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“An experiment is a question which science poses to nature
and a measurement is the recording of nature’s answer.”

Max Planck
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Abstract

Historically, active materials in photonic integrated circuits (PICs) have been

implemented using III-V semiconductors, glasses, and ferroelectrics doped with

rare-earth ions. However, there is a low-cost alternative based on (nano)materials

synthesized using colloidal chemistry techniques. Their use in colloidal suspen-

sions allows for the easy integration into any optical architecture via coating or

printing techniques. The structure of perovskite nanocrystals (PNCs) are com-

pounds with general formula ABX3, being A an inorganic or organic bulky cation,

B a metal cation such as Pb2+ or Sn2+ and X the halide anion. In this context,

all inorganic CsPbX3 (with X = Cl, Br, I) PNCs have recently emerged as an

outstanding material with fascinating optical properties, such as a high absorp-

tion efficiency, a quantum yield of emission exceeding 90% at room temperature,

a tunable band gap depending on chemical composition or size and shape tuning,

and high nonlinear optical coefficients. A remarkable point of the CsPbX3 PNCs

is the tuning of their band gap, and consequently of their light emission spectrum,

by modifying 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 ClxBryI1−x−y combinations

with 0≤x, y≤1. Moreover, light emission of these PNCs is characterized by high

color purity, with PL Full Width at Half Maximum (FWHM) as low as 20 nm

for CsPbBr3(green emission) and less than 15 nm for those of CsPbCl3 (emission

in blue-violet). In light of these considerations, the goal of this Ph.D. thesis is

to fully reveal the significance of PNCs as an active material for photonics and

quantum technologies, from both a fundamental and an application standpoint.
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For the first research objective within that goal, it is mandatory to examine all

physical mechanisms responsible for spontaneous emission in PNCs. In the first

step, single PNC samples are analyzed as basic building blocks from which more

sophisticated architectures can be built. Controlling emitted light in single PNCs

and fully characterizing its dependence on excitation fluence, temperature, and

ambient conditions, as well as its dynamics, is a major step forward. Once the

optimal conditions for PNCs are established, the PNCs can be used to grow

super-crystals (SCs) to study super-fluorescence (SF) coherent light and cavity

modes within SCs in the second step. The thermal decoherence of this SF will

be the next step to be studied, because it is necessary to get coherent light from

low to room temperature (RT) for use in photonics and quantum devices. All

these results provide novel knowledge on the possible use of cesium lead halide

PNCs as an active material and can pave the road for new quantum photonic

devices based on PNCs. A second objective is focused on the applications of

these PNCs in photonics. Particularly, Hyperbolic metamaterials (HMMs) have

recently grasped much attention because they possess the ability for broadband

manipulation of the photon density of states and sub-wavelength light confine-

ment. These exceptional properties arise due to the excitation of electromagnetic

states with high momentum (high-k modes). Accordingly, HMMs are properly

designed, simulated, and fabricated as a fantastic photonic structure able to con-

trol the spontaneous emission rate (to achieve Purcell enhancement) of lead halide

PNCs deposited on the top. Finally, in order to overcome the PL intensity re-

duction of the emitters deposited on top of the HMM structures caused by the

coupling of perovskite emitters to the HMM modes, due to preferential emission

of light into the high-k HMM modes, these HMM structures were modified by

light scattering centers. The modifying strategy is easily implemented by dispers-

ing spherical dielectric Mie scatterers onto the HMM/PMMA substrate at the

same time. In light of the above-written results, this Ph.D. thesis suggests that

colloidal PNCs are promising candidates for opening the way for a new generation

of quantum and photonic applications and devices.



Resumen en castellano

Históricamente, la inclusión de materiales activos en circuitos integrados se

ha realizado usando semiconductores III-V, cristales y materiales ferroeléctricos

dopados con tierras raras. Sin embargo, una gran parte de la comunidad cient́ıfi-

ca mundial ha mostrado un gran interés en trabajar con materiales compuestos

por perovskitas. La perovskita es básicamente la estructura en la que cristaliza

el trióxido de titanio (CaTiO3), que fue descubierto en 1839 por Gustav Rose, y

posteriormente nombrada aśı por el mineralogista ruso Aleksvich Von Perovski.

De esta manera, por perovskitas se definen todos los materiales que poseen la

misma estructura cristalina que el CaTiO3 , o que pueden escribirse siguiendo la

formulación ABX3. La importancia del uso de este material radica en sus desta-

cadas propiedades mecánicas y eléctricas, incluyendo efectos piroeléctricos y pie-

zoeléctricos [1]; propiedades dieléctricas y superconductoras [2]; altos coeficientes

no lineales y buenas potencialidades electroópticas. A pesar de la relativa simpli-

cidad de su estructura cirstalina, ABX3, la red de perovskita forma una enorme

cantidad de compuestos, debido a sus múltiples variaciones cristalográficas y a

su diversidad qúımica. La mayoŕıa de estos compuestos son óxidos y fluoruros,

pero también se forman cloruros, hidruros, oxilitruros y sulfuros. La evolución de

los materiales de perovskitas tuvo lugar a través de tres fases. Primero, desde la

segunda guerra mundial, los materiales cerámicos de estructura de tipo perovs-

kita ABO3 (como los compuestos LiNbO3, LiTaO3, BaTIO3 y similares) fueron

estudiados intensamente, produciendo el desarrollo de la piezoelectricidad y la

ferroelectricidad, entre otras aplicaciones modernas. Mientras tanto, la segunda

fase de perovskitas hibridas orgánicas-inorgánicas, donde cada elemento A o X de
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la estructura cristalina son reemplazados por cationes orgánicos, se centró prin-

cipalmente sobre aplicaciones fotovoltaicas, como en dispositivos emisores de luz

y otras aplicaciones optoelectrónicas, como dispositivos de memoria, fotodetecto-

res y detectores de rayos X, por nombrar algunas aplicaciones. El Plomo y otros

metales pesados tóxicos son comunes en muchas de las perovskitas hibridas. Por

tanto, la tercera fase de la investigación en perovskitas consistió en ofrecer una

alternativa libre de plomo, de bajo coste, no tóxicas y de alta abundancia para

producir la siguiente generación de aplicaciones optoelectrónicas. Las perovskitas

libres de plomo han mostrado recientemente propiedades ferroeléctricas débiles,

que podŕıan limitar su uso.

Actualmente, las perovskitas metálicas de haluros que siguen la estructura

cristalina ABX3 han recibido el foco de atención en los campos de la optoelectróni-

ca y la fotónica. En esta estructura, A representa un catión masivo orgánico o

inorgánico, mientras que B es un catión metálico tal como Pb2+or Sn2+ y X

representa el anión haluro. Bajo este contexto han aparecido nanocristales de pe-

rovskitas inorgánicos (PNCs) con nuevas e interesantes propiedades, como altas

eficiencias de absorción, un rendimiento cuántico por encima del 90 % a tempe-

ratura ambiente, sintonización de la banda prohibida en función del tamaño y

la forma, y unos coeficientes no-lineales altos. Esta alternativa de bajo coste se

sintetiza mediante procedimientos coloidales qúımicos, cuyas propiedades ópti-

cas se pueden configurar y controlar durante este proceso de śıntesis. Además,

su naturaleza coloidal favorece una integración sencilla en cualquier arquitectura

óptica mediante técnicas de impresión o deposición en capas simples. Otra de

las caracteŕısticas destacables de las PNCs CsPbX3 es la capacidad de sintonizar

su espectro de emisión a través de la modificación de la composición del anión

haluro. Su pico de emisión se observa sobre 400 nm (UV), 510 nm (verde) o 680

nm (rojo) para X = Cl, Br y I, respectivamente, junto al efecto de la concen-

tración relativa ClxBryI1−x−y con 0≤x, y≤1. Asimismo, la emisión de luz por

estos nanocristales se caracteriza por poseer una alta pureza de color y una an-

chura homogénea (FWHM) significantemente estrecha, del orden de 20 nm para

muestras de CsPbBr3 (emisión en verde) y menor de 15 nm para las basadas en
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CsPbCl3 (emisión en violeta).

0.1 Objetivos y resultados de la tesis:

A la luz de todas estas consideraciones, el objetivo general de esta tesis consiste

en revelar las caracteŕısticas principales de la PNCs como medios activos para el

desarrollo de la fotónica y las tecnoloǵıas cuánticas, tanto desde un punto de vista

fundamental como el de las aplicaciones y el desarrollo de nuevos dispositivos.

El primer objetivo principal consiste en examinar los mecanismos f́ısicos res-

ponsables de la emisión espontánea (SE, del inglés spontaneous emission) en

muestras de PNCs. Dicho mecanismo representa uno de los procesos fundamen-

tales de emisión de luz. Sin embargo, puede manifestarse como una contribución

negativa, limitando la capacidad operativa en aplicaciones de iluminación, pan-

tallas, comunicaciones ópticas, enerǵıa solar y sistemas de información cuántica.

Por ejemplo, en el caso de LEDs, que se han consolidado como una alternativa a

iluminación fluorescente o por lámparas incandescentes, el proceso de emisión de

luz descansa sobre los fundamentos de la SE. Sin embargo, una cantidad apre-

ciable de SE queda confinada en el seno del propio material emisor y no puede

ser extraida, deteriorando la operatividad del dispositivo. De forma similar, y en

el caso de los láseres, dispositivos de emisión de luz coherente, la componente de

SE no queda acoplada a los modos de laseo, produciendo un aumento del umbral

que se manifiesta en forma de ruido no deseado. Como resultado, existe una alta

motivación para obtener un control sobre la SE. De hecho, este control sobre

esta componente de emisión óptica puede considerarse como uno de los objetivos

más destacados en el área de investigación de la fotónica cuántica, ya que queda

estrechamente ligado a los avances más significativos de la operatividad de los

dispositivos y aplicaciones del campo.

Como primer paso en esta dirección, en esta tesis se planteó la preparación

de un conjunto de muestras de PNCs de CsPbBr3 y CsPbI3, depositadas sobre

sustratos de Si/Ag/LiF/PMMA y Si/SiO2. La concentración de las suspensiones

coloidales se optimizó con el objetivo de obtener muestras con PNCs con una
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separación espacial amplia. Se dedujo la enerǵıa media de la transición óptica ex-

citónica para PNCs de CsPbBr3 y CsPbI3, en muestras cuya śıntesis era reciente.

Las medidas de fotoluminiscencia realizadas al cabo de un d́ıa desde su śıntesis

devolv́ıan un desplazamiento del pico de emisión óptica hacia el azul del orden de

25 y 70 meV, para los casos de CsPbBr3 y CsPbI3, respectivamente. Este efecto

se ha explicado por una reducción efectiva del tamaño de las PNCs del orden de

nm por d́ıa, debido a la presencia de humedad ambiental. El efecto se analizó por

medio de un modelo de Punto Cuántico (PQ) cúbico usando la aproximación

de barreras de potencial finito. El mismo modelo permit́ıa realizar un análisis

de la dispersión de la enerǵıa de pico debido al ensanchamiento inhomogéneo de

la transición óptica (distribución de tamaños de PNCs), con un valor t́ıpico de

decenas de meV. Conviene resaltar que las medidas de micro-fotoluminiscencia

realizadas a RT han reportado el valor más bajo hasta la fecha de anchura ho-

mogénea: un valor medio de 68 meV (15 nm) para muestras de PNCs aisladas

de CsPbBr3. Este valor de anchura espectral coincide con el valor deducido por

la interacción excitón-fonon a RT en estas muestras. En el caso de las medidas a

bajas temperaturas (4 K), la medida de las anchuras de ĺınea devolvieron valores

comprendidos en los rangos de 1-5 meV y 0.1 – 0.5 meV para muestras de PNCs

de CsPbBr3 y CsPbI3, respectivamente. Este resultado indica que las PNCs de

CsPbBr3 son más sensibles a fenómenos de difusión espectral (producidos, por

ejemplo, por la aparición de campos eléctricos internos fluctuantes, asociados a

la dinámica de cargas desapareadas). En cualquier caso, estas anchuras de ĺınea

son mucho menores que las observadas por la dispersión de la posición de pico

(ensanchamiento inhomogéneo), al contrario de lo que suced́ıa en las medidas

a RT. Este efecto permite mantener una pureza de color alta en muestras de

alta densidad, lo que representa una cualidad interesante para el desarrollo de

dispositivos emisores de luz.

Una vez se analizan las condiciones óptimas de emisión de las PNCs se puede

dar un paso más allá para sintetizar estructuras más complejas. Por ejemplo,

las PNCs pueden usarse para crecer supercristales (SCs) y analizar la emisión

coherente de super-fluorescencia (SF), o la aparición de modos de cavidad en el
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seno de los propios SCs. Este objetivo representa un segundo paso, añadiendo

complejidad estructural en el análisis de la emisión óptica. Como objetivo de

la tesis se planteó el estudio del crecimiento y la emisión óptica de SCs cúbicos

formados por PNCs cúbicas de CsPbBr3 y CsPbBrI2. La emisión de SF originada

en subdominios del propio SC se estudió para ambos tipos de compuestos usando

técnicas de microscoṕıa confocal. En el caso de SC de CsPbBr3 se han identificado

transiciones de SF de reducida anchura de ĺınea, que podrian considerarse cuasi-

homogéneas. Esta transición de SF se caracteriza por un factor de mejora de orden

≈ 10, el cual puede asociarse con la aparición de sub-dominios de alta ordenación

en el seno del propio SCs formados por entre 1000 y 40.000 NCs. Se estudiaron la

decoherencia de la emisión de SF en función de la temperatura, identificando dos

canales principales caracterizados por dos enerǵıas de actividad diferenciadas. Por

un lado, la primera enerǵıa de activación (del orden de los meV) se asocia con el

proceso de desalineamiento de los dipolos en cada NCs (desfase de la interacción

dipolo-dipolo). Por otro lado, la segunda enerǵıa de activación (del orden de

decenas de meV) se asocia con la promoción de portadores hacia los estados de

trampas poco profundas, produciendo un fenómeno de decoherencia de la SF

por perdidas de portadores. Por otro lado, la emisión de SF se sigue observando

en temperaturas relativamente altas (100 K), por lo que se desprende que el

acoplamiento térmico (fonónico) no queda descrito constantes de interacción muy

altas. Como complemento al análisis del estudio de la emisión de SF también se

identificó el papel del ensanchamiento inhomogéneo para muestras de aleaciones

del tipo CsPbBrI2 y en muestras reposadas (analizadas después de dejar pasar

tiempo desde el proceso de śıntesis inicial) de CsPbBr3. A pesar de identificarse

un importante efecto de distribución inhomogénea de tamaños, la transición de

SF se mantiene. Por ello debe analizarse en detalle la relación entre la aparición

de la transición de SF y su relación con el ensanchamiento inhomogéneo.

El segundo objetivo principal se plantea dentro del contexto de las posibles

aplicaciones derivadas del uso de PNCs. En este sentido se planteó analizar la

interacción con estructuras de materiales hiperbólicos (HMMs). Recientemente,

este tipo de meta-materiales ha recibido mucha atención debido su la capacidad
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de afectar ampliamente la densidad de estados fotónica como producir confina-

mientos ópticos sub-longitud de onda. Estas propiedades excepcionales se derivan

de la excitación de estados electromagnéticos de alto momento (modos de alto k).

En esta dirección se investigó el aumento de la tasa de SE en muestras de PNCs

de CsPbI3 y FAPbI3 depositadas sobre sustratos de HMM. Estos últimos se fa-

bricaron mediante la deposición alternada entre capas delgadas metálicas (Ag) y

dieléctricas (LiF), por medio de métodos de evaporación térmica. El acoplamiento

entre los excitones fotogenerados en las PNCs y los modos de los sustrados MMH

induce una reducción del tiempo de vida radiativo por medio de un efecto Purcell.

Esta reducción se midió en muestras con la anchura nominal de capa más delgada

(distancia entre los emisores y el sustrato HMM). Junto a esta medida, la varia-

ción del espaciado (y por tanto la intensidad del acoplamiento entre el emisor y

los modos del HMM) también afecta a la posición de pico de la fotoluminiscencia,

el cual quda desplazado hacia longitudes de onda más largas. Los resultados expe-

rimentales son compatibles con las predicciones obtenidas con un cálculo teórico

. Estos resultados son de importancia para el desarrollo de emisores de fotones

uno a uno y otras aplicaciones fotónicas similares, basadas en la combinación e

integración de nanocristales de perovskitas (que ofrecen la posibilidad de seleccio-

nar el rango óptico de emisión) y las estructuras HMM. Particularmente resulta

interesante aquellos casos donde se puede diseñar y activar un efecto Purcell. Sin

embargo, este efecto Purcell no se traduce en un aumento de la emisión óptica

en la dirección que define el plano de la muestra, ya que la emisión se acopla

preferentemente a modos de k altos. Con el objetivo de mejorar la emisión del

emisor las estructuras de HMM se pueden modificar introduciendo centros de

dispersión. De esta forma se diseñaron y fabricaron dos ejemplos de microesferas

dieléctricas, formadas por TiO2 y SiO2. El acoplamiento de los excitones fotoge-

nerados en las PNCs con los modos de los sustratos de HMM cuando se incluye

el efecto de la dispersión por las microesferas retorna una modulación del tiempo

de vida radiativo, traducido como aumento de la intensidad de la PL.
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0.2 Metodoloǵıa experimental:

0.2.1 Śıntesis de Nano Cristales:

Los nanocristales (NCs) de perovskitas de haluros de plomo (LHP) se sintetizaron

siguiendo el método de inyección caliente, usado comúnmente para preparar NCs

formados por compuestos semiconductores de tipo II-VI, IV-VI y III-V. En esta

ocasión, se fabricaron nano-cubos coloidales de CsPbX3 (X = Cl, Br, I) con un

rendimiento cuántico de emisión óptica (PLQY) del orden del 90 % a temperatura

ambiente (RT), devolviendo una gama amplia de colores. Brevemente, podemos

decir que este método de śıntesis consiste en la inyección de precursores calcogéni-

dos (S, Se, Bis(trimetilsily)Sulfuro, . . . ), precursores metálicos (haluros metálicos

para el caso de PNCs), y ligandos espećıficos de alta potencia de coordinación

(oleilamina, acido oleico, trioctilfosfina, . . . ) sobre otra solución con precursores

metal-orgánicos en un solvente de alta temperatura de ebullición (octaeceno).

Los matraces se mantienen bajo una atmósfera de N2 inerte y una tempera-

tura relativamente baja (por debajo de 200 – 300oC). Una vez los precursores

son inyectados comienza la reacción qúımica, formándose los primeros monóme-

ros. Según el modelo clásico de LaMer, llegará un punto donde la concentración

de monómeros se super-saturará, formando centros de nucleación. Estos centros

irán aumentando en número mientras la población de monómeros disponibles va

decreciendo constantemente hasta alcanzar un punto cŕıtico. En este punto el

número de nucleaciones se detiene debido a la baja concentración de monómeros.

Una vez que los núcleos se forman, estos actuarán como semillas de crecimiento

cristalino; los cristales más grandes se formarán por coalescencia de otros meno-

res, como describe el proceso conocido como “Ostwald ripening” (translation).

Debido a que los procesos de nucleación y de crecimiento cristalino están aco-

plados, ambas etapas influyen en la determinación del tamaño de NCs. Existen

muchas estrategias para controlar este crecimiento, y por tanto la distribución

de tamaños de las NCs. Los parámetros más importantes son la temperatura de

reacción, el tiempo de reacción, la concentración de los precursores y a concen-

tración del precursores y legandos Durante las ultimas etapas de la śıntesis, los
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NCs resultantes se recubren con una capa de moléculas tensioactivas (ligandos),

que proporcionan estabilidad y desactivan los defectos superficiales. Sin embar-

go, la solución resultante también contiene el solvente, algunos subproductos de

la reacción y restos de ligandos y precursores no activados en la reacción. Por

tanto, la solución obtenida debe ser purificada con un solvente polar/no polar

para eliminar estos residuos qúımicos, mejorando las propiedades reológicas de la

solución final, como también la distribución de tamaños de las NCs. T́ıpicamente,

el solvente de alta ebullición se reemplaza con solventes de bajo peso molecular,

tal como hexano o tolueno. La solución coloidal final, lista para proceder a la

deposición en film, se suele etiquetar como nano-tinta (del inglés, nano-ink).

0.2.2 Preparación de NCs aisladas dispersadas sobre sustratos

de Si:

Uno de los objetivos de esta tesis consiste en medir y analizar la emisión de PNCs

aisladas unas de otras. Para poder realizar esta medida se necesitan muestras con

una dispersión espacial de NC espećıfica depositadas sobre el sustrato adecuado.

En último término se necesita que las NCs estén lo suficientemente separadas

unas de otras, y que su deposición en el sustrato no favorezca la formación de

agrupaciones masivas de NCs. El sustrato consiste en una pequeña oblea de Si-

licio recubierta con dos films de aproximadamente 100 nm de Ag y 20 nm de

Fluoruro de Litio (LiF), depositados ambas capas por evaporación térmica. Esta

estructura permite ampliar la cantidad de luz recogida por el detector, ya que

redirige la emisión hacia el objetivo colector. La oblea se limpia con centrifugados

de etanol, isopropanol y acetona, de forma secuencial. Seguidamente se centrifuga

una solución de PMMA en tolueno, para pasar a hornearla, obteniendo una capa

fina de PMMA que permite la adhesión y la dispersión de las PNCs, previniendo

el contacto directo con la capa de LiF. Finalmente, la deposicón de PNCs se

lleva a cabo por medio de un recubrimiento por goteo usando una suspensión

coloidal de NCs con una concentración controlada de hexano, controlando que la

distancia interpart́ıcula sea mayor que la resolución del equipo de análisis óptico.

Finalmente, también se preparó una muestra de alta densidad de PNCs (una
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capa continua de material) para ser usada como referencia óptica y determinar

a su vez la forma espectral de la emisión óptica de colectivos de NCs. Para las

medidas a bajas temperaturas se usaron obleas comerciales de Si recubiertas con

films de SiO2” de 285 nm de espesor.

0.2.3 Preparación de super-cristales 3D:

Los super-cristales (SCs) de CsPbBr3 y CsPbBrI2 se han preparado mediante un

método auto ensamblado usando sustratos de vidrio previamente limpiado. En

el proceso t́ıpico, el sustrato se situa dentro de un placa de Teflón y se deposi-

tan sobre el sustrato 10µl de solución coloidal de base en Tolueno. La plaza se

cubre con una segunda placa de vidrio, dejando que se evapore el Tolueno pro-

gresivamente. Los SCs 3D de NCs de CsPbBr3 y CsPbBrI2 quedan formados al

evaporarse por completo el Tolueno. Las dimensiones laterales t́ıpicas de los SCs

cubren un rango entre 1µm y 10µm. En algunos casos los SC quedan dispuestos

en agrupaciones, mientras que en otros casos permanecen aislados, de forma que

se puede analizar la emisión óptica de SC aislados.

0.2.4 Fabricación de Metamateriales Hiperbólicos (HMM) y análi-

sis de la anisotroṕıa del tensor permitividad:

Para fabricar multicapas metal-dieléctrico (metal Ag y dieléctrico LiF), la de-

posición se realizar por evaporación térmica sobre una oblea de silicio en una

atmósfera de ultra alto vaćıo. La morfoloǵıa de las estructuras HMM se caracte-

rizó usando microscopia HAADF-STEM. La preparación de las muestras para el

análisis TEM en sección se realizó mediante un FIB Zeiss Auriga, alojando cada

muestra sobre un mallado de cobre. La caracterización por reflectancia de las es-

tructuras HMM se completó mediante un equipo casero que incorpora un grado

de libertad angular. Este equipo permite realizar la medida para longitudes de

onda espećıficas, por medio del uso de distintos láseres y la posibilidad de variar

el ángulo de entrada y salida. De esta forma se puede extraer la anisotroṕıa del

tensor permitividad de cada sustrato HMM.
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0.2.5 Preparación de estructuras h́ıbridas entre HMMs y reso-

nadores esféricos dieléctricos:

Con el objetivo de aumentar la colección de la PL emitida por PNCs de CsPbI3

acoplados a sustratos HMM, se depositaron resonadores esféricos dieléctricos so-

bre los mismo. Estos pueden aumentar la proporción de señal que se emite en

forma de PL en dirección perpendicular. Con este objetivo se prepararon mues-

tras constituidas en dispersiones espaciales de esferas dieléctricas en la superfi-

cie de sustratos HMM. Los sustratos se limpiaron mediante recubrimientos por

centrifugado, usando de forma secuencia etanol, isopropanol y acetona. Poste-

riormente, se depositó una capa separadora de PMMA usando la misma técnica,

para proteger del contacto directo entre los emisores y las capas metálicas. Las

esferas dieléctricas se depositaron por goteo sobre la superficie resultante, con

una disolución basada en agua (20 %) y etanol (80 %). Conviene resaltar que la

proporción de agua/etanol se optimizó para las medidas, pero se puede modificar

produciendo cambios tanto en la dispersión espacial como en la concentración de

micro-esferas. Finalmente, después de un proceso de secado, las PNCs se deposi-

tan a través de un segundo proceso de goteo partiendo de una suspensión coloidal

de PNCs en hexano.

0.3 Caracterización Óptica:

0.3.1 Espectroscoṕıa óptica y microscoṕıa confocal:

Todas las medidas a bajas temperaturas (4K) se realizaron con un equipo con-

vencional de micro-PL, donde las muestras quedan alojadas en el dedo frio de un

criogenerador de ciclo cerrado de alta reducción de vibraciones mecánicas. Para

las medidas espectrales y resueltas en tiempo se usaron como sistemas de bombeo

óptico un láser de onda continua y un láser pulsado, con longitud de onda λ= 405

nm y 450 nm, respectivamente. La alineación de los equipos se completó mediante

el uso diodos láser con longitud de onda equivalente a la emisión de fotoluminis-

cencia (λ= 532 nm y 660 nm, para el caso de NCs de CsPbBr3 y CsPbBrI2). Para
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obtener la capacidad confocal del microscopio se usan fibras ópticas monomodo

que cumplen con la función de estenope óptico. La excitación y la colección se

dirigen ambas a través de un objetivo de distancia de trabajo larga, montado

fuera del propio criostato. La emisión óptica se filtra para eliminar la reflexión

del laser con un filtro interferométrico pasa alta, y redirigida a un monocromador

doble. La primera salida frontal dirige la señal seleccionada espectralmente hacia

un fotodiodo de avalancha (APD) de Silicio de alta resolución temporal, mientras

que en la segunda salida frontal la señal de alta resolución espectral se analiza

mediante una cámara CCD de Si.

0.3.2 Medidas espectroscópicas y resueltas en tiempo de retro-

dispersión a baja temperatura:

En este dispositivo las muestras se alojaron en un segundo dedo frio para realizar

tanto medidas de PL como de PL resuleta en tiempo a bajas temperaturas (hasta

15 K, aproximadamente). Las muestras se bombearon ópticamente a través del

doblado de un láser pulsado mode-locked de Ti:Zafiro con anchura de pulso de

200 fs, trabajando a una longitud de onda de 810 nm. El doblado del bombeo

se obtuvo mediante un cristal BBO, generando pulsos a 405 nm. El análisis de

la emisión óptica de las muestras se realizó mediante el mismo equipo que en las

medidas de micro-PL, descritas en el anterior apartado.

0.4 Conclusiones principales:

Los resultados de esta tesis sugieren que las PNCs coloidales son candidatas

muy prometedoras para abrir una nueva generación de aplicaciones y disposi-

tivos fotónicos. La mayor parte del trabajo de esta tesis se ha centrado en la

investigación fundamental de las propiedades ópticas de las PNCs emitiendo en

el espectro visible (o infrarojo cercano), como en su incorporación en dispositivos

más complejos que modulan dichas propiedades. En este sentido es de especial

relevancia poder manipular la emisión para dotar de nuevas funcionalidades ópti-

cas a los dispositivos fotónicos, en áreas como la generación y la amplificación de
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luz, la coherencia óptica, o la pureza de color, entre otros. Para ello resulta indis-

pensable realizar este trabajo previo de investigación fundamental, para analizar

los principales mecanismos f́ısicos responsables de la emisión espontanea de las

PNCs. El análisis de la emisión de PNCs aisladas proporciona la información

fundamental más precisa, por la que se puede desarrollar sistemas más comple-

jos, como por ejemplo los SCs de NCs. La caracterización óptica en función de

la potencia de excitación, la temperatura o la atmósfera ambiental y qúımica

proporcionan información muy relevante para poder describir la propia dinámica

de los portadores. Otro de los pasos clave ha sido comprender los mecanismos de

interacción de los emisores con estructuras externas, de forma que proporcionen

una v́ıa de manipulación e ingenieŕıa del control de la emisión espontanea. De

esta forma, se estudió la modificación de las propiedades de emisión óptica de

las PNCs bajo la interacción con superestructuras (SCs), HMMS o resonadores

dieléctricos esféricos. En la mayoŕıa de las ocasiones, esta interacción se ana-

lizó usando PNCs de CsPbX3. A continuación se presentan los resultados más

destacados de cada apartado:

0.4.1 Ensanchamiento homogéneo e inhomogéneo en nanocrista-

les de perosvkitas aislados:

En este caso se analizó la emisión óptica de NCs por medio de técnicas de micro-

PL, obteniendo un análisis estad́ıstico de la emisión de PNCs CsPbBr3 y CsPbI3

aislados. De esta forma se dedujo la enerǵıa promedio de la transición óptica ex-

citónica, tanto en muestras de śıntesis reciente, como en muestras envejecidas. Se

observo un claro desplazamiento a altas enerǵıas de la posición del pico de PL en

las medidas realizadas al dejar pasar varios d́ıas desde el proceso de śıntesis. Este

efecto se explica por un mecanismo de reducción del tamaño de los NCs, a un

ritmo del orden de un nm por d́ıa. Esta reducción de tamaño se asocia a la inter-

acción con un ambiente húmedo, y se contrasto con los resultados de un modelo

teórico de pozo finito. El análisis de la medida de PL de PNCs CsPbBr3 aisladas

a temperatura ambiente mostró una anchura de ĺınea homogénea muy reducida

(la más estrecha reportada hasta el momento). Para el caso de la transición ex-
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citónica óptica a 4K se obtuvo anchuras de ĺınea del orden de 1-5 meV y 0.1-0.5

meV para PNCs de CsPbBr3 y CsPbI3, respectivamente. Este resultado indica

que las PNCs de CsPbBr3 quedan afectadas en mayor grado por efectos como la

difusión espectral. En cualquier caso, estas anchuras de ĺınea son mucho meno-

res que las asociadas al ensanchamiento inhomogéneo por dispersión de tamaños

(t́ıpicamente observado en las medidas de colectivos de PNCs). Sin embargo, en

el caso de la medidas a RT, la interacción intŕınseca excitón-fonon devuelve an-

churas mucho mayores que la propia contribución inhomogénea. Por este motivo

la pureza de color se mantiene para toda la banda, incluso para muestras con

altas densidades de PNCs. Este resultado es de especial interés para el desarrollo

de fuentes y dispositivos LED.

0.4.2 Emisión de superfluorescencia en supercristales de perovs-

kitas y su decoherencia térmica:

Otro de los estudios de caso ha consistido en el análisis de la estructuración

de NCs cúbicos autoensamblados de CsPbBr3 y CsPbBrI2 en SCs cúbicos. Se

analizó la emisión de superfluorescencia (SF) por subdominios correlacionados

de NCs, tanto en SCs de CsPbBr3 como de CSPbBrI2, a través de microsco-

pia confocal de alta resolución. Para el caso de SCs de CsPbBr3 se analizaron

transiciones de SF de reducida anchura de ĺınea, que pueden considerarse prácti-

camente como limitadas por su anchura homogénea. Su factor de mejora de la

intensidad de emisión alcanza un valor de hasta 10, que se asocia con un alto or-

denamiento de los NCs que forman el subdominio, compuesto por miles de NCs.

La decoherencia térmica de la emisión de SF se investigó por medio de la medida

de los espectros de SF en función de la temperatura. Este análisis devolvió dos

mecanismos principales de decoherencia térmica: procesos de desfase de la inter-

acción dipolo-dipolo & promoción de portadores hacia trampas poco profundas.

El primer mecanismo se asocia con una enerǵıa de activación del orden de meV,

mientras que el segundo proceso presenta enerǵıas de activación de decenas de

meV. Por otro lado, la decoherencia térmica no se caracteriza por poseer una

contante de acoplamiento muy alta, ya que la emisión de SF se observa hasta
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temperaturas que alcanzan los 100 K. Finalmente, hemos detectado procesos de

ensanchamiento inhomogéneo de la emisión de SF, que han de ser analizados con

más precisión, pero que podŕıan influenciar en le rendimiento total de mejora

óptica de este tipo de interacción coherente entre NCs.

0.4.3 Acoplamiento de la emisión espontanea de NCs y sustratos

HMM:

En este apartado de investigación se analizó el aumento de la tasa de emisión es-

pontánea de PNCs de CsPbI3 y FAPbI3 depositadas sobre sustratos de HMM. De

esta forma se trató de manipular las propiedades de emisión óptica de la transición

excitónica por medio de la interacción con sustratos HMM. Este acoplamiento

puede original una reducción del tiempo de vida de la transición excitónica, a

través del acoplamiento de los excitones fotogenerados con los modos óticos de

los sustratos HMM. Esta reducción del tiempo de vida se formaliza como efecto

Purcell. Dicho efecto se midió en muestras con espaciadores (d = 10, 20, 50 nm y

d = 250 nm como referencia) finos entre el sustrato HMM y el emisor. Además,

se comprobó que la variación del espaciado no solo afectaba a la intensidad del

acoplamiento entre modos ópticos y la transición excitónica, sino que también

modulaba la longitud de onda de emisión. Dicha emisión quedaba desplazada a

menores enerǵıas a medida que el espaciado se redućıa. Los resultados experimen-

tales coinciden satisfactoriamente con las predicciones teóricas (ver sección 2.3).

Estos resultados son de alto interés para el desarrollo de emisores de fotones uno

a uno y otras aplicaciones fotónicas basadas en el aumento de la tasa de emisión

espontanea por efecto Purcell.

0.4.4 Resonadores esféricos dieléctricos:

En el último apartado de investigación se estudió el uso de resonadores esféricos

dieléctricos combinados con sustratos HMM para producir un aumento mayor

de la emisión de PNCs de CsPbI3. Por medio del uso de estos resonadores se

pudo acoplar la emisión producida por el acoplamiento entre los sustratos HMM
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y las PNCs y redirigirla hacia el objetivo de colección. Esta configuración h́ıbrida

permite compensar las pérdidas asociadas a la emisión de alto k. En este caso

se usaron nanoesferas de TiO2 y microesferas de SiO2. El acoplamiento en estos

dispositivos h́ıbridos se manifestó como una reducción mayor de los tiempos de

vida del excitón junto a un aumento de la intensidad de PL. Este resultado

experimental se evaluó de forma teórica analizando como el factor de Purcell

aumentaba para el caso de estas estructuras h́ıbridas, demostrando una clara

ventaja respecto al uso de sustratos HMM simples.

Como observación final, queremos subrayar el interesante papel que muestran

las PNCs como emisores muy prometedores con altas cualidades y beneficios para

el desarrollo de la fotónica y sus aplicaciones. El uso de este material para el desa-

rrollo de emisores de fotones uno a uno, emisores de superfluorescencia coherente,

su inclusión en estructuras plasmónicas o sistemas h́ıbridos, . . . lo posiciona como

una de las vanguardias actuales de la tecnoloǵıa de materiales con aplicación en

los campos de la óptica, la optoelectrónica y la fotónica. Sin embargo, resulta

indispensable seguir realizando análisis fundamentales que permitan abordar y

explotar los márgenes de mejora actuales. Por ejemplo, podŕıa resultar interesan-

te encapsular estas estructuras con distintos ligandos qúımicos para mejorar su

estabilidad óptica en el régimen de NCs aislados, lo cual resulta indispensable

para poder exportar este tipo de nanoestructuras hacia el efervescente área de

las tecnoloǵıas cuánticas. Este tipo de mejora estructural que determina y mo-

dula las propiedades ópticas también puede producir beneficios en el momento

de construir SCs más robustos y con mayores temperaturas de trabajo. Por otro

lado, el nano-estampado de motivos sobre los sustratos de HMM pueden signi-

ficar un aumento del efecto Purcell y la eficiencia de colección de la emisión de

PL. Por todo ello, el análisis de las PNCs como base emisora para el desarrollo

de la fotónica representa un campo de enorme potencialidad, donde se esperan

grandes e importantes avances en un futuro a corto y medio plazo.
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les de perosvkitas aislados: . . . . . . . . . . . . . . . . . . XX

XXV



XXVI CONTENTS

0.4.2 Emisión de superfluorescencia en supercristales de perovs-
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0.4.4 Resonadores esféricos dieléctricos: . . . . . . . . . . . . . . XXII

Contents XXV

1 Introduction 1

1.1 Perovskite Nanocrystals . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Homogeneous and inhomogeneous broadening in single Perovskite

nanocrystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 The origin of super-fluorescence emission in LHP super-crystals

and its thermal decoherence . . . . . . . . . . . . . . . . . . . . . 5

1.4 Hyperbolic Metamaterials (HMMs) . . . . . . . . . . . . . . . . . . 6

1.5 Spherical Mie resonators . . . . . . . . . . . . . . . . . . . . . . . . 7

1.6 Thesis objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.7 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Fundamentals and Theoretical Background 13

2.1 Quantum size confinement . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Super-fluorescence in quantum dot Super-crystals . . . . . . . . . . 17

2.2.1 Effect of thermal decoherence on the decay rate of the

Super-fluorescence . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Hyperbolic Metamaterials (HMMs) . . . . . . . . . . . . . . . . . . 19

2.3.1 Hyperbolic dispersion . . . . . . . . . . . . . . . . . . . . . 20

2.3.2 Hyperbolic dispersion in metal/dielectric structures . . . . 21

2.3.2.1 Effective medium theory (EMT) . . . . . . . . . . 22

2.3.3 Surface Plasmon Polaritons . . . . . . . . . . . . . . . . . . 23

2.3.3.1 SPP dispersion derivation . . . . . . . . . . . . . . 24

2.3.3.2 Coupled plasmon-polariton in multi-layerd struc-

tures . . . . . . . . . . . . . . . . . . . . . . . . . 26



CONTENTS XXVII

2.3.3.3 Transfer Matrix Method (TMM) . . . . . . . . . . 27

2.3.4 Photonic density of states (PDOS) for dipole emitters . . . 30

2.3.5 Finite Element Method (FEM) . . . . . . . . . . . . . . . . 32

2.3.5.1 Commercial software based on FEM . . . . . . . . 32

2.4 The delayed luminescence in PNCs . . . . . . . . . . . . . . . . . . 34

3 Experimental techniques 39

3.1 Sample preparation & fabrication methods . . . . . . . . . . . . . . 39

3.1.1 Synthesis of Nano Crystals . . . . . . . . . . . . . . . . . . 39

3.1.2 Fabrication of alkali-metal nitrates treated CsPbBr3 NC films 40

3.1.3 Deposition process . . . . . . . . . . . . . . . . . . . . . . . 43

3.1.3.1 Spin-Coating . . . . . . . . . . . . . . . . . . . . . 43

3.1.3.2 Dr. blade and baking process . . . . . . . . . . . . 44

3.1.3.3 Dip coating . . . . . . . . . . . . . . . . . . . . . . 45

3.1.3.4 Drop casting . . . . . . . . . . . . . . . . . . . . . 47

3.1.4 Thermal evaporation Physical Vapor Deposition (PVD) . . 47

3.2 Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.1 Reflection, Transmission and Absorbance . . . . . . . . . . 49

3.2.2 Setup for anisotropy tensor extraction . . . . . . . . . . . . 50

3.2.3 Optical microscopy . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.4 Photoluminescence (PL) setup in back-scattered geometry . 52

3.2.5 Time-Resolved Photoluminescence (TRPL) . . . . . . . . . 54

3.2.6 Simple Fluorescence microscopy set-up for registering micro-

PL spectra at Room Temperature . . . . . . . . . . . . . . 55

3.2.7 Confocal micro-PL and micro-TRPL . . . . . . . . . . . . . 57

3.2.7.1 Airy Disc . . . . . . . . . . . . . . . . . . . . . . . 59

3.2.7.2 Resolution criteria . . . . . . . . . . . . . . . . . . 60

3.2.7.3 Resolution in the confocal microscope . . . . . . . 61

3.2.7.4 Our confocal fluorescence microscopy setup . . . . 62

3.3 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . 64

3.3.1 Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . 64



XXVIII CONTENTS

3.3.2 Profilometry . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 Single Perovskite Nanocrystals 67

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.1 Synthesis of inorganic perovskite nanocrystals . . . . . . . . 70

4.2.2 Preparation of isolated NCs dispersed on Si-based substrates 71

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5 Superfluorescence emission and its thermal decoherence 93

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.1 Synthesis of Colloidal Solution: . . . . . . . . . . . . . . . . 96

5.2.2 Preparation of 3D superlattices: . . . . . . . . . . . . . . . 97

5.2.3 Optical spectroscopy & Confocal optical microscopy: . . . . 97

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6 Hyperbolic metamaterials and Perovskite nanocrystals 115

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2 Experimental Details and Methods . . . . . . . . . . . . . . . . . . 117

6.2.1 Synthesis of CsPbI3 NCs . . . . . . . . . . . . . . . . . . . . 117

6.2.2 Methodologies . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7 Spherical Mie resonators 135

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . 137



CONTENTS XXIX

7.2.1 Sample preparation: the combination of HMM structures

with dielectric spherical Mie resonators . . . . . . . . . . . 137

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.3.1 HMMs+TiO2 Nano-Spheres . . . . . . . . . . . . . . . . . . 138

7.3.2 HMMs+SiO2 Micro-Spheres . . . . . . . . . . . . . . . . . . 141

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

8 Conclusions and future prospects 147

9 Bibliography 153

Appendices 193

A. Dyadic Green’s function . . . . . . . . . . . . . . . . . . . . . . . . . 193

B. List of acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

C. Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

C.1 Already published, included in the thesis . . . . . . . . . . . . 203

C.1.1 Papers published in Journals . . . . . . . . . . . . . . 203

C.1.2 Conferences (posters) . . . . . . . . . . . . . . . . . . 203

C.1.3 Oral presentations . . . . . . . . . . . . . . . . . . . . 204

C.2 Already published, not included in the thesis . . . . . . . . . . 205

C.3 To be published in the next months, included in the thesis . . 205



XXX CONTENTS



Chapter 1

Introduction

A vast group of researchers throughout the world is interested in materials con-

taining perovskite lattice. Their significance stems from their unique mechanical

and electrical features, including as pyroelectricity and piezoelectricity; dielec-

tric and superconducting properties; large nonlinear coefficients; and potential

electrooptic effects. As a result, this material family proves to be a candidate

for a wide range of applications [3]. Despite the relative simplicity of its crystal

structure, ABX3, the perovskite lattice includes a huge array of compounds [4]

due to all of the possible crystallographic variations and chemical diversity. The

majority are oxides and fluorides, but there are also chlorides, hydrides, oxyni-

trides, and sulfides [5]. The evolution of perovskite materials occurred in three

stages. First, since the second world war, ceramic materials with the perovskite-

type structure ABO3 (as in the compounds LiNbO3, LiTaO3, BaTIO3, and so on)

have been thoroughly studied, leading to the development of piezoelectrics and

ferroelectrics, among other modern applications [6]. Meanwhile, the second phase

of hybrid organic-inorganic perovskites, in which the A- or X-sites of the crystal

structure are replaced by organic cations, found many applications, primarily in

photovoltaics, but also in light-emitting devices and other optoelectronic tech-

nologies such as memory devices, photodetectors, and X-ray detection, to name

a few applications [7]. Lead and other harmful heavy metals are common in

hybrid perovskites. As a result, researchers began the third phase of perovskite

1
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research, lead-free perovskites, as a low-cost, non-toxic, earth-abundant material

for the next generation of optoelectronic applications. Lead-free perovskites have

recently been shown to have weak ferroelectric characteristics, which may limit

its uses [8].

Figure 1.1: Crystal structure of ”perovskite” [9].

This Ph. D. thesis was primarily concerned with the development of photonics

and quantum applications based on lead halide perovskite (LHP) nanocrystals.

LHPs have the general formula APbX3 (see Figure 1.1 for a schematic representa-

tion of an LHP unit cell), where A is a monovalent cation (organic or inorganic),

and X is the halide (Cl, Br, or I). Methylammonium (MA) and Formamidinium

(FA) are two of the most commonly used monovalent organic cations in the syn-

thesis of LHPs. A fully inorganic LHP is formed when the organic cation is

replaced by an inorganic cation. In terms of available size within the perovskite

structure, the cesium cation (Cs) is an appropriate choice, resulting in the cesium

lead halide perovskite family (CsPbX3). Each cation has unique advantages over

the others; for example, the FA is sometimes used in the fabrication of single-

junction solar cells due to its redshifted bandgap and improved thermal stability

at room temperature. The huge size of the FA molecule, on the other hand,

deforms the perovskite, resulting in poor thermal stability at temperatures over

300 K [10]. The all-inorganic CsPbBr3 perovskites [11] provide superior thermal

and humidity stability when compared to organic cation-based hybrids. Recently,
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several groups have begun to mix the cation position (i.e. the CsFA-, or MAFA-

double cation mixtures), resulting in films with significantly improved thermal

stability and optoelectronic properties, among other unexpected effects [12]. The

mixing approach creates a nearly infinite family of possible LHP compounds, and

the technological feasibility of this type of material is still expanding. Since the

first publication of the first hybrid LHP dye synthesized solar cell in 2009 by Ko-

jima et al. [13], interest in halide perovskites has grown at an exponential rate.

In light of the aforementioned context, in this Ph. D thesis, we will mainly focus

on the use of colloidal nanocrystal versions of all-inorganic LHPs.

1.1 Perovskite Nanocrystals

Perovskite nanocrystals (PNCs) have been actively examined by many re-

searchers all over the world since the first publication in 2014 [14]. PNCs made

of lead halides are made in the same way as standard nanocrystals (NCs) using the

chemical synthesis technique called hot-injection [15,16]. This synthetic method

allows for precise tuning of the size and shape of the NCs, from bulklike ones

(low quantum confinement) to zero-dimensional quantum dots (QDs) [15]. Other

nanostructures with dimensions significantly below the exciton Bohr radii, such

as nanowires and nanoplatelets, can also be tailored by adjusting the reaction

parameters [17]. The composition of PNCs can also be tuned not only during

synthesis but also afterward, for example, using ion-exchange treatments [18].

PNCs exhibit a high absorption coefficient, a quantum yield of emission that ex-

ceeds 90% at RT, and a tunable bandgap depending on chemical composition [15].

Furthermore, PNCs can be processed from solution into films using standard tech-

niques, as spin coating or inkjet printing, on a wide range of optical architectures

or substrates [19]. All-inorganic CsPbX3 PNCs have recently emerged as excel-

lent materials for integrated optics [20]. As a result, since Kovalenko’s group’s

first publication in 2015 [15], PNCs have been extensively studied as active ma-

terials, with demonstrated applications in light-emitting diodes, lasers, or optical

amplifiers [21]. The fundamental morphology of a semiconductor NC, including
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the capping ligands that surround the perovskite crystal structure, is depicted in

Figure 1.1. These ligands influence the solubility, colloidal stability, and inter-

actions of NCs with their surrounding media. In addition, the ligands in PNC

close-packed films can act as a barrier to charge-carrier conversion and transport.

Surface passivation also improves quantum yield significantly by reducing surface

defects and thus avoiding defect-assisted non-radiative recombination.

1.2 Homogeneous and inhomogeneous broadening in

single Perovskite nanocrystals

Semiconductor NCs are crystalline structures with size at the nanoscale (1-

100 nm), which possess electronic and optical properties according to their semi-

conductor condition (bandgap energy, effective masses, absorption coefficient,

exciton lifetime, etc.), in addition to a possible quantum confinement effect of

carriers/excitons due to size reduction. Particularly, if they proceed from direct

bandgap semiconductors, efficient light emitters devices [22], and even quantum

light emitters at RT [23], can be developed, among other applications. Moreover,

it is noteworthy to mention that light emission of these PNCs is characterized by

high color purity, with PL Full Width at Half Maximum (FWHM) as low as 20

nm for CsPbBr3 (green emission) [24] and less than 15 nm for those of CsPbCl3

(emission in blue-violet) [25]. Inorganic PNCs of the family CsPbX3 are not only

sensitive to the anion composition, but also to the synthesis temperature [26,27],

which determines the preferred crystallization phase of the compound. There is

a debate in the literature about the exact structure of PNCs [28], although it is

considered that the predominant and stable phase at RT is the cubic one [15],

even if it may coexist with orthorhombic subdomains. This character has been

corroborated in several studies for the CsPbX3 compounds, obtaining a certain

correlation between the size of the PNC and the presence of subdomains with

orthorhombic phase, so that for sizes ≤ 5nm the phase is intrinsically cubic, while

for larger sizes it is possible such a coexistence [29]. Also, as mentioned earlier

perovskites have an ionic structure [30], which makes them vulnerable to polar
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solvents such as water, acetone or ethanol. In addition, there are inevitable degra-

dation phenomena, whose origin can be related to the oxidation of the samples

or the induction of non-radiative recombination processes due to the influence of

the environment (temperature, humidity, oxygen ...), which causes a reduction

of the emission intensity and photoluminescence quantum yield (PLQY) or even

its complete quenching [31].

In this thesis we have analyzed single PNCs by means of micro-PL spec-

troscopy at room an cryogenic temperatures, and have deduced an average peak

energy and inhomogeneous dispersion of excitonic optical transitions in freshly

prepared samples. However, a blue shift of these energies is clearly observed as

the RT measurements are made one or more days after sample preparation. We

attribute this effect to an effective decrease of the (individual) NC size due to

the interaction with ambient humidity. The measured dispersion in excitonic

transition energies (in fresh samples) accounted for the size distribution of PNCs

using a simple cubic QD model with finite potential barriers. The size reduction

of PNCs for aging under ambient conditions was analyzed using this model.

1.3 The origin of super-fluorescence emission in LHP

super-crystals and its thermal decoherence

CsPbBr3 NCs and related materials are currently synthesized with narrow

size distributions, [15, 32–34] which naturally leads to investigations on their

self-assembly capabilities. Ordered arrays or superlattices (SLs) of PNCs are

forms of solid-state LHP materials alternative to polycrystalline films [35, 36]

or single crystals of solution-processed bulk LHPs [37], which can behave very

differently from its individual constituents when they interact coherently via a

common light field. In 1954, Dicke predicted [38] that an ensemble of N iden-

tical two-level systems (TLS) confined in a small volume can exhibit coherent

and cooperative spontaneous emission. This so-called super-fluorescence (SF)

emission results from the coherent coupling between individual TLS through the

common vacuum modes, effectively leading to a single giant emitting dipole from
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all participating TLS. Accordingly, arranging PNCs into SLs may reveal novel

phenomena arising from the earlier mentioned behavior of LHP NCs, however, to

control this behavior and implement different applications in lighting and photon

technologies, additional requirements must be met, such as attempting to shift

this intriguing behavior from cryogenic to higher temperatures. Although several

studies of light-emission properties of CsPbBr3 NC SLs has been demonstrated

recently [39–42], an experimental study on the thermal decoherence of this SF

emission from perovskite SLs has never been reported.

Here, we investigated the self-assembly and thermal decoherence of cubic-

shaped CsPbBr3 and CsPbBrI2 NCs into cuboidal SLs (super-crystals), with

each super-crystal (SC) consisting of thousands of NCs. The SF emission in

both CsPbBr3 and CSPbBrI2 SCs is observed using the confocal PL microscopy

technique as a function of temperature.

1.4 Hyperbolic Metamaterials (HMMs)

Over the last decade, metamaterial technologies have advanced for a range of

applications, including superresolution imaging [43,44], cloaking [45], and perfect

absorption [46]. Negative index [47], epsilon-near-zero [48], bianisotropy [49], and

spatial dispersion [50] are only a few examples of the strange electromagnetic

phenomena that have been discovered in metamaterials. The central guiding

principle in all metamaterials is the creation of a medium made up of unit cells

much smaller than the wavelength’s size. The unit cell’s unique resonances based

on its structure and material composition, as well as cell coupling, result in

a designed macroscopic electromagnetic response. HMMs [51–53] are one type

of artificial media that has attracted a lot of attention. They get their name

from the fact that the isofrequency curve is hyperbolic rather than circular, as

it is in conventional dielectrics. Their widespread interest stems from the ease

with which they can be nanofabricated, their broadband nonresonant response,

wavelength tunability, bulk three-dimensional response, and their high figure of

merit [54]. HMMs can be used for a variety of applications from negative index
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waveguides [51] and subdiffraction photonic funnels [55] to nanoscale resonators

[56]. In the visible and near-infrared wavelength regions, HMMs are the most

promising artificial media for practical applications [57].

In this thesis, we propose the manipulation of photons produced by exciton

radiative recombination in CsPbI3 PNCs by means of HMM structures. The

coupling between CsPbI3 PNCs and the HMM modes is controlled by a variable

dielectric spacer thickness. However, for achieving a successful exciton-HMM cou-

pling, radiative recombination of excitons is a prerequisite, which is undoubtedly

achieved in most semiconductors at cryogenic temperatures. The exciton-HMM

coupling in our system will lead to the Purcell-enhanced spontaneous emission,

together with a photoluminescence (PL) redshift, which was unexpectedly mea-

sured in the PNC -HMM system.

1.5 Spherical Mie resonators

Dielectric Mie resonators made of materials with moderate refractive indices,

such as optical or near-infrared semiconductor materials, can have low-order elec-

tric and magnetic modes. These modes can be easily and efficiently excited by

either near-field or far-field illumination [58–60]. This class of photonic resonators

is very promising for designing directive antennas [61–63], increasing the electric

or magnetic near field intensities [64–67], designing subwavelength sized light cav-

ities [65, 68, 69] to host frequency mixing processes such as third harmonic gen-

eration [70], and so on. In contrast to spherical dipolar metallic nanoparticles,

dielectric dipolar nanospheres have both electric and magnetic resonant modes

in the visible and near-infrared [58, 59, 71]. However, it is still unclear whether

magnetic modes are a good platform for enhancing light-matter interaction in

silicon subwavelength-sized cavities. An intriguing approach to this question is

to investigate the Purcell factor of these systems [72]. The Purcell factor is a

figure of merit widely used to characterize light-matter interaction in photonic

cavities [73]. In quantum electrodynamics, for example, it has been widely used

to study Rabi oscillations in the weak-coupling regime [74]. The Purcell factor
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quantifies the enhancement of the spontaneous decay rate of a dipolar emitter

coupled with a cavity [73,74].

Because the emitter-HMM coupling produces a decrease in the PL intensity

due to the preferential emission of light into the high-k HMM modes, such neg-

ative effect can be mitigated by modifying the HMM with diffraction effects or

light scattering centers. The second strategy can be easily implemented by si-

multaneously dispersing dielectric Mie resonators and the perovskite NCs onto

the HMM/PMMA substrate, as illustrated in chapter 7.

1.6 Thesis objectives

The main objective of the present Ph.D. thesis is the incorporation of PNCs

emitting in the visible (or near-infrared) wavelengths in photonic and quantum

applications. For this purpose, the outstanding optical properties of PNCs are

implemented to bring different functionalities, such as light generation, light co-

herence and light amplification, into various photonics and quantum implemen-

tations. In this way, we may split the main objective into two secondaries:

1. It is mandatory to examine all physical mechanisms responsible for spon-

taneous emission in PNCs. Single PNC samples will be analyzed first as

basic building blocks from which more sophisticated architectures can be

constructed. Controlling emitted light in single NCs and fully characterizing

its dependence on excitation fluence, temperature and ambient conditions,

is a significant step toward achieving this objective. Once the optimal con-

ditions for PNCs are established, the PNCs can be used for growing SCs to

study SF coherence light and cavity modes within SCs. The next landmark

will be the thermal decoherence of the SF, this will allow us to transmit

this coherent light from cryogenic temperatures to RT to implement in the

photonic and quantum devices. All these results provide novel knowledge

on the possible use of cesium lead halide PNCs as an active material and

can pave the road for new quantum photonic devices based on them.
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2. In addition, HMMs have recently grasped much attention because they

possess the ability for broadband manipulation of the photon density of

states and sub-wavelength light confinement. These exceptional properties

arise due to the excitation of electromagnetic states with high momentum

(high-k modes). Accordingly, HMMs will properly be designed, simulated,

and fabricated as a fantastic photonic structure able to control the spon-

taneous emission rate of LHP NCs deposited on the top. Finally, in order

to overcome the PL intensity reduction of the emitters deposited on top of

the HMM structures caused by the coupling of perovskite emitters to the

HMM modes, the HMM structures will be modified by dispersing spherical

dielectric Mie scatterers onto the HMM/PMMA substrates. This combi-

nation of PNCs with HMMs and Mie resonators could open the way for

the development of photonic devices based on PNCs, such as single-photon

sources, ultrafast LEDs, and truly nano-scale lasers.

1.7 Thesis outline

The current Ph.D. thesis covers a number of research aspects involving the

usage of PNCs as active material in photonics and quantum applications. The

manuscript’s structure includes the present introductory chapter and other two

grouping all theoretical concepts and laboratory metodologies and setups required

to adequately comprehend the experimental findings, which are presented in the

four subsequent chapters. Finally, a general conclusion chapter concludes this

thesis.

Chapter 1: Introduction.

This chapter includes a brief history and current state of the art of PNCs,

with a focus on the applicability of NCs and the main objectives of the current

Ph.D. Thesis.

Chapter 2: Fundamentals and theoretical background.

This chapter provides a brief overview of the fundamental aspects and

theoretical background required to follow the discussion of the core experimental
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chapters.

Chapter 3: experimental techniques.

The goal of this chapter is to go over the fabrication and characterization

techniques used in the research tasks undertaken in this PhD thesis.

Chapter 4: Homogeneous and inhomogeneous broadening in single

PNCs.

In this chapter, single nanocrystals were studied using micro-PL spec-

troscopy at room and cryogenic temperatures. The effect of ambient conditions

on the average peak energy and linewidth of excitonic optical transitions has been

studied at 4 K and room temperature. Optical transitions were compared to cal-

culated values through a simple cubic quantum dot model with finite potential

barriers (summarized in Chapter 2).

Chapter 5: Super-crystals and Super-fluorescence.

Here, we investigated the self-assembly and thermal decoherence of cubic-

shaped CsPbBr3 and CsPbBrI2 NCs cuboidal SCs. The SF emission in both

CsPbBr3 and CSPbBrI2 SCs is observed with micro-photoluminescence (µ-PL)

spectral analysis, through studying hundreds of different super crystal spectrums.

Thermal decoherence processes were analyzed with spectral and transient mea-

surements as a function of temperature.

Chapter 6: Hyperbolic metamaterials (HMMs).

The enhancement rate of spontaneous emission of CsPbI3 PNCs is inves-

tigated using HMM substrates in this chapter. Thermal evaporation is used to

deposit thin metal (Ag) and dielectric (LiF) layers and fabricate these substrates.

Different thicknesses of the spacer layer separating PNCs from the HMM surface

were used to control the coupling of excitons photogenerated in CsPbI3 PNCs

to the optical modes of these HMM substrates. Furthermore, it is observed that

changing the spacer (and thus the exciton-HMM coupling) affects the PL peak

wavelength. The experimental results are then compared to theoretical calcula-

tions summarized in Chapter 2.

Chapter 7: Spherical Mie resonators.

We used dielectric spherical Mie resonators in this chapter to manipulate



1.7. THESIS OUTLINE 11

the PL intensity and Purcell factor of quantum dots deposited on top of HMM

structures. Because emitter-HMM coupling reduces PL intensity due to pref-

erential emission of light into high-k HMM modes, this negative effect can be

mitigated by simultaneously dispersing dielectric Mie resonators and perovskite

NCs onto the HMM/PMMA substrate.

Chapter 8: Conclusions and future prospects.

The main conclusions and future prospects coming from the current Ph.D.

work are summarized in this chapter.
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Chapter 2

Fundamentals and Theoretical

Background

2.1 Quantum size confinement

The band structure of a semiconductor allows us to know the fundamental

optical transitions in a massive crystal by absorbing a photon, defined as the

bandgap energy, Eg. However, it must also be taken into account the Coulom-

bian interaction between generated electron and hole pair in the conduction and

valence bands, respectively. The problem, similar to that of the hydrogen atom,

is the quantization of the electron-hole relative motion that gives rise to the

exciton, whose binding energy, Eb, is in the order of 15-40 meV for CsPbX3 per-

ovskites. In the case of NCs, if their size is small enough, the energy bands would

return again in discrete states, so that the fundamental optical transition could

be written as:

E = Eg − Eb + ∆E (2.1)

where Ex = Eg − Eb would correspond to the excitonic optical transition in the

massive crystal, while the term ∆E would be the positive energy shift due to

size quantum confinement. In NCs smaller than the exciton Bohr radius (ax) the

electron-hole Coulomb interaction is smaller than the size quantum confinement,

13



14 CHAPTER 2. FUNDAMENTALS AND THEORETICAL BACKGROUND

hence Coulomb correction can be calculated in first order perturbation theory

[75], an approach which is known as the strong confinement approximation. Since

the exciton radius in metal halide perovskites such as CsPbBr3 is ax ≈ 3 nm,

this approach is not good for typical NCs, in the order of 10 nm. A variational

approach can be used to solve problem of the electron-hole pair confined in a

cube shaped NC, whose effective mass Hamiltonian is given by:

Ĥeff = − ~2

2me
∇2
e −

~2

2mh
∇2
h −

e2

εeff |~re − ~rh|
(2.2)

where εeff is the effective dielectric constant and me(h) the electron (hole) effec-

tive masses of the CsPbX3 perovskite. A good trial wavefunction for the ground

exciton energy is [76,77]:

fS−S(~re, ~rh) =
1√

N(βSS)
e−βSS |~re−~rh|ψS(~re)ψS(~rh) (2.3)

ψS(x, y, z) =

√
8

L3
cos(

πx

L
) cos(

πy

L
) cos(

πz

L
) (2.4)

where equation 2.4 stands for the electron and hole wavefunctions due the quan-

tum size confinement in a cubic NC of edge length L with infinite barriers, and

β the variational parameter that should minimize the exciton energy Ex:

Ex =
< f |Ĥeff |f >
< f |f >

(2.5)

This variational approach will give an approximate solution for the exciton under

intermediate quantum confinement conditions [76,77]:

ENCx = Ebulkx +
3π2~2

2µ′L2
+Bx[1−

√
1 + (2× 3.047(

ax
L

))2] (2.6)

which is written in terms of the bulk exciton radius ax = a0εeff/µ
′

and exciton

binding energy Bx =
µ
′
Ry

ε2eff
= ~2

2µ′a2
x

[77], where a0 and Ry are the Bohr radius and

Rydberg constant of the Hydrogen atom and µ
′

= ( 1
me

+ 1
mh

)−1 is the exciton

reduced effective mass.
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Figure 2.1: (a) Comparison of experimental ground exciton energies at RT for different CsPbBr3

NC sizes listed in Table 2.2 with the variational confinement model in Refs. [76, 77] (Equation
2.6). (b) Calculated PL shapes under parabolic (orange shaded profile) and non-parabolic (red
shaded profile) approximations using the size histogram, as compared to the histogram obtained
for the micro-PL peak energies (green shaded bars) and the measured PL line at 300 K of a
high-density layer of CsPbBr3 NCs (blue shaded profile).

By reducing the effective edge size L of the nanocrystal (before reaching the

strong quantum size confinement), the parabolic band approximation (constant

µ
′
) does not provide a good description, as discussed in Ref. [78], could not

provide a correct size dependence of the experimental exciton energy in CsPbBr3

PNCs. A better approximation can be obtained by using an energy dependent

reduced mass µ
′

= m
′
/2 where m

′
is the non-parabolic carrier mass [77,78]:

m
′

m0
=

3(
√
E2
g +

2Ep
m0

(π~L )2 +
√
E2
g +

4Ep
m0

(π~L )2)

2Ep
(2.7)

where Eg = Ebulkx + Bx is the bulk bandgap energy, Ep the Kane energy, Ep =

2|P |2/me (39.9/41.6 eV for CsPbBr3/CsPbI3 [76]), where P is the Kane mo-

mentum matrix element, and m0 is the free electron mass. In Figure 2.1a we

have computed exciton energies given by Equation 2.6 with parabolic and non-

parabolic (taking into account Equation 2.7) approximations as a function of the

PNC size, using the parameters given in Table 2.1 (and Kane energy). Both esti-

mated variations (blue and brown continuous curves in Figure 2.1a) are giving a

good approximation to experimental values listed in Table 2.2 and data symbols

in Figure 2.1a. Despite the slightly different absolute value of exciton energy, the

calculated PL shape under the parabolic (orange shaded profile in Figure 2.1b)
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approximation using the size histogram of the NCs (more details will be given in

Chapter 4) gives a better approximation to the shape associated to the experi-

mental histogram of micro-PL peak energies (green shaded bars in Figure 2.1b),

as compared to the case of the broader profile obtained by the non-parabolic

approximation (red shaded profile in Figure 2.1b).

Compound Temp. (K) Ex (meV)
Bx
(meV)

ax
(nm)

µ0 (m0)

CsPbBr3 300 2342 33 3.065 0.126±0.01

CsPbBr3 4 2309 (2289) 33 3.065 0.126±0.01

CsPbI3 300 1746 15 4.64 0.114±0.01

CsPbI3 4 1708 15 4.64 0.114±0.01

Table 2.1: Parameters used for calculations in parabolic approximation (see [79])

NC size (nm) Energy (eV/nm) FWHM(meV/nm) Reference

• 6.6

• 9.0

• 10.2

• 11.8

• 2.55/480

• 2.50/495

• 2.44/508

• 2.42/513

• ≈ 94/20 • [15]

• 11 • 2.417/513 • 94/20 • [80]

• 15.7 • 2.405/515.5 • 98/21 • [81]

• 8.8

• 34

• 2.427/511

• 2.375/522
• ≈ 94/20 • [82]

• 8

• 12

• 2.455/505

• 2.408/515
• ≈ 118/25 • [83]

Table 2.2: Energy (wavelength) at which the fundamental optical transition is observed in PNCs
of CsPbBr3 of different sizes, according to different authors.
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2.2 Super-fluorescence in quantum dot Super-crystals

Spontaneous emission is a basic quantum mechanical effect due to the coupling

of an excited electronic state with the vacuum state of the electromagnetic field.

In an ensemble of identical emitters, cooperative radiation emerges. Called su-

perfluorescence (SF) [84], or superradiance (SR) by Dicke, who first proposed the

phenomenon in 1954 [38], this effect arises from the excitation of an ensemble of

individual dipole emitters and results in an emissive, macroscopic quantum state.

SF has been observed in a variety of systems [85], with some of the most recent

examples being cold atomic clouds [86], photosynthetic antenna complexes [87],

molecular aggregates [88, 89], quantum dots [90, 91] and nitrogen vacancies in

nano-diamonds [92]. This effect is relevant in enhancing absorption and energy

transfer, which has been proposed to improve the efficiency of light-harvesting

systems [93–97]. SF also leads to spectrally ultra-narrow laser beams [98].

In an exciting new development, SF-like behavior has recently been observed

at low temperature (T = 6 K) in a solid state superlattice of CsPbBr3 PNCs [40].

These superlattices consist of individual cubic PNCs self-assembled into ordered

cubic-like arrays with edge dimensions on the order of several microns. PNC

superlattices distinguish themselves from analogous semiconductor NC superlat-

tices [99,100], because CsPbBr3 NCs have very high emission efficiency and very

short radiative lifetimes [76]. This high sensitivity to incoming photons makes

CsPbBr3 NCs ideal candidates for building novel quantum devices and sensors.

For this reason, the recent experimental evidence of SF in CsPbBr3 NC super-

lattices [40] represents an exciting development.

2.2.1 Effect of thermal decoherence on the decay rate of the

Super-fluorescence

In order to estimate the effect of thermal decoherence on the decay rate of the

NC’s SF, one can use the following common theoretical argument [101]. Let us

consider the time evolution of an excitation initially present in the system, which

is coupled to a thermal bath. Let us write a Pauli master equation [102] for the
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population Pk(t) of each k-th eigenstate,

dPk(t)

dt
= −ΓkPk(t) +

3N∑
j=1

[RkjPj(t)−RjkPk(t)], (2.8)

where Rkj are the thermalization rates between the eigenstates obeying the de-

tailed balance relation Rkj = Rjkexp(
−~(ωk−ωj)

kBT
), while Γk are much smaller than

the thermalization rates, namely Γk << Rkj . Since thermalization time is smaller

than fluorescence time, one can describe time-resolved fluorescence assuming that

the system is always at thermal equilibrium, i.e. the populations of the eigen-

states follow Pk(t) ≈ P (t)e−~ωk/kBT /Z at all times, where P (t) =
∑

k Pk(t) is

the excitation survival probability in the system and Z =
∑

k e
−~ωk/(kBT ) is the

partition function. Under this ansatz, the second term in the right hand side of

Eq. (2.8) is zero. Moreover, summing both sides of Eq. (2.8) over k, we have

dP (t)

dt
= −ΓTP (t), (2.9)

where the thermal rate has been defined as:

ΓT =
1

Z

3N∑
k=1

Γke
−~ωk/(kBT ). (2.10)

In ref. [103] the authors modeled the CsPbBr3 NC band edge electronic struc-

ture using a four-level system, and introduced a fitting function of their results

made for discrete values of N (number of correlated NCs in the SC) for the

thermal rate

ΓT
γr
− 1 =

ANB

NB +NsatB
, (2.11)

where A, B, Nsat are fitting parameters. Here, in Table 2.3, they report the

values of these fittin parameters for different NC edge sizes at three different

temperatures. We used this function for explaining our experimental data with

our fitting parameters (Chapter 5).
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Temperature NC size A B Nsat

• T=6 K

• l=9 nm

• l=5 nm

• l=3 nm

• 3.22

• 50

• 6977

• 0.58

• 1.99

• 4.58

• 21978

• 13075

• 24440

• T=77 K

• l=9 nm

• l=5 nm

• l=3 nm

• 0.0745

• 0.5080

• 1.31

• 0.51

• 0.51

• 0.89

• 1816

• 23290

• 19280

• T=300 K

• l=9 nm

• l=5 nm

• l=3 nm

• 0.0176

• 0.0840

• 0.1880

• 0.52

• 0.53

• 0.79

• 1384

• 6194

• 5014

Table 2.3: The values of the fit parameters of fitting function for different NC sidelength in
three different temperatures [103]

2.3 Hyperbolic Metamaterials (HMMs)

Advances in nano-fabrication and characterization techniques have led to arti-

ficially constructed structures known as metamaterials (MMs) with electromag-

netic properties beyond those found in natural materials. The ability to engineer

the electromagnetic response of MMs has led to ground-breaking applications

such as negative refraction index materials [104, 105], cloaking [106], and sub-

wavelength imaging [107–110]. Hyperbolic MMs (HMMs) are particularly in-

teresting, because they exhibit hyperbolic dispersion (see Figure 2.2). HMMs

are especially attractive, because they enable all of the above mentioned appli-

cations on a frequency range spanning from microwave down to the UV, while

having non-magnetic permittivity (µ=1). HMMs have been utilized to experi-

mentally demonstrate applications such as nano-scale optical cavities [56, 111],

negative refraction in non-magnetic materials [112, 113], super and hyper lenses

[107, 108, 114–117] and control of spontaneous emission of quantum emitters

[118–120]. All of these applications exploit sub-wavelength confinement of light in
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plasmonic Bloch modes in metal-dielectric structures [121, 122]. However, plas-

monic modes become evanescent at the surface of the HMM and coupling of

light into and out of these structures require complex mode matching schemes

[123,124]. In the following we will show the models and theory to finally estimate

the enhancement of the PL radiative decay and the associated Purcell factor from

quantum emitters placed on top of an HMM.

Figure 2.2: Iso-frequency contours of (a) isotopic material (b) anisotropic material along z axis
(c) type-I hyperbolic metamaterial; ε|| > 0,εzz < 0. (d) type-II hyperbolic metamaterial; ε|| < 0,
εzz > 0.

2.3.1 Hyperbolic dispersion

To understand hyperbolic dispersion let us examine the dispersion relation of

an arbitrary non-magnetic material with permittivity tensor

ε =


εxx 0 0

0 εyy 0

0 0 εzz

 (2.12)
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where εxx, εyy, εzz are the x, y, z components of the permittivity tensor. Let

us examine a uniaxial anisotropic medium for which εxx = εyy. The dispersion

relation in this type of media can be written as

k2
x + k2

y

εzz
+
k2
z

ε||
=
ω2

c2
(2.13)

where ε|| = εxx = εyy and kx, ky, kz are the x,y,z components of the wave-vector,

k, ω is the angular frequency of the electromagnetic field, and c is the speed

of light in vacuum. For an isotropic material wherein ε|| = εzz = ε equation

2.13 describes a spherical iso-frequency contour for a given ω (Figure 2.2a). The

shape of the iso-frequency contour is determined by the sign and magnitude of

the permittivity components. For an anisotropic material with εzz > ε|| > 0

the iso-frequency contour is shaped like an ellipsoid elongated along the z-axis

(Figure 2.2b). If the anisotropy is such that εzz and ε|| have opposite signs

the iso-frequency contour assumes the shape of one of two types of hyperbolas.

Type-I has ε|| > 0 and εzz < 0 which results in a dual-faced hyperboloid (Figure

2.2c). For Type-II ε|| < 0 and εzz > 0 creates a continuous surface hyperboloid

(Figure 2.2d) which has a cutoff for the lowest kx (or ky) value supported by the

structure. A closed iso-frequency contour supports a limited number of photonic

states while an open contour corresponds to an infinite density of states.

2.3.2 Hyperbolic dispersion in metal/dielectric structures

From eq. 2.13 it is easy to see that hyperbolic dispersion would occur in a material

with ε|| and εzz having opposite signs for a given frequency. Materials with

hyperbolic dispersion can be artificially engineered with the appropriate building

blocks. In optical frequencies hyperbolic materials would have a behavior which

is “metal-like” for one direction (since metals have negative permittivity) and

“dielectric-like” in the orthogonal direction (positive permittivity) therefore it

stands to reason that an artificial material composed of metal-dielectric building

blocks (unit cells) should be hyperbolic. One configuration (the one used in this

thesis) in which both Type-I and Type-II hyperbolas can be achieved in multi-
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layered structures with a unit-cell composed of a metal and a dielectric layer

both of deeply sub-wavelength thicknesses (depicted in Figure 2.3a). In way of

an intuitive explanation, the electrons in the metal are free to move in the x

and y directions and are restricted in the z direction, which yields a “metal-like”

reaction on one plane and a “dielectric-like” reaction in the orthogonal direction.

An effective medium approximation can be used to extract the dispersion of the

metamaterials, where the unit cell size is far smaller than the wavelength of light

in the medium. This approximation breaks down when the wavevector of light

in the material becomes comparable to the lattice-vector.

2.3.2.1 Effective medium theory (EMT)

A metal-dielectric stack such as the one depicted in Figure 2.3a can be validly

approximated by a homogenous anisotropic medium when the unit cell thickness

is smaller than λ/10 and if it consists of at least 4 periods [57]. In such case the

parallel (x-y plane) and perpendicular (z plane) permittivity components of the

medium with respect to the layers are given by

ε|| = fεm + (1− f)εd, (2.14)

ε⊥ =
εmεd

fεd + (1− f)εm
, (2.15)

Where ε|| is the effective permittivity component in the x-(or y) direction

(parallel to the layers), ε⊥ is the permittivity component in the z-direction (per-

pendicular to the layers), εm and εd are the complex permittivity components of

the metal and dielectric, respectively, and f is the fill fraction of the metal, given

by f = tm/(tm + td). tm and td are the thickness of the metallic and dielectric

layers, respectively. In Figure 2.3b the permittivity components are plotted for a

metamaterial composed of silver (Ag) and lithium fluoride (LiF). Four zones are

seen in the figure which corresponds to different types of iso-frequency contours.

Yellow zone corresponds to elliptical dispersion; red zone corresponds to a type-I

hyperbolic contour; blue zone corresponds to a type-II hyperbolic contour, and
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in the green zone there are no modes (no solution for equation 2.13).

Figure 2.3: (a) Sketch of metal-dielectric composite. (b) Calculated permittivity components
parallel and perpendicular to the layers for an Ag / LiF stack as a function of fill factor and
wavelength

Although the effective medium theory provides a convenient and useful way

of modeling the properties of HMMs it is only a first order approximation which

does not take into account the thickness of the layers composing the multi-layer

structure or non-local effects [50,125,126]. In order to develop an accurate model

for describing a multi-layer hyperbolic stack one must first develop a model for

the basic phenomenon leading to hyperbolic dispersion, as the case of surface-

plasmon-polaritons supported by the thin metallic layers in the metal/dielectric

nano-structures [50]. This phenomenon is described in details in the next section.

2.3.3 Surface Plasmon Polaritons

At the microscopic level, each metal dielectric interface gives rise to a surface

plasmon polariton (SPP) mode and it is the coupling between these modes that

gives rise to the large wavevector states seen in hyperbolic media [127]. Surface

plasmons are collective oscillations in the electron density at the surface of a

metal. The surface charge oscillations are naturally coupled to electromagnetic

waves, which explains their designation as polaritons. In this section, a plane

interface between two media is considered.
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2.3.3.1 SPP dispersion derivation

The permittivity of the dielectric medium ε1(ω) is assumed to be real whereas the

metallic medium is characterized by a complex frequency-dependent permittivity

ε2(ω). We are looking for homogeneous solutions of Maxwell’s equations that are

localized at a plane interface between the dielectric and the metal

−→
∇ ×

−→
∇ ×

−→
E (−→r , ω)− ω2

c2
ε(−→r , ω)

−→
E = 0 (2.16)

where ε(−→r , ω) = ε1(ω) if z > 0 and ε(−→r , ω) = ε2(ω) if z < 0 (see figure 2.4).

Localization at the interface is characterized by electromagnetic fields that expo-

nentially decay into both half-spaces. It is sufficient to consider only p-polarized

waves in both half-spaces because no solutions exist for the case of s-polarization

[33]. p-polarized plane waves in half-spaces j = 1 and j = 2 can be written as

Ej =


Ej,x

0

Ej,z

 eikxxe−ikj,z |z|e−iωt, j = 1, 2. (2.17)

In the following derivations the harmonic exponent e−iωt will be omitted to sim-

plify the notations. Since there are no free charges in both half-spaces
−→
∇ .
−→
D=0

which allows us to correlate between the x and z components of the fields.

E1,xkx − E1,zk1,z = 0,

E2,xkx − E2,zk2,z = 0,
(2.18)

Requiring continuity of the parallel component of
−→
E and the perpendicular com-

ponent of
−→
D leads to another set of equations

E1,x = E2,x,

ε1E1,z = ε2E2,z,
(2.19)

Combining sets 2.18 and 2.19 leads to the relation
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ε1

ε2
= −k1,z

k2,z
(2.20)

And the relation for the wavevector components is

n2
jk

2 = εjk
2 = k2

x + k2
j,z, j = 1, 2 (2.21)

where k = ω/c. Squaring eq. 2.20 and combining with 2.21 leads to a solution

for kx:

kx =
ω

c

√
ε1ε2

ε1 + ε2
(2.22)

This is the wave vector of the SPP in the direction of propagation for which the

effective index is

neff =

√
ε1ε2

ε1 + ε2
(2.23)

k1,z and k2,z can also be expressed in terms of the permittivity

kj,z =
ω

c

εj√
ε1 + ε2

, j = 1, 2. (2.24)

To accommodate losses associated with electron scattering we have to consider

the imaginary part of the metal’s permittivity.

ε2 = ε′2 + iε′′2 (2.25)

where ε′2 and ε′′2 are both real. Substituting eq. 2.25 into to 2.22 and 2.24 gives

kx, k1z, k2z in terms of their real and imaginary components. The skin depth of

the electric field is 1/k′′. Naturally the decay into metal is much shorter than into

dielectric. And so we see that a SPP is an evanescent wave composed of electron

oscillations which propagates at the interface between a metal and a dielectric as

depicted in Figure 2.4.
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Figure 2.4: Schematic representation of a surface plasmon polariton propagating along a
metal–dielectric interface. The exponential dependence of the electromagnetic field intensity
on the distance away from the interface is shown on the right.(adapted with permission from
Wikipedia.org)

2.3.3.2 Coupled plasmon-polariton in multi-layerd structures

We saw that SPPs have decaying tails into the metal and dielectric media. In mul-

tilayer systems consisting of alternate metal and dielectric layers, each interface

can support a bound SPP mode. If the separation between adjacent interfaces is

comparable to or smaller than the decay length of the interface mode, interac-

tions between SPPs give rise to coupled modes. These modes can be calculated

through transfer matrix method [128]. In Figure 2.5 the plasmonic bandstruc-

ture of hyperbolic metamaterial composed of seven periods of alternating Ag and

LiF, schematically shown on bottom right of figure, is presented. The structure

supports modes with high momentum. These are known as high-k modes and

are responsible for the hyperbolic dispersion in HMMs. [56,109–112].

Figure 2.5: Plasmonic bandstructure of a HMM composed of seven periods of Ag/LiF (Ag
thickness 25 nm, LiF thickness 35 nm). The coupled bulk plasmon modes are visible as bright
bands.
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2.3.3.3 Transfer Matrix Method (TMM)

Transfer matrix method is used to determine the reflection and transmission

properties of structures composed of multiple layers [129, 130]. Consider a plane

wave incident on a layered structure composed of m layers, sandwiched between

semi-infinite input and output mediums as shown in Figure 2.6.

Figure 2.6: Anisotropic material with uniaxial isotropy with different dielectric constants in the
xy-plane and z-direction.

Each layer j(j = 1, 2....m) has a thickness dj and its optical properties are

described by its complex index of refraction ñj = nj + ikj , which is a function of

wavelength of the incident light. At any point in the system, the optical electric

field is a sum of two components, one propagating in the positive x direction

and the other, along the negative x direction, which at a position x in layer j are

denoted by E+
j (x) and E−j (x), respectively. When an electromagnetic (EM) wave

propagates from layer j to layer k, the refraction at the interface is described by

an interface matrix

Ijk =
1

tjk

 1 rjk

rjk 1

 , (2.26)

where rjk and tjk are the complex Fresnel reflection and transmission coefficients

at the interface jk [131]. For light with electric field vector in the plane of

incidence (TM or p-polarized), the Fresnel coefficients take the following form
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rjk =
ñ2
kqj − ñ2

jqk

ñ2
kqj + ñ2

jqk
, (2.27)

tjk =
2ñjñkqj

ñ2
kqj + ñ2

jqk
, (2.28)

For TE polarized or s-polarized light (light with electric field vector perpendicular

to the plane of incidence), the Fresnel coefficients are given by

rjk =
qj − qk
qj + qk

, (2.29)

tjk =
2qj

qj + qk
, (2.30)

where qj = ñjcosϕj , ϕj is the angle of refraction in layer j. In addition to the

refraction at an interface, the EM wave also acquires a phase as it propagates

through the layer j, given by the phase matrix

Lj =

 exp(−iξjdj) 0

0 exp(iξjdj)

 , (2.31)

where ξj = 2π
λ qj . Define a transfer matrix S, which relates the electric field at

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

 E+
0

E−0

 = S

 E+
m+1

E−m+1

 , (2.32)

Using the interface and the phase matrices given by equations (2.26) and (2.31),

an expression for S can be written as

S =

 S11 S12

S21 S22

 = (

m∏
ν=1

I(ν−1)νLν).Im(m+1) (2.33)

When an electric field is incident from the input medium in the positive x direc-

tion, there is no wave propagating inside the output medium in the negative x

direction, therefore, E−m+1=0. For the total system transfer matrix of equation
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(2.33) the complex reflection and transmission coefficients of the entire system

can be expressed as

r =
E−0
E+

0

=
S21

S11
(2.34)

t =
E+
m+1

E+
0

=
1

S11
(2.35)

To obtain the electric field within layer j, write the total multilayer transfer

matrix

S = S−j LjS
+
j (2.36)

with

S−j = (

j−1∏
ν=1

I(ν−1)νLν).I(j−1)j (2.37)

and

S+
j = (

m∏
ν=j+1

I(ν−1)νLν).Im(m+1) (2.38)

The electric field propagating in the positive direction in layer j is related to the

normalized incident wave by

E+
j

E+
0

= t+j =

1
S−j11

1 +
S−j12S

+
j21

S−j11S
+
j11

exp(2iξjdj)
(2.39)

The total electric field at an arbitrary position inside layer j can be written in

terms of the incident electric field as

Ej(x) = E+
j (x) + E−j (x) = [t+j exp(iξjx) + t−j exp(−iξjx)]E+

0 (2.40)
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2.3.4 Photonic density of states (PDOS) for dipole emitters

In an ideal structure approximated by EMT, hyperbolic dispersion corresponds

to infinite photonic density of states (PDOS). However, in a realistic structure

that includes finite layers and losses, the PDOS and corresponding spontaneous

emission rate is finite due to the discrete, finite number of plasmonic modes

of the multilayer. We use a dyadic Green’s function approach to calculate the

PDOS as a function of the normalized wave-vector, kx/k0, parallel to the layers

of HMMs [57,132,133].

In the Green’s function approach, the weak coupling of the quantum emitter

with the plasmon-polaritonic modes of the multilayer structure allows the emitter

to be treated as a radiating point dipole whose radiation rate is enhanced through

interaction with the electric field of the plasmonic modes. In our experiments,

CsPbI3 perovskite QDs placed on top of the HMM. Our experimental system

contains randomly oriented dipoles so we must take into account the contributions

of dipole orientations parallel (||) and perpendicular (⊥) to the layers. Following

the work of Ford & Weber [133], we can write the decay rate enhancement and the

PDOS for both orientations as follows (mathematical details are in the appendix

A):

(
P

P0
)|| = 1− η0{1−

3

4
Re

∫ +∞

0
dsD||(s)} (2.41)

(
P

P0
)⊥ = 1− η0{1−

3

2
Re

∫ +∞

0
dsD⊥(s)} (2.42)

where the PDOS, D||(s) and D⊥(s) are defined as:

D|| =
s

sz
[1 + s2

z + (rs − s2
zr
p)exp(2ik1szd)] (2.43)

D⊥ =
s3

sz
[1 + rpexp(2ik1szd)] (2.44)

Here, s = kρ/k1 and sz = kz1/k1 = (1 − s2)1/2 where kρ =
√
k2
x + k2

y and
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kz1 =
√
ε1k2

0 − k2
ρ indicate the wave vector components along the in-plane and or-

thogonal directions, respectively, (note that the point source is located in medium

1), k0 = 2π/λ0 is the magnitude of the wave vector in vacuum at wavelength λ0

and η0 points to internal quantum efficiency. rp and rs represent the amplitude

reflection coefficients at the multilayer surface for p-(TM) and s- polarized (TE)

plane waves, respectively, computed with transfer matrix method. As mentioned

earlier the radiant dipoles are randomly oriented in our experiments, thus a more

appropriate estimation for the decay rate enhancement, is an average over ( PP0
)||

and ( PP0
)⊥:

(
P

P0
)ave. =

1

3
{( P
P0

)⊥ + 2(
P

P0
)||} (2.45)

where P is the radiative decay rate in the medium, and P0 is the radiative decay

rate of the dipole in vacuum. Figures 2.7 a,b show the calculated PDOS for

the dipoles on two HMMs composed of 7 periods of Ag and LiF, first one with

dAg +dLiF=40nm+40nm, and the other one with dAg +dLiF=25nm+35nm. The

high-k modes are distinguished bright bands. These modes provide a radiative

decay channel for the dipoles.

Figure 2.7: Photonic Density of States (PDOS) as a function of wavelength and wave-vector
parallel to the layers (a) dAg + dLiF=40nm+40nm and (b) dAg + dLiF=25nm+35nm.

As previously indicated, Fig. 2.7 depicts the PDOS as a function of wavevec-

tor for a dipole put on top of an HMM structure, emphasizing the importance of

the thickness of metallic layers in Purcell factor augmentation. As can be seen
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from the comparison of figures 2.7 (a), (b), lowering the thickness of the metallic

layer results in a significantly larger broadband enhancement since more higher-k

modes are excited and the PDOS is stronger.

2.3.5 Finite Element Method (FEM)

Scientific advances and modern technological capacities of computers pushed

researchers to undertake high resources’ consuming calculations for solving Maxwell

equations in photonics, for example, as also in many other disciplines. To prop-

erly understand the analyzed problems we need mathematical models to simulate

the behavior of the system. These models are based on differential and integral

equation systems, and the FEM has become one of the most frequently used

methods for solving them. Although this is a method that requires intensive use

of a computer, it can be employed to solve numerically a vast number of problems

in Electromagnetism and Mechanics, for example. It can be applied in the resolu-

tion of projects in one, two, or three dimensions even if the geometry is complex

or the considered material is heterogeneous. In a few cases, the problems can

be solved analytically, but most of them need a numerical method for resolution.

The FEM consists of using a simple approximation of unknown variables, typi-

cally based upon different types of discretizations, to transform the differential

or integral equations into numerical model equations which are easier to solve.

For a detailed description see [134–136]. The first step of this approximation is

to replace the continuous system with an equivalent discrete one. To do so we

divide the domain into smaller subdomains called finite elements. The elements

are connected with points called nodes, in which we solve the numerical model

equations. The electric fields can be calculated with higher precision/resolution

by using a finer mesh (more calculating points).

2.3.5.1 Commercial software based on FEM

In our case, we have chosen a commercial software called COMSOL Multi-

physics to model and simulate our photonic structures [137]. The version em-

ployed here is v.5.2.0. It allows us to perform the simulations from its graphical
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user interface or from MATLAB software. The first way might be more intuitive

since you can graphically model the structure and the program presents lists of

parameters, materials, geometry characteristics, and study resolutions visible in

every moment. Another advantage of the software is that the user is capable

of giving different attributes to any geometry domain at any moment. We can

select a different material for each region, set the proper boundary conditions,

and, if needed, a constraint.

For the simulations which are required, we need the module ‘electromagnetic

waves, frequency domain’. After selecting the study for each case we define the

parameters to use in the model and build the geometry. With the geometry set

and the materials defined we have to mesh our model (fig. 2.8). This mesh is

a subdivision of each domain into small finite elements to calculate the electro-

magnetic fields in each discretized point.

Figure 2.8: Division of each domain into multiple subdomains. Example of a COMSOL image,
which shows a meshed model of a hyperbolic metamaterial (HMM) in an environment medium
developed for performing some studies of Purcell factor.

As it was mentioned before, we must adjust the mesh by increasing the den-

sity points in areas where the electromagnetic field is expected to vary more (in

interfaces between two materials with quite different refractive index) and leaving

it larger (but never larger than half a wavelength) in areas where we think the

variation of the field is smoother. By doing this we can reach enough accuracy

and at the same time we save calculation resources, i.e. the job will be less time
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consuming, but we will have results with high enough precision.

2.4 The delayed luminescence in PNCs

As seen in Figure 2.9, and is also known from the literature [36,138–141], the PL

decay kinetics of the PNCs strongly depends on temperature: as the tempera-

ture decreases from 300 to 15 K, the average PL decay time (this is because the

PL transient is not monoexponential) of a PNC layer deposited on a dielectric

substrate decreases from about 20 to 1.5 ns, respectively. This behavior suggests

that, as the temperature rises, the PL decay kinetics becomes a complex process,

including the capture of an exciton by shallow traps, which we will further con-

sider as a long-lived non-luminescent (dark) state T (see Figure 2.10), followed

by a temperature-dependent process of exciton release from a lower-lying dark

traps to a radiative (bright) state.

Figure 2.9: PL decay kinetics of CsPbI3 PNCs deposited on top of a reference (purple symbols)
and HMM (black symbols) surfaces at room temperature (a) and at T = 15 K (b). The reference
surface is a 100 nm thick LiF film covering a thick Ag film (100 nm) deposited by thermal
evaporation on a Si substrate. For PNCs deposited on top of the HMM surface (7 periods of
40+40 nm LiF+Ag multilayer) the spacer thickness was around 20 nm.

This type of luminescence, which by analogy with Thermally Induced De-

layed Fluorescence in molecular spectroscopy [142], can be called “delayed lumi-
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nescence” and it was considered earlier in application to PNCs [36,143,144]. At

a sufficiently low temperature, the exciton cannot be released out of the trap into

a bright state, so due to absorption of light at cryogenic temperatures all shallow

traps become filled by excitons (and therefore de-activated) and no longer take

part in formation of the PL decay kinetics. As a result, exciton recombination

occurs without delay in shallow traps, with a lifetime τPL = (kr + knr)
−1. As a

rule, at cryogenic temperatures, the rate constant of nonradiative recombination

knr is much lower than the rate constant of radiative recombination kr; therefore,

in this case the PL lifetime can be expressed as τPL = (kr)
−1. Since the Purcell

effect affects only the radiative constant kr, it is obvious that the Purcell effect

well manifests itself at low temperatures, when the PL decay kinetics is deter-

mined only by the radiative constant kr, but not at RT, when kr is comparable in

magnitude with knr (see below, where we consider in more detail the delayed PL

model and carry out numerical calculations that confirm the above conclusions).

The phenomenological model illustrated in Figure 2.10(a) considers two dis-

tinct photoexcited states, the “bright” (emitting) excitonic state 1 and the trap

state T, which is long-lived non-emitting (“dark”) and non-quenching state (non-

radiative recombination is considered for the exciton population, but eventually

through different quencher states). The main feature of the model is the pres-

ence of the processes of exciton trapping and detrapping (getting back to the

emitting excitonic state) occurring with the rate constants k1T and kT1, respec-

tively. Here also, kr and knr are the rates of the spontaneous radiative and

nonradiative recombination of excitons, respectively. When the rate of trapping

is much higher than the rates of other photophysical processes (i.e. the condition

kr, knr << k1T , kT1 is fulfilled), the experimentally observed PL decay kinetics

can be much longer than the radiative lifetime τr = (kr)
−1 due to the coupling

between the two excited states 1 and T by means of the rate constants k1T and

kT1 [138–140]. Assuming that the electron detrapping to the excitonic state is

phonon-assisted and therefore the population distribution between the trap state

T and the excitonic state 1 obeys the Maxwell−Boltzmann distribution, the re-

lation between the rate constants kT1 and k1T is described by the expression:
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kT1 = k1T exp(−∆E/kBT ) (2.46)

From this equation, it appears that thermal dettrapping can be important at

room temperature (Figure 2.10(a)), but practically negligible at 15 K, as depicted

in Figure 2.10(b). The excitonic and trap state populations, N1(t) and NT (t),

satisfy the following rate equations:

dN1

dt
= −krN1 − knrN1 − k1TN1 + kT1NT (2.47)

dNT

dt
= +k1TN1 − kT1NT (2.48)

Figure 2.10: (a, b) Energy diagrams describing the delayed luminescence at room temperature,
when thermally activated detrapping is possible (a) and at low temperature, when detrapping
is blocked (b). The state 1 is the excitonic state, and T is the shallow trap state. The rate
constant kr corresponds to the spontaneous radiative recombination of the excitons and k1T

and kT1 describe the trapping and detrapping rates. The nonradiative channel is described
by its rate constant knr. The circle symbolizes the cyclic process of the population exchange
between the bright excitonic and the dark trap states. (c),(d) present the sensitivity of the
calculated PL decay kinetics to 2-fold increase of the radiative emission rate in case of 300
and 15 K, respectively. (e) Experimental PL kinetics of CsPbI3 PNCs deposited on top of
HMMs structures (40+40 nm of Ag + LiF layers and spacer d = 20 nm) measured at different
temperatures between 15 and 250 K. (f) Evaluation of the τx(ref)/τx(d) ratio as a function of
temperature for PNCs on top of HMM structure consisting of alternating layers of Ag (40 nm)
and LiF (40 nm) with a spacer thickness d = 20 nm.

The system of the differential equations 2.47, 2.48 was solved numerically for
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the initial conditions N1(t = 0) = 1, and NT (t = 0) = 0, which means that at

t = 0 only the excitonic state 1 is populated after absorption of an excitation

photon. We suggest that at room temperature the condition kr, knr << k1T ,

kT1 is fulfilled so that the delayed PL kinetics is observed with a PL lifetime

PL τPL >> τr = (kr)
−1. With the use of calculated PL decay kinetics in Figure

2.10(c,d) we explain why the effect of the HMM surface (which influences only the

radiative rate constant kr) on the measured PL decay kinetics is quite low at room

temperature, whereas it is maximum at cryogenic temperatures where radiative

recombination of excitons dominates. First of all, on the basis of numerical

solution of the rate equations 2.47 and 2.48 with parameters similar to those used

in ref. [138] (kr = 109s−1, ∆E= 100 meV, T = 300 K) we calculated a delayed

PL decay kinetics of the PNCs at 300 K. We have also used knr = 4× 109s−1 to

take into account the measured PLQY = 0.20 in our PNCs. The model of delayed

PL kinetics yields τPL= 10 ns (blue solid line in Figure 2.10(c)). When at these

conditions we model the influence of the HMM surface by a two-fold increase of

kr, this results in only a minor decrease of τPL from 10 to 8.3 ns (black dotted

line in Figure 2.10(c)). Contrarily, at 15 K, the following modifications occur in

the mechanism of the PL kinetics formation: (i) since knr is strongly thermally

activated, it diminishes drastically and becomes negligible as compared to kr; as a

result, PLQY = 1.0; (ii) kT1 dramatically decreases in the case of ∆E=100 meV,

so that trapped excitons stay in the traps very long time at the timescale of the

experiment. This implies that traps become filled and cannot longer participate in

the exciton recombination (no more delayed PL decay). In absence of detrapping

process, equation 2.47 reduces to:

dN1

dt
= −krN1 (2.49)

which results in a PL decay kinetics N1(t) = A0exp(−t/τr), (see Figure 2.10(d)).

In this case modeling the influence of HMM surface by doubling the radiative

decay rate will result in twofold shortening of the observed PL lifetime, from 1

to 0.5 ns (solid and dotted lines, respectively).
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Chapter 3

Experimental techniques

This chapter will present a description of the experimental techniques used in

the different chapters included in the thesis results.

3.1 Sample preparation & fabrication methods

3.1.1 Synthesis of Nano Crystals

Lead halide perovskite (LHP) NCs were synthetized following the hot-injection

method commonly used to prepare NCs of II–VI, IV–VI, and III–V semiconduc-

tor compounds. Here, colloidal CsPbX3 (X = Cl, Br, I) nano-cubes with a PLQY

close to 90% at room temperature with a wide color gamut were fabricated to

be used as active materials. In brief, the hot injection method consists of the

injection of chalcogenide precursors (S, Se, Bis(trimethylsilyl)sulfide, etc.), metal

precursors (metal halides, in the case of PNCs), and specific ligands of high co-

ordinating power (oleylamine, oleic acid, trioctylphosphine, etc.) into another

hot coordinating solution with metal-organic precursors in a high-boiling solvent

(octadecene). Flasks are kept under an inert N2 atmosphere and at relatively

low temperature, below 200–300 oC. Once the precursors are injected, the chem-

ical reaction starts and the first monomer molecules are generated. According

to the classical LaMer model, the concentration of monomers will super-saturate

eventually, leading to the formation of nucleation seeds. The formed nuclei will

39
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continue increasing in number while the population of available monomers con-

stantly decreases until a critical point is reached. At this point, there is almost

no nucleation occurring due to the low concentration of monomers. Once the

nuclei are formed, they will act as the seed for crystal growth; larger NCs will

be formed by coalescence of existing ones as described by a process known as

Ostwald ripening. Because nucleation of seeds and crystalline growth processes

are coupled, both stages play a role in deciding the final average size and the

size distribution of the NCs. There are many strategies to control the growth

process and the size distribution of the NCs. The most important parameters are

the reaction temperature, the reaction time, the concentration of precursors and

the concentration of coordinating solvents. During the final stages of the NCs

synthesis, the resulting NCs are coated with a layer of surfactant molecules (lig-

ands) that provides colloidal stability and passivate surficial defects. However,

the as-synthesized NC solution also contains the high-boiling solvent, reaction

byproducts, unreacted precursors and ligands. Thus, the crude solution must be

purified with a polar/non - polar solvent strategy in order to remove the chemical

waste, improving the final size distribution and overall rheological properties of

the final solution. Typically, the high-boiling solvent is replaced with low molec-

ular weight solvents, such as n-hexane or toluene. The final colloidal solution of

NCs, which is ready for film casting, is usually denoted as nano-ink.

3.1.2 Fabrication of alkali-metal nitrates treated CsPbBr3 NC

films

Glass substrates used for the CsPbBr3 NC deposition are cleaned using the

standard cleaning process by ethanol, acetone and isopropanol and dried under

the dry air. Then, the glass substrates are kept under ozone treatment for 30

minutes to remove the organic impurities from the surface. 30 µL of CsPbBr3 NC

solution was taken in a pipette and deposited on the glass substrate (2 × 2 cm

size) using doctor blade method through the layer-by-layer assembly approach.

For every deposition layer, the substrates are dipped into the ethyl acetate solu-

tion for 10 s to eliminate the surface ligands. The obtained dense, tightly packed
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CsPbBr3 NC film is then heated to 50oC for 1 minute to remove the solvent.

Meanwhile, a saturated alkali-nitrate solution is prepared by sonicating 10 gm

of KNO3 in 10 ml of ethyl acetate for 30 minutes. The unsolved salt was dis-

carded through centrifugation. The CsPbBr3 NC films are immersed into the

supernatant KNO3 solution for 10 s to exchange the surface ligands by KNO3

and dried at room temperature for a minute under ambient conditions. A similar

procedure is repeated using NaNO3 in ethyl acetate solution to fabricate NaNO3

treated CsPbBr3 NC film.

The surface of the perovskite NCs is fragile due to its ionic nature and

highly sensitive with the surface coordinated X-, L-, and Z-type ligands [145].

The traditional Oleylamine (OAm) and oleic acid (OA) assisted synthesis pro-

tocol providing the dispersion of CsPbX3 NCs in medium-polar solvents for the

thin-film deposition process. However, OAm and OA capping ligands do not

show a strong affinity to lead halide PNCs’ surface because of their extreme

ionic nature. Hence, the loss of ligands occurs very easily during the purification

processes. This heavy loss of ligands essentially results in achieving PNCs with

extremely poor optical properties [146]. To suppress these issues, post-synthetic

treatment approaches are followed. Several kinds of ionic salts like bromide com-

pounds are found to be efficient candidates in capping the surface defects with

near-unity PL quantum yield [147]. These post-treatment processes ultimately

cap the surface defects caused by removing ligands and avoiding the recombi-

nation effects. The removal of insulating OAm/OA ligands by moderate polar

solvents such as methyl acetate and ethyl acetate has been found useful. Addi-

tionally, methyl acetate and ethyl acetate provide good compatibility to CsPbBr3

NCs in thin film [148]. This ligand exchange approach has been widely tested

in PbS quantum dots to improve their properties [149]. However, the sole use of

ethyl acetate simply removing the excess surface ligands and additionally creating

surface defects. Pb compounds such as PbBr2, Pb(NO3)2, and Pb(CH3COO)2

are used to minimize this issue, which results in a significant improvement in

the PL properties and carrier transport have been achieved in perovskite thin

films [150]. Recently, similar to the transition metal ions doped semiconductor
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nanostructures [151], alkali metal cations (Na+ and K+) have emerged as po-

tential passivation components of PNCs. It is surprising that in the bulk coun-

terpart, the incorporation of alkali metal ions (or) alkali metal halides with the

perovskite layers boosting the charge transport where a significant improvement

in the photocurrent observed in perovskite solar cells [152].

Herein, we report incorporating alkali metal cations and nitrate anions such

as potassium nitrate and sodium nitrate into the densely packed CsPbBr3 NC

films using a layer-by-layer deposition strategy, significantly improving the op-

tical properties. The addition of these additives into the washing solvent has

opened possibilities in achieving high quality, defect-free inorganic PNCs layers

for potential device applications.

Figure 3.1: (a), (b) PL spectra and PL decay analysis of the KNO3 and NaNO3 treated CsPbBr3

NC film in comparison with the untreated NC film, (c) UV–visible absorption spectra of the
KNO3 and NaNO3 treated CsPbBr3 NC film in comparison with the untreated NC film and (d)
images of CsPbBr3 NC films deposited through doctor blade method in visible and UV light.
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3.1.3 Deposition process

3.1.3.1 Spin-Coating

To deposit a spacer layer or cover the prepared sample with polymethyl-

methacrylate (PMMA) we use a common and simple technique coined as spin-

coating [153–155]. It consists basically in depositing a drop of a material dispersed

or diluted in a solution (PMMA in our case) on the sample and spinning it to

cover the whole surface with a thin film of the desired material. In Figure 3.2 we

show our spin-coating device, together with a hot plate to bake the samples after

deposition and spinning. In the spin-coating process after placing the substrate

on the spinning sample holder, we must ensure that the vacuum that holds the

sample in place on the device while it spins is effective. Otherwise, the sample

will most probably break up as it flies out. After setting the sample correctly

with the vacuum we dropped a proper volume of PMMA solution with a precisely

controlled concentration on the center of the substrate. Note that we control the

final thickness of the layer by modifying the rotation velocity and the solvent

concentration (see table 3.1).

Figure 3.2: Spinning mechanism on the left of the image, protected with aluminum foil to reduce
dirt accumulation on the device when it spins. A hot plate can also be seen on the right.
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Thickness
PMMA(3%)
+Toluene

Speed Time Formula

265±3 nm 400 (µL)+0(µL) 3000 (rpm) 40 s P3.000

240±3 nm 300 (µL)+100(µL) 3000 (rpm) 40 s P2.250

155±3 nm 270 (µL)+130(µL) 3000 (rpm) 40 s P2.000

110±3 nm 200 (µL)+200(µL) 3000 (rpm) 40 s P1.500

80±3 nm 165 (µL)+235(µL) 3000 (rpm) 40 s P1.230

65±3 nm 140 (µL)+260(µL) 3000 (rpm) 40 s P1.050

55±3 nm 130 (µL)+270(µL) 3000 (rpm) 40 s P0.975

40±3 nm 100 (µL)+300(µL) 3000 (rpm) 40 s P0.750

20±3 nm 70 (µL)+330(µL) 3000 (rpm) 40 s P0.525

10±3 nm 30 (µL)+370(µL) 3000 (rpm) 40 s P0.225

Table 3.1: PMMA layer thickness as a function of concentration, spinner velocity, and spinning
time in the spin coating process

Immediately after completing the spinning, we bake the sample at 80oC and

150oC during two minutes at each temperature [153]. The first baking will evap-

orate the PMMA solvent completely, and the second baking is made under a

higher temperature for its polymerization.

3.1.3.2 Dr. blade and baking process

Doctor blade is a technique which permits us spreading many substances over

solid substrates [156–158]. The device we used is shown in figure 3.3. It consists

of a blade mounted perpendicularly to the surface where one leaves the substrate.

To do deposition using Dr. Blade, firstly, the substance (ink) is loaded in the air

gap between the substrate and the blade. The surface tension of the ink forms a

meniscus between the blade and the wet film on the trailing edge of the blade.

Then, the Doctor blade coating machine mechanically spreads the ink uniformly

over the substrate. At this point, the blade velocity determines the amount of ink

that leaks from the moving meniscus and, depending on the ink concentration,

the thickness of the deposited layer. This cycle is repeated until the desired layer

thickness is reached. Although the inks are usually formulated with nonpolar

solvents having low boiling temperatures (hexane, octane, toluene, chloroform)

to allow fast evaporation, a baking process is usually carried out between each

deposition cycle in order to remove the residual solvent.
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Figure 3.3: Doctor blade device for film application. Next to the doctor blade a hot plate is
shown.

3.1.3.3 Dip coating

Dip coating refers to the immersing of a substrate into a tank containing coat-

ing material, removing the piece from the tank, and allowing it to drain. The

coated piece can then be dried by force-drying or baking. It is a powerful method

to prepare samples to do single QD measurements because in these types of ex-

periments it is mandatory to spread quantum emitter on the substrate spatially

isolated from each other, and with this method by controlling the rate of dipping

and withdrawal from the tank along with the concentration of the colloidal so-

lution properly control the dispersion of the quantum emitters on the substrate.

Moreover, dip tanks can be any shape or size to match the varied substrate sizes

to be coated.
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Figure 3.4: Schematic representation of the dip-coating process.

The dip-coating process can be generally, separated into three stages which

illustrated in figure 3.4:

� Immersion: the substrate is immersed in the solution of the coating mate-

rial.

� Dwell time: the substrate remains fully immersed and motionless to allow

for the coating material to apply itself to the substrate.

� Withdrawal: the substrate is withdrawn, at a constant speed to avoid any

vibration. The faster the substrate is withdrawn from the tank the thicker

the coating material that will be applied to the substrate.
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3.1.3.4 Drop casting

For small substrates an easy and tunable deposition method is drop-casting,

spreading a nanoparticle suspension over a substrate and allowing it to dry under

controlled conditions(see figure 3.5), i.e. pressure and temperature. In principle,

film thickness depends on the volume of suspension used and the particle con-

centration, both of which can be easily varied. Other variables affect the film

structure such as how well the solvent wets the substrate, evaporation rate, cap-

illary forces associated with drying, etc.

Figure 3.5: Schematic representation of the drop-casting process.

Generally, it is desirable to use volatile solvents, water tends to be a poor sol-

vent for drop-casting due to the low vapor pressure and large surface tension. In

some cases, alcohols can be in place of water, while nonpolar solvents having low

boiling temperatures, such as hexane, octane, toluene, and chloroform are often

ideal choices for nanoparticles with hydrophobic capping ligands. This method

was used in the thesis to grow SCs on glass substrates; details are provided in

Chapter 5.

3.1.4 Thermal evaporation Physical Vapor Deposition (PVD)

The thermal evaporation, PVD is a cost-effective way to deposit pure metals

(Ag, Au, Pt), metal alloys, dielectrics, and some metal oxides, as thin films ranged

between 2 nm to 1000 nm on different substrates. PVD machine illustrated in
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Figure 3.6, was used to fabricate HMM, metal/dielectric multi-layer structures.

Figure 3.6: Scheme of the Physical Vapor Deposition technique.

The evaporation occurs inside a high vacuum chamber (10−6 mbar or lower,

achieved by a rotary and turbo molecular pumps). The source materials are

small pellets that sublimate to atoms or atom groups (molecule fragments, clus-

ters) after the appropriate heat transfer. The evaporation chamber consists of a

curved-shape piece of tungsten that drastically increases its temperature up to a

few thousands of Kelvin degrees (as a reference, the boiling point of silver is at

962 oC) in order to allow the sublimation of the source. Since tungsten has the

lowest coefficient of thermal expansion of any pure metal and the highest boiling

point, it proves to be an ideal evaporation material. To achieve a sublimation

temperature, the tungsten crucible is short-circuited with a high power (up to

250 A at 6 V) current supply. When the temperature is high enough, the tung-

sten boat emits blooming-white black-body radiation. Then, the source vapor

is diffused in the vacuum chamber and condenses on the target substrate. The

boat profile is designed to concentrate the heat towards the center, where the

evaporating matter gathers, increasing the homogeneity of deposition on large

substrates.
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3.2 Optical Characterization

In this section, the experimental setups used in the characterization of the

materials and devices are properly detailed. These set-ups include not only com-

mercial systems, but also home-made set-ups built in our labs.

3.2.1 Reflection, Transmission and Absorbance

A commercial reflectometer Nanocalc-2000 from Mikropak/Ocean (Figure 3.7)

was employed to acquire the reflection (R) and transmission (T) spectra of thin

films. The UV-visible light of the source lamp (Deuterium + Halogen) illumi-

nates the surface of the sample while the spectrograph records the transmitted

or reflected light. Then, transmittance or reflectance are extrapolated from the

sample by comparison with the measurements carried out on a reference sub-

strate. This equipment also allowed us to calculate the absorbance (A) by the

well-known formula (A= −log10[TSample/TRef ]).

Figure 3.7: Experimental setup for reflectivity and transmittance characterization (Nanocalc-
2000 from Mikropak/Ocean).
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Another experimental device used to characterize the absorbance spectra

of thin films or colloidal solutions (laying inside a quartz cuvette prepared for

UV-visible spectroscopy) is the commercial spectrophotometer UV-2501PC from

Shimadzu (see Figure 3.8). This setup equips a UV-visible Xenon lamp and a

monochromator operating in the range of 300-900 nm with a resolution of 0.5

nm.

Figure 3.8: Experimental device to characterize the absorbance spectra of thin films or colloidal
solutions (UV-2501PC spectrophotometer from Shimadzu).

3.2.2 Setup for anisotropy tensor extraction

The specular reflectance of the HMM structures was measured at single wave-

lengths using different lasers by a homemade setup incorporating a goniometer

for the sample holder and detector in θ - 2θ configuration. As shown in figure

3.9 the different laser light with different wavelengths, whose polarization can be

controlled by a polarizer, is launched to the sample, which is fixed on top of the

setup’s rotating platform. This platform is made up of two parallel discs that are

graded from 0 to 360 degrees, with the sample holder located on top of the upper

disc and controlled by an electric motor, and the detector connected to the lower

disc.
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Figure 3.9: Experimental setup for measuring the specular reflectance of the HMM structures.

So, using an electric motor, we can precisely control the incident angle (θ)

and collect the reflected light at the reflection angle (2θ), which is controlled by

the lower disc in the rotating platform. The specular reflection for light incident

on the HMM structure was measured, from 10 o to 75 o in 5 o increments in our

reflection measurements.

3.2.3 Optical microscopy

Optical microscopy is a technique employed to closely view a sample through

the magnification of a lens with visible light. An optical microscope, also some-

times known as a light microscope, uses one or a series of lenses to magnify images

of small samples with visible light. The lenses are placed between the sample and

the viewer’s eye to magnify the image so that it can be examined in greater detail.
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Figure 3.10: On the left, Zeiss microscope, generally used for the optical identification of the
grown superlattices. On the right, a couple of images from SCs captured with different magni-
fication

After growing SCs on substrates (details are in chapter 5), the next step is to

identify them, check their isolation and quality, and estimate their lateral size.

We used a Zeiss Axio Scope.a1 microscope with an Axiocam ERC 5s camera

(Figure 3.10) to accomplish this. The microscope has several lenses ranging in

magnification from 10X to 100X, allowing us to capture high-resolution images

with varying magnifications, as shown in the right panels of figure 3.10 images of

grown SCs have been depicted.

3.2.4 Photoluminescence (PL) setup in back-scattered geometry

Photoluminescence (PL) is an optical process from which a material spon-

taneously emits light after the absorption of the incident radiation at a shorter

wavelength. Here, PL is measured under backscattering geometry in order to

avoid the influence of reabsorption effects and to minimize the flow of the exci-

tation power into the detector system.
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Figure 3.11: Schematic representation of the setup used to measure the backscattered photolu-
minescence of thin films of NCs at room temperature.

For this purpose, samples are loaded in a motorized XYZ stage and were

illuminated at 45 degrees by a continuous wave (CW) 450 nm laser, as illustrated

in Figure 3.11. The PL signal is collected from the surface with a 10X (100X)

microscope objective and coupled to a multimode fiber wired to a spectrometer

(HR4000 Ocean Optics). A high pass filter suppresses the scattered portion of

the excitation laser radiation.
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3.2.5 Time-Resolved Photoluminescence (TRPL)

Time resolved PL (TRPL) measurements were performed to characterize the

PL transients produced in a material after pulsed laser excitation. These mea-

surements require the simultaneous acquisition of the laser pulse and the emitted

signal, in order to synchronize the pulsed laser with the emission of PL. For

this purpose, the laser pulse is split in two branches, one for the trigger and the

other for the sample. A high pass filter is placed before the photodetector or

monochromator to avoid the influence of the excitation source.

Figure 3.12: Scheme of the TRPL technique in backscattering configuration. The excitation laser
pulse is divided in two branches, one of which acts as a gate for the detection of fluorescence
light.

For low temperature PL and TRPL measurements, as illustrated in Figure

3.13 the samples were held in the coldfinger of a closed-cycle He cryostat (ARS

DE-202), which can be cooled down to around 15 K.
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Figure 3.13: Schematic illustration of experimental setup for measuring PL and TRPL spectra
of PNCs at low temperatures.

The nanosecond time-resolved PL was carried out by using a Q-switched

Nd:YAG (1 kHz, 1 ns) laser doubled or tripled at 532 and 355 nm (CRYLAS

6FTSS355-Q4-S). The 355 nm line was used to excite the bromide PNC species

while the 532 line was used with the iodide and the iodide-bromide mixed species.

The PL was analyzed with a Hamamatsu C5658-3769 avalanche photodetector

connected to a BOXCAR DPCS-150 electronics from Becker and Hickl GmbH.

PL under femtosecond pulsed excitation was carried out by means of 200 fs pulsed

Ti:sapphire passive mode-locked laser (Coherent Mira 900D, 76 MHz repetition

rate) operating at a wavelength of 810 nm and doubled to 405 nm by using

a BBO crystal. The PL signal was 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 PL spectral

measurements and with a silicon avalanche photodiode (micro photon device)

connected to a time-correlated single-photon counting electronic board (TCC900

from Edinburgh Instruments) for TRPL measurements.

3.2.6 Simple Fluorescence microscopy set-up for registering micro-

PL spectra at Room Temperature

The experimental system to measure conventional PL spectra of single PNCs

at RT is basically a fluorescence microscope, mounted with Thorlabs optome-
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chanics, that was specifically designed and optimized for doing RT PL statistics

of single PNCs.

Figure 3.14: Experimental setup, assembly of micro-PL with which measurements were made
in isolated PNCs at RT. The mounting elements are: 1-Laser source, 2-Filter set, 3-Guiding
pumping laser system, 4-XYZ scroll tower with piezoelectric drive, 5-Objective 50x long working
distance, 6-C-MOS imaging Camera, 7-Beam separator (1 mm quartz sheet), 8-Multi mode fiber
optic coupler 200 µm in diameter core.

For PL excitation a 405 nm continuous wave laser diode was used, with a

constant power of 200 mW (1-label in Figure 3.14), so it is capable of exciting

both Br- and I-perovskites, although we use neutral filters (2-label in Figure 3.14)

to work at much lower powers (< 1 mW). The pump laser beam is focused onto

the sample surface by means of a concave mirror (3-label in Figure 3.14). The

sample is placed on a piezoelectric XYZ positioner (4-label in Figure 3.14) from

Attocube Systems AG, which allows a fine movement with nanometer-resolution

in the three directions; hence, it is one of the key elements of the microscope.

The other key element of the microscope is a Mitutoyo’s 50x achromatic objective

with NA = 0.5 (5-label in Figure 3.14), fixed on the optomechanical mounting

bracket, which focuses 10 % and 90 % of the signal emitted by the PNC (by

means of quartz plate beam splitter 1 mm thick, 7-label in Figure 3.14) into a

standard C-MOS camera (6-label in Figure 3.14) and a multimode optical fiber

of about 200 µm of core diameter (8-label in Figure 3.14), respectively. Before

the beam splitter, a 450 nm long-pass filter is placed to observe the micro-PL of

CsPbBr3 PNCs (or 550 nm for CsPbI3) without the influence of the scattered laser
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light. Finally, the multimode optical fiber, which collects the light emitted by an

isolated PNC, is connected to a mini-spectrometer (Ocean Optics, educational

model “Red Tide”, with a spectral resolution better than 2 nm), to record its

micro-PL spectrum. We can follow the XY-movement through the sample by the

monitoring CMOS camera, which also allows to acquire PL images integrating

the signal 1-2 s (maximum 30 s).

3.2.7 Confocal micro-PL and micro-TRPL

The confocal microscope was invented by Marvin Minsky in 1955 when he

was a postdoctoral student at Harvard University [159]. His idea was reflected

in 1961 in the form of a patent (figure 3.15 (left panel)). For a long time, his

invention was ignored until sufficiently intense light sources were developed and

the calculation tools for working with massive amounts of data were perfected.

In the late 1960s, M. David Egger and Mojmir Petran developed a multi-beam

confocal microscope based on Minsky’s work. Colin Sheppard created an imaging

theory in the late 1970s in the theoretical framework, and in his article ”Image

creation in the scanning microscope,” Sheppard coined the term ”confocal” [160].

Tony Wilson, Brad Amos, and John White continued to contribute to the field of

confocal microscopy during the 1980s (Figure 3.15 (right panels)), and the first

commercially available instrument arrived on the market in 1987.

Figure 3.15: (Left), Schematic of the Minsky patent’s first confocal microscope. (Right), A
comparison of confocal microscopy ((b), (d), (f)) and conventional microscopy ((a), (c), (e)) on
biological specimens. [161] is the source of the graph.
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This microscopy has several advantages over conventional microscopy, includ-

ing the effect of optical sectioning, the reduction of scattered light, and an im-

provement in microscope resolution. The use of spatial filtering techniques to

eliminate light generated outside the focus is mainly responsible for these ef-

fects [162].

Figure 3.16: A diagram of the fundamental properties of confocal microscopy. Graph adapted
from [161].
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As can be seen in figure 3.16, block 1 shows how a lens forms the image of two

points of objects in different positions of a sample. In the second block a pinhole

conjugated to the focus of an object point is placed, so that all the light that

comes from that point passes through it, while most of the light that comes from

points outside the focus is blocked. The third block depicts the system’s confocal

configuration. The light source is confocal with the existing focus, so the object

point in the focus is brightly illuminated, while points outside the focus receive

very little light. In figure 3.17 this same effect can be observed. It is observed in

this figure how inspection volumes are reduced, which makes this technique an

ideal candidate for the study of isolated QDs. The last panel of figure 3.16 shows

the configuration in reflection (epitaxial). This is the optimal setting for µ-PL

experiments.

Figure 3.17: Volumes of study in conventional and confocal microscopy, graph adapted from
[163].

3.2.7.1 Airy Disc

It is necessary to review basic diffraction theory concepts to comprehend

the foundations and benefits of confocal microscopy. When a point source of

illumination passes through the microscope system (apertures, lenses, etc. ), the

electromagnetic field produces an amplitude distribution in the image plane. An

amplitude diffraction pattern is used to represent this, and the image of this

pattern corresponds to the PSF (point spread function, or intensity point spread

function). The intensity distribution of the PSF in the plane of focus is described

by the Airy disk when the openings are circular. In ideal optical systems, this
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distribution has an intensity maximum in the center and a series of maximums

separated by regions of zero intensity. Figure 3.18 depicts the PSF distribution

at various distances from the focus, where the image in the center corresponds

to the Airy disk.

Figure 3.18: The PSF as a function of focus distance is represented. Each image is taken in a
plane parallel to the focal plane. The image captured in the focal plane corresponds to the Airy
disk. The intensity has been manipulated because the center of the image in focus is 100 times
brighter than the rest. graph adapted from [164].

3.2.7.2 Resolution criteria

The resolution between two objects can be defined as the minimum distance

between them by which both can be distinguished clearly. It follows that the

lateral resolution will be related to the width of the PSF peaks. There are various

criteria for determining a system’s maximum resolution. Rayleigh’s criterion

states that two objects will be laterally resolved when the distance between them

corresponds to the distance between the first minimum of one’s Airy disk and the

central maximum of the other (figure 3.19). It can be seen in this way that the

concepts of resolution and contrast are inextricably linked, so that the influence

of noise will be decisive when obtaining good resolutions. A similar procedure
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can be used to determine the system’s axial resolution [161,164].

Figure 3.19: Rayleigh criteria for maximum optical resolution between two nearby objects.

As a result, the lateral resolution under the Rayleigh criterion will be given

by the expression:

∆rlat. = 0.6
λ

NA
(3.1)

where λ is the wavelength of the light and NA is the numerical aperture.

3.2.7.3 Resolution in the confocal microscope

The optical elements used in confocal microscopy provide resolution advan-

tages. As previously stated, the PSF of the system will describe the distribution

of illumination over the volume to be studied. However, in the confocal system,

the same function describes the intensity distribution of the observed volume, so

if the same optics are used, or if the reflection configuration is used, the PSFconf.

will be described by:

PSFconf. = PSF × PSF = PSF 2 (3.2)

As expected, the PSFconf. has a narrower intensity distribution (figure 3.20),

implying that the resolution in this type of instrument will improve. The lateral

extension of PSF in fluorescence confocal microscopy experiments is reduced by

approximately 30% when compared to conventional microscopy [163]. In the
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confocal configuration, the expression for lateral resolution is as follows:

∆rlat.(conf.) = 0.4
λ

NA
(3.3)

Figure 3.20: PSF in conventional (a) and (b) confocal microscopy. The graphics are represented
in optical units (ξ, y, ρ), which are normally labeled with the letters (u, y, v) respectively. The
graph was adapted from [164].

It should be noted that in order to use high-quality confocal microscopy, the

radius of the pinhole must be small enough (below the Airy disk in the plane of

the pinhole), but below a certain value, all you will achieve is a reduction in signal

intensity without an increase in resolution. The optimal value for each assembly

must be chosen based on the resolution and intensity level requirements [165].

The paraxial approximation is used to describe the assumptions in this section,

which is satisfied only under certain conditions (NA less than 0.6 [166]).

3.2.7.4 Our confocal fluorescence microscopy setup

Low temperature measurements were performed with a confocal microscope

(Figure 3.21a) where the samples were held in the coldfinger of a vibration-free

closed-cycle cryostat (AttoDRY800 from Attocube AG), which can be cooled

down to 4K. Micro-PL was excited by means of continuous wave excitation lasers

at a wavelength of λ= 405 nm. Moreover, the alignment of the collection and ex-
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citation arms were done separately for CsPbBr3 and CsPbI3 NCs by single-mode

fiber-coupled laser diodes at wavelengths 532 and 660 nm, respectively. The sin-

gle mode optical fibers in excitation and detection will define the corresponding

confocal pinholes. Excitation and detection were done through the same long-

working distance 50× microscope objective from Mitutoyo, which was mounted

outside the cryostat. The emission from the sample was long-pass filtered, dis-

persed 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 EM-

CCD from ANDOR) for recording micro-PL spectra with resolution better than

100.

Figure 3.21: Experimental setup (a) A schematic picture of the confocal fluorescence microscopy
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 temperature 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.

In the cryogenic micro-PL setup (Figure 3.21a), the 405 nm continuous wave

laser diode was used for exciting both green and red PNCs (1-label in Figure

3.21b). Laser light is guided to the excitation arm of the setup using parallel

mirrors crossing a set of neutral filters and a beam sampler (with only 4% re-

flectivity) that defines the excitation power from the mW to tens of µW (2, 3

labels in Figure 3.21b). The pump laser beam is incident normally to the sample

surface, which is placed on a piezoelectric XYZ motors from Attocube inside the

cryostat. In the collection arm, a Pellicle beam splitter (50:50) is used (4-label
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in Figure 3.21b) to build an image of the sample surface with a C-MOS camera

(5-label in Figure 3.21b), before collecting the emitted PL by the single-mode

fiber. We used a 450 nm long-pass filter (6-label in Figure 3.21b) to block the

pumped laser and transmit PNCs emission to the double spectrograph (7-label

in Figure 3.21b) and the CCD camera (8-label in Figure 3.21b) that allows a

resolution better than 0.02 nm.

3.3 Structural Characterization

3.3.1 Electron Microscopy

The classical optics theory defines a limit to the maximum resolution ob-

tainable by any optical microscopy system. This limit, sometimes called the

diffraction barrier (λ/2n) restricts the ability of optical instruments to distin-

guish between two objects separated by a lateral distance less than hundreds of

nanometers. In this context, electron microscopy allows the characterization of a

given material with, ideally, the characteristic De Broglie wavelength of an elec-

tron. Most common types of electron microscopes are transmission (TEM) and

scanning (SEM) systems. While there are many operational differences between

this equipment pieces, the most preeminent one is the spatial resolution that they

can achieve. In practice, commercial SEM equipment offers nanometric resolu-

tion; TEM can achieve even near atomic resolution [167,168]. On the downside,

TEM only allows the loading of thin samples (<150 nm) an requires specific

preparations. In this thesis, the morphology and size distribution of the NCs

are characterized by TEM with a JEOL JEM-1010 at 100 kV. For surface mor-

phology, and cross-sectional examination of HMM structures, SEM microscopy

is used (Hitachi 4800 microscope).

3.3.2 Profilometry

Profilometry is a technique that allows to characterize the thickness and rough-

ness of deposited thin films. The profilometer used in this Ph. D Thesis, Dektak

150 from Veeco,(see Fig. 3.22) consisted of a mechanical stylus with a diamond
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tip that remains in contact with the sample and is moved laterally across the sur-

face. When a change in the contact force is registered, the tip has encountered a

rough vertical feature, the force exerted by the surface in the needle is translated

to spatial units by the specialized software. The thickness of a thin film can be

estimated by making an incision in the film with a razor blade and the height

difference between the film surface and the groove produced by the blade is taken

to be the film thickness. The vertical resolution of the Dektack 150 from Veeco

unit utilized in this thesis is about 5 nm.

Figure 3.22: Veeco Dektak 150 Surface Profilometer.
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Chapter 4

Single Perovskite Nanocrystals

Metal halides with perovskite crystalline structure have given rise to efficient

optoelectronic and photonic devices. In the present chapter, we have studied the

light emission properties of single CsPbBr3 and CsPbI3 semiconductor PNCs,

as the basis for a statistical analysis of micro-PL spectra measured on tens of

them. At room temperature, the linewidth extracted from PL spectra acquired

in dense films of these NCs is not very different from that of micro-PL measured

in single nanocrystal QDs. This means that their homogeneous linewidth due

to exciton-phonon interaction is comparable or larger than the inhomogeneous

effect associated to the micro-PL peak energy dispersion due to the nanocrystal

size distribution defined by the chemical synthesis of the PNCs. Contrarily, we

observe very narrow micro-PL lines in CsPbBr3 and CsPbI3 PNCs at 4K that

were in the range of 1-5 meV and 0.1-0.5 meV, respectively, hence much narrower

than the PL peak energy dispersion due to the nanocrystal size variation. Aging

of PNCs under ambient conditions has been also studied by micro-PL and a clear

reduction of their nanocube edge size in the order of the nm/day is deduced.

4.1 Introduction

Organic-inorganic perovskite NCs have recently emerged as an outstanding

material with fascinating optical properties, such as a high absorption efficiency,

a quantum yield of emission exceeding 90% at room temperature, a tunable

67
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bandgap depending on size and shape tuning, and high nonlinear optical coeffi-

cients. Particularly, if they proceed from direct bandgap semiconductors, efficient

light emitters devices [22], and even quantum light emitters at RT [23], can be

developed, among other applications. The structure of perovskite NCs are com-

pounds with general formula ABX3, being A an inorganic or organic bulky cation,

B a metal cation such as Pb2+ or Sn2+ and X the halide anion, in the case of

metal halide perovskites. Taking into account the chemical synthesis of these

perovskite materials [169], a wide range of possibilities can be achieved in terms

of their structure: different phases (cubic, orthorhombic, ...) [170], morphology

(nanoplatelets [171,172], nanowires [173] and nanocubes [174]) and chemical com-

position [80,172,175]. The optical properties of metal halide perovskites are sus-

ceptible to all these modifications, being the basis of their application in various

optoelectronic devices, as the case of electroluminescent diodes [176, 177], pho-

todetectors [178] and solar cells [179–182], whose progress has been spectacular

in the recent ten years, as the 25.5% of record efficiency under sun illumination.

A remarkable point of the CsPbX3 PNCs is the tuning of their band gap, and

consequently of their light emission spectrum, by modifying 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 ClxBryI1−x−y combinations with 0 ≤ x, y ≤ 1 [80]. When talking

about the PL in PNCs and, in general, in any bulk or low-dimensional semicon-

ductor, it is necessary to speak about their efficiency or PLQY, which refers to

the number of photons emitted with respect to those absorbed by the material, or

the ratio between radiative to the total rate, radiative and non-radiative. Specif-

ically, in CsPbX3 PNCs, the PLQY is greater than 40% [28], although with the

appropriate treatment, values close to 100% [183] can be achieved in colloidal sus-

pensions, both for X = Br [24], and as X = I [184] and X = Cl [25]. Moreover, it is

noteworthy to mention that light emission of these PNCs is characterized by high

color purity, with PL FWHM as low as 20 nm for CsPbBr3 (green emission) [24]

and less than 15 nm for those of CsPbCl3 (emission in blue-violet) [25]. Due

to aforementioned outstanding features of CsPbX3 PNCs, they can be potential
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candidates not only in photonic applications [185–187], but also in quantum light

technology as a single photon sources [188–190].

In this chapter we have analyzed single NCs by means of micro-PL spec-

troscopy. We have deduced an average peak energy for the excitonic optical

transitions of 2.414 and 1.830 eV for PNCs of CsPbBr3 and CsPbI3, respectively,

in freshly prepared samples. However, a blue shift of these energies is clearly ob-

served as the measurements are made one or more days after sample preparation.

We attribute this effect to an effective decrease of the (individual) nanocrystal

size due to the interaction with ambient humidity. The measured dispersion in

the excitonic transition energies (in fresh samples) can be accounted for by a

simple cubic quantum dot model with finite potential barriers applied to the

size distribution of PNCs. On the basis of this model applied to the data sets

of CsPbBr3 PNCs we are able to deduce size reductions for aging under ambi-

ent conditions in the order of 1.5 and 0.8 nm/day. We have also demonstrated

that the FWHM of the PL measured in a dense layer of PNCs is not far from

the average value of this magnitude found from micro-PL measured in single

NCs (i.e., their homogeneous linewidth), around 68 meV, which is limited by

exciton-phonon interaction at RT. This is explained because PNCs are subject

to weak quantum size confinement and size dispersion (even if important, 0.8-2

nm depending on the synthesis method) is not determinant to define a notice-

able inhomogeneous contribution to the PL FWHM and hence dominates the

exciton homogenous linewidth. We also did similar investigation on single PNCs

by micro-PL characterization at low temperatures (4K), where the homogeneous

linewidth of excitonic optical transitions is much smaller than the inhomogeneous

value associated to the size dispersion of PNCs. At 4K we have deduced an av-

erage energy for the excitonic optical transitions of 2.325 and 1.830 eV, whereas

their excitonic homogenous linewidths are measured in the range of 1-5 meV and

0.1-0.5 meV for CsPbBr3 and CsPbI3 NCs, respectively. Such a big difference

between CsPbBr3 and CsPbI3 is ascribed to another broadening effect: spectral

diffusion dominating at low temperatures. In comparison, the micro-PL peak

energy dispersion (inhomogeneous broadening in PNC ensembles) is much more
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important, contrary to the case of RT.

4.2 Experimental details

4.2.1 Synthesis of inorganic perovskite nanocrystals

For higher generality of the results, two synthetic approaches have been used

for PNCs. In a first approach for cubic shape CsPbBr3 nano particle synthesis,

1.65 g of PbBr2 are added to 60 ml of 1-octadecene in a 250 ml flask and heated

for 1 hour at 120 °C in vacuum. Afterwards, 15 ml of oleylamine and 15 ml

of oleic acid are injected, keeping the solution at 150 °C for 1 hour to obtain a

clear solution. At the same time, a solution of 0.16 g of Cs2CO3 in 20 ml of 1-

octadecene and 20 ml of oleic acid is injected into a 100 ml flask and heated first

at 120° C under vacuum for one hour and after at 150° C for another hour under

N2 flow. Finally, the PbBr2 precursor solution is heated at 195 °C and 30 ml

of Cs oleate precursor is injected. After 60 seconds, the flask was removed from

the oil bath and cooled with an ice bath. The resulting solution is then purified

by centrifugation at 4000 rpm and redispersed in hexane after discarding the

supernatant. In the case of CsPbI3 PNCs, their chemical synthesis is performed in

a similar way, but using PbI2 as a precursor, following, in both cases, a procedure

similar to that reported in Ref. [23]. The dominant shape of CsPbBr3 PNCs is

cubic, as observed in the TEM image of Figure 4.1a, and the average edge size

of these nanocubes is about 9.9 nm with a standard deviation as high as 2.3 nm,

as obtained from the size histogram (deduced from TEM images) in Figure 4.1b.

A second synthesis of CsPbBr3 and CsPbI3 PNCs was carried out by a modified

method, as described in Ref. [16]. In this case the PNCs have also cubic shape

(Figure 4.1c) with an average size of 10.8 nm with a standard deviation as low

as 0.8 nm, as shown in Figure 4.1d. The average size of CsPbI3 PNCs is slightly

larger than that of CsPbBr3 ones, as shown in Figure 4.2.
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Figure 4.1: (a)-(c) TEM (Transmission Electron Microscopy) image measured by a JEOL 100
kV microscope, model JEM-1010, in a copper grid where the colloidal suspension of CsPbBr3

-CsPbI3 PNCs was dropped. (b)-(d) Size distribution of these PNCs obtained from the TEM
images.

Figure 4.2: (a) TEM (Transmission Electron Microscopy) image and (b) Size distribution of the
PNCs obtained from TEM images for CsPbI3 PNCs.

4.2.2 Preparation of isolated NCs dispersed on Si-based sub-

strates

Our intention in this work is to measure the emission of light from PNCs

spatially isolated from each other. With this aim, we prepare samples based on

a spatial dispersion on a suitable substrate. This consists of a piece of Silicon
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wafer that has been coated with two films of about 100 nm of Ag and 20 nm of

Lithium Fluoride (LiF), in both cases deposited by thermal evaporation. This

configuration allows us to collect a greater amount of light emitted by a single

PNC. The wafer is cleaned by spin coating (1000 rpm, 120 s), ethanol, isopropanol

and acetone, sequentially. Subsequently, a 0.25 wt. % solution of PMMA in

toluene was spin coated at 3000 rpm for 40s and baked at 120 ˚C for 2 minutes

to form a 10-nm thick film to allow a better adhesion and dispersion of PNCs and

prevent their direct contact with the LiF layer. Finally, the deposition of PNCs

was carried out by dip coating using a colloidal suspension of PNCs 0.01 mg/ml

in hexane, in order to define a particle interdistance greater than our optical

resolution. Finally, a sample with a high density of PNCs (i.e., a continuous layer)

was also prepared as the ideal reference for a PL spectrum representative of the

ensemble of PNCs. For low-temperature micro-PL measurements, commercial Si

wafer coated with a 285 nm thick SiO2 film was used for sample preparation.

Figure 4.3: (top panels) Micro-PL images at room temperature captured with the C-MOS cam-
era (2 s exposure) from two different regions of the sample containing CsPbBr3 PNCs emitting
at green wavelengths (green circles that have been boxed and marked with numbers 1 to 4).
These circles of green light have a repetition image beneath them, due to the second surface
of the quartz plate (1 mm thick) that is being used as a signal beam splitter. The different
single-color points observed in the images correspond to individual pixels of the camera due to
background noise. (bottom panels) Experimental micro-PL spectra (green dotted lines) corre-
sponding to the CsPbBr3 PNCs selected in top panels. Continuous lines stand for a Lorentzian
shape fitting, as explained in the text.
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4.3 Results

Figure 4.3 shows two micro-PL images (top panels) and spectra (bottom pan-

els) at RT in three different areas of the sample containing CsPbBr3 PNCs. In

these images each single PNC is distinguished as green light circles. The micro-PL

spectra at the bottom panels correspond to the four bright green circles selected

in the two top images, the blue dashed circle in the first image schematically

shows our collection spot size. The black continuous lines in plots of Figure 4.3

(bottom panels) correspond to the best fittings to a Lorentzian profile. These fits

are the basis of our statistical study in CsPbBr3 PNCs. The micro-PL spectra

in freshly prepared samples of the first synthesis are centered typically at around

2.4 eV (or 516 nm) and have a FWHM from 70 to 100 meV (15-21 nm), which

accounts for the size distribution of these PNCs. These values are consistent with

those obtained in Refs. [80] and [15] for films of CsPbBr3 PNCs with similar size.

It is worth mentioning the case of some brighter green points in Figure 4.3, where

the PL intensity is higher (may be more than one PNC is emitting simultaneously

at this spatial location), but with very similar shape and FWHM. For calibration

purposes, we have also measured PL spectra in a sample containing a continuous

uniform layer of CsPbBr3 PNCs (Figure 4.4), by using the same conventional

microscopy setup.

Figure 4.4: Experimental PL spectrum measured with the micro-PL setup at RT of the sample
covered with a high density of CsPbBr3 PNCs (green dotted curve) with a Lorentzian profile
fit (continuous curve in black). The inset is a PL image captured with the CCD camera of the
setup.
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As can be seen in the image captured by the CCD camera (see inset in Figure

4.4), the PL of discrete NCs cannot be distinguished anymore. In spite of this

high-density ensemble of PNCs, its PL spectrum is not very different from those

measured in single NCs (Figure 4.3). Even a Lorentzian fit (black continuous

curve in Figure 4.4) is reasonably good for the continuous layer, obtaining a peak

energy of 2.422 eV (512 nm) and a FWHM = 105 meV (22 nm). As a pre-

liminary or working hypothesis, the PL peak energy dispersion (inhomogeneous

broadening) observed in single PNCs could be smaller than their homogeneous

linewidth at RT, as will be discussed below. Similar findings are observed in

single CsPbI3 PNCs at RT. Figure 4.5a shows the emission from several single

NCs (reddish circles in the image) captured by the microscope camera, whereas

a representative micro-PL spectrum of one of them is shown in Figure 4.5b (red

data symbols). Again, this spectrum can be nicely fitted by a Lorentzian line

shape (solid black curve in Figure 4.5b). The micro-PL peak energy is found at

around 1.83 eV (680 nm) with a FWHM of around 100 meV (about 40 nm), also

very similar to values referred in literature for CsPbI3 PNCs of similar size [191].

In these samples we observe that micro-PL intensity of isolated CsPbI3 PNCs

decreases rapidly with time under ambient conditions, the more the greater the

power of the excitation laser. In the case of samples with CsPbBr3 PNCs this

phenomenology was not observed until a relatively high excitation laser power,

a fact attributed to the lower black phase stability for these PNCs [192], which

makes more difficult their statistical study.

Figure 4.5: (a) Typical image captured with the microscope camera, (b) A representative micro-
PL spectrum of one of the CsPbI3 NCs (red dotted curves) in a fresh sample at RT, along with
the Lorentzian fit (continuous black curves).
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In a certain percentage of single PNCs in freshly prepared samples, we ob-

served the phenomenon of intensity intermittency or blinking. Figures 4.6 and

4.7 shows respectively, a sequence of micro-PL images in which the off-on-off se-

quence is observed during 40 s in one of the single PNCs. This phenomenon is

an effect clearly associated to isolated PNCs, as also observed in semiconductor

QDs and in different types of molecules.

Figure 4.6: Sequence of the frames taken over 40 seconds of video of the same area of the
sample, in which the blinking phenomenon is appreciated in a single CsPbBr3 PNC, in which
the intensity of the emitted light fluctuates between maximum and minimum values with time.

Figure 4.7: Normalized integrated intensity as a function of time for three different blinking
single CsPbBr3 PNCs, extracted from a 153 s recorded video track (inset in the left panel,
zoomed area on the optical image in which integration was done).
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Figures 4.8a-c demonstrate how micro-PL spectra of single PNCs of CsPbBr3

and CsPbI3 at 4K, respectively, exhibit very narrow lines that cover the energy

range of the inhomogeneous PL spectra of the corresponding high-density sam-

ples. In fact, the frequency histogram made for micro-PL peak energies measured

in 80 and 30 single PNCs of CsPbBr3 and CsPbI3, Figures 4.8b-d, respectively,

clearly overlap with the PL spectra of their corresponding high-density films.

Figure 4.8: (a-c) Representative micro-PL spectra at 4 K of CsPbBr3 (green curves) and CsPbI3

(brown curves) PNCs as compared to the PL spectra (black curves) of the corresponding high-
density samples. (b-d) Statistics obtained for the micro-PL peak energies in around 80 CsPbBr3

(green histogram) and more than 30 CsPbI3 (red histogram) single PNCs. Green and red
shadowed curves in (b-d) are the same reference PL spectra as in (a-c).

The origin of the observed inhomogeneity in the high-density samples comes

from the observed micro-PL peak energy dispersion, which is attributed here to

the size dispersion in our CsPbBr3 NCs, as we will further demonstrate below

by exciton energy calculation applied to the observed size distribution (Figures

4.1b-d).
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Figure 4.9: Comparison of experimental micro-PL spectra at low temperature (a-e) and RT (f-j)
corresponding to several randomly selected individual CsPbBr3 PNCs (second synthesis).

Figure 4.10: Comparison of experimental micro-PL spectra at low temperature (a-d) and RT
(e-h) corresponding to several randomly selected individual CsPbI3 NCs.

It is also worth noting that micro-PL spectra of individual CsPbI3 PNCs are

much narrower than the CsPbBr3 ones at 4K, but they are very similar at RT

(see Figures 4.9, 4.10 for direct comparison).

Figure 4.11: Histograms obtained for FWHM values extracted from fittings to Lorentzian shapes
of the micro-PL spectra measured in around 80 and 30 isolated nanocrystals of CsPbBr3 (a)
and CsPbI3 (b) PNCs at 4K, respectively.

Quantitatively, the linewidths of CsPbI3 PNCs are mostly below 0.5 meV,
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whereas the CsPbBr3 emission can reach values as high as 5 meV (see the fre-

quency histogram in Figure 4.11).

4.4 Discussion

The emission energy of a single PNC will vary with the nanocube edge size

and hence the observed size distributions (Figures 4.1b-d and 4.2 for CsPbBr3 -

CsPbI3) would be the origin of the observed micro-PL peak energy dispersion.

Moreover, such dispersion is significantly smaller than the homogenous linewidth

of micro-PL spectra at RT, as it is clearly demonstrated for CsPbBr3 and CsPbI3

PNCs in Figure 4.12a-c.

Figure 4.12: (a-c) Histograms of peak energies extracted from micro-PL spectra measured at
RT in 41 (green color) and 20 (red color) of CsPbBr3 (a) and CsPbI3 (c) PNCs (first synthesis)
in fresh samples, respectively. (b-d) idem for the case of 34 and 18 PNCs of the same samples
measured next day. In all cases, representative homogeneous micro-PL spectra (similar to those
in Figures 4.3, 4.4) are plotted as green- and red-shaded curves for CsPbBr3 (a-b) and CsPbI3

(c-d).

Indeed, for 40 single CsPbBr3 PNCs measured immediately after the sample

preparation, the dispersion in the micro-PL peak energies turns out to be in the

order of 50 meV (frequency histogram in Figure 4.12a), lower than the homoge-
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neous linewidth of a representative PNC in this sample (green shaded curve in

Figure 4.12a), whose Lorentzian linewidth was ≈ 85 meV and being its average

value 94 ± 11 meV. Similarly, the dispersion in the peak energies of the micro-

PL lines measured in 20 CsPbI3 PNCs of the fresh sample was smaller than 40

meV (frequency histogram in Figure 4.12c), lower than half of the homogeneous

linewidth (≈ 100 meV) extracted from a representative micro-PL spectrum (red-

shaded curve in Figure 4.12c). The same occurs for PNCs measured the next day

after preparation. However, we also observe a clear shift of the micro-PL peak

energies towards the blue, as we will discuss below. The fact of a small dispersion

of PL peak energies in PNCs as compared to their homogeneous linewidth has a

great impact on developing display devices with high color purity [193]. In the

micro-PL statistics made on 100 CsPbBr3 PNCs coming from the second synthe-

sis (Figure 4.13), the average PL peak energy is around 2.386 eV immediately

after its preparation (Day0 panel in Figure 4.13a), smaller than in the case of the

first synthesis (2.41 eV, see Figure 4.12a), which is attributed to a larger average

size of the PNCs (Figure 4.1d).

Figure 4.13: Histograms regarding micro-PL statistics for peak energies (a) and FWHM (b),
magnitudes that were extracted from micro-PL spectra measured at RT in around 100 CsPbBr3

PNCs (from the second synthesis) of the same sample, but measured immediately after prepa-
ration (Day0), one (Day1), two (Day2) and five days after preparation (Day5), respectively.
(c) Dependence of the average micro-PL peak energy with aging time, as extracted from the
frequency histograms in (a).
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Moreover, the observed dispersion in their micro-PL peak energies is approx-

imately 20 meV, clearly smaller than their average homogeneous linewidth, 68

± 4 meV (Day0 panel in Figure 4.13b). The observed dispersion in PNCs from

the second synthesis is clearly smaller than that exhibited in the case of the first

synthesis (Figure 4.12a), which is consistent with their significantly larger size

distribution with a standard deviation of 2.3 nm (Figure 4.1b) as compared to

the 0.8 nm value for the first synthesis (Figure 4.1d). The analysis of the homoge-

neous linewidths extracted in CsPbBr3 PNCs (freshly samples) deserves special

attention and further discussion. In the case of the second synthesis of PNCs,

the data were highly concentrated around the average value of 68 ± 4 meV or

15.0 ± 1.5 nm (Day0 panel of Figure 4.13b). In the case of the first synthesis, we

deduce an average homogeneous linewidth of 94 ± 11 meV (20 ± 2 nm) in single

PNCs, which is close to the value found in high density ensembles (Figure 4.4).

This difference could be tentatively ascribed to a higher sensitivity to ambient

conditions of CsPbBr3 NCs obtained using the first synthesis. In fact, if one

represents the FWHM versus the micro-PL peak energy in single PNCs, a good

linear correlation is obtained (Figure 4.14a), as will be discussed below. The

homogeneous micro-PL linewidth of PNCs can be influenced by several physical

mechanisms [194]:

1. Fine structure of the excitonic fundamental state, which is related to crystal

anisotropy or defect complexes in individual nanocrystals [195] and could

be several meV. In our case, the contribution of biexcitons is discarded

because the excitation power is quite low. This fine structure could be

observed at low temperatures. In our samples, only single neutral exciton

lines are measured under weak excitation power conditions (Figures 4.8a-c).

2. Spectral diffusion due to electric field fluctuations associated to dynamical

charge surroundings. This mechanism would also be as large as several meV

[195], depending on the charge environment and size [196]. In fact, we have

measured linewidths from 1 (or slightly smaller) to 5 meV at 4K in CsPbBr3

PNCs (Figure 4.11a), whereas it is smaller than 0.5 meV in the case of
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CsPbI3 (Figure 4.11b). In the present study, the spectral diffusion was

more important in the first case, CsPbBr3 PNCs, but it is highly dependent

on the synthesis conditions and washing procedure.

3. Exciton-phonon coupling would be negligible at 4K, but its importance

will increase by increasing temperature, as demonstrated in Refs. [197,198]

through studies of micro-PL in individual PNCs of organohalides FAPbBr3

and FAPbI3 (FA = Formamidinium) within the temperature range 4-150 K.

The authors of these papers observed several phonon replicas at low temper-

atures, being the most probable (in some nanocrystals they observed even

higher energy replicas) highest energy one at 13.2 meV (around 11 meV) as-

sociated to the LO-phonon energy of FAPbBr3 (FAPbI3) PNCs [197]( [198]),

and used for fitting the corresponding PL linewidth evolution in these sin-

gle PNCs, with a negligible contribution of acoustic phonons. The exciton-

phonon mechanism would give rise to a homogeneous linewidth of the ex-

citonic optical transition in the order of 50 meV at RT for FAPbBr3 and

FAPbI3 by extrapolating results reported in Refs. [197, 198]. This value is

not far from the lowest FWHM values measured in our PNCs of CsPbBr3

(Figure 4.13b), which means that the energy of the optical phonon and the

exciton-phonon coupling constant will not differ significantly between both

organic-inorganic and completely inorganic PNCs. On the other hand, it

is expected that the exciton-phonon coupling varies with the size of the

PNC. This can be the reason of the approximate linear correlation be-

tween FWHM and peak energy extracted from the micro-PL spectra of

fresh single PNCs and one day old PNCs (Figure 4.14). Theoretically, the

PL peak energy will increase with size reduction (see section 2.1 in chapter

2). This linear correlation is also telling us that the exciton-phonon cou-

pling constant could be increasing with the size quantum confinement in

the nanocrystal, given that temperature is constant, and the phonon energy

is not expected to vary until a very small nanocrystal size (several crystal

unit cells).
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Considering the observed linear correlation for CsPbBr3 - CsPbI3 PNCs in

Figures 4.14a-b, respectively, we can propose the following evolution for the NCs

Lorentzian homogeneous linewidth:

ΓNC ∼= Γbulk + λ[ENCX − EbulkX ] (4.1)

where Γbulk is the bulk exciton linewidth, λ is the slope of the lines showed in

figure 4.14 and ENCX , EbulkX are confined exciton and bulk exciton energies, respec-

tively. At RT we assume negligible the influence of other broadening mechanisms

dependent on the NC size as discussed above (experimentally limited to several

meV in Refs. [197,199] and our own results in Figure 4.11).

Figure 4.14: Linear correlation between FWHM and peak energy extracted from its micro-PL
spectrum in the 75 and 38 NCs of CsPbBr3 (a) and CsPbI3 (b), respectively, studied in the
present work. The experimental data points in light green and red (dark green and brown)
correspond to the samples of CsPbBr3 and CsPbI3 measured immediately (next day) after
preparation, respectively, together with the best fits to a straight line (black continuous line).

Equation 1 applied to experimental results in Figure 4.14 would yield (assum-

ing EbulkX = 2.34 eV [199] and EbulkX = 1.746 eV [200] for CsPbBr3 and CsPbI3,

respectively):

ΓNC ∼= 59 + 0.41[ENCX − 2340]meV → (CsPbBr3)

ΓNC ∼= 40 + 0.677[ENCX − 1746]meV → (CsPbI3)
(4.2)

From the linear fit (Equation 4.1) to data points in Fig. 4.14 we obtain Equations

4.2, where the resulting value of Γbulk is 59 (40) meV for bulk CsPbBr3 (CsPbI3).

However, in bulk single crystals the measured PL linewidths (with negligible in-
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homogeneous contributions, measured at low temperature to be only some meV)

are 70-75 meV for MAPbI3 [201, 202] and around 90 meV for MAPbBr3 [201]

(tetragonal phase in both cases) at room temperature. Clearly here we observe

a strong discrepancy, but it is necessary to consider that we are measuring PL

linewidths in CsPbX3 PNCs smaller than bulk values in MAPbX3 single crys-

tals. The origin of the discrepancy can be the phonons (acoustic and optical)

contributing to the PL broadening and the corresponding coupling constants in

both materials (cubic phase CsPbX3 nanocrystals and tetragonal phase MAPbX3

single crystals at room temperature). The phonon-related linewidth of the light

emission by a single PNC at 300 K would be directly proportional to the exciton-

phonon coupling, γNCLO (ENCX ):

ΓNC ∼=
γNCLO (ENCX )

exp(~ωLOkT )− 1
(4.3)

Applying this Equation 4.3 (if only a LO phonon would be responsible of the PL

broadening) to Equations 4.2 we obtain:

γbulkLO = Γbulk[exp(
~ωLO
kT

)− 1] ≈ 69(34)meV → CsPbBr3(CsPbI3) (4.4)

γNCLO (ENCX ) ∼= 69 + 0.479[ENCX − 2340]meV → (CsPbBr3)

γNCLO (ENCX ) ∼= 34 + 0.580[ENCX − 1746]meV → (CsPbI3)
(4.5)

If we assume here ~ωLO ≈20 (16) meV [199, 201, 203] for CsPbBr3 (CsPbI3)

nanocrystals. Given the huge dispersion found in literature for the LO phonon en-

ergies and exciton-phonon coupling constants, as obtained from the temperature

evolution of the PL linewidth (see Table 4.1), we based the above given selection

for ~ωLO energies in reported results deduced from other kind of experiments.

This is the case of Ref. [199], and the most recent study of the same authors,

Ref. [204]. In the first case [199], the authors made the study of the phonon replica

band observed at low temperatures under nonresonant and resonant excitation
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and, in the second [204], the same authors studied resonant multiphonon Raman

scattering and THz time-domain spectroscopy to conclude that the LO phonon

mode around 20 meV in CsPbBr3 PNCs would be responsible for carrier–phonon

scattering. No similar study was published for CsPbI3 PNCs. In this case, we

took the value obtained from the study of Ref. [201], where they reproduced

the PL linewidth evolution with T of CsPbBr3 and CsPbI3 single crystals using

20 and 16.2 meV, respectively, for the optical phonons partially responsible of

the broadening (see Table 4.1). In other studies (see Table 4.1) similar energies

were obtained for LO phonons, especially for CsPbX3 [138, 203, 205–207], which

were slightly larger than energies reported for FAPbX3 [197, 198, 208, 209]. It

is also worth to mention that authors in Ref. [201] (and some others listed in

Table 4.1) also incorporated the participation of acoustic phonons to explain the

temperature evolution of the PL linewidth, whose contribution was represent-

ing near a 40% of the total PL linewidth at 300 K. Francisco-López et al [202]

also measured single crystals of MAPbI3, FAPbI3 and FAxMA1−x PbI3 of similar

quality than those in Ref. [201]; the temperature evolution of the PL linewidth

observed in these crystals also was very similar between them and to that in

Ref. [201], but they did not incorporate the contribution of acoustic phonons,

but an effective low-energy optical phonon as low as 3.5 meV to nicely reproduce

the observed increase of the PL linewidth until 160 K, the phase transition tem-

perature for MAPbI3 [202]. Both assumptions, with/without acoustic phonon

interaction would lead to higher/lower values for the exciton – LO-phonon cou-

pling. In isolated CsPbX3 PNCs the contribution of acoustic phonons could be

considered negligible, as experimentally observed in Refs. [197, 198], and further

work would be needed to demonstrate the presence of phonon replica at low tem-

peratures (not observed under nonresonant excitation in Figs. 4.9-10) and/or

measure accurately the PL evolution with T.
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SEMI Ref. Morphology
EX
(eV )

Γ0

(meV )
γac
(µeVK )

ELO
(meV )

γLO
(meV )

CsPbBr3 [203]
Polycrystalline 2.33 23.0 20.0 73.0

CsPbBr3 [205]
Single Crystal 2.33 34.0 16.0

CsPbBr3 [206]

Nanocrystal-
film (5.5, 7.3,
10.1nm)

2.42
2.35
2.33

43.5
26.1
23.8

23.9
15.5
8.9

16.2
18.5
20.8

49.4
81.6
98.1

CsPbCl3
CsPbBr3

CsPbI3
[138]

Nanocrystal-
film (9.1, 15,
16.6nm)

3.04
2.35
1.74

30.0
20.0
39.0

34.0
05.0
10.0

46.0
19.0
16.0

85.0
45.0
44.0

CsPbClBr2

CsPbBr3

CsPbBrI2
[207]

Nanocrystals
2.62
2.37
2.21

24.9
32.5
21.9

18.1
22.6
23.3

73.9
93.2
120.3

FAPbBr3 [197]
Single Nano-
crystal(10nm)

2.265 2.6 13.20 31.80

FAPbI3 [198]
Single Nano
crystal

1.55 1.5 < 5 10.70 27.0

FAPbBr3 [208]
Nanocrystal-
film (25nm)

2.23 32.0 100.0 15.3 58.0

FAPbBr3

FAPbI3

MAPbBr3

MAPbI3

[209]
Polycrysalline

2.18
1.475
2.175
1.55

20.0
19.0
32.0
26.0

15.3
11.5
15.3
11.5

61.0
40.0
58.0
40.0

MAPbI3 [210]
Polycrystalline

1.57(T)
1.65(O)

24.0 30.0 19.0 75.0

MAPbI3

MAPbBr3 [201]
Single Crystal

1.63
2.25

4.0
2.0

87.0
124.0

16.2
20.0

38.4
63.0

FAxMA1−x
PbI3 [202]

Single Crystal
1.46-
1.63

2.7
(upto
6 for
alloy)

set
to 0

3.5 10.4

Table 4.1: Most representative results found in literature for FAPbX3, MAPbX3 and CsPbX3

perovskites regarding the PL line evolution with temperature. We include the PL peak energy,
EX , the inhomogeneous PL linewidth, Γ0, the acoustic phonon coupling constant γac, the LO
phonon energy, ELO and coupling constant γLO as a result to the reported data fitting to Eq.
4.3 plus the constant Γ0 and the acoustic phonon term, γacT (T the lattice temperature).

Therefore, with the selection of LO-phonon energies discussed above, the

exciton-(LO) phonon coupling constant that we deduced at room temperature

for bulk CsPbBr3 and CsPbI3, by extrapolation from our set of measurements

in PNCs carried out in successive days (aging is giving rise to smaller size or
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higher PL peak energy), would be around 69 and 34 meV at RT, respectively.

These coupling constants are not far from values reported in Refs. [201,203] and

within the dispersion reported in literature (see Table 4.1). However, it cannot

be disregarded smaller values, as the one reported in Ref. [202], until having

conclusive values for LO-phonon energies in CsPbX3 nanocrystals for different

X-composition and different sizes. In fact, for CsPbBr3 PNCs from our second

synthesis, whose average peak energy was 2386 meV, we would expect a ΓNC = 78

meV by applying Equation 4.2, which is around 15% higher than the average value

ΓNC(exp) = 68 meV obtained from data in Figure 4.13b. This relative difference

is consistent with experimental error, shape fluctuations (cubic-parallelepipedal)

and shape changes with the ambient influence along the duration of measure-

ments, an influence which is especially important for PNCs grown following the

first synthesis method (Figure 4.14). In other words, if we would take as more

representative the average homogeneous linewidth of 68 meV for CsPbBr3 PNCs,

whose average edge size is 10.8 nm, we would quantify the exciton-(LO) phonon

coupling constant ΓLONC (10.8 nm) = 79 meV at RT, also 15% smaller than pre-

dicted by Equation 4.5.

Another interesting aspect in the present study is the blue shift of the average

micro-PL peak energy obtained from the statistical study of PNCs at RT when

the samples were measured the day after their preparation, as corroborated from

histograms of Figures 4.12b-d (in comparison to Figures 4.12a-c) for CsPbBr3-

CsPbI3 of the first synthesis and Figure 4.13c for CsPbBr3 PNCs of the second

synthesis. In this latter case, the measured blue shift is around 10 meV/day for

the first two days, a factor three smaller than the observed blue shift in CsPbBr3

PNCs of the first synthesis. This conclusion points out towards a better stability

of PNCs obtained by the modified method of synthesis in Ref. [16]. On the other

hand, the PL blue shift effect could be attributed to deterioration against envi-

ronmental conditions, as oxygen and humidity, mainly. The degradation effect

of the hybrid semiconductor perovskites of methylammonium (MA), MAPbI3, to

environmental conditions is well known [211], and it has also been studied in poly-

crystalline films of MAPbBr3 [212], where a decrease in PL intensity as a function
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of the exposure time is observed, more important under violet/ultraviolet laser

excitation. At the level of individual PNCs, up to our knowledge there is only

one study carried out on PNCs of CsPbI3, in which a net blue shift of the micro-

PL of the NCs was reported [213]. This study concluded that moisture could be

the external agent with the greatest influence on PNCs, producing its gradual

”dissolution”, that is, a reduction of the NC size over time. This possible size

reduction effect would explain the observed energy blue shift, ∆, observed in our

present work, both in CsPbI3 (∆ ≈ 70 meV) and CsPbBr3 (∆ ≈ 25 meV) NCs.

Such PL peak energy blue shift does not alter our previous important observation

regarding a low dispersion of micro-PL peak energies as compared to the FWHM

of micro-PL in single PNCs (Figure 4.12).

Figure 4.15: Comparison of normalized PL spectra (shaded in blue) 4K (a) and RT (b) for
the high-density layer of CsPbBr3 PNCs (second synthesis) as compared to the histograms
(green bars) of micro-PL peak energies extracted from measurements in the sample just after
preparation at 4K (a) and RT (b) using the same CsPbBr3 PNCs (second synthesis). Red
shaded curves stand for the calculated (Equation 2.6) emission shape expected from the size
histogram in these NCs (Figure 4.1d).
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These conclusions can be further understood by applying a quantum size con-

finement model that translates the NC size into its corresponding exciton energy

(see section 2.1 in chapter 2). For PNCs of sizes larger than 8 nm the parabolic

approximation (constant reduced exciton mass, µ’) represented by Equation 2.6

is sufficiently good, as observed in Figure 2.1a. In this figure we compare the

calculated values to several published data (also listed in Table 2.2). Moreover, a

direct comparison can be made to our experimental micro-PL peak statistics by

converting our size dispersion statistics (gaussian fit in Figure 4.1d for CsPbBr3

NCs of the second synthesis) into emission energy statistics, as made in Figure

2.1b under the parabolic (orange shaded curve) and nonparabolic (red shaded

curve) approximations. Clearly, Equation 2.6 with constant µ’ gives a shape as

narrow as the experimental one, as given by the histogram of micro-PL ener-

gies (green bars in Figure 2.1b). This simple approximation is used in Figure

4.15 to compare with experimental histograms (green bars) of micro-PL energies

measured for CsPbBr3 PNCs (second synthesis) at 4K (a) and RT (b). As an-

ticipated above, the NC size distribution (Figure 4.1d) is the origin (red shaded

curves) of the micro-PL energy dispersion (green bars) at both temperatures,

which is below 30 meV, but only explains the inhomogeneously broadened PL of

the high-density ensemble of PNCs at 4K (blue shaded curve in Figure 4.15a).

This is not the case at RT, where the PL shape of the high-density sample (blue

shaded curve in Figure 4.15b) is clearly influenced by the large homogeneous

linewidth due to exciton-phonon interaction, as previously discussed. It is worth

noting the fact that the calculated shape at 4K was done using an exciton energy

for bulk of 2.289 eV, instead of 2.309 eV (see Table 2.1), even if this value was

measured in a thin film [79]. More precise investigation on bulk CsPbBr3 crystals

would be needed to elucidate this discrepancy. Finally, once validated the model

for the estimation of exciton energies as a function of the cubic NC size, we can

also corroborate that aging of single PNCs in ambient conditions is producing an

effective reduction of their size.
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Figure 4.16: Computed PL shapes using Equation 2.6 (black curves) using the size histogram
in Figure 4.1d (second synthetical method), as compared to the histogram obtained for the
micro-PL peak energies (green shaded bars) measured at 300 K for day0 (a), day1 (b), day2 (c)
and day5 (d) after preparation. The average size of the size histogram has been decreased by a
certain amount (around 0.8 nm per day from a to b and b to c) in order to fit the experimental
histograms. The measured PL line at 300 K in a high-density layer of these CsPbBr3 NCs
measured for day0 (blue line) was incorporated in all plots for comparison.

Figure 4.17: Computed PL shapes using Equation 2.6 (black curves) using the size histogram
in Figure 4.1b (first synthetical method), as compared to the histogram obtained for the micro-
PL peak energies (green shaded bars) measured at 300 K for day0 (a) and day1 (b) after
preparation. The average size of the size histogram has been decreased by a certain amount
(around 1.5 nm from a to b) to fit the experimental histograms. The measured PL line at 300
K in the high-density layer of these CsPbBr3 NCs measured for day0 (blue line) is incorporated
for comparison.

In fact, Figures 4.16-4.17 demonstrate how aging in single CsPbBr3 PNCs

of the second synthesis (with a narrow size distribution) produce an effective
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reduction of edge size by around 0.8 nm per day (for days 1 and 2), as observed

in Figure 4.16 and 4.18a. In the case of PNCs from synthesis 1 the aging effect

is more drastic, producing a reduction of the order of 2.5 nm (see Figures 4.17

and 4.18b).

Figure 4.18: Same graphs as in Figure 2.1, but incorporating the average exciton energy
±σ(green rectangles) to fit the corresponding histograms in Figures 4.16 (a) and 4.17 (b).

4.5 Conclusions

In this chapter, we have prepared different samples of CsPbBr3 and CsPbI3

PNCs deposited on substrates of Si/Ag/LiF/PMMA and Si/SiO2. The colloidal

solution concentration was optimized (0.01 mg/mL) in order to obtain samples

with well separated PNCs. We have deduced average energy for the excitonic

optical transition of 2,414 and 1.83 eV for PNCs of CsPbBr3 and CsPbI3, re-

spectively, in freshly prepared samples. In measurements taken after one day

from the preparation of the samples, a blue shift of 25 and 70 meV was ob-

served in the PL peak of CsPbBr3 and CsPbI3, respectively. This effect was

explained by an effective reduction of the NC size in the order of the nm per

day, due to the ambient humidity, as deduced by applying a cubic QD model

with finite potential barriers, which is also the base to obtain the expected peak

energy dispersion (some tens of meV) from the PNC size distribution. It is also

noteworthy that for RT we have obtained the lowest values reported to date for
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the homogeneous micro-PL linewidth: 68 meV or 15 nm, in average, for isolated

CsPbBr3 PNCs. This value is determined by the exciton-phonon coupling inter-

action at RT in PNCs, whose constant γLO could be as large as 69 (34) meV for

bulk CsPbBr3 (CsPbI3) and 79 meV for CsPbBr3 PNCs with average edge size

10.8 nm, if LO-phonon energy was 20 (16.2) meV. That is, it is not excluded

lower exciton-phonon coupling constants in lead halide perovskites, even if this

interaction is gaining importance in nanocrystals where quantum confinement is

present, as evidenced by our results, but also by other recent results [214]. In

the case of excitonic optical transitions at low temperatures (4 K), we have mea-

sured micro-PL linewidths in the range of 1-5 meV and 0.1-0.5 meV for CsPbBr3

and CsPbI3 PNCs, respectively. This indicates that CsPbBr3 PNCs are more

affected of spectral diffusion (internal electric field fluctuations). In any case,

these linewidths are much smaller than the observed dispersion of micro-PL peak

energy (inhomogeneous broadening expected in PNC ensembles), which is in the

range of 30 meV, contrary to the case of RT where the intrinsic exciton-phonon

interaction is greater than the inhomogenous contribution produced by the size

distribution. This effect allows to maintain the purity of color in dense layers of

PNCs, of special relevance for applications to emitting devices.



92 CHAPTER 4. SINGLE PEROVSKITE NANOCRYSTALS



Chapter 5

Superfluorescence emission and

its thermal decoherence

Research into semiconductor cesium lead halide perovskite NCs has rapidly

developed for solution-processed light emitters and photovoltaics [15, 20, 178,

186, 215] since their hot-injection synthesis was introduced in 2015 [15, 20, 216].

CsPbBr3 NCs and related materials are currently synthesized with narrow size

distributions, [15, 32–34] which naturally leads to investigations on their self-

assembly capabilities. Ordered NC arrays or SCs are forms of solid-state LHP

materials alternative to polycrystalline films [35,36] or single crystals of solution-

processed bulk LHPs [37], which can behave very differently from its individual

constituents when they interact coherently with a common light field. SR or SF

have been recently measured in LHP SCs, identified by its spectral features, time

and spatial coherence properties and its characteristic photon statistic distribu-

tion. Here we show preliminary SF identification in emission spectra from Lead

Halide supercrystal structures, with NCs lateral dimensions between 4 and 11

nm. We performed statistical analysis of the spectral characteristics, and PL and

lifetime evolution as a function of temperature. With this information we were

able to compare our results with recent theoretical models [103] and extract an

estimation of the number of single emitters (N) contributing to the SF emission.

Our work represents an important step to understand thermal dephasing process

93
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in SC emission. The future ability to manipulate N photon coherent light states

at RT represents a great goal for the development of new quantum technology

applications [217,218].

5.1 Introduction

In the seminal work of R.H. Dicke [38] it was firstly described how the spon-

taneous emission rate of a set of emitters can be modified by the interaction

with a common light field, producing a coherent emission of radiation. This

phenomenon is called SR or SF. In that case, the photon emission rate scales as

N2 [219,220], where N is the number of single emitters. In an ensemble of N single

two level system approximated as single dipoles occupying a space smaller than

the light wavelength, the SF emission will be enhanced a factor N compared with

the independent dipole emission [103, 221, 222]. This system is very attractive,

as it can be understood as a kind of mirrorless laser, fully operated with a phase

matched macroscopic mode. But its applications go beyond the classical picture.

SF emission can be useful for the engineering of NOON quantum states [223] or N

photon bundles [224], which have been recent areas of study for the development

of novel light based quantum technologies [225].

Since Dicke theoretical proposal in 1954 it has been shown many physical

mediums behaving as superradiant collectives [220]. Among the latests, nitrogen

vacancies in diamond have demonstrated RT superfluorescence performance [92].

However, for the sake of manipulation, control and scalability it is very impor-

tant the development of such coherent emission by means of mesoscopic emitters,

and hence artificial quantum nanostructures represent very promising alterna-

tives under recent analysis. In the last years it has been proved a light induced

protocol to tune optical emission from single eptaxial QDs [226]. Following this

approach D. Gammon´s team have measured SF emission from a set of three

QDs tunned into resonance. Despite the big significance of this achievement, it

is still challenging the scalation of this system into large N numbers.

Hybrid organic inorganic Perovskites are highly efficient optoelectronic ma-
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terials, with high optical absorption coefficient, which are considered as great

low-cost alternatives for high efficient photovoltaic devices [227]. Nowadays,

perovskite NCs with usual cubic shape, are receiving a lot of attention in the

field [228, 229]. One of nature’s most powerful tools for developing innovative

functional materials is self-organization, which minimizes the need for complex

procedures for manipulating individual building blocks. Controlled evaporation

of the solvent at room temperature can be used to self-assemble cubic LHP NCs

on hydrophobic glass substrates. The transformation from a disordered liquid

state to an ordered SC is set to continue during the drying stage. Due to the

electrical and magnetic interactions between the NCs, these superstructures have

shown SF emission [40, 77, 230–237], which in these superstructures is identified

by its bright red-shifted emission compared to NCs in suspension, an extension of

the first-order coherence time, photon bunching statistiscs of the emission, and a

delayed emission pulses with Burnham–Chiao ringing behavior at high excitation

density [238]. However, the spectral identification of the SF is complex, as it has

been described very recently how similar red-shifted transition can occur due to

nanocrystal reactivity and final coalescence [231].

The number of coherent photons in the SF emission should scale with the

number of NC in the choerent collective. Therefore, these works opens the door

to the manipulation and control of large number of coherent photon bundles or

bursts. However, up-to date, the SF emission from perovskite SCs have been

limited to cryogenic temperatures [40, 77, 219, 230, 234, 239], which represents an

important obstacle to develop any practical device performance for future appli-

cations. To this concern it is crucial the study and analysis of the temperature

decoherence processes affecting the 3D perovskite SC SF emission.

Here, we investigated the self-assembly of cubic-shaped CsPbBr3 and CsPbBrI2

NCs forming cuboidal SCs of several micron edge sizes. The SF emission in these

SCs has been investigated by using a confocal µ-PL setup. In the case of CsPbBr3

we are able to measure very narrow SF emission lines (1-5 meV) characterized by

an enhancement factor up to ≈10, that could be associate to near perfectly or-

dered subdomains within the micrometric SCs formed by 1000 to 40000 NCs, un-
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der the hypothesis of coherent SF emission. In another hand, alloyed SCs formed

by CsPbBrI2 NCs also exhibit this narrow second emission feature, characterized

by broader lines and smaller enhancement factors, possibly due to more impor-

tant inhomogeneities in the assemblies promoted by simultaneous changes in edge

size and composition at every NC. Thermal decoherence of SF was analyzed with

spectral and transient µ-PL measurements as a function of temperature, return-

ing two main activation energies. As a tentative assignation we can associate

the first one (lying in the order of the meV), with pure dipole-dipole dephasing

process, and a second one ranging within tens of meV, associated with carrier

promotion to shallow traps states, i.e., to the exciton recombination dynamics

characteristic of perovskite NCs.

5.2 Materials and Methods

5.2.1 Synthesis of Colloidal Solution:

CsPbBr3 PNCs were synthesized following the hot-injection method described by

Kovalenko and co-workers [15], with some modifications [16]. All the reactants

were used as received without additional purification process. Briefly, Cs-oleate

solution was prepared by mixing 0.41g of Cs2CO3 (Sigma-Aldrich, 99.9%), 1.25

mL of oleic acid (OA, Sigma-Aldrich, 90%), and 20 mL of 1-octadecene (1-ODE,

Sigma-Aldrich, 90%) were loaded together into a 50 mL three-neck flask at 120oC

under vacuum for 1h under constant stirring. Then, the mixture was N2-purged

and heated at 150oC to reach the complete dissolution of Cs2CO3. The solution

was stored under N2, keeping the temperature at 100oC to prevent Cs-oleate

oxidation. For the synthesis of CsPbBr3 and CsPbBrI2PNCs, 1.0 g of PbBr2

(ABCR, 99.999%), and the corresponding PbBr2/PbI2 mixture, were mixed with

50 mL of 1-ODE into a 100 mL three-neck flask. The mixture was simultaneously

degassed and heated at 120oC for 1h under constant stirring. Then, a mixture of

5 mL each of both pretreated (130oC) OA and oleylamine (OLA, Sigma-Aldrich,

98%) were separately added to the flask under N2, and the mixture was quickly

heated at 170oC. Simultaneously, 4 mL of Cs-oleate solution was fastly injected
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to the mixture and then, the reaction was quenched to immerse the mixture

into an ice bath for 5s. In order to perform the isolation process of PNCs,

the colloidal solutions were centrifugated at 4700 rpm for 10 min. Then, PNCs

pellets were separated after discarding the supernatant and redispersed in toluene

to concentrate the PNCs at 100 mg/mL.

5.2.2 Preparation of 3D superlattices:

CsPbBr3 and CsPbBrI2 NC superlattices were prepared on glass substrates,

which was preliminary cleaned by following the procedure reported in ref. [240]

before the self-assembly process. In a typical assembly process, the substrate was

placed inside a Teflon well and 10 µl of colloidal solution in toluene were spread

onto the substrate. The well was covered with a glass slide and the toluene was

then allowed to evaporate slowly. 3D SCs of CsPbBr3 and CsPbBrI2 NCs were

formed upon complete evaporation of the toluene. Typical lateral dimensions of

individual SCs ranged from 1 µm to 10 µm, wherein some of them are arranged

into clusters of several SCs and others remain spatially well-isolated so that PL

measurements can be performed on an individual SC.

5.2.3 Optical spectroscopy & Confocal optical microscopy:

All low temperature measurements were performed with conventional micro-PL

setup where the samples were held in the coldfinger of a vibration-free closed-

cycle cryostat (AttoDRY800 from Attocube AG). Sample was excited by means

of continuous wave (pulsed) excitation laser at a wavelength of λ = 405 nm (450

nm), returning spectral (time resolved) PL measurements. Moreover, the align-

ment of the collection and excitation spots was done separately for CsPbBr3

and CsPbBrI2 NCs by single-mode fiber-coupled continuous wave lasers at wave-

lengths of λ = 532 nm and 660 nm, respectively. The single mode optical fibers

in excitation and detection will act as the confocal pinholes. Excitation and de-

tection was done through a long-working distance 50× microscope objective with

numerical aperture of NA = 0.42, which was mounted outside the cryostat. The
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emission from the sample was long-pass filtered, 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 PL spectral and with a SPAD detector (from Micro Photon Devices)

connected to a time-correlated single-photon counting electronic board (TCC900

from Edinburgh Instruments) for time resolved PL measurements.

5.3 Results and Discussion

We synthetized colloidal NCs of Cesium lead halide perovskites (CsPbBr3, CsPbBrI2)

which can be prepared with small size dispersion and are known to exhibit

moderate quantum confinement effects, resulting in narrow-band emission com-

bined with exceptionally large oscillator strength from a bright triplet ground

state [15,76,195].

Figure 5.1: (a) Optical microscope image of one of the investigated samples consisting on SCs
formed on a glass substrate and schematic picture regarding the light excitation/collection of a
finite region containing an ordered domain emitting superfluorescence within a bigger CsPbBr3

SC. (b) TEM image and size distribution histogram of a highly monodispersed solution of
CsPbBr3 NCs with an average size of 7.5 nm. (c) Confocal microscopy setup for µ-PL and
µ-TRPL measurements.

SCs formed by self-assembled NCs are structurally well-defined, long-range

ordered, and densely packed arrays of such NCs formed by solvent-drying-induced
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spontaneous assembly [99, 241–243]. Individual cuboidal SCs are formed during

the self-assembly process, i.e., the SCs, each containing up to several million NCs.

Figure 5.1(a) depicts the creation of SCs using a solution of highly monodispersed

CsPbBr3 NCs with a mean size of 7.5 nm, a TEM image, and a size distribution

histogram presented in Figure 5.1(b). Optical microscopy image in Figure 5.1(a),

reveals SCs with lateral sizes up to 6 µm, randomly distributed in a uniform film

on a glass substrate where some are arranged into clusters of several SCs, and

others remain spatially well-isolated so that µ-PL measurements are performed

on these ones (see Methods section for more information on the self-assembly

process). The confocal microscope setup is shown in Figure 5.1(c). In our set-

up, samples are held in the cold finger of a closed-cycle He cryostat with the

posibility to tune temperature between 4-300 K. A long-working distance 50X

microscope objective with a numerical aperture of NA = 0.42 is mounted outside

the cryostat to deliver the excitation laser to the sample collect emitted light that

is sent to the spectrometer/spectrograph system (see more information in section

Methods).

Figure 5.2(a) shows several µ-PL spectra corresponding to different isolated

SCs, after optimization of maximum PL signal of the narrow peaks in the low

energy side of these spectra by changing focusing distance and position within the

SC. This is possible due to the high spatial resolution of our confocal micrsocope.

Other than one or two narrow lines statistically observed in the range 2.305

– 2.325 eV (see Figure 5.3a), one/two high-energy and broad emission bands

are seen and peaked in the range 2.36 – 2.43 eV, which can be correlated with

assemblies of NCs. These broad PL bands can be nicely fitted with Gaussians

with FWHMuncorrelated ∼ 40-60 meV, as expected for disordered ensembles of

NCs, and peaked at ≈ 2.36 – 2.37 eV in the case of SCs (i)-(iii)-(iv)-(vi) in

Figure 5.2(a). These PL peak values are near the central energy of µ-PL from a

disordered dense film of CsPbBr3 NCs (Figure 5.4), hence corresponding to light

emitted by uncorrelated NCs whose approximate edge size would be slightly larger

than 7.5 nm, the average size of the distribution.

The fact that we are observing a second PL band related to uncorrelated
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Figure 5.2: (a) µ-PL spectra of several isolated SCs of CsPbBr3 at 4 K. (b) SF enhancement
factor versus N at 4K with low excitation power (∼50 nW), (c) Colour-coded power-dependent
PL emission of CsPbBr3 SCs by increasing excitation power from 25 nW (faded green), to 6µW
(black), (d) PL intensity integrated over the spectral emission range of the correlated NCs ( SF
intensity, cyan and light green squares), with a linear increase for the SF emissions, with slopes
m1=1.13±0.04, m2=1.05±0.05 and a sublinear increase for the uncorrelated NCs (NC intensity,
olive green squares) with m3=0.84±0.03 in a log-log plot.

Figure 5.3: The histogram of (a) peak energies and (b) FWHM extracted from micro-PL spectra
of correlated CsPbBr3 NCs.

NCs at higher energies, 2.40 – 2.43 eV, can be ascribed to the existence of several

subdomains of ordered assemblies of NCs with different average size within the
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complete SC, instead of a totally inhomogeneous SC containing the assembly of

randomly distributed NCs with edge sizes in the range 5 – 10 nm (see histogram

in Figure 5.1(b)).

Figure 5.4: Statistics obtained for the micro-PL peak energies in around 100 CsPbBr3 single
NCs as compared to the micro-PL spectra of the corresponding high-density samples.

In fact, this hypothesis can be also the origin of the appearance of a single

narrow line (spectra i-iii-iv-vi) and even 2-3 narrow lines (spectra ii-v) at the low

energy side of the µ-PL spectra in Figure 5.2(a), when we localize the confocal

spot on a certain position within the SC structure. These narrow lines are best

fitted with a Lorentzian function peaked in the range 2.305 – 2.325 eV (Fig-

ure 5.3a) and FWHMcorrelated < 5 meV (Figure 5.3b). Given this particularity

of narrow emission lines and their position that is consistent with observations

reported in literature, their nature must be associated to enhanced SF emission

from correlated NCs [40], that is, subdomains of self-assembled NCs whose size is

very similar. As illustrated in Figure 5.1(a), the uniformity in size of NCs in these

subdomains is much more than in the case of domains related to uncorrelated

NCs characterized by larger FWHM. Although the origin of SF emission from

SCs is still debated [32,41,42,236,237,243,244], we hypothesize here that the SF
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emission we observed experimentally, statistically within the region 2.305 – 2.325

eV, are compatible with ordered subdomains with volume much smaller than the

SC under investigation ( Figure 5.1(a)), and formed by self-assembled NCs with

size slightly larger than the average (7.5 nm) whose emission energy is peaked at

≈ 2.35 eV at 4 K (Figure 5.4). In ref [40] it is indicated the existence of these

subdomains with larger NCs inside the SCs. However, a straightforward question

arises at this point: why only the observation of SF from such subdomains (with

larger NCs) emitting at lower energies than the PL of uncorrelated NCs? From

one side, the SF effect can introduce a small redshift due to the coherent coupling

of emitters (15 meV) (see Ref. [85] cited in Ref. [40]).

Figure 5.5: (a) SCs formed from the self-assembly of CsPbBr3 NCs during solvent evaporation
on a glass substrate: microscope image (photography with scale bar of 10 µm) and PL spectra
registered at SCs (red continuous line) and background or unassembled NCs (blue continuous
line). (b) Scattered light measured with a white light source (halogen lamp) incident at low
angle with respect to the surface in a SC (blue curve) in comparison to the PL spectrum (red
curve). PL and scattering light spectra were measured at room temperature. (c) Scattered light
(blue curve) and PL spectrum (red curve) measured in different SC with different sizes(large-
medium-small).

The second contribution can arise from the effective absorption coefficient

spectrum of the SCs mainly determined by NCs in higher quantities (see Fig-
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ure 5.1(b)) that leads to a strong self-absorption effect (see Figure 5.5). Take

into account that SCs have several microns of size and average absorption coef-

ficient can be in the order of 104 cm−1 (see Ref. [187]). Therefore, only those

subdomains with SF photon energies well below 2.35 eV, where the absorption

coefficient was < 103 cm−1 can be efficiently outcoupled to air instead of being

reabsorbed inside the total SC.

However, It is difficult to explain the nature of this static shift by pure dipole-

dipole interaction, since the reduction of the dipole coupling as the NC size in-

creases shows continuum trend and, which is even more important, the coupling

constant goes in the opposite direction (smaller couplings for larger sizes/dipole-

dipole separation) [103]. One possible extra contribution to explain this fixed

red-shift comes from the building up of extended states [41] or molecular aggre-

gates [245] through the SC. It has been shown previously similar red shifts in

J-Aggregates [245], and due to electronic coupling between the individual NCs.

The molecular J-aggregates can show superradiance emission, by means of a

larger extended dipole [246]. In this sense, the extended state built by the ag-

gregate ordering is characterized by a larger binding energy in the order of (red

shift) and produces a larger effective dipole with higher emission rate. In the

second case, the electronic wavefunctions of the single NCs can couple in the

perovskite SC, and hence building-up for both electron and holes. Such mini

band leads to a lowering of the lowest-energy optical transition, i.e. redshift of

the PL as NCs. Both approaches can explain why we observe the SF emission at

low excitation powers, with cw laser excitation and characterized by static shift.

As the excitation power increases, Dicke superradiance can start to play a role,

and thus producing a second contribution of coherent emission by means dipole-

dipole coupling by external electromagnetic mode [40]. However, there is a third

option to explain the red-shifted spectral contribution. It has been analyzed how

the nanocrystal reactivity produces a gradual contraction of the superlattices

and subsequent coalescence of the nanocrystals, when these are keep several days

under vacuum, producing similar red-shifted narrow emission [231].This vacuum
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mediated nanocrystal coalescence can explain the SC structure in subdomains

too, and hence it is an important hypothesis to be considered.

All these hypothesis represents different possible interpretations, which are

not compatible and offers alternative frameworks. We are interested to analyze

the set of data using the formalism of SF, to evaluate the validity of the hypothesis

with our structural information. Firstly, we have evaluated the number of NCs

in subdomains by a considering several approximations. We assume that the

number of active NCs participating in the narrow peak transition (in the next we

will label as SF emission) is in concordance with the number of SF photons per

spot. We normalize the absolute SF Intensity (ISF ) to the total PL power for a

given domain in a SC (PPL). Next, we re-write these last magnitudes in terms of

measurable quantities, i.e. we include all the experimental efficiency factors that

need to be taken into account to use the final measured SF Intensity (ISF−M )

in the CCD: the finite numerical aperture (ηNA), efficiency of the fibre coupling

(ηFibre), efficiency of the monochromator grating (ηGrat), efficiency of the CCD

(ηCCD)). Finally, we calculate the expected PPL power from the incident laser

excitation power, taking into account the sample absorption and the measured

quantum yield of the sample. Following these approximations, the estimation of

the number of NCs active in our spot size giving rise to the SF emission can be

expressed as:

(NCSF )Spot '
ηPhot−SF
Spot

=
ISF
PPL

' ISF−M
ηα · ηQY · ηNA · ηFibre · η2

Grat · ηCCD · PExc
(5.1)

Figure 5.2(b) shows the normalized SF enhancement factor (ΓT
γr
− 1) as a

function of the number of NCs (N) estimated through Eq. 5.1 (green filled dots).

The experimental enhancement factor was calculated by the ratio between the

integrated intensity of the SF line (correlated NCs) and that of emitted light

by uncorrelated NCs in the same energy range, both quantities extracted from
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the µ-PL spectra registered for twenty different SCs at 4K. We can compare our

experimental results with the theoretical model proposed recently by F. Mattioti

et al. [103] by using the function described in this paper to fit their calculated

data:

ΓT
γr
− 1 =

ANB

NB +NB
sat

(5.2)

Where A, B, Nsat were fitting parameters, corresponding to the enhancement

factor for Nsat, the exponent for N and its saturating value, respectively. Red

and black continuous lines stand for the curves obtained from Eq. 5.2 represent-

ing the model prediction in Ref. [103] for NCs with edge sizes of 5 and 9 nm,

respectively. The best fit (green dashed line in figure 5.2(b)) to our experimental

data returns A = 18, B = 1.07 and NB
sat = 40000. The fit is clearly consistent

with a NC size in the range between 5 and 9 nm (Fig. 5.2(b)), which are com-

patible with our measured average NC size (see figure 5.1(b)). In any case, our

N value estimation through Eq. 1 should be considered as a rough evaluation,

as we do not have any direct measurement of the number of NC participating in

the SF emission. Here, one can argue that the most accurate procedure to study

the enhancement factor would be based in transient µ-PL measurements, from

which extracting characteristic decay times of the SF emission line and the PL

of non-correlated NCs. However, due to the actual limitation of fast detectors,

the already fast radiative emission of perovskite NCs (shorter than 0.4 ns) [195]

and the non-monoexponential decay [40], enhancement factors larger than 3-4

will lead to short decay times strongly limited by the system response (≈100

ps). As discussed above, our alternative procedure to deduce approximate en-

hancement factors in different SC subdomains here is validated, because giving

results within the range of expected values of theory in Ref. [103]. Figure 5.2(c)

shows power-dependent µ-PL study in a subdomain within one of the studied

CsPbBr3 SCs as color-coded spectra recorded as the excitation power increases

from 25 nW (faded green) to 6 µW (black). It is interesting to notice that this
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SC subdomain exhibit at low power a SF emission structured in two peak tran-

sitions, labelled as P1 and P2. It will be important to study the origin of this

double peaked structure, as it could be related to coupling or strong interaction

between states. Alternatively, the origin of this double peaked spectral feature

can be also be related to a multiple subdomain structure inside our collection

spot. Uncorrelated NCs emission is identified as the third transition, P3. Fig-

ure 5.2(d) shows the integrated PL intensity for these three optical transitions

in a log-log plot. Linear fits to these data reveal power-law behaviors with su-

perlinear slopes mP1=1.13±0.04, mP2=1.05±0.05 in the case of SF lines and a

sublinear behaviour for uncorrelated NCs with slope mP3=0.84±0.03. The ratio

of the growth exponents for SF and uncorrelated NCs, mP1/mP3 = 1.35. In lit-

erature, exponents of 1 and 1.5 were obtained from integrated and peak intensity

evolution with power in stationary state PL and transient PL measurements [40],

respectively, the latter not far from the expected value of 2 [85].

Power
(nW)

σpeak1

(meV)
σpeak2

(meV)
σpeak3

(meV)
(σpeak1+σpeak2)
= σtotal (meV)

28 1.51±0.14 3.76±0.13 56.45±0.37 5.27

72 2.32±0.21 3.81±0.16 58.41±0.40 6.13

112 2.01±0.18 4.16±0.18 59.54±0.44 6.17

168 2.53±0.22 4.06±0.19 61.56±0.47 6.59

280 3.69±0.30 4.35±0.24 62.57±0.47 8.04

464 4.20±0.37 5.14±0.31 63.28±0.48 9.34

732 5.41±0.47 5.64±0.48 63.48±0.48 11.05

1012 6.68±0.37 5.97±0.38 63.57±0.43 12.65

1680 7.50±0.44 6.83±0.45 63.76±0.40 14.33

3320 ——— 14.52±0.32 64.05±0.50 14.52

6000 ——— 15.60±0.40 65.23±0.52 15.60

Table 5.1: Spectral broadening and energy shifts of the correlated and uncorrelated CsPbBr3

NCs as a function of excitation power.

Our result is very close to that referred in transient PL measurements [40],

which again support the estimated values for the SF enhancement factor using
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Figure 5.6: Total super radiance broadening as a function of excitation power at 4K (related to
the table 5.1).

Eq. 5.1. Possibly this can be attributed to the differences in the experimental

conditions used for both kinds of measurments: our confocal µ-PL experiments

were developed in a larger excitation power range.

Figure 5.7: Super-radiance enhancement as a function of excitation power at 4K.

It is interesting to highlight the large reduction of the µ-PL linewidth (red-

shifted transitions), between 1-5 meV (see Figure 5.3(b)), in the low-power regime.

Their FWHM increases linearly with the excitation power up to a value of 15 meV

for 2 µW and saturates above to a value in the order of 16 meV (see Figure 5.6
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and Table 5.1). In Ref. [40], the reported SF linewidth is ≈15 meV, but ob-

tained under an excitation fluence >500 nJ cm−2, which is consistent with our

high excitation power regime. It should be also noted that the power dependent

broadening has not a strong effect on the SF enhancement factor, as obtained by

our proposed method, because both the intensities of SF and PL of uncorrelated

NCs increases near proportionally; in any case, a certain increase is measured in

a given SC subdomain (see Figure 5.7).

Figure 5.8: (a), (b) µ-PL spectra of CsPbBr3 and CsPbBrI2 SLs as a function of temperature
ranging between 4-50K and 4-150K, respectively. The displacement of the peak energy of the
correlated and uncorrelated NCs as a function of temperature is shown in the inset; the ratio of
the slope of the fitted line for the correlated and uncorrelated peaks of CsPbBr3 and CsPbBrI2

is ηBr=1.94, ηAlloy=4.13, respectivelly. (c), (d) µ-TRPL of CsPbBr3 and CsPbBrI2 SLs at 4K.
(e), (f) µ-TRPL of CsPbBr3 and CsPbBrI2 SLs at 30K and 25K respectively. Dark green with
τ1(4K) = 248 ps, τ1(30K) = 364 ps and dark brown with τ1(4K) = 663 ps, τ1(25K) = 2.24
ns are related to the correlated NCs (superfluorescence). Light green with τ1(4K) = 398 ps,
τ1(30K) = 441 ps and orange curves with τ1(4K) = 739 ps, τ1(25K) = 1.61 ns correspond to
the uncorrelated NCs of CsPbBr3 and CsPbBrI2, respectively.

A second test of the SF hypothesis is provided by the study of the spectral

and temporal dynamics as a function of temperature. Figure 5.8 depicts experi-

mental µ-PL and µ-TRPL of CsPbBr3 and CsPbBrI2 SCs grown on top of glass

substrates and measured at different temperatures. The analysis of µ-PL as a

function of temperature (Figures 5.8(a)-(b)) can be divided in two principal ef-

fects, related to the peak energy shift and intensity drop. Let pay attention firstly

to the evolution of emission energies for correlated (SF) and non-correlated NCs.
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For non-correlated NCs we should observe an energy increase due to the bandgap

energy evolution with T, which is in the order of 9 (20) meV at 50 (100) K for

CsPbBr3 and about half of these values for alloyed NCs (see Figure 5.9). For

the SF emission line we clearly observe a higher slope with T, the ratios of the

slopes of fitted lines for the correlated and uncorrelated peaks of CsPbBr3 and

CsPbBrI2 as a function of temperature are ηBr=1.94, ηAlloy=4.13, respectively

(see inset plots in figures 5.8(a),(b)). That is, for the energy increase of the SF

line we have two contributions: (i) bandgap variation and (ii) thermal decoher-

ence that reduce the number of coupled NCs and hence reducing the redshift.

Therefore, the SF energy shift with temperature is a first direct observation of

the SF thermal decoherence, which can be explained by dipole-dipole interaction

and its coupling to a thermal bath.

Figure 5.9: The PL evolution in a layer of (uncorrelated) NCs with temperature for CsPbBr3

(top) and CsPbBr1.2I1.8 (bottom).

Simultaneously, the increase in temperature causes a reduction of the emission
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intensity for both SF and non-correlated NCs. This intensity reduction is in close

correspondence with the slowdown of the decay time. Figure 5.8(c),(d) shows

µ-TRPL of the CsPbBr3 and CsPbBrI2 SCs presented at 4K, along with their µ-

TRPL at 30K and 25K in Figure 5.8(e) and (f), respectively. This time analysis

reveals a second mechanism of thermal decoherence of the SF emission. The

dark green and dark brown curves at each figure are related to the SF emission

of the pure Bromide and alloy, which are plotted together with the µ-TRPL of

uncorrelated NCs (light green and orange). From these curves it is clear that as

the temperature rises, the time decay of the SF emission is slowdown as well.

It is also important to keep in mind that temperature has a significant im-

pact on the PL decay kinetics of uncorrelated perovskite NCs. As the tem-

perature rises, the PL decay kinetics becomes a complex process, including the

capture of carriers by shallow traps. Following the proposal of delayed lumines-

cence [143,144], the experimentally observed PL decay kinetics in perovskite NCs

are formed with the participation of such shallow non-quenching traps (at least

in the temperature range of interest for this work), which results in the effective

slowndown of the carrier kinetics, due to multiple trapping and de-trapping pro-

cesses. Because trapped carriers cannot be de-trapped to form a free exciton state

at low temperatures, the participation of shallow traps in the formation of the

PL decay kinetics is mostly impeded, and the PL decay would be primarily de-

termined by the exciton radiative recombination rate at the lowest temperatures.

Figures 5.8(c)-(d) show that SF transient is faster than that for uncorrelated NCs

at 4 K. However, as temperature increases and trapping/de-trapping mechanism

is activated and the decay slowdown being observed. Even if the PL spectrum of

the SF continues to be observed by increasing temperature (figures 5.8(a)-(b)),

the PL kinetics is much more sensitive to the thermal slowdown (figures 5.8(c)-

(f)) associated to carrier detrapping. We can explain its higher sensitivity by

the expected extended state nature of the SF recombination. Its reduced energy

distribution is translated to a well-defined resonance, that once the activation

energy is reached, will be strongly affected by the interaction with shallow traps

dynamics. Figures 5.8(e)-(d) show longer decay for SF transient. Due to the
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larger size inhomogeneity, non-correlated transition is less sensitive to the decay

slowdown. As it is shown, this effect is more intense in CsPbBrI2 SCs, as shallow

traps are closer in energy to conduction band for these samples. In any case,

such slowdown of the PL transient measured at the SF emission peak wavelength

does not means that SF-coherence dissappear, because the SF spectrum is still

clearly observed (Figures 5.8(a)-(b)). The trapping dynamics is increasing the

effective decay time, but also increasing the time delay for the SF formation. In

fact, such delay is clearly observed at 25 K in the case of the alloyed NCs, where

the trapping dynamics is more important.

With the aim to study quantitatively the SF thermal decoherence in these

SCs, we built and analysed arrhenius plots of the SF enhancement, in both kind

of SCs, which are presented in Figure 5.10. As we have done in the previous

section, the SF enhancement has been estimated as the ratio of the integrated

intensity of correlated NCs to the uncorrelated ones, extracted from the µ-PL

spectra. Both figure 5.10(a)-(b) show the enhancement factor as a function of

1/(kB · T ) in a semi-log plot.

Figure 5.10: (a), (b) Arrhenius plots of the SF-enhancement of the CsPbBr3 and CsPbBrI2

superlattices, respectively. (c) Schematic picture illustrating the dipole-dipole interactions and
the level diagram for NCs rendering extended and trap states

It is interesting to notice that domains of CsPbBr3 SCs exhibit enhancement

factor higher than previous values shown in figure 5.2(b), but its origin is a large

inhomogenous broadening in these SCs, in comparison to the near homogeneous

picture explained above at 4K (Figure 5.2), as explained below. Both Arrhenius

plots of the SF enhancement factor for subdomains in CsPbBr3 and CsPbBrI2

SCs shows an activated behaviour characterized by two energies as the temper-
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ature increases. The experimental data in figures 5.10 (a) and (b) have been

fitted with activation energies Ea1=1.18 meV, Ea2=6.92 meV, and Ea1=2.99

meV, Ea2=55.64 meV, for CsPbBr3 and CsPbBrI2, respectively, using a double

Arrhenius function. The lower activation energies for these subdomain SCs, 1.18

and 2.99 meV, can be ascribed to thermal decoherence imposed by dipole-dipole

interaction, whose theoretical value can be ∼0.15 meV for a ∼7 nm NC [103]. In

any case, it is worth noting that SF is still important. The second energy, laying

in the range of tens of meV, can be associated with the activation of the exciton

trapping/de-trapping processes. In literature it has been previously measured

activations energies in the range of 60 meV for MAPbBr3 [143]. In this sense

the presence of shallow traps represents an important obstacle to develop SF

applications at room temperature with perovskites SCs, even if they have other

important applications, as microcavities for lasing and improved charge trans-

port [234, 247, 248]. In figure 5.10 (c) it is represented a level diagram for NCs.

In the left, it is shown a one-dimensional superlattice and its decoherence energy

levels, and in the right the creation of the extended and trap states. Ea1 and Ea2

represent the thermal activation energies, related to dipole-dipole interaction and

shallow traps, respectively.

Figure 5.11: (a) µ-PL spectra of an aged SL sample with high excitation power (6µW) and
a fresh SL sample with low excitation power (50 nW) measured at 4K. (b), (c) are micro-PL
spectra corresponding to (a) plotted in the linear scale to highlight the separation of the peaks.
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In addition to the thermal decoherence, an important effect that should

be taken into account in perovskite NCs is a certain size decrease as a re-

sult of the interaction with the ambient conditions (oxygen and humidity) over

time [211–213, 229]. By aging the samples, uncorrelated NCs will experience a

size reduction in average. As a consequence, we observe that the peak emission

energy of the NCs band will shift to higher energies (see Fig. 5.11(a)). Despite

this aging effect, as represented in figure 5.11(a) the SF emission is fixed in energy

approximately, also we observe a clear increase in its inhomogeneous broadening

(figure 5.11(b)), as compared to the case of fresh SCs at high (figure 5.11(c)) and

low (figure 5.11(f)) excitation powers. To explain the SF emission insensitivity

to the aging effect, we can assume inner NCs forming subdomains with uniform

size and hence giving rise to SF (correlated NCs) are more protected against

ambient conditions, because densely packed, and hence less subject to reduce in

size, even like that the effect is mostly transformed in an increase of the FWHM

(Figure 5.11(a), (d)), hence the SF line is now having a strong inhomogeneous

character. As a consequence, our applciation of Eq. 5.1 will be not longer rep-

resenting Eq. 5.2 (radiative limit), and it explains why we obtain an important

increase of the measured enhancement factor.

Finally, we could neglect power excitation effects to the enhancement factor.

We have used higher excitation powers in the temperature evolution experiments

to get enough signal over large temperature ranges. Accordingly, we increased

the excitation power by two orders of magnitude, and as shown in table 5.1 and

figure 5.6 our spectrum is approximately four times broaden as a result of this

excitation power. As previously stated, power-dependent broadening does not

seriously affect the SF enhancement (see figure 5.7), because power can increase

the decoherence of homogeneously broadened SF lines (those observed in fresh

CsPbBr3 SCs). In contrast, in the case of alloyed CsPbBrI2 and aged CsPbBr3

SCs, the SF emission lines are inhomogeneously broadened, which is the origin of

the apparent SF enhancement factor evaluated through Eq. 5.1 in these samples.

Another point that we can address here in a few words is that the activation

energy for CsPbBrI2 SCs is higher than the CsPbBr3, the reason is straightfor-
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ward, and it is the inhomogeneity of the alloy materials, different chemical com-

ponents together with the more effect of the shallow traps in Iodide in comparison

with Bromide cause this enhancement in the activation energy. Moreover, the

differences in the confinement energy of the said materials could be an additional

explanation.

5.4 Conclusion

To summarize, the investigation of the self-assembly of cubic-shaped CsPbBr3

and CsPbBrI2 NCs into cuboidal supercrystals was carried out. Superfluores-

cence emission of correlated NCs (SC subdomains) was hypothesized and studied

in both CsPbBr3 and CSPbBrI2 SCs by means of confocal PL microscopy. In the

case of CsPbBr3 SCs we have measured very narrow (1-5 meV) SF lines, which

can be considered near homogenous. For this reason, they are characterized by a

SF enhancement factor up to ≈10, which we associated to near perfectly ordered

subdomains within the micrometric SCs formed by 1000 to 40000 NCs. Thermal

decoherence of superfluorescence as a function of temperature was investigated

using spectral and transient µ-PL measurements, yielding two main activation

energies. The first is in the meV range and is associated with the pure dipole-

dipole dephasing process, while the second is in the tens of meV range and is

associated with carrier promotion to shallow traps states or carrier escape from

an extedned state. On the other hand, thermal decoherence is not characterized

by a strong coupling constant and SF is still observed until near 100 K. Further-

emore, we have shown a strong inhomogenous SF emission in the case of alloyed

CsPbBrI2 and aged CsPbBr3 SCs, In spite of this fact, SF is well observed and

needs further investigation.



Chapter 6

Hyperbolic metamaterials and

Perovskite nanocrystals

In this chapter, the emission rate of LHPs NCs is manipulated with HMMs.

For this purpose, a HMM consisting of alternating thin metal (Ag) and dielectric

(LiF) layers is properly designed to maximize the coupling of the excitons with

the modes of multilayer structure. In particular, the spacer between the quantum

emitter and HMM is optimized to show the highest Purcell effect of the resulting

exciton-HMM system. With an optimum spacer of 10 nm, the exciton radiative

recombination rate of CsPbI3 and FAPbI3 is enhanced by more than a factor

three and two, respectively. Besides, the HMM induces a red-shift of the emitted

PL, which is properly characterized as a function of the spacer. Finally, all

experiments are reproduced with a model based on the electric field distribution

on the HMM. These results can pave the road of the application of PNC as photon

emitters with high photon emission rates.

6.1 Introduction

The manipulation of the spontaneous emission rate is indispensable for a wide

variety of technological photonic applications ranging from light emitting diodes

to single photon sources. From one side, nanofabrication techniques have en-
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abled the development of different optical metamaterials, which are designed to

achieve and exploit light-matter interaction unattainable with natural materi-

als [105, 249–251]. Among the varieties of metamaterials proposed and fabri-

cated so far, HMMs [252–255] have rapidly gained a key role in nanophotonics

due to their peculiar ability to manipulate the near field of a quantum emit-

ter (QE) [256–258]. On the other hand, the optical and electrical properties

of LHPs have allowed to consider these promising materials for developing high

quality optoelectronic devices under cheap, straightforward and low temperature

technologies [259–265]. Recently, fully inorganic perovskite NCs of cesium lead

halides (CsPbX3, X = Cl, Br, I) were synthesized with precise size and compo-

sitional control, tunable, narrow-band emission and high PLQY over the whole

visible wavelength range [15,20,31,178,266,267]. At the level of single NCs, LHPs

can be also potential candidates for single photon sources [188,189,268–271]. For

quantum information applications it is important to increase the photon emis-

sion rate (or radiative rate) of a QE, which is commonly achieved by embedding

single photon nanomaterials into optical microcavities [272–276]. The photon

emission rate enhancement has been experimentally investigated using periodical

metal-dielectric structures for different types of single emitters (dye molecules,

metal-organic complex and quantum dots) [277–280], as also confirmed theoreti-

cally [281, 282]. It is worth noting the study of recombination rate enhancement

using a film of CsPbBr3 PNCs deposited by spin coating on top of single and

double metal-insulator-metal cavities [283]. The advantage of using HMMs along

with simple deposition techniques of PNCs does not require any deterministic

positioning of the QE, as in the case of 2D photonic cavities [284]. The coupling

of light emitters to the HMM structure would induce an increase of the exciton

radiative recombination rate (and therefore a reduction of the exciton radiative

lifetime) by Purcell effect [285], which would gain importance by decreasing the

average distance between a QE and HMM structure. Besides, the short distance

between PNCs and the HMM also affect the photon emission frequency, as oc-

curs in the case of a QE near partially reflecting surfaces, which is a widespread

feature of the dipole-surface interaction and, in simple terms, results from the
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coupling between the dipole and its own image in the metal surface. However,

such shift of the emitted photon frequency is expected theoretically to be very

small [246,286–290], and hence very difficult to be measured experimentally.

In the present chapter we propose the manipulation of photons produced

by the exciton radiative recombination in CsPbI3, and FAPbI3 PNCs by means

of HMM structures. These structures consist of several alternating metal (Ag)

and dielectric (LiF) layers, whose thickness and period affect the dielectric con-

stant anisotropy and optical modes. The coupling between APbI3 (A=Cs, FA)

PNCs and the HMM modes is controlled by a variable dielectric spacer thick-

ness (investigated in the range of 10 to 50 nm). Our analysis in terms of the

Purcell factor suggests that the confined optical modes are sustained by near

field interactions between the emitters and the HMM structure. However, for

achieving a successful exciton-HMM coupling, radiative recombination of exci-

tons is a prerequisite, which is undoubtedly achieved in most semiconductors at

cryogenic temperatures. The exciton-HMM coupling in our system lead to the

spontaneous emission enhancement by Purcell effect by a factor greater than 3

for CsPbI3, and around factor 2 for FAPbI3 when the thinnest spacer layer (10

nm) is deposited. Besides, a PL red shift as high as 10 nm (around 20 meV)

is observed. Based on our literature analysis, no precedent is found for such a

noticeable emission frequency shift for PNCs on top of HMM structures, both

experimentally and numerically. Both Purcell effect and the emitter frequency

shift have been successfully explained theoretically.

6.2 Experimental Details and Methods

6.2.1 Synthesis of CsPbI3 NCs

CsPbI3 PNCs were synthesized following the hot-injection method described

by Kovalenko and co-workers [15], with some modifications detailed elsewhere

[16]. All the reactants were used as received without additional purification

process. Briefly, Cs-oleate solution was prepared by mixing 0.41g of Cs2CO3

(Sigma-Aldrich, 99.9%), 1.25 mL of oleic acid (OA, Sigma-Aldrich, 90%), and 20
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mL of 1-octadecene (1-ODE, Sigma-Aldrich, 90%) were loaded together into a 50

mL three-neck flask at 120oC under vacuum for 1h under constant stirring. Then,

the mixture was N2-purged and heated at 150oC to reach the complete dissolution

of Cs2CO3. The solution was stored under N2, keeping the temperature at 100oC

to prevent Cs-oleate oxidation. For the synthesis of CsPbI3 PNCs, 1.0 g of PbI2

(ABCR, 99.999%), and 50 mL of 1-ODE where loaded into a 100 mL three-neck

flask. The mixture was simultaneously degassed and heated at 120oC for 1h under

constant stirring. Then, a mixture of 5 mL each of both pretreated (130oC) OA

and oleylamine (OLA, Sigma-Aldrich, 98%) were separately added to the flask

under N2, and the mixture was quickly heated at 170oC. Simultaneously, 4 mL of

Cs-oleate solution was fastly injected to the mixture and then, the reaction was

quenched to immerse the mixture into an ice bath for 5s. In order to perform the

isolation process of PNCs, the colloidal solutions were centrifugated at 4700 rpm

for 10 min. Then, PNCs pellets were separated after discarding the supernatant

and redispersed in hexane to concentrate the PNCs at 50 mg/mL.

6.2.2 Methodologies

Metal (Ag) and dielectric (LiF) layers were deposited by thermal evaporation

method under high vacuum on top of a silicon wafer. The morphology and cross-

section of fabricated HMM structures was characterized by HAADF-STEM. The

specular reflectance of the same HMM structures was measured at single wave-

lengths using different lasers by a home-made set up incorporating a goniometer

for the HMM-holder and detector (θ − 2θ configuration). Details are presented

in chapter 3.

6.3 Results and Discussion

The HMM structure consisted of 6 periods of alternating metal (Ag) and dielectric

(LiF) layers and finished in the metal (Ag) deposited by thermal evaporation on

a silicon wafer, as illustrated in Figure 6.1(a). Two HMM structures were grown

with different nominal period and thicknesses of metal and dielectric layers and
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real thicknesses were estimated at the center of the wafer by HAADF-STEM.

Figure 6.1: (a) Schematic representation of HMM structures fabricated by thermal evaporation
method (b) HAADF-STEM image and the corresponding EDX map (Ag, F and Si are displayed
in magenta, cyan and blue, respectively) of a fabricated HMM structure. (c) Angular reflectance
spectra of fabricated HMM structures measured at λ = 785 nm and fitted with ε‖ = -4.19+1.34i,
ε⊥ = +1.56+0.01i. Blue diamonds and red circles refer to the s and p polarizations and solid
lines correspond to the simulation. (d) Photonic Density of States (PDOS) computed in the
near field of the HMM structure with 10 nm spacer.

Figure 6.1(b) shows an HAADF image (Z-contrast) of the HMM evidencing

the alternance of Ag (brighter material) and LiF (darker material) layers, whose

chemical composition has been further checked by EDS measurements summa-

rized in the right panel of Figure 6.1(b) (Ag, F and Si mapped signals displayed

in magenta, cyan and blue, respectively). These analyses allow extracting the

thickness of individual layers. Particularly, the average thickness of Ag + LiF

layers was around 25 + 35 nm in the HMM structure shown in Figure 6.1(b) and

40 + 40 nm in the HMM structure of Figure 6.2. Based on a simple effective

medium model for multilayered structures our fabricated HMMs would exhibit

a hyperbolic permittivity dispersion at λ ≥ 370 nm, with εx = εy = ε‖ < 0 and

εz = ε⊥ > 0 (see Fig. 6.1(a) for axes notations) [57].
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R = |r|2 =


| sin(θ−θt)
sin(θ+θt)

|2, θt = arcsin( sin θ√
ε‖

), s− polarization

| ε‖ tan θt−tan θ

ε‖ tan θt+tan θ |
2, θt = arctan

√
ε⊥ sin2 θ

ε‖ε⊥−ε‖ sin2 θ
, p− polarization

(6.1)

 ε‖ =
(1+f)εAgεLiF+(1−f)ε2Lif

(1−f)εAg+(1+f)εLiF

ε⊥ = fεAg + (1− f)εLiF
(6.2)

Where f is the fill factor or fraction of metal in the unit cell, i.e. f =

dAg
(dAg+dLif ) , as determined by metal and dielectric thicknesses dAg and dLiF , and

θ is the incident angle of light. The hyperbolic dispersion of the HMM has been

confirmed experimentally, where the values of electric permittivity were inferred

from the fits of angular reflectance profiles measured at λ = 785 nm (similar

angular reflectance profiles were also measured in the HMM with Ag + LiF

layers 40 + 40 nm thick by using other wavelengths, as shown in Figure 6.3) in s

and p polarizations (data symbols in Figure 6.1c) to the numerically calculated

curves by MATLAB using Equation 6.1-6.2 [291] (red and blue continuous lines

in Figure 6.1c and 6.3). These layered metal-dielectric structures support a large

number of electromagnetic states [292], which is the key point to understand

the potential applications of HMMs in future quantum technologies. To confirm

these optical modes in our fabricated HMMs is interesting to calculate the local

density of states ρ(r0, ω) at a frequency ω0 by means of the well-known dyadic

Green’s functions [57]:

ρ(~r0, ω0) =
2ω0

πc2
Im{Tr[

−→
G(~r0, ~r0;ω0)]} (6.3)

where c is the speed of light. The photonic density of states (PDOS) of the

HMM was calculated using Equation 6.3 and shown in Figure 6.1(d) and Figure

6.2 for the different modes of the two fabricated HMM structures, respectively,

as a function of k‖.
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Figure 6.2: (a) Angular reflectance measured at λ=785 nm (blue diamonds and red circles refer
to s and p polarizations, respectively) in a HMM structure with 8 periods 40+40 nm thickness (as
measured by HAADFSTEM, see inset) of LiF+Ag multilayer and fitted with ε‖ = -8.75+0.72i,
ε⊥ =+2.86+0.01i (solid lines).(b) PDOS computed in the near field for this HMM structure
terminated with a LiF layer 10 nm thick.

Figure 6.3: Angular reflectance spectra of the HMM structure fabricated with Ag+LiF layers
of 40+40 nm thicknesses measured at λ= 632.8, 785 and 980 nm. The angular dependences for
these wavelengths are fitted with (a) ε‖ = −3.10 + 0.47i , ε⊥ = +1.54 0.03i (b) ε‖ = −8.75+
0.72i , ε⊥ =+2.86 0.01i (c) ε‖ = −12.81+ 0.99i , ε⊥ =+3.51 0.01i. Blue diamonds and red circles
individually refer to the s and p-polarization in each wavelength and solid lines correspond to
simulation.
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For these HMMs we are expecting an enhancement by Purcell factor of the

radiative emission rate of CsPbI3 nanocrystals due to their exciton coupling to

plasmonic HMM modes. For observation of this effect, similarly to the case of

only metal surfaces, we need to introduce a spacer layer of variable thickness d

between the HMM structure and the PNCs (Figure 6.4(a)). The spacer is made

of PMMA spin coated on the HMM structure at 3000 rpm. Finally, on top of the

PMMA spacer layer, CsPbI3 PNCs were deposited by dip coating the substrate

into the colloidal solution (1 mg/mL of PNCs in hexane) during 1 min. It is

worth mentioning that the above concentration and dipping time were optimized

to obtain a partially covered monolayer of CsPbI3 nanocubes (with 14 nm of

average cube edge) [187], as illustrated in Figure 6.4(a). This single monolayer

of PNCs would assure an efficient coupling of the emitters to the HMM for a

given spacer, because the average PNC-HMM coupling strength would decrease

significantly if the PNC film was too thick. Four samples were fabricated with

nominal spacer thicknesses d = 10, 20, 50 and 250 nm. The thickest one is

considered here as a reference, because the exciton-HMM coupling is expected to

be negligible in this case. Figure 6.4(b) illustrates the experimental setup for PL

and TRPL measurements in backscattering geometry from 15 to 300 K. First of

all, it is worth noting that we observe a very weak or meaningless effect of the

HMM structure (d = 20 nm) on the PL decay kinetics of CsPbI3 PNCs at room

temperature, as shown in Figure 2.9(a) in chapter2, whereas at 15 K the same

sample demonstrated a clear reduction of the PL decay time (Figure 2.9(b)).

Besides, at room temperature the PL decay kinetics turn to be much longer than

at 15 K. The origin of the different behavior at room and low temperatures is

in the mechanism responsible for the PL decay formation in PNCs. Following

the recently proposed concept [36, 144], the experimentally observed PL decay

kinetics in PNCs are formed with a participation of shallow nonquenching traps,

which result in lengthening of the kinetics due to multiple trapping-detrapping

process (a three-level model should be applied in this case [36,144]). In fact, this

model could account of the complex PL decay and important changes in PLQY

observed at RT for CsPbBr3 PNCs in Ref. [283]. This is the reason why one should
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take with due precaution these previous results using PNCs interacting with

metal-dielectric cavities [283]. Since at low temperatures the trapped excitons

cannot be longer detrapped to the free exciton state, participation of shallow traps

in formation of the PL decay kinetics is eliminated and the PL decay is mainly due

to the competition of radiative and nonradiative deactivation channels (the two-

level model is applicable). Considering that nonradiative exciton recombination is

negligible for our PNCs at 15 K, the PL decay kinetics is completely described by

the exciton radiative recombination rate (see section 2.4 in chapter2, the delayed

luminescence model for more details).

Figure 6.4: (a) Schematic representation of a HMM structure with different thicknessess of
a spacers with a monolayer of PNCs. (b) Schematic illustration of experimental setup for
measuring PL and TRPL spectra of PNCs in low temperatures (c) PL spectra of CsPbI3 PNCs
deposited on top of HMM substrates as a function of the thickness of spacer (d) PL decay
kinetics of CsPbI3 PNCs coresponding to (c).

Therefore, we have developed the experiments at cryogenic temperatures with



124CHAPTER 6. HYPERBOLIC METAMATERIALS AND PEROVSKITE NANOCRYSTALS

the goal to decrease the influence of the aforementioned recombination channels

that are not sensitive to HMM structures. That is, the radiative recombination of

excitons in CsPbI3 PNCs is the main mechanism responsible of the PL decay ki-

netics measured at 15 K (Figure 6.4(d)). The PL peak wavelength for a reference

sample is observed at around 705 nm, in good agreement with what is reported

by other authors for films of CsPbI3 PNCs at cryogenic temperatures [187, 293].

We also tested CsPbBr3 PNCs deposited on top of the same HMM, whose spon-

taneous emission is peaked at around 520 nm. For these emitters we did not

observed any decay time reduction from room down to low temperatures. This

effect is ascribed to the wavelength dependence of the Purcell factor as a function

of the metal fill factor in the HMM, which is smaller than 0.5 in our case and

consequently exhibiting a negligible Purcell factor enhancement at visible wave-

lengths (see Refs. [279] and [294], for example). In fact, metal fill factors in the

HMM close to the unit would give rise to large Purcell factor values as compared

to medium-low metal fill factors, but extended in a broader wavelength/energy

region in the latter case. On the contrary, the behavior of the HMM in the first

case is more similar to that observed for a metal surface.

More interestingly, in the samples with a spacer thinner than 50 nm a clear

redshift is observed with a spacer thickness decrease, being up to 8 nm (20 meV)

for the case of the sample with the thinnest spacer layer, d = 10 nm. Although

this is not an intuitive effect and cannot be easily explained, we unambiguously

attribute it to the coupling of perovskite emitters to the HMM modes, as will

be discussed below. Simultaneously, we observe a shortening of the measured

PL transients by reducing the HMM-spacer thickness (green, yellow and red

dotted transients in Figure 6.4(d)), as compared to the one measured for the

reference sample (blue dotted transient in Figure 6.4(d)). Consequently, the

exciton lifetime deduced from PL transients decreases with reducing the spacer,

which is ascribed to a change in the electromagnetic radiation distribution in

vacuum [133], i.e., a Purcell factor enhancement, that arises from the optical

coupling of the CsPbI3 PNC emitters to the modes of the HMMs. Indeed, a

similar Purcell effect was observed in the second HMM structure fabricated with
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slightly different parameters (40 + 40 nm period), as summarized in Figures 6.2

and 6.3. Therefore, our results are consistent and reproducible and they are not

sample dependent (i.e., not dependent on the quality of the film made of PNCs).

Furthermore, the accuracy of the experiments is guaranteed by preparing all

samples under similar conditions and measured using the same protocols, the

same day after preparation. TRPL spectra recorded at 15 K for all samples were

fitted by using a bi-exponential decay function where the shortest component

(of the order of 1 ns) is attributed to the exciton radiative lifetime, whereas the

slower component (several ns) demonstrating much lower relative amplitude (at

cryogenic temperatures) can be explained by the exciton recombination dynam-

ics involving shallow traps, as briefly described in the chapter 2 and discussed

elsewhere [36,144].

Figure 6.5: PL decay kinetics of CsPbI3 PNCs at 15K deposited on top of the HMM structure
Ag+LiF of thickness 25+35 nm with (a) d=10 nm (b) d=20 nm (c) d = 50 nm (d) d = 250 nm
spacer. In each frame several kinetics are measured in different points throughout the sample
surface.

From these TRPL measurements and fittings, we observe a significant reduc-

tion of the average exciton radiative lifetime from ∼1.5 ns down to ∼0.5 ns when

reducing the PMMA spacer thickness from 250 to 10 nm. The radiative exciton

lifetime of 1.5 ns extracted from the reference sample is very close to the values

measured in freshly prepared samples on glass substrates and values reported by
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us and other authors elsewhere [36, 138]. As aforementioned, a clear shortening

of the exciton radiative recombination time from 1.5 to 0.5 ns was obtained in

average, meaning a clear Purcell enhancement around 3 for the thinnest spacer

in the HMM-spacer-PNC structure. For the sake of reproducibility and statistics

significance of the results, we recorded around ten PL and TRPL (see Figure 6.5

for TRPL) spectra in the four fabricated HMM-spacer-PNC structures at differ-

ent excitation points throughout the sample surface. Of course, we observe some

dispersion in these curves from point to point, as one would expect statistically.

The most striking and surprising finding when analyzing these collections of PL

and TRPL data taken at different excitation points for every sample, is the ob-

served clear experimental correlation between the PL peak redshift (with respect

to the average PL peak measured in the reference sample) and the Purcell factor

(ratio τx(ref)/τx(d), where τx(ref) is the average exciton lifetime measured for

PNCs on top of the reference HMM sample with d = 250 nm and τx(d) is the

lifetime measured in the other three PNCs-HMM samples with nominal spacers

d = 10, 20 and 50 nm) measured at different points of the samples, as observed

in Figure 6.6(a). These data evidence two important conclusions: (i) the data

dispersion is more important in samples with thinner spacers (10 and 20 nm)

and (ii) even at these data dispersion conditions, we observe a clear correlation

between both parameters, the PL peak redshift and Purcell factor. The above

mentioneed data dispersion is mainly indicative of a certain degree of inhomo-

geneity in the spacer film thickness. Eventually, even if we optimized the dipping

time to cover the HMM+Spacer substrate with a single monolayer of PNCs, a

certain probability of nanocrystal agglomeration (as also differences in the spin-

coated PMMA thickness) is not excluded that would increase the effective value

of d. In any case, we can say that a Purcell factor and associated PL peak red-

shift as high as 3.8 and 8 nm (near 20 meV), respectively, can be measured in

some points of the sample with nominal spacer d = 10 nm. In the sample with

d = 250 nm (reference) we clearly do not observe changes in the PL peak po-

sition and we only obtain a reasonable dispersion of the exciton lifetime within

the range of a 10-15% variation. Both the observed increase in the Purcell factor
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and the PL peak redshift of PNCs by reducing the spacer thickness should be

attributed to the exciton coupling to the HMM modes. In order to explain the

experimental results, we propose to consider the model schematically represented

in Figure 6.6(b), assuming a monolayer of CsPbI3 PNCs on top of the spacer. In

the numerical calculations, the thickness of the CsPbI3 layer and its refractive

index are extracted from Refs. [187] (we are using the same PNCs) and [295],

respectively. The permittivity of Lithium fluoride (LiF) is taken to be εLiF=

1.95, whereas those of silver (Ag) and silicon (Si) are taken out from Refs. [296]

and [297], respectively.

Once we have obtained the PDOS as explained above in Figures 6.1 and 6.2,

we can undertake the more complex calculation of the normalized rate of power

emission of a radiating dipole which is located at different positions above the

spacer layer, as explained below. From here on we follow the theoretical treatment

given in [298] which allows us to write the current density as:

~j(~r) = −iω~µδ(~r − ~r0) (6.4)

Equation (6.4) originates from its time derivative, ~j(~r, t) = d
dt~µ(t)δ(~r− ~r0), where

~j(~r, t) = Re{~j(~r)exp(−iωt)} and the dipole moment is ~µ(t) = Re{~µexp(−iωt)},

thus the current density can be thought as an oscillating dipole with origin at

the center of the charge distribution. On the other hand, the electric field of an

arbitrarily oriented electric dipole located at ~r = ~r0 can be determined by the

Green’s function
−→
G(~r, ~r0):

~E(~r) = ω2µµ0
−→
G(~r, ~r0)~µ (6.5)

Finally, after computing the electric field, the normalized rate of power emis-

sion reads as [298]:

P

P0
= 1 +

6πε0ε

|~µ|2
1

k3
Im{~µ∗. ~Es(~r0)} (6.6)

where ~E(~r0) = ~E0(~r0) + ~Es(~r0) and ~E0, ~Es are the primary dipole and scattered
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electric fields, respectively. Radiant dipoles would be randomly oriented in nature

in the case of cubic nanocrystals used in the present work, thus a more appropri-

ate estimation for the energy dissipation rate, is an average over horizontal and

vertical dipoles:

[
P

P0
]ave. =

1

3
{[ P
P0

]⊥ + 2[
P

P0
]‖} (6.7)

The classical enhancement in the radiative emission rate (P = 1/τx(d)) with re-

spect to reference (P0 = 1/τx(ref)) will be defined as τx(d)/τx(ref) = (P/P0)−1.

Furthermore, as described above, one of the most important experimental results

in the HMM-emitter system is the spectral red shift of the PL peak of emitters.

Figure 6.6: (a) represents correlation of the spectral shift and Purcell factor of emitters in
different thickness of the spacers (b) illustration of a simple model considering a perovskite
monolayer on top of PMMA spacer (c), (d) dependence of the Purcell factor and spectral shift
as a function of the distance from CsPbI3 PNCs and topmost metal surface of the HMM,
respectively. Symbols and continuous lines (dashed and dotted-dashed for points A and B, and
dotted and solid line for D, E, respectively) correspond to experimental data and simulation,
respectively, as describes in the text.
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For analytical calculations of this frequency shift of the emitters again Dyadic

Green’s Function has been used [298]:

∆ω

γ0
=

6πε0ε

|~µ|2
1

k3
Re{~µ∗. ~Es} (6.8)

where γ0 ≡ 1/τx(ref), τx(ref)=1.5 ns. Numerically computed Purcell factor and

spectral shift of the emitters with above given equations have been presented

respectively in Figures 6.6 (c) and (d) as a function of the spacer thickness (con-

tinuous lines). Given that the PNC film consists of isolated nanocrystals instead

of a continuous perovskite layer, but spatially separated PNCs in the plane (sev-

eral to hundreds of nm) of slightly different size due to size dispersion introduced

by the chemical synthesis (11-16 nm [187]), we have calculated the Purcell factor

and PL peak shift of the PNCs by changing the location of the point dipole source

inside the continuous perovskite monolayer: curves labeled as A, B, C, D and E

in Figures 6.6 (c)-(d), in correspondence to locations A, B, C, D and E in Figure

6.6 (b), in which points E and D are symmetrical to points A and B with respect

to the center, respectively.

The experimental average values for these two magnitudes, from data in Fig-

ure 6.6(a), are given by symbols with error bars in Figures 6.6 (c) and (d). As

clearly demonstrated by calculated curves in figure 6.6 (d), the PL peak red-

shift is very sensitive to the location of the point dipole source inside the PNC

monolayer. This sensitivity above the center of the CsPbI3 layer (points A-B) is

different from below (points D-E) due to the different contrast of the refractive

index between the PNC-monolayer and its upper and lower dielectric media. As

one can see from Figure 6.6(d), when the point dipole source is exactly at the

center the spectral shift is practically zero. However, by moving the location

of the point emitter toward the top or down surface of the perovskite layer the

frequency shift increases, in such a way that our experimental results would be

consistent with the point dipole source located between points different from the

center of the perovskite layer (Figure 6.6(b)), as shown in Figure 6.6(d). On the

contrary, the Purcell factor is not as sensitive as the spectral shift when changing
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the location of the point dipole source, as observed in Figure 6.6(c). Even like

that, experimental values of Purcell factors for samples with spacers 10, 20 and

50 nm can be accounted for by calculated curves with the dipole located out of

center, as occurred for the PL peak red shift. Additionally, in Figures 6.7 and

6.8 we have included the spectral and spacer dependences of the Purcell factor,

for HMM structures with Ag + LiF layers of 40 + 40 nm (Figure 6.7) and 25 +

35 nm (Figure 6.8). In the first case (Ag + LiF layers of 40 + 40 nm or filling

factor 50%), we obtain a maximum Purcell factor of 3.5 at around 600 nm (see

Figure 6.7), but around 2.2 at 700 nm, whereas in the second case (Ag + LiF

layers of 25 + 35 nm or filling factor 42%) we have achieved a shift of the spectral

dependence of the Purcell factor toward the red (see Figure 6.8), being now its

peak value closer to the emission wavelength of the CsPbI3 PNCs.

Figure 6.7: Dependence of the Purcell factor calculated as a function of wavelength with dipole
at position C for a spacer thickness d = 10 nm (a) and calculated as function of the spacer
thickness at the experimental PL peak wavelength (≈705 nm) with dipole at different positions
(b), for the HMM structure fabricated with Ag+LiF layers of 40+40 nm.

Figure 6.8: Dependence of the Purcell factor calculated as a function of wavelength with dipole
at position C for a spacer thickness d=20 nm (a) and calculated as function of the spacer
thickness at the experimental PL peak wavelength (≈705 nm) with dipole at different positions
(b), for the HMM structure fabricated with Ag+LiF layers of 25+35 nm.
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From our calculations, a maximum value of Purcell factor in the range 4.5−5

(depending on the dipole position) is theoretically expected for a spacer layer

around 2−3 nm (in agreement with ref [299]); experimentally, we are able to de-

posit a minimum of 10 nm thick layer of PMMA (the spacer) in a controlled way,

and hence we would expect values in the range 2.8−3.8 (depending on the dipole

position), very close to experimental values (see Figure 6.6a). Of course, the

dispersion in the Purcell factor can be also due to inhomogeneities in the spacer

thickness and, to a smaller extent (because of less sensitive), inhomogeneities in

the Ag/LiF layers; however, the position (or distance between the dipole and the

interface with the HMM surface or air) of the radiant dipole will define the PL

red shift.

Figure 6.9: (a), (b) The distribution of the normalized electric field |E| of a horizontal and
vertical dipole (arrows) located on top of HMM substrate when d=10 nm (c), (d) are respectively,
correspond to (a), (b) when d=250 nm. The point source emits at λ= 705 nm and the cones
show the direction of the energy flows in logarithmic scale.

Figure 6.9 shows the fabricated structure that has been modeled in 3D COM-

SOL Multiphysics, frequency domain, RF module, which is a software based on

finite element method (FEM). The oscillating electric point dipole which emits

light at the wavelength of 705 nm, is located on the top surface of the spacer
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in this simulation. To eliminate the reflection from the outer boundaries, the

model is truncated by a perfectly matched layer (PML). This figure illustrates

the normalized spatial distribution of the absolute value of the electric field of a

point source dipole, with the polarization parallel (Figures 6.9(a)-(c)) and per-

pendicular (Figures 6.9(b)-(d)) to the multilayer stacks, when it is located at the

top surface of the thinnest (Figures 6.9(a)-(b) corresponding to d = 10 nm) and

thickest (Figures 6.9(c)-(d) corresponding to d = 250 nm) spacers of the same

HMM structure fabricated here. To show the propagation of the energy flux, we

have plotted the Poynting vectors in logarithmic scale within the plane where

the dipole oscillates. Additionally, the electric field is spatially expanded into the

Ag-LiF metal-dielectric multilayer for both dipole polarizations when the dipole

get close to the HMM structure (by using sufficiently thin spacers). The power

dissipated down to the HMM structure is the key physics to understand the ob-

served increase of the spontaneous emission rate of our emitters. On the contrary,

for a very thick spacer (the case of our reference device), the point dipole is very

far from the multilayer and its interaction with the metal-dielectric multilayer is

substantially reduced, and hence a great amount of the dipole power emits to the

top side of the HMM structure.

Figure 6.10: PL spectra (a,b) and PL decay kinetics (c,d) of FAPbI3 and CsPbI3 PNCs, respec-
tively, deposited on top of HMM substrates for different spacer thicknesses. Measurements were
performed at 15 K.
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Finally, in Figure 6.10 we deposited two different perovskites NCs emitting

in two different wavelengths to compare the functionality of HMM structures.

Using the fabricated HMM consisting of a multilayer Ag/LiF of thickness 25/35

nm with different spacer thickness (d = 10, 20, 50, and 250 nm), between the

HMM and the emitters, we obtain a Purcell factor (FP) enhancement greater

than three in CsPbI3 NCs that emit at ≈705 nm (Figures 6.10 a-c) and FP ≈

2 in FAPbI3 NCs that emit at ≈ 810 nm (Figures 6.10 b-d). The highest FP

is measured with the thinnest PMMA spacer, 10 nm (red curves in Figures 6.10

c-d), as expected. The difference in the FP measured for FAPbI3 (FP = 1.87)

and CsPbI3 (FP = 3.3) NCs is explained by the longer emission wavelength in

the first case, as estimated theoretically in Figure 6.8.

6.4 Conclusion

To summarize, we investigated an enhancement of the rate of spontaneous emis-

sion of CsPbI3 PNCs by means of HMM substrates. These substrates have been

fabricated by the alternative deposition of thin metal (Ag) and dielectric (LiF)

layers by means of thermal evaporation. The coupling of excitons photogener-

ated in CsPbI3, and FAPbI3 PNCs to the optical modes of these HMM substrates

induces a reduction by more than a factor 3 and around factor 2 of the exciton

radiative lifetime due to Purcell effect, respectively, as measured in the samples

with a nominal spacer thickness (distance between HMM and QEs) of 10 nm.

Along with, varying the spacer (and therefore the exciton-HMM coupling) af-

fects also the PL peak wavelength, which is shifted to the longer wavelengths

by up to 8 and 10 nm for CsPbI3 and FAPbI3 with the thinnest spacer layer.

These experimental results are in agreement with theoretical calculations. These

results are important for the future development of single photon sources and

other quantum photonic applications based on the combination & integration of

perovskite nanocrystals (for which different emission wavelengths are possible)

and HMM structures, eventually nanostructure for further Purcell enhancing.
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Chapter 7

Spherical Mie resonators

The lifetime of a given emitter is not an intrinsic property of the ground-

excited state quantum system. Fermi’s golden rule dictates that the emission

rate is strongly affected by the photonic density of states (PDOS) of the system

where the emitter is incorporated. The PDOS not only affects spontaneous decay,

but it is also critical for several other processes based on light-matter interactions,

such as a coherent energy exchange between the emitter and photon states [300],

controlled phonon scattering in photonic Fano cavities [301], and so on. Con-

sequently, over the past decade, scientists and engineers have conceived many

different strategies for controlling the PDOS and their potential applications. As

discussed in the previous chapter, we used HMM structures to improve the spon-

taneous emission of emitters by adjusting PDOS. In particular, the HMM-emitter

system, was optimized by decreasing the spacer layer thickness between the QE

and HMM structure, and the coupled PNC-HMM system demonstrated a red

shift of the emission spectra and enhancement of the emission rate caused by a

Purcell factor. However, the system demonstrated in the previous chapter can

be further improved if the photonic system provides a preferent normal direction

for the emitted photons. For this purpose, the radiation pattern of the HMM can

be engineered by incorporating diffraction effects or light scattering centers. In

particular, the NC-HMM system demonstrated in the previous chapter allows a

straightforward incorporation of dielectric nanospheres (Mie resonators) together

135
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with the perovskite NCs onto the HMM/PMMA structure. The present chapter

discusses this strategy and presents more preliminary experimental results.

7.1 Introduction

Light scattering by small particles is a fundamental problem in optics and elec-

tromagnetism. It can be studied by solving Maxwell’s equations in the spherical

coordinates. This theory called, a multi-polar theory or Mie theory was devel-

oped originally by Gustav Mie in 1908 [302]. Spherical micro-structures host

high-order multi-polar resonances associated with extremely high-quality factors

(Q factors) that are called whispering gallery modes (WGMs). WGMs are surface

modes that propagate azimuthally around resonators with rotational symmetry

(toroidal, cylindrical, or, as in our case, spherical shaped). These modes are res-

onant in optical wavelength, and the spectral position of the resonances depends

on the radius and the refractive index of the micro-resonator material, along

with, WGM resonances shift in wavelength as the refractive index of the external

medium changes. They are observed in almost lossless dielectrics such as sil-

ica or silicon nitride micro-structured in micro-spheres or micro-disks [303, 304].

When decreasing the size of the dielectric cavities from the micro to the sub-

micrometer scale, the strength of the resonance weakens with refractive index

typically considered in whispering gallery modes (typically around n ≈1.3 and n

≈ 1.9). The number of the excited mode decreases with the size. Thus, a single

mode resonator is usually achieved with smallest size (sub-micron) of an optical

resonator when the lowest mode is excited. However, an efficient excitation of

a low-order mode requires an increase of the refractive index, typically from 1.5

to values larger than 2.2 and ideally larger than 3. For this purpose, in the vis-

ible and near-IR spectra, semiconductors such as silicon or germanium exhibit

a refractive index ranging between 3 and 4 while some oxides also feature nice

optical properties such as titania. Efficient resonant light-matter interactions at

the nanoscale can be achieved for low-order resonances in sub-micrometer-sized

particles. Compared with high order multi-polar WGMs, low-order resonances
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are characterized by smaller Q factors and a wider spectral response [305].

7.2 Experimental Details

7.2.1 Sample preparation: the combination of HMM structures

with dielectric spherical Mie resonators

The goal of this chapter is to demonstrate a full PNC-HMM-MIE resonator

system that improves the PL intensity by weak coupling (Purcell Effect) and light

redirection. The HMM structures will enhance the spontaneous emission rate of

CsPbI3 PNCs and spherical Mie resonators will scatter the emitted PL to the

normal direction (see Figure 7.1).

Figure 7.1: Artistic view of a Mie scattering.(adapted with permission from Wikipedia.org).

This is particularly interesting in a HMM system, because the metal com-

posing the structure introduce Ohmic losses to the PL coupled to the HMM

modes. Samples were prepared with a spatial dispersion of dielectric spheres on

the HMM substrate (details are presented in chapter 6). The HMM substrate

does not require any deterministic positioning of the emitters and Mie resonators.

The substrate is cleaned by spin coating (1000 rpm, 120 s), ethanol, isopropanol,

and acetone, sequentially. Then, a spacer layer was formed by spin-coating a

PMMA solution in toluene at 3000 rpm for 40 seconds and baking it at 120 ˚C
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for 2 minutes to avoid directly touching the emitter with the topmost metal layer

of the HMM. Finally, the dielectric spheres were drop-casted on top of the struc-

ture after being dissolved in a mixture of water (20%) and ethanol (80%). It is

worth noting that the water-to-ethanol ratio has been optimized for a uniform

deposition. Here, the dispersion of the deposited spheres on the surface was easily

changed by changing the concentration of the spheres in the solution. Finally,

after drying the samples, PNCs were deposited by dip coating with a colloidal

suspension of PNCs 1 mg/ml in hexane.

7.3 Results

7.3.1 HMMs+TiO2 Nano-Spheres

As described in Chapter 6, when the spacer was reduced to d = 10 nm, the red

shift and Purcell factor increased as a result of the coupling of perovskite emitters

to the HMM modes. However, the emitter-HMM coupling causes a decrease

in PL intensity due to preferential light emission into the high-k HMM modes

that present a strong attenuation derived from the Ohmic losses of the metal.

Nevertheless, this negative effect is overcome here by modifying the emission

pattern of the HMM with Mie resonators and the perovskite NCs, as illustrated

schematically in Figure 7.2a.

Figure 7.2: (a)Schematic representation of the prepared sample: TiO2 nanospheres with a
diameter of 270 nm together with CsPbI3 PNCs were deposited on top of the HMM substrate
with a PMMA spacer layer, (b) optical microscope images of TiO2 nanospheres with different
densities after drop casting on the substrates.
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Figure 7.2b shows optical microscope images of TiO2 nanospheres from four

different samples. By changing the concentration of the spheres in solution,

we were able to control the density of the spheres on top of the substrates.

In this system, the Purcell factor and PL intensity are raised much more than

the HMM-PNC system. Figures 7.3a-b clearly represent the advantage of using

HMMs+Mie+PNC system over HMMs+PNC ones. Because the life time of an

emitter on this hybrid system (τ ≈0.45 ns) is much shorter than HMMs+PNC

(τ ≈0.75 ns) structure and its PL intensity is two orders of magnitude higher.

These preliminary results demonstrate the benefits of MIE resonators. The ad-

vantage includes strong scattering efficiency, simple deposition techniques, and

the fact that the HMM does not require any deterministic.

Figure 7.3: Effect of the incorporation of TiO2 nanoshperes (270 nm in diameter) together with
CsPbI3 perovskite NCs: (a), PL enhancement and (b) life time reduction. The measurents is
done at 15 K without (brown curve) and with (red curve) TiO2 nanoshperes.

Figure 7.4 depicts the simulation of three different structures with the 3D

COMSOL Multiphysics, frequency domain, RF module, this figure illustrates the

normalized spatial distribution of the absolute value of the electric field of a point

source dipole, with the polarization perpendicular to the multi-layer stacks. In

Figure 7.4a, the oscillating electric point dipole with emission at λ=710 nm is

located in the vicinity of a TiO2 nanosphere in the free space.
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Figure 7.4: Distribution of the normalized electric field |E| of a vertical dipole located in the
vicinity of a TiO2 nano-sphere(a) in the free space and (b),(c) on top of SiO2, HMM substrates
respectively. The diameter of the sphere is 270 nm and the oscillating electric point dipole emits
at λ= 710 nm.

However, in Figures 7.4b,c the oscillating electric dipole and TiO2 nanospheres,

are located on the top of the substrates. In figure 7.4b we considered emit-

ter+sphere on top of Si/SiO2 substrate in which the thickness of the SiO2 layer

is 285 nm, and in figure 7.4c emitter+sphere is considered on top of HMM sub-

strate with 20 nm PMMA spacer between HMM and emitters. To eliminate

the reflection from the outer boundaries, in all of the simulations the model is

truncated by a perfectly matched layer (PML). In this way, the Purcell factor of

the aforementioned cases (figure 7.4) has been calculated in figure 7.5a to demon-

strate how strongly nanospheres on top of HMM structures affect the spontaneous

emission of a point source.

Figure 7.5: (a)Purcell factor as a function of wavelength for a vertical dipole located in the
vicinity of a TiO2 dielectric sphere corresponding to figure 7.4 (b) Statistics on experimental PL
intensity measurements representing PL intensity ratio between hybrid structure with spheres
and reference sample without spheres to emphasis effect of TiO2 Nano-spheres on PL intensity
enhancement. Here the thickness of spacer is d1=20 nm.

The efficiency of the resulting structure is demonstrated with the couple of
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the light with the Mie scattering and the high-k modes of the HMM structures,

which enhance Purcell factor (figure 7.5a) and absolute PL intensity (figure 7.5b).

7.3.2 HMMs+SiO2 Micro-Spheres

The second Mie resonator texted in the present Ph.D. thesis is SiO2 micro

spheres. Here we prepared two different sets of samples based on two different

geometries. First, CsPbI3 PNCs were deposited on top of the substrate after the

micro-spheres (see figure 7.6a). However, in the second set of the prepared sam-

ples a mono-layer of CsPbI3 PNCs was sandwiched between two PMMA layers,

and then SiO2 microspheres have been deposited on the top of the structure (see

figure 7.6b).

Figure 7.6: Schematic representation of the prepared sample, (a) SiO2 micro-spheres with a
diameter of 5 µm together with CsPbI3 PNCs were deposited on top of the HMM substrate
with a PMMA spacer layer,(b) SiO2 micro-spheres deposited on top of the HMM substrate when
the CsPbI3 PNCs are sandwiched between two PMMA layer (c) optical microscope images of
SiO2 micro-spheres with different densities after drop-casting on the substrates.
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Figure 7.6c represents a set of optical microscope images captured after de-

positing the microspheres on top of the substrate. Here we can also control the

dispersion of the deposited spheres on the surface of the substrate by changing

the concentration of the spheres in the solution. Figure 7.7 shows PL and TRPL

of a sample when micro-spheres and PNCs are deposited on top of the HMM

structure (figure 7.6a).

Figure 7.7: Effect of the incorporation of SiO2 micro-shperes (5 µm in diameter) together with
CsPbI3 perovskite NCs: (a), (b) PL enhancement and life time reduction of CsPbI3 PNCs
when the spacer layer is d1=250 nm (τHMM+Sphere=0.85 ns and τHMM=1.2 ns), (c), (d) PL
enhancement and life time reduction of CsPbI3 PNCs when the spacer layer is d1=50 nm
(τHMM+Sphere=0.75 ns and τHMM=0.95 ns). All of the measurements are done at cryogenic
temperatures(15K).

According to figures 7.7, there is a significant increase of the PL intensity and

a reduction of the lifetime of the emitters with the SiO2 resonators. Here it is

worth reminding the effect of spacer on the system. For a thick layer (d1=250

nm) the impact of the HMM structure is negligible, however, for an optimum

spacer of d1=50 nm the HMM structures influence the emission by shortening

lifetime from τHMM=1.2 ns to τHMM=0.95 ns. The statistics of PL intensity

enhancement when d1=50 nm presented in figure 7.8.
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Figure 7.8: Statistics on experimental PL intensity measurements representing PL intensity
ratio between hybrid structure with spheres and reference sample without spheres to emphasis
effect of SiO2 Micro-spheres on PL intensity enhancement. Here the thickness of spacer is d1=50
nm.

Figure 7.9 plots experimental PL spectra corresponding to CsPbI3 PNCs from

various positions of a prepared sample, the coupling of WGMs of SiO2 micro-

spheres to the emitted light of the emitters is clearly demonstrated in this figure

based on the preliminary results of our studies. These spectra are somewhat

broad, most likely due to the hybrid resonance moded of dimers and clusters of

microspheres. Here, a mono-layer of CsPbI3 PNCs is sandwiched between two

PMMA layers, and SiO2 micro-spheres are deposited on top of the PMMA layer

(see figure 7.6b). The thicknesses of the upper and lower PMMA layers are d1=20

nm, d2=10 nm, respectively. These measurements clearly show a modulation of

the PL spectra that could be ascibed to WGMs (see PL spectra in figure 7.9).

Here is worth mentioning that the experimental data presented in figure 7.9 cor-

responded to the ensemble of spheres, hence it is difficult to discriminate the

order of the modes. Figures 7.10a,b and c present the simulation of an oscillating

dipole located at the vicinity of a SiO2 micro-spheres in the free space, on top

of the Si/SiO2 and HMM substrates, respectively. The corresponding Purcell

factor (Γ/Γ0) as a function of wavelength is depicted in figures 7.10 d, e, and f,
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respectively.

Figure 7.9: Experimental PL spectra corresponding to the CsPbI3 PNCs from different positions
of a prepared sample. A mono-layer of CsPbI3 PNCs sandwiched between two PMMA layers
as illustrated in figure 7.6b, d1=20 nm, d2=10 nm.

Figure 7.10: Distribution of the normalized electric field |E| of a vertical dipole (TE-WGMs)
located in the vicinity of a SiO2 micro-sphere (a) in the free space, (b) on top of SiO2, and
(c) on top of HMM substrates respectively. Diameter of the sphere is 5 µm. (d),(e),(f) Purcell
factor as a function of wavelength corresponding to the (a), (b), and (c) respectively. d1=20
nm, d2=10 nm. Γ0 is vacuum decay rate.
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According to the simulations, the WGM shows a very high (∼10+4) quality

factor (Q-factor) when the sphere is located in the free space. However, when

the sphere is located on the top of a silica substrate (figure 7.10b), the Q-factor

and Purcell factor decrease dramatically and shows a red shift probably because

the PNCs inhibits the formation of WGM. Nevertheless, when the micro-spheres

are located on the top of the HMM structure, although WGMs are still broad,

the Purcell factor of the emitter increases due to the combination of the HMM

with the WGM resonances.

7.4 Conclusions

To conclude, Mie spherical resonators are used in combination with HMM

substrates to increase the rate of spontaneous emission of CsPbI3 PNCs. The

radiative emission rate in LHP NCs was enhanced by the HMM and redirected

with the spherical MIE resonators on a specific normal direction. Two types of

dielectric spheres have been used, TiO2 nanospheres and SiO2 microspheres with

270 nm and 5 µm diameter, respectively. The coupling of excitons photogen-

erated in CsPbI3 to the optical modes of these HMM substrates and dielectric

spherical resonators induce a larger reduction in the exciton radiative lifetime

and higher PL intensities. Experimental results are properly corroborated with

the numerical simulations.
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Chapter 8

Conclusions and future

prospects

The main objective of this Ph.D. thesis was focused on the incorporation

of PNCs emitting in the visible (or near-infrared) wavelengths in photonic and

quantum applications, particularly, the implementation of outstanding optical

properties of colloidal NCs to bring different functionalities, such as light gener-

ation, light coherence, light amplification, into various photonics and quantum

implementations. For these applications, it is mandatory to examine all physical

mechanisms responsible for spontaneous emission in PNCs, to full fill this aim

single PNC samples were analyzed first as basic building blocks from which more

sophisticated architectures like super-crystals can be constructed. Moreover, con-

trolling emitted light in single NCs and fully characterizing its dependence on

excitation fluence, temperature, and ambient conditions, as well as its dynamics,

is another essential step that should be done to be able to manipulate sponta-

neous emission of these emitters by different plasmonic structures such as HMM

or optical resonators like Mie resonators, most of them studied in this work by

using CsPbX3 PNCs. The most important results accomplished in this Ph.D.

are:

� Homogeneous and inhomogeneous broadening in single perovskite

nanocrystals:

147
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In chapter 4, we have analyzed single NCs using micro-PL spectroscopy. The

purpose of this research was to study the light emission properties of single

CsPbBr3 and CsPbI3 PNCs, as the basis for a statistical analysis of micro-PL

spectra measured on tens of them. We have deduced average energies for the ex-

citonic optical transitions of 2.414 and 1.83 eV for PNCs of CsPbBr3 and CsPbI3,

respectively, in freshly prepared samples. In measurements taken after one day

from the preparation of the samples, a blue shift of 25 and 70 meV was observed

in the PL peak of CsPbBr3 and CsPbI3, respectively. This effect was explained

by an effective reduction of the NC size in the order of the nm per day, probably

due to the ambient humidity, as deduced by applying a cubic quantum dot model

with finite potential barriers, which is also the base to obtain the expected peak

energy dispersion (some tens of meV) from the PNC size distribution. It is also

noteworthy that for RT we have obtained the lowest values reported to date for

the homogeneous micro-PL linewidth: 68 meV or 15 nm, in average, for isolated

CsPbBr3 PNCs. This value is characteristics of the exciton-phonon coupling in-

teraction at RT in PNCs, whose constant can be as large as 69 (74) meV for bulk

CsPbBr3 (CsPbI3) and 79 meV for CsPbBr3 PNCs with average edge size 10.8

nm. In the case of excitonic optical transitions at low temperatures (4 K), we

have measured micro-PL linewidths in the range of 1-5 meV and 0.1-0.5 meV for

CsPbBr3 and CsPbI3 PNCs, respectively. This indicates that CsPbBr3 PNCs are

more affected by spectral diffusion (internal electric field fluctuations). In any

case, these linewidths are much smaller than the observed dispersion of micro-PL

peak energy (inhomogeneous broadening expected in PNC ensembles), which is

in the range of 30 meV, contrary to the case of RT, where the intrinsic exciton-

phonon interaction is greater than the inhomogenous contribution produced by

the size distribution. This effect allows maintaining the purity of color in dense

layers of PNCs, of special relevance for applications to emitting devices.

� SF emission in LHP SC and its thermal decoherence:

In chapter 5, the investigation of the self-assembly of cubic-shaped CsPbBr3

and CsPbBrI2 NCs into cuboidal super crystals was carried out. Superfluores-
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cence emission of correlated NCs (SC subdomains) was studied in both CsPbBr3

and CSPbBrI2 SCs using confocal PL microscopy. In the case of CsPbBr3 SCs,

we have measured very narrow (1-5 meV) SF lines, which can be considered near

homogenous. For this reason, they are characterized by an enhancement factor

up to ≈10, which we associated with near-perfectly ordered subdomains within

the micrometric SCs formed by 1000 to 40000 NCs. Thermal decoherence of SF

as a function of temperature was investigated using spectral and transient µ-PL

measurements, yielding two main activation energies. The first is in the meV

range and is associated with the pure dipole-dipole dephasing process, while the

second is in the tens of meV range and is associated with carrier promotion to

shallow traps states. On the other hand, thermal decoherence is not character-

ized by a strong coupling constant, and SF is still observed until near 100 K.

Furthermore, we have shown a strong inhomogenous SF emission in the case of

alloyed CsPbBrI2 and aged CsPbBr3 SCs, Despite this fact, SF is well observed

and needs further investigation.

� HMMs and SpontaneousEmission of LHP NCs:

In chapter 6, we investigated an enhancement of the rate of spontaneous emis-

sion of CsPbI3 PNCs using HMM substrates. The purpose of this research was

the manipulation of the exciton emission rate in NCs of LHPs utilizing coupling

of excitons with a HMM. These substrates have been fabricated by the alterna-

tive deposition of thin metal (Ag) and dielectric (LiF) layers through thermal

evaporation. The coupling of excitons photogenerated in CsPbI3, and FAPbI3

PNCs to the optical modes of these HMM substrates induce a reduction by more

than a factor 3 and around factor 2 of the exciton radiative lifetime due to Purcell

effect, respectively, as measured in the samples with a nominal spacer thickness

(distance between HMM and QEs) of 10 nm. Along with, varying the spacer (and

therefore the exciton-HMM coupling) affects also the PL peak wavelength, which

is shifted to the longer wavelengths by up to 8 and 10 nm for CsPbI3 and FAPbI3

with the thinnest spacer layer. These experimental results are in agreement with

theoretical calculations. These results are important for the future development
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of single-photon sources and other quantum photonic applications based on the

combination and integration of perovskite NCs (for which different emission wave-

lengths are possible) and HMM structures, eventually, nanostructure for further

Purcell enhancing.

� Spherical Mie resonators:

In chapter 7, We investigated the use of Mie spherical resonators in combina-

tion with HMM substrates to increase the rate of spontaneous emission of CsPbI3

PNCs. The purpose of this research was to control the rate of exciton emission in

LHP NCs by coupling excitons with an HMM, as well as increase their PL inten-

sity. To conclude, Mie spherical resonators are used in combination with HMM

substrates to increase the rate of spontaneous emission of CsPbI3 PNCs. The

radiative emission rate in LHP NCs was enhanced by the HMM and redirected

with the spherical MIE resonators on a specific normal direction. Two types of

dielectric spheres have been used, TiO2 nanospheres and SiO2 microspheres with

270 nm and 5 µm diameter, respectively. The coupling of excitons photogen-

erated in CsPbI3 to the optical modes of these HMM substrates and dielectric

spherical resonators induce a larger reduction in the exciton radiative lifetime

and higher PL intensities. Experimental results are properly corroborated with

the numerical simulations.

All things considered, we believe that PNCs are promising candidates for fu-

ture photonics and quantum applications. The PLQY of these is around 100%,

making them a good candidate for single-photon sources. Ordered NC arrays

or super crystals (SCs) are formed by controlled evaporation of the solvent at

room temperature and can behave very differently from its constituents when

they interact coherently with a common light field. Furthermore, the use of

HMM structures and Mie resonators to improve the outstanding optical proper-

ties of colloidal nanocrystals is extremely beneficial for the future development

of single-photon sources and other quantum photonic applications based on the

combination and integration of perovskite NCs. However, there is still much room

for improvement; it could be very interesting to encapsulate these PNCs with dif-
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ferent ligands to improve the stability of the PNCs at the single level and the

coherence of the super-radiance emission at higher temperatures. Furthermore,

by nano-patterning the HMM substrates, the Purcell factor and PL intensity of

PNC can be dramatically increased; our research on these topics is ongoing.
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Fernández-Lázaro, and Isaac Suárez. Purcell-enhancement of the radia-

tive pl decay in perylenediimides by coupling with silver nanoparticles into

waveguide modes. Applied Physics Letters, 111(8):081102, 2017.

[154] Thi Tuyen Ngo, Isaac Suarez, Rafael S Sanchez, Juan P Martinez-Pastor,

and Ivan Mora-Sero. Single step deposition of an interacting layer of a

perovskite matrix with embedded quantum dots. Nanoscale, 8(30):14379–

14383, 2016.

[155] Seth Coe-Sullivan, Jonathan S Steckel, W-K Woo, Moungi G Bawendi, and
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Appendices

A. Dyadic Green’s function

We consider a one-dimensional (1D) multi-layer with a periodic structure of

(AB)n+m in the air as shown in Fig. 9.1. Here, A and B represent two isotropic

dielectric materials with the permittivity of εA, εB and thicknesses of dA and

dB, respectively and Λ = dA + dB. We consider that the layers are nonmagnetic

and their permeability is µA = µB = 1 and interface of the layers is parallel to

the x-y plane, and the z-axis is normal to the structure. The number of periods

is n + m, and an electric dipole is located within the structure at ~x = źẑ, at a

distance ź > mΛ from the plane interface z=0 (Fig. 9.1).

The current density of the electric dipole with moment ~p placed at ~x = ~́x is

~je(~x) = −iω~pδ (9.1)

Since the decay rate can be related to the electric field induced by a dipole it-

self, the aim of this section is to derive an analytical expression for the scattered

electric field in the same region where the dipole is embedded. Taking into ac-

count the infinitesimal translational invariance in the x and y directions, the field

of the electric dipole can be represented as a superposition of two basic polar-

ization modes: p polarization mode, for which the magnetic field is parallel to

the x–y plane in Fig.9.1, and s polarization mode, for which the electric field is

parallel to the x–y plane. From the mathematical point of view, the electromag-

netic field can be represented by two scalar functions ap(~x) and as(~x) which are,

respectively, the z component electric and magnetic vector potentials [298,306]:
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Figure 9.1: Schematic representation of the 1D multi-layer structure. The electric dipole is
located at ~x = źẑ,

~Ae(~x) = ap(~x)ẑ,

~Ah(~x) = as(~x)ẑ.
(9.2)

The electric field ~E = ~Ep(~x) + ~Es(~x) and the magnetic field ~H = ~Hp(~x) + ~Hs(~x)

can be derived according to:

~Ep(~x) = ik0µ


1
k2

∂
∂z

∂ap
∂x

1
k2

∂
∂z

∂ap
∂y

(1 + ∂2

∂z2 )ap

 , ~Hp(~x) =


∂ap
∂y

−∂ap
∂x

0

 , (9.3)

~Es(~x) =


−∂as

∂y

∂as
∂x

0

 , ~Hs(~x) = ik0ε


1
k2

∂
∂z

∂as
∂x

1
k2

∂
∂z

∂as
∂y

(1 + ∂2

∂z2 )as

 . (9.4)

The direct field emitted by the dipole placed at ~x = ~́x is written as [298,306]:

aτ (~x) =
k0

2π

∫ ∞
−∞

1

γ(1)
dτ (α, β)eiγ

(1)|z−ź|
ei[αx+βy]dαdβ, (9.5)
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where τ = p, s indicates the polarization mode, γ(2) =
√
k2

2 − α2 − β2, k2
2 =

k2
0ε2µ2, k0 = ω/c is the modulus of the photon wave vector in vacuum, ω is

the angular frequency, c is the vacuum speed of light, ε2 and µ2 are the electric

permittivity and magnetic permeability, respectively, and the spectral functions

dτ are given by [298,306]:

ds =
k2

1
k0ε

[− β
α2+β2 px + α

α2+β2 py]

d±p = ∓ αγ(1)

α2+β2 px ∓ βγ(1)

α2+β2 py + pz.
(9.6)

The infinitesimal translational invariance in x and y directions of the system

for which the scalar potentials are being searched, allows us to write the Fourier

representation of scalar potentials ap(~x) and as(~x) like:

a(m)
τ (~x) =

k0

2π

∫ ∞
−∞

dαdβf (m)
τ (α, β, z, ź)ei(αx+βy), (9.7)

where functions f
(m)
τ (α, β, z, ź) m = 1, 2, 3 depend on the location of the source

and of the polarization mode τ = p, s. The integrand in (9.7) is written as

f (1)
τ (α, β, z, ź) = A(1)

τ eiγ
(1)z (9.8)

f (2)
τ (α, β, z, ź) =

1

γ(2)
dτ (α, β)eiγ

(2)|z−ź|
+A(2)

τ eiγ
(2)z +B(2)

τ e−iγ
(2)z (9.9)

f (3)
τ (α, β, z, ź) = B(3)

τ e−iγ
(3)z (9.10)

where the superscript m = 1, 2, 3 denotes medium 1 (z > d), medium 2 (0 < z <

d) or medium 3 (z < 0), and γ(m) =
√
k2
m − (α2 + β2), with k2

m = k2
0εmµm, is the

normal component of the wave vector in each homogeneous region. The complex

coefficients A
(m)
τ and B

(m)
τ in equations (9.8)–(9.10) correspond to the amplitude

of upgoing (+z propagation direction) and downgoing (−z propagation direction)

plane waves, respectively, and they are solutions of Helmholtz equation, whereas
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the former term in equation (9.8) is associated to the primary dipole emission of

the source. There are two types of boundary conditions which must fulfill the

solutions given by equations (9.7)–(9.10), boundary conditions at z = ±∞ and

boundary conditions at interfaces z = 0 and z = d. The former requires either

outgoing waves at infinity or exponentially decaying waves at infinity, depending

on the values of α, β and ω. The boundary conditions on interfaces z = 0 and

z = d impose that:

ẑ × [ ~E(m) − ~E(m+1)] |z=dm= 0,

ẑ × [ ~H(m) − ~H(m+1)] |z=dm= 4πσ
c ẑ × ~E |z=dm .

(9.11)

where σ is the conductivity, d1 = d and d2 = 0. Inserting the expressions for ~Ep

~Hp and given by equation (9.3) into (9.11) we obtain the following conditions on

the scalar potential ap(~x),

1
εm

∂a
(m)
p

∂z |z=dm= 1
εm+1

∂a
(m+1)
p

∂z |z=dm ,

a
(m)
p |z=dm −a

(m+1)
p |z=dm= 4πσ

c
i

k0εm+1

∂a
(m)
p

∂z |z=dm .
(9.12)

Similarly, by using equations (9.4) and (9.11) we obtain following conditions on

the scalar potential as(~x),

a
(m)
s |z=dm= a

(m+1)
s |z=dm ,

1
µm

∂a
(m)
s
∂z |z=dm −

1
µm+1

∂a
(m+1)
s
∂z |z=dm= −4π

c ik0a
(m)
s |z=dm .

(9.13)

To obtain the complex amplitudes A
(m)
τ and B

(m)
τ we must combine equation

(9.7), with f
(m)
τ given by equations (9.8) to (9.10), with conditions (9.12) and

(9.13) for τ = p and τ = s polarization, respectively. Here, we write the amplitude

corresponding to region m = 2, where the dipole is placed

A
(2)
τ = r

(2,3)
τ

γ(2)
d

(−)
τ eiγ

(2)ź+r
(2,1)
τ d

(+)
τ eiγ

(2)(2d−ź)

1−r(2,3)
τ r

(2,1)
τ e2iγ

(2)d
,

B
(2)
τ = r

(2,1)
τ

γ(2)
d

(+)
τ eiγ

(2)(2d−ź)+r
(2,3)
τ d

(−)
τ eiγ

(2)(2d+ź)

1−r(2,3)
τ r

(2,1)
τ e2iγ

(2)d
.

(9.14)

where the complex amplitudes
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r(i,j)
p =

γ(i)

εi
− γ(j)

εj
+ 4πσ

ck0

γ(i)

εi
γ(j)

εj

γ(i)

εi
+ γ(j)

εj
+ 4πσ

ck0

γ(i)

εi
γ(j)

εj

, (9.15)

t(i,j)p =
2γ

(i)

εi
γ(i)

εi
+ γ(j)

εj
+ 4πσ

ck0

γ(i)

εi
γ(j)

εj

, (9.16)

are the Fresnel reflection and transmission coefficients, respectively, for p polar-

ization, whereas:

r(i,j)
s =

γ(i)

µi
− γ(j)

µj
− 4πσk0

c

γ(i)

µi
+ γ(j)

µj
+ 4πσk0

c

, (9.17)

t(i,j)s =
2γ

(i)

εi
γ(i)

µi
+ γ(j)

µj
+ 4πσk0

c

, (9.18)

are the Fresnel reflection and transmission coefficients, respectively, for s polar-

ization. The potential of the scattered field in the medium m = 2 can be obtained

as:

f
(2)
τ (α, β, z, ź) |Scatt.= ( r

(2,3)
τ

γ(2)

(d
(−)
τ eiγ

(2)ź+d
(+)
τ r

(2,1)
τ eiγ

(2)(2d−ź))eiγ
(2)z

1−r(2,3)
τ r

(2,1)
τ e2iγ

(2)d

+ r
(2,1)
τ

γ(2)

(d
(+)
τ eiγ

(2)(2d−ź)+d
(−)
τ r

(2,3)
τ eiγ

(2)(2d+ź))e−iγ
(2)z

1−r(2,3)
τ r

(2,1)
τ e2iγ

(2)d
),

(9.19)

Introducing equation (9.19) into (9.7), and using equations (9.3) and (9.4) we

obtain an expression for the scattered electric field

~E(~x) |Scatt.= ik0
2π

∫∫∞
−∞ dαdβe

iαx+iβy[(

k0µ
k2

2
(−αγ(2)A

(2)
τ eiγ

(2)z + αγ(2)B
(2)
τ eiγ

(2)z)

k0µ
k2

2
(−βγ(2)A

(2)
τ eiγ

(2)z + βγ(2)B
(2)
τ e−iγ

(2)z)

(1− γ(2)

k2
2

)(A
(2)
τ eiγ

(2)z +B
(2)
τ e−iγ

(2)z)

)+

(

−β(A
(2)
τ eiγ

(2)z +B
(2)
τ e−iγ

(2)z)

α(A
(2)
τ eiγ

(2)z +B
(2)
τ e−iγ

(2)z)

0

)]

(9.20)
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where A
(2)
τ , and B

(2)
τ are given by equation (9.14).

According to Poynting theorem, the time-averaged radiated power P by a

dipole with a harmonic time dependence is given by [307]

P = −1

2

∫
V
Re(~j∗e .

~E)dV (9.21)

where V encloses the source and ~j represents the source density current. Intro-

ducing the value of the current in equation (9.1), we obtain

P =
ω

2
Im(~p∗. ~E(~́x)), (9.22)

where the field ~E is evaluated at the dipole position ~́x . For an electric dipole

above the plane waveguide interface we have

~E(~x) = ~E0(~x) + ~E(~x) |Scatt. (9.23)

where ~E( ~x0) and ~E( ~x0) |Scatt are the primary dipole field and the scattered field,

respectively. Inserting equation (9.23) into (9.22) we obtain the radiated power

normalized with respect to the rate in absence of the waveguide [298,306]

P

P0
= 1 +

Im(~p∗. ~E(~́x) |Scatt.)
Im(~p∗. ~E(~́x))

= 1 +
3ε2

2p2k3
2

Im(~p∗. ~E(~́x) |Scatt.), (9.24)

where P0 = ωp2k3
1/(3ε0) is the total power radiated by an electric dipole in the

unbounded medium. Introducing the value of the electric field (9.20), we obtain

P

P0
= cos2 θ[

P

P0
]⊥ + sin2 θ[

P

P0
]||, (9.25)

where subscripts ⊥ and || indicate the normal and parallel orientation of the

dipole with respect to the x–y plane, respectively.
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[ PP0
]⊥ = 1 + 3

2Re
∫ +∞

0
s3

sz
(
r
(2,3)
p e2ik2szź+r

(2,1)
p e2ik2sz(d−ź)+2r
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p r
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p e2ik2szd

D(p) )ds,

[ PP0
]|| = 1 + 3

4Re
∫ +∞

0
s
sz

[( r
(2,3)
s

D(s) −
s2zr

(2,3)
p

D(p) )e2ik2sz ź+

( r
(2,1)
s

D(s) −
s2zr

(2,1)
p

Dp )e2ik2sz(d−ź) + 2( r
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s r

(2,1)
s

D(s) +
s2zr

(2,3)
p r

(2,1)
p

D(p) )e2ik2szd]ds.

(9.26)

where D(p) = 1 − r(2,3)
p r

(2,1)
p e2ik2szd, D(p) = 1 − r(2,3)

p r
(2,1)
p e2ik2szd and s =

k||
k2

,

s = γ(2)

k2
.
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B. List of acronyms

� BBO: Barium borate (nonlinear crystal)

� HMMs: Hyperbolic Metamaterials

� MMs: Metamaterials

� LHP: Lead Halide Perovskite

� CW: Continuous Wave

� FWHM: Full Width at Half Maximum

� UV: Ultraviolet

� PL: Photoluminescence

� TRPL: Time Resolved Photoluminescence

� PLQY: Photoluminescence Quantum Yield

� QY: Quantum Yield

� QE: Quantum Emitter

� QDs: Quantum Dots

� PNCs: Perovskite Nanocrystals

� NCs: Nanocrystals

� TM: Transverse Magnetic

� TE: Transverse Electric

� MA: Methylammonium

� FA: Formamidinium

� Si, SiO2: Silicon, Silicon Oxide

� Ag, LiF: Silver, Lithium Fluoride
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� LT, RT: Low, Room Temperature

� TEM: Transmission Electron Microscopy

� SEM: Scanning Electron Microscopy

� PICs: Photonic Integrated Circuits

� PMMA: Poly(methyl methacrylate)

� PVD: Physical Vapor Deposition

� Nd:YAG: Neodymium-doped Yttrium Aluminum Garnet

� OAm: Oleylamine

� OA: Oleic Acid

� SCs: Super-Crystals

� SF: Super-Fluorescence

� SR: Super-Radiant

� SLs: Super-Lattices

� TLS: Two-Level Systems

� PML: Perfectly Matched Layer

� EMT: Effective Medium Theory

� SPP: Surface Plasmon Polariton

� EM: Electromagnetic

� TMM: Transfer Matrix Method

� PSF: Point Spread Function

� NA: Numerical Aperture

� LO: Longitudinal Optical
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� FP: Purcell Factor

� Q-factor: Quality Factor

� PDOS: Photonic Density Of States

� WGMs: Whispering Gallery Modes

� FEM: Finite Element Method

� NIR: Near Infrared
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