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Resumen
Actualmente la implementación de nuevos dispositivos fotónicos capaces de
integrar nuevas funcionalidades ópticas en dimensiones nanométricas despierta un
gran interés. Por ello, la presente Tesis Doctoral propone desarrollar una nueva
tecnología fotónica basada en la combinación de nanopartículas metálicas (MNPs)
con moléculas orgánicas, en particular perilenos (PDI).
El objetivo principal de este trabajo ha sido la incorporación de PDI y/o
MNPs en guías de ondas poliméricas, con el fin de usar sus propiedades
activas/plasmónicas para construir nuevos dispositivos ópticos integrados. Para
ello, en primer lugar, se explotaron las excelentes propiedades emisoras de luz de
los PDI para demostrar amplificación óptica en guías de onda multicapa,
demostrando un umbral tan bajo como 0,9 μJ y un ancho de línea de 2 nm.
Paralelamente, se incorporaron MNPs en guías ópticas para aprovechar sus
propiedades de dispersión de luz para acoplar ésta en el interior de guías ópticas
en un amplio rango de longitud de onda (404-750 nm) con una eficiencia de hasta
el 1 %. Posteriormente, se combinaron PDI y MNPs en este tipo de guías
poliméricas para mejorar la emisión de luz de las moléculas orgánicas por medio
de un proceso de acoplamiento débil excitón-plasmón; para este fin, la interacción
se optimizó mediante los parámetros geométricos que rigen el acoplamiento PDIMNPs obteniéndose un factor Purcell de hasta 10 cuando este sistema se integra
en guía óptica. Finalmente, en esta Tesis Doctoral se propuso la implementación
de un láser de realimentación aleatoria integrando MNPs con elevada sección
transversal de dispersión junto con moléculas orgánicas (PDI) capaces de proveer
la suficiente ganancia para obtener emisión estimulada. Este trabajo de
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investigación condujo a tres publicaciones en revistas internacionales de primer
cuartil, y un cuarto artículo que está en preparación.

Abstract
Currently there is a great concern to implement new photonic devices able
to integrate several functionalities in nanoscale dimensions in a CMOs compatible
platform. For this purpose, this Ph.D. project proposes to develop a new photonic
technology based in the combination of metal nanoparticles (MNPs) with organic
molecules, mainly perylenediimides (PDI) derivatives.
The main target of this Ph.D. was the incorporation of PDI-derivatives
and/or MNPs into polymer waveguides in order to use their active/plasmonic
properties to construct novel integrated optical devices. In this way, the excellent
properties of PDI-derivatives were firstly exploited to demonstrate optical
amplification in the single pass propagation of PL signal along the optical
waveguide, with a demonstrated threshold as low as 0.9 μJ and a linewidth of 2
nm. In parallel, the high scattering cross section of MNPs was designed to couple
light inside optical waveguides, demonstrating light coupling in a wide
wavelength range (404-750 nm) with an efficiency up to 1 %. The combination of
both PDI and MNPs integrated in polymer waveguides was used to enhance the
emission of light of PDI by exciton-plasmon weak coupling; the interaction was
optimized by the geometrical parameters of the PDI-MNPs coupling structures
and by their integration in an optical waveguide, where a Purcell factor of 10 was
achieved. Finally, a random distributed feedback laser was fabricated by
integrating MNPs with high scattering cross section together with amplification of
the stimulated emission by PDI. The present research work led to three peervi

reviewed publications in international journals of high impact factor, and a fourth
article is now under preparation.
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1 Introducción (Castellano)
El nacimiento de la era moderna de las Telecomunicaciones Ópticas puede
atribuirse al desarrollo de los láseres en 1958 y de las fibras ópticas en los años
90. Estos descubrimientos, junto a la utilización de las técnicas de fabricación
microelectrónicas para implementar dispositivos ópticos semiconductores, han
dado lugar a una nueva rama de la ciencia conocida como Fotónica [1]. Ejemplos
de aplicaciones fotónicas incluyen la capacidad de transmitir y recibir información
con velocidades de hasta 1 Tbps [2], la implementación de redes de
comunicaciones totalmente ópticas [3], o la fabricación de sensores de alta
sensibilidad [4]. Además, en los últimos años, la Plasmónica ha surgido como una
nueva rama de la Fotónica capaz de manipulación la luz con nanoestructuras
metálicas. Dicha rama se basa en el acoplamiento de la luz con los electrones
libres presentes en la superficie metálica (o interface metal-dieléctrico) [5, 6]. Hoy
en día, la plasmónica se está aplicando en una amplia gama de aplicaciones, como
por ejemplo espectroscopia [7], absorción infrarroja [8], fluorescencia molecular
[9, 10] y diagnóstico y fototerapia contra el cáncer [11].

1.1 Óptica Integrada
Las ventajas de la Fotónica se derivan de la alta velocidad y masa nula de
los fotones, lo que permite procesar la información en el régimen de THz con un
bajo tiempo de respuesta.
La Óptica Integrada es la rama de la Fotónica que trata de la incorporación
de uno o varios dispositivos ópticos en el mismo substrato, de la misma manera
que lo hace la Microelectrónica con circuitos y dispositivos electrónicos [1]. Así,
1

un circuito de óptica integrado (“photonic integrated circuit”, PIC) es capaz de
integrar una o varias funciones ópticas (emisión de luz, filtrado, modulación,
acoplamiento, detección, etc.) en un “chip óptico”, que sería el equivalente
fotónico del Chip electrónico en Microelectrónica.
Sin embargo, la difracción de la luz limita las dimensiones de los
dispositivos fotónicos a λ/2n, mientras que el tamaño critico de los componentes
electrónicos han ido disminuyendo hasta los nanómetros [12], fabricación de
transistores de ≈ 10 nm obtenida hoy en día. De esta manera, la Plasmónica ha
recibido mucha atención en los últimos años [13, 14], gracias a su capacidad de
hacer unir las ventajas de ambas disciplinas: la Electrónica y la Fotónica. Es decir,
mantener el rendimiento de velocidad de los dispositivos fotónicos, junto con las
pequeñas dimensiones de los componentes electrónicos típicos [15].

1.1.1 Guía de ondas
Las guías de ondas son componentes indispensables para construir la
mayoría de las funcionalidades de la Óptica Integrada. Una guía de ondas es una
estructura óptica que permite el confinamiento y la propagación de la luz. Su
implementación consiste en la utilización de dos o más materiales dieléctricos con
diferente índice de refracción, de manera que la luz es confinada en la región de
mayor índice de refracción (núcleo de la guía de ondas) por reflexión total interna
[1]. Generalmente, la capa superior se denomina cubierta y la capa inferior
substrato.
Las guías de onda se pueden clasificar en diferentes tipos dependiendo del
confinamiento de la luz o de la variación del índice de refracción. De acuerdo con
el confinamiento de la luz, las guías de onda se dividen en unidimensionales
(guías de ondas planas) o bidimensionales. En el primer tipo (mostrado en la
Figura 1(a) y (b)) el índice de refracción varía en la dirección perpendicular al
2

substrato, mientras que en el segundo tipo (mostrado en la Figura 1(c)) el índice
de refracción varia en las dos direcciones. De esta manera, la propagación de la
luz se mantiene confinada en una dirección mientras la densidad de potencia
óptica se incrementa.

Figura 1. Esquema de (a) guía de ondas plana, (b) guía de ondas de índice gradual y (c) guía de
ondas de salto de índice.

El perfil de índice de refracción se genera durante el proceso de fabricación
de las guías de ondas. Por lo tanto, las guías de onda también se pueden clasificar
de acuerdo con la variación del índice de refracción en guía de salto de índice
(Figura 1(a)) y guías de onda de índice gradual (Figura 1(b)). Las guías de ondas
de salto de índice están compuestas por capas uniformes con índice de refracción
constante, en los que la capa central (núcleo de la guía de ondas) tiene un índice
de refracción ncore mayor que los medios circundantes (nsub y ncladding). En los
guías de ondas con perfil de índice gradual, el índice de refracción en el núcleo de
la guía de ondas no es constante, sino que es (usualmente) máximo en la interfaz
con la cubierta, y va disminuyendo progresivamente con la profundidad hasta
llegar al valor del índice de refracción del substrato.

1.1.2 Guías de ondas activas y pasivas
Las guías de onda sirven como arquitectura base para implementar
diferentes

dispositivos

ópticos

integrados,

como

amplificadores

[16],

interferómetros [17] y divisores de haz [18], entre otros. Dichos dispositivos se
pueden dividir en activos y pasivos, en función de si presentan o no la capacidad
de generar luz. Un dispositivo pasivo la relación entre la entrada y la salida es fija,
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tal y como ocurre en atenuadores o divisores de haz. Sin embargo, los dispositivos
activos se caracterizan por la emisión de fotones cuando se bombean ópticamente
o eléctricamente, como sucede en láseres y amplificadores ópticos.
En particular, la incorporación de materiales activos procesados en forma de
disoluciones químicas (moléculas orgánicas luminiscentes [19-22], puntos
cuánticos coloidales [23, 24], pozos cuánticos coloidales (nanoláminas) [25],
perovskitas semiconductoras orgánicas e inorgánicas [26], etc.) para la fabricación
de guías ópticas, ha demostrado una plataforma muy interesante para la
integración de propiedades activas en diferentes tipos de substratos y plataformas
[27].

1.2 Combinación de moléculas fotoluminiscentes y
polímeros para la Óptica Integrada
Los polímeros son cadenas largas de moléculas monómeras orgánicas que,
dependiendo del tipo de polímero, se unen para formar redes lineales,
bidimensionales o tridimensionales. Estos materiales son particularmente
atractivos para la óptica integrada debido a su relativamente buena estabilidad
térmica, su transparencia en las regiones visible e infrarroja y su gran versatilidad
tecnológica [2-4, 18]. Por ejemplo, una de las ventajas de los dispositivos basados
en polímeros radica en su facilidad para ser depositados en forma de capas
delgadas sobre una amplia variedad de substratos. Además, es posible cubrir
grandes áreas a un costo relativamente bajo [28]. Otra ventaja es la posibilidad de
hacer estructuras bidimensionales a través de técnicas litográficas, como la
nanoimpresión [4], la fotolitografía UV [29] o la litografía por haz de electrones
[30].
Por último, los polímeros pueden servir como mastrices de otros
(nano)materiales, tales como colorantes o moléculas orgánicas fluorescentes [194

22], puntos cuánticos [23, 24], o nanopartículas metálicas [31]. Esto tipo de
“multi-material” recibe el nombre de “nanocomposite” [32] si al menos uno de
sus componentes tiene dimensiones nanometricas [33]. Estos materiales
artificiales presentan la ventaja de combinar las propiedades de los
nanocomponentes con las flexibilidades tecnológicas de la matriz polimérica [34].
En particular, los “nanocomposites” formados por moléculas orgánicas
embebidas en una matriz polimérica han suscitado un gran interés para la
realización de dispositivos activos. Ejemplos de diferentes aplicaciones incluyen
biosensores [32], OLEDs [35], OFETs [35], células solares [35], amplificadores
ópticos [22] y láseres [19-21]. En consecuencia, el nanocomposite moléculapolímero se ha elegido como elemento activo para implementar los dispositivos
propuestos en el presente trabajo de Tesis Doctoral.

1.2.1 Moléculas orgánicas fluorescentes
La estructura electrónica de las moléculas fluorescentes o fotoluminiscentes
se corresponde al esquema general mostrado en la Figura 2. En el estado
fundamental los electrones se asignan hasta ocupar el orbital molecular más alto
(“highest occupied molecular orbital”, HOMO). Estos estados electrónicos están
separados por un intervalo de energía (Ep) del orbital molecular de más baja
energía que no está ocupado (“lowest unoccupied molecular orbital”, LUMO). En
consecuencia, una molécula de este tipo puede absorber un fotón con energía
ℎ𝜈 ≥ Ep y así promover un electrón desde los estados HOMO a LUMO, lo que
sería equivalente a la generación de un par electrón-hueco (excitón) en un
semiconductor. Sucesivamente, este par electrón-hueco fotogenerado puede
recombinarse radiativamente mediante la emisión de un fotón, proceso que se
conoce con el nombre de fotoluminiscencia ("Photoluminescence", PL). Por

5

supuesto, el par electrón-hueco también puede perderse por recombinación no
radiactiva desintegrándose mediante la emisión de fonones.

Figura 2. Ilustración esquemática del proceso de fotoluminiscencia en una molécula.

1.2.2 ¿Por qué Perilenos?
En esta Tesis Doctoral se eligieron los perilinos (“Perylenediimides”, PDI)
como elementos activos a incorporar en las guías de ondas. La Figura 3 muestra la
estructura del dianhídrido perileno-3,4,9,10-tetracarboxílico (PTCDA), el cual
puede considerarse como el padre de esta clase de compuestos primeramente
obtenidos en 1913 [36].
Utilizando esta estructura molecular como punto de partida se han llegado a
sintetizar una gran variedad de PDI. De hecho, con un procedimiento de síntesis
adecuado, es posible fabricar compuestos con excelentes propiedades químicas y
térmicas, alta estabilidad fotoquímica, rendimiento cuántico de FL/PL cercano a
uno (todos los fotones absorbidos por el compuesto a una determinada longitud de
onda se transforman en fotones emitidos a otra longitud de onda más larga), y un
fuerte carácter como aceptor de electrones [37-46].
6

Figura 3. Estructura química del PTCDA. Se indica la posición típica en la que se colocan
habitualmente los sustituyentes químicos y se describe su efecto.

Como consecuencia, los PDI son de gran interés para una amplia gama de
aplicaciones, tales como células solares [47], transistores orgánicos [48], sensores
ópticos [49] y láseres de estado sólido [50].

1.3 Algunos antecedentes sobre la Plasmonica
En el presente trabajo de Tesis Doctoral se propone la integración de
nanopartículas metálicas (“metal nanoparticles”, MNPs) en guías de ondas con el
fin de explotar sus propiedades ópticas particulares en diversas aplicaciones
fotónicas. De esta manera, esta sección describe las principales propiedades
ópticas de estas nanopartículas.

1.3.1 ¿Qué es un plasmón?
Los polaritones de plasmón de superficie (“surface plasmon polaritons”,
SPPs) son excitaciones electromagnéticas que se propagan en la interfaz entre un
dieléctrico y un metal, y están confinadas en la dirección perpendicular a esa
interfaz por campos evanescentes. Estas ondas electromagnéticas superficiales
surgen a través del acoplamiento de los campos electromagnéticos a las
oscilaciones del plasma de electrones en el metal [51].

7

Figura 4. Ilustración esquemática de la propagación SPP en una sola interfaz entre un metal y un
dieléctrico.

La geometría más simple para estudiar el SPP es una interfaz plana (Figura
4) entre un medio dieléctrico no absorbente (z > 0 en la Figura 4), caracterizada
por una constante dieléctrica real y positiva 𝜀2 , y el medio adyacente (z < 0 en la
Figura 4), normalmente un metal, descrito a través de una función dieléctrica
compleja 𝜀1 (𝜔), con parte real negativa y parte imaginaria positiva. Para los
metales esta condición (𝑅𝑒[𝜀1 (𝜔)] < 0) se cumple a frecuencias por debajo de la
frecuencia de plasmón 𝜔𝑝 definida como [51]:

𝜔𝑝 = √

𝑛𝑒 2
𝜀0 𝑚
(1.1)

donde 𝜀0 es la permitividad dieléctrica del vacío, n la densidad de electrones, e la
carga elemental de los electrones y m su masa efectiva en el metal.
En el caso de las nanopartículas metálicas, el acoplamiento entre electrones
libres y un campo electromagnético externo da lugar a una excitación no
propagante nominada Resonancia de Plasmon Superficial Localizada (“Localized
Surface Plasmons Resonance”, LSPR), tal como se ilustra esquemáticamente en la
Figura 5. Estas oscilaciones se pueden estudiar analizando la dispersión de luz
producida por una nanoparticula pequeña (menor a la de longitud de onda) [51].
Así, la superficie curvada de estas nanopartículas ejerce una fuerza de
8

restauración efectiva sobre los electrones, produciendo así una resonancia que
resulta en la amplificación del campo electromagnético cercano a la
nanoestructura metálica [51].

Figura 5. Ilustración del LSPR en una nanoesfera metálica.

Un parámetro importante para estudiar las MNPs es su polarizabilidad, 𝛼.
En el caso de nanopartículas metálicas esféricas que presentan un tamaño mucho
menor que la longitud de onda de la luz usada para inducir el LSPR, las
oscilaciones de plasmón de superficie están dominadas por el modo dipolar, y por
tanto la polarizabilidad se puede calcular, en base a la teoría de Mie, a partir de la
ecuación [5]:
𝜀1 − 𝜀𝑚
𝛼 = 3𝜀0 𝑉 (
)
𝜀1 + 2𝜀𝑚
(1.2)
donde 𝑉 es el volumen de partículas, 𝜀1 (𝜔) = 𝜀𝑟 (𝜔) + 𝑖𝜀𝑖 (𝜔) es la función
dieléctrica compleja del metal (dependiente de la frecuencia), y 𝜀𝑚 es la constante
dieléctrica del medio circundante. La frecuencia de resonancia se define cuando se
cumple la condición 𝜀𝑟 (𝜔𝑆𝑃𝑅 ) = −2𝜀𝑚 (es decir, 𝛼 tiende a infinito). Para el oro
(Au), la plata (Ag) y el cobre (Cu), esta condición se cumple en el rango de
longitudes de onda del visible [5] y, por tanto, estos metales son una opción
apropiada para aplicaciones ópticas.

9

1.3.2 Propiedades/aplicaciones de las nanoparticolas plasmónicas
Las nanopartículas metálicas presentan unas peculiares propiedades ópticas
derivadas de la física descrita anteriormente:
(i) Su elevada sección transversal de dispersión y absorción se ha usado
para mejorar la eficiencia de células solares [52, 53], o para acoplar la
luz en guías de onda [54, 55]. Además, en los últimos años, esta
propiedad también se ha propuesto como medio de realimentación
aleatorio (“random distributed feedback”) en dispositivos láser [56-59].
(ii) La frecuencia o longitud de onda del LSPR no sólo depende del material
metálico, sino también del tamaño y forma de la nanopartícula, de las
propiedades dieléctricas del medio circundante y del nivel del
acoplamiento entre nanopartículas [60-64]. Por lo tanto, hay muchos
grados de libertad para afinar sus propiedades ópticas y adecuarlas para
una aplicación determinada.
(iii) El LSPR es muy sensible a los cambios en la constante dieléctrica del
medio circundante (véase la ecuación 1.2), por lo que las MNPs han sido
intensamente estudiadas para aplicaciones en detección de compuestos
químicos y biológicos [65, 66].
(iv) Las MNPs presentan un campo cercano muy alto, lo que puede
conducir a un fuerte aumento de la intensidad de la luz emitida por
moléculas integradas en sus proximidades [67]. Las aplicaciones
incluyen mejoría en la fluorescencia, mejora de la señal Raman [68],
diagnóstico y terapia del cáncer [11], imágenes [69, 70] y terapias
biomédicas [71, 72].
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Además, la síntesis de las MNPs, especialmente Ag y Au, permite obtener
biocompatibilidad [73] y una amplia gama de tamaños y formas [74], sobre una
gran variedad de ligandos químicos y biomoleculares [75], lo que da llegar a una
alta flexibilidad y estabilidad (foto)química.

1.4 Objetivos de la Tesis
El objetivo principal de esta Tesis Doctoral es la incorporación de moléculas
orgánicas tipo perileno (PDI) y/o MNPs en guías de ondas poliméricas con el fin
de usar sus propiedades activas/plasmónicas para construir nuevos dispositivos
ópticos integrados. De esta manera, en primer lugar, se explotaron las excelentes
propiedades emisoras de los PDI para demostrar amplificación. Paralelamente, se
incorporaron MNPs dentro de guías de onda para aprovechar sus propiedades
dispersoras para acoplar luz dentro de guías de onda. Posteriormente, se
combinaron PDI y MNPs dentro de las guías de ondas poliméricas para mejorar la
emisión de luz de las moléculas orgánicas por medio de un proceso der
acoplamiento débil excitón-plasmón. Finalmente, esta Tesis Doctoral propone la
implementación de un láser de realimentación aleatoria integrando MNPs con
elevada sección transversal de dispersión junto con moléculas orgánicas (PDI)
capaces de proveer emisión estimulada.
Con todo ello, en la presente Tesis Doctoral se propone una nueva
tecnología para integrar funcionalidades activas (emisión de luz, amplificación o
láser) en tecnología de silicio, aunque también puede ser la base para el desarrollo
futuro de arquitecturas fotónicas integradas sobre substratos flexibles. Para ello, se
han usado un nuevo tipo de moléculas orgánicas y se han propuesto nuevas
configuraciones (plasmónica) capaces de mejorar las funcionalidades ya
existentes sin complicar excesivamente la arquitectura fotónica.

11

1.4.1 Objetivos específicos


Fabricación y caracterización de guías de onda, que contienen PDI
dispersos en Poli(metacrilato de metilo) (PMMA). Para ello, se
desarrolló una nueva guía de ondas consistente en una capa de PMMA
altamente dopada con PDI, intercalado entre dos capas de PMMA sin
dopar. Esta estructura demostró las mejores condiciones para obtener
amplificación de la emisión espontánea, ya que permite obtener unas
condiciones óptimas de generación/propagación de la luz. Esta
configuración puede servir como base para un futuro prototipo de
amplificador óptico.



Integración de MNPs en guías de onda. Para ello, las nanopartículas
metálicas se han incorporado dentro de los polímeros por dos métodos
de fabricación diferentes: crecimiento in situ de nanopartículas de oro en
la fotoresina comercial Novolak, y por goteo de nanopartículas de plata
comerciales de 100 nm en diámetro. Estos métodos son más simples y
económicos de implementar que otros, como el uso de litografía de haz
de electrones para definir patrones metálicos a escala nanométrica.



Acoplamiento de luz en guías de onda integrada con MNPs con elevada
eficiencia de dispersión para redireccionar la luz que incide
perpendicularmente sobre su superficie hacia modos guiados. El
acoplador óptico propuesto es igualmente simple y económico en
comparación a otros más estándar, como el uso de redes de difracción
grabadas en la guía por litografía óptica de alta resolución o de haz de
electrones.



Estudio del acoplamiento débil entre la luz emitida por los PDI y la
LSPR de las nanopartículas de plata para así demostrar la mejora de la
12

emisión de luz. Para ello, los parámetros geométricos se han
seleccionado

adecuadamente

para

optimizar

dicha

interacción.

Asimismo, el sistema PDI-MNPs se ha integrado dentro de una
estructura de guía de ondas con el fin de mejorar dicho acoplamiento
con el alto confinamiento de la luz dentro de la guía. Aquí queremos
demostrar el beneficio de usar una guía de ondas para estudiar la
interacción excitón-plasmón, que se podría incrementar por el mayor
confinamiento de la luz.


Demostrar generación laser utilizando MNPs como medio capaz de
proveer una realimentación aleatoria a la emisión (amplificada) de los
PDI.

1.5 Publicaciones asociadas a la presente Tesis
Esta Tesis Doctoral ha dado lugar a tres publicaciones en revistas
internacionales de alto factor de impacto (primer cuartil) en las que el doctorando
es primer autor, y un cuarto artículo que está en preparación. Estas publicaciones
están relacionadas con los objetivos de esta Tesis doctoral explicados en la
sección anterior, y muestran los resultados más importantes, que se resumirán más
adelante (capítulo 3).

En primer lugar, se ha demostrado con éxito la amplificación óptica
utilizando un nuevo tipo de guía de ondas plana activa. La estructura consistía en
un nanocompuesto de PMMA-PDI altamente dopado depositado entre dos capas
de PMMA. Este diseño permite demostrar la generación de ganancia óptica
mediante la propagación con pérdidas bajas del láser de excitación dentro de la
guía de ondas y el alto confinamiento de la PL dentro de la capa activa. Estos
resultados se resumen en la sección 3.1 y se han publicado en la revista ACS
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photonics (factor de impacto 6.756 en 2016 y clasificado 7/92 en la categoría
Optics JCR) con título “Efficient Optical Amplification in a Sandwich-Type
Active-Passive Polymer Waveguide Containing Perylenediimides”. El trabajo
se incluye en el anexo de la presente Tesis y se cita como referencia [76]. La
participación del alumno en este trabajo consistió en la caracterización óptica de
los PDI en disoluciones (absorción, PL y TRPL), fabricación y caracterización
óptica de los nanocomposites (absorción, PL y TRPL), y fabricación y
caracterización de la estructura de la guía de ondas (amplificación de luz, PL
guiado, TRPL y estabilidad de la ASE).

Paralelamente, el estudiante desarrolló el nuevo proceso tecnológico
apropiado para incorporar MNPs en guías de ondas, con el fin de explotar sus
inusuales propiedades ópticas (elevada sección eficaz de dispersión debido a la
resonancia plasmónica) para aplicaciones fotónicas. Para ello, se estudió
inicialmente un crecimiento “in situ” de MNPs de oro embebido en la fotoresina
comercial Novolak. Este método permite seleccionar las propiedades ópticas del
nanocomposite plasmónico mediante un adecuado control del tamaño y la
concentración de las MNPs dentro de la matriz. A continuación, se analizó, tanto
experimental como numéricamente, el índice de refracción del “nanocomposite”
Novolak-MNPs. De esta manera se encontraron las condiciones de fabricación
apropiadas (factor de llenado y tiempo de crecimiento) para optimizar la
dispersión a la longitud de onda deseada. Finalmente, el “nanocomposite” se
integró dentro de una guía de ondas de PMMA para explotar sus propiedades de
dispersión con el fin de acoplar luz dentro de la estructura. Dicho acoplamiento de
luz se demostró experimentalmente en un amplio rango de longitudes de onda
(404-780 nm) que inciden perpendicularmente sobre la superficie de la estructura.
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Estos resultados se resumen en la sección 3.2 de esta Tesis doctoral y se han
publicado en la revista Nanotechnology (factor de impacto 3.821 en 2014
clasificado 24/145 en Física Aplicada) con título “Polymer waveguide couplers
based on metal nanoparticle-polymer nanocomposites”. El artículo se adjunta
en el anexo de la presente Tesis y se cita como referencia [77]. La participación
del alumno en esta publicación consistió en la fabricación de los diferentes
“nanocomposites” y de guías de onda basadas en éstos, caracterización óptica y
microscópica de los dispositivos (transmisión/reflectividad, imágenes SEM,
eficiencia de acoplamiento, etc.) y cálculo del índice de refracción efectivo en la
estructura.

En el paso siguiente, el nanocomposite PDI-PMMA se integró junto con
nanopartículas de plata de 100 nm de diámetro con el fin de estudiar la interacción
entre ambos materiales. Para ello, se optimizó adecuadamente una tecnología para
depositar capas homogéneas de MNPs. Posteriormente, se estudió la interacción
entre las nanopartículas plamónicas y las moléculas de PDI con el objetivo de las
mejorar la emisión de PL mediante un acoplamiento débil excitón-plasmón.
Finalmente, el sistema MNPs-PDI se integró en una estructura de guía de ondas
con el fin de mejorar esta interacción bajo condiciones de relativamente alto
confinamiento de luz. De esta manera, se ha demostrado con éxito un factor de
Purcell mayor que 10 cuando se mide en la cara de salida de la guía. Estos
resultados se han resumido en la sección 3.3.1 de esta Tesis y forman parte del
documento titulado “Purcell-enhancement of the radiative PL decay in
perylenediimides by coupling with silver nanoparticles into waveguide
modes”. El artículo ha sido recientemente publicado en la revista Applied Physics
Letters (factor de impacto 3.411 in 2016, clasificado 28/147 en Física Aplicada),
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que también se adjunta en el Anexo de la presente Tesis y se cita como referencia
[78]. La participación del alumno en este trabajo consistió en la fabricación de los
dispositivos, la caracterización óptica y el análisis de los datos PL y TRPL, así
como el cálculo de la mejora Purcell en función de la separación entre la molécula
de PDI y las MNPs.

Por último, se integraron conjuntamente MNPs de plata y PDI con el fin de
demostrar la operación de láser en condiciones de realimentación aleatoria
(“random distributed feedback”). Estos resultados se resumen en la sección 3.3.2
de esta Tesis Doctoral y se espera que se publiquen en breve. La participación del
alumno en este trabajo consistió en la realización de los dispositivos, las
mediciones de caracterización óptica (espectros de PL) y el modelado de la curva
láser.
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1 Introduction (English)
The birth of the modern era of Optical Telecommunications can be
attributed to the development of lasers in 1958 and optical fibres in the 90s. These
discoveries, together with the application of advanced microelectronics
fabrication techniques in the implementation of semiconductor optical devices,
have resulted in a new branch of science known as photonics [1]. Examples of
photonic applications include the ability to transmit and receive information with
speeds up to 1 Tbps [2], the implementation of fully optical communications
networks [3], or the fabrication of high sensitivity sensors [4]. Furthermore, in
recent years, Plasmonic emerged as a new branch of Photonics. This new
discipline deals with the generation, control, manipulation, and transmission of
excitations in metal structures. These excitations primarily arise by the coupling
of light with free electrons excitations at the metal surface [5, 6]. Nowadays
plasmonic is being applied in a broad range of applications. For example, surface
enhanced spectroscopy [7], surface-enhanced infrared absorption [8] molecular
fluorescence [9, 10], cancer diagnosis and therapy [11].

1.1 Integrated optics
The high speed of photonics derives from the use of photons, instead of
electrons, for the transmission and processing of the information. In this way, by
replacing electrons with photons, the system performance, such as bandwidth and
speed processing, increases since photons travel at the speed of light.
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Integrated Optics is a field of Photonics, which consist of the fabrication of
one or several devices on the same substrate, in the same way as Microelectronic
does with electric circuits [1]. Thus, a photonic integrate circuit (PIC) consists of
the implementation of one or several optical functions (light emission, filtering,
modulation, coupling, detection, etc.) integrated in one “optical chip”, which
would be the photonic equivalent of the electronic chip in microelectronics.
However, dimensions of photonic devices are limited by the light diffraction
limit to λ/2n, while typical critical dimensions of electronic components are being
decreased down to the nanometers (nm) scale [12]. In this way, plasmonics has
received a lot of attention in the last years [13, 14], thanks to its ability of joining
the advantages of both disciplines, electronics and photonics, i.e. keeping the
speed performance of photonics devices together with the small dimensions in
typical electronic components [15].

1.1.1 Waveguides
Optical waveguides are key technology components to build most
functionalities in Integrated Optics. A waveguide is an optical structure that
allows the confinement and propagation of light. It is usually fabricated by two or
more dielectric materials with different refractive indexes. In this way, the light
can be confined in the region with the higher refractive index (core of the
waveguide) by internal total refraction [1]. Generally, the upper layer is called
cladding and the lower one is usually a thick substrate (even if a dielectric film
can be deposited onto this substrate previously to the waveguide material to meet
the index contrast requirement, as in the case of using a silicon substrate).
Waveguides can be classified into different types depending on the
confinement of light or on the variation of the refractive index. According to the
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confinement of the light, the waveguides are divided into one-dimensional (planar
waveguides) or two-dimensional (strip waveguide). In the first type, show in
Figure 1(a) and (b), the refractive index is varied in one direction, while in the
second type, show in Figure 1(c), the refractive index is changed in two
directions. In this way, the light is propagated in one direction (perpendicular to
the figure) and the optical power density is increased.

Figure 1. Scheme of (a) slab waveguide, (b) graded-index waveguide and (c) strip waveguide.

The refractive index profile is generated during the manufacturing process
of the waveguides. Therefore, waveguides can also be classified according to the
variation of refractive index into: step index waveguides (Figure 1(a) and (c)) and
graded-index waveguide (Figure 1(b)). Step index waveguides are composed by
uniform layers with constant refractive index. The central layer is the core of the
waveguide and has a refractive index ncore greater than the ones of the surrounding
medium (nsub and ncladding). In waveguides with graded-index profile, the refractive
index in the waveguide core is not constant, usually being maximum at the
interface with the cladding and decreasing progressively with depth, until it
reaches the value of the refractive index of the substrate.

1.1.2 Active and passive waveguides
Different integrated optical devices can be fabricated by using waveguides,
such as amplifiers [16], interferometers [17], beam splitters [18], as the most
relevant ones. Such devices can be divided into passive and active. In a passive
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device the relationship between the input and the output is fixed, as for example in
an attenuator or a beam splitter. However, active devices are characterized by
their own generation of light when they are optically or electrically pumped. In
this case the waveguide will form part of very well-known devices, as lasers and
optical amplifiers.
In particular, the incorporation of active solution processed materials
(luminescent organic molecules [19-22], colloidal quantum dots [23, 24], colloidal
quantum

wells

(nanoplateletes)

[25],

organic-inorganic

semiconducting

perovskites [26], etc.) into optical waveguides provides a suitable platform for onchip integration of amplifiers and lasers [27].

1.2 Combination of photoluminescent molecules
and polymers for integrated optics
Polymers are long chains of organic monomeric molecules, which join
together to form linear, two-dimensional or three-dimensional lattices, depending
on the type of polymer. Among all materials, they are particularly attractive for
integrated optics because of their relatively good thermal stability, their
transparency in the visible and infrared regions and their great technological
versatility [2-4, 18].
One of the advantages of the polymer-based devices lies in their facility to
be deposited in the form of thin layers on a wide variety of substrates. In addition,
it is possible to cover large areas at a relatively low cost [28]. Another advantage
is the possibility of making two-dimensional structures through lithographic
techniques, such as nanoimprint [4], UV photolithography [29] or electron beam
lithography [30].
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Finally, polymers can act as a matrix for organic/inorganic (nano)materials,
such as dyes [19-22], quantum dots [23, 24], or metal nanoparticles [31]. This sort
of multicomponent materials is called nanocomposites [32] because at least one of
the components present nanometer dimension [33]. These composites have the
advantage of combining the properties of the nano-components with the
technological feasibilities of the polymeric matrix [34].
In particular, nanocomposites formed by organic molecules embedded in a
polymer matrix are of great interest for the realization of active devices. In fact,
different applications have already been demonstrated with such multicomponent
materials such as biosensors [32], OLEDs [35], OFETs [35], solar cells [35],
amplifier [22] and lasers [19-21]. Therefore, such a molecule-polymer composites
was chosen as the active elements in the devices produced in the present Ph.D.
Thesis work.

1.2.1 Photoluminescent organic molecules
A typical molecule vibronic structure can be observed in Figure 2. At the
ground state electrons are allocated up to the highest occupied molecular orbital
(HOMO). These valence electron states are separated by an energy gap (Ep) from
the lowest unoccupied molecular orbital (LUMO). Consequently, a photon with
energy ℎ𝜈 ≥ Ep can be absorbed by such a molecule to promote an electron from
HOMO to LUMO states and hence determining an electron-hole pair.
Successively, this photogenerated electron-hole pair can recombine in a radiative
way

by

emitting

a

photon,

which

is

called

fluorescence

(FL)

or

photoluminescence (PL). Of course the electron-hole pair can also find nonradiative paths to disintegrate by emitting phonons.
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Figure 2. Schematic illustration of the photoluminescence process in molecule.

1.2.2 Why Perylenediimides?
In this Thesis Perylenediimide dye molecules (PDI) were chosen as the
active elements to be incorporated into the optical waveguides. Figure 3 shows the
structure of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), which can
be considered as the father of this class of compounds firstly obtained in 1913
[36].

Figure 3. Chemical structure of PTCDA. Typical position where chemical substituents are usually
placed are indicated and their effect described.

By using this structure as a starting point, a huge variety of PDI-derivatives
have been properly fabricated. Indeed, with the right synthesis procedure, it
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becomes possible to obtain PDI compounds with excellent chemical and thermal
properties, high photochemical stability, near-unity FL/PL quantum yield and
strong electron-acceptor character [37-46].
As a consequence, PDI are of great interest for a wide range of applications,
such as solar cells [47], organic transistors [48], optical sensors [49] and solid state
lasers [50].

1.3 Some background on Plasmonics
In the present Ph.D. work, we propose the integration of metal nanoparticles
(MNPs) into optical waveguides in order to exploit their unusual optical
properties for photonic applications. In this way, this section describes the main
optical properties of these nanoparticles.

1.3.1 What is a plasmon?

Figure 4. Schematic illustration of the SPP propagation at a single interface between a metal and a
dielectric.

Surface plasmon polaritons (SPPs) are electromagnetic excitations
propagating at the interface between a dielectric and a metal, evanescently
conﬁned in the perpendicular direction to this interface. These electromagnetic
surface waves arise via the coupling of the electromagnetic fields to the
oscillations of the electron plasma in the metal [51].
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The simplest geometry is a flat interface (Figure 4) between a non-absorbing
dielectric medium (z > 0 in Figure 4), characterized by a real and positive
dielectric constant 𝜀2 , and an adjacent media (z < 0 in Figure 4), usually a metal,
described via a complex dielectric function 𝜀1 (𝜔), with negative real and positive
imaginary parts. For metals this condition (𝑅𝑒[𝜀1 (𝜔)] < 0) is fulfilled at
frequencies below the bulk plasmon frequency 𝜔𝑝 defined as [51]:

𝜔𝑝 = √

𝑛𝑒 2
𝜀0 𝑚
(1.1)

where 𝜀0 is the vacuum dielectric permittivity, 𝑛 the density of electrons, 𝑒
the elemental electron charge and 𝑚 its effective mass in the metal.

Figure 5. Sketch of the LSPR on a metallic sphere.

In the case of metallic nanostructures the coupling between free electrons
and an external electromagnetic field gives rise to a non-propagating excitation
called “Localized Surface Plasmons Resonance” (LSPR), as schematic illustrated
in Figure 5. These electron oscillations arise naturally from the scattering problem
of a small, sub-wavelength, metal nanoparticle in an oscillating electromagnetic
field [51]. The curved surface of these particles exerts an effective restoring force
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on the driven electrons, so that a resonance can arise, leading to electric field
amplification [51].
An important parameter to study MNPs is their polarizability, 𝛼. For
spherical metal nanoparticles whose size is much smaller than the excitation of the
LSPR, the dipolar mode, dominates the surface plasmon oscillations and the
polarizability can be calculated, on the base of Mie theory, from the following
equation [5]:
𝜀1 − 𝜀𝑚
𝛼 = 3𝜀0 𝑉 (
)
𝜀1 + 2𝜀𝑚
(1.2)
where 𝑉 is the particle volume, 𝜀1 (𝜔) = 𝜀𝑟 (𝜔) + 𝑖𝜀𝑖 (𝜔) is the complex
frequency-dependent dielectric function of the metal and 𝜀𝑚 is the dielectric
constant of the surrounding medium. The LSPR frequency is defined when
fulfilled the condition 𝜀𝑟 (𝜔𝑆𝑃𝑅 ) = −2𝜀𝑚 (i.e. the magnitude of 𝛼 tends to
infinite). For gold (Au), silver (Ag), and copper (Cu), this resonance condition is
fulfilled at visible frequencies [5], making them the appropriate choice for optical
applications.

1.3.2 Properties/applications of plasmonic nanostructures
Metal nanostructures present several peculiar optical properties associated
to the above described physics:
(i) The high scattering and absorption cross section of MNPs have been
widely used to improve the efficiency of solar cells by light trapping
[52, 53] or to couple light inside waveguide structures [54, 55]. Also, in
the last years, this property is also used to provide the distributed
feedback signal in random laser devices [56-59].
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(ii) The LSPR frequency/wavelength depends not only on the metal, but
also on the size and shape of the nanoparticle/nanostructure, the
dielectric properties of the surrounding medium and inter-nanoparticle
coupling interactions [60-64]; therefore, there are many degrees of
freedom to tune the optical properties of the nanoparticles.
(iii)The LSPR is highly sensitive to changes in the dielectric constant of the
surrounding medium (see equation 1.2), and hence MNPs have been
intensively studied for chemo- and bio- sensing [65, 66].
(iv) The large local electric field in close proximity of the MNPs can lead to
a strong enhancement of the spectroscopic signal from molecules in the
vicinity of the nanoparticles [67]. Applications include plasmonenhanced fluorescence, enhance of the Raman signal [68], cancer
diagnosis and therapy [11], imaging [69, 70] and biomedical
therapeutics [71, 72].

Furthermore, MNPs, especially Ag and Au, can be easily and biocompatibly [73] synthesized in a huge range of sizes and shapes [74], with easy
routes for surface conjugation to a variety of chemical and biomolecular ligands
[75] and they usually present high (photo)chemical stability.

1.4 Objectives of the Thesis
The main target of this Ph.D. Thesis is the incorporation of PDI-derivatives
and/or MNPs into polymer waveguides in order to use their active/plasmonic
properties to construct novel integrated optical devices. In this way, the excellent
properties of PDI-derivates were firstly exploited to demonstrate optical
amplification. In parallel, the high scattering cross section of the MNPs was
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designed to couple light inside optical waveguides. The combination of both PDI
and MNPs integrated in polymer waveguides was used to enhance the emission of
light of PDI by exciton-plasmon weak coupling. Finally, a random distributed
feedback laser was fabricated by integrating MNPs with high scattering cross
section together with amplification of the stimulated emission by PDI.
Therefore, in this Ph. D. Thesis a new technology is proposed to integrate
active functionalities (light emission, amplification or laser) in silicon technology,
although it can also be the basis for the future development of integrated photonic
architectures on flexible substrates. To this end, a new type of organic molecules
has been used and new configurations (plasmonics) have been proposed, capable
of improving existing functionalities without excessively complicating the
photonic architecture.

1.4.1 Specific objectives


Fabrication and characterization of waveguides, containing PDIderivatives dispersed in Poly(methyl methacrylate) (PMMA). A novel
waveguide consisting of a highly doped PMMA-PDI nanocomposite
sandwiched between two PMMA cladding layers demonstrated the best
conditions to obtain amplification of the spontaneous emission in the
single pass propagation of PL signal along the waveguide. This structure
showed the best conditions to obtain amplification of the spontaneous
emission, since it allows to obtain the optimum conditions for the
generation / propagation of light. This configuration can serve as a basis
for a future prototype of an optical amplifier.



Integration of MNPs in waveguide structures. For this purpose, metal
nanoparticles have been incorporated in polymers by two different
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fabrication methods: in situ grown of gold nanoparticles in the
commercial

photoresist

Novolak

and

drop

casting

of

silver

nanoparticles. These methods are simpler and cheaper to implement than
others, such as the use of electron beam lithography to define metallic
patterns at the nanoscale.


Coupling of normal incident light into the waveguide core (PMMA) by
exploiting the high scattering cross sections of Au MNPs. The proposed
optical coupler is simple and economical as compared to other more
standard ones, such as the use of diffraction gratings recorded in the
guide by high resolution optical or electron beam lithographies.



Study the weak coupling between the light emitted by PDI and the
LSPR of silver nanoparticles in order to demonstrate their PL
enhancement. For this purpose, the interaction is optimized by the
geometrical parameters of the PDI-MNPs coupling structures and by
their integration in an optical waveguide. Here we want to demonstrate
the benefit of using a waveguide to study the exciton-plasmon
interaction, which could be increased by a higher confinement of light.



Exploit the high scattering cross section of nanoparticles to provide a
random distributed feedback to the PDI PL. In these conditions, the
amplification of spontaneous emission (ASE) of the PDI results in laser
operation. For this purpose, Ag nanoparticles were integrated
appropriately with the active material nanocomposite (PMMA-PDI).

1.5 Publications associated to the present Thesis
This Ph.D. Thesis led to three peer-reviewed publications in international
journals, and a fourth article is now under preparation. These publications are
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related with the objectives of this Ph.D. Thesis explained in the previous section,
and provides the most important results (explain in chapter 3).

First, the optical amplification has been successfully demonstrated by using a
novel planar active waveguide. The structure consisted of a highly doped PMMAPDI sandwiched between two PMMA films. The generation of optical gain was
demonstrated by the propagation of the laser excitation inside the waveguide
structure with low losses and a high confinement of generated PL in the active
layer. These results are explained in sections 3.1 and have been published in the
paper entitled “Efficient Optical Amplification in a Sandwich-Type ActivePassive Polymer Waveguide Containing Perylenediimides” published in ACS
photonics (impact factor 6.756 in 2016 and ranked 7/92 in the Optics JCRcategory). The paper is included in the annex of the present Thesis and it is cited
as reference [76]. The participation of the student in this work consisted of the
optical characterization of the PDI in solutions (absorption, PL and Time
Resolved PL), fabrication and optical characterization of the nanocomposites
(absorption, PL and Time Resolved PL), and fabrication and characterization of
the waveguide structure (light amplification, waveguided PL, Time Resolved PL
and ASE stability).

In parallel, the student developed the appropriate technology process to
incorporate MNPs in optical waveguides, in order to exploit their optical
properties (high scattering cross sections, plasmonic resonances) for photonics.
For this purpose, he initially studied an in-situ growth of Au MNPs in the
commercial photoresist Novolak. Here, the control of the size and concentration
of MNPs inside the matrix resulted in a way to tune the optical properties of the
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plasmonic nanocomposite. Then, the refractive index of the Novolak-MNPs
nanocomposite was carefully analyzed, both experimentally and numerically, in
order to find the appropriate fabrication conditions (filling factor and growth time)
to optimize the scattering cross section at a desired wavelength. Finally, the
nanocomposite was patterned inside a PMMA waveguide to exploit its scattering
properties to couple and guide a normal incident laser light beam along the
polymer. In this way, light coupling was experimentally demonstrated in a broad
wavelength range (404-780 nm). These results are summarized in section 3.2 of
this Ph.D. Thesis and have been published in an article entitled “Polymer
waveguide couplers based on metal nanoparticle-polymer nanocomposites”
published in Nanotechnology (impact factor 3.821 in 2014 ranked 24/145 in
Applied Physics). The paper is attached in the annex of the present Thesis and it is
cited as reference [77]. The participation of the student in this publication
consisted of the fabrication of the different nanocomposites and waveguiding
structures, optical and microscopic characterization (transmission/reflectivity,
SEM images, coupling efficiency, etc.), and calculation of the effective refractive
index in the structure.

In the next step, the PDI-PMMA nanocomposite was integrated together with Ag
nanoparticles 100 nm in diameter in order to study the interaction between both
materials. For this purpose, a drop casting technology to deposit homogeneous
layers of MNPs was properly optimized. The interaction between plasmonic
nanoparticles and PDI molecules was studied in order to find the optimum
conditions to enhance the PL under a weak exciton-plasmon coupling. Moreover,
the MNPs-PDI system was integrated in a multilayered waveguide structure in
order to improve this interaction under relatively high light confinement
30

conditions. In this way, a Purcell factor greater than 10 has been successfully
demonstrated when measured at the output edge of the waveguide. These results
have been summarized in section 3.3.1 of this Thesis and form part of the paper
entitled “Purcell-enhancement of the radiative PL decay in perylenediimides
by coupling with silver nanoparticles into waveguide modes”. The paper has
been recently published in Applied Physics Letters (impact factor 3.411 in 2016
ranked 28/147 in Applied Physics), which is also attached in the Annex of the
present Thesis and it is cited as reference [78]. The participation of the student in
this work consisted in the fabrication of the devices, optical characterization and
analysis of PL and Time Resolved PL data, and calculation of the PL
enhancement as a function of the separation between the PDI molecule and the
MNPs.

Finally, Ag MNPs and PDI were properly integrated in order to demonstrate
lasing operation under random distributed feedback conditions. These results are
summarized in section 3.3.2 of this Thesis and are expected to be submitted for
publication in brief. The participation of the student in this work consisted in the
realization of the devices, the optical characterization measurements (PL spectra)
and modelling the laser curve.
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2 Experimental techniques
This chapter summarizes the experimental techniques used in this Thesis.
The first section contains the different fabrication procedures used to deposit
layers of polymers and nanoparticles (spin coating, drop casting), or to create
patterns (UV lithography). The second section is focussed in the morphological
(SEM, profilometer) and optical (reflectivity, absorption, PL, Time Resolved PL,
light coupling) characterization of the nanoparticles, layers and waveguides.

2.1 Fabrication techniques
2.1.1 Spin coating
Spin coating (Figure 6) is a common technique used to deposit thin films on
flat substrates of a material dispersed or diluted in solution. It consists of dropping
an amount of this solution at the centre of the substrate (Figure 6(a)) that is
previously fixed on a sample holder (usually by vacuum). Then, the holder chuck
is rotated (Figure 6(b)) at sufficiently high velocity (1000-3000 rpm, typically) to
produce a solution layer on its entire surface by centrifugal force. The thickness of
the final film after solvent evaporation and material curing/baking can be
modified by the spin velocity and the material viscosity, which can be controlled
with the concentration of the material in the solvent.
At the end of the process the spin-coated films are usually baked at a
specific temperature (Figure 6(c)) to evaporate the solvent and to promote the
formation of the layers. For example, for polymers or resists, a second bake is
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made at temperatures higher than the vitreous transition to polymerize the
material.

Figure 6. Steps of the spin coating technique: (a) dropping, (b) spinning and (c) solvent
evaporation.

The film thickness can be measured by different methods. For example, in
this work this parameter was controlled by the reflectivity characterized with a
reflectometer, or by measuring the profile with a mechanical profilometer after
scratching some regions of the sample.

2.1.2 UV-lithography
UV lithography or photolithography, is a process used in Microtechnology
to define patterns down to 1 μm2 on a resist previously deposited on a flat
substrate. For this purpose, a photoresist is firstly deposited on the top of the
sample, as it is illustrated in Figure 7(a). Then, the sample is aligned in contact
with a quartz mask (Figure 7(b)) containing Cr2O3 patterns with the design to be
transferred on the resist. In this way, the regions of the resist protected by the
Cr2O3 patterns are not activated with the posterior illumination with a UV lamp
(Figure 7(c)). Finally, sample is immersed in a solution (developer) able to
remove the zones of the resist which were exposed (for positive resist) or
unexposed (for negative resist) in the previous step (Figure 7(d)). Consequently, a
negative resist will reproduce the mirror image of the Cr2O3 patterns, while a
positive resist will form the same pattern structures.
Here the commercially available positive resist Novolak (product ma-P
1275 from micro resist technology GmbH, with a resolution of 1 μm) was chosen.
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The UV lithography was performed with a commercial setup (model MJB4 from
SUSS MicroTec) by using the following procedure:
(a) Novolak (Nv) resist was deposited on SiO2/Si substrate with spin
coating technique (3000 rpm, for 30 seconds), and then post bake at 65
°C for 2 minutes.
(b) a mask was put in contact with the sample (substrate + resist film),
(c) the sample was illuminated with a UV (Hg) lamp for four seconds,
(d) the UV-sensitized film was developed by dipping the sample in a
solution of Tetramethylammonium hydroxide (product ma-D 525S from
micro resist technology) diluted in water, in a ratio 1 to 1, for 20
seconds.

Figure 7. UV-lithography process for negative and positive type resists: (a) the deposition of the
photoresist on the substrate, (b) the contact of the optical mask with the resist, (c) the
illumination and (d) the development.

2.1.3 Drop casting
Drop casting consists of the formation of a film from a liquid directly
dropped on the desired substrate (see Figure 8(a)). Once the solvent is evaporated
(Figure 8(b)) the film, whose thickness mainly depends on the concentration of
the material dispersed/diluted in the solution, is formed on the sample.
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This is an easy, cheap and fast technique to form layers, but it usually lacks
from homogeneity and reproducibility manly due to the different evaporation rate
of the solvent on the surface of the sample and the inhomogeneous distribution of
the material in the drop.

Figure 8. Illustration of the two steps of the drop casting technique: (a) dropping and (b) solvent
evaporation.

In this work this method was used to deposit metal (Ag) or dielectric (TiO2)
nanoparticles. For this purpose, these problems were solved by following this
procedure:
(i) the solution was immersed in an ultrasonic bath for 2 minutes before
dropping on the substrate,
(ii) we kept the substrates at a fixed temperature (50 °C), during all the
procedure,
(iii) this process is repeated twice consecutively.

2.1.4 Waveguide
The waveguides studied in this Ph.D. Thesis were fabricated by
depositing/patterning polymer or nanocomposites on commercial SiO2/Si
substrates supplied by Cemat Silicon (Poland) (see Figure 9). The higher
refractive index of the polymer (nc ≈ 1.5 at 600 nm) with respect to that of SiO2
(ns = 1.458 at 600 nm), results in a high enough refractive index contrast (100(ns –
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nc)/ns ≈ 2.8 %) to produce an optical waveguide. In particular we propose the use
of 0.5-2 μm thick Poly(methyl methacrylate) (PMMA) film (or a PMMA
nanocomposite) as the core of the waveguide. The thickness of the SiO2 layer,
thermally grown on the top of the Si substrate, was chosen to be around 2 µm in
order to isolate the polymer waveguide from the silicon substrate (whose
refractive index is 3.95 at 600 nm) in the visible-near infrared range.

Figure 9. Scheme of the optical waveguide structures adopted in the present work.

2.2 Characterization
2.2.1 Structural characterization
Scanning Electron Microscopy (SEM)
Resolution of images obtained with standard light microscopy techniques is
limited by the fundamental laws of diffraction to 𝜆/2𝑛, and hence it is restricted
to hundreds of nm for visible light. In a Scanning Electron Microscopy (SEM),
however, images are scanned by the interaction of a focussed beam of electrons
with the sample, and the posterior analysis with different detectors. Therefore,
since the electron wavelength, given by the De Broglie equation (𝜆 = ℎ/(𝑚𝑒 𝑣𝑒 )),
is in the order of few picometers, resolution is reduced to the nanometer scale
[79], and it is mostly limited by external factors (detectors resolution, electron
beam shot noise, electron diffusion effects, etc.) rather than the probe mechanism.
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The microscope used in this work was the model S-4800 from HITACHI,
and presents a field emission gun (FEG) with a 1.4 nm resolution at 1 kV. This
equipment has a detector of backscattered electrons, Bruker RX detector,
transmittance detector, The QUANTAX 400 program for microanalysis and five
motorized axes. The characterization was performed under high vacuum
conditions, with a working distance of 8 cm and a FEG of 1-10 kV.
This device was used to analyse the surface of the samples (usually covered
by metal nanoparticles) or the cross sections in a multilayer structure. For this
purpose, conductivity of the samples was usually enhanced by a very thin
sputtering layer of gold (1-5 nm) and/or covered the borders with silver tint.

Profilometer
A profilometer is a measuring instrument used to analyse the surface's
profile of the samples. The device used in this work is the contact profilometer
Dektak 150 Surface Profiler from Veeco. It consists of a stylus, with a welldefined tip, which is moved vertically until it is in contact with the sample, and
then shifted laterally across the sample for a specified distance and contact force.
The vertical resolution is about 2 nm that is mainly limited by the dimensions of
the tip.
This device was used to measure the roughness and the thickness of the
layers. For this purpose, samples were previously scratched if UV lithography was
not performed previously.
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2.2.2 Optical characterization
Reflectivity/transmission
The reflectivity (R) and transmission (T) measurements were performed by
using a commercial reflectometer (Nanocalc-2000 from Mikropak/Ocean),
schematically illustrated in Figure 10(a). This setup consist of a UV-visible
double source Deuterium + Halogen (𝜆𝐼𝑁 ) coupled into an optical fiber that
illuminates the sample surface under normal incidence and collects the transmitted
(𝜆 𝑇 ) or the reflected (𝜆𝑅 ) signals.

Absorbance
Light absorbance is the fraction of incident light taken by a sample, without
reflection or scattering.

Figure 10. Scheme of the experimental setups used to measure (a) the transmittance, (a) the
reflectivity and (b) the absorbance.

In this Ph.D. Thesis, absorbance spectra for samples in solution or in solid
state (previously deposited on glass), were measured with a commercial Shimadzu
UV-2501PC spectrophotometer (UV-visible range, schematically represented in
Figure 10(b)). This device consists of a UV-Visible Xenon lamp coupled to a
monochromator, with a resolution of 0.5 nm (300-900 nm range). Then the
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monochromatic light beam is split in two branches containing a reference and the
sample to be analyzed. Finally light transmitted by both the reference (𝑇𝑅𝑒𝑓 ) and
the sample (𝑇𝑆𝑎𝑚𝑝𝑙𝑒 ) is collected by two photodetectors, and the absorption is
calculated by the well-known formula:

𝐴𝑏𝑠 = −𝑙𝑜𝑔10 (𝑇𝑆𝑎𝑚𝑝𝑙𝑒 /𝑇𝑅𝑒𝑓 )
(2.1)
Reference samples were the solvents or a glass substrate for solution and
solid state measurements, respectively.

Back and forward scattering Photoluminescence (PL)
Photoluminescence (PL) is an optical process from which a material
spontaneously emits photons after the absorption of light at a shorter wavelength.

Figure 11. Scheme of the setup used to measure the PL of the samples in the back or forward
scattering configuration.

In this Thesis PL signal, generated from dye molecules, was analysed by
using the experimental setup illustrated in Figure 11. Samples were placed on a
XYZ positioner and illuminated with Continuous Wave (CW) lasers at 532 nm
(Nd:Yag doubled) or 404 nm (GaN) with an incident angle of around 45 degrees.
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Excitation fluency was set to be around around 20 mW/cm2 by focusing the beam
on a spot of ≈1 mm2 at the surface of the sample. Then the PL signal was collected
along the normal direction to the sample surface with the aid of a 10x microscope
objective (numerical aperture 0.22), from which collected light is coupled into an
HR4000 Ocean Optics spectrograph (resolution ≈ 0.7 nm) through a multimode
optical fibre. High pass filters with λcut-off = 550 nm or 450 nm were included in
the PL signal collection arm to eliminate light scattering from the sample at the
excitation green and blue laser wavelengths, respectively.

Time Resolved Photoluminescence (TRPL)
Time Resolved PL (TRPL) experiments consist of the characterization of
the PL transients produced in a material after pulsed laser excitation. This
spectroscopy is used in the present work to find the effective recombination time
of the electron-hole pairs in the material giving rise to the emission of a photon
(radiative path), but also to the emission of phonons (non-radiative paths).
These measurements 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 beam was split in two branches (see Figure 12):
the reference, which gives the “start” signal, and the excitation, which produces
the PL signal from the samples. The excitation path contained neutral density
filters to control the excitation power. Then the PL signal was collected with a
10x microscope objective (numerical aperture 0.22), which focused the light into
a

Hamamatsu

C5658−3769

avalanche

photodetector

connected

to

a

BOXCARDPCS-150 electronics from Becker and Hickl GmbH. Before the
photodetector, a high pass filter with λcut-off = 550 nm, is incorporated in order to
eliminate light scattering from the sample at the green laser wavelength. It is
worth mentioning that this kind of measurement needs a certain level of data
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accumulation in order to increase the signal to noise ratio. In addition, the
excitation source should be carefully chosen in order to provide short enough
pulses with a repetition rate longer than the PL lifetime. For this purposed two
different kinds of Nd:Yag lasers doubled to 532 nm were used.
(a) Nd:YAG laser doubled to 532 nm with a repetition rate of 10, 100 or 1000
Hz, a pulse width of 1 ns and average power of 30 mW (at 1 kHz).
(b) Nd:YAG laser doubled to 532 nm with a repetition rate of 20 kHz, a pulse
width of 1.2 ns and an average power of 3 mW.

Figure 12. Scheme of the different configuration used for the TRPL measurements: (a) waveguide
and transmission and (b) scattering, with a 45 degrees angle between
excitation/collection and the samples surface.

The decay time of the excited state of a molecule to the ground state can be
expressed by a typical rate equation:
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𝑑𝐼(𝑡)
= −𝑘𝐼(𝑡) + 𝑓(𝑡)
𝑑𝑡
(2.2)
Where 𝐼 is the number of excited elements at time t, 𝑘 is the rate constant of
all de-excitation processes and 𝑓(𝑡) is an arbitrary function of the time, describing
the photo-generation. If excitation is switched off at 𝑡 = 0, equation 2.2 takes the
form:
𝑑𝐼(𝑡)
= −𝑘𝐼0
𝑑𝑡
(2.3)
Integrating 2.3 give
𝐼(𝑡) = 𝐼0 𝑒 −𝑡/𝜏
(2.4)
where, 𝐼0 is the intensity at time zero (upon excitation) and 𝜏 is the lifetime (𝜏 =
1/𝑘), which is defined as the time for the intensity to drop by 1/e. In general,
more than one decay time can be observed depending on the environment
conditions. So equation 2.4 becomes
𝑛

𝐼(𝑡) = 𝐼0 ∑ 𝐴𝑖 𝑒 −𝑡/𝜏𝑖
𝑖=1

(2.5)
In our case up to two decay times (n = 2) were, usually, needed to fit our
experimental data (which an example is given in Figure 13).
The data from TRPL spectra (ℎ) are the convolution (∗) between the
function (𝑓) that represents the temporal decay of the PL and the system response
function (𝑔), which is plotted in the grey area in Figure 13:
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ℎ=𝑓∗𝑔
(2.6)
By taking in account Equation 2.5 𝑓 is defined as:

𝑓 = 𝐴(𝑒 −𝑡⁄𝜏1 − 𝑒 −𝑡⁄𝜏𝑟𝑖𝑠𝑒 ) + 𝐵𝑒 −𝑡⁄𝜏2
(2.7)
where A and B are amplitude constants, 𝜏𝑟𝑖𝑠𝑒 is the rising time (fixed equal to 0.1
ns, i.e., negligible as compared to the laser pulse width) and 𝜏1 and 𝜏2 are
different decay mechanisms (usually just the first one becomes necessary). In
Figure 13 a table is inserted with the values used in the fitting of a TRPL spectrum
recorded in one of our samples.

Figure 13. Example of a typical TRPL spectra (black open symbols) obtained and its exponential
fitting curves (red line); grey shaded area corresponds to the temporal system response.
The inset present a table with the parameter used in the fitting.
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2.2.3 Waveguide characterization
End-fire coupling
End-fire coupling experiments consist of coupling a laser light beam into the
input edge of waveguides with the aid of a microscope objective (40x infinite
corrected, numerical aperture 0.66), and collecting the waveguided light from the
output edge of the structure (see Figure 14(a)) with another microscopic objective
(20x, numerical aperture 0.35).
This system firstly allows the characterization of the near field distribution
of the modes at the output edge of the sample. For this purpose, light collected by
the second objective was focused into a CCD camera (model DCU224C from
Thorlabs, see Figure 14(b) and (c)). Neutral density or linear polarizer filters
could be inserted in excitation/collection paths in order to set the light intensity or
to choose the polarization.

Figure 14. (a) Scheme of the experimental setups used for the waveguides characterization with
end-fire coupling. Photographs of light at the output edge of the waveguide for (b) the
green pump laser and (c) the PL signals.

In addition, this experimental set-up allows the characterization of the
emission of light in active waveguides. For this purpose a laser pump beam
(usually a Nd:Yag doubled to 532 nm described in the last section) was coupled
inside the structure, and light collected by the output objective was focused into a
HR4000 Ocean Optics spectrograph. A high pass filter, (normally a λcut-off = 550
nm) and a cylindrical lens was included to cut the laser line and focalize the line
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modal distribution of the planar waveguide into a point (and hence to enhance the
signal to noise ratio). Finally, this geometry can also be exploited to analyze the
recombination time inside the waveguide by combining it with the setup shown in
Figure 12(a). For this purpose, the laser light beam was split into two branches
before the input microscope objective, and light collected by the second
microscope objective was focused into the Hamamatsu C5658−3769 avalanche
photodetector connected to a BOXCARDPCS-150 (see Figure 12(a))

Surface Illumination
The surface of the waveguide was illuminated under normal incidence to
analyze the coupling efficiency of gold metal nanoparticles (MNPs) integrated in
the structure (see section 3.2.4). For this purpose, the incident light was carefully
positioned in the region with Au MNPs in order to maximize the scattering of
light with the aid of an aspherical lens (focal length 11 mm, numerical aperture
0.25), as it is illustrated in Figure 15(a). Then the guided light traveling along the
waveguide was collected at the output edge of the sample by using a 20x
microscope objective (numerical aperture 0.35), which focused the guided light
into an HR4000 Ocean Optics spectrograph, or the CCD camera (the same as in
Figure 14). A cylindrical lens could be included before the spectrograph to
focalize the line distribution of the waveguide into a point. Different CW lasers
were used to test the light coupling by the Au MNPs into the PMMA waveguides
at different wavelengths: 404 nm and 450 nm (semiconductor lasers), 532 nm
(Second harmonic of a Nd:Yag laser), 590 nm and 633 nm (HeNe lasers), and 780
nm (semiconductor laser).

46

Variable stripe length method
The Variable Stripe Length (VSL) method is a common technique to
characterize the optical gain and/or losses in a planar waveguide [80-83]. It
consists of focusing the excitation beam on a straight line on the surface of the
waveguide, usually with the aid of a cylindrical lens. Before the lens, a slit is
typically installed to select the central part of the Gaussian laser beam, and hence
to provide a uniform illumination. In this way, the length d of this line can be
varied to obtain information on the gain in the waveguide, or, the excitation line
can be moved inside the waveguide to estimate the waveguide losses [80-83].

Figure 15. Scheme of the experimental setup used (a) for analyzing the coupling efficiency due to
the scattering of the gold MNPs and (b) for illuminating the waveguide with a uniform
straight line beam.

In our setup the light, from a CW Nd laser (λ = 532 nm) with a power ≈ 20
mW/cm2, or the pulsed Nd:Yag laser doubled to 532 nm, described before, were
focused into a stripe 1 mm long and 0.2 mm wide (Figure 15(b)). The light at the
output edge of the waveguide was collected with a 20x microscope objective
(numerical aperture 0.35), which coupled waveguided light into an HR4000
Ocean Optics spectrograph through a multimode optical fiber. A long pass filter

47

and a second cylindrical lens was also included to eliminate laser scattered light
before the detector and to increase the signal to noise ratio, respectively.
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3 Summary of Results
This chapter summarizes the most important results obtained during this
Ph.D. Thesis work.
Section 3.1 is devoted to the optical characterization of the active elements
proposed in this work (Perylenediimides derivatives). Here are also establishes the
conditions to generate optical gain in waveguides using this organic compound as
their active medium. The optical properties of the MNPs used in this Ph.D. Thesis
work are summarized in section 3.2 together with the fabrication procedures to
integrate them in photonic structures, namely optical waveguides. The particular
optical properties of MNPs are exploited for different functionalities. Particularly,
MNPs with high scattering cross section are proposed to be integrated in polymer
waveguides to develop optical couplers for normal incident light. Finally, MNPs
can be also integrated together with optical waveguides containing organic
compounds, the PDI, in order to study the interaction between both materials. In
particular, MNPs are demonstrated to enhance the photoluminescence by the
reduction in the emitter radiative lifetime or Purcell effect by exciton-photon
coupling (section 3.3.1), or to provide the necessary light scattering to define a
random distributed feedback laser (section 3.3.2).

3.1 Amplification of Spontaneous Emission in
Perylenediimides based waveguides
Optical gain (or stimulated emission) is a light emission process where an
incident photon promotes the generation of a second photon with the same
frequency, phase and direction. For this purpose, the generation of light in the
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medium needs to overcome the absorption, or in other words, the population of
electrons in the upper level needs to be greater than that in the ground level
(inverted population). In these conditions, optical net gain (𝐺) is usually modelled
as the difference of electrons in the excited state (𝑁1 ) minus the electrons in the
ground state (𝑁0 ) multiplied by a gain cross section ():

𝐺 =  · (𝑁1 − 𝑁0 )
(3.1)
where the first term is related with the gain of the material, and the second with
the absorption losses.

3.1.1 Optical properties of the PDI compounds in solution
The Perylenediimides (PDI) used in this Thesis were synthesized in the
group DYSMOL (Profs. Àngela Sastre-Santos and Fernando Fernández-Lázaro,
Miguel Hernández University, Elche, Spain) following the methods explained
elsewhere [50, 84]. Four different compounds (named PDI-1, PDI-2, PDI-3 and
PDI-4) were prepared with the molecular structure shown in the insets of Figure
16, and then diluted in toluene at 10−5 M. Absorption and PL spectra of these
solutions present the typical vibronic structure of PDIs materials [50, 85, 86]. For
example, the absorption spectrum of PDI-1 (red curve in Figure 16(a)) exhibits
four peaks at 424, 464, 498 and 535 nm, corresponding to the 0-3, 0-2, 0-1 and 00 vibronic transitions; while its PL (black curve in Figure 16(a)) show a mirrorlike reflection spectrum with peaks at 545, 590 and 641 nm. Similar behaviors
were observed for the other PDI-derivatives.
In addition, the four PDI solutions exhibit similar recombination time, τ,
(5.9-6.2 ns, yellow data and exponential decay fit in Figure 17) with no influence
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on the excitation fluency (0.3-30 μJ) and similar quantum yield, QY, (90-95 %)
measured with a commercial apparatus (Hamamatsu C9920-02). Table I
summarizes all photophysical properties measured in the studied PDI-derivatives
in solution.

Figure 16. Absorption (red line and left axis) at 10−5 M and photoluminescence (black line and
right axis) spectra of the PDI in toluene solutions: (a) PDI-1, (b) PDI-2, (c) PDI-3, (d)
PDI-4. With insight their relative molecular structure.

Figure 17. Recombination time of PDI-1 in toluene solution (yellow) and in the PMMA film (red)
data (hallow circlet) and fit (continues line). Other PDI show similar behaviours.
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Table I. Photophysical properties of the PDI compounds in toluene solution used in this Thesis.

PDI

λAbs (nm)

λPL (nm)

τ (ns)

QY (%)

PDI-1

464

546

5.9

95

498

590

535

642

457

542

6.2

92

488

578

525

622

482

579

5.9

90

513

612

554

670

514

576

6.1

90

551

611

PDI-2

PDI-3

PDI-4

3.1.2 PDI-PMMA composite characterization
The PDI organic compounds were integrated in the waveguide structure by
dispersing the PDI in a PMMA matrix. For this purpose, solutions of PDI and
PMMA, both diluted in toluene, were mixed in the appropriate proportion (5 %
w.t.) and then spin coated on the substrate by following the procedure explained in
the experimental section [76] that assures the formation of solid state PMMA-PDI
nanocomposite films.
PDI-PMMA films were firstly characterized by depositing a ≈ 600 nm thick
nanocomposite film on glass and silicon substrates (as show in Figure 18) in order
to analyze absorbance and reflectivity (section 2.2.2), respectively. Figure 19
presents the absorption (black line and left axis) and photoluminescence (red line
and right axis) spectra of the different PDI-PMMA films deposited on a glass
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substrate. Here, the structure of the PDI molecule plays an important role in the
optical properties of the nanocomposites. For example, despite that absorption
spectra of the PMMA-PDI-1 nanocomposite is blue-shifted by 10 nm, its shape is
similar to that measured in solution that indicates the absence of aggregation in
the spin-coated film (Figure 19(a)). In addition, its broader PL spectrum shows the
activation of other vibrational transitions. Similar conclusion is obtained for PDI3 (Figure 19(c)) and PDI-4 (Figure 19(d)) nanocomposites. However, both
absorption and PL of PMMA-PDI-2 nanocomposites exhibit a different behaviour
(Figure 19(b)). Although spectra are not shifted as compared to the solution, we
observe a broader shape that could indicate the formation of H-aggregates in the
films [35, 87]. Table II summarizes all photophysical properties of the solid-state
PMMA-PDI nanocomposites.

Figure 18. PDI-PMMA nanocomposite deposited on (a) glass and (b) silicon substrate for the
characterization of its optical properties.

The complex refractive index of the PMMA-PDI nanocomposites has been
estimated from the reflectivity spectra of a 600 nm thick film deposited on a
silicon substrate (Figure 20(a)). The imaginary part is calculated from the
absorption curve, whereas the real part (blue line in Figure 20(b)) is obtained from
the interference intensity modulation in the reflectivity spectra. Theoretical
reflectivity calculated by this approximation (red line in Figure 20(a)) clearly
agrees with the experimental measured curve (hollow circles in Figure 20(a)) for
the PMMA-PDI-1 compound. The other nanocomposites (PMMA-PDI-2 to -4)
exhibited similar behaviours.
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Table II. Photophysical properties of the PDI-PMMA composite used in this Thesis.

PDI

λAbs (nm)

λPL (nm)

τd (ns)

QY (%)

PDI-1

458

537

3.0

30.6

491

580

530

360

461

555

3.3

-

487

583

522

615

481

580

3.1

-

515

613

555

668

512

568

3.5

-

547

610

PDI-2

PDI-3

PDI-4

Finally, it is worth mentioning that the quantum yield in the PMMA-PDI-1
film was 30.6 %, as measured with the commercial system and the decay time
(𝜏𝑒𝑓𝑓 ) was measured around 3 ns (see red curve in Figure 17), which is half the
value of the decay time measured in solution (6 ns). This is due to the contribution
of non-radiative path in the exciton recombination, given that 6 ns should be
considered as the exciton radiative lifetime of the PDI compound. We will come
into this discussion in section 3.3.1.
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Figure 19. Absorption (black line and left axis) and photoluminescence (red line and right axis)
spectra of (a) PDI-1, (b) PDI-2, (c) PDI-3 and (d) PDI-4 in PMMA film at 5 % wt.

Figure 20. (a) Experimental (black points) and theoretical (red line) reflectivity of a PMMA-PDI1 film deposited on silicon. (b) Real part (blue line and left axis) and imaginary part
(red line and right axis) of the extracted refractive index for the PMMA-PDI-1
composite.

In addition, since the 0-0 transition of PDI derivatives is limited by selfabsorption losses (see overlap of PL and absorption spectra in Figure 16 and
Figure 19) optical gain in PDI-derivatives is usually obtained for the 0-1 vibronic
state. In this way, this transition corresponds to the first excited state of the fourlevel scheme of the PDI compounds. For this purpose, a high enough
concentration of the organic compound in the polymer (0.2-5 % w.t.) is usually
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needed in order to promote the required electron density in the upper state for
achieving stimulated emission.

3.2.2. Geometrical optimization to demonstrate ASE
Once the properties of the PMMA-PDI nanocomposites were characterized,
films were deposited on a SiO2/Si substrate in order to check the optical properties
in a waveguide configuration (Figure 21(a)). For this purpose, the thickness of the
layers was fixed to about 1200 nm in order to assure single mode propagation at
the emission wavelength (≈ 600 nm). Then PL of the film was excited by end fire
coupling a Nd:YAG laser doubled to 532 nm (1 ns, 100 Hz) at the input edge of
the waveguide and collecting the waveguided PL from its output edge (see Figure
14(c)). However, the high concentrations needed for optical amplification (5 %
w.t.) restricts the propagation of the laser excitation beam at 532 nm down to a
few microns due to the strong absorption of the PDI compound (around 2000 cm-1
for PDI-1 embedded in PMMA at 5 % wt.). Consequently, this structure did not
show ASE for the range of laser fluencies studied here (green symbols in Figure
22(a)). Indeed, to the best of our knowledge, a surface excitation has always been
needed to demonstrate ASE with similar configurations [50, 85, 86, 88, 89].
For this reason, a modified multilayer architecture was proposed (the one
depicted in Figure 21(b)) in order to allow the co-propagation of the excitation
laser beam and the PL signal generated inside the waveguide. It consisted of a thin
(25-200 nm) layer of PDI-PMMA composite (with a concentration 5 % wt. of
PDI) sandwiched between two thicker passive layers of PMMA, both with a
thickness around 650 nm (Figure 21(b)). In this way, the absence of losses in the
claddings alleviates the attenuation of the laser excitation beam, while the PL is
highly confined at the centre of the structure forming the waveguide core. Indeed,
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this configuration previously demonstrated an optimum of PL signal generation at
the exit face of the waveguide by using colloidal QDs as active medium [90].

Figure 21. Structure of the samples studied: (a) monolayer waveguide, (b) sandwich type
waveguide.

Figure 22. (a) Integrated PL as a function of the laser pump fluency for different thicknesses of
the PMMA-PDI-1 active layer. Black, brown, red and orange colours refer to 100, 50,
25 and 200 nm thickness. Dark yellow show the results obtained with a PMMA-PDI
monolayer waveguide, where no amplification was observed. In inset, are shown the
normalized PL spectra at pump fluency of 0.03 μJ (black curve) and 3 μJ (red curve),
for the 100 nm active layer. (b) Energy threshold (blue and left axis) and linewidth (red
and right axis) as a function of the thickness of the PMMA-PDI-1 intermediate layer.

Therefore, the proposed multilayer structure not only allowed the
propagation of the laser excitation beam along the waveguide, but also the
generation of stimulated emission for optimum geometrical parameters was
demonstrated. Figure 22(a) presents in a log-log plot the integrated PL as a
function of the laser excitation fluency for thicknesses of the nanocomposite
ranging between 25 and 200 nm (being fixed the thickness of the PMMA
claddings to 650 nm) for the PMMA-PDI-1 nanocomposite. Clearly, only
thicknesses between 50 and 100 nm (wine and black symbols in Figure 22(a),
respectively) exhibit a superlinear growth above a certain laser excitation
threshold, which is the signature of stimulated emission. Simultaneously, the
spectrum of the waveguided PL changes from a broad band below this threshold
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(black line in the inset of Figure 22(a)) that collapses into a narrow line above the
threshold (red line in the inset of the figure). Thinner films did not presented ASE
(see red symbols in Figure 22(a) for a 25 nm thick PMMA-PDI-1 nanocomposite)
due to the fact that the total quantity (or the effective concentration in the whole
multilayer structure) of molecules is not high enough. On the opposite, films as
thick as 200 nm did not exhibit ASE, but this time due to the strong attenuation of
the pump beam (orange symbols in Figure 22(a)), as occur in the homogeneous
nanocomposite waveguide of Figure 21(a). In these conditions, a PMMA-PDI
layer 100 nm thick demonstrate an optimum ASE generation with the lowest Eth
(0.9 μJ) and the narrowest linewidth (2.3 nm) [76], as observed in Figure 22(b).

3.1.3 ASE characterization
PL linewidth and intensity
Figure 23 plots the PL spectra measured at the output edge of the
waveguide for a 100 nm thick PMMA-PDI-1 (the other composites showed
similar behaviour) layer sandwiched between two 650 nm thick PMMA cladding
layers. Above a threshold Eth = 0.9 μJ, the 1-0 vibronic transition collapses into a
narrow peak with a Full Width at Half Maximum (FWHM) of 2.3 nm under the
highest laser excitation fluency. Figure 24 shows the log-log plot of the integrated
PL intensity (black dots and left axis) and the PL FWHM (hollow circles and right
axis) as a function of the laser excitation fluency for waveguides containing PDI-1
(Figure 24(a)), PDI-2 (Figure 24(b)), PDI-3 (Figure 24(c)) and PDI-4 (Figure
24(d)). The threshold between the spontaneous and stimulated emission is clearly
observed from the different slope in the curves at 0.9, 1.2 and 2.2 μJ for PDI-1,
PDI-2, and PDI-4 respectively. Only PDI-3 did not exhibited ASE due,
principally, to the low absorption efficiency of this dye at the excitation
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wavelength of 532 nm (see Figure 16(c), black line). The laser excitation fluencies
(values included inside Figure 23) inside the waveguide were estimated by
assuming a coupling efficiency of around 1 % of the laser pump beam at the input
face of the structure [76].
The lowest ASE threshold found for the PDI-1 compound is attributed to
the absence of aggregation effects, and hence exhibiting a better emission
efficiency [35, 87]. Indeed, waveguides containing the PDI-1 compound presented
the narrowest linewidth of around 8 meV (2.3 nm), while waveguides containing
PDI-2 and PDI-4 exhibited a linewidth of around 11 meV (3.0 nm) and 12 meV
(3.3 nm), respectively. Table III summarizes the ASE properties of these devices.

Figure 23. PL spectra for different laser pump fluencies at the output of a waveguide containing
PMMA-PDI-1 composite 100 nm thick sandwiched between two 650 nm thick PMMA
cladding layers.
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Figure 24. Integrated PL intensity (black dots and left axis) and the PL peak linewidth (hallow
dots and right axis) as a function of the laser pump fluency, for waveguides containing
(a) PDI-1, (b) PDI-2, (c) PDI-3 and (d) PDI-4.

Figure 25. Integrated PL spectra for TE (blue dots) and TM (green dots) polarization for the
sample containing PDI-1.

Figure 25 presents the integrated PL spectra for TE and TM polarization in
a sample containing PDI-1 derivative (the other composites show similar
behaviours). Light in TE polarization (blue symbols in Figure 25) exhibited lower
threshold, Eth ≈ 0.9 μJ, than that in TM mode (green symbols in Figure 25), Eth ≈
2 μJ, probably due to the fact that this particular geometry enhances the emission
in the plane [76].
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TRPL measurements
TRPL measurements are consistent with the generation of gain discussed
above. When the structure was pumped well below the Eth value the TRPL
spectrum exhibit an exponential decay (orange symbols and line in Figure 26(a))
with a decay time of around τ ≈ 4.7 ns, close to that measured for the organic
compound in toluene solution (see Table I and yellow symbols and line in Figure
26(a)). Nevertheless, above a certain threshold the decay time decreases with the
laser pump fluency down to the response of the system (grey area in Figure
26(a)).
Results plotted in Figure 26(a) correspond to the waveguide containing a
100 nm PMMA-PDI-1 nanocomposite (other waveguides showed similar curves).
Symbols and solid lines refer to the experimental data and the fitting obtained
with equation 2.6 (see section 2.2.2).

Figure 26. (a) TRPL spectra (open symbols) for PDI-1 under different laser pump fluencies and
exponential fitting curves (continuous lines). Grey shaded area corresponds to the
temporal system response. (b) Decay time as a function of the laser excitation fluency
for PDI-1 (black symbols) and PDI-2 (red symbols) compounds.

Figure 26(b) plots the decay time as a function of the excitation fluency
for waveguides containing PDI-1 (black symbols) and PDI-2 (red symbols)
organic compounds. The reduction in the measured decay time of waveguided PL
agrees in both structures with the threshold pulse energy of stimulated emission
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deduced above from the growth of the integrated intensity of waveguided PL and
its linewidth narrowing.

ASE stability
The stability of fabricated devices was characterized by acquiring ASE
signal at the maximum pump fluency (3 μJ) every 60 seconds for 1 hour.
Waveguides containing a PMMA-PDI-1 maintained half of the maximum signal
over 15 ∙ 104 and 6 ∙ 104 laser shots for PMMA-PDI thicknesses of 50 and 100
nm respectively (see Figure 27(a)). In the same way stability of sample containing
100 nm of PMMA-PDI-2 nanocomposite demonstrated a similar behaviour: ASE
is maintained up to 6 ∙ 104 laser shots (see Figure 27(b)).

Figure 27. Integrated ASE intensity as a function of the laser shot for (a) PMMA-PDI-1
compound with thicknesses of 50 (black symbols) and 100 (red symbols) nm and for
(b) PMMA-PDI-2 compound with thicknesses of 100 nm (red symbols).
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Table III. ASE properties measured in the multilayer waveguides based on PDI compounds
studied in this Thesis.

PDI

λASE (nm)

Eth (μJ)

Δλ (nm)

ASE stability
(laser shot)

PDI-1

580

0.9

2.3

6 ∙ 104

PDI-2

576

1.2

3.0

6 ∙ 104

PDI-3

-

-

-

-

PDI-4

605

2.2

3.3

-

3.2 Optical couplers based on MNPs
Metal nanoparticles (MNPs) have been incorporated in polymer waveguides
in order to exploit their particular optical properties for different applications
(light redirection, PL enhancement, random distributed feedback for lasing). For
this purpose, two kinds of MNPs were used: gold MNPs dispersed in a Novolak
(Nv) matrix and commercial silver MNPs deposited by drop casting. The first
nanostructures (gold MNPs) are grown in situ and presents a size controlled by
the fabrication conditions. While the silver nanoparticles are supplied by
NanoComposix and had a fixed diameter of 100 nm. The following sections detail
the

fabrication

processes

and

optical

properties

obtained

with

these

nanostructures.

3.2.1 Scattering and absorption cross sections of MNPs
As a preliminary step we calculate the extinction (𝜎𝑒𝑥𝑡 ), scattering (𝜎𝑠𝑐𝑡 )
and absorption (𝜎𝑎𝑏𝑠 ) cross sections of the MNPs on the basis of the Mie theory
[91]. In this way we could prove that the selected MNPs had their plasmonic
resonance in the wavelength range we want to study.
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∞

𝜎𝑒𝑥𝑡

𝜆2
=
∑(2𝑙 + 1)[𝐼𝑚(𝑡𝑙𝐸 ) + 𝐼𝑚(𝑡𝑙𝑀 )]
2𝜋𝑛𝑚
𝑙=1

(3.2)
∞

𝜎𝑠𝑐𝑡

𝜆2
=
∑(2𝑙 + 1)[|𝑡𝑙𝐸 |2 + |𝑡𝑙𝑀 |2 ]
2𝜋𝑛𝑚
𝑙=1

(3.3)
𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑡
(3.4)
where 𝑛𝑚 is the refractive index of the medium surrounding the MNPs, 𝑡𝑙𝐸
and 𝑡𝑙𝑀 the electric and magnetic scattering coefficient whose expression can be
found in [91]. The index 𝑙 accounts for the contribution of the partial modes: 𝑙 =
1 corresponds to the dipole mode, 𝑙 = 2 to the quadrupole, 𝑙 = 3 to the octupole
and so on. When small nanoparticles (diameter << λ) are considered only the
electric dipole presents a significant contribution. However, when larger MNPs
are considered, high order terms need to be taken into account. Figure 28 plots
absorption (red line), scattering (orange line) and extinction (wine line) cross
sections calculated for gold MNPs with radius a = 25 nm (Figure 28(a)) and a =
45 nm (Figure 28(b)). The scattering cross section is negligible for small Au
MNPs. However, this contribution cannot be neglected when the MNPs radius
reaches 25 nm (Figure 28(a)), and dominates in the extinction coefficient for a
radius of 45 nm (Figure 28(b)). This is due to the fact that scattering grows
superlinearly with the size while absorption grows linearly (see equations 3.23.4). In addition, it is worth mentioning that the plasmon resonance red shifts with
increasing the MNPs size (see Figure 28).
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Figure 28. Extinction (wine), absorption (red) and scattering (orange) cross sections calculated
from Mie theory for spherical Au MNPs with (a) 25 and (b) 45 nm radii.

The same calculation was performed for the 100 nm Ag MNPs. Here, to
better reproduce the experimental conditions we have taken into account different
surrounding media: air (𝑛𝑚 = 1, Figure 29(a)) and PMMA (𝑛𝑚 ≈ 1.5, Figure
29(b)).

Figure 29. Extinction (wine), absorption (red) and scattering (orange) cross sections calculated
from Mie theory for 100 nm spherical Ag MNPs surrounded by (a) air (𝑛𝑚 = 1) and
(b) PMMA (𝑛𝑚 ≈ 1.5).

3.2.2 Au-Novolak (Nv) nanocomposite
Nanocomposite fabrication
Au MNPs-Nv nanocomposite films were prepared following the procedure
explained in [92]. Initial gold seed solutions were made by mixing Nv photoresist
with different volume ratios of initial solutions of Nv to Au salt in the proportions
1:1, 1:0.1 and 1:0.01. The initial Nv solution was the commercial ma-P1275 resist
from “micro resist technology”, and the initial Au solution was 0.197 g of
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HAuCl4-3H2O 0.1 M dissolved in 0.5 ml of Methoxy propyl acetate (MPA). Then
the Au-Nv suspension was spin coated on the appropriate substrate and postbaked at 180 °C for 10 min to initiate the formation of Au MNPs in Nv. At the
end of the process 100-200 nm thick films containing Au MNPs of around 10 nm
in diameter were synthesized.
To increase the size of the seed gold nanoparticles the nanocomposite was
immersed in a “growing” solution containing H3NOHCl with a gold precursor in
ethanol. The growth reaction was carried out at a controlled temperature of 45 °C
from minutes to several hours until the desired nanoparticle size was reached.

Nanocomposite deposition
Au MNPs-Nv nanocomposites films were fabricated by following the next
steps:
(i) The Au-Nv nanocomposite was deposited by spin coating on a desired
substrate (glass, silicon, SiO2/Si) and then baked at 65 °C for two
minutes.
(ii) The nanocomposite was patterned, by UV-lithography in order to define
the zones containing MNPs in the final waveguide (see section 2.1.2).
(iii) Sample was post-baked at 180 °C for 10 minutes to initiate the
formation of MNPs.
(iv) Sample was immersed in the growing solution until the MNPs reached
the desired size.

Nanocomposite characterization
Au MNPs-Nv nanocomposites were initially deposited on glass and silicon
substrates (Figure 30) in order to analyse their optical properties. For this purpose,
transmission (glass substrate) and reflectivity (silicon substrate) were studied after
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each growth step in order to correlate with the morphology characterization
shown in Figure 31. Initial seed concentrations of 0.4, 0.04 and 0.004 g/ml leaded
to 10 nm MNPs dispersed in the polymer with filling factors of 10−3, 5·10−4, 10−4
respectively, as deduced from SEM images. When these nanocomposite films
were immersed in the growing solution, the size of the Au MNPs increase
progressively with the immersion (growth) time (Figure 31) from 10 (in the initial
nanocomposite) to 100 nm (practically completed gold layer), with an average 10
% of size dispersion [77]. SEM images presented in Figure 31 correspond to Au
MNPs-Nv acquired at different growth times (0, 6, 12 and 22 hours) for an initial
ff of 5·10−4 (nanocomposites fabricated with other concentrations demonstrated
similar behaviors).

Figure 30. Novolak-gold nanocomposite deposited on (a) glass and (b) silicon substrate for the
characterization of its optical properties.

Figure 31. SEM images of Au MNPs obtained after different growing times for the composite
with an initial ff around 5·10-4.
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Figure 32. (a) Absorbance and (b) Reflectivity spectra of the Au-NV nanocomposite (5·10-4 of
initial filling factor of Au MNPs) deposited on glass and silicon for absorbance and
Reflectivity, respectively. Symbols and red lines in (b) correspond to experimental data
and calculated curves.

Transmission and reflectivity spectra, studied after each growing time, agree
with the morphological characterization. Figure 32(a) plots the experimental
absorbance spectra for a sample with an initial ff = 5·10-5 and growth times
between 1.5 and 22 hours. The absorbance is negligible at the beginning of the
process (black curve), but it increases progressively with the growth time. The
maximum of the absorbance corresponds to the localized surface plasmon
resonance (LSPR) of the Au MNPs and experiences a red-shift with the size of the
MNPs, in agreement with previous publications [93-95] and the calculation
presented in the section 3.2.1 [77]. Reflectivity spectra demonstrates a similar
behavior: influence of Au is negligible at the beginning of the process (see Figure
32(b)), but the film is practically formed by gold for long growth times (see
Figure 32(b)). Au MNPs composite samples with ff = 10−3 and ff = 10−4 showed
similar curves.

Refractive index of the nanocomposite
A Maxwell-Garnett effective medium approximation [96] was chosen to
reproduce the reflectivity spectra (red curves in Figure 32(b)) by estimating
refractive index of the layer by means of the following equation:
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2

(𝑛𝑒𝑓𝑓 ) = 𝜀𝑒𝑓𝑓 = 𝜀𝑁𝑣 ·

𝐿𝑖 · (𝜀𝑀𝑁𝑃𝑠 − 𝜀𝑁𝑣 ) + 𝜀𝑁𝑣 + 𝑓𝑓 · (𝜀𝑀𝑁𝑃𝑠 − 𝑣) · (1 − 𝐿𝑖 )
𝐿𝑖 · (𝜀𝑀𝑁𝑃𝑠 − 𝜀𝑁𝑣 ) + 𝜀𝑁𝑣 − 𝑓𝑓 · (𝜀𝑀𝑁𝑃𝑠 − 𝜀𝑁𝑣 ) · 𝐿𝑖
(3.5)

where 𝜀𝑁𝑣 , 𝜀𝑀𝑁𝑃𝑠 and 𝜀𝑒𝑓𝑓 are the dielectric constants of the surrounding
medium (Nv), MNPs and the nanocomposite, respectively. 𝐿𝑖 refers to the
depolarization factors along each axis (1/3 in spherical shape) [94, 95]. Refractive
index of the Nv has been experimentally obtained by fitting the reflectivity of Nv
films of thicknesses between 0.5 and 2 μm on silicon substrates:

𝑛𝑁𝑣 (𝜆) = 1.6 + 65𝑒 −𝜆⁄47 + 0.29𝑒 −𝜆⁄400
(3.6)
where λ is the wavelength in nm. The dielectric constant of MNPs is approximated
by taking into account the free and the bound electrons of the metal [91, 97-101]:

𝜀𝑀𝑁𝑃𝑠 = 𝜀𝑓𝑟𝑒𝑒−𝑒 − + 𝜀𝑏𝑜𝑢𝑛𝑑−𝑒 −
(3.7)
The first term is usually calculated by Drude's model and the second term by
the expression proposed in [98, 99]:

𝜀𝑓𝑟𝑒𝑒−𝑒 (𝜔) = 1 −

𝜔𝑝2
𝜔 2 + 𝑖(Γ𝑏𝑢𝑙𝑘 + 𝐶 · 𝑣𝑓 ⁄𝑎 ) · 𝜔
(3.8)
∞

√𝑥 − 𝜔𝑔
[1
𝑥
𝜔𝑔

𝜀𝑏𝑜𝑢𝑛𝑑−𝑒 (𝜔) = 𝑄𝑏𝑢𝑙𝑘 ∫

(𝑥 2 − 𝜔2 + 𝛾𝑏2 − 𝑖2𝜔𝛾𝑏 )
− 𝐹(𝑥, 𝐸𝐹 , 𝑇)] 2
𝑑𝑥
(𝑥 − 𝜔 2 + 𝛾𝑏2 )2 + 4𝜔 2 𝛾𝑏2
(3.9)
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where 𝜔𝑝 is the plasma frequency set to 13·1015 Hz [98-100], 𝛤𝑏𝑢𝑙𝑘 the bulk
damping constant considered to be 1.1·1014 Hz [100], 𝑣𝑓 the electrons velocity at
the Fermi surface (14.1 nm/s) [98], 𝐶 a constant set to 1 [91], 𝐹(𝑥, 𝐸𝐹 , 𝑇) the
Fermi energy distribution function at the temperature 𝑇 and the Fermi energy
𝐸𝐹 = 2.5 eV [98], 𝐸𝑔 the energy gap of Au (𝐸𝑔 = 2.1 eV) [98], 𝛾𝑏 the damping
constant in the intraband transitions (2.4·1014 Hz) and 𝑄𝑏𝑢𝑙𝑘 a proportionality
factor (𝑄𝑏𝑢𝑙𝑘 = 2.3·1024) [98]. Due to the fact that Au is an absorbing material
dielectric constant of the MNPs, as well as the dielectric constant of the effective
medium (equation 3.5), is a complex number. Equations 3.8 and 3.9 agrees with
the experimental values of the dielectric constant of bulk gold obtained from [102]
(black hallow circles in Figure 33). In addition, the proposed model (solid lines in
Figure 33) reproduces the experimental data (symbols in Figure 33).

Figure 33. Calculated (lines) and experimental values taken from [102] (allow circles) of the (a)
real and (b) imaginary part of the bulk gold dielectric function.

Figure 34 shows the ffs and radius deduced from the reflectivity fitting as a
function of the growing time for the three concentrations studied (initial filling
factor of 10-3, 5·10-4, 10-4). The size of Au MNPs slowly increases with the
growing time until a certain threshold is reached, above which their size grows
faster until a continuous gold film is formed for ff > 0.5. The decrease of the
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threshold with the initial concentration of the MNPs in the composite is probably
related with the easiness of the nanocomposite film to incorporate neighbouring
Au atoms when there is a high amount of metal on its surface. The size of the
MNPs saturates with regrowth to a diameter of 40 nm for the nanocomposite with
the smallest Au concentration (wine symbol in Figure 34). For higher initial
concentration of MNPs (red and orange symbols in Figure 34) the MNPs size can
be controlled between 10 nm and 100 nm upon regrowth time.

Figure 34. Filling factor (left axis and filled symbols) and radius (right axis and hallow symbols)
deduced from the modelling as a function of the growth time. Orange, red and wine
colures refer to an initial Nv/Au volume radius of 1:1, 1:0.1 and 1:0.01 respectively
(initial ffs of 10-3, 5·10-4, 10-4).

3.2.3 Integration of MNPs in waveguides
This section illustrates the fabrication procedures used to incorporate the
MNPs in polymer waveguides.

Au MNPs-Nv nanocomposite
First, the nanocomposite was deposited on a SiO2/Si substrate following the
procedure explained section 3.2.2. Then, a PMMA layer was spin coated on the
top of the nanocomposite, and post baked at 80 °C and 150 °C for two minutes
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each temperature [34]. The thickness of this layer was around 2 μm in order to
allow the propagation of guided modes.

Silver MNPs
Commercial MNPs used in this Thesis were supplied by Nanocomposix,
and consisted of silver spheres of 100 nm diameter diluted in water at 0.020 mg/ml
(corresponding to a particle density of 3.6·109 particles/ml) and coated with
polyvinylpyrrolidone (PVP, negatively charged) to prevent aggregation. They
were deposited by dropping the solution on the appropriate substrate, and baked at
50 °C for 30 minutes to control the evaporation rate. For this purpose, an
intermediate layer of the commercially available polymer electrolyte Omnicoat
(from Microchem Corp.) is spin coated and baked at 180 °C for 1 minute in order
to improve the adhesion of the MNPs on the substrate. In these conditions, quite
homogeneous layer of MNPs with a ffs between 1 % and 10 % (controlled by the
concentration of the solution) were obtained (see SEM images in Figure 35)

Figure 35. SEM images of Ag MNPs deposition on Si substrate with drop casting, from (a) a ten
times diluted or (b) the initial concentration.

Again, deposition of MNPs is followed by spin coating a PMMA or
PMMA-PDI film with the intention to conform a planar waveguide.
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3.2.4 Coupling normal incident light by MNPs
Au MNPs-Nv nanocomposites were applied as integrated optical waveguide
couplers by exploiting their high scattering cross sections. For this purpose, the
nanocomposite is patterned inside the waveguide structure in order to redirect
normal incident light into the waveguide modes, as schematically illustrated in
Figure 36.

Figure 36. The sample structure and experimental setup. Au MNPs/Novolak nanocomposite is
patterned on a SiO2/Si wafer and a PMMA film is deposited on the top. An incident
laser beam (1) is focused on the surface of the nanocomposite for scattering the light by
the MNPs (2). Finally, the scattered light is coupled to the guided modes (3) of the
PMMA/SiO2 structure and collected at the output edge of the sample (4).

Figure 37(b) plots the coupling efficiency (calculated by the ratio of the
optical power density at the output and input) measured in samples with ff = 0.01
(green) and ff = 0.1 (blue), for the six different wavelengths (404, 450, 532, 590,
633 and 780 nm). Although all wavelengths were successfully coupled in the
structure (see top photographs), coupling efficiency demonstrated a strong
dependence on the operation wavelength. It was around 1 % for wavelengths
closer to the plasmonic resonance but it dropped down to 0.01 % for shorter and
longer wavelengths. The significant better coupling in TE than in TM polarization
(a 3-fold increase in the 550-650 nm range and about 2-fold out of this range, as
observed in Figure 37(c)) is probably due to a the worse matching of the
propagating modes in the PMMA and Au-Nv layers, as explained in [77].
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Figure 37. (a) Photographs of light at the output edge of the waveguide for the different
wavelengths studied. (b) Coupling efficiency at the output of the waveguide as a
function of the wavelength. (c) Ratio between TE and TM light at the output of the
waveguide.

3.3 Interaction between MNPs and PDI compounds
MNPs are integrated together with PDI compounds in order to study the
influence of the nanoparticles in the generation of PL. In particular, this work was
focussed in finding the optimum conditions to observe an enhancement of the
spontaneous emission (section 3.3.1), and implement a laser based on random
distributed scatters (section 3.3.2).

3.3.1 Enhancement of photoluminescence.
Optical properties of an oscillator in close proximity to MNPs can be
influenced by the plasmonic resonance or the high near field at the surface of the
nanostructures. As a consequence, the hybrid plasmonic-emitter system
demonstrates different optical properties than the isolated individual elements,
giving rise to outstanding applications. This section studies a weak coupling
interaction between PDI compound and MNPs able to enhance the PL emitted by
the organic compound. For this purpose, silver nanoparticles have been chosen as
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nanostructures with high scattering cross section and spectral overlap of the
plasmonic resonance with the PL of the PDI (see Figure 38). Furthermore, the
separation between the MNPs and the molecule [103] has to meet a critical
distance to have the best interaction between these two elements.

Figure 38. Absorbance (blue line and left axis) and PL intensity (red line and right axis) of the
PDI-1. Dotted line shows the PL intensity of the PDI-1 embedded in PMMA. Green
symbols present the measured scattering of the Ag nanoparticles which are in
agreement with the theoretical predictions (green line) calculated with equation 3.3.

Then, silver MNPs have been integrated together with PDI following the
procedure described in section 3.2.3. For this purpose, a thin (≈ 50 nm) PMMAPDI nanocomposite is deposited on the appropriate substrate and covered with a
layer of MNPs with an intermediate Omnicoat film to improve adhesion. Here the
concentration of PDI in the polymer was fixed down to 0.06 % wt. in order to
avoid aggregation and to keep a similar concentration of emitter oscillators and
MNPs (see Figure 39(a)).
Finally, it is worth mentioning that the size of the drop (around 0.5 cm2) was
smaller than the sample (≈ 1.5 cm2), and hence two distinguishable regions, with
and without MNPs, were defined for studying the influence of MNPs on the
emission of PDI-1 molecules referred to the region without nanoparticles.
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Figure 39. Sample structure to study exciton-plasmon interaction on: (a) glass substrates for
measuring transmission and forward-scattering PL for different spacer thickness
between the molecule and the MNPs and (b) on SiO2/Si substrates for the study of
waveguided PL.

The same procedure was used to fabricate waveguide samples on SiO2/Si
substrate with the obtained optimum spacer thickness. Here, on top of the MNPs,
a PMMA layer was spin coated and post baked at at 80 °C and 150 °C for two
minutes each bake. Final thickness was around 700 nm to act as the core of the
waveguide (Figure 39(b)).

Theory of exciton-photon enhancement
We studied the PL enhancement factor, F, as a function of the MNPs-dye
separation following the model proposed in [91, 104-106]:

𝐹 = 𝐺(𝜔)𝑄(𝜔′ )
(3.10)
Where G is the incident field enhancement factor, Q the quantum yield of
the molecule and 𝜔, 𝜔′ the incident light frequency and the frequency of the
emitted radiation respectively. From the Electromagnetic theory the quantum
yield can be calculated from:

𝛾𝑟𝑎𝑑 (𝜔′ , 𝑟)
𝛾𝑡𝑜𝑡 (𝜔′ , 𝑟)
𝑄(𝜔 , 𝑟) = (
)/(
)
𝛾0
𝛾0
′

(3.11)
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where 𝑟 is the length of the radius vector plotted from a particle centre to the
molecule position, 𝛾𝑟𝑎𝑑 (𝜔′ , 𝑟)/𝛾0 and 𝛾𝑡𝑜𝑡 (𝜔′ , 𝑟)/𝛾0 are the radiative and the
total components of the decay rate of the molecule respectively calculated as:

∞

𝛾𝑟𝑎𝑑 (𝜔′ , 𝑟)
3
=
∑ 𝑛(𝑛 + 1)(2𝑛 + 1) ∙ |𝜓𝑛 (𝑘𝑟) + 𝑏𝑛 𝜁𝑛 (𝑘𝑟)|2
𝛾0
2(𝑘𝑟)4
𝑛=1

(3.12)
∞

𝛾𝑡𝑜𝑡 (𝜔′ , 𝑟)
3
=1+
∑ 𝑛(𝑛 + 1)(2𝑛 + 1) ∙ 𝑅𝑒{𝑏𝑛 𝜁𝑛 (𝑘𝑟)2 }
𝛾0
2(𝑘𝑟)4
𝑛=1

(3.13)
here 𝑘 = 𝜔′ /𝑐 is the wavenumber, 𝜓𝑛 (𝑘𝑟) = (𝜋𝑘𝑟/2)1/2 𝐽𝑛+1/2 (𝑘𝑟) with
(1)

𝐽𝑛+1/2 (𝑘𝑟) being the spherical Bessel Function, 𝜁𝑛 (𝑘𝑟) = (𝜋𝑘𝑟/2)1/2 𝐻𝑛+1/2 (𝑘𝑟)
(1)

with 𝐻𝑛+1/2 (𝑘𝑟) being the spherical Henkenl Function of the first kind and 𝑏𝑛
and 𝑎𝑛 the Mie coefficient defined as:

√𝜀𝜓𝑛 (𝑘0 𝑎√𝜀)𝜓𝑛′ (𝑘0 𝑎) − 𝜓𝑛 (𝑘0 𝑎)𝜓𝑛′ (𝑘0 𝑎√𝜀)
𝑏𝑛 = −
√𝜀𝜓𝑛 (𝑘0 𝑎√𝜀)𝜁𝑛′ (𝑘0 𝑎) − 𝜁𝑛 (𝑘0 𝑎)𝜓𝑛′ (𝑘0 𝑎√𝜀)
(3.14)
𝑎𝑛 = −

𝜓𝑛 (𝑘0 𝑎√𝜀)𝜓𝑛′ (𝑘0 𝑎) − √𝜀𝜓𝑛 (𝑘0 𝑎)𝜓𝑛′ (𝑘0 𝑎√𝜀)
𝜓𝑛 (𝑘0 𝑎√𝜀)𝜁𝑛′ (𝑘0 𝑎) − √𝜀𝜁𝑛 (𝑘0 𝑎)𝜓𝑛′ (𝑘0 𝑎√𝜀)
(3.15)

Where 𝑎 is the metal particle radius and 𝜀 is its dielectric permittivity
(depending on 𝜔) and 𝑘0 = 𝜔/𝑐 is the wavenumber. The Factor G is calculated
by averaging all the possible orientation of the molecules, in our case for
molecules on glass we assume, as in [106], that:
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∞

1
〈𝐺(𝜔, 𝒓)〉 =
∑ 𝑛(𝑛 + 1)(2𝑛 + 1) ∙ |𝜓𝑛 (𝑘𝑟) + 𝑏𝑛 𝜁𝑛 (𝑘𝑟)|2
4
2(𝑘𝑟)
𝑛=1

∞

1
+
∑(2𝑛 + 1) ∙ (|𝜓𝑛 (𝑘𝑟) + 𝑎𝑛 𝜁𝑛 (𝑘𝑟)|2
2(𝑘𝑟)2
𝑛=1

+ |𝜓𝑛′ (𝑘𝑟) + 𝑏𝑛 𝜁𝑛′ (𝑘𝑟)|2 )
(3.16)
As discussed below this model is able to reproduce the experimental results
on the PL enhancement by Purcell effect. The maximum enhancement factor is
found for a separation (𝑑 = 𝑟 − 𝑎) around 6 nm.

PL enhancement in forward-scattering configuration
As it has been studied in the last section, the gap between the active material
and MNPs has a direct influence in the enhancement of PL. If this gap is too short
the emission is quenched by ohmic losses, while if it is too long there is no
interaction between the MNPs and the emitter [103]. For the optimum gap the
weak coupling between the exciton and the plasmon results in a reduction of the
radiate recombination time, and hence in an enhancement of the PL.
In this way, the Omnicoat film, not only serves to obtain a homogenous
layer of MNPs, but also plays an important role in the enhancement of PL. Then,
the influence of the thickness of this spacer was properly studied in order to find
the

optimum

conditions

for

light

generation.

For

this

purpose,

the

nanocomposite/omnicoat/MNPs multilayers were deposited on glass substrates,
and characterized by measuring the PL and TRPL in transmission and forwardscattering configuration (see section 2.2.2).
The enhancement of the PL intensity with MNPs reveals a direct
dependence on the spacer gap, d. Although there is no influence for thin (d < 2.5
nm) or thick layers (d > 10 nm, Figure 40(a)), PL increases by 4-6 fold
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enhancement when a gap d = 5-10 nm, (Figure 40(b)) is chosen. This
enhancement can be explained by the influence of scattering mechanisms or a
modification of the radiative spontaneous emission rate [107].

Figure 40. Average PL intensity measured in forward scattering with (wine) and without MNPs
(red) for spacer thickness d of (a) 0, 2.5 and 20 nm and (b) 5 and 10 nm.

TRPL measurements (measured with the Nd:YAG laser doubled at 532 nm
with a repetition rate of 20 KHz and pulse width of 1.2 ns) corroborate the
enhancement observed at the optimum gap. Figure 41(a) shows the TRPL
measurement in absence of MNPs (red) and with MNPs and a spacer of d = 5 nm.
Symbols and solid lines correspond to experimental data and fitting respectively.
The grey area presents the response of the system. As already introduced in
section 3.1.1 we can fit the PL transients of the molecule dispersed in solution
(yellow in Figure 17) and deposited as films (red in Figure 17) with single
exponential decay functions (solid lines in Figure 17). Here the best fitting decay
times were 6.0  0.2 ns and 2.7  0.3 ns for solution and film, respectively. This
reduction in the decay time can be attributed to some non-radiative channel
present in the PMMA-PDI film that was absent or negligible in solution. The
effective recombination decay time (τeff) deduced from TRPL is the combination
of radiative (τr) and non-radiative (τnr) contributions 1/τeff = 1/τr +1/τnr. If τr is
assumed to be close to that of the solution (6 ns), τnr would be around 5 ns. From
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these values, an emission quantum yield, QY = τnr/(τnr+ τr) ≈ 45 %, can be
estimated for the film, which is very close to the QY measured with the
commercial system (see section 3.1.1). Whit this consideration we calculate the
radiative decay time of the molecule in the presence of the MNPs with a total
spacer of 6.5 nm (d = 5 nm). In this conditions we obtained a decay time of 0.8 ±
0.1 ns (red line in Figure 41(a)). The reduction in the PL lifetime, so obtained, is
attributed to a Purcell mechanism, where the gain in the spontaneous emission
rate (or Purcell Factor, PF) is known to be the ratio between both radiative time
constants.
𝑃𝐹 =

𝜏𝑃𝐷𝐼
𝜏𝑃𝐷𝐼−𝐴𝑔
(3.17)

In our calculation we assumed that the Purcell effect only affect to the
emitted radiative rate [78]. Under this assumption, we have a Purcell factor
around 5.5, for the optimum omnicoat thickness of d = 5 nm [78]. This value is
very close to the measured intensity enhancement (Figure 40(b)) and to the
theoretical curve (red line in Figure 41(b)) calculated from the model proposed in
[91, 104-106] (equation 3.10). It is worth mentioning that we did not observe any
total PL quenching with d = 0 nm, as one should have expected [103], because the
non-radiative complete quenching of PL is prevented by the 1-2 nm ligands
covering the surface of the MNPs, providing an effective thicker spacer that have
been taken into account in the x-axis of Figure 41(b), and the main contribution to
the TRPL curve of organic molecules far from MNPs, which is the reason to find
𝑃𝐹 = 1.
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Figure 41. (a) TRPL measurement in absence of MNPs (red) and with MNPs and a spacer of d = 5
nm. Symbols and solid lines correspond to experimental data and fitting respectively.
Grey area presents the response of the system. (b) Shortening of the PL decay time as a
function of the thickness of the spacer. Symbols and solid red line refers to experimental
data and modelling, respectively.

PL enhancement in optical waveguides
PL intensity was measured in the waveguide configuration shown in Figure
39(b) by using the setup described in section 2.2.2 (VSL method). This
experimental setup allows uniform excitation of the pump beam (C.W. 532 nm)
along the whole length of the waveguide.
Figure 42(a) presents the PL spectra obtained at the output edge of the
sample under (wine line) or without (red line) the influence of MNPs. Here the PL
intensity was enhanced by a factor 4.5, approximately, close to that found by
forward scattering geometry (not limited by losses). However, in this case the PL
intensity is influenced not only by the interaction with the MNPs plasmon, but
also by the propagation losses in the waveguide, mainly introduced by the MNPs.
Then, the exciton-photon coupling overcomes the additional attenuation in the
structure.
TRPL experiments were carried out by end fire coupling the excitation
beam at the input edge of the waveguide and collecting the PL from the output
edge. In the region without MNPs the PL kinetics experiments show a decay time
of 2.0 ± 0.1 ns (red symbols and solid line in Figure 42(b)), close to the previous
measurements in PMMA-PDI-1 films possibly reduced by the light confinement
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in the waveguide [76]. Nevertheless, the influence of MNPs in the waveguide
geometry (wine symbols and solid in Figure 42(b)) reveals a more important
reduction of the decay time down to 0.30 ± 0.05 ns. Again, these decays
correspond to radiative exciton lifetimes τr = 0.32 ns and τr= 3.4 ns with and
without MNPs, respectively, by taking into account the same nonradiative
recombination τnr= 5 ns [78]. Thus, the MNPs-dye coupling in the waveguide
geometry leads to a Purcell factor as high as 10.5, i.e., a factor two larger than that
obtained in forward-scattering geometry. This enhancement of Purcell effect can
be attributed to the high confinement of the light in the core of the waveguide, as
compared to light emission into air, as it has been proposed in metal-insulatormetal structures [108], and demonstrates the benefit of the proposed waveguide
geometry is not only to study the enhancement of PL, but also to exploit it in
integrated photonic devices.

Figure 42. (a) PL intensity measured at the edge of the waveguide with (wine) and without MNPs
(red). (b) Recombination time measured at the edge of the waveguide with the PDI
uncovered (red) and covered (wine) by Ag MNPs. Symbols correspond to the
experimental data and solid lines to the exponential fitting. Grey area shows system
response.

3.3.2 Random distributed feedback laser
The last target of this Ph.D. has been the demonstration of laser operation by
using PMMA-PDI nanocomposites as a gain media, and nanoparticles with high
scattering cross section at the PL wavelengths as a randomly distributed feedback
material. Samples consisted of 1 μm thick PMMA-PDI-1 nanocomposite spin
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coated on the top of the nanoparticles film (as illustrated in Figure 43), previously
deposited with the method explained in section 3.2.3. Concentration of PDI in the
PMMA was fixed up to 5 % wt. in order to achieve gain generation conditions. In
addition, two different kinds of nanoparticles with high scattering cross section at
the PL wavelengths were tested:
(a) Commercial Silver MNPs of 100 nm diameter (described in section
3.2.3).
(b) Commercial spherical TiO2 nanoparticles (NPs) of 140 nm diameter
(Titanix JR-600E from Specialchem, Japan) dissolved in water (with
TiO2 mass concentration of 0.020 mg/ml).

Figure 43. Scheme of the samples used to study random lasing operation.

Samples were characterized by optically pumping the active medium with a
pulsed Nd:Yag laser doubled to 532 nm with a repetition rate of 10 Hz and a pulse
width of 1 ns (Energy pulse 30 μJ). Here a pulse frequency of 10 Hz was used to
reduce heating and consequently reduce the damaging of the samples. Also for
this purpose, the radius of the spot on the surface of the sample was increased to
around 1 mm. Then, the PL signal was collected into a commercial Ocean Optics
MAYA2000 pro spectrometer (with a resolution of ≈ 0.1 nm).
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Figure 44. PL spectra for different pump energy for the sample (a) without nanoparticles, (b) with
TiO2 NPs and (c) with the Ag MNPs. (d) Zoom of the PL spectrum of the sample with
Ag MNPs at maximum pump energy (30 μJ).

In Figure 44(a)-(c) are reported the PL spectra obtained for sample without
NPs (a) with TiO2 NPs (b) and with Ag MNPs (c) for different pump fluencies.
Here we can see that at high pump fluency the PL peak collapse into a narrow
line, typical signature of optical gain (ASE).
Figure 45 and Figure 46 show log-log plots of the integrated PL intensity
and the PL linewidth as a function of the excitation fluency. Red, blue and black
symbols refer to Ag MNPs, TiO2 nanoparticles and the region without
nanoparticles, respectively. Although ASE is demonstrated for the three
conditions, the nanoparticles reveals an important influence. First TiO2 shows a
decrease of the ASE threshold by a factor four as compared to the case without
nanoparticles. In the case of using silver MNPs the PL spectrum evolution with
the laser excitation fluency (red symbol in Figure 45 and Figure 46) indicates
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three different regions [109]. Below a threshold of 2 μJ light is predominantly
spontaneously emitted [110] with a linear dependence of the PL intensity with the
excitation fluency and a nearly constant linewidth. When the excitation fluency is
increased above the ASE threshold of 2 μJ the integrated PL intensity shows a
superlinear increase with the excitation power, and the PL spectrum collapses into
a narrow line, which is characteristics of the ASE regime. Finally, at excitation
higher than 10 μJ, the PL intensity, again, reveals a linear dependence with the
excitation pump energy, and the linewidth of the PL line continues to decrease
slowly and it is composed of several narrow peaks (see Figure 44(d)). This Scurve characteristics of the PL-intensity log-log plot, together with presence of
such narrow peaks in the PL spectrum, are clear indications of laser operation, and
hence it is attributed to a random distributed feedback. Table IV summarizes the
optical properties of these devices.

Figure 45. Integrated PL intensity of the samples with Ag MNPs (red symbols), with TiO2 NPs
(blue symbols) and without NPs (black symbols), as a function of the excitation fluency.
Labels indicates threshold of ASE and lasing for the sample with Ag MNPs.
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Figure 46. PL peak linewidth of the samples with Ag MNPs (red symbols), with TiO2 NPs (blue
symbols) and without NPs (black symbols), as a function of the excitation fluency.
Labels indicates threshold of ASE.

Figure 44(d) shows a zoom of the PL spectra at maximum pump fluency (30
μJ) centred on the PL peak for the sample with the Ag MNPs. Clearly, here, there
are narrow peaks superimposed to the PL, which are attributed to random lasing
generation. Since the average separation between the resonance peaks (<Δλ>) is
estimated around 0.7 ± 0.1 nm, the length of the equivalent Fabry-Perot resonator
is found to be about 𝑙 = 250 ± 30 μm, by using the following formula [111]:

∆𝜆 ≈

𝜆2𝑒𝑚
2𝑛𝑒𝑓𝑓 𝑐𝑜𝑠𝜃𝑙
(3.18)

where 𝜆𝑒𝑚 is the central wavelength of the random laser emission (𝜆𝑒𝑚 ≅
582 nm), 𝑛𝑒𝑓𝑓 the effective refractive index of the medium (𝑛𝑒𝑓𝑓 ≅ 1.5), 𝜃 the
incident angle (𝜃 ≅ 45 degree).
On the other hand, we can estimate the minimum mean free path length,
𝑙𝑚𝑖𝑛 , between consecutive scatters as [112]:
2
2
𝑙𝑚𝑖𝑛 = 2𝑛𝑒𝑓𝑓
𝑑/(𝑛𝑒𝑓𝑓
− 1)1/2

(3.19)
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where d is the thickness of the gain layer (𝑑 ≅ 1 μm). In this way we obtained
𝑙𝑚𝑖𝑛 ≅ 4 μm. Obviously, this minimum mean free path length requires a
separation between the silver nanoparticles smaller than 𝑆 = 𝑙𝑚𝑖𝑛 𝑠𝑖𝑛𝜃𝑐 ≅ 2.6 μm,
where 𝜃𝑐 = 𝑠𝑖𝑛−1 (1/𝑛𝑒𝑓𝑓 ) is the critical angle for the total reflection at the
composite/air interface. If a homogeneous distribution of the MNPs with an
average ff of 1 % is assumed, we can estimate an average separation about
< 𝑆𝑀𝑁𝑃𝑠 > ≅ 1.3 μm, and hence fulfils the aforementioned condition. Finally, if
we compare this minimum free path length with the equivalent Fabry-Pérot
resonator’s length l, one would deduce that 50-70 light scattering Ag
nanoparticles are needed to form a closed loop path. When the amplification along
such a loop path exceeds the loss, laser oscillation can occur in the loop, which
serves as a laser resonator [115]. Furthermore the minimum mean free path length
(𝑙𝑚𝑖𝑛 ) is approximately equal to 7𝜆𝑒𝑚 . As it is reported in the experimental works
[115, 116] and according to the definition of the free path length of random laser,
we can state that this is an excellent relationship to support the lasing action in
such a random device.

Table IV. Resume of the optical properties of the devices studied.

NPs

λASE (nm)

ASE Eth (μJ)

RL Eth (μJ)

Δλ (nm)

None

582

20

-

2.7

TiO2

582

5

-

1.0

Ag

582

2

≈10

0.7
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Theoretical modelling
Experimental PL intensity, for the sample with the Ag MNPs, at its centred
wavelength (582 nm, black points in Figure 47) is fitted (solid red line in Figure
47) as a function of the pump fluency with a standard laser model [113, 114]:

𝑑𝑁
𝑁
𝑁
Γ𝑔𝑐(𝑁 − 𝑁𝑡𝑟 )𝑃
= 𝑅𝑝 − −
−
𝑑𝑡
𝜏𝑟 𝜏𝑛𝑟
𝑛𝑒𝑓𝑓
(3.20)
𝑑𝑃 Γ𝛽𝑁 𝑁 Γ𝑔𝑐(𝑁 − 𝑁𝑡𝑟 )𝑃
=
− +
𝑑𝑡
𝜏𝑟
𝜏𝑐
𝑛𝑒𝑓𝑓
(3.21)
where 𝑁 and 𝑃 are number of optically excited molecules and photon densities
within the active area, 𝑅𝑃 is the pumping rate, 𝑔 is the differential gain coefficient
and 𝑁𝑡𝑟 is the transparency carrier density, 𝛤 the confinement factor, β the
spontaneous emission coupling factor, and 𝜏𝑐 the cavity photon lifetime. The
radiative and non-radiative recombination lifetimes are 𝜏𝑟 = 6 ns and 𝜏𝑛𝑟 = 5 ns,
respectively, as calculated in [78]. Since the PDI's are embedded in the highest
refractive index layer, we believe that the light emitted is mainly coupled to a
waveguide mode, and hence 𝛽 = 𝛤 = 1 is assumed. Then 𝜏𝑐 , 𝑔 and 𝑁𝑡𝑟 were used
as a fitting parameters with 𝜏𝑐 = 70 ps, 𝑁𝑡𝑟 = 1.1 ∙ 108 cm-3 and 𝑔 = 3 · 10-9 cm2.
This differential gain coefficient corresponds to an effective gain (𝑔𝑒𝑓𝑓 ) of
𝑔𝑒𝑓𝑓 = 𝑔⁄𝑉𝑎 ≅ 1 · 10-3 cm-1, where 𝑉𝑎 = 𝑑𝜋𝑟 2 is the active volume where 𝑑 is
the thikness of the active layer (≈ 1 μm) and 𝑟 the radius of the illumination spot
(≈ 1 mm). These values are in agreement with those found in previous works [114,
117, 118], with the only discrepancy of the low transparency carrier density (𝑁𝑡𝑟 )
found here, about 6 orders of magnitude smaller than the one reported in [114].
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This could be explained by the large Stokes-shift between the 0-1 PL transition
and the absorption. Using those values pumping threshold (𝑃𝑝𝑡ℎ ) can be estimated
as [113, 114]:

𝑅𝑝𝑡ℎ =

(1 − 𝛽)𝑁𝑡ℎ 𝑁𝑡ℎ
+
𝜏𝑟
𝜏𝑛𝑟
(3.22)

𝑁𝑡ℎ = 𝑁𝑡𝑟 +

𝑛𝑒𝑓𝑓
𝜏𝑐 Γ𝑐𝑔
(3.23)

where 𝑅𝑝𝑡ℎ and 𝑁𝑡ℎ are the pumping rate and the carrier density, respectively,
evaluated at threshold in the steady state, and 𝑛𝑒𝑓𝑓 the effective refractive index
of the active medium (≈ 1.50 at 580 nm). Therefore, it becomes possible to
estimate the threshold as 𝑃𝑝𝑡ℎ = 𝑅𝑝𝑡ℎ ∗ 𝐸𝑝ℎ = 8.35 KW, where 𝐸𝑝ℎ = ℎ𝑐/𝜆 is the
energy of the excitation beam (λ = 532 nm). This value corresponds to 8.35 μJ, by
taking in account the width of the pump pulse (1 ns), and hence it agrees with the
value extracted from the experimental data (≈ 10 μJ).

Figure 47. PL peak at 582 nm, at different pump power for the sample with the Ag MNPs:
experimental data (black points) and simulation (red line).
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4 Conclusions
In this Thesis we propose the integration of organic compounds
(Perylenediimides derivatives) and metal nanoparticles into polymer waveguides
to exploit their active and plasmonic properties for different photonic applications.
In this way, the following main works were performed:


Amplification of the spontaneous emission from a PDI-PMMA
nanocomposite was studied. For this purpose, a novel structure, which
consisted of a thin (100 nm) PMMA-PDI film sandwiched between two
passive PMMA claddings, was proposed. The high confinement of light
in the nanocomposite layer results in an efficient excitation and
generation of photoluminescence, and the absence of losses in the
cladding guarantee the propagation of the pump beam along the whole
length of the structure. The properly optimization of the geometrical
parameters resulted in the amplification of the spontaneous emission
(ASE) with a threshold as low as 0.9 μJ and a linewidth of ASE as
narrow as 2 nm. The proposed device is a future alternative to
implement on-chip optical amplifiers for visible light communications.



A method to grow gold metal nanoparticles in situ within a commercial
photoresist (Novolak) was thoroughly studied, and demonstrated an
optimum control of their size with the initial concentration and growing
time. This nanocomposite was patterned inside a PMMA waveguide in
order to exploit the high scattering properties of the MNPs to couple
normal incident light into the PMMA film. As a result, light coupling
was experimentally demonstrated in a broad wavelength range (404-780
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nm) with efficiencies as high as 1 %. This coupling efficiency is of the
same order of magnitude as the one obtained under end-fire coupling
conditions. The proposed configuration could be an alternative to
diffraction gratings for light coupling in integrated photonic platforms.

Finally, the active material (PMMA-PDI-1 composite) was properly
combined with metal nanoparticles in order to exploit their interaction in the
following way:



The emission of light of the PDI is significantly enhanced by a weak
coupling with commercial silver nanoparticles. For this purpose, the
MNPs-PDI system is integrated inside a waveguide structure, in order to
enhance the Purcell factor up to 10 due to the high confinement of light
inside the structure. This approach can be applied to improve the
efficiency of light emitting devices.



Then a PMMA film highly doped with PDI was integrated with
commercial silver nanoparticles in order to demonstrate a random
distributed feedback laser. For this purpose, the high scattering of the
MNPs produced the necessary random feedback for laser operation with
a threshold of around 10 μJ.

In these conditions, this Ph. D. Thesis will influence future research lines in the
host (UMDO) group. For example, it would be very interesting to demonstrate
random lasing into a waveguide configuration because the high confinement of
light in this structure would improve the quality parameters. In the same way,
92

different cavity configurations could be also integrated in the PDI-PMMA
amplifier to demonstrate lasing. Examples include gratings etched at the extremes
of the waveguide or mirrors evaporated at its input/output facets. The work with
metal nanoparticles can be also completed to perform more ambitious approaches.
For instance, metal nanoparticles could be patterned in different configurations to
guide light along the structures or even to provide a direct feedback of the light. In
this way, the exciton-plasmon interaction could be exploited to improve the
quality of an optical amplifier.
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ABSTRACT: Polymer waveguides doped with luminescent materials
serve as a suitable ﬂexible platform for active elements (lasers and
ampliﬁers) in on-chip optical circuits. However, at present, the best
parameters (lowest thresholds) achieved with these devices are obtained
with the use of the stripe excitation technique in the framework of which
external illumination of an active material along the whole length of the
waveguide is realized that is not convenient for the waveguide on-chip
integration and requires high peak energies due to the large excitation
area. In the present work, an elegant method is proposed to overcome this
obstacle and provide eﬃcient active material pumping along the whole
waveguide length with use of on-chip integration compatible edge-type
excitation light injection. This novel type of planar active-passive polymer
waveguides includes a thin (50−100 nm) active layer of poly(methyl
methacrylate) (PMMA), which is heavily doped with highly luminescent perylenediimide (PDI) molecules, sandwiched between
two cladding (passive) PMMA layers. This structure eﬃciently exploits the excellent light-emitting properties of PDIs with a
conﬁnement of both the excitation beam and the photoluminescence in the active PMMA−PDI ﬁlm. In this way, the absence of
losses in the PMMA claddings guarantees the propagation of the pump beam along the whole length of the structure (≈1 mm) in
order to provide the required excitation to obtain stimulated emission. Geometrical parameters are optimized to demonstrate the
ampliﬁed spontaneous emission with a threshold as low as 0.9 μJ and a line width as narrow as 2 nm.
KEYWORDS: perylenediimide, ASE, ampliﬁer, waveguide, PMMA
(∼100 μm × 1 mm).7,8 The development of a full compact
device in which the pump beam is coupled inside and
propagates along the waveguide structure,9,10 in analogy to
the erbium-doped optic ﬁber ampliﬁers, usually cannot be
realized because the pump beam propagation length is usually
restricted to a few microns due to the strong absorption
eﬃciency of active compounds embedded into a waveguide.11
Here we propose an elegant strategy to overcome this problem
with the use of a suitable waveguide design based on the
combination of active layers with passive polymer ﬁlms.12,13
These structures allow a long distance propagation of the laser
excitation beam together with an optimum generation of
photoluminescence (PL). In addition, the technological
feasibilities of polymers enable the deposition of the composite
on several kinds of substrates or a posterior patterning by
ultraviolet or e-beam techniques.13
Our active material consists of perylenediimides (PDIs).14
These organic compounds represent an outstanding choice

T

he incorporation of active materials processed in solution
(luminescent organic molecules,1−3 colloidal quantum
dots,4 colloidal quantum wells (nanoplateletes),5 organic−
inorganic semiconducting perovskites,6 etc.) into optical
waveguides provides a suitable platform for on-chip integration
of ampliﬁers and lasers and an eﬃcient geometry to inject/
extract light into/from the waveguides. The most common
approach in this way is to develop a planar ﬁlm of a high
enough concentration of the active material to overcome the
stimulated emission threshold. The main problem of
application of this geometry in integrated optical circuits is
the method of pumping the active material. Indeed, the method
of excitation usually consists of the stripe excitation
technique,7,8 in the framework of which an excitation beam
has the shape of a strip on the planar waveguide surface and
allows a uniform illumination of an active material along the
whole length of the waveguide. However, this pumping
geometry is not convenient for the waveguide on-chip
integration (the excitation and emission beams propagate
orthogonally), and besides, such pumping conditions usually
require high peak energies to reach the ampliﬁed spontaneous
emission (ASE) threshold due to the large excitation area
© 2016 American Chemical Society
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because they exhibit not only good emission properties and
wavelength tunability, but also good thermal and optical
stabilities and high electron mobility.15 In addition, optical and
electronic properties of PDIs can be tailored by introducing the
adequate substituents,14,15 resulting in a broad range of
applications, such as solar cells,16 organic transistors,17 optical
sensors,18 or solid state lasers.19−22 For this purpose, the
strategies to incorporate the material into a (solid state) device
include assembling the compounds in a J-aggregated structure19
or incorporating the PDIs in a polymer matrix, poly(methyl
methacrylate) (PMMA)20,21 or polystyrene.22 The former
strategy demonstrates hexagonal cavities with laser emission
but requires a complicated design and technology to inject and
extract light.23 Incorporation of PDIs in polymers waveguides
would provide a suitable platform of integration, but up to now,
the studies have been limited to high doped thick ﬁlms
requiring surface excitation.20−22
Our waveguide consists of a thin (50−100 nm) PMMA layer
doped with highly luminescent organic PDIs sandwiched
between two PMMA thin layers. The low losses in the
claddings allowed the propagation of the excitation beam along
lengths longer than 1 mm, providing a high generation of PL
with small pump powers. As a result, we obtain an ASE
threshold as low as 0.9 μJ with a line width at half-maximum as
narrow as 2 nm working at room temperature and ambient
operation by using a novel PDI with bulky substituents in the
ortho positions. To the best of our knowledge, this is the
narrowest line width obtained up to now with PDI compounds
without the aid of an optical resonator.19−22 In addition, the
proposed geometry has improved the stability of the emitting
material up to 105 laser shoots, a 100-fold enhancement
compared to previous reports on PDI composites.14−16 Indeed,
the optical pumping beam was produced by means of a
nanosecond Q-switched pulsed laser at a moderated repetition
rate of 100 Hz, a further improvement as compared to previous
works using very low repetition rates (1−20 Hz) to reach
stimulated emission in organic compounds.24 These results
pave the road for developing the next generation of low
threshold active photonic devices based on organic materials.25
Potential applications of optical sources based on organic
compounds include sensors26 or visible light communications,
an emerging ﬁeld for short-distance communications based on
plastic optical ﬁbers.27

Figure 1. Chemical structure of the PDIs used in the present study.

Experimental Methods). The main photophysical properties
of the PDIs used in this study are summarized in Table 1.
The absorption and PL spectra of PDI-1 and PDI-2 in
toluene solution show the characteristic vibronic structure of
PDIs20−22 (see Figure 2, solid blue and red lines, respectively).
The absorption spectrum of PDI-1 (10−5 M, solid blue line in
Figure 2a) exhibits four peaks at 535, 498, 464, and 421 nm,
corresponding to the 0−0, 0−1, 0−2, and 0−3 transitions,
while PL (solid red line in Figure 1a) shows close to the mirrorreﬂection spectrum with peaks at 545, 590, and 641 nm (see
section S2 in the Supporting Information for the Gaussian
deconvolution of the PL spectrum), thus, indicating that PDI-1
is in a nonaggregated form. PDI-2 presents three absorption
peaks at 457, 488, and 525 nm (1 × 10−5 M, solid blue line in
Figure 2b), while the PL transitions are red-shifted at 542, 578,
and 612 nm. Therefore, both compounds present similar
absorption and PL spectra under low concentrated solutions. In
addition, both PDI solutions exhibit similar recombination
times (5.6−5.9 ns) with no inﬂuence on excitation ﬂuence
(0.3−30 μJ).
On the other contrary, the choice of the substituents plays an
important role in the aggregation of PDIs in the polymer
dispersions. In the PMMA−PDI-1 composite, the substituents
do not alter the optical properties of the compound.28 Indeed,
although the absorption spectra experience a 10 nm blue shift
(see blue dashed line in Figure 2a), its shape is not signiﬁcantly
modiﬁed, indicating the absence of aggregation in the ﬁlm. In
addition, the broader PL spectrum (see red dashed line in
Figure 3a) shows the activation of new vibrational modes in the
solid-state composite (see Figure S6b of the Supporting
Information). However, the absorption and PL transitions in
the PMMA−PDI-2 ﬁlm (see blue and red dashed lines in
Figure 2b) demonstrate diﬀerent behaviors. Although both
absorption and PL spectra does not show any shift when
compared to the toluene solution, they are clearly broader, with
an increase in the intensity of the 0−1 transitions. This is due
to the fact that the absence of substituents in these derivates
could lead to the formation of H-aggregates through π−π
stacking when a high concentration of PDI is incorporated in
the ﬁlm.14,29

■

SYNTHESIS AND FABRICATION OF THE
COMPOSITE
The chemical structures of the two diﬀerent PDIs studied in the
present work are illustrated in Figure 1. PDI-1 presents four
diphenylphenoxy substituents in the 2, 5, 8, and 11 positions,
so-called ortho positions, and PDI-2 does not present any
substituent either in the ortho or bay positions. PDI-1 has been
synthesized for the ﬁrst time, by using the methodology
previously described by our group,28 from 2,5,8,11-tetrabromoperylene-3,4:9,10-tetracarboxydiimide in the presence of
2,6-diphenylphenol, CsF, and 18-crown-6 (Scheme 1; see SI for
the synthetic methodology and characterization). PDI-2 was
prepared following the procedure previously described in the
literature.20
Once the PDI compounds are properly prepared, PMMA
composites were fabricated by dispersing the organic
compound into the polymer with a concentration of 5% wt
by mixing toluene solutions of PDI and PMMA (see
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Scheme 1. Synthesis of PDI-1

of PL measured at the output edge of the waveguide (see
Figure 3a). Therefore, the structure proposed here allows an
eﬃcient excitation of the highly concentrated PMMA−PDI
(5%) composite along the whole length of the waveguide (1−3
mm). At this doping concentration, the composite layer can
provide a maximum gain as high as 2000 cm−1, as estimated for
the excitation wavelength at 533 nm, being the emission cross
section ≈10−16 cm2 and the concentration of PDI per unit
volume ≈2 × 10−19 cm−3.30 Moreover, the high concentration
of the PMMA−PDI composite layer sandwiched by PMMA
claddings not only enhances the generation of PL, but also
improves the excitation of the PDI molecules by a local increase
of the refractive index by 8% (see section S3 in Supporting
Information). Under these conditions, the structure presents
two propagating modes in each polarization at 533 (pump
beam) and 580 nm (the wavelength of the 0−1 transition), as it
has been deduced with a transfer matrix algorithm.31 The
fundamental TE0 mode (similar distributions can be found for
TM) is highly conﬁned in the active PMMA−PDI layer (solid
red line in Figure 3b) and the second mode, TE1 (dashed red
line in Figure 3b), is close to the cutoﬀ and is highly delocalized
in the SiO2 region. As a consequence, the active material is
eﬃciently pumped (at 533 nm) by the TE0 mode, while the
TE1 reduces the losses of the excitation beam down to 6.3 cm−1
(169 cm−1 for the TE0 mode), as estimated from the transfer

Table 1. Photophysical Properties of the PDI Compounds
Used in This Work
solution (toluene)
PDI

λabs (nm)

λPL (nm)

τ (ns)

QY (%)

PDI-1

464
498
535
457
488
525

546
590
642
542
578
622

5.6

95

5.9

92

PDI-2

■

RESULTS AND DISCUSSION
Design of the Waveguide. A thin PMMA−PDI ﬁlm (50−
200 nm) sandwiched between two PMMA layers (each one
about 650 nm of thickness) has been deposited by spin-coating
on a SiO2/Si substrate (2 μm of SiO2), as it is schematically
illustrated in Figure 3a. Such a waveguide structure
demonstrated an optimum generation of PL when it was
previously applied to a PMMA composite ﬁlm containing
colloidal QDs as active medium.13 The absence of losses in the
claddings allows the propagation of the pump beam coupled at
the input face of the structure, and the high conﬁnement of the
electric ﬁeld at the fundamental optical mode within the active
layer (see red solid line in Figure 3b) improves the generation

Figure 2. Absorption (blue line and left axis) at 10−5 M and photoluminescence (red line and right axis) spectra of the PDIs in toluene solution
(solid line) and in PMMA ﬁlm (dashed line): (a) PDI-1; (b) PDI-2.
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Figure 3. (a) Sz distribution of the TE0 (red solid line) and TE1 (red dashed line) modes calculated at 580 nm (modes at 533 nm present similar
distribution). (b, c) Simulations of the waveguided PL along the length of the waveguide (z) pumped below (b) and above (c) ASE threshold; in the
ﬁrst case, both modes are excited, whereas in the second, only the fundamental mode is ampliﬁed because it overlaps with the active medium. (d, e)
Light distribution measured at the output edge of the waveguide below (d) and above (e) the ASE threshold; in the ﬁrst case, both TE0 and TE1 are
observed, whereas only the fundamental mode is present in the second case, as in the simulation (d, e).

Figure 4. (a) PL spectra for diﬀerent pump ﬂuencies at the output of a waveguide containing PMMA−PDI-1 composite 100 nm thick sandwiched
between 650 nm thick PMMA cladding layers on the top and the bottom of the nanocomposite. (b) Integrated PL of the 0−1 transition as a
function of the pump ﬂuence for PDI-1 (solid circles) and PDI-2 (hollow circles). The evolution for TE (blue symbols) and TM (red symbols) is
shown in the inset for PDI-1. (c) TRPL spectra (open symbols) for PDI-1 under diﬀerent laser pump ﬂuencies and exponential ﬁtting curves
(continuous lines); gray shaded area corresponds to the temporal system response. (d) Fastest decay time (blue symbols and guide for the eyes) and
line width (red symbols and guide for the eyes) as a function of the laser excitation ﬂuence for PDI-1 (solid symbols) and PDI-2 (hollow symbols)
compounds.

matrix algorithm. In addition, at the PL wavelength (580 nm),
the high conﬁnement factor (Γ) of the TE0 within the active
region (Γ = 26%) improves the generation of PL, while the TE1
has a negligible eﬀect on the ampliﬁcation because of the poor
overlap with the active region.32 Indeed, BPM simulations,
based on a model developed elsewhere,11−13 revealed that
under low laser pumping both modes are excited in the
waveguide (Figure 3c), while the TE0 dominates under high
excitation ﬂuencies (Figure 3d). CCD micrographs registered at
the output edge of the waveguide containing PDI-1 compound
corroborate these simulations: two waveguided PL lines
corresponding to the fundamental and ﬁrst order modes
(Figure 3e) are observed at the output face under low laser
pumping conditions, while only one line is visible for high
excitation ﬂuencies corresponding to the fundamental mode
(Figure 3f). At the excitation wavelength (533 nm) BPM

simulations predict the propagation of the TE0 and TE1 modes
deduced by the transfer matrix method, and at z = 1 mm, the
calculations reveal a reduction of the signal at z = 0 of about
2.7%.
ASE Demonstration. The PDI-1 waveguide exhibits ASE
under suﬃciently high laser pumping ﬂuence by end ﬁre
coupling, as shown in Figure 4a for a structure containing a 100
nm PMMA−PDI-1 layer. Above a certain laser pumping
threshold (Eth), the intensity of PL collected at the output of
the waveguide grows superlinearly with the excitation power
and the spectrum collapse into a narrow peak located at the
maximum of the 0−1 vibronic transition, being both
observations clear signatures of optical gain. Such a generation
of inverted population on the 0−1 state is common in organic
compounds,19−22 because this transition corresponds to the
excited state of the four-level scheme. Due to this fact, a large
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symbols in the inset of Figure 4b) was 1 order of magnitude
smaller than under TE and consequently exhibits a higher Eth
(≈2 μJ).
TRPL measurements (symbols in Figure 4c) at the output
face of the waveguide are consistent with the discussed
spontaneous/ASE transition above Eth. When the structure is
pumped below Eth, the TRPL spectrum exhibits a single
exponential decay (solid line), with a decay time τ ≈ 5.9 ns,
close to that measured for the toluene solution (see Table 1).
However, above Eth, the TRPL spectra need to be ﬁtted with
two exponentials, where the fast decay component corresponds
to the stimulated emission of the 0−1 transition and decreases
with the laser pump ﬂuence down to the response of the system
(gray area).19 Results plotted in Figure 4c correspond to the
PDI-1 compound, but TRPL analysis for PDI-2 presents a
similar behavior (see Supporting Information, S4). The
evolution of τ with the laser pump ﬂuence (red curves in
Figure 4c) is the second signature of ASE production, with a
sharp decrease of τ above Eth (shaded area in Figure 4c) for
PDI-1 (ﬁlled symbols) and PDI-2 (empty symbols). Simultaneously to this decrease of τ with the laser pump ﬂuence, a
strong narrowing of the PL spectrum is observed above Eth
(blue curves in Figure 4d). Here, the waveguides incorporating
the PDI-1 compound presents the narrowest line width (Δλ)
down to 8 meV (2.4 nm), in agreement with its slightly lower
Eth. Again, such a narrow Δλ corresponds to light traveling in
TE polarization, while light propagating in TM shows a wider
Δλ (around 9.5 meV), see sections S4 and S5 of the Supporting
Information. To the best of our knowledge, this is the
narrowest Δλ obtained with PDI compounds without the aid of
an external resonator,20−22 and it is achieved due to the low
propagation losses and high conﬁnement of light in the active
layer provided by the particular sandwich geometry of the
fabricated optical waveguides.13
Optimization of Geometrical Parameters. Stimulated
emission was not obtained if a too thick PMMA−PDI layer was
used as the core of the waveguide, under similar pumping
conditions described above (see the case of a ≈1 μm thick
PMMA−PDI layer represented by dark yellow symbols in
Figure 5a). This is because the propagation of the excitation in
this second structure is limited to few microns due to the strong
absorption of the compound (2000 cm−1 for PDI-1 embedded
in PMMA at 5 wt %) together with the high concentrations
needed for optical ampliﬁcation (0.5−5%).20−22 In fact, in
previous publications where the core of the waveguide
consisted of a thick composite, surface optical pumping was

Stokes shift of the PL spectrum is observed relative to the
absorption spectra that prevents self-absorption losses.20
Therefore, the integrated intensity of the 0−1 state PL (I0)
as a function of the laser pump ﬂuence (IP) clearly exhibits a
threshold between the spontaneous and stimulated emission
behaviors, as observed in the log−log plot of Figure 4b for
waveguides containing the two PDIs described in Table 2. For
Table 2. ASE Properties of the PDI Compounds Used in
This Work
waveguide
PDI

α533nm (cm−1)

λASE (nm)

Eth (μJ)

Δλ (nm)

PDI-1
PDI-2

2000
2000

580
576

0.9
1.2

2.5
4.7

low laser pump ﬂuencies, the PL intensity can be approximated
by a linear law (I0−1 ∝ IP), while above Eth, we measure a
superlinear increase, I0−1 ∝ IP3.5, which is attributed to the ASE
behavior. Following the approximation developed in ref 11, a
gain of around 9 dB at the output edge of the waveguide (≈1
mm) is deduced. This gain corresponds to an average modal
gain along the 2 mm length of the structure of 20.6 cm−1 and a
material gain (modal gain divided by the conﬁnement factor) of
80 cm−1. The reduction of the material gain as compared to the
maximum calculated in the previous section (2000 cm−1) is due
to the attenuation of the pump beam along the structure and
the gain saturation eﬀects.11 The value of Eth is observed at
around 0.9 and 1.2 μJ for waveguides containing PDI-1 and
PDI-2 derivatives, respectively (see Table 2). Here the laser
pumping energies inside the waveguide are estimated by
assuming ≈1% for the coupling eﬃciency of the laser pumping
beam, at the input face and taking into account the overlap of
the laser proﬁle with the TE0 mode (Figure 3b).11 The lowest
ASE threshold is found for the PDI-1 system, probably due to
the absence of aggregation eﬀects and hence its better emission
eﬃciency, as compared to the case of PDI-2, where Haggregates in the PMMA matrix were possibly formed as abovementioned.14,29 In this sense, although both compounds
present similar QY in both solution (see Table 1) and ﬁlm,
PMMA−PDI-1 composite results for a better active purposes.
The laser pumping thresholds reported in Table 2 and Figure
4b correspond to PL signal traveling in TE polarization (see
blue symbols in the inset of Figure 4b), because this particular
geometry enhances the emission in the plane. Indeed,
waveguided PL signal measured under TM polarization (red

Figure 5. (a) Integrated PL of the 0−1 transition as a function of the laser pump ﬂuence for diﬀerent thicknesses of the PMMA−PDI-1 active layer.
Black, brown, red, and orange colors refer to 100, 50, 25, and 200 nm thickness. Dark yellow show the results obtained with a PMMA−PDI
monolayer waveguide, where no ampliﬁcation was observed. (b) Energy threshold (blue and left axis) and line width (red and left axis) as a ﬂuence
function of the thickness of the PMMA−PDI-1 intermediate layer.
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required in order to provide a uniform excitation along the
whole length of the waveguide, resulting in higher pump
thresholds (1.2−100 μJ)20−22 and broader line widths (3.5−7
nm).33 Indeed, as far as we know, there is only one publication
where the concentration of PDI was properly optimized inside
a polystyrene matrix leading to Eth ≈ 0.5 μJ22 at the expense of
an increase in the ASE line width.33 By maintaining the same
PDI concentration in PMMA, the thickness of the PMMA−
PDI composite in our waveguide structures is thus a critical
parameter to optimize the ASE conditions. In our waveguide
structures, an intermediate layer of PMMA−PDI, 200 nm thick,
seriously limits the propagation of the laser pumping beam and
no ASE is observed (orange symbols in Figure 5a), exhibiting a
production of waveguided PL light as low as a single monolayer
of the composite (green symbols). If the layer is too thin (25
nm, red symbols), there are not enough molecules to overcome
Eth, and ASE generation is observed for thicknesses in the range
50−100 nm (brown and black symbols, in Figure 5a). A
PMMA−PDI layer 100 nm thick demonstrated the optimum
ASE generation with the lowest Eth (0.9 μJ) and the narrowest
line width (2.3 nm), as shown in Figure 5b.
Moreover, ASE is maintained over 2 × 104 and 6 × 103 laser
shots for PMMA−PDI thicknesses of 50 and 100 nm,
respectively (see Figure 6), while previous works on thicker

Article

CONCLUSIONS

In conclusion, we have proposed a new type of a polymer-based
optically active planar waveguide providing unprecedented
long-distance joint propagation of an excitation and PL beams.
By properly optimizing the geometrical parameters it became
possible to demonstrate the ampliﬁed spontaneous emission
with a threshold as low as 0.9 μJ and a line width of 2.3 nm
when highly luminescent and stable organic molecules such as
PDIs are used as an active material. The device can be
considered as a prototype of an eﬃcient on-chip ampliﬁer for
optical integrated circuits, for example in visible light optical
communications and disposable sensors.

■

EXPERIMENTAL METHODS
Synthesis. All chemicals were reagent grade, purchased
from commercial sources, and used as received, unless
otherwise speciﬁed. Column chromatography: SiO2 (40−63
mm) TLC plates coated with SiO2 60F254 were visualized by
UV light. NMR spectra were measured with a Bruker AC 300.
UV/vis spectra were recorded with a Helios Gamma
spectrophotometer. Fluorescence spectra were recorded with
a PerkinElmer LS 55 Luminescence Spectrometer. Mass spectra
were obtained from a Bruker Microﬂex matrix-assisted laser
desorption/ionization time-of-ﬂight (MALDI-TOF).
Waveguide Fabrication. PMMA−PDI composites have
been prepared by mixing PDI and PMMA solutions diluted in
toluene with the appropriate proportion (5% wt of PDI in
PMMA). Then, waveguides were fabricated by spin coating the
PMMA (for cladding layers) and composite solutions on a
SiO2/Si substrate (2 μm SiO2) supplied by CEMAT Silicon
S.A. and baking the ﬁlm at 80 and 150 °C for 2 min in both
two-step baking temperatures. The thickness of the layers was
controlled by the viscosity and speed of the spin coating
machine. The sandwich waveguide structure was fabricated by a
successive deposition of PMMA, PMMA−PDI, and PMMA
layers.
Optical Experiments. Absorption experiments in the ﬁlm
and solution were carried out with a commercial a Shimadzu
UV-2501PC spectrophotometer (UV-visible range). The PL
characterization of the PDI solutions was carried out by using a
continuous wave laser diode at 450 nm as excitation and
backscattered emitted light detected by a HR4000 Ocean
Optics spectrograph. Ampliﬁcation experiments were performed by end ﬁre coupling a Q-switch pulsed DPSS Nd:Yag
laser doubled to 533 nm (100 Hz, 1 ns), CRYLAS 6FTSS355Q4-S, at the input edge of the waveguide with the aid of a 40×
microscope objective, and collecting the waveguided PL from
the output edge of the structure with the same HR4000 Ocean
Optics spectrograph (having an overall resolution better than
0.7 nm). Time-resolved PL was carried out by using the same
pumping laser, but analyzing the PL with a Hamamatsu
C5658−3769 avalanche photodetector connected to a
BOXCARDPCS-150 electronics from Becker and Hickl
GmbH.

Figure 6. ASE intensity as a function of laser shots in waveguides
containing 50 and 100 nm thick PMM−PDI-2 layers.

PMMA−PDI composites reported poorer stability down to 103
laser shots. Indeed, stimulated emission was generated with a
repetition rate of 100 Hz, rather than the 10−20 Hz usually
needed for similar organic compounds.20−22,32,33 We suggest
that this instability in ASE found in this kind of compound20 is
mainly due to their photochemical local bleaching. Indeed,
usually there are photochemical reactions resulting in photoinduced modiﬁcations (usually oxidation) of organic molecules
under air atmosphere conditions. Even if the reactions are of
very low quantum yield, the bleaching eﬀect will accumulate
with the number of laser shots. Concerning the eﬀect of the
photostability decrease with the active layer thickness, we
suggest that this eﬀect may be due to the contribution of a
temperature-dependent nonradiative deactivation channel: we
believe that an increase of the sample temperature, which is
evidently higher for the thicker (and more absorbing) layer, can
activate additional nonradiative deactivation channels, which
decrease ampliﬁcation eﬃciency. Additional experiments are
required to elucidate a mechanism of the observed eﬀect, but
following our preliminary observations, natural cooling of the
thicker sample during a few hours partially restores the ASE
eﬃciency.
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S1.

Synthesis

of

2,5,8,11-diphenylphenoxyperylene-3,4:9,10-tetracarboxydiimide

(PDI-1)
A mixture of 206 mg (0.84 mmol) of 2,6-diphenylphenol, 91 mg (0.6 mmol) of CsF
and 360 mg (2.4 mmol) of 18-crown-6 were added to a solution of 70 mg (0.06 mmol) of
2,5,8,11-tetrabromoperylene-3,4:9,10-tetracarboxydiimide in dry THF (2 mL). The reaction
was refluxed 24 hours under argon atmosphere and, after cooling, it was extracted with
dichloromethane and washed with water. The organic layer was dried over anhydrous
sodium sulfate, filtered and evaporated. Purification was carried out by silica gel column
chromatography using CH2Cl2: hexane 1:1 as eluent yielding 93 mg (90%) of PDI-1 as an
orange powder.








1

H NMR (300 MHz, CDCl3) δ 0.93 (m, 12H), 1.35 (m, 32H), 1.85 (m, 4H), 2.31 (m,
4H), 5.24 (m, 2H), 6.25 (s, 4H), 7.11 (m, 25H), 7.45 (m, 15H), 7.55 (m, 8H) and
7.67 ppm (m, 4H)
13
C NMR (75 MHz, CDCl3) δ 159.51, 146.69, 136.83, 136.82, 136.81, 135.51,
133.31, 132.78, 130.83, 129.33, 129.01, 128.82, 128.04, 127.52, 127.01, 116.20,
109.29, 53.29, 32.31, 31.99, 30.89, 29.43, 26.83, 22.72 and 14.18 ppm
IR (KBr): 3078, 2921, 2845, 1689, 1654, 1549, 1404, 1369, 1299, 1188, 750 and
698 cm-1.
UV-Vis (CH2Cl2), λmax/nm (log ε): 421 (4.3), 460 (4.2), 493 (4.6) and 532 (4.8)
HRMS (MALDI-TOF): m/z for C122H110N2O8 calc. 1730.8256; found 1730.8291
(M+).

1

1

Figure S1:. H NMR spectrum of PDI-1 in CDCl3.

13

Figure S2: C NMR spectrum of PDI-1 in CDCl3
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Figure S3 IR spectrum (KBr) of PDI-1
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Figure S4: UV-vis spectrum of PDI-1 in CH2Cl2
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Figure S5: MALDI-TOF of PDI-1

S2. Deconvolution of waveguided PL spectra

PL intensity (arb. units)

Waveguided PL spectra have been deconvoluted as a function of energy in order to stablish
the influence of each transition. At low excitation fluencies the PL spectra measured at the
output edge of the waveguide can be deconvoluted into four Gaussian contributions (Figure
S6a), while at high excitation fluencies, above the ASE threshold, the waveguided signal
collapses into a narrow Lorentzian line (Figure S6b). The PL spectrum of the PMMA-PDI1 film measured in backscattering configuration resembles to that shown in Figure S6b.
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Figure S6. Deconvolution of PL spectra at the output edge of the waveguide. a) At an excitation fluence of 30
nJ measured PL spectra can be deconvoluted into four Gaussian contributions. b) At an excitation fluence of 3
μJ the spectra collapses into a dominant Lorentzian peak at the energy of the 0-1 transition.
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S3. Refractive index of the PMMA-PDI composite.
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Refractive index of the PMMA-PDI-1 (PMMA-PDI presents a similar refractive
index) composite has been estimated from the reflectivity spectra of a 0.6 nm thick film
deposited on a silicon substrate (Figure S7a) and the absorption of the film deposited on
glass (Figure 2 of the text and S2). Then, real part of the refractive index (blue line in
Figure S7b) has been estimated from the fringes in the reflectivity spectra, and the
imaginary part of the refractive index (red line in Figure S7b) from the absorption spectra.
Theoretical reflectivity calculated with this refractive index (red line in Figure S7a) agrees
with the experimental results (symbols in Figure S7a).
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Figure S7. a) Experimental and theoretical reflectiviy of a PMMA-PDI-1 film deposited on silicon. b) Real
part (blue line and left axis) and imaginary part (red line and right axis) of the extracted refractive index for
the PMMA-PDI-1 composite.
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S4. ASE results for PDI-2 derivative.
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S4.1. Spectra.
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Figure S9. a) PL spectra for different pump fluencies at the output of a waveguide containing PMMA-PDI-2
composite 100 nm thick sandwiched between 650 nm thick PMMA cladding layers on the top and the bottom
of the nanocomposite. b) Integrated PL of the 0-1 transition as a function of the pump fluence for the same
device without polarization (black solid symbols) and TE (blue hollow symbols) and TM (cyan hollow
symbols) polarizations.
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S4.2. Decay time of waveguided PL with laser pumping energy.
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Figure S10. a) TRPL spectra registered for different pump fluencies at the output of a waveguide containing
PMMA-PDI-2 composite 100 nm thick sandwiched between 650 nm thick PMMA cladding layers on the top
and the bottom of the nanocomposite; the symbols correspond to the experimental data and continuous line to
mono-/bi- exponential fitting curves; grey dashed area stands for the system temporal response. b) Fastest
decay time (blue symbols and guide for the eyes) and linewidth (red symbols and guide for the eyes) in the
same device as a function of the laser excitation fluence for PDI-2 compound.
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S4.3. Stability.
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Figure S11. ASE intensity of a waveguide containing a 100 nm of PMM-PDI-2 layer as a function of laser
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S5. Polarization dependence of figures of merit for PDI-1 derivative.
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compound in the same waveguide device studied in the body of the paper under TM (red symbols) and TE
(blue symbols) polarizations.
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Abstract

In this work Au nanoparticles (AuNPs) are incorporated into poly(methyl methacrylate)
(PMMA) waveguides to develop optical couplers that are compatible with planar organic
polymer photonics. A method for growing AuNPs (of 10 to 100 nm in size) inside the
commercially available Novolak resist is proposed with the intention of tuning the plasmon
resonance and the absorption/scattering efﬁciencies inside the patterned structures. The
refractive index of the MNP–Novolak nanocomposite (MNPs: noble metal nanoparticles) is
carefully analysed both experimentally and numerically in order to ﬁnd the appropriate
fabrication conditions (ﬁlling factor and growth time) to optimize the scattering cross section at a
desired wavelength. Then the nanocomposite is patterned inside a PMMA waveguide to exploit
its scattering properties to couple and guide a normal incident laser light beam along the
polymer. In this way, light coupling is experimentally demonstrated in a broad wavelength range
(404–780 nm). Due to the elliptical shape of the MNPs the nanocomposite demonstrates a
birefringence, which enhances the coupling to the TE mode up to efﬁciencies of around 1%.
Keywords: scattering, waveguide, metal nanoparticle, polymer
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

addition, light scattering by MNPs has been exploited to
couple light into different waveguide platforms. For these
purposes, a grating of MNPs has been formed on a Si3N4
membrane [8], Yagi–Uda nanoantennas have been integrated
into Si3N4 waveguides [9], an antenna consisting of two
MNPs separated adequately has been used as a light coupler
on a silicon waveguide [10], Au nanodisks have been
deposited on a thick TiO2 layer [11] or the coupling between
MNP chain modes and silicon waveguides has been provided
[12, 13]. However, in all these examples of MNP-based light
coupling into waveguides, rather complex methods of MNP
integration were exploited. For this reason, more simple and
robust technologies are desirable for the incorporation of
MNPs into different photonic structures. An interesting
alternative is the incorporation of MNPs into a host matrix to
form a nanocomposite in order to combine the properties of
the nanoparticles with the technological feasibilities of a
matrix [14]. However, the ex situ dispersion of colloidal

The interaction of light with noble metal nanoparticles
(MNPs) provides the basis for such important applications as
the conﬁnement of an electromagnetic ﬁeld and the redirection of photons [1]. These properties arise from the localized
surface plasmon resonance (LSPR) produced when an incident beam is coupled to the free electrons located at the
boundary of the metal [2]. As a consequence, a strong near
ﬁeld is manifested at the surface of these nanostructures, and
it becomes possible to enhance and extremely conﬁne the
electromagnetic ﬁeld [3]. Moreover, MNPs possess high
scattering cross sections that have been widely used to
improve the efﬁciencies of solar cells by light trapping [4, 5].
Besides, the redirection of light by MNPs has also been
exploited in guided light applications. For example, the propagation of highly conﬁned light in MNP chains [6] or thin
ﬁlms of disordered Au MNPs has been demonstrated [7]. In
0957-4484/15/475201+10$33.00
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MNPs in a solid state matrix is usually rather complicated
because it requires a ligand exchange to improve solubility
and a careful surface treatment to avoid inhomogeneity
problems.
Recently we proposed a technology which is able to
overcome these limitations and consists of in situ synthesis of
Ag and Au MNPs in poly(vinyl alcohol) (PVA) and the
commercially available resist Novolak [15]. Then, the
resulting nanocomposites consisting of MNPs homogeneously dispersed in the matrix were patterned by e-beam
or UV lithography [16]. Moreover, MNPs embedded in the
polymer can act as seeds if the nanocomposite is immersed
into a solution of the precursor metal salt. As a consequence,
the size of MNPs in the polymer can be increased even until a
complete metallization [17]. In this way, the intensity and
position of the MNP plasmonic resonance can be tuned by
two degrees of freedom: the initial ﬁlling factor of MNPs
inside a polymer and the ﬁnal size controlled by the growing
time. Such a possibility of controlling the process of fabrication, together with the lithographic properties of the matrix,
make this nancomposite an interesting material for novel
photonic and plasmonic devices.
In this work, AuNP-Novolak nanocomposite is proposed
as a light coupler for poly(methyl methacrylate) (PMMA)
waveguides fabricated on a silicon platform. For this purpose,
fabrication conditions are experimentally optimized in order
to maximize the scattering cross section by engineering the
optical and plasmonic properties of the nanocomposite by
tuning the ﬁlling factor and size of MNPs inside the ﬁlm.
When the nanocomposites are patterned before the fabrication
of PMMA waveguides it becomes possible to couple normal
incident light to dielectric modes propagating in PMMA in a
broad wavelength range (400–780 nm). The nanocomposite
exhibits a certain optical birefringence that is attributed to the
elliptical shape of the MNPs. These modes can be coupled to
the ones of the PMMA waveguide with coupling efﬁciencies
reaching up to 1% in TE polarization when scattering
becomes the dominant effect of MNPs as compared to
absorption. These coupling efﬁciencies are directly measured
from light leaving at the output face of the waveguide and the
obtained values are competitive with the ones observed in the
case of standard coupling methods, such as prism coupling,
gratings, or end-ﬁre coupling. The present coupling method is
simpler in realization and demonstrates a wider wavelength
operation range. Mie theory is used to estimate absorption and
scattering cross sections in metal nanoparticles in order to
support semiquantitatively the observed increase in waveguided light intensity when increasing the size of MNPs. A
Maxwell–Garnett approach is used to estimate the volume
fraction occupied by AuNPs in AuNP–Novolak nanocomposite ﬁlms on the basis of the measured reﬂectance of
the AuNP–Novolak nanocomposite deposited on Si.

Figure 1. The sample structure and experimental setup. The AuNP–

Novolak nanocomposite is patterned on a SiO2/Si wafer and a
PMMA ﬁlm is deposited on the top. An incident laser beam (1) is
focused on the surface of the nanocomposite to scatter the light by
the AuNPs (2). Finally, the scattered light is coupled to the guided
modes (3) of the PMMA/SiO2 structure and collected at the output
edge of the sample (4).

acts as a core of a planar waveguide when it is deposited on a
SiO2/Si wafer due to the high index contrast of the polymer
relative to SiO2 [14]. Then AuNPs are incorporated in the
structure by two different methods. First, a AuNP–Novolak
(Nv) nanocomposite can be patterned on the top of the
PMMA, and second, the nanocomposite can be structured on
the SiO2/Si wafer prior to the PMMA deposition. Then, by
controlling the size of the MNP in the polymer, it is possible
to maximize the scattering of a vertically incident laser beam
at a speciﬁc wavelength. Due to this scattering, the incident
light is coupled into the PMMA waveguide.

2.1. Nanocomposite fabrication

AuNP–Nv nanocomposite ﬁlms are prepared following the
procedure explained in [17]. Initial gold seed solutions were
made by mixing a Nv photoresist with 0.1 M Au(III), both
dissolved in methoxy propil acetate (MPA). Then the Au-Nv
suspension is spin coated on the appropriate substrate and
post-baked at 180 °C for 10 min to initiate the formation of
AuNPs in Nv. At the end of the process ﬁlms of thickness
100–200 nm, containing AuNPs of around 10–20 nm in diameter, were synthesized. Films with different concentrations
of AuNPs in Nv (volume ratios of initial solutions of Nv to
Au salt of 1:1, 1:0.1, 1:0.01, where the initial Nv solution was
the commercial ma-P1205 resist from microresist technology
GmbH, and the initial Au solution was 0.197 g of Au(III)
(HAuCl4-3H2O, 0.1 M) dissolved in 0.5 ml of MPA) were
deposited on silicon and glass substrates in order to study the
inﬂuence of the ﬁlling factor (ff), deﬁned as the ratio of the
volume occupied by AuNPs to the whole volume of the
composite, on the plasmonic resonances. To increase the size
of the seed gold nanoparticles the nanocomposite was
immersed in a growing solution containing H3NOHCl with
Au in ethanol. The growth reaction is carried out at a controlled temperature of 45 °C from minutes to several hours
until the desired nanoparticle size is reached.

2. Experimental methods
MNPs are integrated together with a PMMA waveguide following the scheme shown in ﬁgure 1. A thin PMMA layer
2
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2.2. Waveguide fabrication

AuNP–Nv nanocomposites were ﬁrstly patterned on a SiO2/
Si (2 μm of SiO2) substrate supplied by CEMAT Silicon S.A.
in order to deﬁne the MNP-containing zones in the ﬁnal
waveguide. The procedure consisted of an initial bake at
65 °C for 2 min prior to the UV illumination for 4 s and the
consequent development. At the end of the process AuNP–Nv
patterns were post-baked at 180 °C to initiate the formation of
MNPs. Then the samples were immersed in the growing
solution until the MNPs reached the desired size.
Once an AuNP nanocomposite is properly prepared a
PMMA layer is spin coated on the top of the sample and post
baked at 80 °C and 150 °C for two minutes each bake [14].
The thickness of the PMMA was around 2 μm. Finally, the
edges of the samples were cleaved for end-ﬁre coupling
purposes.
2.3. Characterization methods

Reﬂectivity and transmission measurements were carried out
for AuNP–Nv ﬁlms deposited on silicon and glass substrates,
respectively, by using a commercial reﬂectometer (Nanocalc2000 from Mikropak/Ocean).
Coupling of light into the waveguide was performed with
the experimental set up shown in ﬁgure 1. A laser beam is
focused on the surface of the sample under normal incidence
with the aid of an aspherical lens (focal length 11 mm,
numerical aperture 0.25). Incident light is carefully positioned
in the region with AuNPs in order to maximize the scattering
of light. Then a guided light travelling along the PMMA
waveguide is collected at the output edge of the sample by
using a 20x microscope objective (numerical aperture 0.35),
which focuses the guided light into an HR4000 Ocean Optics
spectrograph. The waveguide length (between the edge of the
sample and the MNP region) was ﬁxed at around 2 mm and
different continuous wave (CW) lasers were used to test the
light optical coupling by AuNPs into the PMMA waveguides
in a broad range of wavelengths: 404 nm and 450 nm
(semiconductor lasers), 533 nm (Nd laser), 590 nm and
633 nm (HeNe lasers), and 780 nm (semiconductor laser).

Figure 2. (a) SEM images of AuNPs obtained after different growing

times. The initial ff was around 5·10−4. (b) Histogram for the
highest ﬁlling factor (22 h).

increase progressively with the immersion (growth) time
(ﬁgures 2(a)–(c)) from 8 (initial nanocomposite) to 90 nm
(practically completed Au layer), as estimated from their
corresponding size histograms (ﬁgures 2(e)–(f)).
3.1. Transmission and reflectivity measurements

Optical properties of AuNP–Nv nanocomposites were carefully studied by analyzing after each growth step the transmission and reﬂectivity spectra of the ﬁlms deposited on glass
and silicon, respectively, in order to correlate with the morphology characterization shown above. Figure 3(a) plots the
experimental absorbance spectra of a nanocomposite deposited on a 2.5 cm2 glass substrate with an initial ff of 5·10−4
and growth times between 1.5 and 64 h. The absorbance is
negligible for short growth times (black curve), but it
increases progressively with the growth time. It exhibits a
maximum due to the LSPR phenomenon, which red-shifts
with the size of the MNPs (controlled by the growing time) in
accordance with other publications [2, 19, 20]. AuNP composite samples with ff=10−3 and ff=10−4 show similar
curves. The symbols in ﬁgure 3(b) depict the reﬂectivity
spectra measured for different growth times. Again, the

3. Nanocomposite characterization
Samples with different Au-precursor concentrations in the
polymer (1:1, 1:0.1, 1:0.01 volume ratios of Nv to Au-precursor in solution) were prepared to study the inﬂuence of this
parameter in the optical properties in the Nv–AuNP nanocomposite once the MNPs are formed. Under these conditions
the prepared nanocomposite contained AuNPs with an initial
average diameter of around 10 nm and an ff of 10−3, 5·10−4,
10−4. Figure 2 shows SEM images of the AuNPs obtained at
different growth times in a nanocomposite ﬁlm deposited on a
silicon wafer for the case of an initial ff of 5·10−4 (the
nanocomposites obtained for other concentrations demonstrate similar behaviors). When these nanocomposite ﬁlms are
immersed in the growing solution, the size of the AuNPs
3
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axis (1/3 in spherical shape) [2, 20]. The refractive index of
the Nv resist has been experimentally obtained by ﬁtting the
reﬂectivity of Nv ﬁlms of thicknesses between 0.5 and 2 μm
on silicon substrates:
nNv (l) = 1.6 + 65e-l

47

+ 0.29e-l

400

(2 )

where λ is the wavelength in nm. The dielectric constant of
MNP is approximated by taking into account the free and the
bound electrons of the metal [18, 22–26]:
eMNP = efree- e- + ebound - e-

(3 )

The ﬁrst term is usually calculated by Drude’s model and
the second term by the expression proposed in [22, 23]:
efree- e (w ) = 1 -

w 2p
w 2 + i ( Gbulk + C · vf a ) · w

 bound - e (w ) = Q bulk ò

¥

wg

x - wg
x

⎡⎣ 1 - F ( x , EF, T ) ⎤⎦

x 2 - w 2 + g 2b - i2wg b )
(
´
dx
( x 2 - w 2 + g 2b )2 + 4w 2g 2b

deposited on glass in a sample of 2.5 cm2 for different growing
times. (b) Reﬂectivity spectra of AuNP–Nv nanocomposite deposited on silicon in a sample of 1.5 cm2 for different growing times.
Symbols and red lines correspond to experimental data and
simulations respectively. In both graphics the initial ﬁlling factor was
5·10−4 (initial Au:Nv volume ratio was 0.1:1).

inﬂuence of the MNP is negligible for small sizes and
increases for bigger ones, and the curve reaches the behavior
of a completed Au ﬁlm for growing times longer than 15 h, as
was observed before in ﬁgure 2.
3.2. Refractive index model

The refractive index of the MNP nanocomposite (neff) may be
estimated with the use of the Maxwell–Garnett effective
medium approximation [21]:
( n eff )2 = eeff = eNV
L i · ( eMNP - eNV ) + eNV + ff · ( eMNP - eNV) · ( 1 - L i )
L i · ( eMNP - eNV ) + eNV - ff · ( eMNP - eNV) · L i

(5 )

where ωp is the plasma frequency set to 13·1015 Hz [22–24],
Γbulk the bulk damping constant considered to be
1.1·1014 Hz [24], vf the electrons velocity at the Fermi
surface (14.1 nm s−1) [22], C a constant set to 1 [26], F(x,EF,
T) the Fermi energy distribution function at the temperature T
and the Fermi energy EF=2.5 eV [21], Eg the energy gap of
Au (Eg=2.1 eV) [22], γb the damping constant in the
intraband transitions (2.4·1014 Hz) and Qbulk a proportionality factor (Qbulk=2.3·1024) [22]. Due to the fact that Au
is an absorbing material, the dielectric constant of the MNP,
as well as the dielectric constant of the effective medium
(equation (1)), is a complex number. In this way, the
experimental reﬂectivity of the nanocomposite deposited on
silicon substrates can be approximately reproduced by
choosing average values of ff and of the AuNPs radius, and
hence deduce an approximate curve of neff. The red lines in
ﬁgure 3(b) plot the results of such a ﬁtting for different
growing times. Clearly, the model reproduces quite well the
experimental data, from which an approximated value for ff
can be obtained, which is represented in ﬁgure 4 as a function
of the growing time for the three initial concentrations studied
here (initial ff of 10−3, 5·10−4 and 10−4). Rather surprisingly, the results obtained within Maxwell–Garnett approximation give reasonable results even in the case of moderately
big sizes of NPs (50–100 nm diameters). For high concentrations (ff’s>0.5) Maxwell–Garnett is no longer used because
the reﬂectivity of the ﬁlm approximates to the one of bulk Au.
The average size of AuNPs (right axis in ﬁgure 4) at each
concentration was estimated from the experimental radius
measured by SEM (around 45 nm from ﬁgure 2) when the
maximum ff=0.77 is reached by considering a perfectly
compact layer of AuNPs. The size of the MNPs starts to
increase slowly with the growing time until it overcomes a
certain threshold where the regrowth accelerates. Then the
size grows fast and reaches saturation when a complete Au

Figure 3. (a) Absorbance spectra of AuNP–Nv nanocomposite

·

(4 )

(1 )

where εNV, εMNP and εeff are the dielectric constants of the
surrounding medium (Nv), MNP and the nanocomposite,
respectively. Li refers to the depolarization factors along each
4
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quadrupole, l=3 to the octupole and so on. When small
nanoparticles (diameter=λ) are considered only the electric
dipole presents a signiﬁcant contribution. However, when
larger MNPs are considered high order terms need to be taken
into account. Figure 5 plots absorption (red line), scattering
(orange line) and extinction (wine line) cross sections
calculated for MNPs with radius a=25 nm (ﬁgure 5(a))
and a=45 nm (ﬁgure 5(b)). The scattering cross section is
negligible for small AuNPs, but it is signiﬁcant when the
MNP radius is 25 nm (ﬁgure 5(a)) and dominates in the
extinction coefﬁcient for a radius of 45 nm (ﬁgure 5(b)). This
is due to the fact that scattering grows superlinearly with the
size while absorption grows linearly (see equations (6)–(8)).
These estimates are in agreement with others in the literature
[25–29] and with published experimental data [2, 19, 20, 29].
In addition, our experimental absorbance data presented in
ﬁgure 3(a) for different nanocomposites (different AuNP
sizes) are in qualitative agreement with the Mie calculated
extinction coefﬁcients in ﬁgure 5. The main discrepancy
arises for small MNPs where the experimental results exhibit
wider LSPR and peaked at longer wavelengths as compared
to the calculations. The longer wavelength in the experimental
extinction LSPR peak can be explained by considering an
ellipsoidal shape of the MNPs [25–28], also suggested from
SEM measurements (ﬁgure 2) as well as of intuitive
expectations from the fabrication method proposed, where
the size of the MNP tends to grow asymmetrically along the
substrate interface plane directions.
The broader linewidth measured in the experiment
(ﬁgure 3(a)) as compared to the calculated data (ﬁgure 5) is
attributed to the dispersion in the MNP size, which is about
10% of the average size, as deduced from the size histograms
presented in ﬁgure 2. Nevertheless, this dispersion is helpful
for scattering purposes since a broad wavelength bandwidth
for light coupling into the waveguide will be attained.
Figure 6 plots a bidimensional map of the scattering cross
section as a function of the average NP radius and the scattering wavelength. In the case that AuNP size distribution is
not included in the calculations, the bandwidth of the scattering resonance increases with the AuNP size for NPs with a
radius larger than 35 nm (ﬁgure 6(a)). When the size dispersion (10% of the average size following SEM measurements)
is included in the calculations (ﬁgure 6(b)), the effect of
broadening with size starts even for very small NPs.

Figure 4. Filling factor (left axis and ﬁlled symbols) and radius

deduced from the Maxwell–Garnett modeling as a function of the
growth time. Orange, red and brown colors refer to an initial Nv/Au
volume radius of 1:1, 1:0.1 and 1:0.01 respectively (ff of 10−3,
5·10−4, 10−4).

ﬁlm is formed. This threshold time decreases with the
concentration, and it is probably related to the ease that the
nanocomposite ﬁlm incorporates neighboring Au atoms when
there is a high amount of metal on its surface. Thus, the
growth is slower at the beginning of the process due to the
low quantity of MNPs presented in the nanocomposite.
Nevertheless, once this threshold time is reached the growth
accelerates because the surface is able to incorporate more
metal atoms. Indeed, the regrowth saturates to a radius of
around 20 nm for the lowest initial concentration used here
(wine line) after 24 h without overcoming this threshold and
hence to form a completed Au ﬁlm. However, higher
concentrations in the Nv (red and orange lines) show a faster
growth and can provide a control of the size (diameter)
between 10 nm, before the growing process, and 100 nm,
when a complete Au ﬁlm is reached (see ﬁgure 2). The size at
which the complete Au layer is formed in the ﬁlm decreases
with the initial concentration (red line with respect to the
orange one) due to the large amount of Au in the
nanocomposite layer.
3.3. Absorption and scattering cross sections

Experimentally measured plasmonic resonance curves shown
in ﬁgure 3(a) can be calculated on the basis of the Mie theory
where the extinction (σext), scattering (σscat) and absorption
(σabs) cross sections can be calculated as follows [26]:
sext =
sscat

¥
l2
⎤
(2 · l + 1) · ⎡⎣ Im t El + Im t M
å
l ⎦
2 · p · n m l=1

( )

¥
l2
⎡
(2 · l + 1) · ⎣ tlE
=
å
2 · p · n m l=1
sabs = sext - sscat

2

( )

+

2⎤
tlM ⎦

4. Waveguide characterization
(6 )
4.1. Analysis of the waveguide

(7 )

The waveguide studied in this work (depicted in ﬁgure 1) can
be analyzed by dividing the problem into two different
regions. The ﬁrst one consists of a dielectric waveguide
structure composed of four layers: air, PMMA, SiO2 and Si.
Since the refractive index of PMMA is larger than the one of
SiO2 (dot lines in ﬁgures 7(a)–(b)) this waveguide can support
propagating modes at a certain wavelength if the thickness of
the PMMA is sufﬁciently large. Dashed lines of ﬁgures 7(a)–

(8 )

where nm is the refractive index of the medium surrounding
the MNPs, tl E and tl M the electric and magnetic scattering
coefﬁcients whose expressions can be found in [26]. The
index l accounts for the contribution of the partial modes:
l=1 corresponds to the dipole mode, l=2 to the
5
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Figure 5. Extinction (wine), absorption (red) and scattering (orange) cross sections calculated from Mie theory for spherical AuNPs with 25

(a) and 45 nm (b) radii.

Figure 6. 2D plot of the scattering cross sections as a function of the NP size and scattering light wavelength. (a) Considering a size-

dispersion-free NP size. (b) Taking into account a 10% dispersion of the NP size.

Figure 7. Effective refractive index propagating modes in the waveguides in TE polarization (TM show similar behaviour). Dashed and

continuous lines refer to air/PMMA/SiO2 and air/PMMA/AuNP–Nv/SiO2 structures, respectively. Effective refractive indexes between
PMMA and SiO2 (indicated with black lines) are conﬁned in the PMMA layer. Effective refractive indices longer than that of PMMA are
conﬁned in the nanocomposite, and their real and imaginary parts are depicted with wine lines in the right (continuous) and left (dot) axis,
respectively. (a) ff=0.01 (a≈12 nm), (b) ff=0.1 (a≈25 nm).

6
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Figure 8. (a) Effective refractive index of the nanocomposite considering ellipsoidal shape of the nanoparticles (semiaxis a, a, a/3). Blue and

cyan lines correspond to the axis parallel (TE) and perpendicular to the waveguide (TM). The spherical shape is plotted as a reference (green
line). Left (continuous lines) and right (dotted lines) axes refer to real and imaginary parts, respectively. (a) ff=0.01 (a≈10 nm), (b)
ff=0.1 (a≈25 nm).

(b) show the propagating modes in this structure in transverse
electric (TE) polarizations (transverse magnetic, TM, shows
similar results) calculated by the transfer matrix method [29]
in the 400–800 nm range for PMMA and SiO2 thicknesses of
2 μm. The second region includes a AuNP–Nv nanocomposite of 100 nm between the SiO2 and the PMMA. Optical
properties of this layer depend on the concentration, size and
shape of AuNP in the Nv as has been discussed in the previous section. In this way, the neff of the nanocomposite can
be enlarged in the plasmonic resonance region by an appropriate ff value selection (see ﬁgure 8), allowing the propagation of highly conﬁned modes (plotted with wine lines in
ﬁgure 7) in the nanocomposite, as has been deduced in [7].
The green lines in ﬁgures 8(a) and (b) plot the real (left axis
and continuous line) and imaginary (right axis and dotted
line) parts of the effective refractive index of the nanocomposite considering spherical nanoparticles with ff=0.01
and ff=0.1, respectively, calculated with a transfer matrix
method [30]. The imaginary part shows a similar shape of the
absorption cross section (shown in ﬁgure 5) with a maximum
placed at the plasmonic resonance wavelength. As a consequence, the real part exhibits a particular shape with an
inversion point at this wavelength due to Kramers–Kroning
dependence, in accordance with this kind of nanocomposites
[7, 31]. The TE0 mode for ff=0.01 (wine line in ﬁgure 7(a))
follows this particular shape of the neff and presents a short
propagation length (dot line and right axis in ﬁgure 7(a)) due
to the absorption of the MNPs. The TE polarization for
ff=0.1 (ﬁgure 7(b)) shows an anticrossing behavior with the
TE0 (wine) and TE1 (red) modes around 500 nm. For shorter
wavelengths the TE0 represents the mode conﬁned in the
nanocomposite and the TE1 the ﬁrst order mode conﬁned in
the PMMA, while for longer wavelengths this assessment is
inverted. Nevertheless, for wavelengths longer than 550 nm a
new anticrossing is observed and again the TE0 and TE1
modes return to their initial representation. In the 500–550 nm
wavelength range the TE0 is strongly coupled to the

fundamental mode of the PMMA waveguide (red dash line),
while the TE1 mode is coupled for the wavelengths shorter
than 500 nm and it is being decoupled for the wavelengths
longer than 560 nm. This coupling is similar to the one
observed with MNP chains [12, 13] and it can be used to
enhance the launch of a high amount of light in the PMMA
ﬁlm. Then, the short propagation length of this mode (wine
dotted line and right axis in ﬁgure 7(b)) doesn’t present a
limitation because this mode is used to couple light on the
PMMA region, where light is propagated with low losses
(red, orange and yellow continuous lines in ﬁgure 7). TM
polarization exhibits a similar behavior for spherical shape
of MNPs.
4.2. Coupling efficiency

The ﬁnal target of the work was to couple normal incident
light into the PMMA waveguide when AuNPs are integrated
in the structure (ﬁgure 1). The requirement to couple light into
a waveguide is to match the momentum of the incident light
to one of the waveguides modes [29]. Evidently, this condition is initially not fulﬁlled for normal incident light because
wave vectors of the incoming light and modes are completely
mismatched. On the contrary, the scattering properties of
MNPs redirect this light in all directions, and hence a certain
portion will fulﬁll moment conservation and be coupled into
the AuNP–Nv/PMMA waveguide structure (ﬁgure 1).
Similar experiments have been carried out with layers of
MNPs [8, 11], chains [12, 13] or antennas [9, 10] deposited
on the top of a waveguide. However, in the present work
MNPs are deposited in such a way that backward scattering
provides a higher intensity of scattering than forward scattering [32]. In this way, waveguides fabricated as described in
section 2.1 were characterized by focusing an incident laser
beam onto the surface of the sample and directly measuring
waveguided light at the output edge of the structure. Here, it
is interesting to say that only in reference [11] was coupled
7
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Figure 9. (a) Coupling efﬁciency at the output of the waveguide as a function of the incident light wavelength. (b) Ratio between TE and TM

light at the output of the waveguide. Top panel: photographs of light coupled at different wavelengths. Filling factors were around 0.01
(radius 10 nm) and 0.1 (radius around 25 nm). These sizes were achieved with a growth time of 3 and 6 h, respectively.

light measured from the end face of the waveguide. Six different laser wavelengths (404, 450, 533, 590, 633 and
780 nm) were tested to corroborate the theoretical results.
Figure 9(a) shows the coupling efﬁciency (ratio of the optical
power density at the output to that at the input) where light
was collected by a microscope objective in a sample with
ﬁlling factors ff=0.01 (green) and ff=0.1 (blue), that corresponds to the estimated radius of the AuNPs of around
10–15 and 20–25 nm, respectively. Higher concentrations
were not used to avoid the nanocomposite acting as complete
continuous Au ﬁlm. Light from such a broad range of
wavelengths, 404–780 nm, is coupled into the structure (top
panel of ﬁgure 9 shows a photograph of guided light collected
at the output face of the waveguide). The efﬁciency is around
1% for wavelengths closer to the plasmonic resonance shown
in ﬁgure 6(b) (550 nm for ff=0.01 and 650 nm for ff=0.1)
and drops down to 0.01% for shorter and longer wavelengths
(ﬁgure 9(a)).
For ff=0.1, efﬁciency in the 500–560 nm region doesn’t
present a signiﬁcant drop with respect to the maximum at the
plasmonic resonance (650 nm), probably due to the strong
coupling of the nanocomposite and PMMA modes studied in
the last section. Indeed, for this concentration (ff=0.1) the
optical coupling is signiﬁcantly better in TE than in TM
polarization (a three-fold decrease in the 550–650 nm range

and about two-fold out of this range), while for ff=0.01 the
coupling does not show a strong dependence on the polarization (the decrease out of the maximum is between 1–2
times), as is shown in ﬁgure 9(b). This is due to the fact that
the AuNPs are not perfectly spherical but ellipsoidal, generating optical birefringence that can increase the scattering
and the conﬁnement of the light in a particular direction.
Figure 8 plots the real (left axis and continuous line) and
imaginary (right axis and dotted line) parts of the neff of the
nanocomposite containing MNPs with ellipsoidal shape. The
blue and cyan lines refer to the neff in the plane (semiaxis a)
and perpendicular to the plane (semiaxis a/3), respectively,
while the green line refers to the case of the spherical shape
(with no dependence on polarization). Clearly, the horizontal
polarization (TE) demonstrates higher values for both the
imaginary and real parts of the effective refractive index, in
agreement with [7]. Indeed, the effective refractive index in
vertical polarization (TM) for ff<0.01 approximates to the
one of Nv. Anisotropy increases strongly with the concentration, explaining the polarization dependence presented
in ﬁgure 9. Moreover, the coupling also depends on the
excitation polarization in a similar way (larger signal in TE
than in TM), but with a smaller dependence on the wavelength. In the sample with ff=0.1 the light scattered by TM
excitation is about two to three times smaller with respect to
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Acknowledgments

the TE excitation, while in the sample with ff=0.01 the
decrease is between one to two times. Again, this is due to the
fact that the ellipsoidal shape of the MNPs induces a better
scattering in TE rather than in TM polarizations, and this
anisotropy increases with the size of the MNPs. In previous
publications it was found as well selectivity in polarization in
TE [12, 13] and TM [10], but due to the design of the
dielectric waveguide and not to the MNPs’ properties.
Finally, it is worth mentioning that although the scattering
efﬁciency signiﬁcantly increases with the size of the MNP,
here we obtain similar coupling efﬁciencies for the two sizes
studied. This is probably because of higher roughness and
ohmic losses (dotted line in ﬁgure 7) that are characteristics of
the nanocomposite with larger AuNPs.
Maximum efﬁciencies obtained here (∼1%) are one
order of magnitude smaller than the one obtained in [10] with
a nanoantenna (10–20%), but here it is important to point out
that our efﬁciencies are calculated measuring the light at the
output face without taking into account Fresnel reﬂection at
the end face or losses in the PMMA structure. The obtained
efﬁciency in the worse case (∼1%) is of the same order of
magnitude as the ones obtained by end-ﬁre coupling techniques, but without the requirement of an accurate positioning
of the incoming laser beam. Prism coupling or diffraction
gratings achieve higher efﬁciencies (∼20%), but they are
limited by the propagation derived from the operation
wavelength and the incident angle. Therefore, the optical
couplers described in the present work show a good efﬁciency
and simple operation, together with a cheap and trouble-free
fabrication process as compared with other coupling methods.
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In this work, an interesting approach to enhance the coupling between excitons and plasmons is
proposed by integrating highly luminescent perylenediimides (PDIs) and Ag metal nanoparticles
(MNPs) in the core of a multilayer dielectric waveguide. The combination of the weak plasmonic
coupling and the high scattering of MNPs gives rise to a significant improvement of the PDI
photoluminescence and Purcell factor (PF) in forward-scattering geometry. Furthermore, when the
PDI-MNP system is used as the core of a multilayer waveguide, a Purcell factor enhancement
larger than 10 is observed, which is explained by an increase in the exciton-plasmon coupling under
the light confinement in the waveguiding structure as compared to a single layer of PDI emitters.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4999325]

The interaction of excitons with metal nanostructures
has attracted significant interest in the last few years as a way
to manipulate light at the nanoscale.1 A coupled excitonplasmon system may be obtained by means of a semiconductor nanostructure or organic molecule positioned in close
proximity to a metal nanoparticle (MNP), and it is characterized by different optical properties than the individual components. In a weak coupling regime, the strong near field of the
MNP increases the radiative rates or absorption cross section
of the emitter,2 and in a strong coupling interaction, the system should manifest a Rabi splitting between new quasiparticle states (exhibiting mixed exciton-plasmon character)3 or
plasmonic energy transfer between the plasmonic and exciton
states.4 Both weak and strong coupling regimes have been
demonstrated by using an appropriate technology to deposit
the active material at a few nanometers from the MNPs.
Strategies developed up to now include scanning probe technology of individual emitters,5,6 layer by layer assembly,7–12
metal nanopatterns,13–15 or coating a shell of emitters on
the MNPs.16–23 For these purposes, the exciton-plasmon
interaction has been mostly analyzed in layers or individual
nanoparticles by microscopy techniques (transmittance or
backscattering). Meanwhile, the incorporation of an excitonplasmon interacting system into a photonic device has been
elusive although an enhancement of this interaction under
high light confinement conditions has already been demonstrated.10,11 In this paper, we propose the integration of an
active material and MNPs into a common polymer waveguide
in order to improve the coupling between both elements in the
core of such a photonic structure and provide a direct extraction of light from its output edge.
For this purpose, we propose perylenediimides (PDIs)24
as an active material to interact with plasmonic nanostructures. Organic compounds of this type possess outstanding
a)
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properties for optoelectronics such as a high quantum yield
(QY) emission at room temperature, high thermal and optical
stabilities, and relatively high electron mobility.25 Indeed,
PDIs have been recently revealed as a potential gain media
in both the monomer26 and aggregated compounds.27
In the present work, we have analyzed the Purcell
enhancement due to exciton-plasmon coupling in the system
formed by PDI molecules embedded in a poly(methyl methacrylate) (PMMA) film, which is separated by an optimum distance of around 6.5 nm to a layer of Ag nanoparticles. For this
distance, the (average) coupling between the emitters and
MNPs resulted in a significant increase in the measured photoluminescence (PL) intensity. This enhancement is consistent
with precedent works in the literature where organic compounds6,7 or semiconductor nanocrystals14 were used, and it is
attributed to a shortening of the radiative exciton lifetime
(e.g., the Purcell effect) and the additional far field emission
produced by the high scattering of the metal nanoparticle.
Moreover, in the present work, a more important enhancement
of the exciton-plasmon coupling is measured at the output
edge of the PMMA-PDI multilayer waveguide due to the
noticeable confinement of the electromagnetic field in the
core of the waveguide as compared to the case of a single
PMMA-PDI layer. Our conclusions are corroborated by time
resolved photoluminescence (TRPL) experiments in spite of
the fact that the majority of works just provide a comparison
of PL intensities. The kinetics of the PL light give us a direct
estimate of the Purcell factor that was greater than 10 in the
case of exciton-plasmon coupling inside the waveguide, while
it was around 5 in the case of the single PMMA-PDI layer
interacting with MNPs. Our approach provides a useful geometry to integrate the unique properties of the exciton-plasmon
system in a full compact photonic device and can be easily
extended to other kinds of active/plasmonic materials.
The PDI compound used in this work, o-(Ph2PhO)4PDI
[chemical structure depicted in Fig. 1(a)], was synthetized
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FIG. 1. (a) Chemical structure of the o-(Ph2PhO)4PDI PDI used in this work. (b) Absorbance (blue continuous curve and left axis) and PL intensity (red continuous curve and right axis) of this molecule; the red dotted line corresponds to the PL spectrum of the PDI embedded in PMMA; the measured light scattering
spectrum of the layer formed by Ag nanoparticles (green hollow circles) is in good agreement with the theoretical curve (green continuous line). (c) PL decay
kinetics of the PDI in the colloidal solution (dark yellow symbols) at 590 nm and the PMMA-PDI film (red symbols) at 580 nm and exponential decay fitting
(continuous dark yellow and red continuous lines); the gray shaded area corresponds to the system time response.

following the procedure explained elsewhere.26 The o-(Ph2
PhO)4PDI presents four bulky triphenylphenoxy groups in
the ortho position and exhibits not only a high quantum yield
(QY) of emission (>90%) at room temperature but also
good thermal and optical stabilities, and we have recently
exploited to demonstrate optical amplification.26 The PDI
was dispersed in the PMMA by mixing toluene solutions of
PDI and PMMA. The resulting PMMA-PDI solution is then
spin coated on glass (forward-scattering experiments) and
Si-SiO2 (waveguides) substrates and baked at 80  C and
150  C for two minutes at each temperature. Commercial silver colloidal nanoparticles were supplied by NanoComposix
and consisted of Ag nanospheres of 100 nm in diameter
capped with poly(vinylpyridine) (PVP) organic ligands and
diluted in water at 0.02 mg/ml. The UV-VIS absorption spectrum of the colloidal solution was measured with a commercial Shimadzu UV-2501PC spectrophotometer. The PL
spectra of the colloidal solution and solid thin films were
excited by using a continuous wave 450 nm laser diode module and analyzed with an HR4000 Ocean Optics spectrograph. Time Resolved PL (TRPL) experiments on liquid
solutions, single thin films, and multilayer waveguide structures were carried out by means of a Nd:Yag laser doubled
at 532 nm (20 kHz, 1 ns, average power of around 3 mW) as
an excitation source and a Hamamatsu C5658-3769 avalanche photodetector connected to a BOXCAR PCS-150
electronics from Becker & Hickl GmbH to analyze the PL
transients. The particular geometry details for laser excitation and PL collection in the case of the PMMA-PDI films
and optical waveguides are described and illustrated below.
All measurements were performed at room temperature.
The UV-VIS absorption spectrum of the o-(Ph2PhO)4PDI
compound diluted in toluene shows a characteristic vibronic
structure with four peaks at 535, 498, 464, and 421 nm (the
last one not shown), corresponding to the 0-0, 0-1, 0-2, and
0-3 transitions in the absorption spectrum [blue curve in Fig.
1(b)].26 The PL exhibits a mirror-spectrum of absorption with
peaks at 545, 590, and 641 nm [red curve in Fig. 1(a)]. The
PDI embedded into the PMMA film deposited on glass exhibits a 10 nm blue-shift in both absorption (not shown) and PL
(dotted red curve) spectra, when compared to PDI in solution.
Furthermore, no modification of the PL spectrum shape is
observed, and hence, we believe that there are no significant
PDI aggregation effects in the film, which could seriously
affect the emission efficiency. Indeed, the QY in the film

measured with a commercial system (Hamamatsu C9920-02)
remained very high 30.6%, indicating a minimization of nonradiative decay channels when the PDI is incorporated in the
PMMA-PDI solid thin film. This QY is consistent with decay
times deduced from TRPL spectra registered at 580 nm [Fig.
1(c)], which demonstrates a faster PL transient in the film (red
symbols) than in the solution (dark yellow symbols). In both
cases, the PL transients can be fitted with single exponential
decay functions [solid lines in Fig. 1(c)] whose best fitting
decay times were 6.0 6 0.2 ns and 2.7 6 0.2 ns for the solution
and film, respectively. This reduction in the decay time can be
attributed to some nonradiative channel present in the
PMMA-PDI film that was absent or negligible in solution.
The effective recombination decay time (seff) deduced from
TRPL is the combination of radiative (sr) and nonradiative
(snr) contributions 1/seff ¼ 1/sr þ 1/snr. If sr is assumed to be
close to that of the solution (6 ns), snr would be around 5 ns.
From these values, a QY ¼ snr/(snr þ sr)  45% can be estimated for the film, which is very close to the QY measured
with the commercial system.
The interaction of the PDI with MNPs has been firstly
studied in the multilayer structure schematically illustrated
in Fig. 2(a). First, a low concentrated (0.06 wt. %) PMMAPDI nanocomposite thin film of 50 nm was deposited on a
glass substrate using the procedure explained below. Then,
before depositing the Ag MNPs, an intermediate layer of the
commercially available polymer electrolyte Omnicoat
(Microchem Corporation) was spin coated on the top of the
nanocomposite and baked at 180  C for 1 min. This layer
was included for several purposes. The most direct ones
regard the adhesion of MNPs to the substrate (Omnicoat is
commonly used as a linker for the commercially available
resist SU-8) and the promotion of their homogenous dispersion on the substrate. In fact, layer by layer assemblies of
metal nanoparticles using polymer electrolytes have been
already reported in the literature.28 In this way, MNPs dispersed in H2O (20 lg/ml) were dropped on the substrate surface that was treated with Omnicoat and baked at a
controlled temperature of 50  C for 30 min with the intention
to prevent aggregation of MNPs in the process of solvent
evaporation. A filling factor (the ratio of the surface occupied by MNPs to the whole surface) of around 10% with a
reasonably good dispersion of MNPs onto the sample surface
was achieved by repeating this process sequentially one
more time; the aspect of the layer can be observed by SEM
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FIG. 2. (a) Multilayer structure to study the interaction between
o-(Ph2PhO)4PDI and MNPs. (b) SEM image of a small zone of the surface sample where Ag nanoparticles were dropped. (c) Experimental (symbols with error
bars) and theoretical (red curve) dependences of the Purcell factor as a function
of a distance between a molecule and MNP surface. Experimentally, the Purcell
factor was calculated as a ratio of the PL radiative lifetime measured in the
absence of MNPs to that measured in their presence. Theoretically, we calculated
the gain in the radiative recombination rate following the model proposed in Ref.
9. (d) TRPL measured spectra at 580 nm without (red symbols) and with (brown
symbols) MNPs, in this case measured by using a spacer of d ¼ 5 nm; solid lines
correspond to exponential decay fitting curves; the gray shaded area corresponds
to the temporal response of the system.

[Fig. 2(b)]. Then, the design of the experiment is such that
the thin PMMA layer containing randomly distributed PDI
molecules at a very low concentration is separated from a
relatively high concentrated MNP layer (10% of the surface
occupied by Ag nanoparticles) by the Omnicoat spacer plus
1.5 nm corresponding to the length of the MNP surface
ligands, referred to as distance d. In these conditions, most
of the PDI molecules should be at a sufficiently short distance from a neighbour MNP, and hence the emitterplasmon coupling must be measurable. In addition, the size
of the region occupied by MNPs was around 0.5 cm2, three
times smaller than that of the PMMA-PDI film sample
(1.5 cm2); in this way, two distinguishable regions, with
and without MNPs, were defined by our fabrication procedure for studying the influence of MNPs on the emission of
PDI molecules referred to the region without nanoparticles.
Here, it is worth mentioning that spherical MNPs of Ag
100 nm in diameter were chosen as good light scattering
nanostructures whose localized surface plasmon resonance
should overlap the PL spectrum of the PDI compound, as
calculated by the Mie theory29 [green solid line in Fig. 1(a)].
Experimentally, the measured light scattering spectrum
[green symbols in Fig. 1(a)] nicely agrees with the theoretically calculated curves, thus corroborating the good homogeneity of MPNs dispersed on the substrate surface by the
above described deposition method.
Another important mission of the Omnicoat layer (þ the
MNP ligand length ¼ 1.5 nm) is to provide the appropriate
dielectric spacer d to optimize the electromagnetic coupling
between the metal nanoparticle and the emitter (i.e., the
exciton-plasmon coupling), because for d lower than the
optimal value, the emitter would begin to quench by nonradiative ohmic losses in the metal.9 For some finite optimum d, the non-radiative quenching is absent and the
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reduction of the emitter radiative lifetime begins due to
exciton-plasmon coupling that gives rise to an increase in the
PL intensity and a maximum Purcell factor, as it has been
found both theoretically9 and experimentally.6,7,9,14 We calculated the effect of MNPs on the recombination rate of molecules as a function of d with the model proposed in Ref. 9
[red curve in Fig. 2(c)]. To assess the Purcell factor experimentally, we measured both PL intensities (not shown here,
but commented below) and PL lifetimes of molecules
subjected and not subjected to plasmonic interaction with
MNPs.
PL and TRPL measurements of the PMMA-PDI without/with a layer of MNPs separated by the Omnicoat-spacer
were carried out in a forward-scattering configuration [see
the illustration as an inset in Fig. 2(c)] using an excitation
power density of about 100 W/cm2. Such forward- or backscattering geometries are commonly used to characterize the
enhancement of the PL signal from different emitters by
metal nanostructures.6,7,9,10,14,17 The geometry allows us to
study the influence of MNPs on the light emitting by PDI
molecules by selecting the illuminated region on the surface
of the sample (without or with MNPs on top of the PMMAPDI film). It is worth mentioning that PL and TRPL spectra
recorded at five different positions on the sample surface
with MNPs were very similar; hence, we do not find any
influence of the local inhomogeneity on the spatial distribution of MNPs observed in Fig. 2(b) when averaged over the
excitation area defined by a laser spot of around 60 lm in
diameter.
In the case of our steady-state PL measurements, we
found that the PL intensity experiences a 4–5 fold enhancement for intermediate thicknesses (d ¼ 5–10 nm, data not
shown), in agreement with previous results found with
organic compounds6,7 or semiconductor nanocrystals.14 This
enhancement can be explained by the influence of scattering
mechanisms or a modification of the radiative spontaneous
emission rate.7 Although the high scattering cross section
of the Ag MNPs (3  1010 cm2 at 620 nm) is expected to
provide some contribution to the experimental PL enhancement,7,11,15 the dependence of PL intensity with the thickness of the spacer layer should be mainly attributed to a
modification of the radiative recombination rate, i.e., to the
Purcell effect.30
As our TRPL measurements show, the PMMA-PDI
film separated from MNPs with an Omnicoat layer with a
distance of 5 nm (d ¼ 6.5 nm) is characterized by twoexponential decay components [see brown symbols in Fig.
2(d)]. The faster PL decay component with the lifetime of as
short as 0.8 6 0.1 ns is associated with the Purcell-reduced
exciton lifetime produced by the exciton-plasmon coupling,
whereas the slower decay component with the lifetime of
around 3 ns is explained by a remaining portion of organic
molecules which are located far from MPNs. These shorter
and longer decay components have relative amplitudes of
around 70% and 30% in favor of the former, that enables us
to measure the shorter component in TRPL with sufficiently
high accuracy. If we suggest that the nonradiative recombination time for PDI molecules in the layer is the same as in
the case of solution, 5 ns (see above), then the radiative lifetime for PDI molecules in the layer with MNPs is sr1

081102-4

Signoretto et al.

 0.95 ns. Similarly, we can obtain that the experimentally
measured PL decay time of 2.7 6 0.3 ns in the PMMA-PDI
films without MNPs [red data symbols and the corresponding
exponential curve fit in Fig. 2(d)] corresponds to sr2 ¼ 6 ns.
In the case of weak coupling of an emitter with a localized
surface plasmon resonance, the gain in the spontaneous
emission rate (or Purcell Factor) can be calculated as the sr2/
sr1 ratio. Indeed, we have measured the sr2/sr1 ratio at several distances d [at 6.5, 11.5, and 21.5 nm, see symbols in
Fig. 2(c)] and found that the maximum value takes place for
d ¼ 6.5 nm. It is worth noting that two more experimental
points were obtained for d ¼ 1.5 and 4 nm where the sr2/sr1
ratio was about 1.0. However, we did not include these
points in Fig. 2(c) because in these cases, the PL decay
belongs to molecules non-interacting with MNPs, the others
being quenched.
If we suggest that the Purcell effect influences only the
rate of the radiative decay, for the optimum thickness of
d¼ 6.5 nm [Fig. 2(c)], the Purcell factor, PF ¼ sr2/sr1 r ¼ 5.5.
If it would influence both radiative and nonradiative decay
rates, in this case, PF ¼ s2/r1 r ¼ 3.4.31 The first hypothesis
is more plausible, given that PF ¼ 5.5 is very close to the
measured intensity enhancement (4–5) and to the theoretical
prediction for PF obtained by using the model proposed in
Ref. 9 [red curve in Fig. 2(c)].
The multilayer waveguides were fabricated on a commercial SiO2 (2 lm)/Si wafer (Active Business Company
GmbH) by capping the PMMA-PDI/Omnicoat/MNPs
structure with a 700 nm thick PMMA layer, as illustrated in
Fig. 3(a). These optical waveguides confine a propagating
mode in both TE and TM polarization at 620 nm in the
PMMA-PDI/Omnicoat/MNPs active multilayer [see Fig.
3(b)], as predicted by a transfer matrix algorithm.32 In
these simulations, Ag MNPs were calculated by Drude’s
model and the effective refractive index of the MNPs surrounded by PMMA was found to be 1.9329  0.0046i by a
Maxwell Garnett approximation.28
The waveguide was examined by focusing the excitation
laser beam at 532 nm into a line 1 mm  100 lm (power density of about 3 W/cm2) on the top of the sample and collecting the waveguided PL with a microscope objective [see
inset in Fig. 3(c)] or Variable Stripe Line (VSL) method.33
In these conditions, a uniform laser excitation at 532 nm is
guaranteed along the whole length of the waveguide and the
PL remains confined in the waveguide core until decoupled
from the exit face of the structure. Thus, PL spectra [Fig.
3(c)] measured at the output edge of the sample show the
characteristic spectra of PDIs in the presence (brown line) or
absence (red line) of MNPs. Again, although there is no
change in the shape of the PL spectra, their maximum (or
integrated) intensity was enhanced by a factor 5, approximately. However, in the waveguide configuration, the PL
intensity is influenced not only by exciton-plasmon effect
but also by the propagation of light along the whole length
of the waveguide. In this way, although PL is uniformly generated along the entire length of the excitation line by this
set-up, the losses introduced by the MNPs reduce the intensity of light measured at the output edge of the sample.
Then, the fact that the intensity enhancement is close to that
found by forward-scattering geometry (not limited by losses)
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FIG. 3. (a) Structure of the multilayer optical waveguide. (b) TE0 mode
allowed in the structure calculated by a multilayer algorithm. (c) PL intensity measured at the edge of the waveguide with (wine) and without MNPs
(red); the inset shows the experimental set-ups [end fire coupling and variable stripe line (VSL) method] used to characterize the waveguide. (d)
TRPL spectra recorded at 580 nm and measured at the edge of the waveguide with the PMMA-PDI without (red) and with (brown) top layer of Ag
MNPs separated by Omnicoat (5 nm); data symbols correspond to the experimental data and solid lines to the exponential fitting, with the gray shaded
area being the system response.

discussed above indicates that exciton-plasmon feedback
overcomes the additional attenuation in the structure.
Furthermore, TRPL experiments in Fig. 3(d) reveal a stronger exciton-plasmon coupling as compared to that found
with the transmission forward-scattering geometry [Fig.
2(d)]. Experimental kinetics in the presence of MNPs [brown
symbols in Fig. 3(d)] needs to be fitted (brown solid line)
with a shorter decay time of 0.30 6 0.05 ns, while the region
without MNPs presented a decay time of around 2.00
6 0.10 ns [red symbols and solid line in Fig. 3(d)], close to
the previous measurements in PMMA-PDI films under
forward-scattering geometry, but slightly reduced by the
light confinement in the waveguide.34 Again, these decays
correspond to radiative exciton lifetimes sr ¼0.32 ns and
sr ¼3.4 ns with and without MNPs, respectively, by taking
into account the nonradiative recombination snr ¼5 ns. Let us
note that the experiment without MNPs was carried out by
end fire coupling the excitation laser at the input edge of the
waveguide [see inset in Fig. 3(c)] in order to increase the signal to noise ratio to perform TRPL measurements properly in
waveguides filled with low density emitters.35 Nevertheless,
since the experimental conditions for TRPL are far away
from the threshold of stimulated emission, we believe that
decay times should be the same in both geometries, VSL and
end-fire coupling. In fact, to reach the Amplification of the
Stimulated Emission (ASE) threshold, we needed to increase
the laser excitation fluency and the concentration of the PDI
compound in PMMA up to 1 lJ and 5 wt. %, respectively.26
Therefore, the exciton-plasmon coupling in the waveguide
geometry leads to a Purcell factor as high as 10.5, i.e., a factor two larger than that obtained in forward-scattering geometry [Fig. 2(c)]. Although previous experimental works dealt
mostly in PL signal enhancement rather than the Purcell
effect, theoretical predictions agree quite well with our
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results. For example, calculations in similar systems, such as
Au (Ag) nanoparticles of 80 (100) nm in diameter36,37 (9)
yielded a Purcell factor of around 4–5 (7), very close to our
result found in forward-scattering geometry. Therefore, the
further enhancement of the Purcell effect in the waveguide
geometry can be attributed to the high confinement of the
light in the core of the waveguide, as it has been proposed in
metal-insulator-metal structures,11 which demonstrates the
benefit of the proposed waveguide geometry not only to study
the photon-plasmon interaction but also to exploit it in integrated photonic devices.
In conclusion, the exciton-plasmon interaction is significantly enhanced by incorporating the organic PDI compound
and Ag MNPs in the core of a planar multilayer waveguide.
By combining experimental measurements and modeling,
the waveguide structure was properly engineered in order to
maximize the coupling between the active and plasmonic
materials and to allow the propagation of light. The relatively high confinement of light in the core of the waveguide
led to a stronger exciton-plasmon coupling as compared to
the vacuum-coupled system. This was reflected by a Purcell
factor as high as 10.5, around 2 times larger than that characterized by transmission forward-scattering geometry. This
interesting approach can be extended to other kinds of active
materials or metal nanostructures and hence provide a different approach to study the coupling between optical emitters
and plasmonic nanostructures.
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