banda prohibida, que observamos experimentalmente durante
la adquisicion de las medidas de emision éptica. Los resultados de la simu-
lacién revelaron que las ondas Bloch en los DBR y los modos parcialmente
confinados de la microcavidad pueden acoplarse fuertemente incluso en el
caso de no depositar material emisor éptico. Sin embargo, la fuerza de este
acoplamiento entre modos 6ticos puede modificarse depositando materiales
en el interior de la cavidad.

Para recapitular, esta tesis muestra que los materiales de perovskita son
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candidatos prometedores para futuras aplicaciones. El PLQY de las LHP se
sitia en torno al 100 %, lo que las convierte en buenas candidatas para todo
tipo de tecnologias fotonicas y optoelectronicas, incluyendo el desarrollo de
emisores de fotones uno a uno en el seno de las actuales tecnologias cuanti-
cas. Ademas, nuestro trabajo en perovskitas 2D muestra que la investigacion
sobre DAP en materiales 2D representa un campo en crecimiento con un
alto potencial, y nuestra observacién de las lineas PL estrechas y discretas
asociadas a las transiciones DAP se anade a las propiedades recientemen-
te reportadas de DAP en materiales 2D. Ademas, revelar la Acoplamiento
en modo luz simultdaneamente con la interaccién luz-materia en una micro-
cavidad de acceso abierto es muy beneficioso para el futuro desarrollo de
microcavidades complejas acopladas para aplicaciones foténicas cuanticas
basadas en el control de estados de luz, como puede ser inicializadores de
qubits o sistemas de sensado cuantico en el campo de la acusto-optica y la

optomecanica.
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Chapter 1

State of the art

1.1 Introduction

Materials with perovskite lattices have caught the attention of a large
community of researchers worldwide. Their significance stems from their
unique mechanical and electrical properties, which include pyroelectricity
and piezoelectricity [1]; dielectric and superconducting properties [2]; large
nonlinear coefficients [3]; and potential electro-optic effects [4]. As a result,
this material family is an ideal candidate for a wide range of applications [1],
such as photodetectors [5,6], light emitting diodes [7,8], and a single-photon
source (a ”quantum emitter”) that is required for quantum-information and
quantum-communication techniques [9-11]. Despite the relative simplicity
of its crystal structure, ABX3, where, A is an inorganic or organic bulky
cation, B is a metal cation and X the halide anion, the perovskite lattice
contains a vast array of compounds [12] because of all of the possible crystal-
lographic variations and chemical variety. Lead Halid Perovskites (LHPs)
have the general formula of APbX3 (Figure 1.1 displays a rendered illustra-

tion of the LHP unit cell), where A is an organic or inorganic monovalent
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cation and X is the Cl, Br, or I anion. Methylammonium (MA) and For-
mamidinium (FA) are among the most common monovalent organic cations
currently being used in the synthesis of LHPs. If the organic cation is re-
placed by an inorganic cation, a fully inorganic LHP is formed. In terms
of available size inside the perovskite structure, the cesium cation (Cs) is
a suitable choice, forming the cesium LHP family (CsPbXj3). There is a
higher stability under thermal and humidity attacks in comparison with
organic cation-based hybrids is offered by the all-inorganic CsPbBr3 per-
ovskites [13].

Additionally, two-dimensional (2D) van der Waals nanomaterials have
attracted considerable attention for potential use in photonic and optoelec-
tronic applications in the nanoscale, due to their outstanding electrical and
optical properties, differing from their bulk state. Currently, 2D perovskite
belonging to this group of nanomaterials is widely studied for a wide range
of optoelectronic applications, due to strong quantum confinement and the
sizable band gap in these materials [14-16]. The crystal lattice in 2D per-
ovskites is composed of an inorganic octahedral layer sandwiched by long
organic cations, resulting in 2D quantum well structures. The general chem-
ical formula for 2D perovskites is RoA,, 1B, X3,.11, where Ry is a long organic
cation (phenethylammonium, butylammonium, ethylammonium, ...), A is a
tiny organic cation (methylammonium (MA), formamidinium (FA), ...), B
is a metal inorganic cation (e.g., lead, tin, and so on), and X is a halide inor-
ganic anion (i.e., chloride, bromide, or iodide) [17-21]. 2D perovskites due
to their excitonic properties are also promising materials for photonics and
nonlinear devices working at room temperature. Nevertheless, strong exci-
tonic effects can reduce the photocurrent characteristics when using thinner

perovskites phases.
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Lead and other hazardous heavy metals, on the other hand, are common
cations used in perovskites materials. As a result, lead-free perovskites were
developed as a low-cost, non-toxic, earth-abundant material for the next
generation of optoelectronic applications [22].

This Ph.D. Thesis has been mainly focused on the optical characteriza-
tion of LHP nanocrystals and 2D perovskites of phases PEA;Pbly (n=1)
and PEA;MAPD,I; (n=2) and their potentiality for applications in photon-

ics and quantum technologies.

Lead Halide Perovskite Nanocrystals:

Since the first publication of lead-halide perovskite nanocrystals (PNCs)
in 2014, several researchers all around the world have been actively examin-
ing them [23]. PNCs made of lead halides are made in the same way as stan-
dard nanocrystals using the chemical synthesis technique known as hot in-
jection [24,25], and the Ligand assisted reprecipitation (LARP) method [26].
Basically, LARP is similar to hot injection but the synthesis is carried out at
room temperature and with solvents different polarities. The size and shape
of the NCs can be precisely tuned using this synthesis technique, ranging
from bulky ones (low quantum confinement) to zero-dimensional quantum
dots (QDs) [24]. Lead halide PNCs shown a high absorption coefficient, a
quantum yield of emission that exceeds 90% at ambient temperature, and
a tunable bandgap depending on chemical composition [24]. Furthermore,
PNCs can also be processed from solution into films using standard tech-
niques, such as spin coating or inkjet printing, on a wide range of optical
architectures or substrates [27]. The fundamental morphology of a semi-
conductor NC, including the capping ligands that surround the perovskite

crystal structure, is shown in Figure 1.1. The solubility, colloidal stability,

3



and interactions of NCs with their surrounding media are affected by these

ligands. Additionally, the ligands in PNC close-packed films can serve as

barrier to charge-carrier conversion and transport.

Cs, MA, or FA
@ Pb

Cl,Br,orI

Figure 1.1: The unit cell of the LHP family is on the right, and a PNC is the left [28].

2D Perovskites:

Since the discovery of the high light-energy conversion efficiency pub-
lished in 2009 [24], the use of perovskite materials has been demonstrated
in a large number of photonics devices due to their remarkable aforemen-
tioned properties.

This rapid growth in academic activity has merged with a second intense
field of research, the study of 2D monolayer semiconductors. The isolation
of mechanically exfoliated graphene in 2004 has boosted the engineering of
an interesting new set of high-quality 2D semiconductor samples that can
be prepared at a low cost and without specialized equipment. This is the

case for 2D LHPs [29,30], which have recently been analyzed more closely

4



Setatira Gorji

because of their potential integration in high-efficiency photovoltaics and
photonic devices [17,31-33]. As a 2D van der Waals family material, layered
perovskites show enhanced stability and structural tunability [17,29,34], but

with a particular soft lattice and a dynamically disordered structure [35].

(a) (b) n=1

CB
Eg = 227 meV
X,3=2.34eV

VB

Atoms exchange
c L

add Z

MA,, Poya = Frg P g Freg Fog Teg fel =t | E; = 169 meV
Acceptor Donor

Xp3=2.15 eV

VB

Figure 1.2: (a) 2D LHPs are composed of inorganic octahedral (Pblg)~, short or-
ganic methylammonium (MA)™T cation, and long organic Phenethylammonium (PEA5)™
cation.(b) Crystal structure of a 2D perovskite monolayer of the PEA;Pbly (n=1)
Ruddlesden-Popper phase, where a single octahedral sheet is sandwiched by a PEAg or-
ganic spacer. The inset image shows its bandgap with values taken from [36]. (c) Crystal
structure of a quasi-2D perovskite monolayer of the PEASMAPDyI; (n=2) Ruddlesden-
Popper phase, consisting of two octahedral sheets intercalated with short MA molecules,
sandwiched by a PEAs organic spacer. The inset image shows its bandgap with values
taken from [36] and a donor-acceptor pair of Pbpsa and MA p;, created by the MA and
Pb atom exchanges [37].

Its crystal lattice typically consists of single or multiple organic-inorganic
hybrid phases arranged into a Ruddlesden—Popper structure of formula
RyA, 1B, X341 [18]. In contrast to 3D perovskites, the semiconducting

inorganic layer is passivated with insulating organic cations, forming a 2D



natural quantum-well structure where the electronic excitations are con-
fined in the inorganic layers [34]. Its optical emission properties can be
controlled by the n value in the above given formula, which labels the num-
ber of inorganic monolayers building the quantum well structure (from n
=1, 2, 3 to ~ o0) [17,34]. Figure 1.2.a-c shows the crystal structures
of both PEA,Pbl; (n=1) and PEA;MAPbD,I; (n=2) Ruddlesden-Popper
phases. They are made up of a single layer (n=1) and a double layer (n=2)
of perovskite inorganic octahedral flakes composed by (PbI®)~ anions sand-
wiched by long organic (PEA?)T cations, which serve as spacers. The in-
organic double layer is intercalated by short organic (MA)* cations for n
= 2. Only the n = 1 phase has a well-defined structure, whereas small
inclusions of another n phase are formed for a higher inorganic flake thick-
ness n > 1 [38]. Synthesized crystals can be easily exfoliated down to a few
monolayers, thanks to the relatively weak van der Waals interlayer coupling.
Exfoliation reduces the occurrence of unwanted hybrid phase formation [38]
and leads to a strictly flat crystal orientation to the substrate [39], which

may suppress the substrate’s lattice imperfections.

Lead-free perovskites:

Recently, Lead-free perovskites, especially tin-based perovskites, have be-
come attractive materials for light-matter interaction. Their advantages
include straightforward fabrication by chemical synthesis, and Tin-based
perovskites have drawn attention because of their low toxicity and the opti-
mal optical bandgap (1.2-1.4 eV) close to the Shockley-Queisser (SQ) limit
under 1 sun illumination. Among all of the lead-free perovskites, tin (II)
halide perovskite has drawn attention because of the hybrid structure. The

hybrid term refers to the combination of organic cations (in this case 2-
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tiopheneethylammonium, TEA™) and an inorganic layer of tin iodide oc-
tahedral layer. Despite this, TEA,Snl, perovskite exhibits high exciton

binding energy and reduced exciton-phonon interactions (see Figure 1.3).

2D TEA,Snl,

Main product

Figure 1.3: Scheme of 2D-TEA5Snl, microcrystals.

Optical stability of CsPbXj (Br, I) perovskite nanocrys-

tal for single photon emission

In addition to excellent optoelectronic properties of LHPs [40,41] these
materials have remarkable emission properties [42], as demonstrated by op-
tically pumped amplified spontaneous emission [43] and lasing [44,45]. All

of these applications rely on thin films made up of microcrystalline per-
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ovskite structures. However, such ensembles of crystallites do not exhibit
strong quantum correlations between photons, even at the level of a single

microcrystal [46].

Nonclassical light emission, observed in single organic dye molecules, [47]
semiconductor quantum dots [48,49], and color centers in diamond [50, 51]
and other materials, has enabled deterministic single photon sources for
secure quantum communication [52], quantum computing [53] and quantum
sensing [54]. It would be attractive to use the high oscillator strength,
high quantum yield, efficient charge transport, solution-processability, and
ease of synthesis of these perovskites for such quantum applications. Fully
inorganic PNCs of CsPbX3 (X = Cl, Br, I) have been synthesized with
precise size and compositional control, offering very bright, tunable, narrow-
band luminescence over the whole visible wavelength range [55]. Due to
the high defect tolerance and lack of detrimental mid-gap surface defects,
high photoluminescence quantum yields of up to 90% at room-temperature,
which can be achieved without any additional surface passivation. This
opened up a plethora of possibilities for tunable quantum light sources based

on compositional and quantum-size tuning.

Despite the fact that colloidal lead halide PNCs have emerged as versa-
tile photonic sources, their processing and optoelectronic applications are
hampered by the loss of colloidal stability and structural integrity caused
by the facile desorption of surface capping molecules during isolation and

purification, resulting in unwanted spectral diffusion and blinking effects.

To address this issue, a new ligand capping strategy is suggested in this
thesis that employs inexpensive long-chain zwitterionic (ZW) molecules,
N — Dodecyl — N, N — dimethyl — 3 — ammonio — 1 — propanesul fonate,

resulting in significantly improved chemical durability. This class of lig-
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ands, in particular, enables the isolation of clean PNCs with photolumi-
nescence quantum yields (PL QYs) of more than 90% [56]. Bidentate ZW
ligands, which have two functional groups that can bind to NCs, are partic-
ularly attractive [56-58] due to their ability to improve the stability of NCs
and enhance ligand—surface interactions. The bidentate ligands show great
promise for efficient surface passivation and PL enhancement [59]. Krieg
et al. [56] suggested using long-chain ZW molecules as capping ligands for
CsPbX3 NCs, and these ligands demonstrated a significant improvement in
durability and stability [56].

In this thesis, cryogenic micro-PL and micro-TRPL (Time Resolved PL)
spectroscopy were used to examine single PNCs with two different capping
ligands and determine the average homogeneous linewidth of excitonic opti-
cal transitions in freshly prepared samples for both cases at 4 K. In contrast
with conventional oleylamine / oleic acid (OLA/OA) ligands, the homoge-
neous linewidths of the CsPbBrs NCs with ZW ligands exhibit a signifi-
cant narrowing with higher stability due to drastically decreased spectral
diffusion and blinking effects. Furthermore, based on micro-TRPL mea-
surements, a slightly longer decay time (an increase of a factor ~ 1.35) was
observed for CsPbBrj single NCs with ZW ligands, making them better for
quantum light sources. However, in the case of CsPblz NCs, this strategy
(using ZW ligands) does not work, and the traditional OLA/OA ligands are
still the best candidate.

Donor-acceptor discrete optical emission in 2D per-

ovskites

Single layer 2D perovskites show strong Coulomb interaction, due to the

effect of the quantum confinement and the weak dielectric screening. Conse-
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quently, excitonic states for 2D HPs with a small n number are characterized
with binding energies up to several hundreds of meV [29], which returns ex-
citonic stability even at room temperature [60] and following the emergence
of large fine structure energy shifts [61,62]. The intense excitonic features
that are present in these small n value 2D HPs play an important role in the
development of new and promising optoelectronic devices. At first, the high
excitonic binding energy characteristics of small n values 2D HPs reduces
the overall photocurrent generation for solar cell applications [63]. Thus,
for these purposes, larger n values samples (n = 3) with smaller excitonic
binding energies are conventionally used [21]. However, there is a different
strategy to produce a high generation of carriers (i.e., photocurrent) in 2D
HPs with small n values. The dynamical charge from Donor-Acceptor pairs
(DAP) could be an important physical process to evaluate the performance
of different optoelectronic devices, based on the use of low n number 2D
perovskites [21]. In fact, DAP charge transfer processes between n = 1
LHPs interfaced with an organic semiconductor used as spacer layer, which
enhances photocurrent production [21]. Interestingly, another study has
reported that a molecular doping by small electron acceptor molecules of
3,4,5,6-tetrachloro-1,2-benzoquinone (TCBQ) into n = 1 LHPs containing
naphthalene cations molecules serving as a donor, give rise to a formation
of DAP within the organic layer [64]. These DAP organic species between
the inorganic layers can be used to increase the electrostatic screening of
the exciton, and hence to tune the excitonic binding energy in 2D hybrid
layered perovskite samples [21,64], which is an important strategy to gain
control of the performance of optoelectronic devices. In another direction,
there is an open debate about the identification of the optical transitions

that are present in the emission spectra of 2D LHPs, where extrinsic effects
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(e.g., DAP) are suggested as possible states producing red-shifted optical
emission with respect of gap [65]. Therefore, the study of DAP states in 2D

LHPs is revealed as an important area of research.

In this thesis, a single DAP carrier optical recombination that provides
very narrow and long-lived optical transitions in 2D LHPs based materials
at low temperatures was measured and identified. By means of spatial and
u-TRPL, optical transitions with narrow linewidths, as low as ~ 120ueV
FWHM, and time decays as long as 8.6 ns, were measured. X-Ray photo-
electron spectroscopy (XPS) has been employed to identify chemical pro-
cesses giving rise to electronic states responsible to DAP-related optical
transitions. In particular, the DAP transitions appears to be related to the
exchange of methylammonium (MA) molecule and Pb atoms present in 2D
HPs samples with phase thickness n = 2, leading to optical recombination
in a broad spectral range between two excitonic transitions. This claim
is supported with complementary optical spectroscopic data by means of
pu-Raman spectra. The experimental effort is accompanied with predictions
from a simple model to calculate the density of states (DOS) as a function
of DAP binding energy, which is built up by the attractive Coulombic in-
teraction between their net charges. This result represents an important
step forward in understanding the nature of the DAP state in 2D LHPs, its
spectral features, and its relationship with the selected cation spacer and
the layer thickness n value. This has important consequences for the design

of new optoelectronic architectures.
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Light-Matter interaction and Light mode coupling in

an open access fiber-based optical microcavity

Controlling spontaneous emission (SE) is crucial from both a scientific
and a technological points of view. Conventional methods for enhancing
spontaneous emission by changing the dielectric environment rely on phe-
nomena like cavity resonance, in which the spontaneous emission rate is
increased throughout a small spectral range. The incorporation of an out-
coupling mechanism lowers the cavity’s quality factor, which result in a
higher SE rate [66,67]. A Fabry-Perot optical cavity confines light by using
two highly reflective parallel mirrors. To interact with cavity modes, emit-
ters can be deposited between these mirrors. To guarantee that the coupling
rate between the optical field and the emitters surpasses the system optical
and material loss, the electric field of the cavity mode must be maximized

at the position of the emitter.

Dielectric distributed Bragg reflectors (DBRs) are commonly used to
achieve the extremely high reflectivity mirrors required for these types of
cavities. DBRs are made up of layers of alternating refractive index di-
electric material with a thickness of d = X\¢/4n; (i=1, 2), where n; is the
refractive index of each dielectric layer, and Ay is the wavelength of light.
In recent years, open-access, semi-integrated fiber based microcavity de-
signs [68] have been attracting a lot of attention. These open-access designs
can replace one of the integrated semiconductor DBR mirrors with a com-
pletely independent concave dielectric DBR mirror. The Gaussian shaped
geometry of the replaced DBR (Details are in chapter 2.2.4) provides a
strong optical confinement of the cavity modes in the lateral dimension.
The open style of the fiber cavity allows for independent movement of the

fiber mirror, which is typically controlled by piezo nanopositioners. This in-
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dependent movement enables in-situ tuning of the cavity resonance without
the reduction in the coupling experienced by their monolithic alternatives,
and typically over a wider spectral range.

Herein, the open access fiber-based microcavity was successfully mounted,
and different factors of such cavity setup tested. This setup was numeri-
cally modeled in order to accurately understand the potential Light-Matter
interaction and Light mode coupling. Finally, LHPs NCs were deposited
inside the cavity, and week coupling was observed and extracted the Purcell
factor for this spontaneous emission enhancement. Finally, strong coupling
was observed between Bloch waves in the DBRs and weakly confined modes

of the microcavity outside of its stop band.

Thesis objectives

The main objective of this Ph.D. thesis, is to use 2D perovskites and
PNCs for photonic and quantum applications in the visible wavelength
range (500 - 700 nm). For this purpose, the outstanding optical proper-
ties of 2D perovskites and PNCs are used to bring different functionalities,
such as single photon emission, single donor-acceptor discrete optical emis-
sion, and Light-Matter interaction and Light mode coupling, into different
photonic and quantum applications. As a result, we can split the main goals

into three secondaries:

1. The most important physical mechanisms responsible for spontaneous
emission in PNCs must be investigated. Single PNC samples will be exam-
ined first as fundamental building blocks for quantum light sources, from
which more complex architectures can be built. Controlling the emitted

light by single PNCs and completely characterizing its dependence on ex-
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citation fluency, capping ligands and passivation to have a stable emission,
and determining their exciton lifetimes, are all important steps toward this
objective. Once the ideal conditions for PNCs have been established, they
can be used as quantum light sources, with the single photon purity being
evaluated by the second order correlation function, 9(2)(0) at zero delay, as

it will explained in the section 1.2.

2. The next landmark will be the investigation of 2D perovskites, a
type of van der Waals nanomaterial, for its potential use in photonic and
optoelectronic applications at the nanoscale. Optimizing the conditions for
mechanical exfoliation of bulk layered crystals of two different phases of
2D perovskites with the lowest quantum well thickness of n=1 and n=2 to
achieve sufficiently thin 2D is an important step toward achieving this goal.
Once the optimal conditions for these two different phases of 2D perovskites
with n=1 and n=2 are established, their optical properties can be investi-

gated at low temperatures using a confocal micro-PL spectroscopy set-up.

3. In addition, Open-access, semi-integrated fiber-based microcavity
designs have received a lot of attention in recent years. The cavities’ spe-
cific geometry provides strong optical confinement of the modes. The open
fiber-based microcavity is a photonic device that can be used for a thorough
understanding of the possible Light-Matter interaction and Light mode cou-
pling based on numerical models. The final step will be to deposit different
perovskite materials (PNCs and, a 2D Lead-free perovskite) in the micro-

cavity to investigate Light-Matter interaction and Light mode coupling.
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Thesis outline

The present Ph.D. thesis addresses a variety of research topics including
the utilization of different types of perovskites as active materials in pho-
tonics and quantum applications. The manuscript’s structure includes the
current introductory chapter and one other grouping all laboratory method-
ologies and setups required to adequately comprehend the experimental
findings, which are presented in the three subsequent chapters. In the end,

a general conclusion chapter concludes this thesis.

Chapter 1: Introduction
This chapter provides a brief history and current state of the art of Per-
ovskite materials, with a focus on the applicability of these materials and

the main objectives of the current Ph.D. Thesis.

Chapter 2: experimental techniques
The purpose of this chapter is to go over the fabrication and characteriza-

tion techniques utilized in the research tasks carried out in this PhD thesis.

Chapter 3: Single photon emitters (LHP)
In this chapter, cryogenic micro-PL and micro-TRPL spectroscopy were
used to examine single PNCs at 4 K with two different capping ligands and
determine the average homogeneous linewidth of excitonic optical transi-
tions in freshly prepared samples for both cases. In comparison to the
typical OLA/OA ligands, the blinking free homogeneous linewidths of the
CsPbBr3 PNCs with ZW ligands show a significant narrowing with higher
stability. Furthermore, based on micro TRPL measurements, a slightly

longer decay time (a factor ~ 1.35) was observed for single CsPbBrs PNCs
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with ZW ligands, making them better for quantum light sources, as demon-
strated by a second order photon correlation function ¢g?(0) ~ 0.5. How-
ever, in the case of CsPbly PNCs, this strategy (using ZW ligands) does
not work, and the traditional OLA/OA ligands are still the best candidate.
For CsPblz PNCs, a second order photon correlation function g*(0) ~ 0.3

is obtained.

Chapter 4: Donor-acceptor (2D Perovskites)
A single Donor-Acceptor Pair (DAP) carrier optical recombination that
provides very narrow and long-lived optical transitions in 2D LHPs based
materials at low temperature was measured and identified. By means of
spatial and p-TRPL, optical transitions with narrow linewidths, as low as
~ 120peV FWHM, and time decays as long as 8.6 ns were recorded. It has
been identified that the origin of these transitions as the DAP recombina-
tion is ascribed to the exchange of methylammonium (MA) molecule and
Pb atoms present in 2D HPs samples with phase thickness n = 2, leading
to optical recombination in a broad spectral range between two excitonic
transitions. This important claim is supported with strong experimental
evidence by means of y-Raman spectra and high-resolution photoemission
spectroscopy measurements. The experimental effort is accompanied with
predictions from a simple model to calculate the density of states (DOS) as a
function of DAP binding energy, which is built up by the attractive Coulom-
bic interaction between their net charges. This PhD thesis represents an
important step forward in understanding the nature of the DAP state in
2D LHPs, its spectral features, and its relationship with the selected cation
spacer and the layer n-value. This would have important consequences for
the design of future new optoelectronic architectures. Moreover, the ability

to isolate single DAP states can potentially be used to study advanced po-
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laritonic strategies with very sharp and bright optical transitions in a high
non-linear material, with binding energy/DAP radius tunability, and hence
to stimulate the use of 2D LHP semiconductors as promising materials to
produce new alternatives to be considered in the actual quantum material

database [69-71].

Chapter 5: Open access microcavity
In this chapter, the open access fiber-based microcavity was successfully
mounted, and different factors of this cavity setup, such as glue the fiber
mirror to a fiber holder, mounting piezoelectric motors, and so on, were
properly controlled. This setup was numerically modeled in order to accu-
rately understand the potential Light-Matter interaction and Light mode
coupling. Finally, PNCs were deposited inside the cavity, and week coupling
was observed and extracted the Purcell factor for this spontaneous emission
enhancement. Finally, strong coupling was observed between Bloch waves
in the DBRs and weakly confined modes of the microcavity outside of its
stop band and modelled the coupling with transfer matrix approach which
is a mathematical technique that allows to solve the Schrodinger or Maxwell

equations in multilayer systems, and Comsol (Finite Elements).

Chapter 6: Conclusions and future prospects.
This chapter summarizes the essential conclusions and future opportunities

that came from the current Ph.D. study.
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1.2 Fundamentals and Physical Background

Homogeneous linewidth, Spectral diffusion and Blink-

ing effect:

In the approximately 70 years since Bloch’s original description [72], signifi-
cant progress has been made in explaining the physical mechanisms respon-
sible for Ty and Ty times. Within the framework of the damped optical
Bloch equations that describe the macroscopic properties of a collective of
identical two-level systems and under the relaxation time approximation,

the following relationship between characteristic times can be defined:

1 1 1
T = T, + TQ’ (1.1)
Where T5 is referred to as the phase delay time, T represents the decay
time from level 2 to level 1 and 77 is called pure dephasing time. The
homogeneous width of the absorption curve is inversely proportional to
the dephasing time T5. In the limit of the linear regime of susceptibility
(leaving out higher order effects such as power broadening or quadratic
Stark shift) the line shape of the absorption coefficient in a two level system

is a Lorentzian, where its FWHM is expressed as:

2h

-7 (1.2)

Y

This framework can be applied to carriers and excitons in QDs. The
exciton in a semiconductor can be modeled as a two-level system. The
lifetime of the excitons is 77. In the absence of interactions with phonons
or other carriers and without contemplating non-radiative channels, the

time lag (73) in a InAs QD will be limited by the lifetime. If we focus on
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the strong confinement regime (see section 1.2) (Bohr radius of the exciton
larger than the radius of the nanostructure), the experimental PL transients
would indicate a value of the lifetime that typically oscillates in the range
of 1-2 ns [73]. Thus, the typical widths of excitonic transitions should be
in the order of approximately v > 0.66 peV. Different physical mechanisms
affect to the final width and shape of the optical transition. The broad-
ening mechanisms are classified as homogenous and inhomogeneous. The
homogeneous mechanisms generally give rise to Lorentzian lineshapes (red
curves), while inhomogeneous processes tend to produce Gaussian spectral

lines (black curves), which are shown in the Figure 1.4.
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Figure 1.4: The p-PL spectra of single CsPblz PNCs (red curves) are homogeneousely
broadened, as compared to the inhomogeneously broadened PL spectrum (black curves)
of a high-density sample containing the same PNCs.

Spectral diffusion is the random movement of a homogeneous line’s

energy (PL emission of a single NC) that occurs when charge and spin
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changes occur on a timeframe longer than the radiative lifespan, resulting
in spectral walking of the emission energy from one photon to the next
(see Figure 1.5). Homogeneous line broadening can increase with excitation
power due to the presence of local electric field fluctuations induced by pho-
toexcited carriers. The increase of the homogeneous linewidth is associated
with spectral diffusion phenomena. This effect is related to the charging and
discharging of traps near the nanostructures at shorter time intervals than
the typical integration times of micro-photoluminescence spectra. In this
way, a time-fluctuating quantum confinement Stark effect is generated and
the energy of the electron and hole levels of the nanostructure undergoes
slight modifications that result in an inhomogeneous temporal distribution

of emission energies.

The emission spectra of single nanocrystals have mostly been studied
at cryogenic temperatures (4 - 10 K) because the narrowing of spectral
linewidths at low temperatures shows a complex set of physical phenom-
ena [48,74]. Specifically, initial studies of single nanocrystals at low tem-
peratures revealed that the emission spectra were very dynamic in terms
of amplitude and duration (see Figure 1.5) [75,76]. These spectra showed
huge jumps of tens of meV as well as fast jitter that appeared to determine

the observed time-integrated linewidth on sub-second timescales.
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Figure 1.5: The time dependence of the p-PL intensity of single CsPbls PNCs, which
shows the emission spectrum variation with time.

Blinking (fluorescence intermittency) is the phenomenon of the emit-
ter randomly switching between ON (bright) and OFF (dark) states while
it is excited, which is linked to the competition between the radiative and
non-radiative relaxation routes or between two radiative routes, for example
between excitons and trions, which are both radiative. Moreover, practi-
cally most of colloidal nanocrystal quantum dots (QDs) display intermittent
emission, which is referred to as PL "blinking’. Such PL blinking evident in
a single QD would be easily smoothed out and so undetectable in ensem-
bles of QDs. In fact, the photophysics of blinking could only be detected at
the single QD level, as Nirmal et al. [77,78] discovered in tests of isolated
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CdSe QDs under steady-state laser excitation conditions. Figure 1.6.b de-
picts the time-dependent u-PL spectra of a single CsPbl3 PNC under CW
excitation at 4K. The time dependence of u-PL spectra, as shown in Fig-
ure 1.6.b, demonstrates a sequence of "on” and "off” periods. The most
widely accepted hypothesis at the moment is that the blinking events occur
as a result of illumination-induced charge (on—off) followed by reneutral-
ization (off—on) of the PNC, similarly to the case of CdSe QDs [79]. This
occurs because, for an uncharged NC, a photon excites an electron—hole
pair (exciton), which then recombines, emitting another photon and giving
rise to the PL (see Figure 1.6.a), a process known as radiative recombina-
tion. In the presence of an excess charge (charge separation in a neutral
NC), the resulting electric fields can readily be on the order of tens of MV
em~!. These high fields trigger a process known as non-radiative recombi-
nation, by which efficiently transfers the additional exciton energy to the

extra electron or hole (see Figure 1.6.c).
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Figure 1.6: (a-c) Time dependence of the pu-PL spectrum measured in a single CsPblg
PNC (b) together with the recombination schemes for neutral (a) and charged (¢) PNCs
at different energies.
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Photon Correlations:

Optical spectroscopy comprises a series of experimental techniques for
analyzing light and describing its physics. Conventional spectroscopic meth-
ods, such as obtaining spectra through a spectrometer, provide certain in-
formation, such as the relationship between wavelength and intensity, the
discrete or continuous nature of the emission, etc. However, there are situ-
ations in which the properties defining the light under investigation remain
hidden from general spectroscopic methods. For example, the spectra of a
sufficiently attenuated laser light and a spectral lamp could be equivalent
(in wavelength and linewidth, for example), but there are substantial dif-
ferences arising from the emitting system itself and its emission conditions.
Not even conventional interferometric methods, such as those derived from
Young’s double-slit experiment, would not generate a differentiated inter-
ference pattern. Other approaches must be used to investigate some of the

physical characteristics of light that are yet unknown.

The ¢"(7) coherence functions, which are normalized correlations of the
photon field, are typically used in quantum optics to explain the coher-
ence properties of the photon state. The first-order coherence function,
g*(7), expresses phase coherence in time using normalized self-correlations
of field amplitude. The phase coherence of a system provides information
about interference effects, phase modulation, and noise. The second-order
coherence function, g?(7), returns information about the statistical time dis-
tribution of photons via self-correlation of field intensity. Photon statistics
can be classified into three types: Poissonian (An = v/71), super-Poissonian
(An > /7)), and sub-Poissonian (An < v/71), where (An) represents the
standard deviation of the photon number fluctuations, and n is the mean

value of the photon number, which refer to fluctuations with equal, larger,
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or smaller variation than an uncorrelated, coherent photon state with a
Poissonian probability of finding N photons in an interval 7. These photon
number distributions are defined using the self-correlation version of the

second-order coherence function 1.3, given by [66]:

(1.3)

where af(t), a(t) are the photon creation and annihilation operators
respectively. The (...) symbols indicate the time average computed by in-
tegrating over a long time period. Because the fluctuations in a Poissonian
photon distribution state are random, ¢g®(7) = 1 for all values of 7, and
thus the probability of detecting two photons at any given time interval is
equal. This value would be observed for a completely coherent light source,
such as a laser. The larger fluctuations in a super-Poissonian state than
in a Poissonian state mean that as 7 approaches zero, the probability of
detecting two photons increases. Therefore, the value of ¢ (0) > 1 is ob-
tained, and photons are said to be ”"bunched”. This value is often referred
to as 'thermal light’ or caotic and would occur for an incoherent light source
such as a candle. The reduced fluctuations in the sub-Poissonian photon
number state compared to the Poissonian state mean that as 7 approaches
0, the probability of detecting coincidences decreases. Therefore, the value
of g (0) < 1 is obtained, and the photons are said to be ”antibunched”
(see Figure 1.7). This value less than 1 demonstrates a quantum nature of
the photon field as the field is now discretized and can only be interpreted
using a quantum definition of light. This means that for values of ¢(®(0) >
1, the photon field can be described using classical (semi-classical) defini-
tions of light, while values ¢ (0) < 1 demonstrate the photon field is in

a non-trivial, non-classical state which can be described as a quantum in
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nature or, more commonly, as so-called ”quantum light”.
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Figure 1.7: (a) Comparison of the photon chains generated by a sub-Poissonian (an-
tibunched), Poissonian (coherent) and Super-Poissonian (Bunched) light system. [66]
(b) Evolution of the second order correlation function for the Thermal, Poissonian (or
coherent) and antibunching regimes. [80]

The relation between a second-order correlation func-

tion and the coincidence rate:

In order to analyze the results of the photon correlation experiment, it is
necessary to relate the histogram of coincidences obtained by the Hanbury-
Brown and Twiss interferometer, (see Figure 1.8), to the second-order cor-
relation function (g?(7)). A coincidence counter is an electronic system that
produces an output signal when one photon is detected in the start detector

and one in the stop detector.
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Figure 1.8: Schematic representation of Hanbury Brown and Twiss experimental setup.

The detection is considered simultaneous if it occurs in a time less than
the temporal resolution of the circuit, given by the channel width of the
electronic board (7,). In other words, two detection events occurring at
times t and t +7, will be displayed as occurring simultaneously if || < 37
In any other case, it will be said that the coincidence occurs with a delay 7
between the start and stop events. After an integration time T, the number

of coincidences recorded with delay 7 is related to g*(7) by [81]:

C(r) =T xT.(r1+m)(ra+7) +T x T, x 7”17’2(9(2)(7') - 1) (1.4)

where 1 (2) is the rate of counts coming from incident light on detector
1(2) and 7y(2) is the rate of counts produced by the noise in detector 1(2),
respectively. The first term of this equation represents the number of coin-
cidences coming from the signal plus noise for each channel. On the other

hand, the second term accounts for the decrease or excess of coincidences
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due to non-random intensity fluctuations of the investigated light. The first
part of this equation represents the number of coincidences coming from
the signal plus noise for each channel. The second part reports the decrease
or increase in coincidences due to non-random intensity fluctuations of the
investigated light.

In order to evaluate the value of the function ¢g?(7) in specific situations,
it is interesting to derive an expression for the coincidence rate that is
normalized and where the effect of detector noise can be eliminated. The
normalized coincidence rate can be estimated from equation 1.4 as Cy(7) =

N1CJ:/(27%~T = 14 pip2(g@ (1) — 1), where Ny = (ry + ), No = (r2 + 72),

T1

_ T2
1= r1+71

ra+7y2°

,and py =
Therefore, the second-order correlation function can be related to the

coincidence rate normalized by:

g?(r) = [Cn(7) = (1 = p1p2)]/ (prp2) (1.5)

Exciton, biexciton and trion:

In the most basic understanding of semiconductor materials, the highest
valence electron band is completely occupied, whereas the lowest conduc-
tion electron band is empty. These bands are separated by energy, which
has been identified as ‘band-gap’ energy, E,, which is the energy needed for
an valence band electron to transition into the conduction band. Once an
electron is excited to the conduction band, it effectively leaves behind a pos-
itive ‘hole’ in the valence band. Whereas transitions between the valence
and conduction bands can not occur for free electrons with energies less
than £, electron-hole pairs can form bound states because of the Coulomb

attraction called exciton, which lie just below the energy band gap. These
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quasi-particles have wave-functions similar to hydrogen atoms. However,
because of their low effective mass and the large dielectric constant of the
semiconductor material, exciton Bohr radius ay is larger than that of their
atomic counterparts and can extend over several lattice sites. A modified
Rydberg equation can be used to determine the energy levels of these exci-

tons [82]:

e? h2k?
E,=F,— 1.6
Y 8meayn? + 2(me + mp,) (1.6)

where n is the principle quantum number, m, and m,, are the electron

and hole effective masses, e is the electron charge, € is the appropriate

. . . . . . 2
dielectric constant and ax is the exciton Bohr radius is a, = 4;’216, and
— _Mmemp
H = me+my,

Excitons decay by radiative recombination, in which the electron relaxes
back into the corresponding hole in the valence band. As a result of this
process, a photon is emitted equal to the binding energy plus the band-gap
energy of the exciton. There are two types of excitons: Frankel excitons and
Wannier excitons. Frenkel excitons are defined as tightly bound excitons
with a very small Bohr radius that are typically confined to one lattice site.
Wannier excitons, on the other hand, are weakly bound excitons with a
large Bohr radius that can extend over several lattice sites (see Figure 1.9)
and are typically found in inorganic semiconductor crystals. Unlike Frenkel
excitons, Wannier excitons are relatively free to move in the crystal, with

typical diffusion lengths up to several micrometers.
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Figure 1.9: A bound electron-hole pair (red electron, blue hole) with a large Bohr radius
extending over several lattice sites (black dots) [68].

The excitonic emission spectrum in a QD is found in the same spectral
range as that of a biexciton or a charged exciton. This is easy to understand
since the exciton is a charged neutral compound that interacts weakly with
other excitons or charges. This means that shifts in the energy levels of these
complexes are caused by both deviations from charge neutrality, i.e., how
different holes are from electrons and mixed configurations. The mixing of
configurations is, in turn, a function of characteristics such as the electron-

to-valence-hole mass ratio, the confining potential for either carrier.

The trion, also known as the charged exciton, is a three-charge complex
that can arise when an exciton is produced in the presence of an unpaired
charge carrier in the QD. A negatively (positively) charged exciton is made
up of two electrons (holes) with the same energy level as each other and

one hole (electron) bonded together by Coulomb contact.
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Strong and Weak Quantum Confinement:

The electronic structure and optical transitions in semiconductor materials
change at the nanoscale due to quantum size confinement in one or more
dimensions.

Strong confinement:

In the case of strong quantum confinement, the confinement energy is
significantly larger than the Coulomb energy of the system. As a result,
electrons and holes are individually confined, and their movement is also

independent [83-85].

e,h _ hQO‘i,l (1 7)
ol 2m:7hR2

Here, m} and mj, indicate the effective masses of the electron and hole,

respectively. In the case of an e-h pair, it assumes the form [86,87], Bohr

* *
memy

* * 9
mg+my,

eh?
2mpe?

radius is ay = where = is the conventional reduced mass
of the e-h pair. Where oy = 7,11 ~ 1.431, 91 ~ 1.837 ete. [88]. For
an allowed optical transition, n and [ are conserved, as revealed by the
selection rules of dipolar transition. The total energy corresponding to the
first allowed transition (n. = n, = 1,l. = I, = 0,m. = m;, = 0) can be
presented by [84,85]:
2.2 2
Eis 15 = By + % - %% (1.8)

Researchers have reported the size (R) dependence of the band gap
under a strong quantum confinement regime.

Weak confinement:

When the size of the nanoparticles is larger than the Bohr radius, the

quantum confinement is weak. In this case, the interaction potential of the
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e-h system due to quantum confinement is also very negligible in compari-
son to the Coulomb potential. To calculate the band energies, it is needed
to solve the Schrodinger equation for the e-h system. The energy associ-
ated with the optical transitions in the nanocrystals under a weak quantum
confinement regime, can be expressed as [83,84,87]:

272

E, = Eyyx — Fop + ———n? 1.
bulk +2MR2n (1.9)

Here, M is the total mass of e-h pair and R is the center of mass of the

e-h system.

Donors and acceptors pairs:

Donors and acceptors can form pairs and behave as stationary molecules in
the host crystal. The Coulomb interaction between a donor and an accep-
tor causes their binding energies decrease. As the neutral donor (D°) and
the neutral acceptor (A°) are brought closer together, the donor’s electron
becomes increasingly shared by the acceptor. In other words, the donor
and the acceptor become more ionized (DT), and (A~) respectively. The
binding energy is zero in the fully ionized state, and the corresponding
level lies at the band edge. Electrons and holes in the conduction and
valence bands can be created by optical excitation, respectively (see the
process in Figure 1.10). These carriers can then be trapped at the (D),
and (A7) sites to produce neutral (D°) and (A°) centers. This process is
known as a donor—acceptor pair transition (or DAP transition). It can be
represented by the reaction: (D° + A° = hw + DT + A™). At first sight,
one may expect the photon emitted in a DAP transition to have energy:
(hw = Ey — E4 — Ep), where E, is the bandgap energy and Ep and Ey4

are the donor and acceptor binding energies, respectively. The amount by
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which the impurity levels are shifted as a result of this pairing interaction is
essentially the Coulomb interaction inside a dielectric constant medium e:
(AFE = 477;)%). Where R is the donor-acceptor pair separation. Since the
electron is shared by the donor-acceptor pair, it is irrelevant to say what
fraction of AF modifies the ground state of either of the two impurities.
This is similar to the exciton case, where the binding energy of the exciton
could be divided between an electron state and a hole state and refer those
binding energies to the appropriate band edges. In the case of a donor-
acceptor pair, it is convenient to consider only the separation between the

donor and the acceptor level. The energy of the emitted photon in a DAP

transition is given by:

62

ESP(T’) = FEqap — Es— Ep + (110)

drege, R

where Ep and E4 are the respective ionization energies of the donor
and the acceptor as isolated impurities. Since the impurities are located at
discrete sites in the lattice (e.g., substitutional sites), the distance R varies
by finite increments. For nearest neighbors, R is smallest; for more distant
pairs, R increases in ever smaller increments. Thus, the pair interaction
provides a possible range of states: from Ep and E4 for a very distant
pair (a negligible pairing) to states which may lie inside the conduction and

valence bands for near neighbors such that (e?/4nege,R) > Ep + E4 [89)].
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Figure 1.10: The process of a donor—acceptor pair transition.

In compound semiconductors, a difference can be formed based on the
lattice site occupied by the impurities. Anions and cations create similar but
distinct sublattices. Substitutional impurities can fit into either sublattice.
If the donor and acceptor locate on the same sublattice, they create a type-
I donor-acceptor pair (e.g., Si and Te on P-sites in GaP); if they occupy
different sublattices, they form a type-II donor-acceptor pair (e.g., Zn on a

Ga-site and S on a P-site in GaP) [90].

Figure 1.11 shows the geometry of the square lattice of the 2D per-
ovskites with a sketch of the DY A~ bound state, with the acceptor ¥4 and

donor Wp, where R is the separation between both bound states.
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Figure 1.11: Scheme of the DAP binding complex states in a 2D perovskite lattice. R is
the distance between donors and acceptors.

The Coulomb interaction energy between the ionized donor and acceptor
end states is the last component in Equation 1.10. The distance between
these defects decreases as the excitation power density increases, and the
Coulomb interaction energy increases. As a result, when the excitation
power density is increased the energy of the DAP recombination lumines-
cence shifts to a higher energy [91], which is one of the characteristics of the
DAP spectra [90-92]. Another characteristic of DAP pair bands is that the
decay time of fluorescence increases with increasing pair separation. As a
result, the high-energy emission decays faster than the low-energy emission,
creating a shift of the band’s maximum to lower energies with time after
excitation. Another distinguishing characteristic of DAP recombination is
the redshift of emission energy as a function of time. The radiative recom-

bination probability of an electron in a donor and a hole in an acceptor

34



Setatira Gorji

depends exponentially on the distance between them, r as exp[—2(r/apa)],
where ap 4 is the Bohr radius of the donor and acceptor. A closer DAP will
recombine faster and emit at higher energy. Pairs separated by a greater
distance will recombine with longer decay time, PL spectrum shifted toward
lower energies [93]. A blueshift with increasing temperature is characteris-
tic of DAP emission, as demonstrated by Urban et al. [93] and Tilchin et
al. [94].

Fabry Perot Microcavity:

Controlling spontaneous emission (SE) is crucial from both a scientific and
a technological standpoint. Traditional methods for enhancing spontaneous
emission by changing the dielectric environment rely on resonant phenom-
ena like cavity resonances, in which the spontaneous emission rate is in-
creased throughout a small spectral range. Incorporating an out-coupling
mechanism lowers the cavity’s quality factor, resulting in a higher SE rate

[67,95).
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Figure 1.12: Scheme of Fabry-Pérot optical u-cavity.

A Fabry-Pérot optical cavity confines light by using two highly reflective
parallel mirrors. To interact with cavity photons, emitters can be deposited
between these mirrors. To guarantee that the coupling rate between the
optical field and the emitters surpasses the system optical and material
losses, the electric field of the cavity mode must be maximized. To achieve
this requirement, a cavity with a small effective mode capacity and a high
quality or Q-factor is required. The effective mode volume (v.sy) is defined

as the physical size of the cavity mode [68], given by:

gy = [[[ @rioP = quinr (1.11)

where ¢(r) is the normalised electric field amplitude, wy is the cavity
mode waist radius, and L is the cavity length. The quality or Q-factor

is defined as the ratio of a resonant cavity frequency, v, to the linewidth
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(FWHM) of the cavity mode, ov :

Q= é (1.12)

The cavity finesse, is defined as the ratio of free spectral range
(FSR) (the frequency separation between consecutive longitudinal cavity
modes Av = 27¢) to the linewidth (FWHM) of a cavity mode. The finesse
is shown as follows:

p_Av_ VR

where R is the mirror reflectivity. To achieve appreciable coupling be-
tween the emitter and the cavity mode, the first is deposited inside the
microcavity so that ideally it can overlap with an anti-node (maximum) of
the cavity field. As a result, the electric field distribution inside the cavity
is crucial to the design of the microcavity. In this thesis the transfer ma-
trix method (TMM) [96-99], and COMSOL Multiphysics (Finite Element
Method (FEM)) have been used to compute the electric field distribution
(see Chapter 2, section Material and Method 2.5).

Purcell Factor and Spontaneous emission:

Embedding an emitter inside a microcavity can lead to additional effects
due to the change in the optical density of states. When the quality factor
of the resonant structure is not too high, the oscillator’s resonance width
is much larger than the spontaneous emission rate. The resonant structure
then behaves, from the spin point of view, as a continuum, which means
that when the emitter’s linewidth is smaller than the cavity mode linewidth

(0Ac), in terms of the detuning between the emitter (\.) and cavity, the
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emission lifetime, 7, modified from free space, (1), is described as follows:

0 2]E(r))? ON?
T 3 B 02 + 4(Ae — Ao)?

+f (1.14)

which is controlled by the Purcell factor given by

3N Q
Fp=-—_-¢_*_ 1.15
P 47r2n3V€ff ( )

where n is the cavity’s refractive index, V. is the effective volume of the
mode, E(r) is the field amplitude in the cavity, and |FE,,q|* is the maximum
of its intensity. The constant f in Equation 1.14 describes the losses into
leaky modes.

Prior to Purcell’s research in 1946, the spontaneous emission was con-
sidered to be a radiative inherent characteristic of atoms or molecules. [100].
Purcell’s study shown that the spontaneous decay rate of a magnetic dipole
placed in a resonant electrical device was enhanced when compared to the
free-space decay rate. Consequently, it can be deduced that the environ-
ment in which an atom is embedded modifies the radiative properties of
the atom. A physical device with dimensions on the order of the emis-
sion wavelength A is needed in order to observe this effect experimentally.
The modification of spontaneous decay was not an obvious fact since most
of the atomic transitions occur in or near the visible spectral range. In
1966, Drexhage studied the effect of planar interfaces on the spontaneous
decay rate of molecules [101,102], and the enhancement of the atomic de-
cay rate in a cavity was later verified by Goy et al. [103]. However, it was
also observed that the decay of excited atoms can be inhibited by a cav-
ity [104]. Afterward, the modification of the spontaneous decay rate of an
atom or molecule has been studied in various environments, including pho-

tonic crystals [105-108], and DBRs. Recent experiments of purcell factor
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using Perovskites NCs [109, 110]

Weak and Strong coupling:

Weak coupling happens when the atom-cavity coupling constant g¢q is
smaller than the loss rate because of either leakage of photons from the
cavity (K) or decay to non-radiative modes (7). This indicates that pho-
tons are lost from the atom-cavity system faster than the characteristic
interaction time between the atom and the cavity. As with emission into
free space, light emission by the atom in the cavity is irreversible. Since
the effect of the cavity is relatively small in the weak coupling limit, it is
appropriate to treat the atom-cavity interaction by perturbation theory [66].

Strong coupling requires that the atom-cavity coupling rate gy being
greater than the cavity decay rate determined by the cavity lifetime as well
as the non-resonant atomic decay rate. The interaction between photons
in the cavity mode and the atom is reversible under these conditions. The
atom emits a photon into the resonant mode,which is confined between the
mirrors and can be reabsorbed by the atom faster than it is lost from the
mode. Thus, the reversible interaction between the atom and the cavity

field is faster than the irreversible processes caused by photon loss [66].

Two coupled oscillators model:

This is the model that describes the interaction of two bosonic modes. These
bosonic modes can be electromagnetic field excitations (photons) or semi-
conductor excitations (excitons), but with the detail that excitons are not
bosons but composite bosons, i.e., bosons made from two fermions. Then
this is the simplest model for describing the interaction of a photon and an

exciton, or two photons. Consider two mechanical oscillators with the same
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mass and spring stiffness and a common oscillation frequency of wy (labeled
(a) and (b)). The oscillators are linked by an additional coupling spring
(see Figure 1.13.A). The energies of the (a) and (b) oscillators are com-
bined with the potential energy of the coupling spring, which is an element

of the system Hamiltonian:

Vi = mwog(Xa —X,)? (1.16)

where X, and X, ([X,, X;] = 0) are the quantum operators for the two
oscillator position, and these operators commute between them, and g is a
coupling constant that depends on the stiffness of the coupling spring. For
the purpose of simplicity, we assume g < wy and represent all quantities up

to the first order in w%.

We incorporate the components corresponding to X? and X7 in the
free-oscillator Hamiltonians by expanding the coupling energy V,;,, which
corresponds to redefining the oscillator frequencies. They both become

w R W+ 3.

Then we have two oscillators with frequency w coupled by the inter-

action potential energy —mwgX,X, (we can neglect, to the first order,

the difference between w and wp). Where X, = (52-)z(a + af), and

2mw

X, = (ﬁ)%(b + b"), calling @ and b the annihilation operators associ-
ated to the renormalized oscillators, we can replace X, X, in the coupling

term with (32=)(a + a’)(b+ b), and the total Hamiltonian is:

H=H,+ H,+ Hy (1.17)

With:
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1 1
Ha = hw(aTa + 5), Hb = hw(bTb + 5);Hab = —%(a + CLT)(b—i— bT) (1.18)

There are four terms in the coupling Hamiltonian H,,. Two of them,
proportionate to ab and a'b', represent transitions in which both oscillators
lose or acquire an excitation quantum at the same time. These methods
do not save overall energy. These anti-resonant elements can be ignored,

leaving only the two others terms, hence the oscillator coupling is now:

Hy, = —%(abT +a'b) (1.19)

The last two terms, which combine an annihilation and a creation opera-
tor, depict a single quantum excitation between (a) and (b). An interaction
term of this basic type describes any linear connection between two oscilla-
tors, regardless of their nature. As we will see shortly, our discussion is not

limited to the mechanical case.

ooz

Figure 1.13: Two coupled mechanical oscillators. (A) Pictorial representation: two iden-
tical oscillators coupled by a spring. (B) Symmetrical eigenmode. (C) Anti-symmetrical
eigenmode. (D) Classical beat signal for g/wy = 1/6, when the oscillator (a) alone is
initially excited. Upper and lower traces: amplitudes for (a) and (b) respectively. [111].

It is easier to characterize the dynamics of this system by dividing it

into independent sections and establishing new eigenmodes that combine
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the dynamical variables (a) and (b). Let us define the symmetrical and

anti-symmetrical superpositions of a and b as follows:

a+b a—b
Erpym = W;EUPM = 73

(1.20)

These combinations are real annihilation operators that obey the com-
mutation relations of independent oscillators. They commute together and

satisfy [a;,a!] = 1 for i=1, 2. The total Hamiltonian is as follows:

H = h(w = 5)(ELpy Breas + %) + hw + 5) (Blypar Boras + §>; (1.21)

The coupled oscillators develop as two separate systems with w—2 = wo
and w + % = wp + g frequencies. The symmetrical mode (Eppy) corre-
sponds to an oscillation of the ”center of mass” in which the two masses
stay separated by a constant distance (see Figure 1.13.B). Because the cou-
pling spring exerts no force, the oscillation frequency is wy. The ’anti-
symmetrical’ mode (Eypys) corresponds to a mass separation oscillation,

leaving their center of mass stationary (see Figure 1.13.C). The coupling

effect is therefore maximized, and the frequency is g higher than wy.

The superposition of two eigenmodes with different frequencies gives rise
to beats in the evolution of the system. An arbitrary initial condition gen-
erally corresponds to a superposition of eigenmodes. The position of each
mass versus time is thus the sum of two oscillating functions at frequencies
wp and wy + g. This results in an oscillation at wy with a modulated ampli-
tude. This ‘beat signal’ is represented in Figure 1.13.D in the simple case
where (a) is at t = 0 out of its equilibrium position and (b) is at equilibrium

(both being initially motionless). In this beating process, the two oscillators
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periodically exchange their energy. After half a beat period, 7, (a) comes

to rest, while (b) is taking over all the energy.

Avoided crossing:

We have demonstrated a and b as cavity modes. The cavity mode includes
an effective mass (m) for the light, and this implies that we have a parabolic
dispersion in K|, in the directions perpendicular to the confined modes. We
assume mode b is larger than mode a, and we can tune the minimum energy
of mode a. As a result, we can represent the crossing of these modes, and
in the two coupled oscillator model, we will see an avoided crossing. This

will be the signature of the two coupled oscillators in this system.

h2k? h2k?
Ea(KH) = Ea + . , Eb(KH) = Eb(KH = 0) + o

(1.22)

The avoided crossing is a direct feature from strong coupling regime be-
tween two coupled oscillators. Figure 1.14 shows the two coupled oscillators
model of anticrossing of lower photonic mode (LPM) and upper photonic
mode (UPM) energy levels when tuning the energy a (E,) across the energy
b (Ep).
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Figure 1.14: Anticrossing of LPM and UPM energy levels when tuning the cavity mode

a, across the mode b energy.

The equation 1.23 is a two coupled oscillator model representing the

UPM and LPM energy levels:

E,+ E E,— E,
Eupm,opv = Tb + \/QQ + (bT)2 (1.23)

When two optical modes are at resonance, F, = E,, LPM and UPM
energies have the minimum separation F, — E, = (), which is often called
the normal-mode splitting in analogy to the Rabi splitting of a single-atom
cavity system. Due to the coupling between this two modes, the new an-

ticross happen when the energy a (F,) is tuned across the energy b (E).

This is one of the signatures of “strong coupling” (see Figure 1.14).
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Chapter 2

Experimental Method

This chapter will provide a description of the experimental techniques

used in the various research studies included in the thesis.

2.1 Sample preparation

Spin-Coating:

To cover the prepared sample with polymethylmethacrylate (PMMA) using
a common and simple technique coined as spin-coating [112-114]. It entails
basically depositing a drop of a material dispersed in solution (in this ex-
ample, PMMA) on the sample and spinning it to cover the whole surface
with a thin film of the needed material. Figure 2.1 depicts the spin-coating
device, together with a hot plate to evaporate the solvent of the samples
(dry) after deposition and spinning. In the spinning device the substrate is
hold by means of a vacuum the PMMA solution with a precisely controlled
concentration is dropped at the center of the substrate and the spinner. The
final thickness of the layer is controlled by modifying the rotation velocity

and the solvent concentration.
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Figure 2.1: The spinning mechanism on the left of the image protected with aluminum
foil to prevent dirt from accumulating on the device while it spins. On the right, there
is also a hot plate.

Immediately after completing the spinning, we bake the sample at 80°C'
and 150°C' for two minutes at each temperature [112]. The first bake will
entirely evaporate the solvent, and the second will produce PMMA poly-
merization.

Dip coating:

Dip coating is the process of immersing a substrate in a tank with a solu-
tion of a material, withdrawing the piece from the tank, and allowing it to
dry. The coated piece can then be dried by force-drying or heating. It is an
effective approach for preparing samples for single NC measurements since,
in these types of experiments, it is necessary to spread quantum emitters

on the substrate spatially isolated from each other. The control of dipping
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time and the concentration of the colloidal solution determine the disper-
sion of quantum emitters on the substrate. In addition, dipping tanks can

be any shape and size to match the substrate dimension to be coated.

Substrate

Nanoparticles

a)Dipping b)Deposition c)Evaporation

Figure 2.2: Process of dip coating is shown schematically.

The dip-coating process can be divided into the three steps, as shown

in Figure 2.2:

B Immersion: the substrate is submerged in the coating material’s solu-

tion.

B Dwell time: the substrate needs to be completely submerged and mo-
tionless to allow for the coating material to apply itself to the sub-

strate.

B Withdrawal: To avoid vibration, the substrate is removed at a con-
stant speed. The quicker the substrate is removed from the tank, the

more material will be deposited on to the substrate.
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Mechanical exfoliation:
Mechanical exfoliation is one of the most known techniques to obtain high
optical quality 2D samples, with sample thickness up to the monolayer
(ML). It is a top-down technique, based on the difference in the strength
between the weak interlayer van der Waals (vdW) bonds and the strong

intralayer covalent bonds in the laminar structure.

Figure 2.3: (a-e) Mechanical exfoliation from the bulk material to the single monolayer
of 2D perovskite obtained in the substrate, (f) images of 2D perovskite nanosheets from
optical microscope.

In this process, a bulk layered crystal (2D-perovskite in this case) is de-
posited on a scotch or adhesive tape and is gently peeled off several times
in the tape, being folded repeatedly against itself. Due to the weaker vdW
interlayer bonds, in each exfoliation the peeled off material separated from
the bulk source will be thinner, obtaining eventually up to few MLs of the
original material. The more times the material is exfoliated, the 2D per-

ovskite nanosheets obtained will be thinner, at the cost of losing lateral size
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of the final nanosheet. There is no a recipe for the ideal number of times
or pressure to apply in each exfoliation; it depends on the material to be
exfoliated. Blue Nitto Tape was used to minimize the amount of remaining
adhesive residues in the exfoliated nanosheets. Finally, once the material
has been exfoliated on the tape, the last exfoliation will be performed be-
tween the tape and the target substrate to randomly transfer or re-exfoliate
the nanosheets from the tape to the substrate. (See Figure 2.3.a-e). Fig-
ure 2.3.f shows an optical microscope image of a nanosheet of a 2D (n=1)

perovskite after mechanical exfoliation.

2.2 Optical Characterization

2.2.1 Optical microscopy

Optical microscopy is a technique for closely checking a sample using a
magnifying lens and visible light. An optical microscope, often known as
a light microscope, uses visible light to magnify images of small materials
through one or more lenses. The lenses are positioned between the sample
and the viewer’s eye to magnify the image and allow for a more detailed
examination.To do this, we used a Zeiss Axio Scope.al microscope with an
Axiocam ERC 5s camera (Figure 2.4). The microscope contains numerous
lenses ranging in magnification from 10X to 100X, allowing it to take high-
resolution images at various magnifications, as demonstrated in the right

panels of Figure 2.4 images of hBN flake.
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Figure 2.4: On the left, a Zeiss microscope, which is commonly used for the optical
identification of the hBN flake. On the right, two pictures from hBN transposed onto
samples with single PNCs captured under magnification.

2.2.2 Confocal micro-PL and micro-TRPL

Marvin Minsky invented the confocal microscope while he was a post-
doctoral student at Harvard University in 1955. [115]. In 1961, he received
a patent for his concept (Figure 2.5 (Top panel)). For a long time, his in-
vention was ignored until sufficiently powerful light sources were developed
and calculation tools for dealing with large amounts of data were created.
Based on Minsky’s work, M. David Egger and Mojmir Petran created a
multi-beam confocal microscope in the late 1960s. In the late 1970s, Colin
Sheppard developed an imaging theory within the theoretical framework,
and in his article "Image generation in the scanning microscope,” Sheppard
coined the word ”confocal” [116]. During the 1980s, Tony Wilson, Brad

Amos, and John White continued to make contributions to the field of con-
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focal microscopy (Figure 2.5 (Down panels)), and the first commercially
accessible apparatus was released in 1987.

This microscopy provides various advantages over traditional microscopy,
including optical sectioning, less scattered light, and increased microscope
resolution. These effects are mostly caused by the use of spatial filtering

methods to reduce light generated outside the focus. [117,118].

M. MINSKY
MICROSCOPY APPARATUS

Dec. 19, 1961
Filed Nov, 7, 1957

INVENTOR.
MARVIN  MINSKY

Figure 2.5: (Top), Schematic of the first confocal microscope described in the Minsky
patent. (Down), A confocal microscopy ((b), (d), (f)) and traditional microscopy ((a),
(c), (e)) on biological specimens were compared. [119] is the source of the graph.
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Figure 2.6: A fiber-based confocal objective is depicted schematically. An optical fiber
couples the illuminating light to the objective. With the aid of an ocular lens, the
diverging light leaving the fiber is collimated. An objective lens is then used to focus
the parallel light beam on a diffraction-limited spot in the focal plane of the lens (upper
drawing). The entire amount of light that is emitted or reflected from the focal point
into the solid angle of the objective lens follows along the same path as the illuminating
light back into the fiber core before being returned to the analyzing setup. Any light
coming from an out-of-focus source won’t be imaged onto the fiber core, so it will not be
coupled into the fiber and will not be visible by the analyzing setup (lower part). The
fiber core acts as a pinhole. Graph adapted from [120].

The fundamental concept for an optical fiber-based confocal microscope
is depicted in Figure 2.6. The idea is to introduce a pinhole into the image
plane of an objective. The objective is made up of two lenses that are
aligned such that the focal area of one lens, the object lens, is imaged
by the second lens, the ocular lens, onto a pinhole. The pinhole in the
system depicted in Figure 2.6 is made up of the 5.5 ym diameter core of
a single-mode optical fiber. The only light that couples into the fiber and
can be directed out of the microscope to the analyzing setup is the light
that hits the fiber core at the solid angle provided by the fiber’s NA. The
light emitted by the sample from the confocal setup’s focal region is imaged
alongside the fiber core (lower sketch of Figure 2.6). As a result, it is

not effectively coupled to the fiber. Because of this, confocal microscopes
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have better spatial resolution than traditional optical far-field microscopes
[121]. The confocal microscope’s diffraction-limited resolution, on the other
hand, means that the sample cannot be imaged at the same time. At a
time, only light from a single point is detected. Scanning can provide a
three-dimensional image of the sample. Figure 2.7 shows how inspection
volumes are lowered, making this approach an ideal candidate for the study

of isolated NCs.

Cover
/Glass
== Specimen
~ Micgﬁcnpn,
Widefield = Confocal Point
lllumination Excitation Scanning
(Large Volume) Beam (Small Volume)

Figure 2.7: Volumes of investigation in conventional and confocal microscopy, graph
adapted from [122].

Airy Disc:
To understand the basis and benefits of confocal microscopy, basic diffrac-
tion theory ideas must be reviewed. The electromagnetic field creates an
amplitude distribution on the image plane when a point source of light
passes through the microscope system (apertures, lenses, etc.). This is rep-
resented as an amplitude diffraction pattern, and the image of this pattern
corresponds to the PSF (point spread function, or intensity point spread
function). When the openings are circular, the Airy disk describes the in-
tensity distribution of the PSF in the plane of focus. This distribution has
an intensity maximum in the center and a a series of maximums separated
by zero intensity areas in ideal optical systems. The PSF distribution is de-

picted in the Figure 2.8 at various distances from the focus, with the image
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in the center corresponding to the Airy disk.

Focal Planes with Spherical Aberration

Towards the Lens

Paraxial

Point

Figure 1

Figure 2.8: The PSF is depicted as a function of focus distance. Each image is captured
on a plane perpendicular to the focal plane. The Airy disk is represented by the image
captured in the focal plane. Because the center of the image in focus is 100 times brighter
than the rest, the intensity has been manipulated. Graph adapted from [123].

Resolution criteria:
The resolution between two objects is defined as the shortest distance be-
tween them at which both can be clearly recognized. As a result, the lateral
resolution will correspond to the width of the PSF peaks. There are several
factors that determine the highest resolution of a system. According to
Rayleigh’s criteria, two objects are laterally resolved when the distance be-
tween them equals the distance between the first minimum of one’s airy disk

and the center maximum of the other (see Figure 2.9). In this approach, the
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ideas of resolution and contrast are inextricably linked, and the influence of
noise will be important for achieving good resolutions. A similar approach

can be used to estimate the axial resolution of the system [119,123].

angular separation
between the objects

’ | Q | ;
central maximum I — central maximum
first minimum first minimum
o A g n >
PR, Y A . B

Figure 2.9: Rayleigh criteria for the highest optical resolution between two nearby ob-
jects.

Thus, for conventional microscopy, the lateral resolution according to

the Rayleigh criterion will be given by the expression:

A
Ary. = 0.6— 2.1
Tlat. OGNA ( )

where N A is the numerical aperture, and the A is the wavelength of the

light.
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Resolution in the confocal microscope:
Confocal microscopy uses optical components that improve resolution. As
previously stated, the system’s PSF will describe the distribution of light
over the volume under consideration. Nevertheless, the same function de-
fines the intensity distribution of the observed volume in the confocal sys-
tem; therefore, if the same optics are used or if the reflection configuration

is utilized, the PSF .., will be represented by:

PSF,,,; = PSF x PSF = PSF? (2.2)

As predicted, the PSF,,; has a narrower intensity distribution (Figure
2.10), signaling that this type of instrument’s resolution will be enhanced.
When compared to traditional microscopy, the lateral extension of PSF in
fluorescent confocal microscopy investigations is reduced by around 30%
[122]. The lateral resolution expression in the confocal arrangement is as

follows:

A
ATlat.(conf.) = O4m (23)

26



Setatira Gorji

/s

Figure 2.10: PSF under conventional (a) and confocal (b) microscopy. The graphics are
represented in optical units (&, y, p), which are often designated with the letters (u, y,
v), respectively. The graph was adapted from [123].

It should be noted that in order to utilize high-quality confocal mi-
croscopy, the radius of the pinhole must be small enough (below the Airy
disk in the plane of the pinhole), but anything less than a certain value
results in a drop in signal intensity without an increase in resolution. The
ideal value for each assembly must be determined by the required resolution
and intensity levels [124]. The paraxial approximation is used to charac-
terize the assumptions in this section, which is satisfied only under certain

conditions (NA less than 0.6 [125]).

Confocal fluorescence microscopy setup:
Low temperature measurements were carried out using a confocal micro-

scope (Figure 2.11.a), where the samples were held in the cold-finger of a
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vibration-free closed-cycle cryostat (AttoDRY800 from Attocube AG) that

can be cooled down to 4K.

Figure 2.11: Experimental setup (a) A schematic picture of the confocal fluorescence mi-
croscopy set-up with which the low temperature (4K) measurements were done in isolated
perovskite NCs, Some of the setup elements are: 1-Spectra Monitoring, 2-Piezoelectric
motors controllers, 3-Temperature & Vacuum monitoring, 4-Microscope objective, 5-
Piezoelectric motors, 6-Vacuum chamber, 7-Cooling system (b) Top view of the low tem-
perature confocal microscope set-up: 1-The laser source, 2-Filters set, 3-Beam sampler,
4-Beam splitter, 5-Camera, 6-Long pass filter, 7-The spectrograph, 8-CCD camera.

p-PL was excited by means of a continuous wave (CW) laser diode at a
wavelength of A= 405, 532, 650, 785 nm. Additionally, the collection and ex-
citation arms were independently aligned by using single-mode fiber-coupled
laser diodes at selected wavelengths in order to simulate the optical emis-
sion from the different sets of samples. The cores of the single mode optical
fibers in detection will define the corresponding confocal pinholes. Excita-
tion and detection are performed through the same long-working distance
50x microscope objective (378-811-15) from Mitutoyo, which was mounted
outside the cryostat (NA=0.42). The emission from NCs was long-pass fil-
tered, dispersed by a double 0.3 m focal length grating spectrograph (Acton
SP-300i from Princeton Instruments) and detected with a cooled Si CCD
camera (Newton EMCCD from ANDOR) for recording u-PL spectra.

In the cryogenic pu-PL setup (Figure 2.11.a), the 405 nm CW laser diode
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was used to excite both green and red emitting NCs (1-label in Figure
2.11.b). Parallel mirrors cross a set of neutral filters and a beam sampler
(with just 4% reflectivity) to send laser light to the setup’s excitation arm,
which determines the excitation power from mW to tens of pW (2, 3 labels
in Figure 2.11.b). The pump laser beam is incident normally on the sample
surface, which is mounted on an Attocube piezoelectric XYZ motor within
the cryostat. Before collecting the emitted PL via the single-mode fiber, a
Pellicle beam splitter (50:50) is used in the collection arm (4-label in Figure
2.11.b) to construct a image of the sample surface using a C-MOS camera
(5-label in Figure 2.11.b). A 450 nm long-pass filter (6-label in Figure
2.11.b) was used to block the pumped laser and transmit emitted light to
the double spectrograph (7-label in Figure 2.11.b), and the 8-label in Figure
2.11.b shows the CCD camera.

2.2.3 Photon correlation (Hanbury Brown and Twiss

Setup):

To experimentally measure the photon time distribution, we must have
some way of recording the arrival times of the emitted photons. The Han-
bury Brown and Twiss (HBT) technique is a straightforward and robust
technique for measuring photon distribution by the statistics of photon co-
incidences. This technique employs a 50/50 beam splitter to divide the
photon stream into two branches which are guided onto two separate APD
detectors operating in the photon counting mode. To start the timer and
stop it, one APD starts it, and the other APD stops it, using TCSPC (Time
correlated single photon counting) technique, that measure the interval be-
tween detection events (see Figure 2.12). The time period or delay of the

detection coincidences is binned in absolute time delay values, with only the
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APD time resolution and electronic jitter limiting the minimum detection
window and thus ultimate time precision. In order to extract useful infor-
mation from this measurement by means of the second order correlation
function gt®(0), the coincidence counts at At=0 is compared to coincidence

counts for At — +oo.

/

e

Figure 2.12: Schematic representation of Hanbury Brown and Twiss experimental setup
using fiber beam splitter.

2.2.4 Open access Microcavity setup

Distributed Bragg Reflectors (DBRs) are commonly used to achieve
the extremely high reflectivity mirrors required for Laser cavities. DBRs
are made up of two alternating dielectric materials with thicknesses of
d; = XNo/4n; (i=1, 2), where n; is the refractive index of dielectric layer
i(1=1,2), and Ay is the wavelength of light. The DBR works on the
thin-film interference principle [126], and by properly selecting the thick-
ness of the layers, all the reflected light will constructively interfere. As
a result, practically most of the light is reflected back into a cavity mode
of two DBR mirrors. This, however, only happens in a region around A
called the stopband, which is a function of the number of paired layers (see

Figure 2.13.d). To achieve good coupling between the emitter and the cav-
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ity mode, the first is deposited inside the microcavity so that it overlaps
with an anti-node (maximum) of the cavity field. As a result, the electric
field distribution inside the cavity is pivotal to the design of the micro-
cavity. The transfer matrix method [96-99], and COMSOL Multiphysics
(Finite Element Method (FEM)) can be used to compute the electric field

distribution.

There are two critical components of the system: the fiber DBR mirror
and the planar DBR (see the scheme in Figure 2.14.c). The optical fiber
that we chose for the fiber DBR patterning is single mode, copper coating
fiber with a wavelength range of 460-600 nm with a mode field diameter of
6 pm £ 0.5 pm. This fiber is sourced from IVG Cu450 [127]. The Radius
of Curvature at the center of the concave impression of the set of fiber
mirrors used in these experiments was R = 100 pm. The second crucial
component, is the planar DBR consisting of 13 paired layers of Diniobium
pentoxide (NbyOj) and Silicon dioxide (SiO5) with the center wavelength
of the stopband at 530 nm. Figure 2.13.a shows three planar DBRs, with
the green one has containing a film of CsPbBr3 NCs deposited on top by
spin coating. All three are illuminated with ultraviolet light, in order to
observe the PL of the NCs. The reflectivity of each DBR mirror, which
is determined by the number of pair repetitions and the refractive index
difference between the two dielectric materials used, determines the finesse
of the cavity. Figure 2.13.b shows how the theoretical finesse is strongest
between 480 and 620 nm. Figure 2.13.c&d. shows the refractive index
and reflectivity of the planar DBR, respectively, and Figure 2.13.e&.f show
the refractive index and reflectivity of the fiber DBR, respectively. The
alternate layer configuration produces a periodic refractive index contrast

that is specifically designed to maximize the electromagnetic field at the
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surface of the DBR, where the semiconductor material will be deposited,
and reduce it in the center (see Figure 2.13.c). Figure 2.13.e depicts the
DBR refractive index graph of the end of the fiber and the field intensity.
The index contrast is designed to have a minimum field intensity at the end
of the fiber. Figure 2.13.d&.f shows The calculated stopband function with
13 paired layers of Diniobium pentoxide (NbyOj) and Silicon dioxide (SiOx)
at 530 nm for a planar DBR and fiber DBR, respectively. The blue curve
represents the cavity’s reflection efficiency. The stopband is a large high
reflectivity window centered at 530 nm. In principle, increasing the number

of layers increases the reflectivity of the cavity.
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Figure 2.13: (a) Three DBRs, the green one has CsPbBr3 NCs deposited on top by spin
coating. All three are illuminated with ultraviolet light. The photoluminescence of the
NCs can be seen when it is irradiated. (b) Theoretical models of fiber finesse. (¢) The
planar DBR’s periodic refractive index profile is depicted (red), together with the field
intensity (green). (d) reflection of planar DBR’s (e) The fiber DBR’s periodic refractive
index profile is displayed (red) together with the field intensity (green). (f) reflection
of fiber DBR’s. All the modeled plots are produced and delivered by the manufacture
company [127].

The fiber is glued to a top metal block which has a trapezoidal shape by
means of a silicon V-groove and connects to the piezoelectric motors. Light

is collected via objective 20X with the NA=0.6 (see Figure 2.14.a.). We used
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a 20X objective with a 0.6 numerical aperture instead of a 50X (NA=0.42)
objective to collect more signal. Because the signal was too weak in the
room temperature measurements in the cavity setup for some samples, and
a greater numerical aperture is needed to increase the collected signal. The
fiber is allowed to protrude approximately the diameter (125 pym) of the v-
groove and Titanium holder which is shown in Figure 2.14.b. This has the
main advantage of keeping the fiber tip clean, allowing the shortest cavity
(see Figure 2.14.c), and at the same time reducing the possible vibrations
at the fiber tip. The planar DBR is screwed to a holder so that the DBR is

facing downwards to the upward-facing fiber mirror.

(b) (c)

Fiber mirror

T P

Figure 2.14: (a) The fiber mirror is glued vertically into a Titanium mounting block
(trapezoidal piece) using a Silicon V-groove. This mounting block is placed on a ver-
tically moving Attocube nanopositioning piezo stage. The planar DBR is screwed to a
holder that can move in the XY plane. (b) Depicts a magnified view of the fiber mirror
approaching the planar DBR. (c) shows a scheme of machined fiber tip with a concave
DBR mirror coating substitutes one of the integrated, semi-conductor DBR mirrors in
the fiber microcavity architecture.
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2.3 Scanner micro-PL map at low and room
temperature

We utilized Qudi [128] python open source module to program the u-PL
map measurements, which is a broad, modular, multi-operating system suite
developed in Python 3 for controlling laboratory experiments. It creates an
organized environment by separating functionality into hardware abstrac-
tion, experiment logic, and user interface layers. The primary feature set
includes a graphical user interface, live data visualization, distributed exe-
cution via networks, fast prototyping through Jupyter notebooks, configu-

ration management, and data recording.
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Figure 2.15: (a) Hysteresis curves of different ANSxy100 scanners. p-PL map of single
CsPbBrz PNCs (b), and a 2D TEA5Snly perovskite thin film (c) at low temperature.
u-PL map of a composite of MAPbBr3 nanoparticles (NPs)(d) and a MAPbBr3 thin film
(e) at Room temperature.

1-PL mapping was carried out using our fiber-based scanning confocal
microscope (see Figure 2.11), with the samples placed in a vibration-free

closed-cycle cryostat (AttoDRY800 from Attocube AG). As can be seen
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in Figure 2.15.a, the maximum scan range of the piezo electric stage re-
duces with temperature from ~ 50 um at room temperature to ~ 30 pum
at low temperatures (4K). In terms of the scanning range changes at dif-
ferent temperature of the ” LargeRange” Piezomotor scanners, the scan
range at 4K would be 30x30 pm, and it is increases up to H50x50 pum at
300K. Figures 2.15.b&.c represent a p-PL maps of single CsPbBrs NCs,
and a 2D TEA,Snl, perovskite thin film, respectively at 4K. While Fig-
ure 2.15.d&.e shows the pu-PL map of a composite containing nanoparticles
(NPs) of MAPbBr3 and a thin film of MAPbBr; at 300K. The PL intensity
is shown by the color coded u-PL maps. The p-PL intensity of the emitters
is zero in dark zones, while it grows in the green zone from dark green to
light green. In this thesis, making a complete p-PL map of a sample is
very useful before beginning point measurements; for example, when study-
ing the u-PL of single perovskite NCs, mapping helps to recognize isolated
single nanocrystals. In the case of 2D flakes, it is also useful for studying

non-uniform PL emission due to sample morphology.

2.4 Transmission Electron Microscopy:

The transmission electron microscopes (TEM) can magnify objects up to
2 million times and is capable of achieving atomic (sub-angstroms) spatial

resolution. [129, 130].
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Ace. Voltage = 100.0KV 100nm  Acc. Voltage = 100.0KV 200 nm

Figure 2.16: Transmission Electron Microscopy (TEM) image was measured by a JEOL
100 kV microscope, model HT7800 Series, in a copper grid (a) in which the colloidal
material was dropped. The resolution of (b) is 100 nm and (c) 200 nm.

TEM can only load thin samples (<150 nm) and requires special prepa-
rations. In this thesis, we use the TEM to investigate the morphology and
size distribution of the NCs with the HT7800 RuliTEM at 100 kV, in a
copper grid where the colloidal suspension of Material was dropped (see
Figure 2.16.a). A TEM image is shown in Figure 2.16.b with a scale rule of

100 nm and in Figure 2.16.c with a scale of 200 nm.

2.5 Numerical Methods

Transfer matrix method:

The transfer matrix method is used to determine the reflection and trans-
mission characteristics of multi-layered structures [131, 132]. Imagine a
plane wave incident on an m-layered structure sandwiched between semi-

infinite input and output mediums, as depicted in Figure 2.17.
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Figure 2.17: Anisotropic material having uniaxial isotropy and varying dielectric con-
stants in the xy-plane and z-plane.

Each layer j(j = 1,2....m) has a thickness d; and its optical character-
istics are defined by its complex index of refraction n; = n; + tk;, which is
a function of incident light wavelength. At any indicate in the system, the
optical electric field is a sum of two components, one propagating in the
positive x direction and the other, in the negative x direction, which at a
position x in layer j are indicated by E;’ (z) and Ej (), respectively. An in-
terface matrix describes the refraction at the interface of an electromagnetic

(EM) wave as it propagates from layer j to layer k:

1 1
L= — Tk (2.4)

tjk Tk 1
where 7j; and tj; are the complex Fresnel reflection and transmission
coefficients at the interface jk [133]. The Fresnel coefficients for light with

an electric field vector in the plane of incidence (TM or p-polarized) are as

follows:
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tik = —————— 2.6
* = 1 (2.6)

The Fresnel coefficients for TE polarized or s-polarized light (light with
an electric field vector perpendicular to the plane of incidence) are given

by:

45 — dk
= 2.7
. (2.7)
2q;
tip = —2— 2.8
e o (2.8)
where ¢; = njcospj, ¢; denote the refraction angle in layer j.Apart

from refraction at an interface, the EM wave gains a phase as it propagates

through the layer j, which is represented by the phase matrix:

L= exp(—i&;d;) 0 (2.9)

0 exp(i€;d;)

where §; = 2T”qj. Determine a transfer matrix S, which links the electric

field at the input medium to the field at the output medium, by the equation:

Eqy B

Utilizing the interface and the phase matrices provided by Equations 2.4

and 2.10, an equation for S can be expressed as follows:
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Sll Sl2 "
S = = (T Zo-1pw L) Tgmen (2.11)
521 ‘922 v=1

There is no wave propagating inside the output medium in the negative
x direction, When an electric field is incident from the input medium in the
positive x direction; so, £, ,=0. For the overall system transfer matrix of
Equation 2.12; the complex reflection and transmission coefficients of the

complete system can be written as:

Ey  Sn
_ _ P2 2.12
"TE T Sa (2.12)
E* 1
p=—mfl - 2.13

Write the total multilayer transfer matrix as follows to get the electric

field in layer j:

S =S7L;ST (2.14)
with
j—1
S5 = ([T Hw-wLo)-Ty-vy; (2.15)
v=1
and
Si = ﬁ L1y L) L 1) (2.16)
v=j+1

The normalized incident wave is linked to the electric field propagating

in the positive direction in layer j by:
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1 + SJIQSJfl €$p(225]d])

Jjl1%411

In terms of the incident electric field, the total electric field at any arbi-

trary position inside layer j can be written as follows:

Ej(x) = E;r(x) + B (z) = [tjexp(ifjx) + tj_ea:p(—iéjm)]Ea“ (2.18)

Finite Element Method (FEM):
Scientific developments and contemporary computer technical capabilities
pushed researchers to undertake high resources’ consuming computations
to solve Maxwell equations in photonics, for example, as also in many other
disciplines. To correctly comprehend the investigated problems, mathemat-
ical models that imitate system behavior are required. These models are
based on differential and integral equation systems, and FEM is one of the
most used methods for solving them. Although this approach necessitates
extensive computer use, it can be used to numerically answer a wide range
of problems in Electromagnetism and Mechanics, for example. It can be
used to solve tasks in one, two, or three dimensions, even if the geometry
is complicated or the material under consideration is heterogeneous. In a
few circumstances, the issues can be solved analytically, but the majority
of them require a numerical solution. The FEM transforms differential or
integral equations into numerical model equations that are easier to solve by
utilizing a simple approximation of unknown variables, often based on sev-
eral types of discretizations. For a detailed description see [134-136]. The
first step in this approximation is to replace the continuous system with its

discrete equivalent. To do this, we divide the domain into smaller subdo-
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mains known as finite elements. The elements are linked by nodes, which
are where we solve the numerical model equations. By employing a finer
mesh, the electric fields can be estimated with more precision/resolution

(more calculating points).

Commercial software based on FEM (COMSOL Multiphysics):
To model and simulate the photonic structures in this thesis, a commercial
software named COMSOL Multiphysics was used [137]. The version used
in this case is v.5.2.0. It enables us to run simulations using either its
graphical user interface or the MATLAB program. The first method can
be more intuitive since you can graphically model the structure and the
computer displays lists of parameters, materials, geometric properties, and
study resolutions at all times. Another benefit of the program is that the
user can structure, assign different characteristics to any geometric domain
at any time. We can choose a different material for each region, as well as

the appropriate boundary conditions and, if necessary, a restriction.

The module ”Electromagnetic waves, frequency domain’ is required for
the simulations. We define the parameters to utilize in the model and create
the geometry after selecting the study for each case. We have to mesh our
model after we have determined the geometry and materials (see Figure
2.18). To compute the electromagnetic fields at each discrete point, this

mesh subdivision divides each domain into small, finite parts.
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Figure 2.18: Each domain is subdivided into multiple subdomains.

planar DBRs in an environment medium built for doing certain electric field distribution

COMSOL image displaying a meshed model of a Fabry Perot Microcavity based on
investigations.

As previously mentioned, we must adjust the mesh by increasing the

, the work will take less time,

i.e.

Y

density points in areas where the electromagnetic field is expected to vary
more (at interfaces between two materials with quite different refractive

index) and leaving it larger (but never larger than half a wavelength) in
areas where we believe the field variation is smoother. We can get sufficient

but we will have results with sufficient precision.

accuracy while saving calculating resources
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Chapter 3

Optical stability of CsPbXj
(Br, I) perovskite nanocrystal

for single photon emission

Metal-halide semiconductors with a perovskite crystal structure are in-
teresting due to their ease of solution processing and have recently been
successfully used in high-efficiency photovoltaics and bright light sources
[138,139]. Park and colleagues demonstrated the first perovskite-based sin-
gle photon emission using all-inorganic CsPbls QDs in 2015, revealing high
single photon purity emission at room temperature caused by fast nonradia-
tive Auger recombination [140], and also S.C. Boehme et al. revealed single
photon purity emission at room temperature. [141] However, photobleaching
and blinking limit its optical stability. In this chapter, cryogenic micro-PL
and micro-TRPL spectroscopies are used to examine single CsPbX; (X =
Br, I) PNCs with two different capping ligands. We deduced the average
homogeneous linewidth of excitonic optical transitions for both cases. In

comparison to the typical OLA/OA ligands, a significant reduction of the
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blinking effect is observed in the case of ZW ligands, and strong linewidth
narrowing and higher stability are observed. Furthermore, a slightly longer
decay time (in a factor ~ 1.35) was measured for CsPbBrj single PNCs with
ZW ligands, making them better suited for single photon sources. However,
in the case of CsPblz PNCs, the same strategy of using ZW ligands does not
work, and the most used OLA/OA ligands are still the best candidate. In
fact, we have measured g?(0) ~ 0.3 for these CsPbl; PNCs. Furthermore,
the spectral diffusion effect is significantly reduced in both single CsPbBrg
(ZW ligands) and CsPblz PNCs (OLA/OA ligands), resulting in micro-PL
linewidths of ~125 peV and ~140 peV, respectively.

3.1 Introduction and state of the art

Colloidal semiconductor QDs can be used as single photon emitters [78§],
which could be important in applications related to quantum technologies
(quantum cryptography, quantum sensing and quantum communication)
[52,142]. The majority of these investigations with photons have so far
focused on epitaxial self assembled QDs, colloidal CdSe-based QDs, Color
centers in Diamond, and single molecules. The common challenges of such
applications, such as emission intermittency (blinking), photostability, and
spectral diffusion, stem from factors inherent to the QD material (surface
traps, enhanced Auger processes, facile photo-ionization, photo-oxidation
and other environmental effects) [78]. Specially designed colloidal core-
shell heterostructures have been shown to reduce blinking while giving up
enhanced multiphoton emission [78].

LHPs exhibit outstanding optoelectronic properties including high ab-
sorption coefficient, high carrier mobility, long carrier lifetime, and high

defect tolerance [40,41, 143]. With these semiconductors, low-cost solar
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cells with conversion efficiencies of around 20% have been demonstrated
[144-146]. Fully inorganic CsPbX3 (X = Cl, Br, I) PNCs have been syn-
thesized with precise size and compositional control, offering very bright,
tunable, narrow-band luminescence over the whole visible wavelength range
[55]. Due to the high defect tolerance and lack of detrimental mid-gap sur-
face defects, room-temperature photoluminescence quantum yields of up to
90% can be achieved without any additional surface passivation. This fact
opened up a plethora of possibilities for tunable quantum light sources based
on compositional and quantum size tuning. These materials have excellent
emission properties [42], however, the quality of the optical emission was

limited by photobleaching and blinking.

Although colloidal lead halide PNCs have emerged as the basis for ver-
satile photon sources, their processing and optoelectronic applications are
hampered by the loss of colloidal stability and structural integrity due to
the facile desorption of surface capping molecules during isolation and pu-
rification. So, it would be enticing to use the high oscillator strength, high
quantum yield, efficient charge transport, solution-processability, and ease
of synthesis of PNCs with higher stability (no photobleaching and no blink-

ing) for applications related to the quantum technologies.

In this chapter, to address this issue, we have examined different passi-
vation methods such as encapsulating the single PNCs with Poly(methyl
methacrylate) (PMMA), capping PNCs with hBN flakes, and passivat-
ing the PNCs by (di-dodecyl dimethylammonium bromide) DDAB ligands,
which were not efficient. Alternatively, we undertake another ligand cap-
ping strategy, consisting in the use of inexpensive long-chain ZW molecules,
N — Dodecyl — N, N — dimethyl — 3 — ammonio — 1 — propanesul fonate,

which are readily available commercially. This type of ligands, in particu-
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lar, enables the isolation of clean PNCs with PL QY of more than 90% [56].
Bidentate ZW ligands, which have two functional groups that can bind to
NCs, are particularly attractive due to their ability to improve the stabil-
ity of NCs and enhance ligand—surface interactions [56-58]. The bidentate
ZW ligands show great promise for efficient surface passivation and PL en-
hancement [59]. Krieg et al. [56] suggested using long-chain zwitterionic
molecules as capping ligands for CsPbX3 PNCs, and these ligands demon-
strated a significant improvement in durability and stability [56]. With this
ligand passivation, the spectral diffusion of the CsPbBrj is drastically re-
duced, and their stability is greatly increased. Their average homogeneous
linewidths decreased by an order of magnitude when compared to OLA/OA
ligands, and their lifetime increased slightly (factor ~ 1.35), making them
ideal for use as a single photon emitter source. However, this strategy did
not work for CsPbl3 PNCs and the typical OLA/OA ligands are still the
best option.

3.2 Experimental Details and Methods

Synthesis of Colloidal Solution (OLA /OA ligands):

CsPbX3 (X=Br, I) PNCs were produced using the hot-injection technique
described by Kovalenko and co-workers [55]. Without going through any
additional purification process, all the reactants were used as received. In a
brief, Cs-oleate solution was prepared by mixing 0.41g of Csy;CO3 (Sigma-
Aldrich, 99.9%), 1.25 mL of oleic acid (OA, Sigma-Aldrich, 90%), and 20
mL of l-octadecene (1-ODE, Sigma-Aldrich, 90%) were loaded together
into a 50 mL three-neck flask at 120°C' under vacuum for 1h under constant
stirring. Then, the mixture was No-purged and heated at 150°C' to reach the

complete dissolution of CssCO3. The solution was stored under Ny, keeping
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the temperature at 100°C' to prevent Cs-oleate oxidation. For the synthesis
of CsPbBr3 and CsPbBrl; PNCs, 1.0 g of PbBry (ABCR, 99.999%), and the
corresponding PbBry/Pbly mixture, were mixed with 50 mL of 1-ODE into
a 100 mL three-neck flask. The mixture was simultaneously degassed and
heated at 120°C' for 1h under constant stirring. Then, a mixture of 5 mL
each of both pretreated (130°C') OA and oleylamine (OLA, Sigma-Aldrich,
98%) were separately added to the flask under Ny, and the mixture was
quickly heated at 170°C'. At the same time, 4 mL of Cs-oleate solution
was injected to the mixture, followed by 5 seconds in an ice bath to quench
the reaction. The colloidal solutions were centrifuged at 4700 rpm for 10
minutes in order to perform the isolation process of PNCs. After discarding
the supernatant, PNC pellets were separated and redispersed in toluene to

concentrate them at 100 mg/mL.

Synthesis of Colloidal Solution (ZW ligands):
The synthesis of CsPbBrs; PNCs by adding ZW ligands was performed by
mixing stochiometric amounts of Cs-oleate, Pb-oleate, TOP-Bry and sulfo-
betaine based on N-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(ASC12), with some modifications. [147] To prepare Cs-oleate solution (0.4
M), 1.628 g Cs2CO3 (5 mmol), 5 mL oleic acid 16 mmol and 20 mL 1-
octadecene (1-ODE) were combined into a three-neck flask under vacuum
upon heating to 120 °C, until the completion of gas evolution. On the other
hand, Pb-oleate (0.5 M) was prepared by mixing 4.61 g Lead (II) acetate
trihydrate (12 mmol), 7.6 mL OA (24 mmol) and 16.4 mL ODE in a three-
necked flask under vacuum upon heating to 120 °C, until complete evapo-
ration of acetic acid and water. Simultaneously, TOP-Brs solution (0.5 M)
was prepared by combining 6 mL trioctylphosphine (TOP, 13 mmol) 9.4

mL of each toluene and mesitylene, and 0.6 mL bromine (11.5 mmol) under
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a Ny purge.

At this stage, 5 mL of as-prepared Pb-oleate (0.0025 mol), 4 mL Cs-
oleate (0.0016 mol), 0.336 g ASC12 (1 mmol) and 10 mL 1-ODE were
mixed in a 50-mL three-necked-flask and heated to 120 °C under vacuum.
Then, mixture reaction was No-purged, and the temperature was increased
to reach 180 °C. Here, 5 mL TOP-Bry (0.0025 mol) was quickly injected,
and the reaction was quenched in an ice bath. To isolate the final product,
PNCs were centrifuged at 5000 for 5 min with 60 mL acetone. PNCs pellets

were separated from supernatant, redispersed with toluene at 50 mgmL 1.

Material characterization: The CsPbBrs PNCs synthesized using
zwitterionic (ZW) ligands show improved stability when compared to tra-
ditional PNCs with OLA/OA surface ligands. As demonstrated in the
TEM image in Figure 3.1.a,c, the dominant shape of CsPbBr3; PNCs with
OLA/OA and ZW ligands is cubic, and the average size of these nanocubes
is around 10.8 nm and 11.6 nm, respectively, as determined from their
size histograms (obtained from TEM images) in Figure 3.1.b,d. Accord-
ing to Figure 3.1.e,f, the TEM image of CsPbl; PNCs synthesized with
OLA/OA ligands are also cubic, and its size histogram shows a Gaussian
distribution peaked near 13.1 nm, which is slightly larger than CsPbBr;
PNCs [117,148]. The green and red colors in this chapter correlate to the
CsPbBr3 and CsPbls PNCs, respectively, and correspond to their emission

wavelengths.
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Figure 3.1: Transmission Electron Microscopy (TEM) measured by a JEOL 100 kV
microscope, model HT7800 Serie, of colloidal suspensions of CsPbBrs PNCs (dropped
on a copper grid) with OLA/OA ligands (a), CsPbBrs PNCs with ZW ligands (c), and
CsPbl3 PNCs with OLA/OA ligands (e). (b, d, f) Size distribution histograms of these
PNCs as obtained from the TEM images.

Preparation of isolated CsPbBr; (X=Br, I) NCs dispersed on
Si0, substrates:
The goal of this study is to measure the emission of light from single PNCs.
To do this, we prepared samples with PNCs that were spatially isolated from
each other. To prepare the samples, a commercial Si wafer coated with a 285
nm thick SiOs film was used, the wafer is cleaned sequentially by ethanol,
isopropanol, and acetone. Then, the deposition of PNCs was carried out by
dip coating (as explained in Figure 2.2) using a colloidal suspension of PNCs
with a controlled concentration (in the case of 0.1 — 1mg/ml) in Toluene, in

order to define an interparticle distance greater than the optical resolution.
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3.3 Results and Discussion

Figure 3.2.a indicates how p-PL spectra of single PNCs of CsPbBr3 with
OLA/OA ligands at 4K are characterized by narrow lines (in green), whose
peak energies cover the emission energy range of the inhomogeneously broad-
ened PL spectrum (black line) measured in a high-density sample made with
the same PNCs. Lorentzian functions were used to fit these pu-PL spectra
whose FWHMSs are represented as a histogram in Figure 3.2.b. The mean
value of the FWHM for CsPbBrs PNCs with OLA /OA ligands is 2.35 meV.
As observed in Figures 3.2a,b (see also below), such large FWHMSs of pu-
PL spectra can be due to spectral diffusion. Exciton phonon interaction
should be highly reduced at 4 K and eventually it would depend on the
QD/PNC size [117]; however, in our case, we do not find any correlation
nor dependence on size for the FWHM, indicating that the linewidth should
be limited by spectral diffusion, hence very strong in PNCs with OLA/OA
ligands. We have addressed this problem, and examined different meth-
ods, such as encapsulating (covering) the single PNCs with Poly(methyl
methacrylate) (PMMA), or hBN flakes, and passivating with (di-dodecyl
dimethylammonium bromide) DDAB ligands. Figures 3.2.c, shows the p-
PL spectra of a single CsPbBrs PNC from a sample encapsulated by spin
coating 20 nm of PMMA. The FWHM for this u-PL spectrum is 2.36 meV,
hence still limited by spectral diffusion, other than observing blinking effect.
Figures 3.2.d, displays the u-PL spectra of two single PNCs of sample pre-
pared from a colloidal solution of CsPbBrs nanocrystals synthesized with
OLA/OA ligands after the passivation with DDAB. It is clear that DDAB
passivation is not working, because the linewidths of y-PL spectra of these
two PNCs are 1.47 and 1.36 meV. On the other hand, Utzat et al. [149]
indicated that ZW ligands can exhibit higher stability than typical PNCs
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with OLA/OA surface ligands. In fact, the u-PL spectra measured here in
single CsPbBrs PNCs synthesized now with ZW ligands exhibit very nar-
row lines (in green), in the order of ~ 125 peV, as shown in Figures 3.2.e.
Again, their peak energies perfectly cover the energy range of the inhomo-
geneously broadened PL spectrum (black line) measured in a high-density
sample prepared with the same PNCs. As can be observed by comparing of
these u-PL spectra (Figure 3.2.a) with those for CsPbBrg PNCs synthesized
with OLA/OA ligands (Figure 3.2.e), the linewidths in ZW-PNCs are less
than 10% of those in OLA/OA-PNCs. Indeed, the histogram of FWHMs
in ZW-PNCs, is much less disperse and represented by a Gaussian distri-
butions (black line) with a mean value of 250 peV (see the zoom included
in Figure 3.2.f), i.e., one order of magnitude lower than the mean value for
OLA/OA PNGCs. It is worth to highlight that we have measured a value as
low as 125 peV, which, up to our knowledge, is the narrowest of all currently
available values in literature, as summarized in table 3.1, where it is listed
the FWHMs obtained by different authors on PNCs with different types of
ligands. The results of the present study are shown in the last row of the
table (in blue). Our system resolution’s linewidth is ~120 peV. As a result,
we can conclude that the best technique for reducing linewidth broadening
(and blinking, as shown below) by spectral diffusion consists in the use of

CsPbBr3z PNCs synthesized with ZW ligands.
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Figure 3.2: (a) The representative u-PL spectra of single CsPbBrs PNCs synthesized
with OLA/OA (dark green lines) in comparison to the PL spectra of the corresponding
high-density samples made with the same PNCs (black line). (b) Histogram of FWHM
values obtained from fittings to the Lorentzian shapes of the u-PL spectra in (a). (c) p-
PL spectra of a single CsPbBr3s PNCs in a sample covered with PMMA layer 20 nm thick.
(d) p-PL spectra of two single CsPbBrz PNCs in a sample prepared from the original
colloidal solution (CsPbBr3 PNCs synthesized with OLA/OA) after DDAB passivation.
(e) Representative u-PL spectra of single CsPbBrs PNCs with ZW (light green lines) as
compared to the PL spectrum of the corresponding high-density sample made with the
same PNCs (black line). (f) Histogram of FWHM values obtained from fittings to the

Lorentzian shapes of the u-PL spectra in (e).

Figure 3.3.a shows how u-PL spectra at 4 K of single PNCs of CsPblj
synthesized with OLA /OA consist of very narrow lines in the order of ~ 140
eV, whose peak energies cover the energy range of the PL spectrum mea-
sured in a high-density sample made with the same PNCs. The histogram of
FWHMs, as depicted in Figure 3.2.b, is well represented by a Gaussian dis-
tributions (black line) from which a FWHM mean value is 250 peV, with a
lowest value of 140 ueV. In spite of these nice results, we still observe a poor
stability of the PNCs and blinking under laser excitation. In order to try

to solve these problems, we examined different passivation/encapsulation
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methods. Figures 3.3.c shows the pu-PL spectra of several single CsPbls
PNCs from a sample covered with a spin coated PMMA layer 20 nm thick.
The linewidths of one of the u-PL lines is 5.63 meV, hence limited by spec-
tral diffusion and blinking effects, as indicated above for CsPbBrs PNCs.
We also tested a local encapsulation by hBN nanoflakes transferred onto the
PNCs by using polydimethylsiloxane (PDMS), as carried out for 2D per-
ovskites [62, 150]. Unfortunately, hBN nanoflakes suppress the emission of
single PNCs, making it difficult to obtain PL signal from samples prepared
using diluted colloidal solution, and we prepared new ones with increased
concentration, which in turn results in PNC agglomerations on the sample.
Figure 3.3.d shows a u-PL spectrum of a single CsPbl; PNC passivated with
a hBN flake that exhibits a linewidth of 0.2 meV over a tail of background
emission due to agglomeration of PNCs, along with spectral diffusion and
blinking. Finally, Figure 3.3.e,f shows u-PL spectra of single CsPbl; PNCs
synthesized with ZW molecules, from which we deduce a mean value of
FWHM of ~1.1 meV, other than blinking effect. Therefore, ZW ligands
does not work in the case of CsPbl3 PNCs, and the conventional OLA/OA
ligands are still the best option for CsPbl; PNCs (see Figure 3.3.a).
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Figure 3.3: (a) The representative u-PL spectra at 4 K of CsPbls PNCs synthesized with
OLA/OA as compared to the PL spectrum (black line) high-density samples made with
the same PNCs. (b) Histogram produced using FWHM values obtained from fittings to
the Lorentzian shapes of the u-PL spectra measured. (c) u-PL of single CsPbIz PNCs in
a samples covered with a PMMA film 20 nm thick. (d) u-PL spectrum of a single CsPbls
PNCs capped with a hBN. (e, f) u-PL spectra of single CsPbls PNCs synthesized with

ZW.

Figure 3.4.a,b&c shows the statistical distribution of the extracted FWHM
of single PNCs of CsPbBrs with OLA/OA ligands, CsPbBrs with ZW
ligands and CsPbl; with OLA/OA ligands, respectively, as a function of
their emission energy extracted from the pu-PL spectra shown above (Fig-
ure 3.2&3.3). Figure 3.4.a reveals that the variation in CsPbBrs PNCs with
OLA/OA ligands is between 1-6 meV and the values are highly dispersed.
In contrast, CsPbBrs PNCs with ZW ligands are concentrated around the
average value, 0.25 meV, with values between 0.1 and 0.4 meV, but any
energy dependency is observed (Figure 3.4.b).We also find a similar fluctu-
ation in CsPbl; 0.1-0.5 meV (see Figure 3.4.c), but now possibly we observe

a certain tendency to increase with confinement, possibly due to a stronger
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exciton-phonon interaction by increasing the emission energy (decreasing

PNC size) [151].
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Figure 3.4: Statistics of the FWHMSs that were obtained for the p-PL spectra mea-
sured in CsPbBrs PNCs synthesized with OLA/OA (a) and ZW (b), and CsPbI; PNCs

synthesized with OLA/OA (c).
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MATERIAL | 1820 | o ohology | Ave. size | FWHM decay | mpnp | Ref.
types time
CsPbB ZW Single  Crys- | 13 5 (m) 210 3.6(K)
S r3 tal .5 (nm ps . [149]
CsPbBr: ppaB | Single Crys | o 2 (meV) 0.4 ns | 4.6(K)
S r3 tal nm me 4 ns . [141]
Single 23.5 £ 3.2 79+8
CsPbBr3 OLA/OA nanoplatelet (nm) 0.94(meV) ps 5(K) [152]
Single Mi- ~0.7
MAPbDI3 croplate ~1.1 (um) ~200(peV) s 4(K) [153]
-compact -compact
~322.1(nm) | ~540.6(nm)
Single Micro- | -porous -porous
CsPbBry crystals ~313.0(nm) | ~543.4(nm) 4K) [154]
-islanded -islanded
~133.9(nm) | ~535.6(nm)
Single 180-
CsPb(Cl/Br)s | OLA/OA| nanocrys- ~9.5 (nm) ~1(meV) 250 6(K) [138]
tals ps e
Single ~1.02
CsPbl3 OLA/OA| nanocrys- ~9.3 (nm) ~200(peV) ’ ~4(K) )
ns [139]
tals
Single ;i)CiQS
CsPbl3 OLA/OA| nanocrys- ~9.3 (nm) ~200(peV) ~4(K)
~1.02 [155]
tals
ns
Single
FAPDI3 OLA/OA| nanocrys- 10-15 (nm) | 1.2(meV) 1.5ns | ~3.6(K) [156]
tals 0
Single ~355
CsPbBrs OLA/OA| nanocrys- ~9.4(nm) >1(meV) S ~4(K) [157]
tals p -
Single ~180
CsPbBr3 OLA/OA | nanocrys- 8—10(nm) ~170(peV) S 2(K) [158]
tals P ‘
Single
CsPbBr3 OLA/OA| nanocrys- ~8.8(nm) ~5(meV) 10(K) [159]
tals °
Single 0.85
CsPbl3 OLA/OA| nanocrys- ~9.3(nm) ) 3(K) )
ns [160]
tals
CsPbBr3 W Single ~11.6(nm) | 0.125(meV) | 0.3 ns
nanocrys- ) 4(K)
CsPbl3 OLA/OA tals ~13.1(nm) | 0.140(meV) | ~1 ns

Table 3.1: Most representative results found in literature for CsPbX3, MAPbXj3, and
FAPbXg3, perovskites regarding the PL linewidth evolution. We include the type of
ligands, average size, FWHM of the PL, lifetime (7), Temperature, and references. The
results of this study are shown in the last row of the table (in blue).
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Figure 3.5: pu-PL spectrum (left panel) and time-dependent spectral evolution (right
panel) of optical emission of a single CsPbX3 (Brs, I3) NC (a, d, g). Each PL data point
has a 1s integration time. CsPbBrs PNCs (dark green Line) with OLA/OA ligands (a)
and CsPbBr3 PNCs (light green Line) with ZW ligands, with significantly decreased
spectral diffusion and blinking effects, were detected for this single PNC (d) and CsPbls
PNCs (red Line) PNCs with OLA/OA ligands (g) demonstrating long-term stability.
Example of Time-resolved PL (TRPL) on a 10 ns time scale from the emission of single
(b) CsPbBrs PNCs with OLA/OA ligands, (¢) CsPbBrs PNCs with ZW ligands, (h)
CsPbIz PNCs with OLA/OA ligands. Statistics of decay (7) of (¢) CsPbBrs PNCs with
OLA/OA ligands, (f) CsPbBrs PNCs with ZW ligands, (i) CsPblz PNCs with OLA/OA
ligands.

Representative spectral and intensity-time series of single CsPbBr; PNCs
with OLA/OA and ZW ligands and CsPbly PNCs with OLA/OA ligands,
are shown in Figures 3.5.a,d&g, respectively. As demonstrated in the left
panel of Figure 3.5.a, for CsPbBrg PNCs with OLA/OA ligands, two pPL
lines are observed (time integrated) at central peak energies of 2.364 eV, at-
tributed to recombination of neutral excitons (X), and 2.353 eV, attributed

to recombination of the trion (here depicted for the case of a negatively
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charged exciton) (X7), i.e., with the latest with binding energy of 11 meV.
This is only a tentative identification based on a review of ref. [161]. The
time-dependent evolution of these PL peak are depicted in the image at the
right panel of Figure 3.5.a. As evidenced in here, the observed spectral dif-
fusion is clearly contributing to the linewidth broadening, giving an overall
linewidth (time integrated) of 0.84 meV for X transition. As probed above
for different passivation methods, the best results were synthesis of CsPbBrj
PNCs was carried out with ZW molecules [56,149]. As expected, the pu-PL
spectra of these single PNCs are not suffering of spectral diffusion (no vari-
ation of the p-PL peak with time), and hence we observe a very narrow
p-PL spectrum of neutral exciton (0.25 meV, time integrated) whose peak
energy is observed at 2.334 eV of with time, as observed in left and right
panels of Figure 3.5.d. Similarly happens for CsPbl; PNCs with OLA/OA
ligands, where the -PL line associated to recombination of neutral excitons
is observed 1.720 eV (X) with a very low linewidth of 0.16 meV (see left
panel of Figure 3.5.g), which is due to the weak spectral diffusion (see right
panel of Figure 3.5.g). However, a clear emission contribution at 1.711 eV
is observed at certain times (see both panels of Figure 3.5.d), which is at-
tributed to the blinking effect to the negatively charged exciton (X™) state.
The (X7) state exhibits a binding energy of 11 meV, very similar to the
value found above for the case of CsPbBr3 PNCs of similar size, which is
also consistent with reported values in literature [139, 155,161, 162]. It is
important to note that no blinking was observed in the case of CsPbBr;
PNCs with ZW ligands. Figure 3.5.b, illustrates a typical p-TRPL spec-
trum for a single CsPbBr3 PNC with OLA/OA ligands. These PNCs are
characterized by exciton lifetimes 7 in the order of 0.16+0.05 ns. Figure

3.5.c shows a statistical sampling of the decay time measurement. The mean
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value of 7 is 0.16 ns with a dispersion of 0.02 ns. In Figure 3.5.e, the u-PL
decay curves obtained for the CsPbBrs PNCs with ZW ligands revealed
an increased lifetime by a factor ~ 1.35, (0.21£0.43 ns) as deduced from
its statistics in Figure 3.5.f, where the mean value of 7 is 0.22 ns, and its
dispersion of 0.03 ns. This mean value is consistent with lifetimes reported
in the literature for CsPbBrg PNCs for OLA/OA, which are in the order of
200 ps [149,163]. Figure 3.5.h shows a typical u-TRPL spectrum for a single
CsPbl; PNC with OLA /OA ligands, which is characterized by a decay time
7 0.81£0.073 ns. Figure 3.5.1 shows a statistical sampling of the decay time
measurements, from which a mean value of 7 = 0.72 ns and a dispersion of
0.13 ns are deduced. The results of the present study are shown in the last

row of the table 3.1 (in blue).
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Figure 3.6: (a) (upper panel) photon correlation measurements of the optical emission
of single PNCs obtained with Hanbury—Brown and Twiss (HBT) set-up at 4K with a
¢%(0) value of ~0.5 for CsPbBrg PNCs (ZW) ligands under pulsed excitation, (lower
panel) integrated coincidences histogram extracted from the raw data. (b) The yu-PL
spectra of a single CsPbBrs NC measured and only showed exciton recombination peaks
as the pumping power increased from 0.8 to 64 nW. (¢) Evolution of the integrated PL
intensity with the laser power for exciton (X°) which was observed experimentally in
CsPbBr3 NCs in a log-log plot showing linear dependence. (d) Measurement result of
the second-order correlation function (g?(0) ~0.3) for a single CsPblz Perovskite NC
under CW excitation, which is below the antibunching threshold at g2(0) = 0.5. (e) u-
PL spectra series of a single CsPblz NC as a function of excitation power. (f) Evolution
of the integrated intensity as a function of power for exciton (X°) and biexciton (XX?)
which were observed experimentally in CsPbls NCs in a log-log plot.

Figure 3.6.a shows the photon correlation for the pu-PL peak of a single
CsPbBr3 PNCs with ZW ligands, under pulsed low power excitation (0.8
nW) measured with our Hanbury-Brown-Twiss (HBT) intensity interferom-
eter setup (see Figure 2.12). It demonstrates that g?(0) ~ 0.5, and hence
the quantum nature of the optical emission. The photon correlation trace
for the u-PL peak of a single CsPbl; PNCs is shown in Figure 3.6.d, nor-
malized to its long-time amplitude obtained with CW low power excitation

(80 nW). This measurement shows that ¢*(7) is ~ 0.3 at 7 = 0 and then
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increases to unity at longer delay times. This is an evidence of single pho-
ton emission, ¢g%(0) = 1-1/n, where n is the mean number of photons. So,
g*(0)=0.3 gives n = 1.42 photons, as shown in Figure 3.6.d. Figure 3.6.b
illustrates the pu-PL spectra of a single CsPbBr3 PNC as a function of the
excitation power from 0.8 nW to 64 nW, where a single emission line at
2.334 eV (marked as X° in the plot). Moreover, a near linear dependence of
its intensity is observed with power, as shown in Figure 3.6.c, where a slope
m= 1.06 £ 0.02 is deduced. This linear dependence of the u-PL intensity
on laser power confirms that optical emission should arise from the neutral
exciton (X°) recombination [153,164,165]. Figure 3.6.e illustrates the u-PL
spectra of a single CsPbl; PNC as a function of the excitation power, where
a sharp line marked as X° at 1.721 eV can be observed at the lowest laser
power of 10 nW. When the power is increased to 320 nW, a second line
(marked as XX?) red shifted ~ 4 meV with respect to the X° one appears
in the emission spectrum. Figure 3.6.f shows the integrated intensities of
the observed lines as a function of laser power. We observe that the in-
tensity of line X° shows a power dependence with exponent 1.07 £+ 0.05,
hence near a linear dependence. The onset of emission from XX arises at
higher laser powers than that from X°, and the intensity of the emission
increases with a super-linear power dependence, with a fitted exponent of
1.944 0.09. This variation clearly demonstrates that XX¢ is correctly as-
sociated to the biexciton recombination in CsPbl; PNCs, consistently with
observations in literature [138,139,166]. It could be claimed that entangled
photon pairs can be created via the cascade between X X° and X°. So,
using this perovskite platform could be an alternative to develop room tem-
perature entangled photon pairs. But, in order to do this, it will be required

to analysis of the fine structure splitting (which can be high in perovskite
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materials and reduces the chances of producing entangled photon pairs), as

well as the problems with stability, durability.
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Figure 3.7: Quantum size effect on CsPbBrz NCs. Experimental g?(0) values (blue dots)
as a function of the central wavelength of the emission for a set of 40 CsPbBrg NCs. The
threshold for antibunching is reported (red dashed line). [167]

Figure 3.7 shows a statistically studied by the C.Soci et al. [167], which
showing the size-dependent high quality single photon emission (blue dots)
as a function of the central wavelength of the emission for a set of 40
CsPbBr3 NCs. As you can see Figure 3.4.b the average value of peak en-
ergy in CsPbBrg PNCs with ZW ligands is 2.32 eV (534.5 nm), indicating
that we are not in strong confinement, to compare with the Figure 3.7.
CsPbBrs PNCs have a Bohr radius of ~ 7 nm [168], while the average size
of CsPbBrsy PNCs with ZW ligands is 11.6 nm, as we now when the size
of the nanoparticles is larger than the Bohr radius, the quantum confine-
ment is weak. Because of that, we can not achieve a g?(0) value lower than
0.5 [169]. The Bohr radius of CsPbl; PNCs is 12 nm [168], with an average

size of 13.1 nm, which is closer to a strong confinement.
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3.4 Conclusions

To summarize, in this chapter we used cryogenic pu-PL and p-TRPL spec-
troscopy to examine single PNCs with two different capping ligands, and we
deduced an average homogeneous linewidth of excitonic optical transitions
in freshly prepared samples for both cases (OLA/OA and ZW ligands). In
comparison to the typical OLA/OA ligands with ~2.35 meV linewidths on
average, the homogeneous linewidths of single CsPbBrg PNCs with ZW
ligands exhibit a significant narrowing with higher stability due to dras-
tically decreased spectral diffusion and blinking effects. In this way, we
have obtained a mean linewidth of ~250 peV with a lowest value of ~125
peV, which, up to our knowledge, is the actual lowest reported linewidth
value (see table 3.1). In fact, this lowest value can be overestimated, as
our spectral resolution (120 peV) can blur the real linewidth. Furthermore,
based on pu-TRPL measurements, we have demonstrated an increase of the
exciton lifetime by a factor ~1.35 for CsPbBr3 PNCs with ZW ligands, mak-
ing them better for quantum light sources. However, in the case of single
CsPbl3 PNCs, the strategy of ZW ligands did not work, and the traditional
OLA/OA ligands are still the best candidate, even if exhibiting the blinking
phenomenon between X to X~ states. For CsPblz NCs with the average
size of ~250 peV and the lowest value of ~140 peV for pu-PL linewidth.
Furthermore, we obtained g?(0) ~ 0.3 for CsPbl; single PNCs. Also we ob-
tain g2(0) ~ 0.5 for CsPbBrj single PNCs with ZW ligands, but to achieve
the ideal emission, we must optimize the size of the NCs. However, more
statistics for g?(0) at 4 K and higher temperatures will be needed in the
future for establishing the potentiality of CsPbBrs and CsPbls; PNCs for

quantum technologies.
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Chapter 4

Donor-acceptor discrete optical

emission in 2D perovskites

Two-dimensional (2D) van der Waals nanomaterials have attracted con-
siderable attention for potential use in photonic and optoelectronic appli-
cations on the nanoscale, due to their outstanding electrical and optical
properties. Currently, 2D perovskite belonging to this group of nanomate-
rials is widely studied for a wide range of optoelectronic applications, due
to strong quantum confinement and the sizable band gap in these materi-
als [14-16]. Thanks to their excitonic properties, 2D perovskites are also
promising materials for photonics and nonlinear devices working at room
temperature. Nevertheless, strong excitonic effects can reduce the pho-
tocurrent characteristics when using the thinner perovskites phase. In this
chapter it is investigated the presence of single donor-acceptor pair optical
transitions in 2D Lead Halide Perovskites, by micro-photoluminescence and
time-decay measurements, which are characterized by sub meV linewidths
(~ 120peV') and long decay times (5-8 ns). X-Ray Photoemission and DFT

calculations have been employed to investigate the chemical origin of elec-
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tronic states responsible of these donor-acceptor pairs. The association of
Phenethylammonium with Methylammonium cations, the latter molecule
being only present in 2D Halide Perovskites with thicker phases n > 2,
has been identified as a likely source of the donor-acceptor pair formation,
corresponding to the displacement of lead atoms and their replacement by
methylammonium. The study of discrete donor-acceptor pair (DAP) sharp
and bright optical transitions in 2D Lead Halide Perovskites opens new
routes to implement DAP as the carrier sources for novel designs of opto-
electronic devices with 2D perovskite, as for example enhanced interactions
in van der Waals interlayer heterostructures dipolar interactions between
localized interlayer excitons in van der Waals heterostructures [170], or to

develop new route for single photon emission [171].

4.1 Introduction

Since the discovery of the high light-energy conversion efficiency pub-
lished in 2009 [24], the use of perovskite materials has been demonstrated
in a large number of photonics devices owing to their interesting proper-
ties related to charge transport, excitons and photoexcited carriers gener-
ation, bandgap tunability and exciton binding energy in halide perovskites
(HPs), and ferroelectric properties and magnetic field effects in oxide per-
ovskites [172]. This rapid growth in academic activity has merged with
another intense field of research, the study of 2D monolayer semiconduc-
tors. The isolation of mechanically exfoliated graphene in 2004 has boosted
the engineering of an interesting new set of high-quality 2D semiconductor
samples that can be prepared at a low cost and without specialised equip-
ment. This is the case for 2D Lead Halide Perovskites (LHPs) [29, 30],

which have recently been analysed more closely because of their potential
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integration in high-efficiency photovoltaics and photonic devices [17,31-33].

As a 2D van der Waals family material, layered perovskites show en-
hanced stability and structural tunability [17,29,34], but with a particular
soft lattice and a dynamically disordered structure. Its crystal lattice typi-
cally consists of single or multiple organic—inorganic hybrid phases arranged
into a Ruddlesden—Popper structure [18] (as it has been explained in the
chapter 1.1). In contrast to 3D perovskites, the semiconducting inorganic
layer is passivated with insulating organic cations, forming a 2D natural
quantum-well structure where the electronic excitations are confined in the
inorganic layers [34]. Its optical emission properties can be controlled by
the n value, which labels the number of inorganic monolayers building the
quantum well structure (from n = 1, 2, 3 to ~ 00) [17,34]. Single layer 2D
perovskites show strong Coulomb interaction, due to the effect of the quan-
tum confinement and the weak dielectric screening. Consequently, excitonic
states for 2D HPs with a small n number are characterized with binding en-
ergies up to several hundreds of meV [29], which returns excitonic stability

even at room temperature [60].

The intense excitonic features that are present in these small n value 2D
HPs play an important role in the development of new and promising opto-
electronic devices. At first, the high excitonic binding energy characteristics
of small n values 2D HPs reduces the overall photocurrent generation for
solar cell applications [63]. Thus, for these purposes, larger n values sam-
ples with smaller excitonic binding energies are conventionally used [21].
However, there is a different carrier strategy to produce high photocurrent
generation in 2D HPs with small n values. The dissociation of excitons into
Donor-Acceptor pairs (DAP) could be used to drive new device designs with

small n value 2D HPs. In fact, DAP charge transfer processes has been ob-
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served in n = 1 LHPs with interfaced with an organic semiconductor used
as spacer layer, which enhances photocurrent production, this is possibly
induced by increased disorder and reduced dielectric constant in the bulk
heterojunctions system [21]. Interestingly, another study has reported that
a molecular doping by a small and highly electron acceptor molecules of
3,4,5,6-tetrachloro-1,2-benzoquinone (TCBQ) into n = 1 LHPs containing
naphthalene cations molecules serving as a donor, give rise to a formation
of DAP within the organic layer [64]. These DAP organic species between
the inorganic layers can be used to increase the electrostatic screening of
the exciton, and hence to tune the excitonic binding energy in 2D hybrid
layered perovskite samples [21,64], which is an important strategy to gain
control of the performance of optoelectronic devices. However, the charge
transfer has not been observed when using a bulkier Phenethylammonium
(PEA) organic cations as layer spacers, which isolate the inorganic sheet
and thus inhibit the charge transfer processes at the crystal interface, or
when using larger LHPs values than n > 1 reducing exitonic character [21].
Moreover, DAP charge transfer processes of intrinsic donor and acceptor
defects formed within the inorganic layer of n > 2 LHPs, intercalated with
a small methylammonium (MA) cations and isolated with PEA bulkier
spacer cations, presented in this chapter, is different to the previously re-

ported DAP formation caused by external doping of n = 1 LHPs [21,64].

The isolated DAP carrier optical recombination that provides very nar-
row linewidths, as low as ~ 120ueV/, (here it is important to note that our
spectral resolution is ~ 120peV’) and long-lived as long as 8.6 ns, optical
transitions in 2D LHPs based materials at low temperatures has been mea-
sured and identified in this chapter. X-Ray photoemission spectroscopic

(XPS) has been employed to identify chemical processes giving rise to elec-
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tronic states responsible to DAP-related optical transitions. In particular,
the DAP appears to be related to the exchange of methylammonium (MA)
molecule and Pb atoms present in 2D HPs samples with phase thickness
n = 2, leading to optical recombination in a broad spectral range between
two excitonic transitions. This claim is supported with complementary op-
tical spectroscopic data by means of y-Raman spectra. The experimental
effort is accompanied with predictions from a simple model to calculate the
density of states (DOS) as a function of DAP binding energy, which is built
up by the attractive Coulombic interaction between their net charges. The
analysis helps to interpret and understand the principal signatures and the
nature of the DAP state in 2D LHPs, its spectral features, and its relation-

ship with the selected cation spacer and the layer thickness n value.

4.2 Experimental details

Sample preparation:

Two different phases of 2D perovskites single crystals with the lowest quan-
tum well thickness of n=1 and n=2 were synthesized. The crystal lattice
consists of an inorganic octahedral layer that is sandwiched by long organic
cations, forming 2D quantum well structures (see Figure 4.1.a-c). The gen-
eral chemical formula for 2D perovskites is RoA,,_1B,X3,,11, where Ry is
a long organic cation (phenethylammonium, butylammonium, ethylammo-
nium, ...), A is a tiny organic cation (methylammonium (MA), formami-
dinium (FA), ...), B is a metal inorganic cation (e.g., lead, tin, and so on),
and X is a halide inorganic anion (i.e., chloride, bromide, or iodide) [17-21].
Figure 4.1.a-c shows the crystal structures of both PEA,Pbly (n=1) and
PEA;MAPD,I; (n=2) phases. They are made up of a single layer (n=1)

and a double layer (n=2) of perovskite inorganic octahedral flakes com-
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posed by (PbI%)~ anions sandwiched by long organic (PEA?)* cations,
which serve as spacers. The inorganic double layer is intercalated by short
organic (MA)* cations for n = 2. Only the n = 1 phase has a well-defined
structure, whereas small inclusions of another n phase are formed for a

higher inorganic flake thickness n > 1 [38].
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Figure 4.1: (a) 2D perovskites are composed of inorganic octahedral (Pblg)~, short or-
ganic methylammonium (MA)™ cation, and long organic Phenethylammonium (PEA5)™
cation.(b) Crystal structure of a monolayer of 2D perovskite PEA;Pbly crystal with a
quantum well thickness of n=1, where a single octahedral sheet is sandwiched by a PEA-
organic spacer. The inset image shows its energy levels diagram, with indicated valence
band (VB), conduction band (CB), electronic band gap (E4) with values taken from [36],
free exciton optical transition (Xs3,3) and the exciton binding energy (Ep). (c) Crys-
tal structure of a monolayer of 2D perovskite PEAsMAPDyI; crystal with a quantum
well thickness of n=2, consisting of two octahedral sheets intercalated with short MA
molecules, sandwiched by a PEA, organic spacer. The inset image shows its energy levels
diagram, with indicated valence band (VB), conduction band (CB), electronic band gap
(E4) with values taken from [36], free exciton optical transition (Xs,3) and the exciton
binding energy (E;). (d) Molecularly thin exfoliated flake of 2D perovskites with n=1
with tens of pum lateral size.(e) Examples of the micro-PL spectrum containing these
excitonic transitions, for n=2 sample.

Synthesized crystals can be easily exfoliated down to a single monolayer,
thanks to the relatively weak van der Waals interlayer coupling. Exfoliation
reduces the occurrence of unwanted hybrid phase formation [38] and leads to

a strictly flat crystal orientation to the substrate [39], which may suppress
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the substrate’s lattice imperfections. In this chapter, synthesized single
crystals of both phases were exfoliated onto SiO,/Si substrates using scotch
tape. Exfoliated single-crystal flake (n = 1) with a typical lateral size of
tens to hundreds of micrometers and a thickness of tens of nanometers is
shown in Figure 4.1.d. A confocal microscope has been used to measure p-
photoluminescence (u-PL) and time-resolved u-PL (u-TRPL), (see Chapter

2.11 for more details).

Synthesis:
Synthesis of PEA;Pbl, (n=1). Solution A, PbO powder (1116 mg, 5 mmol)
was dissolved in a mixture of 57% water/water (w/w) aqueous hydriodic
acid (HI) solution (5.0 mL, 38 mmol) and 50% aqueous H3POy (0.85 mL,
7.75 mmol) by heating to boiling under constant magnetic stirring for about
10 min. It was then possible to see the formation of a bright yellow solution.
Solution B, in a separate beaker, C¢H;CHyCHoNH, (phenetylamine, PEA)
(628 plL, 5 mmol) was neutralized with HI 57% w/w (2.5 mL, 19 mmol) in
an ice bath, resulting in a clear pale-yellow solution. If a solid precipitate or
the formation of a suspension is observed, then it is possible to heat slightly
until it has dissolved. Once both solutions have been prepared, Solution B
should be slowly added to Solution A. A quick addition could produce a
precipitate, which was subsequently dissolved as the combined solution was
heated to boiling. After 10 minutes of maintaining the solution at boiling
point, the stirring was stopped, and the solution was allowed to cool down
to room temperature. During this time, orange, rectangular-shaped plates
began to crystallize. The crystallization was deemed to be complete after 1
hour. The crystals were isolated by suction filtration and thoroughly dried
under reduced pressure. The obtained single crystals were washed with cold

diethyl ether.
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Synthesis of PEA;MAPDsI; (n=2). Solution A, PbO powder (1116 mg,
5 mmol) was dissolved in a mixture of 57% w/w aqueous HI solution (5.0
mL, 38 mmol) and 50% aqueous H3PO, (0.85 mL, 7.75 mmol) by heating to
boiling under vigorous stirring for about 5 min and forming a yellow solu-
tion. Then, CH3NH;3Cl powder (169 mg, 2.5 mmol) was added very slowly
to the hot yellow solution, causing a black precipitate to form, which rapidly
redissolved under stirring to achieve a clear bright yellow solution. Solu-
tion B, in a separate beaker, C¢HsCH,CHyNH, (PEA) (880 pl, 7 mmol)
was neutralized with HI 57 % w/w w/w (2.5 mL, 19 mmol) in an ice bath,
resulting in a clear pale-yellow solution. The addition of the PEAT solution
to the Pbl, solution initially produce a black precipitate, which was dis-
solved under heating the combined solution to boiling. After discontinuing
the stirring, the solution was cooled to room temperature, and cherry red
crystals started to emerge. The precipitation was deemed to be complete
after ~1 h. The crystals were isolated by suction filtration and thoroughly
dried under reduced pressure. The material was washed with cold diethyl

ether.

4.3 Results

4.3.1 Micro-photoluminescence and time decays

The unambiguous identification of the nature of the excitonic states which
takes place in the 2D perovskites optical spectra is still under study in
the academic community. The excitonic-level structure is described and
calculated by Do et al. [61] by resulting in four different bright excitonic
transitions (X1, Xs, X3,&X,) (see Figure 4.2 three examples of excitonic

spectra), where the Xy and X3 states are energetically split into two lin-
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early polarized optical transitions. This additional splitting has been linked
to exciton fine-structure splitting [62]. This excitonic assignment is fol-
lowed here, based on the optical spectroscopic findings. Recently, Do et
al. [61] demonstrated how spin-orbit coupling splits the excitonic transi-
tion in 2D halide perovskites into this four distinct recombination routes.
Figures 4.1.f shows an example of the micro-PL spectrum containing these
excitonic transitions, for n=2 sample. As is shown, the emission from X;
and X, transitions are very weak compared to the central emission from
X5, and X3. The analysis of the spectral characteristics for the first three
excitonic transitions (X7, Xs, and X3), for both n=1 and n=2 samples, was

the main focus of this chapter.

Normalized p-PL

2.12 2.14 2.16 2.18 2.20

Energy (eV)

Figure 4.2: Three examples of the p-photoluminescence spectrum of n = 2 2D perovskite,
showing all four excitonic transitions
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Figure 4.3: General photoluminescence (PL) and time resolved photoluminescence
(TRPL) characteristics at low temperature (4 K). An example of measured PL spectra
for phase (a) n=1. X 3 corresponds to free exciton, and X; corresponds to self-trapped
exciton. Statistics of X; and Xj 3 peak linewidth FWHM as a function of emission en-
ergy of X; and Xy 3 for phase (b). Example of TRPL of X; and X33 on a 10 ns time
scale for phase (c). Statistics of X; and Xs 3, fast decay (71) for phases (d), and long
decay (72) for phases (e). Statistics of the relative intensity between both fast and slow
radiative channels of X7 and X3, (1) as a function of emission energy for phases (f).

Figure 4.3.a displays a typical optical spectrum for the n=1 phase sam-
ples covering this spectral range of interest. Here, the free exciton re-
combination is tentatively identify by the X,3 peak (see right panel of
Figure 4.1.b-c) [65,173]. However, the exciton may recombine by another
process, (e.g.self-trapped excitons (TE), biexcitons, triexcitons, or phonon
replicas) or extrinsic optical transitions as excitons bound to defects [29].
Figure 4.3.b shows the evolution of the FWHM as a function of the emission
energy for both X; and X 3. Xs3 (Black star) shows a mean FWHM = 6.5

meV with standard deviation o = 1.48 meV. X; (Orange star) data returns
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a mean FWHM = 22.1 meV and ¢ = 6.8 meV. When analyzing X; and
X3 recombination in samples with n = 1, both transitions are clearly dif-
ferentiated by their spectral characteristics. Figure 4.2.c shows a u-TRPL
measurement example for both X; and X 3 transitions present in the n =
1 phase. TRPL is characterized by two decay channels (characterized with
fast 7 and slow 7, decay times). X, 3 shows a first fast decay time in the
order of 0.24140.006 ns and X; of 0.393£0.019 ns. Figures 4.3.d-e show a
statistical sampling of the decay time measurement for both fast and slow
components. The mean-value of X, 3 7 is 0.24 ns, with a o0 = 0.04 ns; while
for X; is 0.38 ns, with a ¢ = 0.07 ns. Additionally, the residual long 7
shows mean-value of 6 ns for X 3 transition, with o = 2.8 ns; while for X,
it reaches a mean value of 9.5 ns, with 0 = 2.7 ns (Figure 4.3.¢). Finally,
the relative intensity between both fast and slow radiative channels was
analyzed. To do this, a new parameter (u) is defined to compare the weight

of the emitted light from both radiative channels. Hence, it is defined as

_ Ip(D)
1= Ty

where Ip/s(T) = LZT alexpﬁ -dt, and T is the laser period.
In this sense, the p value will describe situations where the fast decay dom-
inates (1 > 1), both channels have similar contribution (u ~ 1), or where
the slow decay dominates (u < 1). As is shown in the plot in Figure 4.3.f,
p > 1 for almost all cases, both for X; (open orange circles), and X5 5 (filled
black circles). In conclusion, in samples with phase n= 1, the light intensity
contribution from the fast decay time ( ~ hundreds of ps) always dominates

over the long decay time (~ ns).
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Figure 4.4: General photoluminescence (PL) and time resolved photoluminescence
(TRPL) characteristics at low temperature (4 K). An example of measured PL spectra
for phase (a) n=2. X 3 corresponds to free exciton, and X; corresponds to self-trapped
exciton. Statistics of X; and Xj 3 peak linewidth FWHM as a function of emission en-
ergy of X; and Xy 3 for phase (b). Example of TRPL of X; and X33 on a 10 ns time
scale for phase (c). Statistics of X; and Xs 3, fast decay (71) for phases (d), and long
decay (72) for phases (e). Statistics of the relative intensity between both fast and slow
radiative channels of X; and X3, (1) as a function of emission energy for phases (f).

Now, a similar analysis is carried out in thicker samples with phase n
= 2, presented in the following. Figure 4.4.a shows an example of the p-
PL spectra of a representative sample. As before, the first three excitonic
transitions are the main focus of the attention. Following similar arguments
as described earlier, these are labeled as X;, X, and X3 transitions. The
increase of the thickness of the inorganic component red shifts their optical
emission (see Figure 4.1.f). The X3 transition is shifted almost 200 meV

towards low energy concerning its n = 1 counterpart, due to its correspond-
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ing thicker inorganic confinement layer. Figure 4.4.b shows X; (Violet star)
and Xs 3 (Black star) FWHM values as a function of the emission peak en-
ergy, where the X5 35/X; mean FWHM is 5.7/10.4 meV, with the standard
deviation ¢ = 2.5/5.8 meV. Here, a larger linewidth dispersion than in the
previous statistical analysis, with n = 1, is clearly identified . Next, the time
decays are analyzed. Figure 4.4.c shows one example of the X; and X, 3
u-TRPL measurements, displaying the same double component for both X3
and Xy 3 peaks as in the n = 1 phase. Figures 4.4.d,e show the statistics
of the fast (71) and slow (72) decay times for both X; and X, 3 transitions.
The mean 7 value of Xy 3 is 0.35 ns, with a ¢ = 0.07 ns; while for X; is
0.38 ns, with a ¢ = 0.07 ns. The mean 7, value of X3 is 8.4 ns, with a o
= 3.5 ns; while for X, is 8.8 ns, with a ¢ = 2.8 ns. The principal difference
between n = 1 and n = 2 u-TRPL is the higher observed dispersion for
the n = 2 phase case, although here mean values are slightly larger than
previously. Finally, and as before, the relative intensities of both radiative
channels with the parameter p have been analyzed. Figure 4.4.f shows the
dispersion of p for the phase n = 2. As is shown, almost all values are
situated close to  ~ 1 or g > 1. This means that the fast channel still
dominates the optical emission in both X3 (filled black circles) and X;
(open violet circles). In a small fraction of cases, the contribution of the
slow component dominates (@ < 1). This more complex behaviour adds to
the previous findings related to the larger dispersion found for both FWHM,
and 7 and 75 decays. The study on the transient characteristics of the pho-
toluminescence clearly identifies higher complexity when analyzing the n =
2 phase than the previous and simpler dynamical situation described in the

n = 1 phase.
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4.3.2 Donor-Acceptor pair optical emission

The higher complexity that is observed in both FWHM and decay time
statistics for the n=2 phase is accompanied in some cases (=11 % of anal-
ysed points across surfaces of different flakes) with the presence of a third
and narrow optical transition, in which central peak energy position ranges
between X; and X3 optical transitions (see Figure 4.5.a,c,&e). The spec-
tral and decay time characteristics of this third optical transition are pre-
sented in this section. It is labeled as a Donor-Acceptor Pair (DAP) state.
Later on, additional experimental evidences to support this assignment will
be presented. Figures 4.5.a,c&e show u-PL spectra of n = 2 phase samples,
where the DAP transition is present. Multi-Lorentzian fitting was per-
formed for each spectrum. The contribution of X; and X5 3 optical emission
is shown with violet and black shadows. Blue shadows indicate the emis-
sion from DAP transition, with characteristic FWHMs ranging from 120
peV (Spectral resolution) up to ~ 5 meV. The FWHM & Ep pairs of the
Figure 4.5.a,c&e take the following values—a: 0.12 meV & 0.172 eV, ¢: 0.3
meV & 0.173 eV, and e: 0.8 meV & 0.170 eV (as shown by the statistics of
DAP peak linewidth as a function of Fp in Figure 4.7), which Fg is defined
as Bp = Eyqp —hw. Where Eyq, is the gap energy of the n = 2 phase, which
is 2.32 eV (see the right panel of Figure 4.1.c ), and fw is the energy of
the emitted photon in a DAP transition. Here the u-TRPL measurements
of DAP transitions is performed. Figures 4.5.b,d&f show the X; and X533
time traces following the same evolution described earlier. However, the
sharp DAP transition present in this phase shows quite different behaviour.
The DAP dynamics (plotted with blue scattered dots) also contain both
fast and slow decay times. Nonetheless, here the slow decay represents the

dominant intensity contribution. Figure 4.5.¢ shows the evolution of u as
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a function of Fg. As can be seen, there is a clear energy range where the
radiated intensity from the slow decay channel clearly dominates over the
fast decay (p < 1), where this last fast decay contribution is almost negligi-
ble; this energy range is marked with a bluish shadow in the Figure 4.5.g,h.
In in the Figure 4.5.g dot label with (I) is linked to the spectra shown in
the Figure 4.5.a, and the p-PL and p-TRPL peaks associated with (IT) and
(III), are shown in the Figure 4.6.a,b and 4.6.c,d, respectively. The residual
presence of the fast decay when filtering the DAP transition can be asso-
ciated with the background emission from X; and X, 3 transitions. Figure
4.5.h shows a statistical sample of DAP 7; and 7 values as a function of
Ep. It can be assumed that the DAP optical transition is characterized by
longer time dynamics, which is in correspondence with its sharpest spectral
features. However, neither decay and FWHM are Fourier transform related,
and hence the effect of the extra carrier dynamics mechanism in the DAP
recombination should be expected, even though the limited spectral resolu-
tion (=~ 120peV’) reduces the capacity to estimate the real FWHM values.
To obtain the full description of the characteristics and magnitude of the
correlation time and dephasing process acting on the DAP transition, it will
be necessary to perform alternative interferometric measurements to derive

its first order coherence function [174].
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Figure 4.5: Donor Acceptor Pair (DAP) optical emission signatures in n = 2 phase

samples.

(a-c-e) u-PL spectra of three different samples with highlighted X; (violet

color), X5 3 (black color), and ionized Donor-Acceptor pair emission peaks (DAP, blue
color), (b-d-f) their corresponding u-TRPL traces of the observed X3 3 (black scattered
dots), X (violet scattered dots), and DAP (blue scattered dots) optical transitions. (g)
Statistics of the relative intensity between both fast and slow radiative channels, (1) as
a function of its binding energy for the DAP transition. ((I) is linked to (a), and the
u-PL and p-TRPL peaks associated with (II) and (III), are shown in Figure 4.6.a,b, and
Figure 4.6.c,d, respectively). (e) Statistics of the fast (7) and slow (72) decay times as

a function of the binding energy of the

DAP state.
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Figure 4.6: (a) p-PL spectra with highlighted X5 3 emission peak (black color) and ion-
ized Donor-Acceptor pair emission peak (DAP, blue color) with the label of (II) with the
binding energy of 0.182 eV, as shown in Figure 4.5.g. (b) u-TRPL traces corresponding

to the observed DAP optical transition in (a).

(c) u-PL spectra with the label of (IIT)

with the binding energy of 0.23 eV, as presented in Figure 4.5.¢. (d) u-TRPL traces
corresponding to the observed DAP optical transition in (c).
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Photoelectronic characterization:

XPS experiments have been performed to to identify the electronic states
that originate the DAP transition. Figures 4.8.a-c show the Pb 4f, I 3d, and
N 1s core level spectra acquired in both phases n = 1, n = 2 and in a refer-
ence bulk sample. These measurements are expected to provide for direct
information about the oxidation degree and chemical environment of each
atomic species. In the bulk samples, Pb 4f and I 3d core-level spectra are
dominated by Pb*? and I~" spin-orbit doublets with a Pb4 f;/» component
located at 138.1 eV and a I3ds5/, component at 618.7 eV, respectively (Fig-
ures 4.8.a-b). These components are attributable to Pb and I atoms in the
inorganic octahedral anions. Together with the main Pb*? core-level sig-
nal, it has observed traces from Pb° (with its Pb4 f7/2 component located

at 135.9 eV), which reveals the presence of metallic Pb segregated to the
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surface of the bulk sample (Figures 4.8.a). As in bulk samples, traces from
Pb*2 and PU° species have been observed in the Pb 4f and I 3d core-level

spectra acquired in the n=2 sample.
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Figure 4.8: XPS spectra of (a) Pb 4f, (b) I 3d and (c) N 1s core-levels measured in n = 1,
n = 2 and bulk lead iodine perovskite crystal phases. The broad peak appearing on the
low binding energy side of Pb 4f spectra for n = 1 and 2 samples (shaded in light blue),
corresponds to the second replica of the Si 2p plasmon (plasmon energy of ~ 17.8 eV
from Si 2p3/5). XPS analysis results (a-c) suggest that different composition of organic

components in each n and bulk crystal phases give rise to creation of different kinds of
defects.

However, additional Pb 4f and I 3d doublets have been found, these
appearing at the high energy side of the main Pb™2 and I~! doublets with
their Pbdf;, and I3ds/, components located at 138.9 eV and 619.5 eV,
respectively (Figures 4.8.a-b). These results, together with the fact that
these new Pb 4f and I 3d components exhibit an atomic Pb/I ratio of
~0.3£0.1, suggests that their origin may be related to the presence of Pbl;-
like species at the sample surface, and also u-Raman spectroscopy results
shown in Figure 4.10 support this assignment. The n=1 samples (Figures
4.8.a-b), which were used to measure the Pb 4f and I 3d core-levels, and
spectra reveal the presence of Pb and I atoms in Pbl,-like species coexisting
with these located in the inorganic octahedral anions. However, no traces

from metallic Pb° have been observed, interestingly.
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Figure 4.9: (a-c) Simplified scheme of ideal and defective Pblg octahedra units sur-
rounded by different compositions of organic cations for each crystal phase with corre-
sponding defects identified by XPS. Results indicate that (a) M AT cations present in
bulk crystals seem to promote metallic Pb° segregation generating Pb vacancies (Vpy),
whereas (b) PEAJ cations in n=1 crystal phase tend to decompose inorganic sheets into
lead iodine Pbls-like species favouring the generation of Vp;, and I vacancies (Ipp). (c)
Coexistence of both M At and PEAJ cations in n=2 crystal phase enhances in multiple
defect generation. (d) The joint action of both M A+ and PEAJ cations in n=2 crystals
promotes the generation of M A py, acceptors, besides of Pbys 4 donors. As a consequence,
these two kind of defects tend to form DAPs with a recombination emission energy that
depends on their distance r.

Figures 4.9.a-c. show comparison of simplified schemes of ideal and
defected Pblg octahedra units (including different organic cation types) for
each crystal XPS analysis (see Figure 4.8.a-c). These photoemission results
indicate a different chemical behavior as going from one kind of samples to
the other, which imply a rich structural-dependent chemical activity. Of
course, Pb 4f and I 3d spectra appear dominated by signals coming from
(pristine) inorganic octahedral sheets in all kind of samples (Figure 4.9.a-
c). However, metallic Pb° has been detected, but not Pbly-like species,
in the bulk samples (Figure 4.9.a) and Pbl,-like species, but not metallic
P°, in the n=1 samples (Figure 4.9.b). Only in the n=2 samples both
metallic Pb° and PbI,-like species coexist (Figure 4.9.c). Structurally, these

samples differ one from each other, precisely, in the nature of their organic
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components: M AT cations constitute the organic species in bulk samples,
whereas PFE A ones are those of the n=1 samples. These facts suggest that
different organic components give rise to defects of different chemical nature:
M A7 cations somehow promote segregation of metallic Pb° whereas PE A,
cations tend to favor decomposition of inorganic sheets to produce Pbls-like

species.

Perovskites can naturally host a wide variety of optically active defects
whose optical recombination energy depends on their chemical nature [60].
For instance, several defects acting as acceptors (I;, MApy, Vara, Vep,
Ina, Ipy) or donors (MA;, Pbya, Vi, Pb;, MA;, Pb;) have been found
in 3D [175-177] and 2D [37] LHPs (here, V = vacancy, subscript i = inter-
stitial, and Ap denotes A substitutes for B) [176]. Taking this into account,
XPS results reported here reveal a rich a n-dependent chemical activity in
2D perovskites, which would give rise to optically active defects whose na-
ture would depend on the specific organic component involved in. This fact
becomes particularly relevant for disentangling optical properties of 2D per-
ovskites with n=2, in which both PEA, and M A™ organic cations coexist
in a similar proportion (see Figure 4.1.c and Figure 4.9.c). In fact, it is
thought that a joined action of the two organic cations present in the n=2
perovskites is responsible for the generation of DAPs in 2D perovskites with
n=2 depicted in (Figure 4.9.d): M A" cations seem to promote Pb segrega-
tion, but the presence of PFE A, cations, which strongly disturb the inorganic
sheet, collaterally enhances Pb segregation favouring that M A™ cations to
occupy Pb atomic sites within the octahedrals and creating M Ap, accep-
tors [37]. At the same time, displaced Pb atoms may occupy M A™ sites
out of the octahedrals, eventually acting as Pby;a donors. It seems rea-

sonable to assume that the effects of both cations was particularly efficient
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when acting on the same sites of the crystals, then, it would be expected
that M App-related acceptors and Pbysa-related donors are close to each
other. As a result, first the donor and acceptor must be neutralized. Then,
they will emit a photon, and in the final state, the wavefunctions of M Ap-

related acceptors and Pbj;a-related donors will easily interact, producing

DAPs (see Figure 4.9.d).

The N 1s core-level spectra Figure 4.8.c, as measured by XPS in 2D
perovskites, seem to support the scenario proposed above. In the samples,
the N 1s signal stems from the organic components of the 2D perovskites.
In fact, in the bulk and in the 2D perovskite with n=1, the dominant N 1s
singlet signal comes from the M A* and PFE A, cations, respectively. Only
an additional weak signal can be observed at the low energy side of the
N 1s spectrum measured in the bulk sample, which may be attributed to
M AT cations in Pb sites (hereafter called the M A™ defective). Indeed, the
N 1s spectrum acquired in the 2D perovskite with n=2 exhibits both peaks
coming from the M A" and PFE A, cations located at their own crystal sites.
However, a new component develops, as the Pb 4f component attributed to
Pbl, also does (Figure 4.8.a) tentatively attributed to the aforementioned
M AT defective as these two components appear in the low energy side of
the N 1s spectra. Moreover, in the n = 2 sample, the N 1s contribution of
M AT defects is shifted to lower binding energies than in the bulk perovskite,
indicating that PEA, promotes the exchange of M A" cations with Pb in
octahedral sites favouring M A™ to act as acceptors. Figure 4.9.d shows an
example of DAP formation of Pbys4 and MAp, anti-sites defects created
in n=2 perovskites [37]. Influence of DAP distance r and concentration of
created individual DAP to their optical recombination properties, will be

discussed in the section 4.4.
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u~-Raman spectroscopy:

p-Raman spectroscopy is a powerful technique for studying the crystal
quality of 2D materials. Laser power dependent Raman spectra of 2D HPs
with phase thickness of n = 1 and n = 2 is depicted in Figure 4.10.a and b,

1 and

respectively. For both phases, two intense peaks centers at 102 cm
132 ecm™~! were identified. The lower frequency peak is associated to the

Pbl, [178,179] and the higher frequency peak to the organic cation [178]

vibrations.
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Figure 4.10: Raman spectra of phase (a) n = 1 and (b) n = 2 2D HPs as a function of
laser power with marked peaks attributed to Pbls, organic cation (OC) and c¢-Si vibration
modes. (¢) Raman integrated intensity of the Pbly and organic cation related peaks as
a function of the laser power for both phases showing a linear dependency as a function
of laser power.

Figure 4.10.c shows the integrated intensity as a function of excitation
power of the Raman spectra of Pbl, and the organic cation peaks, for n=1
and n=2 phases. As it is shown, the evolution follows a linear power depen-
dency for both phases (value a is around 1). By a closer examination of the
Raman spectra (see Figure 4.10.a-b) it can be found that the peak related to
the vibration of the organic cation is relatively broad, with FWHM around
40 cm™! for both phases n = 1, 2. On the other hand, the lowest frequency
peak attributed to vibration of the Pbl, shows more differences between n

= 1, 2 phases. The Pbl; related peak is sharper for n = 1 (FWHM = 8
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cm™!) than for n = 2 (FWHM=15 cm™!), suggesting a noticeable better

crystal quality of n = 1 phase.

4.4 Discussion

With the intention of evaluating the starting hypothesis of addressing these
u-PL and p-TRPL special features found in the n = 2 phase with the DAP
state, as suggested by XPS and p-Raman spectroscopy techniques, I first
compare the optical emission results with a simple model to calculate the
DAP Density of States as a function of its binding energy in 2D perovskites
(see Chapter 1.1). Following this procedure, the possibility of finding sharp-
peaked transitions along the energy range between X; and Xjy3 will be
estimated. To develop the model, we assume the existence of donor (D)
and acceptor (A) states within the bandgap. According to Ref. [180], the
substitution defects of MA and Pb leads to D and A states below and above
the conduction and valence band edges of approximately ~ 0.15 eV. [181]
The energy of the emitted photon in a DAP transition (Egp(r)) is given by
Equation 1.10.
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of the exciton transitions. (b) Model output of the DAP density of states (DOS) as a
function of binding energy, in logarithmic scale for three different dielectric constants.
(d, e and f) is the zoom of (a, b, and ¢), from 0.15 to 0.19 eV, respectively.

Figure 4.11.a depicts a pu-PL spectra for the phase n = 2 labeled as a
X1, Xs3,&Xy, to indicate the position of the exciton transitions. For the
calculations, a two-layers 2D perovskite was assumed in order to simulate
the case with phase n = 2. The density of states (DOS) is obtained by
calculating Fgp for all possible distance between an electron in the donor
site and the hole in the acceptor site. Figure 4.11.b shows the DOS as a
function of a binding energy (Fp) for three different values of the dielectric
screening €. The first situation, ¢ = 1 represents the unscreened situation,
which is typical of molecules. As evidenced by the DAP peaks with energy
position close to the X, 3 peak, the dielectric screening of the studied sam-
ples would be between 2 and 4, showing discrete DAP peaks for the range
between X; and X, 3 transitions. So the binding energy is around 0.16, 0.18
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eV, which is zoomed in Figure 4.11.e to show clearly the energy where the
picks are. Figure 4.11.c depict the DAP separation as a function of Eg from
0.11 eV to 0.24 eV; at the energy of 0.24 eV, the energies of the donor and
acceptor are in the infinite radius. The energy decreases as the radius rises.
Hence, the binding energy decreases as the Coulomb interaction reduces as
the final state is separated, and eventually it will achieve the same energy as
the donor acceptor without the Coulomb interaction. The numbers for the
stream of the X, 3 and X, positions are clearly displayed in Figure 4.11.1,

and as you can see, the radius ranges are from 10 nm to 54 nm.

4.5 Conclusions

The analysis made in this chapter shows that the research on DAP in 2D
materials represents a growing field with high potential for manipulating and
controlling spin states by engineering emitters with a well-defined donor-
acceptor distance and orientation [182-184]. The observation of narrow and
discrete PL lines associated with DAP transitions with dramatically slow
decay times is added to recent reported properties, such as exciton bind-
ing energy tunability by donor acceptor interactions [64] and DAP single
photon emission performance in 2D hBN [184]. It showed that the two
organic components present in the n=2 sample promoted the formation of
the defects responsible for the DAP transition using XPS spectroscopy, as
it has shown and reported by the XPS spectroscopy characterization. In
detail, the coexistence of M AT and PEA, cation, giving rise to Pb seg-
regation, causing the inorganic lattice sheet distortion, might favour the
displacement and exchange of M AT and Pb atoms, hence the formation of
M Apy, acceptor and Pbys4 donor states. The model predicts the presence

of low density DAP states in the spectral range close to the X, 3 emission,
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and hence both low DOS and large donor acceptor wavefunction separa-
tion explain the measured DAP narrow optical transitions with nanosecond
lifetimes. To provide a future application based on the control of these
states, specific sample preparation routes should be designed to control
and optimize the DAP state population, localization, or isolation. Due to
its featured spectral properties, along with their high photoluminescence
brightness, the DAP state in 2D Perovskites represents an interesting elec-
tronic state to be considered for the development of the emerging field of

quantum technologies [185, 186].
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Chapter 5

Light-Matter interaction and
Light mode coupling in an
open-access fiber based optical

microcavity

In the recent decade, optical microcavities have attracted a great deal
of interest in a broad range of research fields. The monolithic structure of
most microcavities, such as Fabry-Perot (FP) or whispering-gallery-mode
(WGM) resonators, lack the capability of large-range spectral and spatial
tuning. As an alternative, an open-access microcavity system combines
several advantages: realization of small mode volume, large-range tunabil-
ity, flexible structural engineering, and easiness of integration with external
emitters. Thus, this fiber-based cavity system results from an outstanding
scheme to implement a new physics and potential applications such as po-
lariton simulators [187], Bosonic condensation [188] phase transition in 2D

driven open quantum systems [189] and thermal decoherence of a nonequi-
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librium polariton quantum fluid [190] which are promising candidates for
the future development of the exciting field of quantum technologies.

Here, in addition to exploring how open access fiber-based microcavity
modes interact with perovskite materials at room temperature, a detailed
numerical investigation is presented in order to clearly comprehend any
potential coupling between leaky optical modes of a FP cavity (weakly con-
fined cavity modes) and the standing optical modes in one of the FP mirrors
(DBR Bloch modes (BM)). In this chapter, experimental spectroscopic fea-
tures of this light mode coupling are presented, as well as the simulation of

a model based on COMSOL Multiphysics.

5.1 Introduction

The resonant coupling between ensembles of quantum emitters and a
confined electromagnetic field is a rapidly expanding field of study, because
it allows for a controlled effect on the coupled matter’s properties (i.e. spon-
taneous emission). The concept of control over spontaneous emission of the
quantum system by coupling it to a confined electromagnetic (EM) field
was first introduced by Purcell [100]. Spontaneous emission (SE) is not
entirely dependent on the properties of matter. More appropriately, in such
a way that properties of matter can be manipulated by placing it inside
resonant a cavity [191-193]. The Purcell effect can enhance the SE in the
cavity in the weak coupling regime (details in chapter 1.2), however when
matter becomes strongly coupled (see chapter 1.2) with a light mode, its
fundamental properties can change [194].

However, there is another possibility in cavities where cavity modes can
strongly couple to other light modes, for instance in Fabry-Perot micro-

cavities in which cavity modes can be coupled with optical modes inside
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the distributed Bragg reflectors (DBRs). Researchers are becoming more
interested in layering structures with periodically modulated refractive in-
dices in one dimension, also known as Distributed Bragg Reflectors (DBRs).
This is due to the ability of periodic layered structures (DBRs) to control
photon flows via photonic band gaps, which are photonic analogs of energy
band gaps in semiconductors. Because of the photonic band gap in DBRs,
there are allowed and forbidden frequency ranges for transmission, result-
ing in the support of some light modes with these types of structures. The
interaction of these DBR modes with the cavity modes may also result in

strong coupling (strong coupling between two light modes).

In this chapter, after mounting an open access fiber-based microcavity
and controlling various aspects of the assembled setup, CsPbBrs NCs and
TEA,Snl; microcrystals were deposited inside the cavity, and the cavity
modes coupling with the NCs emission was studied at room temperature.
Additionally, the spectral characteristics of the FP cavity were numerically
simulated in order to accurately understand the potential light-mode cou-
pling between Bloch waves in the DBRs and weakly confined modes of the
microcavity outside of its stop band, which we observed experimentally.
Here it is necessary to note that, a Bloch wave (also known as a Bloch state
or Bloch wavefunction), named after Swiss physicist Felix Bloch [195], is a
type of wave function for a particle in a periodically repeating environment,
such as electrons moving through a semiconductor such as silicon (whose
atoms form a crystal lattice). A Bloch wave description also applies to
any wave-like phenomena in a periodic medium, such as photonic crystals
or DBRs with a periodically repeating refractive index of these multilayer

structures.
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5.2 Experimental Details and Methods

Synthesis of CsPbBr; PNCs:
This is presented in Chapter 3.2, in the part of Synthesis of Colloidal Solu-
tion (OLA/OA ligands).

TEA,;Snl; micro crystals:
In a 3 neck round bottom flask, 20 mL of mesitylene and 1 mL of oleic acid
were degassed at room temperature for 1 hour in vacuum, Subsequently,
a Snlp-trioctylphosphine solution was injected to the reaction flask under
nitrogen atmosphere and the temperature was raised to 160 °C. Finally, 0.11
mL of 2-thiopheneethylamine (TEA) were injected and after 5 seconds, the
reaction mixture was cooled down in an ice bath until room temperature.
TEA,Snl, microplates were isolated by centrifugation and washed with n-
hexane three times. TEA,Snl; microplates were re- dispersed in 3 mL of

n-octane and storage in a glovebox.

Preparation of samples for open access microcavity (CsPbBrj
NCs & TEA;Snl; micro crystals):
The purpose of this research is to couple the PL emission of perovskite ma-
terials to cavity modes. In order to achieve this goal, we deposit CsPbBrg
NCs and TEA,Snl, micro crystals at optimized concentrations on top of
the planar DBR forming one of the cavity mirrors, resulting in a uniform
monolayer of NCs/microcrystals. The planar DBR is cleaned with ethanol,
isopropanol, and acetone before depositing materials. Then, using a spin
coating method at 3000 rpm for 60 seconds, perovskite materials with an op-
timized low concentration were deposited on top of the planar DBR mirror
(The concentration of the original solution was 100 mg/mL, and to prepare

the samples, 0.1 mg/mL has been used).
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5.3 Light-Matter interaction

A critical aspect for developing brighter single-photon sources is manipulat-
ing the SE rate. The improved SE criteria in Fabry-Perot microcavities can
be achieved by placing photon emitters in an environment that increases
the local photonic density of states (LDOS) via the Purcell effect. The
modification of the SE in CsPbBrj perovskite NCs produced by coupling to

Fabry-Perot cavities will be discussed in this section.

The two-dimensional, monolithic, semiconductor microcavities are one
of the highest quality factor and most extensively used microcavities for
conducting studies such as 2D exciton-polaritonics [68], weak coupling regi-
mens [196], enhancing single photon emission rates [197], and the degree of
photon indistinguishability [198], among others. However, in recent years,
open-access, fiber based microcavity designs [197] have been shown excellent
performances with extremely high collecting efficiencies, high brightness de-
gree and high probability of photon emission into the cavity mode [196,197].
In these microcavities, one of the DBR mirrors is replaced by a concave di-
electric DBR mirror patterned in the optical fiber. The hemispherical (or
near hemispherical) geometry of the replaced DBR (see Figure 5.1.a) pro-
vides a strong optical confinement of the cavity modes in lateral dimension,
and the open style of the fiber cavity allows for independent movement of
the fiber mirror (details was presented in chapter 2.2.4).

To test the cavity modes in such an open cavity, we can illuminate the
cavity with a white light source (halogen lamp) and measure the transmitted
light in the cavity. Cavity resonance condition is fulfilled when A\ = 2L/m,
where L is the cavity length and m is the confined mode order. As a result,
moving the fiber farther or closer to the flat DBR changes the length of the

cavity, L, and changes the wavelength A of the confined mode, as observed
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in Figure 5.1.b. For example, if we reduce the cavity length, L (put the fiber
closer to the flat DBR), the mode wavelength will shorten as well, causing
the mode transmission peak to shift to higher energies. Figure 5.1.b also
shows how the mode intensity decreases as the cavity length is decreased.
This intensity drop could be caused by a variety of factors: the reflection
coefficients along the stopband can not be constant, the white light source
(halogen lamp) has a non-uniform spectrum or a possible relative inclination

of the fiber and the flat mirror. Importantly, the capability to shift cavity

modes allows us to distinguish them from other signals.
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Figure 5.1: (a) A schematic of an open-access, fiber-based microcavity, (b) the cav-
ity transmission spectra with varying cavity lengths, (c) PL emission of CsPbBr3z NCs
at room temperature that interacted with cavity modes at various cavity lengths, (d)
interacted PL emission of CsPbBrs NCs with cavity modes. (illustrated by * in (c)).
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Weak coupling between cavity modes and CsPbBr; perovskite
nanocrystals:
To investigate how NCs’ PL emission interacts with a cavity mode, after
depositing the CsPbBrs NCs on planar DBR, the fiber is moved close to
the flat DBR mirror until the cavity length is small enough to generate
confined modes. If the cavity modes were coupled to the NCs” PL emission,
the PL would rise dramatically. For long L, we find very weak modes (see
Figure 5.1.c), and will not result in a significant emissions enhancement. As
L decreases, more intense modes with larger PLL enhancement are observed
(see Figure 5.1.c). In Figure 5.1.d, a PL spectrum from Figure 5.1.c (marked
by ) was selected to show the fundamental transverse EM mode (TEMyy),
and additional peaks corresponding to groups of higher-order TEM modes:
(TEMp1), (TEMpg), etc. Therefore, the PL emission of Perovskite NCs is
modified after the coupling with the cavity modes. Figure 5.2.a depicts
the PL emission of CsPbBry NCs inside the cavity after being pumped
with a blue laser (A=450 nm). The black and grey spectra represent the
PL emission before and after cavity mode coupling to the NCs’ emission,

respectively.
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Figure 5.2: (a) PL emission of CsPbBrs NCs at room temperature without and with
cavity mode coupling, (b) time resolved PL of CsPbBrs NCs corresponding to (a) at room
temperature. (c) color-coded power-dependent PL emission of CsPbBrs NCs coupled to
the cavity modes by increasing excitation power from 60 uW (faded green), to 10 mW
(dark green), (d) integrated PL intensity over the spectral emission range of the coupled
PL, with slope m=0.81£0.02 in a log-log plot.

Figure 5.2.b shows TRPL spectra that correspond to the PL spectra in
Figure 5.2.a. The black spectrum depicts the TRPL of CsPbBrs NCs at
room temperature without coupling to the cavity modes with 7,=1.70 ns,
T79=6.13 ns. The grey spectrum represents the TRPL of coupled NCs with
71=0.57 ns, 7,=2.35 ns. We can clearly see a life time shortening as a result
of PL emission and cavity mode weak coupling, which results in a Purcell

factor enhancement around ~ 3. Figure 5.2.c represents the excitation
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power dependency of couple PL spectra of CsPbBr3 NCs, where spectra are
shown as the excitation power increases from 60 W (light green) to 10 mW
(dark green). The dependence of the integrated PL intensity on excitation
power for the peaks in Figure 5.2.c is shown in a log-log plot in Figure 5.2.d.
A fit to the observed variation reveal a slope m = 0.81+£0.02. The less
than unity slope for this band implies that as excitation power increases,
the PL quantum yield decreases. Saturation is observed at high powers,
suggesting that the NCs are not lasing under these conditions. Additionally,
in Figure 5.2.c it can be seen that at high power there is a slightly blue shift
for the spectrum, which probably it is due to the heating of the sample. It is
important to note that when depositing the NCs on the planar DBR by spin
coating (details in chapter 2), the concentration of the colloidal solution
and velocity of the spinner were optimized in order to obtain a more or
less uniform mono layer of the NCs on to the planar DBR. Because of the
thin film’s low thinness, the possibility of observing amplifying spontaneous
emission and lasing is reduced. To produce spontaneous amplifying emission
due to the coupling of the emission with a cavity mode we need to work
with maximum excitation power. The thickness of the deposited material
inside the cavity is low (monolayer of NCs) and we are working in the
ambient condition. As a result, by going to the higher powers the thin
layer of material might be easily damaged. Also, if we deposit a thicker
sample inside the cavity, one issue is that as the material thickness increases,
the cavity cannot reach the same position; we are in different fundamental
mode orders, and hence, the free spectral range (FSR) will be reduced as
a consequence of the increased cavity length. This will produce a shorter
separation between fundamental mode orders, which can be an important

issue when trying to couple the perovskite broad emission to a single cavity
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Figure 5.3: (a) SEM image (left panel) and PL spectrum (right panel) of TEA5Snly
microcrystals. (b) Transmission spectrum of the empty cavity with indication of the
stopband and the position of the PL emission, which is outside of the stopband (red
shadow and arrow). (c) Energy evolution of cavity modes as a function of the cavity
length (L).

Figure 5.3 illustrates the coupling of microcavity modes with the emis-
sion of TEA,;Snl, perovskite microcrystals. The lateral size of the isolated
microcrystals is in the order of several micrometers, and their thickness in
the range of 200-300 nm, because these are made from many 2D layers as
shown in left panel of Figure 5.3.a. The PL spectrum of the TEA,;Snl, mi-
crocrystals is peaked at ~1.91 eV, as shown in the right panel of Figure 5.3.a.
The stopband of the fiber-based microcavity, is deduced from Figure 5.3.b
where the experimentally measured transmission spectrum using a white
light source is plotted. Clearly, the PL emission of TEA,;Snl, microcrystals
is outside of the stopband. Figure 5.3.c depicts the coupling observed be-
tween weakly confined modes of the cavity outside the stopband and the PL
emission of the perovskite for relatively large cavity lengths (~25-26 pm).
The movement of the cavity modes without any avoided crossing is charac-

teristic of a weak coupling regime for such large cavity length situation.
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Figure 5.4: The energy evolution of cavity modes as a function of cavity length (L)
represents (a-b-c) strong coupling in various cavity length ranges, resulting in 8-10-15

meV vacuum Rabi splitting.

However, by reducing the cavity length clearly an avoided crossing be-
tween two modes is observed. The avoided crossing is a direct feature of
strong coupling regime (see Figure 5.4.a,b&c). As a consequence, these
graphs represent the energy evolution of cavity modes as a function of cav-

ity length (L) due to the strong coupling between two light modes (see

section 5.4).
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By decreasing the cavity length, the weakly confined cavity modes move
and their peak position energy change. In the smaller cavity lengths, the in-
tensity of modes enhances and as can be seen in Figure 5.4.a,b&c they begin
to interact strongly with other DBR modes (details presented in numerical
modeling section 5.4). The blue lines in Figure 5.4.a,b&c are plotted us-
ing the equation for a two coupled oscillator model representing the upper

photonic mode (UPM) and lower photonic mode (LPM):

E E Epgy — E,
ctw+ BM:E\/Qz—F( BM cav

E = 2 1
UPM,LPM 9 5 ) (5.1)

According to fitted data by using Equation 5.1 in Figure 5.4.a,b&c,
which correspond to different cavity length ranges, decreasing the cavity
length increases the vacuum Rabi splitting from 8 meV to 10 meV and 15
meV. The PL peak emission of the 2D perovskite (~1.91 eV) is represented
in these figures by a white dashed line.

5.4 Light-mode coupling

The possible light-mode coupling in the fiber-based open-access micro-
cavity has been numerically investigated in this section using COMSOL
multi-physics software. Considering the experimental setup, the basic geom-
etry of the simulated microcavity, is in the form of (DBR) piperdc (D BR) pranars
where (DBR)piper and (DBR) pjanar represent the distributed Bragg reflec-
tors in the fiber tip (bottom DBRs in Figure 5.5) and planar substrate
(top DBRs in Figure 5.5), respectively, and d¢ defines the cavity length.
Planer and fiber DBRs are consisting of 13 and 9 pairs with two different
dielectric layers with higher (H) and lower (L) refractive indexes. The con-

stituent layers H and L are NbyOs5 and Si0,, with ng=2.35 and n;=1.49,
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respectively, as higher and lower refractive index materials.
(a) I (b) !

Figure 5.5: Schematic representation of the modeled structure for (a) an empty cavity
and (b) a cavity with deposited materials on planar DBR is Shown The top DBRs in
both panels are planar, while the bottom DBRs are in the fiber tip and the red layer in
panel (b) depicts the deposited active material on the planar DBR.

5.4.1 Bragg photons propagating in the photonic struc-

ture

DBRs are examples of one dimensional Photonic Crystals (PCs). In
these structures the index of refraction is modulated in one direction by
the alternative deposition of layered periodic patterns, which are gaining
popularity among researchers. The reflectivities of the fiber and planar
DBRs were calculated in Figure 5.6.a,b to show the band gap (grey zone)
and allowed frequencies of these DBRs. Figure 5.6.c,d show the electric
field intensity distribution for the propagating frequencies of fiber DBR
and planar DBR at E;=1.92 ¢V and E,=1.98 eV, respectively (These modes
from fiber DBR with E;=1.92 eV and planer DBR with E,=1.98 eV were
chosen since they are in the energy range in which we are interested.).

On the other hand, Figure 5.6.e,f, depict the distribution of electric field
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intensity in the middle of the photonic band gap (E=E,=2.35 eV) for fiber
and planar DBRs. The band gap clearly suppresses the electric field and
as shown in the Figures 5.6.e,f, the electric field is evanescent inside the
structure; however, in the allowed frequencies (outside the band gap) the

electric field can propagate inside the DBRs (see Figures 5.6.c,d).
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Figure 5.6: The reflection spectra of the (a) fiber DBR and (b) planar DBR as a function
of energy, the photonic band gap of DBRs is depicted by the grey zones. (c), (d) Nor-
malized electric field intensity spatial distributions for fiber and planar DBR propagating
modes at Ef=1.92 eV and E,=1.98 eV, respectively. (e), (f) Normalized electric field
intensity spatial distributions in the middle of the band gaps of fiber and planar DBRs.

5.4.2 DBR-based microcavities

As mentioned in previous section (see Figure 5.5), DBRs are made up of
layers of alternating refractive index dielectric materials with thickness of
d; = A\o/4n; (i=1, 2), where n; is the refractive index of the dielectric mate-
rial i and )y is the wavelength of light in vacuum. By supplying adequate
periods of the layers in the DBRs” manufacturing, nearly all of the light
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is reflected back into the cavity in the structure’s stopband. To achieve
good coupling between the emitter and the cavity mode, the first should
be deposited inside the microcavity so that it overlaps with an anti-node
(maximum) of the cavity field. As a result, the electric field distribution

inside the cavity is critical to the design of the microcavity.
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Figure 5.7: The reflection spectra of the (a) DBR based microcavity as a function of
energy, (b) zoom of the reflection curve shown in (a), the stop band of the microcavity is
depicted by the grey color. (c), (d) Normalized electric field intensity spatial distributions
for the strongly confined mode of the microcavity at E=2.07 eV and the weakly confined
mode outside the stop band at E=1.89 eV, respectively.

It is important to emphasize here that the electric filed distribution is
maximized inside the cavity for cavity modes with very high-quality factors
(Q factors) that are strongly confined within the microcavity’s stop band
(grey area in Figures 5.7.a,b). As shown in Figures 5.7.c, for this type of
strongly confined cavity modes, the electric field is maximum inside the cav-

ity and is exponentially attenuated (evanescent) inside the DBRs. However,
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there is another type of modes outside of the stop band; unlike highly con-
fined cavity modes with high Q factors, these modes are weakly confined.
The electric filed distribution for these modes behaved differently. The elec-
tric filed intensity is not maximized inside the cavity for these modes, nor is
it attenuated inside the DBRs; in fact, the electric filed can be maximized
inside the DBRs (see Figures 5.7.d). This behavior results in interaction be-
tween these modes and the DBR modes described in previous section. The
DBR modes shown in Figures 5.6.a,b are fixed, but these weakly confined
modes move by changing the cavity length, and then occasionally could
get into resonance with the fixed DBRs modes. On resonance both modes
can be coupled, and if the energy exchange between them is reversible then
the strong coupling regimen can be achieved. The strong coupling between
these two optical modes can be achieved even with empty cavity, and hence
illuminated just with external light. In this sense the emitter here will act
as an external light source. However, the role of the optical emitter will

include extra effects, as it is going to be shown in the next section.

5.4.3 Interaction of weakly confined cavity modes with

propagating Bragg photons

The coupling of DBR modes and weakly confined cavity modes will be
investigated in this section. We will compare the coupling in an empty
microcavity and in a microcavity with deposited materials (T'F Ay Snl; mi-
cro crystals) to demonstrate the role of emitter in modulating this strong

light-mode coupling.
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Figure 5.8: The reflection spectra as a function of cavity length for (a) an empty cavity
and (b) a cavity with 300 nm thin film of active material on to the planar DBR with PL
emission at E=1.91eV.

The reflection spectra of an empty cavity and a cavity with active ma-
terial are plotted as a function of the cavity length in Figures 5.8.a,b, re-
spectively. In the numerical model the active material is considered as a
300 nm thin layer on top of the planar DBR (see Figures 5.8.b). In the
empty cavity (Figure 5.8.a), three avoided crossings can be seen as a result
of coupling the weakly confined cavity modes with three different fixed DBR
modes. In this specific energy range (from 1.8 eV to 2.05 eV), one of the
DBR modes is placed at E;=1.92 eV (see Figure 5.6.a), which corresponds
to a DBR optical mode from the fiber DBR (labeled as (DBR)giper, how-
ever the second and third modes are located at E,=1.86eV and 1.98eV (see
Figure 5.6.b). corresponds to optical modes from planar DBRs (labeled as
(DBR)pianar)- These DBR modes are depicted in Figure 5.8 with black
arrows. In contrast to the empty cavity, when the active material is inside
the cavity, there is only one avoided crossing at the same energy range but
with a larger splitting. To quantify the comparison of the splitting between
the empty cavity and the cavity with materials, the Rabi splitting has been

extracted from the simulated data, and there is an 8 meV enhancement
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in the Rabi splitting from empty cavity (2 = 12meV) to the cavity with
materials (2 = 20meV’). As shown in Figure 5.8.b, the avoided crossing is
caused by coupling between weakly confined cavity modes and a DBR mode
from (DBR)fpiper, and two other avoided crossings are completely erased.
To understand how deposited materials inside the cavity contribute to
this behavior, the electric field intensity distribution inside the structure is
calculated for both an empty cavity and a cavity with material, as shown

in Figures 5.9 and Figure 5.10, respectively.
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Figure 5.9: Top panel: The reflection spectra as a function of cavity length for an empty
cavity. Bottom panels: The distribution of electric filed intensity from point a to f on
the top panel. These points are selected at three different cavity lengths L=6.35, 6.5,
and 6.65 pm around the fiber DBR mode, Fy=1.92 eV, in which the avoided crossing
occurring in both empty and filled cavities.
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The reflection spectra as a function of cavity length for an empty cavity
are shown in the top panel of Figure 5.9, with six points (a-f) selected
around the fiber DBR mode energy based on three different cavity lengths
L =6.35, 6.5, and 6.65 um. The energy of this mode from the fiber DBR was
chosen in both empty and filled cavities because it is the only mode that we
observed avoiding crossing in both empty and filled cavities. Figures 5.9.a-f
depict the distribution of the electric field intensity corresponding to the
points a-f on the top panel of Figures 5.9, respectively. According to these
figures, the electric field is maximized in both fiber and planar DBRs, which

can interact with DBR modes and results various avoided crossings.
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Figure 5.10: Top panel: The reflection spectra as a function of cavity length for a cavity
with a 300 nm layer of active material with emission at E=1.91 eV. Bottom panels: The
distribution of electric filed intensity from point a to f on the top panel. These points
are selected at three different cavity lengths L=6.3, 6.5, and 6.65 pm around the fiber

DBR mode, Ey=1.92 eV. the colored layer represents deposited materials on the planar
DBR.

Similar to the case of the empty cavity, the reflection spectra as a func-
tion of cavity length for a microcavity with 300 nm thin layer on planar
DBR are shown in the top panel of Figure 5.10. In this case, as in the pre-
vious one, six points (a-f) on the counter plot (top panel in Figures 5.10) are
chosen around the fiber DBR mode energy in three different cavity lengths
L=6.3, 6.5, 6.65 pm. Figures 5.10.a-f depict the distribution of electric field

intensity corresponding to the points a-f on the top panel of Figures 5.10,
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respectively. According to these figures, the electric field is dramatically
suppressed in the planar DBR after depositing materials inside the cavity,
and the electric field is maximized only in the fiber DBR in comparison
to the empty cavity. As a result, after depositing the materials inside the

cavity, the number of avoided crossings are reduced.
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Figure 5.11: Overlapping electric field intensity distributions of the cavity mode and

DBR modes in (a) an empty cavity and (b) a cavity with a 300 nm layer deposited inside
the cavity.

Finally, the coupling strength of the weakly confined cavity mode with
DBR modes is calculated to understand how deposited materials modify

mode coupling:

m = /Eg'avity X El27BRs (52)

Figures 5.11.a,b represent the overlapping electric field intensity distri-
butions of the cavity mode and DBR modes in an empty cavity and a cavity
with a 300 nm layer deposited inside the cavity, respectively. We will define
m value as a figure of merit, and this figure of merit gives us the overlap-

ping between the field distribution of the DBR and the field distribution of
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the cavity. Regarding the electric field in Figures 5.11.a,b, the m value for
empty cavity is m=52 and m=37 for (DBR) pipe, and (D BR) panar, respec-
tively. However, in the filled cavity, these values are m=480 and m=1.85.
Therefore, the coupling strength in the empty cavity in both DBRs is more
or less similar; however, after depositing the materials on the planar DBR,
the electric filed in the planar DBR is suppressed and the m value decreases,
while the coupling in the fiber DBR dramatically intensifies.

In terms of the benefits of this coupling, the simulation of polaritons
with light is one possible application for this type of light-light mode strong
coupling. Polariton is a quasi-particle (half-light, half-matter) generated
by a strong coupling between an emitter and a cavity mode. Then, by
controlling two light modes, we can evaluate mode couplings, Rabi splitting,
and strong coupling. In this sense, the weakly confined modes interact with
the mirrors; however, as the resonance approaches, the weakly confined
modes are coupled to modes in one of the mirrors but not the other. So
there is more transferred light from one of the mirrors because the light is
more coupled to that mirror, which can be kind of unidirectional coupling.
The other is an optical analog of Rabi splitting, as is Rabi-like interaction,

which is two coupled oscillator models [199-201].

5.5 Conclusions

In this chapter, after designing and building an open access fiber-based
microcavity and controlling various aspects of the assembled setup, CsPbBr;
NCs were deposited inside the cavity, and the cavity modes interaction with
the NCs emission was studied at room temperature. The cavities’ specific
geometry provides strong optical confinement of the modes, and its open

style allows for independent movement of the fiber mirror, allowing for
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in-situ tuning of the cavity resonance without the reduction in coupling.
Additionally, the setup was numerically modeled in order to accurately un-
derstand the potential Light mode coupling between Bloch waves in the
DBRs and weakly confined cavity modes of the microcavity outside of its
stop band, which we observed experimentally. The simulation results re-
vealed that Bloch waves in DBRs and weakly confined cavity modes of
the microcavity outside of its stop band can be strongly, and the coupling

strength can be modified by depositing materials inside the cavity.
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Chapter 6

Conclusions

The main goal of this Ph.D. thesis was focused on the incorporation
of perovskite materials emitting in the visible wavelengths in photonic and
quantum applications, particularly, the implementation of outstanding op-
tical properties of 2D and colloidal LHPs NCs to bring different functional-
ities, such as single photon light generation, single donor-acceptor discrete
optical emission and perovskite polaritons, into various photonics and quan-
tum implementations. The following are the most important results of this

Ph.D.:

B Optical stability of CsPbX3 (X=Br, I) perovskite nanocrystal

for single photon emission

In chapter 3, we used cryogenic micro-PL and micro-TRPL spectroscopy
to examine single PNCs with two different capping ligands, and we de-
duced an average homogeneous linewidth of excitonic optical transitions
in freshly prepared samples for both cases. In comparison to the typical
OLA/OA ligands with the ~2.35 meV linewidths on average, the homo-
geneous linewidths of the single CsPbBrg NCs with ZW ligands exhibit a
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significant narrowing with higher stability due to drastically decreased spec-
tral diffusion and blinking effects. The mean value of PL linewidth for NCs
with the ZW ligands with the average value of ~250 peV,and the lowest
value of ~125 pueV being the narrowest value reported so far in the litera-
ture for CsPbBrs NCs. Furthermore, based on micro TRPL measurements,
a slightly longer (factor ~ 1.35) decay time was observed for CsPbBrj single
NCs with ZW ligands, making them better for quantum light sources, as
demonstrated by ¢*(0) ~0.5. However, in the case of single CsPblz NCs,
this strategy (using ZW ligands instead of OLA/OA) did not work, and the
traditional OLA/OA ligands were still the best candidate. For CsPbl; NCs
with the average size of ~250 peV and the lowest value of ~140 peV for
p-PL linewidth, we obtained a ¢*(0) ~0.3 second order photon correlation
function, which is better than ¢*(0) ~0.5 from CsPbBrs single NCs with
ZW ligands.

B Donor-acceptor discrete optical emission in 2D perovskites

In chapter 4, observation of the narrow and discrete PL lines associated
to DAP transitions is added to recent reported properties, such as exci-
ton binding energy tunability by donor acceptor interactions [64] and DAP
single photon emission performance in 2D hBN [184]. By means of XPS
spectroscopy, we showed that the two organic components present in the
n=2 sample promote the formation of the defects responsible of the DAP
transition. In detail, the coexistence of M A™ cation, giving rise to Pb seg-
regation, and PE A, cation, causing the inorganic lattice sheet distortion,
might favour the displacement and exchange of M A" and Pb atoms, hence
the formation of M Ap, acceptor and Pby;4 donor states. The model pre-
dicts the presence of low density DAP states in the spectral range close

to the X5 3 emission, and hence both low DOS and large donor acceptor
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wavefunction separation explain the measured DAP narrow optical tran-
sitions with nanosecond lifetimes. To provide a future application based
on the control of these states, specific sample preparation routes should be
designed to control and optimize the DAP state population, localization, or

isolation.

B Light-Matter interaction and Light mode coupling in an open-

access fiber-based optical microcavity

In chapter 5, an open-access, fiber-based microcavity has been used to study
weak and strong coupling regimens. After mounting an open access fiber-
based microcavity, CsPbBr3 NCs were deposited inside the cavity, and the
cavity modes interaction with the NCs emission was studied at room tem-
perature. The cavities’ specific geometry provides strong optical confine-
ment of the modes, and its open style allows for independent movement of
the fiber mirror, allowing for in-situ tuning of the cavity resonance. Addi-
tionally, the setup was numerically modeled in order to accurately under-
stand the potential light-mode coupling between Bloch waves in the DBRs
and weakly confined modes of the microcavity outside of its stop band,
which we observed experimentally during the experiments. The simulation
results revealed that Bloch waves in DBRs and weakly confined modes of
the microcavity outside of its stop band can be strongly coupled even in
the empty cavity, and the coupling strength can be modified by depositing
materials inside the cavity.

Overall, we believe perovskite materials are promising candidates for fu-
ture photonics and quantum applications. LHPs have a PLQY of approxi-
mately 100%), making them an excellent contender for single-photon sources.
Furthermore, work on 2D perovskites shows that the research on DAP in

2D materials represents a growing field with high potential, and observation
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of the narrow and discrete PL lines associated to DAP transitions is added
to recent reported properties of DAP in 2D materials. Furthermore, reveal-
ing the light-mode coupling simultaneously with the light mater coupling in
an open access microcavity is very beneficial for the future development of
coupled complex microcavities for quantum photonic applications based on
the combination and Light-Matter interaction and light mode strong cou-
pling, such as qubit initializers or quantum sensing systems in the field of

acousto-optics and optomechanics.
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A. List of acronyms

2D:

APD:

BBO:

CCD:

CW:

DAP:

DBRs:

DDAB:

DOS:

FA:

FP:

FSR:

FWHM:

hBN:

HBT:

HP:

LARP:

LDOS:

Two-Dimensional

Avalanche photodiode

Barium borate (nonlinear crystal)
Charged-coupled device
Continuous Wave
Donor-Acceptor pair

Distributed Bragg reflectors
Didodecyl dimethylammonium bromide
Density of states

Formamidinium

Fabry-Perot

Free spectral range

Full Width at Half Maximum
Hexagonal boron nitride
Hanbury-Brown and Twiss
Halide Perovskite

Ligand assisted reprecipitation

Local photon density of states
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LHP: Lead Halide Perovskite

LT, RT: Low, Room Temperature

MA.: Methylammonium

MLs: Mono-layers

u-PL: Micro-photoluminescence

w-TRPL: Micro-Time Resolved photoluminescence
NA: Numerical Aperture

NCs: Nanocrystals

Nd:YAG: Neodymium-doped Yttrium Aluminum Gar-
net

NPs: Nanoparticles

OA: Oleic Acid

OC: Organic cation

OLA: Oleylamine

PCs: Photonic crystals

PDMS: Polydimethylsiloxane

PEA: Phenethylammonium

PF: Purcell Factor

PL: Photoluminescence

PLQY: Photoluminescence Quantum Yield
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PMMA:

PNCs:

QDs:

QE:

Q-factor:

QY:
RoC:
SE:

Si, SiOq:
SM:
TCSPC:
TE:
TEM:
TLS:
TRPL:
UHV:
UV:
vdW:

WGM:

Polymethylmethacrylate
Perovskite nanocrystals

Quantum Dots

Quantum Emitter

Quality Factor

Quantum Yield

Radius of Curvature

Spontaneous emission

Silicon, Silicon Oxide

Single mode

Time correlated single photon counting
Trapped excitons

Transmission Electron Microscopy
Two-Level Systems

Time Resolved Photoluminescence
Ultra-high vacuum

Ultraviolet

Van der Waals
Whispering-gallery-mode
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B XPS: X-ray photoelectron spectroscopy
B ZDT: Zero delay time
B ZW: Zwitterionic
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