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RESUMEN 

 

 

 

 

 

El presente trabajo de Tesis se ha centrado en el diseño, fabricación y caracterización de 

dispositivos basados en fibras de cristal fotónico infiltrado selectivamente con cristales 

líquidos, polímeros y una mezcla de ambos. Todos los dispositivos son sintonizables, y su área 

de aplicación se centra en comunicaciones ópticas y sensores. 

La manipulación y fusionado de fibras fotónicas, el llenado selectivo de 

determinadas cavidades y la alineación recíproca de fibras mantenedoras de polarización son 

tareas muy específicas y delicadas para las que se requieren protocolos muy estrictos. Previo a 

la fabricación de dispositivos ha sido necesaria por tanto una tarea de sistematización y 

creación de protocolos de fabricación. Una vez establecidos se ha procedido a la fabricación y 

caracterización de dispositivos. 

Los dispositivos fabricados se enumeran a continuación para posteriormente 

detallar una a una las singularidades de cada uno. 

 Interferómetros intermodales hechos a partir de una porción de fibra fotónica 

soldada entre dos fibras estándar, bien monomodo o PANDA (mantenedora de 

polarización). Estos interferómetros han sido sumergidos o bien llenados 

selectivamente con cristales líquidos para así sintonizar la señal interferométrica 

guiada a través de la fibra.  

 Infiltración de fibras fotónicas con cristales líquidos colestéricos con especial énfasis 

en la fase azul (blue phase) de estos materiales. Las moléculas de cristal líquido se 

autoalinean en volumen por lo que la infiltración de fibras fotónicas con estos 

cristales líquidos es muy interesante, pues es conocida la dificultad de alinear 

apropiadamente cristales líquidos dentro de cavidades micrométricas de las fibras 

fotónicas. 

 Grabación de redes holográficas de forma selectiva en las cavidades de una fibra 

fotónica. Estas redes holográficas, llamadas POLICRYPS (POlymer-LIquid CRYstal-

Polymer Slices), son redes fabricadas a base de franjas de polímero y cristal líquido 

alineado perpendicularmente a dichas franjas. Las franjas son a su vez 

perpendiculares al eje de la fibra como lo puede ser una red de Bragg convencional. 

El cristal líquido, al estar alineado perpendicularmente a dichos franjas y paralelo al 

eje de la fibra, se puede conmutar aplicando un campo eléctrico externo, 

modificando así el índice efectivo de la red. Se puede fabricar por lo tanto una red de 

Bragg sintonizable en fibra, muy útil en comunicaciones ópticas. 

 Llenado selectivo de fibras fotónicas con polidimetilsiloxano (PDMS), un polímero de 

tipo silicona. Si se realiza un llenado selectivo asimétrico se puede inducir 
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birrefringencia en la fibra. El índice de refracción del PDMS tiene una fuerte 

dependencia térmica, por lo que se puede sintonizar la birrefringencia de la fibra. 

 Estudio teórico de llenado selectivo de fibras fotónicas con PDMS dopado con 

nanopartículas de plata de 5, 40 y 80 nm. Estas nanopartículas poseen un pico de 

absorción en torno a los 450 nm debido a resonancias superficiales localizadas de 

plasmones (LSPR). La resonancia del plasmon tiene una fuerte dependencia con el 

índice de refracción del material colindante, y al ser éste PDMS, la variación de índice 

de refracción se ve amplificada, obteniendo una absorción sintonizable. Se ha 

propuesto la fabricación de polarizadores sintonizables usando esta técnica. 

Como ya se ha dicho, previamente a la fabricación ha sido necesaria la protocolización de 

diversos procedimientos de fabricación de alta complejidad, así como protocolizar el proceso 

de toma de medidas para optimizar los resultados. Los procedimientos que han requerido la 

formulación de protocolos específicos han sido los siguientes: 

 Llenado selectivo de cavidades en una fibra fotónica. Dichas fibras tienen 

generalmente un diámetro externo de 125 μm, y sus cavidades son de entre 5 y 10 

μm de diámetro. Se han desarrollado tres técnicas diferentes para el 

llenado/bloqueado selectivo, pudiéndose combinar varios protocolos para la 

optimización del proceso. Las técnicas son las siguientes: 

o Llenado y bloqueado con un prepolímero. Dicho prepolímero, también llamado 

adhesivo óptico, está inicialmente en estado líquido y posee una cierta 

viscosidad. Las cavidades de la fibra fotónica que se desea llenar o bloquear 

poseen un diámetro diferente al resto, por lo que en el proceso de llenado 

aparecen dos frentes de llenado dependientes de su diámetro. A mayor 

diámetro, mayor velocidad de llenado. Polimerizando cuando existe dicha 

diferencia en los frentes se puede cortar por medio, obteniendo así una fibra 

parcialmente bloqueada. 

o Colapsamiento de las cavidades de menor diámetro mediante aplicación de 

calor. El calor producido por un arco voltaico de una soldadora de fibra estándar 

fusiona el material exterior de la fibra produciendo el colapsamiento de las 

cavidades de menor diámetro. En esta técnica también es necesaria una 

diferencia de diámetros en las cavidades de la fibra. 

o Bloqueo una a una de las cavidades de la fibra fotónica con adhesivo óptico. 

Este procedimiento es muy laborioso y requiere mucha precisión. Con este 

sistema se pueden bloquear las cavidades deseadas de una fibra sin importar su 

diámetro. 

 Alineación de una fuente de luz linealmente polarizada con una fibra mantenedora 

de polarización ya sea PANDA o fotónica. Así mismo también se han alineado entre sí 

fibras mantenedoras de polarización, para que sus ejes rápidos se fusionen paralelos 

y así el estado de polarización de la luz guiada se mantenga. 

 Sistematización de toma de medidas para caracterizar los interferómetros modales. 

Éstos son altamente sensibles a diversas variables por lo que el proceso de medida es 

complejo. Se deben aislar variables de forma estrictamente controlada. 

Aunque todos los dispositivos tienen en común el llenado selectivo de cavidades en una fibra 

fotónica cada dispositivo tiene sus peculiaridades, que van a ser explicadas a continuación. 
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Interferómetros intramodales 

En la redacción de la presente Tesis se ha elegido, para diferenciar los distintos 

interferómetros, una clasificación basada en las fibras a las que están fusionadas las porciones 

de fibra de cristal fotónico. Estas fibras han sido monomodo y PANDA. El funcionamiento de un 

interferómetro de estas características se basa en el fusionado de una pequeña porción de 

fibra de cristal fotónico (de unos pocos milímetros o centímetros) entre fibras estándar, en 

nuestro caso monomodo y PANDA. La Figura 2 ilustra el dispositivo. 

Inicialmente el modo fundamental viaja por la fibra monomodo (o PANDA, que 

también es monomodo pero además mantenedora de polarización) de tal forma que cuando 

se llega al primer punto de empalme con la fibra fotónica, parte de la luz se acopla a modos de 

orden superior. Al ser la porción de fibra muy corta, los modos superiores (radiativos) no se 

pierden y se vuelven a acoplar con el fundamental en el segundo empalme. De esta forma la 

señal de salida forma un patrón interferencial. Este patrón viene determinado por la potencia 

acoplada a los modos de orden superior, los cuales vienen a su vez determinados por el índice  

de refracción efectivo tanto del exterior como de la cubierta.  

 

En un principio se fabricaron interferómetros con fibras monomodo y fibras de 

cristal fotónico mantenedora de polarización (Figura 2, izquierda). Se procedió a sumergir el 

 
Figura 1: Esquema básico de un interferómetro intramodal. 

 
Figura 2: Fibra fotónica mantenedora de polarización PM-1550-01 (izquierda) y fibra PANDA (derecha). 
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Figura 3: Variabilidad en función del ángulo (izquierda) y del voltaje (derecha) de dos interferómetros selectivamente llenos 
con cristal líquido de 8 y 12 mm de longitud soldados a  fibra PANDA. 

interferómetro en cristal líquido entre dos vidrios así como a llenar las cavidades anchas de la 

fibra fotónica mantenedora de polarización.  

Tras medir y analizar los interferómetros quedó patente que son más sensibles los 

interferómetros llenados selectivamente y que además ambos son muy sensibles al estado de 

polarización de la luz guiada. Al no mantener el estado de polarización las fibras monomodo no 

se podía realizar un estudio completo con el estado de polarización, por lo que se procedió a 

fabricar nuevos dispositivos llenos selectivamente con cristal líquido y soldados a fibra PANDA 

que mantiene la polarización (Figura 2 derecha). Estos nuevos interferómetros se mostraron 

altamente sensibles al estado de polarización de la luz entrante, a la dirección del campo 

eléctrico aplicado, a la temperatura y al voltaje aplicado. Se fabricó un dispositivo en 

metacrilato para poder controlar tanto el ángulo de incidencia del campo eléctrico como para 

mantener constante la temperatura del dispositivo. También se estableció un protocolo de 

medida para estudiar la sensibilidad del dispositivo con respecto al ángulo de la luz incidente 

así como a la dirección del campo eléctrico aplicado.  

Tras analizar todos los datos para varias longitudes del interferómetro se comprobó 

que hay una dirección del campo eléctrico aplicado para la que el interferómetro es más 

sensible, para la configuración perpendicular (Figura 3), en cual el campo eléctrico incide 

paralelamente al plano formado por las dos cavidades más anchas. Esta configuración se llama 

perpendicular porque dicho plano que contiene las cavidades anchas es perpendicular a los 

vidrios que contienen al interferómetro. La orientación de la fibra con el campo eléctrico se 

controla manualmente bajo observación en el microscopio. También puede deducirse de la 

Figura 3 que a mayor longitud de interferómetro, éste es más sensible, y que el voltaje para el 

cual el interferómetro es más sensible es entre 150 y 200 MV/m. 
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Fibras fotónicas con cristales líquidos colestéricos 

Los cristales líquidos colestéricos presentan una fase llamada fase azul que presenta la 

propiedad de autoalineamiento en volumen. De hecho hay tres fases azules, presentes en una 

franja de temperaturas muy pequeña por lo que su estudio ha sido muy complicado. 

Últimamente estos cristales líquidos han adquirido mucha atención debido a que se ha 

conseguido estabilizar la fase mezclando el cristal líquido con polímero. Para el infiltrado de 

fibras fotónicas cobra especial importancia teniendo en cuenta la dificultad de alinear las 

moléculas de cristal líquido en las cavidades micrométricas de estas fibras.  

Las fases azules presentan reflexiones de Bragg asociado a las estructuras formadas 

en las fases I (celda unidad centrada en la cara) y II (estructura cúbica). Dichas estructuras 

tienen como elemento base cilindros formados por moléculas quirales que se enrollan a lo 

largo de éste. El eje de rotación de las moléculas quirales es ortogonal al eje del cilindro, y a su 

vez el plano en el que se encuentra esta torsión va girando a lo largo del eje, de ahí el llamado 

double twist. Al presentar reflexiones de Bragg que podrían sintonizarse con temperatura o 

campo externo estos materiales son muy atractivos para infiltrar fibras fotónicas. 

En el trabajo llevado a cabo durante esta Tesis se han llenado las cavidades más 

anchas de una PM-1550-01 (Figura 2) con un cristal líquido colestérico con especial interés en 

su fase azul llamado BP-2029-A fabricado en la Military University of Warsaw. Se pensó en 

llenar sólo las cavidades anchas para así guiar más luz. Si se llenan todas las cavidades la fibra 

sólo guiaría por band-gap, y debido al alto escátering de este cristal líquido se perdería toda la 

potencia. Una vez infiltradas las cavidades se procedió a la observación bajo microscopio de 

ésta para ver la alineación de las moléculas. Posteriormente se procedió a observar la luz 

guiada a través de la fibra mientras ésta era calentada desde una temperatura en la que el 

cristal líquido estaba en fase colestérica (unos 25°C) hasta la fase isótropa a partir de los 

43.4°C pasando por la faze azul I (37°C), la II (42.1-43.4°C) y la III (43.4°C ) prácticamente 

indetectable al ser esta fase isótropa. Las fotos de este proceso están representadas en la 

Figura 4, en donde se observa cómo la luz transmitida va cambiando de color hasta llegar a la 

fase isótropa en donde todas las longitudes de onda son guiadas. 
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También se procedió a hacer una medida en la región infrarroja cercana del espectro 

para ver los cambios en la señal guiada. Estas medidas se hicieron con un láser sintonizable y 

un OSA. Se observó que la señal era mayor, transmitiendo más potencia cuanto más se 

calentaba siendo el máximo en fase isótropa. Esto es debido a que en fase colestérica y en las 

fases azules parte de la luz se pierde por reflexiones Bragg y por escátering Figura 5. 

 

 
Figura 4: Sintonizabilidad térmica de una fibra fotónica selectivamente llena con cristal líquido en fase azul. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figura 5: Espectros  de una fibra fotónica selectivamente llena con cristal líquido en fase azul. 
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Figura 6: Izquierda – arriba: zona colapsada de una PM-1550-01 con un POLICRYPS grabado en las cavidades anchas a 45° 

entre polarizadores cruzados. Al girar 45° (abajo) la intesindad decreca hasta el mínimo. Derecha: Fibra HC-1550 
con el clading colapsado y un POLICRYPS grabado en su cavidad central. 

 

 

 

 

 

 

 

 

POLICRYPS en fibra fotónica 

POLICRYPs es el acrónimo de POlymer-LIquid CRystal-Polymer Slices. Básicamente es una red 

formada por barreras de polímero entre cristal líquido alineado perpendicularmente a dichas 

barreras. Esta alineación es el producto de una separación de fases. Originalmente el 

prepolímero, en estado líquido es mezclado con el cristal líquido, se introduce en una célula 

estándar o, en nuestro caso, en una fibra fotónica y se calienta hasta alcanzar la fase isótropa 

del cristal líquido. Después se coloca la muestra en el plano de interferencia de dos haces 

previamente separados de un mismo laser UV que forman un patrón interferencial. Este 

patrón hace que el prepolímero se polimerice sólo en ciertas regiones “expulsando” el cristal 

líquido de forma que así se ancla a la barrera de polímero ortogonalmente a éste.  

Si se graba un POLICRYPS dentro de una fibra fotónica con un periodo de red de 

0.5 μm se obtiene una red de Bragg sintonizable en fibra para 1550 nm, la ventana óptica más 

usada en comunicaciones ópticas. Se grabaron POLICRYPS en las cavidades anchas de una PM-

1550-01 así como en el núcleo hueco de una HC-1550. Se ha probado que dichas redes se 

pueden grabar en fibras fotónicas (Figura 6) y que el cristal líquido está correctamente 

alineado (Figura 7). Desafortunadamente no se pudo encontrar la reflexión Bragg, debido a 

que las pérdidas de retorno son demasiado altas. En un futuro se pretende repetir el fabricado 

mejorándolo para así lograr el objetivo de fabricar una red de Bragg sintonizable funcional. 
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Llenado selectivo de fibras fotónicas con PDMS 

El polidimetilsiloxano es un polímero tipo silicona muy usado en dispositivos fotónicos debido 

a sus buenas propiedades ópticas. Una de ellas es la alta dependencia de su coeficiente 

termo-óptico. Al variar la temperatura del PDMS se puede variar significativamente su índice 

de refracción, que a su vez es más bajo que el de la sílice. El objetivo del llenado selectivo de 

fibras fotónicas con este material es la posibilidad de sintonizar térmicamente el estado de 

polarización de la luz guiada.  

Se procedió a llenar selectivamente  de forma asimétrica una fibra inicialmente 

simétrica, llamada LM25 fabricada por NKT Photonics (Figura 8). También se llenaron las 

cavidades anchas de una PM-1550-01. 

 

 
Figura 7: Difracción de un laser verde linealmente polarizado paralelo al eje de la fibra y de perpendicular a la red. 

 
Figura 8: LMA25 selectivamete llena con PDMS de forma asimétrica (arriba) y PM-1550-01 selectivamente llenada sus 

cavidades anchas con PDMS. Las fotos están aproximadamente a escala. 
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La fibra LMA25 se llenó siguiendo dos geometrías diferentes, ambas asimétricas para 

inducir birrefringencia. En la primera configuración se llenó la mitad de la fibra y en la segunda 

se llenó enteramente excepto una línea central de cavidades. 

Para medir el cambio en el estado de polarización de la luz guiada en estas fibras, un 

láser sintonizable en el rango de 1400-1625 nm controlado por un instrumento de análisis de 

polarización PAT 9000 fue usado. La fibra se colocó entre dos placas peltier para controlar la 

temperatura de la misma. Aplicando calor se puede observar cómo el cambio del estado de 

polarización varía más en unas longitudes de onda que en otras Figura 9. 

 

Para observar mejor el cambio del SOP con la temperatura se midieron los 

coeficientes de Stokes mientras la fibra se calentaba (Figura 10). Se observa cómo al subir la 

temperatura de 20°C a 110°C el SOP va cambiando, y cómo al enfriar forma una histéresis 

hasta llegar al punto de inicio. 

Se midieron las distintas fibras y se observó cómo para ciertas temperaturas y 

ciertas longitudes de onda el cambio en el SOP es mínimo, indicando que estas fibras se 

comportan como polarizadores para ciertos rango de temperatura y longitud de onda. 

 

 
Figura 9: Cambio del SOP a 1500, 1550 y 1600 de una PM-1550-01 selectivamente llena con PDMS a 5 temperaturas 

diferentes. 

 
Figura 10: Cambio en el SOP de una PM-1550-01 a 1500nm con la temperatura 
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Birrefringencia inducida mediante el llenado selectivo de un fibra 

fotónica con PDMS dopado con nanopartículas metálicas. 

Un estudio teórico se llevó a cabo utilizando el método de diferencias finitas vía COMSOL y 

Matlab. Se procedió a realizar un modelo con dichos programas para la posible fabricación de 

una fibra con birrefringencia sintonizable con la temperatura. 

El estudio se centra en la dependencia de la absorción producida por las resonancia 

localizada superficial en nanopartículas de plata.  Estas resonancias dependen en alta medida 

del índice de refracción del material que rodea a las nanopartículas. De esta forma, si se puede 

cambiar levemente el índice de refracción externo (el del PDMS) se traduce en un alto cambio 

en la frecuencia de resonancia. Como esta frecuencia de resonancia está asociada a una 

absorción y scatering, se puede sintonizar térmicamente la birrefringencia de una fibra 

fotónica, convirtiéndola en un polarizador sintonizable debido a las altísimas pérdidas que se 

alcanzan. La fibra diseñada no es otra que la empleada durante todo este trabajo de 

doctorado, la PM-1550-01, llenada en sus cavidades anchas don el PDMS dopado. 

Los cálculos nos mostraron de una cambio en el signo de la birrefringencia de la fibra 

con una diferencia máxima de 1.2×10-3. El mayor cambio es en partículas de 80 nm como se 

puede ver en la Figura 11. En la Figura 12 se ilustra el cambio del índice de refracción de los 

dos modos ortogonales del modo fundamental en función de la temperatura. 

Las pérdidas que se pueden llegar a obtener en sólo una polarización del modo 

fundamental son altísimas, llegando a los 1200 dB/cm para nanopartículas de 80 nm mientras 

que para la polarización ortogonal en ese caso son 118 dB/cm. Esto significa que toda la 

potencia se pierde para una polarización.  

 

 

 
Figura 11: Comparación de la birrefringencia a 0°C de nanopartículas de 5, 40 y 80nm. 
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El ratio es similar para partículas de 40 nm (αx40nm = 795 dB/cm y αy40nm = 75 dB/cm) 

pero es menor en NP de 5 nm (αx5nm = 103 dB/cm y αy5nm = 23 dB/cm) (Figura 13). Estas 

pérdidas demuestran la posibilidad de fabricar un polarizador en fibra de menos de 1cm. 

 

 
Figura 12: Comparación del índice efectivo de refración tanto real (arriba) como el imaginario (abajo) de ambas 

polarizaciones del modo fundamenta a 0°C y a 80°C para nanopartículas de 40nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figura 13: Atenuación por cm de nanopertículas de plata de 5, 40 y 80 nm a 0°C. 
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The present Thesis has been centered in the design, fabrication and characterization of devices 

based on photonic crystal fibers selectively filled with liquid crystals, polymers and a mixture of 

both. All devices are tunable and their work field is optical communications and sensing 

The handling and splicing of photonic crystal fibers, the selective filling of their holes 

and the aligning of polarization maintaining fibers are very specific and delicate tasks for which 

very strict protocols are required. Before the fabrication of devices has therefore been 

necessary task systematization and creation of manufacturing protocols. Once established we 

have proceeded to the fabrication and characterization of devices. 

The fabricated devices are listed below and their peculiarities are detailed one by 

one: 

 Intermodal interferometers made with a portion of photonic crystal fiber spliced 

between two optical communication fiber pigtails, either single mode or PANDA 

(polarization-maintaining) fiber. These interferometers have been submerged or 

selectively filled with liquid crystals to tune the interferometric guided signal. 

 Infiltration of photonic fibers with cholesteric liquid crystals with special emphasis 

on their blue phase (blue phase). The liquid crystal molecules are self-aligning in 

volume so the infiltration of photonic fibers with these liquid crystals is very 

interesting. It is notoriously difficult to properly align liquid crystals within micron 

cavities such as photonic fibers. 

 Selectively recording of holographic gratings in the holes of photonic crystal fibers. 

These holographic gratings, called POLICRYPS (POlymer-LIquid CRYstal-Polymes 

Slices), are based on walls made of polymer and liquid crystal aligned perpendicular 

to them. These walls are perpendicular to the axis of the fiber as it can be a 

conventional Bragg grating. The liquid crystal is aligned perpendicular to the walls 

and parallel to the fiber axis, and can be switched by applying an external electric 

field and thus change the effective index of the grating. It is thus possible to 

manufacture a tunable Bragg grating fiber, useful in optical communications. 
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 Asymmetrically selective filling of photonic crystal fibers with a silicone polymer 

like called polydimethylsiloxane (PDMS) to induce birefringence in the fiber. The 

refractive index of PDMS has temperature dependence, so that the birefringence of 

the fiber can be tuned. 

 Theoretical study of photonic crystal fibers selectively filled with PDMS doped with 

silver nanoparticles of 5, 40 and 80 nm. These nanoparticles have an absorption peak 

around 450 nm due to localized surface plasmon resonances (LSPR). Plasmon 

resonance has a strong dependence on the refractive index of the adjacent material, 

and as this is PDMS, the refractive index variation is amplified, obtaining a tunable 

absorption. Fabrication of tunable polarizers using this technique has been proposed. 

Before starting the fabrication, it has been necessary to optimize several very delicate 

procedures and different protocols have been designed. The most delicate procedures are as 

follows: 

 Selective filling of holes in a photonic crystal fiber. These fibers generally have an 

outer diameter of 125 μm, and their holes have a diameter around between 5 and 10 

μm. It has been developed three different techniques for filling / selective blocking, 

and they can be combined for process optimization. The techniques are: 

o Filling and blocked with a prepolymer. This prepolymer also called optical 

adhesive is initially in liquid state and has a certain viscosity. The holes of the 

photonic crystal fiber that are desired to be filled or blocked should have a 

different diameter, so that in the filling process appear two different fronts 

depending on the hole diameter. The holes with larger diameter are filled faster. 

Then the adhesive is polymerized when there is such a difference on the front.  A 

partially blocked fiber is obtained cutting between fronts. 

o Collapsing of holes of smaller diameter by application of heat. The heat 

produced by an arc of a standard fusion splicer fuses the outer fiber material 

producing the collapsing of the cavities of smaller diameter. In this technique 

also you need a difference of diameters in the fiber holes. 

o Blocking one by one the holes of photonic crystal fiber with optical adhesive. 

This procedure is very laborious and requires great precision. This system can 

block unwanted cavities regardless fiber diameter. 

 Aligning a linearly polarized light source with a polarization-maintaining fiber 

(either a PANDA fiber as a photonic crystal fiber). It is needed also an aligning 

between polarization-maintaining fibers, so that their fast axes parallel merge and 

that is state of polarization of light guided is maintained. 

 Systematization of taking measurements to characterize the modal interferometers. 

These are highly sensitive to several variables so the measurement process is very 

complicated. Variables must be fixed in a very controlled manner. 

Although all devices have the common characteristic of being selectively filled PCFs with some 

kind of material, each one has his own peculiarities, which are explained below. 
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Intermodal interferometers 

The mechanism of these interferometers is based on the splicing of a portion of PCF (in the 

order of mm/cm) between two standard fibers, in our case single mode (SMF) and PANDA. 

Initially the fundamental mode travels through SMF –or PANDA, that is also single-

mode but maintains the polarization as well– until reaching the first splicing point. From this 

point, some light is coupled to the higher order modes. The higher (radiative) modes are not 

lost because the fiber portion is very short. After travelling this short distance they are coupled 

again to the fundamental in the second splicing point. Hence the output signal forms an 

interferometric pattern. The pattern depends on the power coupled into the higher order 

modes, which is determined by the effective refractive index of both, the cladding and the core 

indices. The cladding index may be modified by selectively filling of materials –liquid crystals, 

polydimethylsiloxane (PDMS)– whose refractive index may be eventually modified by external 

factors such as electric fields or temperature. In this way, the fabricated devices become 

tunable.  

The first interferometers were fabricated with single-mode fibers and Polarization-

Maintaining Photonic Crystal Fibers (PM-PCF). These are Photonic Crystal Fibers having 

bilateral symmetry in their cladding hole pattern, usually two big holes placed at both sides of 

the core. The holes induce anisotropy in the x,y propagation. Different tunable interferometers 

were created, either immersing the whole fiber into liquid crystal between two glasses or  their 

selectively filling the PCF big holes. 

It became clear that the selectively filled interferometers were more sensitive and 

that both, the filled and the submerged interferometers are also very sensitive to the state of 

polarization of the guided light. A full study with the polarization state cannot be done because 

the SMFs are not capable of maintaining the state of polarization, so we proceeded to 

manufacture new devices selectively filled with LC and spliced to PANDA fibers. These new 

interferometers were highly sensitive to the polarization state of the incoming light, the 

direction of applied electric field, the temperature and the applied voltage. A device was 

manufactured in polymethylmethacrylate (PMMA) to control the angle of externally applied 

electric field and to keep constant the device temperature. A protocol was also established to 

study the sensitivity of the device with respect to the angle of the incident light and the 

direction of the applied electric field. 

It was found that there is a direction of the applied electric field that is more 

sensitive, which is the perpendicular configuration. The electric field is incident parallel to the 

plane formed by the two wider cavities. This configuration is called perpendicular because the 

plane containing the bigger holes is perpendicular to the glasses containing the interferometer. 

The fiber orientation with the electric field is manually controlled under microscopic 

observation. It can also be deduced that the longer the interferometer is, the higher the 

sensitivity and that the voltage interval for which the interferometer is more sensitive is 

between 150 and 200 MV/m. 
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Photonic Crystal Fibers filled with cholesteric liquid crystals.  

Cholesteric liquid crystals (ChLC) exhibit a singular phase called blue phase having the property 

of self-alignment in volume. In fact there are three blue phases presented in a very narrow 

temperature range so that their study is quite complex. These LCs have recently gained much 

attention because it has been possible to stabilize the liquid crystal phase by mixing with 

polymer. These liquid crystals become particularly important for the infiltration of photonic 

fibers considering the difficulty of aligning liquid crystal molecules inside the micrometric holes 

of the fibers. 

The blue phases have Bragg reflections associated with the structures formed in the 

phase I (cubic unit cell centered on the faces) and II (simple cubic structure). Such structures 

are based on cylinder elements formed by chiral molecules that are wound around it. The 

rotation axis of chiral molecules is orthogonal to the cylinder axis, and at the same time this 

plane rotates along the axis, hence generating a so-called double twist. Bragg reflections  can 

be tuned by temperature or external field, doing these materials very attractive to infiltrate 

photonic fibers. 

In the present work the wider holes of a PM-1550-01 have been filled with a 

cholesteric liquid crystal paying special attention to their blue phase. The ChLC employed for 

the experiments has been BP-2029-A, manufactured at the Military University of Warsaw. Only 

the bigger holes were filled to guide more light. The light is guided only by band gap when all 

cavities are filled, and also a considerable amount of power is lost because of the high liquid 

crystal scattering. Once the holes are infiltrated, they were observed under a microscope to 

see the alignment of the molecules. Then we proceeded to observe the light guided through 

the fiber while it was heated from a temperature where the liquid crystal was in cholesteric 

phase (about 25 °C) to the isotropic phase at 43.4 °C observing Blue Phase I (37 °C) and II 

(42.1-43.4 °C), being Blue Phase III (43.4 °C) practically undifferentiated of the isotropic phase.  

The same structures were also measured in the near infrared region of the spectrum 

to see the changes in the guided signal. These measurements were made with a tunable laser 

and an OSA. It was observed that the warmer the fiber was, the more transmitting power was 

measured. This is because in cholesteric phase and in blue phase the light is lost by Bragg 

reflections and by scattering. 

POLICRYPS inside a photonic crystal fiber 

POLICRYPS is the acronym of POlymer-LIquid CRystal-Polymer Slices. It is basically a network of 

walls formed by polymer and liquid crystal aligned perpendicular to these walls. This alignment 

is the product of a phase separation. Originally the prepolymer liquid is mixed with the LC. It is 

placed in a standard cell or, in our case, inside a photonic fiber and then it is heated to 

isotropic phase of the liquid crystal. Then the sample is placed in the interference plane of two 

beams of a –previously split– single UV laser. This pattern causes the prepolymer to polymerize 

only in certain regions "ejecting" the liquid crystal in a phase-separation process. Hence the LC 

molecules are orthogonally anchored to the polymer wall. 
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If a POLICRYPS is recorded inside a photonic crystal fiber with a grating period of 

0.5 µm, a tunable Bragg grating at 1550 nm (the optical window more used in optical 

communications) is obtained. The POLICRYPS gratings were recorded inside the bigger holes a 

PM-1550-01 and inside the hollow core of a HC-1550 fiber. It has been proven that these 

gratings can be recorded inside photonic crystal fibers and that the liquid crystal is properly 

aligned. Unfortunately the Bragg reflection could not be found because the return loss was too 

high. In the future it is intended to repeat the manufactured grating improving the protocol in 

order to achieve the goal of making a functional tunable Bragg grating. 

Selectively filling of photonic crystal fibers with PDMS 

Polydimethylsiloxane (PDMS) is a silicone-type polymer widely used in photonic devices due to 

its excellent optical properties. One of its most important features is that a refractive index 

lower than silica’s with a remarkably high variability of its optical thermal coefficient. Indeed, 

varying PDMS temperature can significantly vary its refractive index. The goal of selective filling 

of photonic fibers with this material is the ability to thermally tune the polarization state of the 

guided light. 

A symmetrical fiber, called LM 25 manufactured by NKT Photonics, was 

asymmetrically filled. Big holes of a PM-1550-1501 were filled as well. 

The LMA 25 fiber was filled following two different asymmetric geometries to induce 

birefringence. In the first configuration half of the holes were filled while in the second was 

entirely filled except a center line cavities. 

A tunable laser in the range of 1400-1625 nm controlled by a polarization analysis 

instrument PAT 9000 was used to measure the change in the state of polarization (SOP) of 

guided light in these fibers. The fiber was placed between two Peltier plates to control the 

temperature. The SOP varies more in some wavelengths than in others applying heat. 

Stokes coefficients were measured while the fiber was heated to see the change in 

SOP with temperature. SOP changes when the temperature raises from 20 °C to 110 °C, and 

draws a hysteresis cycle when the fiber is cooled down. 

The change in SOP is minimal for certain temperatures at certain wavelengths, 

indicating that these fibers behave as polarizers for certain ranges of temperatures and 

wavelengths. 

Induced birefringence of a PCF selectively filled with PDMS doped with 

metallic nanoparticles 

A theoretical study was carried out using the finite elements method and Matlab via COMSOL. 

The model was made with these programs for possible future production of a thermally 

tunable birefringence fiber. 

The study was focused on the dependence of the absorption produced by localized 

surface plasmon resonance of silver nanoparticles. These resonances depend strongly on the 
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refractive index of the material surrounding the nanoparticles. Thus, if one can slightly change 

the refractive index of the PDMS, it results on a high change in the resonance frequency. Since 

this resonance frequency is associated with absorption and scattering, a photonic crystal fiber 

with thermally tunable birefringence can be created, forming a tunable polarizer due its very 

high losses. The simulated fiber was PM-1550-01, with the bigger holes filled with the doped 

PDMS. 

Calculations showed a change in the sign of the birefringence of the fiber with a 

maximum difference of 1.2 × 10-3. The biggest change happens in particles of 80 nm. 

The losses that can be achieved for only one polarization of the fundamental mode 

are soaring, reaching 1200 dB/cm for 80 nm nanoparticles while losses in the orthogonal 

polarization are 118 dB/cm. All the power is lost for one of the polarizations, even for devices 

in the mm range. 

The ratio is similar for of 40 nm nanoparticles (αx40nm = 795 dB/cm and αy40nm = 75 

dB/cm) but smaller for 5 nm NPs (αx5nm = 103 dB/cm and αy5nm = 23 dB/cm). These losses 

demonstrate the possibility of manufacturing tunable polarizing fibers of less than 1 cm. 
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1  INTRODUCTION 

Although research in optics began in ancient times, it was not until the 1960s, with the 

developing of laser, when science in photonics began to be understood as it is today. In fact, 

the term photonics is relatively recent; it is an analogy of the term electronics, but controlling 

photons instead electrons. Both disciplines are correlated in the sense that electrons can 

control the flow of photons and vice versa. 

Photonics has undergone a huge development since the appearance of first optical 

communications in the 1970s, which made possible the communication at rates never seen 

before. The photons then became to take the place that has been occupied by electrons for 

many years. The fiber optic communication systems have revolutionized the 

telecommunication industry. The advantages of light-guiding transmissions instead the 

electrical transmission convert the optical communications into the main system to transmit 

large amounts of information at long distances. Every day the optical fiber network becomes 

wider; in many countries, it is customary to bring photons to the user’s home in the so-called 

Fiber To The Home (FTTH). The connection rate is typically 100 Mbps or more, 20 to 100 times 

faster than a typical modem or Digital Subscriber Line (DSL). 

The optical communications race began with the invention of the laser in 1960. By 

these years glass-cladding fibers had attenuations about 1 dB per meter, fine for medical 

imaging but too high for communications. In 1966, Charles Kao demonstrates the possibility of 

lowering the attenuation by using sufficiently pure glass for light waves to bear information. 

Kao received the Nobel Prize in Physics in 2009 for this work. 

It was in 1970 when fused silica glass became to be tested for optical fibers 

manufacturing, resulting in a patent in 1973  [1] by a team of researchers led by Robert Maurer 

with Donald Keck and Peter Schultz at Corning Glass. This fiber optic wire was capable to 

carrying 65,000 times more information than copper wire. This fiber was a titanium-doped 

single-mode (SM) fiber with loss of 17 dB/km at 633 nm. In 1972 the same team patented a 

germanium-doped multi-mode (MM) fiber  [2] with a loss of 4 dB/km. In April 1977, General 

Telephone and Electronics tested and deployed the world's first live telephone traffic through 

a fiber-optic system. These fibers transmitted light at 850 nanometers (the so-called first 

window) from gallium-aluminum-arsenide laser diodes at data rates of 6.2 and 45 megabits per 
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second. Today more than 80 percent of the world's long-distance voice and data traffic is 

carried over optical-fiber cables. 

Developers were bothered with early SM fibers development because the difficulty 

to achieve the micrometer-scale needed to couple light efficiently. Not satisfied with the low 

bandwidth of step-index multimode fiber, they concentrated on multi-mode fibers with a 

refractive-index gradient between core and cladding, and core diameters of 50 or 62.5 μm. A 

second generation soon appeared with the InGaAsP laser at 1300 nm (second window), where 

fiber attenuation was about 0.4 dB/km. The necessity to cover long distance without repeaters 

turned the group at Bell Labs (and then the rest of communication companies after 

deregulation in the early 1980s) to work with SM fibers again to avoid pulse dispersion of MM 

fibers. 

Although it was clear to developers that the minimum attenuation of glass fibers was 

below 0.2 dB/km at 1550 nm, it was not until 1992 when this window began to be used owing 

to the difficulty of developing lasers at this wavelength and the chromatic dispersion. 

The next big step was the arrival of the erbium-doped fiber amplifier (EDFA) in 1987 

that allowed the possibility to amplify light at 1550 nm  [3]. An all-optical amplifier was much 

simpler and faster than an electro-optic repeater. The developers also found that EDFAs could 

simultaneously amplify signals at two or more wavelengths transmitted through the same 

fiber, the named wavelength-division multiplexing (WDM) that multiplied the potential 

transmission capacity of the fiber . The first transatlantic cable using optical amplifiers, TAT-

12/13 in 1996, was able to transmit 5 Gbps through a single pair of fibers at one wavelength. 

Terrestrial technologies were capable to carry even higher bandwidths by packing the 

wavelengths close together –the dense wavelength-division multiplexing (DWDM)– 

transmitting dozens of channels simultaneously at 2.5 or 10 Gbps. By 2001 some 

manufacturers were offering DWDM systems able to transmit 100 wavelengths at 10 Gbps 

each, a total of one terabit per second.  

When the dot-com began to collapse the investors jumped to telecommunication 

companies. The tremendous capacity of fiber optics turned these companies to deploy more 

fiber than required for near-term demand. Also Internet traffic projections of doubling every 

three months were exaggerated and the bubble communications collapsed in 2001. The long-

distance industry recovered slowly and big telephone companies began to deploy their own 

fiber-to-the-home installations. Recently Google has begun to build a super high-speed 

network in United States, starting in Austin and widening to 21 major metropolitan areas, with 

the promise of 1 Gbps Internet service, and an option including television service. The internet 

service includes one terabyte of Google Drive service  [4]. 

Today light is propagated at different wavelengths that can travel independently by 

the same fiber with comparatively little crosstalk or interference. This allows to send 100 or 

more separate data streams by a single fiber at the same time achieving 20 Tbps  [5]. Today, 

engineers also modulate the shape of the pulses, their phase, their polarization, and their 

physical spacing in the fiber. However, after great distance travels optical distortions creep in, 

causing errors to build up and degrade the data. This problem has been recently alleviated by 

ensuring that the laser variations was predictable rather than random  [6].  
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Optical communications on standard fibers are nowadays a well-known technology 

where research has evolved from the materials and components to the systems. Yet research 

on new materials and devices that may improve the current media have never ceased. The 

underlying idea is that specific challenges or applications are best suited to alternative 

realizations. Nobody actually believes that any alternative medium will replace the present 

deployment of long distance optical fiber networks in the short or medium term. Yet a high 

number of applications for short (local area networks, LAN) and ultrashort distances exist, 

where the ends of the waveguide are in the same building (100 m, LAN), room (10 m), system 

(1 m) or circuit (0.1 m). Optical sensors, integrated optics, optical computing, optical 

crossboards, add-drops or switches are just a few examples of this vast territory. This is the 

arena where the capabilities of new materials, devices and configurations must be tested, and 

the central subject of this work. 

The work concentrates on modified structures that affect the optical transmission in 

waveguides, specifically in photonic crystal fibers. These fibers, among other properties, may 

increase the transmission speed of standard optical fibers. Light propagates 31% slower in 

silica glass fiber than in vacuum. In 1996 Phillip Russell and his group suggested the possibility 

to guide the light by photonic crystal wires  [7], paving the way for a new kind of hollow 

microstructured fibers called photonic crystal fibers (PCF). These fibers opened widely the 

operating field of optical fibers because their high versatility in design and the possibility to be 

filled with gases, liquids, or even solid materials. Recently it has been reported a hollow core 

PCF that provides a combination of low loss (3.5 dB/km) and wide bandwidth (160 nm), 

employed to transmit 37 × 40 Gbps channels at 0.290 m/ns, i.e., 1.54 ns/km faster than a 

conventional fiber. This represents the first experimental demonstration of fiber-based WDM 

data transmission at close to (99.7%) the speed of light in vacuum  [8]. 

 

 
Figure 1: Evolution of optical fiber capabilities [5]. 
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1.1. Photonic Crystal Fibers 

Phillip Russell had the idea in 1995 of making a special optical fiber combining the optical 

properties of photonics crystals with conventional optical fibers  [9].  Photonic crystals are 

periodic structures that can affect the motion of photons in a similar way that ionic lattices 

affect ions in solids. The periodic structures of photonic crystals can be made in one, two or 

three dimensions. The main property of these crystals is the appearance of photonic band-gaps 

(PBG). These band-gaps are forbidden ranges of wavelengths –equivalent to the electronic 

band-gaps of semiconductors– that cannot propagate through the structure and are therefore 

rejected in total internal reflection. If a hollow core fiber is surrounded by a 2D photonic 

crystal, then the band-gap mechanism effectively guides the light because these wavelengths 

cannot cross through the cylindrical photonic crystal wall and the light is doomed to travel 

through the air channel (Figure 2).  

The first convincing PCF was manufactured in November 1995. This fiber had a 

hexagonal close-packed array of small air channels and was free of any gross imperfections or 

defects  [7]. It was the photonic equivalent of a pure dopant- and defect-free semiconductor 

crystal, requiring controlled introduction of impurities to be useful. Preferred defects could be 

accurately introduced allowing design and fabrication of a wide range of different PCFs.  

 

 
Figure 2: (A) SEM of an endlessly single-mode solid core PCF. (B) Far-field optical pattern produced by (A) with red and 

green laser light. (C) SEM of a recent birefringent PCF. (D) SEM of a small (800 nm) core PCF with ultrahigh 
nonlinearity and a zero chromatic dispersion at 560 nm. (E) SEM of the first photonic band gap PCF, its core 
formed by an additional air hole in a graphite lattice of air holes. (F) Near-field OM of the six-leaved blue mode 
that appears when (E) is excited by white light. (G) SEM of a hollow-core photonic band gap fiber. (H) Near-
field OM of a red mode in hollow-core PCF (white light launched into the core). (I) OM of a hollow-core PCF 
with a Kagome´ cladding lattice, guiding white light [9]. 
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1.1.1. Guiding mechanisms  

The complex structure of PCFs makes difficult the mathematic study, and the well-known field 

of standard optical fibers is of little help. Maxwell’s equations must be numerically solved  [10–

14]. The first PCF consisted of an array of approximately 300 nm air holes spaced 2.3 μm with a 

central solid core  [15]. This fiber had the property to be single-mode no matter how short the 

wavelength of the light. This can be understood by viewing the array of holes as a modal filter. 

Light is evanescent in the air, thus the holes act as strong barriers. Correct choice of geometry 

thus guarantees that only the fundamental mode is guided; more detailed studies show that 

this occurs for d/Λ < 0.4  [16]. 

Very large mode-area fibers were designed looking for improvements in high-power 

delivery, amplifiers, and lasers [17]. Additionally, capillaries with different wall thicknesses 

above and below the core can be introduced to deliberately prompt bilateral symmetry, 

therefore inducing high birefringence [18]. The guiding mechanism of these fibers is called 

modified total internal reflection (mTIR), also known as index-guiding fibers (Figure 3). 

The hollow core photonic band-gap guidance had to wait until the technology can 

afford larger air-filling fractions essential to achieve a photonic band-gap (PBG). The first fiber 

had a triangular lattice of holes and a relative big hollow core  [19]. The main advantage of 

hollow core PCFs is its low loss because the light is guided by air with values that could achieve 

0.2 dB/km.  

 

 

1.1.2. Birefringence in an optical fiber  

Modern standard optical fibers are mainly single-mode fibers to avoid modal dispersion. These 

fibers propagate two nearly-degenerate fundamental modes with electric fields that are 

orthogonally polarized on the fiber axis. Although each mode has nonzero components along 

the three axes, the electric polarization is predominantly linear and transverse in the usual 

paraxial ray approximation. Small perturbations along the fiber produce coupling between the 

two modes because of the near-degeneracy of propagation constants, βx and βy. Thus, if a 

linearly polarized light is injected into a fiber it becomes elliptically polarized after a short 

distance. Therefore the state of polarization (SOP) changes in an unpredictable way owing to 

imperfections, and is also sensible to mechanical pressure, temperature and wavelength. This 

birefringence ultimately limits the bandwidth of a single-mode optical communication system 

producing the so-called polarization mode dispersion (PMD) [20–23].  

 
Figure 3: Guiding mechanisms in a PCF. Left: modified Total Internal Reflection. Right: Photonic Band-Gap. 
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There are two approaches generally used to describe polarization phenomena in 

optical fibers  [24]. The first considers the optical fiber as an optical waveguide, in which light is 

a kind of electromagnetic wave at optical frequencies that can be guided in the form of 

waveguide modes  [22]. The second considers the fiber as a number of separate sections that 

behave like polarization state shifters. The evolution of polarization can be described by one of 

the three general formalisms: the Jones vectors and matrices formalism, the Stokes vectors 

and Mueller matrices formalism and the Poincaré sphere representation. 

A controlled and deliberate birefringence introduced in the fiber may be used to 

realize several fiber optical components and devices. The most important application is the 

development of high-birefringence (Hi-Bi) or polarization maintaining fibers (PMF)  [25,26]. 

PMF fibers are designed in such a way that the two orthogonally modes are forced to travel at 

different group velocities, i.e. with different propagation constants. Such fibers maintain the 

SOP of the incident light without coupling over large distances. This difference is created by 

designing an anisotropy within the core of the fiber, either geometric by making the core 

elliptical  [27], by side air holes  [28], or through the application of controlled uniaxial stress. 

The first design is named form birefringence and the second (and traditionally more used) 

stress birefringence  [29,30]. PMF are used in any application that requires transmission and 

delivery of polarized light.  

Since the appearance of PCFs, the form birefringence is gaining more interest. Huge 

degree of anisotropy may be generated, with correspondingly huge levels of birefringence, up 

to one order of magnitude higher than those achieved by conventional stress-birefringent 

designs. Highly birefringent index-guiding PCFs with holes of different diameters along two 

orthogonal fiber axes or with asymmetric core designs have been proposed  [18,31–34]. PBG 

fibers have been proposed as well  [35,36].  

1.2. Photonic Crystal Fibers infiltrated with active optical materials 

One of the most useful properties of PCFs is their strong wavelength dependence of the 

effective cladding index. At longer wavelengths the field extends further into the holes. The 

holes of PCFs offers new opportunities for exploiting the interaction with gases  [37–41], 

liquids  [42–46] and even solids  [47–49] via evanescence field effects  [50,51]. Many studies 

have shown that filling the holes of the fiber cladding can significantly change the optical 

properties of PCFs. For example, filling the cladding holes of a PCF makes possible the 

supercontinuum generation  [52–55], to guide atoms through hollow core PCFs  [56–59] and 

even loading a Bose-Einstein condensate into the fiber  [60,61]. 

An increasing interest arises in PCFs infiltrated with Liquid Crystals (LCs) generating 

the photonic liquid crystal fibers (PLCF) in which high versatility of PCFs is combined with the 

active properties of LCs. Since Larsen et al. filled the first PCF with LC  [62], thermal  [63], 

electrical  [64,65], polarization tuning properties [66–70] and optical tuning  [71] have been 

demonstrated.  

The main difference between guiding the light by mTIR and PBG is the refractive 

index of the cladding. The solid core of a PCF has a refractive index higher than the cladding, so 

the PCF guides the light by mTIR. In a hollow core PCF, the cladding effective refractive index is 
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higher than the refractive index of the core. If the cladding holes of a solid core PCF are filled 

with LC, which generally has a higher refractive index than the silica glass, then the guiding 

mechanism changes from mTIR when the PCF is empty to PBG when it is filled. The shift from 

mTIR to PBG and vice versa was demonstrated in the same PLCF by infiltration of a LC with an 

ordinary refractive index lower than the silica  [63]. This shift can be thermally and electrically 

induced.  

A number of materials have been used for PCF infiltration in this work: liquid 

crystals, polydimethylsiloxane (PDMS), PDMS doped with nanoparticles, and LC-polymer stripe 

structures called POLICRYPS. A brief description of the main features of every material is given 

in the following sections. 

1.2.1. Liquid Crystals  

The common definition of a liquid crystal is a state of matter between solid and liquid with 

common properties of both; their molecules present a crystalline order but they can flow. It is 

in fact the fourth state of matter (with permission of the “other fourth state of matter”, the 

plasma). In any case, LC is a mesogen with unusual phases depending on the temperature, the 

components of the mixture and the concentration. The LC can exist in many so-called 

mesophases; calamitic LCs (see below), for example, show phases such as nematic, cholesteric 

(chiral nematic), smectic, ferroelectric (chiral smectic C), etc.. 

The main LC classification derives from the physical parameters controlling the LC 

phase presence. There are three main LC classes, called thermotropic, lyotropic and polymeric. 

Thermotropics are the most common and more studied LCs, ordinarily used for displays, which 

exhibit various liquid crystalline phases as a function of temperature. Although their molecular 

structure is quite complicated and their shape is not regular, the most employed LCs in 

practical applications are usually elongated molecules called calamitic (Figure 4), typically 

represented as rods. Calamitic LCs adopt different phases as mentioned above; however, 

nearly all the applications employ nematic phase, a phase having orientational, but not 

positional, order. 

 

 
Figure 4: Calamitic LC molecule with (right) and without (left) externally applied electric field. 
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Similar to crystalline solids of non-centrosymmetric systems, liquid crystals have a 

large variety of properties showing anisotropy: dielectric permittivity, magnetic susceptibility, 

refractive index and viscosity. The rod-like LC molecules are uniaxial, which means that they 

have two equal ordinary axes and one extraordinary axis –they are also referred as 

perpendicular and parallel axes, respectively– that determine the LC anisotropy. Associated to 

each magnitude x, the corresponding anisotropy is defined as the difference Dx = x|| - x^
. The 

definition determines the sign of the anisotropy. The magnitude x can be the refractive index 

n, the permittivity ε, the magnetic susceptibility χ, the viscosity ν or any other. Calamitic LCs 

are customarily magnetically and optically positive with Δχ and Δn > 0. However, Δε may be 

positive or negative.  

From a practical point of view, LCs are interesting and useful materials inasmuch 

they can be reoriented with electric and magnetic fields, the reorientation having 

consequences on the optical properties of the material. Moreover their phases can be 

thermally tuned. The main phases of a uniaxial thermotropic LC are: nematic –with 

orientational but no positional order, as mentioned above–, and smectic –with orientational 

and positional order. If the LC is made of chiral molecules, then the phases are chiral, 

producing new interesting effects: some chiral smectic phases become ferroelectric, while 

chiral nematic phases spontaneously adopt a helical configuration that actually behaves as a 

1D photonic crystal. Chiral nematic LCs were formerly known as cholesteric LCs, and deserve to 

be considered a separate family for their optical properties, phase sequence and, above all, 

their applications. These phases are briefly commented below. 

1.2.1.1. Nematic and smectic LCs  

Nematic phase (NP) is the most common phase in LCs. Nematic liquid crystals are aggregates of 

organic molecules whose orientation is determined by an order parameter S of intermediate 

value between liquids (0.0) and solids (1.0). This parameter determines the distribution of the 

molecules around an average direction called the director n, and is defined as: 

2

1cos3
S

2



θ

 (1) 

where θ is the deviation angle of the molecules about the director. This is the simplest 

requirement in terms of orientation, and gives rise to the nematic phase  [72,73]. 

In nematic phase the calamitic molecules have no positional order.  However, they 

tend to self-align to have long-range directional order with their long axes roughly parallel to 

the director vector n. Thus, the molecules are free to flow and their center of mass positions 

are randomly distributed as in a liquid. 

If another degree of freedom in the position of the molecules is restricted, then the 

smectic phase occurs, characterized by the distribution of molecules in layers, i.e., featuring 

positional order. Ideally the molecules adopt plane-parallel geometry, with or without some 

angular tilt with respect to the layer normal. Smectics are much more viscous than nematics, 

severely limiting their applicability except in special cases like ferroelectrics, where the 

spontaneous polarization can be used to drive the material, achieving switching times in the µs 

range, well below the nematics.  
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1.2.1.2. Cholesteric liquid crystals and blue phases  

If the nematic liquid crystal is made of, or contains, chiral molecules, they will present optical 

isomerism, and a characteristic helical rotation in the nematic distribution (Figure 5), resulting 

in the so-called cholesteric phase  [74]. Specific molecular placement, gives to the cholesteric 

phase the property of rotating the plane of polarized light inducing a circular phase delay that 

causes the reflection of the circularly polarized light impinging on a cholesteric liquid crystal. 

The reflection is restricted to a wavelength band, the material effectively behaving as a 1D 

photonic crystal. The distance between two molecular planes with the same orientation is 

called pitch or helical pitch in the literature. Hence, the pitch refers to the distance over which 

the LC molecules undergo a full 360° twist. The pitch typically changes when the temperature 

is altered, when an external electric field is applied or when other molecules are added to the 

LC host. If the pitch is in the order of the impinging light, a Bragg reflection occurs. Cholesteric 

liquid crystals can also reflect circularly polarized light when it is incident along the helical axis 

and elliptically polarized if it comes in obliquely  [75]. In liquid crystal argot, when a LC phase 

have chiral components an asterisk is added to the nomenclature; for example a chiral nematic 

phase (cholesteric) is named N* and a chiral smectic C phase is SmC*. 

 

Blue Phases (BP) are liquid crystal mesophases that appear in the temperature range 

between the cholesteric phase and the isotropic phase (Figure 6). Although blue phases were 

first detected in 1888  [76], their complex structure began to be fully understood in 1980s and 

90s  [77–80]. There are three blue phases in a typically very narrow range of temperatures, 

BPI, BPII and BPIII. BPI and BPII, are known to exhibit cubic structures while BPIII, also known as 

the foggy phase, is isotropic. The three blue phases differ in the amount of order they possess 

and the structures that the chiral molecules form. In chiral nematics, molecules lie in quasi-

nematic layers and rotate when going from one layer to the next. However, the free energy is 

actually lower if the molecules twist in two dimensions simultaneously. This leads to the 

formation of the double twist cylinder, where the molecules all rotate about a central axis.  

 
Figure 5: Phases of thermotropic LCs. 
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Blue phases present Bragg reflections associated with the photonic band-gap of 

chiral LCs. When BPs are seen under a microscope, different colors (predominantly blue, hence 

the name) are reflected in different regions depending upon both the spacing of reflective 

planes and the angle between the light and the reflective planes. BPs are self-organizing 

materials, not requiring any surface conditioning to align. Therefore, they are good candidates 

to infiltrate inside the holes of a PCF, where the treatment of surfaces for LC alignment is quite 

complicate. Yet few studies have been carried out on this matter. Recently it has been 

developed a polarization-independent bistable light valve in a photonic crystal fiber  [81]. It has 

been also reported that blue phase as fiber waveguiding cores are optically isotropic, 

polarization insensitive and relatively low-loss  [82]. 

1.2.2. Polydimethylsiloxane (PDMS) 

Another material well suited for PCF infiltration is polydimethylsiloxane (PDMS). PDMS is a 

well-characterized inexpensive silicone-based organic polymer. It has low 

self-fluorescence  [83] and is transparent at optical frequencies. Moreover, PDMS is flexible 

and has been used to mold structures of few nanometers  [84] due to suitable mechanical 

properties, being therefore ideal for fiber infiltration. The possibility of obtaining 

homogeneous dispersions of colloid nanoparticles (NP) in PDMS has been reported 

experimentally  [85]. 

Concerning photonic crystal fibers, PDMS features a refractive index (around 1.41) 

lower than silica –the most common material employed in PCF manufacturing. Moreover, 

PDMS shows an unusually large and negative linear thermo-optic coefficient i.e., the refractive 

index is highly temperature dependent  [86,87]. 

 
Figure 6: BP are structured by intersecting orthogonally double twist cylinder. In BPI the cylinders arrange into a 

face-centered cubic structure and BPII into a simple cubic structure. 
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1.2.3. PDMS doped with nanoparticles 

Recent technological achievements allowing the fabrication of nanoparticles having different 

sizes and shapes have boosted the study of the interaction between light and these 

nanosystems. One of the most interesting effects of this interaction is the excitation of Surface 

Plasmon Resonances (SPR). SPRs result from the interaction between the free electrons of a 

metal in a metal-dielectric or metal-vacuum interface, and the electromagnetic field of the 

impinging light: they show up when the frequency of the incident photons matches the natural 

oscillation frequency of electrons  [88–90]. 

 In metallic nanoparticles, plasmon resonances are localized surface plasmon 

resonances (LSPRs) in contrast with propagating surface plasmon resonances (SPRs) on 

nanowires and other extended interfaces  [91]. SPRs are characterized by a high sensitivity to 

variations in the refractive index of the environment  [92,93]. This has been applied to the 

implementation of a number of sensing elements based on planar metallic layers 

structures  [94] or metallic coatings around fibers  [95]. The excitation of SPRs in PCFs with 

coated metal surfaces has been studied numerically  [96,97] and experimentally  [98]. 

Numerical analysis of PCF-based SPR sensors for liquids have been reported  [99–101]; these 

sensors require selective hole filling. Recently SPR in silver nanowires  [102] and in silver-

coated graphene-based structures  [103] have been simulated, and a temperature sensor 

based on PCF coated with a nanoscale gold film  [104] has been developed. SPRs in anisotropic 

PCFs show high anisotropic absorption in the resonance peak, thus being good candidates to 

build tunable in-fiber polarizers. Recently a polarization filter has been designed and 

theoretically studied using a hollow-core PCF filled with liquid crystal (LC) as waveguide and 

one of the cladding holes filled with gold  [105].  

All studies mentioned above refer to propagating SPRs in wires or surfaces coated 

with metals, where at least one of the dimensions is much longer than the light wavelength. 

Localized surface plasmon resonances (LSPRs) arise in structures where all dimensions are 

significantly smaller than the wavelength, like the nanoparticles mentioned above. LSPRs show 

some specific features that make them interesting in a number of applications. Since LSPRs are 

localized, light impinging the nanoparticles excites collective electron oscillations that enhance 

the near-field amplitude while decaying rapidly with distance from the nanoparticle. Unlike 

other SPRs, LSPRs can be excited directly without any complex wavevector coupling  [106]; on 

the other hand, they are highly sensitive to the environment like any SPR. Their tiny size allows 

their use in subwavelength applications, such as nanoscale sensors. Several studies have 

reported recently where LSPRs have been used as the basic mechanism for obtaining sensors 

combined with liquid crystals [107,108], holographic structures of polymers with LC, and the 

polymer-liquid crystal structures known as POLICRYPS  [109]. A new field named 

plasmomechanics has arisen, exploiting the strain properties of PDMS doped with metallic 

nanoparticles like AuNP  [110]. 

1.2.4. POLICRYPS  

POLICRYPS is the acronym of POlymer–LIquid CRYstal–Polymer Slides. POLICRYPS is a 

switchable holographic grating formed by alternative layers of polymer and nematic LC aligned 
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homeotropically (i.e., perpendicular) to these layers. The initial mixture is made of a 

commercial photo-curable optical adhesive and a nematic LC in isotropic state, inside a thin 

planar cell. The sample is placed onto the interference plane of two branches of a UV laser. 

Polymer curing leads to a phase separation where diffusion plays an important role as 

theoretical models predict. The result is a set of polymer stripes separated by almost pure LC 

perpendicular to them. The grating pitch may be below 1 µm, thus producing noticeable 

effects on visible and NIR light. 

POLICRYPS (Figure 7) were created in the early 2000s at the University of Calabria, 

Italy  [111–115] but has never been made inside a PCF. Within the aims of this work, the 

challenge of preparing these structures in photonic fibers has been set. These gratings inside a 

PCF would become all-in-fiber tunable Bragg gratings, very useful in optical communications 

and sensing. The only known work similar to this topic is a recent work made by a team in 

Greece that recorded a holographic grating similar to a POLICRYPS inside a PCF  [116]. 

 

1.3. Outlook of the present work 

1.3.1. Scope  

The aim of this work is the study, manufacturing and characterization of optical devices based 

on photonic crystal fibers selectively filled with liquid crystals, polymers and mixtures of both 

materials. This field was new for the team where the work has been developed, so new 

protocols and tools had to be formulated and established.  

 
Figure 7: POLICRYPS with a pitch of 2 μm manufactured by the author in Calabria, Italy. 
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The work has focused on the development and characterization of new devices, as 

well as the design and manufacturing technologies required to create them. A critical analysis 

on the possible applications of every new device shall be performed as well. 

1.3.2. Chapter outline 

The work is divided into chapters, beginning with a brief Theoretical Introduction (Chapter II) 

of light propagation on dielectric waveguides. 

The following chapters will describe the work undertaken during this Thesis. 

Chapter III. Theoretical Approach: In this chapter a theoretical explanation about the 

mathematical models and simulations will be detailed, with emphasis in the two methods 

employed via commercial and open access programs. Also it will be explained briefly the 

mathematical tools and equations related to surface plasmon resonances. 

Chapter IV. Manufacturing and characterization of Hybrid Structures: The protocols, materials 

and manufacturing process will be described. The characterization procedures to measure the 

different devices will be described. 

Chapter V. Results and discussion: The results obtained in this Thesis will be exhaustively 

explained. Firstly the intermodal interferometry will be detailed. Then the results obtained 

after recording POLICRYPS gratings inside PCFs will be specified. The next section will be the 

results related with the selectively filling of PCFs with PDMS and the theoretical study on the 

filling with PDMS doped with silver nanoparticles. Finally the results of PCFs selectively filled 

with cholesteric liquid crystals will be explained. The chapter will finish with possible 

applications. 

Chapter VI: Conclusion and future lines:  A brief summary of the most important results and 

the suggestions to future lines.  
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2 LIGHT PROPAGATION IN DIELECTRIC WAVEGUIDES 

Light can be studied using several approximations, from the early ray optics approximation, 

where light is considered a set of geometric rules, to quantum electrodynamics, where light is 

studied not only as an electro-magnetic wave but also as a particle in the well-known wave-

particle duality. More involved theories shall be employed for some specific studies, while in 

some others the electro-magnetic or even the ray optics approximation is fairly enough. 

Traditionally, optics has been studied making use of light transmitted by air and 

between mirrors, prisms and lenses that steer, focus and collimate the light beams. The advent 

of optical communications has made the study of optics by transmitting media –guided-wave 

optics– to become of greatest importance. Optical transmission by dielectric waveguide media 

made it possible to provide long-distance light transmission with extremely low losses and high 

quality.  

Waveguides, either optical fibers or planar guides, are nowadays employed in many 

devices and systems besides optical communications. They play a key role in sensors, filters, 

interferometers, beam steerers and many other optical devices. Integrated optics and optical 

computing are current research areas where optical waveguides are ubiquitous. 

Optical confinement relies on the well-known property of Total Internal Reflection 

(TIR). A dielectric material of high refractive index surrounded by other dielectric material with 

lower refractive index traps the light so that it remains confined by multiple total internal 

reflections at the boundaries. The waveguide can be a slab, strip or cylinder of dielectric material. 

 

 
Figure 8: Refractive index profile of typical multi-mode and single-mode optical fibers. 



David Poudereux 

22 

 

 

Recently other way to confine the light has been developed: the Photonic Band-Gap 

(PBG). PBGs are similar to electronic band-gaps of semiconductors, i.e., energy ranges 

forbidden for the electrons/photons of the system. The materials possessing PBG are called 

Photonic Crystals, and basically are constituted by micrometric periodic structures of different 

materials. A certain range of photon energies, hence light wavelengths, is not allowed to enter 

the photonic crystal, effectively producing a lossless reflection of light similar to TIR. It must be 

noted, however, that no refractive indices are involved in this case. 

Optical waveguides are structures capable of transporting light in the infrared, 

visible and UV wavelengths. The cross section of regular waveguides is generally small 

compared to the propagation dimension. Waveguides are formed by several layers, usually 

two. Light is guided by one of the layers, called film in planar waveguides and core in optical 

fibers. The second layer –with a smaller refractive index– surrounds the core and confines the 

propagation. It is called cladding in optical fibers and occasionally substrate in planar 

waveguides. Optical waveguides can be conveniently divided into two classes, multi-mode 

waveguides and single-mode waveguides.  

Being an electromagnetic wave, light propagation through optical waveguides can be 

completely described by Maxwell’s equations. Some simplifications can be done in 

approximations like the so-called weakly guided waveguides  [24,117,118], or in cases where 

the refractive index varies slightly over a distance comparable to the light wavelength, and the 

classical geometric optics can be applied. This is the case of multi-mode fibers (Figure 8) in 

which wave effects are usually negligible. In other cases the wave effects accumulate 

exponentially with the distance and the approximation cannot be done: for example, those 

cases where power losses due to radiation, radiation from bends and absorption by the 

cladding have to be considered. In such cases the wave nature of light must be taken into 

account for an accurate study.  

 

 

 
Figure 9: Reflection at a planar interface of two rays, one bounded and other refracted/reflected. 
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2.1 Propagation in planar waveguides 

Let us start the study of light propagation with a ray approximation study in multi-mode optical 

planar or slab waveguides. Since propagation can be analyzed in terms of superposition of ray 

paths, it is necessary to observe the behavior of single rays –the bound rays– that propagate 

without loss of energy in nonabsorbent waveguides, and therefore can travel long distances. A 

planar waveguide, illustrated in Figure 9, is usually made of a thin high refractive index 

material deposited onto a substrate and covered with other cladding layer of low refractive 

index. The substrate and the cladding can be made of the same material as in optical fibers, or 

different. The cladding material may be air. In either case, cladding and substrate refractive 

indices must be lower than the core refractive index following the guiding condition 

The condition necessary for a ray to be bound, i.e. that the ray propagates along the 

nonabsorbent waveguide without power losses, is to impinge on the core-cladding interface 

with an angle larger than the critical angle, which means that the light is guided entirely by TIR 

and there is no refracted light (Figure 10). 

claddingsubstratecore nnn  . (2) 

 

To calculate the critical angle for TIR the well-known Snell’s Law is solved in Equation 

(3) assuming that the refraction angle is π/2: 

co

cl
Cclclcoco

n

n
sinsinnsinn  θθθ  (3) 

where θC is the critical angle for TIR. When θ is smaller than θC then light is not guided through 

the core. A ray is reflected back into the core at an angle θb regardless of whether partial or 

total reflection occurs. The rays can be categorized then as follows 

Refracting rays:   C0 θθ   (4) 

Bound rays:   2/C πθθ  . (5) 

 

2.2 Propagation in optical fibers 

An optical fiber is a cylindrical waveguide made of a low-loss material like silica glass (SiO2). 

Optical fibers have a core of higher refractive index that confine the light by TIR and a cladding 

 
Figure 10: TIR guiding in a standard optical step-index fiber. 
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of lower index that surround the core. The core refractive index can be increased by doping 

the SiO2 with Ge, Ti or B.  

Applying the same Snell law again in the entrance of the fiber at the air-core 

boundary for the critical angle, the relation is given by  

  2

cl

2

co

2

coclco

2/1
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2

cocco nnn/n1n)sin1(nsinnsin  θφθ  (6) 

and therefore  
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θ

θ
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being NA the Numerical Aperture of the fiber, the cone of external rays that are guided by the 

fiber. A fiber with a large NA can gather more light than other with small NA. 

For a proper study of the propagating modes in fiber the wave nature of the light has 

to be taken into account. It is useful to define the normalized frequency V as 

2

cl

2

co nn
2

V 
λ

πρ
 (8) 

where λ is the free space wavelength of the light propagating along the waveguide and ρ is the 

fiber core radius. From Equation(7) and (8) the numerical aperture can be redefined as 

Δ2nV
2

NA co
πρ

λ
 (9) 

where Δ = (nco
2–ncl

2)/2ncl
2 is the relative refractive index difference between core and cladding. 

Optical waveguides for communication have generally a very small variation between the 

maximum and minimum values of the refractive index profile, nco ≈ ncl. This is also known as 

weakly guiding and ultimately results in a paraxial approximation, leading to a considerable 

simplification for problems that otherwise would be intractable. The parameter Δ can be 

approximated Δ = (nco–ncl)(nco+ncl)/2ncl
2 ≈ (nco–ncl)/ncl. 

2.2.1 Mode theory for circular waveguides 

The electromagnetic light field guided along a fiber can be represented as a superposition of 

bound or trapped modes. Each of these modes consists on a set of electromagnetic field 

configurations, which form a standing-wave pattern in the transverse direction, i.e. 

perpendicular to the fiber axis. For monochromatic light, fields of angular frequency ω, a mode 

traveling on the positive z direction along the fiber has a time dependence given by 

z))-texp(j( βω . (10) 

The propagation constant β denotes uniquely each mode, and is useful to define the 

effective index of the mode (Equation (11)) with physical significance. Each modes propagates 

with his own effective refractive index neff whose value is in the range ncl < neff ≤ nco. Bound 

modes do not attenuate in a nonabsorbent waveguide, so that β is real. 

knkn,
k

n cocl  β
β

. 

 

(11) 
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2.2.1.1 Hybrid modes 

The propagation constant β can only assume discrete values for bound modes, which are 

determined by the requirement that the mode field must satisfy Maxwell’s equations and the 

electric and magnetic field boundary conditions at the core-cladding interface. The 

identification of each mode is made by two integer indices (m,n). The first, m = 0,1,2,…, 

separates the variables in the scalar wave equation, whereas the second, n = 1,2,3,…, indicates 

the nth roots of the Bessel function of the first kind Jm and the modified Bessel function Km. 

Each pair of indices is a possible propagation mode. The field distribution does not change in 

time with propagation, except for a phase factor, and frequently Ez and Hz are nonzero, i.e., the 

modes are not fully transversal. For this reason, these modes are called hybrid modes and are 

denoted as HEmn or EHmn depending on whether the magnetic or the electric field are more 

transversal respectively. Hybrid modes contain all six (three magnetic and three electric) field 

components and possess no circular symmetry. 

In the weakly guiding approximation the longitudinal components of the fields are 

customarily much weaker than the transverse components. When m = 0 they are also denoted 

as TE0n and TM0n, since they correspond to fully transverse field propagation modes with 

vanishing longitudinal components (Ez, Hz = 0), respectively. These two linearly polarized sets of 

modes are circularly symmetric  [24]. The lowest-order transverse modes TE01 and TM01 have 

cutoff frequencies V = Vc = 2.405, being V the normalized frequency. 

Figure 11 shows the modal field distribution of the first TE modes in a planar 

dielectric slab waveguide  [119]. The cross sectional view of the slab waveguide looks the same 

as the cross-sectional view of an optical fiber cut along its axis. The solutions of Maxwell 

equations of three low order modes form patterns like those shown in   in both cases. The plot 

shows that the electric field of the guided modes is not completely confined to the dielectric 

slab. A fraction of the electric field called evanescent field penetrates into the cladding. 

Evanescent field decays exponentially in the planar waveguide cladding, and follows the Bessel 

K function in optical fibers. 

 

 
Figure 11: Electric field distribution of the low-order modes guided in a symmetrical-slab waveguide. 
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 The lowest-order of a cylindrical waveguide is the HE11 mode, which has no cutoff 

frequency: in other words, the first mode of symmetrical waveguides is always guided. This is 

the fundamental mode of an optical waveguide and it is also the only mode propagating in the 

region of 0 < V < 2.405. Hence, the fiber is considered single-mode. The field distribution has 

three non-zero components Ex, Ey and Ez, among which Ex or Ey dominates. The above 

notwithstanding, a single-mode fiber is not truly single-mode, since the electric field of the 

HE11 mode has two orthogonal polarizations that effectively can be considered two modes with 

nearly the same propagation constant  [24]. For a weakly guiding fiber nco ≈ ncl, approximate 

mode solutions are defined as linearly polarized modes LPmn of different azimuthal (m) and 

radial (n) mode numbers. This idea was originally introduced by Gloge  [117], who showed that 

linear combinations of the lowest-order modes have the electric field configuration resembling 

a linearly polarized pattern (Figure 12). 

 

2.2.1.2 Linearly polarized modes 

The LPmn modes are actually superpositions of hybrid modes EHm-1,n and HEm+1,n. The 

EHm-1,n modes of m = 1 lose their hybrid nature and become transverse magnetic TM0n and 

transverse electric TE0n waveguide modes. In an isotropic fiber modes of zero azimuthal order 

(m = 0) are twofold degenerate, i.e. two polarization modes, whereas modes of non-zero 

azimuthal order (m > 0) are fourfold degenerate: twofold orientation degeneracy (even and 

odd) and twofold polarization degenerate (x and y). Four modes are guided along the fiber, 

LPmn
x,e,LPmn

y,e, LPmn
x,o and LPmn

y,o. The isotropic case of a single-mode fiber (V ≤ 2.405) with 

perfect circular core supports two degenerate orthogonal polarization modes HE11
x and HE11

y 

of the propagation mode HE11 with the same spatial intensity distribution, that in the weak 

approximation is exactly linearly polarized LP01. Its two degenerated polarization modes LP01
x 

and LP01
y have the same propagation constant β (Figure 12). 

The next four higher-order modes TE01, TM01, HE21
e and HE21

o (with 

2.405 < V < 3.832), have slightly different propagation constants and almost the same cross-

sectional field intensity distributions. These four second-order modes become fourfold 

degenerate in weakly guiding approximation and are denoted as LP11 modes. Fibers operating 

in this frequency regime are two-mode fibers, although in fact they support six modes: two 

polarizations of the fundamental LP01 and two polarizations of each two second-order LP11 

mode (LP11
e, LP11

o). 

 
Figure 12: Electric and magnetic field distribution (Ex, Ey, Hx, Hy) for the LP01 (HE11) mode. 
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The correspondence between the first linearly polarized modes and the exact 

solutions is shown in Table 1. 

 

Table 1: Correspondence between linearly polarized modes and exact low-order modes. 

Linearly polarized Exact 
Number of 

degenerated modes 

LP01 HE11
 ×2 2 

LP11 HE21 ×2, TE01, TM01 4 

Lp21 HE31 ×2,EH11 ×2 4 

LP02 HE12 ×2 2 

LP31 HE41 ×2, EH21 ×2 4 

LP12 HE22 ×2, TE02, TM02 4 

A very useful feature of the LP designation is ability to readily visualize a mode. In a complete 

set of modes only one electric and one magnetic field component are significant. The electric 

field vector E can be chosen to lie along an arbitrary axis, with the magnetic vector H 

orthogonal to it. In addition there are equivalent solutions with reversed polarity. Hence four 

discrete mode patterns can be obtained for a single LPmn. As an example, the four possible 

electric and magnetic field directions for the LP11 mode, along with the corresponding intensity 

distributions are shown in Figure 13. 

The optic field decays nearly exponentially inside the cladding layer. When neff = ncl 

the mode reaches the cutoff. To study the propagated modes is useful to plot the normalized 

adimensional frequency defined in Equation (8) 
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Figure 13: Composition of the four possible LP11 modes and their electric and magnetic field and intensity distribution. The 

electric field vector HE21 has two polarizations. 
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as a function of the so-called normalized propagation constant, defined as 

clco
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. (13) 

As it has been explained, a fiber with large V will guide many modes, while a fiber 

with V ≤ 2.405 will guide one single mode. The single-mode behavior is achieved then when 

the core radius ρ is small enough and the numerical aperture is also small (making nco close to 

ncl) so that V<2.405. This limit can also be achieved by operating at a long enough wavelength. 

The fundamental mode has a Gaussian distribution and the highest confinement of light power 

within the core. Figure 14 shows a b-V diagram –variation of the normalized propagation 

constant b with the normalized frequency V– of the first LP modes of a multi-mode fiber  [120]. 

 

2.2.2 Leaky and radiation modes 

Solving the Maxwell’s equations shows that, in addition to supporting a finite number of 

guided modes, the optical fiber waveguide has an infinite continuum of radiation modes that 

are not trapped into the core and are partially guided by the fiber. The radiation field results 

from the optical power that is outside the fiber acceptance angle being refracted out of the 

core. Because of the finite radius of the cladding, some of this radiation is trapped in the 

cladding, thereby causing cladding modes to appear. As the core and cladding modes 

propagate along the fiber, mode coupling occurs between the cladding modes and the higher-

order core modes. This coupling occurs because the electric fields of the bound modes are not 

 
Figure 14: Cutoff frequency of first modes in a step-index optical fiber. 
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completely confined to the core but extend partially into the cladding and likewise for the 

cladding modes. Thus a diffusion of power back and forth between the core and the cladding 

modes occurs. In practice, the cladding modes vanish away by a lossy coating that covers the 

fiber, or they are scattered out after traveling a certain distance. 

There is a fraction of the radiation power that is propagated to comparatively large 

distances from the source of excitation. The fiber then guides some of the radiated power over 

finite distances. This guided portion of the radiation fields is known as leaky modes, i.e. modes 

similar to bound modes but with a complex propagation constant to account for the 

attenuation in the propagation direction  [121–124]. The boundary between bound modes and 

leaky modes is defined by the cutoff condition given in Equation (11) β = nclk. As soon as β 

becomes smaller, power leaks out the core into the cladding. Since leaky modes are bound 

modes below cutoff, they have fields that are functionally identical to those of bound modes. 

The region where the leaky modes are propagated is near the light source, named 

spatial transient, and precedes the spatial steady state region where essentially only bound 

modes propagate. Figure 15 shows a nonabsorbent fiber profile illuminated by a source at its 

endface. The source generally excites both leaky and bound modes. 

Within the spatial transient region, both bound and radiation modes are necessary 

to fully describe light propagation. This issue is especially relevant in those cases that, as in this 

work, the fiber length is extremely short.  

Let us consider an m-layer waveguide (Figure 16) in which ni denote the ith layer 

material refractive index and x its thickness. In this waveguide n1 is the lowest refractive index 

layer, nm is the refractive index of the last layer and ne is the effective index of both, a lossless 

(bound) mode and a lossy (leaky) mode. By defining the effective (equivalent) index ne=β/k, 

one can easily distinguish between a lossless mode and a lossy mode, simply drawing a line on 

the index profile at n = ne to see if it is below or above the indices of the outmost layers  [22]. 

Summarizing, a mode is completely guided if its propagation constant β is real and its 

magnitude relates to the speed of the modal wave. If a mode is lossy or leaky, its propagation 

constant becomes complex. In a complex β, the real part βr equals the phase velocity of the 

specified mode, whereas the imaginary part βj represents its loss rate. 

If polarization effects can be ignored, so that the electric field vector can be 

represented by a single component of the vector, then the field in optical waveguides can be 

approximately described by the scalar Helmholtz equation as  

 

 
Figure 15: Qualitative description of radiation along a fiber. 
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where A(z,x) is the complex electric field, and ǀA(z,x)ǀ2 is the power per length unit. Equation 

(14) becomes exact when the electric field only has y component, as in the case of TE modes. 

Moreover, the leaky modes are calculated using full-vector Maxwell’s equations and two 

transverse dimensions can be considered. The solution of Equation (14) of the form 

)tjzjexp()x(E)x,z(A ωβ   (15) 

follows the equality  

  0)x(E)x(nk
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)x(Ed 222
02

2

 β
 (16) 

where β is the propagation constant in the z direction. In a slab waveguide with n(x) equals to 

some value no in a region where ǀxǀ > x0, there are three possible qualitatively different 

solutions shown in Figure 17. 

Beyond ǀxǀ > x0, where n = n0, the electric field is E(x) = E0 exp(jkxx) with 

kx = ±(k0
2n0

2-β2)1/2. First, as shown in Figure 17, when β is real and k0
2n0

2−β
2<0, then kx = ±jα is 

purely imaginary and the solution leads to guided modes. The field decays exponentially when 

ǀxǀ > a as x → ± ∞. Only a finite number of β values, which may be zero, may be found for 

guided mode solutions. 

If β is real and k0
2n0

2−β
2 > 0, then kx is purely real, and the field oscillates when ǀxǀ > b 

as x → ± ∞, forming the radiation modes. This solution may be found for any value for which 

k0
2n0

2−β
2 > 0, so β is a continuum set of solutions. The guided (k0

2n0
2−β

2<0) and the radiation 

(k0
2n0

2−β
2 > 0) modes constitute a complete set of solutions. Any physically reasonable initial 

condition can be expanded as a superposition of guided and radiation modes  [125–127]. Leaky 

modes solutions of the sort of Figure 17 are not part of this set. 

 
Figure 16: Effective index of a lossless (bound) mode and a lossy (leaky) mode in an m-layer waveguide.  
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Although the formalism is completely general and allows determining the evolution 

of a wave from any initial condition, the inclusion of radiation modes is usually difficult, since 

one must integrate over the continuum of modes, and an exact solution is rarely available. If 

the problem is discretized for a numerical solution, the number of modes included in the 

analysis is quite large. The contribution from the continuous spectrum of radiation modes can 

be replaced approximately by a summation of discrete modes, which are the leaky 

modes  [128]. These leaky modes have the property that they grow exponentially as x → ± ∞, 

as schematically shown in Figure 17. Exponential growth is required by flux conservation: the 

exponential decay in z implies that there is exponential growth in ǀxǀ. A positive imaginary 

component change in β, corresponding to decay in z, implies a negative imaginary change in kx 

and growth in ǀxǀ. These leaky modes are often what is found by computational mode solvers, 

but they are not normalizable and thus are not part of a complete set of base functions in the 

usual sense  [127]. 

2.2.3 Photonic crystal fibers 

Photonic crystal fibers, demonstrated for the first time in 1995  [7], are optical fibers with a 

periodic arrangement of low refractive effective index material in a background, usually 

undoped silica, of higher refractive index. The low-index region is typically provided by a 

periodic air-holes structure along the entire length of the fiber. There are mainly two 

 
Figure 17: Comparison between guided, radiation and leaky modes. The solid curve show the power outside the central 

region. 
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categories of PCFs, those guiding the light by modified Total Internal Reflection (mTIR), also 

called index guiding fibers, and those guiding the light by Photonic Band-Gap (PBG). 

2.2.3.1 Modified total internal reflection guiding 

PCFs that guide by mTIR are similar to conventional fibers, they have a solid core and employ 

the (m)TIR mechanism to guide the light. Although PCF are made entirely with silica, the air-

hole cladding causes a lower effective refractive index surrounding the solid core of higher 

index. The guiding mechanism has been renamed as modified because the cladding refractive 

index has not a constant value, and significantly changes with the wavelength. One of the 

earliest applications of this PCF was the endlessly single-mode behavior of a triangular lattice of 

air-holes  [15]. This behavior can be understood by viewing the air-lattice as a modal filter. 

Since light is evanescent in air, air-holes act like strong barriers, so they are the wire mesh of 

the modal filter. Exploiting this property, it is possible to design very large mode area fibers, 

which can be employed for high-power devices, amplifiers and lasers. 

The modes of all single-material PCFs are leaky modes because the core index is the 

same as that beyond the finite holey cladding, and for some designs this can lead to significant 

confinement loss  [129], also known as geometric losses  [130]. Being leaky modes the decay of 

the fields is exponential along the direction of propagation. Furthermore, the continuum of 

radiative modes still exists and the range of β associated with radiative modes is not disjoint 

from the range of β of the leaky modes. This complicates the task of finding leaky modes, since 

a leaky mode can be “lost” among a continuum of radiative solutions to the wave equations. 

2.2.3.2 Photonic band gap guiding  

When a PCF has a hollow core, i.e., a lower refractive index in the core than in the cladding, the 

light is guided by Photonic Band Gap (PBG). The cladding is built by a periodic microstructure 

that in fact is a two dimensional photonic crystal. This material has dielectric properties 

characterized by a photonic band gap where light cannot propagate in certain wavelength 

values. The periodic structure inside a PCF guiding the light by PBG has a hole in the core, 

which is larger than the holes of the cladding. At certain wavelength values, light cannot 

propagate by the cladding, therefore remaining trapped inside the larger hole of the core, and 

being effectively guided through the PCF. As a result, light is propagating in the air with a 

refractive index of 1 rather than propagating in silica glass.  

Photonic crystals with two or three-dimensional periodicity can be seen as 

generalizations of Bragg mirrors  [130]. The simple approach with reflection and transmission 

matrices cannot be applied analytically. The aim of using periodicities along two or three 

dimensions is to achieve an omnidirectional band gap. Band gaps can exist for all directions of 

propagation in the plane of periodicity, and propagation of light in all directions can be 

forbidden. When a band gap exists regardless the propagation direction and polarization, one 

speaks of a total photonic band gap. 

For hollow core PCFs, the most common configuration correspond to ǀβǀ greater than 

both ǀkxǀ and ǀkyǀ. The band gap is no longer a frequency range in which no propagation is 

possible irrespective of kx and ky but instead is a band gap in which no transverse propagation 

is allowed for a given value of β. Inserting a defect in the middle of the structure will make 
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possible the existence of a propagating mode in the perturbed crystal. If the propagation 

constant of this mode coincides with a band gap in the transverse plane then the mode will be 

confined in the locality of the defect, which constitutes the core of the fiber. 

There are also PCFs that guide light by mTIR and by PBG. The transmission zone is 

deeply widen and consist of the juxtaposition of band gaps guiding zones and TIR zones  [131]. 

The properties of these new fibers make them good candidates for new applications as low-

loss guidance and high power delivery.  

A new fascinating field for these fibers can be opened if the holes are filled with 

liquids or gases. This leads to an entirely new kind of active fibers, sensors or nonlinear optic 

devices. Selective infiltration of some specific holes of the PCF widens up even more the 

applications of these fibers. Filling these holes with a high index polymer material, high tunable 

birefringence fibers have been developed  [132–134]. 

Liquid crystals are also good candidates for PCF infiltration, for they allow tunable 

birefringence of the fiber  [135–137]. PCF infiltration with liquid crystals is one of the principal 

topics of this work. 

2.3 Propagation in high birefringence fibers 

Single-mode fibers actually support two orthogonally polarized modes that propagate at nearly 

the same phase velocity. This is an idealization, an actual optical fiber has imperfections and is 

not perfectly circular symmetric. As a result, either mode propagates with different group and 

phase velocities, and therefore with different propagation constants (βx ≠ βy). External 

environmental forces as anisotropic stress, twist, bend and temperature changes can also 

cause this birefringence effect. The result of these effects is that the energy couples between 

modes, an undesired complication in many instances. The birefringence in optical fibers B is 

defined as 

yxB ββ   

 or  

(17) 

 

0

eff
k

B
n Δ  (18) 

where Δneff = nx – ny is the difference between effective refractive mode indices of x and y-

polarizations respectively and k = 2π/λ is the wavenumber. 

The birefringence is then randomly produced, as well as the output State Of 

Polarization (SOP) that fluctuates in time. This is the primary reason why optical 

communication components typically need to be polarization insensitive. However, in many 

applications as fiber interferometer sensors, integrated optics and coupling between fibers, 

the output SOP should remain stable. Moreover, the Polarization Mode Dispersion (PMD), 

derived from the different group velocity of each polarization (Figure 18) effectively limits the 

bandwidth of single-mode fibers. In a fiber with uniform birefringence of length ℓ guiding an 

unpolarized beam with 50% of the light propagating along each of the LP modes, the group 

time delay between these two components can be expressed by τ 
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2.3.1 Polarization maintaining fibers 

To solve the problem of the coupling between modes, a highly controlled birefringence can be 

induced in the fiber, rendering the so-called High Birefringence (Hi-Bi) fibers. These fibers 

maintain the SOP of the incident light over long distances and hence are called Polarization 

Maintaining Fibers (PMFs). In these fibers the difference between phase velocities for the two 

orthogonally polarized modes is sufficiently high to avoid coupling between these two modes. 

If light is coupled in only one polarization mode in a PMF, most of the power remains 

in the same polarization mode and the SOP is constant along the fiber. The polarization-

holding capacity of a PMF is determined by the beat length, defined as 

B

2
L

yx

b

λ

ββ

π



  (20) 

where βx and βy are the propagation constants of the two orthogonally polarized modes at the 

wavelength λ, also known as modal birefringence B  [138,139]. A low value of Lb means a high 

polarization-holding capability of the fiber. Physically, the beat length represents the distance 

along the fiber for which the phase difference between the two modes becomes 2π. If the light 

is coupled to both polarizations, the SOP will be repeated after every Lb along the fiber as 

Figure 19 shows. The typical Lb of a PMF is about 1-5 mm. 

The design of these fibers usually relies on a non-circular geometry of the core and 

cladding introducing anisotropic stress into the cross section of the fiber. Stress changes the 

refractive index of the core due to the photoelastic effect, as seen by the modes polarized 

along the principal axes of the fiber, and results in birefringence. The required stress is 

obtained by introducing two identical and isolated Stress-Applying Parts (SAP), positioned in 

the cladding region. There is a wide variety of polarization preserving core-cladding structures 

in the industry. Some of them are represented in Figure 20.  

SAPs have different thermal expansion coefficient than that of the cladding material, 

hence an asymmetrical stress is applied on the fiber core after it is drawn from the preform 

and cooled down  [20]. The materials employed in the manufacturing exhibit slightly different 

expansion coefficients, which induces permanent stress on the fiber core  [140]. Asymmetrical 

stress can also be induced by surrounding a circular core by SAPs as in the bow-tie and PANDA 

fibers (Figure 20). 
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Figure 18: Time delay between fast and slow components of a pulse propagated through a birefringent fiber. 
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The polarization maintaining ability of a PMF is generally characterized by the 

Polarization Extinction Ratio (PER) and the birefringence. There are two types of 

birefringence, the modal birefringence B(λ), also called phase birefringence, and the group 

birefringence G(λ). These parameters are defined as 
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Phase and group birefringence may have different values  [141–143]. In some 

instances it is possible to neglect the wavelength dependence of the phase 

birefringence  [138,139,144] and to adopt the assumption that the difference of effective 

refractive indices has a weak dependence on the wavelength.  

The phase difference between modes can be expressed as 

 
Figure 19: State of polarization and beat length of the fundamental mode LP01 in a single-mode PMF. 

 

 

 
Figure 20: Typical polarization preserving fiber core structures. Slow axis of all fibers is in the horizontal plane. 
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being ℓ the fiber length. Introducing Equations (17) and (18) in Equation (24), 

n
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Δ

λ

π
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Differentiating the phase with respect to the wavelength and making the total 

change Δφmax = 2π leads to  

λd

dL

L
λΔ

b

2
b



 . 
(26) 

An assumption about the wavelength dependence of Lb must be made to evaluate 

the expression (26). One assumption can be that Lb  λ
k  [18,145], then the beat length can be 

measured as 

kLb 
λ

λΔ
 . (27) 

There are several methods to measure the birefringence dispersion of a PMF: white-

light spectral interferometry  [146–149], wavelength scanning  [141,150], dispersive Fourier 

transform spectroscopy  [151], the transient Brillouin grating technique  [152], Brillouin optical 

correlation domain reflectometry  [153], optical heterodyne detection technique  [154] and 

the more recent distributed polarization analysis  [155]. 

2.3.2 Induced birefringence in a fiber 

An optical fiber can also become birefringent by a metal layer near the fiber core. A dielectric-

metal interface supports a TM-polarized surface wave, which means an electric field 

perpendicular to the interface. This TM-polarized wave is known as a Surface Plasmon 

Polariton (SPP)  [120]. SPPs will be explained with more detail in Chapter 5. Thus, if an optical 

fiber is side polished up to near its core and a metal layer is deposited or placed onto the 

polished side, the fiber becomes birefringent (see Figure 21). The TE and TM modes (x- and y-

polarized modes respectively) propagate with different propagation constants and loss 

coefficients. Depending on the metal thickness, the distance from the core and the metal, the 

TM mode may be highly lossy due to the coupling between the fiber mode and the SPP. This 

mechanism can be used to 

develop in-line fiber polarizers 

and sensors. 

There is an alternative way to 

manufacture high birefringen-

ce fibers, employing bilateral 

symmetric microstructured 

PCFs as shown in Figure 22. 

These fibers will be explained 



 
Figure 21: Induced birefringence by a metal layer. 
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in detail in next section; they are introduced here as an example of high birefringence 

induction in a fiber. Slight changes of the air-hole geometry induce birefringence levels that 

exceeds by one order of magnitude the conventional PMFs  [18,31,33,34].  

Unlike standard PMFs, made of two different materials having different thermal 

expansion coefficients, these fibers are entirely made of silica, their birefringence being highly 

insensitive to temperature.  

Fibers that associate PCF and SAP in the same fiber have been developed as well. 

These fibers achieve the properties of both kinds of fibers, being single-mode and having a 

nearly constant birefringence at any wavelength  [156].  

It is also possible to create PBG fibers with high birefringence  [35,36] induced by an 

elliptic or not symmetric hollow core and/or two larger holes surrounding the core  [157] as 

shown in Figure 23. Note the similarities with 

the design shown in Figure 22.  

 

 
Figure 23: SEM image of a PM PRISM fiber [157].  

 

 

 

 

 

 

 
Figure 22: PM-PCF fabricated by Thorlabs. 
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3 THEORETICAL APPROACH 

Photonic Crystal Fibers, also called Microstructured Optical Fibers (MOF), have the distinctive 

property of high design flexibility derived from the geometric characteristics of the air holes. 

Indeed, modifying the dimensions or position of the holes in the fiber cross-section makes it 

possible to obtain PCFs with entirely different properties. Light is confined in a silica matrix due 

to the inclusions manifold rather than a doped region, making the number of degrees of 

freedom larger than in conventional fibers. 

In order to estimate PCF features, an accurate computation of the propagating 

modes is needed. Besides their effective indices, the distribution of the electric field in the 

fiber cross-section has to be precisely defined. 

Different methods have been developed to perform this calculation: 

 Several proposals employing approximate scalar  [15] or vectorial  [158–160] treatments 

are found in the literature. 

 Another common method applies periodic boundary conditions in the transverse plane 

by using plane-wave expansions  [161,162]. The fundamental drawback of this method is 

that the finite PCF structure is considered infinite. As a consequence, a study of the 

losses associated with light propagation cannot be done in a transversely finite confining 

structure. 

 Other rather popular method is the Beam Propagation Method (BPM), which employs a 

numerical algorithm to simulate the propagation of a coherent beam along a 

fiber  [163,164]. 

 Both scalar and vector approximations are available for any fiber geometry.  

In this work, two different numerical methods have been used for the design and 

study of light propagation in a PCF: 

 A multipole method based on a set of open access software packages named CUDOS 

MOF Utilities. 

 A Finite Elements Method (FEM) organized as a library within the commercial software 

package Comsol, v4.3b. 
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3.1 CUDOS MOF Utilities 

3.1.1 Description of the package 

The CUDOS MOF Utilities are a set of software packages for PCF simulation, using the multipole 

method  [165–167]. This software can be downloaded free of charge, restricted to non-

commercial research and teaching purposes. The package, which works in a Microsoft 

Windows environment, contains two executable programs, fibre.exe and winfield.exe. The first 

program is a console-based application (Figure 24) that looks for guided modes in the PCF and 

computes their dispersion curves. Once the modes have been found with fibre.exe, the second 

window-based executable program computes and renders modal fields and other derived 

quantities (Figure 25). 

CUDOS MOF Utilities is based on a formulation that is an extension of the multipole 

formulation for multicore conventional fibers studied in  [168]. The software takes advantage 

of the mode symmetry in a PCF with periodic air hole structures  [14,169]. The imaginary part 

of the propagation constant is calculated by the confinement associated with the finite extent 

of the PCF set of confining inclusions. CUDOS MOF Utilities improves the computational 

efficiency by taking into account these symmetry properties. The software can model both, 

solid core and hollow core PCFs. The method uses the frequency as input parameter along with 

its associated propagation constant. 

The formulation used in this program is similar to that of Le et al  [170], applied for 

isotropic and uniform embedded cylindrical regions of different refractive index. The main 

distinction is that the cylindrical inclusions have a low refractive index in a high index 

environment rather than high index inclusions in a low index environment. For this reason the 

modes are not bound but leaky. This distinction has important consequences for the method. 

 

 

 
Figure 24: Parameter file and Fibre console prompt in CUDOS MOF. 
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The complex representation of the electric and magnetic fields is characterized by 

their transverse field following Maxwell's equations: 

)]tz(jexp[),r()t,z,,r( ωβθθ  EE  (28) 

)]tz(jexp[),r()t,z,,r( ωβθθ  KK  (29) 

where K = ZH being Z the impedance of free space. Note that β is complex for leaky modes and 

accounts for the attenuation along the z axis. 

3.1.2 Managing symmetry issues 

According to McIsaac’s symmetry classification  [169], the electromagnetic modes of 

waveguides are related to the configuration of the inclusions. McIsaac assumes the waveguide 

modes to be hybrid modes with longitudinal components of both electric and magnetic field. 

That is why only the symmetry of the waveguide cross-section has been considered.  

A symmetry operation is a spatial operation that leaves the figure unchanged. For a 

two-dimensional figure there are only two sorts of spatial symmetry, rotations about an axis 

normal to the figure plane, and reflections in planes normal to the figure plane. In a 2D figure, 

if the smallest angle of rotation which keeps the figure equal to the initial is 2π/n rad, all the 

possible non-equivalent rotational symmetry operations are included in the set of n 

operations: Cn, Cn
2,Cn

3, …, Cn
n = E, where E is the identity operation and Cn is the rotation by 

2π/n rad. Then it is said that the figure, which only have rotational symmetry with 2π/n as 

smallest angle of symmetry, belongs to the symmetry group Cn.  

 
Figure 25: PM-1550-01 structure plotted with Winfield package from CUDOS MOF Utilities. 
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If the plane figure has also at least one plane of reflection symmetry and also n-fold 

rotation symmetry, then there are n planes of reflection symmetry. These planes intersect 

along the rotation axis and are spaced azimuthally π/n rad. The total number of symmetry 

operations is n rotations and 2n reflections and its symmetry group is designed as Cnv (of order 

2n). With these symmetry groups, Cn and Cnv, all the possible symmetry operations are covered 

for uniform inhomogeneous waveguides with isotropic media. 

The most common symmetry group in PCF is C6v because it combines sixfold 

symmetry with mirror symmetry. The symmetry group of the PM-1550-01 fiber is C2v. 

 

3.1.3 Designing the PCF fiber 

In CUDOS MOF the fiber can be designed manually or using the Winfield package. In manual 

design, the structure of the fiber has to be specified –pitch, hole diameter, number of hole 

rings, refractive indices, symmetry, etc.– into a .txt file that becomes the input file. The fiber 

can also be designed with the Winfield package from the version 2.01. In either case, once the 

PCF is designed, a .txt file has to be created with the initial parameters i.e. wavelength, values 

where the modal effective refractive index must be found, eigenvalue threshold, etc. (Figure 

24). This parameter file is then open with Fibre package to run the simulation and find the 

modes. 

After running the simulation, at least 12 files are created; among them at least two 

are .bcf files, and two .fbb files. These files contain the Fourier-Bessel coefficients of the 

modes. The files can be opened with Winfield to see the structure of the computed mode. In 

Figure 26  the Ex field of the fundamental mode at λ = 1500nm with an neff=(1.4379923416193, 

2.19880E-13) is plotted. With Winfield it is also possible to plot the real, imaginary, absolute, 

phase and logarithm values of E, H and S fields in Cartesian and spherical coordinates. 

 

 
Figure 26: Fundamental mode of a PM-1550-01 at λ=1550nm. 
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3.2 COMSOL  

COMSOL Multiphysics® is an environment to perform simulations based on Finite Elements 

Method (FEM) for all physics fields. The FEM decomposes the structure to be studied into a 

variable-size grid in which every element is analyzed by solving the corresponding set of 

equations –the Maxwell equations in our case– self-consistently at each node. 

The simulated cross section is the same as shown in Figure 25. The Maxwell’s 

differential equations must be solved for a large set of elementary subspaces or elements, 

taking into account the continuity conditions. First of all, the section is splitted into 

homogeneous triangles and/or quadrilaterals in the 2D case as shown in Figure 28. These 

elementary elements are smaller near the region of interest than in the core or near the hole 

inclusions. The Maxwell equations are discretized for every element, leading a huge set of 

elementary matrices. The combination of all elements creates a global matrix system for the 

entire structure under study. As a result, the effective index and the distribution of the 

amplitudes and polarizations of the modes are numerically computed.  

 

3.2.1 COMSOL structure  

COMSOL has been designed to work graphically. It is composed by several customizable 

windows and toolbars (Figure 27). Its main window is the setting window used to enter all the 

specifications of the model including dimensions of the geometry and initial conditions, and 

any other information that the solver might need to carry out the simulation. COMSOL has 

different modules for a high variety of physics fields, each one with its own set of equations. 

Nevertheless, the user can introduce his/her own equations for a personalized analysis. All the 

simulations for the PM-1550-01 fiber were carried out with the same mesh. This simulated 

mesh, illustrated in Figure 28, has 41466 triangular elements, of which 2216 are edge elements 

and 344 vertex elements. The quality of the minimum element was 0.6555, the

 

 
Figure 27: COMSOL Desktop tool. 
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element area ratio is 4.644E-4 and the mesh area is 12860 μm. The minimum element quality 

is an internal COMSOL parameter to know the mesh quality. Usually, a value greater than 0.1 is 

all that is needed. 

Note in Figure 27 that the external layer of the PM-PCF has been modeled with 

Perfectly Matched Layer (PML) as absorbing boundary layer. The aim is to truncate the 

computational domain so that computational resources can be kept reasonable. 

 

3.2.2 Managing COMSOL with MATLAB 

COMSOL also features a plug-in to be driven by MATLAB. When a PCF is modeled in COMSOL, 

hundreds of modes are found as valid solutions. Figure 29 shows some of the modes COMSOL 

finds in a regular run; the majority of these modes are radiative modes. The problem is that 

COMSOL cannot distinguish between bound, leaky and radiative modes. The only solution is to 

plot all the modes one by one until the fundamental mode is found. 

The plug-in LiveLink to control COMSOL from MATLAB resulted very useful for this 

reason. A MATLAB program was prepared to send the input data to COMSOL and look for the 

modes. Once the modes where calculated, they were transferred back and analyzed with 

MATLAB. In this way, thousands of modes could be analyzed in a fast and efficient way. 

MATLAB calculated the total normalized electric field close to the core and compared it with 

the normalized electric field in the rest of the cross section. If most of the electric field is 

concentrated in the region near the core, then the mode is likely a guided mode.  MATLAB kept 

the output data of interest and the plots of the found candidates to guided modes . It is 

estimated that about 1.50 Tb of data were generated and analyzed in approximately 1500 

hours of computing. The most demanding cases required the computer to possess at least 45 

Gb of RAM memory to attempt the calculation. 

 
Figure 28: Mesh of a PM-1550-01 made with COMSOL. 
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The control of COMSOL with MATLAB via LiveLink requires the fiber to be previously 

designed in COMSOL (Figure 27). Once the PCF is designed it is kept as a .mph file. This file 

keeps all the instructions, modifications, and calculations made in COMSOL. With the same 

structure it is possible to perform a lot of different studies and, depending on the study and 

the mesh, the calculations catch time and computing resources. Once the calculations are 

done it is possible to plot the data and/or to analyze the results. If the study is made entirely in 

COMSOL all generated data are kept in the .mph file. For this reason, if the model is complex, 

the file will be ever growing more and more, and the required resources will increase. 

The parameters can be easily changed for each simulation with LiveLink and MATLAB 

(Figure 30). As the fiber was always the same, all data generated by COMSOL were kept in a 

.txt file and the images of the modes selected after data processing were created with

 

 
Figure 29: Guided modes calculated by COMSOL 

 

 

 

 

 

 

 
Figure 30: MATLAB screen print with the first lines of the code to control COMSOL 
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MATLAB. The required .mph file was then always the same, allowing the file size to be quite 

reasonable (30 Mb approx. instead of 600 Mb or more). 

3.3 Plasmon resonance in photonic crystal fibers 

When the material employed for filling the PCF air holes is doped with metallic nanoparticles, 

plasmons can be generated upon excitation with external light of a given wavelength. A PCF 

selectively filled with silver nanoparticles (AgNP) dispersed in polydimethylsiloxane (PDMS) has 

been numerically studied via finite elements analysis. These nanoparticles possess a localized 

surface plasmon resonance (SPR) in the visible region that depends on the refractive index of 

the surrounding medium. The refractive index of PDMS can be thermally tuned leading to the 

design of polarization tunable filters. Filters found with this setup show anisotropic attenuation 

of the x-polarization fundamental mode remarkably higher than the y-polarization mode. 

Moreover, high fiber birefringence and birefringence reversal are observed in the plasmon 

spectral region. 

Recent technological achievements, allowing the fabrication of nanoparticles having 

different sizes and shapes, have boosted the study of the interaction between light and these 

nanosystems. 

One of the most interesting effects of this interaction is the excitation of surface 

plasmon resonances (SPRs). Materials that possess a small positive imaginary and a negative 

real dielectric constant are capable of supporting SPR. This resonance is a coherent oscillation 

of the surface conduction electrons excited by electromagnetic radiation. Plasmons are 

propagated in the x- and y-directions along the metal-dielectric interface, for distances on the 

order of tens to hundreds micrometers thereby being called Surface Plasmons Polaritons 

(SPPs)  [171–173]. The SPPs decay evanescently in the z-direction with 1/e decay length in the 

order of 200nm. 

When light interacts with particles much smaller than the incident wavelength, that 

leads to a plasmon oscillating locally around the nanoparticle with a certain frequency. This 

non-propagating plasmon is called Localized Surface Plasmon Resonance (LSPR)  [174,175].  

Figure 31 illustrates a schematic diagram for both surface plasmons, SPP and 

LSPR  [91,92]. 

 

 
 

Figure 31: Schematic diagrams illustrating (left) a surface plasmon polariton and (right) a localized surface plasmon. 
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SPRs are characterized by a high sensitivity to variations in the refractive index of the 

environment. This has been applied to the implementation of a number of sensing elements 

based on planar metallic layers structures  [94] or metallic coatings onto fibers  [176]. The 

excitation of SPRs in PCFs with coated metal surfaces has been studied numerically  [96,97] 

and experimentally  [98]. Numerical analyses of PCF-based SPR sensors for liquids have been 

reported  [99–101]; selective hole filling is required. Recently SPR in silver nanowires  [102] and 

in silver-coated graphene-based structures  [103] have been theoretically designed  and a 

temperature sensor based on PCF coated with a nanoscale gold film  [104] has been 

developed. SPRs show high anisotropic absorption in the resonance peak, thus becoming good 

candidates to build tunable in-fiber polarizers. Furthermore, recently a polarization filter has 

been designed and theoretically studied using a hollow-core PCF filled with LC as waveguide 

and one of the cladding holes filled with gold nanowires  [105]. 

LSPRs show some specific features that make them interesting in a wide range of 

applications. As LSPRs cannot propagate, the impinging light excites the nanoparticle collective 

electron oscillations that enhance the near-field amplitude while decaying rapidly with 

distance from the nanoparticle. Unlike other SPRs, LSPRs can be excited directly without any 

complex wavevector coupling  [91]; on the other hand, they are more sensitive to the 

environment than any SPR. Their tiny size allow their use in subwavelength applications, such 

as nanoscale sensors  [92]. 

As mentioned above, a study of photonic crystal fibers selectively filled with AgNP 

dispersed in PDMS has been included in this work. The fibers have been numerically studied 

with COMSOL and the PDMS refractive index has been thermally tuned to allow shifting of the 

plasmon resonance. Localized SPRs in silver nanoparticles (AgNP) have been studied aiming to 

the simplicity of the procedure mixture fabrication and the filling process. NPs are commercial 

as well as PDMS, thus no technological effort to produce complex structures is necessary. A 

tunable high birefringence photonic crystal fiber based on standard PCF with holes filled with 

AgNP dispersed in a matrix of PDM is reported. The same device could be also used as tunable 

in-fiber polarizer or as a band pass filter. 

For a proper analysis of the optical response of the AgNP/PDMS mixture, the 

effective refractive has to be assessed. The effective refractive index is calculated by the 

effective medium theory and the absorption is estimated through the analysis of the extinction 

cross section. 

The Maxwell-Garnet effective medium theory  [177] allows the estimation of the 

AgNP/PDMS effective refractive index  [178] through the equation 
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where εm and ε are the electric permittivity of PDMS and AgNPs respectively, and f is the 

volume fraction of NPs in the composite. 

Quantum effects inhibit the bulk properties at nanometric scale. Nevertheless it is 

possible to estimate the frequency evolution of the electric permittivity of the composite 

applying the Drude equation given by  [178] 
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where ω is the angular frequency of the incident light, ωp is the plasmonic frequency of Ag, ε∞ 

is a correction constant that accounts for the background electron screening at high frequency, 

and γ represents the scattering frequency of the electron as it travels through the materials. 

The absorption of the mixture can be studied considering the attenuation of a light 

beam travelling through the sample. From a general point of view, the intensity of the light 

passing through a distance h of a dissipative medium is exponentially attenuated as 

follows  [177] 

)hexp(II ext)0z()hz(   α . (32) 

This attenuation is the result of both the absorption and the scattering of the beam 

into the medium. This is usually known as extinction. In this sense, the attenuation coefficient 

αext can be related to the extinction cross section Cext in the following way 

extext Cα   (33) 

where ℜ is the number of particles per unit of volume. In addition, the extinction cross section 

can be obtained using the Mie theory  
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where an and bn are the scattering Mie coefficients, depending on the properties of both the 

NP and the surrounding medium. The excitation of a resonance produces a peak in the spectral 

evolution of Cext, at the resonant frequency. 

A numerical analysis of the refractive index dependence with temperature of AgNP-

dispersed PDMS has been made taking account the above-mentioned mathematical theory. 

Figure 32 shows the results of real (top) and imaginary (bottom) parts of the effective 

refractive index of several AgNP-dispersed PDMS.  

 

 
Figure 32: Real and Imaginary part of the effective refractive index of PDMS with (and without) nanoparticles of 5 nm, 

40nm, and 80 nm at 10° C and 80° C in the region of the Ag PR. 

 

1.  
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Different particle sizes (5 nm, 40 nm and 80 nm) and working temperatures (10°C 

and 80° C) have been considered. The concentration has been 0.05% w/v in all cases. Both, real 

and imaginary components of the refractive index present resonant modes directly related to 

the LSPRs excited in the AgNPs at that incident wavelength. This is clearly observed by 

comparison with the refractive index of PDMS (black crosses). As expected in nanoparticles 

much smaller than the wavelength, the resonant frequency is scarcely modified by the NP 

concentration or size; however the spectral width and height of the resonant effect are 

remarkably affected: the resonant effect becomes more intense and narrower as the particle 

size or the concentration increase. 

As the temperature changes, the PDMS refractive index changes, producing a shift of 

the resonant mode of 5.2 nm in a range of 90° C. AgNPs behave as dopants, having strong 

influence on the refractive index just 30-40 nm about the resonance wavelength. At longer or 

shorter wavelengths, both terms of the refractive index tend to the pure PDMS. The results of 

this simulation will be explained in detail in section 5.3.2. 
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4 MANUFACTURING AND CHARACTERIZATION OF HYBRID 

STRUCTURES  

Several kinds of photonic crystal fibers (PCF) and standard optical fibers, summarized in Figure 

33, have been employed in the present work. The fibers are scaled in the figure. The standard 

optical fibers are single-mode (SMF), multi-mode (MMF) and PANDA, and the PCFs are PM-

1550-01, HC-1550-02 and LMA 25. The PCFs and the PANDA fiber are manufactured by 

Thorlabs and made in pure silica.  

 
Figure 33: Fibers used in this work: (1) Single-Mode, (2) Multi-Mode, (3) PANDA fiber, (4) LMA 25, (5) PM-1550-01, (6) HC-1550-02 
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Each fiber has its own geometry and specifications. The most important physical and 

optical parameters of the fibers are gathered In Table 2. All fibers have an external diameter of 

125 µm except the LMA-25 PCF whose diameter is 258 µm. The main material of all fibers is 

silica. In SMF, MMF and PANDA, the core has a higher refractive index than the silica cladding. 

PANDA fiber also possesses two circular regions with the same diameter in opposing sides of 

the core (Figure 33-3). These circular regions have a low refractive index that forms the slow 

axis of the Polarization Fiber.  

Table 2: Physical and optical properties of the different fibers. 

4.1 Fusion splicing 

Manufacturing of optical devices with PCFs usually requires to splice a photonic fiber with a 

standard fiber. The first step of splicing is to cleave the fibers properly with a fiber-optic 

cleaver. The resulting cross section must be clean and perfectly perpendicular to the fiber. Any 

tiny dust speck can induce high losses in the splice. As PCFs have empty holes, the endface 

cleaning has to be done carefully in order not to infiltrate the holes with impurities or 

undesired liquids. To do so the best option is to clean the end face with tape. The fiber buffer 

should be removed before cleaving with a stripping tool or acetone. The stripping tool, 

traditionally used to remove the buffer in standard fibers, applies a strong stress in the fibers. 

PCFs are extremely fragile; this method can easily break the valuable fiber. Nevertheless, the 

buffer is made with a polymer easily soluble in acetone. Removing the buffer with acetone 

turned out to be very useful in cases where the cover had to be removed with no mechanical 

  
Single-Mode Multi-Mode 

PANDA 

PM-1550-XP 
PM-1550-01 HC-1550-02 LMA-25 

P
h

ys
ic

al
 P

ro
p

er
ti

es
  

Manufacturer Thorlabs n/a Thorlabs Thorlabs Thorlabs Thorlabs 

Outside diameter 125 µm 125 µm 125 µm 125 µm 125 µm 258  µm 

Core diameter 8.2  µm 50  µm 8.5  µm 6.6/4.3  µm 10  µm 25.1  µm 

Pitch n/a n/a n/a 4.4  µm 3.8  µm 11 µm 

Small hole diameter n/a n/a n/a 2.2  µm ≈3.3  µm ≈8.6  µm 

Large hole diameter n/a n/a n/a 4.5  µm n/a n/a 

Cladding material Silica Silica Silica Silica Silica Silica 

O
p

ti
ca

l p
ro

p
er

ti
es

 

Cut-off wavelength n/a n/a 
2nd mode 

1370 nm 
n/a n/a none 

Numerical aperture n/a n/a 0.13 n/a 0.2 
0.048 @1064 

nm 

Attenuation 
0.19  dB/km 
@1550 nm 

2.26 dB/km 
@850nm 

0.43 dB/km 
@1300 nm 

<1 dB/km 
@1550 nm 

<1 dB/km <0.03 dB/m 

<5 dB/km 
@1064 nm 

<2 dB/km 
@1550 nm 

Mode field diameter 
10.4 μm 

@1550 nm 
n/a 

10.5 μm @1550 
nm 

6.8/4.3 µm 
9   µm 

@1550 nm 

20.6 µm 
@780 nm 

20.9 µm 
@1064 nm 

Operating 
wavelength 

1310 – 1625 
nm 

n/a 1440 - 1625 nm 600-1700 nm 
1490-1680 

nm 
n/a 

Beat length n/a n/a 
≤5 mm @1550 

nm 
<4 mm n/a n/a 
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manipulations. In the PCF fiber, however, the holes had to be collapsed in advance to avoid 

their undesired filling with acetone. 

As the majority of the PCFs used in this process have an external diameter of 

125 m, the same fiber-optic cleaver (Fujikura high precision cleaver CT-30, Figure 34) has 

been employed to cleave most of the fibers. For the special LMA-25 PCF with a diameter of 

258 m, a standard razor blade was used.  

The employed fusion splicer was an Ericsson FSU900. The splicing surface is critical. 

Depending on the good or bad splicing the losses may vary substantially, much more than in 

standard splices of SMFs. The alignment between fibers is also very important. A protocol to 

fuse different sorts of PCFs to different standard fibers had to be elaborated and tested to 

improve repeatability (Figure 35). 

 

 
Figure 34: Fujikura high precision cleaver CT-30. 

  

Figure 35: Standard fusion splicer Ericsson FSU 900 with handmade fiber rotators. 
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The fusion splicer is based on an electric arc that heats up the fibers until fusion 

(Figure 36). Two fiber rotators were conceived to rotate the fibers manually. These rotators 

have been made with chucks that fix the fiber tightly placed in a polymethylmethacrylate 

(PMMA) structure. Attached to each chuck, there is an angular rotator positioner also made of 

PMMA. A monitor is plugged to the fusion splicer to visualize the suitable alignment and 

splicing of the fibers (middle picture of Figure 35). 

A number of parameters of the fusion splicer have to be programmed adequately for 

each configuration. The sequence of a standard fusion splice is summarized in Figure 37, taken 

from the user’s manual. 

2. Prefusion time: short discharge time used to clean the dust in the ends of the fibers. 

This pre-fuse also removes any moisture that could cause the splice to be fragile. 

3. Prefusion current: current level enough to clean the fibers without fusing them. 

4. Gap: distance between fibers before fusing. Zero gap occurs at a position called the 

touch point which indicates that the fibers are butt-coupled. 

5. Overlap: it indicates that the fibers are pushed further together than they were when 

butt-coupled. 

6. Fusion time 1: short fusion time of the first discharge. Usually it is used to prefuse the 

fibers superficially and prepares the fibers to be overlapped and fused together upon 

physical contact in the next step. If the time is too long the fibers collapse under 

surface tension forming spherical shape end faces (mushrooms). 

7. Fusion current 1: current of the first fusion discharge, high enough to do a superficial 

splice and align the fibers. It should be adjusted carefully, as a high current can 

change the fiber geometry whereas a low current could induce mechanical 

deformations during the overlapping stage.  

8. Fusion time 2: the fiber ends are pressed together at the same speed until the set 

distance overlaps. 

9. Fusion current 2: the higher current enough to fuse the fibers. 

10. Fusion time 3: third step in a standard fusion splice. For specific fibers, as PCFs, it can 

be necessary to repeat this step several times. 

11. Fusion current 3: this current slightly smoothens the stress of the splice. 

 
Figure 36: Schematic fusion splicer electrodes. 

Electrode

Electrode

Electrode axis

Gap
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For each case, the fusion splicer parameters must be optimized. The overlap, fusion 

time, arc current and number of discharges have been optimized following a differential table 

to which the values have been compared. Not only the fusion splicer has been programmed to 

splice two fibers but also to collapse the cladding of some PCFs with different hole diameter 

ratios.  

Table 3 shows the parameters optimized in the fusion splicer for each combination 

of fibers. The combinations of standard fibers, SMF-SMF, MMF-MMF and SMF-MMF are not in 

the table because they are pre-programmed in the machine. The first three parameters 

(prefusion time and current and gap) have not been changed and the overlap was found 

optimal at 12 m. To collapse all the small cladding holes of the PM-1550-01 and HC-1550-02, 

the overlap was set to 0 in order to avoid mechanical deformations. 

Table 3: Parameters of the fusion splicer for splicing different fibers. 

 SMF-PM SMF-PM (LC) PANDA-PM PANDA-PM (LC) SMF-HC Collapse PM Collapse HC 

Overlap [µm] 12 12 12 12 12 0 0 

Fusion time 1 [s] 0.2 0.2 0.3 0.2 0.2 2 2 

Fusion current 1 [mA] 11 11 11.5 11.5 11 12 11.5 

Fusion time 2 [s] 2 1 0.6 0.3 2 2 2 

Fusion current 2 [mA] 13.5 12.5 13.2 11.5 11.5 12 11.5 

Fusion time 3 [s] 2 1 3 0.3 2 2 2 

Fusion current 3 [mA] 13 12.1 13 11.5 11.5 12 11.5 

 

Figure 37: Fusion sequence of a standard fusion splice. Source: user’s manual Ericson FSU925. 



David Poudereux 

56 

 

 

When the selected PCF is filled with any material, the current and the time should be 

reduced to avoid bubble formation. For this reason the current applied in the splices with the 

PCF filled (splices in columns labeled with (LC) in Table 3) is lower than in empty fibers. In the 

fusing process, there are mainly two parameters that dictate the optimization: the splice loss 

and the resilience. 

The most important objective is to minimize the splice loss, but the splice resilience 

must be acceptable as well. To minimize the splice loss in a splice between a standard fiber and 

a PCF, it is necessary to minimize the collapse of the cladding holes. Due to the high brittleness 

of the splice, the fiber becomes extremely difficult to handle. For this reason, a balance 

between splice loss optimization and fiber resilience must be reached.  

Figure 38 shows a right (top) and a wrong (bottom) splice of a PM-1550-01 (left) with 

its big holes selectively filled with LC and a PANDA fiber (right). The parameters were not 

properly optimized thus the LC inside the holes produced two bubbles. Note that the cladding 

next to the splice is collapsed and only the two big holes remain, in the plane parallel to the 

picture. 

The coupling loss between a PM-PCF and a PANDA fiber can be estimated  [179] by a 

numerical calculation of the overlap integral of the two fiber mode profiles in Equation (35) 

 




dxdyWdxdyF

dxdy)y,x(dxdyW)y,x(F

22

2

η  (35) 

where F(x,y) and W(x,y) are the transverse electric field distribution of the fundamental mode 

of the PM-PCF and PANDA fiber respectively. Using the Gaussian profile approximation, the 

fundamental modes are described as follows: 

 

 
 

Figure 38: (Top) Correct splice between an empty PM-PCF (left) and an SMF (right); (Bottom) Incorrect splice of a selectively 
filled PM-PCF (left) with a PANDA fiber (right). 
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Taking into account Equations (35)-(37), the coupling loss between the PM-PCF and 

the PANDA fiber is expressed by 

)w*w)(w*w(

www4
log10

2
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2
2
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2
1

2
f21α  

(38) 

where w1 and w2 are the Fundamental Mode Diameters (FMD) of the PM-PCF and wf is the 

PANDA FMD. According with the parameters given by the manufacturer in Table 2, 

w1 = 6.85µm, w2
 = 4.3µm and wf = 10.5µm. Taking into account Equation (38) α = 1.95 dB. 

Under real conditions, a balance should be found between the minimization of the 

coupling loss and the strengthening of the splice. In standard fibers, the splice is protected 

with a heat-shrinkable joint protector sleeve with steel wire reinforcement. Unfortunately in 

our case this reinforcement cannot be used. The fiber will be placed after splicing between two 

conductive plane surfaces (glass coated with ITO) to allow driving with external electric fields, 

not compatible with the wire. The distance between electrodes should be minimized as much 

as possible. For this reason the fibers, both standard and PCF, should remain naked (without 

external polymer cover) and the splice must be tougher than a standard splice. 

After a trial-and-error approach, a coupling loss of approximately α = 3.4 dB was 

achieved in a PM-1550-01/PANDA splice, i.e., 1.45 dB higher than the theoretical loss 

α = 1.95 dB given by Equation (38). 

In this work nearly all used fibers were bare fibers. Light coupling and measurement 

required the use of FC Bare Fiber Adaptors (Newport), which enable quick and easy temporary 

FC connections (Figure 39). These adaptors, when properly connected, have a coupling loss of 

about 0.2 dB each in SMFs or PANDA fibers. When the fiber is a PM-1550-01 the losses 

increase up to 2.2 dB. This increased coupling loss is produced because the core of the PM-PCF, 

6.6/4.3µm is smaller than the core of SMF and PANDA fibers, 8.2 µm and 8.5 µm respectively.  

A PCF portion was spliced between standard fibers to measure the coupling losses in 

the splices. Otherwise, it would be 

difficult to distinguish the coupling 

losses of the splice and the losses 

produced by the two provisional 

connectors, which were different to 

each other, one in the standard fiber 

and the second in the PCF. Once the 

losses of the standard provisional 

connectors were known it was 

possible to measure the losses of the 

two splices with a power meter. 

 

 
Figure 39: Provisional connectors for bare fibers from Newport. 
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4.2 Collapsing process 

The fusion splicer has been also programmed to partially collapse all the small holes of the 

cladding both PM-1550-01 and HC-1550-02, the fibers 4 and 5 in Figure 33. The overlap has to 

be set to 0 to avoid mechanical deformations as shown in Table 3. As the HC-PCF has a higher 

ratio of hollow holes, the current is lower than in the PM-1550-01 fiber. Figure 40 shows both 

PCFs with the cladding holes collapsed. 

 The current between two electrodes is given by  [180,181] 
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where  σ(z) = σ0(1+Cz2)
-1/3, r2 = x2+y2; x, y and z are defined in Figure 41, I0 is the total current 

obtained by integrating the current density over all r, σ(z) is the Gaussian width of the current 

density at position z, σ0 is the Gaussian width of the current density at the midpoint of the 

electrodes separation (z = 0) and C is a constant determined from the variation of the square of 

the current density in the Z direction. The energy density varies with the square of the current 

density and the temperature of the discharge is proportional to the energy density. 

Equation (39) shows that the temperature 

at the midpoint between electrodes falls 

to a minimum along the electrode’s axis. 

For this reason, the temperature in the 

inner cladding is lower than the outer 

cladding and hence the outer cladding 

holes collapse before the inner holes. 

After three discharges both PCFs, PM-

1550-01 and HC-1550-02, are collapsed in 

the region near the electrodes. Then the 

fiber is laterally moved to one side and 

collapsed again. Following this system, it is 

possible to collapse long PCF lengths. In 

our case the longest collapsed distance 

was around 2 cm. 

 
Figure 40: PM-PCF (top) and HC-PCF (bottom) partially collapsed. 

 
Figure 41: The current and energy density distribution in an arc 

fusion splicer. The temperature is higher at the 
electrode tips than at the midpoint where the fiber 
is placed. 
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4.3 PANDA/PM-PCF alignment protocol 

As explained in the previous chapter, the polarization maintaining photonic crystal fiber PM-

1550-01 was spliced to a PANDA fiber (PM-1550-XP). This sort of fibers maintains the state of 

polarization of the light since they have an anisotropic refractive index profile. Therefore, they 

feature a fast and a slow axis. Each axis guides one orthogonal polarization and, in this way, 

both modes remain uncoupled. 

The fibers have different geometries and materials. Figure 42 shows the fast and 

slow axis of both fibers and the refractive index profile. Note that the plane with the larger 

holes denotes the fast axis in the case of the PM-PCF. However, the plane containing the 

material with lower refractive index implies the slow axis in the case of the PANDA fiber. 

 

When the larger holes of the PM-PCF are selectively infiltrated with a liquid having a 

refractive index higher than the silica, the fast axis becomes the slow axis as shown in Figure 

43  [136]. 

 

 
Figure 42: Fast and slow axis in a PM-1550-01 and a PANDA fiber. 

 
Figure 43: Change of the fast axis when a PM-PCF is selectively filled. 
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When an empty PM-PCF is intended to be spliced to a PANDA fiber, and eventually 

filled selectively, the fast axis of the PM-PCF is aligned with the slow axis of the PANDA. The 

fiber is then filled with the material with refractive index higher than the silica and its fast axis 

becomes the slow axis (and vice versa). After the filling, if the selectively filled PM-PCF is going 

to be spliced again to a PANDA fiber, its fast axis is aligned to the fast axis of the PANDA.  

If the light input to a PM fiber is linearly polarized and parallel to the fast or the slow 

axis, the fiber output remains linearly polarized and aligned with the axis, even applying 

external stress. The ability of the PM fiber to maintain polarization mainly depends on the 

conditions under which light is launched into the fiber. For a perfectly linearly polarized beam 

misaligned by an angle θ with respect to the slow axis of an ideal fiber, the extinction ratio is  

)log(tan10ER 2
θ . (40) 

To achieve an output extinction ratio of 20 dB, the angular misalignment must be 

less than θ = 6°, and θ = 1.8° for an extinction ratio of 30 dB. For this reason, a specific aligning 

protocol has been designed to splice these polarization-maintaining fibers.  

 

4.3.1 Light source and detection 

An Erbium-Doped Fiber Amplifier (EDFA) was used as a light source. No input light 

was fed to the EDFA, thus the output light was limited to Amplified Spontaneous Emission 

(ASE). This ASE was coupled to a rotatory platform with polarizer as shown in Figure 44. Two 

different EDFAs have been employed during this work: a custom-built EDFA whose pumping 

laser had to be replaced during the measurements, and a commercial EDFA Amonics AEDFA-23 

(Figure 44). Both EDFAs work in the same wavelength range 1528nm – 1565nm and have 

similar Saturation Output Power –21 dB the custom EDFA and –23 dB the Amonics EDFA. The 

PMF is connected to the rotatory platform and to an Optical Spectrum Analyzer (OSA) 

Advantest Q8381.  

 
Figure 44: Aligning for polarization maintaining splicing set-up. 
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The OSA has a diffraction grating that selects the light to be measured (Figure 45). 

Although the OSA has been designed to be polarization independent, it has a weak polarization 

dependency of ±0.1 dB according to the datasheet. Note that modern OSAs have lower 

polarization dependency, but this disadvantage could be turned up into a useful aligning tool. 

Indeed, as the diffraction grating is polarization dependent, it is sensitive to the polarization 

angle of the launched light. 

The incoherent light of the EDFA is linearly polarized by the rotatory platform with 

polarizer and oriented to the PM fiber slow axis. The PM fiber is connected to the OSA and the 

output light is analyzed. The spectrum has been centered in the main peak at 1530 nm with a 

span of 8 nm, a resolution of 0.1 nm and 0.2 dB/Division. The angle of the linearly polarized 

light θ is rotated slowly while the spectrum is analyzed in the OSA (Figure 46). 

 

4.3.2 Interferometric patterns 

An interferometric effect appears when the light is launched at θ = 45° between 

orthogonal polarizations, which means that the linearly polarized beam is not parallel to the 

 
Figure 45: OSA diffraction grating. 

 
Figure 46: Spectral output of a linear polarized beam launched in a PM-1550-01 at different angles. 
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symmetry axes, neither fast nor slow. When a linearly polarized light is launched at θ = 45°, 

both polarizations are guided through the PMF. A similar situation is found in the frequency 

domain interferometer method when measuring the modal birefringence of a PMF  [182–184]. 

In Chapter 2.3 the length beat was defined as Lb = λ/B. It can be approximated as Lb
 = Δλℓ/λ 

being ℓ the length of the fiber and Δλ the separation between consecutive peaks in the 

interferometric pattern. 

The beat length of the PM-1550-01 when light is launched at 45° can be 

approximately measured in Figure 46. Using different PCF lengths, the values were in the range 

of Lb = 1.2–2 mm. The datasheet of this fiber states that the beat length is Lb < 4 mm (Table 2). 

Taking into account that the measured PCF had a length between 25 cm and 4 m, the 

experimental value is consistent with the theory. Other interferometric effects with periods 

and contrast amplitudes smaller than the effect caused by the polarization can be seen in the 

plots at 0° and 90° in Figure 46. A Fabry-Perot interferometer (FP) has been identified in the 

polarization platform, a region where light travels through the air. The length between 

reflecting parallel surfaces in a Fabry-Perot interferometer is given by 

λ

λ

Δ2
L

2

 . (41) 

The calculated length was 5mm, the same as the FP interferometer. 

Once the polarized light is aligned to the slow axis (θ = 0°), the PANDA fiber 

connected to the OSA with a provisional connector is placed in one side of the fusion splicer, 

and a properly cleaved end of PM-PCF is placed in the other side of the fusion splicer. The 

other end of the PM-PCF is connected to the EDFA with other provisional connector. Both 

fibers are manually aligned in the fusion splicer and the spectrum is analyzed in the OSA 

(Figure 47). 

 

 
Figure 47: Spectrum of a linearly polarized light aligned with the slow axis of the PANDA fiber at θ = 0°, 45° and 90° with a 

PM-1550-01 before splicing. 
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An interferometric pattern shows up when the polarization maintaining fibers are 

not properly aligned. The PM-PCF is rotated using the fiber rotator shown in Figure 44, looking 

for a minimum in the interferometric pattern. Once the PANDA fiber is aligned and properly 

oriented with the PM-PCF, the splice is made automatically with the fusion splicer. 

4.3.3 Microscopic features of the PANDA and PM-PCF fibers 

The splice is observed under the microscope to confirm the good alignment. Both 

fibers have a periodic geometry from which is possible to derive the orientation of the fiber. To 

find out the orientation of the PM-PCF is easier because the geometry of this fiber has four 

positions of symmetry related with the hexagonal photonic periodicity of its holes. Figure 48 

sketches these four symmetry positions, i.e., different patterns that show up a 0°, 30°, 60°, and 

90° from the horizontal (the line joining the big holes) respectively. An example of two actual 

orientations under microscope can be observed in Figure 49. 

Once the specific pattern of the fiber is known, its orientation can be determined in 

a transmission microscope. The fiber is attached to two rotators; rotating them under the 

microscope, it is possible to infer the angle α between the axis that contains the big holes in 

the cross section and the horizontal axis in the glasses plane. 

Note that the angle α is not the same as the angle θ between the linearly polarized 

light and the axis with the big holes, as defined previously in Figure 43. 

 

 

 
Figure 48: Four possible patterns of a PM-1550-01 seen in transmission under microscope depending on the orientation. 
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The PANDA fiber also shows a pattern but determining its orientation is more 

complex. Microscopic observation of these fibers can be done in simple transmission mode or 

between crossed polarizers. Indeed, the scattered light and the different materials of the 

PANDA fiber lead to a pattern that depends on the fiber orientation with respect to the 

polarizers. A bright central region at α = 0° shows up when the fiber plate is rotated β = 45° 

between the polarizers, being β the angle between the fiber and the polarizers. When the 

fiber is rotated at this position (i.e., α is varied while β = 45° is kept constant) the bright central 

region vanishes until extinction at α = 90° (Figure 50). 

Rotating a fiber in a controlled way under a microscope is not an easy task. A 

positioner made of polymethylmethacrylate (Figure 51) was manufactured in-house to solve 

the splice fragility problem. Both sides of the platform include rotators that allow delicate 

manipulations of the fiber. 

 

 
Figure 49: Splice of a PM-1550-01 with a PANDA fiber with their axis oriented at α = 0° and α = 90° seen under microscope. 

 
Figure 50: PANDA fiber as seen between crossed polarizers at α = 0° and α = 90°. 
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4.4 LC/polymer filling process 

Liquid crystals are good candidates to infiltrate inside a PCF forming the named Photonic 

Liquid Crystal Fiber (PLCF). Nevertheless, other materials like polymers can modify the 

behavior of the guided light as well. For this reason it is very important to develop repeatable 

and controllable methodologies to allow PLCF manufacturing at will, seeking freedom of design 

and optimization for specific applications. 

Different materials have dissimilar properties and characteristics; the infiltrating 

protocol has to be specific for each material. The viscosity of the filling material or mixture to is 

one of the most critical parameters to be considered. The infiltration time depends strongly on 

the viscosity and on the capillary force. Viscosity behavior is totally different in LCs and 

polymers, having strong dependence on temperature and curing. Capillary force is often strong 

enough to fill a PCF microcavity; in other cases, applying pressure becomes necessary. 

4.4.1 Filling by capillary force 

The first and more intuitive way to fill a PCF is by capillarity. One fiber end is dipped into the 

fluid while the other is left open at room pressure. The necessary condition for the infiltration 

of the liquid through the holes is the affinity with the PCF material; that is to say, the cohesive 

forces between the molecules of the liquid must be lower than the adhesion forces of the 

liquid with the channel material. Otherwise the infiltration of a PCF would be impossible.  

When a capillary tube is dipped into a liquid, the liquid flows into the tube and forms 

an angle θ between the capillary tube and the inner surface of the liquid –the contact angle– 

shown in Figure 52  [185]. If θ > 90°, the capillary force pushes the liquid out of the tube. If 

θ < 90° the liquid is pulled into the tube. 

In a circular capillary tube the capillary force is given by  

θσπ cosr2Fc   (42) 

being σ the surface tension, r the radius of the tube and θ the contact angle defined in Figure 

52 [6]. A total of four forces act on the liquid filling process inside a capillary tube: 

 

 
Figure 51: Fiber platform positioner with handmade rotators. 
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 the aforementioned capillary force, 

 the friction force related with the viscosity, 

 the gravitational force and 

 the external applied pressure in any 

A laminar flow may be assumed, for the small dimensions of the tube split the liquid into 

parallel layers that do not mix with each other.  This behavior is dictated by the dimensionless 

Reynolds number (Re),  [186] which determines whether the flow is laminar (Re << 2300) or 

turbulent (Re >> 2300). The Reynolds number is given by 

μ

ρ rU2
Re   

(43) 

 

where ρ is the density, U is the velocity and μ is the dynamic viscosity of the liquid. In our case, 

the Reynolds number is on the range of 10-2. 

Inside the tube the flow speed profile has a parabolic shape as Figure 52 illustrates. 

The velocity of the liquid is higher in the center than in the tube walls. The friction force can be 

expressed as 

LU8Ff π  (44) 

where L is the length of the liquid column. The gravitational force in a vertical column of liquid 

is 

LrgF 2

g ρπ  (45) 

being g the gravitational constant. Finally the force from an applied pressure can be expressed 

by 

2

p rPF πΔ  (46) 

where ΔP is the applied pressure gradient between the liquid inside the tube and the open end 

of the tube. Thus the equation describing the filling of a circular capillary tube with a non-

 
Figure 52: Cross section of capillary cavity filled with liquid. (Left) The capillary force pulls the liquid into the cavity. 

(Right) The capillary force pushes the liquid out of the cavity.  
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compressible liquid can be obtained balancing the four forces  [187] whose differential 

equation is 

LrgUL8cosr2rP)LUr(
dt

d 222
ρππμσσππρπ  Δ  (47) 

Equation (47) can be rewritten expressing the average velocity U and defining A and B as 

follows: 

dt

dL
U  , r/)rP2cos4(A ρθσ Δ , 

2r/8B ρμ  (48) 

AgL2)L(
dt

d
B)L(

dt

d 22

2

2

  (49) 

To solve Equation (49) analytically the gravity term can be neglected resulting in the easily 

handled  
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  (50) 

The gravitational term can be neglected in tubes of small radius or when the tube is filled 

horizontally because the strength of gravitational force is much lower than the other involved 

forces. However when the radius of the tube is higher than 5 μm the gravitational force should 

not be neglected. Taking into account Equation (50) Nielsen et al. demonstrated  [186] that the 

infiltration velocity increases with the radius of the capillary tube and the applied pressure.  

As the bigger holes of a PCF are filled faster than the smaller, the difference between 

the filled lengths of both holes will also increase with time. Two fronts of filled holes appear, 

the longer formed by the bigger holes and the shorter by the smaller holes. If the fiber is 

cleaved between the two fronts only the bigger holes will remain infiltrated with the liquid. 

Laminar flow has another important consequence when filling liquid crystals. As the 

LC viscosity is anisotropic, the molecules tend to align parallel to the flow direction. If flow is 

laminar, the molecules remain with this orientation, and LC inside the capillary tube becomes 

spontaneously aligned after filling, parallel to the capillary walls along the flow direction.  

 

 

Figure 53: Filling process to selectively block/fill a PCF with a prepolymer adhesive. 
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The same protocol can also be used to block selectively the holes of a PCF. In this 

case, the fiber is filled with a prepolymer that is cured in a post-filling step. Figure 53 shows 

how the process works. The first step is to fill the entire PCF with the prepolymer. A UV-curable 

optical adhesive is commonly used: in this application, the all-important refractive index is not 

relevant but its flow properties such as viscosity and density are. NOA 74 from Norland has 

been selected for its low dynamic viscosity of 80-90 mPas  [188]. The adhesive is cured with UV 

light when the fiber is filled and the difference between filled big and small holes is enough to 

cleave the fiber in between, leaving blocked just the big holes.. 

It is possible to block the small holes to fill the big ones with other fluid, for example 

LC, by repeating the mentioned protocol. After curing the adhesive in the big holes, the small 

ones are filled again with the adhesive, overstepping the blocked big holes. Then the PCF is 

cleaved again after curing the adhesive in the middle of both fronts. This time only the big 

holes will be empty, ready to be filled with the selected liquid. 

The above procedures notwithstanding, the protocol is mainly useful to fill small 

holes with the desired liquid. To fill big holes, it is easier to collapse the small holes with a 

fusion splicer as explained in 0. The main drawback of the protocol is that a long portion of PCF 

is wasted. Every time the PCF is cleaved at least 1 cm of fiber is lost. This is negligible in 

standard fibers, but certainly not in special fibers like PCFs. 

It is not easy to confirm experimentally the length of the filled hole. Several options 

have been studied to solve this issue. One solution is to launch visible light, e.g. a red laser, 

into the open end of the filled fiber. The scattered light in the interface air-liquid forms a bright 

spot that drifts slowly while the fiber is in the filling process. The question is to distinguish 

whether the spot is formed by the big or the small holes. To overcome this problem the 

adhesive was dyed with blue ink. After curing the adhesive, the PCF was observed under an 

optical microscope.  

Under the microscope it is hard to distinguish the filled small holes from the big 

holes since the small holes shield the big ones. Figure 54 shows a hollow core HC-1550-02 fiber 

with collapsed cladding, filled with blue-tinted NOA 74. In the right end, all holes have been 

 
Figure 54: HC-1550-02 filled with NOA 74 tinted with blue ink. 
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filled with the adhesive. However, as they are collapsed, the inner pressure prevents full filling. 

Once the collapsed region is overstepped only the inner core is filled with the bluish polymer. 

It is known that the core is filled because the appearance of the fiber is bluish despite the small 

cladding holes are empty. Thanks to the combination of this protocol with the laser launching, 

it is possible to determine the time required to infiltrate a PCF having enough difference 

between filled fronts so that it can be cleaved in between.  

The approximated time necessary to selectively block a PM-1550-01 and an HC-

1550-02 at room temperature are shown in Table 4. 

 

Table 4: Approximated time to selectively fill a PCF with optical adhesive NOA 74. 

PCF Filling time [min.] 

PM-1550-01 3 

HC-1550-02 2.5 

 

Figure 55 shows both fibers with its big holes blocked with the cured adhesive, the 

core in the case of the HC-PCF and the two big holes in the case of the PM-PCF. When the 

optical adhesive is not dyed, it is quite difficult to determine in an optical microscope if the PCF 

is selectively blocked. These pictures demonstrate that PCFs are selectively blocked, but 

determining the blocked length is not possible.  

4.4.2 Filling with an external pressure 

Occasionally the selected liquid for infiltration in a PCF has an excessive viscosity or the time 

necessary to infiltrate by capillary is too long. In other cases there is not an open end in the 

fiber because the PCF is spliced to a standard fiber. In these cases, it must be necessary to 

apply an external positive or negative pressure to fill the fiber in.  

 
Figure 55: Selectively blocked PCFs with an optical adhesive. 
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A pressure chamber was manufactured in-house (Figure 56) using a glass vial as a 

chamber. Attached to its cap, a small syringe was placed with its inner diameter very close to 

125 µm, the diameter of the bare PCF. A pressure valve was also placed close to the syringe in 

the cap to control the external pressure applied inside the chamber. Figure 56 shows the 

whole device including a transparent protection cover. The chamber is made in glass and it can 

explode if the inner pressure is too high. 

Other way to fill a PCF is to apply an external negative pressure in a vacuum 

chamber. With this method only 1 atm. can approximately be applied –the atmospheric 

pressure– but this results quite enough for most of the fluids employed in this work. The fiber 

should be spliced or totally collapsed in the other end to apply this method. The fiber is placed 

inside the chamber and, when the negative pressure is enough the fiber is dipped into the 

liquid. Then the valve of the pump is opened and the atmospheric pressure makes the liquid 

infiltrate the fiber. 

In both methods it is possible to impinge a laser into the fiber to observe the velocity 

of infiltration. The filling by negative pressure is more complex because both, the fiber and the 

laser, must be inside the chamber. Alternatively, it could be a way to extract one side of the 

fiber out of the chamber, but its notable fragility makes this method unadvisable. 

 

4.5 Intermodal interferometer 

The PMF PM-1550-01 (Figure 33-5) has been employed to create intermodal 

interferometers by splicing short (cm) portions of PCF between two single mode fiber (SMF) 

pigtails and PANDA fibers. It has been shown that this setup generates a Mach-Zehnder 

interferometer (MZI)  [189–191]. The interferometers have been made tunable by the 

inclusion of liquid crystal in the PCF portion, either inside the fiber holes or in the external 

surroundings of the PCF portion. 

 
Figure 56: Pressure chamber to fill a PCF. 
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In both cases, the commercial nematic LC MLC-13000 (Merck) is used. This material 

shows a dielectric anisotropy Δε = 22.8 and extraordinary and ordinary refractive indices 

ne = 1.6242 and no = 1.4946. The purpose was to explore their possible use as photonic sensors 

or in optical communications systems. Previous studies have demonstrated that PCF MZIs can 

be successfully utilized in these applications  [192–196]. 

The interference effect appears when a portion (several cm) of PCF is spliced 

between two standard optical fiber pigtails (Figure 57). Both core and cladding modes can be 

simultaneously excited at the first splicing point and the light propagates through different 

optical paths with different group velocities. After propagation through the PCF, the higher 

order modes are recombined again with the fundamental mode in the second splicing point. 

These interferometers are very sensitive to the polarization of the impinging light. 

For this reason two different configurations of each device have been prepared, having the 

plane of the cell glasses perpendicular and parallel respectively to the plane containing the 

thicker holes. 

 

 

4.5.1 Alignment of the fiber with the applied electric/magnetic field 

In the LC infiltration, it is especially important to control carefully the orientation of 

the PMF with respect to the external electric field that will be eventually applied. The external 

electric field is produced by a voltage difference between two glasses coated with conductive 

ITO; therefore the field direction is always transverse, i.e. perpendicular to the glasses. This 

means that the fiber may have to be rotated between the glasses until the desired orientation 

is achieved. As the interferometers are extremely fragile and the orientation process must be 

accurate, a specific experimental setup has been designed and manufactured to perform these 

measurements (Figure 58).  

The manufacturing process of a single interferometer made with PANDA fiber 

aligned with selectively filled PMF-PCFs takes approximately two days. The process is very 

challenging for every interferometer is different. Although the PMF segment between standard 

fibers is constant, two interferometers with the same length are always slightly different. 

Interferometers are well known by their high sensitivity. In this case the interferometric effect 

relies in the excitation and coupling of high order propagating modes. Although the fusion 

splice is automatic, made with a fusion splicer Ericson FSU-900 (Figure 35), the fiber impurities 

and the atmospheric conditions as humidity or temperature make each splice slightly different. 

In conclusion, to study the dependence of the interferometer sensitivity with the external 

electric field orientation, the interferometer itself had to be characterized in advance. 

 

 
Figure 57: Scheme of the Mach-Zehnder PCF Interferometer. 
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An experimental setup including hot plates, electrodes, temperature sensor and 

rotators has been manufactured with the purpose of manipulating the direction of the external 

electric field (Figure 59). It is entirely made in PMMA, allowing to apply transverse electric and 

magnetic fields without interferences. The setup has demonstrated to be a fast and relatively 

simple tool to measure interferometers in a controlled environment. 

The relative PMF orientation between the external glasses is set by direct 

observation under microscope. For this reason both, electrodes and hot plates, are made with 

transparent and non-birefringent glasses. The geometry of the fiber allows to infer the

 

 
Figure 58: Set-up for the interferometers measurements. 

 

 
Figure 59: Platform with fiber rotators, electrodes and hot plates to measure the interferometer. 
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orientation angle observing the pattern 

formed by the cladding holes. Figure 48 

showed the possible four patterns that can be 

seen under the microscope. Pictures of the 

patterns are shown in Figure 60.  

When the fiber is rotated between crossed 

polarizers in the microscope, the pattern 

varies slightly from a misty shape to a clear 

distinguish pattern that shows up at very 

specific angles (Figure 60). The clearest 

pattern is observed when the fiber is at α = 0° 

followed by the pattern at α = 60° along with 

their supplementary angles. At 30° and 90° 

the patterns are indistinguishable, only a hazy 

image that gives no information. For that 

reason the alignment of the fiber at θ = 90° 

has to be done by starting from θ = 0° and 

rotating the fiber until reaching the 90° 

position. Both sides of the fiber under observation are attached to rotators. When the fiber is 

rotated clockwise, the change of the pattern is clear at α = 0°, 30° and 60° and again 120°. It is 

possible therefore to make the assumption that the fiber is at 90° when it is at halfway 

between 60° and 120°. If the fiber is rotated anticlockwise starting around 60°, the first clear 

pattern is at 0° and the next at -60°. It is clear then that, starting in any angle, it is necessary to 

rotate the fiber between 30° and 60° in both directions to know the angle. Once the angle is 

known, it is possible to change it to a specific orientation.  

To avoid torsions in the fiber, both sides have to be rotated in a coordinated 

manner. With the device designed and fabricated in the laboratory, it is impossible to rotate 

manually both sides at the same time under a microscope. It has to be done rotating little by 

little each side alternatively in opposite directions. Obviously, when the right side is rotated 

clockwise, the left side has to be rotated anticlockwise and vice versa. 

 

 
Figure 61: Cross section of the platform to measure an interferometer selectively filled with LC. 

 
Figure 60: Patterns of PM-1550-01 as seen in transmission mode 

under a microscope. 
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The fiber should have enough room to rotate freely. Note that fibers in this setup are 

placed between two coated glasses which play the role of electrodes; these may squeeze the 

fibers. To avoid the contact, some other fibers are placed close to the working fiber to play the 

role of spacers (Figure 59 and Figure 61). The electrodes are slightly separated when the fiber 

is rotated to avoid possible undesired torsion forces. When the fiber is satisfactorily oriented, 

the rotators are blocked with Teflon screws and the sandwich is tighten. The upper glass is held 

by a polymethylmethacrylate (PMMA) platform screwed to the PMMA base platform. The 

tightening has to be done carefully and homogeneously in order not to break the glasses or 

fiber and to maintain both cell sides parallel.  

4.5.2 Sensitivity of the intermodal interferometer  

The interferometers are very sensitive to environment variables, such as temperature, stress 

force, torsion, vibrations and external refractive index. All these variables had to be controlled 

in order to study every variable separately. The sensitivity related to the orientation of the 

externally applied electric field, to voltage intensity and to the angle of the impinging polarized 

light has been measured. The interferometer was placed between two pairs of glasses (Figure 

61). The first pair works as electrodes and the second pair as hot plates, isolating the 

interferometer from external forces. The hot plates, made of glass coated with high resistive 

ITO, were connected to a DC power supply. The current through the conductive layer produces 

a temperature gradient that, in stationary state after a couple of minutes, maintains constant 

the temperature in the interferometer. The temperature is measured internally with a Pt100 

sensor inside the cell and externally with a laser thermometer. The two pairs of glasses were 

attached to a PMMA structure that maintains the cell fixed and steady. Two fiber rotators 

were attached to the glasses to control the fiber azimuth angle. 

The interferometers were measured and characterized coupling a linearly polarized 

light produced by an EDFA and polarized with a rotatable polarizer. The output light was 

measured in an OSA. 

The interferometer was oriented until reaching the selected position as detailed in 

the previous section 4.5.1. Then the substrates were thermalized applying a direct current in 

the hot plates. The substrates thermalization is achieved after 20 minutes approximately. The 

temperature drift is constantly monitored. If the interferometer is made with PANDA fiber, the 

angle θ of the impinging polarized light has to be oriented as well. If the interferometer is 

made with single-mode fiber (i.e., no light orientation is necessary), all components in the set-

up are set steady and rigid. The interferometer is sensitive to polarization; the SOP changes 

when light travels along a standard single-mode fiber. Therefore the fiber SOP will change if 

this fiber is tapped or moved. Figure 62 shows a flow diagram that illustrates the 

pre-measurement protocol to adjust the setup. 

 

 
Figure 62: Flow diagram for pre-measurement protocol. 
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Depending in the scrutinized variable, two protocols have been followed to measure 

the sensitivity of the interferometer,. The protocols are summarized in Table 5. 

 

Table 5: Measuring protocol in function of the preferred variable. 

Variability as a function of θ Variability as a function of V 

The first voltage is fixed 
 First angle is measured. 

 The angle is changed and a new measurement is made. 

 After measure all angles, the first one is measured again. 

 The second voltage is fixed and all the angles are 

measured. 

 Repeat this loop until the last voltage. 

The first angle is fixed 
 First voltage is measured 

 The voltage is changed and a new measurement is made. 

 After measure all voltages, the first one is measured again. 

 The second angle is fixed and all the angles are measured. 

 Repeat this loop until the last angle. 

 

 

Where “Variability as a function of X” means that all remaining variables are kept 

constant between measurements of the same set and only X changes. Only voltage and 

azimuth angle θ of the impinging linearly polarized light were measured in detail. Note that, 

besides all these variables, the direction of the externally applied electric field, i.e. the angle 

called α has been fixed as well. Two orientations have been measured, perpendicular and 

parallel to the plane formed by the two big holes of the fiber.  

The amount of data collected from the fabricated interferometers is extremely large. 

There are three variables of interest: length of the interferometer, direction of the externally 

applied electric field (α angle) and angle of the impinging polarized light (θ angle). The main 

variables of interest are α and θ, and data collected to characterize the dependence with them 

are notoriously larger than those for the other two. It is also interesting to measure the 

dynamic response, i.e. the switching time of the LC inside the PCF and the relaxation time. 

These are explained in Section 5.1. Data taken from the OSA spectra were analyzed with 

MatLab. The variability of the interferometer sensitivity to any given variable has been defined 

as the change in the pattern between consecutive measurements. For example, two 

consecutives measurements are plotted in Figure 63 at two different voltages maintaining 

constant the angle θ. The variability can be seen in Figure 63 as the difference between both 

graphs, i.e. the space between them.  

 

 
Figure 63: Amplitude difference between two consecutives measurements. 
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The difference in amplitude between pairs of values at each wavelength is kept as a new value of 

a matrix of dimensions (l × v) where l is the dimension of the wavelength vector and v is the 

dimension of the vector formed by the number of measurements minus 1 of the variable of 

interest V. The code in MatLab to do this simple calculation is summarized as:  

 

Measuring all the interferometers at the same values of angle, voltage and 

temperature makes it possible to study the comparative sensitivity of the interferometer to all 

these variables. The results of these calculations are explained in Chapter 5.1. 

4.5.3 Interferometer surrounded by liquid crystal 

If the PCF is surrounded by LC, the higher order cladding modes interact with the LC via their 

evanescent field. Consequently, light propagation is sensitive to variations of the LC refractive 

index. These variations are achieved by coating the inner surfaces of the cell made with the 

interferometer and the LC with indium-tin oxide (ITO) so that a transversal electric field can be 

applied to reorient the LC molecules. As the LC is highly birefringent, the effective refractive 

index as "seen" by the evanescent field is different depending on the applied voltage. Figure 64 

shows both configurations, parallel and perpendicular to the glass substrate plane 

(perpendicular and parallel with the electric field, respectively). Note that there are four 

possible situations owing to the two configurations, parallel and perpendicular, with and 

without electric field. 

for i =2:v    %spectrum variability from one V to another at one angle  

    for j=1:a 

  eval(['Data__'num2str(j)'(l1:l2,i)=abs(DATA_'num2str(j)  

'(l1:l2,2,i-1)-  DATA_'num2str(j)'(l1:l2,2,i));'])    

    end 

end 

  

for i=2:v 

    for j=1:a 

    eval(['Var_' num2str(j) '(i)=sum(Data__' num2str(j)'(l1:l2,i));'])   

    eval(['VAR_' num2str(j) '=sum(Var_' num2str(j) '(:));'])         

    end 

end 

Definitions: 

 a and v are the total number of angles and voltages measured respectively 

 Data_aj(l1:l2,i) is a matrix with the data of the difference between the patterns at voltage i-1 
minus voltage at i 

 DATA_aj(l1:l2,i-1) is a matrix with the data at angle aj and voltage i-1 

 DATA_aj(l1:l2,i) is a matrix with the data at angle aj and voltage i 

 Var_aj is the summation of all variabilities at angle aj 

 VAR_aj is the total variability at angle aj 

All vectors have a dimension of l1:l2 that is the total of analyzed wavelengths. The function num2str 
is used in MATLAB code to convert a numeric array into a string representation, needed to use the 
order eval, required to create a vector named with the value of the loop. 
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The LC molecules are aligned homogeneously to the glasses in the direction of the 

fiber axis without external electric field as illustrated in Figure 64 - left. The glasses coated with 

a conductive layer of ITO have a thin layer of rubbed polyimide that induces the aligning of the 

LC molecules in the rubbed direction. This thin layer of polyimide induces an anchoring force 

that keeps the LC molecules parallel to the substrate in a homogeneous alignment. 

4.5.4 Interferometer with PCF selectively infiltrated with LC 

Interferometers with selectively filled big holes were manufactured as well. In this case the 

fabrication process is more complex. In order to selectively fill the PCF, a portion of PCF was 

spliced to a standard optical fiber. Then the cladding of the other PCF end has to be selectively 

collapsed following the process explained in section 0. Once the cladding is collapsed the PCF is 

selectively filled with LC with external negative pressure in a vacuum chamber as explained in 

Section 4.4.2. After filling the PCF is cleaved in the zone next to the collapsed region of the 

fiber, where only the two big holes are filled. The PCF is then spliced to a standard optical fiber 

and the interferometer is immediately placed in a handmade platform to protect it from 

mechanical stress and shocks. The platform features the electrodes and a hot plate to control 

the temperature (Figure 59). The interferometer has to be handled with extreme care due to 

its fragility.  

The interferometer is not only sensitive to the orientation of the impinging linearly 

polarized light, but to the orientation of the external electric field. To study this dependence a 

system to change the azimuth of the interferometer has been included. Two rotators were 

placed in the platform to control the azimuth. The electrodes were placed between two hot 

plates made of glass coated with resistive ITO to apply controlled heat. A Pt100 platinum 

resistance thermometer was also placed between the hot plates to measure the temperature 

of the device (see Figure 61). Indium weldings were deposited along the sides of both, 

electrodes and hot plates (indium is the usual soldering choice when working with ITO). The 

side-to-side weldings help to obtain a homogeneous transversal electric field between the 

electrodes and a homogeneous temperature gradient in the hot plates. 

If no pretreatment of the inner walls of the holes is performed, the LC molecules are 

spontaneously aligned by the filling flow parallel to the inner surfaces and to the fiber axis. 

 
Figure 64: Interferometer submerged into LC in parallel and perpendicular configurations. 
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When an external electric field is applied the orientation of the molecules switches 

to homeotropic (perpendicular to the glasses). Hence the linearly polarized light that travels 

through the fiber can see the extraordinary or the ordinary refractive index depending on the 

impinging azimuth angle θ (Figure 65). The right part of the Figure shows a concentric 

homeotropic molecular distribution, an alignment that requires a specific previous treatment 

of the inner-hole surfaces. 

Depending on the configuration and on θ the light will see a change in the refractive 

index or not. All the combinations are summarized in Table 6. 

Table 6: Change in refractive index seen by the launched light in function of θ. 

 E = 0 E ≠ 0 

Light angle θ  90° 45° 0° 90° 45° 0°  

Parallel (α=0°) 
 

no no no ne neff no 
 

Perpendicular 

(α=90°) 
 

no no no ne neff no 

 
 

Note that the minimum change in the birefringence happens when the light is 

launched at θ = 0°, i.e. parallel to the glasses plane, and the maximum change at θ = 90°, i.e. 

perpendicular to the glasses. 

4.6 Externally applied electric field  

The main reason for PCF infiltratation with LC is the possibility of tuning the guiding properties 

of the PCF with an externally applied electric field. The required applied voltage is very high, 

because the external diameter of the PCF is 125 μm and the filled holes of the PCF are quite 

thin, thus having the alignment surface and its anchoring forces much closer than the 

electrodes. For this reason it is very important to choose an appropriate source. 

 
Figure 65: Liquid crystal molecules orientation in function of the applied external electric field 
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4.6.1 Externally electric field source 

The purpose to fill a PCF with LC is that the orientation of the LC molecules can be 

controlled with electric and magnetic fields, making therefore tunable the effective 

birefringence of the fiber. To apply an electric field the filled fiber has been placed between 

two electrodes made of glass coated with a conductive, high resistivity ITO. 

The voltage required to switch the structure is relatively high. A typical LC cell has a 

thickness from a few µm to a few tens of µm. As it is known, the threshold voltage or 

Fréedericksz transition is substantially independent of the thickness  [197]. The reason is that 

two opposite effects are acting on the reorientation torque: the electric field and the surface 

anchoring. Both effects decrease linearly with thickness, and consequently cancel out. 

However, in the fiber case the LC is confined in a cavity (hole) of 4.5 μm near the core of a fiber 

of 125 μm of diameter. The distance between electrodes is then at least 130 μm 

approximately. Therefore, the effect of the surface anchoring is significantly higher, and a 

much higher voltage, typically thousands of volts, is required to provide the necessary electric 

field. 

Two kinds of interferometers have been prepared in this work, with the LC 

surrounding or filling the fiber respectively. Those with LC surrounding the fiber required a 

higher electric field for the interferometric pattern to arise, around 1.25 MV/m, as compared 

to the filled interferometers, which needed around 0.16 MV/m.  

In order to avoid ion transport, the electric field has to be delivered by an AC power 

supply. The frequency is usually a few kHz, fast enough for the LC molecules not to follow the 

oscillation, yet low enough for the remaining dielectric contributions to be active. The DC 

Fréedericksz transition voltage has been shown to be higher  [198,199], mostly due to the 

formation of electric double layers near the aligning surface arising from DC induced 

separation of charge carriers. 

When a high AC voltage is applied between glass electrodes, the mechanical force 

between electrodes induced by the voltage difference V is given by 

 

Vx

U
F 












  (51) 

where U is the electrostatic energy and x the distance between electrodes. At low voltages the 

effect is negligible, but high voltage induces a vibration that produces a perceptible buzz. The 

buzzing volume increases with the voltage until the dielectric barrier is broken at the 

breakdown voltage.  

The interferometric pattern changes slightly with frequency, but also the voltage 

powered by the source. Measuring the output voltage of the power supply with an 

oscilloscope, a mild dependence with frequency has been found. This is suspected to be the 

cause for the pattern variation with frequency in the interferometer. A 5000V DC power supply 

has been fabricated (Figure 66) to compare with the AC source thus determining the cause of 

the frequency dependence. This high voltage power supply can generate of 5000 V DC voltage 

from 230 V AC line voltage. The diagram in Figure 66 shows a set of cell diodes/capacitors 

connected in series, each set increasing the voltage approximately 300 V. 
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 The 230 V voltage applied to the input of voltage multiplier is gradually increased in 

every set of diodes/capacitors which eventually reaches a value of more than 5000 V at the 

anode of the last diode (D16). Voltage rises gradually, as the capacitor discharged at the time 

of power up: the 5000 V voltage is obtained after a few seconds. 

The high DC voltage was applied to the interferometers. The same interferometric 

pattern was shown up. However, in the case of the DC power supply, the voltage required to 

switch the LC after the first measurement increases sharply owing to the shielding of the 

displaced charge carriers. The increment marred the measurement since the required voltage 

reached the air ionization and the materials were irreversibly damaged. Nevertheless, it was 

possible to confirm that the vibration produced at high AC voltages does not affect noticeably 

the measurements; hence the study with AC field was completed. It is important to note that 

the interferometer response shows up at voltages much lower than those producing the 

audible buzz. 

4.6.2 Response time of liquid crystal inside the PCF 

LC infiltration of PCFs was chosen since LC molecules can be electrically reoriented with an 

external electric field. One of the most important factors is the LC response time. Rise time of 

any LC display is usually shorter as the applied voltage increases. Fall time depends on the 

anchoring forces and the cell thickness. In Vertically Aligned Nematic (VAN) liquid crystal 

displays, the response time occasionally shows an anomalous behavior. This usually happens in 

cells with null or near null pretilt angle and consists of a sudden increase of the rise time above 

a certain voltage. This effect is attributed to backflow  [200], and does not affects the fall time. 

 

 
Figure 66: 5000 V DC power supply. 
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The liquid crystal employed in the manufactured interferometers was MLC-13000 

(Merck), a positive nematic liquid crystal. Its characteristics are summarized in Table 7. The 

liquid crystal is homogenously aligned by flow, with the LC molecules oriented parallel to the 

inner hole surface and to the fiber axis. The molecules are electrically driven by a transversal 

electric field until reaching an alignment perpendicular to the former one.  A laser amplified by 

an EDFA was launched in a PCF filled with MLC-13000 to measure the rise and fall time. The 

electric field was modulated with a signal generator connected to an oscilloscope and to an AC 

power supply that apply the electric field. The output of the laser is measured with a detector 

also connected to the oscilloscope (Figure 67). Both signals are shown in the oscilloscope 

where the rise and fall times can be measured. 

Figure 68 shows the signals visualized in the oscilloscope: the externally applied 

electric field (yellow), and the detected laser modulated by the field (blue). The rise time was 

around 14 ms and the fall time was 59 ms. The rise time is higher than those usually measured 

in standard LC cells because in our case the distance between electrodes is much higher than 

the distance to the aligning surface, while in standard displays both distances are similar. It is 

common for the fall time to be higher than the rise time; anyhow, these times ultimately 

depend on different parameters. 

In the LC-PCF system, anomalous behaviors have been found both, in the rise and 

the fall time. Rise time shows a delay from the applied voltage signal. During this delay, a small 

decrease in the light transmission is observed. This behavior can be attributed to an effect 

similar than the backflow mentioned above in VAN cells. In our case, the cylindrical shape of 

the aligning surface would induce the effect.  

The fall time shows a similar, more pronounced decrease. In this case, however, 

backflow cannot be pointed out as the cause of the effect. Indeed, no voltage is present; 

therefore LC reorientation is solely due to the anchoring forces of the surface. The most 

feasible explanation for the effect is an optical phenomenon. LC reorientation is not produced 

at the same time in the bulk and in the molecular layers near the surface. During the 

reorientation, therefore, a refractive index gradient between the center of the hole and the 

walls shows up. The filled hole then becomes a guiding waveguide that may extract some light 

from the central core. The light transmission stabilizes once the reorientation evolves and the 

guiding structure vanishes out. If this explanation is correct, then the fall time mentioned 

above is correctly measured; otherwise, a shorter fall time should have to be taken, as both 

the 10% and 90% fall points occur after the decrease. 

 
Figure 67: Rise/fall time measurement setup. 
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4.7 Liquid Crystal alignment 

Two kinds of LCs have been infiltrated in PCFs: nematic liquid crystal and cholesteric liquid 

crystal. Each one has its own peculiarities and hence the molecular alignments inside the 

cylindrical holes are different. 

4.7.1 Nematic liquid crystal 

The nematic liquid crystal used in the interferometers was the commercial mixture MLC-13000 

manufactured by Merck. Its most relevant characteristics are summarized in Table 7 

 

Table 7: Characteristics of the nematic liquid crystal MLC-13000. 

MLC 13000 

ne 1.6242 Δn 

0.1296 no 1.4946 

εe (1 kHz) 30.0 Δε 

22.8 εo (1 kHz) 7.3 

ν [mm2s-1] 52  

 
Figure 68: Time response measurements. Top, LC response Down left- rise time, down right- fall time. 
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The LC was infiltrated into the holes of the PCF by negative pressure in a vacuum 

chamber as detailed in Section 4.4.2. The silica inner surfaces of the holes were not 

preconditioned. The liquid crystal molecules are aligned homogeneously by the flow, parallel 

to the inner surfaces and to the fiber axis. The filled PCF was observed under a microscope 

between crossed polarizers to study the change in orientation of the LC. As positive nematics, 

the LC molecules reorient with an electric field in the direction of the field. The externally 

applied electric field was transversal, perpendicular to the fiber axis.  

Figure 69 shows a PMF PM-1550-01 at α = 90° with collapsed cladding and the big 

holes filled with nematic LC MLC-13000 under crossed polarizers at β = 0° and 45°. At 45° the 

intrinsic birefringence of the fiber makes it difficult the observation of non-collapsed fibers. 

The PCF has an intrinsic birefringence owing to a cylindrical lens effect. Note that the left side 

of the fiber in Figure 69 is not collapsed. It is noticed at β = 0° because the not-collapsed region 

becomes foggy and the two channels become undistinguishable. At β = 45° the region 

becomes bright and the cladding holes overlay the big holes close to the core. Nevertheless it 

is clear that β = 0° can be considered the dark state whereas β = 45° is the bright state. These 

observations are congruent with the hypothesis of a molecular homogeneous alignment. 

If the fiber is oriented at α = 0° with both big holes in the same vertical (Figure 60) it 

is possible to distinguish the filled region with LC. Figure 70 shows a PM-1550 at α = 0° with its 

big holes partially filled with LC between crossed polarizers. The filled region is clearly different 

to the empty region. The interface between filled/empty channels is the most distinguishable 

zone. When a transversal electric field is externally applied the LC molecules reorient and the 

filled region becomes brighter when the fiber is parallel to one of the polarizers. This 

brightness is produced by two reasons. The first is out-of-plane birefringence: the molecules 

cannot orient fully perpendicular and therefore there is an effective birefringence at normal 

incidence. The second is due to the cylindrical surface of the inner surfaces. 

No change is observed on the filled fiber when it is oriented at β = 45° from the 

polarizers. The brightness induced by the intrinsic fiber birefringence is so high that hides any 

other effect. 

 
Figure 69: PM-1550 with the cladding collapsed selectively filled with MLC-13000 between crossed polarizers at 0 and 45° 

regarding to one polarizer. 
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4.7.2 Cholesteric liquid crystal 

The alignment of Cholesteric Liquid Crystal (ChLC) inside a cylindrical cavity is more complex. 

The possible configurations are three  [201], depending on the anchoring force and chiral helix 

orientation (Figure 71). If the anchoring force is strong the helix will disappear because the 

molecules are aligned parallel to the surface with the director parallel to the fiber axis. If the 

anchoring is weak the molecules will align perpendicular (homeotropic) to the surface forming 

the helix parallel to the fiber axis. In the last configuration the molecules are planar aligned but 

with the helix perpendicular to the fiber axis. This alignment is similar to the double twisted 

cylinders that form the unit cell in the blue phase.  

The PCF was infiltrated with cholesteric LC with special interest in its blue phase 

(BP). This interest is based on the singular self-organizing characteristics of BPs. Being self-

organized, this LC needs not alignment conditioning, making it a suitable candidate for 

infiltration in a cavity where the possibility of depositing alignment layers is very limited. 

 Nevertheless the ChLC has been observed under a microscope between crossed 

polarizers inside the holes of a PCF. The ChLC named BP209A, manufactured by the Military 

University of Warsaw, possesses the cholesteric phase at room temperature. The 

characteristics of this ChLC are detailed in Table 8. Figure 72 shows a PM-1550-01 with 

collapsed cladding and one hole filled with ChLC. When the fiber is at β = 45° from the 

polarizers a transmitted light maximum is seen. This is an indication of the molecular aligning. 

A faint dark line is dimly seen in the center of the hole, suggesting homeotropic alignment. 

However, it is not possible to determine whether the alignment is perpendicular or parallel to 

the inner surfaces of the holes. Rotating the sample 45°, parallel to one polarizer, the 

transmitted light is minimized. In this case some regions are brighter than others suggesting 

that the molecular alignment is not totally homogenous.  

 
Figure 70: PM-1550 selectivelly filled with nematic LC with and without externally applied electric field. The right side is 

empty whereas the left is partially filled. 
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Table 8: Phase transition temperatures of the BP 2029A LC 
N* stands for the cholesteric phase and BPI and BPII are blue phase I and II. 

BP 2029A 

Heating N* 38.9 BPI 39.9 BPII 42.5-43.6 Iso 

  →  →  →  

Cooling Iso 42.7-41.7 BPII 39.8 BPI 30.2-26.9 N* 

 

 

 
Figure 71: Possible configuration of the cholesteric molecules alignment inside of a cylindrical microcavity. Left: strong 

anchoring induces planar alignment with unwound helix. Middle: weak anchoring with a homeotropic alignment 
and with helix along the fiber. Right: planar alignment with the helix perpendicular to the fiber. 

 

 
Figure 72: PM-1550-01 collapsed with one hole filled with cholesteric LC between crossed polarizers 
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The temperatures at which the phase transition occurs are slightly different when 

the LC is heated up and cooled down. Figure 73 illustrates two pictures between crossed 

polarizers under a microscope.  

The PCF was selectively filled collapsing by capillarity. A 650 nm red diode laser was 

launched in the other side to control the filled size of the fiber. The scattered light in the filled 

region was clearly visible as seen in Figure 74. 

The thermal tuning of the guided light of a white source in the PMF was studied 

observing the fiber cross-section with a microscope while the fiber was heated from room 

temperature until isotropic temperature. 

The fiber was also measured with a tunable laser in the optical window between 

1500 nm and 1600 nm at the same temperature range. The results of these measurements are 

summarized in Chapter 5. 

 

 

 

4.8 POLICRYPS recording 

A POLICRYPS (POlymer–LIquid CRYstal–Polymer Slices) device  [111,202–204] is a volume 

grating made of walls of polymer interleaved with LC, whose molecules are aligned 

homeotropically to the polymer walls (Figure 75). It has been created by the Università della 

Calabria (Italy) and has many applications as tunable grating. A typical initial mixture for 

POLICRYPS fabrication is constituted by 73% of a commercial photo-curable optical adhesive 

(NOA 61) and 27% nematic LC (E7). 

 
Figure 73: (Left)- Blue Phase I. (Right)- phase transition between Blue Phase II and isotropic phase. 

 
Figure 74: Scattered light of the region infiltrated with liquid crystal. 
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To form a POLICRYPS structure, the mixture is usually placed inside a thin (some µm) 

planar glass structure in isotropic phase, at about 80°C. Then the sample is placed onto the 

interference plane of two branches of a 351 nm UV laser. The laser has been previously split 

into two beams (Figure 79) of the same power –the maximum power difference must not 

exceed 10%. The sample is shone at about 10 mW/cm2 for about 15 min. Droplet formation is 

avoided by photocuring for phase separation with LC in isotropic phase and by applying a low 

enough light intensity, since diffusion could play an important role as theoretical models 

predict  [205]. 

In the LC regions, the nematic director is aligned perpendicularly to the polymer 

slices. Thus, if no electric field is applied, a p-polarized light beam impinging on the sample at a 

small angle will experience an LC refractive index close to ne. When an electric field above 

threshold is applied, the refractive index seen by the light beam becomes close to no. Being 

np≈no<<ne, one can switch by means of an external voltage from a diffractive state –when a 

high index difference is achieved between adjacent fringes– to a transmission state –when the 

LC refractive index matches the polymer index [206]. 

In our case the incident beam is parallel to the plane in which the grating is 

recorded. Previous works have been made using a POLICRYPS grating as a tunable 

filter  [113,114] and recently a holographic polymer dispersed liquid crystal grating integrated 

inside a solid core PCF has been reported  [116]. In the case of POLICRYPS recorded inside the 

holes of a PCF it should be possible to generate a tunable Bragg grating (Figure 76) that 

selectively reflects a specific variable wavelength. 

 

 
Figure 75: POLICRYPS structure with (diffraction state)  and without electric field (transmission state). 

 

 
Figure 76: POLICRYPS recorded inside holes of a solid core PCF. 
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Some calculations have to be done to prepare the set-up. The pitch of the POLICRYPS 

increases with the distance between the holder and mirrors hence is inversely proportional to 

the angle between beams.  

In Figure 77 q is the wavevector of the grating, k1 and k2 are the vector writing 

beams, θ is the angle between them and Λ is the grating pitch. Balancing Equations (52) and 

(54), the relation between the grating pitch and the angle between writing beams is obtained: 

θ

π

sin2

2
Λ  (55) 

High pitch POLICRYPS are easier to manufacture, therefore a long distance was 

chosen for the holder in the first experiments, so that a 2-μm pitch would be obtained. After 

confirming that POLICRYPS can be recorded inside a PCF, the set-up was changed to form a 

0.5 μm pitch grating. All POLICRYPS experiments were performed in the Università della 

Calabria, the place where these devices were invented. 

POLICRYPS were recorded into the big holes of a PM-1550-01 and in the hollow core 

of an HC-1550-02. Once the claddings of the PCFs –PM-PCF and HC-PCF– were selectively 

collapsed and spliced to standard fiber, the fibers were infiltrated in vacuum. In the infiltration 

process, the mixture is introduced into the fiber firstly by capillarity and then by external 

pressure once the vacuum chamber is open and the atmospheric pressure makes the fluid to 

fill up the holes that are still open. This mixture must be introduced inside the PCF at room 

temperature.  

The fiber is then placed in a holder for recording. Before the recording process, a 

small hole on one side of the holder had to be done to introduce the fiber exactly in the middle 

of the aperture, where the two arms of the laser form the diffraction pattern (Figure 78). 

In the first trials the partial filled PCF was placed between two glasses with standard 

fibers as spacers. These were surrounded with an index matching fluid to avoid possible 

scattering produced by the cylindrical lens of external surface of the fiber, when it is shone 

transversally. In the case of the PM fiber, it was oriented making use of the microscope, trying 

to align the plane formed by the two wider holes parallel to the glasses. Then the cell was 

placed in the holder introducing the remaining fiber into the above mentioned hole. The fiber 

can be broken very easily with this protocol; several fibers were lost in this step. 

It was realized that this initial process was exceedingly complex. The grating can be 

perfectly recorded by acting directly onto the fiber, after carefully cleaning the external 

surface. This process is easier and more secure. 

 

Λ

π2
q   (52) 

λ

π2
kk 21   (53) 

2

q
sin

2
sink  θ

λ

π
θ  (54) 

 
Figure 77: Wave vectors for a POLICRYPS recording. 
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The holder is basically an isolated heater to maintain constant the temperature. The 

recording begins when the selectively filled PCF reaches 75°C, a little higher than the isotropic 

transition temperature. The sample is irradiated for 3 minutes. Then the laser is switched off 

and the sample is covered to isolate the holder. After the curing period the sample is slowly 

cooled down to room temperature. The result is a set of polymer stripes separated by almost 

pure LC perpendicular to them. The whole experiment is described in Chapter 5. 

 

 
Figure 78: Holder for POLICRYPS recording. 

 
Figure 79: POLICRYPS recording set-up. 
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4.9 Photonic Crystal Fiber filled with PDMS  

Polydimethylsiloxane (PDMS) was another polymer tested in this work for its peculiar optical 

properties. Filling fibers with PDMS is quite a challenge, since its viscosity is very high, around 

4100 mPas  [207]. Obviously, pressure had to be used, since capillarity resulted insufficient. 

PDMS is composed of two materials, an elastomer and a curing agent at 10:1 ratio. 

The two components are mixed and the PDMS last around 24 hours before becoming 

completely solid at room temperature. Curing can be accelerated by heating the mixture at 

150°C. The curing time in this case is 20 minutes  [208].  

PDMS filling has been preferably tested in LMA 25 fibers. As explained above, a PCF 

can be selectively filled collapsing the small holes with a fusion splicer or blocking them with an 

optical adhesive.  In both cases, the PCF must have a periodic geometry with holes of different 

diameters. If this geometry is composed just by holes with the same diameter, as in the 

LMA 25 case, a different method of selective filling has to be developed.  

A simple yet clumsy method is to block the holes one by one with optical adhesive. 

The fiber must be perfectly spliced and placed under an optical microscope. With the help of a 

micropositioner and a standard fiber, it is possible to catch little drops of an optical adhesive 

and place them onto the required positions. Once the desired holes have been filled up with 

the precured adhesive, they are illuminated with UV light to cure the adhesive. Then the fiber 

is filled with the fluid, in this case PDMS (Figure 80). 

 

 
Figure 80: LMA 25 and PM-1550-01 selectively filled with PDMS. The pictures are approximaterly to scale 
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PM-PCFs were selectively filled with PDMS as well. In this case it is highly advisable 

to firstly collapse the small holes with a fusion splicer and then to fill up the big holes with 

PDMS. The filling process with PDMS has been implemented in a chamber similar to Figure 56. 

A tunable laser NetTest Tunics-Plus CL operating in the range of 1525-1625 nm, 

controlled by a polarization analysis instrumentation PAT 9000, was used to study the 

polarization changes of PM-1550-01 with temperature.  Tuning the temperature it is possible 

to observe a change of the state of polarization (SOP) of the output light –taking advantage of 

the unusually large thermal coefficient of PDMS. To control the temperature, the PCF was 

placed between two Peltier cells at the same voltage. The output of the tunable laser, 

controlled by the PAT 9000 was connected to it using a standard single-mode fiber. In the 

output of the polarization analysis instrumentation other single-mode fiber was connected to 

one end of the filled PCF. The other end of the PCF was connected to the polarization analysis 

instrumentation to analyze the output signal (Figure 81). The data collected by the PAT 9000 

were the light intensity and the Stokes coefficients s1, s2 and s3 at each wavelength. With these 

three parameters is possible to graph the Poincaré sphere to visualize the SOP and the 

evolution in wavelength. The results of these measurements are explained in Chapter 5.3. 

 
 

 

 
Figure 81: Set-up for measuring the polarization dependence of PCF selectively filled with PDMS. 
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5 RESULTS AND DISCUSSION 

The theoretical background, mathematical elements, manufacturing processes and 

measurement protocols have been detailed in previous chapters. A number of devices have 

been manufactured, measured and characterized. The results are presented and analyzed in 

this chapter. 

5.1 Intermodal interferometry  

Two different interferometers have been manufactured splicing a portion of PCF between 

standard single-mode fibers (SMF). In one case, the entire interferometer was surrounded by 

LC, while in the other case, the LC was selectively filled in certain holes of the PCF. Preliminary 

experiments showed that LC-filled interferometers were more sensitive; yet several batches of 

LC-surrounded interferometers were prepared too, since their manufacturing process was 

much simpler. On the other hand, both kinds of interferometers reveal exceedingly sensitive to 

the SOP of the impinging light. For this reason new interferometers selectively filled with LC 

were manufactured, splicing the PCF to polarization maintaining fibers –also known as PANDA 

fibers– rather than standard SMFs. 

5.1.1 Interferometers spliced to single-mode fiber. 

Two independent tunable laser sources manufactured by NetTest were employed for the 

measurements: 

 Model TUNICS-Plus S, operating in the range of 1430-1530 nm, i.e. the S band of 

optical communications. 

 Model TUNICS-Plus CL operating in the range of 1525-1625 nm, i.e. the C-L bands of 

optical communications. 

A polarization controller and a polarimeter were used to control the polarization of the light 

launched by the laser. The light is transmitted through a single mode pigtail to the PCF 

interferometer; the output single mode pigtail is connected to an OSA (Figure 58). 
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It is important to note that the state of polarization (SOP) is measured before the 

input SM fiber, but the actual SOP at the interferometer entrance (first splicing point) is not 

known. Some SOP variations may result from the SMF segment propagation and the splice 

itself. Care is taken to keep the setup as rigid and constant as possible, so that all 

measurements are done in the same conditions.  

The SOP of light launched by the lasers was linear and circular. The output power is 

very sensitive to the relative orientation of the linear polarization (azimuth) and the eigenaxes 

of the high birefringence PCF. The first measurement of every sample was to look for the 

maximum difference between two orthogonal patterns varying the azimuth. These axes are 

then chosen for the remaining measurements with and without applied electric field. 

Three batches of interferometers of 14 mm, 23 mm and 30 mm have been 

manufactured in perpendicular and parallel configurations. Figure 82 shows the known 

dependence of the fringe period with the interferometer’s length according to equation    

eff

2

nΔ
Δ



λ
λ   (56) 

where   Δneff =ne –no and ℓ  is the interferometer length. 

As seen in Figure 82, when an electric field is applied, the output power and the 

contrast of the exit light pattern increases. This is due the fact that, in the presence of an 

external electric field, LC molecules are aligned perpendicular to the external surface of the 

fiber, and the difference in the refractive index is higher. The modes guided through the 

cladding are in this way more confined and attenuation is lower. 

 

5.1.2 Interferometer with SMFs surrounded by liquid crystal 

The interferometric pattern of the output light is very sensitive to vibrations, temperature, and 

polarization of the input light and orientation of the external field. All these magnitudes have 

been controlled to study the dependence with the external field and the polarization of the 

 
Figure 82: Comparison between three different PCF-SMF interferometers with and without an external electric field. 
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impinging light. Only two directions of the external electric field (perpendicular and parallel) 

have been studied at 0V and 160V. The distance between electrodes is around 125 μm. Hence 

the applied electric field is around 1.25 MV/m. Once the two orthogonal polarizations have 

been found, at two perpendicular azimuth angles, the measurements have been taken with 

and without applying external electric field. 

When the electric field is applied, the contrast of the pattern increases, always in 

one polarization more than in the other. Linearly and circularly polarized light was launched 

into the interferometers. It has been seen that, at one specific orientation of the azimuth of 

the linearly polarized light, the pattern change is higher than the perpendicular direction upon 

application of the electric field. When the light is circularly polarized an intermediate change 

between the two perpendicular directions of the linearly polarized light is observed.  

The Fast Fourier Transform (FFT) of the transmitted light pattern has been 

calculated for data analysis. The graphics show that there is always one azimuth direction more 

sensitive than the other. This happens because the polarized light in the plane of the wider 

holes is less sensitive than in the orthogonal polarization because the evanescent wave of the 

light in this polarization is more confined and less power reaches the cladding. In Figure 83 this 

polarization corresponds to horizontal azimuth (green line) while in Figure 84 it is found at 

vertical azimuth. Their perpendicular orientations are less sensitive to external fields. 

The power coupled to the cladding modes increases when an external electric field is 

applied. In this case the LC molecules are aligned perpendicular to the glasses and to the fiber 

axis, and the evanescent field of the cladding modes “sees" the extraordinary refractive index 

of the material. Thereby, the difference between this refractive index and the effective 

refractive index of the cladding increases, and the light of these higher modes is more confined 

 

 

 
Figure 83: Pattern formed by linearly polarized light in two perpendicular directions and circularly polarized light in a 

PCF-SMF interferometer surrounded by LC in the perpendicular configuration. Left, spectrum; right,FFT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 84: Pattern formed by linearly polarized light in two perpendicular directions and circularly polarized light in a 

PCF-SMF interferometer surrounded by LC in the parallel configuration. Left, spectrum; right,FFT. 
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inside the cladding. For this reason the output power and the contrast between pattern 

maxima and minima increases.  

5.1.3 Interferometer with SMFs selectively filled with liquid crystal 

In the case of the PCF selectively filled with LC rather than the surroundings, the 

interferometer becomes more sensitive. As seen in Figure 85 the pattern of the output light 

changes totally with lower values of the applied voltage. At certain values of the external field 

a band-gap appears and losses rise abruptly. This band-gap can be tuned changing the value of 

the external field applied and can be forced to disappear.  

The high sensitivity of this interferometer to the SOP of the impinged light makes the 

measurements difficult to reproduce because the SOP is unpredictable when the light is guided 

by a single-mode fiber and very easily modified by external forces. For this reason new 

selectively filled interferometers were manufactured splicing the PMF to PANDA fibers.  

 

5.1.4 Interferometers spliced to PANDA fiber 

Some preliminary devices having surrounding LC and splices to PANDA fiber were constructed. 

The results were not satisfactory since the electrical driving was quite small, often of the same 

width as the noise or the interferometer drift due to ambient causes. Consequently, it was 

decided to concentrate the study on selectively filled interferometers. 

These interferometers, made with PMF PM-1550-01 with its big holes filled with 

nematic LC MLC-13000 are very sensitive to several variables. A protocol to characterize and 

measure these interferometers was previously described in section 4.5.2 of the previous 

chapter. To characterize these interferometers a custom-made EDFA was employed as wide 

spectral source. The output was connected to a rotatory polarizer to launch linear polarized 

light into the PANDA fiber. The angle of the impinging light θ was controlled with the rotatory 

polarizer. The set-up is illustrated in Figure 86. To control the temperature, the interferometer 

was placed between two hot plates made of ITO coated glass. Both plates were connected to 

the same DC power supply, and the temperature was measured with a Pt100 sensor and also 

with a laser thermometer to compare both measurements. 

Figure 85: Interferometer made of PCF selectively filled with LC spliced to SMFs. 
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The sensitivity as a function of the angle and the applied voltage were thoroughly 

studied. The variability was defined in the previous Chapter 4 as the change in the pattern 

between consecutive measurements. The procedure was simplified to avoid complex responses 

difficult to associate to specific variables. All the possible parameters affecting the 

interferometer, including temperature, mechanical shocks, light SOP, light intensity, and 

orientation respect to the laboratory frame were set and fixed. Then data acquisition was 

made in rounds where only one variable was changed every time, maintaining fixed the 

remaining variables. 

 

 
Figure 86: Set-up for PANDA interferometer measurements. 

 

 

 

Figure 87: Sets of measurements at four voltages of an 8 mm interferometer in perpendicular configuration. 
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Any given interferometer of a specific length may be positioned in two 

configurations in connection with the orientation of the applied electric field: parallel (α = 0°) 

and perpendicular (α = 90°). Several impinging angles have been measured on each 

configuration covering both orthogonal orientations, and several voltages have been tried for 

every angle and orientation. For example, the variability with the angle of a perpendicular 

configuration is measured, following the protocol detailed in Table 5 of the previous Chapter. 

Firstly the voltage is fixed and then measurements at all angles are taken. The measure of the 

first angle is repeated again after measuring all angles of interest, to check that the pattern is 

the same. Then the voltage is changed; the process is repeated until all preselected voltages 

are measured. Repetitivity improves if the whole round of measurements is taken in the same 

session. This has been done in all cases, every session taking around 3-4 hours.  

To illustrate the sensitivity of these interferometers, four sets of measurements at 

different voltages are shown in Figure 87 of an 8 mm length interferometer in perpendicular 

configuration. The surface of each set is formed by the spectra varying the angle. Note that the 

minimum (maximum) at one angle can change to a maximum (minimum) in other angle. These 

 

Figure 88: Variability with angle of a 8mm interferometer spliced to a PANDA fiber in perpendicular configuration. 
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plots shows that the interferometer is quite sensitive to polarization, but little information can 

be deduced from them. A deeper analysis has to be done to characterize the dependence with 

polarization. 

Figure 88 and Figure 89 show the whole sets of measurements as a function of 

voltage and angle in an 8 mm PANDA interferometer. 

Data shown in Figure 89 are normalized. Clearly the interferometer is more sensitive 

when linearly polarized light is launched at θ = -60° and less sensitive at θ = 20°. The difference 

is 80° rather than 90° –an appreciable error in angle estimations, about 10%. Note that the 

orientation of the fiber between glasses is made manually by direct observation under a 

microscope. The system is prone to errors, but it was selected because the extreme fragility of 

the interferometer marred more sophisticated solutions. Nevertheless the difference between 

maximum and minimum in all measurements was within an error lower than 15%. 

 

 

Figure 89: Variability with voltage  of a 8mm interferometer spliced to a PANDA fiber in perpendicular configuration. 
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 The dependence with voltage shows a maximum located at 100-150 MV/m means 

LC switch is saturated, remaining only an unswitchable layer close to the surface where with 

strong anchoring force.  

These measurements are compared to parallel configuration in Figure 90. As seen in 

the figure, the parallel configuration is less sensitive. The guiding conditions are different for 

each polarization: on the plane of the filled big holes, the guiding mechanism is quasi-band gap 

because the refractive index inside the big holes is higher than in the empty holes. In the 

orthogonal polarization the light is guided entirely by TIR, and its evanescent wave can 

penetrate in the LC filled region where the change in the refractive index is tuned up. The 

highest change is seen when the linearly polarized light is launched at θ = 0ᵒ as has been 

illustrated in Table 6 of previous chapter. In Figure 90 this angle corresponds to -50ᵒ. 

The same sets of measurements were made with 12 mm interferometers, obtaining 

substantially the same results. Anyhow, it is interesting to compare measurements between 

different interferometers. Figure 91 shows measurements in parallel and perpendicular 

configuration. Note that the angle where the measurements were taken is different in each 

case. This angle is formed by the impinging linearly polarized light and the eigenaxis of the 

PANDA fiber, whose orientation differs in each case for the impossibility of aligning the PANDA 

eigenaxis with the polarizer using provisional connectors. Nevertheless it is clear that, as 

expected, the 12mm interferometer is more sensitive than the 8mm interferometer. 

 

 

Figure 90: Variability with angle (left) and voltage (right) of a 8 mm interferometer spliced to a PANDA fiber. 

 

 

 

Figure 91: Variability with angle (left) and voltage (right) of 8mm and 12mm interferometers spliced to PANDA fibers. 
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5.2 POLICRYPS inside a PCF 

POLICRYPS is a switchable holographic grating formed by alternative layers of polymer and 

nematic LC aligned homeotropically to these layers. A POLICRYPS structure is usually obtained 

by placing the reactive mixture of photocurable adhesive and LC inside a thin (some µm) planar 

glass structure in isotropic phase, at about 80ºC. Then the sample is placed onto the 

interference plane of two branches of a 351 nm UV laser. The result is a set of polymer stripes 

separated by almost pure LC perpendicular to them. In the case of POLICRYPS inside a PCF, the 

fiber has to be filled with the mixture and placed in the interferometric plane, in the same way 

that a standard POLICRYPS in a cell. 

A portion about 3 – 5 cm of PCF was spliced on one side to an SMF using a standard 

fusion splicer; the PCF cladding was collapsed in the opposite side. The fiber had to be filled 

inside a vacuum chamber, first by capillarity in vacuum introducing the collapsed side in the 

mixture and then applying external pressure. A region around 2 cm was filled. 

The images under crossed polarizers in microscope reveal the formation of the 

grating (Figure 92). The pitch in this picture is approximate 2 µm, the same as it was obtained 

in standard POLICRYPS fabrication in 10 µm glass cells with the holder in the same position. 

The grating pitch depends on the angle between the two laser arms in the interference plane. 

A 2 µm pitch was chosen for this preliminary work since its manufacturing is simpler and eases 

microscope observation. The grating was recorded in first instance in the collapsed region for 

two reasons. The first one is to avoid the possible scattering produced by the cladding holes. If 

all the cladding holes are collapsed, the only scattering would be produced by the external 

cylindrical surfaces of the fiber. The second reason is to verify the recording by observation 

 
Figure 92: Top left, collapsed region of a PM-1550-01 with a POLICRYPS recorded in his wider holes at 45° between crossed 

polarizers under a microscope and (bottom left) parallel to one polarizer. Top right, HC-1550 with collapsed 
cladding and a POLICRYPS recorded in the core at 45° between crossed polarizers and (bottom right) parallel to 
one polarizer. 
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under a microscope. Figure 92 shows the POLICRYPS grating recorded in the two big holes of a 

PM-1550-01 and in the filled core of a HC-PCF HC-1550. Only the big holes of both PCFs are 

selectively filled with the mixture, and all the cladding holes are collapsed. Hence the grating 

can be clearly observed under a microscope. The filled fibers were placed between crossed 

polarizers to study the molecular alignment. 

The recorded grating presents a maximum of intensity at 45° between crossed 

polarizers as predicted in standard POLICRYPS. When the sample is rotated 45° and is parallel 

to one of the polarizers the intensity is minimum, although it is possible to seen very dimly the 

grating (contrast and exposure parameters of the camera had to be modified to take the 

picture). The maximum at 45° indicates that the alignment of the molecules is perpendicular to 

the polymer stripes, i.e. parallel to the inner surfaces of the holes. 

Other way to study the molecular alignment is to launch a laser normal to the fiber, 

linearly polarized parallel to the fiber axis. Figure 93 illustrates a green laser impinging in the 

PCF region where the POLICRYPS is recorded. Two diffracted beams are seen in the picture, 

corresponding to the two first orders of diffraction. Only the diffracted beams of the positive 

two first orders are shown, the 0th order and the negative 1st and 2nd orders being blocked. The 

diffraction origin of the beams has been confirmed with a laser of longer wavelength, whose 

angle between diffracted beams increased accordingly. When the orientation of the linear 

polarized light is changed to a perpendicular position, the diffracted beam disappears. This 

means that the grating is polarization sensitive, and hence the molecules are properly aligned 

parallel to the fiber axis, perpendicular to the polymer walls. Note in Figure 93 that the 

diffracted beams do not form spots but fringes, produced by the fiber cylindrical lens effect. 

POLICRYPS recording of the selected holes has been confirmed in regions where the 

cladding was not collapsed (i.e. regions where selective filling is achieved while cladding holes 

remain empty). It is worth mentioning that visualization in the microscope is more difficult in 

this case, due to the light scattering induced by the cladding holes. Nevertheless it was possible 

to observe the grating formed in the bigger holes inside the fiber as shown in Figure 94. In this 

case, the own fiber birefringence –produced by the cylindrical lenses of the smaller cladding 

holes– makes impossible the visualization at 45°; only the 0° picture is shown.  

 

 

 
Figure 93: Diffraction of a green laser by a POLICRYPS of 2 µm inside of a PCF. 
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Once manufacturing of POLICRYPS was confirmed as feasible, a new set of samples 

with lower pitch was carried out. The position of the holder was changed in the set up to a 

place closer to the mirrors where the recorded POLICRYPS had 0.5-µm pitch. A grating was 

recorded in a standard cell. The pitch of the recorded POLICRYPS was too short to be observed 

under a microscope, but it was possible to observe the grating when the cell is seen with a 

certain tilt. This happens because the pitch length is in the middle of the visible spectrum of 

wavelengths (approx. 500 nm), and no diffraction can be seen by perpendicular observation 

(Figure 95 left). If the grating is tilted the phase difference increases and hence the pitch seen 

by the observer seems to be higher. The observer can see then the reflected wavelengths in 

the visible region as is shown in Figure 95 right. 

If a green laser (~550 nm) is launched perpendicularly to the grating no diffraction is 

seen. However, using a blue laser (~450 nm) a diffraction pattern is shown. This demonstrates 

that a grating between these values is recorded in the cell with a pitch around 500 nm.  

 

 
Figure 94: POLICRYPS recorded in the larger holes of a PM-1550-01 PCF with empty cladding as seen between crossed 

polarizers with the fiber parallel to one of them.  

 

 
Figure 95: 0.5µm pitch standard POLICRYPS showing reflected wavelengths of the visible spectrum. 
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Measurements were made in reflection and also in transmission. Unfortunately the 

coupling losses were higher than the power of the eventual Bragg reflection, being impossible 

to detect such selective reflective wavelength.  

Nevertheless, the POLICRYPS in PCF were used to manufacture tunable 

interferometers in fiber. The interferometers manufactured were very similar to the LC 

infiltrated interferometers explained in previous section. The main difference is that the higher 

modes guided through the PCF were excited by the POLICRYPS instead the thermalized splice 

point. When an external transversal electric field is applied to the POLICRYPS, the LC molecules 

are reoriented to a position parallel to the polymer walls, i.e. perpendicular to the fiber axis 

(Figure 96). The refractive index seen by the guided light changes from no = 1.53 to ne = 1.69, 

changing consequently the Δn of the grating.  

The interferometer was manufactured by splicing two SMF pigtails to a 3 cm length 

PM-1550-02 with a POLICRYPS recorded in the big holes of the PCF. 

The sensitivity is lower in this interferometer than in LC interferometers. The 

anchoring force in the POLICRYPS is higher because the LC molecules are aligned not only by 

the silica surfaces of the holes but by the polymer walls as well. 

 

5.3 Polarization tuning in a PCF by PDMS infiltration 

A selectively filled PCF can be made asymmetrical to induce high birefringence. Standard fibers 

have a symmetrical geometry with low birefringence while polarization maintaining fibers 

show enhanced birefringence. The infiltrated material can be LC, with electrically controlled 

 
Figure 96: Tunable POLICRYPS interferometer. 
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tunable refractive index, or a silicone derived material like PDMS having thermally tunable 

refractive index. 

To induce high birefringence in the PCF, the fiber has to be asymmetrically filled. 

Depending on the geometry of the fiber, different asymmetries can be chosen. If the selected 

fiber is a PMF the holes to be infiltrated will be those whose diameter is larger than the 

cladding holes. 

5.3.1 SOP shift in a PCF selectively filled with PDMS 

Two solid core PCFs where selectively filled with PDMS, both manufactured by NKT Photonics 

and both made in pure silica. The first, named LMA 25 (4 in Figure 33) has a hexagonal 

symmetric geometry with an external diameter of 258 µm. The second is a polarization 

maintaining PM-1550-01 (5 in Figure 33) and has an intrinsic high birefringence due to its 

geometry. The birefringence of this PMF was enhanced by infiltrating its larger holes with 

PDMS.  

In the case of the LMA 25 two asymmetrical filling configurations (Figure 97) were 

chosen to induce high birefringence and SOP changes: 

 Row configuration: filling all holes except one central row 

 Half configuration: filling the holes of half of the fiber, leaving empty the second half. 

The holes were previously blocked with optical adhesive manually one by one. To fill the two 

big holes of the PM-1550-01 with PDMS the cladding was previously collapsed with a fusion 

splice. In both cases the PDMS was infiltrated applying external pressure.  

To study the polarization changes with temperature of the PM-1550-01 a tunable 

external cavity laser NetTest operating in the range of 1430nm – 1625 nm controlled by 

polarization analysis instrumentation PAT 9000, has been used.  Tuning the temperature, it is 

possible to observe a change of the state of polarization (SOP) of the output light (Figure 98). 

 

 

 
Figure 97: Two configuration of symmetric filling of a LMA25 with PDMS. 
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The change in the SOP is different for each wavelength. It is related with the phase 

difference between two orthogonal polarizations. If the slope of both effective refractive 

indices is the same at one specific wavelength, then no measurable change in the SOP will be 

appreciated. However, if the slope of both indices is different, it will produce a change in the 

SOP. Figure 98 shows that there is almost no change of the SOP with temperature at 1500 nm, 

while the change is noticeable at 1550 and 1600 nm. 

One wavelength was chosen, 1550 nm, to observe the change with the temperature 

in a range between 20ºC and 110ºC (Figure 99). 

The SOP can be modified tuning the temperature. The SOP path for heating up and 

cooling down is not the same, showing certain hysteresis. Nevertheless the SOP finally arrives 

to the initial point. This could be produced by an internal stress when the PDMS is heating up 

or by a gradient of temperature inside the sample. 

In the same way, the SOP of the selectively filled LMA25 PCF was measured for the 

two mentioned configurations. In both cases the SOP changes with temperature at each 

wavelength. However, at some temperatures, the SOP remains constant for all wavelengths 

(Figure 100 and Figure 101). 

 

 
Figure 98: Changes of SOP at 1500, 1550 and 1600 nm in a PM-1550-01 selectively filled with PDMS for 5 different 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 99: SOP change with temperature in the Poincaré sphere of a PM-1550-01 at 1550 nm. 
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Constant SOP in LMA25 fiber for all wavelengths between 1500nm and 1640nm is 

more common in half configuration than in row configuration. The most feasible explanation is 

a strict polarizer behavior: no birefringence exists because only one polarization mode is 

guided. 

Moreover, PDMS-filled LMA25 shows multimode guiding in the visible region. This 

fiber was measured between crossed polarizers at 45° with respect the azimuth of the fiber to 

measure the birefringence caused by the asymmetry of the PDMS-filled holes.  A white light 

source was coupled and the output was measured with a spectrometer. A change in the 

pattern has been found when temperature increases (Figure 102). 

The birefringence is defined either by the phase modal birefringence B(λ) or by the 

group birefringence G(λ), expressed as 
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If phase modal birefringence is mostly independent of wavelength, the derivative 

term in (58) vanishes out and the group and phase modal birefringence are equal  [144]. In our 

case this assumption cannot be hold; consequently, we are only able to measure the group 

birefringence. Group birefringence is 9.47 *10-4 at 23 °C and 8.25 *10-4 at 60 °C. For 

temperatures in the range of 35–45 °C the contrast of the interferometric effect is minimum. A 

 
Figure 100: LMA 25 in row configuration. Left and middle: change of the SOP at 29.8 and 76.8 ºC in a range between 1500 

nm and 1640nm. Right: change of the SOP at 1550 nm with temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 101: LMA 25 in half configuration. Left and middle: change of the SOP at 26.9ºC and 86.7 ºC in a range between 1500 

nm and 1640nm. Right: change of the SOP at 1550 nm with temperature. 
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change of the birefringence of 1.22 *10-4 has been found between 23° and 60° C for a half 

filled/empty LMA25 in the visible region between 550 and 700 nm. 

The birefringence of the empty PM-1550-01 was measured as well with a tunable 

laser in the region of 1500–1640 nm. Two empty fiber portions were measured (Figure 103). 

The average beat length has been calculated measuring the difference Δλ between maxima 

and applying Equation (58). A beat length Lb = 0.194 mm is obtained, meaning a birefringence 

of B = 77.7*10-4. The values are consistent with the data given by the datasheet (Table 2) and 

with the beat length calculated with a polarization dependent OSA in Chapter 4.3. 

Unfortunately both fibers, PM-1550-01 becomes multi-mode when filled with PDMS. 

Hence the birefringence is masked by the intermodal interferometry and measuring the 

birefringence becomes impossible. 

 

 
Figure 102: Interferometry pattern in LMA25 half filled with PDMS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 103: Beat length of two portions of 8 and 19 cm of PM-1550-01 empty. 
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5.3.2 Thermally tunable birefringence by surface plasmon resonance  

A photonic crystal fiber selectively filled with silver nanoparticles dispersed in 

polydimethylsiloxane (PDMS) has been numerically studied via finite elements analysis. These 

nanoparticles possess a Localized Surface Plasmon Resonance (LSPR) in the visible region that 

depends on the refractive index of the surrounding medium. The refractive index of PDMS can 

be thermally tuned leading to the design of polarization tunable filters. Filters found with this 

setup show anisotropic attenuation of the x-polarization fundamental mode remarkably higher 

than the y-polarization mode. Moreover, high fiber birefringence and birefringence reversal is 

observed in the spectral region of the plasmon. 

A numerical analysis of the refractive index dependence with temperature of AgNP-

dispersed PDMS has been presented In Chapter 3.3. The AgNP-dispersed PDMS mixtures have 

been studied as infiltrations in PM-1550-01 fibers. Collapsing the small holes (by fiber splicing, 

for example), the large holes can be easily infiltrated with liquids (or precured PDMS). Filling 

high viscosity liquids like PDMS occasionally requires applying positive pressure after collapsing 

the smaller holes to complete filling. In either case, PDMS is thermally cured afterwards.   

A model of the electric field distribution across the proposed structure has been 

prepared. The  aim of the model is to determine the guided modes in the spectral vicinity of 

the plasmon resonance. Maxwell equations have been solved by finite element analysis. The 

external layer of the PM-PCF has been modeled with a Perfectly Matched Layer (PML) as 

absorbing boundary layer aiming to truncate the computational domain to keep the 

computational resource requirements reasonable. The simulations were carried out using 

commercially available COMSOL Multiphysics® and were analyzed with MATLAB. 

As the refractive index of the material in the two bigger holes can be thermally 

tuned, the effective refractive index of the fundamental mode can be modulated as well. The 

temperature variation of each polarization is significantly different. Figure 104 shows the 

evolution of the normalized electric field profile of the fundamental mode of a PCF selectively 

filled in its bigger holes with AgNP/PDMS. The axis containing the two large holes is taken as 

 

 
Figure 104: x- and y-polarizations of the fundamental mode far (420 nm) and near the plasmon resonance ( at 441.5 nm) of 

a PM-1550 selectively filled with PDMS doped with AgNP of 80 nm, 0.05 %vol at 0° C 
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the x-axis, while the y-axis is orthogonal. Changes in the fundamental mode shape of x and y 

polarizations at 420 nm (far from the LSPR region) and just before and after the plasmon 

resonance (440 - 442 nm) can be observed. The x-polarization is almost vanished near the 

resonance and its phase changes sharply once the resonance is overcome. The y-polarization 

changes slightly near the resonance since the y-dimension of the large holes is not negligible. 

The absorption of the SPR induces a change in the effective refractive index. Figure 

105 shows the spectral variations of the refractive index components for x- and y-polarization 

fundamental modes. Light is guided in a PM-PCF selectively filled with PDMS doped with AgNP. 

Three different AgNP diameters have been used: 5, 40, and 80 nm. The absorption in the SPR 

wavelength can be seen as a sharp peak of the imaginary part of the effective refractive index. 

The refractive index of the environment dramatically affect the plasmonic response. Hence 

modifying the PDMS refractive index induces a change of the LSPR wavelength. 

The wavelength at which the resonance shows up is almost independent of the NP 

size. This is accordance with the theory because the wavelength of the impinging light is much 

longer than the NP size. However, the height of the real and imaginary peaks increase 

significantly for larger NP sizes. 

A comparative analysis of birefringence and attenuation of the fundamental mode 

for both polarizations has been carried out as well. It is well known that B = |Re(neff
y)–Re(neff

x)| 

where B is the phase birefringence and Re(neff
y) and Re(neff

x) are the real part of the effective 

index of the y- and x- polarized modes, respectively.  

The birefringence of three AgNPs of 5, 40 and 80 nm at 0°C is shown in Figure 106. 

The sign of the birefringence changes from positive to negative when the LSPR wavelength is 

overtaken. The shift of birefringence in the case of 80 nm AgNPs is about 1.2×10-3. Note that 

the birefringence switches at 440 nm, in the visible region, where the birefringence of PCFs is 

usually much lower.  

Moreover this shift is thermally tunable. As the thermo-optic coefficient of the 

PDMS is very high, it is possible to thermally tune the wavelength where the LSPR shows up. 

The imaginary part of the x-polarization, as seen in Figure 107, is remarkably higher than the

 

 
Figure 105: Comparison of the effective refractive index, both real (left) and imaginary (right) parts, as a function of the Ag 

NP size and for both polarizations. 
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y-polarization, and becomes sharper as the NP diameter increases. The LSPR shift is about 4.8 

nm, which results in a sensitivity of 0.053 nm/°C. This sensitivity only depends on the thermo-

optic coefficient of the PDMS and it is therefore independent of the NP size. This sensitivity is 

much higher than values obtained in sensors based on pure silica microcavities. 

To ascertain whether the device can work as a tunable in-fiber polarizer or as a 

notch filter, an analysis of the losses has been performed. Figure 108 shows that the 

attenuation for the x-polarization fundamental mode of 80 nm AgNP at 0 °C is as high as 

αx=1200 dB/cm, while losses of the y-polarization are αy=118 dB/cm. Obviously the loss range 

of both polarizations can be controlled by making the infiltrated region of the required length. 

 

 
Figure 106: Comparison of the birefringence of the system considering different sizes (particle diameter) of the AgNPs (5, 

40 and 80 nm) at 0°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 107: Comparison of the effective refractive index, both real (upper panel) and imaginary (bottom panel) for both 

polarizations considering AgNPs of 40 nm (diameter) and temperatures of 0°C and 80°C 
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The ratio is similar in 40 nm NPs (αx40nm = 795 dB/cm and αy40nm = 75 dB/cm) but 

lower in 5 nm NPs (αx5nm = 103 dB/cm and αy5nm = 23 dB/cm).  These losses ranges demonstrate 

that a robust in-fiber tunable polarizer could be built in a less than 1 cm of fiber, even with a 

significant variation of the NP dimensions. 

It should be noticed that the light is always guided through the silica core of the PCF, 

whose associated attenuation is <0.15 dB/m at 400 nm. Note also that, although the fiber is 

multi-mode in the visible region, the losses ratio of x/y-polarizations for higher-order guided 

modes remains similar to the fundamental mode ratio. The spectral region where plasmon 

resonances show up largely depend on the material. Other kinds of NPs such as Indium Tin 

Oxide NPs  [209] or Ag NPs with dielectric encapsulation of SiOx  [210,211] show resonances in 

the infrared region. Consequently, the concepts shown in this section could be applied to 

filters or polarizers working in the optical communication windows. 

 

5.4 Photonic crystal fiber selectively filled with cholesteric LC in blue 

phase 

The big holes of a PMF PM-1550-01 were filled with the chiral nematic LC (ChLC, also called 

cholesteric LC) named 2029A, manufactured by the Military University of Warsaw and 

described in previous section 4.7.2. This ChLC was made with special interest in its Blue Phase. 

The blue phase shows up when the ChLC is heated from room temperature until isotropic 

phase around 43°C. There are in fact three Blue Phases, each one with its own organization 

The temperature ranges of these phases are slightly different when the ChLC is heated from 

chiral nematic phase (N*) to isotropic phase or inversely as described in Table 8. Once the PCF 

was selectively filled with the ChLC its thermal tunability was studied. 

To observe thermal tunability of the guided light, a white light source in the visible 

region was launched into the PCF and the output side was observed with a microscope and a 

 
Figure 108: Attenuation per cm of AgNP in 5, 40 and 80nm at 0°C of the x- and y-polarization of the fundamental mode. 
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camera. The filled region, around 10 mm, was heated from room temperature at 23ºC to 50 ºC 

with a Peltier module. The initial phase of the liquid crystal is cholesteric and the pitch of this 

phase changes with temperature resulting in a change in the color of the output light. When 

the fiber PM-1550-01 is empty the fundamental mode has a shape of an elongated spot in the 

core[16]. As the big holes are filled with a material with refractive index higher than silica, the 

fundamental mode splits into two spots close to the core (Figure 109). 

By increasing temperature we observe a dramatic change of the color and intensity 

near the blue phase transition temperature. After this point the transmitted light intensity 

reaches its maximum and no more changes neither in color nor in intensity are observed. 

 

 

 
Figure 109 : Thermal tunability of a white source light in the PM-1550 PCF selectively filled with cholesteric LC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 110: Thermal tuning of the guided light of a tunable laser in a PM-1550 selectively filled with cholesteric LC. 
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Assuming this constant range to be the isotropic phase, the previous features should 

correspond to blue phases, what coincides approximately with the temperature range of the 

free-standing phases. 

Some measurements have been performed in the optical communications windows 

between 1500 nm and 1600nm using a tunable laser. The temperature range was the same, 

between room temperature and around 60 ºC. The results are quite noisy, as seen in Figure 

110; nevertheless it can be observed that intensity increases with temperature. 

The pattern is presumably produced by intermodal interferometry, by which both 

period and phase vary with temperature due to changes in the effective refractive index of the 

liquid crystal. It has been noticed that the light intensity increases when the blue phase 

appears, but the signal become noisy and the interference pattern almost disappeared in blue 

phase/isotropic phase. It is not clear why the interferometric pattern disappear. One 

reasonable explanation could be that thermal diffusion produces internal molecular 

movements that average out the optical path differences. 
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6 CONCLUSIONS AND FUTURE LINES 

6.1 Conclusions 

1. An aligning protocol to launch linearly polarized light into PM fibers onto the fast or 

slow axis has been formulated. The possibility of monitoring the orientation using the 

slight polarization-dependent response of the OSA has been demonstrated. 

2. A number of protocols to selectively fill up certain holes of PCFs have been formulated. 

Selective fillings of large holes vs. small holes, and of small holes vs. large holes have 

been established. Selective filling of hole sectors or lines have been realized as well. 

3. Selectively filled LC intermodal interferometers can be obtained with PCF spliced 

between PANDA fibers. These interferometers require specific design, manufacturing 

and characterization, and have shown to be very sensitive to external electric fields 

and to the SOP of the launched light. 

4. High birefringence PCFs selectively filled with PDMS have been designed and 

manufactured. Tunability of these structures has been confirmed. 

5. Cholesteric liquid crystals have been selectively infiltrated in PCF. Blue phases have 

been generated. Thermal tuning between phases showing changes in transmission 

have been observed for the first time. 

6. The feasibility of creating POLICRYPS gratings recorded inside selected holes of a PCF 

has been proven. The LC alignment inside the holes of the PCF is repeatable and can be 

driven by external electric fields. 

7. The possibility of generating localized surface plasmon resonances in silver 

nanoparticles dispersed in PDMS has been theoretically demonstrated and numerically 

evaluated. Selective filling of PCFs with this dispersion leads to tunable in-fiber 

polarizers and filters, having a noticeable tuning range about the plasmon resonance 

wavelength.  
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6.2 Future lines 

The present work opens up a number of possibilities that could be extended in future studies. 

 Recording improved POLICRYPS into PCFS. New fibers can be chosen to enhance the 

reflection, and the grating can be recorded in a larger number of PCF holes . 

 Manufacturing tunable in-fiber polarizers of the mentioned PCF filled with PDMS doped 

with silver NP. 

 Extend the work to other nanoparticles having plasmon resonances in the IR, so that 

these polarizers and filters can be applied in the optical communications windows. 

 Development of new procedures to stabilize the interferometers, making them less 

sensitive to ambient factors. 

 Developing selective sensitivity to specific ambient factors to allow the interferometers 

to be employed as sensors of magnitudes such as temperature, pressure, presence of 

gases, humidity, electric and magnetic fields, etc. 

 Theoretical and experimental work leading to increasing the interferometric amplitude 

so that these devices can be ultimately employed as tunable band-pass filters. 
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176.   R. Slavıḱ, J. Homola, and J. Čtyrokỳ, "Miniaturization of fiber optic surface plasmon 
resonance sensor," Sens. Actuators B Chem. 51, 311–315 (1998).  

177.   C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small Particles 
(John Wiley & Sons, 2008).  

178.   J. A. Scholl, A. L. Koh, and J. A. Dionne, "Quantum plasmon resonances of individual 
metallic nanoparticles," Nature 483, 421–427 (2012).  

179.   S. Zuoming, S. Ningfang, J. Jing, S. Jingming, and M. Pan, "Low loss fusion splicing 
polarization-maintaining photonic crystal fiber and conventional polarization-maintaining 
fiber," Opt. Fiber Technol. 18, 452–456 (2012).  

180.   L. Xiao, W. Jin, M. S. Demokan, H. L. Ho, Y. L. Hoo, and C. Zhao, "Fabrication of selective 
injection microstructured optical fibers with a conventional fusion splicer," Opt. Express 
13, 9014 (2005).  

181.   M. Tachikura, "Fusion mass-splicing for optical fibers using electric discharges between 
two pairs of electrodes," Appl. Opt. 23, 492 (1984).  

182.   W. J. Bock and W. Urbanczyk, "Measurement of polarization mode dispersion and modal 
birefringence in highly birefringent fibers by means of electronically scanned shearing-
type interferometry," Appl. Opt. 32, 5841 (1993).  

183.   X. D. Cao and D. D. Meyerhofer, "Frequency-domain interferometer for measurements 
of the polarization mode dispersion in single-mode optical fibers," Opt. Lett. 19, 1837 
(1994).  

184.   P. Morin, B. Kibler, J. Fatome, C. Finot, and G. Millot, "Group birefringence cancellation in 
highly birefringent photonic crystal fibre at telecommunication wavelengths," Electron. 
Lett. 46, 525–526 (2010).  

185.   F. M. White, Viscous Fluid Flow (McGraw-Hill, 1991).  
186.   K. Nielsen, D. Noordegraaf, T. Sørensen, A. Bjarklev, and T. P. Hansen, "Selective filling of 

photonic crystal fibres," J. Opt. Pure Appl. Opt. 7, L13 (2005).  
187.   B. V. Zhmud, F. Tiberg, and K. Hallstensson, "Dynamics of Capillary Rise," J. Colloid 

Interface Sci. 228, 263–269 (2000).  
188.  "NOA74," http://www.norlandprod.com/adhesives/NOA%2074.html, [Accessed: 24-Jul-

2015].  



David Poudereux 

126 

 

189.   O. Frazão, J. Viegas, P. Caldas, J. L. Santos, F. M. Araújo, L. A. Ferreira, and F. Farahi, "All-
fiber Mach-Zehnder curvature sensor based on multimode interference combined with a 
long-period grating," Opt. Lett. 32, 3074–3076 (2007).  

190.   H. Y. Choi, M. J. Kim, and B. H. Lee, "All-fiber Mach-Zehnder type interferometers formed 
in photonic crystal fiber," Opt Express 15, 5711–5720 (2007).  

191.   L.-T. Hsiao and C.-P. Yu, "Mach-Zehnder fiber interferometers based on liquid-filled 
photonic crystal fibers," in Wireless and Optical Communications Conference (WOCC), 
2012 21st Annual (2012), 146–148.  

192.   J. Du, Y. Dai, G. K. Lei, W. Tong, and C. Shu, "Photonic crystal fiber based Mach-Zehnder 
interferometer for DPSK signal demodulation," Opt. Express 18, 7917–7922 (2010).  

193.   B. Dong, J. Hao, and Z. Xu, "Temperature insensitive curvature measurement with a core-
offset polarization maintaining photonic crystal fiber based interferometer," Opt. Fiber 
Technol. 17, 233–235 (2011).  

194.   M. Deng, C.-P. Tang, T. Zhu, and Y.-J. Rao, "Highly sensitive bend sensor based on Mach–
Zehnder interferometer using photonic crystal fiber," Opt. Commun. 284, 2849–2853 
(2011).  

195.   O. Frazao, C. Jesus, J. M. Baptista, J. L. Santos, and P. Roy, "Fiber-optic interferometric 
torsion sensor based on a two-LP-mode operation in birefringent fiber," IEEE Photon. 
Technol. Lett. 21, 1277–1279 (2009).  

196.   J. Villatoro, V. Finazzi, G. Badenes, and V. Pruneri, "Highly sensitive sensors based on 
photonic crystal fiber modal interferometers," J. Sens. 2009, (2009).  

197.   D.-K. Yang, Fundamentals of Liquid Crystal Devices (John Wiley & Sons, 2014).  
198.   A. Sugimura and O.-Y. Zhong-Can, "Anomalous photocurrent transients in nematic liquid 

crystals: The nonlinear optical Pockel’s effect induced by the Fréedericksz transition," 
Phys. Rev. A 45, 2439 (1992).  

199.   V. Boichuk, S. Kucheev, J. Parka, V. Reshetnyak, Y. Reznikov, I. Shiyanovskaya, K. D. 
Singer, and S. Slussarenko, "Surface-mediated light-controlled Friedericksz transition in a 
nematic liquid crystal cell," J. Appl. Phys. 90, 5963–5967 (2001).  

200.   P. J. Vanbrabant, N. Dessaud, and J. F. Strömer, "Temperature influence on the dynamics 
of vertically aligned liquid crystal displays," Appl. Phys. Lett. 92, 091101 (2008).  

201.   E. Enz and J. Lagerwall, "Electrospun microfibres with temperature sensitive iridescence 
from encapsulated cholesteric liquid crystal," J. Mater. Chem. 20, 6866–6872 (2010).  

202.   R. Caputo, A. V. Sukhov, N. V. Tabiryan, C. Umeton, and R. F. Ushakov, "A new kind of 
photo-polymerisation induced diffraction gratings in liquid crystalline composite 
materials," Mol. Cryst. Liq. Cryst. 372, 263–274 (2002).  

203.   G. Abbate, F. Vita, A. Marino, V. Tkachenko, S. Slussarenko, O. Sakhno, and J. Stumpe, 
"New Generation of Holographic Gratings Based on Polymer-LC Composites: POLICRYPS 
and POLIPHEM," Mol. Cryst. Liq. Cryst. 453, 1–13 (2006).  

204.   G. Abbate, A. Marino, and F. Vita, "Policryps characterization in the near infrared," Mol. 
Cryst. Liq. Cryst. 398, 269–280 (2003).  

205.   A. Veltri, R. Caputo, C. Umeton, and A. V. Sukhov, "Model for the photoinduced 
formation of diffraction gratings in liquid-crystalline composite materials," Appl. Phys. 
Lett. 84, 3492–3494 (2004).  

206.   F. V. Antigone Marino, "Dynamical Behaviour of Policryps Gratings," (2004).  
207.   F. Schneider, J. Draheim, R. Kamberger, and U. Wallrabe, "Process and material 

properties of polydimethylsiloxane (PDMS) for Optical MEMS," Sens. Actuators Phys. 151, 
95–99 (2009).  

208.   I. D. Johnston, D. K. McCluskey, C. K. L. Tan, and M. C. Tracey, "Mechanical 
characterization of bulk Sylgard 184 for microfluidics and microengineering," J. 
Micromechanics Microengineering 24, 035017 (2014).  



REFERENCES  

127 

 

209.   M. Kanehara, H. Koike, T. Yoshinaga, and T. Teranishi, "Indium tin oxide nanoparticles 
with compositionally tunable surface plasmon resonance frequencies in the near-IR 
region," J. Am. Chem. Soc. 131, 17736–17737 (2009).  

210.   B. García-Cámara, R. Gómez-Medina, J. J. Sáenz, and B. Sepúlveda, "Sensing with 
magnetic dipolar resonances in semiconductor nanospheres," Opt. Express 21, 23007–
23020 (2013).  

211.   T. R. Jensen, M. D. Malinsky, C. L. Haynes, and R. P. Van Duyne, "Nanosphere 
lithography: tunable localized surface plasmon resonance spectra of silver nanoparticles," 
J. Phys. Chem. B 104, 10549–10556 (2000).  

 





 

129 

 

APPENDIX 

Here is presented the MATLAB code to select the modes guided through the core in a PCF 

selectively filled with a material whose refractive index varies with wavelength. The file 

PCF_PDMS.mph is a COMSOL file where the PCF geometry is designed. This file also contains 

the refractive index (real and imaginary coefficients) of the PCF and of the filled material, the 

work wavelength and the number of modes around an estimated mode refractive index in 

where the mode is expected. To do a proper study, the simulation has to be run for each 

wavelength (with the associated refractive index of the material infiltrated inside the PCF). The 

MATLAB code calls the COMSOL model the for each wavelength changing the refractive indices 

(real and imaginary) in each loop, and selects the guided modes by comparing the power 

guided through the cladding with the power guided through the core. 
 

 

model = mphload('PCF_PDMS.mph'); 

 
%% Variables 

 
NumeroModos=200; 
ModosAEncontrar=2; 
in=1.4492;paso=-0.00001;fin=1.44858; 
ModosEntorno=[in:paso:fin]; 
Valores=load('Valores(001-40nm0).dat'); 
Campos={'emw.Py' 'emw.Px' 'emw.normE'}; 
inicio=1;pasos=1;final=43; 

 
%% Model modification 

 
model.mesh('mesh1').automatic(true); 
model.mesh('mesh1').autoMeshSize(6);%Mesh change 
model.mesh('mesh1').run; 

 
%% Creation of data file 

 
model.result('pg1').run; 
model.result.export.create('data1', 'dset1', 'Data'); 
model.result.export('data1').set('expr', {'emw.normE'}); 
model.result.export('data1').set('header', 'off'); 
model.result.export('data1').set('sort', 'off'); 

 
%% Creation of image files to visualization  

 
model.result('pg1').feature('surf1').set('colortable', 'Wave'); 
model.result('pg1').feature('surf1').set('expr', 'emw.Px'); 
model.result('pg1').feature('surf1').set('colortablerev', 'off'); 
model.result('pg1').feature('surf1').set('colortablesym', 'on'); 

 
%% RUN MODEL 

 
disp('Empezando simulación') 
Fichero=fopen(strcat(datestr(now),'.db'),'w'); 
for x=inicio:pasos:final 
    n=num2str(Valores(x,2),20); 
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    k=num2str(Valores(x,3),20); 
    landa=num2str(Valores(x,1),4); 
    model.material('mat6').propertyGroup('RefractiveIndex').set('n',… 

    {n}); 
    model.material('mat6').propertyGroup('RefractiveIndex').set('ki',… 

     {k}); 
    disp(' '); 
    disp(strcat('Landa=',landa,', faltan ',… 

     num2str((final+1 x)/pasos))); 
    for i=1:length(ModosEntorno) 
        disp(strcat('Buscando por->',num2str(ModosEntorno(i),10),… 

         '->',num2str(i),' de ',num2str(length(ModosEntorno))));       
        model.study('std1').feature('mode').set('neigs',… 

         NumeroModos);%Numero de modos 
        model.study('std1').feature('mode').set('modeFreq',… 

         strcat('c_const/',landa,'[m]')); 
        model.study('std1').feature('mode').set('shift',… 

         num2str(ModosEntorno(i),10));%Buscar modos entorno a: 
        model.study('std1').run; 
        model.result.export('data1').set('data', 'none'); 
        model.result.export('data1').set('data', 'dset1'); 
        model.result.export('data1').set('filename',strcat(landa,… 

         '-',num2str(ModosEntorno(i),10),'.txt')); 
        model.result.export('data1').run; 

  
        %Modes selection  

   
        datos=load(strcat(landa,'-',num2str(ModosEntorno(i),10),… 

         '.txt')); 
        [F C]=size(datos); 
        suma1=0; 
        Etotal=0; 
        Acotado=0; 
        Diferencia=0; 
        Modosencontrados=0; 
        Posicion=0; 
        for j=3:C 
        suma=0; 
            for k=1:F 
                if ((datos(k,1)>-10&&datos(k,1)<10)&&… 

                    (datos(k,2)>-10&&datos(k,2)<10)) 
                    suma=suma+datos(k,j); 
                    Nucleo(j)=suma; 
                end 
            end 
            Etotal(j)=sum(datos(:,j)); 
            Diferencia(j)=Etotal(j)-Nucleo(j); 
            Positivo(j)=Nucleo(j)-Diferencia(j); 
            if(Positivo(j)>0) 
                Modosencontrados=Modosencontrados+1; 
                Posicion(j-2)=j-2; 
            end 
        end 

 
        %Found modes 

 
        if Modosencontrados~=0 
            Posicion(find(Posicion==0))= []; 
            modos{1}='0'; 
            modos{2}='0'; 
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            modo=0; 
            for l=1:length(Posicion) 
                for m=1:length(Campos) 

%Generar imagen                               

model.result('pg1').feature('surf1').set('looplevel'… 

   ,num2str(Posicion(l),10)});%Visualizar modo 
                    model.result('pg1').feature('surf1').set('expr',… 

                     Campos(m)); 
                    Img=mphplot(model,'pg1'); 
                    modo=Img{1,1}{1,1}.title; 
                    modo=strsplit(modo,'='); 
                    modo=strsplit(modo{1,2},' S'); 
                    modos{l}=modo{1,1}; 

     

        saveas(gcf,char(strcat(landa,'-',modos(l),…  

                '-',Campos(m),'.png'))); 
                end 
            end 
            try 
                fprintf(Fichero,'%s %s %s \n',landa,… 

                 modos{1},modos{2}); 
            catch 
                disp('One found mode'); 
                fprintf(Fichero,'%s %s \n',landa, modos(1)); 
            end                 
            disp(strcat('Mode: ',num2str(ModosEntorno(i),10),… 

            '; Found: ',num2str(Modosencontrados),… 

            '; Position: ',num2str(Posicion))); 

            if Modosencontrados>(ModosAEncontrar-1); 
                ModosEntorno=[ModosEntorno(i):paso:fin]; 
                delete (strcat(landa,'-… 

                ',num2str(ModosEntorno(i),10),'.txt')); 
                break; 
            end 
        else     
            disp('No found modes, deleting file'); 
            delete (strcat(landa,'-',num2str(ModosEntorno(i),10),… 

             '.txt')) 
        end 
    end   
end 
fclose(Fichero); 

disp(''); 
disp('END') 

 


