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ABSTRACT

Since the first publications related to Microstructured Optical Fibres
(MOFs), the development of Optical Fibre Sensors (OFSs), based on this
type of fibres, has been increased attracting the interest of many research
groups because of the important role that they play in diverse applications.
Due to their unique geometric structures and features, MOFs are very
useful for optical sensing applications, especially gases and Volatile Organic
Compounds (VOC) sensing. Taking it into account, this PhD. work
proposes the utilization of MOFs to carry out and to develop new structures
and set-ups capable to detect these parameters, gases and VOCs. Moreover,
different studies and techniques, such as Fast Fourier Transform (FFT) or
WDM multiplexing, have been used with the aim of improving the features
of the sensors trying to make the final system as competitive as possible.



upna

Universidad Piblica de Navarra
Nafarroako Unibertsitate Publikoa



RESUMEN

Desde la primera publicacién relacionada con las fibras micro estructuradas
(MOFs), el desarrollo de sensores basados en fibra dptica (OFSs), que utilizan este tipo de
fibras, se ha wvisto incrementado atrayendo el interés de numerosos grupos de
investigacion debido al importante papel que juegan en numerosas aplicaciones. Debido a
sus propiedades y estructuras vinicas, las MOFs son muy itiles en aplicaciones dpticas de
sensado, especialmente de gases y compuestos orgdnicos voldtiles (VOCs). Por estas
razones, esta tesis doctoral propone la utilizacién de este tipo de fibras para generar y
desarrollar nuevas estructuras y montajes, capaces de detectar estos pardmetros, gases y
VOCs. Ademds, se han realizado diferentes estudios y se han utilizado diferentes técnicas
(destacando la transformada rapida de Fourier (FFT) y la multiplexacion WDM...), para
mejorar las caracteristicas de los sensores, intentando conseguir de esta manera que el
sistema final fuera lo mds competitivo posible.
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Capitulo 1

Introduccion: motivacion y
objetivos para la realizacion de
esta tesis

El este primer capitulo de esta tesis se describen y enumeran los
principales factores por los cuales se decidio apostar y realizar este trabajo,
basado en fibras micro estructuradas para la deteccion de gases y VOCs. Se
exponen las principales motivaciones y los objetivos planteados, asi como un
breve resumen de la organizacion del documento, explicando a grandes
rasgos lo que contiene cada uno de los capitulos que forman esta tesis.



Cap 1. Introduccién: motivacion y objetivos para la realizacion de esta tesis

1.1. Motivacion y objetivos

Un sensor no es mas que un dispositivo disenado para recibir informacion
de una magnitud del exterior y transformarla en otra magnitud. Es decir, los
sensores son la herramienta que pone a nuestra disposicion la ciencia y la
tecnologia para poder medir magnitudes o parametros que se escapan de la
percepcién humana. La ciencia y tecnologia de los sensores han facilitado que
haya cada vez mads dispositivos a nuestro alrededor, capaces de procesar
enormes cantidades de datos para ayudar a mejorar el funcionamiento de las
fabricas, el control de procesos productivos, optimizar las cosechas, la deteccion
de terremotos y asi se podrian enumerar un sinfin de aplicaciones. En definitiva,
intentan mejorar la vida y la sociedad de los seres vivos [1]. Por lo tanto, en la
actualidad, existen una gran cantidad de aplicaciones que necesitan de las
aportaciones de los sensores en practicamente cualquier sector de la sociedad.

Desde un punto de vista ingenieril, los sensores se pueden dividir segtin el
tipo de variable medida. Entre ellos se pueden encontrar sensores mecanicos,
sensores electronicos, sensores magnéticos, sensores acusticos, sensores
ultrasonicos, sensores quimicos, sensores de radiacion y sensores Opticos.
Respecto a este ultimo grupo, el campo de la fibra dptica ha experimentado en las
ultimas décadas una importante evolucion y los sensores Opticos, han emergido
como una solucion real y creible para intentar solventar algunas de las
principales limitaciones que presentan otros sensores mas convencionales. Por
esta razon, el uso de esta tecnologia para implementar sensores es muy
prometedora porque, por ejemplo, la fibra dptica es quimicamente inerte y pasiva
electromagnéticamente hablando. Por lo tanto, puede trabajar en entornos
explosivos como depositos de combustible, o con campos eléctricos intensos.
Ademas, la fibra Optica permite obtener una gran cantidad de informacién de
diferentes sensores, los cuales pueden estar separados entre si por largas
distancias de hasta cientos de kilometros. Otra cualidad importante de los
sensores de fibra Optica es que son compactos, pequefios y ligeros. Estas
propiedades se han aprovechado en numerosas aplicaciones Opticas con unos
resultados muy interesantes [2].

Son varias las estructuras de sensado, basadas en la utilizacién de la fibra
optica, las cuales han sido propuestas en la tltima década. Mencionando algunos

2



Universidad Publica de Navarra Diego Lépez Torres

ejemplos, existen sensores de fibra Optica basados en redes de “Fibre Bragg
Gratings” (FBGs, siglas en inglés) [3], en redes “Long Period Gratings” (LPGs,
siglas en inglés) [4], en interferometros [5], en resonancias electromagnéticas [6] o
en fibras micro estructuradas (MOFs, siglas en inglés) [7], [8].

Las MOFs son un tipo de fibra dptica que presentan nuevas caracteristicas,
mas alld de las basicas y generales de las que presentan las fibras Opticas
convencionales. Si son utilizadas de forma correcta, pueden ser muy ventajosas
para los sensores. Debido a sus estructuras geométricas unicas, las MOFs
presentan propiedades y capacidades especiales que les otorgan un potencial
excepcional para desarrollar sensores de fibra, especialmente los basados en la
deteccion de gases [9] o compuestos organicos volatiles (VOCs, siglas en inglés)
[10]. Ademas, el desarrollo de nuevos materiales sensibles y métodos de
deposicion, a escala nanométrica, ha significado también una importante mejora
en las caracteristicas finales de los sensores y las aplicaciones.

Pensando en obtener el maximo rendimiento posible de todo el potencial
que ofrecen las MOFs, esta tesis propone el desarrollo de nuevas configuraciones
y estructuras sensoras, ain no presentes en la literatura, basadas en la utilizacion
de este tipo de fibras. Ademas, también propone la utilizacion y deposicion de
nuevos materiales sobre estas novedosas estructuras, con la intencion de mejorar
las sensibilidades de los sensores previos utilizados para la deteccién de gases y
VOCs, los cuales pueden llegar a ser perjudiciales y peligrosos para los seres
vivos. Estos nuevos retos propuestos se han desarrollado dentro del grupo de
“Comunicaciones Opticas” de la Universidad Publica de Navarra (UPNA),
teniendo como referencia en determinadas fases de la investigacion, estudios
previos llevados a cabo por este grupo, como, por ejemplo, los realizados en
temas relacionados con la deposicion de materiales, las técnicas de post
procesado o los montajes utilizados. En resumen, esta tesis propone el desarrollo
y optimizacion de sensores, basados en MOFs, para la deteccion y andlisis de
gases y VOCs, intentando crear y desarrollar una nueva via de investigacion para
trabajos venideros.



Cap 1. Introduccién: motivacion y objetivos para la realizacion de esta tesis

1.2. Organizacion de la tesis

En esta tesis, se presentan las diferentes contribuciones cientificas que se
han obtenido durante su proceso de realizacién. Para facilitar la lectura y
comprension al lector, esta tesis se divide en 5 capitulos, los cuales se exponen de
forma progresiva, con una breve introducciéon previa que intenta contextualizar
el porqué de cada una de las decisiones que fueron tomadas. Por lo tanto, cada
capitulo no puede ser visto de una forma aislada, ya que sus resultados y
conclusiones son la base de los siguientes pasos dados.

El capitulo dos de esta tesis engloba un estudio de las diferentes
publicaciones encontradas, hasta la fecha, de sensores que utilizan MOFs para
detectar gases y VOCs. La idea es estudiar los métodos de transducciéon que mas
se utilizan junto a sus las estructuras, para fijar un punto de partida e intentar
introducir cambios para mejorar los resultados obtenidos.

El capitulo tres de la tesis, trata de explicar y mejorar una estructura basada
en MOFs, para la medicion de humedad. En este caso se propone su
optimizacién cambiando los materiales sensibles depositados y su técnica de
deposicion. Ademads, se realiza un comparativa entre varias técnicas de
procesado para definir cudl es la mas relevante.

En el capitulo cuarto se propone, vistos los buenos resultados obtenidos en
el capitulo anterior la mejora y optimizacion de un sensor de humedad, utilizar el
mismo proceso, pero cambiando solo la estructura sensora utilizada, es decir, la
MOFs utilizada.

En el capitulo quinto se presentan diferentes estudios realizados para
optimizar las sensibilidades obtenidas para detectar gases y VOCs. Parametros
como las dimensiones de las diferentes MOFs utilizadas, la potencia que pueden
acoplar cada una de ellas o el efecto del espesor de las peliculas sensibles en la
sensibilidad final son alguno de los que han sido estudiados.

Por ultimo, en el capitulo sexto, se propone la utilizaciéon de los sensores
desarrollados para aplicaciones reales. Una de ellas se basa en la multiplexacion
para generar una red de sensores capaz de detectar diferentes parametros (gases,
VOCs, humedad, temperatura...); la otra, es la utilizacién de un sensor para
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medir la humedad de suelos con diferentes propiedades, comparando su
comportamiento con un sensor capacitivo.

Para terminar de explicar todos los bloques que componen esta tesis, se
presenta también un capitulo con las conclusiones mas importantes que se
derivan del trabajo realizado, asi como el estudio de las propiedades de una
pareja de polimeros, poly(sodium phosphate) (PSP) y poly(allylamine
hydrochloride) (PAH), los cuales tienen un comportamiento andmalo cuando se
depositan bajo unas determinadas condiciones.
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Capitulo 2

MOFs utilizadas para la
deteccion de gases y VOCs:
estado del arte

Desde las primeras publicaciones relacionadas con las fibras micro
estructuradas, el desarrollo de sensores basados en este tipo de fibras ha
atraido el interés de numerosos investigadores dadas sus propicias
estructuras para el sensado de wvarios pardametros, entre los que se
encuentran los gases y VOCs. Este capitulo trata de proporcionar un estado
del arte de las publicaciones mas relevantes en las cuales, las fibras micro
estructuradas han sido utilizadas para la deteccion de gases o VOCs.



Cap 2. MOFs utilizadas para la deteccion de gases y VOCs

2.1. Introduccion: clasificacion de las MOFs

Los sensores de fibra optica (OFS, siglas en inglés) son utilizados en
numerosas aplicaciones relacionadas con el sector industrial, quimico y
medioambiental [11]-[13]. Estudiando las variaciones en la potencia Optica, los
desplazamientos en la fase, en la longitud de onda o en el estado de la
polarizacion, los OFS pueden ser utilizados para medir magnitudes como,
temperatura, curvatura, desplazamientos, presion, indices de refraccién, campo
eléctrico, humedad relativa (RH, siglas en inglés) y gases [14]-[17], entre otros.
Comparados con sus homologos, los sensores electrénicos, los OFS ofrecen
numerosas ventajas. Por ejemplo, son pasivos ya que no necesitan de
alimentacion eléctrica e inmunes a las interferencias que generan los campos
electromagnéticos (lo cual hace que sean una alternativa a tener en cuenta para
operar en entornos con condiciones ambientales extremas), tienen un peso ligero,
presentan muchas menos pérdidas de transmisiéon y pueden ser multiplexados
en longitud de onda [18].

Gracias al esfuerzo realizado por diferentes grupos de investigacién desde
la década de los 70 [19], [20], un nuevo y prometedor tipo de fibras dpticas,
llamado Fibras Opticas Micro Estructuradas (MOFs, siglas en inglés) fue
concebido. Debido a este hecho, el desarrollo de los OFS experimenté una
sustancial mejora en términos de sensibilidad, selectividad y tiempos de
recuperacion o respuesta. La diferencia entre las MOFs y las fibras dpticas de
comunicacion estandar (fibras monomodo (SMF, siglas en inglés) y fibras
multimodo (MMEF, siglas en inglés)) es clara: las fibras estdndar se basan en un
nucleo solido dopado encerrado por un recubrimiento sélido (en la Figura 2.1 (a)
se muestra un ejemplo esquematico de esta estructura). Esta configuracion
implica una diferencia entre los indices de refraccion del nucleo y del
recubrimiento que permite que la luz se guie mediante el mecanismo
denominado “reflexién total interna” (TIR, siglas en inglés). Por otro lado, la
geometria de las MOFs consiste en una serie de agujeros de aire (presentes desde
su fabricacion), los cuales se encuentran a lo largo de toda su estructura con
diferentes dimensiones y patrones dependiendo del tipo de fibra. Tomando como
punto de partida las diferentes geometrias, dimensiones, posiciones y formas de
los agujeros de aire, hay diferentes criterios para agrupar los tipos de MOFs que
existen. Uno de los mas aceptados es dividir dichas fibras en dos grandes
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familias: fibras de cristal foténico (PCFs, siglas en inglés) y fibras de ntcleo
suspendido (SSCs, siglas en inglés).

Figura 2. 1 Dibujo de la seccién transversal de una SMF de comunicaciones estindar (a),
una fibra de cristal foténico de niicleo hueco (HC-PCF) (b), una fibra de cristal foténico de
niicleo sélido (SC-PCF) (c) y una fibra de niicleo suspendido (SSC). Los diferentes colores
en la figura (azul, negro y blanco) indican las diferentes partes de las fibras: silice, silice
dopado y agujeros de aire, respectivamente.

Para facilitar al lector la compresion de esta tesis y la identificacion de cada
uno de los diferentes tipos de MOFs, a continuacion, se muestra un esquema que
resume y agrupa todos los tipos que existen en la actualidad (ver Figura 2.2);
también se adjunta una foto real de cada una de las secciones transversales de las
fibras para que sea mas facil su identificacion.
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Fibras de Nucleo Hueco
(HC-PCF)

Fibras de Cristal Fotonico —
(PCFs)

3 Fibras de Nucleo Sélido

Fibras Opticas _J (SC-PCF)

Microestructuradas (MOFs) —

Fibras de Nucleo
Suspendido(SSCs)

—

Figura 2. 2 Esquema y clasificacién de los tipos de Fibras Opticas Micro Estructuradas
basada en sus diferentes estructuras.

La geometria del primer grupo (PCFs), propuesta in 1995 por Russell et al.
[19]-[21], se caracteriza por una agrupacion periddica de agujeros de aire
recorriendo la totalidad de la longitud de la fibra, centrados sobre un ntcleo
hueco (HC-PCF) o un nucleo sdlido (SC-PCF) (ver Figura 2.1 (c)). Es muy
importante definir la estructura y geometria del ntcleo de estas fibras porque
este es el parametro clave para realizar la subdivision de las fibras PCFs que esta
tesis propone.

Para el disefio de estas fibras es muy importante tener en cuenta estos tres
parametros: el didmetro del ntcleo de la fibra (o), el didmetro de los agujeros de
aire del recubrimiento (d) y la distancia entre los centros de dos agujeros de aire
consecutivos (A). Gracias al disefio de estos tres parametros fisicos (se muestran
en la Figura 2.1) es posible conseguir distintas distribuciones de los modos de
propagacién de forma que se puedan confinar en el nudcleo o llevar al
recubrimiento. Ademads, debido a la posibilidad de elegir las dimensiones de los
agujeros colindantes al ntcleo de la fibra, es posible conseguir mayor interaccion
con el campo evanescente, lo cual es un punto muy interesante para el desarrollo
de sensores Opticos. Todos estos factores hacen que las PCFs sean mas versatiles
que las fibras estandar. Las HC-PCFs (ver Figura 2.3), las cuales presentan una
diferencia entre el indice de refraccién del ntcleo y del revestimiento negativa
(Ncore < nNrevestimiento), No pueden operar via TIR. Sin embargo, un disefo
apropiado de su revestimiento agujereado a lo largo de toda la longitud de la
fibra, permite que la luz se guie a través de su nucleo hueco. Las longitudes de
10



Universidad Publica de Navarra Diego Lépez Torres

onda dpticas que no se pueden guiar debido a la estructura agujereada de dicho
revestimiento, se denominan longitudes de onda prohibidas y son las que se
confinan en el nucleo hueco de la fibra. A este nuevo modo de guiado se le
denomina “principio de banda de separacién foténica” (PBG, siglas en inglés) [22].

;\i

Refractive index

Radial distance

J

Fe-
>

Tair Mstlica

(a) (b)

Figura 2. 3 Ilustracion de la seccion transversal de una HC-PCF (a) y el respectivo perfil
de su indice de refraccion; el color gris representa las partes que son aire mientras que el
blanco representa las zonas que son silice. Figura utilizada con los permisos de [13].

Con respecto a las SC-PCFs, su seccion transversal presenta una agrupacion
periddica de agujeros de aire alrededor de un nucleo sdlido, los cuales se
extienden a lo largo de toda la longitud de la fibra sin ninguna variacién [23].
Ademas, en las SC-PCFs, el indice de refraccion efectivo del recubrimiento varia
con la distancia radial, dependiendo de su material y geometria (ver Figura 2.4).
Como consecuencia, cuando Unicamente se utiliza un material para fabricar la
fibra, el valor del indice de refraccion efectivo del revestimiento serd menor que
el del indice de refraccion del ntcleo, permitiendo que el guiado de la luz sea
mediante el principio TIR; de esta manera, se evita tener que dopar el ntcleo con
otro material para intentar conseguir que su indice de refracciéon aumente para
satisfacer la condicion Ncore > Nrevestimiento. Dado que las propiedades del guiado de
la luz en las SC-PCFs no son consecuencia de la composicion variable del cristal,
como en las SMFs, sino de la agrupacion y distanciamiento espacial de los
agujeros de aire, el principio de guiado se conoce con el nombre de “reflexion total
interna modificada” (modified TIR, siglas en inglés). Llegados a este punto, es
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importante mencionar que, aunque experimentalmente en la mayoria de los
casos el guiado de los modos en las SC-PCFs se basa en el mecanismo TIR, bajo
unas correctas condiciones determinadas (una alta concentracion de agujeros de
aire en el recubrimiento), los mecanismos TIR y PBG pueden coexistir en las SC-
PCFs [24]; un ejemplo son las fibras que tienen una diferencia positiva entre el
indice de refraccion del nucleo y el del revestimiento [25].

—=-d

Refractive index

Radial distance

- P
-

air Msilica

(b)

Figura 2. 4 llustracion de la seccién transversal de una SC-PCF (a) y el respectivo perfil
de su indice de refraccion; el color gris representa las partes que son aire mientras que el
blanco representa las zonas que son silice. Figura utilizada con los permisos de [23].

Por otro lado, siguiendo el esquema presentado en la Figura 2.2, el segundo
grupo de MOFs es el de las fibras SSCs (ver Figura 1. (d)). El término de SSC es
usado para describir las MOFs en las cuales la luz es guiada a través de un nticleo
de dimensiones muy pequenas. Las fibras SSCs suelen presentar agujeros con
dimensiones relativamente grandes que rodean su ntcleo (tipicamente de unas
pocas micras de didmetro) que parece estar suspendido a lo largo de la fibra,
pero que a su vez estd mantenido por unos pequefios puentes. En este tipo de
fibras, el confinamiento del campo electromagnético no depende de la
periodicidad de los agujeros: no se utiliza ningin efecto derivado del principio
PBG para confinar dicho campo. De forma diferente a las PCFs, las propiedades
del guiado de la luz se pueden explicar parcialmente gracias a la teoria TIR.
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Effective mode index=1.3243 (2) Surface: Electric field norm (V/im)
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Figura 2. 5 A la izquierda, detalle de la seccion transversal de una SSC (a); a la derecha,
la distribucion del campo del modo LPoz (b).

Las peculiares estructuras de las MOFs pueden proporcionar a los sensores
caracteristicas sin precedentes, lo que las hace especialmente ttiles para
aplicaciones de sensado basadas en fibras dpticas, en comparacién con las SMFs
[7], [26], [27]. Por ejemplo, una de las mas atractivas e importantes es que debido
a su estructura basada en agujeros de aire, se puede controlar y modificar la
interaccion que se produce entre el campo evanescente de la luz guiada y el
medio que rodea a la fibra Optica. En base a las caracteristicas que ofrecen las
MOFs y considerando su alta versatilidad, numerosas contribuciones cientificas
han demostrado que las MOFs son una buena alternativa para desarrollar
sensores capaces de medir algunos de los parametros fisicos y quimicos que
demanda la sociedad en la que vivimos. Algunos ejemplos son: curvatura [28],
tension [29], temperatura [30], campo eléctrico y magnético [31], [32], torsion [33],
indice de refraccion [34], vibracion [35] y ADN [36], entre otros.

Existen otros dos parametros detectables muy importantes que no se han
mencionado en la anterior enumeracién como son los gases y los compuestos
organicos volatiles (VOCs, siglas en inglés). Dichos pardmetros, merecen un
apartado especial porque son especialmente interesantes detectarlos utilizando
MOFs. La principal razdn es que, gracias a la presencia de los agujeros de aire en
las MOFs, es posible su deteccidon directa; existe la posibilidad de rellenar los
agujeros con el propio gas o VOC en cuestion. Gracias a esta propiedad, las
sensibilidades y las caracteristicas de los sensores previos pueden ser mejoradas,
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asi como la deteccién en tiempo real. Por estas razones, el uso de las MOFs para
la deteccion de gases y VOCs atrae el interés de numerosos grupos de
investigacion.

En la actualidad, y en base a la explicacion previamente dada, el desarrollo
de aplicaciones relacionadas con la deteccion de gases o VOCs, utilizando MOFs,
estd experimentando un considerable crecimiento. A su vez, debido a la gran
variedad de clases distintas de MOFs que existen (diferentes ntcleos, diferentes
dimensiones y patrones de sus agujeros...), el mecanismo de transduccién en el
que se basan los sensores es distinto y depende en gran medida de la fibra
utilizada. Con el fin de clarificar este importante aspecto, el siguiente apartado
trata de resumir y explicar los mas importantes e interesantes.

2.2. Mecanismos de transduccion de los sensores

El término “mecanismo de transduccion de un sensor Optico” engloba la
explicaciéon de como la luz que viaja por la fibra Optica se ve alterada por la
presencia de un parametro determinado que se desea medir, en este caso en
concreto, con los VOCs o gases. Debido a su presencia, las condiciones del medio
en el que se encuentra el sensor cambian y como consecuencia, las propiedades
oOpticas de los sensores. Dichas propiedades pueden ser medidas de diferentes
formas aplicando también distintas técnicas.

Uno de los mecanismos de transduccién mas utilizados en el desarrollo de
sensores Opticos es el basado en las bandas de absorcion. Cada elemento quimico
posee unas determinadas bandas de absorcién a unas determinadas longitudes
de onda. Es decir que, un espectro optico aleatorio en presencia de un gas o un
VOC, presentara unas pérdidas Opticas concretas en las longitudes de onda de
absorcion de dicho gas o VOC. Si dichas pérdidas son medidas, es posible la
cuantificacién e identificacién del gas o VOC a medir. Debido a este efecto, la
gran mayoria de estos sensores basan sus resultados en cuantificar la diferencia
de potencia Optica que se produce en estas bandas en presencia y ausencia del
gas o del VOC. Hay que puntualizar que, para que este fendmeno dptico se
pueda producir, parte de la potencia dptica que se guia por la fibra tiene que
interactuar de algiin modo con las moléculas del gas, si no, no es posible realizar
la medida.
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El otro gran bloque de sensores Opticos que comparten el mismo
mecanismo de transduccion es el basado en la variacion del indice de refraccion
efectivo del medio que rodea al sensor. Dicha variacién, provoca cambios en el
espectro Optico (principalmente, desplazamientos en longitudes de onda o
desfases) los cuales pueden ser medidos por los sensores aplicando determinadas
técnicas (monitorizacién de una longitud de onda en concreto o la aplicaciéon de
la Transformada Rapida de Fourier (FFT, siglas en inglés)). Como sucede en el
caso anterior, para que el sensor pueda detectar estos cambios en el indice de
refraccion, una parte de la potencia Optica guiada por la fibra tiene que
interactuar con el medio donde se estan produciendo dichos cambios. Un punto
que también hay que tener en cuenta es que, los sensores que basan su
funcionamiento en este mecanismo de transduccién, tienen que tener una huella
espectral muy clara y definida, ya que es necesario tomar un punto especifico de
referencia para poder realizar de forma correcta la medida. Por esta razén,
muchos de los sensores pertenecientes a este grupo, son los basados en
interferdmetros. En este tipo de sensores, es mas sencillo encontrar este punto de
referencia debido a la forma sinusoidal que tiene su patron interferométrico.

Comparando ambos métodos, se puede llegar a la conclusién de que el
mecanismo de bandas de absorcion permite a los sensores ser mas selectivos ya
que, como se ha comentado anteriormente, cada gas o VOC tiene su particular
banda de absorcidon, previamente conocida. Sin embargo, dichas bandas de
absorcion corresponden con unas longitudes de onda muy concretas, lo cual
implica trabajar con dispositivos dpticos que tengan una alta resolucion espectral
(por ejemplo, laseres) lo cual puede encarecer el montaje. Por otro lado, los
sensores basados en los cambios del indice de refraccion no necesitan trabajar con
estos dispositivos, pero tienen el handicap de que muchos factores pueden
alterar el indice de refraccion efectivo del medio. Por eso, para intentar aumentar
la selectividad de los sensores, se suelen depositar peliculas con sensibilidad
especifica a ciertos parametros.

En los siguientes apartados del presente capitulo de la tesis, se va a
presentar el estado del arte de todos los OFS encontrados en la bibliografia hasta
el momento, los cuales utilizan montajes experimentales basados en MOFs para
detectar gases y VOCs.
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2.3. Sensores de gases basados en MOFs

En la actualidad, el desarrollo de aplicaciones relacionadas con la deteccion
de gases esta experimentando un gran crecimiento debido principalmente a dos
razones [37]: primero, ciertos gases son toxicos para los seres humanos y suponen
un peligro para el medio ambiente siendo muy importante su rapida deteccién;
segundo, existen numerosos sectores, como el industrial o quimico, los cuales
producen gases contaminantes para el medio ambiente y los seres vivos debido a
los procesos que desarrollan. Por lo tanto, la medida, la monitorizacion y la
deteccion de estos es necesaria para prever y evitar situaciones peligrosas y no
deseadas.

Las propiedades y caracteristicas de las MOFs explicadas anteriormente,
hacen que este tipo de fibras sean muy atractivas y tengan un gran potencial para
desarrollar estos sensores. Las MOFs, mas especificamente las HC-PCFs, fueron
propuestas para la deteccion de gases por primera vez en 1999, cuando se
demostrd y explico que se podia hacer que una parte significativa de la potencia
modal que viajaba a lo largo de una fibra hueca se superpusiera en sus orificios,
permitiendo de esta manera, la interaccion de la luz con los gases, los liquidos o
peliculas sensibles a través de los efectos del campo evanescente [38]. A partir de
entonces, numerosas contribuciones cientificas han propuesto la utilizacion de
MOFs para detectar gases.

2.4. Deteccion de gases basada en sus bandas de
absorcion

Como ya se ha explicado, el método de transduccion basado en las bandas
de absorcion es muy utilizado para detectar gases debido a que cada uno de ellos
tiene definidas de forma muy clara sus bandas propias; de esta forma, es muy
sencillo identificar un determinado gas. Pero para que este método funcione, es
necesario conseguir que un parte del campo evanescente de la luz guiada por la
fibra interactie con el gas a medir. Es aqui donde el papel de las MOFs cobra
mayor importancia, ya que, gracias a su estructura, esto es posible. Por eso,
muchos de los sensores que basan su principio de traduccién en bandas de
absorcion, utilizan las MOFs como una celda de gas. De esta manera, cuando el
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gas circula por los agujeros, interactia con el campo evanescente haciendo
posible la medida de las pérdidas de potencia Optica en las longitudes de onda
asociadas a las bandas de absorcion del gas. Pero conseguir la circulacion del gas
por el interior de las MOFs no es un proceso simple y cada investigador intenta
desarrollar su sistema para intentar conseguir que el proceso de difusion sea lo
mas optimizado posible. Esto se debe a que, la sensibilidad y los tiempos de
respuesta y recuperacion dependen en gran medida de este parametro. A
continuacion, se presentan una serie de contribuciones cientificas (agrupadas por
el gas que detectan) que basan su funcionamiento en este concepto, utilizando
diferentes tipos de MOFs.

El primer gas que se propone es el acetileno, debido al gran namero de
publicaciones encontradas. Rajesh Thapa et al. propusieron en [39], un sistema
basado en espectroscopia de absorcidn saturada en la banda de absorcion del
acetileno cercana a 1532 nm. Dos fibras HC-PCFs con diametros de ntcleo de 10
y 20 um respectivamente, fueron estudiadas basandose en las variaciones de su
“background light transmission”. La contribucion cientifica concluye que, en la fibra
cuyo nucleo es de 20 um, dichas pérdidas se reducen y la difusién del acetileno
en esta estructura, permite una mayor interaccion con el campo evanescente y
por consiguiente la saturacion se obtiene con valores mas bajos de potencia. Y.L.
Hoo et al. presentaron un estudio en [40] de la difusion del acetileno en una HC-
PCF. Un extremo de la fibra HC-PCF estaba alineado con otro de una fibra MMF
dentro de una camara de gas; debido al espacio que quedaba entre ambos
extremos, el acetileno era capaz de penetrar en los agujeros de la HC-PCF. La
identificacion de las diferentes concentraciones de acetileno inyectadas en la
camara de gas fue posible gracias a la medicion de las atenuaciones de la luz
guiada por la fibra optica debido a sus bandas de absorcion. De nuevo en [39],
una HC-PCF fue utilizada como celda de gas al rellenar sus agujeros con
acetileno en un sistema basado en interferometria fototérmica. La deteccion de
diferentes concentraciones de acetileno se realizé midiendo el ruido equivalente
del coeficiente de absorcion (NEA, siglas en inglés) en la banda de absorcion de
dicho gas a 1530 nm, llegando a un limite de detecciéon equivalente de 2 ppb
(partes por billon). En [41], un interferémetro Fabry-Perot basado en una HC-
PCF, cuya funcionalidad era actuar de nuevo como una celda de gas, fue
presentando como sensor para detectar acetileno. En este montaje, la fibra HC-
PCF se encontraba entre dos SMFs, cuyos extremos estaban espejados para
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conseguir asi una alta reflectividad. Cada una de las fibras se insertaban en una
férula mecdnica cuya funciéon era optimizar el alineamiento entre ellas y
garantizar asi el acople de la luz; pero de tal manera que existiera un agujero de
aire en ambos extremos de los alineamientos HC-PCF-SMEF. Asi, cuando el sensor
se introducia en la camara de gas, el acetileno podia penetrar y salir de los
agujeros de la fibra. El uso de un interferémetro Fabry Peérot, cuya cavidad era la
HC-PCF, reducia significativamente el efecto de la interferencia modal en la
deteccion del gas y mejoraba de esta forma, la sensibilidad del sensor. El sensor
fue testado midiendo las variaciones de potencia en la banda de absorcion
centrada a 1532 nm con un limite de detecciéon de 7.5 ppm.

Las fibras SC-PCFs también fueron utilizadas como celdas de gases en
sistemas para medir acetileno; a continuacidn, se presentan algunos ejemplos. En
[42], Shu-Guang Li et al. demostraron la absorcion que provoca, en el espectro de
transmisidn, la presencia del acetileno en una celda de gas formada por una SC-
PCF de 16,9 cm de largo. Los autores afirmaron en esta publicacién que uno de
los factores mas importantes a la hora de optimizar los sensores, si el objetivo es
mejorar la sensibilidad del sensor, es incrementar la fraccién de potencia optica
que se acopla a la cubierta agujerada de una MOF. Por eso, en esta contribucion,
se estudid este efecto en funcion de la variacion del indice de refraccion efectivo
de varias SC-PCF (es decir, variando las dimensiones y la geometria de sus
agujeros). El resultado final del estudio concluy6 que las SC-PCF con menor
distancia entre sus agujeros y con una alta proporcion de agujeros de aire, eran
capaces de acoplar una mayor potencia a los agujeros de la cubierta de la fibra.
Intentando cumplir con este proposito, G. Pickrell et al. publicaron en [43], un
sensor de fibra dptica basado en una SC-PCF, pero en la cual, sus agujeros no
seguian ningun patrén, si no que estaban construidos de una forma aleatoria
para aumentar de este modo las zonas de interaccion. El mecanismo de
transduccion del sensor se basaba en las bandas de absorcion de los gases
cercanos al infrarrojo, las cuales se detectaban a través del campo evanescente de
la luz guiada. Siguiendo esta misma idea, y con el objetivo de optimizar la
potencia Optica que podia interactuar con los gases a medir, Y.L. Hoo et al.
reportaron en [44], una demostracion experimental de este hecho con
prometedores resultados. El sistema consistia en la alineacion de una SMF y una
SC-PCF. Para poder insertar el gas en sistema, las fibras se desalineaban y una
pequena parte de la SC-PCF se introducia en una cdmara de gas con acetileno.
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Después de esto, se volvian a alinear para realizar las pertinentes medidas. El
sensor, debido a la geometria especial de las SC-PCFs, permitia una larga
interaccion, consiguiendo de esta manera obtener una sensibilidad del 6% de la
absorcién total de la banda del acetileno. Esta sensibilidad, en términos
cuantitativos, era 50 veces mejor que la obtenida utilizando fibras pulidas tipo D
y 65 veces mejor que utilizando una SMF en los trabajos anteriores. Siguiendo en
la misma linea que las dos tltimas contribuciones cientificas, Guofeng Yan et al.
propusieron en [45], un sensor cuya estructura estaba basada en una SC-PCF, en
cuyo nucleo, estaba inscrita una rejilla de Bragg y a la que precedia, una SMF con
idénticas caracteristicas. El sensor fue disefiado especialmente para tener un
nucleo y una cubierta agujereada fotosensible para la posible deteccion de gases.
De esta forma, los micro agujeros de la SC-PCF, servian como celda de gas donde
se producia la interaccion moléculas/campo evanescente. La rejilla de Bragg, con
un periodo especifico, se utilizaba no so6lo para hacer que el sensor funcionara en
modo reflexion, sino también para determinar la longitud de onda concreta para
la deteccion del gas; asi, se podia ajustar con la banda de absorcion del acetileno
centrada en torno a 1530 nm, que era donde se queria medir. El sensor obtuvo
una sensibilidad aproximada de 0.022 dB/%. Ed Austin et al. propusieron en [46],
el sistema que se muestra en la Figura 2.6. La difusion del gas se hacia de la
siguiente manera: la fibra SC-PCF se empalmaba a una fibra SMF y el otro
extremo de la fibra micro estructurada, el extremo libre, se introducia durante
varias horas en una celda con acetileno permitiendo la difusion libre del gas y la
interaccion con la potencia Optica que se acoplaba en los agujeros del
revestimiento. Pasado este tiempo, se empalmaba al extremo libre una MMF y se
comparaban, en términos de potencia Optica, los espectros obtenidos antes de
introducir el gas (espectro de referencia) y el espectro capturado cuando el gas
circulaba por los agujeros de la SC-PCF. El sensor pudo distinguir
concentraciones de acetileno de hasta 100 ppm.
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Figura 2. 6 Montaje experimental de la contribucion cientifica presentada en [40]; ldser
DFB (laser de retroalimentacion distribuida); HC-PCF (fibra de cristal foténico de niicleo
suspendido; en la contribucion original se le llama PBGF debido a mecanismo de guiado
de la luz); SMF (fibva monomodo); MMF (fibra multimodo); PD (fotodetector); PC
(ordenador personal). Figura utilizada con los permisos de [46].

Otro de los parametros importantes que debe ser estudiado en este tipo de
sensores, es la dindmica de difusién del gas en el interior de la fibra, ya que
influye de forma significativa en los tiempos de respuesta y recuperacion del
sensor, asi como en su sensibilidad. Por esta razén, Yeuk L. Hoo et al presentaron
en [47] un estudio tedrico de este parametro basado en la periodicidad de los
agujeros de aire, dimensiones y distancia entre ellos de una SC-PCF. El sensor fue
desarrollado para detectar acetileno y los resultados preliminares de la
simulacion mostraron que, se podia realizar un sensor de acetileno con un
tiempo de respuesta de 1 minuto y un limite de deteccién aproximado de 6 ppm.

Con el objetivo de mejorar la difusion del gas y la interaccion entre luz/gas,
A. S. Weeb et al. propusieron en [48] el uso de una SSC para desarrollar un
sensor de acetileno. Las SSCs tienen una mayor fraccion de aire para ser
rellenado con gas si se compara con otras fibras MOFs, lo que a priori las hace
ideales para aplicaciones de sensado basadas en la interacciéon con el campo
evanescente de la luz guiada por la fibra. El sistema elegido para introducir el gas
fue muy parecido a los ya se han explicado en esta seccion: un extremo de la SSC
se empalmé a una fibra MMF mientras que el otro se introdujo en una celda, en
la cual, se aline6 con otra fibra MMF y se inyectd acetileno. El modelado de la
fibra mostr6 que, el solapamiento de interferencia modal fue un 29% mas elevado
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en comparacion con otras MOFs, lo cual es un incremento significativamente
importante. En las longitudes de onda correspondientes a las bandas de
absorcion del acetileno, el espectro Optico resultante presentd unas pérdidas
considerables, pero en la contribucion cientifica no fueron cuantificadas.

Otra conclusion que se deriva de estos articulos es que para desarrollar un
sensor basado en MOFs con unas buenas caracteristicas, ciertos parametros
debian ser optimizados: la fabricacion de aberturas a lo largo de las MOFs para
facilitar el llenado/vaciado del gas en los agujeros de aire o el conexionado entre
las SMF/MMF y la MOF utilizada para la detecciéon. Con la intencién de dar
solucion al primero de estos inconvenientes, Sahar Hosseinzadeh Kassani et al.
propusieron en [49], un sistema formado por una fibra tipo C y una HC-PCF,
cuyo anillo central estaba dopado con germanio, elevando de esta manera, el
indice de refraccion en el centro de la fibra y mejorando el acople de la luz. La
Figura 2.7 muestra un diagrama esquematico del sistema completo propuesto. El
segmento de fibra tipo C, empalmado directamente a la HC-PCF, servia para
permitir la entrada y salida del gas de una forma mas rapida, superando las
limitaciones de montajes anteriores y mejorando la respuesta dindmica del
sensor. La capacidad de deteccion del sensor propuesto se investigo
experimentalmente detectando y estudiando las bandas de absorcion del
acetileno, concluyendo que su sensibilidad se incrementaba en un factor 4
comparandolo con los montajes que utilizaban tnicamente la HC-PCF.

(a) Gas
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Figura 2. 7 Montaje propuesto para el sensor de gas formado por una SMF conectada a la
fuente de luz y al detector, una HC-PCF y la fibra tipo C como entrada y salida del gas
(a); proceso de fabricacion de la fibra tipo C (b); seccion transversal de la fibra tipo C (c).
Figura utilizada con los permisos de [49] ©2013 Optical Society of America.
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J.P Parry et al. también abordaron esta cuestion en [50]. En este caso, la
solucién que se propuso para mejorar la difusiéon del gas fue realizar varias
perforaciones a lo largo de la longitud de la HC-PCF (con forma de cono)
utilizando un laser 6ptico, facilitando asi, la entrada y salida del gas. El sensor se
basaba de nuevo en medir la diferencia de potencia entre las bandas de absorcion
de los gases cuando el campo evanescente de la luz guiada por la fibra
interactuaba con ellos. Los resultados expuestos en esta contribucion mostraron
que el sensor fue capaz de medir concentraciones de acetileno inferiores al 0.05%.

Otro de los gases, que para su deteccion se han utilizado MOFs, es el
metano. A continuacién, se presentan de forma breve, las publicaciones
encontradas en la bibliografia, analizando y estudiando sus diferentes bandas de
absorciéon. A.M. Cubillas et al. propusieron en [51], la deteccién de metano
mediante un sensor basado en una HC-PCF y el estudio de su banda de
absorcion centrada en 1330 nm. El gas penetraba en la fibra gracias a un pequefio
espacio de aire que se dejaba entre un extremo de la HC-PCF y otro de la SMF, el
cual, estaba angulado para evitar las reflexiones de Fresnel. El minimo de
deteccion de dicho sensor fue 49 ppmv (partes por milldbn por volumen).
Siguiendo la misma linea de investigacion, Y. L. Hoo et al. presentaron en [52],
un sensor, cuya respuesta Optica hacia el metano era rapida; el sensor estaba
compuesto por una HC-PCF con un patrén de agujeros de aire periddico con
dimensiones de micras. Gracias a esta morfologia, las pérdidas introducidas en el
sistema, por la inclusion de la HC-PCF, eran muy bajas; por esta razon, era
posible construir sensores con longitudes de fibra largas, logrando una deteccion
distribuida sin comprometer el tiempo de respuesta del dispositivo. Las
mediciones se realizaron esta vez en la banda de absorcién del metano cercana a
1670 nm, con un limite de detecciéon de 647 ppm. A. M. Cubillas et al. también
propusieron el estudio de dicha banda para desarrollar un sensor de metano,
utilizando una HC-PCF de diferente longitud en [53]. En este caso, el minimo de
deteccidn obtenido fue de 10 ppmv. Las dos siguientes contribuciones cientificas
que se presentan son un estudio de dos estructuras HC-PCF modificadas para
intentar mejorar las sensibilidades de los sensores previos: la primera, propuesta
en [54], se basaba en una estructura octogonal geométrica de una HC-PCF. Los
autores estudiaron numéricamente las propiedades Opticas de la fibra
(confinamiento del campo eléctrico guiado, pérdidas de insercion, potencia del
campo evanescente acoplado al revestimiento agujereado...), mediante el método
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vectorial de elementos finitos (FEM) utilizando el software COMSOL. Todos
estos pardmetros fueron optimizados para obtener una maximo sensibilidad
relativa en la frecuencia de 1670 nm; por otro lado, en [55], se presentd un sensor
de metano basado en una HC-PCF helicoidal (ver Figura 2.8). De nuevo, se
utilizéd el método FEM para realizar un estudio numérico, variando sus
parametros geométricos, para obtener una sensibilidad 6ptima en frecuencias
cercanas a las bandas de absorcion del metano; en este caso, el rango variaba de 1
um hasta 1.8 um. Para acabar con los sensores de metano, L. Kornaszewski et al.
demostraron en [56], la posibilidad de detectarlo en su banda de absorcién

comprendida entre 3.15-3.35 um, consiguiendo medir concentraciones inferiores
a 0.1%.

Semssnssnssnsnsnnsnnnad

Figura 2. 8 Seccién transversal de la HC-PCF helicoidal propuesta donde se puede
observar su estructura. Figura utilizada con los permisos de [55].

A parte del acetileno y el metano, en la bibliografia se pueden encontrar
diversos gases que han sido detectados usando sensores basados en MOFs. Fan
Yang and Wei Jin reportaron en [57], un sensor sensible al hidrégeno basado en
espectroscopia de ganancia Raman estimulada por una onda continua que,
operaba aproximadamente a 1550 nm. Gracias a la luz dispersada por las
moléculas de H, a ciertas frecuencias se producia una ganancia de potencia
optica que era medida, la cual, dependia de la concentracion de dichas particulas.
En este trabajo se utilizo una fibra HC-PCF, la cual, nuevamente, funcionaba
como celda de gas; el gas se introducia en la fibra mediante una apertura que
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existia entre uno de sus extremos y una SMF alineada con ella. El sistema era
potencialmente valido para poder detectar niveles de hidrégeno en el rango de
17 ppm. Este mismo montaje y sensor fueron utilizados por Riccardo Pennetta et
al. en [58] con la salvedad de que, el empalme entre la fibra SMF y el extremo de
la HC-PCF, que no era expuesto directamente a los gases, fue protegido con un
cilindro que se fijo térmicamente. En [59], V. P. Minkovich et al. propusieron un
nuevo sensor de hidrogeno, pero con una estructura diferente. En este caso, el
sistema consistia en el uso de una SC-PCF estrechada; debido a este
estrechamiento, los agujeros de aire de la fibra se colapsaban, permitiendo de
esta manera la interaccion entre el campo evanescente de la luz guiada y las
moléculas del gas a detectar (ver Figura 2.9). De esta forma, se producia el
fenomeno de la absorcién, el cual producia una atenuacién en las bandas de
absorcion del gas. Ademads, para mejorar la sensibilidad del sensor, una pelicula
delgada de paladio se depositd sobre la zona con los agujeros colapsados. Gracias
al nuevo sistema propuesto por los autores, la potencia dptica transmitida en este
tipo de dispositivos se aumento en un factor 4, lo cual ampliaba el posible rango
de variacion de potencia a la hora de la deteccion del gas.

Otro de los gases detectados con fibras MOFs es el nitrégeno. Michael P.
Buric et al. propusieron en [60], el uso de la dispersion Raman espontanea para
detectar moléculas de nitrégeno a bajas presiones. Los autores describieron que
la deteccion de gases era posible gracias al uso de una HC-PCF, la cual, al ser
usada como celda del gas, aumentaba la zona de interaccion de luz con las
moléculas del gas que se queria medir y como consecuencia, la potencia final
obtenida en las frecuencias asociadas a la retrodispersion Raman; cada gas,
dependiendo de sus propiedades, tiene asociada una en concreto. Basandose en
esta caracteristica, los mismos autores en [61], utilizaron el mismo sistema para
que la luz lanzada interactuara con las moléculas de nitrégeno, las cuales, se
encontraban en el interior de los agujeros de la HC-PCF, pudiendo llegar a medir
concentraciones de 100 ppm.
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Figura 2. 9 Imdgenes de la seccién transversal de la SC-PCF (parte superior izquierda)
utilizada para fabricar el estrechamiento y de la zona donde se realizé (parte superior
derecha). El dibujo inferior muestra la geometria de la SC-PCF una vez realizado el
estrechamiento; el drea sombreada muestra la delgada pelicula de paladio depositada. EI Lo
es la seccion de la longitud multimodal y pw es el didmetro de la cintura del
estrechamiento. Figura utilizada con los permisos de [59].

El oxigeno es otro de los gases que los investigadores han podido detectar
utilizando MOFs; Xinghua Yang et al. propusieron por primera vez en [62], un
novedoso tipo de sensores de oxigeno utilizando un optrodo cuyo material
sensible para responder al analito era fluordforo, el cual, se depositd dentro de
los micro agujeros de aire de la SC-PCF. A su vez, las moléculas del fluoréforo
eran excitadas midiendo la fluorescencia emitida en el segmento de la SC-PCF.

Hui Ding et al. consiguieron detectar mondxido de carbono utilizando
MOFs en [63]. Esta publicacion tiene cierta importancia debido a la toxicidad y
peligrosidad del gas detectado para los seres humanos. El sistema propuesto
para el sensado consistia en una HC-PCF, en cuyos extremos, se alineaban una
SMF y una MMF, dejando en ambos casos un hueco de aire entre ellas; por el
espacio de aire formado entre la SMF y la HC-PCF se insertaba el gas, mientras
que el otro, se utilizaba para vaciar el sistema. Las propiedades del montaje
experimental fueron demostradas para la deteccion de mondxido de carbono y
acetileno, obteniendo aproximadamente una relacion lineal entre la respuesta del
sistema y la concentracion del gas detectado. Ambos gases pudieron ser medidos
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ya que el laser sintonizable utilizado barria las frecuencias donde estos gases
tienen sus bandas de absorcion. El sensor pudo detectar concentraciones de 300
ppm para el monoxido de carbono y de 5 ppm para el acetileno. Como se ha
explicado en la contribucidon cientifica anterior, varios gases pueden ser
detectados con el mismo sensor. Las siguientes publicaciones también son un
ejemplo de ello. De nuevo el acetileno fue detectado, junto al cianuro de
hidrégeno (H®CN) en [64]. La idea de utilizar una HC-PCF como celda de gas se
mantuvo, para medir las variaciones de potencia que se producian en las
frecuencias asociadas a las bandas de absorcidon de ambos gases proximas a 1530
nm. Un nuevo ejemplo de deteccion multiple de gases es la publicacion de T.
Ritari et al. [65]. Propusieron la deteccion de metanol, amoniaco, cianuro de
hidrégeno y acetileno. De nuevo, un extremo de una HC-PCF, que actuaba como
celda de gas, se empalmo a una SMF, mientras que el otro se alined con una
MMF dejando un espacio entre ambos para la entrada y salida del gas a medir.
Este sistema era valido para detectar varios gases ya que los autores utilizaron
como fuente de luz un LED, pudiendo estudiar de esta forma un espectro 6ptico
mas ancho; consecuentemente, mas bandas de absorcion de diferentes gases
pudieron ser detectadas (sus frecuencias).

Al igual que en el caso del acetileno, en la bibliografia también se han
encontrado varias contribuciones cientificas que proponen sistemas para la
deteccion de gases basados en modificaciones de las estructuras de las MOFs,
para un rango determinado de frecuencias. En alguno de los casos, para
comprobar el buen funcionamiento del sistema, se evaltia con un gas en concreto.
Un ejemplo es la contribucion cientifica presentada por Bikash Kumar Paul et al.
en [66] (ver Figura 2.10). El objetivo de esta publicaciéon fue proponer una
estructura que mejorase las propiedades de los sensores previos, en términos de
pérdidas de confinamiento o de empalmes, no linealidades de las fibras y
sensibilidad. Para conseguirlo, los autores realizaron un riguroso estudio
numérico en un amplio rango de longitudes de onda (desde 1.30 um hasta 2.0
um, cerca de la region infrarroja) utilizando el método FEM. El estudio concluyd
que, una buena solucion era realizar varias ranuras sobre el nicleo de la SC-PCF;
los resultados se comprobaron y confirmaron exponiendo el sensor a diazeno.
Yang Hao et al. propusieron en [67], un novedoso disefio basado en una HC-PCF
anti resonante para el sensado de gases, la cual, podia permitir la difusion de los
gases (entrada y salida) debido a una apertura en el revestimiento de la misma,
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en cuestion de segundos; de esta forma, la respuesta dindmica del sensor también
mejoraba. Las propiedades de la HC-PCF anti resonante y sus ventajas fueron
investigadas y discutidas en detalle, asi como, su potencial para aplicaciones
relacionadas con la deteccion de gases.
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Figura 2. 10 Esquemdtico del extremo de la HC-PCF propuesta (a); geometria del niicleo
ranurado con 0° de rotacion (b) y con 45° de rotacion (c). Figura utilizada con los
permisos de [66].

Jinendra K. Ranka et al. analizaron en [68], las propiedades de una MOF,
mas concretamente de una SC-PCF, formada por un ntcleo de silice, rodeado de
un anillo simple de largos agujeros de aire, pensados para la deteccidon de gases
(ver Figura 2.11). Los resultados mostraron que la SC-PCF podia soportar
numerosos modos espaciales transversales pero que, la diferencia en el indice de
refraccion efectivo de los modos de orden mas bajo, podria ser bastante
significativa, impidiendo el acoplamiento de estos a la regiéon agujereada de la
fibra, lo cual hacia que la potencia del campo evanescente no fuera la éptima.
Otra nueva micro estructura fue presentada en [69] por Sayed Asaduzzaman et
al; los autores propusieron el desarrollo de un nticleo micro estructurado dentro
del propio ntcleo de una SC-PCF, con la finalidad de utilizar dicho sensor en
aplicaciones de sensado de gases. El nucleo descrito anteriormente estaba
formado por un patréon de agujeros dispuestos verticalmente para mejorar de
esta manera la sensiblidad final del sensor; ademas, las dimensiones geométricas
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de la estructura de la SC-PCF, habian sido estudiadas para optimizar todos las
parametros descritos en la contribucién anterior.

(@)

Figura 2. 11 Patrén del niicleo de la SC-PCF rodeado del anillo formado por agujeros de
aire (a). Tmagen obtenida del S Electron del revestimiento agujereado y del niicleo de la
SC-PCF. Figura utilizada con los permisos de [68].

Para finalizar este apartado de la tesis, una contribucién cientifica muy
interesante fue la escrita por Hartmut Lehmann et al. en [70]: la usabilidad y las
ventajas y limitaciones de las fibras SSCs y las HC-PCFs, cuando son utilizadas
para el sensado de gases, en la region cercana al infrarrojo. Fibras SSCs, con
diferentes geometrias y HC-PCFs con diferentes propiedades de transmision,
fueron estudiadas y analizadas en base a sus sensibilidades relativas y anchos de
banda disponible, detectando diferentes gases como el nitrégeno, el metano o el
acetileno. Las conclusiones que se derivaron del estudio fueron las siguientes:
ambos tipos de fibra pueden ser utilizadas en aplicaciones de deteccion de gases
pero el funcionamiento de las HC-PCFs, puede considerarse como un celda de
transmision convencional, lo que las hace especialmente ttiles para detectar
concentraciones de gas muy pequenas, en las cuales se trabaja con longitudes de
fibra relativamente cortas (pocos metros); por otro lado, el comportamiento de las
fibras SSC hace que su uso sea mas ventajoso para detectar altas concentraciones
de gas y/o para sensores con longitudes mas largas, como por ejemplo, para el
desarrollo de sensores distribuidos en aplicaciones industriales o ambientales.
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2.4.1. Deteccion de gases basada en cambios del indice de
refraccion efectivo del medio

Aunque en la deteccion de gases, la inmensa mayoria de los sensores
encontrados en la bibliografia, basan su mecanismo de transduccién en sus
bandas de absorcién, también se pueden encontrar sistemas, en los cuales, sus
sensores utilizan MOFs y basan su funcionamiento en los cambios del indice de
refraccion efectivo del medio que rodea al sensor. En el siguiente parrafo, se
detallan los datos mas relevantes de los encontrados en la bibliografia.

Hai Liu et al. propusieron en [71], la deteccion simultdnea de hidrégeno y
metano cuando se encontraban mezclados, gracias a una estructura especial
basada en una SC-PCF; 6 pequefios agujeros de aire se ordenaban a lo largo del
angulo de 45° y de 135° tomando como referencia el nucleo de la fibra y 4
agujeros de aire, con mayores dimensiones, se distribuian en el eje vertical y
horizontal (ver Figura 2.12). Una capa de oro se depositaba en los agujeros de la
fibra para generar “Resonancias de Plasmon Superficial” (SPR, siglas en inglés).
Ademads, sobre esta capa, en los agujeros superiores de la izquierda, se
depositaban los siguientes materiales: en el primero, una delgada pelicula de Pd-
WOs3, la cual, era sensible a las moléculas de hidrégeno; en el segundo, se
depositaba, mediante la técnica de “dip coating”, un fluoro siloxano sensible al
metano. Estas peliculas son sensibles a las moléculas de los gases que se quieren
medir, y en presencia de ellas, su indice de refraccién efectivo varia, provocando
un desplazamiento, en longitud de onda, de la resonancia generada. El sensor
propuesto mostré una sensibilidad de -1.99 nm/% para el metano y de -0.19
nm/% para el hidrogeno.
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Figura 2. 12 Dibujo y seccion transversal del sensor basado en HC-PCF (a), sus
pardametros estructurales (b) y montaje utilizado (c). Figura utilizada con los permisos de
[71].

Un refractémetro, utilizando una novedosa SC-PCF ranurada, se desarrollé
en [72], para la medicion de las variaciones en el indice de refraccion provocadas
por ciertos gases. El sensor consistia en una porcion de fibra SC-PCF con 6
orificios de aire con forma ovalada que rodeaban su nucleo sélido y en cuyos
extremos se habian empalmado dos SMFs; al realizar ambos empalmes, los
agujeros de aire se colapsaban, generando un interferémetro Mach-Zehnder. Uno
de los agujeros de la SC-PCF se perford creando dos pequefias micro ranuras,
utilizando un laser de femtosegundo, sin comprometer las propiedades opticas
de la guia onda; de esta manera, el sensor podia ser expuesto a muestras de gases
externas como, por ejemplo, de nitréogeno. Cuando este gas llenaba el agujero
ranurado, se producia un solapamiento entre el campo evanescente de la luz
guiada por la fibra y el gas en cuestion, el cual, con su presencia, alteraba el
indice de refraccion efectivo de dicho agujero. El sensor mostré una sensibilidad
de -827.94 dB/RIU. El mismo montaje, fue usado por Anand M. Shrivastav et al.,
para generar de nuevo un interferometro Mach-Zehnder, en [73]. Pero con una
salvedad, la estructura del revestimiento de la SC-PCF estaba formada por un
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patrén periddico de agujeros de aire y una pelicula sensible (PANI@SnO2) al gas
que se queria detectar (amoniaco). El sensor pudo detectar concentraciones de
hasta 8.09 ppt (47.59 fM).

2.5. Sensores de humedad basados en MOFs

La humedad relativa (RH, siglas en inglés) es un pardmetro importante y
su medida es un valor que se utiliza comtinmente en varios aspectos de la vida
diaria de los seres humanos, en la agricultura, en los prondsticos del tiempo, en la
atencion médica o en el control de procesos quimicos. El concepto de RH se
puede definir como la proporcion entre la cantidad de vapor de agua que tiene
una masa de aire y la maxima que podria tener [74]. Por lo tanto, la medida de la
RH puede ser considerada también como un “gas”, pero dado el elevado niimero
de publicaciones encontradas en la bibliografia que hacen referencia a este
parametro, se ha decido exponerlas en un nuevo apartado.

2.5.1. Deteccion de humedad basada en cambios del indice de
refraccion efectivo del medio

De forma contraria al caso de la deteccion de gases, el método de
transduccion mas utilizado para desarrollar sensores de fibra optica, capaces de
detectar variaciones en la humedad, es el basado en los cambios del indice de
refraccion del medio que rodea al sensor. Como se ha comentado anteriormente,
para desarrollar este tipo de sensores, una de las posibilidades que existen es
trabajar con interferometros, principalmente, Mach-Zehnder o Fabry-Perot,
dependiendo de la configuracion con la que trabaje el sensor, bien sea en modo
transmision o en reflexion.

En esta primera parte, se van a exponer los sensores basados en
interferometros Mach-Zehnder, cuya configuracion mas utilizada y sencilla, es en
transmision. Brevemente, un interferémetro Mach-Zehnder se genera al
empalmar entre si distintos tipos de fibra, en este caso en concreto, dos SMFs a
ambos extremos de una SC-PCF. Los empalmes se llevan a cabo de tal manera
que los agujeros de aire de la SC-PCF se colapsan en una pequena region; cuando
el haz de luz llega a la primera de estas regiones, se difracta y parte de la
potencia Optica pasa a viajar por la region agujereada del revestimiento de la
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fibra, dividiendo el haz de luz en dos caminos Opticos. En el revestimiento
agujereado de la SC-PCF, las constantes de propagacion son distintas y, por lo
tanto, los modos que viajan por esta parte de la fibra acumulan un cierto desfase.
Cuando estos modos alcanzan la segunda region colapsada, interfieren con el
modo fundamental que viaja por el ntcleo de la fibra, generando una respuesta
interferométrica. Un dibujo esquematico de esta explicacion se muestra en la
siguiente figura.

SMF___ SC-PCF __SMF
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Figura 2. 13 Mecanismo de operacion de un interferometro Mach-Zehnder utilizando una
SC-PCF. Las flechas muestran el comportamiento de los modos que viajan por el
revestimiento y el niicleo de la fibra; las lineas azules hacen referencia a los agujeros de
aire mientras que las zonas punteadas son aquellas en las que los agujeros han sido
colapsados.

Basandose en esta estructura, M Y Mohd Noor et al. propusieron en [75],
un sensor para detectar cambios en la humedad relativa. Gracias al efecto de la
region colapsada, cierta parte del campo evanescente de la luz guiada por la fibra
podia interactuar con las moléculas de agua, las cuales, alteraban el indice de
refraccion efectivo del medio. Midiendo el desplazamiento de uno de los picos
(en longitud de onda) que generaba el interferémetro, se obtuvo que la
sensibilidad del sensor era de 60.3 pm/%RH en el rango de 60-80%RH y de 188.3
pm/%RH en la region comprendida entre 80 y 95%RH; ademas, el sensor exhibio
una muy baja sensibilidad cruzada a la temperatura, 0.5 pm/°C. Con la intencion
de mejorar la sensibilidad hacia la humedad obtenida en la publicacién anterior,
sin alterar el montaje del sensor, varios investigadores propusieron depositar
peliculas delgadas higroscopicas, formadas por diferentes materiales y
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depositadas utilizando diferentes técnicas como, por ejemplo: “dip coating” o
“capa a capa” (LbL, siglas en inglés). Uno de ellos fue Tao Li, quien propuso
recubrir la seccion de la SC-PCF, con una capa de alcohol polivinilico (PVA) en
[76]. Los resultados experimentales mostraron una sensibilidad de 40.9 pm/%RH,
en un rango de humedad comprendido entre 20 y 95 %RH. De la misma manera,
Piaopiao Wang et al. propusieron el uso de una pelicula de metilcelulosa en [77],
obteniendo un desplazamiento, en longitud de onda, de 10 nm para un cambio
de humedad del 55%RH. Siguiendo de nuevo con la misma idea, Shuqin Zhang
et al. presentaron en [78], la posibilidad de medir simultdineamente humedad
relativa y temperatura; la tinica diferencia con la publicacién anterior fue que, el
sensor tenia una estructura en cascada de la siguiente manera: SMF-SC-PCF-FBG
(la FBG se utilizaba como sensor de temperatura) (ver Figura 2.14). Debido a que,
en el espectro 6ptico, el patron interferométrico del Mach-Zehnder y la frecuencia
de trabajo de la FBG se identificaban claramente, se pudo medir de forma
independiente ambos parametros. La resolucion del sensor frente a la humedad
fue de 0.13%RH (rango de humedad: 30%-95%) mientras que para la temperatura
fue de 1.0°C.
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Figura 2. 14 Dibujo esquemdtico del montaje experimental utilizado con los diferentes
tipos de fibra dptica utilizados: SMF-SC-PCF (interferémetro Mach-Zehnder)-FBG.
Figura utilizada con los permisos de [78].

Sin alterar el montaje de los sensores anteriores, Jinesh Mathew et al.
propusieron en [79] y [80] depositar un nuevo material a lo largo de la longitud
de la SC-PCF, utilizando la técnica de deposicion “dip coating”: el material elegido
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fue la agarosa. En [79], el sensor mostré un desplazamiento en longitud de onda
de aproximadamente 56 nm para un cambio total en la humedad del 56% y una
resolucion de humedad de 0.017%RH (en el rango comprendido entre 40% y
80%RH) y una mas alta resolucién, de 0.007%RH, en el rango 80%-95%RH.

Las siguientes publicaciones que se presentan, aunque se siguen basando
principalmente en interferometros Mach-Zehnder utilizando SC-PCF, incluyen
en sus montajes ciertas variaciones que las hacen peculiares. Por ejemplo, Pan
Zhang et al. propusieron en [81], un interferémetro Mach-Zehnder para la
realizaciéon de medidas de humedad relativa y temperatura. El montaje que se
presento en este trabajo era idéntico al descrito en [72], con la salvedad de que, en
el primer empalme, entre la SMF y el extremo de la SC-PCF, se introducia un
segmento de una MMF (ver Figura 2.15).

Figura 2. 15 Diagrama esquemdtico del interferometro en el que se basa el sensor de
humedad (a); seccion transversal de la SC-PCF utilizada (b); los agujeros de la SC-PCF
quedan completamente colapsados en la region del empalme con la SMF. Figura utilizada
con los permisos de [81] ©2018 Optical Society of America.

Gracias a este segmento, era posible excitar los modos de mayor orden y
facilitar el acople de estos a los agujeros de aire, intentando mejorar de esta
manera la sensibilidad final. La sensibilidad del sensor frente a la humedad fue
de —0.077 dB/%RH, en un rango de 25%-80%RH. Ran Gao et al. propusieron en
[82], una nueva alternativa para desarrollar un sensor de humedad. El sensor fue
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construido rellenando con gel de agarosa un pequefio espacio de aire que se dejo
entre la SMF y la SC-PCF. Debido a las variaciones del espesor de la pelicula de
agarosa depositada, cuando el indice de refraccion efectivo del medio cambiaba
(debido a los cambios de RH), el didmetro del campo modal de la luz propagada
también lo hacia, produciendo una diferencia en la proporciéon de la luz que se
acoplaba entre la SC-PCF y la SMF. Los resultados experimentales mostraron que
la sensibilidad del sensor podia llegar hasta 2.2 dB/%RH. La variacién que
propuso Rui-jie Tong et al. en [83], fue la inclusion de dos dilataciones en las
SMFs, antes y después de las regiones colapsadas, (ver Figura 2.16). La primera
de estas imperfecciones actuaba como un divisor, dividiendo el haz de luz en
dos: uno que se acoplaba al revestimiento de la SC-PCF y el otro que se acoplaba
a su nucleo; la segunda imperfeccion tenia un comportamiento inverso, haciendo
que los modos que viajaban por el revestimiento se acoplaran al ntucleo,
generando, de esta manera, una interferencia. El sensor, fue recubierto por
peliculas de diferentes espesores, compuestas de “Graphene quantum Dots”
(GQDs, siglas en inglés) y PVA, para estudiar su efecto. Concretamente los
espesores utilizados fueron: 2.48 um, 3.72 um, 4.45 um, 5.96um, 7.42 ym and 8.17
um. El objetivo era estudiar el efecto del espesor en la sensibilidad final del
sensor; las sensibilidades obtenidas fueron: 0.0901 nm/%RH, —0.0797 nm/%RH, -
0.0337 nm/%RH, 0.0586 nm/%RH, 0.0539 nm/%RH y 0.0313 nm/%RH,
respectivamente. Estos resultados revelaron que, cuando una pelicula de
diferente espesor era depositada, la sensibilidad del sensor se veia alterada; en
otras palabras, que el espesor era uno de los parametros clave en el proceso de
optimizacion de la sensibilidad de un sensor ya que de él dependia el porcentaje
de campo evanescente que interactuaba con dicha pelicula. Por esta razdn, Jinesh
Mathew et al. publicaron en [84] un estudio del efecto que producia, en la
sensibilidad final del sensor frente a la humedad, recubrir la SC-PCF con
peliculas de agarosa de diferentes espesores. De nuevo, la conclusion fue que la
sensibilidad del sensor tenia una significativa dependencia del espesor de la
pelicula depositada.
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Figura 2. 16 Dibujo esquemdtico del sensor de humedad propuesto basado en una SC-
PCF (a) y el didmetro del campo modal de la luz en la deposicion de agarosa (b). Figura
utilizada con los permisos de [82].

Las SC-PCFs en montajes en reflexion también fueron utilizadas en varias
contribuciones cientificas para el sensado de la humedad relativa. Esta
configuracion consistia en hacer el mismo empalme entre las fibras (SMF y SC-
PCF) que, en articulos anteriores, pero ahora, el otro extremo de la SC-PCF se
cortaba para que se comportase como un espejo. De esta manera, los agujeros de
dicha fibra se dejaban abiertos y en contacto con la atmodsfera ambiental. Al llegar
al espejo, tanto los modos que viajaban por la cubierta, como los que viajaban por
el nucleo, se reflejaban y cuando alcanzaban de nuevo la regién colapsada, se
volvian a recombinar como un sélo modo en el nuicleo de la SMF, generando asi
un interferémetro Michelson. Llegados a este punto, es necesario aclarar que este
montaje descrito operaba de forma correcta gracias a la inclusion de un
circulador o6ptico. S S Hindal y H ] Taher presentaron en [85], un novedoso
método para la deteccion de humedad basado en esta configuracion: la
fabricacion del sensor era simple, ya que solo implicaba el corte y la fusion del
empalme. Ademas, el sensor presentaba la ventaja de que no requeria el uso de
ningtn material higroscépico. La sensibilidad final del sensor obtenida fue de
2.41 pm/%RH para humedades comprendidas entre el 27% y 85%RH. Variando
unicamente la longitud de la SC-PCF utilizada y disminuyendo las pérdidas
introducidas en el montaje, debido a los empalmes y al corte realizado en el
extremo de la MOF, Jinesh Mathew et al. consiguieron en [74] y [86], mejorar la
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sensibilidad final del sensor; en el rango de humedad comprendido entre el 40-
70%RH, la sensibilidad obtenida fue de 5.6 pm/%RH, mientras que para
humedades superiores al 70%RH, la sensibilidad fue de 24 pm/%RH. Al
comprobar el buen comportamiento del sensor, los mismo autores propusieron
en [87] depositar un material higroscopico (agarosa) en el interior de los agujeros
de la SC-PCF intentando mejorar de esta manera la sensibilidad. El sensor mostro
una alta sensibilidad a las variaciones de la humedad relativa, con un cambio en
su potencia reflejada de aproximadamente 12 dB, para una variacion de
humedad del 84%RH, mejorando los resultados obtenidos en trabajos anteriores.
Al igual que en las configuraciones previas, también fue posible la deteccion de
humedad y temperatura de forma simultdnea: Jinesh Mathew et al. lo
propusieron y demostraron en [88]. El dispositivo estaba formado por una FBG y
una SC-PCF en reflexion, en cuyos agujeros se habia depositado agarosa. Gracias
a la agarosa, era posible monitorizar los cambios de humedad, mientas que los de
temperatura se realizaban mediante la FBG. La temperatura era medida
estudiando el desplazamiento de la longitud de onda de la FBG y la humedad era
medida monitorizando los cambios en la potencia dptica en el espectro reflejado.
La sensibilidad del sensor frente a la temperatura fue de 9.8 pm/°C y la variacién
de la potencia Optica fue superior a 7 dB, para un cambio de RH del 75%,
mostrando una baja sensibilidad cruzada.

Una mezcla entre los dos montajes utilizados por los dos ultimos bloques
de sensores presentados es lo que utilizaba el siguiente grupo de sensores para
desarrollar medidas de humedad relativa. En este caso, el montaje era muy
parecido al basado en un interferémetro Michelson, pero el extremo de la SC-
PCF, que se dejaba libre a la atmosfera ambiental, ahora se convertia en una
nueva region colapsada, a la que no se le empalmaba ninguna SMF: es decir, la
nueva configuracion de los sensores en reflexion incluia dos regiones con los
agujeros colapsados. Mas detalladamente, Joel Villatoro et al. expusieron en [89]
todo el montaje: los sensores eran fabricados colapsando ambos extremos de la
SC-PC. La primera regién colapsada tenia la misma funcion que en los anteriores
casos y la segunda, ahora actuaba como espejo, reflejando los modos que
viajaban por el revestimiento, que luego se volvian a juntar en un tnico modo,
cuando llegaban a la primera region colapsada. En la contribucién cientifica
también se estudiaron parametros como la longitud y geometria de la SC-PCF
utilizada, asi como los picos interferométricos obtenidos en el espectro resultante,
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concluyendo que este sensor podia ser utilizado para medir cambios en la
humedad relativa. Tomando esta idea, Muhammad Yusof Mohd Noor et al.
presentaron en [90], el primer sensor de humedad basado en este montaje.
Debido a la absorciéon y desorcion de las moléculas de agua a lo largo de la
longitud de la SC-PCF, el sensor era capaz de detectar un cambio en el indice de
refraccion efectivo del medio y, como consecuencia de ello, se producia un
cambio en longitud de onda en el patrén interferente resultante. El sensor mostrd
una sensibilidad de 203 y 61.6 pm/%RH en los rangos de humedad
comprendidos entre 60%-80%RH y 80%-95%RH, respectivamente. Utilizando los
resultados de esta publicacion, y con el proposito de hacer mas sensible el sensor
hacia la humedad, Wei Chang Wong et al. propusieron en [91] y [92], recubrir
dicho sensor con un material higroscopico afin a la humedad como es el PVA
(ver Figura 2.17); el sensor mostrd una sensibilidad de 0.60 nm/%RH, para un
rango de humedad comprendido entre 30% y 90%RH, mejorando asi el resultado
anterior. Dado el potencial que se vio que podian ofrecer los sensores basados en
este montaje, Fernando C. Favero et al. propusieron en [93], su uso en
aplicaciones donde los sensores electréonicos podian fallar o no eran muy
recomendadas. También se pensd que podian ser tutiles en la evaluacion de la
salud: el dispositivo se utilizO para controlar la respiracion de una persona
independientemente de su frecuencia respiratoria. Ademas, los autores
explicaron que todos los componentes del sensor eran (o podian ser) materiales
dieléctricos, lo cual implicaba que podia ser utilizado durante resonancias
magnéticas o en algunos tratamientos oncoldgicos.
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Figura 2. 17 Representacion del sensor SC-PCF, en la que se muestra su mecanismo de
trabajo. Figura utilizada con los permisos de [91].
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Para acabar esta seccidon, se presenta una nueva estructura que fue
desarrollada por Shijie Zheng et al. en [94] y [95]: el uso de “Long Period Gratings”
(LPG, siglas en inglés), en montajes en reflexion. La LPG fue inscrita en la seccion
de SC-PCF utilizada para realizar el sensor. Ademas, los agujeros de la SC-PCF-
LPG fueron recubiertos con dos tipos de nano recubrimientos poliméricos; el
primero formado por PAH/PAA, con la intenciéon de mejorar la sensibilidad del
sensor hacia el indice de refraccion del agua; y el segundo, formado por
AOs/PSS, para intentar mejorar la selectividad del sensor y que solo fuera
sensible al parametro a medir. El sensor mostr6 una sensibilidad final de
0.058nm/%RH y una variacion de potencia dptica en el espectro de transmision
de 2 dB en un intervalo de humedad entre 20%-54%RH.

Como era de esperar, también se han encontrado en la bibliografia,
publicaciones cientificas en las cuales se usan HC-PCFs para desarrollar sensores
de humedad. La configuracion mas utilizada por los investigadores es en
reflexion, debido a su arquitectura, generando de esta forma un interferometro
Fabry-Perot. Dicho interferdmetro se forma al empalmar una seccién de una HC-
PCF con una SMF sin colapsar sus agujeros durante el empalme. Ademas, en
algunas de las publicaciones que se han encontrado, el otro extremo de la fibra
HC-PCF se recubre con un polimero higroscopico. De esta forma, se generan 3
superficies reflectantes, debido a las diferencias en los indices de refraccion:
SMF/HC-PCF, HC-PCF/polimero higroscépico y polimero higroscopico/aire. La
luz emitida por la fuente de luz se refleja en estas tres interfaces y los rayos
reflejados interfiere entre si debido a los diferentes retardos de fase provocados
por los distintos caminos opticos que describen. Basandose en esta explicacion,
Hao Sun et al. propusieron y demostraron experimentalmente en [96], un sensor
para la medicion simultdnea de humedad y temperatura. El material utilizado
para recubrir el extremo final de la HC-PCF fue PVA. Los resultados
experimentales demostraron que el sensor propuesto era capaz de medir cambios
en la humedad relativa y la temperatura, demodulando las variaciones en la
potencia Optica y los desplazamientos en longitud de onda del espectro de
reflexién, con un error de 1.47% y 0.0032%, respectivamente. El sensor mostré un
desplazamiento maximo en longitud de onda de 5 nm, para unas variaciones de
humedad comprendidas entre 35%-95%RH. Intentando mejorar la sensibilidad
de este sensor, Xiaohui Liu et al. utilizaron la misma configuracion en [97], pero
depositando esta vez chitosan (ver Figura 2.18). El sensor mostrd un maximo de
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sensibilidad cuando la humedad relativa estaba en un valor cercano al 90%RH de
0.28 nm/%RH.
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Figura 2. 18 Estructura del sensor propuesto basado en un interferdmetro Fabry-Pérot
recubierto con una pelicula de chitosan. Figura utilizada con los permisos de [97].

Una nueva idea fue propuesta y desarrollada por Qingmei Sui et al. en [98]:
consistia en un sensor de humedad basado en dos interferometros Fabry-Pérot en
cascada. Se construy6 empalmando una seccién de una HC-PCF entre dos SMFs.
Ademas, utilizando la técnica de deposicion “LbL”, se depositd una pelicula en la
interfaz  final del sensor intrinseco formada por poly(sodium-p-
styrenesulfonate)/(PSS) poly(allyamine hydrochloride) (PAH). Debido a los
cambios de humedad, el indice de refraccion efectivo del medio variaba y como
consecuencia, la potencia dptica reflejada. El sensor mostré una sensibilidad final
de 0.008 dB/%RH en un rango de humedad comprendido entre el 5%-90%RH.
Con el objetivo de mejorar esta sensibilidad, Yong Zhao et al. propusieron en [99]
introducir algunos cambios en la configuracion del sensor. El interferometro fue
construido realizando dos empalmes: el primero, formado por una SMF y una
SC-PCF y el segundo, formado por el extremo libre de la SC-PCF y una HC-PCF
(ver Figura 2.19). En este caso, la pelicula depositada en los agujeros de la HC-
PCF estaba formada por GQDs y PVA, pero con una salvedad: dicha pelicula no
sé depositd en la totalidad de la longitud de los agujeros. La sensibilidad del
sensor obtenida fue de 0.456 nm/%RH con variaciones en la humedad
comprendidas entre 19.63%RH to 78.86%RH.
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Figura 2. 19 Estructura del interferometro Fabry-Peérot desarrollado en la publicacion
[96], empalmando una SMF y un HC-PCF (HCF en la figura) a ambos extremos de una
SC-PCF (PCF en la figura). Figura utilizada con los permisos de [99].

Finalmente, el uso de HC-PCFs para el desarrollo de sensores de humedad,
fue analizado por Tao Li et al. en [100]. Estos autores propusieron una nueva
estructura: utilizar una HC-PCF estrechada como elemento sensible a la
humedad. La fibra consistia en un nucleo hueco dopado de germanio con 5
largos agujeros de aire a su alrededor, los cuales habian sido recubiertos con un
hidrogel. Gracias al estrechamiento, el modo del ntucleo era muy sensible a
cualquier cambio en el indice de refraccién del revestimiento debido a la gran
interaccién que existia entre el campo modal y los agujeros de aire. Los cambios
de humedad modificaban el indice de refraccion efectivo del material, lo que
llevaba a cambios en la potencia Optica reflejada. Los resultados de las
simulaciones tedricas mostraron que las pérdidas en la potencia dptica variaban
de 0.063dB/cm a 75.847dB/cm cuando la humedad cambiaba desde 0 hasta
95%RH.

Para finalizar esta seccidn, se presenta la tinica publicacion encontrada en la
bibliografia que utilizé una fibra SSC para desarrollar un sensor de humedad. El
sensor, presentado por Chengliang Wang et al. en [101], estaba formado por dos
segmentos. El primero, era un pequefo segmento de una SSC formada por 4
grandes agujeros alrededor de su nucleo suspendido y el segundo, un
recubrimiento formado por un adhesivo 6ptico higroscopico (ver Figura 2.20). De
esta forma, se generaba un interferometro Fabry-Perot con tres diferentes
interfaces: SMF/SSC, SSC/adhesivo dptico y adhesivo dptico/aire. Debido a las
diferentes sensibilidades de las cavidades Fabry-Perot hacia los cambios de
humedad y de temperatura, ambos pardmetros pudieron ser medidos

41



Cap 2. MOFs utilizadas para la deteccion de gases y VOCs

simultdneamente monitorizando los desplazamientos de la fase al aplicar la FFT.
En el rango comprendido entre 15%-90%RH, el sensor mostrd una sensibilidad
maxima de -0.042 rad/%RH.
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Figura 2. 20 Esquema de las diferentes partes del sensor. La cavidad hibrida estd formada
por: la cavidad de la fibra, formada por la SSC (SCF en la figura) y por la cavidad del
polimero, formada por el adhesivo dptico (a). Imagen obtenida con el microscopio del
sensor desarrollado (b). Seccion transversal de la SSC de 4 agujeros (c). Figura utilizada
con los permisos de [101].

2.5.2. Deteccion de humedad basada en sus bandas de absorcion.

En menor medida que en la seccién anterior de los gases, ya que solo se
encontré una contribucion cientifica en la bibliografia, las MOFs también se
utilizaron como “celda de humedad”, basando su mecanismo de transduccién en
las bandas de absorcion. Tomando esta idea como referencia, M. Y. Mohd Noor
et al. propusieron en [102], [103], un nuevo sensor para medir variaciones en la
humedad utilizando una HC-PCF como celda de humedad. El nivel de humedad
se determinaba analizando la diferencia de potencia dptica entre una sefal
previamente definida y la potencia Optica del sensor medida, en un momento
determinado, en el pico de absorcion del vapor de agua centrado en 1368.59 nm.
Las moléculas de agua penetraban en los agujeros de la HC-PCF, gracias a dos
pequenios espacios de aire que se dejaban a ambos extremos de esta fibra, cuando
se alineaba con dos SMFs. De esta manera, las moléculas de agua interactuaban
con el campo evanescente de la luz guiada por los agujeros de aire. La resolucion
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del sensor frente a la humedad fue de 0.2%RH en un rango de humedad de 0%-
90%RH.

2.6. Sensores de VOCs basados en MOFs

En la actualidad, la deteccion de compuestos organicos volatiles (VOCs,
siglas en inglés), juega un papel muy importante debido a que determinados
VOCs pueden ser una amenaza significativa para la salud humana, asi como para
el equilibrio ecoldgico. Hay un considerable nimero de aplicaciones potenciales
basadas en la deteccion de VOCs como, por ejemplo, la monitorizacién de las
condiciones ambientales, la regulacion de procesos en la industria quimica o
alimenticia... so6lo por mencionar algunos [10]. Los OFS desarrollados para la
deteccion de VOCs ofrecen nuevas e interesantes propiedades gracias a las cuales
pueden superar algunos de los inconvenientes encontrados en los sistemas para
deteccion de VOCs tradicionales los cuales estdan basados principalmente en
mecanismos eléctricos, electroquimicos o en materiales poliméricos pesados.

Haciendo referencia a los datos presentados en [9], en términos de micro y
nano ingenieria de fibra optica, las PCFs (ambas, SC-PCF y HC-PCF), las fibras
SSC o los estrechamientos micro/nano de las fibras son muy buenas alternativas
para desarrollar sensores para la deteccion de VOCs; en este apartado de la tesis,
se va a presentar el estado del arte de las MOFs utilizadas para este fin.

Al igual que sucedia en el caso de la deteccion de gases, las MOFs son
especialmente ttiles para el sensado de VOCs debido a su micro estructura, la
cual permite el paso a través de ella de las moléculas del VOC a detectar,
actuando como una “celda para VOCs”. Una de las principales diferencias en
comparacion con la deteccion de gases es que los VOCs no tienen unas bandas de
absorcion tan definidas, por lo que su mecanismo de transduccion se basa,
principalmente, en detectar los cambios en el indice de refraccion efectivo del
medio. Teniendo esto en cuenta, Joel Villatoro et al. presentaron en [104] y [105],
un sensor en reflexion utilizando una fibra SC-PCF, a la cual se le empalmaba
una SMF. En el empalme, los agujeros de la fibra SC-PCF se colapsaban, haciendo
que cierta parte del haz de luz viajara por el revestimiento, excitando de esta
forma modos de mas alto orden y permitiendo también, la interaccién de estos
modos con las moléculas del VOC (ver Figura 2.21); ademads, cuando estas
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moléculas penetraban en los agujeros de la SC-PCF, el indice de refraccion del
medio variaba, lo que producia un desplazamiento en longitud de onda en el
espectro interferométrico del sensor. Los autores afirmaron que el sensor podia
medir deferentes VOCs como metanol (CHs3OH), acetonitrilo (CHsCN),
isopropanol (CsHsOH) o tetrahidrofurano (THF). Las pruebas experimentales se
realizaron para tetrahidrofurano y acetonitrilo (inyectando un volumen de 600
pL en la celda de medida donde se evaporaba el VOC y se introducia el sensor)
obteniendo un desplazamiento maximo de 700 y 500 pm, respectivamente.

ﬁ'ED O roc O

0O8A
SMF PCF b
L

Figura 2. 21 A la izquierda, esquema del montaje experimental con una imagen de la
seccion transversal de la SC-PCF utilizada para desarrollar el sensor. L es la longitud de
la seccion de dicha fibra. LED es la fuente dptica utilizada, OSA (siglas en inglés) es el
analizador de espectros y FOC (siglas en inglés) es el circulador dptico utilizado en el
montaje. A la derecha, las distribuciones del campo eléctrico de los modos LPo1 y LP11
[105].

Utilizando también una HC-PCF en reflexiéon, Bongkyun Kim et al.
presentaron en [106] el siguiente montaje: un extremo de una seccidon de una fibra
capilar fue empalmada a una SMF, mientras que el otro extremo se empalmo a
una SC-PCF; de esta forma, se generaba un interferometro Fabry-Perot, debido a
las 3 interfaces con diferentes indices de reflexion que existian. El patrén
interferométrico resultante de la sefal reflejada se desplazaba, en longitud de
onda, cuando en los agujeros de la SC-PCF se infiltraban las moléculas de los
VOCs. Para analizar la sensibilidad del sensor, se empled la técnica de la FFT,
evaporando en la celda de medida 2 pL de acetona. El sensor mostré un
desplazamiento de 1.3 rad.
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Las HC-PCF también se propusieron para desarrollar sensores capaces de
detectar VOCs, pero utilizando montajes en transmision. Luo Niu et al. en [107],
presentaron un sensor para la deteccién de etanol, basado en el efecto de la
dispersion Rayleigh. Ambos extremos de la HC-PCF se alineaban con dos SMFs,
dejando un pequefio espacio de aire entre ellas, lo que permitia la difusion de las
moléculas de etanol. Conforme la concentracion de etanol en la celda de medida
se incrementa, las moléculas de etanol empezaban a penetrar en los agujeros de
aire de la HC-PCF, lo que provocaba una excitacion del efecto de la dispersion
Rayleigh y pérdidas en la potencia Optica transmitida. Cuando la luz alcanzaba la
segunda SMF, los modos se recombinaban en uno so6lo, simulando su
funcionamiento al de wun interferémetro Mach-Zehnder. Los resultados
experimentales mostraron una sensibilidad del sensor hacia el etanol de 0.022
dB/ppm. Los mismos autores, volvieron a proponer la medida de etanol,
utilizando el mismo montaje, pero en este caso midiendo el desplazamiento en
longitud de onda que se producia en el espectro de luz reflejada. El rango de
concentracion medido fue de 250 ppm hasta 100 ppm de etanol y el
desplazamiento de 1542.96 nm (cuando el sensor se expuso a 250 ppm) hasta
1545.52 nm (cuando el sensor se expuso a 1000 ppm). Siguiendo con el uso de las
HC-PCF, Jason M. Kriesel et al. describieron en [108], un sistema versatil de
espectroscopia en el infrarrojo medio para poder medir diferentes
concentraciones de una amplia gama de VOCs, utilizando un volumen de
muestra pequefo, del orden de los pL. El sistema combinaba un laser de
caracteristicas muy concretas, el cual permitia barrer un ancho espectro 6ptico,
con una HC-PCF que hacia la funciéon de celda de gas. Dicho laser, tenia
suficiente resolucion espectral para medir VOCs como aldehidos o cetonas.
Gracias a los agujeros de la HC-PCF, el rayo del laser era capaz de interactuar
con las diferentes moléculas de los VOCs. Partiendo de este sistema, Christy
Charlton et al. presentaron en [109], un sensor para detectar cloroetano,
mostrando una sensibilidad de 30 ppbv.

Respecto a las fibras SSCs, en la bibliografia, no se ha encontrado ningtn
sensor que las utilice en sus montajes, pero, viendo el potencial que pueden tener
en aplicaciones para la deteccion de VOCs, a lo largo de esta tesis doctoral se
decidié apostar por ellas y en los capitulos siguientes, se presentan algunos
experimentos y trabajos en los que si que fueron utilizadas, obteniendo unos
resultados muy interesantes y prometedores.
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2.7. Conclusiones

Como se ha visto a lo largo de este capitulo, son muchos los montajes en los
que se han utilizado algun tipo de MOFs para desarrollar sensores que sean
capaces de detectar gases o VOCs.

El atractivo de utilizar MOFs es debido a poder elegir la estructura que mas
se adecta para una aplicacion final determinada. Debido a la estructura
agujerada de las PCFs o a los agujeros que rodean el nucleo de las SSCs, la
interaccion entre la luz guiada por la fibra (bien sea, por el campo evanescente o
por los modos de mayor orden) y las moléculas del gas o VOC a detectar es
posible.

Los dos principales mecanismos de transduccion de las MOFs son: la
absorcion de cierta potencia dptica en las bandas de absorcion de los gases y en la
variacion del indice de refraccion efectivo del medio que rodea al sensor debido a
la presencia de las moléculas de gases o VOCs, que se desean medir. Dichas
variaciones provocan cambios en las senales transmitidas o reflejadas que,
pueden ser medidas, utilizando diferentes técnicas (midiendo el desplazamiento
en longitud de onda o midiendo la diferencia de potencia dptica entre dos
sefales, aplicando la FFT...).

Si a la cantidad de gases y VOCs que pueden ser medidos, obteniendo unos
resultados Optimos, se le suma las diferentes estructuras y configuraciones de
MOFs que ain quedan por estudiar, el resultado anima a fomentar estudios para
desarrollar sensores, ya que pueden ofrecer un enorme potencial en el campo de
los sensores de fibra optica.
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Capitulo 3

Desarrollo de sensores de
humedad basados en
interferometros MZ y SC-PCF

En este tercer capitulo de la tesis, se describen dos sensores de humedad
basados en interferometros Mach-Zehnder (MZ) y SC-PCF. Diferentes
pardmetros han sido estudiados y optimizados con la intencion de conseguir
mejorar las caracteristicas finales de los sensores. Enumerdndolos son:
técnicas de deposicion utilizadas, materiales sensibles elegidos para ser
depositados y espesores de las nano peliculas de estos materiales cuando son
depositados sobre la fibra optica micro estructurada.
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3.1. Introduccion

La humedad es una de las magnitudes quimicas mas importantes en la
vida de los seres vivos y en especial de los seres humanos. Esta presenta en
innumerables procesos industriales como los relacionados con el campo de la
electrénica, de la agricultura, de la industria alimenticia, farmacéutica, papelera,
textil o de la automocion e incluso, puede llegar a tener un papel clave en alguna
aplicacion médica como puede ser la monitorizacién de la respiracion humana en
pacientes enfermos. Por esta razén, su control y parametrizacion tiene un valor
muy importante.

En las tultimas décadas, una nueva clase de sensores de humedad esta
atrayendo el interés de numeros grupos de investigacién debido a las ventajas
que ofrece sobre los sensores mas convencionales (tipicamente sensores
electronicos): estos son los sensores de humedad basados en fibra dptica (OFHS,
siglas en inglés). Este tipo de sensores presenta varias ventajas importantes con
respecto a los sensores electréonicos como, por ejemplo, su pequeno tamano, su
durabilidad, la posibilidad de trabajar en entornos inflamables o con humedades
y temperaturas altas, con distintos rangos de presion e incluso con riesgo de
explosion... Pero, probablemente, la mads interesante sea su inmunidad
electromagnética. Por todas estas cualidades expuestas, los sensores de fibra
optica pueden soportar condiciones exigentes como las que se dan en los
procesos industriales previamente citados, haciéndolos de esta forma unos
buenos candidatos para su utilizacion en estos entornos.

Gracias a lo expuesto en el parrafo anterior, el desarrollo de los OFHS
crecio exponencialmente, y con ello, el nimero de contribuciones cientificas. Una
manera de poder clasificar todos los sensores publicados hasta la fecha es
basandose en su principio de transduccion y en las diferentes estructuras que se
usan para el sensado. El primero grupo de la clasificacion puede considerarse el
basado en la absorcion Optica de ciertos materiales sensibles, que a su vez fue el
primero que se investigé por la comunidad cientifica [110]; el siguiente grupo
seria el formado por los sensores basados en “Fibre Bragg Gratings” (FBG, siglas
en inglés); otra posibilidad para desarrollar OFHS seria la utilizacion de
interferometria, la cual puede generar diferentes tipos de interferémetros: Fabry-
Perot, Sagnac, Mach-Zehnder, Michelson e interferdmetros modales; el cuarto
grupo seria el que agrupa a los OFHS que basan su mecanismo de transduccion
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en micro estructuras o deformaciones de la fibra como por ejemplo: “tapers”,
anillos, asi como los sensores basados en “whispering galleries modes” (WGM,
siglas en inglés); por ultimo, el grupo basado en resonancias electromagnéticas,
mas especificamente “lossy mode resonances” (LMRs, siglas en inglés). Un esquema
con la clasificacion propuesta se presenta a continuacion.

—

* Absorcion 6ptica

 Fibras bragg gratings
* Gratings
* Fibras long period gratings

* Michelson, Fabry-Pérot, Sgnac...

|

* Interferémetro * Interferometros modales

Sensores de fibra Optica para
detectar humedad

* Micro estructuras o deformaciones en la fibra

* Lossy Mode Resonances

—

Figura 1. 1 Clasificacién de los diferentes tipos de sensores de humedad basados en la
utilizacién de fibra dptica.

Dentro de los sensores interferométricos, existen diferentes formas de
generar dicha interferometria: una de ellas es la utilizacién de fibras 6pticas
micro estructuradas. Dichas fibras son un excelente candidato para desarrollar
este tipo de sensores debido a su estructura, la cual favorece la interaccién entre
el campo evanescente generado por la luz que viaja guiada a través de ellas y el
medio que rodea a la fibra.

3.2. Interferometria Mach-Zehnder y SC-PCF

Una de las principales conclusiones que se puede deducir del estudio
realizado en el primer capitulo de esta tesis es que la generaciéon de un
interferémetro MZ utilizando SC-PCF es una de las mejores alternativas para
desarrollar sensores de humedad debido a las sensibilidades obtenidas.

De forma breve, el interferometro Mach-Zehnder se consigue al empalmar
dos latiguillos SMF a ambos extremos de una SC-PCF, generando de esta forma
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dos regiones colapsadas (los agujeros de la SC-PCF se colapsan en dos pequefias
regiones proximas a los empalmes debido al efecto de las descargas que se
producen al realizarlos). Pero para entender como el interferometro trabaja es
necesario analizar el comportamiento del haz de luz guiado cuando atraviesa
estas dos regiones colapsadas. El modo fundamental de la SMF se difracta
cuando entra en contacto con la primera region colapsada. Debido a esta
difraccion, los modos del revestimiento, en el segmento de la SC-PC, se excitan;
de esta manera, el haz de luz se divide en dos componentes: una que viaja por el
nucleo de la SC-PCF y otra que viaja a lo largo de la cubierta de la fibra. Las
constantes de propagacion de los distintos modos excitados son distintas y, por
consiguiente, ciertos modos acumulan una diferencia de fase conforme se
propagan a lo largo de la secciéon de SC-PCF. Cuando se alcanza la segunda
region colapsada, ambas componentes se recombinan en el nticleo de la segunda
SMF empalmada describiendo un patrén interferométrico.

Un factor importante y que hay que tener en cuenta a la hora de desarrollar
un sensor, es el material sensible elegido para detectar los cambios de humedad;
no todos los materiales son igual de sensibles. Las propiedades y caracteristicas
de este material sensible, al interactuar con las moléculas de agua, determinaran
si un sensor es mas sensible o menos sensible. Tomando como referencia la
publicacién encontrada en la bibliografia con mejor sensibilidad, utilizando fibras
SC-PCF para generar un interferdmetro Mach-Zehnder [84], se considerd la
posibilidad de mejorar dicha sensibilidad empleando otro material sensible y
otra técnica de deposicion. Es aqui donde nace la idea para desarrollar la primera
contribucion de esta tesis.

3.2.1. Deposicién de polimeros higroscopicos utilizando la técnica
de deposicion “Layer-by-Layer” (LbL)

La agarosa fue utilizada en [84] como material sensible. Es un polimero
higroscopico que, en presencia de moléculas de H20, es capaz de interactuar con
ellas debido a un fenémeno denominado absorcion y desorcion (provocando los
efectos de “swelling” y “deswelling”). De esta manera, los posibles cambios de
humedad en el medio que rodean al sensor pueden ser detectados. La técnica
utilizada para depositar la agarosa en esta contribucion cientifica fue la de “dip
coating”. Dicha técnica, sumada a la morfologia viscosa del material, generaban

50



Universidad Publica de Navarra Diego Lépez Torres

ciertas limitaciones en términos de reproducibilidad, asi como en el control del
espesor depositado. El control de este parametro es de vital importancia para la
sensibilidad del sensor y su optimizacién, por lo tanto, conduce a una mejora de
ella. Por estas razones, en la primera contribucién que se deriva de esta tesis, se
propuso la mejora de la sensibilidad de los sensores previamente publicados,
utilizando una nueva técnica de deposicion (Layer-by-Layer nanoassembly, LbL)
y una nueva pareja de polimeros sensibles a la humedad (poly(allylamine
hydrochloride, PAH y poly(acrylic acid, PAA) que permitieran tener un control
del espesor depositado. La construccion de un recubrimiento utilizando esta
técnica (LbL), se basa en el ensamblaje de las particulas cargadas con signo
opuesto, es decir, de un polimero con carga positiva (polication: PAH) y de otro
con carga negativa (polianion: PAA). Las particulas con una determinada carga
se adhieren al sustrato (en este caso la fibra dptica) atraidas por las particulas de
carga opuesta, bien de una pareja de capas inicial o bien de la tltima capa
depositada, para ir formando lo que se conoce con el nombre de pareja de capas,
de una forma parecida a la que ilustra la siguiente imagen.

]

Figura 1. 2 Esquema de los pasaos utilizados para la deposicién de una pelicula polimérica
utilizando la técnica de deposicion LbL.

Por ultimo, y como novedad con respecto a los articulos previamente
publicados en este campo de investigacion, en esta primera contribuciéon se
realizdé una comparativa entre la técnica utilizada en la gran mayoria de los
articulos para dar el dato de la sensibilidad del sensor (medir el desplazamiento
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de un pico del patrén interferente en longitud de onda) y una técnica basada en
la transforma rapida de Fourier (FFT). Esta técnica consiste en monitorizar los
cambios en fase de la frecuencia fundamental del patron interferométrico del
sensor. Los resultados obtenidos se muestran en la siguiente publicacion de la
revista “Sensors and Actuators B: Chemical”, que lleva por titulo: “Photonic crystal
fibre interferometer coated with a PAH/PAA nanolayer as humidity sensor” .
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temperature [5], humidity [6], gases [7] or pHs [8] has been
described by different authors in the literature using a wide range of
interrogation techniques i.e. interferometry, long-period gratings
or resonances.

1. Introduction

A large number of papers have been published in the field of
optical fiber sensors in the last decades [1-4]. These devices can

benefit from advantage of the electromagnetic immunity, light
weight, low transmission losses in the communication windows,
low cost or wavelength multiplexing. The utilization of optical
fiber sensors for measurement of different magnitudes such as

Abbreviations: LbL, layer-by-layer; PCF, photonic crystal fiber; KOH, potassium
hydroxide; PAH, poly(allylamine hydrochloride); PAA, poly(acrylic acid); RH, rel-
ative humidity; FFT, fast Fourier transform; OSA, optical spectrum analyzer; SNR,
signal to noise ratio.
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In the past decade, new optical fibers have been developed
in order to get lower nonlinearity, lower attenuation, and unique
wave-guiding properties. This is the case of Photonic Crystal Fibers
(PCFs), proposed in 1995 by Russell et al. [9] which contain arrays
of tiny air holes along their structure allowing the development
of new applications and the fabrication of new optical fiber sen-
sors. If a portion of PCF is spliced between two segments of single
mode fibers, then a Photonic Crystal Fiber Interferometer (PCF-I) is
obtained. In such devices, the fundamental mode guided in the core
of the single mode fiber, when reaches the interface with the PCF,
can excite cladding modes of the PCF. In this manner, the light sig-
nal is divided in two components: one traveling through the core of
the PCF and the other one along its cladding. At the end of the PCF
segment, the both modes are recombined in the core of the second
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Fig 1. Chemical structures of the hydrogels (PAH/PAA).

single mode fiber: it produces an oscillatory spectral response of
an interferometer. These devices are used to implement sensors:
the transduction is based on depositing a sensing material along
the PCF segment: the cladding modes are affected by the external
medium surrounding the PCF and, therefore, the interferometric
pattern is altered.

In order to create a humidity fiber sensor, the utilization of
PCF-I combined with an agarose coating sensitive to humidity and
deposited by dip-coating has been presented in previous works
[10]. However, due to the limitations of the deposition technique,
these sensors present some drawbacks such as the reproducibility
in the fabrication of the nanocoating as well as the limitation to
control the thickness of the coating on the nanometer scale [11].

The current work proposes the use of two polymers
(poly(allylamine hydrochloride) (PAH) and poly(acrylic acid)
(PAA)) deposited by layer-by-layer nanoassembly (LbL) on a Pho-
tonic Crystal Fiber Interferometer (Fig. 1 shows the chemical
structures of the hydrogels) (PAH/PAA). Based on [12], absorption
(swelling and deswelling) is the mainly mechanism of interac-
tion between water molecules and [PAH/PAA] nanofilm. At lower
humidity (RH values up to ~60%), the nanofilm shows a low
swellability and it can be physically explained by strong interchain
H-bonding between COOH groups. At higher humidity, however,
water penetrates the structure, mitigates interchain H-bonding,
and permits rapid swelling as the COOH groups ionize and are
forced apart. Working at the nanometer scale with the humidity
sensing coating should overcome the limitations seen in previous
works. Furthermore, since the thickness of the coatings is below
the penetration depth of the evanescent field, the sensing coating
cannot be considered as an infinitum medium. Due to this, besides
the sensitivity to the refractive index of the sensing coating, the
sensitivity to the coating thickness could also play an important
role [13].

In addition, the studied humidity sensors were interrogated not
only studying the spectrum shift but also making use of the Fast
Fourier Transform (FFT) for monitoring the spectrum phase varia-
tions. The FFT is calculated by the software MATLAB through the
command fft. A script in MATALB was programmed in order to
obtain the phase sensor response using the recorded data obtained
by the OSA and the command mentioned above (fft). This method
does not depend of the signal amplitude and also avoids the
necessity of tracking the wavelength evolution in the spectrum;
moreover, it is applicable to networks that require narrow band
sensors, allowing high multiplexing rates. The proposed sensor is
characterized following the spectral shift and FFT approaches, com-
paring them in terms of sensitivity and linearity [14].

To our knowledge, this is the first time that a nanocoating has
been deposited by means of LBL on a PCF-I to achieve a humidity
sensor and moreover, the first time FFT is used to characterize this
type of configuration.
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Fig. 2. (A) Schematic representation of the photonic crystal fiber interferometer
(PCF-1); (B) Micrograph of the PCF-SMF juntionc showing the collapsed region of
the PCF; (C) Cross section of the PCF used to build up the interferometer; (D) Trans-
mission spectrum of the PCF-I.

2. Experimental details
2.1. Chemical reagents

Two different polymers have been used for the construction
of the nanocoating: poly(allylamine hydrochloride) (PAH) (Mw
~15,000) and poly(acrylic acid) (PAA) (Mw ~15,000) 35 wt% solu-
tion in water. The cleaning and the generation of a superficial
electrical charge on the optical fiber were performed by 10%
Potassium Hydroxide (KOH) solutions. The pH of the different mix-
tures was measured by an electronic pH-metter (Crimson INC).
The acidity of the polymeric solutions was adjusted to pH 4.4 by
Hydrochloridric acid (HCI) and Sodium Hydroxide (NaOH). The
entire set of reagents were supplied by Sigma-Aldrich and they
were used without further purification. All solutions were prepared
using ultrapure water with a resistivity of 18.2 M2 cm (Diamond
RO D12671).

2.2. Construction of the nanocoating

Prior to the deposition of the nanocoating, one centimeter of
standard PCF (LMA-8 Crystal Fiber A/S) was spliced to Corning SMF-
28 (standard fiber optic) with a conventional splicing machine. The
splicing was carried out in such a way that the voids of the PCF
collapsed completely over a short region (generally less than 300
micrometers long) [15]. At this point, the PCF-I was attached to a
U-shaped holder in order to prevent undesired bending or possible
breakages and, in addition, to facilitate the coating deposition. Fig. 2
shows a schematic representation of the resulting interferometer,
detailing the PCF microstructure and the collapsed region interface.

The technique used for the deposition of the humidity sensi-
tive coating was LbL nanoassembly technique. The method was
proposed by Decher [16] as a simple and automatable method
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to fabricate films at the nanometer scale. LbL technique consists
of the assembly of oppositely electrically charged polyelectrolytes
(polycation and polyanion respectively) forming a bilayer [17]. LbL
procedure is not limited by the shape or the size of substrates,
which a remarkable feature for optical fiber sensors [18]. First of all,
PCF-1 was immersed for ten minutes into a 1 M potassium hydrox-
ide (KOH) aqueous solution in order to induce a negative electrical
superficial charge. Thereafter, the PCF-Iwas cleaned up in ultrapure
water. The nanocoating was prepared dipping the PCF alterna-
tively into the 10 mM polyelectrolyte solutions: first, the fiber was
immersed into the polycationic solution (PAH) for two minutes and
then it was washed with ultrapure water for 1 min to remove the
not properly assembled chains; then, the device was dipped into the
polyanionic (PAA), rinsing it again with ultrapure water for another
minute. In this manner, a bilayer with the structure [PAH/PAA] was
conformed. This process was repeated as many times as required.
The method was automated by using a robotic arm (acquired from
Nadetech Innovations S.L.), ensuring its reproducibility.

2.3. Characterization setup

The transmission setup used in this work is shown in Fig. 3. The
transmission configuration has advantages when it is compared
with the reflection one used in previous works [19,20]: the col-
lapsed voids interface cannot be contaminated by dust or unwanted
particles causing an erroneous measurement; moreover, the use
of the fiber optic circulator is not required. The PCF sensor device
was interrogated with a multi-LED light (HP83437A) source whose
emission spectrum span was between 1150 and 1650 nm allowing
the spectra behavior of the PCF interferometer to be studied in a
higher spectra range; the sensing signal was acquired by an optical
spectrum analyzer (OSA-HP86142A). To calculate the interferomet-
ric response, the signal obtained with a SMF pigtail connecting the
light source and the spectrometer was considered as reference.
Once the interferometer was included to the setup, the interfer-
ometric response was evaluated comparing the different signals
with the reference. In this manner, changes in the interferomet-
ric pattern were observable. This set up was used to monitor both
the growth of the nanocoating and its response with RH changes in
terms of wavelength shifts.

The influence of the length of the PCF segment on the fringe
spacing of a transmission-type PCF interferometer was investigated
[21]. It was shown an inversely proportional relation between the
fringe spacing and the length of the PCF section. In order to facil-
itate the study of the PCF-I humidity response and to increase the

measurement range of relative humidity, a large fringe spacing for
the interferometer was required. The length of the PCF was 10 mm:
the resulting averaged fringe spacing was ~53 nm (see Fig. 2D),
which allowed the construction process to be optimized in terms
of maximum sensitivity as well as to characterize the sensor.

3. Study of thickness effect on the sensor sensitivity

The fabrication of the nanocoating was monitored using the
setup described in Fig. 3. As it was mentioned in the introduc-
tion section, the evanescent field along the PCF section interacts
with the surrounding media a distance known as penetration
depth, which is below 1um. The thickness of the sensing coat-
ing deposited by LbL method is in the nanometrical scale: as more
bilayers get deposited, their interaction with the evanescent field
changes, and in this manner, so does the interferometric pat-
tern. In terms of the spectral shape, it was observed a red shift
as the number of bilayers increased. Furthermore, the sensing
coating behaves as and hydrogel, so that the interaction between
[PAH/PAA] nanofilm and water molecules causes the effect of
swelling and deswelling. Consequently, an increase in the nanofilm
thickness occurs when the relative humidity is increased [12]. And
according to Fig. 5, an increase in the nanofilm thickness results
in a redshift (always working below the penetration depth of the
evanescent field, where the effect of the thickness change plays
a dominant role with respect to the contribution of the refractive
index variation). Thus, a decrease in the nanofilm thickness gives
a blueshift. Therefore, the construction process should show an
optimal point at which variations in RH would produce significant
spectral shifts: actually, this point would show the highest slope
(in terms of spectral shift).

The effect of the nanocoating thickness (firstly expressed as the
number of bilayers) was studied by monitoring the interferometric
pattern for a 100 bilayers nano construction. The resulting spec-
trum after the deposition of each bilayer was recorded: all of them
are displayed in 2D graphs (Fig. 4A): every spectrum is represented
in the vertical axis, and their respective magnitudes (expressed in
dB) are indicated by a color map. It can be observed that there are 3
sections along the construction process that show different slopes
in terms of spectral shift: they are marked with dashed squares in
Fig. 4A. Actually, the slope gets lower as the number of bilayers
is increased: in fact, there is almost no shift once 60 bilayers are
deposited. It is a consequence of the coating thickness: above 60
bilayers, this parameter is thicker than the penetration depth of
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Fig. 4. (A) Transmission spectra that were recorded after the deposition of every
single layer: the dashed squares highlight the areas with a remarkable spectral red
shift; (B) Detailed representation of the spectra registered from the deposition of
the first 20 bilayers: the dashed line frames the spectra that show a significant red
shift (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

the evanescent, so that any increase above this point produces no
variation in the interaction between the coating and this propagat-
ing mode. What is more, the evanescent field decays exponentially
from the cladding, which explains why the slope of the shift is lower
as more layers are deposited. Fig. 4B displays a detailed representa-
tion of the spectra from the first 20 bilayers: it can be observed that
for 10 bilayers the slope is maximum, so that to get the optimal sen-
sitivity, the construction process was to be stopped for 9 bilayers.
Fig. 5 shows in detail the spectral shift for the transmission val-
ley initially located at 1270 nm, verifying that for that number of
bilayers the sensitivity should be optimal. Therefore, once another
sensor was prepared with just 9 bilayers, the location of the spectral
valley to monitor was 1290 nm. In order to not affect the coating
deposition, the thickness of the sensor was only measured at the
end of the fabrication process. Due to this, in our work we only
measured the thickness of the coating at the end of the process, the
sensor with 9 bilayers. The thickness of the deposited coating was
measured by a Scanning Electronic Microscope: the resulting value
was 240420 nm (below the penetration depth of the evanescent
field) and, moreover, the images shown a uniform coating morphol-
ogy (Appendix A Supplementary data, Fig. S1 in the online version,
at http://dx.doi.org/10.1016/j.snb.2016.09.144). These data are in
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Fig. 5. (A) Spectral red shift observed along the construction process from 1225 nm
and 1325 nm. After 9 layers are deposited, the transmission valley is centered at
1290 nm: its spectral shift when RH is increased is supposed to show the optimal
sensitivity, following the trending pointed in the graph (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.).

accordance with [22], where the thickness of the PAH/PAA poly-
meric coating is estimated as a function of the number of bilayers,
from O to 100 bilayers.

4. Results and discussion

The relative humidity (RH) response of a PAH/PAA nanocoated
PCF-I was studied with the set up shown in Fig. 6: the sensor was
placed inside a climatic chamber (Angelantoni, CH 250). Several
experiments were implemented changing the relative humidity
from 20% to 95% at 25°C + 2 °C at room atmospheric pressure. The
sensor response was firstly characterized following the red shift of
the transmission valley that shown the highest sensitivity: as it was
mentioned in the previous section, it was located at 1290 nm once
the construction process was over. This type of characterization is
typically performed for sensors based on interferometers, but it has
two remarkable drawbacks: on one hand, the wider the transmis-
sion valley (or peak) is, the less accurate is its wavelength location;
on the other hand, in the case of several peaks are recorded, only
the information of one of them is used, so the rest of the spectrum
becomes useless, reducing the potential robustness of the sensor.
In this context, it is possible to take advantage of the whole spec-
trum by applying an analysis based on FFT: as an interferometric
response, the magnitude of the resulting FFT spectrum is not sup-
posed to change, but the phase one should show the spectral shifts.
In this manner, the sensor response can be studied following the
most significant components of the phase spectrum obtained from
FFT analysis of the sensor signal. Another relevant feature is that
SNR is not as restrictive as in the case of wavelength shift based
measurements and moreover, it is applicable to narrow band sen-
sors, which allows working with high multiplexation rates [23].

In order to compare the wavelength shift and the FFT meth-
ods, the sensor was exposed to 20%-95% increasing/decreasing
cycles (temperature was kept constant at 25 °C). The spectra were
recorded every minute, and they were processed following both
approaches: the results are plotted in Fig. 7. As it can be observed
in Fig. 7A, there is no a linear relationship between the wavelength
shift and the RH: the total shift is 61 nm, which is higher than
the one reported in previous works [21] (56 nm). The relationship
between the shift and RH is not lineal along the entire range of
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Fig. 6. Set up used to study the response of the sensor to RH variations: it is located inside a climatic chamber where humidity and temperature are controlled.

RH: for lower humidity values (20%-75%), an almost linear behav-
ior linear behavior is observed, with a sensitivity of 0.29 nm/% RH;
in contrast between 75%-95%, the response is exponential, with an
estimated sensitivity of 2.35 nm/% RH. The resolution for each RH
segment is 0.21% RH and 0.025% RH respectively and the humid-
ity resolution for the entire range, 20-95% RH, is 0.074% RH. Other
feature of the sensor is that the signal is very stable when the RH
is constant at 20% (at the beginning and at the end of the measure-
ment, as well as between every cycle). In order to clarify these dates,
Table 1. compares the [PAH/PAA] PCF-I resolution with the earlier
devices published [21] and confirms that the total resolution of the
[PAH/PAA] PCF-I resolution is the highest, to our knowledge, for a
relative humidity change from 20% to 95% RH.

The results obtained when applying FFT are displayed in Fig. 7B.
The response with this method is more linear and less noisy than
the study of the spectrum shift focused on a specific peak. This
improvement can be associated to work only with the most signif-
icant component of the FFT module. FFT technique can be applied
due to the existence of a series of periodic maxima and minima
in the transmission spectra of the PCF-I, but it is not ideally peri-
odic; moreover, no-linear components appear in the spectrum. The
interferometric response changes due to phase variations of the
pattern: in the case of wavelength shift, they follow a non linear
mathematical expression, but for FFT, just the phase component
of this expression is considered, which is linear (the non linear
components of the spectrum produce the deviation from the lin-
ear approach). Considering the response as linear (in the range

Table 1

20%-95% RH), the sensitivity is 0.86 mrad/% RH (0.16°/% RH) and
the total phase shift is 0.065 rad (12°).

The resulting characterizations for both approaches are also
plotted in Fig. 8A (wavelength shift) and 8 B (phase shift): in both
graphs, the response registered with increasing and decreasing RH
is displayed in order to check hysteresis. In the case of the wave-
length shift based analysis, the remarked non linear response for
RH values above 80% is observable; on the contrary, when the FFT
analysis is applied, the behavior of the sensor is more linear. Two
fitting lines have been calculated in order to confirm this assump-
tion. The R? of the wavelength analysis (Fig. 8A) is 0.992 when the
relative humidity is increased from 20% to 75% RH and 0.9047 when
the relative humidity is increased from 75% to 95% RH. For the case
of FFT analysis (Fig. 8B), the R? is 0.9936 in the first range and 0.9862
in the second range. In both cases, the R? is higher when the FFT is
applied. This difference is because the shift of the interferometric
pattern depends linearly on the phase component of its FFT spec-
trum. It is also remarkable that the hysteresis of the sensor is below
5%.

In order to study the influence of temperature in the [PAH/PAA]g
nanocoated PCF-I, cycles with different temperatures (from 15°C
to 45°C) were performed. Fig. 9 shows the phase variation along
these cycles. The sensitivity of the PCI interferometer in the range
of 15°C-45°C is 5.23 x 10-5rad/°C (0.003°/°C). This sensitivity
(0.003°/°C) is much lower than the sensitivity obtained in the
humidity cycles (0.18°/% RH): it can be concluded that the PCF-1 sen-

Comparison between [PAH/PAA] PCF-I resolution and earlier devices published [21] where a humidity sensor based on an Agorose-coated was carried out.

PAH/PAA PCF-I (OSA resolution: 0.06 nm)

PAH/PAA PCF-I (OSA resolution: 0.01 nm)

Earlier published, Ref [21] Agarose (OSA
resolution: 0.01 nm)

Total wavelength for a RH change of 75%
RH— 61nm

Resolution in the lineal range for a RH change of
55%RH— 0.21% RH

Resolution in the lineal range for a RH change of
20% RH — 0.025% RH

Total resolution for a RH change of 75% RH — 0.07%
RH RH

RH— 61nm

55% RH — 0.035% RH

20% RH — 0.004% RH

Total wavelength for a RH change of 75%
Resolution in the lineal range for a RH change of
Resolution in the lineal range for a RH change of

Total resolution for a RH change of 75% RH — 0.01%

Total wavelength for a RH change of 60%

RH — 56 nm

Resolution in the lineal range for a RH change of
40% RH — 0.017% RH

Resolution in the lineal range for a RH change of
20% RH — 0.007% RH

Total resolution for a RH change of 60% RH — 0.01%
RH

The resolution of each RH segment is determined as follows:

values from 75% to 95% RH).

N

. First of all, we calculate the wavelength shift in each segment (~16 nm for the first area, humidity values from 20% to 75% RH and ~45 nm for the second area, humidity

. Secondly, we divide these wavelength shifts by the relative humidity range of each segment. In the first case, 55% RH (from 20% to 75% RH) and in the second case 20% RH

(from 75% to 95% RH). In this manner, we obtain the sensitivity of each segment: 0.29 nm/% HR and 2.35 nm/% HR.

w

. Finally, we only have to divide the OSA resolution (in our case 0.06 nm) by the results of point 2. The result of this division is the resolution of each segment.
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Fig. 7. Spectral shifts from the transmission valley located at 1290 nm once the
deposition process was completed: (A) RH values are represented on the right hand
axis, whereas the wavelength shift is indicated in the left hand one; (B) Phase shift
observed once the FFT is applied to the transmission spectrum along the humidity
cycles.

sor has a negligible cross correlation with temperature [24], which
is a relevant feature in relative humidity sensing applications.

The kinetics of the sensor were also studied. The set up used
was the same one shown in Fig. 3 but OSA was set to mode “Zero
Span”: in this manner, the intensity of the sensing signal at a specific
wavelength (1285nm) was monitored. Humidity changes were
performed using the human breath towards the sensor. This exper-
iment consists of inhaling and exhaling several times placing the
sensor close to the mouth, so that quick RH variations are produced
by breathing. The shift in the spectrum of transmission was stud-
ied at a room temperature of 20°C and RH of 55%. Roughly, the
maximum value reached by human breath exhale is 90%: there-
fore, the approximate range of RH in this experiment is 55%-90%.
The temporal response of the sensor is shown in Fig. 10. In every
cycle, the response recovered the baseline and the observed signal
variations confirmed the repeatability of its response. The average
response time of the PDF-I is below 300 miliseconds, whereas the
recovery time was found shorter than 270 miliseconds. The test was
repeated three weeks later and the results obtained were similar
(see Fig. 10), so that the temporal stability of the sensor is verified.
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5. Conclusions

A sensor based on PCF-1to measure RH is presented in this work.
The transduction is produced by the interaction of the evanes-
cent field along the PCF section and the sensing layer coated along
it, which behaves as a hydrogel. The final sensitivity of the sen-
sor can be optimized by adjusting the thickness of the coating
(following LbL method): any variation in its value produced by
changes in relative humidity will produce the highest spectral shift.
In any case, the total thickness of the sensing coating has to be
below the penetration depth of the evanescent field to ensure an
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Fig. 10. Optical power at 1270 nm when the sensor is exposed to human breath.
Inset, data about the signal change and kinetics are detailed; the gray areas indicate
the exhalation and the white ones the inhalation.

optimal response. The sensitivity reported from PCF-I sensors pre-
pared with hydrogels deposited with dip coating technique is lower
than the obtained from the optimized sensor. The guarantied repro-
ducibility by LbL method, as well as the just mentioned sensitivity
optimization, makes this construction procedure more interesting
than the traditional ones such as dip coating. Moreover, LbL tech-
nique achieves high reproducibility and a precise control in the
thickness of the nanocoating allowing to work at the nanometer
scale where the thickness of nanocoating is below the penetration
depth of the evanescent field. At this scale the sensibility of the
sensor depends mainly on the nanocoating thickness instead of the
refractive index of the sensing coating.

The response of the sensor has been analyzed applying two dif-
ferent techniques. The first one is based on the traditional approach
of following the shift of remarkable points of the interferometric
spectral response, such a transmission valley. The resulting char-
acterization is non linear for RH values above 80%. As an alternative,
a method based on the FFT is proposed: the interferometric spec-
trum shift can be monitored by the phase component of its FFT.
This approach enhances the performance of PCF-I based sensors
because the resulting characterization is more linear and less noisy
than the ones based on wavelength monitoring.

Temperature has a negligible effect on the sensor response and
furthermore, the response of the sensor is preserved unaltered after
at least 3 weeks. Regarding to its kinetics, the nanometric thickness
ofthe coating easies the transduction, so that response and recovery
times below 1 s were observed. All these features are a consequence
of the synergy between the PCF-I transmission configuration, LbL
method and FFT signal processing: the resulting sensor improves
the results reported from previous works, making it possible to use
it in applications where linear behavior is required.
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3.3. Estudio de factores para la mejora de la sensibilidad
de los sefores frente a la humedad

Dados los prometedores resultados presentados en la primera publicacion
expuesta en esta tesis, en la cual la sensibilidad de los sensores de humedad
basados en interferometria MZ y fibras SC-PCF fue mejorada, se propuso de
nuevo intentar mejorarla optimizando otra vez los dos parametros anteriores: el
material sensible seleccionado y la técnica usada para su deposicion.

3.3.1. Material sensible: 6xidos metalicos

Los 6xidos metalicos son unos materiales prometedores para desarrollar
sensores. Gracias a su naturaleza son térmica y mecanicamente robustos, sus
propiedades no se ven afectadas por el paso del tiempo y ademads tienen una
buena resistencia a la degradacién quimica. Estos materiales han sido utilizados
previamente, con muy buenos resultados, para desarrollar sensores electrénicos
de diferentes tipos debido a las reacciones de oxidaciéon/reducciéon (redox), las
cuales producen cambios en la conductividad eléctrica del propio material
medibles de una forma muy sencilla. Pero para que esto se produzca, los 6xidos
metalicos deben ser calentados a temperaturas superiores a 100 grados Celsius lo
que en alguna ocasion puede ser no muy deseable segiin los entornos de trabajo.
Sin embargo, si se consigue evitar esta necesidad, como fue la intencién de esta
segunda contribucion cientifica, son un candidato idoneo para desarrollar
sensores de humedad. El 6xido metalico elegido fue el diéxido de estafio (SnOx)
ya que los sensores de humedad electronicos que lo utilizaban mostraron en la
bibliografia los mejores tiempos de respuesta y sensibilidades mas altas. Este
oxido metalico, en presencia de humedad (moléculas de H20) sufre una reaccion
redox (se oxida) y como consecuencia, se produce un intercambio de electrones,
lo cual provoca una alteracion en las propiedades del material, y mas
concretamente en su indice de refraccion efectivo.

3.3.2. Técnica de deposicion: “sputtering”

Una vez elegido el material sensible, fue necesario escoger una técnica de
deposicion la cual permitiera depositar dicho material de formar sencilla pero
que a su vez permitiera controlar el espesor de dicho material con un alto grado

61



Cap 3. Desarrollo de sensores de humedad basados en interferometros MZ y SC-PCF

de precision. De esta manera, se podria conseguir una optimizacién de la
sensibilidad del sensor.

Por esta razoén, se pens6 en utilizar una técnica de deposicion llamada
“sputtering” o “pulverizacion catédica” basada en alto vacio las cudles mejora
sustancialmente el grado de organizacién de la estructura interna del material
depositado. Esta técnica se basa en la evaporacidon de un compuesto (en este caso
un 0xido metalico, SnO2) y su posterior condensacion sobre el sustrato a recubrir
(SC-PCF). En otras palabras, el sputtering es un fenémeno en el que los atomos de
un material sdélido se desprenden debido a un bombardeo de particulas
provocado por la aplicacion de un gran campo eléctrico. A pesar de que las
condiciones necesarias para su correcto funcionamiento son muy exigentes,
principalmente por el alto vacio que hay que realizar, los recubrimientos finales
obtenidos sobre la fibra 0ptica pueden son altamente homogéneos.

Los planteamientos que se propusieron originalmente en esta segunda
contribucion (cambio del material sensible y de la técnica de deposicion) con la
premisa de mejorar la sensibilidad obtenida frente a la humedad en la
contribucion previa, fueron acertados. Como consecuencia, se consigui6 publicar
en la revista “Sensors and Actuators B: Chemical” un nuevo articulo cientifico que
se pasa a presentar ahora con el titulo de: “Enhancing sensitivity of photonic crystal
fibre interferometrichumidity sensor by the thickness of SnO: thin films”.
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In order to improve the sensitivity of an interferometric humidity sensor based on a photonic crystal fiber
with a sputtered SnO, nanocoating, a study of the effect of its thickness on the sensitivity is presented in
this paper. Sensors with coatings of different thickness were performed by applying distinct sputtering
times in order to obtain an optimal thickness: the resulting nanofilms ranged from 470 to 1800 nm.
Sensors were tested increasing the relative humidity from 20% to 90%, finding that the thickness was
a key parameter which has to be optimized at nanometer scale to get the best sensitivity. The study
points that there is an optimal thickness and higher or lower thicknesses worsen the sensitivity of the
sensor. The optimal sensor showed a humidity resolution of 0.067%HR, a wavelength shift of 67 nm and
a negligible sensitivity with the temperature.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A high number of papers have been published in the field of
optical fiber optics in the last decades. This fact is due to that fiber
optic sensors have several advantages over other devices such as
electromagnetic immunity, light weight, low transmission losses in
the communication window, low cost or wavelength multiplexing,
making very interesting its use in many applications [1-4].

In this context, new optical fibers have been developed in order
to improve the characteristics of the traditional fibers such as the
guidance of the polarization, unprecedented dispersion or non-
linear properties. It is the case of Photonic Crystal Fibers (PCFs),
also called holey fibers, which contain arrays of tiny air holes along

Abbreviations: PCF, photonic crystal fiber; PCF-1, photonic crystal fiber interfer-
ometer; SMF, single mode fiber; LMR, Lossy mode resonances; RH, relative humidity;
OSA, optical spectrum analyzer.
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their structure [5-7]. This kind of fibers has attracted an intense
research activity because of the possibility of fabricating new opti-
cal fiber sensors; devices based on the evanescent field interaction
in the holes inside these microstructured fibers is an example [8].

The holey structure of photonic crystal fiber (PCF) allows to
detect many parameters such as gases [6], volatile organic com-
pounds (VOCs) [9], temperature [10], strain [11] or humidity [12].
To enable the interaction, the holes of the PCF are collapsed making
possible that the modes of the fiber can interact with the evanes-
cent field and with the environments [13]. Previous papers show
interesting results in these fields which encourage to work in them
as is the case of humidity sensors [14,15]. The measurement of
humidity is required in a range of areas, including meteorological
services, chemical or medicine industry, food and beverages pro-
cessing industry, civil engineering, air-conditioning, horticulture,
and electronic processing [16,17]. These sensors, compared with
their conventional electronic counterparts, offer specific advan-
tages such as the possibility to work at high relative humidity values
avoiding the risk of short circuit or corrosion resistance, among
others mentioned above.

Most of these fiber optic humidity sensors work on the basis of a
hygroscopic material coated over the optical fiber to modulate the
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Fig. 1. (A) Scheme of the photonic crystal fiber interferometer (PCF-I): (B) Detail of the splice between PCF and SMF showing the collapsed region of the PCF: (C) Cross section,

geometry and dimensions of the PCF used in this work.

light propagating through the fiber.In [ 18], a relative humidity sen-
sor based on an agarose coating is reported. This study shows that
the technique used to deposit this type of materials, dip-coated,
does not ensure a repeatable coating in different sensors. Because
of this, it is necessary to monitor the spectral shift during the coat-
ing process to achieve an optimal thickness for the coating. For this
reason, in this paper the use of a hygroscopic material that can
be deposited by an electrostatic self-assembly onto the fiber with a
repeatable thickness is proposed as a good alternative in the future.
In[19], this subject is tackled with very interesting results using the
Layer-by-Layer nanoassembly technique [20].

With the aim to improve the sensitivity of previous devices, the
current work proposes an interferometric humidity sensor based
on a PCF with a sputtered semiconductor nanocoating (tin oxide,
Sn0,)[21].Sn0; is highly sensitive to changes on the humidity [22]
and, when used onto optical fiber, it does not have to be heated to
operate. Among different methods to deposit it, sputtering tech-
nique allows nanofilms to be fabricated with a high uniformity,
reproducibility and with short construction times [23]. Further-
more, the nanofilm thickness can be controlled at nanometer scale.
This feature is critical in the case of sensors based on the interac-
tion of the evanescent field with the coating because the thickness
should be always below its penetration depth [18,19]. Moreover,
thanks to the interferometric nature of the proposed device, the
growing of the coating can be monitored on real time by registering
the transmission spectra of the sensor and observing any red or blue
shift. The resulting sensor characterization can be also expressed in
terms of spectral shift, which is more robust than intensity based
measurements.

The sensor developed in this paper improves the sensitivity and
the wavelength shift of previous works, has a good repeatability
and it is relatively easy to made. Also, to our knowledge this is the
first time that a SnO, nanocoated has been deposited by means of
sputtering technique on a PCF as humidity sensor.

2. Experimental details
2.1. Sensing material

SnO, has various specific and unique properties, which make
this material very useful for many applications [24]. The structure

of Sn0O,, is an isotropic polar crystal which crystallises in tetrag-
onal rutile structure. The unit cell contains six atoms (2-tin and
4-oxygen, respectively). Each tin atom is at the center of six oxy-
gen atoms placed at the corners of a regular slightly deformed
octahedron [25,26]. Thanks to this geometry, the interaction with
water molecules is possible but in different ways depending on
the temperature. The majority of metallic oxides need to work at
temperatures higher than 150°C [27] but this paper proposes to
perform the study at room temperature (25 °C). At this tempera-
ture, below 60 °C, water molecules interact with SnO, by means of
physisorption (the adsorption with the least possible interaction
due to the dipole/dipole interactions) [26]. Based on these proper-
ties and knowing that SnO, is highly sensitive to relative humidity
changes, chemically stable and it can be deposited by sputtering
technique, it was chosen as sensing material.

2.2. Theoretical background of the PCF-I

The dimensions of the PCF used are shown in (Fig. 1). The air
holes pattern are distributed in a hexagon (with a radius of 20 pum)
centered at core fiber: each hole has a diameter of 7.5 and the
distance between two neighbor holes is 4.3 pm (Fig. 1C). The inter-
ferometric sensor was built by splicing 1 cm of PCF between two
standard single mode fibers (SMF) (Fig. 1A). Due to the splicing, the
voids of the PCF were collapsed completely along the two transi-
tions SMF-PFC-SMF [28]. These transitions were named micro-hole
collapsed region (Fig. 1B).

To understand how the interferometer works, it is necessary to
analyze the optical signal when it gets into the interface between
SMF and PCF and vice versa. At this point, part of the fundamental
SMF mode is coupled to the PCF cladding modes which are affected
by the external refractive index. The propagation constants of PCF
cladding modes are different and consequently, the cladding modes
accumulate a phase difference as they propagate along the PCF
section. Once these cladding modes reach the second PFC-SMF tran-
sition, they interfere with the remaining fundamental SMF mode,
producing an interferometric response. Fig. 2 shows a design of the
light beam to make easier the understanding. This is the transduc-
tion mechanisms of the device and it is based on a Mach Zehnder
interferometer [29].
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Fig. 2. Operating mechanic of the PCF-I. The arrows show the behavior of the
cladding and core modes trough the PCF; in blue are drawn the holes of the PCF
and in black the micro-hole collapsed sections; along the PCF the SnO, nanocoating
is represented with a grey rectangle. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Interference pattern of the PCF-I from 1200 nm to 1400 nm with a difference
between peaks of 55 nm.

Fig. 3 shows the interferometric response obtained before the
deposition of the SnO; thin film. It can be seen that the transmission
of the PCF-1 exhibits a series of periodic maxima and minima with a
period of 55 nm. The transmission spectrum of the interferometric
pattern can be expressed with the next mathematical formula [30]:

T (A) = leo (M) + 1 (A) + 2[Jeo (W) Iy (M)]'/2 + cos (2 AnggL/A)

where I, and I are the intensities of the cladding and core modes,
L is the length of the PCF-I segment and \ is the wavelength
of the guided light. These parameters are constant but the term
cos(2mDne¢ L/N\) changes, specifically Ane¢: this parameter is the
difference between the refractive index of core and the effective
refractive index of cladding modes. In our case, the effective refrac-
tive index of cladding modes is influenced by the change in the
effective refractive index of the nanofilm as well as by the working
wavelength. This theory can be applied if the nanofilm thickness is
below the penetration depth of the evanescent field: otherwise, the
nanofilm acts as an infinite medium because any thickness increase
does not modify the effective refractive index of the cladding. Due
to this fact, it is necessary to make a study with different nanofilm
thicknesses in order to obtain an optimal value.

2.3. Experimental set up and instrumentation

Asitcanbe observed in Fig. 4, the set up used for the construction
of the SnO, thin film was performed in transmission mode. A multi-
LED light (HP83437A) source was used to illuminate a standard
SMF (Corning SMF-28) whose emission spectrum range was from
1200nm to 1600 nm. A Pulsed DC-Sputtering System (Nadetech
Inc.) was used to fabricate the SnO, thin film and an optical spec-
trum analyzer (OSA-HP86142), controlled by a computer, was used
to analyze the PCF-I interferometric response during the construc-
tion process as well as during the characterization of the sensor.

Fig. 4 also shows the set up used to the interrogation of the
humidity response of the sensor. This set up was similar to the pre-
vious one only replacing the Pulsed DC-Sputtering System instead
of the climatic chamber (Angelantoni, CH 250) where de PCF-I
was located. The sensor humidity response was performed plac-
ing the PCF-I into the climatic chamber where the humidity was
increased/decreased from 20% to 90% RH at a constant temperature
of 25°C.

2.4. Construction of the nanofilm

The PCF-I was placed into the vacuum chamber of the sputter-
ing machine, where it was coated with SnO,. An advantage to use
a DC-Sputtering System is that the material is deposited homoge-
nously around the entire surface of the fiber avoiding the necessity
to rotate it. The two SMF pigtails were placed in the sputtering
machine through wall bushings which ensured the vacuum, so that
the transmission spectrum could be tracked in real time. In this way,
an increase in the nanofilm thickness should produce a red shift in
the interference pattern, making possible to follow the growing as
well as preparing PCF-I in a reproducible manner.

The SnO, target, 99.99% of purity, was purchased from
ZhongNuo Advanced Material Technology Co. The sputtering
machine was set to a power of 90 mW, a current of 140 mA and a
chamber pressure of 6 x 10-2 mbar. Four sensors were carried out
with different thin films and different construction times: in every
case, the distance between the SnO, target and the PCF-Iwas 5 cen-
timeters. The resulting thickness of the nanofilm is determined by
the construction time in such a way that the thickness increases as
the time passes. In order to confirm that the nanofilm construction
process is reproducible, three different constructions (with a depo-
sition time of 5 min) were carried out on three different days with
the same construction parameters mentioned above. The resulting
nanofilm thicknesses (337 nm, 334 nm and 328 nm, respectively)
were measured with a quartz crystal microbalance (QCM) located
at a 9cm from the SnO2 target. Consequently, a standard devia-
tion of 3.74nm (less than 1.15%) was obtained, confirming in this
manner that the sputtering technique can be considered highly
reproducible. Several authors have studied the effect of post pro-
cessing in metallic oxide, such as heat curing, with interesting
results but this effect will be studied in future works due to the main
objective of this paper is to study the feasibility of the humidity
sensor [31].

3. Study of the optimal nanofilm thickness

First of all, a sputtering construction of 100 min was carried out
with the intention of studying the behavior of the PCF-I during
construction in terms of the wavelength shift. Fig. 5A shows the
evolution of the PCF-I peaks along the construction time. The result-
ing spectrums during the 100 min sputtering were recorded every
minute: all of them were displayed in a 2D graph. Every spectrum
was represented in the vertical axis and their respective magni-
tudes (expressed in dB) were indicated by a color map. Each peak of
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Fig. 4. In yellow, the transmission set up used to monitor the deposition process based on sputtering method; in orange, the transmission set up used to characterize the
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the interference pattern has associated a wavelength shift. For cer-
tain areas for the graph, the shifts describe a slope: this parameter
can be used to determine the optimum point to stop the construc-
tion [19]. At the point where the slope is high, small changes in the
refractive index of the coating will give high spectrum shifts, or in
other words, will yield into a high sensitivity.

Asitcan also be appreciated in Fig. 5A, there are zones (indicated
by dashed black circles) where the interference pattern disappears.
It is due to the presence of a certain electromagnetic resonance
known as Lossy Mode Resonance (LMR) [32]. Briefly, an LMR con-
sists of the coupling of the light traveling through the core to
the cladding when certain boundary conditions (related with the
refractive index and the thickness of the coating) happen. In the
case of the PCF-I, when these conditions are fulfilled, the core mode
along the PCF segment loses its intensity, in such a way the inter-
ference between cladding modes and it is negligible at the second
collapsed region [33]. As it can be noticed in Fig. 5B, LMRs appear at
20 min, 40 min, 60 min and 80 min during the sputtering process.
It is critical to avoid this phenomenon to obtain a proper interfer-
ometric pattern. In light of these results, the sputtering time was
limited to 20 min.

It is also noticeable that there is not slope change and therefore
no wavelength shift when the construction last longer than 40 min.
This is because sputtering times above this value yield to a thickness
higher that the penetration depth of the evanescent field: in this
manner, the coating acts as infinity medium. As a consequence, no
shift in the interferometric pattern is observed beyond this time.

With the aim to locate the point which the highest peak slope,
the evolution of the spectral shift during the first 20 min of con-
struction process were studied in details. To make its evaluation
easier, three different sections were considered (they are delim-
ited in Fig. 5B with a vertical dashed black line), each one with a
specific slope (red shift in every case):

e Up to the first 10 min the total shift is 25 nm, and it is the lowest
observed.

e Between 10 and 15 min the slope of the peaks shift was increased
up to 53 nm

e Beyond 15min the total wavelength shift is 79 nm but as the
deposition time gets close to 20 min, the amplitude of the peaks
tends to decrease and finally, the interferometric pattern disap-
pears. It is due to the presence of a zone where the interference
pattern disappears, and consequently this period of time is not
the best option to stop the construction

Taking these considerations about the sputtering time into
account, four sensors were performed with different times: the first
two sensors with a construction time of 5 and 10 min, the third
one with 15 min and the last one with 20 min. The corresponding
thicknesses for each one were measured by Scanning Electronic
Microscope (SEM): 470 nm, 800 nm, 1150 nm and 1800 nm, respec-
tively.

AsitcanbeseeninFig. 5C, the spectrum of the PCF-1 showed sev-
eral peaks with different amplitudes and transmittances. To make
the study easier, only one peak of them was selected although every
peak had its own wavelength shift; the peak centered at 1295 nm
(in Fig. 5C is highlighted by a red circle). This peak was selected
because it was the narrowest and had the highest dynamic range.
The spectral shifts of this peak with the four different thicknesses
are showed in Fig. 6. In each case, initial pattern is plotted in blue
(left vertical axis) and the shifted one is drawn in orange (right ver-
tical axis). The sensor with a construction time of 20 min showed
the highest wavelength shift but it had some drawbacks: as it can
be seenin Fig. 6.D, the dynamic range of this peak was reduced con-
siderably because of the proximity of the LMR. Due to this fact, a
small red wavelength shift when it was exposed towards humidity
changes would cause the loss of the interference pattern. Taking it
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into consideration, it was decided to choose the sensor prepared
with 15min sputtering time (and a 1150 nm coating thickness):
the shift produced by the coating is 53 nm and at that point, the
high slope and the narrower and deeper valley guaranteed a high
sensitivity and a better way to register spectral shifts.

4. Results and discussion

The behavior of the four sensors towards humidity was studied
by placing them in a climatic chamber where relative humidity was
varied from 20% to 90% RH while the temperature was kept con-
stant to 25 °C. The shifts observed for the peak initially located at
1295 nm for each sensor are displayed in Fig. 7A. It can be observed
that the highest shift is obtained for the sensor with a thickness of

upna

1150 nm, specifically, 67 nm: it confirms the hypothesis exposed
before about the optimal sputtering time. To our knowledge, this
wavelength shift improves the previous results reported in other
papers [34,35]. These experimental results showed a sensitivity of
0.96 nm/HR% for this sensor and a relative humidity resolution of
0.067%HR (with an OSA resolution of 0.06 nm). Lower sensitivities
were obtained for the rest of thicknesses, 0.23 nm/HR% (480 nm);
0.31 nm/HR% (800 nm); and 0.19 nm/HR% (1800 nm), respectively.
It is remarkable that for a lower thickness, the total spectra shift
was lower (16 nm and 22 nm, respectively); this is because of the
nanofilm thickness is thinner than the one of the optimized sensor
and a smaller part of the evanescent field interact with it. Regarding
to the sensor with a thickness of 1800 nm, the wavelength shift was
13 nm. The reason of the low wavelength shift has been exposed
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above and it is due to the nearby presence of LMR which makes the
interference pattern disappear, worsening the response of the sen-
sor. Taking into account that the main phenomenon of interaction
between SnO, and H,0 molecules is the physisorption [27] and as
itis explained and studied in [36], the response and recovery times
of sensors with thinnest films are supposed to be faster.

Fig. 7B shows the detailed spectra centered at the transmission
valley used as reference of the best sensor obtained for different
values of RH. The sensor showed a red shift due to the effect of the

humidity on the thin film [37]. All the spectra in the figure were
normalized for the sake of clarity. Furthermore, it can be appre-
ciated that when the RH is high, close to 80%, the spectra shift
was also higher (with a sensitivity of 3 nm/%HR) than the spectra
shift at lower RH values (from 20% to 80% HR the sensitivity was
~1nm/%HR). In the range 80% —90% HR, the behavior of the sensor
can be considered as exponential behavior. This result is very inter-
esting because the sensor can be used in applications which a high
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relative humidity is required to work. Also, due to the features of
the sensor, the risk of short circuit with these conditions is avoided.

The response of the optimized sensor was studied with more
detail by plotting the complete spectral evolution during differ-
ent humidity conditions on real time by sampling the transmission
spectra every minute: specifically, the device was exposed to
changes between 20% and 90% HR three times. The results obtained
are displayed in Fig. 8: the graph above shows the temporal evo-
lution of relative humidity, whereas the spectra registered along
the test are shown in the graph below. In this manner, the horizon-
tal axis of the spectra graph, although expressed in time units, is
directly related with the relative humidity value. It can be observed
how the spectral shift follows the change in humidity along time:
actually, the higher sensitivity above 80% is also noticeable. Fur-
thermore, no hysteresis is observed and what is more, the response
of the sensor is repetitive and stable in time (there is no shift when
relative humidity is 20% between the cycles).

The temperature effect on the sensor under study was also
checked: it has been studied using the same climatic chamber as
before but was increased from 15 °C to 40 °C, setting the RH at 40%.
Furthermore, the stability of the sensor towards temperature was
studied with a cycle of 200 min at constant temperature (40°C)
once this value was reached. As it can be observed in Fig. 9, the
wavelength shift of the peak was below 1 nm, which can be math-
ematically compensated.

5. Conclusions

Thanks to the study that it has been carried out in this paper,
these conclusions can be derived. Firstly, oxide metallic (in our case
Sn0,) can be use as sensing material in sensors based on an inter-
ferometric pattern. Also, this kind of materials can be work at room
temperature which is a high advantage over other devices such as
electronic sensors.
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Whit the aim to obtain the best sensitivity for the sensors, it has
been confirmed that the nanofilm thickness is the key parameter in
this process. But to achieve it, it is necessary to work at nanometer
scale, where nanofilm thickness is below the penetration depth of
the evanescent field. The sputtering technique allows to work at
this scale making very interesting its use in this work.

The operating mechanism of the sensor is based on the interac-
tion between cladding modes and the SnO, nanofilm. To make it
possible, a suitable nanofilm has to be deposited along the PCF-I.
This study concludes that there is an optimal thickness, 1150 nm,
and higher or lower thicknesses worsen the sensitivity of the sen-
sor. It has been found that there is a tradeoff related with this
parameter: as it increases, the interaction between cladding modes
and nanofilm also increases but when the thickness reaches the
value of the evanescent field, the device loses sensibility as the film
grows. Moreover, during the construction process of the nanofilm
another phenomenon occurs, the presence of magnetic resonances
(LMR) which have to be avoided.

Due to the features of the PCF-I spectrum, the sensors were char-
acterized by following the wavelength shifts. These measurements
were robust and they allowed to control the nanofilm construction
process as well as the characterization of the sensor.

To summarize, the resulting sensor offers a repeatable response,
good repeatability in terms of thickness, low hysteresis, long-
term stability and a humidity resolution of 0.067%HR. Taking these
results account, this paper encourages to continue studying the
construction of nanofilms based on metallic oxide to develop fiber
optic sensors.
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3.4. Conclusiones

La utilizacion de SC-PCF para generar interferometria MZ, a la hora de
desarrollar sensores de humedad, es una prometedora eleccion debido a la
posibilidad que ofrecen de que el campo evanescente de la luz guiada por la fibra
Optica pueda interactuar con las peliculas depositadas de material sensible.

La eleccion de una técnica de deposicion que permita controlar el espesor
de la pelicula depositada es de vital importancia ya que es un parametro que hay
que optimizar si el objetivo es conseguir la mayor sensibilidad posible para el
sensor final.

Las técnicas de deposicion LbL y sputtering garantizan la construccion de
nano peliculas uniformes siempre que los pardmetros iniciales de construcciéon se
mantengan inalterados.

También se ha comprobado que todos los materiales no son igual de
sensibles a la humedad y que, por lo tanto, a la hora de optimizar la sensibilidad
de un sensor o dependiendo de la aplicacién final en la que vaya a ser utilizado,
su eleccion hay que tenerla muy presente. Por ejemplo, dependiendo de si la
respuesta dindmica del sensor es importante, es conveniente elegir un material u
ya que esta dependera de su mecanismo de interacciéon con las moléculas de
agua, o si por ejemplo la pelicula sensible va a estar mucho tiempo expuesta al
desgaste de agentes externos, igual hay que pensar en materiales que tengan
propiedades mas resistivas a estos agentes.
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Capitulo 4

Optimizacion de la sensibilidad

de sensores de humedad
utilizando SSC

En este capitulo de la tesis se desarrollé un nuevo sensor de fibra dptica
basado en un interferometro Fabry-Perot utilizando SSC para detectar
cambios de humedad. La idea de utilizar un nuevo tipo de MOF fue debido a
la posibilidad de mejorar la sensibilidad de los sensores previos. Gracias a la
estructura que presentan estas fibras, es posible acoplar a la zona donde se
deposita la pelicula de material sensible, mds potencia optica aumentando de
esta manera, la sensibilidad final del sensor.



Cap 4. Optimizacién de la sensibilidad de sensores de humedad utilizando SSC

4.1. Introduccion

Tomando como referencia los resultados de las publicaciones presentadas
en el capitulo previo, se puede afirmar que a la hora de desarrollar un sensor de
fibra dptica existen varios factores clave para lograr una sensibilidad éptima. Por
esta razon, la técnica de deposicion elegida, el material sensible utilizado y su
espesor depositado, deben ser estudiados y analizados. Es innegable que estos
factores influyen en la sensibilidad final del sensor, pero no son los tinicos. Existe
otro parametro que también tiene una importancia capital y no se tuvo en cuenta
en las contribuciones presentadas anteriormente: este es, la geometria de la MOF
de la que se parte para desarrollar dicho sensor.

Cabe recordar que, el punto de partida de esta tesis es el articulo cientifico
publicado por Jinesh Mathew et al. [84]. Se tomd como referencia la estructura
desarrollada en este trabajo (SC-PCF utilizadas para generar un interferémetro
Match-Zehnder) debido a que, la sensibilidad final obtenida, era el mejor
resultado encontrado entre todas las publicaciones cientificas basadas en MOFs
para detectar cambios en la humedad. Por esta razén, sélo fueron optimizados
los parametros descritos en el parrafo anterior, concluyendo que, la mejor
sensibilidad se obtiene depositando SnO: mediante la técnica de sputtering. En
este punto de la investigacion, se pensdé que una nueva via a explotar para
mejorar la sensibilidad de los sensores basados en MOF podria ser proponer una
nueva estructura sensora en la que se depositara SnO: mediante sputtering.
Gracias a su estructura, las fibras SSC permiten depositar peliculas de materiales
sensibles a la humedad en las paredes de sus agujeros y, ademads, es posible
acoplar a la zona donde se deposita dicha pelicula, mas potencia optica; de esta
manera, la sensibilidad final del sensor deberia aumenta. Teniendo en cuenta
todas estas teorias, se propuso la idea que dio origen a la contribucion cientifica
que se presenta en este capitulo.

4.2. Sensores de humedad basados en SSC

El potencial de las MOF para detectar cambios de humedad ha sido
explicado con detalle en la introduccidén de esta tesis. Gracias a las diferentes
dimensiones que ofrecen sus estructuras, concretamente en el tamano de sus
agujeros y sus nucleos, pueden ser utilizadas de forma ventajosa para mejorar las

76



Universidad Publica de Navarra Diego Lépez Torres

propiedades y sensibilidades de los sensores. Un ejemplo es el posible
incremento de la zona de interaccion entre el campo evanescente de la luz guiada
por el interior de la fibra y el medio que la rodea o la pelicula de material sensible
depositada; a su vez, también pueden favorecer las reacciones quimicas que se
producen entre las moléculas de H20 y las peliculas depositadas, solo por
mencionar algunas. Teniendo en cuenta todas estas ideas, se pensd que, dentro
de los diferentes tipos de MOF, las SSC podian ser una buena opcion ya que
cumplen con todas las condiciones anteriormente enumeradas. Mas
concretamente, la fibra que se eligi6 fue una “four-bridge double-Y-shape-core SSC”.
En particular, esta estructura tiene unas interesantes propiedades para el sensado
de la humedad debido a la presencia de 4 agujeros longitudinales que estan
directamente en contacto con el nucleo de la fibra. Debido a esto, parte de la luz
guiada por el ntcleo de la fibra se acopla con facilidad al campo evanescente,
interactuando esta sefial, por medio de los agujeros, con el medio circundante. De
la misma manera, gracias a la técnica de deposicion elegida, el SnO: puede ser
depositado en el interior de los agujeros permitiendo su interaccion directa con el
campo evanescente de la luz guiada y, por consiguiente, una mejora en la
sensibilidad final del sensor. Por otro lado, también gracias a las dimensiones de
los agujeros, las moléculas de H20 se difunden por ellos y son adsorbidas por la
pelicula de SnO: lo que facilita las reacciones redox entre ellos.

4.2.1. Utilizacion de SSC para la generacion de interferometros
Fabry-Perot

Una vez elegida el tipo de fibra dptica que se queria utilizar, era necesario
definir la configuracion del sensor. Para poder cumplir con la idea expuesta en el
apartado anterior, se optod por una configuracion en reflexion. De haberse elegido
la configuracién del sensor en transmision, no hubiera sido posible depositar el
SnO:zen el interior de los agujeros y se habria perdido también la ventaja de que
las moléculas de H20 penetraran en dichos agujeros. Esta es una de las
principales diferencias en comparacion con los sensores SC-PCF basados en
interferometros Mach-Zehnder.

Por lo tanto, la configuracion final del sensor se desarrollé empalmando
una SMF (Corning SMF-28) a una secciéon de SSC. De este modo, dos espejos de
baja reflectividad se forman en ambos extremos de la SSC: el primero, en la
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interfaz SMF-SSC debido a la discontinuidad en el indice de refraccién entre
ambas fibras y el segundo, en la interfaz SSC-aire debido también a la alta
discontinuidad en el indice de refraccion, lo cual provocd una reflexién Fresnel.
El comportamiento de un haz de luz al llegar a ambos interfaces, seria parecido al
que describe un haz de luz en un interferémetro Fabry-Perot, donde la cavidad
Fabry-Perot (FP) pasa a ser la longitud de la seccion SSC utilizada.

4.2.2. Optimizacion del espesor de la pelicula depositada

Habiendo fijado con anterioridad el material a sensible a depositar (SnO2) y
la técnica utilizada para ello (sputtering) era necesario volver a realizar un estudio
con diferentes espesores para determinar cudl era el optimo y alcanzar de esta
forma, la mejor sensibilidad posible. Una vez optimizado, se comprobd también
un factor muy interesante: se habia conseguido, gracias a la técnica de deposicion
elegida, que la pelicula de SnO:estuviera depositada en una longitud importante
de los agujeros de la SSC (570 pm de los aproximadamente 700 um que media la
cavidad), aumentando en gran medida la zona de interaccion del campo
evanescente de la luz guiada con la pelicula depositada. Una conclusién directa
de esta circunstancia fue la mejora en la sensibilidad final del sensor de
humedad.

La sensibilidad final obtenida con este sensor frente a la humedad fue de
0.14 rad/% en un rango de humedad comprendido entre 20% y 90% frente a los
0.001 rad/% obtenidos con el sensor reportado en el capitulo anterior. Este
resultado, junto a todas las hipotesis formuladas para llegar a él, fueron
recogidas y descritas en la contribucion cientifica: “SnO.-MOF-Fabry-Perot optical
sensor for relative humidity measurements” que fue publicada en la revista “Sensors
and Actuators B: Chemical”. Dicha contribucién, la tercera que se deriva de esta
tesis, se expone a continuacion.
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1. Introduction

Optical fiber based sensors have shown great features to
measure different parameters such as temperature, curvature,
displacement, pressure, refractive index, electric field, relative
humidity and gases, among others. Many types of optical fibers
have been used for sensing along the time: standard silica based,
plastic, doped, and photonic crystal fibers are some examples. Since
the first experiments with microstructured optical fibers (MOFs),
they have shown relevant improved characteristics compared to
conventional optical fibers as well as a great potential for sensing
applications, overcoming some of the standard optical fiber limita-
tions [1-3]. Different geometries have been proposed for this kind
of fibers. Among them, suspended-core MOFs present relatively
large air holes surrounding a small core (typically a few microns
diameter) that seems to be suspended along the fiber length but
maintained by thin silica bridges. Distinct pure silica suspended-
core fibers have been applied for instance in temperature and
curvature sensing [4], gas sensing [5] or micro-displacement mea-
surements [6]. One of the most important type of MOF sensors are

* Corresponding author.
E-mail address: aitor.lopez@unavara.es (A. Lopez Aldaba).

https://doi.org/10.1016/j.snb.2017.10.149
0925-4005/© 2017 Elsevier B.V. All rights reserved.

the ones based on evanescent field. These sensors have been used
for different applications: simultaneous measurement of humidity
and mechanical vibration [ 7], detection of biomolecules in aqueous
solutions [8] as well as organic pollutants [9] or hydrogen detection
[10-12] have been reported using such a kind of transducers.

Fiber based optical Fabry-Pérot (FP) interferometers are a
common sensor configuration due to their compactness, simple
configuration, design flexibility and dynamic range. A fiber based
FP sensor is most of the times fabricated by splicing a section of a
waveguide, which acts as cavity, to a standard optical fiber segment.
This structure presents robustness and multiplexing capability. The
FP cavity output signal consists of an interference pattern which is
a function of the cavity length and of the refractive index of the cav-
ity, or more precisely, the effective indices of the different modes
supported by the fiber interferometer. FP cavities based on MOFs
are also common structures. For instance, a hybrid structure that
used a MOF as the guiding fiber, in combination with a hollow-core
fiber and a single mode fiber (SMF), for high-temperature sensing,
was demonstrated in [13]. Nitrogen sensors [14], chitosan based
ones for relative humidity (RH) [15] as well as strain, temperature
and pressure FP devices [16,17] have been also reported. Other fiber
based sensors were implemented by fusing a small length of PCF to
the end of a cleaved SMF for relative humidity ranged 40%-95% RH
[18] or by chemical deposition of polymers [19].
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Fig. 1. Microscope photograph of the microstructured optical fiber (MOF)'s cross section.

Among optical fiber sensors, those based on nanocoatings have
recently experienced a significant development [20]. Furthermore,
new chemical deposition techniques, such as sputtering [21], allow
the morphology of the deposited coatings to be controlled with
high accuracy: as a consequence, the final features of the sensor
(sensitivity, kinetics) are enhanced. SnO, depositions have shown
great properties for sensing applications such as high sensitivity
H,S sensors [22], ethanol sensors [23], CO and NO, sensors [24]
or smoke sensors [25]. There are several methods to prepare SnO,
sensitive layers. To create a homogeneous layer on the surface of a
pure silica optical fiber, sputtering depositions are commonly used
[26-28].

Several relative humidity sensors using optical fiber substrates
have already been reported: agarose gel layers on tapered fibers
[29], hygroscopic layers on hetero-core based fibers [30], nano
Fabry-Perot cavity sensors [31] and coatings on long-period and
standard FBGs [32,33] are some remarkable examples. One of
the most studied applications for the relative humidity sensors
in the field of bio medical engineering is breathing monitor-
ing. Fast response and recovery time are critical for this kind of
measurements. Different types of breathing sensors have been
experimentally reported: the most relevant ones are devices based
on microstructured fiber [34], macrobending [35], medical textiles
in which Bragg and time reflectometry sensors are embedded [36],
devices based on nanostructured fibers [37] or plastic optical fiber
(POF) [38].

A SnO, Fabry-Pérot interferometer implemented with a four-
bridge dual highly coupled cores microstructured optical fiber is
presented and characterized in this work. By monitoring the Fast
Fourier Transform (FFT) phase variations of the FP interference fre-
quency, an experimental study of this cavity’s response towards
relative humidity changes is described.

In a previous study, an initial characterization of the relative
humidity sensor was performed by the FFT technique, showing
the independence of the signal amplitude and avoiding the neces-
sity of tracking the wavelength evolution in the spectrum, which
makes the measurements more robust [39]. Furthermore, relevant
factors such the optimization of sputtering thickness, an anal-
ysis of the response vs temperature variations, hysteresis error
measurements, and a novel study though the optical backscat-
ter reflectometer in order to observe the propagation of light and
sputtering depth inside the MOF are studied in detail. Finally, an
application for human breath monitoring on real time is proposed
and validated.

2. Experimental
2.1. Microstructured optical fiber

A sample of a “four-bridge double-Y-shape-core MOF” was
developed and fabricated using the stack and draw process. It

presents four large air holes divided by four thin bridges (~800 nm),
showing a suspended core of 6.5 wm by 806 nm and exhibiting a
double Y shape, as can be seen in the SEM pictures shown in Fig. 1.
This MOF presents multimodal and birefringence features [40].
Birefringence in the 1550 nm region was theoretically estimated
in ~6.8 x 10~3 with a beat length of 350 pm.

This particular structure has interesting properties for gas sens-
ing and chemical deposition processes: the presence of the four
longitudinal air holes directly in contact with the fiber core allows
the light guided in the core and the surrounding medium to inter-
act directly through the evanescent field. Moreover, the reduced
dimensions of the MOF core and the high numerical aperture (due
to the effective refractive index difference between the core and air
cladding) increases the evanescent field as it has been previously
reported [41,42]. The air holes dimensions also allows different
chemical compounds to be deposited, which leads to high sensitive
layers.

2.2. Fabry-Perot cavity

The low-finesse Fabry-Pérot interferometer was fabricated by
splicing a single mode fiber (Corning SMF-28) to ~700 wm of the
four-bridge MOF, whose end was perpendicularly cleaved, as it is
shown in Fig. 2. This delicate splice was made through a custom
splice program due to the fragility of the MOF fiber, especially given
by the bridge thickness. There is a trade-off between the cavity
robustness and the MOFis structural stability once the splicing arc
is applied. The splice was made with a Fitel S175 fusion splicer with
a custom developed program for this MOF and manual operation
for its alignment. Results were obtained repeatedly as shown in
[39,40].

By splicing a piece of MOF to a SMF, two low-reflectivity mirrors
are formed at both ends of the MOF: one in the interface SMF-
MOF due to the discontinuity in refractive index between both
fibers; the other one is located at the interface MOF-air because
this high discontinuity provides a Fresnel reflection (3.3%). Light
is coupled from the SMF to the MOF, reflected at the MOF's end
and then coupled back in the SMF. In this manner, a low-finesse
Fabry-Pérot interferometer is created when a light beam reaches
the cavity (MOF) and it is reflected several times between the two
interfaces. Each beam has a certain phase difference with respect to
the preceding one: this shift corresponds to the extra path length
travelled inside the cavity. Due to the high loss of the MOF and
the low reflectivity of the air-glass interface, high order reflec-
tions inside the cavity are neglected and therefore a low-finesse
scenario is assumed which approximates a two-beam Fabry-Perot
[43].

Assuming a two beam Fabry-Perot, the reflected signal obtained
should follow equation (1), where A\ is the optical spectrum wave-
length spacing, N\ is the working wavelength, n is the refractive
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Fig. 2. Microscope photograph of the low-finesse Fabry-Pérot cavity.
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index and d is the MOF cavity length. Experimentally, A = 1550 nm,
d=690 pm and ner =1.37 [40].
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As a result, the experimental reflected spectrum is shown in
Fig. 3.

2.3. Experimental setup

Fig. 4 presents the experimental set-up used to characterize
the resulting sensor. Two commercial interrogating sensor devices
were used to illuminate the sensing head and also to analyze the
spectra of the signal guided back from the sensor. It should be
noticed that in addition to their original purpose as FBG interroga-
tors, this equipment can be used to interrogate other type if sensors
in real time. The optical interrogators are remotely controlled by
a MATLAB script which also computes the FFT real time analysis.
The sensing head was placed into a climatic chamber where rela-
tive humidity ranges from 20% to 90% were applied at a constant
temperature of 25°C=+1°C to evaluate its response.

Experimental measurements were carried out with two dif-
ferent optical interrogators showing dissimilar sample rates and
spectral resolutions. A Micron Optics SM 125 optical sensing inter-
rogator with a resolution of 5 pm and a maximum scan frequency
of 1 Hz [44] was used to perform the characterization of the sensing
head inside the climatic chamber (Angelantoni CH 250). For human
breath measurements, higher sample rates were required, so that a

Micron Optics si155 with a maximum sample rate of 1 kHz and 10
pm of resolution was employed. The sample rate was set to 10 Hz
for breathing measurements.

A multi-LED light source (HP83437A) and Optical Spectrum Ana-
lyzer (OSA-HP86142A) combined with an optical circulator were
used to monitor the interference pattern shift along the sputtering
process as well as to test the sensor (as Fig. 5 illustrates).

Finally, to monitor the SnO; final deposition depth inside the
MOF an Optical Backscatter Reflectometer (OBR 4600 Luna Tech-
nologies) with a spatial resolution of 10 wm was used in reflexive
configuration (same as Fig. 4).

2.4. Sensing material

Several papers have shown very interesting results when tin
dioxide (Sn0;) was deposited in different types of optical fibers to
prepare relative humidity sensors [45,46]. Due to the structure of
the MOF used in this work, SnO, can be deposited on the walls
of the air holes of the short section of the MOF as well as on the
top of the sensor head, which improves the sensitivity of previous
devices. For this reason, the combination of MOF and SnO, is very
interesting for sensing applications. The interaction between SnO;
and H,0 molecules is due to the phenomena called physisorption
by means of the adsorption/desorption of these molecules [47]. The
molecules of water interact just with the surface of the deposited
film.

A SnO, (the sputtering target was purchased in ZhongNuo
Advanced Material Techonology Co) thin film was deposited onto
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Fig. 6. Fiber cross section after deposition.

the low-finesse FP interferometer sensor head using a sputtering
machine (Pulsed DC sputtering System, Nadetech Innovations). The
sputtering process was performed with a partial pressure of Argon
of 5 x 1072 mb, a current of 160 mA and a voltage of 190 V. The dis-
tance between the sensor head and the SnO, target was set to 2 cm.
Sputtering technique was selected because it is a reproducible pro-
cess which allows a homogeneous thickness to be achieved, as it
can be observed in Fig. 6. The nanofilm thickness is to be optimized
because it is a critical parameter that determines the sensitivity of
Sensor.

2.5. Optimization of the thin film thickness

In Section 2.1, it has been mentioned that the presence of air
holes in the fiber core allows a direct interaction between the
light guided in the core and the surrounding medium through the
evanescent field. Based on this explanation, when an optimal thick-
ness of SnO, is sputtered on the walls of the MOF air holes, the
interaction between the evanescent field of the guided light and
the thin film is possible: it is the transduction mechanism, in which

Wavelength (nm)

5 10
Time (minutes)

15 20

Fig.7. Spectral (1540-1560 nm)evolution of the SnO, thin film MOF sensor transfer
function during the sputtering process.

the thin film thickness is critical for the sensitivity. When the sen-
sor is exposed to different relative humidity values, the refractive
index of the surrounding medium changes shifting the interference
pattern.

In order to achieve the optimal SnO, thin film that maximizes
the sensitivity of the sensor, a 20 min long sputtering process was
performed. Fig. 7 illustrates the evolution of the interference pat-
tern peaks of the cavity during the sputtering process. The recorded
shift depends on the deposition thickness and therefore the thin
film effect can be studied by analyzing these data. In previous
papers [48], it was found that the optimal point to stop the construc-
tion is when little thickness changes generate high wavelength
shifts in the spectrum. In the current work, as it can be observed in
Fig. 7, when the thickness of the sensor is increased the wavelength
shift of every peak is roughly the same and consequently, the slope
of each of them is apparently the same. This is an important result
of the sputtering process which means that the spectrum contin-
ues shifting during the whole deposition time but the sensitivity
can be compromised. As Ref. [49] explains, if an unsuitable thick-
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Fig. 8. Phase shift of sensors with different deposition times towards relative humidity.

ness is deposited onto the sensor, there are two different scenarios
regarding to the sensor sensitivity: firstly, if the nanofilm thick-
ness deposited is very thin, only a small part of the evanescent field
interacts whitit; secondly, if the nanofilm thickness deposited is too
high, the interaction between the evanescent field and the nanofilm
that has adsorpted the eater molecules is not possible. In both of
cases, the sensitivity of the sensor is not the optimal one.

To analyze this problem and achieve the thin film thickness that
optimizes the sensitivity of the sensor, five different devices were
performed with distinct construction times. The times selected
were 5,7.5,10/,12.5 and 15 min respectively. The sputtering time
determines the thin film thickness and therefore the sensors’ sen-
sitivity as it can be seen in Fig. 8. All the resulting sensors where
tested within 20%-90% relative humidity ranges showing differ-
ent sensitivities. Starting from a 5 min deposition, the sensitivity is
gradually increased showing the best sensitivity at 10 min (0.014
rad/%, 0.0187 rad/%, and 0.047 rad/% for 5/, 7.5 and 10’ respec-
tively). Beyond 10 min, the SnO, thin film becomes thicker than
the evanescent field penetration and consequently, the sensitivity
decreases (0.023w rad/% and 0.027 rad/% for 12.5' and 15’ respec-
tively). The thickness for each case was estimated by comparing
SEM images of the sensing head’s cross section before and after
deposition (Figs. 1 and 4 respectively). The 10 min deposited sensor
presents a thin film thickness of 1.10 wm +0.09 pm.

After the sputtering deposition, a precise study of the results
achieved inside the MOF cavity was carried out through the Optical
Backscatter Reflectometer LUNA 4600. This device performs spatial
measurements with resolution of 10 wm and allows the orthogonal
polarizations states of light Sand P to be analyzed. Fig. 9a) shows the
Luna backscatter results for the MOF cavity before the sputtering
deposition whereas Fig. 9b) represents the same MOF cavity after
the deposition.

Two main reflections are observable in Fig. 9a): the first one (set
as reference) located at 0.0 mm corresponds to the splice between
the SMF and the MOF fibers and it produces a light reflection of
—17.6 dBr; the second relevant reflection is located at 0.690 mm and
corresponds to the cleaved end of the MOF cavity giving a reflection
power of —10 dBr. It must be also noticed that although there is a
difference in the optical power reflected by the different polariza-
tion states: this difference is almost the same one along the whole
MOF cavity (3.46 dB).

After the deposition, as Fig. 9b) illustrates, the splice location
remains at the same point, but the cavity end is shifted 10 pm. This
length increase is due to the SnO, deposition on the second inter-
face of the fiber cavity, although it is not a precise measurement
because of the LUNA resolution limit; furthermore, a new reflection
peak appears located at 0.130 mm. This new peak means that at this
point, there is something affecting the light propagation along the
core in the MOF cavity: the SnO, deposition depth limit. From this
point towards the cleaved cavity end, the whole reflected light has
changed. This effect is even easier to appreciate on the polariza-
tion states: polarization P is severely affected by the SnO, presence
giving strong differences in relation to polarization S behavior. By
measuring the distance from the cavity end to the new reflection
point it can be assumed that the deposition depth inside the cavity
is about 570 wm which means 130 wm before the cavity physical
length limit. The SnO, deposition inside the MOF cavity in addition
to the deposition on the top of the fiber ensure the interaction zone
between the evanescent field of the guided light and the deposited
thin film. As far as authors know it is the first time that an OBR
is used in order to determine a sputtering thickness at the end of
the fiber and it complements perfectly the results obtained from
the SEM pictures’ analysis. Moreover it is also the first time that an
OBR is used to provide information of how a chemical deposition
affects light inside a MOF.

2.6. Interrogation method

The interrogation technique is based on the Fast Fourier Trans-
form of the sensor’s optical spectrum. By monitoring the Fast
Fourier Transform phase, wavelength shifts in the optical spectrum
can be monitored without the noise influence or signal ampli-
tude variations and enabling multiplexing several sensors within
a single interrogator’s channel as it will be explained in Section
3.4. Optical spectrum signal amplitude undesired variations lead
to changes in the FFT module amplitude but do not affect the FFT
phase.

A theoretically perfect periodical sinusoidal signal (such as the
low finesse Fabry-Pérot response) in the optical spectrum domain
presents two main components in the transformed domain (one
in the positive part and its equivalent in the negative part) as can
be seen in Fig. 10 (only positive part of the FFT module is shown).
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Fig. 10. Optical spectrum and its FFT.

Real optical signals present some dispersion around the main trans-
formed component due to the resolution of the optical interrogator
but they can be assumed as a single contribution. Noise present in
the optical spectrum is present in the transformed domain as high
spatial frequency contributions and it can be neglected.

Wavelength shifts in the optical domain lead to phase shifts
in the Fast Fourier Transform domain while the FFT module stays
unaltered. By tracking the phase of the spatial frequency compo-
nent (located in 0.8375 nm~! in Fig. 10) the evolution of the optical
spectrum and therefore the sensor can be monitored. Through this
technique sensors can be monitored without the influence of sig-
nal amplitude noise or amplitude fluctuations and furthermore, it
provides a useful multiplexing instrument.

3. Results and discussion
3.1. RH sensing

To verify the sensing head performance (and the influence of
the SnO, deposition) with relative humidity variations, the fiber
sensor was placed into the climatic chamber, and several exper-
iments were implemented with RH variations from 20% to 90%
at a constant 25°C+1°C temperature and at atmospheric pres-
sure. The sensor response was measured tracking the FFT phase
corresponding to spatial frequency located at 0.8375nm~!. Three
increasing/decreasing relative humidity cycles were performed in

each case to assure the time-stability of the sensor. Data were
recorded using the Micron Optics SM 125 every 30 s and they were
processed following the FFT algorithm. Furthermore, this device
allows real time measurements to be recorded, although a sensoris
calibration is required. Fig. 11 presents the results of the MOF-
FP cavity towards relative humidity cycles before and after SnO,
deposition.

On the one hand, as can be noticed from Fig. 11 (green line)
the MOF cavity itself, without the SnO, layer presents negligi-
ble response to relative humidity variations. Direct guided light
evanescent field interaction with the external medium do not show
high variations giving a maximum shift of 0.0157 rad from 20% to
90% RH. Furthermore, as it was previously commented, the high
loss of the fiber and the low reflectivity of its core-air interface
only allows a single round trip, which supposes a low capability to
measure directly the surrounding medium.

On the other hand, Fig. 11(blue line) presents the MOF-FP-
SnO, sensing head response after the sputtering deposition. It can
be noticed that the sensitivity is improved, which sets maximum
phase variation between 20% and 90% of 3.297 rad. Typically, the
sensitivity of relative humidity sensors is different depending on
therelative humidity range [ 18] showing 2-3 different regions with
different sensitivities, but in our case, the sensor response shows
a linear behavior in the whole measured relative humidity range
with a constant sensitivity of 0.0474 rad/% RH and a resolution of
0.0026% RH. In this manner, continous measures in the range 20%-
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90% RH can be performed without further callibrations. The sensor
was tested repeatedly along two weeks to assure its repetibility,
showing the same results in all cases.

3.2. Stability

One important feature of this type of sensors is its phase stabil-
ity during time. To measure this parameter, the sensing head was
placed in the climatic chamber at constant 40% RH and 25°C for
300 min and a sample was registered every minute. Fig. 12 shows
the stability results with a maximum instability of 0.007 rad which
implies an error of 5%.

At this point, the influence of birefringence must be remarked.
As the low-finesse Fabry-Pérot is highly birefringent, polarization

affects its optical spectrum, showing important differences in the
FFT module but slightly ones in the FFT phase. To reduce its influ-
ence, a polarizer and a stable optical bench were used during all the
measurements.

3.3. Hysteresis

Another key feature in RH sensors is the hysteresis error. Usu-
ally metal oxide sensitive layers present low hysteresis effects in
comparison with the polymeric ones [50]. In the MOF-FP-SnO,, this
tendency is also followed.

The sensor presents low hysteresis with a maximum deviation
of 5.03% RH showed in the high relative humidity region as Fig. 13
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illustrates. This result agrees with the error produced due to the
signal phase instability and can be influenced by it.

3.4. Multiplexing capability

As it was previously commented in Section 2.2, the MOF cav-
ity optical spectrum is directly influenced by its length (1). Varying
appropriately the MOF length fused to the SMF it is possible to
achieve different sensing heads with interferometric spectrums
whose FFT modules do not overlap with each other. This way, if
the main spatial component of each sensor in the FFT module is
isolated, by tracking its FFT phase it is possible to measure inde-
pendently avoiding crosstalk with the other sensors.

This FFT feature enables multiplexing high number of sensors
within a single channel of the optical interrogator, reducing propor-
tionally the economic cost of each sensor. Experimentally, authors
have previously reported 3 multiplexed sensors [51] and success-
fully multiplexed up to 5 MOF-FP sensors with no crosstalk between
measurements (work still not published) but theoretically it can
be increased up to 10 without amplification needed. Furthermore,
MOF-FP sensing heads with different sensitive layers can be mul-
tiplexed simultaneously increasing the versatility of the system
becoming a multi-parameter and multi-point real-time monitoring
system.
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Fig. 14. MOF-FP-SnO; sensor’s response to temperature.

3.5. Temperature cross correlation

The influence of temperature variations on the MOF-FP-SnO,
sensing head was experimentally tested. The performance of a
MOF-FP cavity was previously tested by the authors [40] but not
with the SnO, sensitive layer.

As Fig. 14 shows, the sensing head presents linear response to
temperature variations with a sensitivity of 0.012 rad/°C. This tem-
perature influence is lower than the one reported from previous
works [52] but it can produce crosstalk with RH measurements,
although its effect can be compensated taking advantage of
the system multiplexing capability: with a proper selection of
MOF lengths, a MOF-FP-SnO; sensing head for RH measurements
and a MOF-FP sensing head for temperature variations can be
multiplexed. With the MOF-FP, temperature can be monitored
independently of the RH and therefore it can be used as a reference
for the others RH sensing head.

3.6. Breath measurements
In addition to the sensor sensitivity to RH variations, it presents
two additional advantageous features: fast response and reversibil-

ity. These features make the MOF-FP-SnO, sensor suitable to be
a real time human breath sensor. For this purpose, two differ-
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Fig. 15. a) Sensor’s response to human breath using a zero span in the OSA and b) detail of one breath cycle.
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ent scenarios have been implemented with different devices and
interrogating methods.

On the one hand the MOF-FP-SnO, sensing head was inter-
rogated with a multi-LED source an analyzed in an OSA with a
zero-spam method. Within this set up, the optical power temporal
evolution at a certain wavelength of the optical spectrum was mon-
itored. The OSA provides a sampling rate of 100 Hz with a maximum
continuous measured period of 10s and the results are shown in
Fig. 15. The sensing head was placed close to the mouth of the tar-
get person and the RH variations produced by the exhalation were
measured.

The sensor responds continuously to human exhalation showing
aresponse time of 370 ms, a recovery time of 380 ms: moreover, no
baseline drift is observed.

On the other hand, additional measurements were performed
with the optical interrogator Micron Optics si155 with a sample
frequency of 10 Hz. With this device, RH can be tracked continu-
ously and determined unambiguously in the whole range, as Fig. 16
illustrates.

Once again, MOF-FP-Sn02 sensor shows similar rise and recov-
ery time with full recovery of the baseline as it was expected. The
difference between both interrogating methods lies on the capabil-
ity of the second method (with the optical interrogator) to follow
slow RH alterations during the exhalation period and the suitability
of multiplexing several sensors at the same time. Furthermore, the
recording and processing time of the system can be reduced using
a high features computer.

4. Conclusions

Anew sensor system for relative humidity measurements based
on its interaction with a SnO,, thin film sputtered on a MOF-Fabry-
Pérot cavity has been proposed and experimentally demonstrated.
The interrogation of the sensing head has been carried out through
the FFT analysis. By monitoring the FFT phase variations of the
low-finesse FP interference frequencies the optical spectrum can
be tracked unambiguously. This method is low-dependent of the
signal amplitude and avoids the necessity of tracking the wave-
length evolution of maxima or minima of the spectrum, which can
be a handicap when noise is present; it also allows several sensors
to be multiplexed, which reduces the economic cost of the system
and improves its versatility. The sensor has been operated within a
wide relative humidity range (20%-90% RH), obtaining a maximum
sensitivity achieved of 0.14 rad/% RH a resolution of 0.0026% RH and

a phase standard deviation of 0.007 rad which presents an error of
+5%. Furthermore, FFT based signal processing makes the sensor
response linear and along the entire RH range. The temperature
influence can be real-time-compensated due to the multiplexing
suitability of the interrogation technique. The SnO, MOF-FP sensor
presents high-speed response, reversibility, high repeatability rate,
robust and compact features. Furthermore, the baseline is always
recovered without deviations, so that the device can be used for a
real time applications such as breath monitoring.
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4.3. Conclusiones

En comparacion con las SC-PCF, las SSC poseen una estructura mas
interesante para desarrollar y optimizar sensores de humedad. En el caso que se
propone en esta tesis, gracias a sus 4 agujeros, los cuales estan directamente
conectados con el ntcleo, se fuerza a que una mayor parte de la luz, que es
guiada por la fibra, se acople al campo evanescente. Por consiguiente, la potencia
Optica que interactia con el medio que rodea al sensor, tiene una mayor
magnitud y es capaz de detectar menores variaciones en el indice de refraccion
efectivo de este medio

Si una pelicula de un material sensible a la humedad es depositada en el
interior de los agujeros de SSC, dicha pelicula podra interactuar con el campo
evanescente del haz de luz guiado por la fibra. Por lo tanto, la sensibilidad del
sensor mejorard, siendo posible detectar cambios mas pequefios de humedad.

La técnica de interrogacion utilizada, la FFT, ha demostrado ser una buena
eleccion en este tipo de sensores, cuya respuesta Optica en el espectro es una onda
sinusoidal. Se ha comprobado que este método no depende de la amplitud de la
sefal reflejada y que elimina la necesidad de monitorizar una longitud de onda
concreta, lo cual puede ser problematico si la sefial contiene una alta componente
de ruido. Ademads, gracias al modulo de la FFT obtenido, se puede considerar
multiplexar, en futuros trabajos, varios sensores.
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Capitulo 5

Desarrollo de sensores basados
en fibras SSC para la deteccion
de gases y VOCs

En el presente capitulo se describen sensores para detectar gases y
VOCs basados en fibras SSC. El objetivo marcado fue encontrar las
dimensiones de un niicleo que optimizase la sensibilidad del sensor. Por esta
razon, varias fibras con niicleos distintos fueron analizadas y estudiadas.
Para reforzar las hipdtesis que se podian derivar de los resultados, el
comportamiento de la luz a través de las diferentes estructuras fue analizado
teoricamente con el software COMSOL®.
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5.1. Introduccion

Partiendo de los resultados obtenidos en el capitulo anterior cuando el
sensor fue expuesto a diferentes valores de humedad relativa, se considerd poder
utilizar la misma configuracion para desarrollar sensores que fueran sensibles a
otras magnitudes (usar fibra SSC en reflexion para generar interferémetros FP).

Los ¢6xidos metdlicos, como ya se ha demostrado anteriormente, son
sensibles a los cambios en el indice de refraccion del medio que les rodea. Por
esta razén, son unos buenos candidatos para detectar cualquier magnitud que
altere de alguna manera determinada dicho indice. Esta condiciéon la pueden
cumplir determinados gases, que son capaces de variar el indice de refraccion del
medio que les rodea con su mera presencia. No hay que olvidar tampoco que,
gracias a la estructura de la fibra SSC, la interacciéon entre una pelicula de
material sensible depositada y las moléculas del gas a detectar puede producirse
de una manera mas sencilla y efectiva, mejorando de esta manera la sensibilidad
del sensor.

Otra de las principales causas por las que se propuso desarrollar un sensor
capaz de detectar gases fue el desarrollo de la sociedad y la industria en la
actualidad. Numerosas actividades realizadas por el ser humano como la
combustion de combustibles fosiles (petrdleo, carbon...) o la utilizacion de
pesticidas e insecticidas producen la emisién de un gran numero de gases a la
atmosfera. Algunos de estos gases pueden ser perjudiciales para la salud humana
o el medio ambiente debido a su toxicidad y por eso, su pronta deteccion es un
factor importante. El amoniaco puede considerarse uno de esos gases (NHs).

Por lo tanto, y a modo de resumen, teniendo en cuenta las caracteristicas de
las SSC y de los 6xidos metdlicos explicadas con anterioridad, se propuso la
combinacién de ambos elementos para desarrollar un sensor de amoniaco.
Ademas, se considero interesante realizar una comparativa entre SnO:
(previamente utilizado) e ITO, con el fin de estudiar sus sensibilidades. El ITO
fue elegido por las buenas sensibilidades obtenidas en trabajos cientificos previos
cuando se utilizd para la deteccion de gases con sensores electrénicos.
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5.2. Influencia del espesor en la sensibilidad del sensor:
analisis teorico

En todos los sensores desarrollados en esta tesis, se ha comprobado de una
forma clara, que la influencia del espesor de la pelicula depositada bien sea de
polimeros o de dxidos metalicos, juega un papel fundamental en la sensibilidad
final del sensor. Anteriormente, el estudio de optimizacién del grosor se basaba
en depositar varios espesores y exponerlos a los mismos cambios de humedad y
determinar cudl de ellos obtenia la mejor sensibilidad. A partir de ahi, se
exponian una serie de hipodtesis para intentar explicar por qué depositando un
determinado espesor se obtenia la mejor sensibilidad. Por eso, llegados a este
punto, se pensd en reforzar las teorias que se podian derivar realizando un
estudio teorico de la influencia de los diferentes espesores de las peliculas de los
oxidos metalicos depositados. Los parametros a estudiar serian la potencia 6ptica
acoplada a la pelicula sensible depositada, la interacciéon entre el campo
evanescente de la luz guiada y dicha pelicula, la sensibilidad final obtenida y los
tiempos de respuesta del sensor.

Un estudio tedrico y numérico fue desarrollado para entender mejor la
interaccién del campo evanescente de la luz guiada por la fibra con la pelicula
depositada y el efecto de incrementar su espesor, utilizando un software
COMSOLGO. El estudio se desarroll6 en un rango de espesores entre 0.1 to 11 um,
ya que se tomo6 como referencia el espesor de la pelicula con la que se obtuvo la
mejor sensibilidad en el capitulo anterior.

Los resultados de este estudio aportan una conclusion muy interesante.
Conforme el espesor de la pelicula del 6xido metalico depositado aumenta, la
potencia Optica deja de estar guiada por la fibra dptica para acoplarse y ser
guiada por la pelicula depositada, hasta un determinado espesor. Por lo tanto,
cuando esta nueva guia onda esta formada por espesores mas gruesos, es posible
guiar mas potencia dptica, y como consecuencia, generar un campo evanescente
mas potente. Si ningtin otro parametro influyera en la sensibilidad del sensor,
estos espesores deberian ser los Optimos (en el caso estudiado en esta tesis,
aproximadamente 10 pm). Pero hay otro pardmetro que debe ser considerado y
es la variacion del indice de refraccion debido a la penetracion de las moléculas
de gas en la pelicula sensora por su la difusion. Para optimizar el sensor, es
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necesario llegar a un compromiso entre estos dos parametros. Todas estas
hipdtesis, explicaciones y resultados fueron publicados y argumentados de una
forma mas extensa en la siguiente contribucidn cientifica: “Sensitivity Optimization
of a Microstructured Optical Fibre Ammonia Gas Sensor by means of Tuning the
Thickness of a Metal Oxide nano-Coating” la cual fue publicada en la revista
“Sensors”.
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5.3. Respuesta del sensor a diferentes gases

Debido al buen comportamiento del sensor frente al amoniaco y teniendo
en cuenta que el minimo de deteccion obtenido no se debia a las limitaciones del
sensor si no a las del sistema, se planteo la idea de detectar otros gases peligrosos
para el ser humano y el medio ambiente. Este hecho puede ser posible debido a
la baja selectividad que ofrecen los 6xidos metdlicos. Pero como se expone en
varias de las contribuciones de esta tesis, esta caracteristica no tiene por qué ser
tomada como una desventaja ya que existen técnicas de post procesado que son
capaces de identificar mezclas complejas de gases. También existe la posibilidad
de funcionalizar la pelicula sensora depositada en el sensor, haciéndola de esta
manera solamente sensible a un determinado gas [111], [112].

El primer gas al que se expuso el sensor fue el CO: (dioxido de carbono).
Como bien es sabido, el diéxido de carbono es el principal causante del efecto
invernadero y como consecuencia, del calentamiento global del planeta. Asi
pues, son importantisimos todos los esfuerzos que se hacen para reducir su
emisidn y llegar asi al equilibrio entre “produccion y eliminacidon” de este gas. El
sensor fue expuesto a diferentes ciclos, disminuyendo la concentracion de dicho
gas hasta llegar al 8%. En comparacion con la respuesta del sensor frente al
amoniaco, en esta ocasion, las variaciones obtenidas no son tan elevada y su
comportamiento conforme la concentracion de CO: disminuye no es tan lineal.
Este hecho se ve mds claramente reflejado en la concentracion minima (8%) (ver
Figura 5.1).

El siguiente gas que se intent6 detectar fue CO (mondxido de carbono). Se
eligio este gas porque su inhalacion puede producir al ser humano dolores de
cabeza, mareos, nauseas o pérdida de conocimiento. Ademas, una exposicion
prolongada a este gas puede ser particularmente peligrosa ya que los seres
humanos pueden sufrir dafo cerebral irreversible o, incluso, la muerte. Por eso,
su rapida deteccién es de vital importancia. En este caso, como prueba de
concepto, el sensor fue expuesto durante dos ciclos seguidos a 10 ppm, que es el
valor minimo que puede ofrecer el sistema con el que se realizaron los
experimentos (ver Figura 5.2). El sensor mostrd unos tiempos de respuesta en
torno a 70 segundos, mientras que los tiempos de recuperacion fueron de escasos
segundos. En ambos casos, la linea base se alcanzé sin dificultad y de formo
estable.
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Figura 5. 1 Respuesta del sensor cuando fue expuesto a diferentes concentraciones de
CO2. Como se puede apreciar, en cada uno de los casos el sensor alcanza la linea base.
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Figura 5. 2 Respuesta del sensor cuando fue expuesto a dos ciclos de 10 ppm de CO.
Como se puede apreciar, en cada uno de los casos el sensor alcanza la linea base.

108



Universidad Publica de Navarra Diego Lépez Torres

Por ultimo, el sensor fue expuesto a diferentes concentraciones de O:
(oxigeno). La deteccién de oxigeno es la linea principal de trabajo de muchos
grupos de investigacion debido a las numerosas aplicaciones que la requieren.
Algunas de las mas relevantes son las asociadas al campo de la biomedicina, a la
industria alimentaria, a la calidad del aire o a la seguridad en el trabajo. El sensor
se comportd de una forma similar a cuando fue expuesto a CO.. Si bien es cierto
que a concentraciones altas de Oz se cumple la premisa de que el desplazamiento
de la fase es mayor que a bajas concentraciones, su comportamiento no es lineal.
Es mas, entre el desplazamiento de fase obtenido para el 85% y el 69% no se
observa demasiada diferencia en la variacion de la fase (ver Figura 5.3). Esto
pudo ser debido a que no se dejé suficiente tiempo de recuperacion al sensor.
Como consecuencia pudiera ser que aiin existieran moléculas de O: en la pelicula
sensible. Lo que si es destacable es que el sensor alcanz¢ la linea base en cada uno
de los ciclos a los que se expuso. Ademas, el desplazamiento de fase alcanzado
para la concentraciéon menor (7% de Oz) anima a pensar que ese no es el limite
minimo de deteccidon del sensor y, por lo tanto, una concentraciéon mas baja
podria ser detectada.
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Figura 5. 3 Respuesta del sensor cuando fue expuesto a diferentes concentraciones de O2.
Como se puede apreciar, en cada uno de los casos el sensor alcanza la linea base.
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Para concluir, y antes de empezar un nuevo apartado, es necesario
comentar que estas medidas no han sido incluidas en ninguna contribucion
cientifica. Deben ser aun optimizadas, sobre todo en lo relacionado con la
respuesta dindmica del sensor (tiempos de respuesta y recuperacion), pero se ha
considerado que los resultados obtenidos, como prueba de concepto inicial para
futuros trabajos, son interesantes y animan a seguir trabajando con ellos. El
punto a mejorar del sistema seria detectar por qué el sensor tiene esas derivas
que presenta cuando se expone a las diferentes concentraciones de los gases para
intentar desarrollar una respuesta dindmica mas estable y lineal.
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5.4. Optimizacion de la sensibilidad de sensores basados
en SSC e interferometros FP mediante su estructura

El software de trabajo COMSOL®, como se ha visto en el apartado anterior,
es una herramienta muy potente de trabajo debido a la informacioén que se puede
extraer de los andlisis y estudios tedricos de las estructuras que se pueden
realizar. Dada la gran relevancia que se descubrié que tiene el depositar una
pelicula de material sensible sobre la fibra SSC, se propuso realizar simulaciones
tedricas de este tipo de MOF variando las dimensiones de sus nticleos y agujeros.
De esta manera, se podria analizar de una forma mas rigurosa el efecto de estas
variaciones en términos de potencia Optica acoplada, campo evanescente y
sensibilidad. Por lo tanto, y debido a que la principal idea era estudiar
exclusivamente este efecto, se decidié depositar la misma pelicula de material
sensible en todos los sensores estudiados, para reducir al maximo el efecto de
esta. Se depositd una pelicula de ITO de aproximadamente 500 nm que fue el
espesor Optimo obtenido en la contribucion anterior para este 6xido metalico.

5.4.1. Analisis teorico de las diferentes SSC utilizadas

Para realizar el andlisis tedrico se decidid elegir 3 fibras SSC cuyas
dimensiones fueron las siguientes: la primera fibra SSC estaba formada por un
nucleo sélido rectangular con unas dimensiones de 2.62x1.02 pum mientras que la
segunda tenia un ntcleo de 3.1x4.4 um; por ultimo, la tercera fibra elegida
mostraba un nucleo rectangular de 2.73x4.2 um, pero incluia un defecto en su
nucleo: un agujero de diametro 761 nm. En la contribucion cientifica asociada a
este trabajo, los sensores fabricados a partir de cada una de estas fibras se
nombraron de la siguiente manera: MOF-1, MOF-2 y MOEF-3, respectivamente.

Se realizaron dos tandas de simulaciones: una antes de depositar la pelicula
de material sensible y otra después de depositarla, para asi determinar de forma
mas exacta el efecto que tenia. De los resultados obtenidos antes de depositar la
pelicula se deriva que debido a las dimensiones (mas pequenas) del nticleo de la
fibra MOEF-1, la potencia guiada por ella es muy baja en comparacion con la fibra
MOF-2 (7 veces menor). Sin embargo, esta potencia viaja menos confinada, lo que
genera que una mayor parte de esta potencia pase a formar parte del campo
evanescente. Con respecto a la fibra MOF-3, el efecto del agujero provocé una

111



Cap 5. Desarrollo de sensores basados en fibras SSC para la deteccidon de gases y VOCs

reduccidn de la potencia Optica acoplada, pero a la vez también produjo que esta
potencia viajara menos confinada, produciendo un incremento de los valores del
campo evanescente. Estos dos resultados obtenidos hacian prever que esta fibra
en particular tuviera interesantes caracteristicas para el desarrollo de sensores.

Los resultados obtenidos una vez depositada la pelicula de ITO son
analogos a los explicados en la contribucién anterior: la pelicula depositada pasa
a ser la nueva guia onda donde se acopla la luz. En este caso, debido al efecto que
produce el agujero en el nucleo de la fibra MOF-3, los valores de potencia optica
y campo evanescente alcanzados para esta fibra fueron maximos. Por esta razén,
esta fibra era la candidata Optima para obtener la mejor sensibilidad final,
confirmando la hipdtesis lanzada tras el primer andlisis tedrico.

5.4.2. Deteccion de etanol mediante sensores basados en SSC

Como prueba de concepto para confirmar que las dimensiones y la
estructura de la fibra MOF-3 eran las dptimas para desarrollar un sensor de fibra
Optica, se pensd en probar a detectar Compuestos Organicos Volatiles (VOCs,
siglas en inglés). En este caso, las tres SSC estudiadas fueron expuestas a
atmosferas saturadas de etanol y la mejor respuesta se obtuvo, como se esperaba,
con la fibra MOEF-3. Como dato a afadir, decir que la sensibilidad de la MOF-3
mejoraba en un factor 5 la sensibilidad de la MOF-2, que fue el sensor con la
segunda mejor sensibilidad. Todas estas simulaciones teoricas, resultados y
conclusiones fueron presentados en la contribucion cientifica que se presenta a
continuacion: “Comparison between Different Structures of Suspended-Core
Microstructured Optical Fibres for Volatiles Sensing” publicada en la revista
“Sensors”.
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Abstract: In this paper, different core structures of microstructured optical fibers (MOFs) for
low-finesse Fabry-Pérot (FP) sensors are experimentally compared to get the highest sensitivity.
These devices are designed for volatile organic compounds (VOCs) measurements. Indium tin oxide
(ITO) thin films were deposited by sputtering on the MOFs and different optical fast Fourier transform
(FFT) phase responses from the FP were measured for saturated atmospheres of ethanol. It has been
demonstrated that the sensitivities of the developed sensors depend strongly on the geometry and the
dimensions of the MOF-cores. The sensors show recovery times shorter than 100 s and the baselines
are fully recovered after every exposure to ethanol vapors.

Keywords: microstructured optical fiber (MOF); low-finesse Fabry-Pérot (FP); volatile organic
compounds (VOCs); indium tin oxide (ITO); evanescent field

1. Introduction

Nowadays, the development of sensors based on fiber optics is experiencing considerable growth
due to the relevance of the different applications where they are involved [1-3]. Another important
factor in this growth is the advantages that optical fiber sensors offer over other kinds of sensors
(for example, electronic sensors): small size, light weight, low cost, multiplexing or distributed
measurements, remote monitoring, immunity to electromagnetic field interference, or no electrical
biasing are some of them [4,5].

One specific type of fiber optic sensors is sensors based on microstructured optical fibers
(MOFs) [6]. The geometry of MOFs is characterized by a periodic arrangement of air holes
running along the entire length of the fiber, centered on a solid or hollow core [7]. The biggest
attraction in these fibers is that by varying the size and location of the cladding holes or the
core, the fiber transmission spectrum, mode shape, nonlinearity, dispersion, air filling fraction,
and birefringence, among others, can be tuned to reach values that are not achievable with conventional
optical fibers. Moreover, the existence of air holes gives the possibility of light propagation in
air, or alternatively provides the ability to insert liquids or gases into the air holes. For these
reasons, MOFs exhibit improved characteristics over conventional optical fibers and great potential for
sensing applications [8].
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Sensors 2018, 18, 2523 20f 15

As it has been mentioned in the previous paragraph, due to the geometry of MOFs, they can
be divided into two different types: single material solid-core MOFs and hollow-core MOFs.
More concretely, solid-core MOFs include one specific group of fiber named suspended-core MOFs.
These fibers present relatively large air holes surrounding a small core (typically a few ums in diameter)
which seem to be suspended along the fiber length but are maintained by small silica bridges. Due to the
innate features of suspended-core MOFs, they have awakened the interest of many scientific groups and
several papers have been published using them as curvature/bend sensors [9,10], displacement/strain
sensors [11,12], pressure sensors [13,14], or temperature sensors [15,16], just to mention some. But in
other cases, a sensing material is required to make the optical structure sensitive or aims to improve
its MOF sensitivity [17]; this is the case of volatile organic compounds (VOCs) [18]. Suspended-core
MOFs are a good option to detect VOCs because their specific geometry facilitates the absorption
and desorption of VOC molecules and increases the evanescent field of the guided light: both effects
enhance the total interaction of the optical signal with the analyte, improving the final sensitivity.

Regarding sensing materials, metallic oxides, such as indium tin oxide (ITO), have been used
in previous works to develop optical fiber optic sensors because they are able to detect organic
vapors [19,20]. Metallic oxides and more concretely ITO, show reversible changes in their optical
properties (refractive index, optical absorption) in the presence of VOCs [21,22]. In most cases,
the operating mechanism of the sensors is based on intensity changes or wavelength shifts [23]. In this
paper, the authors propose a reflection system for VOC measurements based on an ITO thin film
deposited onto a microstructured optical fiber (MOF) low-finesse Fabry—Pérot (FP) using the fast
Fourier transform (FFT) as the method of characterization of the sensor response [24,25]. FFT has been
used in other works as an alternative method for the calibration and analysis of the sensor response:
compared with spectral shifts of amplitude measurements, this one is more robust against artifacts
and the resulting calibration is more linear [26].

Another important factor to be considered is that most of devices based on metallic oxides need to
work at temperatures higher than 150 °C to obtain a proper sensitivity [27,28], but this paper proposes
to perform the study at room temperature (25 °C). At this temperature, the interaction between ITO thin
film and VOCs is due to the oxidation and reduction (chemisorption) reactions because of the presence
of external agents (oxygen) that produce conductivity changes, as explained in References [29,30].
Both phenomena are transduced to a phase shift between the modes traveling through the core and
the ones that are coupled to the evanescent field: in this manner spectral shifts in the interferometric
pattern can be used to characterize the sensor response.

In brief, the synergy resulting from the combination of suspended-core MOF used to implement
FP cavities together with metallic oxides is clear. One of the most important factors on the sensor
sensitivity is the geometry of the MOF section as it determines the coupling to the evanescent field,
and therefore, the interaction with the sensing material [31]. Considering this context, the authors
propose (for the first time to our knowledge) to give an explanation, based on a new theoretical analysis
and an experimental study, of why and how it is possible to improve the sensitivity and kinetics of
previously published sensors by studying the effect of the different suspended-core MOFs geometries
(MOFs with different cores and hole dimensions, and even introducing a hole in the center of the
MOF core) on the final sensor sensitivity. As proof of concept and in order to verify this assumption,
the different MOF structures were exposed to saturated atmospheres of a concrete VOC, ethanol.

2. Materials and Methods

2.1. Suspended-Core MOF Sensor Fabrication

Three different sensors were fabricated by splicing a single mode optical fiber (Corning SMF-28)
to a segment, from 0.3 mm to 1 mm, of three new rectangular-shaped suspended-core MOFs to prepare
low-finesse Fabry—Pérot interferometers: each one showing distinct geometries in terms of silica
bridges and core. The suspended-core MOFs were fabricated using the stack and draw process [32].
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Three different MOFs were employed: they are all formed by four large air holes divided by four
bridges from the cladding to a rectangular core, but there are differences between them: MOEF-1
showed a solid rectangle core of 2.62 um by 1.02 um (Figure 1A) whereas MOF-2 has a 3.1 um by
4.4 um core (Figure 1B); finally, MOF-3 also showed a rectangle core (2.73 pm by 4.2 um) and a hole
(with a diameter of 761.1 nm, Figure 1C) in its center. From now on, the fiber optic sensors will
be named in the same way as the MOFs with which they have been made of, in order to identify
them easily.

Figure 1. MOF-1 (A), MOF-2 (B), and MOE-3 (C) cross section. In every figure, the detail of the core
geometry can be appreciated and especially in (C), the hole located in the center of the optical fiber.
MOF = microstructured optical fibers.

The low-finesse Fabry—Pérot cavities were made by splicing a single mode fiber to the MOF fibers.
The MOFs were cleaved at the other end, creating the cavity with a length of ~500 pm. The splices
were made using a commercial arc-electric fusion splicer machine, in manual mode. Since these MOF
have a high air filling fraction, the typical arc power and duration used for single mode fibers fusion
induces the MOF to collapse. Thus, a study was made on the arc power and duration settings in
order to develop a new adapted program. This program allowed splicing the SMF and MOF without
collapsing the MOF. To ensure that the SMF and MOF cores were aligned before splicing, the manual
approximation of both fibers were made while illuminating the SMF and retrieving the signal at the
MOF’s opposite end. Through the output at the MOF, it was possible to observe the amount of light
transmitted from one core to the other.

A low-finesse Fabry—Pérot interferometer consists of two mirrors separated by a cavity with
a length d. This cavity can be made by a MOF since its core refractive index is different from the SMF’s
core refractive index. When splicing a piece of MOF to a SMF, two mirrors are formed at both ends
of the MOF: (1) in the interface SMF-MOF due to the discontinuity in refractive index between both
fibers and (2) at the interface MOF-air, since this high discontinuity provides Fresnel reflection (3.3%).
The low-finesse Fabry—Pérot interferometer is created when a light beam enters the cavity (MOF) and
is reflected between the interfaces (1) and (2). Each beam has a fixed phase difference with respect
to the preceding one, and this phase difference corresponds to the extra path length travelled in the
cavity. The interferometric signal of this cavity has a period corresponding to AA = A2/(2nd), where A
is the wavelength of operation and 7 is the cavity refractive index.

2.2. Sensing Material

The sensing material selected was ITO. This metal oxide has a low selectivity towards VOCs [33];
this feature can be very useful if the sensor is included in a sensor array because it allows, with the use
of post processing techniques such as principal component analysis (PCA) [34], the identification and
the detection of VOCs” complex mixtures [35]. Furthermore, due to the high sensitivity of ITO towards
VOCs added to the study that this paper proposes, it is possible to detect VOCs in small concentrations
that range from ppm down to ppb [36].
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2.3. Experimental Set Up

ITO thin film was deposited onto the head and into the walls of the MOF suspended-core sensors
using a sputtering machine (Pulsed DC sputtering System, Nadetech Innovations, Pamplona, Spain).
The construction parameters were configured as follows: a partial pressure of argon of 5 x 1072 mb,
a current of 160 mA, and a voltage of 190 V for 8 min. The distance between the target of ITO and the
head of the sensors was set at 6 cm. The suspended-core MOF sensors were placed into the sputtering
machine as perpendicular as possible to the ITO target in order to obtain a homogeneous ITO thin film.

Figure 2 shows the set up used during the construction process. It consists of a commercial
optical interrogator for optical fiber sensors (Smartec SM 125, Lugano, Switzerland) and the sputtering
machine that was described above. The optical interrogator was used to illuminate the MOF sensors
and to record their reflected optical power; at the same time, their signals were processed with
a computer using the commercial software Matlab® (Mathworks, MA, USA). Due to this set up, it was
possible to verify in real time that the amplitudes of the reflected optical power from the sensors were
high enough to characterize the sensor response.

Sputtering machine
(NadetechS.L.)

= =
Argon
ionized
ITO Head of
Microstructured Optical
Fibers

Optical Sensing
Interrogator

\ SMF Fiber Optic

Computer

Figure 2. Experimental setup used to control the construction process of the different MOF sensors.
ITO = indium tin oxide; SMF = single mode fiber.

The set up proposed to carry out the VOC measurements (see Figure 3) was an in-reflection one
using the same commercial optical interrogator (Smartec SM 125). As explained at the beginning
of the section, it was used both to illuminate the MOFs as well as to analyze the sensor responses;
in this manner, it was possible to simultaneously measure the response of the three different sensors
when they were exposed to VOCs with the same temperature and humidity values. These responses
were performed placing the sensors in a hermetic metallic cell (avoiding any external contamination
as, for example, external gases and ensuring constant humidity and temperature values during the
measurement process). At this point, it is important to mention that all sensors used in this paper
are sensitive to temperature as all of them were made of a MOF-FP cavity. Because of this reason,
if the temperature varies during the exposure of the MOF sensors towards ethanol, it is necessary
to use another sensor as a temperature reference in order to avoid the temperature crosstalk and its
influence on the final sensor sensitivity, as Reference [37] proposes. Figure 4 shows the temperature
characterization curves for the three sensors after the deposition process. Their sensitivities,
when they were exposed towards temperature from 25 °C to 65 °C, were: MOF-1: 9.025 pm/°C;
MOEF-2: 10.1 pm/°C; MOF-3: 12.05 pm/°C.
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SME MOF Cavity

Hermetic Chamber

Optical Interrogator

Figure 3. Experimental setup used to simultaneously analyze the response of the sensors towards
saturated atmospheres of ethanol.

The volume of the hermetic chamber was calculated in order to inject a controlled volume of
ethanol that saturated the atmosphere of the chamber. Ethanol was injected with a pipette through
the hermetic chamber holes. After 10 min of exposure, the ethanol injected was evaporated and then,
the door of the hermetic chamber was opened for a period of 400 s, with the aim of ensuring that
ethanol was removed of the hermetic chamber by applying a nitrogen flow.
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Figure 4. Characterization curves of the three different MOF sensors when they were exposed to
temperatures from 25 °C to 65 °C.

2.4. Parameters and Software Used in the Theoretical Simulations

The finite element method (FEM) is the method selected to make the theoretical simulations of
the different MOF structures. Each single structure was designed and computed with COMSOL©
Multiphysics software and evaluated with COMSOL® Wave Optics Module. For every simulation,
silica refractive index was set at 1.444 and air (holes inside the fiber) at 1. In this work, many high
order modes have been calculated for all the studied structures, although only the fundamental
mode, LPy; at 1550 nm is shown for the sake of simplicity of interpretation. This simplification is
due to the power difference between the fundamental mode and the high order ones (one order of
magnitude) that makes their influence negligible. All fibers are excited by the same Gaussian beam
(corresponding to the LPy; of a SMF). These simulations were performed in a two-step analysis: firstly,
the fundamental mode of the MOF was obtained and used as input in the second step. The second step
was a propagation study where the maximum electric field values were obtained in order to compare
the performance of the different structures presented. Analogously to an SMF optical fiber, LPy; is
the lowest order propagated mode with the highest effective refractive index and which presents [38],
in a symmetric SMF, a Gaussian optical power profile with a maximum in its center.
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To study and verify the fibers’ performance as optical waveguides and the effect of the ITO thin film in
their behaviors, new field simulations were performed taking this new material into account. The complex
refractive index of ITO thin film was measured using an ellipsometer (UVISEL 2, Horiba) and the result was
1.81103 +j0.051964 at 1550 nm (this exact value was used during the ITO simulations).

For these new simulations, symmetric and homogeneous fiber structures (in practice, they show slight
variations due to the fabrication process) as well as thin films deposited by means of sputtering technique
were implemented in order to achieve symmetric distributions of the LPy; fundamental mode.

3. Results and Discussions

3.1. Deposition ITO Procedure

To prepare the different MOF sensors, ITO nanofilms were deposited following the procedure
explained in the Section 2.3. At this point, it is very important to remark that the goal of this paper
was to improve the sensitivity of the MOF sensors only by means of its structures; the effect of other
important factors on the MOF sensor sensitivity, such as the thickness of the nanofilm, will be studied
in future papers. For this reason, and in order to obtain the same thickness for every sensor, sputtering
technique was selected. This technique allows the final thin film thickness to be controlled with
high accuracy and it can be considered a reproducible process [39], but the structure of the MOFs
(core and bridges) do not always present the same dimensions (due to the custom fabrication process).
The construction parameters were set based on previous studies with the intention of depositing
a thickness which provides an optimal sensitivity. These parameters were the same for the three fibers
(see Section 2.3), so that for a certain sputtering time, the final thickness was assumed to be similar in
the three cases. Following these considerations, the film deposited onto MOF-3 was determined from
images captured by a scanning electron microscope as follows: firstly, the width of each of the four
bridges of MOF-3 was measured and averaged (1.158 £ 0.009 um) prior to the coating deposition in
order to minimize the possible error in this measurement; secondly, after the sputtering deposition,
the average width of the four bridges was measured again (see Figure 5). To determine the real value
of the MOEF-3 ITO nanofilm thickness, both values were subtracted (average width before and after
deposition); the result obtained was 500 4= 17 nm.

EHT = 3.00 kv Signal A = InLens Date :26 Jul 2018
Mag = 1046 KX WD = 4.6 mm Time :13:20:17

Figure 5. ITO nanofilm thickness measured for the MOF-3 using the SEM after 8 min of sputtering
construction process.
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3.2. Suspended-Core MOF Field Distribution Simulations

Theoretically, when the core of a suspended-core MOF is smaller, the interaction of the evanescent
field with the surrounding external medium is stronger because the modes travel along the fiber less
confined; on the other hand, although this structure magnifies this effect, the propagated optical power
is lower when the core effective area is reduced. Therefore, there is a tradeoff between evanescent field
interaction and coupled optical power.

With the purpose to study the effect of the suspended-core fiber geometry on the coupled optical
power and on the evanescent guided field of light, mode field distributions were simulated for the
three different types of fiber (without and with ITO nanofilm) as described in Section 2.4.

3.2.1. Theoretical Simulations without ITO Nanofilm Deposited

In this section, the results obtained for simulations without ITO nanofilm deposited are shown
according to Section 2.4. Figure 6A shows the LPy; mode propagated through fiber MOEF-1. Due to the
reduced dimensions of MOF-1's core, on the one hand, low optical power is guided in the core showing
maximum values of 50 V/m. On the other hand, this optical power has low confinement showing
an evanescent field outside the core reaching values of 38 V/m. LPy; mode presents an effective
refractive index of 1.344. As expected, the effective refractive index of the LPy; is affected by the
guiding structure, and more precisely by the effective area of the core cross section; if this area is
reduced, the value of the effective refractive index is decreased. Likewise, the fundamental mode field
distribution was simulated for MOF-2 as Figure 6B illustrates. As it can be noticed, this particular
fiber with its rectangular core presents bigger dimensions in comparison with MOF-1 and therefore,
the coupled optical power is higher (reaching maximums of 340 V/m) and more confined in the core.
Although, theoretically, the evanescent field should be weaker in MOF-2 than in MOF-1, due to this
important difference in the guided optical power, a stronger evanescent field (100 V/m) is observed
outside the core. The LPy; effective refractive index is higher in MOF-2 (1.418) than in MOF-1 due to
the increase of the silica-core surface.

Finally, LPyp; mode field distributions for MOF-3 are displayed in Figure 6C. This fiber presents
almost similar dimensions as MOF-2 but it includes a small hole of 761 nm diameter located at the
center of the silica core. The effect of this hole is clear: firstly, it produces a reduction of the optical
power coupled to the MOF-3 core showing maximum values of 50 V/m (like MOEF-1 values but
7 times less than MOF-2); secondly, it also produces an LPy; mode that travels along MOF-3 with less
confinement producing an increase on its evanescent field values, reaching maximums of 33 V/m in
the zone close to the hole. Moreover, an effective index decrease (1.394) can be noticed in relation to
MOF-2 and this is due to the air hole inside the core which produces a reduction of the overall effective
refractive index.

In brief, based on these simulations, the interaction between the evanescent field of the
guided/coupled light along the MOFs and a material deposited into the MOF walls, as well as
on the top of it, could be possible if a film in the range of a nanometer [38] is deposited. But this
interaction does not occur in the same way for all the studied structures. MOF-2 presents the highest
values in terms of coupled optical power and evanescent field but the part of the evanescent field that
interacts with the nanofilm is very small and it can be a drawback. MOF-1 shows the lowest values of
coupled optic power and evanescent field and for this reason, this structure does not look like the best
option to develop the sensor. Finally, MOF-3 core hole produces a different distribution of the guided
optical power making its use very interesting for the final purpose of the sensor. It is true that the
MOE-3 evanescent field values are lower than MOF-2, but the part of the evanescent field that could
interact with the nanofilm is increased due to the effect of the hole; this phenomenon could make the
sensitivity of the sensor improve.
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Figure 6. LPy; modal field distribution for fiber MOF-1 (A), MOF-2 (B), and MOF-3 (C).

3.2.2. Theoretical Simulations with an ITO Nanofilm

The results of the theoretical simulations when an ideal homogeneous ITO thin film of 500 nm is
deposited are presented in this section following the steps explained in Section 2.4.

Figure 7 illustrates the new optical field mode distribution of MOF-1 with ITO nanofilm. As it
can be directly inferred from Figure 7, the waveguide properties have been highly modified: the light
is no more guided by the silica structure but the ITO thin film, becoming a one layer antirresonant
optical waveguide (ARROW) [40]. Since ncore < ncladding (where core is made of silica and cladding
of ITO), total internal reflection does not occur at the core-cladding interface, and therefore no
guided modes can propagate in the low-index core. However, these structures would support
leaky-mode propagation [41]. In addition to this, Figure 7 indicates that not only the fundamental
LPy; (symmetric) mode is being propagated through the fiber in the shown cases but also the LPy;
(asymmetric) mode; LP1; propagated mode presents an asymmetric distribution with orthogonal
phases between maximums in the same location as LPy;. Generally, LP1; presents lower optical power
(one order of magnitude) than LPy;, but in this case, due to the dimensions of the new propagating
structure, both optical powers are closer to interfering significantly with each other. As expected
in ARROW structures, LPy; and LPy; can present very similar effective refractive indices [42] and
appear simultaneously interfering one with the other. This is due to the dimensions of the fiber and
the presence of two guiding areas isolated through a non-guiding region (in this case the original silica
core). Both regions propagate the LPy; and LP1; modes within the same effective refractive index and
therefore, they appear simultaneously interfering with each other. As it can be noticed, the effective
refractive index of the propagated modes has been significantly increased as expected due to the higher
refractive index of the ITO waveguide thin film. Moreover, the optical power of the guided modes has
also been increased up to values of 147 V/m with evanescent fields of 70 V/m regarding the MOF-1
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values obtained without ITO thin film (see Figure 6A). The former evanescent field (MOF-1 without
ITO deposition) couples inside the ITO nanofilm and is propagated along the deposition, forming the
new ARROW waveguide.

Effective mode index=1.5789-0.040782i Effective mode index=1.5818-0.040762i
Surface: Electric field norm Surface: Electric field norm
Hm N n 7 Hm
-+ ITO nanofilm «---=9¥
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-1 0 1 2 Hm -2 -1 0 1
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Figure 7. Mode field distribution for MOF-1 with ITO thin film. LPy; and LPj; are present
simultaneously in each polarization.

MOF-2 also presents higher propagated optical power than MOF-1 (maximum of 181 V/m) when
ITO thin film is deposited, as shown in Figure 8. This is due to the stronger field of the original MOF-2
structure (without ITO thin film deposited) despite its bigger core dimensions (Figure 6B). MOF-2
presents evanescent fields close to 90 V/m. It must be remarked, that in the particular case of MOF-2,
the propagated optical power through the ITO thin film is lower than the original one (without ITO
thin film). This is a result of the significant guiding effective area decrease: 3.1 um by 4.4 um for MOF-2
without ITO (dimensions of the core) and 0.5 pum (the thickness of the nanofilm) by 3 pum (the length of
the bridges) for MOF-2 with ITO as now, the ITO thin film is the waveguide.

Effective mode index=1.6001-0.043056i Effective mode index=1.6004-0.042865i
Surface: Electric field norm Surface: Electric field norm
m . m
# ---- ITO nanofilm «--- #

-4 -2 0 2 Hm -4 2 0 2 Hm

Figure 8. Mode field distribution for MOF-2 with ITO thin film. LPy; and LPj; are present
simultaneously in each polarization.

Finally, when ITO thin film is deposited, MOF-3 presents the highest propagated optical power
values (up to 340 V/m) and also the most powerful evanescent field reaching amplitudes of 200 V/m,
as Figure 9 illustrates. In this case, the low confinement of the optical power (due to the air hole at the
center of the silica core) in the original MOF-3 (without ITO thin film) allows higher optical values to
be coupled into the ITO thin film waveguide.
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Figure 9. Mode field distribution for MOF-3 with ITO thin film. LPy; and LPj; are present
simultaneously in each polarization.

In order to simplify the data obtained in every simulation, Table 1 shows the maximum values
of coupled optical power and evanescent field obtained for the different MOF structures with and
without ITO thin film deposited. It is important to clarify that the optical power coupled to the ITO
thin films does not only depend on the evanescent field of the MOF structures without ITO, but also
on the part of optic power that this structure can be coupled to the ITO thin film which is inversely
related to the MOF structure confinement.

Based on this, when ITO thin film is deposited, MOF-3 is the structure with the best conditions
to develop the final ethanol sensor due to the hole effects; this hole causes the light to travel in a less
confined manner making it possible to couple more optical power into the ITO thin film in comparison
with MOEF-2 (see the values of MOF-2 and MOF-3, before and after ITO deposition). According with
this fact, the value of MOF-3 evanescent field is also increased and in this manner, the sensitivity
towards ethanol should also increase.

Table 1. Maximum values of confined optic power and evanescent field obtained for the different
microstructured optical fiber (MOF) sensors with and without indium tin oxide (ITO) thin film deposited.

Maximum Optical Maximum Evanescent

Field (V/IM) Field (V/M)
MOF-1 WITHOUT ITO 50 38
WITH ITO 147 70
MOF-2 WITHOUT ITO 340 100
WITH ITO 181 90
MOF-3 WITHOUT ITO 63 40
WITH ITO 340 200

3.3. Ethanol Measurements

The sensors were characterized toward saturated atmosphere of ethanol using the fast Fourier
transform (FFT) [39]; it is possible to apply this technique because the output optical signals of the three
MOFs obtained after ITO deposition process describe a periodic sinusoidal function (see Figure 10A).
The distance between peaks in the interference pattern is very small (a few nanometers) and this
fact makes it very difficult to use traditional techniques based on registering the wavelength shift of
remarkable points of the interferometric spectral response, such as a transmission valley. As can be
observed in Figure 10B, the FFTs of the three MOFs’ optical spectrum present a principal component in
the transformed domain, which corresponds to the main FP interference frequency.
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Figure 10. (A) Optical spectrum of MOFs and their fast Fourier transform (FFTs) after ITO deposition;
(B) in both figures, the vertical left axis is applied for MOF-1 and the right axis for MOF-2 and MOE-3.

Saturated atmosphere of ethanol changes the refractive index of the sensing layer (due to the
reduction and oxidation (chemisorption) reactions that occur between ITO, oxygen, and ethanol);
when it happens, the optical path of the transmitted light changes and consequently, a phase shift
occurs. Based on this fact, the sensor responses were analyzed monitoring the phase shifts of these
components using the set up explained in Figure 4. In Figure 10B, these components are encircled with
a red dotted line. Additional interference frequencies can also be noticed for each MOF, corresponding
to interferences involving higher order modes that transport lower optical powers. Also using the
FFT, the wavelength shifts in the optical spectrum can be monitored without the effects of the noise
influence or signal amplitude variations that other techniques as wavelength shifts have.

Based on Reference [17], where the penetration depth of sputtering deposition (the length of the
MOF with ITO) was 228 um, and due to the smaller dimensions of the MOF holes used in this work,
the authors assume that the penetration depth of the sputtering deposition is constant and FP cavities
(MOF-1 350 pm, MOF-2 528 um, and MOF-3 1 mm) are not completely covered in any of the cases by
ITO; in this way, the different length of the FP cavities is a parameter which does not influence the
sensor’s sensitivity towards ethanol.

With the aim of confirming the ideas that are derived from previous theoretical studies, every
sensor was exposed to saturated atmospheres of ethanol; the three MOF sensors showed different FFT
phase spectral shift responses (see Figure 11). In the first case, MOF-1 showed a maximum variation
of 0.685 radians, which implies the lowest sensitivity among the sensors. As previously mentioned,
it is a consequence of the dimensions of the core; it has an original low evanescent field power which
makes it difficult to couple light into the ITO thin film. Sensors fabricated with MOF-2 and MOEF-3,
with wider cores, showed higher sensitivities. Although the external dimensions of the cores of these
last fibers are similar, the maxima phase shift obtained for MOF-3 (5 radians) is five times greater than
the maxima phase shift obtained for MOF-2 (1 radian) and four times greater than previous papers
published when MOFs are used to detect VOCs [43]. This result is in accordance with the results of
the theoretical study performed in previous sections and reinforces the hypothesis that the increment
in the sensor sensitivity is produced by the effect of the MOF-3 core hole. This hole produces a loss
of light confinement and an increase in the evanescent field power (in comparison with the case of
MOF-2). Due to this fact, when this power (the evanescent field power of MOF-3 without ITO thin film)
is coupled to ITO thin film, the penetration depth of this evanescent field is increased and consequently,
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its interaction with ethanol occurs in a more optimal way. Furthermore, the sensors’ responses were
repetitive, and every sensor always reached the baseline in a short period of time (below 100 s) after
every exposure to ethanol.
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Figure 11. Phase responses of the three sensors for saturated atmospheres of ethanol.

4. Conclusions

In this paper, different optical sensing heads based on microstructured optical fibers (MOFs) have
been designed and analyzed both theoretically and experimentally. The sensor heads were developed
for VOC detection and tested in ethanol saturated atmospheres. It has been proved that there exists
a tradeoff between the optical power guided by the original MOF (without ITO thin film depositions)
and the mode distribution confinement. This tradeoff determines the optical power of the propagated
modes in the MOF-ITO ARROW structure: geometries with small core dimensions lead to weaker
core modes (less coupled optical power) but they show high evanescent field power because the light
travels with less confinement; on the other hand, wider core structures lead to more powerful guided
modes but having more confined distributions and lower evanescent field power.

It is important to comment that all the results inferred in this paper are not only based on the
field amplitude results. These results are a strong support to the authors’ proposal: the sensitivity of
these kind of sensors can be improved by means of the substrate fiber structure. Additionally, there is
another important factor that was not mentioned: the diffusion of the VOCs in the thin film layer.
In the case of this paper, as the ITO thickness deposited on every sensor is similar, the influence of
this parameter on the sensor sensitivity has not been studied. Still, the authors think that the nanofilm
thickness of the sensing layer plays an important role on the sensor sensitivity and for this reason,
in future works, the influence of this parameter will be analyzed in order to deposit a suitable thickness,
improving in this manner the sensitivity obtained in this paper.

When an ITO thin film is deposited onto the MOFs, the guidance of the light is altered: the signal
travels through the thin film deposited instead of the silica core of the fiber. This new optical power
and its new evanescent field determine every sensor’s sensitivity towards refractive index variations
in the surrounding environment. Moreover, it has been demonstrated that the inclusion of a hole
at the center of the fiber core (the structure of the MOF-3) makes the light travel in a less confined
manner increasing the values of the new ITO-silica waveguide in terms of coupled optical power and
evanescent field. Therefore, the sensitivity of this fiber, MOF-3, is also increased and in the case studied
in this paper, the achieved sensitivity is enhanced by a factor of 5.
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5.5. Conclusiones

Los oOxidos metdlicos son materiales que pueden ser utilizados para
detectar diferentes gases. En este capitulo, se ha demostrado que son capaces de
detectar amoniaco, etanol, oxigeno, monoxido de carbono y diéxido de carbono.

El software COMSOLO® es una potente herramienta que ayuda a entender,
gracias a los estudios tedricos, el comportamiento del campo eléctrico y
magnético de la luz guiada a través de las diferentes estructuras de las MOFs. En
particular, los estudios realizados con las diferentes fibras SSC concluyeron que
en las fibras cuyos nucleos tienen dimensiones mas pequefias, el acople de la luz
es inferior. Por tanto, la potencia dptica acoplada también es menor. Sin
embargo, el haz de luz viajaba menos confinado, lo que provocaba que el
porcentaje de campo evanescente que puede interactuar con la pelicula
depositada fuera mayor. En las fibras SSC donde las dimensiones de los ntcleos
son mayores, el efecto es el contrario. La potencia Optica que puede ser acoplada
es mucho mayor y, por lo tanto, la magnitud del campo eléctrico, pero, por el
contrario, la luz viajaba por la fibra mas confinada y el porcentaje de campo
evanescente que puede interactuar o acoplarse a la pelicula depositada es menor.
Por todo esto, para obtener una sensibilidad Optima, es necesario llegar a un
compromiso entre potencia Optica acoplada a la fibra dptica y el campo
evanescente que puede acoplar dicha potencia a una determinada pelicula de
material sensible depositada.

Cuando una pelicula es depositada en los agujeros de una fibra SSC, la luz
ya no se guia por la fibra dptica de manera convencional. En este caso, la pelicula
depositada pasa a ser la nueva guia. La luz se acopla a ella en mayor o menor
medida dependiendo de las dimensiones de su nucleo y del espesor de la capa
depositada: a mayor espesor, hasta llegar a un limite determinado mayor
potencia Optica acoplada (aproximadamente 10 um). Imperfecciones en los
nucleos, como puede ser un agujero en su centro, favorecen este acople y
consiguen por lo tanto una mayor potencia Optica guiada por esta nueva guia y,
por consiguiente, mayor potencia 6ptica del campo evanescente.

La penetracién de las moléculas del gas medido en la pelicula del material
sensible depositado, a través del fendmeno de la difusidn, es otro pardmetro a
tener muy en cuenta a la hora de optimizar la sensibilidad final del sensor. A

129



Cap 5. Desarrollo de sensores basados en fibras SSC para la deteccidon de gases y VOCs

mayores espesores depositados, las variaciones en el indice de refraccién son
menores y, por lo tanto, la sensibilidad es menor. Esto esta en contraposicion de
la conclusion expuesta en el parrafo anterior. Por esta razon, para optimizar un
sensor es necesario llegar a un compromiso entre la potencia que se acopla a la
pelicula depositada y la penetracion de las moléculas del gas medido en dicha
pelicula.
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Capitulo 6

Aplicaciones finales para los
sensores desarrollados

En este capitulo quinto de la tesis, se plantea la implantacion de los
sensores desarrollados en aplicaciones reales, es decir, entornos donde el
sensor tenga que trabajar baja condiciones no controladas. Ademds, se
intenta sacar el mdximo partido de las caracteristicas que ofrecen los
sensores. Por esta razon, se plantea la posibilidad de utilizar Ia
multiplexacion, ya que es una de las herramientas mds potentes que ofrece la
utilizacion de la fibra dptica; de esta forma, el coste total de una futura
aplicacion seria mucho mds competitivo.
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6.1. Introduccion

Uno de los pasos mas importantes, a la vez que complicado, en el campo de
la investigacion es intentar buscar una aplicacion final para el dispositivo
desarrollado. Para intentar lograr este objetivo, hay que aprovechar cada una de
las ventajas que puedan ofrecer, mejorando de esta manera sistemas que
anteriormente habian sido implantados. Este fue el objetivo principal de este
capitulo. Una vez demostrado el buen comportamiento de los sensores frente a la
humedad, gases y VOCs, el reto fue buscar una aplicacion final en la que pudiera
explotar todo su potencial o implantarlo en un sistema, el cual se viera mejorado
por dicha inclusion.

6.2. Multiplexacion

Una de las principales ventajas que ofrece el uso de la fibra dptica con
respecto a otro tipo de sensores es la multiplexacion. La multiplexaciéon, en
términos generales, se puede definir como la transmision simultdnea de varios
canales por un camino/medio comun. En el caso de la fibra dptica se pude
redefinir como una red de sensores donde el nimero de fuentes de luz, canales o
detectores es inferior al nimero resultante de estos elementos si cada uno de los
sensores se implantara de una forma individual.

Uno de los mayores inconvenientes de los sensores de fibra optica en
comparacion con otras tecnologias es su mayor coste econdmico, que, aunque
estd disminuyendo debido al desarrollo de los equipos dpticos, todavia sigue
siendo relativamente alto. Pero si el sistema desarrollado permite la utilizacion
de la multiplexacion, el coste final se verd reducido en gran medida dado que los
sensores pueden compartir la misma fuente de luz, detectores e incluso canal de
transmision. Este tltimo escenario tiene una gran importancia, econémicamente
hablando, ya que hace que el sistema sea mas competitivo.

Con el objetivo de aprovechar y utilizar las ventajas que ofrece esta técnica,
se penso6 en como se podian multiplexar los diferentes sensores desarrollados en
esta tesis. Un tipo de multiplexacion que podia encajar debido a las
caracteristicas de los sensores era la que se denomina multiplexacion por division
de frecuencia espacial, “spatial frequency division multiplexing” (SFDM, siglas en
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inglés). En esta técnica, cada sensor se identifica por una determinada frecuencia
espacial que se obtiene al aplicar la FFT. Como resultado, se pueden identificar
en un mismo espectro, diferentes frecuencias espaciales correspondiente a
diferentes sensores. Esta técnica es de especial interés para la monitorizacién de
sensores basados en interferdmetros, ya que generan un patron de interferencia,
generalmente perioddico, en el espectro Optico. Dadas estas condiciones la
aplicaciéon de la FFT es inmediata y su identificacion en el dominio de la
frecuencia muy sencilla.

Una conclusion que se deriva de esta explicacion es que, si se varia la
frecuencia fundamental de un interferdmetro, su patron interferométrico no sera
el mismo y, por lo tanto, su frecuencia espacial al aplicar la FFT sera distinta. Asi
que, una forma de multiplexar los sensores que se han desarrollado durante esta
tesis es variando lo longitud de la cavidad FP. De esta manera, su patrén
interferométrico serd diferente y por consiguiente su frecuencia espacial,
haciendo posible la monitorizaciéon de sus fases de una forma totalmente
independiente. En el dominio del tiempo, la sefial final serd una suma de todos
los patrones interferométricos dificilmente entendible, pero en el dominio de la
frecuencia, cada uno de ellos quedara identificado debido a su frecuencia
fundamental. En este sentido, el uso de la FFT como técnica de interrogacion
tiene una ventaja importante con respecto a otras: la independencia entre la fase
de la FFT y la amplitud de la sefial dptica en el dominio temporal. Por lo tanto, la
fase se puede monitorizar de manera simple independientemente de la amplitud
de la interferencia.

Un punto importante es saber el nimero de sensores que se pueden
multiplexar. A mayor numero de ellos, el coste final del sistema sera mas
econdmico, pero existen limitaciones. Una de ellas es que, debido principalmente
a que solo se trabaja con una fuente dptica y esta tiene una potencia determinada
(la cual se divide entre todos los sensores multiplexados), el numero de sensores
que pueden ser multiplexados depende en gran medida de ello.

Durante la realizacion de esta nueva contribucion cientifica, 6 sensores
fueron desarrollados con diferentes longitudes de su cavidad FP con el fin de
satisfacer las condiciones necesarias para poder ser multiplexados en un sistema
final. De esta forma, es posible optimizar los recursos del sistema para intentar
que sea lo mas competitivo posible. Ademas, se plante6 la idea de que el sistema
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final de sensores fuera capaz de detectar varios parametros (temperatura,
humedad y VOCs) manteniendo la independencia de cada uno. Todos los pasos
que se dieron hasta llegar al sistema final, junto a los resultados expuestos, se
detallaron en la siguiente contribucion cientifica: “Real Time Measuring System of
Multiple Chemical Parameters Using Microstructured Optical Fibres Based Sensors” la
cual fue publicada en la revista “IEEE Sensors”.
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Abstract—In this paper, a multiplexing system for simul-
taneous interrogation of optical fiber sensors which measure
different parameters is presented and validated. The whole
system has been tested with six different sensing heads with
different purposes: one temperature sensing head, two relative
humidity sensors, and three VOCs leak sensors; all of them based
on microstructured optical fibers. The interrogation system uses
the fast Fourier transform technique to isolate each sensor’s inter-
ference, enabling their simultaneous interrogation. The system
interrogates all the sensors at frequencies up to 1 KHz, showing
a good performance of each measurement without crosstalk
between sensors. The developed system is independent of the
sensors’ purpose or of the multiplexing topology.

Index Terms— Microstructured optical fiber, photonic crystal
fiber, multiplexing, gas sensing.

I. INTRODUCTION

ANY types of optical fibers have been used for sensing

along the time: standard silica based, plastic, doped,
and photonic crystal fibers are some examples. Since the
first experiments with microstructured optical fibers (MOFs),
they have shown relevant improved characteristics compared
to conventional optical fibers as well as a great potential
for sensing applications, overcoming some of the standard
optical fiber handicaps [1]-[3]. Many geometries have been
proposed for this kind of fibers. Among them, suspended-
core MOFs present relatively large air holes surrounding a
small core (typically a few microns diameter) resembling to be
suspended along the fiber length but maintained by thin silica
bridges. For instance, different pure silica suspended-core
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fibers have been used in temperature and curvature sensing [4],
gas sensing [5]-[10] micro-displacement measurements [11],
refractive index [12], mechanical deformation [13] or bio-
chemical sensing [14]. One of the most important type of MOF
sensors are the ones based on evanescent field. These sensors
have been used for different applications: simultaneous mea-
surement of humidity and mechanical vibration [15], detection
of biomolecules in aqueous solutions [16] as well as organic
pollutants [17]. MOFs based sensors have also been utilized
for gas measurements, like hydrogen detection [18], [19],
methane [7] or acetylene [20]. However, long pieces of MOFs
fibers and a pump to control this interaction are usually used in
order to obtain a good interaction between gas and light. This
configuration limits the utilization of these sensors in practical
applications [21], [22].

Fiber based optical Fabry-Pérot (FP) interferometers are
a quite popular sensor configuration due to their compact-
ness, simple configuration, flexibility in tuning sensitivity
and dynamic range. FP cavities composed by MOFs are
also common structures: a hybrid structure formed by a
MOF as the guiding fiber in cascade with a hollow-core
fiber and a single mode fiber (SMF), was demonstrated for
high-temperature sensing [23] among others [24]. Nitrogen
sensors [25], chitosan based ones for relative humidity (RH)
[26], [26], magnetic field [27], refractive index [28] as well
as strain, temperature and pressure FP devices [29], [30] have
been reported. Other fiber based sensors were implemented by
fusing a small length of PCF to the end of a cleaved SMF for
relative humidity ranged 40%-95% RH [31] or by chemical
deposition of polymers [32].

In order to develop short, fast, sensitive and versatile
FP-MOF sensors we have deposited thin films of different
materials inside the MOFS. Nanocoated based sensors have
recently experienced a remarkable development [33]. Fur-
thermore, deposition techniques such as sputtering [34]-[37],
enable to control the morphology and thickness of the
deposited coatings with high accuracy, and as a consequence,
the final properties (sensitivity, kinetics) of the sensor.

Multiplexing interferometric sensors is a major target in
the sensing field, allowing to perform multi-point and multi-
parameter measurements within the scheme, and, therefore,
reducing significantly the economic cost of the system. Mul-
tiplexing some Fabry-Pérot interferometric sensors without

1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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reflective layers present several difficulties due to their
low reflectivity (4%) and their cavity length limitation
(the number of multiplexed sensors depends on the cav-
ity lengths chosen). Several approaches have been demon-
strated during the last years: spatial-frequency-division multi-
plexing (SFDM) and coarse-wavelength-division multiplexing
(CWDM) schemes [38], in-line FP cavities based on FBGs
reflectometers [39], weak fiber Bragg gratings using frequency
shifted interferometry [40], conventional graded-index multi-
mode fibers in mode-multiplexed transmission [41], photonic
crystal fibers in Sagnac interferometers [42] or polarization-
division multiplexing [43]. These techniques present sev-
eral handicaps such as complex setups with high economic
cost or systems whose complexity increases exponentially with
the number of multiplexed sensors.

In this paper, a multiplexing system  with
6 FP-interferometric sensing heads for multiparameter
monitoring is presented and characterized. In previous works,
authors reported up to three sensors in a single optical channel
for relative humidity measurements [44]. Using a commercial
FBG interrogator with a MATLAB based software, six
different RH sensors are simultaneously and independently
measured within a single optical interrogator’s channel.
The scanning frequency of the commercial interrogator
(from 1 Hz up to 1 KHz) allows real time measurements,
avoiding the utilization of Optical Spectrum Analyzers and
post-processing [45]. An experimental study of the sensors
response and their crosstalk is presented by monitoring
the Fast Fourier Transform (FFT) phase variations of the
FP interference frequencies. This measuring method is
independent of the signal amplitude and avoids the necessity
of tracking the wavelength evolution in the spectrum, which
becomes a problem when several interferometric contributions
come up. Also, the multiplexing system is independent of the
monitoring target of each interferometric sensor. Thus with
the FFT method it is possible to multiplex sensors in real time
for multiple purposes (even vibrations at frequencies higher
than the scanning frequency of the interrogation system [15])
without crosstalk.

The sensors based on MOF-FP cavities had been reported
previously by ourselves, but it is the very first time we report
in a journal the multiplexing of these MOF-FP cavities for dif-
ferent chemical parameters’ detection with different deposited
materials with these promising results in terms of sensitivity
and fast response time. This proof of concept validates the
utilization of these sensors for applications such as electronic
noses [46] or Toxic and Hazardous Gas Detection [47], [48].

II. MATERIALS & METHODS

In this work, 6 different sensors were fabricated and mul-
tiplexed within a single optical interrogator channel as shown
in Fig. 1. To multiplex all the sensors, 3 optical couplers
were used in cascade in order to achieve the required number
of multiplexing channels. In this particular case, in a first
stage, a 2 x 4 optical coupler was used to divide the optical
interrogator’s output in 4 identical optical paths. 2 of this
paths were directly used with two sensors and the others
were used as inputs in a second multiplexing stage where 2
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TABLE I
OPTICAL LOSSES BETWEEN OPTICAL PORTS

Ports Optical losses (dB)
0>1 6.55

0>2 10

0->3 10.87
0>4 7.15

0>5 11.15
0>6 10.6

2 x 2 optical couplers were installed. All the output channels
of the 2 x 2 couplers were directly connected to their
corresponding sensing head.

The sensor’s distribution was chosen in relation with their
optical insertion losses. Sensors S1 and S4 presented higher
optical losses and therefore they were directly connected to
the 2 x 4 optical interrogator’s output. Sensors S2, S3, S5 and
S6 were connected to the outputs of the 2 x 2 couplers.

The optical losses of the multiplexing system where mea-
sured before installing the sensors and results are shown
in Table 1. Optical ports are highlighted in red color in Fig. 1,
being port O the input port of the multiplexing system and
port 1, 2, 3, 4,5 and 6 the corresponding port of each sensing
head.

As it can be remarked from Table 1, ports 1 and 4 were the
most suitable ones for the sensing heads with higher optical
losses.

Six Fabry-Perot based sensing heads were multiplexed and
used as sensors in this work. These cavities were made from
a microstructured optical fiber with particular characteristics.
The MOF used was fabricated using the stack and draw
process. It is formed by four large air holes divided by four
bridges, presenting a suspended core of 6.5 um by 806 nm
exhibiting a double Y shape, as it was studied in [49]. The
Fabry-Pérot cavities were made by splicing different lengths
of MOF fiber to one side of a single mode fiber (Corning
SMEF-28). The splice was made with a Fitel S175 fusion
splicer with a custom developed program for this MOF and
manual operation for its alignment. This manual splice leads
to different insertion losses in each sensing head that must be
taken into account.

By splicing a piece of MOF to a SMF, two low-reflectivity
mirrors are formed at both ends of the MOF: the first one in
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the interface SMF-MOF due to the discontinuity in refractive
index between both fibers; the second one is located at the
interface MOF-air because this high discontinuity provides a
Fresnel reflection (3.3%). As a result, a low-finesse Fabry-
Pérot interferometer is created when a light beam reaches the
cavity (MOF) and it is reflected between the two interfaces
several times. Each beam has a certain phase difference with
respect to the preceding one: this shift corresponds to the extra
path length travelled inside the cavity. Due to the high loss of
the MOF and the low reflectivity of the air-glass interface, high
order reflections inside the cavity are neglected and therefore
a low-finesse scenario is assumed, which approximates a two-
beam Fabry-Perot [50]. Furthermore, and for the same reasons,
high order modes influence is negligible as they propagate,
presenting an optical power one order of magnitude lower
compared with the fundamental one.

Assuming a two beam Fabry-Perot, the reflected signal
obtained should follow equation (1), where A/ is the optical
spectrum wavelength spacing, 4 is the working wavelength,
n is the refractive index (neff = 1.37 [49]) and d is the MOF
cavity length.

A= )%/2nd (1

Two commercial interrogators of optical fiber sensors
(Smartec SM125 and Smartec Sil55) were used to illuminate
the network and also to analyze the spectra signals guided
through the MOF sensors. The optical interrogators employed
were originally commercialized for FBG sensors’ monitoring
and allow sensors to be interrogated with a scan frequency
of 1 Hz and a 5 pm resolution for the SM125 and 1k Hz and
10pm for the Sil55. Sil55 optical interrogator allowed the
system performance to be verified in high sampling frequency
conditions being possible to take measures up to 1k Hz. FFT is
computed in MATLAB also every sample, providing real-time
information of the sensor system [51].

The FFT technique allows each sensor to be monitored
independently avoiding the noise influence (high frequency
components in the FFT module) or signal amplitude variations
(variations in the power of the FFT module).

We want to remark that this interrogation method can be
used in any of the usual topologies of optical fiber sen-
sors multiplexing networks (star, tree, bus, mesh... [52]).
These typical multiplexing networks prefer bus topologies in
order to save cabling costs. However, these systems require
complicated modulation/demodulation techniques and fiber
delays to identify each interferometric sensor [53] or FBGs
placed by the sensors to identify them [54]. Our interrogation
method is also suitable for this kind of topology because
the sensors’ identification is achieved in the spatial fre-
quency domain and not by their position inside the networks,
as happens in time division multiplexing (TDM) modulated
systems.

Due to the optical losses of the sensing heads and the multi-
plexing system, a pre-amplification stage was used. The objec-
tive of this amplification stage is to compensate all the induced
losses and to allow long distance remote motorization (up to
75km with the sensors comprised in this work). This stage is
composed of a 3 port optical circulator and an Erbium doped
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amplifier (EDFA). The optical circulator is needed in order to
use the same optical interrogator’s channel to send and collect
the light into and from the multiplexing system.

In order to verify the performance of the multiplexing
system and the polyvalence of its combination with this type
of sensing heads, three kind of sensors were employed: one
temperature sensor, two relative humidity sensors and three
volatile organic compounds presence sensors.

Relative humidity sensors were developed by creating a
thin film of SnO2 inside the holes of the MOF fiber through
the sputtering process, as authors previously demonstrated
in [55]. VOCs presence sensors were developed with the same
technique but changing the sensing material to ITO [56]. Tem-
perature sensor is the FP-MOF cavity without any deposited
sensitive layer [49]. These thin film depositions do not vary
the interference period of the sensing heads but reduce their
amplitude depending on the deposition time.

Deposition time determines the sensor’s performance
(sensitivity and response time). In this work, the deposition
time of each sensor has been selected in order to enable
simultaneous measurement in the same atmosphere avoiding
crosstalk between sensors. For this reason, their sensitivity
is not maximal when compared with the results showed
in [46], [55], and [56], as they were optimized.

The interaction between SnO,/ITO and H,O/VOCs mole-
cules is due to a phenomena called chemisorption by means
of the adsorption/desorption of these molecules [57].

S1 and S2 present a SnO; thin film sensitive layer as a
result of a 2 minutes sputtering process. S3, S4 and S5 have
an ITO thin film sensitive. This metallic oxide changes its
refractive index in presence of different VOCs. Thus, an ITO
thin film was deposited onto the head and into the walls of
the MOF using a sputtering technique. The distance between
the target of ITO and the head of the sensor was set at 5 cm.
The main transduction mechanism which governs the behavior
of this sensor [58] is the interaction between the evanescent
field of the guided light along the MOF and the ITO thin film
deposited into the walls of the MOF.S6 presents no sputtering
deposition in order to keep it insensible to relative humidity
nor VOCs variations.

External variations (in the example studied: temperature,
relative humidity or VOCs presence for each kind of sensing
head) produce a wavelength shift in the optical spectrum
domain. In the FFT domain, this shift is translated into a
variation of the FFT phase of the corresponding FFT module
delta. By monitoring the FFT phase of each sensors’ main
component, optical wavelength variations can be unambigu-
ously identified.

To perform the temperature and relative humidity mea-
surements, sensors were inserted inside a climatic chamber
(Binder KMF 115). VOC presence was tested by introducing
the sensors in fully saturated methanol atmospheres.

III. RESULTS AND DISCUSSION
A. Multiplexing System

The FFT technique allows to multiplex a number of sensors
using the whole spectral range for each of them. Each sensor
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TABLE II
CAVITY LENGTHS AND THEIR ASSOCIATED INTERFERENCE PERIODS

Sensor MOF Cavity AA (nm)
Length (mm)
S1 ~1.25 0.7
S2 ~0.8 1.1
S3 ~0.4 2.2
S4 ~1.4 0.63
S5 ~0.7 1.28
S6 ~0.65 1.35

-
MOF

Fig. 2. MOF-4-Bridge cross section (SEM picture) and a resulting FP cavity
(microscope picture).
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Fig. 3. Sensor’s individual optical spectrum.

presents a sinusoidal interference pattern in the optical spec-
trum domain.

As can be seen in equation (1) the MOF cavity length
determines its interference wavelength spacing period (AZ).
Different sensors were obtained varying this interference
period, as shown in Table 2.

The individual optical spectra of the sensors mentioned
above are shown in Fig. 3. These MOF cavity lengths were
chosen in order to get examples of sensors in a wide spatial
frequency range (0.4 — 1.5 nm~') and also to verify their
performance when other sensors are located in a spatial
frequency close to them.

Using the setup showed in Fig. 1, the resulting optical
spectrum is shown in Fig. 4. This optical spectrum is the result
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of the combination of all the sensor’s interferences. As can be
noticed, it becomes impossible to track the evolution of each
interference independently and a wavelength shift in one of
the interferences produces a wavelength variation of the whole
multiplexed optical spectrum.

Typically, interferometric sensors have been multiplexed
through ~ wavelength  division  multiplexing  devices
(WDM) [59], [60] committing a certain wavelength range
for each sensor. This technique allows a low number of
sensors to be multiplexed, depending on the wavelength range
committed to each sensor and the operating wavelength range
of the devices employed (light source, analyzer and EDFA).
Moreover, the interference period (A1) of each sensor and
the wavelength range assigned to it determines the operating
range of the device, leading to a tradeoff between operating
range of the sensor and the number of sensors that can be
multiplexed.

The FFT of each optical spectrum leads to a single peak
(theoretically a single Dirac delta) in the FFT magnitude
domain as can be seen in Fig. 5. The experimental FFT
magnitude of each sensor is shown in Fig. 5. Table 2 show the
theoretical frequencies that should be obtained just by applying
equation (2), where x makes reference to any sensor.

Freq, = 1/AAx (@3]

As can be seen in Fig. 5 theoretical frequencies matches
with experimental FFT results of each sensors. With this
technique, the experimental multiplexed FFT magnitude is
shown in Fig.6.

The FFT shows two single Dirac deltas in the FFT module
domain (one in the negative part of the FFT spectrum and
one in the positive part) due to the sinusoid optical spectrum
resulting of each MOF-FP cavity. Experimentally, it is not a
perfect Dirac delta but a broadened component because of
the limited number of samples in each period of the optical
interference the FFT. This is due to the FFT properties: the
more samples are comprised within an optical spectrum inter-
ference period, the most defined will be the FFT delta. As a
result, the higher the interference period is, the more number
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TABLE IIT
FFT FREQUENCIES OF EACH SENSOR

Sensor AA (nm) FFT frequency

(nm™)
S1 0.7 ~1.43
S2 1.1 ~0.9
S3 2.2 ~0.45
S4 0.63 ~1.59
S5 1.28 ~0.78
S6 1.35 ~0.74

of points are comprised within it and therefore the resulting
FFT delta is more defined. As an example, S3 presents an
interference period of 2.2 nm which means 440 samples
(optical interrogator’s resolution of 05pm) and then, S4 has an
interference period of 0.63 nm which means 126 samples. This
property involves a technical limit of the maximum number
of sensors that can be multiplexed in a single channel.

B. Multiplexing System Validation

A scenario of 6 sensing heads for temperature, relative
humidity and methanol presence was designed to test the
performance of the multiplexing system and verify its capa-
bility to multiplex several sensors with independence of their
sensing target. As presented in Fig. 1, S1 and S2 monitored
temperature variations, S3, S4 and S5 were developed to
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monitor methanol presence and S6 monitored temperature
variations. The objective of the system is to be able to monitor
each sensor independently of the others and without crosstalk
between them.

1) Temperature Monitoring: FP-MOF based temperature
sensors are fully described in [49].

In this case, all sensors are sensitive to temperature vari-
ations as all of them are made of a MOF-FP cavity [49].
In order to avoid this temperature crosstalk, a temperature
characterization was carried out as shown in Fig. 7.

In order to avoid the temperature influence in sensors S1-S5,
S6 is used as temperature reference. For these measurements,
S6 was inserted inside the climatic chamber and the other were
placed in a box outside. All the sensors were monitored simul-
taneously using the multiplexing setup. Temperature variations
from 25°C to 50°C were applied to only S6 with 5°C steps as
Fig. 8 illustrates.

As can be noticed, S6 works as temperature sensor showing
a sensitivity of 0.015z rad/°C. S1, S2, S3, S4 and S5 are not
affected by temperature variations inside the climatic chamber
verifying the systems isolation capability. They show small
variations due to room temperature variations of £0.4°C, but
with no relation to the steps induced by the climatic chamber.

Knowing all sensors’ temperature sensitivities and being S6
insensitive to relative humidity and to VOCs concentration
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variations, this last sensor is used as a temperature reference,
making consequently the system independent from tempera-
ture variations by means of the suitable calibration algorithm.

2) Relative Humidity Monitoring: SnO»-FP-MOF based
relative humidity sensors are fully described in [49]. S1 and
S2 were deposited with a ~2 minutes SnO2 sputtering depo-
sition. Firstly, S1 was inserted inside the climatic chamber
while S2, S3, S4, S5 and S6 remained outside in an expanded
polystyrene EPS box to avoid the room temperature variations
influence. All sensors were monitored simultaneously. The
results of this experiment are shown in Fig. 9. Secondly,
S2 was placed inside the climatic chamber and S1, S3, S4,
S5 and S6 inside the box. As previously all sensors were
monitored at the same time which results are shown in Fig. 10.

Both sensors showed good agreement with climatic cham-
ber’s variations and presented no crosstalk with sensors outside
it. A little hysteresis effect can be seen in S1: it might be
caused by the carton substrate used to fix the sensors as it
retains water molecules easily. S1 and S2 showed sensitivities
of 0.0037 rad/% RH and 0.0021z rad/% RH respectively.
This sensitivity difference is due to the difference in the
sensitive layers thickness. S3, S4 and S5 also showed low
sensitivities towards humidity variations as ITO also reacts
towards this parameter but their sensitivities are 10 times lower
than S1 and S2. S6 is insensitive towards humidity variations.

Moreover, different approaches have been developed in
order to make more selective this kind of sensors like the use of
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post process techniques as for example “principal component
analysis” (PCA) [61], artificial neural networks [62] or mak-
ing more selective the sensing layer using other metals or
additives [63].

3) VOC (Methanol) Presence Monitoring: The sensing
material selected was ITO because it has been previously used
to successfully detect VOCs.

Fig. 11 shows all the system performance when S3 is
exposed to fully saturated atmospheres of methanol. As in
previous analysis, all sensors were monitored simultaneously.
Fig. 12 and Fig. 13 illustrates the systems results when S4 and
S5 respectively are exposed to methanol atmospheres.

As in previous results, the sensors exposed showed sen-
sitivity to methanol presence and the others presented no
crosstalk between them. With the deposition times presented,
sensors showed maximal phase shifts of 0.15z rad, 0.16z rad
and 0.317 rad respectively, making them suitable for escape
detectors in gas bottles or containers applications.

Analogously, as it happened with humidity measurements,
S1 and S2 presents low sensitivity towards methanol in
comparison with S3, S4 and S5. S6 is insensitive towards
methanol variations. Due to this important sensitivities dif-
ference, using one sensor as reference, this crosstalk influence
can be reduced.

Taking into account all the results obtained during the
experiments, the system can be used to multiplex interfero-
metric sensors without crosstalk between them. Additionally,
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a multipoint application to monitor temperature, relative
humidity and VOCs escapes with 6 sensing heads has been
presented and characterized. The multiplexing system can be
used with any combination of sensors and applications and an
example has just been presented.

IV. CONCLUSION

In summary, a multiplexing system for interferometric
sensors based on the FFT has been presented and validated.
Six sensing heads have been multiplexed and measured simul-
taneously within a single channel of an optical interrogator
showing no crosstalk between sensors. The measurements have
been carried out by measuring the phase of the FFT component
of each sensor at a scanning frequency from 1 Hz up to
1 KHz. The number of multiplexed sensors depends on the
Fabry-Perot cavity lengths chosen.

An application for temperature, relative humidity and
Volatile Organic Compounds has been proposed and analyzed.
Sensors sensitivity depends on the deposited thin film material
and deposition time. One sensor is proposed for temperature
measurements, two sensors for relative humidity (20-90%) and
three sensors for methanol presence. All of them show great
sensitivity to their parameter target and no crosstalk between
SEensors.

This multiplexing technique is independent of the measured
parameter by the MOF based sensors and also of the topology
of the multiplexing network.

5349

REFERENCES

[1] A. M. R. Pinto and M. Lopez-Amo, “Photonic crystal fibers for sensing
applications,” J. Sensors, vol. 2012, pp. 1-21, 2012.

[2] T. M. Monro et al., “Sensing with suspended-core optical fibers,” Opt.
Fiber Technol., vol. 16, no. 6, pp. 343-356, 2010.

[3] O. Frazdo, J. L. Santos, F. M. Aratjo, and L. A. Ferreira, “Optical
sensing with photonic crystal fibers,” Lasers Photon. Rev., vol. 2, no. 6,

pp. 449459, 2008.

[4] O. Frazao et al., “All fiber Mach—Zehnder interferometer based on
suspended twin-core fiber,” IEEE Photon. Technol. Lett., vol. 22, no. 17,
pp. 1300-1302, Sep. 1, 2010.

[5] A. S. Webb, “Suspended-core holey fiber for evanescent-field sensing,”
Opt. Eng., vol. 46, no. 1, p. 010503, 2007.

[6] L. Niu er al, “Photonic crystal fiber loop mirror-based chemical
vapor sensor,” J. Lightw. Technol., vol. 32, no. 22, pp. 4416-4421,
Nov. 15, 2014.

[7]1 Y. L. Hoo, S. Liu, H. L. Ho, and W. Jin, “Fast response microstructured
optical fiber methane sensor with multiple side-openings,” IEEE Photon.
Technol. Lett., vol. 22, no. 5, pp. 296-298, Mar. 1, 2010.

[8] V. P. Minkovich, D. Monzén-Hernandez, J. Villatoro, and G. Badenes,

“Microstructured optical fiber coated with thin films for gas and chem-

ical sensing,” Opt. Express, vol. 14, no. 18, pp. 8413-8418, Sep. 2006.

J. Villatoro et al., “Photonic crystal fiber interferometer for chemical

vapor detection with high sensitivity,” Opt. Express, vol. 17, no. 3,

pp. 1447-1453, 2009.

[10] S. Olyaee, A. Naraghi, and V. Ahmadi, “High sensitivity evanescent-field

gas sensor based on modified photonic crystal fiber for gas condensate

and air pollution monitoring,” Optik-Int. J. Light Electron Opt., vol. 125,

no. 1, pp. 596-600, 2014.

M. Bravo, A. M. R. Pinto, M. Léopez-Amo, J. Kobelke, and K. Schuster,

“High precision micro-displacement fiber sensor through a suspended-

core Sagnac interferometer,” Opt. Lett., vol. 37, no. 2, pp. 202-204,

2012.

[12] J. Tian, Z. Lu, M. Quan, Y. Jiao, and Y. Yao, “Fast response
Fabry—Pérot interferometer microfluidic refractive index fiber sensor
based on concave-core photonic crystal fiber,” Opt. Express, vol. 24,
no. 18, pp. 20132-20142, 2016.

[13] R.-M. Beiu, V. Beiu, and V.-F. Duma, “Fiber optic mechanical deforma-
tion sensors employing perpendicular photonic crystals,” Opt. Express,
vol. 25, no. 19, pp. 23388-23398, 2017.

[14] L. Rindorf, J. B. Jensen, M. Dufva, L. H. Pedersen, P. E. Hgiby, and
O. Bang, “Photonic crystal fiber long-period gratings for biochemical
sensing,” Opt. Express, vol. 14, no. 18, pp. 8224-8231, 2006.

[15] S. Rota-Rodrigo, A. Lopez-Aldaba, R. A. Pérez-Herrera,
M. Del Carmen Lopez Bautista, O. Esteban, and M. Lépez-Amo,
“Simultaneous measurement of humidity and vibration based on a
microwire sensor system using fast Fourier transform technique,”
J. Lightw. Technol., vol. 34, no. 19, pp. 4525-4530, Oct. 1, 2016.

[16] J. B. Jensen et al., “Photonic crystal fiber based evanescent-wave sensor
for detection of biomolecules in aqueous solutions,” Opt. Lett., vol. 29,
no. 17, pp. 1974-1976, 2004.

[17] J. Biirck, J.-P. Conzen, and H.-J. Ache, “A fiber optic evanescent
field absorption sensor for monitoring organic contaminants in water,”
Fresenius’ J. Anal. Chem., vol. 342, nos. 4-5, pp. 394-400, 1992.

[18] M. Tabibazarp, B. Sutapun, R. Petrick, and A. Kazemi, “Highly sensitive

hydrogen sensors using palladium-coated fiber optics with exposed cores

and evanescent field interactions,” Microelectron. Struct. MEMS Opt.

Process. IV, vol. 3513, pp. 80-89, 1998.

S. Sekimoto er al., “A fiber-optic evanescent-wave hydrogen gas sensor

using palladium-supported tungsten oxide,” Sens. Actuators B, Chem.,

vol. 66, nos. 1-3, pp. 142-145, 2000.

G. Yan et al., “Fiber-optic acetylene gas sensor based on microstructured

optical fiber Bragg gratings,” IEEE Photon. Technol. Lett., vol. 23,

no. 21, pp. 1588-1590, Nov. 1, 2011.

[21] M. Cubillas, M. Silva-Lépez, J. M. Lazaro, O. M. Conde,
M. N. Petrovich, and J. M. Lépez-Higuera, “Methane detection at
1670-nm band using a hollow-core photonic bandgap fiber and a
multiline algorithm,” Opt. Express, vol. 15, no. 26, pp. 17570-17576,
2007.

[22] T. Ritari et al., “Gas sensing using air-guiding photonic bandgap fibers,”

Opt. Express, vol. 12, no. 17, pp. 40804087, 2004.

H. Y. Choi, K. S. Park, S. J. Park, U.-C. Paek, B. H. Lee, and

E. S. Choi, “Miniature fiber-optic high temperature sensor based on a

hybrid structured Fabry—Pérot interferometer,” Opt. Lett., vol. 33, no. 21,

pp. 2455-2457, 2008.

[9

[11]

[19]

[20]

[23]



5350

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

C. Wu, H. Y. Fu, K. K. Qureshi, B.-O. Guan, and H. Y. Tam,
“High-pressure and high-temperature characteristics of a Fabry—Pérot
interferometer based on photonic crystal fiber,” Opt. Lett., vol. 36, no. 3,
pp. 412414, 2011.

G. Z. Xiao, A. Adnet, Z. Zhang, F. G. Sun, and C. P. Grover, “Monitoring
changes in the refractive index of gases by means of a fiber optic
Fabry—Pérot interferometer sensor,” Sens. Actuators A, Phys., vol. 118,
no. 2, pp. 177-182, 2005.

L. H. Chen et al., “Chitosan based fiber-optic Fabry—Pérot humidity
sensor,” Sens. Actuators B, Chem., vol. 169, pp. 167-172, Jul. 2012.
Y. Zhao, R.-Q. Lv, Y. Ying, and Q. Wang, “Hollow-core photonic
crystal fiber Fabry—Pérot sensor for magnetic field measurement based
on magnetic fluid,” Opt. Laser Technol., vol. 44, no. 4, pp. 899-902,
2012.

T. Wei, Y. Han, Y. Li, H.-L. Tsai, and H. Xiao, “Temperature-insensitive
miniaturized fiber inline Fabry—Pérot interferometer for highly sen-
sitive refractive index measurement,” Opt. Express, vol. 16, no. 8,
pp. 5764-5769, 2008.

O. Frazdo et al., “Fabry—Pérot cavity based on a suspended-core fiber
for strain and temperature measurement,” IEEE Photon. Technol. Lett.,
vol. 21, no. 17, pp. 1229-1231, Sep. 1, 2009.

M. J. Gander et al., “Embedded micromachined fiber-optic Fabry—Pérot
pressure sensors in aerodynamics applications,” IEEE Sensors J., vol. 3,
no. 1, pp. 102-107, Feb. 2003.

J. Mathew, Y. Semenova, G. Rajan, and G. Farrell, “Humidity sensor
based on photonic crystal fibre interferometer,” Electron. Lett., vol. 46,
no. 19, pp. 1341-1343, Sep. 2010.

M. Hernaez, D. Lopez-Torres, C. Elosua, I. R. Matias, and F. J. Arregui,
“Sensitivity enhancement of a humidity sensor based on poly(sodium
phosphate) and poly(allylamine hydrochloride),” in Proc. IEEE
SENSORS, Nov. 2013, pp. 1-4.

G. Jiménez-Cadena, J. Riu, and F. X. Rius, “Gas sensors based on
nanostructured materials,” Analyst, vol. 132, no. 11, pp. 1083-1099,
2007.

M. Stowell, J. Miiller, M. Ruske, M. Lutz, and T. Linz, “RF-
superimposed DC and pulsed DC sputtering for deposition of transparent
conductive oxides,” Thin Solid Films, vol. 515, no. 19, pp. 7654-7657,
2007.

M. Smietana er al., “Optical monitoring of electrochemical processes
with ITO-based lossy-mode resonance optical fiber sensor applied
as an electrode,” J. Lightw. Technol., vol. 36, no. 4, pp. 954-960,
Feb. 15, 2018.

J. Ascorbe, J. M. Corres, F. J. Arregui, and I. R. Matias, “Humidity
sensor based on Bragg gratings developed on the end facet of an optical
fiber by sputtering of one single material,” Sensors, vol. 17, no. 5, p. 991,
2017.

C. Christopher, A. Subrahmanyam, and V. V. R. Sai, “Gold sputtered
U-bent plastic optical fiber probes as SPR- and LSPR-based compact
plasmonic sensors,” Plasmonics, vol. 13, no. 2, pp. 493-502, 2018.
Y.-J. Rao, “Recent progress in fiber-optic extrinsic Fabry—Pérot inter-
ferometric sensors,” Opt. Fiber Technol., vol. 12, no. 3, pp. 227-237,
2006.

Z. Wang, F. Shen, L. Song, X. Wang, and A. Wang, “Multiplexed fiber
Fabry—pérot interferometer sensors based on ultrashort Bragg gratings,”
IEEE Photon. Technol. Lett., vol. 19, no. 8, pp. 622-624, Apr. 15, 2007.
Y. Ou, C. Zhou, L. Qian, D. Fan, C. Cheng, and H. Guo, “Large-
capacity multiplexing of near-identical weak fiber Bragg gratings
using frequency-shifted interferometry,” Opt. Express, vol. 23, no. 24,
p. 31484, 2015.

R. Ryf et al., “Mode-multiplexed transmission over conventional graded-
index multimode fibers,” Opt. Express, vol. 23, no. 1, pp. 235-246, 2015.
H. Y. Fu et al., “Multiplexing of polarization-maintaining photonic
crystal fiber based Sagnac interferometric sensors,” Opt. Express, vol. 17,
no. 21, pp. 1850118512, 2009.

J.-W. Goossens, M. 1. Yousefi, Y. Jaouén, and H. Hafermann,
“Polarization-division multiplexing based on the nonlinear Fourier trans-
form,” Opt. Express, vol. 25, no. 22, pp. 26437-26452, 2017.

A. Lopez-Aldaba er al., “Relative humidity multi-point optical sensors
system based on fast Fourier multiplexing technique,” in Proc. 25th
IEEE Opt. Fiber Sensors Conf. (OFS), 2017, pp. 1-4.

Y. J. Rao, J. Jiang, and C. X. Zhou, “Spatial-frequency multiplexed
fiber-optic Fizeau strain sensor system with optical amplification,” Sens.
Actuators A, Phys., vol. 120, no. 2, pp. 354-359, 2005.

A. D. Wilson and M. Baietto, “Applications and advances in electronic-
nose technologies,” Sensors, vol. 9, no. 7, pp. 5099-5148, Jan. 2009.

[47]

[48]

[49]

[50]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

IEEE SENSORS JOURNAL, VOL. 18, NO. 13, JULY 1, 2018

K. Arshak, E. Moore, G. M. Lyons, J. Harris, and S. Clifford, “A review
of gas sensors employed in electronic nose applications,” Sensor Rev.,
vol. 24, no. 2, pp. 181-198, 2004.

C. Bariain, 1. R. Matias, C. Fernandez-Valdivielso, F. J. Arregui,
M. L. Rodriguez-Méndez, and J. A. de Saja, “Optical fiber sensor based
on lutetium bisphthalocyanine for the detection of gases using standard
telecommunication wavelengths,” Sens. Actuators B, Chem., vol. 93,
nos. 1-3, pp. 153-158, 2003.

A. Lépez-Aldaba et al., “Experimental and numerical characterization of
a hybrid Fabry—Pérot cavity for temperature sensing,” Sensors, vol. 15,
no. 4, pp. 8042-8053, 2015.

J. L. Santos, A. P. Leite, and D. A. Jackson, “Optical fiber sensing
with a low-finesse Fabry—Pérot cavity,” Appl. Opt., vol. 31, no. 34,
pp. 7361-7366, 1992.

D. Leandro, M. Bravo, A. Ortigosa, and M. Lépez-Amo, “Real-time FFT
analysis for interferometric sensors multiplexing,” J. Lightw. Technol.,
vol. 33, no. 2, pp. 354-360, Jan. 15, 2015.

R. A. Perez-Herrera and M. Lépez-Amo, “Fiber optic sensor networks,”
Opt. Fiber Technol., vol. 19, no. 6, pp. 689-699, 2013.

0. C. Akkaya, M. J. F. Digonnet, G. S. Kino, and O. Solgaard, “Time-
division-multiplexed interferometric sensor arrays,” J. Lightw. Technol.,
vol. 31, no. 16, pp. 2701-2708, Aug. 15, 2013.

R. Hernandez-Lorenzo, M. Lépez-Amo, and P. Urquhart, “Single and
double distributed optical amplifier fiber bus networks with wavelength
division multiplexing for photonic sensors,” J. Lightw. Technol., vol. 16,
no. 4, pp. 485-489, Apr. 1998.

A. L. Aldaba et al., “SnO,-MOF-Fabry—P¢érot optical sensor for rel-
ative humidity measurements,” Sens. Actuators B, Chem., vol. 257,
pp. 189-199, Mar. 2018.

N. G. Patel, P. D. Patel, and V. S. Vaishnav, “Indium tin oxide (ITO)
thin film gas sensor for detection of methanol at room temperature,”
Sens. Actuators B, Chem., vol. 96, no. 1, pp. 180-189, 2003.

W. Schmid, “Consumption measurements on SnO; sensors in low and
normal oxygen concentration,” Ph.D. dissertation, Fakultit Che mie und
Pharmazie., Eberhard-Karls-Univ. Tiibingen, Tiibingen, Germany, 2004.
D. Lépez-Torres et al., “Enhancing sensitivity of photonic crystal fiber
interferometric humidity sensor by the thickness of SnO thin films,”
Sens. Actuators B, Chem., vol. 251, pp. 1059-1067, Nov. 2017.

M. Bravo, M. Ferndndez-Vallejo, M. Echapare, M. Ldpez-Amo,
J. Kobelke, and K. Schuster, “Multiplexing of six micro-displacement
suspended-core Sagnac interferometer sensors with a Raman-Erbium
fiber laser,” Opt. Express, vol. 21, no. 3, pp. 2971-2977, 2013.

P. Childs, “An FBG sensing system utilizing both WDM and a
novel harmonic division scheme,” J. Lightw. Technol., vol. 23, no. 1,
pp. 348-354, Jan. 2005.

J. Mizsei, “How can sensitive and selective semiconductor gas sensors
be made?” Sens. Actuators B, Chem., vol. 23, nos. 2-3, pp. 173-176,
1995.

C. Delpha, M. Siadat, and M. Lumbreras, “Discrimination of a refrig-
erant gas in a humidity controlled atmosphere by using modelling
parameters,” Sens. Actuators B, Chem., vol. 62, no. 3, pp. 226-232,
2000.

X. Wang, N. Miura, and N. Yamazoe, “Study of WOs3-based sensing
materials for NH3 and NO detection,” Sens. Actuators B, Chem., vol. 66,
nos. 1-3, pp. 74-76, 2000.

Aitor Lopez-Aldaba was born in Navarra, Spain, in 1988. He received
the Degree in telecommunication engineering degree from the Universidad
Piblica de Navarra, Navarra, in 2014. In 2013, he joined the Optical
Communications Group, Department of Electrical and Electronic Engineering,
Universidad Piblica de Navarra. His research interests include fiber optic
lasers, optical amplifiers, optical fiber sensor networks, photonic crystal fibers,
and chemical fiber optic sensors.

Diego Lopez-Torres received the M.S. degree in electrical and electronic
engineering and the master’s degree in communications from the Universidad
Publica de Navarra (UPNA), Pamplona, Spain, in 2013 and 2014, respectively.
Since 2014, he has been a Researcher with UPNA. In 2015, he received a
scholarship from UPNA. His research interests include optical fiber sensors,
photonic crystal fiber, and nanostructured materials.



LOPEZ-ALDABA et al.: REAL TIME MEASURING SYSTEM OF MULTIPLE CHEMICAL PARAMETERS

Cesar Elostia Aguado received the M.S. degree in electrical and electronic
engineering from the Universidad Puiblica de Navarra (UPNA), Pamplona,
Spain, in 2004, and the Ph.D. degree in 2008. In 2014, he received a
scholarship from the Science and Technology Spanish Ministry and he joined
the Optical Fiber Sensor Group, UPNA. In 2008, he was a Visiting Ph.D.
Student with the University of Limerick and with the City University of
London. He became a Lecturer with the Electrical and Electronic Engineering
Department in 2009. His research interests include optical fiber sensors and
networks, organometallic chemistry, and data mining techniques.

Francisco J. Arregui (M’01) is a Full Professor with the Universidad Publica
de Navarra, Pamplona, Spain. He was part of the team that fabricated the
first optical fiber sensor by means of the Layer-by-Layer assembly method
at Virginia Tech, Blacksburg, VA, USA, in 1998. He has authored around
300 scientific journal and conference publications. He has been an Associate
Editor of the IEEE SENSORS JOURNAL, the Journal of Sensors (founded by
Prof. Arregui, in 2007), and the International Journal on Smart Sensing and
Intelligent Systems. He is also the Editor of the books entitled Sensors Based
on Nanostructured Materials and Optochemical Nanosensors.

Jean-Louis Auguste received the Ph.D. degree in optical and high frequency
of telecommunications from the University of Limoges, France, in 2001,
and the HDR degree, highest diploma of the University and giving him
the possibility to be the Research Director for Ph.D. students in 2010.
During his thesis, the main areas of activity have been in theory, design
and experimental investigation on optical fibers and more particularly on
a design and fabrication of high negative chromatic dispersion fiber. Since
2000, he has been a CNRS Engineer with the Xlim Research Institute,
where until 2012 he was in charge (Process Manager) of the research and
development around fabrication of optical fibers—guide structure and materials
for optical fibers with recent developments around glass synthesis thanks to
a European project that he manages. He works in strong collaboration with
researchers of the Fiber Group and is associated with ANR and other European
Projects as a researcher from SPCTS (Ceramic Laboratory) to develop new
topics mixing optical glass development and optical fibre applications. In this
way in collaboration with researchers from SPCTS he manages a new
research project at Xlim around original glasses for optical fiber applications.
He has authored or co-authored 45 publications in international journals (with
referees) and 43 papers in international conferences (with referees) including
several invited papers, international seminars plus four patent applications.
A part of his activity is dedicated to teaching and training students from the
University and the School of Engineering.

5351

Raphael Jamier was born in Périgueux, France, in 1981. He received
the Ph.D. degree from the University of Limoges, France, in 2007. Since
2008, he has been an Assistant Professor with the XLIM Research Institute,
University of Limoges, where he has been engaged in design, fabrication,
and characterization of specialty optical fibers. He has been the Deputy
Director of the Physics Department, University of Limoges, since 2012.
He has authored or co-authored 27 articles in refereed journals, 58 papers
in internationally recognized conferences with peer-review system, and two
patents. His current research activities include the design, fabrication and
characterization of photonic crystal fibers for high-power generation at uncon-
ventional spectral domains (in particular, in the mid-infrared wavelengths).

Philippe Roy was born in Bellac, France, in 1971. He received the Ph.D.
degree in microwave electronics and optoelectronics (speciality photonics and
electronics systems) from the University of Limoges in 1997. He is currently
a Senior Researcher with CNRS and the Head of the Fiber Photonics Group,
Xlim, which is a mixed laboratory of the University of Limoges and CNRS.
Since 1998, he has been involved in design, fabrication, and characterization
of photonic crystal fibers. More recently, he developed specialty and com-
posite fibers mainly dedicated to advanced fiber sensor systems and to very
high power fiber lasers. He develops rare earth doped fiber with complex
structure based on an aperiodic design to reach higher power levels without
modal instabilities and/or non-conventional emitted spectrum, from visible to
THz domain.

Manuel Lépez-Amo (M’91-SM’98) was born in Madrid, Spain, in 1960.
He received the Degree in telecommunications engineering and the Ph.D.
degree from the Universidad Politécnica de Madrid, Madrid, in 1985 and
1989, respectively. From 1985 to 1996, he was with the Photonic Technology
Department, Universidad Politécnica de Madrid, where he became an Asso-
ciate Professor in 1990. In 1996, he moved to the Electrical and Electronic
Engineering Department, Universidad Piblica de Navarra, Pamplona, Spain,
where he became a Full Professor and is currently the Head of the Optical
Communications Group. He has been the Chairman of the Optoelectronic
Committee of Spain. He has been the leader more than 40 research projects
and he has co-authored more than 250 works in international refereed journals
and conferences related to fiber-optic networks, optical amplifiers, fiber-optic
sensors, and integrated optics. He is a member of the technical committees
of the International Conference on Fiber Optic Sensors and the European
‘Workshop on Optical Fiber Sensors, among others. He is a member of the
Optical Society of America.



upna

Universidad Piblica de Navarra
Nafarroako Unibertsitate Publikoa



Universidad Publica de Navarra Diego Lépez Torres

6.3. Utilizacion de sensores para la medicion de la
humedad en suelos con diferentes tipos de tierra

Dada la sensibilidad obtenida y la resolucién alcanzada por el sensor
desarrollado en el capitulo 4 de la tesis frente a los distintos cambios de humedad
(para recordar, dicho sensor se basaba en un interferometro Fabry Pérot con un
pelicula sensible de SnO: depositaba sobre una fibra SSC), se pensé que podia ser
un buen candidato para realizar medidas en un escenario real. Las anteriores
medidas se realizaron en el interior de una cdmara climatica, donde la
temperatura y la humedad estaban bajo control, utilizando la FFT como
herramienta para la interrogacion del sensor. En esta ocasion se propuso utilizar
dicho sensor para medir la humedad en suelos, con diferentes tipos de tierra,
bajo condiciones climatologicas no controladas.

Se decidié medir la humedad del suelo porque este pardametro desempefia
un papel clave en el ciclo hidrologico al controlar procesos, como la
evapotranspiracion, la escorrentia y la recarga de acuiferos. Por lo tanto, su
medicion es de vital importancia para muchos de los seres vivos que habitan en
la naturaleza. Pero al querer medir la humedad de un suelo determinado, la
estructura del sensor debia ser modificada para poder conseguir un correcto
comportamiento en este nuevo entorno; este fue uno de los retos que tuvieron
que ser superados en esta nueva publicacion cientifica.

Uno de los problemas era la fragilidad de la punta del sensor. Ademas, era
conveniente aislar la tierra del sensor para evitar el contacto directo entre ellos y
reducir al maximo los posibles errores en la medicion. Para solventar este
inconveniente, se desarrolldé un encapsulado de policloruro de vinilo (PVC)
agujereado de forma periodica. De esta manera, se conseguia aislar al sensor de
la influencia de la tierra y el polvo, pero se permitia el paso de la humedad a
través de los agujeros. Para comprobar que el encapsulado no afectaba la
respuesta del sensor, se realizé6 una prueba en cdmara climatica: el resultado
verificd que el comportamiento del dispositivo no estaba comprometido.

Llegados a este punto, el sensor ya estaba listo para ser instalado en el
escenario real propuesto, es decir, al aire libre y dentro de la tierra. Para estudiar
sus caracteristicas, se propuso comparar los resultados obtenidos con un sensor
capacitivo comercial midiendo en dos tierras con propiedades distintas durante
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dos semanas. Una vez analizadas y estudiadas las respuestas se concluy6 que
existia una buena concordancia entre las mediciones dpticas y capacitivas de
ambos sensores en el rango de humedad comprendido entre 15-100%. Para
humedades inferiores al 15%, la sensibilidad del sensor Optico disminuyd
significativamente. Un punto a favor del sensor desarrollado en esta nueva
contribucion cientifica fue las ventajas que ofrece en comparacién con los
sensores capacitivos tradicionales: una de ellas, la inmunidad a las variaciones de
temperatura (compensadas y explicadas en la contribucion), siguiendo con la
posibilidad de realizar mediciones en varios puntos concretos del suelo (en
contra de las mediciones de drea que ofrecen exclusivamente otro tipo de
sensores) y la capacidad de multiplexacion vista en el apartado anterior.

Todos los resultados obtenidos en este estudio fueron expuestos de una
forma mas detallada en la siguiente contribucién cientifica: “Comparison between
Capacitive and Microstructured Optical Fibre Soil Moisture Sensors” que fue
publicado en la revista “Applied Sciences”.

Por ultimo, es importante destacar el posible potencial que tiene fusionar la
técnica de la multiplexacion con una determinada aplicacion final del sensor. Por
ejemplo, se ha visto que el sensor presentado en este apartado de la tesis puede
realizar medidas puntuales. Si varios sensores son multiplexados, pueden
realizarse mas medidas puntuales, obteniendo mas informacién de otros puntos
de la tierra que se estad estudiando; basandonos en los resultados obtenidos, como
minimo, un total de 6 puntos distintos pueden llegar a ser medidos. Pero,
ademas, debido a la versatilidad de los oOxidos metalicos, los sensores
multiplexados pueden ser utilizados con diferentes fines, no sdlo para detectar
cambios de humedad. Es decir, cada uno de los sensores multiplexados pueden
detectar un pardmetro determinado como, por ejemplo: contaminantes disueltos
en el agua por el uso de pesticidas o insecticidas, VOCs, elementos solidos
ferromagnéticos o agentes quimicos. De esta forma, el posible sistema final seria
mucho mads potente, interesante y el coste econdmico se reduciria
sustancialmente.
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Abstract: Soil moisture content has always been an important parameter to control because it is a
deterministic factor for site-specific irrigation, seeding, transplanting, and compaction detection.
In this work, a discrete sensor that is based on a SnO,—FP (Fabry-Pérot) cavity is presented and
characterized in real soil conditions. As far as authors know, it is the first time that a microstructured
optical fiber is used for real soil moisture measurements. Its performance is compared with a
commercial capacitive soil moisture sensor in two different soil scenarios for two weeks. The optical
sensor shows a great agreement with capacitive sensor’s response and gravimetric measurements,
as well as a fast and reversible response; moreover, the interrogation technique allows for several
sensors to be potentially multiplexed, which offers the possibility of local measurements instead of
volumetric: it constitutes a great tool for real soil moisture monitoring.

Keywords: photonic crystal fiber; microstructured optical fiber; fiber sensor; humidity sensing;
soil moisture

1. Introduction

Soil moisture plays a key role in the hydrological cycle by controlling processes, such as
evapotranspiration, runoff, and recharge of aquifers, just to mention some of them [1-3]. Therefore,
soil water content data are very useful for the application and evaluation of hydrological models
that yield to irrigation programming and optimization [4]. Hydrological models are essential tools
for estimating water resources and floods in the current situation, as well as in relation to different
scenarios of global climate change and/or under different land uses [5].

Several methodologies have been developed to determinate soil moisture, both in the field
and in the laboratory: gravimetric measurements, optical spectroscopy, continuous wave acoustics,
electric resistance blocks, tensiometers, and neutron probes, among others [6-9]. Recently, the use
of capacitive sensors has increased [10], since they offer a good cost-benefit in relationship when
compared to other devices, like the ones that are based on reflectometry in the time domain, which was
considered as one of the most accurate methods for estimating the water content of soils so far [11,12].
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Optical fiber sensors have been used to measure many parameters, such as temperature, curvature,
vibration, displacement, pressure, refractive index, electric field, magnetic field, relative humidity,
and gases due to their ability to work as transducers [13]. There exist many different types of fibers
that are suitable for sensing applications: silica optical fibers, plastic fibers, or photonic crystal fibers
are some common ones.

Microstructured optical fibers (MOFs) present great sensing potential and they have shown
improved properties over traditional optical fiber sensors overcoming some of their handicaps [14-16].
For example, several pure silica suspended-core fibers have been used in temperature and curvature
sensing [17], gas sensing [18], or relative humidity (RH) sensing [19].

Fiber based optical Fabry-Pérot (FP) interferometers are a quite popular optical fiber sensor
configuration due to their compactness, simple configuration, flexibility in tuning sensitivity,
and dynamic range. This structure presents robustness and multiplexing capability. The FP cavity
transfer function consists of an interference pattern that depends on the cavity length and of the
refractive index of the cavity, or more precisely, the effective indices of the different modes that are
supported by the fiber interferometer. Actually, FP cavities fabricated with MOFs are structures that
are commonly used for sensing: a hybrid structure that used a MOF, a hollow-core fiber, and a single
mode fiber (SMF) was developed for high-temperature sensing [20], whereas a chitosan FP cavity was
fabricated for relative humidity (RH) measurements [21] and also compact FP cavities for humidity
between 40% and 95% were reported [22].

Nanocoated based sensors have experienced a great development during the last decades [23].
Furthermore, new chemical deposition techniques, such as sputtering [24], enable precisely
customizing the morphology and thickness of the deposited thin film coatings, and as a consequence,
the final properties (sensitivity, kinetics) of the sensor. Sputtering depositions are commonly used to
create a homogeneous layer on the surface of a pure silica optical fiber [25,26].

Finally, not many works have been reported up to date measuring real soil moisture with optical
fibers: cascade fiber Bragg gratings (FBG) sensors were employed to monitor temperature and soil
moisture simultaneously [27], hetero-core spliced optical fiber SPR sensor [28], and a summary of the
most common techniques employed in humidity sensing [29] were reported.

In this work, an optical fiber sensor based on a sputtering deposition on a MOF is presented
for real moisture measurements and compared simultaneously with a commercial capacitive sensor.
The operation principle of the humidity optical sensor has been previously reported by authors [19]
showing in detail the construction process of an optimized sensing head and its performance towards
humidity variations. In the present paper, the authors propose, for the first time, a sensor that has
been adapted and used for measurements in real soil conditions. Moreover, the authors also present a
comparison between the performance of microstructured optical fiber sensors, a commercial capacitive
sensor, and a comparison of both devices against gravimetric measurements, showing the pros and cons
of every type of sensors (and remarking the advantages of fiber optic against commercial capacitive
ones). It is worth remarking that the aim of this work is not to present the optical sensing head in
detail, as it is fully described in [19], but to show a real comparison between commercial capacitive
soil moisture sensors and the application of the optical sensing head for the same purpose.

2. Materials and Methods

A Decagon 10HS capacitive sensor (Meter Group Inc., Pullman, WA, USA) was used as reference
for the soil moisture measurements. This capacitive device is a frequency domain reflectometry
(FDR) based electrical sensor. Its operation principle consists of measuring the dielectric constant or
permittivity of the soil to calculate its humidity content. It performs soil moisture measurements within
a big volume of soil (~6.5 dm®) with great moisture range and it is designed for any soil composition.

Its measurements have been compared with an optical fiber Fabry-Pérot interferometer that
was fabricated by splicing a single mode fiber (SMF) to a cleaved four-bridge MOF, as shown in [19].
As shown in [19], the MOF-FP optical fiber core was used as the substrate in a SnO, coating-DC-Sputter
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deposition process. SnO, can be deposited on the walls of the air holes of the short section of the
MOF as well as on the top of the sensor head due to the particular structure of the MOF that is used.
SnO; coating is highly sensitive to humidity changes of the surrounding environment [30].

The interaction between SnO, and H,O molecules is due to the phenomena called physisorption
by means of the adsorption/desorption of these molecules [31]. The molecules of water interact just
with the surface of the deposited SnO; thin film.

The MOF cavity length determines the periodicity of the sensor optical spectrum interference
obtained following (1). Where AA: optical spectrum wavelength spacing, A: working wavelength,
n: refractive index, and d: MOF cavity length [32].

AN = A%/2nd, 1)

In this particular case, the MOF length used was ~700 pm showing an interference period of
1.24 nm, as Figure 1a shows (after a 10 min SnO, deposition).
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Figure 1. (a) Optical microstructured optical fiber-Fabry—-Pérot (MOF-FP) sensor’s spectral transfer
function and (b) its Fast Fourier Transform (FFT) module.

As it can be inferred, the sensing head is very fragile and, moreover, dust inside the MOF holes
and in contact with the SnO, deposition could lead to measurement errors. In order to avoid this
scenario, a protective cap was developed: it consists of a polyvinylchloride (PVC) tube with four arrays
of drilled holes (1 mm of diameter) each 5 mm and a cap in one of its ends enabling the access of the
optical fiber. Figure 2 shows the real pictures of the protective cap and the final sensor installed inside
the cap.

Figure 2. Optical sensor’s polyvinylchloride (PVC) drilled protective cap.

This PVC protection prevents the optical sensor from any damage during installation as well
as undesired elements polluting the sensing material, creating a cavity inside the tube permeable to
humidity, so that it can be measured.
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The influence of the protective cap was verified before the installation in the soil in order to
verify the correct behavior of the sensing head. The protected sensing head was inserted in a climatic
chamber where humidity ranges from 20% to 90% were applied at constant temperature of 25 °C.
Results are shown in Figure 3.
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Figure 3. Calibration of the optical sensor.

These results show a correct performance of the sensing head towards humidity changes, but with
a reduction of its sensitivity in comparison with the case where no protective cap is employed.
The delay of the sensors in relation with the climatic chamber is due to the small hysteresis effect
induced by the tube. This performance can be improved by optimizing the sputtering deposition time
or through the design of a three-dimensional (3D) printed protective cap to achieve optimal results,
as shown in [19].

A commercial FBG (sensitivity of 10 p.m./°C) was also monitored at the same time in order
to measure the temperature variations inside the soil sample and compensate the optical sensor’s
deviations. Temperature variations affect directly on a FP cavity as they modify the cavity length due
to the thermal expansion of the silica. These variations produce a wavelength shift or analogously
a FFT phase shift. Once known the variation of temperature through the FBG and the sensitivity of
the MOF sensing head to temperature variations it can be directly compensated by subtracting the
wavelength shift-FFT phase shift to the MOF’s results.

A commercial interrogator equipment for FBGs based sensors (SM125, SMARTEC, Lugano,
Switzerland) was used to illuminate the network and also to analyze the spectra of the signals
reflected from the sensors. The interrogating equipment has a sampling frequency of 1 Hz [33],
four different channels, and is remotely controlled through a MATLAB software (MathWorks, Natick,
MA, USA) that also executes a FFT real time analysis. This analysis consists of tracking the FFT phase
corresponding to the FFT module main component located at 0.8 nm ™!, as shown in in Figure 1b.
The main advantage of this technique is the negligible influence of noise (high frequency components)
and signal amplitude undesired variations. Moreover, choosing correctly the MOF lengths, several FP
sensors could be multiplexed within a single optical interrogators channel through common optical
couplers, as it has been demonstrated by authors in [34,35]. The three sensors where buried in the soil,
as Figure 4 illustrates.
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Figure 4. Experimental set up: (a) schematic set up and (b) real picture of the set up.

The optical sensors were placed at the same radial distance from the soil center as the capacitive
sensor and buried ~10 cm deep (trying to be at the mid depth of the capacitive sensor). In this study,
two different types of soil were tested in order to check the performance of the optical sensor in
comparison with the capacitive one. The first porous media was a silica sand specified for use in pool
filters, water purification, and sports fields. The soil texture was defined as sand [36], 100% sand.
The second one was a mix of 50% weight of the silica sand and 50% weight of a contrasting natural soil
texture classified as clay loam, 28% sand, 36% silt, and 36% clay [36].

3. Results

Different measurements were performed to compare the behavior of capacitive sensors against
optical fiber sensors with the two types of soil samples that are described above. Moreover,
gravimetric measurements were also performed to verify the results. Temperature variations affect
directly on optical fiber sensors and therefore it was also monitored by a FBG.

3.1. Temperature Monitoring and Compensation

As it was previously mentioned, MOF-FP optical sensor is affected by temperature variations,
leading to crosstalk between temperature and relative humidity measurements. Figure 5 shows the
response of the MOF-FP sensor (calibration) towards temperature showing a linear response with
sensitivity of 0.003777 rad/°C.
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Figure 5. Optical sensor’s response towards temperature variations.

To avoid this undesirable crosstalk a commercial FBG (sensitivity of 10 p.m./°C) was also buried
in contact to the MOF-FP sensor and simultaneously monitored. This temperature reference showed
the behavior illustrated in Figure 6 Measurements shown were taken during a week. As can be
noticed in Figure 6, the FBG optical interrogator has a wavelength resolution of 5 p.m., which means a
temperature resolution of 0.5 °C.
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Figure 6. (a) Temperature and humidity measured during a week in Soill and (b) a detailed region.

Results shown in Figure 6 show a good agreement between the dynamics of humidity and
temperature. Temperature shows oscillations of 2 °C depending on the time of the day. During day
hours temperature rises and when sun sets (soil sample was at direct exposition of sun light) it decreases
~2 °C. Humidity results follows the same trend showing great variations (decreasing humidity) during
the day and slower ones at night. These variations agree temporarily with temperature, showing bigger
slopes during sunshine hours.

With a temperature reference and being the sensitivity of the optical sensor to temperature
variations known, its influence can be cancelled. Thus, the FFT phase shift induced by temperature
variations (deduced through the FBG sensor) can be directly subtracted to the MOF-FP sensor’s results.
This compensation can be made either in real time or by post processing. In this study, it was directly
implemented in the acquisition software. Results that are shown in Figures 7-9 are already temperature
compensated ones.
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Figure 7. Capacitive and optical sensor’s response towards soil humidity: (a) Soill and (b) Soil2.
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Figure 8. Capacitive and optical sensor’s response towards soil humidity: (a) Soill and (b) Soil2.
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Figure 9. Capacitive and optical sensor’s regression slopes: (a) Soill and (b) Soil2.

3.2. Dynamic Measurements

100

Long term measurements were performed in order to check the viability of the MOE-FP sensor.
For this aim, the MOF-FP sensor was buried in the soil at ~5 cm deep, whereas the capacitive sensor
was at ~20 cm, as it has been shown in Figure 4a. This difference must be underlined as it will affect
directly on the results and it is produced due to the size difference of the sensors. On the one hand,
MOFEF-FP sensor presents reduced dimensions, allowing for the moisture measurement within a small
volume of soil while on the other hand, capacitive sensors need a significant soil volume (as it will be
described) to work properly. After the sensor’s installation, water was carefully added to the soil until
saturation (water dropping at the bottom of the sample—Relative humidity = 100%). All of the sensors
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were monitored every 10 min during ~14 days uninterruptedly showing the results shown in Figure 7.
After ~12 days for Soill and ~9 days for Soil2, humidity was raised again until saturation to check the
sensor’s reversibility and adaptability to changing environments.

As can be seen in Figure 7, there is a discrepancy in terms of kinetics between both sensors.
The optical sensing head measures the humidity directly in contact with it while capacitive sensors
integrate the moisture in a volume of soil. As previously commented, due to the size, the principle
of operation of each sensor, and their burial depth, the optical sensor is able to measure localized
humidity variations, and therefore it measures moisture variations before the capacitive sensor.

3.3. Point Measurements

Point measurements were also performed in both soils to check and compare the precision of
the sensors. For this kind of measurements, the results of both capacitive and optical sensors were
compared with gravimetric measurements.

Soil samples of ~3 L were prepared for the test. The measuring initial point is with soil totally
dried by an oven to get a ~0% humidity. At each sample, 300 mL of water were added to the soil until
saturation was achieved. For the gravimetric measurements at each sample, just after performing
the measures with both capacitive and optical sensors, a sample of soil was taken in a cylinder with
a volume of 100.14 cm3, weighed, dried in the oven, and weighed again to check the real weight of
water (difference in weight before and after the drying process) and as a consequence the humidity
contained in the sample. Results that are shown in Figures 8 and 9 illustrate the regression slopes for
both experiments showing R? = 0.988 for the capacitive sensor and R? = 0.978 for the optical sensor in
Soill and R? = 0.956 and R? = 0.949 respectively in Soil2.

Each value was measured five times with a lapse time of 30 s between measurements and the
mean value is represented in Figures 8 and 9. The maximum error of the measured samples was 9%
and the minimum 2%, being the mean error of point measurements of 4%.

An important aspect to comment is the difficulty to perform accurate gravimetric measurements.
The operation principle of this technique is to take a known volumetric sample of wet soil, weigh: it,
dry the sample in the oven and weigh again to analyze the water weight evaporated. To perform
accurate measurements the volume and compaction of the soil sample are critical. Although the
volume is not a problem, to maintain the same compaction during the drying process of the soil is not
obvious and it requires complex techniques and devices. This difficulty led to small discrepancies,
as can be seen in Figures 8 and 9.

4. Discussion

Results shown in Section 3 in overall show an agreement between capacitive sensors,
MOE-FP optical sensors, and gravimetric measurements in (two) different types of soil.

One of the main differences between capacitive and optical results can be seen in Figure 5. There,
it can be noticed differences in the time response to humidity changes between both sensors. It is due
to two important factors: devices size and type of measurements. On the one hand, capacitive sensors
that are used in this study have dimensions of 14.5 cm x 3.3 cm x 0.7 cm and they give us volumetric
measurements by measuring the dielectric constant of the soil, as shown in Figure 10. On the other
hand, MOF-FP based sensors have very reduced dimensions (0.7 mm x 125 um) without the protective
cap. This cap is a cylinder 4 cm long having 0.8 cm of radius. The sensing head measures the humidity
that is directly in contact with it. Therefore, it can be concluded that capacitive sensors are field sensors
in opposition to point optical sensors. Due to this difference, the optical sensor is very sensitive to
point humidity changes very close to the sensing head while capacitive measures all of the humidity
comprised around it, being less sensitive to local variations.
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Figure 10. Idealized measurement volume of Decagon 10HS sensor.

Table 1 shows the measured errors between optical—capacitive sensors and optical
sensor—gravimetric measurements. As previously commented, gravimetric measurements present
great variations due to the employed technique and its variability depending on the measuring
conditions. Therefore, the errors measured between optical or capacitive sensors and gravimetric in
some points (i.e., in Figure 9b) at 63% RH in gravimetric measurements) are higher than expected,
as can be seen in the case of the maximum error between optical sensor and gravimetric measurement.

Table 1. Summary of measured errors between sensors.

Comparison Soil Mean Max

Soill 3.5% 5%
Soil2 3% 6%
Soill 1% 1.5%
Soil2 3.5% 9%

Optical—Capacitive Sensors

Optical sensor—Gravimetric measurements

Another difference shown in the results from capacitive and optical sensors in Figures 6 and 7 is a
measuring error when humidity is close to 0%. This is due to the different nature of the sensors. On the
one hand, capacitive sensors measure the dielectric constant of the soil and therefore the content of
water in soil: moisture. On the other hand, optical sensors measure refractive index variations that are
produced by the presence of soil moisture. Relative humidity can be described, as follows:

P
Relative humidity = P—Z])S % 100 )

where Pw is the water vapor pressure and Pws is the water vapor pressure in saturation and it is a
function of temperature [28].

The term humidity usually makes reference to the presence of water in gaseous form, but it is
often used to refer to expressions that are related to water vapor characteristics and in the field of
measurement, there are various terms associated with such water vapor measurements. In addition,
the term moisture is frequently interchanged with humidity even though the actual definition of
moisture refers to the water in liquid form that may be present in solid materials [37]. Since humidity
is a measure of water in gaseous state present in the environment, water vapor found in a gas mixture
behaves in accordance with the gas laws and the amount of pressure it exerts equates to the partial
pressure of the water vapor components in the gas mixture, as defined by Dalton’s law [37].

To set a reference between capacitive sensors and optical sensors when the soil is saturated, the air
in holes inside the soil (and therefore the cavity created by the optical sensor) is saturated too, and as a
conclusion, both of the sensors show 100% of humidity and relative humidity, respectively.

As can be seen in Figures 8 and 9, both of the sensors work similarly in high humidity scenarios.
The difference arises when the soil approaches to 0% humidity. Due to the nature of the optical sensor
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and its operation principle measuring the water present in air it becomes impossible to reach 0% of
relative humidity while capacitive sensor can reach such low values. As a conclusion, the optical
sensor is not suitable for environments of very low humidity (under 15%).

Additionally, as can be noticed in Figure 8, both of the graphs present different x-axe length.
This is due to the fact that, Soil2, as a result of its composition, is able to retain more water than Soill,
and therefore, an additional 300 mL was needed to reach the saturation stage.

The last difference in the results can be seen in the X axis of Figure 7a,b. Figure 7a shows the results
of the natural evaporation process in indoor conditions. As it can be seen, there is a very slow kinetic
and humidity decreased ~30% in 12 days. To accelerate this process, for Soil2 measurements (Figure 7),
two heating fans where placed close to the sample. Temperature variations were compensated as
explained before. A significant difference can be seen as the humidity decreased ~60% in 9 days.

An important aspect to comment is the difficulty to perform accurate gravimetric measurements
as they are very dependent on the experiment conditions. It has been demonstrated that the optical
sensor can be used as a reference to measure moisture above 15%, avoiding imprecise gravimetric
measurements. As previously commented, below this level, optical sensor decreases its sensitivity due
to its measuring working principle.

As commented in Section 3.3, soil temperature close to the optical sensor location has been
monitored. Results shown in Figure 6 show a good agreement between the dynamics of humidity and
temperature. Temperature shows oscillations of 2 °C depending on the time of the day. During day
hours temperature rises and when sun sets (soil sample was at direct exposition of sun light) it decreases
~2 °C. Humidity results follows the same trend, showing great variations (decreasing humidity) during
the day and slower ones at night. These variations agree temporarily with temperature, showing bigger
slopes during sunshine hours.

5. Conclusions

In this study, a fiber optical sensor based in a microstructured optical fiber has been proposed and
demonstrated for first time for soil moisture measurements. The optical sensing head is based on a
Fabry-Pérot cavity made of a microstructured optical fiber with a SnO, sputtering thin film acting as
sensitive layer and it was temperature and humidity characterized in a climatic chamber before its
installation in soil. A comparison between a commercial capacitive FDR and the optical sensor has
been carried out in two different types of soils during two weeks. The optical interrogation of the
MOEF-FP sensing head was carried out through the FFT technique, which avoids noise and amplitude
variations’ influence and enables multiplex several sensors within a single optical interrogator’s
channel. Results show a good agreement between capacitive and optical measurements in the range
15-100% humidity and also match with gravimetric analysis. For humidity below 15%, the optical
sensor’s sensitivity decreases significantly. Soil moisture can be measured with MOF-FP sensors
with the advantages that they offer in comparison with traditional capacitive sensors: immunity to
temperature variations (compensated), point measurements (against field measurements), and high
multiplexing capability.

These particular characteristics lead to a new set of local applications that capacitive sensors are
unable to attend, such as monitoring the soil moisture distribution (radial distance) in a local irrigation
point performing measurements each centimeter. Moreover, due to the versatility of the sensing heads
to be customized depending on the target application, different sensing heads with different purposes
(such as dissolved pollutants, volatile organic compounds, solid or dissolved ferromagnetic elements
can be detected by the correctly selection of the deposited chemical agent) can be multiplexed within
the same optical interrogator, reducing the relative economic cost of the system and leading to complex
real time (also high sampling rate applications) multiparameter monitoring schemes.
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6.4. Conclusiones

Gracias al patron interferométrico con forma sinusoidal que se obtiene de la
sefial Optica reflejada del sensor Fabry Perot, es posible aplicar la técnica basada
en la FFT para la caracterizacién e interrogacién del sensor. De esta forma,
variando la cavidad del interferometro se pueden multiplexar sensores
reduciendo el coste final del sistema.

Gracias a la baja selectividad de los 6xidos metalicos depositados, se puede
desarrollar un sistema compuesto por varios sensores capaces de detectar
diferentes pardmetros como por ejemplo humedad, temperatura, VOCs, gases...
Todos estos sensores pueden ser multiplexados en un mismo canal, lo que hace
que la aplicacion final tenga un gran potencial en el mercado.

El comportamiento del sensor cuando es utilizado para medir la humedad
de diferentes suelos puede ser comparado con los sensores capacitivos en un
rango de humedad comprendido entre el 15% y el 100%. Ademas, gracias a la
utilizacion de la FFT como técnica de interrogacion del sensor, es posible
multiplexar varios sensores para realizar medidas puntuales. Esto es una ventaja
respecto a los sensores capacitivos, los cuales sélo pueden realizar medidas de
area.

Dadas las sensibilidades obtenidas con los sensores desarrollados y una vez
probada la posibilidad de ser multiplexados, el interés que pueden despertar los
sistemas que son capaces de unir estas dos caracteristicas es muy alto y abre una
nueva linea de investigacion futura muy atractiva y prometedora.
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Capitulo 7

Conclusiones y posibles lineas
futuras de trabajo

En este uiltimo capitulo, se presentan las principales conclusiones que se
derivan de los trabajos y experimentos desarrollados durante esta tesis. Se
expondrdn las conclusiones mds relevantes de cada uno de los capitulos, asi
como unas conclusiones generales que engloben todo el trabajo realizado.
Por ultimo, se describirdn las posibles futuras lineas de investigacion que
pueden tener como punto de partida esta tesis, asi como las posibles mejoras
que se puedan aplicar a los sensores o montajes que aqui se presentan, con la
idea de mejor sus caracteristicas.



Cap 7. Conclusiones y posibles lineas futuras de trabajo

7.1. Conclusiones

Después del analisis presentado en el segundo capitulo de esta tesis
doctoral sobre el estado del arte de los sensores de fibra dptica basados en fibras
micro estructuradas para la detecciéon de gases y VOCs, se observd que estas
fibras ofrecian un enorme potencial para desarrollar este tipo de sensores debido
a los siguientes factores. Su estructura agujereada (en el caso de las PCFs) o los
agujeros de aire que rodean el nucleo (en el caso de las SSCs), podian ser
utilizados de forma ventajosa para el sensado de gases o VOCs. Por ejemplo, las
moléculas de los gases y VOCs, que se querian detectar, podian penetrar en la
estructura interna de la fibra lo que favorecia la interaccion con el campo
evanescente de la luz guiada por la fibra; también, se podian realizar montajes,
los cuales potenciaban que los modos de mayor orden viajaran por el
revestimiento de la fibra, pudiendo detectar con mayor sensibilidad variaciones
en el indice de refraccion externo del medio que rodeaba a los sensores. De este
estudio también se derivo una idea muy importante: una de estas estructuras era
la formada por dos fibras SMFs empalmadas a una seccion de SC-PCF, que fue la
elegida como punto de partida de esta tesis.

Otra conclusion importante que se extrajo de los articulos cientificos
presentados en el segundo capitulo fue, la mejora que se obtenia en la
sensibilidad del sensor, cuando una pelicula de un material sensible era
depositada para detectar un pardmetro determinado (gases o VOCs). A su vez,
otro factor determinante relacionado con la pelicula de material sensible
depositada era su espesor, siendo clave su estudio en el proceso de optimizacion
de la sensibilidad del sensor.

En el tercer capitulo de la tesis, se demostrd que era posible una mejora de
la sensibilidad de los sensores previos, basados en un interferémetro MZ
utilizando una SC-PCF, depositando una pelicula polimérica (formada por PAH
y PAA) o una pelicula formada por 6xidos metalicos (SnO2). La eleccién de una
técnica que permitiera controlar con exactitud el espesor de la pelicula
depositada fue clave para conseguir la optimizacion de sensibilidad final; las
técnicas elegidas, LDL y sputtering, garantizaron esta condicion. Ademas, el
sensor, cuya pelicula estaba formada por el éxido metdlico SnO2, mostré una
mayor sensibilidad a los cambios de humedad relativa.
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La sensibilidad del sensor previamente descrito fue mejorada, en el
capitulo cuarto, gracias a la utilizaciéon de una nueva fibra micro estructurada
(fibra SSC). Para estudiar unicamente la influencia de la estructura propuesta en
la sensibilidad del sensor, una pelicula compuesta por el mismo éxido metdlico y
con el mismo espesor que la del sensor del capitulo anterior, fue depositada en
los agujeros de aire de la fibra SSC. La sensibilidad y respuesta dindmica del
sensor mejoraron debido a dos factores: el primero, las estructuras basadas en
fibras SSC consiguen un mayor acople de la sefial dptica que viaja por el ntcleo
al campo evanescente; el segundo, gracias al tamafio de los agujeros de dichas
fibras, existe una mayor superficie para que el campo evanescente pueda
interactuar con las moléculas de agua. Ademas, al tener estos agujeros de la fibra
un mayor tamano, la difusion de dichas moléculas se lleva a cabo de una manera
mas rapida, lo que mejora los tiempos de respuesta y de recuperacion del sensor.

Un estudio tedrico del campo eléctrico y magnético de la luz guiada por
diferentes estructuras de fibras SSC, como el presentado en el quinto capitulo de
la tesis utilizando el software COMSOLG®, es necesario realizarlo para obtener la
mejor sensibilidad posible para el sensor. Gracias a este estudio se pudo concluir
que, en las fibras cuyos ntcleos tenian dimensiones mas pequenas, el acople de la
luz era inferior. Por tanto, la potencia dptica acoplada también era menor. Sin
embargo, el haz de luz viajaba menos confinado, lo que provocaba que el
porcentaje de campo evanescente que podia interactuar con la pelicula
depositada fuera mayor. En las fibras SSC, donde las dimensiones de los nticleos
eran mayores, el efecto fue el contrario. La conclusién que se obtuvo fue que,
para obtener una sensibilidad dptima, era necesario llegar a un compromiso entre
la potencia Optica acoplada a la fibra y el campo evanescente que podia generar
dicha potencia acoplada. Otra importante idea que se derivd de este estudio fue
que, cuando una pelicula era depositada en los agujeros de una fibra SSC, la luz
ya no se guiaba por la fibra optica de manera convencional. En este caso, la
pelicula depositada pasaba a ser la nueva guia onda. Considerando todas estas
conclusiones, se pudo optimizar la sensibilidad de dos sensores, uno para
amoniaco y otro para etanol, con unos resultados muy prometedores.

Por ultimo, en el capitulo sexto, se corroboro el buen comportamiento de
los sensores desarrollados cuando fueron multiplexados gracias a la aplicacion
de la FFT para la caracterizacion e interrogacion del sensor. De esta forma,
variando unicamente la longitud de la cavidad del interferometro, se pudieron
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multiplexar diferentes sensores, reduciendo de esta manera el coste final del
sistema. Ademads, la baja selectividad que ofrecian los 6xidos metalicos fue
también aprovechada para desarrollar sensores capaces de detectar diferentes
parametros como la humedad, la temperatura, los VOCs o los gases. Uniendo
estas dos ideas, se consigui6 desarrollar un sistema de multiplexacién
multiparamétrico. Por otro lado, la respuesta de dicho sensor se compar6 con un
sensor capacitivo exponiéndolo a cambios de humedad en diferentes tipos de
suelos. Se concluy6 que, en un rango comprendido entre un 15%-100%RH, el
sensor desarrollado en esta tesis tenia un comportamiento analogo.

Resumiendo, esta tesis ha contribuido al desarrollo y a la mejora de los
sensores y aplicaciones basadas en MOFs para la deteccion de gases y VOCs. Los
resultados obtenidos de dichos sensores y aplicaciones, durante el desarrollo de
esta tesis, sumados a los previamente publicados por la comunidad cientifica,
permiten ser optimistas pensando que las MOFs pueden tener un futuro muy
prometedor dentro del campo de los sensores de fibra optica.

7.2. Lineas futuras de trabajo

Una vez que las conclusiones que se derivan de esta tesis han sido
expuestas, se proponen algunas posibles lineas futuras de trabajo que pueden ser
interesantes para futuros trabajos.

Debido a la importancia y efecto que tiene sobre la sensibilidad final del
sensor, una posible linea futura de trabajo a explotar es el desarrollo de nuevas
estructuras sensoras, pero en términos de la MOFs utilizada. Debido a la
posibilidad de desarrollar una MOFs eligiendo las dimensiones de los agujeros
de aire, la distancia existente entre ellos o las dimensiones del nticleo, estos
parametros pueden ser ajustados y seleccionados para mejorar las prestaciones y
sensibilidades de los sensores previamente publicados. Ademads, nuevas
estructuras hibridas formadas por interferémetros Fabry-Perot o Mach-Zehnder,
fibras MOFs a las que se les realizan deformaciones en sus secciones (tapers o el
colapso de sus agujeros de aire) pueden ser desarrollados con el objetivo de
seguir mejorando la sensibilidad de los sensores. Previamente, debido a toda la
informacion que puede aportar sobre la estructura, seria aconsejable realizar un
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analisis tedrico de la potencia guiada por la fibra y su campo evanescente
(utilizando COMSOL®) para garantizar que pueda reportar buenos resultados.

Otra linea de investigacién que se propone es la del estudio de nuevos
materiales sensibles que puedan ser depositados en las MOFs. Al depositar estos
materiales, existe la posibilidad de que la sensibilidad del sensor aumente o que
incluso, nuevos parametros puedan ser detectados, ampliando de esta manera el
numero de aplicaciones en las que pueden ser utilizados.

Otro aspecto que puede ser mejorado en el futuro es la selectividad de los
oxidos metdlicos. Existen ya ciertos estudios que, sin tener que trabajar con
técnicas de post procesado, consiguen que los sensores sean selectivos por medio
de la funcionalizacion de la pelicula de material sensible. Esta idea podia ser muy
interesante para el caso expuesto de los sensores multiplexados, ya que, se podria
realizar una aplicacién en la que cada sensor sdlo fuera sensible a un parametro
en concreto, pudiendo trabajar ademads en tiempo real.

Relacionado con la capacidad que tienen los sensores desarrollados en esta
tesis de ser multiplexados, reducir las pérdidas provocadas por los empalmes
entre las fibras puede ser un punto muy interesante; si esto se consigue, la
necesidad de introducir un amplificador dptico puede ser eliminada. De esta
manera, el coste final del sistema se abarataria en gran medida. Otro parametro
que se puede estudiar para optimizar la multiplexacién de los sensores, es el de
realizar dispositivos con cavidades interferométricas de longitudes mas proximas
entre si; de esta forma, se podrian multiplexar mas sensores, manteniendo el
mismo rango espectral de funcionamiento de la fuente Optica utilizada.
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Chapter 7

Conclusions and future open
research lines

In this last chapter, the main conclusions that are inferred from the works
and experiments developed during this thesis are presented. The most relevant
conclusions of every chapter will be presented, as well as some general conclusions

that encompass all the work carried out. Finally, future open research lines will be
also described.



Chapter 7. Conclusions and future open research lines

7.1 Conclusions

After the analysis of the state of the art of the optical fibre sensors based on
MOFs used to detect gases and VOCs, it was observed that this type of fibres
could offer an enormous potential to develop this kind of sensors. Its holey
structure (in the case of PCFs) or the air holes surrounding the core (in the case of
SSCs), could be used advantageously for gas or VOCs sensing. For example, the
molecules of the gases or VOCs could penetrate in the inner structure of the
fibres encouraging the interaction with the evanescent field of the light guided
through the optical fibre; moreover, it was possible to develop set ups, which
enhanced that, the higher order modes travelled through the cladding of the
fibre. Due to this, the shifts of the refractive index of the surrounding medium of
the sensor could be detected with higher sensitivity. Two SMF fibres spliced to a
section of SC-PCF formed one of these structures; this one was chosen as the
starting point of this thesis.

Another important conclusion that can be inferred from the scientific
papers presented in the second chapter of this thesis was the improvement of the
sensor sensitivity when a thin film of a sensitive material was deposited in order
to detect a certain parameter (in this case, gases or VOCs). In turn, another key
factor that it should be taken into account was its thickness. The study of this
parameter was a very important point in the process of the optimization of the
sensor sensitivity.

In the third chapter of this thesis, it was presented the sensitivity
optimization of two humidity sensors based on MZ interferometer using a SC-
PCF. Two different thin films, one of them based on polymers (PAH/PAA) and
the other one based on metallic oxides (SnO:), were deposited along the section
of the SC-PCF. The opportunity to select a technique that allowed controlling
thickness of the nano film deposited accurately, was another important
parameter to achieve an optimal sensor sensitivity; the chosen techniques, LbL
and sputtering, guaranteed this condition. In addition, the sensor whose thin film
was based on SnO: showed a higher sensitivity to relative humidity changes.

With the goal of improving the previous sensor sensitivity, in the fourth
chapter of this thesis, a new sensor based on SSC fibre was proposed. In order to
study only the influence of the structure on the sensor sensitivity, a nanofilm
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with the same parameters in terms of thickness that the previous SC-PCF sensor,
was deposited in and on the SSC section. This sensor showed a better sensitivity
and dynamic response times due mainly two reasons: firstly, the structures based
on SSC fibres, achieve a higher coupling of the optical signal that travels through
the fibre to the evanescent field; secondly, thanks to the hole dimensions of SSC
fibres, there is a greater surface area so that the evanescent field can interact with
the water molecules. Furthermore, as the SSC holes have higher dimensions, the
diffusion of water molecules is performed in a faster way, improving the
response and recovery times of the sensor.

The theoretical study of the electric and magnetic field of light guided by
different SSC fibre structures was analysed and presented in the fifth chapter of
the thesis, using the COMSOL © software. Thanks to this tool, it was possible to
conclude that in fibres with smaller core dimensions, the coupling of the light
was lower; therefore, the value of the optical power coupled is also smaller.
However, the light beam travelled less confined, which caused that a greater part
of the evanescent field could interact with the deposited film. In SSC fibres, due
to the dimensions of the core are higher, the effect is opposite. In view of the
above, to obtain an optimal sensor sensitivity it is necessary to reach a trade-off
between the optical power coupled into the optical fibre and the evanescent field
that this optical power can generate. Another important conclusion that it is
inferred from the theoretical study is that when a thin film is deposited into the
holes of an SSC fibre, the optical fibre does not guide the light in a conventional
manner; in this case, the deposited thin film is the new waveguide. Considering
every conclusion obtained of the study, the sensitivity of two sensors, one for
ammonia and the other one for ethanol, could be optimized with very promising
results.

Finally, in the sixth chapter, it was confirmed the good behavior of the
sensors developed when they were multiplexed thanks to the use of the FFT for
the characterization and interrogation of the sensor. In this way, only varying the
interferometer cavity, different sensors could be multiplexed reducing the final
cost of the system. The low selectivity offered by metal oxides was also used to
develop sensors capable of detecting different parameters such as humidity,
temperature, VOCs or gases. Combining these two ideas, it was possible to
develop a multiparameter system with multiplexed sensors. The behavior of this
sensor was also studied to detect variations of the moisture of different soils. Its
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performance was compared with a commercial capacitive soil moisture sensor
concluding that, in a range between 15% -100%RH, the behavior of this sensor
could be considered similar.

Briefly summarizing, this thesis has contributed to the development and
improvement of sensors and applications based on MOFs for the detection of
gases and VOCs. The sensors and applications results achieved, during the
development of this thesis, allow to be optimistic thinking that MOFs may have a
promising future within the field of fibre optics sensors.

7.2 Future open research lines

Once the main conclusions of this thesis have been exposed and analysed,
some open research lines are suggested in the following paragraphs and should
be considered for future works.

The first open research line proposed is the development of a new sensor
structure, but in terms of the MOFs used, because of the importance and effect
that it has on the final sensitivity of the sensor. Due to this it is possible to
develop MOFs choosing the dimensions of the air holes, the distance between
them and the dimensions of the core. These parameters can be selected and
adjusted to develop a new device that improves the features and sensitivities of
previously published sensors. Moreover, new hybrid structures based on
cascaded Fabry-Pérot, Mach-Zehnder interferometers or MOFs with
deformations in its structure as tapers or collapsed regions can lead to new
interferometric devices with improved features. Previously, due to the
information that it can be inferred about the structure, it would be advisable to
carry out a theoretical analysis of the power guided by the fibre and its
evanescent field (using COMSOL®© software) in order to ensure the proper
behavior of the sensor.

Another proposed line of research is the study of new sensitive materials
that they can be deposited in MOFs. Depositing these materials, there is a
possibility that the sensor sensitivity may increase or that even new parameters
may be detected (different gases, for example).
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Another aspect that can be improved in the future is the selectivity of metal
oxides. Currently, there are several works in the bibliography that, avoiding the
necessity to work with post-processing techniques, have achieved that the sensor
is only sensitive to one parameter by means of the functionalization of the
sensitive material thin film. This idea could be very interesting for the exposed
case of multiplexed sensors because an application could be developed in such a
way that the sensors were only sensitive to a particular parameter.

Regarding to the multiplexing capability of the studied sensors in this
thesis, the improving of the sensors splice losses is of great interest in order to
avoid the use of optical amplification reducing in this manner the final cost of the
system. Finally, another parameter that could be studied to optimize the
multiplexing features of the sensors is the length of the interferometric cavities. If
theses lengths of the different sensors are very close, more sensors could be
multiplexed, in the same frequency range.
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Anexo I

Estudio de las propiedades de
diferentes recubrimientos nano
estructurados

Este anexo de la tesis ha sido utilizado para presentar el estudio y
caracterizacion de una pareja de polimeros formada por el PSP y el PAH. La
idea inicial fue depositar estos dos polimeros mediante la técnica LbL para
fabricar una pelicula capaz de detectar cambios de humedad, pero al estudiar
sus caracteristicas morfoldgicas (la rugosidad, dngulos de contacto o espesor,
se descubrid) se observaron unos resultados que podian tener relevancia
para la comunidad cientifica. Es por eso, por lo que esta via se siguio
estudiando y los resultados obtenidos se presentan en el siguiente anexo.



Anexo . Estudio de las propiedades de diferentes recubrimientos nano estructurados

I.1 Introduccion

Cabe recordar que uno de los primeros retos que se tuvieron que afrontar
en esta tesis, fue la busqueda de una pareja de polimeros higroscopicos que
tuvieran una respuesta Optima a los cambios de humedad. Como bien se ha
explicado en la contribucion cientifica presentada en el capitulo 3, esta pareja fue
la formada por el PSP y el PAA. Pero no fue la tinica estudiada.

El primer paso que se dio en la busqueda de dicha pareja fue analizar,
comprender y estudiar un articulo publicado por Gero Decher, Nejla Cini et al.
[113]. En este articulo se exponia la idea de que dos determinados polimeros,
poly(sodium phosphate) (PSP) y poly(allylamine hydrochloride) (PAH), tenian
un comportamiento anémalo cuando se depositaban mediante la técnica LbL; con
unas condiciones especificas, al aumentar el nimero de parejas de capas
depositadas y en consecuencia, el espesor de la pelicula que formaba esta pareja
de polimeros, su rugosidad aumentaba. Este hecho hacia replantearse las reglas
generales de la técnica LbL ya que, hasta ese momento, al aumentar el nimero de
parejas de capas de una determinada pelicula polimérica, su espesor aumentaba,
pero la rugosidad final obtenida sufria el efecto contrario, disminuia. Por esta
razon, se considerd que podia ser una buena opcion estudiar su comportamiento
frente a la humedad por el potencial e interés que suscitaba y ofrecia esta nueva
caracteristica. Hay que aclarar que, al aumentar la rugosidad de la pelicula, las
moléculas de agua pueden penetrar e interactuar con dicha pelicula con mayor
facilidad.

I.1.1 Estudio de la pareja de polimeros PSP/PAH frente a la
humedad depositada mediante la técnica LbL

Para estudiar el comportamiento de la pelicula formada por PSP/PAH
frente a la humedad, se reprodujeron y construyeron, bajo las condiciones
expuestas en [113], dos tandas distintas de sensores con las siguientes
caracteristicas siguiendo el método LbL:

e 20, 40, 60, 80 y 100 parejas de capas de PSP/PAH ajustando su

molaridad a 103.
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e 20, 40, 60, 80 y 100 parejas de capas de PSP/PAH ajustando su

molaridad a 10

Cada una de ellas se depositd sobre una fibra SC-PCF en cuyos extremos se
habian empalmado dos SMF, es decir, sobre la misma estructura que se expuso
en la primera contribuciéon cientifica de la tesis. Los mejores resultados que se
obtuvieron, en término de potencia dptica relativa reflejada, fueron para los casos
de 80 parejas de capas cuando la molaridad de la pareja PSP/PAH fue ajustada a
104 M (ver Figura 6.1) y 40 parejas de capas para la tanda donde la molaridad se
ajustd a 10° M (ver Figura 6.2). Como se aprecia en ambas figuras, la respuesta
del sensor no puede ser considerada 6ptima debido a que no sigue los cambios
de humedad de la cdmara climatica a lo largo del tiempo. Ademas, la linea base
tiene una deriva al igual que el maximo de humedad en ambos casos. También
hay que destacar que la sefal es muy ruidosa.
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Figura Anexo I. 1 Variaciones en la potencia optica medida cuando una pelicula de 80
parejas de capas fue depositada con una molaridad de 10
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Figura Anexo 1. 2 Variaciones en la potencia dptica medida cuando una pelicula de 40
parejas de capas fue depositada con una molaridad de 107.

Por todas estas razones, se desech6 la opcion de seguir trabajando con esta
pareja de polimeros para desarrollar sensores de humedad. Pero se pens6 que,
debido al importante avance hallado por Decher en su articulo, se podia estudiar
el comportamiento de esta curiosa pareja de polimeros cuando eran fabricadas
con otras técnicas de deposicion.

El primer paso que se dio fue intentar reproducir los resultados obtenidos
por Decher, depositando peliculas de PSP/PAH sobre portaobjetos mediante la
técnica spray LbL (pulverizacion LbL) que es la que se utilizé en el trabajo de
referencia. La rugosidad y el espesor de las diferentes muestras fueron medidos
con un microscopio de fuerza atomica (sus siglas en inglés son AFM)
corroborando las conclusiones de Decher. Una vez llegados a este punto, se hizo
un nuevo estudio comparativo entre la técnica LbL tradicional y la ya comentada
técnica spray LbL. Para esta ocasion, se volvieron a construir otras dos nuevas
tandas con idénticos parametros a los expuestos anteriormente, con la salvedad
del ya comentado cambio de técnica de deposicion. Ademas, para completar y
dar mas rigor cientifico al estudio, se midio el angulo de contacto de cada una de
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las diferentes peliculas fabricadas para poder calificar si el recubrimiento era
hidrofilico o hidrofdbico.

La conclusion mas importante que se deriva de todo el estudio realizado
fue que, utilizando la técnica de deposicion LbL, con ambas molaridades, 10 y
10+, la rugosidad aumentaba conforme el espesor aumentaba. Se confirmaban de
esta forma los resultados de Decher, pero extrapoldndolos a otra técnica de
deposicion. Ademads, muchas de las peliculas estudiadas tenian la propiedad de
ser superhidrofilicas, ya que sus angulos de contacto medidos con una gota de
agua eran cero, lo que queria decir que tenian una gran afinidad a las moléculas
de H20.

Todo este estudio y los resultados que se derivan del mismo, quedaron
reflejados y explicados de una forma mas extensa y detallada en la contribucion
cientifica que lleva por nombre: “Comparative study of layer-by-layer deposition
techniques for poly(sodium phosphate) and poly(allylamine hydrochloride)” que fue
publicada en la revista “Nanoscale Research Letters” .
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Abstract

An inorganic short chain polymer, poly(sodium phosphate), PSP, together with poly(allylamine hydrochloride), PAH,
is used to fabricate layer-by-layer (LbL) films. The thickness, roughness, contact angle, and optical transmittance of
these films are studied depending on three parameters: the precursor solution concentrations (10~ and 107* M),
the number of bilayers deposited (20, 40, 60, 80, and 100 bilayers), and the specific technique used for the LbL
fabrication (dipping or spraying). In most cases of this experimental study, the roughness of the nanofilms increases
with the number of bilayers. This contradicts the basic observations made in standard LbL assemblies where the
roughness decreases for thicker coatings. In fact, a wide range of thickness and roughness was achieved by means
of adjusting the three parameters mentioned above. For instance, a roughness of 1.23 or 205 nm root mean square
was measured for 100 bilayer coatings. Contact angles close to 0 were observed. Moreover, high optical transmittance

surfaces

is also reported, above 90%, for 80 bilayer films fabricated with the 107 M solutions. Therefore, these multilayer
structures can be used to obtain transparent superhydrophilic surfaces.

Keywords: Layer-by-layer, Dipping and spray deposition, Inorganic polymer, Hydrophilic film, Functionalized

Background

Among different deposition techniques, the layer-by-layer
(LbL) method has focused the attention of a large number
of research groups. The pioneering work of Iler in 1966
[1] did not become public until it was rediscovered by
Decher in the beginning of 1990s as a simple and auto-
matable method to fabricate films at the nanometer scale
[1,2]. Compared to LbL, other deposition techniques are
limited to flat substrates and require expensive and deli-
cate instrumentation [3]. On the contrary, LbL does not
depend neither on the substrate shape or size and a wide
range of different materials can be deposited on different
substrates such as windows [4] or small optical fibers
[5-7]. Additionally, this method can be also used to attach
analytes of different chemical nature [8,9]. As a conse-
quence of these features, LbL has been used to functiona-
lize surfaces with different goals such as antibacterial

* Correspondence: cesar.elosua@unavarra.es

Nanostructured Optical Devices Laboratory, Electric and Electronic
Engineering Department, Public University of Navarra, Edif. Los Tejos,
Campus Arrosadia, Pamplona 31006, Spain

@ Springer

applications [10], the fabrication of hydrophobic or hydro-
philic films [11,12], or to develop sensors [13,14]. The
main idea of LbL method consists of the assembly of op-
positely electrically charged polyelectrolytes (polycation
and polyanion respectively) which form a bilayer [15]; the
process can be repeated as many times as the design re-
quires. The chemical properties of the polyelectrolytes,
such as the average molecular weight, the ionization de-
gree, the concentration or the ionic strength [16,17], just
to mention some of the most important ones, define the
morphology of the final film and, hence, its features.

The polyelectrolytes that can be used are divided in two
categories, the strong and weak ones: in the first group,
the ionization degree is not adjustable, whereas in the sec-
ond one, it is adjustable by the pH of the solution [18].
Depending on the ionization degree, the polymers get
adsorbed on the substrate in a different manner: highly
ionized solutions would yield to flat polyelectrolytes and
very thin films; meanwhile, low ionization levels produce
curled chains and rough layers [19]. As the pH can be
used to set the ionization degree, typically at least one of

© 2013 Elosua et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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the polymers is weak, although in most times both of
them belong to this category. In the case of polyelectro-
lytes whose ionization degree is not adjustable, the ionic
strength of the solution can be varied by adding salts, and
in this manner, altering the morphology of the polymer
chains by electrostatical interactions [20]. Another import-
ant factors are temperature, which defines the kinetics
of the process [21], as well as the way the substrates is
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exposed to the polyelectrolytes solutions, for example, by
dipping or spray [22].

Some of the ideas that were established about LbL, as
the ones mentioned above, have been set under consider-
ation. It was supposed the Z potential of the last deposited
layer should always show the opposite sign of the follow-
ing one; on the other hand, the roughness of the film was
accepted to be reduced as the films grows. A recent work
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(b), 60 bilayers (c), 80 bilayers (d), and 100 bilayers (e).
.

Figure 1 AFM images for the films obtained when the glass slides are dipped into the 10~ M solutions. 20 bilayers (a), 40 bilayers
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has revealed that when using certain polymers, these rules
are not satisfied [23]: With a 10™* M concentration of poly
(sodium phosphate) (PSP) and poly(allylamine hydro-
chloride) (PAH), the Z potential is not alternated between
one layer and the next one; moreover, the roughness of
the film increases with the number of bilayers when the
substrate is sprayed with the polymeric solutions [23].
This behavior seems to be a consequence of using PSP, an

Page 3 of 10

inorganic short chain polymer with interesting properties;
the use of this kind of polymers establishes a new re-
searching line and raises again some questions about
the fundamentals of LbL, taking into account other
non-electrostatic interactions such as hydrogen bonds
during the growing process of the film [24]. In the light
of these results, some works have focused in the study
of the key parameters of LbL in order to revise the effect

~

1218 nm
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(b), 60 bilayers (c), 80 bilayers (d), and 100 bilayers (e).
.

Figure 2 AFM images for the films obtained when the glass slides are dipped into the 107> M solutions. 20 bilayers (a), 40 bilayers
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of polymers as PSP in detail and redefine the rules of
this technique [24].

In this work, nanofilms were prepared onto glass slides
using PSP and PAH. Two different concentrations were
used for the experiments, 1072 and 10™* M, because
these are the same concentration values reported in the
sprayed films studied by Decher et al. [23]. Moreover,
the substrates were dipped or sprayed with the solutions
to check also how these alternatives affect the features
of the film. The growing process was evaluated by pre-
paring substrates with different number of bilayers so
that their thickness, roughness, contact angle, and op-
tical transmittance spectra were measured. To our
knowledge, this is the first time that a comparative study
of the properties of PSP/PAH films fabricated by dip-
coating LbL and spray-assisted LbL is presented in the
literature.

Methods

Materials

The polymers used were PAH (M,, ~ 58,000), PSP, P,O5
basis, and poly(ethylenimine) (PEI) (M, ~25,000). All
chemicals were purchased from Sigma-Aldrich (St
Louis, MO, USA) and used without further purification.
All aqueous solutions were prepared using ultrapure
water with a resistivity of 18.2 MQ cm.

Construction of the nanofilms

The glass slides were treated in order to eliminate any
organic remains and also to enhance the hydroxyl density
onto their surface. To achieve it, the slide was immersed
in a solution of water and detergent, sonicating it for
10 min; thereafter, the substrate was sonicated again for
the same time in ultrapure water. Finally, it was dipped
into a 1 M KOH aqueous solution for 10 min and soni-
cated once more in ultrapure water for the same time.
Between each step, the glass slide was dried with nitrogen.
In order to promote the initial growing of the nanofilms,
an anchoring layer was deposited onto the slides by dip-
ping them into a 2.5 mg/1 mL of PEI aqueous solution for
10 min; thereafter, the slide was rinsed with ultrapure
water for 10 min and dried with nitrogen.

Solutions with concentrations of 10~ and 10™* M for
PAH and PSP were prepared; in all cases, the mixtures
had a 0.15 M NaCl to set the ionic strength. The pH
of both solutions was adjusted to 6.37 with NaOH or
HCI [23].

The nanofilms were developed by either dipping the
substrate into the 1072/10™* M solutions or by spraying
the different solutions on the substrate. Therefore, up to
four different growing conditions were studied (10~ and
107* M of LbL dipping and 107> and 10™* M of spray-
assisted LbL). The anchoring layer of PEI led a positive
superficial density charge onto the fiber so that each
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Figure 3 Roughness RMS registered for the dipped glass slides.
The left vertical axe is applied for the 107> M solutions and the right
vertical axe for the 107* M ones.

bilayer shows the structure PSP/PAH. Films with 20, 40,
60, 80, and 100 bilayers were prepared in each growing
configuration in order to study the effects of the con-
struction parameters.

In the case of the dipping process, each construction
cycle was performed by immersing the slide into the
PSP solution for 2 min and then rising it in ultrapure
water for 1 min; thereafter, it was dipped into the PAH
mixture for 2 min and rinsed again for 1 min in ultra-
pure water. This process was repeated as many times as
required for the film. The steps were similar for the
spray technique: the polymeric solutions and ultrapure
water were sprayed for 10 s onto the slides. Both me-
thods were automated by using a robotic arm (in the
case of the dipping construction) and a spraying robot
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Figure 4 Thickness recorded for the dipped glass slides. The left
vertical axe is applied for the 107> M solutions and the right vertical
axe for the 107* M ones.
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Figure 5 Transmission spectra of the films developed using
dipping approach. Transmission spectra measured for the films
developed using the dipping approach with the 10~ M solutions
(a) and the 107> M mixtures (b).

(both of them acquired from Nadetech Innovations S.L.,
Sarriguren, Spain).

Characterization

The films prepared were characterized in order to study
the growing process depending on the construction con-
ditions. One of the key parameters, roughness, was mea-
sured by an atomic force microscope (AFM) (Veeco
Innova, model 840-012-711; Veeco Instruments, Inc.,
Plainview, NJ, USA) in tapping mode; it was also used to
register the thickness of the films by scratching the
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surface with a needle and scanning the cantilever per-
pendicularly to the scratch. For each sample, the AFM
measurements were performed seven times in different
zones to get the mean value and the standard deviation.
AFM images were obtained by scanning 5 pm x5 pm
areas with 512 lines at a 0.1-Hz frequency. UV/Visible
transmission spectra were recorded by a spectrometry
transmission configuration, placing the glass slide under
study in a holder between a white light source (HL2000;
OceanOptics, Dunedin, FL, USA) and a spectrometer
(USB2000XR1, OceanOptics). Finally, the contact angle
was registered using a contact angle meter (KSV Instru-
ments goniometer; Espoo, Finland) for each sample.

Results and discussion

As it was cited before, four sets of samples were pre-
pared: 10~ and 10™* M of LbL dipping as well as 107
and 10™* M of spray-assisted LbL. In each set, five slides
were coated with different number of bilayers (20, 40,
60, 80, and 100). The information will be presented in
the next two sections depending on the way the glass
slides are exposed to the polyelectrolyte solutions; in
each section, results with different polymer concentra-
tions are also commented.

LbL dipping approach

A traditional assumption in LbL films is that the thick-
ness of the film increases as the number of bilayers does,
whereas the root mean square (RMS) roughness de-
creases [25]. In order to study this statement, the first
set of slides was prepared with 10™* M polymer solutions
(0.15 M NaCl): the AFM images obtained for 20, 40, 60,
80, and 100 bilayer films are shown in Figure 1. It can
be observed that the RMS roughness increases with the
number of bilayers, from 9.47 up to 18.53 nm RMS for
20 and 100 bilayers, respectively. Although this surpris-
ing behavior was reported recently for sprayed-assisted
LbL coatings [23], this is the first time that it is reported
for PSP/PAH films fabricated by LbL dip coating. The
morphology of the films looks islandlike for the 20 bi-
layer films: as the number of construction cycles grows,
so does the size of the island, as well as the RMS

Table 1 Characterization of the films prepared using dipping approach

Number of Roughness Thickness Contact angle
bilayers 107*M 103M 107*M 103M 107*M 103M

u [ M [ M c u [ M [ 1} o
20 947 0.15 4898 133 2367 424 12033 534 4875 149 036 021
40 11.03 0.695 56.78 145 3533 0.71 184.12 7.78 65.50 1.55 331 081
60 17.51 116 105.5 2.34 7511 141 365.03 7.07 30.12 091 0 0
80 19.05 029 12393 351 82.07 0.70 461.06 035 2851 1.66 0 0
100 1853 1.62 205.23 9.79 11202 565 486.07 565 2802 141 0 0
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roughness. This behavior was observed in other work fo-
cused on nanostructures based on PSP [23]. The use of a
short-chain inorganic polymer as PSP seems to alter the
growth of the nanofilms, keeping the roughness increasing
with the number of bilayers. In the case of the films pre-
pared with 10 M solutions (Figure 2), the behavior is
similar: the roughness goes from 48.98 up to 205.53 nm
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RMS for 20 and 100 bilayers, respectively. The morph-
ology looks granulated in all cases, with a bigger granulate
size as the number of bilayers increases. The values regis-
tered for the RMS roughness are much higher than the
ones observed with 10°* M solutions and also contradict
what is expected from LbL films. Figure 3 shows a graph
with the registered RMS roughness as a function of the

e

Figure 6 AFM images for the films obtained when the glass slides are sprayed into the 10~ M solutions. 20 bilayers (a), 40 bilayers (b),
60 bilayers (c), 80 bilayers (d), and 100 bilayers (e).
.
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number of bilayers for the slides prepared for the two con-
centrations; although the scale is not the same, the in-
creasing trend is similar in both cases, which highlights
the fact that PSP alters the growing of LbL films.

On the other hand, the thickness of the fabricated films
points that the growth increases with the number of bilay-
ers, as it can be checked in Figure 4. The thickness values
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obtained for the more concentrated solution are around
six times higher than for the nanoconstructions prepared
with the 10 M mixtures; in both cases, the thickness
grows monotonically [21].

Additionally, the contact angle of the samples was also
measured to study the hydrophilicity of the films [26]. In
the case of the films prepared with the 10™* M solutions,

Opm

(b), 60 bilayers (c), 80 bilayers (d), and 100 bilayers (e).
.

Figure 7 AFM images for the films obtained when the glass slides are sprayed into the 10 M solutions. 20 bilayers (a), 40 bilayers
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as a consequence of the increasing roughness with the
number of bilayers, the contact angle lowers from 60°
down to 28°% despite of this decrease, the films are far
from being superhydrophilic. On the contrary, contact
angles registered for the films prepared with the 10 M
solutions are close to 0 even for 20 bilayers, which en-
ables the utilization of these films in superhydrophilic
applications [26]. Registered images of the contact angle
are available in the Additional file 1.

Regarding to the transmittance spectra, the optical
losses increased with the number of bilayers: in the case
of 10™* M prepared films, transmittance is about 80% for
20 and 40 bilayers, decreasing around 65% for 60 and 80
bilayers, and falling down to 20% in the case of the 100
bilayer films. For the other set of slides, the 107> M pre-
pared films, the optical transmittance falls in the case of
60 bilayers and down to 15% when 100 bilayers are de-
posited. These results are a consequence of the increas-
ing thickness, which is around 600 pm in the case of the
film formed by 100 bilayers of the second set; the rough-
ness could also contribute to the scattering of light, in-
creasing the optical transmission losses. The spectra
recorded are plotted in Figure 5. All the data registered
are summarized in Table 1.

Spray-assisted LbL approach

Up to ten glass slides were coated by spray-assisted LbL
to study the same parameters analyzed before for the
LbL dip coating, five slides with 10™* M solutions and
the other ones with 107> M. The AFM images registered
for the 10™* M mixtures are shown in Figure 6. The films
are also islandlike, showing an uniform pattern along the
image in each case: the size of the island increases with
the number of bilayers. Again, it denotes an increase of
the roughness: actually, it goes from 4 nm RMS for 20
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Figure 8 Roughness RMS registered for the sprayed glass
slides. The left vertical axe is applied for the 107> M solutions and
the right vertical axe for the 10 M ones.

Page 8 of 10

400
600 4103M ®104M &

350
500
. 300
- L 4
£
£ 400 . 250 é!.
2 %
2 300 200 2
= 150 5
= 200 & 3
; 100
100
P 50
0 0
0 25 50 75 100
# Bilayers

Figure 9 Thickness recorded for the sprayed glass slides. The
left vertical axe is applied for the 107> M solutions and the right
vertical axe for the 10°* M ones.
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bilayers up to 50 nm RMS when 100 bilayers are depos-
ited. In the case of the 10~ M solutions, the AFM im-
ages can be observed in Figure 7: for 20 bilayers, the
surface looks granular, but contrarily to the phenomena
observed for the other coatings (films prepared with 10~*
M solutions), now as the number of sprayed bilayers in-
creases, this appearance gets diffused. As a consequence,
the roughness of the films prepared by spray-assisted LbL
with the 10 M solutions decreases as the nanofilm
grows, which is expected from LbL depositions [25], down
to 1.23 nm RMS when 100 bilayers are deposited. The
roughness obtained for both concentrations is displayed in
Figure 8: the results from the nanoconstructions prepared
with 10~ M remark the decreasing roughness as the film
increases, whereas the 10™* M films show a monotonically
increasing growth, confirming the surprising results re-
ported by Decher et al. [23]. The thickness of the films are
plotted in Figure 9: the values obtained with 10 M ap-
proximately double the ones registered with 10™* M due
to the lower concentration.

The contact angle measured for the 10™* M prepared
films falls to near 0 with 60 bilayers or more, highlighting
the effect of the increasing roughness; on the contrary, for
the films prepared with 10~ M solutions, the contact
angle remains above 30°, so they cannot be considered
superhydrophilic.

The transmittance spectra registered for the different
cases are plotted in Figure 10. For the first set of films
(10’4 M), the optical transmittance is around 90%; only
in the case of the thickest film that this value falls below
90% from 400 to 600 nm. The other set of films also
shows a high-transmission spectra, above 90% with 60
bilayers or less and higher than 65% for the other two
cases. The lower transmittance is a consequence of the
higher thickness produced by the more concentrated
solutions.

Results reported in this section are summarized in
Table 2.

Conclusions
In light of the results reported, both the polymeric concen-
trations and the deposition method (dipping or spraying)
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affect the growth of the nanofilms. The roughness ob-
tained with the dipped slides is higher than the registered
one with the sprayed substrates; on the other hand, the op-
tical transmittance is lower as a consequence of the greater
thickness obtained with the dipped slides. Moreover, in all
cases but in the one with 10 M of sprayed solutions, the
roughness is increased as the number of bilayers grows,
which is an unexpected behavior in LbL films. It is also
remarkable that the concentrations used here are lower
than the ones typically studied in the literature, around
102 M [27]. The thickness and roughness observed
using the dipping approach are higher than the ones
registered with the sprayed slides: these differences have
been observed in previous works [22]. The best results
in terms of a superhydrophilic behavior are obtained
with 107 M dipping solutions and with 10™* M spraying
mixtures. On the other hand, the high optical transmit-
tance registered with the 10™* M of sprayed solutions,
even when 100 bilayers are deposited, points to its po-
tential use in applications where superhydrophilic and
transparent surface are required.

The use of inorganic short-chain polymers in LbL
method shows that some assumed rules need to be rede-
fined. In this work, it has been demonstrated that the
roughness of nanofilms can increase as the growing
process goes on, depending on the concentration of the
polymers used and also on the way the slides are ex-
posed to the solutions (dipped or sprayed). The highest
roughness is obtained when the slides are dipped into
the highest concentration solutions, which was supposed
to produce the lowest roughness. The thickness of the
resulting films falls in the nanometric range so they
could be used in applications where surfaces have to be
functionalized. Optical transmittance is above 90% for
the films prepared with the 10 M of sprayed solutions,
which highlights its potential used for preparing super-
hydrophilic transparent films. The use of PSP offers
other important advantages: as it is an inorganic poly-
mer, it can yield to surfaces whose degradation is lower
than the ones prepared with organic polymers. There-
fore, this work enforces to keep on studying the effect of
this kind of polymers in LbL nanostructures.

Table 2 Characterization of the films prepared using spraying approach

Number of Roughness Thickness Contact angle
bilayers 107*M 103M 107*M 103M 107*M 1073M
u o u c M c u c u [ u o

20 4.07 1.38 14.05 0.66 39.23 258 646 0.14 216 141 3248 8.05
40 16.58 312 878 0.79 81.23 13.55 155 6.36 8.15 097 91 5.89
60 34.13 0.58 42 0.34 114.39 10.92 264.33 8.14 0 0 4545 367
80 30 1.56 2.78 0.56 236.97 4.73 42533 849 0 0 5945 6.92
100 50.87 7.7 123 0.05 2846 7.31 590.67 15.56 0 0 3703 4.78
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Additional file

Additional file 1: Contact angles recorded for each film. Images of
the contact angles. Four slides are available:1st slide, 10~ M dipped films;
2nd slide, 10 M dipped films; 3rd slide, 10~ M sprayed films; 4th slide,
107> M sprayed films.
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I.1.2 Modificacion de las caracteristicas de la pelicula polimérica
formada por el PSP y el PAH

Analizando de una forma detallada las peliculas obtenidas para el caso de
10°M, se comprobd que todas ellas tenian unas caracteristicas en comtn: una alta
rugosidad desde los espesores mas bajos (20 parejas de capas) y la propiedad de
ser superhidrofilicas (en todas ellas el angulo de contacto medido fue 0°). Estas
dos propiedades tienen una gran importancia en la estructura de la pelicula y
pueden ser utilizadas para modificar sus propiedades y caracteristicas dotdndola
de un mayor potencial de cara a desarrollar una aplicacion final.

La propiedad que se pensé modificar fue la superhidrofilidad de las
peliculas, intentando transformarlas en peliculas superhidrofébica. De esta
manera y habiendo logrado este cambio, podria ser utilizada en aplicaciones para
repeler el agua, como por ejemplo en ventanas de viviendas, lunas y espejos de
automoviles o recubrimientos cuyo objetivo sea evitar el paso del agua,
ampliando asi el rango de aplicaciones potenciales en las que podia ser utilizada.
Ademads, otro dato muy importante era el punto de partida: la pelicula
superhidrofilica obtenida. En muchos de los trabajos previos, para poder obtener
este tipo de superficies, con unos valores tan altos de rugosidad, es necesario
emplear sofisticados procesos de funcionalizacion o altas temperaturas; en el caso
que se expone en esta tesis, simplemente es necesario utilizar la técnica LbL a
temperatura ambiente, lo que simplific6 en gran manera todo el proceso.

Para el proceso de funcionalizacion, se penso6 en realizar una silanizacion
utilizando la técnica de deposicion basada en vapores quimicos (Chemical Vapor
Deposition; en inglés sus siglas son CVD). Esta técnica consiste en introducir la
pelicula depositada en el portaobjetos dentro de un horno a una determinada
temperatura (150° en este caso) junto al reactivo (H,1H,2H,2H-
Perfluorodecyltriethoxsilane), el cual se va evaporando, y consecuentemente,
depositando en la pelicula conforme transcurre el tiempo. De nuevo, gracias a la
técnica empleada, y a las caracteristicas de la pelicula, el proceso fue muy simple,
y las temperaturas utilizadas no fueron excesivamente altas. Ademads, no fue
necesaria la utilizacion de nano particulas durante la funcionalizacion.

Los resultados obtenidos fueron muy prometedores ya que con
determinadas peliculas que se fabricaron se llegd a tener un incremento en el
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Anexo . Estudio de las propiedades de diferentes recubrimientos nano estructurados

angulo de contacto de 165°. Este estudio, junto a los resultados que se derivaron
de él, se presentaron en la revista “Applied Surface Science” la cual decidi6 aceptar
la contribucion cientifica. A continuacidn, se presenta el trabajo aceptado que
llevd por titulo “From superhydrophilic to superhydrophobic surfaces by means
ofpolymeric Layer-by-Layer films”, donde se explica todo el proceso de una forma
mas extensa y detallada.
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In this paper a nanocoating that shows a superhydrophilic behavior (with a contact angle close to 0°) is
transformed into a superhydrophobic nanofilm (whose contact angle is 165°) following a procedure that
needs no nanoparticles to generate the nano-roughness required for superhydrophobicity. The super-
hydrophilic nanocoating was fabricated using poly (allylamine hydrochloride) (PAH) and poly (sodium
phosphate) (PSP) combined by means of the Layer-by-Layer (LbL) technique. Seven different nanocoatings
were constructed with different number of bilayers (4, 8, 12, 16, 20, 30 and 40) being the concentration of
both polymers 10-3 M. The analysis was conducted studying three different features: roughness, thick-
ness and contact angle. The results show that initially, the contact angle of the nanofilms above 20 bilayers
is close to 07, that is, the minimum value for a superhydrophilic coating. These surfaces were function-
alized using 1H,1H,2H,2H-Perfluorodecyltriethoxsilane to transform them into hydrophobic coatings by
Chemical Vapor Disposition (CVD). Thereafter, the nanofilms showed a superhydrophobic behavior with
a contact angle of 165° for the 40 bilayers films. The results of roughness and the images of AFM prove
that the morphology of the nanocoating is preserved.
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1. Introduction

In the last two decades the development of nanocoatings has
been greatly improved [1]. Diverse surfaces can be functionalized
to get relevant features such as hydrophilicity or hydrophobicity
which has important implications in different fields such as the
fabrication of anti-fog films, avoidance of ice formation [2], self-
cleaning coatings [3], bio-fueling and its leakage prevention [4],
oil-water separation [5,6], textiles [7], droplet generation or lig-
uid manipulation in microfluidics [8] and other applications in the
biomedical field [9], just to mention a few examples. In fact, nowa-
days, hydrophilicity and hydrophobicity are the most published
topics about wet nanofilms construction techniques [10].

The concept of superhydrophilicity was proposed by Onda
et al. [11,12] in 1996 and Fujishima et al. found out the

Abbreviations: LbL, Layer-by-Layer; PAH, poly (allylamine hydrochloride); PSP,
poly (sodium phosphate); PEI, poly (ehylenimine); CVD, chemical vapor deposition;
PDS, perfluorodecylsilane; AFM, Atomic Force Microscope; EDX, energy-dispersive
X-ray spectroscopy.
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javier.goico@unavarra.es (J. Goicoechea), parregui@unavarra.es (F.J. Arregui).
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superhydrophilicity effect on a glass slide film with TiO, one year
later [13]. On the other hand, superhydrophobic surfaces are gen-
erally defined as surfaces with water contact angles above 140°
or 150° [14,15]. The appropriate texturing and roughening of sur-
faces on the nano and microscale are used to obtain these extreme
wetting characteristics. Many strategies to achieve these syn-
thetic superhydrophobic behavior are based on functionalization of
superhydrophilic surfaces: they show a significant roughness and
therefore, a high volume-surface rate, so that chemical reagents
with a superhydrophobic can be deposited onto them. When work-
ing with transparent substrates, such as glass, it is also required
that the optical transmittance is preserved along the process. In
the case of metallic surfaces, the roughness is increased with an
oxidation treatment that requires temperatures of some hundreds
of Celsius degrees [16] and thereafter, the substrate is coated with a
superhydrophobic material such as polydimethylsiloxane (PDMS)
[17]. Other methods to obtain the initial superhydrophilic surface
employ carbon nanotubes: they can be organized in order to obtain
high roughness surfaces, increasing the temperature up to 800°C;
then, they are functionalized with superhydrophilic molecules[18].
When working with glass substrates, the high affinity between
superficial hydroxyl groups and water molecules define an initial
hydrophilic behavior, in order to counteract it, the substrate is
heated to high temperatures so that this interaction is reduced [19];
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LbL Technique

Superhydrophilic film

CVD - SILANIZATION

Superhydrophobic film

1H,1H,2H,2H-Perfluorodecyltriethoxsilane

Fig. 1. Scheme of the techniques used to prepare the superhydrophilic film (A) and its transformation into a superhydrophobic one (B).

another option consists of the functionalization with hydropho-
bic molecules [20]. One of the most used methods to perform this
final step is Chemical Vapor Deposition (CVD): briefly, the chemi-
cal reagent to be coated is evaporated, so that it interacts with the
substrate, getting attached onto it [21]. Depending on the reagent,
this process can be done at room temperature, but is come cases, it
requires at high temperatures (700°C) [18].

When working with glass substrates, the high affinity between
superficial hydroxyl groups and water molecules define an ini-
tial hydrophilic behavior, in order to counteract it, the substrate is
heated to high temperatures so that this interaction is reduced [ 19];
another option consists of the functionalization with hydropho-
bic molecules [20]. One of the most used methods to perform this
final step is Chemical Vapor Deposition (CVD): briefly, the chemi-
cal reagent to be coated is evaporated, so that it interacts with the
substrate, getting attached onto it [21]. Depending on the reagent,
this process can be done at room temperature, but is come cases, it
requires at high temperatures (700°C) [18].

Among the different techniques proposed to achieve the initial
specific high roughness, LbL technique was reported by Bravo, Rub-
ner et al. in [22]. LbL is one of the most important procedures for
the deposition of nanofilms. The method was proposed by Decher
[23] at the beginning of 1990s as a simple and automatable method
to fabricate films at the nanometer scale. LbL technique consists
of the assembly of oppositely electrically charged polyelectrolytes
(polycation and polyanion respectively) forming a bilayer [24]; the
number of bilayers can be chosen by the designer because the pro-
cess can be repeated as many times as desired. LbL procedure is
not limited by the shape or the size of substrates and it does not
require any expensive or delicate instrumentation [25]; another
positive aspect comparing to other techniques is the wide range of
different materials that can be deposited on distinct substrates such
as windows, glass slides or optical fibers [26]. The procedure allows
surfaces to be coated at nanometric scale in an automated and
repetitive way. Furthermore, the properties of these surfaces can
be altered by including in the process nanoparticules such as metal
oxide or silica nanospheres [27]. Actually, in the above mentioned
work (Bravo, Rubner et al.) it is described the controlled placement
and level of aggregation of differently sized SiO, nanoparticles by
means of LbL to optimize the level of surface roughness necessary
to obtain superhydrophobic behavior. Additionally, the substrate is
calcined to improve its features.

In the case of non LbL based techniques, high temperature is
needed to enhance the roughness of the substrate (as referenced
in the previous paragraph), so that it shows and superhydrophilic
behavior; even for the superhydrophobic functionalization, some-
times high temperatures are also required. LbL procedure makes
easier the initial high roughness functionalization (at room
temperature), although SiO, are required to obtain the superhy-
drophobic coating, followed by a calcination. To the best of our

knowledge, here we present for the first time a nanocoating that can
achieve the required level of roughness to show superhydrophilic
and superhydrophobic behavior by means of the LbL method with-
out the need of using nanoparticles; the whole process is performed
at room temperature and the optical properties of the film are pre-
served, keeping its transparency.

2. Materials and methods
2.1. Materials

Two different polymers have been used for the construc-
tion of the nanocoating: Poly (allylamine hydrochloride) (PAH)
(Mw ~58,000) and Poly (sodium phosphate) (PSP, P,0s5 basis).
The cleaning and the induction of a superficial electrical charge
onto the glass slide were performed by Potassium Hydroxide
(KOH) whereas Poly (EhylenImine) (PEI) (M ~ 25,000) was used to
prepare an anchoring layer. The acidity of the solution was adjusted
by Hydrochloridric acid (HCl) and Sodium Hydroxide (NaOH);
the ionic strength was set with sodium chloride (NaCl). Finally,
1H,1H,2H,2H-Perfluorodecyltriethoxsilane 97% was employed to
functionalize the superhydrophilic surfaces. The entire set of
reagents were supplied by Sigma-Aldrich and used without a
further purification. All aqueous solutions were prepared using
ultrapure water with a resistivity of 18.2 M2 cm.

2.2. Construction of the functionalized nanofilms

The construction process can be divided in three parts: the
preparation of the substrate (glass slide), the construction of the
nanofilm and finally, its functionalization.

The first task consisted of three steps: cleaning the substrate,
inducing a negative electrical charge onto its surface and lastly,
depositing and anchoring layer of PEI [28]. The whole process is
detailed in a previous work [29].

Table 1
Contact angles (°) measured before and after silanization.

#Bilayers Contact angles (°) measured before and after silanization
Before CVD After CVD
I o m o
4 26 0.5 105 1.1
8 18 0.3 110 2.7
12 16 0.1 114 1.1
16 6 0.3 130 1.2
20 0 0 141 1.0
30 0 0 147 0.6
40 0 0 161 4.2
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Fig. 2. AFM images for the superhydrophilic films prepared with 20 bilayers (A) and 40 bilayers (B); they can be compared with the images obtained after silanization 20

bilayers +silanization (H); 40 bilayers + silanization (I).

The film was constructed (second stage) using two polyelec-
trolyte solutions of PAH (polycation) and PSP (polyanion) with a
103 M concentration were prepared; the ionic strength of the mix-
tures was set with a 0.15M NaCl concentration. The pH of the both
solutions was adjusted to 6.4 by adding NaOH or HC. The nanofilms
were prepared following the LbL method (see Fig. 1A). The method
was automated by using a robotic arm (acquired from Nadetech
Innovations S.L.) [30], as it is described in [29]. Films with a differ-
ent number of bilayers (specifically, 4, 8, 16, 20, 30 and 40) were

prepared in order to study the effects of the nanolayers morphology
over of the final deposition features.

There are different methods to convert superhydrophilic
surfaces into superhydrophobic coatings such as chemically
altered metal surfaces, carbon nanotubes, modified silica-based
surfaces and Chemical Vapor Deposition (CVD) [31]. These tech-
niques are combined with reagents such as Fluoroalkylsilane
(FAS), Perfluorodecylsilane (PDS), Poly(tetrafluoroethalene) (PTFE),
Alkyl-ketene dimers (AKDs) or Poly(alkylpyrrole) to improve the

Fig. 3. EDX analysis results for the film obtained when 40 bilayers are deposited. The elements corresponding to PAH are highlighted in red (carbon and oxygen), for PSP in

orange (phosphorous and sodium) and in green for the fluorine present in fluorosilane.
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Tit: 0.3 deq

Fig. 4. Comparison between the contact angles images recorded for the films obtained when the glass slides are not silanizated versus when the ones that are functionalized
with a different number of bilayers: 4 bilayers (A); 8 bilayers (B); 12 bilayers (C); 16 bilayers (D); 20 bilayers (E); 30 bilayers (F); 40 bilayers (G). In very case, left image is

recorded before CVD and the right one after it to ease its comparison.

hydrophobicity. To produce this kind of surfaces, it is necessary
to obtain a low energy of interaction with water [32]. Groups
such as alkyl or fluorinated are very interesting for creating
superhydrophobic surfaces because they satisfy this condition and
water is very strongly repelled by these surfaces [33].

In our case, the prepared nanofilms were functionalized by the
CVD of 1H,1H,2H,2H-Perfluorodecyltriethoxsilane 97%. To achieve
it, each slide was introduced in a glass flask together with 200 L
of 1H,1H,2H,2H-Perfluorodecyltriethoxsilane 97%, sealing it her-
metically. The recipient was introduced into an oven at 150°C

for 150 min to ease the silane evaporation as well as its reaction
with the nanofilms, completing its silanization (Fig. 1B). Due to
the silane nature of the reagent, this process is known as silaniza-
tion.

2.3. Characterization

The studied features of the nanofilms were roughness, thickness
and contact angle before and after the silanization. The rough-
ness was measured by an Atomic Force Microscope (AFM) (Veeco
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Innova, model 840-012-711) in tapping mode; it was also used
to register the thickness of the films by scratching the surface
with a needle and scanning the cantilever perpendicularly to the
scratch [34]. For each sample, the AFM measurements were per-
formed 7 times in different zones in order to obtain the mean value
and the standard deviation. AFM images were obtained scanning
5wm x 5 wm areas with 512 lines ata 0.2 Hz frequency. The contact
angle was registered (performing five measurements for each slide)
with a contact angle meter (CAM 100 KSV Instruments’s products).
Finally, the composition of the functionalized surfaces was studied
by energy-dispersive X-ray spectroscopy (EDX).

3. Results and discussion

Glass slides were coated with different number of bilayers (4, 8,
12,16, 20, 30 and 40 bilayers). The distinct morphology parameters
were registered firstly before the silanization and then, compared
to the ones obtained after the CVD process. Furthermore, the super-
hydrophilic/superhydrophobic behavior was compared in terms of
the contact angles measured from the different slides.

3.1. Analysis of superhydrophilic nanofilms

For the LbL technique, a decrease in the roughness of the
nanofilms has been assumed when the number of bilayers increases
[35]. Nevertheless, some works have recently refuted this fea-
ture and have experimentally proven the existence of exceptions
that apparently contradict the rules of Layer-by-Layer method and
increase roughness when the number of bilayers increase for spe-
cific materials and under certain conditions for the spray-assisted
Layer-by-Layer [36] and for the classic wet approach (Table 1).

The glass slides were prepared with 10~3 M polymer solutions
(0.15M NaCl) and AFM images were taken using 4, 8, 12, 16, 20, 30
and 40 bilayers. The morphology of these coatings is detailed in the
supplementary material in terms of thickness, roughness and con-
tact angle (the results agree with the ones reported in a previous
work [23,29]). In our case, there is a tradeoff between roughness
and optical transmittance: therefore, the highest number of bilay-
ers is set at 40 because above this value, the transmittance is
lowered significantly (transmittance of glass slides was measured
with a spectrum analyser (JASCO) and was shown in Supplementary
Material Fig. 03).

3.1.1. Analysis of the nanofilms after silanization (CVD)

The silanization was based on the chemical evaporation of
1H,1H,2H,2H-Perfluorodecyltriethoxsilane 97%, a reagent consid-
ered as a Perfluorodecylsilane (PDS). This type of molecules shows
a highly hydrophobic tail and a hydrophilic head: in this case, the
hydrophobic part of the molecule is the fluorinated tail, whereas
the Si-O constitutes the hydrophilic head. This reagent cannot be
directly used for formation of a hydrophobic surface because it has
both hydrophobic and hydrophilic properties, so that it is handled
as described in Section 2 in order to get the superhydrophobic sur-
face. In this manner, the hydrophilic head of the molecule gets
orientated towards the superhydrophilic surface of the nanocoat-
ing; as a consequence, the hydrophobic tail points the opposite
direction, which inverts the behavior of the film. This change allows
the surface energy of the drop to be distributed in a way that does
not contact the coating [33]. Therefore, a superhydrophobic sur-
face is obtained by combining the technique LbL with the CVD
without using nanoparticles. A picture was taken to confirm the
superhydrophobic behavior of the final coating; moreover, a video
was recorded comparing the coatings prepared before and after
CVD (both the picture and the video are available as supplemen-
tary material). Regarding to the optical properties, all the substrates
shown an acceptable transmittance at the visible spectrum range
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Fig. 5. Averaged of contact angles for the films obtained: left vertical axe is applied
for the glass slides are no functionalized whereas the right vertical axe for the
silanizated ones.

(as reported in [29]): performing a similar analysis, this parameter
is kept after the silanization process.

The morphology of the nanocoating was analysed by AFM
images obtained before and after the silanization process in order
to quantify any parameter change. The difference between the
nanocoatings with 20 bilayers before (Fig. 2A) and after the
silanization (Fig. 2C) was only 7nm RMS and in the case of 40
bilayers the difference was 9.03 nm RMS (comparing Fig. 2B and
D). This decrease of the roughness can be a consequence of the
bilayers compression when the temperature increases, as well
as a smoothing effect produced by the deposited fluorosilane
molecules. Likewise, an EDX analysis confirmed the presence of sili-
con and fluoride, which were not present in a similar test performed
before the functionalization (Fig. 3).

In terms of the contact angle, the values obtained after the
silanization change sharply compared to the previous ones: in Fig. 4
are shown the captures of a droplet (volume 500 L) on substrates
with different number of bilayers before (left) and after (right) the
silanization. It is evident that, when the roughness increases, the
pre-treated substrate gets more superhydrophilic, whereas in the
case of the post treated one, the contact angle increases. These
results are quantified in Fig. 5, where the inverse trend of the con-
tact angle versus the number of bilayers (and therefore, roughness),
before and after silanization can be checked. On the one hand, until
bilayer 12 there is almost no increment in the contact angle but for
higher number of bilayers deposited, the contact angle exhibits a
much higher increase: it reaches the maximum value for bilayer 40,

Fig. 6. Picture of the highest contact angle (161°) registered from the 40 bilayers
functionalized film for droplets of different volume (from 100 L up to 4 mL).
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which is 161¢ (Fig. 6). All these data are detailed in Supplementary
material Tables 1 and 2. It can be considered that the functionalized
coating has become superhydrophobic [37].

4. Conclusions

A superhydrophilic nanocoating with the structure [PSP/PAH],
prepared with the LbL method is transformed into a superhy-
drophobic surface by CVD of fluorosilane molecules using only
reagents. In this work, the creation of superhydrophobic surfaces
does not imply the use of nanoparticles to generate the nano-
roughness required in this type of surfaces making the process
simpler than others presented in previous works. Furthermore,
the contact angles vary from 0° before the silanization up to val-
ues above 160° after it. Before the functionalization, the nanofilms
show an increasing roughness as the thickness grows: in terms of
the hydrophilic behavior, expressed in contact angle, it is enhanced.
This morphology easies the deposition of fluorosilane molecules by
CVD, yielding to superhydrophobic surfaces: the change in the con-
tact angle before and after the silanization is higher as the number
of bilayers grows. Both processes, the preparation of the superhy-
drophilic nanocoating and its later functionalization, are easy to
perform and also show a high reproducibility. Actually, it is not
necessary to include nanoparticles along the LbL construction pro-
cess to get the superhydrophobic behavior, which, to the best of
our knowledge, has been achieved for the first time.
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I.2 Conclusiones

La pelicula formada por los polimeros PSP y PAH no es una buena
candidata para desarrollar sensores de humedad basados en fibras SC-PCF e
interferometros MZ.

Al aumentar el espesor de una pelicula formada por los polimeros PSP y
PAH, siendo depositada mediante la técnica LbL o spray LbL y bajo unas
determinadas condiciones de molaridad, se consigue que la rugosidad de la
pelicula también aumente. Este es un resultado muy relevante ya que estd en
contra de las reglas generales de la técnica LbL y abre nuevas vias de
investigacion.

Gracias a este hecho, la morfologia final de dicha pelicula permite, en gran
medida, la interaccion con el agua. Debido a este comportamiento, los angulos de
contacto medidos son muy bajos pudiendo ser considerado como
superhidrofilico el comportamiento de los recubrimientos.

Mediante una silanizacion de la superficie, utilizando la técnica CVD, se ha
conseguido cambiar por completo la afinidad de la pelicula polimérica formada
por el PSP y el PAH pasando de ser superhidrofilica (0° su angulo de contacto) a
superhidrofdébica (165° su angulo de contacto). El proceso se ha conseguido de
una forma simple y utilizando temperaturas no excesivamente elevadas como
necesitan otros métodos o técnicas.
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Anexo 11

Publicaciones

En este Anexo II de la tesis, se exponen las diferentes contribuciones
cientificas que se han obtenido durante el desarrollo de la misma. Se ha
realizado un resumen de los diferentes articulos cientificos publicados en
revistas internacionales o nacionales, asi como de la participacion del autor
en congresos, bien sean internacionales o nacionales, y de contribucion
realizada, posters o charlas.
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LISTA DE ACRONIMOS

OFSs: Sensores de fibra Optica
RH: Humedad relativa

OFHS: Sensores de fibra optica para detectar humedad

SME: Fibra monomodo estandar

MME: Fibra multimodo estandar

TIR: Reflexion total interna

PBG: Intervalo de banda fotonica

ADN: Acido desoxirribonucleico

VOCs: Compuestos organicos volatiles

FFT: Transformada Rapida de Fourier

NEA: Ruido equivalente del coeficiente de absorcion
ppm / ppb / ppt: Partes por millén/billon/trillén
ppmv: Partes por millén por volumen

FEM: Microscopio de efecto de campo

SPR: Resonancia de plasmon superficial

LMR: Resonancia de modo con pérdidas

LbL: Técnica de deposicion bicapa a bicapa
PVA: Acetato de polivinilo

FBG: Fibras con rejilla de Bragg

LPG: Fibras con rejilla de largo periodo

GQDs: Puntos cudnticos de grafeno

SFDM: Multiplexacion de division de frecuencia espacial
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