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La presente Tesis Doctoral ha sido realizada en el Instituto de Ciencia de Materiales
de Sevilla (centro mixto del Consejo Superior de Investigaciones Cientificas y la
Universidad de Sevilla), en el grupo de Nanotecnologia en superficies, bajo la supervisién
del Profesor Dr. Agustin Rodriguez Gonzalez-Elipe y el Dr. Alberto Palmero Acebedo. Este
trabajo se encuentra enmarcado en la linea de Nanomateriales en el Programa de
Doctorado de Ciencia y Tecnologia de Nuevos Materiales de la Universidad de Sevilla.
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465605 (9 pp.).

Environmentally Tight TiO>—SiO2 Porous 1D-Photonic Structures. A. Garcia-
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Elipe. Advanced Materials Interfaces 6 (4), 2019, art. n2 1801212 (8 pp.).

Stoichiometric Control of SiOx Thin Films Grown by Reactive Magnetron
Sputtering at Oblique Angles. A. Garcia-Valenzuela, R. Alvarez, C. Lopez-
Santos, F. J. Ferrer, V. Rico, E. Guillen, M. Alcon-Camas, R. Escobar-Galindo, A.
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Gonzalez-Elipe, A. Palmero. Surface and Coatings Technology 343, 2018, 172

(5 pp.).

Con el objetivo de mantener un discurso cerrado y completo en la presentacién de
los resultados de esta tesis doctoral, se ha incluido el siguiente articulo que, en el
momento de depositar esta Tesis Doctoral, se encuentra bajo revisién:

7.

SiOx by magnetron sputtered revisited: tailoring the photonic properties of
multilayers. A. Garcia-Valenzuela, R. Alvarez, J. P. Espinds, V. Rico, J. Gil-
Rostra, A. Palmero, A. R. Gonzalez-Elipe. Applied Surface Science. En revision.
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Ademas de los articulos que componen esta tesis, se citan a continuacidon otros
trabajos del doctorando que, aunque no se incluyan en esta memoria, han sido
desarrollados durante el periodo doctoral:

Nanostructured Ti thin films by magnetron sputtering at oblique angles. R.
Alvarez, J. M. Garcia-Martin, A. Garcia-Valenzuela, M. Macias-Montero, F. J.
Ferrer, J. Santiso, V. Rico, J. Cotrino, A. R. Gonzalez-Elipe, A. Palmero. Journal
of Physics D: Applied Physics 49, 2016, 045303 (10 pp.).

Nanocolumnar association and domain formation in porous thin films
grown by evaporation at oblique angles. C. Lopez-Santos, R. Alvarez, A.
Garcia-Valenzuela, V. Rico, M. Loeffler, A. R. Gonzalez-Elipe, A. Palmero.
Nanotechnology 27, 2016, 395702 (9 pp.).

High Rate Deposition of Stoichiometric Compounds by Magnetron
Sputtering at Oblique Angles. R. Alvarez, A. Garcia-Valenzuela, C. Lopez-
Santos, F. J. Ferrer, V. Rico, Elena Guillen, M. Alcon-Camas, R. Escobar-
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(10), 2016, 960 (4 pp.). Publicado también como portada del nimero de
octubre de 2016.
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Capitulo 1: Introduccion



Capitulo 1




Introduccion

1.1. Funcionalizacion superficial de materiales

En las ultimas décadas, la Ciencia e Ingenieria de los Materiales se ha convertido en
un tema central en practicamente todos los campos de la ciencia aplicada. Una de las
areas de estudio que ha contribuido en gran medida a este desarrollo ha sido el de la
Ingenieria de Superficies. Esta disciplina persigue la modificacion de las propiedades
fisicas y quimicas de las superficies de materiales a través de procesos de
funcionalizacion superficial, gracias a los cuales es posible dotarlas de cualidades
excepcionales para su utilizacion en aplicaciones de gran impacto social e industrial. En
este sentido, es relevante destacar el amplio rango de aplicaciones vinculadas con la
funcionalizacién superficial de materiales.! Entre otros, se pueden citar el tratamiento
superficial de plasticos para el envasado de alimentos mediante técnicas de plasma
(Figura 1a), la fabricacion de dispositivos para la generacion y almacenamiento de
energia como celdas de combustible o celdas solares (Figura 1b), el tratamiento de
superficies metalicas destinadas a herramientas de corte tanto industriales como
domeésticas (Figura 1c) o la fabricacion de elementos electrénicos como los transistores
utilizados en casi la totalidad de los aparatos electrénicos (Figura 1d).2™

Figura 1. Ejemplos de aplicaciones en las que se utilizan estrategias de funcionalizacion superficial a)
tapones de polietileno de alta densidad tratados mediante laser para el envasado de alimentos; b) placas
fotovoltaicas de silicio para la conversién de energia solar en energia eléctrica; c) hojas de cuchillos
recubiertas de una capa de material anticorrosivo y antiadherente; y d) esquema de un transistor CMOS
fabricado a partir del apilamiento de peliculas delgadas de diferentes materiales.

Una forma de funcionalizar la superficie de un material masivo, consiste en la
deposicion una pelicula delgada sobre ella. El concepto de lamina delgada* se utiliza
para referirse a una porcidon de material cuyo espesor es de tamafio sub-micrométricoy
que se encuentra soportado por un material de mayor volumen. La deposicidon de una
[damina delgada sobre un material persigue la modificaciéon de sus propiedades
superficiales, mejorando asi las propiedades del conjunto lamina-sustrato, o bien,
realizando una funcidn especifica en los denominados recubrimientos funcionales.?>*®

En un material sélido cualquiera, los atomos de la superficie presentan diferencias en
sus enlaces quimicos en comparacion con los atomos en su interior debido a la asimetria
de las fuerzas de enlace y a la ausencia de &tomos en una de las direcciones del espacio,

* En este trabajo se utilizan indistintamente los nombres [dmina delgada, pelicula delgada,
capa fina o recubrimiento, aunque algunos autores puedan establecer diferencias entre estos
conceptos.t



Capitulo 1

lo que explica parcialmente sus propiedades singulares. Ademas, en una pelicula
delgada, la relacién superficie/volumen es muy superior a la de un material masivo,
siendo esta otra causa por la que sus propiedades pueden ser muy diferentes. Asi, dichas
diferencias se hacen mas acusadas cuanto menor es el espesor, ya que aumentan
relativamente la influencia de las intercaras capa/sustrato y capa/aire, asi como otros
efectos singulares debidos a confinamientos electrénicos y otras interacciones
electrdnicas y dpticas.

En algunos de los ejemplos de aplicaciones mostrados en la Figura 1, las peliculas
delgadas se encuentran formando una capa densa y continua que, entre otras
propiedades, se caracterizan por su espesor, cristalinidad, composicién quimica o
rugosidad superficial. Dependiendo del tipo de aplicacion a la que estén destinadas, las
peliculas delgadas se pueden encontrar en forma de «monocapas» (Figura 2a),
formando composites—donde la pelicula actia como matriz embebiendo a un segundo
material— (Figura 2b) o apiladas en forma de multicapas (Figura 2c), por citar algunos
ejemplos.?®7

Figura 2. Ejemplos de [dminas delgadas: a) vista en perspectiva de una monocapa, b) vista superior de un
composite constituido por dos materiales —matriz y nanoparticulas—, c) seccion transversal de un
apilamiento formando multicapas y d) seccidn transversal y e) vista de la superficie de una pelicula
nanoestructurada porosa de wolframio formada por nanocolumnas inclinadas.

Los recubrimientos densos han sido ampliamente utilizados desde mediados del siglo
pasado. Su desarrollo ha estado ligado, en gran medida, a su uso como recubrimientos
protectores, aunque también se han utilizado para aplicaciones en otros campos
destacados.? En las dos ultimas décadas, sin embargo, la funcionalizacién superficial
basada en la deposicion de peliculas delgadas porosas ha abierto un nuevo campo de
estudio gracias a la utilizaciéon de la geometria de dngulo oblicuo en el reactor de
deposicidn, cuyos principios desarrollaremos en la seccion 1.3. El uso de esta geometria
permite obtener ldminas nanoestructuradas formadas por nanocolumnas bien
separadas de didametros en el orden de las decenas/centenas de nanémetros.! Estas
peliculas se caracterizan por poseer una alta porosidad —y por ende baja densidad— lo
gue modula propiedades fisicoquimicas basicas como el indice de refraccidon, la
rugosidad superficial o el drea especifica.>®° A modo de ejemplo, en las Figuras 2d y 2e
se muestran la seccidn transversal y vista superior respectivamente de una pelicula
nanoestructurada porosa de wolframio formada por nanocolumnas inclinadas y
separadas entre si. Gracias a sus caracteristicas morfoldgicas, las peliculas
nanoestructuradas porosas son ideales para aplicaciones en campos como la
electroquimica, catalisis, opto-electrénica, optofluidica, desarrollo de sensores,
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magnetismo o generacién y almacenamiento de energia.’® En estos casos, los
esfuerzos en la sintesis de estas peliculas residen en el control de su morfologia y
microestructura durante el crecimiento para asi obtener materiales con propiedades a
la carta.

1.2. Nanoestructuracion mediante pulverizacion catddica

Independientemente de las propiedades asociadas a la composiciéon quimica de un
material, las propiedades de los recubrimientos dependen fuertemente de su
morfologia y microestructura. Asi, y debido a su importancia tecnoldgica, una parte del
esfuerzo investigador en este campo se centra en el desarrollo de técnicas de fabricaciéon
que permitan un control a medida de las propiedades de la pelicula delgada a través de
su morfologia y microestructura. En el caso particular de la sintesis y nanoestructuracion
de peliculas delgadas, este problema ha sido abordado a través de diferentes técnicas
fisico-quimicas.>®”11 De hecho, existen un gran nimero de métodos disponibles para la
sintesis de peliculas delgadas, los cuales pueden agruparse en tratamientos térmicos,
tratamientos quimicos y electroquimicos, técnicas de nanoestructuraciéon por laser o
haces de iones y técnicas de deposicion en fase vapor quimicas (CVD del inglés Chemical
Vapor Deposition) o fisicas (PVD, del inglés Physical Vapor Deposition).?*? Estas Ultimas
se han desarrollado rapidamente en los ultimos 30 afios debido a su relativa facilidad de
escalado industrial. Entre ellas, una de las técnicas mas utilizadas, incluso a nivel
industrial, es la pulverizacion catddica, cominmente conocida por su nombre en inglés
Magnetron Sputtering.’® Esta técnica posee un gran interés tecnoldgico debido a que
permite el crecimiento de peliculas delgadas muy densas, cristalinas o amorfas, y con
muy buena adhesion a cualquier tipo de sustrato (polimeros, metales, ceramicas, papel,
etc.), incluso cuando estos son de grandes dimensiones. A diferencia de otras técnicas,
la pulverizacién catddica posibilita la deposicidon tanto de metales como de materiales
mas complejos manteniendo una gran homogeneidad en la composicién y el espesor,
permitiendo incluso la deposicidon de materiales refractarios de alto punto de fusion. Por
otro lado, esta técnica es muy apreciada por la sencillez de su montaje experimental y
por ser una alternativa medioambientalmente limpia con respecto a otras técnicas que
requieren alcanzar altas temperaturas o utilizar reactivos contaminantes durante la
sintesis.

Esencialmente, la técnica de pulverizacidn catddica en su geometria clasica hace uso
de la interaccion entre un material a depositar (blanco) y un plasma para pulverizar al
primero.3 Este proceso tiene lugar en un reactor de vacio en cuyo interior se encuentra
dicho blanco enfrentado al sustrato (Figura 3) y anclado a una pieza denominada cabezal
de magnetrdn. A este cabezal se le aplica una excitacidn electromagnética que afecta a
un gas inerte en el interior del reactor—normalmente de masa elevada como el argén,
aunqgue puede estar mezclado con helio o xendn— produciendo la ignicién de un plasma
frente a la superficie del blanco. En el plasma se forman, entre otras especies, iones
positivos que se aceleran con energias de cientos de electrén-voltio (eV) hacia el blanco.
Tras incidir sobre éste, se produce una cascada de colisiones en la red del material que
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termina con la eyecciéon de atomos —o agrupaciones de atomos, denominados
clusters— en un proceso denominado pulverizacion o sputtering (Figura 3). Estas
particulas son eyectadas preferentemente en una direccidn perpendicular a la superficie
del blanco y atraviesan el gas del plasma hasta alcanzar la superficie del sustrato donde
se depositan, formando una lamina densa y continua.

Pulverizacion catédica en su configuracion cldsica

Excitacion
Electromagnética

Blanco Racetrack Sustrato

Figura 3. Esquema de montaje experimental de la técnica de pulverizacidon catddica en su
configuracion clasica donde la superficie del sustrato se encuentra enfrentada al blanco.

En la parte posterior del blanco se alojan unos imanes para confinar a los electrones
del plasma en las proximidades de la superficie de éste, en una regién en forma de anillo
donde se concentra el bombardeo provocado por los iones positivos del plasma.1** A
esta region se la denomina racetrack (linea circular marcada de color mas claro sobre la
superficie del blanco en la Figura 3). El montaje de los imanes incrementa la densidad
electrénica e idnica en la zona cercana al racetrack, y permite operar a presiones bajas
sin afectar a la estabilidad del plasma, mejorando la tasa de deposicién y disminuyendo
el voltaje necesario para provocar la descarga de plasma.? Dependiendo de la
disposicion de estos imanes es posible modificar las lineas del campo magnético,
abriéndolas (magnetron no balanceado) o cerrandolas (magnetron balanceado),
consiguiendo que el plasma esté mas o menos extendido en el reactor.'®'’ Asi, un
campo magnético mas abierto mejora la ionizacidon en regiones alejadas al blanco y
favorece la interaccion plasma/pelicula delgada durante su crecimiento.

La excitacidn electromagnética aplicada al blanco puede ser de distintos tipos en
funcion de la naturaleza conductora o dieléctrica de éste. Para materiales conductores,
la tension aplicada suele ser de corriente continua (DC, del inglés Direct Current), sin
embargo, para blancos de materiales dieléctricos o condiciones de crecimiento en
presencia de un gas reactivo —como se vera mas adelante— se suelen aplicar tensiones
de tipo pulsado (DC-pulsado) o de corriente alterna en el rango de las radiofrecuencias
(RF). Una variante utilizada para la deposicion de peliculas delgadas, que no se ha
abordado en esta tesis, es la conocida como HIPIMS (siglas del inglés High-Power
Impulse Magnetron Sputtering). En esta técnica se aplican al blanco pulsos cortos de
voltajes muy elevados (~1000 V frente a voltajes < 500 V' utilizados en pulverizacién
catddica convencional) de forma que se consigue un plasma de muy alta densidad que
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es capaz de ionizar las especies atdomicas pulverizadas. Estas condiciones dan como
resultado el crecimiento de peliculas delgadas muy compactas y muy bien adheridas al
sustrato.

Los datomos pulverizados se emiten preferentemente segin una direccién
perpendicular al blanco vy, tras su eyeccidn del catodo, poseen una energia cinética y
vector momento determinados. De acuerdo con la ecuacidon de Thompson, la energia de
éstos depende principalmente de la energia de enlace de los atomos del blanco,
mientras que el niumero de particulas pulverizadas por ion incidente —o sputtering
yield— estara definido por la energia cinética del ion y el flujo de iones
(corriente).>111819 Dyrante el trayecto desde el blanco hacia el sustrato las especies
atdmicas pulverizadas deben atravesar el gas del plasma y pueden experimentar
fendomenos de dispersién (scattering en inglés) al colisionar con las especies del plasma.
Estas interacciones dardan como resultado que tales especies varien su energia y
momento. Asi, el tipo de transporte colisional de las especies pulverizadas desde el
blanco al sustrato resulta clave para determinar la energia cinética y el vector momento
de las particulas al depositarse y, por tanto, puede afectar fuertemente el desarrollo
nanoestructural de la pelicula. Desde un punto de vista del proceso de crecimiento de
la capa, puede considerarse que el transporte colisional tiene lugar de tres maneras
caracteristicas (Figura 4):2%21 i) transporte balistico, en el que los atomos llegan al
sustrato sin experimentar colisiones manteniendo la direccion inicial y una energia igual
a la de eyeccion (normalmente superior a 1 eV), ii) transporte difusivo, en el que los
atomos, tras sufrir un gran numero de colisiones antes de alcanzar el sustrato, se
incorporan a la pelicula desde cualquier direccion con energias tipicamente térmicas por
debajo de 0,1 eV vy iii) transporte en condiciones intermedias en el que las especies
atémicas eyectadas del blanco experimentan un cierto niumero de colisiones en el gas
del plasma, pero aun mantienen una cierta direccionalidad preferente de llegada y una
energia cinética por encima de valores tipicamente térmicos. Estos tres tipos de
transportes coexisten durante el crecimiento de la pelicula, y su balance viene definido
por las condiciones de deposicion y, en particular, de un pardmetro conocido como
grado de termalizacion de las particulas. Este parametro depende de la distancia blanco-
sustrato, del nimero de colisiones medio necesarias para termalizar a una particula
pulverizada y del recorrido libre medio de una particula pulverizada, parametro que a
su vez estd relacionado con la presion de trabajo.?° Asi, la energia cinética y la direccién
de llegada de las especies gaseosas a depositar pueden conocerse a partir de las
distribuciones iniciales y su transporte colisional en el plasma.?>?3 La relacién entre las
propiedades de las peliculas delgadas depositadas y las condiciones de deposicidon se
han analizado en detalle en los Capitulos 6, 9 y 12 de esta tesis.



Transporte colisional de particulas en pulverizacion catddica
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Figura 4. Representacién de las formas caracteristicas en las que se produce el transporte
colisional de particulas durante la deposicion de una pelicula delgada mediante pulverizacién
catddica: transporte balistico —pocas o ninguna colision—, transporte en condiciones
intermedias (parcialmente difusivo o termalizado) —algunas colisiones— y transporte difusivo
o termalizado —gran nimero de colisiones—.

Mediante pulverizacion catddica es posible depositar materiales en una forma
guimica diferente a la del blanco, usando una variante de la técnica llamada
pulverizacion catddica reactiva (Figura 5a). En esta variante se introduce en el gas del
plasma una pequefia cantidad de un gas quimicamente reactivo —como el oxigeno—
que reacciona en la superficie del sustrato con el material pulverizado del blanco.?%*
Desde un punto de vista tecnolégico, esta modalidad afiade versatilidad a la técnica ya
que permite el uso de un blanco de un unico material, tipicamente un metal, para la
obtencion de distintos compuestos. De forma genérica, existe una fuerte dependencia
entre el flujo de gas reactivo introducido en el reactor y la composicién final de la
pelicula depositada (Figura 5b).?> Este hecho ha sido utilizado para controlar la
composicion de peliculas delgadas, por ejemplo de SiOx o TiOx para aplicaciones
electrénicas.?®?’ Esta variante, como se verd en el Capitulo 9 para la deposicion de
peliculas de SiOx, se puede mejorar modificando otros parametros de deposicidén
adicionales como por ejemplo la termalizaciéon de las particulas pulverizadas o la
orientacion de la superficie del sustrato. De igual modo, la modalidad reactiva permite
la utilizacién de gases para el dopaje controlado de materiales.!822:28-30,

Al introducir un gas reactivo en el plasma se produce la interaccion de éste no sélo
con la pelicula en crecimiento, sino también con las paredes de la cdmara de vacio —en
un proceso de atrapamiento o gettering— y con el propio blanco pudiendo producir su
envenenamiento y la aparicion de distintos fenémenos de histéresis.'®3! Por todo ello,
durante el proceso de crecimiento en presencia de un gas reactivo, y dependiendo de
las condiciones de deposicidn, no sélo la composicidon quimica del material depositado
puede cambiar, sino también otras cantidades de gran relevancia como la presién
parcial de gas reactivo en el reactor o la tasa de deposicién, cuyo control es de gran
interés industrial.3?
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Figura 5. a) Esquema de la técnica de pulverizacién catédica reactiva en la que se introduce un
gas reactivo para formar un compuesto en la superficie del sustrato. b) Ciclo de histéresis
durante la pulverizacién de titanio en presencia de un flujo de gas reactivo —oxigeno—,
creciendo peliculas de composiciéon TiOx (con x<2) hasta alcanzar el valor de oéxido
estequiométrico (x=2) y donde se han incluido los valores de la tasa de deposicién, r, para
mostrar su evolucién en funcién del flujo de gas reactivo introducido en el reactor.

En la Figura 5b se ha representado la curva de histéresis de la presion total en funcién
del flujo de gas reactivo —oxigeno— introducido en el reactor durante la pulverizacién
catddica de un blanco de titanio.3? Para bajas cantidades de gas reactivo, entre los
puntos A-B de esta curva de histéresis, el oxigeno introducido en el reactor es
mayoritariamente «atrapado» por las paredes de la cdmara y la capa en crecimiento
adquiere la estequiometria de un subdxido (TiOx). Desde un punto de vista
experimental, en este tramo la presion de la fase gaseosa es débilmente dependiente
del flujo de oxigeno utilizado. A esta rama de la curva se la denomina rama metalica ya
que el blanco mantiene su composicion original gracias al constante bombardeo de
iones del plasma. Entre los puntos B-C (rama de transicion), la cantidad de gas reactivo
es suficientemente alta como para empezar a oxidar el blanco, en un proceso conocido
como de «envenenamiento». Al estar parcialmente oxidado, el blanco eyecta menos
particulas metalicas, disminuyendo asi la tasa de pulverizacion de atomos de Tiy, en
consecuencia, la tasa de deposicién en el sustrato.'®3! En estas condiciones, el
atrapamiento de particulas reactivas en las paredes del reactor también decrece, por lo
gue la presion de gas reactivo en el plasma aumenta rapidamente, reforzando el proceso
de oxidacion de todo el sistema blanco/paredes del reactor, e induciendo un aumento
de la estequiometria de la capa hasta el valor maximo de saturacion (TiO;) entre los
puntos B-C.3233 A partir del punto C en la Figura 5b, un incremento de gas reactivo
bombeado en la cdmara provoca un aumento directo de la presion en la que se
denomina rama reactiva o envenenada (tramo C-D), ya que el blanco se encuentra
envenenado y la composicidn de la pelicula depositada es totalmente estequiométrica.
Con el blanco envenenado, la presion total presenta un comportamiento de histéresis
al disminuir progresivamente el flujo del gas reactivo bombeado en la cdmara, ya que la
capa de Oxido sobre el blanco persiste durante la deposicidn, y a la baja tasa de
atrapamiento de oxigeno en las paredes del reactor. Por debajo de un cierto valor critico



de este flujo (punto E) la composicion del blanco deja de estar saturada en forma de
oxido y se vuelve a pulverizar material metalico. Esto a su vez provoca que, al
depositarse particulas metalicas en las paredes, se produzca de nuevo el atrapamiento
del oxigeno, provocando la disminucién de la presion parcial de gas reactivo en el
reactor y disminuyendo de nuevo la estequiometria de la pelicula. En general, estos
fendmenos de histéresis no son deseados debido a la caida de tasa de deposicion al
aumentar la estequiometria de la pelicula delgada y a que permite la existencia de dos
condiciones estables de deposicion para un flujo dado de especies reactivas, lo que la
hace muy inestable ante una posible fluctuacion de dicho flujo.

1.3. Nanoestructuracion mediante pulverizacion catddica a angulo
oblicuo

Hasta ahora, en esta introduccion hemos hablado de la [lamada nanoestructuracion
superficial mediante pulverizacidon catddica en su configuracion cldsica. En ella la
superficie del sustrato es paralela a la del blanco, de forma que los &tomos balisticos que
llegan a este lo hagan mayoritariamente siguiendo una direccion perpendicular, lo que
favorece la formacion de peliculas densas y homogéneas. Sin embargo, resulta posible
obtener peliculas porosas utilizando geometrias alternativas en las que la llegada de las
particulas sobre la superficie del sustrato se realiza a lo largo de una direccién
preferentemente oblicua que forma un cierto angulo (a) con el sustrato. Esta
configuracién de crecimiento se conoce como de angulo oblicuo (OAD, del inglés Oblique
Angle Deposition), también conocida como configuracién en angulo rasante (GLAD del
inglés Glancing Angle Deposition).

Idealmente, en esta geometria, el flujo de atomos pulverizados llega al sustrato a lo
largo de una direccion oblicua, gracias a la cual, en una primera etapa se depositan en
posiciones aleatorias sobre el sustrato (Figura 6a). Con la llegada de nuevos dtomos se
favorece la formacién de pequefios nucleos (Figuras 6b) cuyas alturas seran ligeramente
superior a la de las zonas vecinas. Esto produce un efecto llamado «de sombra» que
impide que ninguna especie que llegue a lo largo de dicha direccion oblicua pueda
depositarse en zonas vecinas (Figura 6b). Este efecto geométrico induce un crecimiento
exclusivo de las zonas mas altas de la superficie, que a su vez proyectaran una sombra
mayor (Figura 6c). Este proceso competitivo finaliza con el desarrollo de
nanoestructuras columnares inclinadas como las mostradas en la Figura 6d.
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Figura 6. Etapas iniciales durante el crecimiento de una pelicula en configuracién de angulo
oblicuo en la que se producen fendmenos de sombra: a) llegada de atomos con una direccidn
oblicua a posiciones aleatorias, b) formacidn de nucleos y agregados que proyectan una sombra
sobre regiones del sustrato a su espalda, c) crecimiento vertical de las zonas mas elevadas de la
superficie formando columnas inclinadas y d) seccién transversal de una pelicula delgada
nanoestructurada porosa formada por nanocolumnas inclinadas.

Esta geometria de deposicion se implementd originalmente a mediados del siglo
pasado como una curiosidad utilizando la técnica de evaporacién, donde los sustratos
se colocaban orientados con respecto a una fuente de material sublimado, propiciando
la llegada de estas especies a lo largo de una direccién oblicua en un reactor de vacio.
Sin embargo, el interés por esta geometria se ha renovado en los ultimos afios,
utilizdndose sistematicamente en la actualidad para el desarrollo de una amplia
variedad de aplicaciones y dispositivos que requieren un control estricto sobre la
porosidad, anisotropia y/o textura cristalografica de las peliculas depositadas.! En
procesos de evaporacion, los atomos evaporados no sufren colisiones en su trayectoria
hasta el sustrato y conservan su energia cinética original (< 0,1 eV). Al incidir estos
atomos de forma oblicua sobre un sustrato dan lugar a la formacién de peliculas
nanoestructuradas porosas. La técnica de evaporacién se utiliza ampliamente, tanto en
el laboratorio como a nivel industrial, aunque su utilizacién estd restringida a la
evaporacion de metales no refractarios y 6xidos sencillos. Es por ello que en los ultimos
afios se ha reforzado el interés en desarrollos de esta metodologia que, de forma sencilla
y facilmente escalable, permitan depositar capas sobre grandes superficies
manteniendo la homogeneidad en la composicidn de los materiales depositados, con un
buen control sobre |a tasa de deposicion.

Un reto indiscutible para lograr un desarrollo mas amplio de la configuracidn oblicua
a nivel industrial consiste en la incorporacién de esta geometria de deposicion en los
procesos de pulverizacion catédica. Resulta evidente que una condicidn esencial para
mantener las condiciones de nanoestructuracion reconocidas en los procesos de
evaporacion reside en realizar la pulverizacion catddica en condiciones donde el
régimen de transporte de atomos balistico sea mayoritario. Una primera aproximacion
a la pulverizacién catddica en configuracion oblicua fue propuesta en 1997 por Nyberg
et al.,® quienes propusieron la opcidn més simple de inclinar el sustrato con respecto al
blanco (Figura 7). Con esta configuracion las particulas llegan a la superficie del sustrato
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de forma oblicua favoreciendo el crecimiento de peliculas nanoestructuradas porosas
debido a la influencia de los procesos de sombra descritos anteriormente.

Pulverizacion catddica a angulo oblicuo

Excitacion

Electromagnética | Sustrato

Blanco

Figura 7. Esquema de la configuracion de dangulo oblicuo en la técnica de pulverizacidn catddica.
En ella se rota el sustrato con respecto a la superficie del blanco. De esta forma se consigue que
los atomos incidan con una direccion oblicua con respecto a la superficie del sustrato.

Los principios basicos sobre la pulverizacion catddica en su geometria clasica
expuestos en las secciones previas son validos para la nueva configuracion. Sin embargo,
para la geometria de angulo oblicuo hay que tener en cuenta consideraciones
adicionales para explicar la dependencia observada entre las caracteristicas de los
recubrimientos y el angulo de deposicién. Debido al cardcter geométrico de los procesos
de sombra, resulta critico mantener un transporte colisional de las particulas
pulverizadas desde el blanco al sustrato, de forman que las especies pulverizadas
lleguen al sustrato a lo largo de una direccion preferente bien definida. Para conseguir
condiciones de crecimiento que cumplan estos requisitos, no todos los regimenes de
transporte colisional en el plasma son adecuados para favorecer los procesos de
sombra. A priori, no parece recomendable utilizar un transporte colisional de caracter
difusivo, donde las especies pulverizadas se incorporarian al sustrato desde cualquier
direccién. Como se verd en el Capitulo 12 de esta tesis, es posible desarrollar estrategias
de deposicidn que eviten los problemas asociados a un régimen difusivo.

Cabe asi mismo sefialar que la rotacién del sustrato respecto del blanco afecta a
parametros experimentales criticos para el control del crecimiento de las capas, en
primer lugar, a la tasa deposicidon de particulas. El aumento del angulo de rotacién
provoca una disminucion del flujo incidente de atomos sobre el sustrato, en primer
lugar, debido a que parte del racetrack queda oculto para el sustrato y, en segundo
lugar, a una disminucién en el area de deposicién proyectada sobre el flujo de atomos
segun un factor coseno del dngulo de rotacidn.3? Estos factores, aunque provocan una
caida importante en la tasa de deposicidn, resultan criticos para controlar la
microestructura y composicion de las peliculas delgadas depositadas.'?23?
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Debido al gran interés que suscita la implementacidén de procesos en geometria
oblicua en la técnica de pulverizacidon catédica para operar sobre grandes superficies
transferibles a procedimientos industriales —como los métodos roll to roll—, es de gran
interés un analisis fundamental de los mecanismos que gobiernan el crecimiento de las
peliculas delgadas y su relacion con parametros experimentales que permiten un control
preciso del proceso de crecimiento. Para ello, resulta clave explorar nuevas geometrias
y metodologias de deposicion de laminas delgadas que permitan un mayor grado de
control sobre los materiales y la adecuacidn de estos a nuevas aplicaciones. Basandonos
en un analisis de esta naturaleza, en el Capitulo 13 proponemos una nueva geometria
de trabajo para el crecimiento de peliculas delgadas porosas a angulo oblicuo por
pulverizacion catddica en un sistema roll to roll.

1.4. Morfologias de peliculas delgadas nanoestructuradas porosas

Como se ha descrito en la seccion anterior, en la técnica de pulverizacion catddica la
rotacion del sustrato puede llevar a dos situaciones limites —con muchos casos
intermedios— en las que se obtienen distintas morfologias: en un régimen de
deposicion dominantemente balistico, la configuracién clasica (a¢ = 0°) lleva al
crecimiento de peliculas densas, mientras que la configuracion de angulo oblicuo (a >
0°) propicia el crecimiento de peliculas nanoestructuradas porosas.

Un ejemplo de la relacion entre porosidad y dngulo de deposicién se muestra en la
Figura 8. En ella se representa la variacién de la densidad en funcién del angulo de
rotacion de peliculas delgadas de titanio metalico crecidas mediante pulverizacién
catédica en un régimen de transporte balistico.3* Cabe sefialar que este
comportamiento es general para todos los materiales estudiados en esta tesis. Para
bajos dngulos de rotacion la densidad se mantiene aproximadamente constante, debido
a la incidencia de particulas con una trayectoria perpendicular a la superficie del
sustrato, obteniéndose una pelicula densa y continua (Figura 10a). Para angulos
superiores, para los cuales los fendmenos de sombra dominan el crecimiento, se
produce una ruptura de la homogeneidad de la pelicula que pasa a estar compuesta por
estructuras nanocolumnares (Figura 10c), produciéndose una caida drastica en la
densidad relativa del material (Figura 8). Como norma general, cuanto mayor es el
angulo de deposicién mayor es la inclinacidon y separacidén entre columnas ya que la
sombra proyectada por los agregados en los primeros estadios de crecimiento es mayor.
Este hecho es evidente en las imagenes de microscopia electronica mostradas en las
Figuras 10c y 10d donde se observa el cambio en la inclinacién de las nanoestructuras y
el aumento de la distancia intercolumnar. Este comportamiento permite alcanzar
densidades relativas de, incluso, el 25% con respecto a la pelicula compacta,3
dependiendo del tipo de material. Este comportamiento general puede verse afectado
por numerosos factores que, como la energia de las particulas pulverizadas o la
distribucidén angular de pulverizacion, afectan no sdélo a la inclinacion y separacion entre
columnas, sino a la porosidad interna de las mismas. Actualmente, la influencia de estos
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factores son objeto de estudio a través de diferentes aproximaciones y modelos
tedricos.3>38
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Figura 8. Evolucidn de la densidad relativa de una pelicula delgada de titanio depositada en un
régimen de transporte colisional balistico en funcidn del angulo de deposicion. El aumento del
angulo de deposicién provoca que los fendmenos de sombra dominen el crecimiento de la
pelicula. Cuanto mayor es el dngulo de deposicidon, mayor es la disminucién de la densidad del
material debido a la formacion de poros y aparicion de espacios vacios de mayor tamafio.

Aun asi, existen diversos parametros que se pueden controlar durante la deposicion
y que pueden afectar a la microestructura y otras propiedades de las peliculas delgadas.
Entre ellos cabe citar la temperatura del sustrato, la polarizacion eléctrica del sustrato,
y la presion de los gases del plasma. Tanto el calentamiento como la polarizacion
eléctrica del sustrato pueden inducir fendmenos de migracién atémica que son
indeseados para el objetivo de lograr capas porosas nanoestructuradas ya que
contribuyen a aumentar los procesos de movilidad superficial atdomica y, por lo tanto,
contrarrestan la eficacia de los procesos de sombra.! Segtin el modelo SZM de zonas (del
inglés Structure-Zone Model) o modelo de Thornton (Figura 9),3%*° para evitar los
fendmenos de migracion atodmica inducidos térmicamente, la relacion entre la
temperatura del sustrato durante el crecimiento y la temperatura de fusién del material
debe ser baja. Es por ello que, en esta tesis, las peliculas delgadas nanoestructuradas se
han crecido a temperatura ambiente, ya que asi se minimiza la influencia de la migracién
atdmica inducida térmicamente, y en condiciones donde la interaccién plasma/pelicula
delgada se puede despreciar.
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Figura 9. Diagrama del modelo de zonas de Thornton (SZM) para el crecimiento de peliculas
delgadas mediante técnicas de pulverizacién catddica. En este diagrama se muestra la relacion
entre la microestructura de la pelicula crecida, la temperatura normalizada (temperatura del
sustrato/temperatura de fusion del material) y la presidn total en el reactor.

El valor de la presion de los gases en el reactor determina directamente el recorrido
libre medio de las especies eyectadas del blanco y, por lo tanto, controla el grado de
termalizacion de las especies a depositar. Por lo tanto, cuanto menor sea la presion de
trabajo, menor sera el grado de termalizacién y mas dominante sera el transporte
balistico de especies. Asi, un aumento de presidn propiciara un mayor régimen de
transporte difusivo, y una llegada de particulas desde todas las direcciones. Desde un
punto de vista microestructural, y en geometria oblicua, esto implica una transicién
desde una nanoestructura columnar a baja presion, a otra nanoestructura formada por
elementos esponjosos verticales y coalescentes cuyo didmetro aumenta con el espesor
a altas presiones de trabajo (Figura 10b). Esta Ultima estructura es similar a la observada
en otras técnicas de deposicion como PECVD (del inglés Plasma Enhanced Chemical
Vapor Deposition) en determinadas situaciones, donde las moléculas de gas precursor
pueden llegar al sustrato desde cualquier direccidon.**? Por otro lado, en condiciones de
crecimiento a presiones intermedias, donde coexisten particulas balisticas y
termalizadas, cabe pensar que la nanoestructura de la capa delgada presente unas
caracteristicas intermedias. En general, en estas condiciones, y aunque las
caracteristicas morfoldgicas dependeran del tipo de material depositado, se puede
afirmar que, a medida que aumenta la presion de trabajo, las nanocolumnas tenderdn a
ser mas verticales y coalescentes con un didametro de columna que crecera con el
espesor. Para comparar, las Figuras 10 c) y d) presentan las estructuras tipicas de capas
preparadas mediante pulverizacidon catddica donde el régimen de las particulas es
mayoritariamente balistico y se siguen los principios de sombra que controlan el
crecimiento de este tipo de capas.
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Figura 10. Diferentes tipos de morfologias posibles mediante la utilizacion de la técnica de
pulverizacidn catddica con diferentes condiciones de deposicion: a) pelicula compacta de TiO,
deposita en la configuracién clasica a a=0°; b) pelicula nanoestructura de TiO, porosa formada
por columnas verticales coalescentes formada tras la deposicidn a alta termalizacion (pg > 1 Pa),
d) y e) nanoestructuras porosas de Ti formada por columnas inclinadas depositadas en un
régimen de transporte colisional balistico con angulo de disposicion de a=70° y a=85°
respectivamente.

En resumen, seleccionando las condiciones de deposicidn, es posible modular las
caracteristicas microestructurales de las peliculas crecidas. Gracias a la naturaleza
geomeétrica de los procesos de sombra se pueden desarrollar diversas estrategias para
controlar las propiedades de los materiales como las propuestas en esta tesis en el
Capitulo 7. El conocimiento de los fundamentos de los procesos de sombra se ha
utilizado para el desarrollo de otras aproximaciones como la utilizacién de semillas para
condicionar el crecimiento de nanoestructuras de forma ordenada,***** o la deposicion
mediante la rotacidon dindmica del sustrato en diferentes direcciones angulares para
fabricar estructuras con formas diversas, tales como espirales, estructuras en zigzag,
hélices, etc.*>%® Estas técnicas, aunque ofrecen una gran flexibilidad en la fabricacién de
nanoestructuras, requieren de un conocimiento mas preciso de aspectos basicos del
crecimiento para un desarrollo sistematico en la industria y/o para el crecimiento sobre
grandes superficies.

1.5. Contexto cientifico-técnico de esta tesis: ejemplos de aplicaciones

En las secciones anteriores se han descrito brevemente los fundamentos del
crecimiento de peliculas delgadas nanoestructuradas porosas mediante pulverizacion
catédica y cdmo, mediante la modificaciéon adecuada de las condiciones de crecimiento,
se pueden obtener recubrimientos con propiedades definidas a medida. Esta posibilidad
es de gran importancia porque permite fabricar peliculas delgadas con propiedades
especificas ajustadas a aplicaciones concretas. Una de las areas en las que mas se ha
aplicado este principio es la de los materiales para aplicaciones dpticas.'®*’ Las peliculas
formadas por nanocolumnas inclinadas presentan una anisotropia microestructural que
se traduce en un comportamiento dptico anisotrdpico, por lo que, dependiendo del tipo
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de material pueden ser birrefringentes (dieléctricos transparentes) o dicroicas
(metales).*®4% Por otro lado, debido a la formacién de poros en la pelicula, el indice de
refraccion, al igual que la densidad, puede controlarse mediante el ajuste de la
porosidad de la pelicula.® Este comportamiento, de gran importancia en aplicaciones
Opticas y opto-fluidicas, se puede explicar mediante la teoria de medio efectivo (EMT
del inglés Effective Medium Theory) recurriendo a modelos tales como el de Bruggeman
o el de Maxwell-Garnet.>2 En estos modelos, el indice de refraccion efectivo (nes) de
un recubrimiento depende de la contribucion de los indices de refraccidon del material
depositado (n.) y del material que se encuentra rellenando los poros (np) (aire, vapores,
liquidos, etc.). Asi, el incremento de la porosidad en un recubrimiento aumentara la
contribucién del indice de refraccién del material que rellena el poro. Si el indice de
refraccion de este material (np) es menor que el del material depositado (n.), se produce
una disminucidn de nefr. Por ejemplo, una pelicula porosa de éxido de titanio (TiO2) con
un 30% de porosidad posee un indice de refraccion de nes=1,85 en contraste con el
indice del mismo material, pero formando una pelicula densa, el cual es nef=2,3.%3

Teniendo en cuenta la versatilidad de la pulverizacion catddica para el control de las
propiedades de una pelicula delgada, en esta tesis hemos aplicado los principios basicos
del crecimiento a dos ejemplos de aplicaciones dpticas donde los aspectos morfoldgicos
son claves. Estos ejemplos, que son objeto de estudio en los Capitulos 8 y 11 de esta
tesis, consisten en la utilizaciéon de estructuras fotdnicas para aplicaciones opticas
pasivas (filtros dpticos o espejos de Bragg) y activas (sensores Opticos de fluidos)
respectivamente. Para el caso de los espejos de Bragg se han utilizado apilamientos de
materiales dieléctricos transparentes en el visible y que presentan un alto contraste de
indices de refraccion en este rango, como son el SiO, y TiOz. Por otro lado, la fabricacién
de sensores opticos se ha llevado mediante el apilamiento de SiO; y SiOx. Estos
materiales presentan un alto contraste de indices de refraccion y son transparentes en
el infrarrojo cercano, lo que permite el andlisis de fluidos en esta regién espectral.

Debido a suimportancia en esta tesis, a continuacion, se describen someramente los
fundamentos de los cristales fotdnicos en forma de reflectores o resonadores dpticos.
Un cristal foténico es una nanoestructura formada por el apilamiento de uno o varios
materiales que presentan una periodicidad del indice de refraccion en al menos una de
las tres direcciones del espacio, pudiéndose encontrar cristales fotdnicos
unidimensionales (1D), bidimensionales (2D) o tridimensionales (3D).>*>° En la Figura
11a se muestra un esquema de una estructura fotdnica unidimensional formada por dos
materiales de indices de refraccion distintos ny y n. (con ny>n.) y transparentes en la
zona visible del espectro (como el TiO; y el SiO, respectivamente). Debido a la
distribucién espacial periddica de los indices de refraccién en la estructura y los
fendmenos de interferencia dptica que produce esta distribucidn espacial, se genera un
intervalo de longitudes de onda prohibidas para las cuales la luz se ve reflejada por la
estructura. Este tipo de estructura fotdnica se denomina «reflector de Bragg»,
caracterizado por la aparicion de bandas de alta reflexion —o baja transmision—
localizadas (Figura 11b). Tanto la anchura (AA) como la posicién del centro del minimo
de la banda (Ao) estan definidos por el espesor de las peliculas y el contraste entre los
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indices de refraccién de estas. La relacidn entre estos pardmetros se describe mediante
la expresion:>®

AL 4 <nH - nL> 1)

Z = —arcsin ——

En la Figura 11b se muestran los espectros de reflexion y transmision simulados
correspondientes a una estructura foténica formada por el apilamiento de 6 pares de
capas de TiO; (ny=2,30) y SiO; (n.=1,44) densas con espesores de 90 nm para los que
AA=220 nm y Ao = 700 nm.

a) b)
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Figura 11. a) Esquema de un apilamiento de |ldminas delgadas de dos materiales con distintos
indices de refraccion —n; y n,— formando un reflector de Bragg. b) Espectros de transmitancia
y reflectancia de un reflector de Bragg como el representado esquematicamente en a) en el que
se muestran sus parametros caracteristicos AAy Ag.

Un reflector o espejo de Bragg tal y como el que se muestra en a Figura 11 se puede
modificar introduciendo en el centro de la estructura un defecto éptico formado por
una capa de mayor espesor. Esta nueva estructura se denomina resonador dptico o
cavidad dptica (Figura 12b).>* La misma se puede considerar formada por dos reflectores
de Bragg separados por una pelicula gruesa del material de menor indice de refracciéon
(Figura 12a). Con esta configuracidn se consiguen introducir estados fotdnicos
localizados o «picos resonantes» dentro de la banda prohibida con una alta transmisién
(Figura 12b). La posicidon de este pico resonante depende del espesor de la lamina que
divide los reflectores de Bragg, pudiéndose introducir, para espesores mucho mayores
que los de las capas individuales, mas de una cavidad resonante en el intervalo
prohibido.>®
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Figura 12. a) Esquema de un resonador dptico formado por dos reflectores de Bragg separados
por una pelicula gruesa del material de menor indice de refraccion. b) Espectros de reflectancia
y transmitancia correspondientes a la estructura fotdnica representada en a) donde se observa
la cavidad resonante en el interior de la banda de reflexion.

Los cristales foténicos se utilizan como elementos pasivos en la fabricacion de
dispositivos como filtros épticos, recubrimientos antirreflectantes, reflectores de Bragg,
guias de onda, etc.! En la fabricacidon de estos dispositivos, la posibilidad de utilizar
peliculas delgadas ofrece una gran versatilidad en el ajuste de las propiedades épticas
de las estructuras. Por otro lado, la utilizacidon de capas porosas para la construccion de
estructuras fotdnicas permite utilizar estas arquitecturas como elementos activos, los
cuales se definen como aquellos en los que la estructura fotdnica responde a las
condiciones del medio al interaccionar con ella. Sus principales aplicaciones son las
[dminas luminiscentes, sensores dpticos y resonadores plasmodnicos. En esta tesis se han
desarrollado sensores fotdnicos de base optofluidica formados por un apilamiento de
capas porosas segln una configuracion de espejo o microcavidad de Bragg y donde los
espesores e indices de refraccion de las capas apiladas poseen valores definidos. En
estas estructuras porosas los poros entre las nanocolumnas de las capas individuales
tienen tamafios considerables lo que permite un acceso rapido a liquidos que pueden
infiltrarse y llenar por completo el volumen de poros de la estructura. Este proceso
constituye la base de la respuesta optofluidica del sensor foténico al variar el indice de
refraccion nesr de las capas individuales que se integran en la estructura fotdnica. La
dependencia de la modificacion dptica con las caracteristicas del liquido que se infiltra
en el cristal fotdonico es el fundamento del uso de multicapas columnares para el
desarrollo de sensores fotdnicos. Entre otras aplicaciones, estos sensores se utilizan
para el analisis de liquidos infiltrados, para la deteccion rapida de vapor de agua o la
deteccion colorimétrica de la humedad.?
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Capitulo 2: Motivacion, objetivos y
esquema de |a tesis
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En la bibliografia existe un gran numero de trabajos que describen la fabricaciéon
mediante pulverizacidén catddica de ldminas delgadas porosas, asi como su uso para un
gran numero de aplicaciones. Los campos de aplicacion son muy amplios, debiéndose
mencionar aqui aquellos donde porosidad y nanoestructura son elementos cruciales
para las prestaciones deseadas. Baste citar en ese sentido, aplicaciones de tales capas
como sensores, electrodos, membranas, biomateriales o celdas fotovoltaicas. Sin
embargo, y a pesar de la importancia de dichos campos de aplicacion, la mayor parte de
las veces no se han desarrollado procedimientos de fabricacién estandar facilmente
extrapolables de un reactor a otro, siendo los procedimientos en la mayor parte de los
casos resultado de analisis empiricos dificilmente extrapolables a otras condiciones de
trabajo. Esta tesis persigue aportar conocimiento cientifico, estructurado en forma de
conceptos generales y de facil extrapolacion a otras condiciones de trabajo, a fin de
desarrollar los fundamentos que rigen el crecimiento de capas mediante pulverizaciéon
catddica reactiva en la configuracion de angulo oblicuo. En consecuencia, el objetivo
general de este trabajo es el desarrollo de los principios fundamentales de la fabricacion
a medida de peliculas delgadas nanoestructuradas porosas mediante pulverizacion
catddica en configuracion oblicua y, en particular, el estudio de principios generales que
relacionen la geometria del reactor, las condiciones de la deposicion y la nanoestructura
de la pelicula. Asi mismo, en esta tesis nos centramos en la demostracion prdctica de la
funcionalidad de dichas capas para aplicaciones especificas.

Dentro de este objetivo general se pueden considerar los siguientes objetivos
especificos:

e Analizar y describir los procesos basicos que influyen en el crecimiento de una
lamina delgada porosa nanoestructurada depositada mediante pulverizacion
catddica reactiva en la configuracion de angulo oblicuo y relacionarlos con las
propiedades de las peliculas crecidas.

e Estudio de la relacidon entre la geometria del reactor y las condiciones de la
deposicion con la nanoestructura de la pelicula delgada.

e Desarrollar una metodologia especifica para el control simultaneo de la
composicion y microestructura de peliculas delgadas porosas nanoestructuradas
mediante la técnica de pulverizacion catddica reactiva en la configuracién de
angulo oblicuo.

e Determinar la influencia de la rugosidad del sustrato en los procesos de
crecimiento y propiedades de peliculas delgadas crecidas mediante pulverizacion
catddica reactiva en la configuracién de angulo oblicuo.

e Desarrollar estrategias de control de la nanoestructura y composicidn de peliculas
delgadas mediante el uso de sustratos con patrones superficiales.

e Ajustar la composicion quimica de las capas de dxido de silicio mediante el control
de las condiciones de deposicion, logrando un control independiente sobre el
contenido de oxigeno y nanoestructura.
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e Validar las estrategias de crecimiento desarrolladas fabricando multicapas en
forma de cristales foténicos con composicion y microestructura controladas.

e Demostrar las posibilidades de aplicacion de tales multicapas como elementos
Opticos pasivos estancos frente a los cambios ambientales y como sensores
optofluidicos.

e Desarrollar una estrategia para el escalado industrial de la deposicion de peliculas
delgadas nanoestructuradas porosas mediante pulverizacidn catddica.

Esta tesis esta organizada en tres blogues tematicos. En el primer bloque, los
Capitulos 6 - 8 se dedican al control microestructural y morfolédgico de peliculas delgadas
nanoestructuradas. En el Capitulo 6 se analiza el problema asociado a la aparicién de
fenomenos de propagacion microestructural durante el crecimiento de capas de TiO>
densas apiladas sobre SiO, poroso proponiéndose una estrategia de crecimiento para
evitar dicho proceso de propagaciéon. En el Capitulo 7 se analiza la influencia de la
rugosidad del sustrato en el crecimiento de peliculas de SiO, detallandose los
parametros y regimenes criticos en dicho crecimiento. Este bloque se cierra con el
Capitulo 8 en el que se utilizan las estrategias propuestas en el Capitulo 6 para la
fabricaciéon de estructuras multicapas de TiO,/SiO, en forma de cristales foténicos para
su aplicacion como reflectores de Bragg estancos frente a humedad ambiental. Se
verifica como el control microestructural sobre el crecimiento de estas capas permite
modular la respuesta éptica de la estructura fotdnica gracias a la utilizacién de ldminas
nanoestructuradas porosas o densas.

El segundo bloque esta compuesto por los Capitulos 9 - 11 dedicados al control
quimico de peliculas delgadas nanoestructuradas porosas. En el Capitulo 9 se desarrolla
una estrategia basada en la utilizacién de la configuracién de angulo oblicuo para el
control quimico de peliculas delgadas nanoestructuradas de SiOx (con 0 < x < 2), de
forma que se puedan controlar la composicion y la microestructura simultdneamente
de una manera independiente. Ademas, en este capitulo se desarrolla un marco tedrico
gue permite predecir la estequiometria de los recubrimientos en funcién de parametros
experimentales. En el Capitulo 10, basado en los fundamentos del capitulo anterior, se
realiza la distribucién de la composicion quimica de peliculas de SiOx en dos dimensiones
(2D) utilizando para ello sustratos con patrones superficiales 2D. En el Capitulo 11
confluye parte del conocimiento generado en los capitulos precedentes y se desarrolla
una estrategia de fabricacion de cristales fotonicos de SiOx/SiO2 en los que a través del
control de la composicién quimica y la microestructura es posible modular su respuesta
Optica. Por otro lado, se demuestra que estas estructuras foténicas son validas para la
fabricaciéon de sensores optofluidicos de base interferométrica para el analisis en el
rango del infrarrojo cercano.

Por ultimo, el tercer bloque, compuesto Unicamente por el Capitulo 12, aborda el
desarrollo de una estrategia basada en el uso de colimadores para el crecimiento de
peliculas delgadas nanoestructuradas porosas de TiO, para condiciones en las que los
procesos de sombra gobiernan el crecimiento. Asi mismo, en este capitulo se propone
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Capitulo 2

una estrategia de escalado industrial combinando el uso de colimadores con sistemas

de movimiento de sustratos de tipo roll to roll.

Un mapa conceptual del contenido de esta tesis y sus objetivos se presenta a

continuacion en la Figura 13.
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Figura 13. Esquema organizativo de esta tesis.

24



Capitulo 3: Resumen global de los
resultados y discusion
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A continuacidn, pasamos a resumir los trabajos incluidos en esta tesis doctoral, los
resultados mas relevantes, asi como las conclusiones asociadas a los mismos. En todos
los casos, es importante mencionar que, por coherencia, vamos a utilizar la misma
notaciéon en cada resumen que la empleada en cada articulo. Por esto, y para una mayor
claridad y facilitar la lectura, hemos incluido una tabla al comienzo de cada resumen con
la lista de variables empleadas.

Cada resumen se ha realizado con la intencién de dar una vision completa del articulo
publicado y que conceptualmente se pueda seguir sin necesidad de realizar ninguna
consulta adicional. Aun asi, para profundizar en algunos detalles o para discusiones
cientificas mas exhaustivas, invitamos al lector que acuda al articulo original incluido en
el capitulo correspondiente. También, y por coherencia con la exposicidon de objetivos,
hemos dividido los resimenes en tres bloques tematicos:

i) Control microestructural (3 articulos).
i) Control quimico (2 articulos + 1 articulo enviado).

iii) Escalado industrial de la nanoestructuracion mediante
pulverizacion catédica (1 articulo).

Ademas del resumen de los trabajos publicados asociados a esta tesis doctoral, para
darle unidad conceptual a los resultados aqui presentados, en el segundo bloque
también incluimos un resumen de un trabajo que, a fecha de depdsito de esta tesis, esta
bajo revision. Este estd centrado en el desarrollo de un dispositivo responsivo
microfluidico que hace uso de muchos de los resultados obtenidos aqui, y que pone de
manifiesto la significancia e impacto tanto cientifico como industrial de las técnicas de
procesado empleadas en este trabajo.
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Resultados y discusion: Control Microestructural

BLOQUE TEMATICO: CONTROL MICROESTRUCTURAL

Articulo 1

3.2.1. Structural control in porous/compact multilayer systems
grown by magnetron sputtering.

Control microestructural en multicapas porosas/compactas crecidas mediante
pulverizacion catodica.

Autores: A. Garcia-Valenzuela, C. Lopez-Santos, R. Alvarez, V. Rico, J. Cotrino, A. R.
Gonzalez-Elipe, A. Palmero.

Resumen del articulo correspondiente al Capitulo 6.

Tabla 1. Lista de variables utilizadas en este resumen.

w Rugosidad superficial de la pelicula delgada.
A Espesor de la pelicula delgada.
B Exponente de crecimiento de una ley de potencias.

La sintesis de estructuras multicapas formadas por el apilamiento de ldaminas
delgadas se utiliza actualmente para la fabricacion de diversos dispositivos,
mayoritariamente dpticos, como es el caso de filtros dpticos o espejos de Bragg.3® En
estas aplicaciones las estructuras multicapas se caracterizan por combinar materiales
gue poseen distintos indices de refraccién cuyo contraste define la respuesta dptica del
conjunto. Dicha respuesta puede ser modulada actuando sobre el contraste de indices
lo que, en primera instancia, podria ser llevado a cabo utilizando diferentes materiales.
Sin embargo, es bien conocido que la introduccion de diferentes grados de porosidad en
monocapas induce una variacidn significativa del indice de refraccién,>’ sugiriendo que
se podria utilizar la porosidad para conseguir acentuar alin mas el contraste de indices
entre monocapas.®® En este sentido, las técnicas de deposicion fisica en fase vapor —y
en particular la técnica de pulverizacién catédica— llevadas a cabo en geometria de
angulo oblicuo ofrecen la posibilidad de introducir porosidad en las peliculas delgadas
de forma relativamente sencilla.?%35°9%0 Sin embargo, la utilizacion de morfologias
nanocolumnares presenta algunos problemas asociados a la alta rugosidad superficial:
un aspecto que puede afectar su desempeiio como elementos dpticos pasivos. Ademas,
el crecimiento de una capa sobre otra rugosa ya formada, puede alterar las condiciones
de nucleacién y crecimiento, asi como propiciar una cierta degradacion microestructural
de la estructura multicapa.

En la Figura 14a se muestra la seccion transversal, tomada mediante microscopia
electrdénica de barrido, de una bicapa formada por una ldmina nanocolumnar porosa de
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Capitulo 3

SiO; sobre la que se ha depositado una pelicula de TiO, en geometria normal (la cual,
sobre una superficie plana, daria lugar a una microestructura compacta). En la pelicula
de TiO; se puede apreciar la existencia de fisuras que se relacionan con la existencia de
porosidad abierta intercolumnar en la lamina de SiO, que actlda de sustrato, en un
fendomeno que hemos venido en llamar «propagacién microestructural». Durante la
fabricacidon de multicapas este fendmeno puede llevar a la prolongacién de los grandes
poros abiertos de las capas nanocolumnares a través de todo el apilamiento,
propiciando la pérdida de control microestructural a medida que se apilan diferentes
monocapas en la estructura. Este hecho queda evidenciado en la Figura 14b donde se
muestra la seccidn transversal de un apilamiento de ldminas de TiO; depositadas en
geometria normal sobre una capa de SiOz nanocolumnar porosa. En la misma se observa
como la propagacién microestructural causa la pérdida de planaridad y compacidad de
las capas de TiO, y, por lo tanto, de la integridad de la estructura, que es una
caracteristica clave en su desempefio como dispositivo dptico.

Figura 14. Seccion transversal de microscopia electronica de barrido de: a) bicapa de TiO;
compacta sobre SiO; porosa en la que se aprecia la propagacién vertical de las grietas formadas
en las regiones intercolumnares de SiO,; b) multicapa formada por el apilamiento de laminas de
TiO; crecidas en geometria normal sobre SiO; porosas donde se aprecia el deterioro estructural
de las peliculas a lo largo del espesor como efecto de la propagacion de grietas. El esquema del
apilamiento se indica en el perfil a la izquierda de la figura. Las figuras de la derecha son el
resultado de la mejora del contraste de las figuras de la izquierda.

En este contexto, hemos estudiado el origen del fendmeno de propagacién de la
microestructura entre [dminas delgadas de SiO, poroso y TiO, compacto con el objetivo
de desarrollar una estrategia que minimice este fendmeno indeseado. Un primer analisis
de estas estructuras se ha llevado a cabo mediante simulaciones numéricas basadas en
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métodos de Monte Carlo.?'3” En estas simulaciones se estudia la relacion entre la
rugosidad superficial de las laminas de SiO y la propagacidn de fisuras en las [dminas
compactas de TiO,. De ellas se obtiene que el crecimiento de una capa de TiO; sobre
una superficie suave propicia la formacion de una intercara continua conformal y sin
fisuras, mientras que en el caso de crecimiento sobre la superficie porosa de SiO;, parte
del TiO, penetra en los espacios entre columnas provocando la formacién de
discontinuidades en la intercara. Estas discontinuidades evolucionan con el espesor
como fisuras verticales dividiendo a la pelicula en dominios de TiO, cuya anchura
depende del diametro de la columna sobre la que se ha depositado (ver con detalle en
el Capitulo 6).

Para evitar este inconveniente, en este trabajo proponemos la introduccién de una
capa de acomodacion entre la capa porosa y la capa compacta que sirva para desarrollar
una intercara continua, facilitando el crecimiento de una pelicula compacta de TiO3 sin
fisuras. Se propone para ello crecer esta fina capa de acomodacion mediante
pulverizacion catdédica en configuracion clasica y bajo un ligero bombardeo de iones del
plasma.®13 Este bombardeo propicia la migracién y difusién superficial de las especies
depositadas, permitiendo tapar los poros que se forman entre las columnas de la
pelicula nanoestructurada y favorecer la formacion de una intercara continua. La
demostracion de este fendmeno de suavizado se ha realizado analizando la evolucién
de la rugosidad superficial de peliculas porosas de SiO, a las que, para un espesor
determinado, se le ha crecido una capa de acomodacion con diferentes espesores. En la
Figura 15 se aprecia la evolucién de la rugosidad de laminas individuales de SiO;
nanoestructuradas en funcion de su espesor. Puede observarse cémo la rugosidad
aumenta con el espesor de la capa (puntos de color negro), de acuerdo con la teoria de
escalado dinamico %%7 (curvas en la figura), descrito como una ley potencial del tipow
AP, donde w es la rugosidad de la ldmina, A es el espesor y [ es el denominado
exponente de crecimiento.®® Este exponente es caracteristico para cada tipo de lamina,
siendo en nuestro caso: crecimiento compacto (8 = 0,6) o crecimiento nanocolumnar
(B = 0,8). La evolucion de la rugosidad al crecer esta capa de acomodacion se muestra
en la Figura 15 con puntos de color rojo. Asi, se demuestra cdmo esta capa produce la
disminucion de la rugosidad superficial, parametro que, para un espesor determinado
(A= 70 nm), alcanza un régimen de crecimiento con B = 0,6. De esta forma, se
demuestra que para un espesor de aproximadamente el 25% del de la capa porosa, la
capa de acomodacion consigue disminuir la rugosidad y recobrar un crecimiento igual al
de una capa compacta.
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Figura 15. Evolucidn de la rugosidad superficial en funcidn del espesor para: i) peliculas porosas
de SiO; (puntos de color negro); ii) peliculas densas de SiO, depositadas sobre pelicula de SiO;
porosa de ~280 nm de espesor (puntos de color rojo). Las lineas continuas se corresponden con
las tendencias predichas por la ley de potencias para una capa porosa cuyo exponente de
crecimiento es § = 0,8 (color negro) y una ldmina compacta cuyo exponente de crecimiento es
B = 0,6 ( color rojo).

Utilizando esta estrategia hemos realizado el crecimiento de un sistema tricapa
compuesto por una ldmina de TiO; depositada sobre otra de SiO; nanoestructurada
porosa interponiendo una capa de acomodacion de SiO,. En la Figura 16a se muestra la
seccidn transversal de este apilamiento en el que no se ha producido la propagacion
estructural desde la [dmina porosa de base hasta la ldmina compacta. Finalmente, una
prueba definitiva de la validez de esta metodologia se muestra en la Figura 16b,
equivalente a la mostrada en la Figura 14b pero en la que se ha intercalado una lamina
de SiO; continua de ~30 nm (el 25% del espesor de la lamina porosa) sobre cada una
de las peliculas de SiO2 porosas. El efecto de estas capas de acomodacion es evidente
en este sistema multicapa, de forma que la estructura aparece bien definida y muestra
una alta homogeneidad a lo largo de su espesor. Estas mejoras también son evidentes
en la respuesta éptica de la estructura, como se verd en detalle en el Capitulo 8.
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Figura 16. Secciones transversales de microscopia electrénica de barrido de a) la estructura
formada por SiO; poroso /SiO, compacto/TiO, compacto, en la se evita la propagacién de grietas
entre laminas; b) apilamiento de ldminas delgadas formando una estructura multicapa
utilizando la misma secuencia que en a). Para una mejor visualizacion se han incluido a la
derecha las imagenes de alto contraste para evidenciar, en este caso, la ausencia de propagacién
microestructural.

En resumen, en este trabajo se han conseguido reducir la rugosidad de capas porosas
nanocolumnares y amortiguar los efectos de propagacion microestructural durante la
fabricacidon de estructuras multicapas porosas mediante pulverizacion catddica en la
configuracion de angulo oblicuo. La estrategia desarrollada se basa en favorecer la
movilidad atémica superficial de las especies depositadas para sellar los poros de las
capas inferiores porosas creando una capa de acomodacion continua de baja rugosidad
sobre las mismas. Esta estrategia se puede aplicar de forma sencilla controlando
simplemente el angulo de rotacion del sustrato y el bombardeo de iones desde el plasma
durante el crecimiento de las capas. Esta metodologia serd utilizada en el Capitulo 8
para la fabricacion de estructuras foténicas multicapas utilizadas como espejos de
Bragg.
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BLOQUE TEMATICO: CONTROL MICROESTRUCTURAL
Articulo 2

3.2.2. Growth of nanocolumnar thin films on patterned substrates at
oblique angles.

Crecimiento de capas delgadas nanocolumnares a angulo oblicuo sobre patrones
superficiales.

Autores: Aurelio Garcia-Valenzuela, Sandra Mufioz-Pifia, German Alcala, Rafael Alvarez,
Bertrand Lacroix, Antonio J. Santos, Jesus Cuevas-Maraver, Victor Rico, Raul Gago, Luis
Vazquez, Jose Cotrino, Agustin R. Gonzalez-Elipe, Alberto Palmero.

Resumen del articulo correspondiente al Capitulo 7.

Tabla 2. Lista de variables utilizadas en este resumen.

A Longitud de onda de los motivos superficiales.
A Amplitud de los motivos superficiales.
l Longitud de correlacion.
w Rugosidad superficial de la pelicula delgada.
A Espesor de la pelicula delgada.
Ay Espesor de olvido.

En el Capitulo 6 se muestra como el crecimiento de una pelicula delgada depositada
sobre una superficie rugosa, tanto en configuracion normal como en configuracion de
angulo oblicuo, provoca la aparicion de grietas y patrones asociados a los motivos
superficiales del sustrato.®® Este fendmeno, al cual lo hemos denominado propagacion
de la microestructura, es mas acusado en el caso de peliculas depositadas a través de
geometrias de angulo oblicuo, ya que, bajo esta configuracion, los procesos de sombra
favorecen el crecimiento de las zonas mas altas en detrimento de las mas bajas,
amplificando el patron del sustrato en la pelicula. Este mecanismo, en principio
indeseado, también podria ser utilizado como una herramienta de nanoestructuracién
y, por ende, como herramienta para el control de las propiedades de la pelicula delgada.
En este capitulo, nos centraremos en este estudio que puede tener implicaciones
significativas a nivel industrial, ya que en los procesos industriales la deposicién de
[dminas delgadas no siempre se produce sobre superficies de alta planitud, sino sobre
sustratos que poseen una rugosidad intrinseca significativa.

En este trabajo, en primer lugar, se desarrolld el marco conceptual de este problema
mediante la resolucién de modelos ideales de crecimiento basados en técnicas de tipo
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Monte Carlo.?®0 La evolucién de las nanoestructura se estudié en funciéon de dos
parametros caracteristicos del sustrato, la longitud de onda del patrén (1) y la amplitud
(A) de los motivos. Asimismo, el crecimiento de la pelicula se analizé relacionando
dichas cantidades con la longitud de correlacién que definen los motivos superficiales
de la pelicula (1) y su rugosidad (w). La longitud de correlacion se define como la
distancia caracteristica que separa diferentes motivos sobre una superficie, mientras
gue la rugosidad es otra cantidad que estima la dispersion de alturas de una superficie
sobre su altura media. Las simulaciones se realizaron segun una geometria de
deposicion de angulo oblicuo sobre sustratos bidimensionales y se supuso que éstos
poseian un patron de tipo sinusoidal que, definido por A4 y A especificos, podian
presentar fluctuaciones de estos valores a lo largo de la superficie. De esta manera, para
espesores pequenos, se encontré que el material se va depositando preferentemente
en las zonas mas altas de los patrones, de forma que la pelicula reproduce la morfologia
del sustrato (Figura 17a). A esta etapa del crecimiento la hemos denominado Régimen
de Crecimiento Dirigido por el Sustrato (Substrate Driven Growth) y se mantiene hasta
un cierto espesor al cual lo hemos denominado espesor de olvido (Oblivion Thickness,
Ao). A partir de este espesor critico se produce un cambio en el modo de crecimiento
caracterizado por la coalescencia de nanoestructuras donde sélo las mas desarrolladas
verticalmente prevalecen (Figura 17b). A esta etapa del crecimiento la hemos
denominado Régimen de Crecimiento de Agregacion Columnar (Columnar Aggregation
Regime). Para espesores muy superiores a A,, las nanoestructuras evolucionan
independientemente de los motivos del sustrato (Figura 17c), denominando a este
modo como Crecimiento Libre (Free Growth Regime).

a) b) c)

Coalescencia
de
columnas

Crecimiento preferente
en zonas mas altas

v\

Substrate Driven Growth Columnar Aggregation Free Growth Regime

>

Aumento del espesor

Figura 17. Esquemas de las diferentes etapas de crecimiento de nanoestructuras en funcion del
espesor sobre sustratos con patrones definidos: a) pequefios espesores en los que se produce
un crecimiento que, fuertemente dependiente de los motivos del sustrato, ocurre
preferentemente en las zonas mas altas del sustrato (Substrate Driven Growth); b) coalescencia
de nanoestructuras en las que las mas desarrolladas incorporan a las mas pequenas (Columnar
Aggregation); c) crecimiento independiente de los motivos del sustrato (Free Growth Regime).

Con el objetivo de verificar este marco conceptual en condiciones reales de
deposicidn, se ha estudiado la evolucion de la microestructura de capas de SiO; crecidas
en configuracidon oblicua sobre sustratos tallados mediante haces de iones.”® En
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Capitulo 3

paralelo, para evaluar el efecto del sustrato nanoestructurado sobre el crecimiento, se
ha procedido a estudiar capas delgadas depositadas en las mismas condiciones sobre
sustratos planos de silicio. Los sustratos tallados utilizados poseen una superficie
formada por patrones altamente anisotrépicos, definidos por una longitud de onda
(longitud de correlacién) de & 550 nm y una rugosidad de = 32 nm (Figura 18a). En la
Figura 18a se muestran las imagenes de microscopia electrénica de barrido
correspondientes a la superficie de las peliculas depositadas en ambos tipos de
sustratos, evidencidandose la evolucién superficial de las peliculas en funcién del espesor
de las mismas.
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Figura 18. a) Vista, mediante MEB, de la superficie de las laminas delgadas de SiO, depositadas
sobre sustratos planos y sobre sustratos con patrones (RIPPLES). Las flechas indican la direccién
de llegada de las particulas. Longitud de correlacion (b) y rugosidad (c) obtenidas de la topografia
superficial de las laminas mediante AFM.

De forma analoga al procedimiento seguido con las simulaciones, hemos analizado
para estas peliculas la evolucidon de w y [ en funcién del espesor. Estos resultados se
muestran en la Figura 18b y permiten delimitar de forma experimental los espesores
para los que se producen los diferentes regimenes de crecimiento. Asi, para pequenos
espesores (A< 380 nm) la longitud de correlacién mantiene el mismo valor que el
sustrato (Figura 18b izquierda). Ello se debe a que el material se deposita
preferentemente en las zonas mas altas del sustrato, por lo que las nanoestructuras
formadas siguen los patrones de este (Figura 18a) segun el modo de crecimiento
Substrate Driven Growth Regimen. Para espesores superiores (A> 380 nm) se produce
un aumento en la longitud de correlacién de las nanoestructuras depositadas (Figura
18b). Debido a los procesos de sombra que gobiernan el crecimiento, para estos
espesores, las nanoestructuras depositadas en las zonas mas altas impiden el
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crecimiento de las depositadas en zonas mds bajas (Figura 17b). En esta etapa del
proceso, las nanoestructuras mas desarrolladas van incorporando a las de menor
tamafio resultando en el crecimiento de estructuras de mayores dimensiones. Este
modo de crecimiento se corresponde con el denominado Columnar Aggregation
Regime. Estos cambios morfoldgicos son apreciables en la Figura 18a donde, para un
espesor de 640 nm, la morfologia de la pelicula estd definida por motivos de mayor
tamafio y una mayor distancia entre ellos. La transicion entre estos modos de
crecimiento nos indica que el espesor de olvido se encuentra en un intervalo de
espesores comprendido 380 nm < Ay< 640 nm. Finalmente, para espesores
superiores (A> 1000 nm), el ordenamiento original de patrones superficiales
desaparece (Figura 17c) evidenciando su independencia con el patréon que define el
sustrato. También, en esta zona encontramos que la dependencia de la longitud de
correlacién con el espesor muestra una tendencia similar a la obtenida sobre sustratos
planos (Figura 18b). De hecho, la morfologia de estas nanoestructuras, para un espesor
de ~1000 nm, es similar al de otra peliculas depositada sobre un sustrato plano con
espesor muy superior (~3000 nm). Este modo de crecimiento se corresponde con el
modo de crecimiento de Free Growth Regimen. Un analisis equivalente se puede realizar
atendiendo a la evolucién de la rugosidad en funcion del espesor, evidencidndose
cambios de tendencia equivalentes debidos a las diferentes etapas de crecimiento.

En resumen, en este trabajo se ha desarrollado un marco conceptual para entender
el crecimiento de peliculas delgadas mediante pulverizacion catddica reactiva y
configuracion de angulo oblicuo sobre sustratos con patrones definidos y como éstos
afectan al crecimiento de la pelicula. El andlisis de la evolucidon de parametros clave
como la longitud de correlacion y la rugosidad de la pelicula nos ha permitido discernir
las diferentes etapas de crecimiento que se suceden durante la deposicion. En concreto,
hemos definido tres etapas en funcién del espesor, donde, para espesores pequefios el
crecimiento, las nanoestructuras desarrolladas poseen una gran dependencia con los
patrones del sustrato, mostrando una morfologia similar, en lo que hemos denominado
como Substrate Driven Growth Regime. En esta etapa se identifica un espesor critico
denominado espesor del olvido (A,) a partir del cual se producen procesos de
coalescencia —Columnar Aggregation Regime— entre las nanoestructuras columnares.
Para espesores superiores, el crecimiento es independiente de la morfologia del
sustrato, siendo esta etapa denominada como Free Growth Regime. Este marco
conceptual permite el desarrollo de herramientas para la nanoestructuracién de
peliculas delgadas a través de la utilizacion de sustratos con patrones definidos.
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BLOQUE TEMATICO: CONTROL MICROESTRUCTURAL
Articulo 3

3.2.3. Environmentally tight TiO,/SiO. porous 1D-photonic structure.

Estructuras fotdnicas porosas 1D de TiO,/SiO, ambientalmente herméticas.

Autores: Aurelio Garcia-Valenzuela, Carmen Lopez-Santos, Victor Rico, Rafael Alvarez,
Alberto Palmero, Agustin R. Gonzdlez-Elipe.

Resumen del articulo correspondiente al Capitulo 8.

Tabla 3. Lista de variables utilizadas en este resumen.

Ao Posicién del centro del minimo de la banda de reflexidn de un reflector de Bragg.
AA Anchura del minimo de la banda de reflexién de un reflector de Bragg.

ny indice de refraccién de mayor valor en una estructura foténica multicapa.

ny indice de refraccién de menor valor en una estructura foténica multicapa.

Nagua indice de refraccién del agua.

Ngire Indice de refraccién del aire.

Las estructuras multicapas se utilizan en la actualidad para el desarrollo de
dispositivos  fotocataliticos,” electrocromicos,”> celdas de combustible’ u
recubrimientos dpticos,3® entre otros. En todas estas aplicaciones, seria de gran interés
poder controlar no sélo la nanoestructura de las capas o las caracteristicas de las
intercaras que determinan la eficiencia del dispositivo, sino también dotarlas de una
estructura porosa que ayude a mejorar su funcionalidad o afiadir otras caracteristicas
complementarias. Por ejemplo, en el caso de aplicaciones 6pticas, la porosidad se ha
propuesto como via para ajustar la respuesta de recubrimientos antirreflectantes y
mejorar el rendimiento de celdas solares.”® También, la existencia de una estructura
porosa permite la infiltracion de fluidos (gases, liquidos, vapores) para su analisis
mediante técnicas de analisis dpticas. Sin embargo, la existencia de porosidad en las
capas también puede presentar desventajas, ya que, si la estructura porosa estd
expuesta al aire, el vapor de agua ambiental se puede consensar en su interior,
alterando su respuesta. Por todo ello, en este trabajo proponemos una metodologia de
fabricacion de estructuras fotdnicas 1D de didéxido de titanio (TiO2) y (SiO2) que,
basdandonos en los resultados del trabajo presentado en el punto 3.1 (Capitulo 6),
permite ajustar las propiedades dpticas de la estructura mediante el control de la
porosidad de las laminas individuales. Ademas, el procedimiento desarrollado asegura
la estanqueidad del conjunto frente a la condensacidon de vapor de agua vy, en
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consecuencia, permite su correcto funcionamiento como elemento pasivo en
aplicaciones al aire libre.

La primera parte de este trabajo esta dedicada a la fabricacion de multicapas
formadas por el apilamiento de laminas de didxido de silicio y didxido de titanio
(TiO2/Si02) mediante pulverizacidén catddica, utilizando la geometria de deposicidn
clasica (geometria normal), que da lugar a peliculas compactas cuando se crece sobre
un sustrato plano, u oblicua para aumentar, en su caso, la porosidad de las mismas. En
la Figura 19a se comparan los espectros de transmision correspondientes a dos tipos de
reflectores de Bragg con distintas morfologias: una formada por laminas compactas de
TiO, y porosas de SiO (TiO2-0°/Si0,-80°) y otra formada sélo por ldminas porosas (TiO»-
80°/Si02-80°) cuyas secciones transversales tomadas mediante microscopia electrénica
de barrido (SEM) se muestran en la Figuras 19b y 19¢, respectivamente. En ambos casos,
la banda de reflexidn se encuentra en la misma posicion, ya que, en ambos casos, cada
monocapa posee un espesor equivalente. Sin embargo, la anchura de esas bandas es
distinta en cada caso debido a que el contraste de indice de refraccidon entre monocapas
contiguas es diferente.”® Para la estructura Ti02-0°/Si02-80°, los indices de refraccion
son 2,23 y 1,36 para las capas TiO2-0° y SiO,-80° respectivamente, mientras que para el
caso de la estructura de Ti0,-80°/Si0,-80° los indices de refraccion son 1,86 y 1,36 para
TiOy y SiO;, respectivamente. Estos resultados estan de acuerdo con los principios de
interferencia Optica descritos en la bibliografia.”* Segin estos principios, es bien
conocido que la posicion del minimo, 4, y la anchura de la banda de reflexion, A4, estan
relacionadas mediante la expresiéon

A 4 1 (nH—nL) (1)

— = —sin
Ay ny +ng

donde ng yn; son los indices de refraccion de las monocapas de mayor y menor indice
de refraccion en la estructura multicapa, respectivamente. En el trabajo publicado
(capitulo 8)>3 se pone de manifiesto que las predicciones de esta ecuacién respecto del
valor AA/A, se verifican experimentalmente en caso de que las monocapas sean
compactas o porosas, encontrandose también un buen acuerdo con los espectros
simulados mediante la teoria de matrices de transferencia (Transfer-Matrix method).”>
Este conjunto de resultados prueba por lo tanto que es posible controlar las propiedades
Opticas de estructuras foténicas 1D ajustando la porosidad de las capas delgadas que se
apilan en ellas.
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Figura 19. a) Comparacion de los espectros de transmision UV-Vis de multicapas preparadas
mediante pulverizaciéon catddica bajo un estricto control de la porosidad de las laminas
individuales apiladas. Se representan dos espectros de transmisidon correspondientes a
multicapas formadas por capas de TiO, compacto sobre SiO, poroso (linea verde) y TiO, poroso
sobre SiO, poroso (linea azul); b) Micrografias MEB correspondientes a estos dos tipos de
multicapas.

Debido a la existencia de porosidad abierta al aire, las estructuras representadas en
la Figura 19 presentan una alta sensibilidad en su respuesta éptica frente a la humedad
ambiental. En la publicacién de referencia se pone de manifiesto que el vapor de agua
condensado en los poros de la estructura foténica induce un incremento en el indice de
refracciéon del medio efectivo, ya que el indice de refraccion del agua (nagua = 1,3) es
superior al del aire (ng,. =1,0). En este trabajo hemos evidenciado este
comportamiento exponiendo un conjunto de estructuras multicapas —en la forma de
reflectores de Bragg o microcavidades de Bragg— a una atmdsfera de vapor de agua en
una camara que se encuentra inicialmente en vacio.

En la Figura 20a se muestra, a modo de ejemplo, el espectro de transmisidon de una
multicapa formada por el apilamiento de laminas porosas de TiO, y SiO,. La
microestructura de esta multicapa estd caracterizada por el crecimiento de
nanocolumnas inclinadas con una alta porosidad intercolumnar (Figura 19c). La
exposicién a una atmodsfera saturada de vapor de agua produjo un cambio en la
respuesta optica de la multicapa, siendo el fendmeno parcialmente reversible cuando la
multicapa se expone de nuevo a condiciones de vacio. En concreto, la condensacion de
vapor de agua produjo el desplazamiento del espectro de transmision a longitudes de
onda mayores (Figura 19b). El analisis de estos espectros mediante simulaciones de
matrices de transferencia’> puso de manifiesto la existencia de variaciones en los indices
de refraccién de las ldminas individuales debido a la presencia de vapor de agua
condensada en los poros, permitiendo calcular el indice de refraccién de cada monocapa
cuando sus poros estaban llenos de agua.
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Figura 20. Efecto del vapor de agua en los espectros de transmisidon UV-Vis de una estructura
fotonica 1D formada por ldminas de TiO; y SiO, porosas. a) Espectro de transmisién en vacio
(rojo), tras exposicién a vapor de agua (azul) y vacio —recuperacion— (curva de lineas). b)
Detalle del borde derecho de la banda de transmision representada en a) en el que se observa
un desplazamiento claro del mismo.

Este andlisis se extendid a multicapas compuestas por laminas con diferentes
morfologias, incluyendo estructuras formadas por el apilamiento de laminas de TiO;
crecidas en geometria clasica (no porosa), sobre laminas de SiO, porosas bajo la
hipotesis de que esta configuracion daria lugar a una estructura estanca frente a la
humedad ambiental. Sin embargo, el comportamiento frente a la exposicién al vapor de
agua fue similar al mostrado en la Figura 20a para la estructura porosa, indicando que
el vapor de agua penetra y puede condensarse en los poros de esta estructura fotdnica.
Este comportamiento, resumido en el apartado 3.1 y descrito en detalle en el Capitulo
6,%° lo atribuimos a fendmenos de propagacion de grietas desde la ldmina porosa a la
compacta, con el resultado de que esta no crece de igual manera a como lo hace sobre
un sustrato plano. En efecto, en las estructuras fotdnicas estudiadas, el crecimiento de
las peliculas de TiO; en geometria normal se realiza sobre la superficie rugosa de las
peliculas de SiO; porosas, demostrandose que la discontinuidad de la intercara induce
la formacién grietas que se propagan a lo largo del espesor de la pelicula de TiO,,
permitiendo la difusion de vapor de agua desde el aire.

Para evitar estos fendmenos, en el Capitulo 6, se propuso una metodologia para
conseguir un mejor control estructural de las capas compactas crecidas sobre peliculas
porosas.®® La metodologia se basa en la deposicidon de una capa fina de acomodacidon
gue induzca la aparicidon de una intercara continua entre ambas monocapas. En
concreto, en dicho capitulo, se puso de manifiesto que esta capa de acomodacidn,
incluso para espesores de 20 nm, crece de manera compacta y sin grietas sobre la capa
porosa de SiOs.

En la Figura 21b se muestra una imagen SEM de la seccién transversal de una
estructura fotdnica formada por el apilamiento de capas de TiO, compacto sobre SiO;
poroso, intercalando entre ellas una capa de acomodaciéon de SiO,. En la figura se
aprecia que las ldminas de TiO; presentan una microestructura compacta que contrasta
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con la nanoestructura porosa de las laminas de SiO,. Este tipo de estructura fotdnica 1D
fue expuesta a una atmodsfera saturada de vapor de agua mostrando una alta
estanqueidad, tal y como se muestra en la Figura 21a. Esta figura muestra que la
respuesta optica no se ve afectada por las diferentes condiciones investigadas —en

vacio y expuesta a vapor de agua—, demostrandose el caracter hermético de la
estructura foténica.

a) 100 [——Vacio ' b)
P 1= Vapor de H,0
°\\°/ 80 -~ - Rescuperacion de vacio
.©
2 604
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g 40 |
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Figura 21. Efecto del vapor de agua en los espectros de transmisidon UV-Vis de una estructura
fotdnica 1D formada por laminas de TiO, poroso apiladas sobre capas de SiO, porosas con capa
de acomodacion de SiO;. a) Espectro de transmisidn en vacio (rojo), exposicién a vapor de agua

(azul) y vacio —recuperacion— (curva de lineas). b) Seccidn transversal y esquema de la
estructura.

Los resultados presentados en este trabajo ponen de manifiesto que la fabricacion
de multicapas porosas/compactas con la incorporacion de intercaras continuas permite
la obtencion de estructuras foténicas 1D cuya respuesta es independiente al nivel de
humedad ambiental. La utilizacidon de intercaras continuas, actuando como «capas de
acomodacioény», ofrece una superficie plana que facilita el apilamiento de peliculas de
distinta morfologia evitando la formacion de grietas y fendmenos de propagacion
microestructural. Este hecho aporta un grado de libertad adicional en la fabricacidn,
mediante la técnica de pulverizacidn catddica reactiva en la configuracion de angulo
oblicuo, de estructuras fotdnicas con una respuesta dptica a medida.
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BLOQUE TEMATICO: CONTROL QUIMICO

Articulo 4

3.3.1. Stoichiometric Control of SiOx Thin Films Grown by Reactive
Magnetron Sputtering at Oblique Angles.

Control estequiométrico de peliculas delgadas de SiOx depositadas mediante
pulverizacion catddica en la configuracién de angulo oblicuo.

Autores: Aurelio Garcia-Valenzuela, Rafael Alvarez, Carmen Lopez Santos, Francisco J.
Ferrer, Victor Rico, Elena Guillen, Mercedes Alcon-Camas, Ramon Escobar-Galindo,
Agustin R. Gonzalez-Elipe, Alberto Palmero.

Resumen del articulo correspondiente al Capitulo 9.

Tabla 4. Lista de variables utilizadas en este resumen.

X Relacién oxigeno/silicio en el SiO.

a Angulo de rotacién del sustrato.

Xo Relacion oxigeno/silicio en SiOx para un angulo de rotacién a.

Ty Tasa de deposicion en la configuracion clasica (@ = 0°).

Ty Tasa de deposicion en la configuracion de angulo oblicuo (@ > 0°).

= Grado de termalizacion.

L Distancia blanco-sustrato.

Ar Recorrido libre medio de termalizacién de un atomo pulverizado.

A Recorrido libre medio para una colisién eldstica de un &tomo pulverizado.
v Numero de colisiones medio para la termalizacién de un dtomo pulverizado.
Dg Presién parcial de argon.

Como hemos visto en los capitulos anteriores, la técnica de pulverizacion catddica
ofrece una gran versatilidad en el control morfolégico de peliculas delgadas. En
concreto, la posibilidad de realizar la deposicidon del material en una configuracion a
angulo oblicuo permite la transicién controlada desde un recubrimiento homogéneo y
compacto —en la configuracién de deposicidon clasica con el sustrato paralelo al
blanco— a una microestructura nanocolumnar porosa.®® Esta versatilidad en el control
morfoldgico proporciona un mayor control sobre propiedades del material depositado
donde la porosidad juega un papel clave, como por ejemplo en el caso de las
propiedades 6pticas, donde el control de la porosidad permite modificar el indice de
refraccion efectivo de la capa correspondiente.3® Por otro lado, de acuerdo con Nyberg

41



et al., la configuracion de angulo oblicuo también permite controlar la composicion
quimica de la pelicula delgada.? En este trabajo analizamos el efecto de la geometria de
angulo rasante sobre la composicion quimica de [dminas delgadas de subdxido de silicio
(8i0, con x < 2) preparadas mediante la técnica de pulverizacidn catddica reactiva,
habiendo propuesto una ecuacion sencilla que relaciona las condiciones de deposicién
y la composicién de la pelicula.

Para desarrollar esta expresion matematica se han analizado tedéricamente los
procesos que ocurren en un reactor de pulverizacion catddica durante la deposicién de
laminas delgadas. Asi, las particulas arrancadas del blanco de material a depositar deben
atravesar el gas de plasma del reactor en su trayecto hacia la superficie sobre la que se
deben depositar. Este gas estda compuesto, en el caso de pulverizacion catddica reactiva,
por un gas inerte —necesario para el establecimiento del plasma— y un gas reactivo
para formar el compuesto deseado, por ejemplo, oxigeno o nitrégeno. Durante el viaje
de las particulas hacia el sustrato, estas pueden sufrir colisiones con las particulas del
gas. Como comentamos en la introduccién, dependiendo del nimero medio de
colisiones que experimentan hasta depositarse, los procesos de transporte de los
atomos pueden enmarcarse dentro de tres categorias: i) transporte balistico, donde los
atomos llegan al sustrato sin experimental colisiones, y por lo tanto con una
direccionalidad preferente y con energias cinéticas equivalentes a las de eyeccién del
blanco (tipicamente por encima de 1 eV), ii) transporte difusivo, donde éstos
experimentan muchas colisiones antes de ser depositados y, por lo tanto, se incorporan
a la pelicula desde una direccion no preferente y con una energia cinética tipicamente
térmica (del orden de 0,01 eV), y iii) transporte en condiciones intermedias, donde los
atomos eyectados llegan a la pelicula en un régimen intermedio entre el balistico y el
difusivo. El balance entre estas particulas segun su grado de termalizacién gobernarad la
tasa de deposicion y el tipo de morfologia de la pelicula delgada depositada. En una
geometria clasica y segln una descripcidn en una sola dimension espacial, estos
procesos se pueden racionalizar mediante la relacion de Keller-Simmons,’® que, de
acuerdo a nuestro trabajo, bajo una geometria de angulo oblicuo toma la forma?°

-
&)

g

- 1 —
Ty exp(E) — 1 (1= cosa)

(1)
donde, 7, es la tasa de deposicion atdmica de Si al rotar el sustrato un angulo a, 1y es la
tasa de deposicién atémica de Si en la configuracidon clasica (¢ =0°) y E es el
denominado grado de termalizacion®®, el cual depende de la distancia blanco-sustrato
(L) y el recorrido libre medio de termalizacion de un dtomo eyectado del blanco (A7),
definido este como A = vA, donde A es el recorrido libre medio para una colision
elastica entre un atomo eyectado y una especie pesada del plasma, y v el nUmero de
colisiones medio requerido para la termalizacion de la especie eyectada. De esta
manera, E se define como E = L/A;. La Ecuacién 1 permite relacionar las condiciones
del proceso de deposicidn (presion y distancia blanco-sustrato) y el angulo de rotacion
del sustrato con la tasa de deposicion atdmica sobre el sustrato.
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Teniendo en cuenta consideraciones tales como que i) la contribucidon mayoritaria de
oxigeno que se incorpora a la pelicula proviene en forma de moléculas de oxigeno del
gas del plasma, ii) que su distribucién es homogénea e isotrdpica, 7/, y iii) que la
probabilidad de adsorcion de oxigeno en la superficie de la pelicula no depende de la
estequiometria mientras x<2 , hecho sugerido en la literatura para la deposicién de
peliculas delgadas de composicidon SiOx mediante pulverizacién catddica reactiva,?>’8 la
Ecuacion 1 se puede reescribir como:

=1—-————(1—cosa)

Xo
Xg exp(E) — 1

(2)

donde, x, es la composicion de la pelicula al rotar el sustrato un angulo a y x, es la
composicion de la pelicula al crecerla en las mismas condiciones pero segun una
geometria clasica (@ = 0°). Esta expresidn (Ecuacion 2), solo valida si se cumple que
X, < 2, es el principal resultado tedrico en este trabajo y establece la relacion entre el
angulo de inclinacién del sustrato, la estequiometria de la pelicula y las condiciones de
deposicion —distancia blanco-sustrato y presién parcial de oxigeno—.

E<<1 (x,= xg/cos(a) )

a

Valores
posibles
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Figura 22. Relacion de la estequiometria de capas de SiOx con respecto a la de una capa crecida
en geometria cldsica en las mismas condiciones, en funcidn del angulo de deposicién para
peliculas delgadas de éxido de silicio crecidas en una geometria de configuracidn oblicua y
distintos grados de termalizacién. Los limites de esta representacion son: E << 1 (régimen
balistico), donde la estequiometria posee una fuerte dependencia con el dngulo de deposicion
y > 1 (régimen difusivo), donde la estequiometria no depende del angulo de deposicion.
Relacién vélida mientras x, < 2.

En la Figura 22 se representa la prediccion del intervalo de variacién de la
composicidn permitido(x, /x,) en funciéon del dngulo de rotacién del sustrato (). Para
un grado de termalizacién alto (E > 1), esto es, en un régimen térmico de deposicion,
la composicion no muestra dependencia alguna con a. Este hecho es debido a que las
particulas eyectadas del catodo bajo estas condiciones poseen una direccion isotrdpica
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de llegada al sustrato, resultando que la composicidn sea independiente del angulo de
deposicién. Sin embargo, para un grado de termalizacién bajo (E « 1), en un régimen
puramente balistico, se obtiene una fuerte dependencia de la composicion con el dngulo
de deposicidn, siendo de destacar que los cambios de composicion mds acusados se
producen para angulos superiores a ~ 45°.

Los limites representados en la Figura 23, donde Z «< 1y E > 1, se han explorado
experimentalmente. Para ello hemos realizado la deposicidon de peliculas de SiOx en
condiciones de alta y baja termalizacion, analizandose tanto su composicién como su
morfologia. En la Figura 23a se representa la estequiometria de peliculas de SiOx
crecidas a distintos angulos de deposicion para un grado de termalizacion bajo

E = 0,18) definido por el uso de una presion parcial de argén de pg = 0,15 Pa. Las
diferentes series de muestras, cuya estequiometria se recoge en esta figura junto a la
prediccién de la ecuacion (2), se han depositado bajo diferentes flujos de oxigeno en el
reactor. El buen acuerdo entre la prediccidén tedrica y resultado experimental explica
como el aumento del flujo de oxigeno resulta en un aumento de la relacién
oxigeno/silicio (O/Si) en todos los casos. Asi mismo, el aumento del angulo de deposicion
para una cantidad de oxigeno dada resulta en un aumento de la relacion O/Si. Esta
tendencia es debida a que, para una cantidad de oxigeno dada en el reactor, el aumento
de a provoca una disminucién del nimero de atomos de silicio que llegan al sustrato
por unidad de area, traduciéndose en una mayor oxidacion de la pelicula y un aumento
de la relacion O/Si. De hecho, para las peliculas depositadas con un flujo de oxigeno de
2 sccm es posible cambiar la composicion desde x =~ 0,75 para a = 0°, hasta una
composicion completamente estequiométrica, x = 2, para a = 85°.
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Figura 23. Estequiometria de las peliculas para diferentes angulos de deposicién y diferentes
flujos de gas reactivo junto con la tendencia tedrica predicha por la ecuacion 2: a) para una
presiéon parcial de argdén de 0,15 Pa y b) para una presién parcial de argén de 1,50 Pa.

De igual modo, depositamos peliculas de SiOx para un grado de termalizacién muy
superior, con Z = 1,8 (Figura 23b). La presidén necesaria para alcanzar este grado de
termalizacion (pg =15 Pa) provoca el incremento de la poblacion de particulas que
experimentan un transporte difusivo. Bajo estas condiciones de deposicidon, la
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composicidon de las peliculas resulta menos dependiente del angulo de deposicién
variando, para el caso de un flujo de oxigeno de 1 sccm, desde x = 1,2 para a = 0°
hasta una composiciéon de x = 1,75 para a = 85°.

Cabe resenar que la morfologia de las peliculas depositadas (ver el capitulo 9 de la
Tesis), al igual que la composicidn, resultd ser muy sensible a la geometria especifica de
angulo oblicuo utilizada. Como cabe esperar, las peliculas depositadas en la
configuracion geométrica cldsica desarrollaron una nanoestructura compacta, mientras
qgue las peliculas depositadas en la configuracion oblicua presentaron una
nanoestructura porosa de columnas inclinadas y una mayor definicion de su
nanoestructura columnar a medida que se incrementa el angulo de deposicién. Sin
embargo, las peliculas depositadas para un grado de termalizacion alto poseen una
nanoestructura compuesta por estructuras esponjosas verticales. Esta morfologia,
caracteristicas de las peliculas depositadas a alta presion, es independiente del dngulo
de deposicidn, debido a que las particulas involucradas en el crecimiento de la pelicula
poseen una distribucién de momento.

Finalmente, en este trabajo analizamos también la Ecuacidn 2 comparando el
cociente (x,/x,) obtenido experimentalmente con los valores predichos por dicha
ecuacion. En la Figura 24 se muestra la evolucién del ratio (x,/x,) en funcién del angulo
de deposiciéon, poniéndose en evidencia el buen acuerdo entre los valores
experimentales y tedricos. Estos resultados ponen de manifiesto la influencia de los
diferentes grados de termalizacion en el control de la estequiometria de las peliculas
depositadas mediante pulverizacidn catddica.
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Figura 24. Valor de x,/x, en funcién de o para los casos experimentales estudiados en este

trabajo donde x, < 2. Estos valores experimentales se superponen sobre las tendencias
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tedricas (lineas continuas) predichas por la ecuacién 2. Nétese que los casos con X, = 2 no se
han incluido en el grafico.

Finalmente, los resultados de este trabajo demuestran que durante la deposicién de
peliculas delgadas de SiOx se puede controlar la composicién de estas mediante la
rotacién del sustrato con respecto a la direccién de llegada de las particulas. De esta
forma se valida la técnica de pulverizacién catddica reactiva en la configuracion de
angulo oblicuo como herramienta versatil para el control tanto quimico como
microestructural de recubrimientos de SiOyx. Por otro lado, se ha obtenido una ecuacién
matematica sencilla que permite predecir la estequiometria de los recubrimientos en
funcién de parametros experimentales como la presidon de argdén, grado de
termalizacion o angulo de rotacién del sustrato.
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BLOQUE TEMATICO: CONTROL QUIMICO
Articulo 5

3.3.2. 2D compositional self-patterning in magnetron sputtered thin
films.

Obtencion de Patrones Quimicos 2D en peliculas delgadas depositadas mediante
pulverizacion catddica reactiva a angulos oblicuos.

Autores: Aurelio Garcia-Valenzuela, Rafael Alvarez, Victor Rico, Juan P. Espinos, Maria
C. Lopez-Santos, Javier Solis, Jan Siegel, Adolfo Del Campo, Alberto Palmero, Agustin R.
Gonzdlez-Elipe.

Resumen del articulo correspondiente al Capitulo 10.

En el Capitulo 9 se ha presentado un procedimiento que muestra como es posible
controlar la composicién quimica de laminas delgadas de subdxido de silicio (SiOx)
mediante pulverizacidn catddica reactiva en la configuracién de dngulo oblicuo.?? En
dicho trabajo se ha demostrado que mediante el ajuste del angulo de deposicion y la
presion parcial de oxigeno es posible controlar de forma precisa, no sélo la morfologia
de la pelicula delgada sino también su composicion. De la misma manera, en el Capitulo
7 hemos puesto de manifiesto que la deposicidn sobre sustratos con un relieve
geométrico determinado posibilita la fabricacion de nanoestructuras que pueden seguir
dicho patrén.*”° Quedaria explorar si dichos patrones morfoldgicos se podrian traducir
también en patrones quimicos utilizando la geometria de angulo rasante. En efecto, un
sustrato con patrones puede presentar diferentes superficies con diferentes
orientaciones con respecto al blanco, lo que podria ser equivalente (a escala local) a una
rotacion de un sustrato plano.

Esta idea se ha analizado inicialmente mediante un modelo matematico?-®° con el
gue hemos simulado la deposicién de SiOx sobre un sustrato con un relieve sinusoidal.
Este modelo tiene en cuenta que, durante la deposicidén de SiOx mediante pulverizacién
catddica, los atomos de silicio sufren colisiones con las particulas del gas del plasma en
su trayectoria desde el blanco al sustrato (Figura 25a), alterando su distribucién angular
de llegada. Debido a estas colisiones se pueden encontrar tres tipos de particulas
atendiendo a la distribucién de su momento de llegada: balisticas —las cuales no han
sufrido colisiones y llegan a la pelicula con su momento original—, difusivas —las cuales
han sufrido un gran ndmero de colisiones y poseen una distribucién de momento
isotropica al llegar a la pelicula— y condiciones intermedias —las cuales, aunque han
sufrido un gran numero de colisiones, pero aln mantienen una cierta direccionalidad
preferente de llegada y energia cinética por encima de valores tipicamente difusivos—.
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Figura 25.Simulacuiones de Monte Carlo para una deposicidn a 85° de una pelicula de SiOx sobre
una superficie ideal con un perfil sinusoidal (color rojo oscuro) y un espesor equivalente sobre
sustrato plano de 70 nm. a) Esquema descriptivo de los procesos de termalizacién sufridos por
las particulas en su trayecto desde el blanco hacia el sustrato. b) Seccidn transversal del espesor
y nanoestructura de la capa depositada sobre el sustrato de relieve sinusoidal. c) Mapa de color
de la evolucién de la composicion de la capa, donde el color azul oscuro corresponde a SiO, el
rojo a SiOyx (con el menor valor de x), el amarillo corresponde una zona de transicion.

Las simulaciones representadas en la Figura 25b evidencian que el crecimiento de la
pelicula no sélo se realiza en la region del sustrato enfrentada al blanco, sino que
también las zonas opuestas a la direccion de las particulas balisticas se recubren de
material depositado. Esto es debido a que en las zonas enfrentadas al blanco pueden
acceder los tres tipos de particulas, mientras que, a las no enfrentadas, sélo las
particulas termalizadas y parcialmente termalizadas pueden llegar a depositarse. Esto
hace que el espesor de la pelicula en estas dos regiones sea diferente, y por ende la tasa
de deposicion. Cabe ademas sefalar que en la region enfrentada al blanco la morfologia
de la lamina es mas densa y homogénea debido a la llegada de particulas balisticas con
alta energia, mientras que en la region oculta al blanco la nanoestructura del depésito,
formada por estructuras verticales porosas, es equivalente a la de capas crecidas con
particulas de baja energia y trayectorias isotrdpicas,*? obteniéndose una variacion
progresiva de la nanoestructura a lo largo del perfil.

Segun la representacion en la Figura 25c, la composicion de la pelicula también
cambia a lo largo del perfil sinusoidal. La zona enfrentada al blanco, donde la tasa de
deposicidon de silicio es mayor al nutrirse de los tres tipos de particulas mencionadas, se
produce la formacion de un éxido subestequiométrico de silicio (Si0, con x < 2). Sin
embargo, en la zona opuesta la tasa de deposicion de silicio es menor al deberse
exclusivamente a particulas termalizadas. Dado que la tasa de llegada de moléculas de
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oxigeno es la misma en todas las regiones de la superficie del sustrato (el oxigeno se
supone en fase gaseosa y en equilibrio, i.e. con una funcién de momento isotrdpica), la
relacion O/Si serda mucho mayor en las zonas ocultas al blanco, que resultan con una
composicidn de un compuesto completamente estequiométrico (Si0,).

Los resultados de las simulaciones anteriores sirvieron para orientar el desarrollo
experimental de una metodologia capaz de generar mapas de composicion superficial
segun un patron lateral 2D definido por el relieve de sustratos con un patron geométrico
2D. Para ello se utilizaron sustratos tallados con laser segun la técnica LIPSS (del inglés
Laser-Induced Periodic Surface Structuring).®° Una imagen topografica de los sustratos
utilizados se presenta en la Figura 26a. En ella se pueden apreciar los patrones
longitudinales horizontales tallados mediante laser. La seccidén transversal de estos
patrones (Figura 26b) pone de manifiesto la similitud con los perfiles sinusoidales
utilizados para las simulaciones. El perfil de los sustratos esta caracterizado por los
valores de la amplitud y periodo de los patrones, cuyos valores aproximados son de 250
nm y 700 nm respectivamente. Una imagen tomada mediante microscopia electronica
de barrido nos permite ver con mas detalle la disposicién de los patrones en el sustrato
(Figura 26¢).
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Figura 26. a) Representacion topografica mediante microscopia de fuerza atomica (AFM) de la
superficie de un sustrato tallado mediante LIPSS®’ en el que se han formado patrones
longitudinales 2D. b) Seccidn transversal del sustrato caracterizado por una amplitud media de
250 nmy un periodo de 700 nm. c) Imagen de microscopia electrdnica de barrido de la superficie
del sustrato en la que se observan los patrones alargados 2D.

Sobre este sustrato se procedio a depositar una capa de SiO15 a un angulo oblicuo de
85°. Mediante la técnica de espectroscopia de fotoemisién de rayos X (X-ray
Photoemission Spectroscopy, XPS) hemos realizado el andlisis selectivo de la
composicion de las peliculas depositadas en las diferentes zonas del sustrato segun su
exposicién directa al blanco. Para ello, orientando el sustrato a diferentes angulos con
respecto al detector del equipo (ver esquemas en la Figura 27) es posible determinar la
composicion de la capa segln su exposicion directa o no al blanco durante la deposicion.
En la Figura 27 se muestran los espectros del nivel Si2p y su correspondiente ajuste para
una lamina con una composicién nominal de SiOi5. Los resultados revelan que,
efectivamente en la regidn enfrentada al blanco (coleccién a -70°) se ha depositado un
compuesto con una mayor presencia de Si, lo que indica que es un compuesto con una
composicion muy diferente de la del éxido estequiométrico. Por el contrario, en el
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andlisis de la zona oculta al blanco (coleccién a +70°) se obtiene un compuesto con una
alta proporcion de la especie Si#*, caracteristicas del 6xido estequiométrico. Un analisis
equivalente se ha realizado sobre peliculas con composiciones nominales de x=1,2 y
x=1,9 obteniéndose un comportamiento analogo al representado en la Figura 27.

Coleccion a +70° Coleccion at -70°
2+
s+ Si s

106 104 102 100 98 96 106 104 102 100 98 96 106 104 102 100 98 96
Energia de enlace (eV)| | Energia de enlace (eV)| |Energia de enlace (eV)

Detector Detector
Detector E'
Fuente de Fuente de

rayos X rayos X

x disminuye en el SiO,
E—>u—>m

Fuente de
rayos X

Figura 27. Parte inferior) Esquema de la geometria de medida de los espectros de fotoemisiéon
de rayos X con respecto a la perpendicular del sustrato (0°, -70° y +70°). Parte superior) Ajustes
de los espectros de Si2p de una pelicula de SiO1 5 depositada sobre un sustrato con un relieve
replicado 2D registrados a tres angulos de coleccién. Los ajustes de los espectros se han
realizado para cinco bandas separadas entre si aproximadamente 1eV.

La evolucidn en los espectros obtenidos claramente demuestra la heterogeneidad de
la composicién a lo largo de la superficie del sustrato. Sin embargo, este analisis no
permite conocer la distribucién quimica sobre la superficie a nivel local. Para conocerlo
hemos realizado un analisis mediante espectroscopia Raman combinada con
microscopia de fuerzas atdmicas (AFM-Raman), la cual nos permite analizar la
distribucién composicional a nivel microscépico. En las Figura 28a y 28b se muestran
respectivamente los mapas topograficos (AFM) y Raman tomados simultaneamente
sobre la superficie de una pelicula con una composicién nominal de SiO1.,. Los colores
se corresponden con las diferentes respuestas Raman registradas en la superficie de la
muestra. En particular, el espectro asociado a las regiones de color azul (Figura 28c) esta
compuesto por las bandas caracteristicas del SiO48'8 mientras que el espectro
correspondiente a las zonas de color rojo (Figura 28d) se caracteriza por la presencia de
las bandas tipicas de enlaces Si-O en Si0,.8*
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Figura 28. Anadlisis mediante AFM-Raman de peliculas de SiO;, depositadas sobre sustratos
tallados con laser: a) topografia superficial de la pelicula; b) mapa composicional combinado con
imagen topogréfica; c) espectro Raman caracteristico de peliculas delgadas de SiOy
correspondiente a las zonas de color azul en el mapa composicional de b); d) espectro Raman
caracteristico de peliculas delgadas de SiO; correspondiente a las zonas de color rojo en el mapa
composicional de b).

La distribucion de las diferentes regiones de distinto color nos permite constatar que
las zonas mas ricas en silicio se encuentran en las zonas de los patrones enfrentadas a
la direccién de llegada de las particulas (flechas en la Figura 28b). Estos resultados
evidencian la formacién de SiO; en la zona posterior de las crestas y la localizacién de
SiOx en las regiones frontales de las mismas.

En este trabajo demostramos la distribucion composicional en peliculas de SiOx
siguiendo un patrén geométrico 2D. Para ello hemos desarrollado una estrategia basada
en la combinacidn de la nanoestructuracion de superficies mediante ldser y la
deposicidon de peliculas delgadas mediante la técnica de pulverizacion catddica reactiva
en la geometria de angulo rasante. Debido a los tipos de particulas presentes durante la
deposicion de SiOy, el crecimiento de la pelicula es mas rico en silicio en las zonas
enfrentadas a la direccion de llegada de las particulas formando SiOy, en contraste con
las zonas ocultas a la fuente de pulverizacién, donde se forma SiO;. Con ello se
demuestra que, en los crecimientos gobernados por procesos de sombra, el patrén
geométrico dirige la distribuciéon de composicién quimica sobre la superficie, por lo que

51



Capitulo 3

el control sobre la topografia superficial determinaria la distribucién composicional del
recubrimiento.
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BLOQUE TEMATICO: CONTROL QUIMICO
Articulo 6

3.3.3. SiOx by magnetron sputtered revisited: tailoring the photonic
properties of multilayers.

Revision de la deposicidon de SiOx mediante pulverizacidn catddica: adaptacion a
medida de las propiedades de estructuras foténicas multicapas.

Autores: Aurelio Garcia-Valenzuela, Rafael Alvarez, Juan Pedro Espinds, Victor Rico,
Jorge Gil-Rostra, Alberto Palmero, Agustin R. Gonzalez-Elipe.

Resumen del articulo correspondiente al Capitulo 11.

Tabla 5. Lista de variables utilizadas en este resumen.

n indice de refraccién.
X Relacién oxigeno/silicio en el SiO.

A Longitud de onda.

El fundamento basico del funcionamiento de algunos sensores épticos consiste en la
modulacion de su respuesta al hacer interaccionar el dispositivo con un fluido. Este
principio subyace en aplicaciones tales como la deteccion de bacterias mediante
estructuras fotdénicas Fabry-Perot,®® «sensado sin marcaje» (del inglés label-free
sensing) para la deteccidn de células® o biosensores,?” entre otras. En estos dispositivos,
la parte activa integra una estructura fotdénica 1D compuesta por el apilamiento de
l[dminas delgadas porosas de dos materiales con distintos indices de refraccién (n), como
pueden ser SiO7 (n=1,4) y TiO2 (n=1,8).288

Un material habitual en este tipo de aplicaciones es el dxido de silicio (Si0,, con x <
2) debido a sus propiedades opticas y eléctricas, asi como a la posibilidad de anclar
moléculas a su estructura permitiendo realizar detecciones selectivas en funcién del tipo
de molécula utilizada.?® Desde el punto de vista de su integracién en sensores épticos,
es relevante sefialar que materiales del tipo SiOx (x<2) son opacos en las regiones del
espectro visible y primeras zonas del infrarrojo cercano, variando el umbral de absorcién
con el valor de x. En forma de capa delgada, sus propiedades épticas dependen de la
estequiometria y la nanoestructura. Por ejemplo, el indice de refraccién en el infrarrojo
(A = 1500 nm) puede variar desde 1,4 para el éxido estequiométrico (SiO;) hasta 3,4
para el silicio (Si). Esta dependencia con la composicién y nanoestructura permite
disefiar estructuras fotdnicas que integren capas apiladas con gran contraste en el indice
de refraccion en esa region de longitudes de onda.
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Aunque la fabricacion de peliculas porosas de SiOx se ha abordado a través de
diferentes vias de sintesis consiguiendo un control de la nanoestructura o de la
composicién quimica con una gran precision,®®°! no existe ninguna técnica o estrategia
que permita controlar ambas propiedades simultdneamente. Con este propdsito, en
este trabajo proponemos una estrategia de sintesis que permite obtener en una sola
etapa laminas delgadas de SiOx con una composicidén y microestructura bien definidas.
El método desarrollado se basa en la técnica de pulverizacidon catddica reactiva en la
configuracion de angulo oblicuo. Mediante la estrategia desarrollada ha sido posible
lograr un control estricto de la composicion y la nanoestructura de las capas de SiOx a
partir de la modificacién de dos variables durante el proceso de deposicidn, la presion
parcial de oxigeno y el angulo de deposicion. Una descripciéon pormenorizada de la
técnica aplicada se presenta en el Capitulo 9.2

La validez de la estrategia desarrollada se ha aplicado a la deposicién de diferentes
series de muestras en las que se ha mantenido constante su composicidén, modificando
sistematicamente su microestructura. De esta forma demostramos el control
simultaneo de ambas propiedades: |la microestructura y la composicion (ver con detalle
en el Capitulo 11). Los cambios en la composicidn quimica y nanoestructura provocan la
variacion de las propiedades Opticas de las peliculas de SiOx. La variacion
estequiométrica del SiOx aumentando su cantidad en oxigeno (aumento de x) provoca
una disminucién del indice de refraccion y desplaza su borde de absorciéon a menores
longitudes de onda (mayor transparencia en el rango visible). Por otro lado, el
crecimiento de peliculas porosas permite igualmente la disminucién del indice de
refraccion de la pelicula sin provocar desplazamientos del borde de absorcion. Por tanto,
controlando estas dos variables es posible depositar peliculas con unas propiedades
Opticas determinadas. Estos resultados son de gran relevancia debido a que el control
preciso de las condiciones de deposicidn nos permite seleccionar las propiedades
Opticas y nanoestructurales de las peliculas delgadas. Como se vera a continuacién, ese
control proporciona un alto grado de precisidn en la seleccidn de la respuesta dptica de
las estructuras fotdénicas formadas a partir del apilamiento de capas de SiO; y SiOx.

Como ejemplo del grado de control que puede conseguirse en la fabricacién de
estructuras fotonicas, en el trabajo hemos preparado cuatro multicapas en forma de
reflectores de Bragg (BR) formados por capas de SiO; y SiOx con dos estequiometrias
(Si0o,s y SiOos) y morfologias diferentes (compactas y porosas). Las secciones
transversales de estas multicapas se muestran en la Figura 29 (inferior), mientras que
sus respectivos espectros de reflexién se muestran en la Figura 29 (superior). El caracter
compacto o poroso de las diferentes capas apiladas en las estructuras fotdnicas
analizadas queda claramente evidenciado en las imagenes de secciones transversales de
microscopia electrénica de esta figura. Por otro lado, los espectros estan caracterizados
por la presencia de una banda de reflexion ancha tipica de estas estructuras fotdnicas.
La anchura de esta banda depende principalmente del contraste entre indices de
refraccion de las capas que forman la multicapa, mientras que la posicién del centro del
minimo de la banda estd definida por el espesor de las laminas individuales.”* Esta
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comparacion pone de manifiesto que a través del control de la composicidon y morfologia
de las peliculas delgadas se puede definir la respuesta éptica de la estructura foténica.
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Figura 29. Superior) Series de espectros de reflexion normalizada correspondientes a
multicaopas compactas y porosas de de SiO«/SiO, que se comportan como «reflectores de
Bragg». Inferior) Secciones transversales de microscopia electrénica de barrido junto con un
esquema de la secuencia de lamias de SiOx y SiO, para las multicapas cuyos epectros se muestran
en la parte superior.

La alta porosidad de las estructuras fotdnicas preparadas mediante la metodologia
desarrollada en este trabajo permite introducir fluidos a través de los poros para
modular la respuesta éptica del conjunto. El indice de refraccién de una pelicula porosa
se define como el promedio entre el indice del material de la capa y el indice del aire
ocluido en los poros.>? Al rellenar estos poros con un fluido el indice de refraccidon
efectivo de la pelicula cambia. Esta es la base de la modulacién dptica de estructuras
fotdnicas cuando se infiltran con liquidos o vapores. En este trabajo hemos infiltrado
una estructura multicapa actuando como reflector de Bragg con diferentes fluidos para
analizar la evolucidn de sus propiedades dpticas. El incremento del indice de refraccién
efectivo de las peliculas porosas provoca el ensanchamiento de la banda de reflexién y
su desplazamiento hacia longitudes de onda superiores mostrando un comportamiento
lineal entre estas magnitudes (ver esta dependencia en el Capitulo 11).

El principio de la modulacién optofluidica de las propiedades de las estructuras
foténicas se ha aplicado a una microcavidad de Bragg. Estas estructuras estdn

55



compuestas por dos reflectores de Bragg separados por una capa gruesa del material de
menor indice de refraccién, en nuestro caso SiO, poroso (Figura 30c). La capa gruesa
actua como defecto dptico introduciendo en el interior de la banda de reflexion un pico
resonante que permite monitorizar la respuesta dptica del conjunto al ser infiltrado con
un fluido. En la Figura 30a se muestra la evolucién del espectro de reflexiéon de esta
estructura al ser infiltrado con fluidos de diferentes indices de refraccion. Al igual que
para el caso de reflectores de Bragg, la banda de reflexidn aumenta su anchura y se
desplaza a mayores longitudes de onda al ser infiltrada con fluidos de indices de
refraccion crecientes. Este comportamiento muestra una tendencia lineal entre el
desplazamiento del centro del pico resonante y el indice de refraccidn de los liquidos
(Figura 30b). A partir de la pendiente de la recta que define esta variacidon se puede
determinar la sensibilidad de la estructura, que en este caso resulté ser 90,4 RIU™.
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Figura 30. a) Evolucion del espectro de reflexidén normalizado de una «microcavidad de Bragg»
infiltrada con liquidos de diferentes indices de refraccion. El recuadro muestra con detalle el
desplazamiento del pico resonante. b) Representacidén de la posicion del pico resonante en
funcién del indice de refrraccién del liquido infiltrado. Los puntos se corresponden con agua
(n=1,31), hexano (n=1,35), octano (n=1,40), ciclohexano (n=1,43), ciclooctano (n=1,46), tolueno
(n=1,50) y diyodometano (n=1,70). c) Seccion transversal de microscopia electrénica y esquema
de la estructura fotdnica SiO,/SiO,. d) diferencia entre espectros en la zona espectral del pico
resonante cuando la estructura se infiltra con una mezcla de tolueno y hexano. e)
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representacion de la resta entre maximo y minimo en funcion de la fraccion molar de tolueno.
indice de refraccién calculado para la mnezcla suponiedo que no se producen cambios de
volumen.

Finalmente hemos demostrado en este trabajo la validez de usar estas estructuras
como detectores de fluidos, «/label free sensing», para el andlisis de fluidos en continuo.
En la Figura 30e se muestra la respuesta dptica de la estructura fotonica con respecto al
indice de refraccion del fluido, en este caso una mezcla de tolueno en hexano. La
respuesta optica de la estructura se ha determinado analizando la zona espectral
préxima al pico resonante y realizando la diferencia entre espectros (Figura 30d). Este
tipo de analisis nos permite aumentar la precisidon del sensor que, en este caso, resulté
ser de 219,9 RIU, permitiendo la deteccién de cambios en el indice de refraccion del
liquido infiltrado del orden de 0,002 RIU.

En este trabajo hemos presentado una estrategia de crecimiento de peliculas
delgadas de SiOx con una estequiometria y nanoestructura controladas a la carta. Esta
estrategia permite obtener en una simple etapa nanoestructuras de SiOx con
propiedades dpticas determinadas, a diferencia de las vias convencionales de sintesis,
mediante la técnica de pulverizacidén catdédica reactiva en la configuracion de angulo
oblicuo. Con todo ello es posible fabricar estructuras multicapas fotdnicas 1D de SiOxy
SiO; con distintas morfologias para operar en el infrarrojo cercano. Debido a la alta
porosidad hemos modulado la respuesta dptica de las estructuras fotonicas mediante la
infiltraciéon de liquidos en su interior, demostrandose la funcionalidad de estructuras
fotdnicas 1D en la deteccidon de fluidos con una alta sensibilidad.
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BLOQUE TEMATICO: ESCALADO INDUSTRIAL DE LA
NANOESTRUCTURACION MEDIANTE PULVERIZACION CATODICA

Articulo 7

3.3.1. Growth of nanocolumnar porous TiO; thin films by magnetron
sputtering using particle collimators.

Crecimiento de ldminas delgadas nanocolumnares de TiO, mediante
pulverizacion catddica utilizando colimadores de particulas.

Autores: A. Garcia-Valenzuela, R. Alvarez, V. Rico, J. Cotrino, A. R. Gonzdlez-Elipe, A.
Palmero.

Resumen del articulo correspondiente al Capitulo 12.

Tabla 6. Lista de variables utilizadas en este resumen.

a Angulo de rotacién del sustrato.
L Distancia blanco-sustrato.
Pg Presidn parcial del gas.

En los capitulos precedentes hemos mostrado la versatilidad de la técnica de
pulverizacion catddica reactiva en la configuracion de angulo oblicuo para el crecimiento
de peliculas delgadas nanoestructuradas. Con esta configuracion es posible obtener
peliculas con propiedades definidas gracias al alto grado de control que se alcanza tanto
en la composicién como en la microestructura de los recubrimientos depositados.?%37,69
Concretamente, en los Capitulos 8 y 11 hemos visto que la gran capacidad de control de
las propiedades de las peliculas permite fabricar estructuras fotdénicas que pueden
utilizarse tanto como elementos pasivos o activos en dispositivos épticos gracias a la
modulacion de la respuesta Optica de estas estructuras. Sin embargo, desde un punto
de vista industrial, la implementacion de la configuracion de angulo oblicuo para la
deposicidn de peliculas porosas sobre grandes superficies no es facil. En concreto, en
algunas ocasiones la alta presidon de trabajo necesaria para mantener una descarga de
plasma estable en reactores industriales impide la incidencia predominantemente
oblicua y los fendmenos de sombra asociados. En otras, la geometria del propio equipo
de deposicion impone restricciones mecanicas a la implementacién de esta
configuracion de angulo oblicuo.

Por tanto, es necesario desarrollar una estrategia de deposicion de peliculas delgadas
nanoestructuradas en condiciones reales que permita escalar el proceso a condiciones
industriales. Para ello, en este trabajo proponemos la deposicién de nanoestructuras
porosas mediante el uso de colimadores de particulas. Esta estrategia combinada con
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otras metodologias como el sistema roll to roll para el desplazamiento continuo de
sustratos, podria ser utilizada para la deposicién de peliculas nanoestructuradas sobre
grandes superficies.

Tal y como se entiende en este trabajo, un colimador es una pieza formada por dos
superficies planas que forman un angulo entre si. En nuestro caso este angulo es de 20°
(Figura 31a). En este sistema, los sustratos se colocan bajo la superficie inclinada,
asegurandose asi que las particulas que alcancen el sustrato formen un angulo
determinado con la superficie de éste (Figura 31b).

a) b) Particulas

Particiilys no depositadas

;\

Colimador \.

\

Sustrato

Lc=2 cm

Sustrato

Figura 31. a) Imagen de un colimador de particulas constituido por dos planos que forman entre
si un angulo de 20°. b) esquema representando el funcionamiento del colimador. Los sustratos
se colocan bajo el plano inclinado de forma que sélo llegardn a la superficie del sustrato aquellas
particulas con un angulo determinado definido por la apertura angular del colimador.

En este trabajo se ha estudiado la formacidn de peliculas de TiO,, analizando cdmo la
utilizacion de colimadores permite, dentro de un régimen de transporte determinado
de especies eyectadas del blanco, seleccionar aquellas que lleguen a lo largo de una
direccidon preferencial respecto a la normal del sustrato, independientemente de las
condiciones experimentales en el reactor. Con estas restricciones geométricas se ha
analizado, en primer lugar, de forma tedrica, la distribucion de los dngulos de llegada de
especies del blanco sobre un sustrato en configuracidn oblicua y paralela con respecto
de este. Los calculos se han realizado para condiciones de deposicién en los que se
presentan diferentes regimenes —balistico (baja presién), difusivo (alta presion) y
condiciones intermedias (presién intermedia)?®>?%4277— en dos situaciones posibles: con
y sin colimador. A modo de ejemplo, en la Figura 32 se muestra la distribucién de
particulas segun su angulo de llegada sobre la superficie para condiciones de presién
intermedia (py; = 0,5Pa y L = 7 cm) y una configuracién oblicua de a = 80°. En
ausencia de colimador, la curva muestra un pico bien definido para un angulo de
incidencia de 80°: en dicha figura hemos también representado las componentes
balisticas y difusivas e intermedias de las especies depositadas, comprobando que todas
ellas contribuyen de manera importante a la deposicién. De hecho, la proporcion de
especies balisticas, termalizadas y en situaciones intermedias es del 21%, 58%, y 21%,
respectivamente, lo que indica que muchas particulas llegaran al sustrato a lo largo de
direcciones varias alejadas de los a = 80°. En presencia de colimador, la distribuciéon
cambia drasticamente, elimindndose practicamente en su totalidad las particulas con
angulos de incidencia menores de @ = 50° y resaltandose la proporcién de especies con
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angulos de llegada alrededor de a = 80°. De la Figura 32, se deduce también que la
utilizacién del colimador permite otro escenario diferente caracterizado por una
disminucion drastica de la contribucion de especies termalizadas, alcanzdndose una
contribucién de especies balisticas del =55% y que las particulas llegan a la superficie del
sustrato con direcciones de llegada mejor definida con angulos de incidencia entre 70°
y 90°. En el Capitulo 12 se presentan calculos analogos para presiones de trabajo menor
y mayor respecto a la utilizada en el andlisis de |a Figura 32.

. T T T T T T
—ém colimador

[ ] Particulas balisticas
Condiciones intermedias de termalizacién
0,4 XN Particulas difusivas

Con colimador

W
R RN
R
R
R A

R ORIRIRN
SRR R R R R R R

0 10 20 30 40 50 60 70 80 90

SN
NN

Funcion de distribucion angular de incidencia (a.u.)

Angulo de incidencia, 6 (°)

Figura 32. Distribuciéon del dngulo polar de incidencia sobre el sustrato de las especies del blanco
sin colimador (curva de color negro) y con colimador (curva de color rojo) para una presién de
trabajo intermedia. Las curvas rellenas describen la contribucién de cada una de las
componentes, balisticas, termalizadas y parcialmente termalizadas, a la curva sin colimador. Ver
capitulo 12. para los criterios utilizados para discriminar cada una de estas tres categorias de
particulas. El area bajo las curvas es proporcional al nimero de particulas depositadas para cada
caso.

Para estudiar la relevancia del uso del colimador en la morfologia de las peliculas
delgadas, se ha llevado a cabo un estudio sistematico de la microestructura de capas de
TiO preparadas en esas condiciones. En la Figura 33a se muestra la seccion transversal
de una pelicula depositada sin colimador y en las condiciones expuestas en la Figura 32
(g =05Pa y L= 7cm), condiciones para las que existird un alto grado de
termalizacion de las particulas. Esta [ldmina esta caracterizada por estructuras mas bien
verticales y esponjosas cuyo didmetro aumenta con la altura, tipico de un crecimiento
donde existe una contribucién dominante de especies termalizadas. Este crecimiento
contrasta con el de una pelicula depositada en las mismas condiciones, pero
incorporando un colimador con una apertura de 20°. En este caso (Figura 33b), la
morfologia de la lamina estd compuesta por nanoestructuras columnares inclinadas
bien definidas y separadas como corresponde a unas condiciones deposicion oblicua
tipicas. En este caso, el colimador ha servido para seleccionar aquellas especies que
pueden pasar por su apertura, inhibiendo la deposicidén de especies que llegan a lo largo
de otras direcciones—como se muestra en la Figura 32—. Estos resultados no sdlo
condicionan las propiedades morfoldgicas de la pelicula: el estudio de las propiedades
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Opticas llevado a cabo en este trabajo muestra que las peliculas depositadas con
colimador poseen un menor indice de refraccion, que se relaciona con una menor
densidad de la pelicula y la existencia de una estructura columnar bien definida (ver en
detalle en el Capitulo 12).%?

Sin Con
colimador colimador

Figura 33. Imagenes SEM de la seccion transversal de peliculas delgadas de TiO, depositadas
usando condiciones que dan lugar a particulas con un grado de termalizacidn alto (p=0,5 Pa) a)
sin colimador, condiciones para las que la pelicula presenta una microestructura tipica de un
crecimiento regido por especies termalizadas; y b) con colimador, donde la pelicula presenta
nanoestructuras columnares inclinadas bien definidas, caracteristicas de un crecimiento
gobernado por particulas balisticas.

Los resultados anteriores son de gran relevancia debido a que el uso de colimadores
permite la obtencidén de nanoestructuras porosas independientemente de si el régimen
de deposicion es gobernado por especies balisticas o termalizadas. Esto indica que, en
un reactor en el que no sea posible la implementacion de la configuracién de angulo
oblicuo, o la presién de trabajo no pueda ser lo suficientemente baja como para operar
en un régimen balistico, se podrian obtener estructuras porosas nanocolumnares
mediante la utilizacién de colimadores. Para demostrarlo, en este articulo hemos
realizado una prueba de concepto consistente en la deposicidon sobre sustratos con
mayor superficie utilizando la configuracion cldsica —donde las superficies del sustrato
y del blanco son paralelas— e incrementando la distancia entre el blanco y el sustrato
(Figura 34a). Bajo estas condiciones, aunque las especies que llegan al nivel del sustrato
estdn altamente termalizadas, la utilizacién de un colimador permite seleccionar sdlo
aquellas que incidan sobre el sustrato con una direccién oblicua, dando lugar a una
nanoestructura similar a la mostrada en la Figura 33b.
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Figura 34. a) Esquema de deposicidn con colimador bajo condiciones de alta termalizacion en
configuracion normal y mayor distancia entre blanco y sustrato. b) Evolucion del espesor a lo
largo de la posicion de la superficie del sustrato utilizado en a). Se incluyen como insertos las
secciones transversales en la que se observa las diferencias de espesor e inclinacién de las
nanoestructuras formadas.

De acuerdo con la Figura 34b, la utilizacion de colimadores sobre sustratos de gran
tamafio puede provocar el crecimiento de peliculas delgadas con heterogeneidades
tanto en el espesor de la pelicula como en la inclinacion de las nanoestructuras
formadas. Asi, el espesor de la pelicula es mayor en la zona del sustrato que se encuentra
cercana a la abertura del colimador. Por otro lado, las nanoestructuras crecidas en la
region del sustrato cercana al exterior de colimador poseen una menor inclinacion,
debido a que en esta zona el colimador es menos efectivo y pueden llegar al sustrato
particulas con distintas distribuciones angulares de llegada. En el caso de la regién del
sustrato bajo la zona interior del colimador, al ser mas efectiva la funcién de éste, las
particulas que llegan al sustrato poseen una distribucion angular de llegada muy bien
definida produciendo estructuras columnares mas inclinadas y bien definidas. Sin
embargo, la cantidad de particulas que acceden a esta regién es mucho menor que la
de las particulas que llegan a la zona cercana a la abertura del colimador, de ahi las
diferencias en el espesor.

Este inconveniente puede ser solventado mediante el disefio de una estrategia de
deposicidon combinada para la nanoestructuracion de peliculas delgadas. En particular,
en este trabajo proponemos la combinacion de colimadores junto con un sistema de
movimiento lineal de sustrato de tipo Roll to Roll o similar (Figura 35). Este sistema
permitiria depositar sobre grandes superficies que se mueven bajo el colimador de
forma continua, evitando ademas problemas de heterogeneidades en el espesor de las
peliculas depositadas. Por limitaciones de espacio, debido a que es necesario utilizar un
reactor de tipo semi-industrial, en este trabajo no hemos podido implementar esta
metodologia para probar su eficacia, aunque hayamos realizado una prueba de
concepto mediante el uso de colimadores de gran tamano.
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Especies
termalizadas

E =

10cm

Figura 35. Propuesta de escalado de la configuracion de angulo oblicuo a través de la
combinacidn de colimadores con un sistema de movimiento continuo para los sustratos de tipo
«roll to roll».

Finalmente, en este articulo se ha demostrado la viabilidad de utilizar colimadores
para la obtencidn de peliculas delgadas nanoestructuradas porosas. La utilizacién de
este tipo de dispositivos favorece el crecimiento de peliculas con una nanoestructura
columnar bien definida, incluso bajo condiciones «desfavorables» para este fin, como
son una alta presién o una configuracidon de deposicién cldsica para la que blanco y
sustrato sean paralelos. Asimismo, teniendo presente los distintos condicionantes del
proceso, se ha propuesto una metodologia para la deposicion de peliculas
nanoestructuradas sobre grandes superficies consistente en la combinaciéon de un
colimador con un sistema de movimiento lineal continuo para los sustratos de tipo roll
to roll o similar.
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Capitulo 4

Dentro de un contexto puramente conceptual, esta tesis doctoral ha perseguido la
obtencién de principios generales que describan la deposicidon de peliculas delgadas
nanocolumnares porosas. Asi, los trabajos que se han incluido han permitido establecer
una serie de principios generales que permiten controlar de forma precisa la morfologia,
porosidad y composicion quimica de capas nanoestructuradas crecidas mediante
pulverizacion catddica reactiva en configuracion de angulo oblicuo. Estos principios
generales proporcionan un marco conceptual que permite ajustar de manera
sistematica las condiciones de crecimiento de las capas en funcion de sus caracteristicas
finales, independientemente del tipo de reactor y otras condiciones de trabajo. Asi,
hemos crecido capas y multicapas de SiOz, TiO, y SiOx con morfologia y porosidad
controladas como elementos dpticos activos y pasivos.

En esta tesis doctoral se ha seguido un andlisis combinado del crecimiento de las
peliculas delgadas mediante experimentos de tipo fundamental y estudios
pormenorizados de procesos atomisticos tanto en fase gaseosa (plasma) como en
superficie. Ademads, como aplicacidon de estos principios, hemos obtenido diferentes
resultados particulares que, atendiendo a los bloques en los que se ha organizado la
exposicion de resultados en el Capitulo 3, pueden describirse en los términos siguientes:

1. Blogue tematico: Control microestructural

e Se ha identificado y estudiado el origen de los fendmenos de propagacion
microestructural que surgen durante el apilamiento de peliculas delgadas —
densas o porosas— sobre otras peliculas porosas. Se ha puesto de manifiesto
que los poros que aparecen entre las nanocolumnas del sustrato generan
discontinuidades en las interfaces que dan lugar a la formacién de fisuras y
oquedades en la pelicula, en un proceso que se va amplificando a medida que
aumenta el numero de peliculas apiladas en estructuras multicapas.

e Se ha demostrado que los fendmenos de propagacion microestructural se
pueden evitar mediante la utilizacion de una capa de acomodacion que
disminuye sustancialmente la rugosidad de la pelicula porosa vy, por ende, mitiga
la formacion de fisuras en la nueva capa depositada. Se ha demostrado que el
espesor de la capa de acomodacién debe ser de aproximadamente el 25% del
espesor de la pelicula porosa.

e Se ha desarrollado una estrategia de crecimiento de estructuras multicapas que
minimiza los fendmenos de propagacion microestructural. Esta metodologia
implica estimular la migracién de dtomos superficiales mediante el bombardeo
con iones de alta energia durante el crecimiento de la capa de acomodacion.

e Se ha validado esta estrategia mediante la fabricacidon de estructuras multicapas
formadas por capas de TiO, densas depositadas sobre capas de SiO; porosas,
incorporando una capa de acomodacion de SiO2 entre ambas. Las multicapas
obtenidas han resultado herméticas frente a la adsorcion de agua ambiental lo
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gue, en consecuencia, posibilita su uso como elemento dptico activo en
condiciones climdticas variables.

e Se ha desarrollado un modelo que explica cdmo afecta la rugosidad del sustrato
a la nanoestructura de peliculas delgadas de SiO; crecidas mediante
pulverizacion catddica reactiva en la configuracion de angulo oblicuo. Utilizando
sustratos con patrones superficiales definidos se ha determinado que
parametros clave como la longitud de correlacién y la rugosidad de la pelicula
controlan la evoluciéon microestructural con el espesor. Se han formulado tres
etapas en el crecimiento, cada una caracterizada por grado diferente de control
de la microestructura de la capa por las caracteristicas del sustrato, asi como un
espesor critico denominado espesor del olvido (A,) por encima del cual, la capa
crecida deja de reproducir la topografia superficial del sustrato.

2. Bloque tematico: Control quimico

e Se ha demostrado que durante la deposicion de peliculas delgadas de SiOx
mediante pulverizacidén catédica reactiva se puede controlar su composicién de
forma muy eficaz modificando el angulo de rotacién del sustrato con respecto a
la direccién de llegada de las particulas y la cantidad de gas reactivo introducido
en el reactor durante la deposicion.

e Las condiciones de trabajo necesarias para este control se han formalizado
mediante una expresiéon matematica que permite predecir la estequiometria de
los recubrimientos en funcion de parametros experimentales como la presion de
trabajo, cantidad de gas reactivo, distancia entre blanco y sustrato y angulo de
rotacion de este.

e Se ha propuesto una estrategia experimental para controlar para la distribucién
2D de la composicion en peliculas de SiOx depositadas sobre un sustrato con un
patron topografico en forma de surcos. La técnica desarrollada resulta de una
combinacion de la nanoestructuraciéon de superficies mediante laser y la
deposicion de peliculas delgadas mediante la técnica de pulverizaciéon catddica
reactiva en la geometria de angulo oblicuo.

e Se ha desarrollado una estrategia en un solo paso para el crecimiento de
peliculas delgadas con composicion SiOx con estequiometria y nanoestructura
controladas a la carta que proporciona grados de libertad adicionales para el
control de las propiedades opticas.

e Estacapacidad de control éptico se ha utilizado para la fabricacion de estructuras
multicapas fotdnicas 1D formadas por el apilamiento de capas de SiOx y SiO2 con
distintas morfologias y composicion quimica. Las estructuras fotdnicas porosas
resultantes han demostrado una gran eficacia como elementos épticos activos
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utilizados como sensores optofluidicos que, operando en el infrarrojo cercano,
resultan de gran utilidad para el analisis de liquidos y disoluciones.

Blogue tematico: Escalado industrial de la nanoestructuracion mediante
pulverizacion catddica.

Se ha demostrado la gran versatilidad que ofrece el uso de colimadores para la
obtencién de peliculas delgadas porosas nanocolumnares bajo condiciones «a
priori» desfavorables para el desarrollo de tales nanoestructuras, como son una
alta presién o una configuracién de deposicién clasica para la que blanco vy
sustrato sean paralelos.

Utilizando colimadores en forma de cuiia se ha demostrado la posibilidad de
seleccionar particulas con una determinada direccionalidad a su llegada al
sustrato incluso en la configuraciéon clasica, produciendo crecimientos
nanocolumnares porosos.

Se ha propuesto una metodologia para la deposicion de peliculas
nanoestructuradas sobre grandes superficies consistente en la combinacién de
un colimador con un sistema de movimiento lineal continuo para los sustratos
de tipo roll to roll o similar.
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Abstract

In this work we analyze a phenomenon that takes place when growing magnetron
sputtered porous/compact multilayer systems by alternating the oblique angle and the
classical configuration geometries. We show that the compact layers develop numerous
fissures rooted in the porous structures of the film below, in a phenomenon that
amplifies when increasing the number of stacked layers. We demonstrate that these
fissures emerge during growth due to the high roughness of the porous layers and the
coarsening of a discontinuous interfacial region. To minimize this phenomenon, we have
grown thin interlayers between porous and compact films under the impingement of
energetic plasma ions, responsible for smoothing out the interfaces and inhibiting the
formation of structural fissures. This method has been tested in practical situations for
compact TiOz/porous SiO2 multilayer systems, although it can be extrapolated to other
materials and conditions.

1. Introduction

Physical vapor deposition at oblique angles (OAD) is well known for promoting the
growth of porous thin films with unique morphological features, e.g. high specific
surface [1, 2], tunable density [3, 4] or high pore connectivity [5, 6]. These features make
these films ideal candidates for applications in optical devices (due to their higher
transparency [7]), plasmonics [8], electrical anisotropy [9], sensors [10, 11], electrodes
for solar cells [12] or biomedicine [13], among others. From a microstructural point of
view, these films are formed by numerous well-separated tilted nanocolumnar

79



Capitulo 6

structures that originate due to the oblique incidence of deposition species on a
substrate, i.e. under conditions that enhance surface shadowing mechanisms during
growth [14, 15]. Even though the OAD geometry has been known since the beginning of
the 20th century [14], only recently has it been systematically explored by plasma-
assisted magnetron sputtering (MS), widening its possibilities [14, 16—18]. Relevant
controllable quantities in this case are the tilt angle of the substrate with respect to the
target [19] and the plasma gas pressure [20], both of them determining the momentum
distribution and angle of incidence of the deposition species on the substrate. In fact, it
is known that only at low pressures and for tilt angles of the substrate above E70°, a
nanocolumnar microstructure may develop [19].

In all the aforementioned applications, the existence of a high void volume
associated to the numerous pores open to the surface is essential for the good
performance of OAD thin films. Yet, this type of porosity might introduce undesired
collateral effects in multilayer systems, e.g., in photonic crystals or Bragg reflectors,
where a strict periodicity between layers and sharp interfaces are required [5, 21]. In
this case, the large intercolumnar voids that characterize these films render a relatively
high surface roughness [22], that might incidentally affect the growth of any layer on
top and, hence, the morphology and nanostructure of the whole multilayer system. In
the literature, most strategies devoted to smooth out rough surfaces rely either on a
post-processing treatment of the material [23, 24] or the impingement of energetic
species, namely ions, during the growth of the film [25-27]. While the former is not
recommended for the synthesis of multilayer stacks (it is much more efficient if the
deposition takes place in one single run), the latter is well-known for promoting
sputtering and mass transport processes that flatten the film surface [28]. Yet, ions may
pose some drawbacks such as film densification and the decrease of the film porosity.
For instance, in [29], we analyzed the growth of SiO; thin films by MS in the classical
(non-oblique) configuration finding that, when the impingement rate of energetic
negative oxygen ions was increased, the film morphology evolved from one
characterized by sponge-like and vertically-aligned patterns to another characterized by
an homogeneous and compact microstructure. Moreover, we reported a decrease in
porosity of about one order of magnitude between these two situations, which would
indeed represent a clear handicap in many applications relying on the porous nature of
these films. To our knowledge, no in situ strategies have been yet specifically
implemented to smooth out OAD thin films while maintaining most of its porosity, a
procedure that would be of great relevance to achieve good structural control in porous
multilayer structures.

In this paper, we report a remarkable and undesired phenomenon that takes place
when piling up porous and compact films in multilayer stacks grown by MS. In this type
of systems, we have found that compact layers develop numerous structural fissures
rooted in the intercolumnar voids of the porous layers below. We also demonstrate that
this phenomenon amplifies for increasing number of layers, leading to the loss of
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structural control over the whole system. In order to inhibit the formation of these

fissures, we have developed a simple strategy that relies on the introduction of thin and
homogeneous interlayers grown under the impingement of plasma ions between the
porous and compact films. Although the results presented in this paper have been
primarily tested for porous SiO2/compact TiO2 multilayer systems at low temperatures,
i.e. stacked structures that are typically employed to grow one dimensional photonic
crystals, we also give some general insights to extrapolate our results to other cases and
situations.

2. Experimental Setup

Films were deposited in a cylindrical vacuum reactor (base pressure before deposition was
below 5 x 10™* Pa) equipped with two magnetron heads (Gencoa Ltd, Liverpool, UK) with silicon
and titanium planar targets (diameter of 76.2 and 3 mm thick) as illustrated in figure 1. Films
were deposited onto 1 x 1 cm? planar (100) silicon substrates mounted on a rotatable holder 7
cm and 11.5 cm apart from the silicon and titanium targets, respectively. Same plasma
conditions explored in [29] were implemented: a pulsed unipolar power supply (Pinnacle Plus,
Advanced Energy®, USA) was employed, operated in a pulsed DC regime at a frequency of 80
KHz and a duty cycle of 40%, maintaining an electromagnetic power of 300 W. A mixture of Ar
(purity 99.995%) and O, (purity 99.995%) was used for the depositions, with an argon partial
pressure of 0.2 Pa. The substrate tilt angle with respect to each target was set at 0° when
growing TiO, compact layers and 85° for the SiO; porous films, respectively. Unless stated
otherwise, the oxygen partial pressure to grow the SiO; thin films was 0.02 Pa, i.e. same
conditions under which we demonstrated that ion impingement from the plasma was not
influencing the nanostructural development of the films [29]. For some particular experiments,
an energyresolved mass spectrometer (EQP 500, Hiden Analytical Ltd) was also placed at the
location of the films to assess the amount of ions from the plasma impinging on the film, as well
as their energy. The spectrometer had an orifice with a diameter of 0.05 mm, while the
measurements were carried out in the energy range from 0 to 400 eV for TiO; and SiO; films.

The surface roughness of the deposited layers was characterized with a Nanotec
AFM microscope supplied with a Dulcinea electronics. The microscope was working in
tapping mode by using high frequency levers. Au-covered SiN tips (Olympus) with a
diameter of 40 nm were used. The resonance frequency of the tip was 20 KHz and the
spring constant 0.09 N-m™. The obtained surface maps were processed by means of the
WSxM software [30]. Moreover, field emission scanning electron microscopy pictures
were recorded for each film using a Hitachi S4800 microsocope at the Instituto de
Ciencia de Materiales de Sevilla (CSIC-US, Seville, Spain).
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Fig. 1. Experimental setup.

3. Results and Discussion

3.1.Microstructural propagation phenomenon

Figure 2(a) (left image) depicts a cross-sectional SEM image of a compact SiO,/compact
TiO; bilayer (monolayer thickness around ~ 300 nm), which was grown as a reference
system. As expected, both layers show typical compact nanostructures and a rather
sharp interface. Figure 2(b) (left image) shows the SEM image of a porous SiO,>/compact
TiO; bilayer system with similar thickness. Remarkably, and even though the TiO; thin
films in both figures were grown under equivalent conditions, the reported images
evidence clear morphological differences: while the bilayer structure in figure 2(a) (left)
is rather homogeneous, that in figure 2(b) (left) depicts numerous structural fissures.
This difference is more evident in figures 2(a)—(b) (right images), which have been
obtained after applying a border detection and contrast enhancement software to the
images on the left. There, it is apparent the existence of structural fissures in the
compact TiO; film that root in the open porous structures of the SiO; layer below. We
dub this phenomenon microstructural propagation, an effect representing a serious
shortcoming when piling up porous and compact layers in multistack structures. Indeed,
a progressive loss of interface planarity and microstructural integrity are evidenced in
the SEM micrograph in figure 2(c) (left and right images) corresponding to a porous
SiO2/compact TiO; eleven-layers multistack structure.
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Fig. 2. (Left) Cross-section SEM micrographs of: (a) compact SiO, (~ 300 nm thick)/compact TiO,
(~ 300 nm thick) bilayer, (b) porous SiO; (~ 220 nm thick)/compact TiO, (~ 235 nm thick)
bilayer, (c) multilayer structure formed by the stacking of porous SiO, (~ 60 nm thick)/compact
TiO; (~ 60 nm thick) layers. (Right) Same images after a treatment with a border detection and
contrast enhancement software.

3.2.Formation of an interfacial accommodation interlayer

To understand the origin of the microstructural propagation phenomenon we
analyze the correlation between surface features of the SiO, porous film and the
structural fissures in the TiO, compact layer. In figures 3(a), (b) we show the top SEM
images of compact and porous SiO; films, respectively. Unlike the highly smooth surface
of the compact filmin figure 3(a), the surface of the porous layer in figure 3(b) developed
numerous mounds associated to the tips of the nanocolumns. In fact, AFM topographic
profiles of these films (shown as insets in the images) indicate that the porous layer
possesses much higher height variations than the compact one, a result that suggests
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that the origin of the structural fissures in TiOz is linked to the existence of large height
variations on the surface it grows upon. To prove this connection, we have employed a
well-known and tested growth model already presented in [19, 31]. This model
considers atomic shadowing as the main nanostructuration mechanism, in agreement
with the Thornton’s structure zone model [32, 33] that describes the competition
between shadowing processes and thermally activated migrations. In figures 4(a) and
(b) (left) we present the simulated compact SiO>/compact TiOz and porous SiO2/compact
TiO; bilayer structures, which are in good agreement with the experimental images in
figures 2(a) and (b). Moreover, the series of snapshots presented in figure 4(a) (right)
describing the first stages of growth of the compact TiO; layer onto a compact SiO; layer
reveal the formation of a continuous interfacial accommodation layer that rapidly
smooths out the underlying patterns and promotes a compact homogeneous growth.
Similarly, the set of snapshots in figure 4(b) (right) corresponding the growth of the
compact TiO; film onto the porous SiO; layer shows that the deposition does not only
occur on top of the nanocolumns but also inside the voids (pores), just below the
average surface level. As a result of this partial conformal growth, the interfacial region
presents clear discontinuities at the pore entrances. According to these simulations it
appears that the coarsening of this discontinuous interfacial region generates numerous
compact domains whose borders can be interpreted as structural fissures.
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Fig. 3. (a) Top SEM image of a compact SiO; thin film. (b) Top SEM image of a porous SiO; thin
film. Linear topographic profiles as measured by AFM are shown as insets (in case (b), the profile
corresponds to the particle flux direction). Roughness of both surfaces is included.

3.3.Growth of a continuous accommodation interlayer on porous films

Based on the analysis above, it seems that a requirement to preclude the
microstructural propagation phenomenon is the growth of a continuous interfacial
region to promote the development of a uniform TiO; film on top. From an atomistic
point of view, this cannot be accomplished whenever the film nanostructuration is
controlled by surface shadowing processes: only by inducing atomic migration
phenomena could the isolated domains formed at the entrances of the pores be
connected. A first possibility to trigger these processes relies on thermally activated
mechanisms (e.g., by heating up the sample during growth [34, 35]). However, the
Thornton’s structure zone model indicates that the condition T¢/Tm > 0.3 must be fulfilled
to ensure the dominance of surface diffusion, where Ttis the film temperature during
growth and Tn the melting temperature of the deposited material. For TiO,, this
condition implies Tr > 700 K, a rather high value that would restrain its practical
implementation for many applications.
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Fig. 4. Simulation of (a) the Si02 compact/TiO2 compact bilayer and (b) the porous
SiO02/compact TiO2 bilayer. Right images correspond to snapshots of the first stages of growth
of the TiO2 thin film in either case.

An alternative to thermal activation in our conditions is the introduction of ion-
induced mobility processes [25-27]. In fact, under MS conditions, ions from the
magnetron plasma might play a critical role provided that they transfer enough energy
to the growing film [36—38]. It has been mentioned in the introduction that under non-
oblique (classical) conditions and at high oxygen fluxes the growth of SiO thin films by
MS is strongly influenced by the impingement of energetic negative oxygen ions. These
oxygen ions form at the silicon target surface and are accelerated towards the film with
energies in the order of few hundred eVs, without applying any substrate bias [29].
Figure 5 shows the energy spectrum of negative oxygen ions measured by mass
spectrometry when growing SiO; films in the classical configuration with a high oxygen
partial pressure (0.25 Pa, i.e. under conditions where negative ions were reported to
effectively densify the film [29]). For comparison purposes, this of structural fissures,
suggesting that, effectively, ion-induced figure includes the energy spectrum of the
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negative oxygen ions generated when growing a compact TiO; thin film. In agreement
with [29], a high energy peak at around 300 eV was found in the former case, whereas
in the latter no trace of high energy negative oxygen ions was detected (the peaks at

lower energies in the two cases correspond to ions at the plasma potential). A
hypothesis of the present work is that a thin and compact SiO; interlayer can be grown
under the impingement of negative oxygen ions on top of the SiO, porous surface, and
that this interlayer promotes a continuous interfacial region when growing the compact
TiO; film. Keeping this purpose in mind, we have deposited several compact SiO; layers
with different thicknesses on top of a porous SiO; layer. The cross-sectional images of
these films in figures 6(a)—(e) show no trace of structural fissures, suggesting that,
effectively, ion-induced atomic mobility processes dominate over surface shadowing
mechanisms, leading to the formation of a compact and continuous layer.
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Fig. 5. Energy spectra of the negative oxygen ions when atomic mobility processes dominate
over surface shadowing depositing SiO, and TiO; in our conditions, as obtained by an
mechanisms, leading to the formation of a compact and conenergy-resolved mass
spectrometer. tinuous layer.

3.4.Minimizing the microstructural propagation phenomenon among
layers

Once established the growth conditions of a continuous SiO2 layer, the next step is
the determination of its minimum thickness to promote the growth of a homogeneous
and compact TiO; layer on top. For this purpose, we have studied the evolution of the
surface roughness of this layer as a function of its thickness. According to the dynamic
scaling theory [39—-41], the growth of a film can be described by a specific power law of
quantities such as surface roughness, r, correlation length or grain size with the film
thickness, d. Herein, we will characterize the growth by the relation r o d?, where B is
the so-called growth exponent [42]. Figure 7 shows the evolution of surface roughness
with thickness for a SiO; porous layer (solid upper curve) deposited on a flat substrate.
From these curves it is possible to derive S~ 0.8. Figure 7 also shows the evolution of
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the surface roughness when a SiO, compact layer is deposited on top of a porous film
with thickness ~ 280 nm. It appears that when the compact layer thickness increases
the surface roughness decreases until reaching a total thickness of 350 nm, a point from
which thickness increases again but now according to a different power law
characterized by [~ 0.6. Remarkably, and according to[43], this latter value
corresponds to a compact SiO; growth, which implies that under negative oxygen ion
bombardment an interfacial layer thickness of ~ 25% of the porous layer below (~
70 nm/280 nm) suffices to recover a compact growth mode.

Fig. 6. Cross-sectional SEM images of porous
SiO, layers with similar thickness along
different compact SiO; layers on top grown
under the impingement of plasma ions.
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As a final step in this investigation, we analyze whether the strategy developed

above is effective to minimize the microstructural propagation phenomenon. The cross-
sectional SEM image in figure 8(a) (left) of a porous SiO,/compact TiO; bilayer with a
continuous SiO; interlayer clearly shows the absence of structural fissures. This is quite
evident regarding the right column image, obtained after applying a border detection
and contrast enhancement software. Finally, and as a final proof for the efficiency of the
proposed strategy, in figure 8(b) (left) we show a multilayer structure similar to that
depicted in figure 2(c), but growing a ~ 30 nm SiO; continuous interlayer on top of each
~ 120 nm porous SiOz structure. There, it is clear that the microstructure of all
monolayers is similar and that the structural propagation phenomenon is inhibited,
confirming the validity of the proposed strategy.
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Roughness (nm)
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100 200 300 400 500
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Fig. 7. Surface roughness evolution of porous SiO2 layers as a function of thickness. The influence
of growing a compact SiO,.

As a final remark, it is noteworthy that the proposed method relies on the growth
of homogeneous and thin interlayers between porous and compact films by inducing
atomic migration mechanisms. In our case, we have achieved this goal by promoting a
relatively high energy ion impingement during the growth of a compact SiO; interlayer.
Yet, other approaches could also be possible to achieve the same scope, e.g. heating up
the film substrate during growth or electrically biasing the film to attract positive ions.
Although we have not attempted these other approaches, they are, in principle, valid
and could be implemented depending on the characteristics of the multilayer system.
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Fig. 8. (Left) Cross-section SEM micrographs of: (a) porous SiO2/compact SiO2
interlayer/compact TiO2, (b) multilayer structure formed by the stacking of porous
Si02/compact interlayer SiO2/compact TiO2 layers. (Right) Same images after a treatment with
a border detection and contrast enhancement software.

4. Conclusions

In this paper we have demonstrated the existence of an undesired effect, dubbed
microstructural propagation phenomenon, which appears when porous layers grown at
oblique angles are piled up with compact ones in multilayer systems. In these cases, the
porous structure seems to promote the appearance of structural fissures throughout
the compact films, in a process that becomes amplified when increasing the number of
layers. Based on fundamental experiments and the results of a well-tested growth
model, we have concluded that this phenomenon is caused by the existence of a
discontinuous interfacial region that, upon coarsening, develops into numerous
domains, whose borders can be appreciated as structural fissures in the compact layer.
In order to minimize the propagation phenomenon, we propose depositing a continuous
thin interfacial layer on top of each porous surface, previous to the deposition of the
compact film. This strategy has been tested in a practical situation by depositing a
periodic multilayer stack with porous SiO./compact TiO; bilayer structure achieving well-
defined periodic interfaces and a good replication of the morphology from the first to
the last layer. These results demonstrate the validity of the developed approach to
achieve good morphological control on the multilayer structure.
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Abstract

The influence of one dimensional substrate patterns on the nanocolumnar growth of
thin films deposited by magnetron sputtering at oblique angles is theoretically and
experimentally studied. A well-established growth model has been used to study the
interplay between the substrate topography and the thin film morphology. A critical
thickness has been defined, below which the columnar growth is modulated by the
substrate topography, while for thicknesses above, the impact of substrate features is
progressively lost in two stages; first columns grown on taller features take over
neighboring ones, and later the film morphology evolves independently of substrate
features. These results have been experimentally tested by analyzing the nanocolumnar
growth of SiO; thin films on ion induced patterned substrates.
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1. Introduction

Nanocolumnar porous thin films deposited at oblique geometries are nowadays
receiving much attention due to their unique morphological features and remarkable
properties.[t) While their high specific surface can be exploited for the development of
gas or liquid sensor devices,[?™ the possibility to fine tune their density®! and
connectivity among pores!®7 make them also suitable for other applications in
technological fields such as biomedicine, plasmonics, microfluidics, batteries, or
photonics, among others.[B23 In all these cases, the relevant specific features of the
nanocolumnar structures (e.g., their size, tilt, average distance, anisotropic
distributions, preferential direction of coalescence, etc.) are intimately connected to the
governing growth mechanisms. In this regard, the surface shadowing phenomenon
emerges as a key nanostructuration process mediating the formation of nanocolumnas
with typical diameters in the order of few tens of nanometers.[*4*3 This mechanism
takes place whenever gaseous deposition species arrive at a substrate along a
preferential oblique direction, whereby taller features on the film surface inhibit the
deposition in neighbor regions, giving rise to different nanocolumnar arrays.®!

From an experimental point of view, porous nanocolumnar thin films have been
classically grown by evaporating a given material in vacuum and promoting the glancing
incidence of gaseous deposition species onto a tilted substrate, in a so-called Glancing
Angle Deposition.[! Yet, and due to difficulties to upscale this technique to typical
industrial standards,[*”) other alternatives have been analyzed to achieve nanocolumnar
structures.'® Among them, the magnetron sputtering technique operated at oblique
angles (MS-OAD), also called magnetron sputtering at glancing angles (MS-GLAD), has
emerged as one of the most interesting procedures in terms of efficiency, reliability,
reproducibility, and potential industrial scalability. It relies on the interaction of a plasma
and a solid target to vaporize atomic species from the latter that, emitted preferentially
in the normal direction with respect to its surface, are subsequently deposited on a
substrate.l!®! In this way, when the substrate is tilted with respect to the target,
sputtered species may arrive along a preferential oblique direction.?% In the last decade,
MS-OAD has managed not only to reproduce similar film morphologies as those
classically obtained by the evaporation technique, but also to widen its possibilities. For
instance, in refs. 21221 we studied the influence of some experimental controllable
parameters (e.g. deposition pressure, tilt angle of the substrate, ion impingement, etc.)
on the film morphology, finding different tilted nanocolumnar structures with mass
densities ranging from 100% to near 30% with respect to the compact layer, or even
sponge-like vertically aligned coalescent structures.

The variety of typical porous morphologies that can be achieved by MS-OAD is rich,
permitting the customization of film nanostructures with optimum performance in
numerous functional applications (see for instance [23-2°]). However, to our knowledge,

98



there are important unexplored conditions that require further study and that might

widen the possibilities of the method even more. For instance, in ref. 126/ we
demonstrated that when a thin porous layer is grown on top of a rough nanocolumnar
film, the former reproduces the surface features of the latter, in a so-called structural
propagation phenomenon, which is of special relevance when growing periodic
multilayer structures (e.g., photonic crystals or Bragg reflectors).”) On the other hand,
and even though there has been an increasing amount of publications dealing with the
influence of substrate features on the film growth (see for instance [273%), to our
knowledge, no general framework analyzing the interplay between both has been put
forward yet. In this paper we aim at developing such framework by studying how
substrate features may affect the film nanostructure when using the MS-OAD technique.
In particular, we focus on the effect of one dimensional quasiperiodic patterned
substrates, characterized by peak-to-peak distances in the order of few hundred
nanometers, very similar tothoseexperimentallyobtainedbyionbeamsputtering.31-3% To
address this problem, we have first used a well-accepted
modeltotheoreticallysimulateandanalyzethegrowthofathin film on purely periodic and
near periodic patterned substrates at oblique angles and, subsequently, experimentally
test these results by analyzing the growth of porous SiO; thin films on quasi-periodic ion-
induced patterned Si substrates. We have chosen this particular film composition
because it is a wellknown material, whose properties have been widely studied in the
literature. However, our aim is general and our results can be easily extrapolated to
more general conditions and other materials. Based on this analysis, relevant general
conclusions can be achieved on the influence of substrate features on the structural
development of porous nanocolumnar thin films.

2. Growth model

The growth model has already been described in detail in refs.2%4% and references
therein, where it was proven adequate to describe the growth of numerous materials
by MS-OAD in the absence of ion bombardment and at low temperatures, that is, in the
so-called zone | of the Thornton Structure Zone Model.[*17421 We describe it here,
although for further details refs.224% are recommended. The model considers the
deposition of Si effective particles on a cubic three-dimensional NixNxNy grid with
periodic boundary conditions, whose cells may take the values 0 (empty cell) or 1. Each
cell represents a Si atom in the network that becomes fully oxidized once it is deposited.
Thus, the size of each cell is assimilated to the typical volume of a SiO, molecule in the
material (i.e., a typical length of ~ 0.5 nm). A number of deposition particles per unit
time and unit surface are thrown toward the substrate from an initial random position
above the film, following the direction defined by an incident angle distribution function.
This distribution is calculated as a function of the experimental conditions (reactor
geometry, tilt angle of the substrate and other geometrical constrains) by the widely
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accepted SIMTRA code.***4 This software describes the collisional transport of
sputtered species through the plasma gas by means of binary collisions. The angle and
energy distribution of sputtered species at the target are calculated by the software
SRIM, 3l which is typically used to describe the ion assisted sputtering process. An
average gas temperature of 350 K and a screened Coulomb potential (Moliere type)
were considered in the simulations under the assumption of a circular racetrack with a
radius of 2 cm. We have run our simulations in small scales (N.and Ny up to 2000 cells)
to first analyze the general dependence between substrate features and the
morphology of the film, and subsequently extrapolate the results to comply with the
larger spatial scales of the experimental data (in the order of few microns).

3. Experimental details

Quasi-periodic patterned Si substrates were prepared by irradiation with 500 eV Ar*ions
as described in ref. [*]. Depending on the irradiation conditions, this technique allows
the formation of different patterns on the substrate, from surface ripples to elongated
islands.!33 The ion beam was extracted from a broad beam Kaufman ion source (3 cm)
at a base and working pressures of 5 x 10™*and 2 x 1072 Pa, respectively, and impinged
on the substrates at an incidence angle of 75° with respect to the surface normal. The
experiments were performed for an average current density on the target of 300 pA
cm™2and an ion dose of 2.3 x 10 ijons cm™2 (irradiation time was 240 min). The target
was water-cooled during the irradiation, reaching a temperature of 30 °C.

A set of amorphous SiO; thin films were grown on the patterned substrates using
reactive MS-OAD. A 3 in. diameter Silicon target was employed for the depositions,
placing the substrate holder at a distance of 7 cm and a discharge power of 200 W.
Deposition time in each case was chosen to grow films with thicknesses between 200
and 3000 nm, as determined by means of cross-sectional Field Emission Scanning
Electron Microscopy (FESEM) images. The base pressure of the deposition reactor was 7
x 1074 Pa. The argon and oxygen partial pressures during depositions was kept at 0.2 and
0.05 Pa, respectively, which was enough to operate in the oxidic mode of the discharge
and get fully oxidized films.[**) Samples were prepared simultaneously on flat and
patterned substrates, tilting them 80° (see Figure 1).

100



Particle flux

.‘1_ Substrate

M

Deposition on rippled substrate

Particle flux

R\

l |

Figure 1. Experimental setup and definition of the x axis of the patterned substrate.

The morphology of the SiO2 nanocolumns from the film surface to the substrate was
studied by transmission electron microscopy (TEM) at the scientific integrated services
(SCICYT) of the University of Cadiz (Spain). High-angle annular dark-field (HAADF)
imaging of the sample was performed in a 200 kV JEOL 2010F microscope using the
scanning TEM (STEM) mode with a probe size of about 1 nm. Prior to observation, cross-
sectional specimens were prepared using the flat-type tripod polishing approach in order
to thin the sample down to a few micrometers, followed by a final ion milling step with
3-3.5 keV Ar*ions up to electron transparency.

The surface topography of the substrates and films were imaged by atomic force
microscopy (AFM). The measurements were performed in the non-contact dynamic
mode with a Nanoscope llla equipment (Veeco@) and with PicoPlus 5500 (Agilent).
Silicon cantilevers with nominal tip radius of curvature of 8 nm were used. Images were
composed of 512 x 512 up to 2048 x 2048 pixels. FESEM pictures were also recorded for
each film using a Hitachi S4800 microscope at the Instituto de Ciencia de Materiales de
Sevilla (CSIC-US, Seville, Spain). The surface roughness, w, and correlation length, |, of
the samples were obtained using the Gwyddion freeware packagel*’! using the formula

w = /[ dxdy[z(x,y) - Z]?/S,

where x and y denote the position coordinates of the substrate, S the surface area
under analysis, z the height of the film, and Z the mean height. Moreover, [ has been
calculated along the x axis (see Figure 1) by obtaining the first minimum, r,, of the (one
dimensional) height-height correlation function, h, as a function of the distance, 7,
defined as

h(r) = f dxdydx'dy’ (z(x,y) — 2)(z(x',y") — 2)/w?

with r = |x — x| and y = y’. In this way, the surface correlation length is defined as
l = 27‘0.
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4. Simulation analysis

To illustrate the results of the simulations we first assume that the patterns possess
a typical sinusoidal shape in the xy plane defined asz,(x,y) = A[1 + sin(2mx /)],
where z, is the substrate height, A the wavelength and A the amplitude of the ripples.
For this surface topography, the correlation length of the substrate in the x direction, [,
is I, = A, and the surface roughness of the substrate, w, is wg = A/v/2. We have
performed different simulations for values of Aand AuptoA = 500and A = 50cells.
In Figure 2a we illustrate the results by showing the cross-sectional views of four generic
cases, when 4 = 80 and 160 cells and A = 5 and 25 cells. There, different columnar
arrangements are visible depending on substrate features, from which three important
conclusions can be drawn: i) the column tilt angle is rather independent of the substrate
features; ii) each column grows on top of a ripple; and iii) column diameter strongly
depends onA and very weakly on A. These three main evidences stem from the fact that
surface shadowing promotes the growth of taller surface features over lower ones and
thus induces that a column grows on top of each ripple, depicting a tilt angle and
diameter that mainly depends on the incident angle distribution of deposition particles
and not on any specific substrate feature.[>1¢]
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Figure 2. (a) Cross-sectional images of simulated films grown on periodic patterned substrates
(A=80; A=160 cells and A=5; A=25 cells). Note that the substrate ripples appear with different
color. (b) Surface correlation length and roughness of these films as a function of thickness.

In order to further analyze the columnar growth, in Figure 2b we also show the
evolution of [ as a function of film thickness, A. In this way, for small film thicknesses,
the relation [ = L is fulfilled, that is, the film grows following the arrangement of the
ripples. Yet, when A reaches a certain critical threshold, the correlation length departs
from this value, implying that the typical correlation distances over the film surface do
no longer follow that of the ripples. Due to its importance in this work, we dub this
thickness oblivion thickness, A,. Moreover, according to Figure 2b, when A > A, the
curve converges to that of a film deposited on a flat surface (also shown in Figure2b),that
is, the film growth becomes independent of substrate features. A similar analysis can be
performed regarding the evolution of the surface roughness, also depicted in Figure2b.
Remarkably, and despite the different original roughness of the substrates, w increases
with A when A < Aj, mainly due to the preferential development of the columns on top
of the ripples. This trend continues until the valleys between columns are no longer
visible from the top, decreasing or reaching a plateau for A = A,, when the roughness
values converge to those of a film grown on a flat substrate.
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Periodic A Fluctuation A Fluctuation

Figure 3. Top views of simulated films grown on a flat substrate, a periodic patterned substrate
with A =80 and A = 25 cells, a patterned substrate with fluctuating A, with A =80 and A = 25 cells,
and a patterned substrate with fluctuating A, with A = 80 and A =25 cells. The arrows indicate
the incidence of the deposition flux.

The two growth regimes described above are illustrated in Figure 3, where we show
top views of simulated films using flat and periodic rippled substrates (case with A = 80
and A = 25 cells) for three values of A. There, it is apparent that columns arrange
according to the ripple pattern when A < A,. However, when A = A, the pattern starts
to vanish until, for A > A, the film surface looks very similar to that of a film grown on
a flat substrate. In Figure 4 we show the calculated values of A, as a function of A and A,
finding a weak and strong dependence on these two parameters, respectively. This
relation can be understood as an outcome of a shadowing dominated growth, by which
the taller a surface feature is the more species are deposited on it, rapidly amplifying
any initial surface protuberance. Hence, a surface with small ripple amplitudes would
develop similarly to another with larger ones, as long as these are spatially distributed
similarly. Interestingly, we have found a clear relation between A, and A as a power law
in the studied spatial range,

AOoc/ly (1)
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with y = 1.55 + 0.04. Once we have analyzed the growth of thin films when the
patterns follow well-defined periodic ripples, we analyze more realistic situations when

A and A are allowed to fluctuate around average values. We have therefore carried out
the same analysis as before but assuming variations of A and A over the averaged values
A= 80and A = 25 cells, with a dispersion of 25%. The cross-sectional views of these
films in Figure 5a show how fluctuations in A lead to a columnar growth similar to that
of the purely periodic case: the value of [ as a function of A appears in Figure 5b which
yields [ = A in the initial stages of growth, departing from this behavior at a similar
oblivion thickness as in the purely periodic substrate case. The top view of this film for
different values of A, reported in Figure 3, corroborate the similarities between both
cases. Figures 5a,b report the simulation results when A fluctuates and show that the
development of the film nanostructure drastically changes from the previous cases: after
an initial development defined by the relation [ = A, a new growth stage emerges. In
this new stage, columns grown on taller mounds take over neighboring ones suppressing
their growth, in agreement with a well-known phenomenon associated to the
shadowing mechanism and the above mentioned preferential growth of taller features
over lower ones.[%1®1 This columnar cannibalization process ends up with the formation
of tilted thick structures that introduce a new correlation length over the film surface,
as evidenced in Figure 5b. Once these structures are formed, for large film thicknesses,
[ evolves parallel to that of a film grown on a flat surface, that is, the growth is equivalent
to that of a thicker film deposited on a flat substrate. Same behavior can be found
regarding the surface roughness evolution of the films, also depicted in Figure 5b.

@ snn | Amplitude (cells) A
3 600. e ]
= o 10
-2 5ooj A 1= .
@ 1| v 20 A_=CM\ i
@ 4001 | & 25 °
o ]
= < 38
o 300+ 4
E | > 50 ]
c 200 .
£ | C=0.12+0.03 |
> =
= 100+ e
o) ] y=155+0.04 |

0 T T T T v T v T

0 50 100 150 200

Substrate wavelength, A (cells)
Figure 4. Oblivion Thickness as a function of substrate pattern amplitude and wavelength.

According to the discussion above, three stages of growth are found as a function
of thickness when the amplitude of the substrate ripples is allowed to fluctuate:

i) A Substrate-driven (SD) growth when A < A, similar to that appearing in
the pure periodic case, where a column grows on top of each ripple with [ = A (see
Figure 3). This type of growth dominates the morphological development of the film
until the thickness reaches the oblivion point. In this regard, Ay, shows now a strong
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dependence on both, the wavelength and the amplitude fluctuations of the ripple
pattern, and results in a lower value than in the absence of amplitude fluctuations.
Under these conditions, the calculated trend in Equation (1) must be understood as
an upper bound for the actual oblivion thickness.

ii) A Columnar Aggregation (CA) stage when A = A, in which taller columns
take over surrounding ones and form large tilted structures. These structures
introduce a new correlation length over the surface and evolve with thickness very
differently to those obtained on a flat substrate (see Figure 3).

iii) A Free GrowthStage (FG) when A > A,, in which the film grows
independently of the substrate feature (see Figure 3).

Figure 5. (a) Cross-sectional images of
A+ ¢! simulated films grown on patterned
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To complete this analysis, we have included the results of the simulations when

both A and A fluctuate in Figure 5b, finding a similar trend than that when only A
fluctuates.

5. Experimental results and discussion

In the previous section we have studied the phenomenology when the films grow
on periodic and quasi-periodic patterned substrates. Among all the cases studied, the
most relevant one corresponds to that when the amplitudes were allowed to fluctuate:
this case did not only show a characteristic phenomenology that includes all relevant
effects present in the remaining two situations under study, but also introduced new
phenomena regarding the columnar growth. That is why, from an experimental point of
view, we have focused on this particular problem and used a patterned substrate
containing fluctuations in amplitude and wavelengths to test the theoretical framework
developed in the previous section.

In Figure 6 we show the topography of an as-prepared patterned substrate,
measured by AFM, along with a cross sectional height profile along the direction defined
by the arrow. The analysis of this surface map yields values of roughness and correlation
length of wg ~ 32 nm and [; ~ 550 nm, respectively. As described in section 3, we have
simultaneously deposited SiO; thin films on patterned and flat substrates. Deposition
was carried out at oblique geometries with particle incidence in the direction of the
arrow in Figure 6. For the sake of clarity, from now forth we label the film grown on a
flat substrate with the format “F-film thickness,” whereas the film grown on a patterned
substrate will be labeled as “P-film thickness.” In Figure 7a we show the top SEM images
of the two substrates and those of F-380 nm and P-380 nm films. These two latter cases
present profound differences: while a typical granular surface topography is found in
the former type of films, the latter shows larger nanostructures that retain the
distribution pattern of substrate features. This is more evident in Figure 7b, where the
calculated correlation length indicates that for the sample P-380 nm, the relation | = [,
holds, that is, the columns follow the substrate pattern, while for sample F-380 nm the
correlation length is much shorter. This implies that for P-380 nm film, the substrate
features have modulated the morphological evolution of the film in a typical SD growth
regime. Here is important to mention that due to the fluctuating nature of the heights
defining the substrate in different spatial scales (see top image in Figure 6), the
development of the film does not follow every minor detail on the substrate, but only
those that are tall enough to define the correlation length, and that will serve as
nucleation sites for the subsequent columnar development. This mound-selection
mechanism, by which the growth of small surface protuberances becomes inhibited in
favor of larger ones, is present in this type of depositions since early stages of growth.[!!
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Figure 6.Topography of the patterned
substrate, as obtained by AFM (the ion
beam irradiation to create the patterns was
from top to bottom of the image). The
arrow indicates the incidence of the
deposition flux. A cross sectional height
profile in the direction of the arrow is also
: shown.

|
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Differences are more pronounced when the film thickness is 640 nm: as expected,
the F-640 nm film in Figure 7a shows a similar morphology than the F-380 nm case, but
with larger grains. Remarkably, the P-640 nm film surface strongly differs from that of
the P-380 nm film and is characterized by numerous piled up slices of material that
appear aligned with the original substrate patterns. Indeed, this morphology defines a
new correlation length and suggests that the substrate pattern effect is vanishing from
the film surface. This is corroborated in Figure 7b, where the relation [ > [ for P-640
means that A, should stay between 380 and 640 nm, below the estimated value for a
pure periodic substrate (Figure 5), above ~ 1800 nm, as deduced from our simulations
and the discussion above. This is evident regarding the cases P-1000, P-2000, and P-3000
nm, where we appreciate that i) the slices of material have disappeared, and ii) a
mounded topography is now evident in all these cases, with grain size much larger than
those appearing on the films grown on flat substrates. This latter result is more evident
in Figure 7b, where we see that the correlation lengths of P-1000, P-2000, and P-3000
nm follow a trend parallel to that of the films deposited on flat substrates, implying that
the growth is equivalent to that of a ~ 3.5 um thicker film deposited on a flat substrate
(see Figure 7b for details). The analysis on the roughness evolution, also shown in Figure
7b, yields similar conclusions.

108



Ripples

RS g
1000 nm

T T T T T 90 1 T T T T
b) 1400+ B
80+ B

70+ B

60 .
~ 3500 nm

S gt

o N

@

S o
1 L

~3500 nm 1

50+

404

Roughness (nm)

Correlation length (nm)
» [+
o o
o o

O Growth on flat substrate ] 10
O Growth on rippled substrate |

O Growth on flat substrate
O Growth on rippled substrate ]

T T T T T 7 T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Thickness (nm) Thickness (nm)

Figure 7. (a) Top view SEM images of the films grown on flat and patterned substrates as a
function of thickness. The arrows indicate the incidence of the deposition flux. (b) Correlation
length and roughness as obtained from the surface topography of these films measured by AFM.

In order to further illustrate the differences between the films grown on flat and
patterned substrates, in Figure 8a we show a cross-sectional SEM image of the P-1000
nm film, where we notice the good agreement between the calculated tilt angle of the
columns and the experimental value (~ 35° in both cases), corroborating the adequacy
of the simulations. Moreover, the STEM-HAADF image of a 3 um thick film grown on a
patterned substrate is shown in Figure8b (note that plane of cut is not the same than in
Figure 8a). There, it is apparent an intrinsic relation between substrate mounds and the
appearance of columns, which only seems to grow on top of medium and large size
surface protuberances. Remarkably, in Figure 8b it is also apparent that at heights
between ~ 500 and ~ 1000 nm some columns are incorporated onto larger columnar
structures (note that for larger thicknesses some columns have also been removed when
polishing the sample for the STEM-HAADF measurement). This is also in agreement with
the simulation results on the film growth where, for this range of thickness, we
demonstrated the existence of a CA regime where columns on taller mounds take over
neighboring ones, forming large tilted structures. From Figure8b, this means that A, in
this case should be around 500 nm, in agreement with our discussion above. Finally,
once these larger tilted structures are formed (for film thicknesses above 1000 nm),
they grow homogeneously in a FG regime. These results corroborate our discussion
above on the existence of an oblivion thickness and on the existence of three stages of
growth as a function of thickness.
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Columnar

aggregation

Taller mounds & Columnar Nucleation Sites

Figure 8. (a) Cross-sectional SEM image of the 1 1 um thick thin film grown on the patterned
substrate. The arrow indicates the incidence of the deposition flux. (b) Cross-sectional
STEMHAADF image of the same film. The three stages of growth as a function of thickness are
identified: for thicknesses below ~500 nm the film follows the substrate features in a Substrate
Driven regime, while for thicknesses between ~500 and ~1000 nm columns merge and form
large structures in a typical Columnar Aggregation regime. Finally, for thicknesses above ~1000
nm, columns develop independent of substrate features in a typical Free Growth regime.

The generalization of our results to more complex situations, for example, when
using two dimensional patterned substrates, is not straightforward, although it seems
plausible that the obtained growth regimes could anisotropically emerge depending on
the complexity of the pattern. Therefore, and even though this paper has focused on
the growth of nanocolumns on patterned substrates, some generic conclusions can be
extrapolated to numerous situations where these substrates contain patterns whose
characteristic length or amplitude fluctuate. For instance, our results suggest that the
intrinsic roughness of (nonpolished) substrates could have a strong impact on the film
morphology, especially when any surface height correlation might define a
characteristic wavelength with fluctuating amplitude. In this case, it is likely that the
columnar development is strongly affected by substrate features. Moreover, our results
also explain the structural propagation mechanism when growing thin porous layers on
top of a rough surface, by which the growth of the former tend to follow the features of
the latter.26! Under the light of our results, this issue arises when the thickness of each
porous monolayer is below the oblivion thickness, which imposes a dependence
between its morphology and that of the surface below.
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6. Conclusions

In this paper we have analyzed the influence of substrate patterns on the
nanocolumnar development of thin films grown by magnetron sputtering at oblique
angles. For this, we have first made a simulation analysis on how the amplitude and the
wavelength of the substrate pattern affect the morphological evolution of the films,
finding that i) the column tilt angle is rather independent of the substrate features; ii)
columns seem to grow on top of each seed in the studied spatial range; and iii) column
diameter strongly depends on the substrate wavelength and weakly on the amplitude.
Moreover, for low film thicknesses we have obtained that columns tend to arrange
following the substrate features, in a Substrate Driven growth mode, while for higher
thicknesses there is a critical thickness, the so-called oblivion thickness, above which the
information on the substrate features is progressively lost. This process takes place
through two well differentiated phases for increasing film thicknesses: a first one,
dubbed Columnar Aggregation stage, in which columns grown on taller features take
over neighboring ones and form large tilted structures, and a second one, where the film
morphology evolves independently of substrate features, in a so-called Free Growth
regime, where the growth is equivalent tothat of a thicker film deposited on a flat
substrate.

The theoretical framework developed herein has been experimentally tested by
performing numerous depositions on flat and ion-induced patterned substrates with
height variations, finding an overall good agreement between theory and experiments.
Indeed, three growth regimes have been identified, finding a Substrate Driven growth
for thicknesses below E500 nm, a Columnar Aggregation regime for thicknesses
between B500 and 1000 nm, and a Free growth for thicknesses above F1000 nm. In
this regard, the obtained results do not only explain the influence of substrate features
on the film morphology as a function of thickness, but also indicate the importance of
the substrate roughness and correlation length on the film characteristics.
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Abstract

Although thin film porosity is the basis of many optical sensors, it can be deleterious for
a stable optical behavior of passive optical elements due to the condensation of water
and other vapors in their pores. This paper proposes a new strategy for the magnetron
sputtering (MS) fabrication of environmentally tight SiO,—TiO2 porous multilayers. Thin
films of these two oxides deposited in an oblique angle configuration (MS-OAD) present
a nanocolumnar and highly porous nanostructure and, as a consequence, experience
significant changes in their optical properties when exposed to water vapor. Similarly,
the optical properties of Bragg reflectors and Bragg microcavities made of the stacking
of porous and compact SiO2 and TiO2 thin films experience reversible changes when
these 1D-photonic structures are exposed to water pressure. A key finding of this work
is that a very thin capping layer of SiO, deposited on the surface of porous SiO; films in
the stack, at the interlayer between the two oxides, efficiently seals the pores making
the photonic structures environmentally tight. This capping layer approach is a useful
strategy to incorporate porosity as an additional parameter to design the optical
behavior of planar photonic structures while preserving optical and environmental
stability.

1. Introduction

Thin films used as hard coatings, passive optical films, and similar applications are
generally prepared in compact form in order to comply with these functionalities.[!
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Porous thin films and multilayers are also prepared whenever a strict control of porosity
and nanostructure is a requirement.’2l Sensors,® fuel cells,/ photocatalysis,?
electrochromism,®! or optics!’! can be quoted among the topics where a high porosity
is an indispensable requirement. For example, in the case of optics, adjusting the
porosity of oxide thin films or multilayers of two using stacks of thin films in the form of
Bragg structures,!®2510 the affectation of materials with different refractive indexes
(e.g., TiO2 and Si0;), has been proposed as a way of tailoring the optical behavior of
broadband antireflection coatings used to maximize the performance of photovoltaic
cells.®l Porosity is also a key characteristic when preparing Bragg stacks acting as optical
and optofluidic sensors for the detection of vapors or for liquid monitoring,
respectively.

According to the principles of the effective medium approximation theory,™%
porosity can be utilized to adjust the overall refraction index of thin films as an average
of the contributions of air (nair = 1.0) and film material (i.e., ny). However, the
adjustment of the optical properties of porous films faces the critical problem of their

environmental instability due to the condensation of water (nw = 1.31) and other vapors
into their open pores. Although this effect has been utilized for the optical detection of
vapors using stacks of thin films in the form of Bragg structures,®®19 the affectation
optical properties in multilayers acting as 1D photonic structures can be a serious
problem when dealing with passive optical systems.[*Zl This is clear in solar cells and
other outdoor applications where optical instabilities due to water condensation have
to be suppressed by polymer encapsulation during device assembly. In the present work,
we propose the use porosity as an additional parameter to control the optical properties
of multilayer stacks but, simultaneously, ensuring its environmental tightness and
therefore, a stable outdoor functioning. To enhance film porosity we use the technique
of magnetron sputtering at oblique angles (MS-OAD).[*3 This geometrical configuration,
either by e-beam evaporation or magnetron sputtering (MS), induces the growth of
nanocolumnar films with porosities that may reach up to 50-60% of the film volume.[14
Highly porous OAD films and multilayers have been utilized in the pass for the fabrication
of antireflection layers for passive optical applications,[”"112b! photo catalytic layers,!>102]
humidity and other vapor sensors!*02215 or optofluidic devices.P“%® Herein, we firstly
prove that the optical behavior of MS-OAD multilayers in the form of Bragg reflectors
(BR) or Bragg microcavities (BM) can be tailored by adjusting the porosity of the TiO;
and SiO; thin films (e.g., making the TiO; compact and the SiO, highly porous, as
proposed in previous works [12)). Then, using an optical monitoring procedure
previously applied to study vapor adsorption into mesoporous multilayers made of
nanoparticles,[!”l we characterize and discussed the variation observed in the optical
behavior of SiO,-porous/TiO,-porous or SiO2porous/TiO2-compact multilayers prepared
by MS either in an OAD or in the conventional (non oblique) normal configuration.
Finally, we show that the incorporation of a very thin and compact “capping layer” of
SiO; at the interlayer between the porous SiO; and compact TiO; films is quite efficient
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to make the optical devices tight when exposed to the environment. A related structural

effect of this capping layer is to impede the formation of over layer cracks resulting from
the propagation of the nanocolumnar microstructure of a porous layer into a compact
film grown on top.[*®! We demonstrate that the nanometric scale sealing of porosity
achieved through this approach constitutes a new route for the advanced fabrication of
porous but environmentally tight photonic structures with a high potential impact for a
large number of applications as passive optical systems.

2. Results and discussion

2.1.0ptical Properties of Porous Thin Films and Multilayers Prepared by
MS-AOD

The MS-OAD of thin films induces the growth of nanocolumnar and porous films
with a microstructure very similar to that of thin films prepared by e-beam
evaporation(!3? (see the microstructure and transmission spectra of Ti0,-0°, TiO>-80°,
Si0,-0°, and Si0,-80° thin films in Figure S1 in the Supporting Information). TiO»-80° and
Si02-80° thin films present a nanocolumnar microstructure and, likely, a high porosity.
Meanwhile, TiO,-0° and Si0;-0° films are homogeneous and likely compact. The UV—-
vis—NIR spectra of the porous and compact thin films support a much lower value of
refraction index for the former as deduced from the smaller amplitude of the
interference oscillations in the TiO,-80° spectrum in comparison with the TiO,-0°
sample. Simulation of the spectra of these two films using a Cauchy-type dispersion of
the refraction index render values of 2.23 and 1.86 for the TiO,-0° and TiO,-80° samples,
respectively. The Si0,-0° thin film presents a value of 1.45, quite close to that of the
quartz substrate, while a value of 1.36 is estimated for sample Si0,-80°. Sample SiO»-
80° also depicts a drop in transmission in the range 200-370 nm that we tentatively
attribute to light scattering effects(*®! due to the high surface roughness and porosity of
this type of thin films (similar effects cannot be observed in TiO; thin films because
transmission in this spectral region is impeded by the light absorption of this material).
The decrease in refraction index found in the films prepared in an OAD configuration
agrees with its lower density (and higher porosity) which, according to estimations
made comparing the mass thickness of the films determined by RBS with their actual
thickness determined by SEM, was 30—-40% lower at oblique angles.

Stacking porous or porous and compact SiO; and TiO; thin films in the form of
multilayers opens new possibilities for tailoring the optical properties of 1D-photonic
structures. For example, in BRs, varying the contrast between the refraction indices of
the two kinds of stacked thin films leads to changes in the width of the reflection band.
The basic formula accounting for this effect reads as follows:12%
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where AA is the width of the reflection band, Ao is the center of the band and ny
and n. the refractive indexes of the high (H) and low (L) refraction index materials
stacked in the photonic multilayer (i.e., TiO, and SiO; in the present work). Clearly,
increasing the difference between ny and n should produce a relative increase in the
width of the reflection band for a similar thickness of the individual thin films stacked
in the multilayer. Commonly, adjusting the optical properties of BRs and BMs and that
of the individual layers stacked in these structures is done using the transfer matrix (TM)
method.’%2! Simulations based on this procedure allows reproducing the transmission
spectra of this type of photonic structures and to deduce the refractive index of the
individual stacked layers. We have applied this methodology to simulate the
transmission spectra of the different studied structures and to discuss the effect of
adsorbing water in their pores.

The BRs fabricated in the present work were made of stacked SiO; and TiO; films
and begin and terminate in TiO; layers, an optical design that would permit to
investigate the self-cleaning properties of these structures upon UV irradiation. For
these TiO>—=SiO> multilayers, increasing the difference between ny and n. can be done
by adjusting the porosity of the layers (e.g., making TiO, dense and SiO porous, or both
porous!”12¢20l) The recorded transmission spectra in Figure 1 illustrate the possibilities
of this approach to tailor the optical properties of the BRs prepared by MS. This figure
shows a series of case examples of BRs formed by the successive stacking of TiO, and
SiO; layers prepared either at normal and/or oblique angles to adjust their refraction
indices through their different porosity.[*4? In the same figure we represent the spectra
simulated by applying the TM method and determine the refractive index values of the
individual stacked layers (c.f. Table 1). Figure 1al shows two equivalent spectra for BRs
of the type Ti0,-0°/Si0,-0° and Ti0»-80°/Si0,-80° formed by the stacking of individual
films of 80 nm thickness. The experimentally determined AA/Ao values of these two
photonic structures (i.e., 0.26 and 0.18, Table 1; note however that these values are
approximate because the rounded shape of the bandgap due to the little number of
stacked layers precludes an accurate determination) are different and support the use
of porosity to tailor the optical properties of 1D-photonic structures. In Figure 1b, we
compare the transmission spectra and cross section SEM micrographs of TiO,-0°/SiO»-
80° and Ti0,-80°/Si0,-80° BRs formed by stacking thin films with a thickness of 90 nm.
The cross section micrographs clearly prove the nanocolumnar character of the TiO,-

80°/Si0,-80° multilayer, a characteristic that is also apparent for the SiO; layers in the
TiO2-0°/Si02-80° structure, where the TiO, thin films are deposited in a normal

configuration. The experimental AA/Ao values of the two BRs in Figure 1a2 are 0.30
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(TiO2-0°/Si0,-80°) and 0.18 (Ti02-80°/Si0,-80°), that follow the tendency expected from

the value of ny — nLin each case.
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Figure 1. a) Comparison of experimental and simulated (dashed and dotted lines) UV-vis
transmission spectra for a series of BRs prepared by MS upon a strict control of porosity of the
individual stacked layers: al) TiO,-80°/Si0,-80° and Ti0,-0°/Si0,-0°; a2) Ti0»-80°/Si0,-80° and
Ti0,-0°/Si0,-80°; b1) and b2) Cross section SEM micrographs of the corresponding BRs as
indicated.

Another interesting difference in the spectra of BRs formed by either porous (i.e.,
at 80° deposition angle) or compact (i.e., at 0° deposition angle) thin films is the more
rounded and less defined shape in the spectral features of the former, a difference that
can be attributed to a poorer definition of interfaces in the stacks involving
nanocolumnar films.[**! The rather good fitting simulation of the set of experimental
spectra in Figure 1 permits to deduce the value of the refraction indices of the individual
layers of each structure. The values reported in Table 1 differ only slightly from those
experimentally determined for the individual layers deposited on flat substrates and
suggest little differences in the growing mode and nanostructure when they are
deposited onto a flat substrate or a previously deposited nanostructured layer.!8!
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Table 1. Refractive indexes of the stacked layers determined by TM simulation of the
spectra in Figure 1 and comparison with the experimental values determined for the same
films deposited on a flat substrate.

BR/single layer on flat ntio2(sim) nsio2(sim) Mo AN Do
substrates [RIU] [RIU] (exp.) (Equation(1))
TiO2-80°/5i02-80° (al) 1.85 1.36 0.18 0.19
Ti02-0°/5i0,-0° (al) 2.20 1.44 0.26 0.27
Ti02-80°/5i02-80° (a2) 1.85 1.36 0.18 0.19
Ti02-0°/5i0,-80° (a2) 2.30 1.39 0.30 0.31
TiO2-0° 2.23* -

TiO2-80° 1.86* -

Si02-0° - 1.45%*

Si02-80° - 1.36*

2.2.0ptical Properties of Porous Thin Films and Multilayers Exposed to
Water Vapor

The optical behavior of porous MS-OAD thin films and multilayers is very sensitive to
the environmental humidity. This is evidenced when exposing a nanostructured TiO;-
80° thin film to water vapor saturated at 15 °C (see the microstructure of one micron
thick TiO3 film and its UV—vis transmission spectra before and after water adsorption in
Figure S2 in the Supporting Information). This Ti0»-80° thin film had a nanocolumnar
microstructure and a thickness similar to that of the investigated SiO,—TiO; multilayers.
Upon water adsorption, its UV—vis transmission spectrum experienced an enhancement
in the amplitude and a slight displacement of the interference oscillations that suggest
an increase in the refraction index of the film upon water adsorption. Calculation of the
effective refraction index measured in vacuum or after saturated water vapor exposure
yields values of 1.86 and 1.93, respectively. According to the effective medium
approximation,[’9 this increase in the effective refraction index stems from the
condensation of water into the pores (ny20 = 1.31, higher than nair = 1.0). Since Neffec
= f(nTio2, Npores), this parameter will vary depending on whether npores is 1 or close to
1.31, before or after water condensation, respectively.

Optical properties of porous photonic structures are also quite sensitive to the
exposure to water vapor. Figure 2 shows the transmission spectra recorded for a TiO3-
80°/Si0,-80° BR (approximate thickness of the individual films 90 nm) when air is
pumped out from the optical monitoring chamber, exposed to a saturated pressure of
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water vapor at 15 °C and then pumped again. Clearly, exposure of this multilayer to

water vapor induces a redshift by ®11 nm (at 40% transmittance) in the transmission
spectrum that can be clearly visualized by looking to the right edge of the reflection gap
(see the inset in Figure 2c). This shift is partially reversible when recovering the initial
vacuum conditions. An evaluation by TM simulation of the refractive index of the
individual TiO2 and SiO> stacked films (see the simulations in Figure S3 in the Supporting
Information) renders values of 1.85 and 1.36 after water adsorption and 1.82 and 1.36
under vacuum conditions (note the discrepancy of this latter value for TiO, with respect
to those of the BR in Table 1 that were deduced from spectra measured in air and
therefore exposed to the ambient humidity). The implications of these optical
instabilities in relation to the numerous works in literature reporting the OAD fabrication
of very low refractive index films, broadband antireflective layers, or other passive
systems!”812l gre obvious in the sense that their practical implementation might be
precluded by their sensitivity to environmental conditions.
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Figure 2. Effect of water vapor on the UV-vis spectra of a porous Ti0,80°/Si0,-80° BR. a) UV-vis
transmission spectra of this multilayer as prepared and subjected to vacuum, exposed to
saturated water vapor pressure, and then pumped again. b) Cross section micrograph and layer
scheme of the multilayer structure. c) Enlarged representation of the left edge zone of the Bragg
band.
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2.3.0ptical Properties of Porous/Compact Multilayers Exposed to
Water Vapor

Main purpose of the present work is to use porosity to tailor the optical properties
of photonic structures prepared by MS —OAD while assuring their environmental
tightness. A reasonable approach to reach this objective might be to stack porous plus
compact thin films, so that the latter may effectively seal the underlying porous films.
This would also increase the contrast in refraction index and, according to expression
(1), contribute to increase the bandwidth of BRs. However, when a BR of the type TiO;-
0°/Si0,-80° is exposed to water vapor, the position of the right edge of the band
experiences a small (i.e., 4 nm) and partially reversible redshift (c.f. Figure 3a,c). This
means that albeit its smaller sensitivity to water vapor in comparison to the multilayer
Ti02-80°/Si0,-80° (c.f. Figure 2), this photonic structure is not environmentally tight and
its optical behavior changes due to water adsorption/condensation in the pores. We
attribute the absence of environmental tightness to the nanocolumnar microstructure
of the Si0,-80° films and to some kind of crack affectation of the microstructure of the

TiO2-0° films. Although TiO,-0° thin films present a compact microstructure when
deposited on a flat substrate, cracks and grooves from a film underneath may naturally
propagate along its thickness when deposited on a nanocolumnar OAD film (see a
comparison of the microstructure of TiO,/Si0O, compact and porous bilayers in Figure
S4 in the Supporting Information). This phenomenon has been discussed in a previous
publication on TiO,=SiO; bilayer structures where we showed that open pores at the
surface of the SiO; bottom film naturally propagate in the form of cracks into the TiO;
overlayer.[18]
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Figure 3. Effect of water vapor pressure on the UV—vis spectra of a TiO,-0°/Si0,-80° BR. a) UV—
vis transmission spectra of this multilayer as prepared and subjected to vacuum, exposed to
saturated water vapor pressure, and then pumped again. b) Cross section micrograph and layer
scheme of the multilayer structure. c) Enlarged representation of the left edge zone of the Bragg
band.

This crack propagation phenomenon grows in importance with the roughness and
size of pore entrances at the surface of the OAD underlayer films. In OAD thin films,
these two morphological parameters are known to increase with their thickness.[??
Therefore, regarding the optical behavior of 1D-photonic structures formed by the
stacking of SiO; porous and TiO, compact films, a higher environmental sensitivity can
be expected when stacking thicker OAD films. We proved this effect working with a BM
integrating an intermediate SiO; layer of 295 nm thickness. BMs consist of two
symmetrical BRs separated by a thicker layer of the lowest refraction index material
that act as an optical defect (see the layer stacking in Figure 4). The spectrum of this
type of photonic structure presents a narrow resonant peak in the reflection band that
can be used for a more accurate monitoring of the spectral redshift upon exposure to
water vapor. Figure 4a shows that the position of this peak effectively redshifts by 18
nm upon exposure to saturated water vapor and partially recovers the initial situation
after pumping the water vapor. The shift in the resonant peak position is a clear hint of
the optical changes induced by the adsorption/condensation of water in the pores of
this multilayer structure. The representation in Figure 4c of the evolution of the peak
position as a function of the relative vapor pressure defines an adsorption and a
desorption isotherm that account for the filling/emptying of the pores with condensed

125




Capitulo 8

water (a simulation of this effect using the TM method is reported in Figure S5 in the
Supporting Information). Similar effects have been utilized for the quantitative sensing
of vapors of water and other organic compounds.?2?1L15] For the purpose of the
present work looking for the stability of passive optical elements, it is of relevance that
the desorption isotherm branch does not completely converge to the initial position of
the adsorption branch, indicating that, once reached saturation, a certain amount of
water remains irreversibly condensed in the pores, even after pumping at ambient
temperature. Such a dependence on environmental conditions would preclude the use
of these devices for outdoor static applications (except for the already mentioned use
as photonic sensors®1%13l) where the photonic structures might undergo a large
number of uncontrolled heating and water exposure cycles. Similar curves to those in
Figure 4c were reported for BMs prepared by e-beam deposition at glancing angles?®!
or for nanoparticle multilayers.!”! Similar curves were also obtained for OAD thin films
when following the water adsorption with a quark crystal monitor.[*4a According to the
IUPAC categories,?¥ the shape of these curves is characteristic of a type IV isotherm
which is obtained for porous materials with both micro- (i.e., pores smaller than 2 nm)
and mesopores (pores larger than 2 nm).[?l From similar isotherms recorded with a
quartz crystal monitor, a thorough analysis of pore size distribution in a single OAD thin
film can be found in ref. [14a]
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Figure 4. Effect of water vapor pressure on the UV-vis spectra of a porous Ti0»-80°/Si0,-80° BM.
a) UV—vis transmission spectra of this multilayer as prepared and subjected to vacuum, exposed
to saturated water vapor pressure, and then pumped again. b) Cross section micrograph and
layer scheme of the Ti0,-80°/Si0,-0° multilayer structure. c) Optical isotherms recorded
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following the position of the resonant peak as a function of the relative water vapor pressure
for an adsorption and a desorption cycle.

2.4.Environmentally Tight 1D-Photonic Structures

In the aforementioned study on cracks propagation in ref. [18], an interesting
finding was that the deposition of a thin Si0,-0° capping layer on top of the
nanocolumnar SiO2-80° thin film was quite effective to remove this propagation
phenomenon into the overlayer. The fact that removal of cracks propagation occurred
with Si02-0° but not with TiO;-0° was accounted for by the impingement of highly
energetic negative ions of oxygen formed in the plasma during the MS deposition of
SiO2 but not TiO.[2%! A singular effect of this enhanced ion bombardment is the
formation of a homogeneous and compact SiO; layer with a low surface roughness (see
AFM images in Figure S6 in the Supporting Information) on which a TiO,-0° film may
grow in compact form with no cracks (see Figure S4 in the Supporting Information).

A first analysis of the deposition of a thin SiO,-0° capping layer onto a porous SiO»-
80° film reveals the removal of the light dispersion phenomena observed at low
wavelengths when recording the spectrum of the bare porous film (see in Figure S7 in
the Supporting Information a series of cross section SEM micrographs and UV-vis
transmission spectra for Si0,-80° thin films covered by SiO,-0° capping layers of
increasing thickness, from 30 to 140 nm). The SEM micrographs of these bilayer systems
clearly prove a change in microstructure from nanocolumnar and highly porous for the
Si02-80° underlying thin film to homogeneous and compact for the SiO,-0° capping
layer.

The capacity of capping layers to remove light dispersion effects from porous films
suggested us their incorporation at the interfaces of 1D-photonic structures, not only
to preclude any propagation phenomenon, but to bestow environmental tightness and
improve the optical performance of 1D-photonic structures. Figure 5 shows the UV—-vis
transmission spectra and SEM cross section micrograph of a Ti0,-0°/Si02-80°:Si0,-cap
BR with a thin capping layer of 30 nm between the Si0,-80° (=70 nm) and TiO,-0° (=90
nm) thin films of the stack. Its UV-vis transmission spectrum in Figure 5a is
characterized by the typical reflection band of a BR and a spectral shape that resembles
that of analogous Ti0,-0°-Si0,-0° multilayers (see Figure 1). The comparison of the
experimental bandwidth of this structure with the predictions of formula (1)
(experimental and calculated AA/Ao values were 0.30 in the two cases) clearly indicates
that the incorporation of the capping layer does not significantly affect the optical
properties predicted under the assumption of stacking Si0,-80° (i.e., porous) and TiO-
0° (i.e., compact) thin films characterized by, respectively, refraction index values of
1.39 and 2.23 RIU as determined by TM simulation. Moreover, in water vapor exposure
experiments we could observe that the optical behavior of this BR was not affected by
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exposure to water vapor and that its spectrum remains unchanged after a large number
of vacuum—water vapor—vacuum cycles (c.f. Figure 5a,c).
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Figure 5. Effect of water vapor pressure on the UV-vis spectra of a TiO,-0°/Si0,-80°:SiO>-cap BR.
a) UV—vis transmission spectra of this multilayer as prepared and subjected to vacuum, exposed
to saturated water vapor pressure, and then pumped again. b) Cross section micrograph and
layer scheme of the multilayer structure. c) Enlarged representation of the left edge zone of the
Bragg band.

The environmental tightness of this kind of 1D-photonic structures proves that a
strategy based on the use of compact capping layers of SiO; is a straightforward
approach for the fabrication of environmentally stable optical devices. Its suitability has
been demonstrated for a photonic structure that combines porous SiO; and compact
TiO; thin films that, otherwise, are sensitive to the environment (c.f. Figure 3) due to
the crack propagation phenomena that affects the microstructure of the latter thin
films. Thus, these experiments prove that the capping layer is quite effective for pore
sealing in what might be a useful alternative to industrial procedures of polymer
encapsulation of optical devices.
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3. Conclusions

In this work we show that porosity in SiO2 and TiO; thin films prepared by MS-OAD
can be used as an additional film property to control their optical behavior. However,
porosity is also a source of optical instability due to the, generally uncontrollable,
condensation of water or other vapors in the pores of the films. Although this feature
can be used for the development of vapor sensors or optofluidic devices, it constitutes
a constrain in 1D-photonic structures, Bragg reflectors and microcavities, intended for
passive applications, even if the material layers are fabricated as to get compact
microstructures (i.e., by performing the deposition in a normal configuration). These
optical instabilities have been directly monitored while recording the transmission
spectra under controlled water pressure conditions.

To avoid the affectation of the optical properties of 1D-photonic structures by water
vapor condensation, we propose the use of very thin SiO, capping layers to terminate
the growth of the porous films stacked in the structure. We demonstrate that the
incorporation of these capping layers does not significantly affect the optical
performance of the 1D photonic structures, is efficient to prevent the propagation of
cracks and roughness from one layer to the next, prevents undesired light scattering
effects, and successfully seals the nanopores in the underlying films, making the whole
structure environmentally tight.

4. Experimental Section

Fabrication of Thin Films and Multilayers: Films were deposited in a cylindrical
vacuum reactor (base pressure before deposition was below 5 x 1074 Pa) equipped with
two magnetron heads (Gencoa Ltd, Liverpool, UK) supplied with silicon and titanium
planar targets (diameter of 76.2 and 3 mm thick). Films substrates, 1 x 1 cm? planar
(100) silicon wafer and silica plates, were mounted on a rotatable holder placed 7 and
11.5 cm apart from the silicon and titanium targets, respectively. Same plasma
conditions explored in ref. [18] were implemented in this work. A pulsed unipolar power
supply (Pinnacle Plus, Advanced Energy, USA) was used, operated in a pulsed DC regime
at a frequency of 80 KHz and a duty cycle of 40%, applying an electromagnetic power of
300 W. A mixture of Ar (purity 99.995%) and O, (purity 99.995%) was used for the
depositions, with an argon partial pressure of 0.2 Pa and an oxygen partial pressure of
0.05 Pa. The substrate tilt angle with respect to each target was set at 0° when growing
TiO, and SiO; compact layers and at 80° for TiO; and SiO2 porous films, respectively (films
and multilayers are named accordingly in the text, i.e., TiOz-angle and SiOz-angle). Under
these conditions the following deposition rates were determined for the different
films:0.9 nm min~! (Ti02-80°), 2.9 nm min~! (Ti02-0°), 69 nm min~?! (Si0,-80°), and 27.5

nm min~! (Si02-0°).
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BRs made by the stacking of 11 TiO; and SiO; thin films and BMs integrating two BRs
formed by five layers separated by a thick intermediate layer of SiO, were fabricated and
their optical properties tested just “as prepared” or upon exposure to water pressure
under controlled conditions.

The surface roughness of the deposited layers was characterized with a Nanotec
AFM microscope supplied with a Dulcinea electronics. The microscope was working in
tapping mode by using high frequency levers. Au-covered SiN tips (Olympus) with a
diameter of 40 nm were used. The resonance frequency of the tip was 20 kHz and the
spring constant 0.09 Nm™1. The obtained surface maps were processed by means of the
WSxM free available software from Nanotec.

Field Emission Scanning Electron Microscopy (FESEM) pictures of layers and
multilayers deposited on silicon were recorded after dicing for cross section observation.
The Hitachi S4800 microscope available at the Instituto de Ciencia de Materiales de
Sevilla (CSIC-US, Seville, Spain) was used. Mass thickness of the films (i.e., number of
atoms per cm~2 were determined by Rutherford Back Scattering (RBS) in experiments
carried out at the tandem accelerator of the Centro Nacional de Aceleradores (Sevilla,
Spain).

Transmission spectra of as-prepared thin films and multilayers in the UV—vis-NIR
ranges, were recorded with a Perkin Elmer spectrometer (UV/VIS/NIR Spectrometer
Lambda 750S). The transmission spectra were recorded in samples deposited on fused
quartz substrates and used to determine their refraction indices. Refraction index values
of single SiO; and TiO; layers deposited on flat substrates were confirmed by
ellipsometry using a Woollan VASE apparatus.

In Situ Analysis of Optical Properties of Films and Multilayers as a Function of Vapor
Pressure: Experiments were carried out in a homemade experimental setup designed
for monitoring changes in the optical properties of films and multilayers exposed to
controlled pressures of water vapor. It consists of a heatable chamber provided with
different vacuum and optical feedtrough fittings where the films/multilayers were
located (see Figure S8 in the Supporting Information). Chamber was kept at 60° C during
the experiments to avoid water condensation on the walls. This vacuum tight chamber
can be filled with controlled pressures of water vapor dosed from a liquid reservoir. UV—
vis transmission spectra of the films/multilayers were recorded using optical fibers
connected to the chamber. A Mikropack DH2000 lamp and an Ocean Optics Inc QE65000
portable monochromator were used for recording the transmission spectra. Sample
temperature during measurements was controlled by a thermocouple attached to a
Peltier that, provided with a hole enabling the optical analysis in transmission, was
holding the sample. Water adsorption experiments were carried out at a sample

temperature of 15 °C.
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Figure S 1. a) normal and cross-section micrographs of TiO,-0° and -80° (left) and SiO»-0° and -
80° (right) thin films prepared by MS. b) UV-Vis transmission spectra of these samples as

indicated.
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Figure S 2. a) UV-Vis transmission spectra of sample TiO,-80° subjected to vacuum and after
exposure to saturated vapour pressure. The inset shows an enlarged view of the central zone of
the spectrum to clearly appreciate the changes in induced by water vapour exposure. b) Normal
and cross-section SEM micrographs of TiO,-80°.
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Figure S 3. Experimental and TM simulated (dashed line) spectra of a Si0»-80°/Ti0»-80° BR before
and after adsorption of water.

0°/0°

80° / cap. layer / 0°

Figure S 4. Cross-section back-scattered SEM micrographs of: (a) compact SiO; (~300 nm
thick)/compact TiO, (~300nm thick) bilayer, (b) porous SiO, (~220 nm thick)/compact TiO,
(~235nm thick) bilayer, (c) multilayer structure formed by the stacking of porous SiO, (~220
nm thick)/ SiO, capping layer (~95 nm thick, indicated by the yellow lines)/compact TiO>
(~235nm thick) layers. In the middle SEM micrograph it is apparent how the TiO, reproduces
the microstructure of the underlayer porous SiO; thin film. However, this effect is not observed
in the SEM micrograph in the right panel where a SiO, compact and homogeneus capping layer
has been deposited onto the porous SiO; film.
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Figure S 5. Experimental and TM simulated (dashed lines) spectra of the BM in vacuum and after
adsorption of saturated water vapor. The right panel represents the spectral zone of the

resonant peak in an enlarged scale.
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Figure S 6. AFM micrographs showing the effect of the SiO, capping layer on the surface
roughness. Images from a) to d) correspond to a Si0,-80° film covered with 0, 30, 50 and 120

nm SiO; capping layer.
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Figure S 7. a) Cross section SEM micrographs (a-d) and scheme of a Si0,-80° thin film covered
with increasingly thicker SiO»-0° capping layers. b) UV-vis transmission spectra of these Si0,-80°-
SiO,-0° bilayers. The dotted line spectrum respresents the diffuse reflectance of the sample
without capping layer. It is apparent that the decrease in transmission in the range 350-200 nm
is mainly due to light scattering.
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Figure S 8. Experimental chamber and setup utilized to monitor changes in the optical properties
of thin films ad multilayers exposed to controlled water vapor pressures. 1) rotation/translation
axis, 2) Peltier modulus, 3) optical fibers, 4) cooling system, 5) pump system, 6) water precursor,
7) pressure gauge, 8) valves.
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Abstract

The deposition of SiOx (x 2) compound thin films by the reactive magnetron sputtering
technique at obligue angles is studied from both theoretical and experimental points of
view. A simple mathematical formula that links the film stoichiometry and the
deposition conditions is deduced. Numerous experiments have been carried out to test
this formula at different deposition pressures and oblique angle geometries obtaining a
fairly good agreement in all studied conditions. It is found that, at low deposition
pressures, the proportion of oxygen with respect to silicon in the film increases a factor
of 5 when solely tilting the film substrate with respect to the target, whereas at high
pressures the film stoichiometry depends very weakly on the tilt angle. This behavior is
explained by considering the fundamental processes mediating the growth of the film
by this technique.

1. Introduction

The magnetron sputtering technique is a well-known and robust plasma-assisted
deposition method typically employed to grow dense and compact coatings.[? Thanks
to its versatility and efficiency, numerous works have appeared in the last decades
aiming at improving the control over key aspects of the deposition, such as the thin film
growth rate, surface roughness, crystallinity degree or preferential texture, among
others.3¥ In the so called reactive magnetron sputtering (rMS) technique,® a certain
amount of reactive gas (e.g., oxygen or nitrogen) is pumped into the plasma, affecting
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the film stoichiometry and allowing the growth of compound layers.[*®! Yet, and as a
general issue of this technique, the reactive gas flow has to be constrained within certain
limits in order to the alteration of the chemical composition of the first monolayers of
the target material, which causes process instabilities and a of the growth rate of the
films.7-19n fact, in the last years, much effort has been dedicated to minimize or cancel
the influence of this undesired effect, e.g., by evacuating the gases from the reactor at
high pumping speeds or by pulsing the flow of gases.®'Y Moreover, in ref.l}?l we
proposed a method to grow stoichiometric compound layers using low fluxes of reactive
gas, thus avoiding target poisoning phenomena and demonstrating that the growth rate
of TiO; layers improved 400%. This method relied on the results of Nyberg et al.,[*3lwho
proved that operating at oblique angles (i.e., varying the angle between the substrate
and the target surface) induced changes in the film stoichiometry in typical rMS
conditions. In this paper, we quantitatively analyze the connection between growth
conditions, oblique angle geometry and film stoichiometry, deducing a simple
mathematical formula that links them all. This equation has been experimentally tested
by growing SiOx (x < 2) thin films under different experimental conditions, obtaining a
good agreement in all the studied cases.

The oblique angle geometrical configuration has been widely explored in the last
decades to grow thin films, mainly by the electron beam-assisted evaporation technique
in absence of plasma, and its fundaments are well established in the literature.!* For
instance, it is known that the arrival of vaporized species at the substrate along a tilted
direction enhances surface shadowing mechanisms and promote the formation of
nanocolumnar arrays.[*>® This configuration has also been tested in magnetron
sputtering depositions (MS-OAD), finding out a great diversity of thin film
nanostructures, from purely compact to highly porous morphologies. In ref., 7! for
instance, we analyzed the growth of gold thin films by MS-OAD and showed that,
depending on the plasma gas pressure and substrate tilt angle, structures ranging from
compact to highly porous columnar arrays could be achieved. This geometrical
configuration has also been tested in the presenceof areactiveplasmafindingthat,
evenundersame experimental conditions, the film stoichiometry rapidly changed when
varying the angle between the target and the film surface.!?'3 In fact, these
stoichiometric variations were associated to the existence of ballistic sputtered species,
whose arrival rate at the film per unit area would depend on the relative angle between
the target and the film substrate,® while most reactive species would remain
unaffected thanks to their approximately isotropic momentum distribution function in
the plasma/gas. In this work, we analyze from both theoretical and experimental points
of view the influence of the oblique angle geometry on the stoichiometry of SiOx (x < 2)
layers, and derive a simple equation that relates the value of x and the deposition
conditions at oblique angles. We have particularly employed this material because of its
relevance, its numerous applications in different fields and the extensive knowledge on
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its growth in the literature.['®2% Nevertheless, the main ideas presented in this paper
can be easily extrapolated to other conditions and materials.

2. Experimental Section

Amorphous SiOx (x < 2) thin films were deposited onto silicon and highly oriented
pyrolytic graphite(HOPG) substrates in a cylindrical vacuum reactor, pumped down to a
base pressure lower than 5 10 Pa and equipped with a magnetron sputtering target
device (Gencoa Ltd., Liverpool, UK). This base pressure was achieved by a combination
of turbomolecular and rotary pumps. The working pressure was adjusted with a
throttling valve, placed between the chamber and the turbo pump. A planar silicon
target with a diameter of 3in. and a thickness of 3 mm was used as sputtering source
(see Figure 1). The film substrate was grounded and placed 70mmapartfrom the target,
its temperature around 350 K in all the cases. Experiments were carried out using a
pulsed unipolar power DC supply at a frequency of 80kHz, 2.5 ms off-time, and a
constant electromagnetic power of 300 W. A mixture of Ar (purity 99.995%) and O,
(purity 99.995%) was used for the depositions. Two sets of films were grown at two
different argon pressures, 0.15 and 1.5 Pa, while the relative angle between the
substrate and the cathode, a, was varied between 0° and 85°. Oxygen fluxes between 0
and 2 sccm were used to change the stoichiometry of the samples. The chemical
composition of the layers (i.e., the O/Si ratio) was characterized by Rutherford
Backscattering Spectroscopy (RBS). The films used for this analysis were grown on
graphite for a better quantification of the oxygen and silicon signals. Experiments were
carried out in a 3 MeV tandem accelerator at the Centro Nacional de Aceleradores (CNA,
Seville, Spain) with a beam of 1.5 MeV alpha particles, accumulated doses about 10mC,
3 mm beam spot diameter, and a passivated implanted planar silicon (PIPS) detector
located at 1658 scattering angle. The RBS spectra were simulated with the SIMNRA
software,2!) whereas the film stoichiometry was obtained by dividing the measured
areal densities of O and Si. Field emission scanning electron microscopy (FESEM)
technique was used to characterize the film microstructure using a Hitachi S4800 at the
Instituto de Ciencia de Materiales de Sevilla (CSIC-US, Seville, Spain).

\

Particle flux
/ a_—. Substrate
L_—-—;:‘:‘:-> / \
] e >
%
\ ~ Substrate
" holder
Target

Figure 1. Experimental setup.
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3. Theory

We make use of the so-called effective thermalizing collision (ETC) model to
describe the collisional transport of sputtered species from the target toward the
film.['8 This simplifying theory considers that the progressive loss of kinetic energy and
preferential directionality of sputtered atoms in the gas/plasma can be simplified by
introducing a single effective collision, after which the sputtered particle becomes
thermalized with the plasma gas. Relying on this idea, simple equations have been
deduced in the last years to describe the film growth under classical (non-oblique)
conditions, such as the well-known Keller-Simmons (K-S) formula,?? 1, =
CDO(pOLO/ng)[l — exp(—'ng/pOLO)] that relates the mass deposition rate of
sputtered atoms, 1y, the pressure in the reactor, pg, the flux of atoms stemming from
the target, @, and the distance between the target and the film, L. In this formula, the
semi-empirical characteristic pressure-distance product, pyLy, can be related to the
mean free path for this single effective thermalizing collision, A, by the relation
pgL/poLo = L/A7,1** where

/1’1" = 1/NO-T (1)

with N the density of heavy particles in the plasma and o7 the so-called thermalization
cross-section. This latter quantity can be linked to the actual geometrical cross section,
ay, by the relation o, = vor,or likewise, Ap = v/lg,[z‘” where n is the average number of
subsequent collisions necessary to thermalize a sputtered atom in the gas, as calculated
by Westwood in ref.,!?°! and Ag the actual mean free path of the sputtered species.
Hence, by introducing the so-called thermalization degree of sputtered atoms, & =
L/Az, the K-S formula reads,

1—exp(—= p
ry = @, Hp( ) (2)

&)
—

Using the ETC model, we have recently determined the deposition rate of sputtered
atoms by MS-OAD for a given experimental configuration and for different tilt angles of
the substrate, «.('8! In that work, a fundamental relation was found between the
deposition rate at oblique angles, 1,, and that in the classical (non-oblique)
configuration, 1y, that reads

1o — Te = Poexp(—E)(1 — cosa) (3)

and thus, whenever the K-S formula is applicable, using Equation (2) and (3), we find

(4)

-
&)

21

- " (1-
o exp(—2) —1 (1= cosa)
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In order to deduce a simple relation to account for the variations of the film
stoichiometry, we assume that the reactive species from the plasma gas arrive at the
film surface following an isotropic momentum distribution, i.e., we neglect the influence
of highly directed reactive species, such as those sputtered from the target or reactive
ions accelerated in the plasma sheath, an approximation that agrees with numerous
results in the literature whenever the target is in non-poisoned conditions.2¢!In this way,
the flux of the reactive species directed toward the film surface, Fy, is independent of
a, and the deposition rate of reactive species onto the film, 1z, reads

e = S(X)Fg (5)

where s(x) is the surface adsorption probability of reactive species. In general, the
mathematical dependence of s(x) on x can be quite complex,!?”.28! and strongly
depends on the particular material, surface features, temperature as well as on the
reactive species at play. In fact, much research is still required to analyze the adsorption
of reactive species when the surface is not flat and its composition sub-stoichiometric.
In this paper, we particularize Equation (5) to describe the deposition of SiOx thin films
as analyzed in ref.,[?°] where it was proposed that molecular oxygen was the main
species responsible for the oxidation of the film, with an adsorption probability very
weakly dependent on the particular value of x, whenever x < 2. This behavior clearly
differed from a typical Langmuir adsorption regimen (where a linear dependence is
expected between s(x) and x)B3%. In fact, this weakly dependence of s(x) on the
surface coverage has been reported in several cases in the literature®®32/and has been
generally explained by considering the incorporation of reactive species onto the film
surface in two sequential steps: in a first stage, reactive species form a very weak bond
with the film surface at the landing position, whereas, in a second stage, these species
diffuse over the surface until they find an available site to bond.% Assuming this weak
dependence between s(x) and x, the stoichiometric factor of a film grown at a
deposition angle a reads x, = 1z /7, which, using Equation (4) and (5), yields

-
&

Xq exp(—E) — 1( cos @)

(6)

Xo

valid when x, < 2, with x, being the film stoichiometry for « = 0° (note that, according
to Equation (6), x, is always equal or below x,). Equation (6) is the main theoretical
result of this paper and demonstrates the intrinsic relation between the tilt angle of the
substrate, the film stoichiometry and the deposition conditions.

Figure 2 shows the available stoichiometric variation range, x, /x,, as a function of «,
as predicted by Equation (6). In this way, when the thermalization degree is very low,
i.e., in the limit where sputtered particles do not experience any collision in the gas
phase and all of them arrive at the film surface along a preferential direction, the trend
(X4/%0)=« ~ 1/cos a is obtained. Moreover, at very high thermalization degrees, the
relation (x,/x¢)=s» ~ 1 is found, no matter the particular value of a. Under these
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conditions, sputtered atoms arrive at the film surface following an isotropic momentum
distribution function and, hence, the stoichiometry of the film is independent of the tilt
angle of the substrate. Interestingly, Figure 2 anticipates that the most important
stoichiometric variations should occur for tilt angles above ~ 45°.

8 ———r————r——r——r——1————1———

] E<<1 (x,= X /cos(a) )K
54

Available
values %

X,/ Xy
'
1

S

0 10 20 30 40 50 60 70 80
Deposition angle, « (degrees)

Figure 2. Accesible stoichiometries of the SiOx thin films upon the variation of the tilt angle.

4. Results and Discussion

Figure 3 presents the stoichiometry of the SiOxfilms as a function of a, for an argon
partial pressure of p, = 0.15 Pa and different oxygen fluxes, Fy,, into the reactor. As
expected, in classical non-oblique conditions (i.e., for « = 0°), the value of x, increases
with Fy,, from x, = 0.15 when Fp, = 1scemto x, = 0.8 when Fp, = 2 sccm. However,
when solely tilting the substrate for a given oxygen flux, values as high as xgs = 0.8 can
be achieved for F,, = 1 sccm, i.e., the proportion of oxygen in the film increases by a
factor of 5 relative to non-oblique conditions, whereas the saturated value, xgs = 2, is
achieved when F, = 2 sccm. In Figure 3, we have also included the results for an
intermediate oxygen flux, Fp, = 1.5 sccm, showing that the film stoichiometry ranges
xo = 0.3 to xg5 = 1.4, i.e., same factor as before (~ 5) when increasing the deposition
angle. These results clearly show the potential of the OAD configuration to control the
film composition using low fluxes of reactive gas. For instance, and according to Figure
3, an oxygen flow of F,, = 2 sccm is required to deposit SiOo.s thin films in the normal
configuration, whereas only half of the oxygen flux (Fp, = 1 sccm) is required when
a = 85°. Likewise, Fp, = 3 sccm is required to grow SiOz thin films in non-oblique
conditions, while the full stoichiometry is obtained for Fo, = 2 sccm and a = 85°.

An increase of the argon pressure in the reactor promotes a higher thermalization
degree of sputtered species in the plasma gas: in Figure 4, we present the obtained
stoichiometries for an argon pressure of p, = 1.5 Pa at different oxygen fluxes and tilt
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angles. This time, the oxygen fluxes were set to 0.3, 0.5, and 1 sccm to ensure the sub-
stoichiometric character of the layers in the classical configuration. In these conditions
(¢ = 0°), x¢ increases with the oxygen flux from x, = 0.4 to x, = 1.2, indicating the
validity of the classical approach to grow SiOx by pumping more reactive gas in the
reactor. In Figure 4, we also note that when the OAD geometry is employed, the value
of x changes lightly with @, namely from 0.4 to 0.6 for Fy,, = 0.3 sccm, from 0.6 to 0.9
for Fp, = 0.5 sccm, and from 1.2 to 1.8 for Fp, = 1 sccm, resulting in a factor of 1.5
between the @ = 0° and the @ = 85° cases. This factor is remarkably smaller than the
one obtained in the lower pressure cases (~ 5), suggesting that the higher
thermalization degree of sputtered species makes them arrive at the film surface with a
more isotropic momentum distribution, thus precluding a significant dependence of
their arrival rate per unit area on «.

T v 1 N I ! I M I M I M 1 M I v 1
201 Flux O, (sccm) ]
o 1.0
O 15
1.54 O 20 <]
E
)
~ 1.0+ 7]
Q
73]
£
X 054 .
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Figure 3. Film stoichiometry for different tilt angles of the substrate at different fluxes of reactive
gas and an argon partial pressure of 0.15 Pa, together with the theoretical trend predicted by
Equation (6).

In order to compare Equation (6) with the experimental data in Figures 3 and 4, a
quantitative relation between Z and our experimental conditions must be estimated.
This relation can be calculated by considering that, by definition, & = L/A; with L =
7cm and Ap given by Equation (1), where N = pg/kBTg is the density of heavy particles
in the plasma gas with T, ~ 350K the temperature of the gas, and o7 ~ 8.3 X 1072%m?
is the thermalization cross-section for an elastic scattering event of a Si atom on an Ar
heavy particle (here, we neglect the unlikely collision of a Si sputtered species with an
oxygen species in the plasma gas).?3! Following these assumptions, we deduce that, if
pg isin Pa, 2~ 1.2 X 0.15 = 0.18 for the low pressure case and £ ~ 1.2 X 1.5 = 1.8
for the higher one. By introducing the calculated value of £ and the corresponding value
of x, in Equation (6) as input parameters, we have obtained the expected values of x,,.
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These are depicted in Figures 3 and 4, where we notice the fairly good agreement with
the experimental data in all studied cases. Interestingly, Equation (6) predicts that, in
the low pressure cases, the full stoichiometry is achieved for @ ~ 70° and an oxygen flux
of Fy, = 2 sccm, whereas, in the higher pressure cases, the full stoichiometry is never
achieved, at least for tilt angles between a = 0° and o = 85°.

5=1.8
T % T » T . T L T ¥ T ¥ T ¥ T 3 T
2.0 Flux O, (sccm) 1
O 0.3
O 05
154 L < 10 .
.(z
)
= A 1
@)
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* 05 g
0.0 T T 1 + 1T * T v 1 v 1T v 1 7 1

0 10 20 30 40 50 60 70 80 90
Deposition angle, « (degrees)
Figure 4. Film stoichiometry for different tilt angles of the substrate at different fluxes of reactive

gas and an argon partial pressure of 1.5 Pa, together with the theoretical trend predicted by
Equation (6).

As a final test to prove the validity of Equation (6), we have analyzed the ratio x, /x,
as a function of a whenever x, < 2. According to this equation, a relation solely
dependent on Z should be found, independent of the particular flux of oxygen or,
likewise, the value of x,. Moreover, and according to Figure 2, the ratiox, /x, should be
constrained within the curves x,/x, ~ 1/cos a and x,/x, ~ 1. In Figure 5, we show a
representation of the experimental (for x, < 2) and theoretical results, where it is
evident that all the experimental data collapse along the theoretical curves obtained for
each of the two values of the argon pressure (thermalization degree). Overall, the results
in Figures 3-5 confirm the validity of Equation (6) to describe the growth of SiOx thin
films by rMS at oblique angles. Furthermore, these results corroborate that the
stoichiometric variations obtained at different background pressures are mediated by
the different thermalization degrees, and hence by the isotropy of the momentum
distribution functions of sputtered species.
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Figure 5. Value of x,/X, as a function of a for all experimental cases studied in this paper,
whenever x, < 2, together with the trend predicted by Equation (6). Note that the cases with
X, = 2 have not been plotted.

An additional issue in this paper is the high impact of the OAD geometry on the thin
film microstructure, which may lead to the development of different bulk and surface
patterns depending on the nominal angle of incidence of the deposition species.[#34
Even though these structures can be easily removed by applying an electric bias to
accelerate plasma ions toward the film,13>39 it is of relevance to illustrate the clear
microstructural differences among the SiOx thin films analyzed in this work. In Figure 6,
we show the cross-sectional FESEM images of selected films for p, = 0.15 Pa (E =
0.18), Fp, = 1.5 sccm, and a = 0°,45°,70° 85°, respectively. In all these cases, the
deposition time was chosen to obtain films with thicknesses of about 500 nm. Clearly, a
compact microstructure is obtained for « = 0° and a = 45°, while a well-developed
columnar microstructure with large open pores at the surface is present forthe a = 70°
and a = 85° cases. This behavior qualitatively agrees with that reported for Au thin
films grown by MS-OAD at low pressures,[*” where a smooth transition from compact
to columnar morphologies were reported. The cross-sectional images of the films grown
at a higher pressure, p; = 1.5 Pa (E = 1.8), are also shown in Figure 6, where a clear
porous microstructure with vertically aligned column-like structures is evident in all the
cases. The deposition time was set to 30 min for the @ = 0° and @ = 45° cases, 45 min
for the a = 70° case, and 40 min for the a = 85° case. This kind of thin film
microstructure matches with that reported for SiO; thin films grown at the backside of
the substrate in the classical MS configuration, and has been widely reported whenever
the film growth is governed by the shadowing-dominated deposition of low energy
vapor species that follow an isotropic momentum distribution function in the plasma/
gas.l174% Moreover, film thicknesses are approximately proportional to the deposition
time, with a growth rate of ~ 50 nm minl, no matter the tilt angle of the substrate, a
fact that agrees with our result above regarding the weak dependence of the film
stoichiometry on the tilt angle of the substrate in these conditions. Finally, it is worth
mentioning that film exposure to the atmosphere causes the oxidation of its first
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Capitulo 9

monolayers, a phenomenon that may increase the average content of oxygen in the
material, especially for layers with such a large specific surface as those presented in
Figure 6. As discussed in ref.,['2latmospheric oxygen affects a 4 nm thick layer of material
on the surface, which in our conditions lead toward a variation of the film stoichiometry

below 2%, much lower than the experimental error of the presented data.

==0.18 ==1.8

Figure 6. Cross sectional FESEM images of SiOx films deposited in different conditions: a) Fo, =
1.5sccm, a=0° and deposition time 10 min; b) Fo, = 1.5sccm, a=45° and deposition time 15
min; c) Fo, = 1.5sccm, a=70° and deposition time 30 min; d) Fo, = 1.5sccm, a=85° and
deposition time 30 min; e) Fo, = 0.5sccm, a=0° and deposition time 30 min; f) Fo, = 0.5sccm,
a=45° and deposition time 30 min; g) Fo, = 0.5sccm, a=70° and deposition time 45 min; h)
Fo, = 0.5sccm, a=85° and deposition time 40 min.

The deduction of Equation (6) has been made by considering numerous simplifying
assumptions, e.g., the introduction of an effective thermalizing collision between
sputtered and heavy plasma species, the negligible role of reactive ions or the existence
of an oxygen absorption probability independent of the surface stoichiometry, among
others. In this regard, Equation (6) has to be considered as a simple formula that
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provides meaningful insights on the deposition dynamics and that puts together aspects
as different as the reactor geometry, the nature of the sputtered and reactive species
or the plasma conditions by means of a simple mathematical relation.

5. Conclusion

In this paper, we analyze how the oblique angle geometry influences the film
stoichiometry in reactive magnetron sputtering depositions. We have shown that, at low
pressures, the oblique angle configuration may promote the growth of compound thin
films with a stoichiometric factor about five times higher than in the normal
configuration. At higher pressures, the film composition shows a weakly dependence on
the tilt angle due to the higher isotropy of the momentum distribution function of
sputtered particles in these conditions. We explain this behavior by analyzing the
progressive thermalization and directionality loss of sputtered species for increasing
background pressures, deducing a simple formula that relates the stoichiometry of SiOx
thin films and the tilt angle of the substrate. This equation reproduces all experimental
data fairly well at low and at high deposition pressures. Although this paper is focused
on the growth of SiOyx thin films, the main ideas herein are general and can be easily
applied for the growth of other compound materials by rMS.
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Abstract

Unlike topography patterning, widely used for numerous applications and produced by
means of different technologies, there are no simple procedures to achieve surface
compositional patterning at nanometric scales. In this work we have developed a simple
method for 2D patterning the composition of thin films. The method relies on the
magnetron sputtering deposition at oblique angles onto patterned substrates made by
laser induced periodic surface structures (LIPSS). The method feasibility has been
demonstrated by depositing SiOx thin films onto LIPSS structures generated in Cr layers.
A heterogeneous and aligned distribution of O/Si ratios (and different Sin+ chemical
states) along the LIPSS structure in length scales of some hundreds nm's has been
proven by angle resolved X-ray photoelectron spectroscopy and a patterned
arrangement of composition monitored by atomic force microscopy-Raman analysis.
The obtained results are explained by the predictions of a Monte Carlo simulation of this
deposition process and open the way for the tailored one-step fabrication of surface
devices with patterned compositions.
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1. Introduction

Topographic pattering using optical lithography [1,2], ion or electron beam
bombardment [3,4] or laser treatment [5], among other methods, are common
procedures for the surface processing of a large variety of materials. However, no
equivalent techniques exist for patterning the surface composition in scale ranges in the
order of hundreds of nanometers, a possibility that would open new interesting
pathways in applications areas such as wetting and freezing, photonics or advanced
electronic devices [6—8]. The herein proposed procedure for surface composition
patterning in a hundred nanometer scale relies on the deposition of thin films by
magnetron sputtering at oblique angles (MS-OAD) [9] onto a substrate patterned with
Laser-Induced Periodic Surface Structuring (LIPSS) [10,11]. Equivalent results would be
obtained onto similar surfaces covered by linear grooves prepared by other methods.

A well-established feature of OAD thin films when prepared onto flat substrates,
either by electron beam evaporation or MS, is the formation of a porous microstructure
in the form of tilted nanocolumns [12]. On patterned substrates, electron beam
evaporation in this geometrical configuration has been used for the fabrication of
sculptured thin films, multilayers or other type of well-ordered surface nanostructures
[13,14]. Generally and independently of the complexity of the microstructure and
surface topography of the obtained thin films, composition remains invariable in these
deposition processes, both laterally and in depth.

In a very recent work using reactive magnetron sputtering (r-MS) deposition at
oblique angles (r-MS-OAD) [15], we have reported that the tilting angle of nanocolumns
and the composition of SiOx thin films (i.e., the value of x, ranging from 0.4 to 2.0) can
be effectively controlled by adjusting the deposition angle and the partial pressure of
oxygen in the plasma gas. Relying on this methodology, in the present work, SiOx thin
films with well-defined x values (as determined on flat substrates) have been deposited
onto a substrate consisting of ca. 800 nm separated lineal patterns produced by Laser-
Induced Periodic Surface Structures (LIPSS) onto a metal film [16,17]. An analysis of the
angular dependence of the Si2p X-ray photoelectron spectra (i.e., angle resolved XPS
[18,19]) has shown that the local composition of the deposited layers self-adjusts along
the ripple structure (i.e., there is a self-modulation of the surface composition).
Moreover, 2D maps recorded with AFM-Raman [20] confirmed that surface composition
varies in a periodic way following the sequence defined by the topographic rippled
structure of the substrate. Finally, to understand the basis of the shadowing effects
controlling this surface modulation of composition, we have simulated the deposition
process by a Monte Carlo model [21,22] that takes into account the trajectories and local
impingement angles of the sputtered silicon atoms onto the different zones of the ripple
substrate. The good agreement between simulations and experiments support the
general character of the method and its potential use with other thin film materials (e.g.,
nitrides, mixed oxides, etc.) and substrates.
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2. Experimental and methods

The substrates used for oblique angle deposition were nanostructured by fs-laser
irradiation as described in ref. [16]. They consisted of 1 um thick Cr films, evaporated
onto a multilayer substrate made of a top Ni layer (20 um thick), an intermediate
adhesion layer made of Cu (1 um thick), and a 1 mm thick polymer slab. The samples
were irradiated using a fiber-based fs-laser amplifier (Tangerine, Amplitude Systems)
emitting ~450 fs laser pulses at 1030 nm at a repetition rate of 250 kHz. The samples
were irradiated with the fundamental wavelength of the laser (1030 nm). Beam energy
was controlled by means of a lambda-half (A2) wave plate/thin film polarizer system.
After energy control, the beam passes through a second M2 wave plate for polarization
control. The beam is then sent through a galvanometer scanning unit equipped with an
F-Theta lens (100 mm focal length) to scan the focused beam over the static sample. The
scanning speed used was 1500 mm/s and the pulse energies were typically in the range
of 0.5-2 wl/pulse. In all cases, the beam polarization was set perpendicular to the beam
scanning direction in order to promote the coherent propagation of LIPSS over large
areas as shown in refs. [16, 17] for 1030 nm radiation.

Deposition of SiOx thin films was carried out as described in ref. 15 and schematized
in Fig. 1. Substrates were azimuthally oriented in such a way that the groove direction
was perpendicular to the particle trajectory from the target to the substrate. Tilting
angle of the substrate plane with respect to the upper sputtering track of the target was
adjusted to an angle of 85°. The magnetron designation. Several experiments were
carried out with SiOx thin films with compositions defined by x= 1.2, 1.5 and 1.9, that
were obtained by controlling the oxygen flow in the plasma gas (i.e., 0.78, 0.96 and 1.15
sccm, respectively). On flat silicon substrates, the equivalent thickness of the deposited
SiOx thin films as determined by SEM was in the order of 45 nm.

Target

=

\
Substrate \
Particle flux \

Fig. 1. Scheme of the geometrical arrangement of the rippled substrate with respect to the
sputtering target during SiOx deposition. Substrate perpendicular forms 85° with respect to the
sputtering target.
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X-ray photoelectron spectroscopy (XPS) analysis of the deposited thin films was
carried out in a PHOIBOS spectrometer working in the pass energy constant mode fixed
at 30 eV. Binding energy (BE) scale was referred to the C1S peak of the adventitious
carbon contaminating the surface of samples taken at a value of 284.5 eV. Spectra were
recorded by setting the exit angle of photoelectrons at normal and grazing exit directions
(i.e., in angle resolved XPS mode [18,19]). To do that, samples were turned by the
selected angles with respect to the energy analyzer entrance. Si 2p spectra were fitted
under the assumption of a distribution of Si% Si*, Si%*, Si3* and Si** oxidation states
separated by approximately 1 eV in BE. This assumption is well documented in the
literature [23—25] and has been successfully used for the fitting analysis of the Si2p peaks
recorded in the present work.

Atomic Force Microscopy (AFM) analysis of the surface topography of LIPPS samples
before and after SiOx thin film deposition has been carried out in a Nanotec AFM
microscope supplied with a Dulcinea electronics.

Top view scanning electron microscopy (SEM) images were acquired with a field
emission microscope (FESEM model Hitachi S4800 at the Instituto de Ciencia de
Materiales de Sevilla, CSIC-US, Seville, Spain).

AFM-Raman analysis of the samples was carried out in a Witec Alpha-300RA (UIm,
Germany) confocal Raman microscope. A Nd:YAG laser of 532 nm wavelength was used
to record the Raman spectra and Raman images. Raman maps of the sample surfaces
whit an area of 7,5 x7,5 um were taken point by point with a piezo-driven stage and an
optical fiber of 50 um in diameter as pinhole to guarantee a spatial resolution <300 nm,
through a 100x objective lens and numerical aperture of 0.95. Raman images were
created by 50 x50 full spectra (from =100 to 1100 cm™) (2500 spectra), at 2 mW incident
laser power, an acquisition time of 1 s per spectrum, requiring 50 min for each Raman
map. Finally, the collected data were analyzed by using Witec Control Plus Software. An
AFM coupled to the Witec Alpha300RA confocal Raman microscope was used to obtain
the topographic information of the samples. AFM images were taken in non-contact
mode and using a NSG30 gold-coated silicon cantilever (with a resonant frequency of
268 kHz) supplied by NT-MDT was operated in pulsed DC mode at a power of 200 W and
a Ar flow of 6.25 sccm (working pressure of 1.5 x1073 mbar). Addition of oxygen to the
plasma gas was used to control the O/Si ratio. This was determined by Rutherford Back
Scattering (RBS) analysis of a thin film deposited on a nearby flat substrate of graphite.
This O/Si ratio determined on flat substrates has been taken for sample (Moscow,
Russia) whit a tip of 10 nm of radius and 15 um of height. Under these conditions, AFM
images were captured by scanning 256 lines with 256 points per line. The selected areas
(10 x 10 um) were those previously studied by Raman images. Simulation of the thin film
growth on the patterned substrates was performed using a well-tested Monte Carlo
model to describe the MSOAD of thin films. Main features of this model have been
discussed in detail in previous works [21,22]. This model assumes the incorporation of
vapor species on a substrate according to certain angular distribution of arrival, filling in
a three dimensional Nix Nix Ny grid, whose cells may take the value 0 (empty) or 1 (full).
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In our case, each cell represents a Si species in the film that may be oxidized during
deposition by reaction with the gaseous oxygen species impinging onto the surface. In
the present work, this model has been applied to describe the deposition of SiOx thin
films on an ideal sinusoidal rippled substrate characterized by amplitude and period of
160 And 800 nm, respectively.

3. Results and discussion

3.1.r-MS-0AD of SiOx thin films onto linear patterned substrates

The patterned substrates used in the present work consist of a series of parallel and
lineal grooves with an amplitude of approximately 250 nm and a period of 700 nm. SEM
and AFM images of these substrates are reported in Fig. 2 top). The morphology of these
rippled substrates after SiOx deposition at 85° was also examined by SEM and AFM (Fig.
2 bottom). The comparison of the images before and after deposition clearly shows that
although a SiOx layer of approximately 45 nm has been deposited onto the rippled
structure, the sinusoidal surface topography is still preserved, even if some blurring and
broadening of the ripple pattern has occurred after the accumulation of deposited
material. The groove amplitude (see the cross sectional lineal profiles in the middle
panels of the figure) slightly changed as resulting from a partial filling of valleys by the
deposited material (note that estimation of valley depth may be underestimated due to
the finite size of the AFM tip).
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Fig. 2. AFM (left) and SEM (right) images of the ripple substrates utilized for the deposition of
the SiOx films before (top) and after (bottom) the MS-OAD of a Si01.5 thin film with a nominal
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thickness of 45 nm as determined on a nearby flat silicon substrate. Topography cross section
lineal profile are shown in the center of the images.

3.2.MC simulations of deposition process

During MS-OAD the particle trajectories of a part of sputtered silicon species is
affected by scattering events with the plasma gas and particles become thermalized
before arriving to the substrate surface (see the scheme in Fig. 3a) [9,15,21,22]. This
phenomenon is wellknown in magnetron sputtering depositions and is associated to the
different collisional transport of sputtered species from the target to the film. In general,
three type of species can be differentiated attending to their momentum distribution: i)
ballistic species, i.e., particles that do not experience any collision in the gas phase and
arrive at the film with their original momentum, ii) thermalized species, i.e., particles
that undergo enough elastic scatterings in the gas phase to possess an isotropic
momentum distribution when deposited, and iii) partially thermalized species, i.e.,
particles that, although have experienced several collisions, do not have a completely
isotropic momentum distribution [26]. In previous works we have analyzed the degree
of thermalization as a function of the plasma gas pressure and the distance between
target and substrate [9]. For the conditions of the present experiment (i.e., with the
substrate at a deposition angle of 85° and considering the total pressure and the distance
between target and substrate), it can be estimated that approximately 45% of the silicon
particles were thermalized before arriving to the patterned substrate surface.

Under these conditions, the MC simulation of the deposition process reported in
Fig. 3b shows that the film does not only grow in the region of the ripples facing the
sputter target, but also at their back side. In this way, while the deposition of Si in the
region of the ripples facing the target combines the three regimes of silicon species, at
the back side of the ripples, only those that are thermalized or partially thermalized are
allowed to be deposited. This explains the different growth rates on both sides of the
ripples, as well as the different nanostructures predicted by MC simulation (Fig. 3b):
while the region facing the target is rather compact due to a relatively high ballistic
component, that at the back side of the ripples resembles vertically aligned porous
structures, typical of a film grown by isotropically directed deposition species [27]. Since
the oxygen impingement rate over the whole surface should be the same, and
considering an adsorption probability independent of the film stoichiometry (an
approximation that was already checked in ref. [15]), we also estimated the chemical
composition on different parts of the film surface as a function of the relative Si and
oxygen impingement rates on each side. The result of these calculations is represented
by different colors in Fig. 3c. In the region facing the target, the higher deposition rate
of Si species leads to the formation of a sub-oxide layer (x < 2), whose thickness
decreases near the top of the ripple and at its back. On the back side a full stoichiometric
oxide composition (i.e. SiO2) would be obtained by assuming that the oxygen
impingement rate is equivalent to that of silicon species and therefore enough to fully
oxidize the deposited layer. It is also predicted that the local stoichiometry parameter x’

160



of the film on the side facing the target (i.e. SiOx’) is smaller than the average x parameter
of the film deposited onto a flat substrate (i.e., SiOx).

Collision with

/ gas particle \ Thermalized particle | a )

g/

Ballistic particle

P
Ballistic particles Thermalizedparticles

c)
//

y

Fig. 3. MC calculation of the SiO« deposition at an oblique angle of 85° onto an ideal sinusoidal
substrate for an equivalent film thickness of 70 nm on a flat substrate. a) Scheme describing the
partial thermalization process of particles in their trajectory from the target to the substrate. b)
Simulated cross section profile of the film nanostructure and thickness. c) Color map describing
the evolution along the ripple profile of the O/Si ratio in the films (blue color corresponds to
SiO,, red color to a SiOy composition (x' < x), the yellow color represents a transition zone and
the dark red to the Cr LIPSS structure). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3.3.XPS analysis of the SiOx thin films deposited a rippled substrate

A first experimental evidence of a different film composition depending on the
ripple side was obtained by angle resolved XPS analysis of samples [18,19]. For a film
with a SiO1.5 nominal composition (i.e., as obtained onto a flat substrate), the Si2p
spectra obtained at different collection angles reported in Fig. 4 present different shapes
depending on the exit angle of photoelectrons when the sample was rotated around an
axis parallel to the ripple direction (see schemes in the bottom part of the figure).
Practically no changes were observed in the Si 2p spectra when the sample was rotated
around an in-plane axis perpendicular to the ripple direction. Spectra in Fig. 4 have been
fitted under the assumption, well supported in previous works in literature on SiOx thin
films [23-25], of the presence of five different oxidation states of silicon: Si%, Si*, Si?*,
Si3*, Si*,

The evolution in the shape of the spectra from the 0° to the +70° to the -70°
photoelectron collection angles clearly demonstrate that surface composition is
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heterogeneous and that a depletion of oxygen (i.e., equivalent to the relative higher
concentration of Si® and Si* species) occurs on the ripple side facing the particles flux
during deposition. Average O/Si surface ratios of 1.48, 1.62, 1.12 were determined from
the spectra taken at 0°, +70 and -70°, respectively. The percentages of the different
oxidation states derived from the area of the different fitting bands at each collection
angle are also reported in the supplementary material, (Fig. S1 and Table S1) for this
sample and two other examples with nominal compositions SiO1, and SiO19. This
evolution clearly reveals that the O/Si ratio at the ripple side facing the target (x/,
determined at -70°) is smaller than the average surface composition and that the O/Si
ratio on the opposite side of the ripples significantly increases (x’, determined at +70°),
in good agreement with the MC simulations in Fig. 2 (note that a SiO; stoichiometry is
not measured because ripples do not present a sinusoidal shape, have imperfections and
at -70° photoelectrons from the top of the ripples are also collected).

Collection at 0° Collection at +70° | Collection at -70° |
Normal Ripples back side Ripples front side
s si*
Sil-h

106 104 102 100 98 96 106 104 102 100 98 96 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Detector [ '
A LA ‘y LA
| . X-ray

K-ray source

Energy Energy
! analyzer analyzer
AAA =

source

x decrease in Si0,
E—> —m

Fig. 4. Top) Fitted Si2p spectra taken for a SiO1 s thin film deposited on a rippled substrate for
three different collection angles with respect to the substrate perpendicular (0°, +70° and -70°)
of photoelectrons selected by turning the sample around an axis coinciding with the ripple
direction. Fitting analysis is done with five fitting bands separated by approximately 1 eV.
Bottom) Scheme of the geometrical arrangement of samples when examined by XPS with
indication of photoelectron exit angles 0°, +70° and -70° defined with respect to the
perpendicular to the substrate and the line of ripple direction.
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3.4.AFM-Raman analysis of surface composition distribution

A microscopic assessment of the O/Si ratio distribution over the surface can be
obtained by AFM-Raman analysis [20]. Fig. 5 shows Raman and AFM topographic maps
taken simultaneously obtained from the surface of a SiO1., thin film deposited on the
rippled substrate. A topographic cross sectional profile along a direction perpendicular
to the ripples and the Raman spectra recorded at the blue and red zones of the Raman
map are also included in this figure. Raman map reveals a preferential arrangement of
the composition distribution along the direction of the LIPPS patterns and a certain 2D
clustering that we attribute to the unavoidable imperfections in the LIPPS patterns (c.f.
Fig. 2) and some randomization along the surface of the shadowing effects that control
the compositional patterning. Raman spectra of the observed zones depict shapes that
are typical of SiOx films [28—30] where the features at 140, 300, 380, and 480 cm™ can
be associated to Si° species (see supplementary material, Fig. S2, for a fitting analysis of
these spectra according to a common attribution of the different bands in literature) and
those at 606 and 630 cm™ (and another broad band between 300 and 500 cm™
overlapping with the Si® bands) to SiO2 species [31,32]. The Raman map in Fig. 5 reflects
the evolution of the intensity of this latter feature along the surface with the red color
corresponding to those zones where it is more intense and therefore the O/Si ratio is
higher. The comparison of the compositional (i.e., Raman), the topographic maps and
the lineal profile in this figure clearly shows that the ripple side opposite to the flux
direction of sputtered silicon species are enriched in SiO, which, on the contrary,
becomes depleted on the other side of the ripples. We would like to note that this
compositional patterning can be well controlled for certain values of the film thickness
but progressively degrades as the film thickness increases. Experiments with SiOx thin
films of 100 and 150 nm revealed a certain degradation of the composition patterning,
although clear zones attributed to different compositions aligned along the direction of
LIPPS were still observed. In principle, compositional patterning will remain wherever a
clear topographic pattern is preserved. In a recent investigation on this question we have
found that the topography of a substrate pattern affect the microstructure of thin films
deposited by magnetron sputtering at oblique angles until a certain characteristic
oblivion thickness that is in the order of the separation between pattern strips [33].
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Fig. 5. AFM-Raman analysis of the SiO1; thin film deposited on the ripple structure. Top)
Topographic image (middle), lineal profile along the ripple direction (right) and Raman map
(left). Bottom) Raman map and typical spectra recorded at the red and blue areas of the map
following the band at 630 cm™.

The previous experiments clearly demonstrate that the combination of r-MS-OAD
and rippled substrates is straightforward for the 2D self-patterning of thin film
composition over the substrate surface. The mechanism sustaining this self-patterning
process benefits from the local shadowing effects produced by the ripples during the
deposition and the resulting different proportions of oxygen and silicon species arriving
to the different zones of the rippled substrate. Regarding the former it is worth stressing
that dimensions (e.g., ripple period) providing an effective control over shadowing
processes and therefore composition distribution must be within hundreds of
nanometers. Such a range of ripple period dimensions is within those typical of light
interference phenomena or those inducing anisotropic wetting and elongated cell
growth on surfaces [34,35] and might be used for the fabrication of advanced optical
devices [7,36,37] and surfaces with controlled wetting, freezing or antifouling properties
[6,38] among other possible applications. For these and other applications it is
sometimes required the fabrication of substrates with a well-defined patterning of
composition in order to, for example, induced specific diffractive effects, prevent the
adhesion of cells or favor a one-direction sliding of liquids onto solid surfaces. The
proposed methodology could be an alternative to lithographic procedures to achieve a
lateral patterning of composition complying with these functionalities.
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5. Supplementary information
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Figure S 1. Comparison of the angular dependence (from left to right spectra recorded at 0°, +70° and -70°) of Si2p
spectra for SiOx thin films with nominal compositions of 1.2 (top), 1.5 (center) and 1.9 (bottom) deposited onto rippled
substrates.

Table S 1. Percental areas of the bands used to fit the Si2p spectra reported in Figure S1. Each band has been attributed
to a given oxidation state of silicon as indicated in Figure S1. The indicated O/Si ratio has been derived from the
percentage of different oxidation states.

Nominal o/si
composition  Angle (°) % Si° % Sil* % Siz* % Sic* % Si** g
fitting
(x)
SiO; , 0 11.38 19.64 0.77 19.89 48.32 1.37
Si0, 0 12.06  14.52 0 13.03  60.39 1.48
$io, 5 0 13.01  13.12  3.59 576  64.51 1.48
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Figure S 2. Fitting analysis of Raman spectra were carried out according to a common attribution of the different bands
in literature, i.e. 140 cm™, 300 cm™, 380 cmL, 475 cm™, for amorphous silicon (a-Si) as Transversal Acoustic (TA),
Longitudinal Acoustic (LA), Longitudinal Optics (LO) and Transversal Optics (TO) modes respectively. A broad band
between 300 and 500 cm™ attributed to a-SiO,. A band centered on 500 cm™ for the more reduced film related with
disordered silicon structures and two bands related with silicon oxide centered at 606 and 630 cm™..
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Abstract

Traditionally porous silicon based photonic structures have been prepared by
electrochemically etching of silicon. In this work, porous multilayers of nanocolumnar
SiOx and SiO3 thin films acting as near infrared (NIR) 1D-photonic nanostructures are
prepared by magnetron sputtering deposition at oblique angles (MS-OA).
Simultaneous control of porosity and stoichiometry of the stacked films is achieved
by adjusting the deposition angle and oxygen partial pressure according to a
parametric formula. This new methodology is proved for the synthesis of SiOx thin
films with x close to 0.4, 0.8, 1.2, 1.6 and nanostructures varying from compact (at 0°
deposition angle) to highly porous and nanocolumnar (at 70° and 85° deposition
angles). The strict control of composition, structure and nanostructure provided by
this technique permits a fine tuning of the absorption edge and refraction index at
1500 nm of the porous films and their manufacturing in the form of SiOx-SiO2 porous
multilayers acting as near infrared (NIR) 1D-photonic structures with well-defined
optofluidic responses. Liquid tunable NIR Bragg mirrors and Bragg microcavities for
liquid sensing applications are presented as proof of concept of the possibilities of
this MS-OAD manufacturing method as an alternative to the conventional
electrochemical procedure of silicon based photonic structures.
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1. Introduction

Porous silicon oxide is a classical material for the fabrication of self-standing
optofluidic actuation and/or interrogation an sensing devices and as such it has been
widely used for a large set of sensing and responsive applications including label free
sensing and detection of biomolecules and tumor necrosis factors**. Current methods
of fabrication of these porous silicon devices rely on chemical routes involving
electrochemical treatments and thermal annealing at high temperatures that may
hamper their straightforward incorporation into microfluidic systems. A motivation of
the present paper is to apply thin film synthesis routes to directly deposit porous
nanostructures made of silicon oxide onto any kind of substrates at room temperature.
Key feature of the developed approach is the controlled manufacturing of SiOyx (x<2) thin
films by magnetron sputtering. Thin films of this material have been studied for decades
due to their outstanding optical and electrical properties.l>°! Recently, SiOx nanowires
have been proposed as refractive index sensing devices,'° while in the form of stacked
layers and porous films this material is utilized for the fabrication of Li battery
electrodes.[*112l Compact SiOx thin films have been fabricated by various methods,
including evaporation!*3-1% thermal chemical vapor deposition (CVD),!*®71 or magnetron
sputtering (MS).[8-201 Radio frequency reactive MS was profusely utilized by Habraken
et al. for the deposition of SiOx thin films.[21-26] Besides determining the best deposition
conditions to achieved a precise control over stoichiometry, these authors studied the
mechanism of the deposition process, the structure of the deposited SiOx films by
various techniques and the role of a spinodal decomposition in controlling the
distribution of oxidation states of silicon in the film. In general, most fabrication
methodologies including MS and electrochemical etching of silicon provide a good
control over the stoichiometry of compact films, but are not well-suited for
simultaneously tailoring film porosity, nanostructure and stoichiometry.l'3-28] These
limitations have been overcome in the present work thanks to a new thin film synthesis
procedure consisting of the room temperature reactive magnetron sputtering
deposition (r-MS) at oblique angles (r-MS-OAD) that permits simultaneously tuning both
film porosity and O/Si ratio. For electron beam evaporated OAD films, the dependence
between nanocolumnar structure and deposition conditions has been amply discussed
in literature?® 3% and used for the fabrication of Si or SiOx thin films with controlled
nanocolumnar microstructure.®% 321 However, except for an early publication of Nyberg
et al.?% and a very recent paper by us!*® no other works using r-MS have reported the
possibility of controlling the chemical composition of oxide thin films by adjusting the
deposition geometry during r-MS-OAD. Relying on the theoretical principles and ideas
of these works, in the present paper we have used a parametric two-variables (i.e.
oxygen partial pressure and deposition angle) approach to achieve a strict control over
both O/Si ratio and nanostructure of the as-deposited SiOx films.

The use of nanostructured SiOx thin films for the fabrication of near infrared (NIR)
optofluidic devices relies on their transparency in this spectral region and on the
dependence of the absorption gap and refraction index (n) on their O/Si ratio® 2 33 34
with values of n at A=1500 nm that vary from ~3.4/3.5 RIU for elemental silicon to ~1.4
RIU for SiO,). Adjusting the optical properties of compact SiOx thin films by controlling
their stoichiometry has been utilized for the fabrication of compact 1D-photonic
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structures that cannot be actuated by liquid infiltration (e.g., rugate optical filters, Bragg
reflectors —BRs— or Bragg microcavities —BMs—).[35-38] The challenge in the present
work is the fabrication of planar 1D-photonic structures consisting of
porous/nanostructured SiOx films prepared by magnetron sputtering that can be
operated by liquid infiltration. With this purpose we have applied the r-MS-OAD
methodology for the tailored fabrication of optofluidic-actuated 1D BRs and BMs, these
latter for label-free transducer applications. The manufactured 1D-photonic structures
have depicted a high reliability and sensitivity as refractive index liquid sensors. To our
knowledge, no similar attempt based on physical vapour deposition methods to
manufacture NIR optofluidic sensor devices has been reported in literature.
Furthermore, a clear advantage of the fabrication method is the fact that it proceeds at
room temperature, thus enabling the direct integration of these optotofluidic structures
onto sensitive substrates and demonstrating the possibility of directly integrating these
NIR photonic transducers into micro- and nano-fluidic channels or onto the surface of
optical fibres.

2. Experimental Section

2.1.Fabrication of nanostructured SiOx thin films and multilayers by
reactive MS at oblique angles.

SiOx thin films with controlled stoichiometry and nanostructure were prepared
by reactive magnetron sputtering (r-MS) in an oblique angle deposition configuration
(OAD). Series of thin films were fabricated by controlling both the oxygen partial
pressure (or the oxygen flow rate) during deposition and the angle between substrate
and target (a). In a previous work we proposed a parametric equation that, for a given
deposition arrangement, predictively obtained the stoichiometry of the SiOyx thin
films as a function of these two parameters (18l This formula reads as follows:

&3] [x]

Xo
—=1-—1-
Xa exp 1( cosa)

Where %o and ¥« are the film stroichiometries in a normal (i.e., a=0) and in oblique
angle configurations (i.e., at a given value of a) and Z the tehermallization degree of the
sputtered atoms, depending on the distance between target and substrate and the
mean free path of particles which, in turn, depends on the gas pressure in the deposition
chamber. A fundamental assumption in this equation is that the surface arrival rate of
sputtered silicon atoms changes with the deposition angle while that of oxygen
molecules only depends on its partial pressure in the plasma gas.

A plot of different curves derived from this equation is presented in Figure 1 where
we have indicated the expected basic tendencies of nanostructure and porosity as a
function of deposition angle (i.e., zones for compact, porous and well-defined
nanocolumnar thin films). It is noteworthy, that this set of curves serves for the specific
reactor utilized in the present work and that for other reactors new curves should be
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calculated using data accounting for their specific geometry and working conditions.
Each curve corresponds to a series of samples characterized by a given stoichiometry
but presenting quite different microstructures varying from compact and homogenous
at a=0 to highly porous and nanocolumnar at high a values. In the present work we will
show results for series of samples prepared along the curves for x=0.4, 0.8, 1.2 and 1.6
plotted with dashed lines in the figure.

2.5

Oxygen flux

O-O * 1 & 1 = 1 v 1 = 1 v 1 " 1 " 1 ¥
O 10 20 30 40 50 60 70 80 90

a (°)
Figure 1. Plot of iso-compositional curves of SiO thin films prepared varying both oxygen flux
and deposition angle for the experimental reactor utilized in the present work. These curves
have been derived according to a parametric equation developed in ref.[*8

Samples were prepared by r-MS using a Si target (Gencoa Ltd, Liverpool, UK) and
Ar as plasma gas (6.25 sscm or 0.15 Pa in our reactor) plus Oz according to the flows
in Figure 1. The magnetron was operated under pulsed DC regime at a frequency of
80 kHz, with a 2.5 ms off time and a constant electromagnetic power of 200 W.
Samples were deposited on silicon, graphite and quartz substrates, depending on
characterization tests. Samples are named by the nominal x value of a given series
and, within a series, by the specific angle used for deposition (e.g., Si0O.4-85° means
a sample with a stoichiometric parameter x close to 0.4 that was prepared at an angle
of 85° between target and substrate).

Multilayers formed by stacking SiOx and SiO; films were prepared as 1D photonic
systems in the form of BRs!3°! or BMs!*®! and were supported on quartz. Thickness of
individual layers and their number were estimated by optical simulation. During the
deposition of multilayers it was realized that the direct stacking of porous SiOx and
SiO2 films may lead to a progressive loss of interface planarity and degradation of the
microstructure, a structural effects which entailed undesired effects in terms of light
dispersion and loss of interference pattern quality. This effect was apparent before
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liquid infiltration and could be counterbalanced by the deposition on top of the
nanostructured SiO; films a thin (less than 20 nm) but homogeneous capping layer of
the same material. As discussed in a previous publication,* this layer had little
influence on the final optical properties of the photonic structure but contributed to
preserve its microstructural integrity even when stacking a large number of layers.
Capping layers were deposited as a continuation of the porous SiO; films by just
changing the deposition angle from 85° to 0° and keeping constant all other
parameters.

2.2.Characterization of thin films and multilayers

Cross sectional and top view scanning electron microscopy (SEM) images were
acquired with a field emission microscope (FESEM model Hitachi S4800 at the
Instituto de Ciencia de Materiales de Sevilla, CSIC-US, Seville, Spain) for layers
deposited on silicon substrates. These samples were conveniently diced for cross
section analysis.

Focused ion beam SEM analysis of selected samples were carried out using a FEI
Helios Nanolab 660 tool following a procedure previously reported.*?! A strip of Pt
was deposited to prevent ion damage to the surface and ensuring conductivity.
Subsequently, trenches were milled at 30 keV Ga+ ion energy and the cuts observed
with the electron beam under 52° incidence in the SE mode.

Rutherford Backscattering Spectrometry (RBS) of thin films was used to determine
the O/Si ratio and the atomic thickness of films expressed in Si atoms/cm?2% 23] jn
samples deposited on flat pyrolytic graphite. Experiments were carried outin a 3 MeV
tandem accelerator at the Centro Nacional de Aceleradores (CNA, Seville, Spain) with
a beam of 2.3 MeV alpha particles, accumulated doses about 10 mC, and 3 mm beam
spot diameter, and a passivated implanted planar silicon (PIPS) detector located at
165° scattering angle. The RBS spectra were simulated with the SIMNRA software3!
The O to Si ratio defines the film stoichiometry and was obtained from the area of
the bands of these two elements after calibration with the intensity ratio for a SiO;
thin film measured under the same conditions.

Porosity, expressed in terms of percentage of void space in the SiOy thin films, has
been roughly determined by comparing their mass thickness (tm) and their actual
thickness (tsem) by means of the relation %V = [1 — t,,/tsgm] - 100. The actual
thickness of the films tsem was determined by inspection of the cross section SEM

micrographs of the samples. The mass thickness was approximated by the
N

Y )'Msiox] /p(Si0,),where N is the number of SiOx molecules
A

expression: t,, = [(

obtained from the RBS measurements (assuming that each Si atom forms a SiOy
molecule), Na the Avogadro’s number, Mg, the molecular mass, and pg;o, the
density of the silicon suboxide in bulk form. The density of the SiOx thin films has
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been approximated according to pgip. = (1 — x) - ps; + X - psip,, With p the density of
the indicated compounds expressed in terms of grams per unit volume (g/cm?3).

X-ray photoelectron spectra (XPS) were recorded in the pass energy constant
mode in a Phoibos 100 DLD (SPECS) spectrometer using the Mg Ka line as excitation
source. The binding energy (BE) scale of the spectra was referred to the Cls line at
284.5 eV of the adventitious carbon contaminating the surface of the samples. Fitting
analysis of the Si 2p spectra has been carried out under the assumption that the
different oxidation states of silicon, from Si** at 103.8 eV to Si® at 99.6 eV, /13, 26, 44,43]
have BEs varying by approximately one eV per unit of oxidation state. This
approximation has been amply utilized in literature and, within a small margin of
inaccuracy, has been demonstrated appropriate to characterize the different
oxidation states of silicon in SiOx materials. In the curse of the present investigation
we found that just after a first exposure to air, the surface of SiOx thin films became
extra-oxidized to an extent that depended on their stoichiometry and porosity. This
small surface oxidation by exposure to air stabilized the surface state which, for long
periods of time, remained then unmodified. To prove the extent of surface oxidation,
the XPS analysis of the thin films exposed to air was complemented with their analysis
after sputtering with Argon ions (Ar*) of 1000 eV up to a maximum time of 10 min
and an etching rate of 0.2 nm min~!, when no more changes could be detected in the
spectra. This experiment proved that the oxidation layer was superficial
(approximately 1-2 nm) and that the extra oxidation of the surface only corresponded
to a change in x between 0.1 - 0.2 for most samples. However, since Ar* ions may
induce a preferential removal of oxygen from the SiOx materials, assessment of
surface stoichiometry will be done on the XPS spectra of non-sputtered samples.
Average thin film stoichiometry will be referred to the RBS data.

2.3.0ptical and optofluidic analysis of nanostructured thin films and
multilayers

UV-vis-NIR transmission spectra in the range 200-2500 nm were recorded in a
PerkinElmer spectrometer (UV/VIS/NIR Spectrometer Lambda 750S) for samples
deposited on fused quartz substrates. Fitting analysis of these spectra to determine
the refraction index and thickness of the films was carried out according to the
conventional approximation relying on a Cauchy dispersion of refractive index.

For pure and atomically homogenous compounds, absorption edges are typically
determined using the so-called Tauc Plot!*®! by representing (Ahv)™ (A, absorbance,
and n = 1/2 taken the SiOx as an indirect bandgap semiconductor) against hv and

then extrapolating to zero. Although we employed this method of evaluating
absorption edges for the different SiOx samples, the obtained values will only be dealt
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with in a semiquantitative manner because the porous SiOx films were
heterogeneous in depth due to the extra oxidation of their outer layers.

Optofluidic analysis of SiOx-SiO2 multilayers was carried out in reflection geometry
using an experimental device previously described in ref.,[*”] consisting of two optical
fibers separated by 15° that were focused on the same spot of the layers. These
optical fibers were used for excitation and recording the optical response of the
photonic structures when they were infiltrated with liquids of different refraction
indices niiq. Reflection was preferred to transmission because the investigated liquids
present very intense bands in the NIR region that might overlap with the transmission
gap features of the investigated photonic structures. This undesired effect is not
observed in reflection because only the liquid infiltrated in the pores contributes to
the spectrum and the absorption of this tiny volume is negligible (taken into account
a porosity of 40%, a rough estimation renders a liquid volume of 4-10° cm?3 for a
photonic structure of 1 micron thickness covering an area of 1cm?).

3. Results and Discussion

The development of NIR silicon photonics with 1D-nanocolumnar SiO.-SiO;
multilayers as intended in this work entails the fabrication of nanostructured SiOx
thin films with well-defined optical properties and porosity. Therefore, in the first
part of this work, we describe the synthesis by MS-OAD and the characterization by
various techniques of these SiOx thin films. Based on the obtained results, we will
show that the dependence found between optical properties (i.e., ne and absorption
edge) and chemistry and nanostructure of the films provides a straightforward means
for designing “a la carte” different types of 1D photonic structures suitable for
optofluidic actuation.

3.1.Synthesis and characterization of SiOx thin films by MS-OAD

The possibilities of the MS-OAD method developed in the present work for a
tailored synthesis of nanostructured SiOx thin films will be illustrated with results
corresponding to four series of samples with nominal x values of 0.4, 0.8, 1.2 and 1.6
that were prepared at incident angles of 0°, 70° and 85°. Main characterization results
are reported next.

3.1.1. Chemistry of nanostructured SiOy thin films prepared by MS-
OAD

The O/Si ratios for the four series of thin films deposited on graphite were
determined by RBS (spectra are reported as supporting information Figure S1) and
are gathered in Table 1. The reported values reveal that, for a given nominal
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stoichiometry, the actual O/Si ratio generally increased for the films prepared at 85°
with respect to 0°, a feature that we attribute to some extra surface oxidation after
air exposure.

Table 1.0/Si ratios, porosity, refraction indexes at 1500 nm, absorption edges and tilting angle
of nanocolumns in the studied thin films. Porosity was calculated as explained in the
experimental section.

SiOo.4 SiOo.s SiO1.2 SiO16 SiO; Ref.
Deposition angle (°) 0 70 85 0 70 85 0 70 85 0 70 85 0 85

O/Si ratio (RBS) +0.05 0.34 0.35 0.38 0.75 0.85 0.70 0.90 1.25 1.25 1.45 1.60 1.70 2.00 2.00

O/Si ratio (XPS) £0.5 0.6 0.7 0.7 0.9 1.2 0.8 1.4 1.5 1.5 1.4 1.7 1.7
n (1500 nm) +0.05 3.46 2.74 2.76 231 2.08 2.03 2.23 1.81 1.82 1.75 1.52 1.48 1.48 1.35
Absorption edge (eV) #0.2 | 1.5 1.4 1.4 2.0 2.0 1.9 1.6 2.1 2.0 3.5 2.7 2.5
Porosity (%V) 15.2 37.1 43.0 15.1 39.1 38.9 19.4 35.3 42.6 17.3 39.1 40.0 = 33

Tilting angle columns (°) £
2

Differences in film stoichiometry entailed different partitions in the chemical
states of silicon as determined by XPS analysis. Si2p fitted spectra of samples SiOg.4-
0°/85° and SiO1,6-0°/85° are presented in Figure 2 (equivalent Si2p spectra of samples
Si00.s-0°/85° and Si01.,-0°/85° samples are presented as supporting information
Figure S2). A first assessment of these spectra reveals that the partition of oxidation
states is quite different for series SiOo4 and SiO16, Where, respectively, Si** or Si°
species (at 103.8 and 99.6 eV BE[: 13, 26,44, 45]) 3re majority species. Differences in
relative intensities can be also observed in the other fitting bands attributed to Si®*,
Si* and Si* species. From the area of the fitting bands in the photoelectron spectra,
we determined the relative concentration of each chemical state of silicon in the
different samples (see supporting information Table S2). A common feature in all the
samples is the low concentration of Si%* species which is practically negligible in
samples Sio4 and in sample Si00-85°. Minimization of Si** species in SiOx samples
prepared by physical vapour deposition has been previously attributed to an
energetically favored dismutation into Si* and Si3* species.!*3 The situation is different
in SiOx prepared by thermal oxidation of silicon or presenting a spinodal
decomposition where a different distribution of oxidation states can be found for a
similar stoichiometry.[26 44 The comparison of the O/Si ratios in Table 1 calculated
by RBS or estimated from the areas of the Si2p and O1s XPS spectra show higher
values in this latter case, in agreement with the superficial character of the XPS
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technique and the already mentioned surface oxidation of samples after air
exposure.

Si0, , - 0° Sio, , - 0°

Si*t

106 104 102 100 98 96 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV)

Figure 2. Fitted spectra of selected samples of series SiOg4 and SiO 6.

3.1.2. Nanostructure and porosity of the SiOx thin films prepared by
MS-OAD

The high porosity of SiOx samples prepared at oblique deposition angles was
confirmed by SEM analysis of the microstructure of the films. As examples, the cross
section micrographs of samples series SiOo4 reported in Figure 3 reveal a clear
progression from a homogeneous and compact microstructure (tilting angles 45° and
48°) at oblique (i.e. 70° and 85°) deposition geometries. This behaviour agrees with
the microstructure expected for thin films deposited at oblique angles where
shadowing effects control the deposition process.?* %8 A similar evolution was found
for the other three series of investigated samples (see Table S2 and the SEM
micrographs in supplementary information, Figure S3). An interesting effect
observed for the series of investigated films is that the tilting angle of the
nanocolumns (B) increased with the deposition angle (a) and for the films with the
lowest O/Si ratio. This latter tendency agrees with that expected from the reported
evolution of tilting angles of SiO, and elemental Si.[*8!
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500 nm

Figure 3. Left) Cross section and normal (insets) SEM micrographs recorded for samples SiOg.4
and SiOy 6. Right) From top to bottom SEM micrographs taken in the FIB-SEM system for a SiO,-
85° film in normal view (a) and after cross sectioning along a direction perpendicular (b) and
parallel (c) to the tilting direction of nanocolumns. The blurred zones in c) correspond to
deposited platinum, used to remove charging effects.

Pore structure of the films was directly assessed by FIB-SEM observation of cross
sections along in-plane directions parallel and perpendicular to the incoming
direction of sputtered atoms. The images in Figure 3 right) clearly confirm that the
nanoculumns of these thin films leave free a considerable void space that goes from
the surface to the bottom of the films. Since all void space structure in these films is
accessible to the exterior it will be filled in by liquid infiltration and eventually lead to
the optofluidic modulation of their optical response. The porosity of the films,
estimated as reported in the experimental section, also varied with the deposition
angles (c.f., Table 1) showing a progressive increase for the deposition at higher
angles, a feature that agrees with the principles of the oblique angle deposition of
thin films. 40% porosities are a good indication of the possibilities offered by SiOx thin
films prepared by MS-OAD for optofluidic photonic-device applications.
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3.1.3.

Optical properties of SiOx thin films prepared by r-MS-OAD

Figure 4 shows the UV-Vis-NIR transmission spectra recorded for the four series
of studied samples. According to these spectra, the SiOx thin films were opaque in
the UV and visible regions and present absorption edges that roughly increases with
the O/Si ratio, in agreement with the evolution expected for a transition between
elemental Si to Si02.1! The values of band edges calculated according to the Tauc
method™®! which are reported in Table 1 confirms this tendency, except for small
deviations for a given stoichiometry, suggesting that the samples are atomically
heterogeneous and that the experimental band edge is defined by the domains with
higher silicon content.
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Figure 4. Left) (a-d) UV-vis-NIR transmission spectra of the four series of studied samples as a
function of deposition angle as indicated. Right) (a) Absorption edges determined by the Tauc
method (see experimental section) for the four series of SiOy thin films. Calculated values are
determined by the contribution of domains enriched in Si°. (b) Refraction indexes as a function
of deposition angle for the four series of SiOx thin films.
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From the viewpoint of the fabrication of photonic structures and their potential
optofluidic applications, it is of the outmost importance to control the refraction index
of the different films. From a Cauchy analysis of the curves in Figure 3 left), the refraction
indices at A= 1500 nm gathered in Figure 2 right-b) and Table 1 were determined. The
reported values show a net decrease from sample SiOp 4 to SiO16 that must be associated
with the increase in oxygen content (a similar evolution was found for compact SiOx thin
films prepared by different methods!®3 34) and, within each stoichiometric series, for the
films prepared at oblique angles. According to the medium approximation theory!*°!
the refraction indices of porous SiOx thin films must depend on the void space according
to ne= f(ns, Ny), where ne is the effective refraction index of the films, ns that of the bulk
SiOx and ny that of the air (ny=1) or condensates or liquids when they completely fill the
pore space (i.e., in this case ny=n).

3.2.Development of NIR 1D-photonic structures for optofluidic and
sensing applications.

Herein we want to illustrate how the possibility of tuning the optical properties of
porous SiOy thin films prepared by MS-OAD provides a straightforward means for the
tailored synthesis of NIR 1D-photonic structures and their use for various optofluidic
applications. These possibilities will be illustrated with some specific proof of concept
devices.

3.2.1. NIR 1D-photonic structures made of SiOx thin films prepared
by r-MS-OAD

Tuning the optical properties of porous SiOy thin films provides a straightforward
means for the tailored synthesis of NIR 1D-photonic structures. Stacking layers of two
materials with a high contrast in refraction indices is a common way of fabricating 1D
photonic structures.[*? 5% 51 A typical example consists of stacking TiO2 and SiO; thin
films which, in compact form, present refraction indices (at 550 nm) around 2.4 and
1.4 RIU, respectively. The NIR transparency of the SiOx samples and the large
difference in refraction index between SiO2 and SiOx (x<2) thin films (c.f., Figure 4)
support the feasibility of fabricating 1D photonic structures by stacking layers of
silicon oxides prepared by the r-MS-OAD technique. Other authors have explored this
possibility with compact SiOx and SiO, stacked films,!3>38] occasionally prepared by
MS. Related self-standing silicon optical devices have been also prepared by
electrochemical etching of silicon wafers to generate the so-called porous silicon.b>
>4 However, these methods do not provide the flexibility and strict control of
photonic properties of the herein developed physical vapour deposition procedure
by which porosity and composition can be adjusted independently.
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Porosity has been previously used to further control the photonic properties of
one (e.g., ITO (indium tin oxide)!®! or two-materials multilayers.[04150511 ynlike
other procedures of SiOyx thin film manufacturing,>! the r-MS-OAD method offers
the possibility of controlling both composition and porosity of the SiOx thin films to
tailor the optical properties of supported 1D-photonic structures. As example, four
BRs have been prepared and tested in this work. They are formed by stacking eleven
compact (BR-C) or porous SiO/SiO2 (BR-P) alternant layers as defined in Table 1. Their
reflectance spectra are presented in Figure 5.

1000 1500 2000 2500

A (nm)

Figure 5. Top) Series of normalized reflectance spectra recorded for compact and porous
Si0,/Si0, multilayers acting as BRs (see Table 1). Bottom) Cross section SEM micrograph of these
multilayers, including a scheme of the stacking sequence of SiO, and SiOy thin films.

The compact and porous/nanostructured character of the multilayers is clearly
evidenced by the cross section SEM micrographs presented in Figure 5 bottom).

185



Meanwhile, their spectra are characterized by a wide reflection band typical of this
type of photonic structures. A simple estimate of the optical behaviour of BRs is
possible using the well-known formula:©®

AL 4 nyg—n
— = —asin—— (1)
Ay T ny +ng

Where AA is the reflection band width, Ag its central position and ny and n. the
refraction indices of the high and low refraction index stacked materials, in our case
SiOx and SiO,, respectively. The BRs reported in Figure 5 are made of SiOo.4/SiO2 and
Si00.8/Si0, thin films of approximately 165/170 and 180/175 nm thickness,
respectively.

According to Table 2, for the same SiOx stoichiometry, band width must be much
smaller for the porous BRs, in agreement with the smaller value of the np-n_
difference in this case. In addition, the calculated AAN/Ao values follow the tendencies
determined experimentally, proving that optical properties of this type of structures
can be tailored by adjusting not only the composition but also the porosity of the
films. Additional examples of BRs prepared by r-MS-OAD varying the thickness of the
individual layers or the stoichiometry of the porous SiOx thin films are reported as
supplementary information, Figure S4.

Tabla 7. Description of the SiO,/SiO, BRs whose reflection spectra are reported in Figure 3 and
experimental and calculated AA/Ao values determined, respectively, from these spectra and from
the refraction index values of the individual layers using formula (1)

BR Stacked films nSiOx/ nSiO; AN/AO

and thinckness (nm) (exp)/calc.)
BR-Co.4 Si00.4/Si02 - 0° (160) 3.43/1.45 0.43/0.52
BR-Po.4 Si00.4/Si02 -85° (165) 2.59/1.38 0.36/0.39
BR-Co.g SiO0.8/SiO, - 0° (180) 2.49/1.45 0.41/0.35
BR-Po.s Si00.8/Si02 -85° (175) 2.10/1.38 0.31/0.27

3.2.2. Optofluidic properties of SiOx-SiO2 NIR Bragg mirrors

The high porosity of the SiOx-SiO, BRs permits to fine tuning their optical
properties by optofluidic modulation. In the visible wavelength region, we have
previously studied the optofluidic modulation of optical properties of Ti0,-SiO3
porous multilayers in the shape of 1D-photonic crystal (or likewise BR) prepared by
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electron beam evaporation at oblique angle.[*? 301 At a preliminary level, similar
effects upon condensation of vapours have been studied in self-standing porous
silicon distributed Bragg reflectors prepared by electrochemical etching.!t4 3234

An analysis of the possibilities of the liquid infiltration technique to modify the NIR
optical properties of the BMs prepared by r- MS-OAD is reported in Figure 6. This
figure shows the reflectance spectrum of a BM formed by eleven SiO0.4-85° and SiO3-
85° thin films (approximate thickness 180nm, see Figure 6 bottom) in its original form
(i.e with its pores filled with air) and infiltrated with liquids of different refraction
indices varying from 1.3 (water) to 1.74 (diiodomethane). The spectra reveal that
filling the pores of the SiOx and SiO2 nanocolumnar thin films produces a widening of
the Bragg gap and a redshift towards longer wavelengths. These effects must be
attributed to the increase in the ne values of the single layers of the stack because of
the substitution of the air filling the pores by the different liquids (i.e., according to
ne=f(ns, nj). The observed optical changes were reversible and their magnitude could
be fine controlled by adjusting the refraction index of the infiltration liquid (e.g., using
mixtures of liquids or solutions of controlled concentrations). In the experiments
reported in Figure 6 a maximum widening by approximately 60 nm and a redshift
displacement by 30 nm was found when comparing the original spectrum and the
one recorded after diiodomethane infiltration. Thanks to the scalability of the r-MS-
OAD technique and its compatibility with any kind of substrate, it is believed that
liquid modulation of optical properties of BRs prepared by this method can be of
much interest for energy and other related applications requiring a fine tuning of the
reflectivity of selective mirrors.[>’]
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Figure 6. a) Normalized reflection spectra of a BR made by the stacking of eleven SiOg.4/Si0,-85°
thin films with an approximate thickness of 180nm, as prepared and after infiltration with liquids
of increasingly higher refraction indices. b) SEM cross section micrograph. c) representation of
AN, Ao and AM/A as a function of the refraction index of the liquid infiltrating the BR.

3.2.3. NIR Iabel free sensing devices based on SiO«-SiO, Bragg
microcavities

Porous BMs have been previously used for label-free refractive index sensor
applications, generally in self-supported form.[* 42 52531 The new concept proposed
here entails the modulation of optical properties in the NIR spectral region of BMs in
the form of a supported film made by the stacking of SiOx and SiO, porous layers
prepared by r-MS-OAD. The cross section SEM micrograph reported in Figure 7 c)
shows that this BM integrates two BRs made of five stacked SiOo.s/SiO2 nanocolumnar
layers separated by a thicker SiO, layer acting as optical defect. All the films were
prepared by r-MS-OAD at 85° and had an internal porosity of the order of 40%. The
presence of a thicker layer acting as optical defect gives rise to a resonant peakin the
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reflection band that can be used for better following the optofluidic response of the
system upon liquid infiltration. For a first set of experiments intended to prove that
the BM optical properties change with the refraction index of the liquid infiltrated in
its pores, Figure 7a) shows the reflection spectra recorded for this porous SiOgs-
85°/Si0,-85° BM infiltrated with liquids of different refraction indices varying from
1.3 to 1.7, approximately. The inset in Figure 7a) shows an enlarge plot of the
resonant peak spectral zone to clearly visualize the magnitude of the peak shift
depending on the refraction index of the infiltrated liquid. Meanwhile, the plot in
Figure 7 b) reveals that the magnitude of the shift in the resonant peak position
directly correlates with the refraction index of the liquid infiltrating the BM. Assuming
that this correlation follows a lineal relationship, it is possible to estimate that the
sensitivity for detecting changes in the refraction index of liquids following the
redshift of the resonant peak of this device is approximately 90.4 nm RIU™. The
feasibility of using this photonic device as label free refractive index sensor to analyse
mixtures of liquids or solutions in a continuous mode (i.e. implementable in
microfluidic devices) is further demonstrated in Figure 7 d)-e) showing the evolution
of the difference spectra in the zone of the resonant peak when continuously
monitoring a mixture formed by the addition of hexane to toluene. Similar results
were obtained using other liquid mixtures of aqueous solutions of increasing
concentration. These difference spectra reflect the effect of a little but progressive
red shift in the position of the resonant peak and provide a much more sensitive
procedure to determine the refraction index of liquid mixtures or solutions. The
series of dots in Figure 7 e) corresponds to the values of ARmax-ARmin for mixtures with
increasing molar fractions of toluene. Interestingly, these points can be adjusted with
a straight line reproducing the expected refraction indexes of the liquid mixtures
taken as the average of the contribution of the two components and assuming that
there is no volume contraction in the mixture. From the slope of this line, the
sensitivity achieved using this measurement procedure can be estimated as 219.9
R(%) RIU, which compares well with that reported for TiO,-SiO; optofluidic BMs
operating in the visible,[*” or for electrochemically etched 3D porous self-supported
silicon membranes.[* 34 A limit of detecting refraction index changes of
approximately 0.002 RIU can be deduced from these experiments. Clearly, this
optofluidic analysis of pure liquids or mixtures of liquids supports the use of the SiOy
BMs in the form of thin films and prepared by MS-OAD for the label-free quantitative
analysis of small volumes of binary mixtures of liquids or solutions. Progression
regarding the detection of specific molecules are expected by anchoring specific
molecules to the internal surfaces of the multilayer in a similar way than with porous
silicon devices intended for biomolecule detection.*3!
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Figure 7. a) normalized NIR spectra recorded for a porous BM prepared by r-MS-OAD and
infiltrated with liquids of different refraction indices (see text). The inset shows an enlargement
of the resonant peak zone to better appreciate the magnitude of the redshift. b) plot of the
resonant peak position as a function of the refraction index of the liquid infiltrated in the BM.
Data points correspond to water (n=1.31), hexane (n=1.35), octane (n=1.40), cyclohexane
(n=1.43), cyclooctane (n=1.46), toluene (n=1.50) and diiodomethane (n=1.70). c) SEM cross
section micrograph and scheme of the Si02/SiOx stacking. d) Difference spectra at the resonant
peak spectral zone when the BM is infiltrated with toluene/hexane mixtures for increasing molar
ratio of the former. e) Plot of the maximum minus minimum reflectance in the difference spectra
in c) as a function of the toluene molar ratio. The calculated refraction index of these mixtures,
considering that there are no volume contraction effects, is superimposed in the plot.

On the other hand, the use of these thin film BMs is advantageous because of their
compatibility with NIR optical components currently utilized for the analysis of liquids
or their manipulation!®8®1 and very common in a large series of optical devices such
as absorbing materials and night vision LCD monitors.!®2! In comparison with typical
porous silicon devices used for label free sensing of liquids and biomolecules,*3! gas
sensors®2 53! or laser tunable!®3 applications, a remarkable difference of the herein
developed photonic structures is their thin film character and the fact that they can
be prepared in one step on any kind of substrate, including polymers. This feature
and its capacity for direct integration into micro- or even nano-microfluidic devices!®*
81 (a rough estimation of liquid volume required to fill the pore volume of the BM
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renders a liquid volume of 4:10° cm? for a photonic structure of 1 micron thickness
covering an area of 1 cm?) or at the tip of suitable optical fibres are additional
advantages of this kind of optofluidic 1D-photonic structures made of SiOx thin films
prepared by MS. In this work, we have demonstrated that this technique, developed
more than a decade ago for the preparation of SiOx thin films in compact form(18-26],
can be efficiently modified when working in an oblique angle configuration to control
both stoichiometry and porosity of SiOx thin films. The possibilities of this new
approach have been demonstrated for the fabrication of complex photonic
structures which successfully compete with classical electrochemical methods!** 52
>4 for the fabrication of label free sensor devices.

4. Conclusion

In this work, we have demonstrated the possibility of controlling the composition
in nanostructured SiOx thin films prepared by MS in an oblique angle configuration.
We have proved that this method permits a strict and simultaneous control over the
stoichiometry and nanostructure of the films. Following the predictions of a
parametric formula, different sets of SiOx thin film samples, with compositions
varying from SiOgs to SiO16 and different microstructures from compact to
nanocolumnar, have been prepared as a function of the oxygen flow and deposition
angle during their MS deposition. The different characteristics of the layers, including
composition, microstructure and atomic structure, have been thoroughly studied by
XPS and SEM. In addition, the UV-Vis-NIR characterization analysis of their optical
properties has evidenced the possibilities of the synthesis method to prepare
nanostructured thin films with optical properties defined a la carte.

Regarding the development of NIR 1D photonic structures, we have also shown
that control over porosity provides an additional means to separately adjust
refraction index and absorption edge, thus outperforming the functionality of
compact SiOx thin films prepared by conventional MS or other classical methods. In
particular, we have shown that the SiO; and SiOy thin films may display quite different
n values and that this provides much flexibility for the manufacturing of photonic
multilayers made by the successive stacking of SiOx and SiO2 thin films. Another
outstanding feature of this type of NIR photonic structures is that they may be
prepared using silicon as unique target material (i.e., just varying the amount of
oxygen in the stacked layers) and that they can be prepared in a single step by MS.
The reproducibility of the method in other reactors through the use of the proposed
parameterized equation and its relatively easiness for up-scaling are additional
advantages of the proposed r-MS-OAD methodology for the fabrication of SiOy thin
films or more complex multilayer structures.
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The flexibility and robustness of the developed r-MS-OAD method have resulted
very useful for the manufacturing of optofluidic photonic devices. We have firstly
shown that control over porosity and composition offers additional possibilities to
control band widths and central positions of BRs even if the thickness of the individual
stacked layers does not differ significantly. We have also shown that the porous
character of the multilayers makes them suitable for optofluidic applications. Firstly,
we have shown that the optical response in the NIR (position and gap width) of BMs
changes systematically with the refraction index of the liquids infiltrated in the void
space of the multilayer structure. Similarly, experiments with BMs have shown that
this type of devices can be used for the development of liquid sensors working in the
NIR spectral region. Additional applications can be forecast combining the tuning
capacity of the optical properties of thin films and multilayers and their modification
by liquid infiltration.
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6. Supporting Information

Figure S1.- Fitted Si2p XPS spectra taken for samples SiOg.4-0°/85°, Si01,6-0°/85°, SiOg.5-0°/85°
and Si01,-0°/85°. These spectra reveal that the partition of the different oxidation states of
Si (i.e., Si"") depends on the partial pressure of oxygen in the plasma gas and on the

deposition angle.
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Table S1.- Partition of oxidation states of silicon in the studied thin films and O/Si ratios

estimated from the evaluation of the XPS spectra.

%S %Si %S %S %St i O/Si

Si0o4-0° 50 27 0 5 18 i 06
Si004-70° 42 24 0 12 22 | 07
SiOo4-85° 46 22 0 11 22 07
Si0os-0° 21 37 04 25 17 1 09
Sios-70° 19 23 0.2 11 46§ 12
Si0os-85° 38 25 0 7 31§ 08
Si012 - 0° 11 17 5 15 51 | 14
Si012-70° 9 15 3 11 63 | 15
Si012-85° 11 17 0 12 59 i 15
Si06-0° 17 9 10 14 50 i 14
Si016-70° 10 0 10 2 78 i 17
Si016-85° 11 9 2 0 78 1 17
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Figure S2.- Series of experimental and simulated RBS spectra utilized to determine the
stoichiometry in the different SiOy thin films prepared in this work. Clearly the ratio between
the peaks attributed to oxygen (at ar ound 75 keV) and Silicon (at around 1200 keV) increases

progressively from sample SiOg 4 to SiOy.
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Figure S3. Cross section and normal (inset) SEM micrographs of different samples prepared
in this work. From the observation of the cross section images it is apparent that the tilting
angle of the nanocolumns (B) varies with the oxygen content in the films and the deposition
angle. For SiOg 4 films, tilting angle approaches the value typical of nanocolumnar films of Si,

while it is similar to that of SiO; in the case of SiO1¢ films.
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Figure S4.-Normallized reflectance spectra of BRs formed by the stacking of 11 layers of SiOx
and SiO; thin films of increasing thickness for x=0.4 (top) and 0.8 (bottom). This two figures
further confirm the possibilities of the MS-OAD method to prepare porous BRs with different
band widths located at different wavelengths. The r-MS-OAD method provide the possibility
of changing the contrast between the refraction indices of SiO, and SiOx stacked films
(compare the spectra in the two diagrams bellow for SiO¢.4/Si0,-85° and SiOgs-Si0>-85°

multilayers) as well as changing the thickness of the stacked films.
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Abstract

The selective incorporation of deposition species with preferential directionality is
analyzed during the growth of TiO; thin films by magnetron sputtering. Using wisely-
designed collimators, tilted nanocolumnar morphologies are grown in a ballistic
deposition regime, i.e. when most deposition species arrive at the film surface along
well-defined preferential directions, and also in a thermalized deposition regime, when
these species follow an isotropic momentum distribution in the plasma gas. The
obtained results suggest that the use of particle collimators may promote the growth of
porous thin films even in the classical magnetron sputtering configuration, when the
target and the substrate are parallel. General insights are given on this approach and, as
a proof of concept, its principles applied for the synthesis of nanostructured films in a
laboratory-size reactor.

1. Introduction

The magnetron sputtering (MS) technique is a robust deposition method widely
employed in the industry and in research centers [1]. It makes use of a low pressure
plasma, usually argon, to interact with a solid target from which atoms are sputtered
and subsequently deposited onto a substrate [2]. Even though this technique has been
traditionally aimed at growing compact and dense thin films [3,4,5], new geometrical
configurations are being nowadays implemented to widen its possibilities and tailor the
film microstructure [6,7]. This is the case of the so-called oblique angle deposition (OAD)
configuration, well-known for promoting the growth of porous layers of great utility in
numerous technological fields, e.g. optical and electrical devices [8,9,10], sensors
[11,12], electrodes for solar cells [13] or biomedicine [14], among others [6]. In this
regard, the OAD configuration promotes the oblique arrival of deposition species onto a
substrate (usually achieved by tilting it with respect to the target [15,16]) to induce
surface shadowing processes leading to the formation of well-separated and tilted
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columnar porous structures with diameters in the order of few tens nanometer [17],
very similar to those obtained by evaporation at oblique angles [18,19].

The formation and development of nanocolumnar porous structures in MS-OAD is
intimately related to the control of the momentum distribution of sputtered species in
the plasma gas and, in particular, to their incidence onto the substrate along certain
preferential directions [6]. In general, particles are sputtered from the racetrack, which
is the region of the target with maximum ion impingement from the plasma, seen as a
ring of light [20]. When sputtered, particles follow a typical cosine-type angular
distribution and, according to the Thomson formula, an energy distribution that peaks
around ~U/2, where U is the binding energy of target surface atoms [1]. Yet, the
presence of a plasma gas in the reactor introduces the possibility of different scattering
processes in their way from the target to the film that may modify both distributions
[21,22]. In this context, the so-called ballistic species correspond to those that do not
undergo any collision with gas species, thus keeping their original momentum and
energy when deposited. On the other hand, sputtered species that experience a large
number of collisions in the plasma gas and, hence, possess an isotropic momentum
distribution [23], are called thermalized species, with typical kinetic energies below 0.1
eV. Finally, a third component corresponds to those sputtered species that are partially
thermalized, i.e. those that have undergone several collisions in the gas phase, but their
momentum distribution still shows a certain preferential direction. In this way, and from
a qualitative point of view, the non-dimensional parameter, Z, dubbed thermalization
degree, describes the balance between these components. It is defined as = = L/Av,
with L the distance between the target and the film, A the mean free path of sputtered
species in the plasma gas and v the average number of elastic scatterings a sputtered
species requires to become thermalized with the gas, as obtained by Westwood in ref.
[24]. In general, Z depends on numerous quantities, such as the masses and atomic radii
of sputtered and plasma heavy species, the target-substrate distance or the gas pressure
and temperature, among others [25]. In this way, the condition £ < 1 implies a low
amount of collisions, meaning that most sputtered species remain ballistic [26], while
the condition £ = 1 implies that collisions are so numerous that all sputtered species
can be considered thermalized with the plasma gas [27]. However, and due to the
stochastic character of the collisional transport of sputtered species, when E is in the
mid-range, the three types of species (ballistic, thermalized and partially-thermalized)
coexist and contribute to the film growth [28].

Ballistic species arrive along well-defined preferential directions at the substrate
and are responsible for the formation of tilted nanocolumnar arrays when operating at
oblique angles [6]. Thermalized species, on the other hand, tend to form vertically-
aligned coalescent nanostructures, whose diameter increases with the film height [29].
In fact, the actual film nanostructure emerges from the competition between these two
trends, in such a way that highly porous nanocolumanr thin films can solely be obtained
when the ballistic component dominates over the rest (for instance, targeting the £ «
1 condition by decreasing the plasma gas pressure) [27]. Yet, the minimum operational
deposition pressure during film growth is usually limited by the necessity to maintain a
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plasma discharge in the reactor, thus constraining the value of Z above a certain
threshold. In this paper, we analyze how deposition species with either isotropic or
specific directionalities in the plasma gas can be selected by using particle collimators
under a variety of magnetron sputtering operating conditions, studying their influence
on the film nanostructure. Moreover, based on the results presented in this paper, we
perform a proof of concept of a reactor that, operating under the classical magnetron
sputtering arrangement, has been used to grow porous thin films with the help of a
collimator. For this investigation we have employed TiO; as test material due to its
relevance in numerous applications [30,31], although our results can be easily
extrapolated to other materials or situations.

2. Experimental setup

A set of amorphous TiO2 thin films were grown using the reactive magnetron
sputtering technique [3] in the deposition setup described in ref. [29]. A 3 in. diameter
titanium target was employed, placing the substrate holder at a distance, L=7 cm. A
collimator made of aluminum with a base length of Lc = 2 cm was designed with a 20°
angular aperture, aiming at covering 1 cm x 1 cm samples, as shown in Fig. 1a. Deposition
time in each case was chosen to grow films with thicknesses between 200 and 500 nm,
as determined by means of crosssectional Field Emission Scanning Electron Microscopy
(FESEM) images. The base pressure of the deposition reactor was 7x107*Pa. The oxygen
partial pressure during depositions was kept at 0.05 Pa, which was enough to operate in
the oxidic mode of the discharge [32,33] and get fully oxidized films. This operational
mode is known for promoting low growth rates, which is why deposition times as long
as few hours were required (see Table 1 for specific values).

Samples were prepared using the deposition conditions listed in Table 1. In
conditions #1—#6, substrates were tilted with respect to the target surface to achieve an
80° alignment between the racetrack and the substrate or, likewise, an 80° incidence
with respect to the substrate normal of species sputtered over the growing film. Since
the racetrack had a radius of ~2 cm, there is a shift of ~15° between the substrate tilt
angle and the incident polar angle aligning the racetrack and the film surface. Hence, to
achieve a polar angle of incidence of 80°, a substrate rotation of 95° was imposed, as
depicted in Fig. 1b, in a configuration that also affects the incident azimuthal angle
distribution (for more details on the relation between the tilt angle of the substrate and
the angle of incidence of the sputtered species see ref. [34]). A second collimator was
employed in case #7, with base length Lc=5 cm and L = 10 cm. Further details are given
in the Results and discussion section.
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Fig. 1. a) Picture of the collimator employed in conditions #1-#6 in Table 1. b) Scheme of the
reactor configuration under conditions #1—#6 in Table 1. c) Scheme of the reactor configuration

under condition #7.
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The incident polar angle distribution of deposition species as a function of the
experimental conditions (reactor geometry, tilt angle of the substrate and other
geometrical constrains such as particle collimators) was calculated by the well-known
and widely accepted SIMTRA code [35,36]. This software describes the collisional
transport of sputtered species through the plasma gas by means of binary collisions for
a given chemical nature of the species, reactor geometry, background gas pressure and
temperature, racetrack features, etc. The angle and energy distribution of sputtered
species at the target are calculated by the software SRIM [37], a well-accepted software
to describe the ion-assisted sputtering process [1]. An average gas temperature of 350
K and a screened Coulomb potential (Moliere type) were considered in the simulations
along with a circular racetrack with radius 2 cm. Finally, UV—vis absorption spectroscopy
was employed to determine the refractive index of the deposited films which, for the
purpose of the present work, will be taken as an indirect way of assessing their porosity.
Transmittance spectra of TiO, thin films deposited on quartz were analyzed by the home-
made MATLAB-based software, OPTIFIT [38], to estimate the refractive indexes of the
layers. The obtained optical functions have been corroborated by simulating the
reflectance spectrum of each layer and comparing them with the corresponding
experimental profiles, finding a good agreement in all studied cases (see supporting
information for more details).

Table 1. List of deposition conditions. In this table, L refers to the distance between the target
and the substrate, whereas Lc to the length of the base of the collimator.

Conditions Pressure Incident Deposition Tilt L Lc (cm)
(Pa) Polar Time (h) Angle (cm)
Angle (%) (°)
#1 0.5 80 3.5 95 7 -
#2 0.5 80 6.0 95 7 2
#3 0.2 80 3.5 95 7 -
#4 0.2 80 6.0 95 7 2
#5 0.8 80 3.5 95 7 -
#6 0.8 80 6.0 95 7 2
#7 0.8 0 6.0 0 10 5
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3. Results and discussion

In Fig. 2a we present the incident polar angle distribution corresponding to
conditions #1 in Table 1, as calculated by the SIMTRA code (for simplicity we analyze the
polar angular distribution, as obtained by integrating the total angular distribution with
respect to the azimuthal angle). The curve shows a well-defined peak for an incidence
of 80° with respect to the target normal and a relevant contribution of species that arrive
at less oblique angles. The amount of ballistic, thermalized and partially-thermalized
species that contribute to the growth can be assessed by splitting this incident polar
angle distribution into three components, according to the kinetic energy of each
species. In this way, we consider that thermalized species arrive at the film surface with
kinetic energies below 0.1 eV, ballistic species with energies above U/2, and partially-
thermalized species with energies in the range between 0.1 and U/2 (in this paper, and
in agreement with the software SRIM, U has been estimated ~5 eV). The relation
between a given collisional transport (i.e. number of collisions in the plasma gas) and
the kinetic energy of deposition species is not straightforward and strongly depends on
the energy distribution of sputtered species and the particular interaction potential
under consideration. Therefore, the energy threshold U/2 must be understood as a
qualitative limit to differentiate the species whose momentum distribution has not been
significantly altered and arrive along a well-defined direction at the substrate. These
three components have been included in Fig. 2a, where it is evident a clear peak
centered at 80°, corresponding to the ballistic contribution and a broad distribution of
thermalized species centered at about 45°. There is also a third contribution of partially-
thermalized species, with a maximum at about 65°. For these working conditions, the
following proportions between species are obtained: 21% ballistics, 21% partially
thermalized and 58% thermalized. This partition agrees with the qualitative estimation
of E~13.2p,L (Pa™* m™) in our conditions [25], with pg the deposition pressure. The
operating values of pgand L in our case yield £~0.5, i.e. a mid-range condition where
deposition species are expected to be half-way between purely ballistic and fully
thermalized.
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Fig. 3. Cross-sectional SEM images of thin films grown in a) conditions #1, b) conditions #2, c)
conditions #3, d) conditions #4, e) conditions #5, and f) conditions #6.

The cross-sectional SEM image of sample #1 appears in Fig. 3a and is characterized
by almost vertical coalescent structures, whose diameter increases with height.
According to refs. [29,39], this nanostructure emerges when a high proportion of
thermalized species contributes to the growth of the film (a minor amount of ballistic
species is evidenced by the small ~10° tilt of these structures). The refractive index of
sample #1 is ng1=2.0, which contrasts with the value n=2.4 obtained for a full compact
layer of this material. This suggests the existence of some porosity in sample #1:
according to the Bruggeman effective medium approximation, porous layers can be
taken as a physical mixture of the air filling the voids and TiO, rendering a lower value
of the measured refractive index [40]. As mentioned above, the ballistic contribution in
Fig. 2a peaks at 80° and covers an angular width of ~20°, while the angular distributions
of thermalized and partially thermalized species are much wider and peak at 45° and
~65°, respectively. This means that the influence of these two latter species can be
minimized by placing a 20° aperture collimator pointing to the racetrack of the target
(cf. Fig. 1a—b). The calculated incident polar angle distribution for conditions #2, i.e.
same conditions as #1 but using the collimator at the substrate location, appear in Fig.
2a, where it is clear that this specific configuration allows the selection of incident polar
angles between 70° and 90°. The SEM image of sample #2 in Fig. 3b shows a ~50° tilted
and well-defined columnar microstructure, which must be associated to the dominant
contribution of ballistic species with well-defined preferential directionality. The
calculated refractive index in this case is n#»=1.8, a lower value than that of sample #1,
a result that sustains a higher porosity for this layer.
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Based on the results above, cases #3 and #4 are next analyzed: sample #3 was grown
without collimator at a pressure of 0.2 Pa, or likewise for £~0.2, i.e. under conditions
where the ballistic contribution is expected to dominate over the other two. The
calculated incident polar angle distribution function appears in Fig. 2b, showing the
existence of a dominant ballistic contribution (55%), and minor contributions of
thermalized and partially thermalized species (17% and 28%, respectively). The cross-
sectional SEM image of sample #3, depicted in Fig. 3c, shows a ~25° tilted columnar
nanostructure very similar to that reported in the literature for these conditions and
oblique angles [6]. The refractive index amounts ng=1.9, showing that sample #3
possesses a porous morphology. Yet, when growing the film under conditions #4, i.e.
same conditions as in #3 but using the particle collimator, the incident polar angle
distribution function in Fig. 2b narrows down to angles between ~70° and 90°,
minimizing the incorporation of thermalized and partially-thermalized species. The cross
sectional SEM image of sample #4 in Fig. 3d depicts a film formed by ~50° tilted
nanocolumnar structures with a refractive index ns=1.8 (i.e. it shows a better defined
nanostructure than case #3 in Fig. 3c), where columns are more tilted and the film more
porous. Remarkably, samples #2 and #4 in Fig. 3b and d possess very similar
nanostructures and refractive indexes. This result must be an effect of the particle
collimator, which successfully provokes the selective deposition of highly directed
species. In fact, and even though samples #2 and #4 were prepared at different
pressures, the collimation of highly directed species in either case causes that the
incident polar angle distribution functions become rather similar for the two samples
(cf. Fig. 2a and b).

Samples #5 and #6 were deposited at a pressure of 0.8 Pa, or likewise for a value of
Z~0.8, which should qualitatively render a rather negligible amount of ballistic species
even in the absence of a collimator. The calculated incident polar angle distribution for
conditions #5 represented in Fig. 2c clearly shows minor ballistic and partially-
thermalized components, and a major proportion of thermalized species (77%). For
illustration purposes, we have also included in Fig. 2a—c the theoretical shape of the
incident polar angle distribution of species with an isotropic momentum distribution in
the gas phase (i.e. thermalized species), f;,(8) d6 « sinB cosB d6 [39], finding a
remarkable good agreement with our SIMTRA calculations. The crosssectional SEM
image of the film grown under conditions #5 (see Fig. 3e) depicts a nanostructure very
similar to that of sample #1, characterized by vertical and coalescent nanostructures
whose diameter increases with the film height, a feature that we attribute to the large
amount of thermalized species in the deposition. However, the refractive index of
sample #5 was lower than that of sample #1, with a value of ng=1.9 indicating a higher
porosity. Remarkably, when using the particle collimator under the same conditions, i.e.
conditions #6, a relatively narrow incident polar angle distribution of thermalized
species is selected for angles comprised between ~60° and ~90° (see Fig. 2c). According
to the SEM image in Fig. 3f, it seems that the particle collimator has profoundly affected
the microstructure of the film, which now possesses a tilted nanocolumnar morphology,
very alike to those presented in cases #2 and #4 (Fig. 3b and d). In fact, the similar value
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of the refractive index in this case, ns=1.8, suggests a similar porosity in all these three
cases.

The results obtained above suggest that, as long as the particle collimator is
mounted onto the substrate, similar porous nanostructures can be grown no matter
whether the deposition regime is ballistic or thermalized. While ballistic depositions
under OAD conditions have been broadly analyzed in the literature by tilting the
substrate with respect to the film [6], to our knowledge, the growth of thin films at
obligue angles under a thermalized regime has not yet been explored. In fact, this latter
possibility would facilitate operating under classical MS configurations (where target
and substrate are parallel), as the isotropic momentum of sputtered species in the gas
phase would make the results rather independent of the tilt angle of the substrate. In
practice, this arrangement could be used to grow porous thin films in reactors where
tilting the substrate with respect to the target is not possible due to experimental
constrains (e.g. for large substrates), or whenever the operational pressure range forbids
a pure ballistic deposition regime. To prove this idea, we have used the same laboratory—
size reactor utilized for the preparation of the 1 cm? samples #1-#6, to make a proof of
concept and coat a relatively larger 3 cm long substrate under high thermalization
conditions, Z~1.1 (conditions #7 in Table 1). For this preparation, the substrate was
placed within a larger collimator (described in the Experimental setup section), 1 cm
apart from its open side and placed parallel to the target, as depicted in Fig. 1c. The
evolution of film thickness and nanostructure along the length of this sample (dotted
line in Fig. 1c, with origin at the collimator vertex) are shown in Fig. 4a, where we notice
a film thickness of around 800 nm near the collimator entrance that falls to values
around 100 nm at the other side. Film thickness variations are common in MS-OAD when
tilting the substrate in ballistic deposition regimes, since one side of the film is always
closer to the target (in the absence of particle collimators we estimate that it is about
~20% along 1 cm long sample). Yet, particle collimators seem to enhance this effect, as
the restriction they impose on the incident polar angles is different at either side of the
film (see Fig. 4b). Moreover, it is noteworthy the similar microstructure of the film along
its length and the different value of the tilt angle of the nanocolumns (~25°) when
compared with sample #6 (cf. Fig. 3f), prepared using a smaller collimator that was
oriented towards the racetrack and under a nearly-thermalized deposition regime. This
is explained in Fig. 4c, where we show the incident polar angle distribution of deposition
species at different positions inside the collimator: although the distributions are rather
broad, some variations are appreciable finding that the mean angle of incidence varies
from ~55° near the open side of the collimator, to ~70° near the vertex, which are
clearly lower than the ~80° incidence in cases #2, #4 and #6 (cf. Fig. 3b, d, f). However,
and despite the high thickness inhomogeneity of film #7, refractive index in this case was
roughly estimated as ~1.8, i.e. similar to that in case #6.

Based on the results above, it seems that while the film nanostructure stays rather
homogeneous over the film surface, its thickness is very inhomogeneous, a feature that
may represent a serious drawback for practical purposes. In this regard, the previous
proof of concept constitutes a first step aimed at understanding the basic principles of

216



particle transport and deposition in the presence of a collimator. For practical
applications, with large reactors and larger substrate areas, there are still numerous
experimental issues that should be sorted out to implement this process. For example,
a collimated roll-to-roll system would contribute to average the thickness of the porous
film over the whole substrate. Other adjustments or the use of other movable elements
should be also taken into account for a straightforward engineering solution towards the
synthesis of porous thin films using MS on large surfaces.

a) ,
1000 B
800 S
E
£
o 600 - .
% 7
c 4 ‘/’,gt 297
é 400 !/I’f/”n’// I -
/
= /
/
200 (NENENEEE.. . 1
No substrate e -o No substrate
0 T T T T T ‘I
0 1 2 3 4 5

Position (cm)

0

Incident polar angle distribution (a.u.)~

1.0

0.8+

0.6

0.4+

0.2+

0.0+
0 10 20 30 40 50 60 70 80 90

Incident polar angle (°)

Fig. 4. a) Film thickness as a function of the distance from the vertex of the collimator in
conditions #7 in Table 1, along with cross-sectional SEM images at those positions. b) Scheme of
the different angular restrictions imposed by the collimator at different substrate positions. c)
Incident polar angle distribution function of deposition species in case #7 as a function of the
distance from the vertex of the collimator. Areas of the curves are proportional to the number
of deposited particles in each case.
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4. Conclusions

In this paper we have analyzed the influence of using particle collimators to
selectively deposit sputtered species with preferential directionality. The proposed
approach improves the classical method that relies on minimizing the plasma pressure,
and consequently the thermalization degree of the sputtered species. We have also
shown that particle collimators allow the growth of highly porous nanocolumnar thin
films no matter the thermalization degree of sputtered particles. Evidences of this
possibility have been obtained for a series of TiO; thin films prepared with this
methodology and characterized by lower refraction indices that their compact
counterpart. It is also found that by using collimators, similar well-defined tilted
nanocolumnar structures can be prepared no matter the plasma pressure during
deposition. This feature, associated to the collimation of the deposition flux, opens up
numerous possibilities for thin film nanostructuration when using reactors and/or
targets whose operational plasma pressure range or geometrical constrains do not allow
pure ballistic deposition regimes or substrate tilt. In this line, we have performed a proof
of concept in our laboratory-size reactor under a configuration based on the classical
magnetron sputtering geometry to deposit porous nanocolumnar thin films, which
sustains the feasibility of this approach for a future upscaling of the technology.
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Figure S 1. a) optical transmittance data as well as the fits obtained by the software OPTIFIT,
where a good agreement between both can be seen, b) photograph of the samples #1 to #6,

where it is clear their high transparency, c) optical reflectance data as well as simulated
reflectance spectrum of each film.

220



221



222



Aportaciones a congresos

Fruto del trabajo realizado en esta tesis se han realizado las siguientes aportaciones
a congresos:

e A. Gonzalez-Elipe; A. Garcia-Valenzuela; R. Alvarez-Molina; J.P. Espinds; V. Rico;
J. Gil-Rostra; A. Palmero. NIR optofluidics with porous 1D photonic structures prepared
by deposition at oblique angles. Materials Science Engineering, MSE-2018. Darmstadt,
Alemania, 26 — 28 de septiembre de 2018. Presentado como comunicacién oral.

e A. Gonzalez-Elipe; A. Garcia-Valenzuela; R. Alvarez-Molina; J.P. Espinds; V. Rico;
J. Solis; A. Palmero. “Stoichiometry control and 2D compositional patterning of oxide
thin films by magnetron sputtering at oblique angles”. Materials Science Engineering,
MSE-2018. Darmstadt, Alemania, 26 — 28 de septiembre de 2018. Presentado como
comunicacion oral (Keynote Lecture).

e Sandra Mufioz-Pina, Rafael Alvarez, Aurelio Garcia-Valenzuela, Carmen Lépez-
Santos, Victor Rico, José Cotrino, Ivdn Ferndandez, German Alcald, Agustin Rodriguez
Gonzélez-Elipe, Alberto Palmero. “Modulating Low Energy lon Plasma Fluxes for the
Growth of Nanoporous Thin Films”. 16th International Conference on Plasma Surface
Engineering, PSE-2018. Garmisch-Partenkirchen, Alemania, 17 — 21 de septiembre de
2018. Presentado como poster.

e Rafael Alvarez, Aurelio Garcia-Valenzuela, Maria del Carmen Lopez-Santos,
Victor Rico, Jose Cotrino, Agustin R. Rodriguez-Elipe, Alberto Palmero. "Avoiding Target
Poisoning in Reactive Magnetron Sputtering Depositions at Oblique Angles”. 16th
International Conference on Plasma Surface Engineering, PSE-2018. Garmisch-
Partenkirchen, Alemania, 17 — 21 de septiembre de 2018. Presentado como poster.

e Alberto Palmero, Aurelio Garcia-Valenzuela, Maria del Carmen Lopez-Santos,
Rafael Alvarez, Victor Rico, Ana Isabel Borras, Rafael C. del Campo, Miguel Holgado,
Agustin R. Gonzalez-Elipe, José Cotrino. “Propagation of the microstructure and
engineering the humidity tightness in multilayer thin films prepared by magnetron
sputtering at obliqgue angles”. 16th International Conference on Plasma Surface
Engineering, PSE-2018. Garmisch-Partenkirchen, Alemania, 17 — 21 de septiembre de
2018. Presentado como poster.

e Rafael Alvarez, Aurelio Garcia-Valenzuela, Victor Rico, Jose Cotrino, Agustin R.
Gonzalez-Elipe, Alberto Palmero. "Growth of porous thin films by reactive magnetron
sputtering using particle collimators”. 16th International Conference on Plasma Surface
Engineering, PSE-2018. Garmisch-Partenkirchen, Alemania, 17 — 21 de septiembre de
2018. Presentado como poster.

e Alberto Palmero, Aurelio Garcia-Valenzuela, Rafael Alvarez, Bertrand Lacroix,
Victor Rico, Raul Gago, Luis Vazquez, Javier Solis, Agustin R. Gonzalez-Elipe, José Cotrino.
"Magnetron Sputtering Depositions at Oblique Angles on Seeded Substrates for the
Development of sub-Micron Structural and Chemical Patterns”. 16th International

223



Conference on Plasma Surface Engineering, PSE-2018. Garmisch-Partenkirchen,
Alemania, 17 — 21 de 2018. Presentado como comunicacion oral.

e S. Mufioz-Pifia, R. Alvarez, A. Garcia-Valenzuela, M. C. Lépez-Santos, V. Rico, J.
Cotrino, I. Fernandez, G. Alcala, A. R. Gonzdlez-Elipe, A. Palmero. “Modulating Low
Energy lon Plasma Fluxes for the Growth of Nanoporous Thin Films”. Congreso Nacional
de Materiales - | Iberiam meeting on Materials Science, CNMAT-2018. Salamanca,
Espana, 4 - 6 de julio de 2018. Presentado como poster.

e A. Garcia-Valenzuela, G. Alcald, S. Mufioz-Pifia, R. Alvarez, |. Fernandez, V. Rico,
A. R. Gonzalez-Elipe, A. Palmero. “Atomic transport of sputtered species in a plasma and
nanostructural development of SiO, thin films grown by magnetréon sputtering”.
Congreso Nacional de Materiales - | Iberiam meeting on Materials Science, CNMAT-
2018. Salamanca, Espaiia, 4 - 6 de julio de 2018. Presentado como poster.

e R. Alvarez, A. Garcia-Valenzuela, V. Rico, José Cotrino, A. R. Gonzalez-Elipe, A.
Palmero. “Growth of porous thin films by reactive magnetron sputtering using particle
collimators”. Congreso Nacional de Materiales - | Iberiam meeting on Materials Science,
CNMAT-2018. Salamanca, Espafia, 4 - 6 de julio de 2018. Presentado como pdster.

e R.Alvarez, A. Garcia-Valenzuela, J. P. Espinds, V. Rico, J. Cotrino, A. R. Gonzalez-
Elipe, A. Palmero. “Avoiding Traget Poisoning in Reactive Magnetron Sputtering
Depositions at Oblique Angles”. Congreso Nacional de Materiales - | Iberiam meeting on
Materials Science, CNMAT-2018. Salamanca, Espaia, 4 - 6 de julio de 2018. Presentacién
como comunicacion oral.

e A. Garcia-Valenzuela, R. Alvarez, M. C. Lépez-Santos, V. Rico, J. Gil-Rostra, J.
Cotrino, A. Palmero, A. R. Gonzdlez-Elipe. “Control over interface roughness and
tightness in porous oxide multilayer systems prepared by MS: Fabrication of
enviromentally stable 1D photonic structures”. Congreso Nacional de Materiales - |
Iberiam meeting on Materials Science, CNMAT-2018. Salamanca, Espana, 4 - 6 de julio
de 2018. Presentacién como comunicacion oral.

e A Garcia-Valenzuela, R. Alvarez, M. C. Lépez-Santos, V. Rico, J. Gil-Rostra, A.
Palmero, A. R. Gonzalez-Elipe J. Cotrino, A. R. Gonzalez-Elipe, A. Palmero. “Near Infrared
Optofluidics with Nanocolumnar SiOx-SiO2 multilayers prepared by magnetron
sputtering at oblique angles”. Congreso Nacional de Materiales - | Iberiam meeting on
Materials Science, CNMAT-2018. Salamanca, Espaia, 4 - 6 de julio de 2018. Presentacién
como comunicacion oral.

e A.Garcia-Valenzuela, M. C. Lopez-Santos, R. Alvarez, V. Rico, A.R. Gonzalez-Elipe,
A. Palmero. “Propagation of the microstructure during magnetron sputtering deposition
of multilayer thin films”. Iberian Vacuum Conference, RIVA-X. 8th European Topical
Conference on Hard Coatings. Bilbao, Espafia, 4 - 6 de octubre de 2017. Presentacion
como comunicacion oral.

e A. Garcia-Valenzuela, G. Alcald, R. Alvarez, V. Rico, A.R. Gonzdlez-Elipe, A.
Palmero, “Atomic transport of sputtered species in a plasma and nanostructural

224



development of SiO, thin films grown by magnetron sputtering”. lberian Vacuum
Conference, RIVA-X. 8th European Topical Conference on Hard Coatings. Bilbao, Espaiia,
4 - 6 de octubre de 2017. Presentado como péster.

e A.Palmero, A. Garcia-Valenzuela, R. Alvarez, C. Lopez-Santos, F.J. Ferrer, V. Rico,
E. Guillen, M. Alcon-Camas, R. Escobar-Galindo, A.R. Gonzalez-Elipe, “Stoichiometric
Control of SiOx Thin Films Grown by Reactive Magnetron Sputtering at Oblique Angles”.
XV International Conference on Plasma Surface Engineering (PSE-2016). Garmisch,
Alemania, 12 - 16 de septiembre de 2016. Presentado como comunicacién oral.

e A. Garcia-Valenzuela, R. Alvarez, C. Lopez-Santos, F.J. Ferrer, V. Rico, E. Guillen,
M. Alcon-Camas, R. Escobar-Galindo, A.R. Gonzalez-Elipe, A. Palmero, “Control de la
estequiometria de capas delgadas de compuestos preparadas mediante «magnetron
sputtering» reactivo a angulo rasante”. XIV Congreso Nacional de Materiales. Gijon 8 -
10 de junio de 2016. Presentado como comunicacién oral.

225



Aurelio Garcia Valenzuela

Mayo de 2019

226



