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蛍蛍火火のの  
ははななれれしし草草のの  
たたわわみみけけりり  
  
The grass leaves bent 
when the light of a firefly 
got free 
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his PhD work is focused on liquid crystal based tunable phase devices with 
special emphasis on their design and manufacturing. In the course of the 
work a number of new manufacturing technologies have been 

implemented in the UPM clean room facilities, leading to an important 
improvement in the range of devices being manufactured in the laboratory. 
Furthermore, a number of novel phase devices have been developed, all of them 
including novel electrodes, and/or alignment layers. The most important 
manufacturing progress has been the introduction of reactive ion etching as a tool 
for achieving high resolution photolithography on indium-tin-oxide (ITO) coated 
glass and quartz substrates. Another important manufacturing result is the 
successful elaboration of a binding protocol of anisotropic conduction adhesives. 
These have been employed in high density interconnections between ITO-glass and 
flexible printed circuits.  

T 
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ii 

Regarding material characterization, the comparative study of non-
stoichiometric silicon oxide (SiOx) and silica (SiO2) inorganic alignment layers, as 
well as the relationship between surface layer deposition, layer morphology and 
liquid crystal electrooptical response must be highlighted, together with the 
characterization of the degradation of liquid crystal devices in simulated space 
mission environment.  

A wide variety of phase devices have been developed, with special emphasis 
on beam steerers. One of these was developed within the framework of an ESA 
project, and consisted of a high density reconfigurable 1D blaze grating, with a 
spatial separation of the controlling microelectronics and the active, radiation 
exposed, area. The developed devices confirmed the assumption that liquid crystal 
devices with such a separation of components, are radiation hard, and can be 
designed to be both vibration and temperature sturdy.  

In parallel to the above, an evenly variable analog beam steering device was 
designed, manufactured and characterized, providing a narrow cone diffraction free 
beam steering. This steering device is characterized by a very limited number of 
electrodes necessary for the redirection of a light beam. As few as 4 different voltage 
levels were needed in order to redirect a light beam.  

Finally at the Wojskowa Akademia Techniczna (Military University of 
Technology) in Warsaw, Poland, a wedged analog tunable beam steering device 
was designed, manufactured and characterized. This beam steerer, like the former 
one, was designed to resist the harsh conditions both in space and in the context of 
the shuttle launch. 

Apart from the beam steering devices, reconfigurable vortices and modal 
lens devices have been manufactured and characterized.  

In summary, during this work a large number of liquid crystal devices and 
liquid crystal device manufacturing technologies have been developed. Besides 
their relevance in scientific publications and technical achievements, most of these 
new devices have demonstrated their usefulness in the actual work of the research 
group where this PhD has been completed.  
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 I. RESUMEN 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

l presente trabajo de Tesis se ha centrado en el diseño, fabricación y 
caracterización de nuevos dispositivos de fase basados en cristal líquido. 
Actualmente se están desarrollando dispositivos basados en cristal líquido 
para aplicaciones diferentes a su uso habitual como displays. Poseen la 

ventaja de que los dispositivos pueden ser controlados por bajas tensiones y no 
necesitan elementos mecánicos para su funcionamiento. 

La fabricación de todos los dispositivos del presente trabajo se ha realizado 
en la cámara limpia del grupo. La cámara limpia ha sido diseñada por el grupo de 
investigación, es de dimensiones reducidas pero muy versátil. Está dividida en 
distintas áreas de trabajo dependiendo del tipo de proceso que se lleva a cabo. 

 

E 
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La cámara limpia está completamente cubierta de un material libre de polvo. 
Todas las entradas de suministro de gas y agua están selladas. El aire filtrado es 
constantemente bombeado dentro de la zona limpia, a fin de crear una sobrepresión 
evitando así la entrada de aire sin filtrar. Las personas que trabajan en esta zona 
siempre deben de estar protegidas con un traje especial. Se utilizan trajes especiales 
que constan de: mono, máscara, guantes de látex, gorro, patucos y gafas de 
protección UV, cuando sea necesario. Para introducir material dentro de la cámara 
limpia se debe limpiar con alcohol y paños especiales y posteriormente secarlos con 
nitrógeno a presión. 

La fabricación debe seguir estrictamente unos pasos determinados, que 
pueden cambiar dependiendo de los requerimientos de cada dispositivo. Por ello, la 
fabricación de dispositivos requiere la formulación de varios protocolos de 

 
Fig. 1.- Proceso general de fabricación de células de CL 
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fabricación. Estos protocolos deben ser estrictamente respetados a fin de obtener 
repetitividad en los experimentos, lo que lleva siempre asociado un proceso de 
fabricación fiable. 

Una célula de cristal líquido está compuesta (de forma general) por dos 
vidrios ensamblados (sándwich) y colocados a una distancia determinada. Los 
vidrios se han sometido a una serie de procesos para acondicionar las superficies 
internas. La célula se llena con cristal líquido. 

De forma resumida, el proceso de fabricación general es el siguiente: 
inicialmente, se cortan los vidrios (cuya cara interna es conductora) y se limpian. 
Después se imprimen las pistas sobre el vidrio formando los píxeles. Estas pistas 
conductoras provienen del vidrio con la capa conductora de ITO (óxido de indio y 
estaño). Esto se hace a través de un proceso de fotolitografía con una resina 
fotosensible, y un desarrollo y ataque posterior del ITO sin protección. Más tarde, 
las caras internas de los vidrios se acondicionan depositando una capa, que puede 
ser orgánica o inorgánica (un polímero o un óxido). Esta etapa es crucial para el 
funcionamiento del dispositivo: induce la orientación de las moléculas de cristal 
líquido. Una vez que las superficies están acondicionadas, se depositan 
espaciadores en las mismas: son pequeñas esferas o cilindros de tamaño calibrado 
(pocos micrómetros) para garantizar un espesor homogéneo del dispositivo. 
Después en uno de los sustratos se deposita un adhesivo (gasket). A continuación, 
los sustratos se ensamblan teniendo en cuenta que el gasket debe dejar una boca libre 
para que el cristal líquido se introduzca posteriormente dentro de la célula. El 
llenado de la célula se realiza en una cámara de vacío y después la boca se sella. Por 
último, la conexión de los cables a la célula y el montaje de los polarizadores se 
realizan fuera de la sala limpia (Figura 1). 

Dependiendo de la aplicación, el cristal líquido empleado y los demás 
componentes de la célula tendrán unas características particulares. Para el diseño de 
los dispositivos de este trabajo se ha realizado un estudio de superficies inorgánicas 
de alineamiento del cristal líquido, que será de gran importancia para la 
preparación de los dispositivos de fase, dependiendo de las condiciones ambientales 
en las que vayan a trabajar. Los materiales inorgánicos que se han estudiado han 
sido en este caso SiOx y SiO2. El estudio ha comprendido tanto los factores de 
preparación influyentes en el alineamiento, el comportamiento del cristal líquido al 
variar estos factores y un estudio de la morfología de las superficies obtenidas. 

 

1. ESTUDIO DE SUPERFICIES INORGÁNICAS 
El principal objetivo de esta parte del trabajo es estudiar el alineamiento del cristal 
líquido que se obtiene en función del tratamiento superficial que se emplee en el 
proceso de fabricación. Se han fabricado células en las que las moléculas de cristal 
líquido se alinean de forma vertical con respecto a los vidrios. Para ello se utilizan 
cristales líquidos nemáticos con anisotropía negativa (VAN), es decir, aquellos 
cuyas moléculas, al aplicar un campo eléctrico, se orientan paralelas a los vidrios y 
perpendiculares al campo. 
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Los objetivos que se deseaban conseguir eran fundamentalmente dos: 
o establecer una relación entre la morfología de las superficies 

obtenidas y la forma en la que el cristal líquido se alinea sobre éstas, 
o establecer un protocolo para poder obtener el pretilt que se desee, 

con el fin de alcanzar los parámetros de fabricación óptimos para 
mejorar el comportamiento del cristal líquido en las células 
obtenidas, logrando así dispositivos con características mejoradas. 

Se han elegido dos materiales como capa de alineamiento: el óxido de silicio 
anestequiométrico SiOx, y el dióxido de silicio SiO2. 

En ambos casos para obtener capas de estos materiales se necesita hacer una 
evaporación sobre los vidrios que conforman las células. Los óxidos de silicio 
poseen ciertas ventajas sobre otros compuestos. Al ser un compuesto inorgánico no 
se degradan con la temperatura ni la exposición a la radiación. Esta característica 
hace posible que se puedan fabricar dispositivos que van a estar expuestos a 
ambientes extremos, por ejemplo en aplicaciones espaciales. Además, al variar los 
parámetros de la evaporación, se puede cambiar el comportamiento del cristal 
líquido, que es determinante para conseguir una respuesta electroóptica con buenas 
características, sobre todo minimizando en lo posible la velocidad de conmutación 
de la célula.  

En el estudio del alineamiento de cristal líquido obtenido en función del 
ángulo de evaporación del SiOx y SiO2 se han fabricado una serie de células con 
distintas evaporaciones, haciendo un barrido de ángulos variando el ángulo de 
evaporación en 10º en cada conjunto de células y un barrido más detallado en los 
zonas en donde el alineamiento del cristal líquido varía de forma más pronunciada. 

 
Fig. 2.- Ejemplo de morfología de SiO2 obtenida por SEM 
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De forma esquemática, el estudio de superficies ha consistido en los siguientes 
pasos: 

o Se ha realizado un estudio morfológico de las superficies evaporadas 
por microscopía electrónica de barrido (Figura 2). 

o Se ha analizado la estructura que presentan las superficies según el 
ángulo de evaporación y relacionado con los parámetros utilizados 
en el experimento y con el alineamiento de cristal líquido obtenido 
más tarde. 

o Se han estudiado las propiedades que presenta cada una de las 
muestras, el cambio del pretilt con la variación en el ángulo de 
evaporación y la fuerza de anclaje de las moléculas a las superficies. 

o Se han caracterizado las células fabricadas, estudiando las 
propiedades electroópticas, en concreto el contraste y la respuesta 
temporal, con el fin de optimizar su uso en dispositivos reales. 

 

2. DISPOSITIVOS DE FASE: BEAM STEERERS 
Un deflector de haz (beam steering) es un dispositivo que es capaz de deflectar un 
haz láser que incida sobre él. La mayor parte de este trabajo se ha centrado en el 
desarrollo de nuevos dispositivos de deflexión de haz basados en cristal líquido. 

En la actualidad existen tres tecnologías comerciales de beam steering: 
o Sistemas micro-electro-mecánicos (MEMS) realizados habitualmente 

con microespejos, 
o espejos deformables y 
o moduladores espaciales de luz basados en cristal líquido sobre 

backplane de silicio, conocidos como LCoS SLMs. 

Los tres están preparados para el diseño y la fabricación de conmutadores ópticos 
espaciales (3D), basados en matrices de deflexión 2D de alta resolución. Sin 
embargo, están basados en dos tecnologías completamente distintas: deflexión de 
un haz por microespejos (las dos primeras) y difracción de un haz por medio de un 
SLM de cristal líquido pixelado, una de las técnicas más flexibles y eficientes de 
implementar hologramas digitales. Cada técnica tiene sus ventajas: los arrays de 
microespejos tienen bajas pérdidas y son insensibles a la polarización y la longitud 
de onda (dentro de un rango) del haz incidente; los SLM de cristal líquido no 
poseen partes móviles y pueden configurarse para un amplio rango de topologías 
de conmutación: debido al gran ancho de banda espacial de los hologramas 
digitales [1], se pueden emplear no solo para desviar o encaminar haces, sino para 
otras funciones como corrección adaptativa del frente de onda.  

Los LCoS comerciales que se ofrecen para este tipo de aplicaciones, emplean 
un pitch (tamaño del píxel más el interpíxel) del orden de 8µm, con factores de 
llenado del 87% [2]. Estos dispositivos, con una configuración en diente de sierra de 
cuatro niveles pueden desviar un haz 1,8º con una eficiencia teórica del 81%. Este 
ángulo se puede aumentar empleando elementos externos, como espejos y prismas, 
pero afectan a la calidad del haz. 
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Se puede aumentar el ángulo de desviación aumentando el retardo del 
cristal líquido o reduciendo el tamaño de la zona activa. El retardo se puede 
aumentar de dos formas: aumentando el espesor y empleando cristales líquidos de 
alta birrefringencia. 

La deflexión de haces tiene numerosas aplicaciones. Una de ellas consiste en 
la manipulación de haces láser colimados. Esta manipulación puede emplearse por 
ejemplo, en el contexto aeroespacial, para establecer comunicaciones entre satélites o 
entre un satélite y una base terrestre. Otra aplicación significativa de estas técnicas, 
es la manipulación óptica de partículas microscópicas funcionando como pinzas 
ópticas (optical tweezers). En este trabajo se han desarrollado tres tipos de 
dispositivos deflectores de haz o beam steering:  

o ESA Beam Steering: Deflexión con una red escalonada sintonizable 
o EVA Beam Steering: Deflexión analógica sintonizable 
o WAT Beam Steering: Deflexión con células en cuña 

 

ESA Beam Steering – Red escalonada sintonizable 

Este dispositivo consiste en una red escalonada (blaze grating) sintonizable basada en 
cristales líquidos para aplicaciones espaciales (un SLM en 1D). EL dispositivo es 
capaz de desviar un haz láser a ciertos ángulos que se pueden seleccionar 
dependiendo del periodo de la red. 

Los resultados se han obtenido dentro de un proyecto con la Agencia 
Espacial Europea ESA, (el nombre del proyecto es Programmable Optoelectronic 
Adaptive Element, POE). El objetivo de este proyecto era desarrollar elementos 
ópticos reconfigurables (sintonizables) para su uso en aplicaciones espaciales. 
Además se estableció un protocolo de ensayos de calidad para validar su uso en 
condiciones espaciales. Los cristales líquidos y las capas de alineamiento se 
seleccionaron teniendo en cuenta las condiciones que debería soportar este 
dispositivo: temperaturas extremas, variación de presión, vibración, radiaciones de 
altas energías (rayos cósmicos). Al contrario que otros dispositivos comerciales 
basados en matrices activas, los dispositivos de beam steering pueden fabricarse con 
distintas metodologías, que incluyen el uso de matrices pasivas [3]. Utilizando una 
matriz pasiva es posible blindar por completo la electrónica que controla el 
dispositivo, por lo que se evitan problemas de daños por radiación. 

El ángulo de deflexión que se puede conseguir con el dispositivo de beam 
steering escalonado es sintonizable de forma discreta, dependiendo del número de 
píxeles que se utilice en cada caso. Dado que el ángulo de deflexión es inversamente 
proporcional al paso (pitch) de los píxeles, el problema fundamental es la 
preparación de dispositivos de alta resolución por fotolitografía. Se estableció como 
objetivo un paso (píxel+interpíxel) de 7,5µm. Por otra parte, el factor de llenado 
(relación de áreas píxel/interpíxel) debe maximizarse para conseguir que la 
deflexión sea eficiente, y para reducir los órdenes de difracción espurios producidos 
por la red de interpíxeles no conmutados. Se estableció como objetivo una anchura 
de interpíxel menor de 1µm. 
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La resolución máxima alcanzable para la zona activa (píxeles) está limitada 
en último término por el proceso fotolitográfico. Se ha realizado un estudio previo 
para determinar cuál es la resolución máxima que se puede alcanzar, obteniendo 
muestras de buena calidad con un espaciado entre pistas de 1,5µm. 

Se ha determinado el diseño para la máscara que se realizará en cromo. El 
área activa de la máscara consiste en electrodos paralelos de aproximadamente 
7,5µm de pitch, con 5µm de píxel y separados por un interespaciado de 1,5µm 
(Figura 3). 

 El dispositivo está formado por dos vidrios recubiertos de ITO ensamblados 
en una célula (sándwich) y llena de cristal líquido. En uno de los vidrios se han 
dibujado píxeles, 1000 electrodos con el diseño de la máscara. El otro sustrato 
(backplane) es un plano de masa recubierto con ITO. 

Al aplicar un campo eléctrico el cristal líquido conmuta. Si se varían las 
tensiones aplicadas a cada electrodo se puede conformar un perfil de conmutación 
del cristal líquido de forma escalonada. El perfil obtenido es equivalente a una red 
de difracción escalonada y la periodicidad de la red se puede variar dependiendo de 
las tensiones aplicadas. 

La fabricación de este dispositivo fue bastante costosa: conseguir electrodos 
de los tamaños mencionados está en el límite de resolución con los procesos de foto-
litografía estándar. Por esto se tuvo que realizar un nuevo protocolo de fabricación 
para fotolitografía de alta resolución, variando los procesos de fabricación en parte o 
completamente dependiendo de la etapa. 

La capa de alineamiento se eligió teniendo en cuenta los estudios realizados 
en explicados en el apartado anterior. 

 

 
Fig. 3.– Máscara utilizada y detalle de la zona activa 
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Otra consideración igualmente importante en el diseño de la máscara es el 
fan-out de los electrodos, para el control externo de los píxeles. La conexión se 
realizó empleando un chip flexible de alta densidad adherido mediante calor y 
presión (thermal bonding) con un adhesivo anisotrópico (ACA). 

La caracterización de los dispositivos consistió en: 
o Crear distintos patrones de difracción con el  haz láser que pasa a 

través del cristal líquido Medir cambios de transmisión en los 
órdenes de difracción obtenidos al cambiar las tensiones aplicadas a 
los electrodos (variación del periodo) 

o Medir los ángulos de deflexión obtenidos en función del periodo 
o Medir los tiempos de respuesta del dispositivo 

 

En la Figura 4 se puede observar el patrón de difracción 
obtenido cuando el dispositivo funciona en régimen binario. 
La potencia lumínica se traslada del orden 0 (en OFF) al 
orden 1 (en ON) con una pequeña parte de la potencia en 
los siguientes órdenes. Se han determinado las tensiones de 
trabajo para el dispositivo para que la potencia transferida 
al orden 1 sea máxima (Figura 5).  

El ángulo de deflexión máximo, que se obtiene 
cuando el dispositivo trabaja como red binaria, es de 2,17º. 

Los ensayos de calidad realizados en las células se 
realizaron en instalaciones aparte, siguiendo las 
especificaciones de la ESA para pruebas de ensayo 
destructivo para aplicaciones espaciales. Las pruebas 
realizadas fueron las siguientes: 

o Ciclo térmico (sin operar) 
o Ciclo térmico a vacío (en operación) 
o Test de vibración 
o Daño por radiaciones ionizantes 
o Desplazamiento por daño radiativo 
o Daño por potencia óptica 

Se midieron los tiempos de respuesta y los niveles de transmisión de todas las 
muestras sometidas a ensayo antes y después de realizar las pruebas y se 
compararon los resultados. Todos los dispositivos pasaron con éxito las pruebas de 
calidad sin daño aparente, aumento de los tiempos de respuesta ni cambios en la 
transmisión, por lo que se demuestra la validez del dispositivo para su uso para 
aplicaciones espaciales. 

 

EVA Beam Steering – Beam Steering analógico 

Este dispositivo es similar al anterior pero el diseño es algo distinto. En el ESA Beam 
Steering se aplica una tensión distinta a cada electrodo para conseguir un perfil en 
la orientación del cristal líquido. En este caso el perfil se obtiene aplicando un 

 
Fig. 4.- Patrón de 
difracción binario 
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gradiente de tensión entre los dos extremos del dispositivo. Este gradiente de 
tensión produce un gradiente de orientación en el cristal líquido y por tanto un 
gradiente en el índice de refracción: es un perfil analógico sintonizable. Un haz que 
atraviese el cristal líquido en este dispositivo se desviará en una dirección (ya no 
hay difracción). Este ángulo es variable y depende directamente del gradiente de 
potencial que se esté aplicando al dispositivo. En la Figura 6 se esquematiza el 
principio de funcionamiento del dispositivo. 

En los primeros experimentos realizados en este trabajo, se consideró 
primero un diseño de célula en la que había un electrodo, con la máscara de pistas 
entrelazadas, y un contraelectrodo que consistía simplemente en un rectángulo de 
ITO.  

Crear un gradiente de índices de refracción es equivalente a crear un prisma. 
En realidad, el dispositivo actúa como un prisma que puede variar su índice de 
refracción, es decir, que es sintonizable. 

Posteriormente surgió la idea de ensamblar dos máscaras iguales, de manera 
que se pudiera aplicar un gradiente de potencial a las células tanto en una dirección 
como en la perpendicular. Esto produciría, al incidir un haz láser, que se pudiera 
desviar el haz en las dos direcciones e incluso en las diagonales si se combinan los 
dos gradientes de potencial. 

Un aspecto de relevancia es el cristal líquido que se emplea en el dispositivo. 
Se decidió utilizar un cristal líquido nemático positivo de alta birrefringencia 
(MDA-98) de birrefringencia 0,266. Otro aspecto importante es el espesor (distancia 
entre los dos sustratos) del dispositivo. Obviamente, cuanto mayor sea este espesor, 
más ángulo se podrá conseguir en la desviación del haz láser. Sin embargo, a 

 
Fig. 5.– Niveles de transmisión vs. tensión para los órdenes de difracción 0, 1, 2.  
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mayores espesores la velocidad de respuesta del cristal líquido se ve gravemente 
comprometida. Por lo tanto se debe llegar a un acuerdo entre ambos factores. 

Se probaron tres espaciadores para conseguir un espesor uniforme entre los 
dos sustratos del dispositivo: por una parte espaciadores esféricos de sílice de 14µm 
y 40µm y por otra parte un film (Mylar) de espesor constante de 120µm. 

 
Fig. 6.- EVA Beam Steerer – principio de funcionamiento, se obtiene un gradiente de 

conmutación del cristal líquido. 

 
Fig.7.- Setup para examen visual de los gradientes de orientación  
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Cabe mencionar que el último diseño planteado posee cuatro pares de 
electrodos y con ellos se puede conseguir un control total sobre los gradientes de 
orientación de las moléculas de cristal líquido. De esta manera, se pueden crear 
gradientes en cualquier dirección que se desee y por tanto, la deflexión de haces se 
dice que es en dos dimensiones. 

Los resultados experimentales se pueden dividir en dos partes: aquellos en 
los que se examina visualmente el comportamiento del dispositivo frente al campo y 
aquellos en los que se han realizado medidas con el setup que incorpora el láser. 

 La primera prueba que se realiza con cada uno de los dispositivos 
deflectores de haz es un examen visual para determinar cómo funciona el 
dispositivo en los distintos rangos de tensión. 

El dispositivo se coloca entre polarizadores cruzados (Figura 7). La zona 
activa, en estado OFF, es incolora (amarillento en este caso, debido al espesor). Al 
aplicar tensión las moléculas de cristal líquido conmutan hasta colocarse 
perpendiculares a los sustratos, y la zona activa se observa de un color oscuro. 

Al aplicar un gradiente de tensión entre un lado y otro del dispositivo, al 
llegar a ciertos valores, se observa la aparición de líneas o bandas coloreadas, que 
corresponden a un patrón de interferencia de color por las distintas variaciones en el 
índice de refracción (Figura 8). La frecuencia de repetición de las bandas indica 

  
Fig. 8.- Aplicando un gradiente de tensión 

se observan franjas en la zona activa 
 

Fig. 9.- Montaje del dispositivo de beam 
steering y el láser 

 

 
Fig.10.- Al aplicar el spot del láser se desvía un cierto ángulo 
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variaciones de desfase 2π. Cambiando el gradiente de tensión se pueden alterar los 
patrones de interferencia, se puede cambiar la forma de las bandas, se pueden 
desplazar en todas las direcciones, estrechar, ensanchar, e incluso se puede variar su 
orientación, rotándolas, es decir, el gradiente de orientación de las moléculas se 
puede ‘moldear’. Cuanto mayor sea el control sobre el gradiente de tensión, mejor 
se podrá optimizar la deflexión. Además, cuanto más estrechas sean las bandas y 
cuanto mayor número de ellas aparezca en la zona activa, más deflexión se podrá 
obtener (ya que existirá una mayor diferencia de índice de refracción entre un lado y 
otro del dispositivo). 

Se ha hecho un estudio del desfase aplicada estudiando los cambios de 
transmisión del dispositivo al aumentar la tensión aplicada para establecer los 
rangos de gradiente de tensión en donde el desfase es máximo. Después de 
examinar todos los dispositivos fabricados se ha establecido que el rango de tensión 
en donde hay más concentración de bandas varía entre ΔV= 2-10V dependiendo del 
espesor del dispositivo empleado. 

 
Fig. 11.- Patrones de interferencia y haz desviado correspondiente a un dispositivo de 40µm. 
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Para realizar el montaje, como se puede observar en la Figura 9,  se coloca el 
dispositivo de deflexión de haz delante de la salida del láser (láser de He-Ne con 
línea de emisión en 532nm y 10mW) y se coloca un polarizador entre ambos. El 
dispositivo de beam steering se conecta a un generador de formas de onda multicanal 
controlado remotamente por software programado en LabView. 

Con el dispositivo en reposo, el haz láser se alinea respecto a dos ejes 
ortogonales y perpendiculares a la dirección de propagación, de forma que el spot 
quede apuntando sobre el centro de coordenadas. Al aplicar un gradiente de 
potencial el haz se desvía en una dirección (Figura 10), de manera que se puede 
medir en qué punto queda el spot y por tanto cuántos grados se ha desviado el haz. 

Un inconveniente que presentaban las primeras versiones del dispositivo 
deflector de haz surgió al aplicar tensiones mayores de 10V durante largos periodos 
de tiempo: en este caso el dispositivo se calienta considerablemente, incluso 
provocando que el cristal líquido pase a estado isótropo. Por esto, se cambió el 
diseño de la máscara empleada en la fabricación, añadiendo una zona de electrodo 
continuo en la parte externa de la zona activa. 

Como se puede observar en la Figura 11, se han aplicado distintos gradientes 
de potencial al dispositivo. Al aplicar un gradiente de potencial en la dirección 
horizontal del  dispositivo, se crea una serie de bandas verticales que darán lugar a 
un desplazamiento del haz láser en la horizontal. Un resultado equivalente se 
obtiene al aplicar un gradiente de potencial en la dirección vertical del dispositivo. 

Una de las características más atractivas de este dispositivo es el hecho de 
poder desviar el haz no solo en la dirección horizontal y vertical, sino también en 
cualquier otra dirección, lo cual se consigue al combinar dos gradientes. 

Las desviaciones obtenidas se midieron para todos los dispositivos en los 
dos ejes con un perfilómetro de haces (Thorlabs). Como se muestra en la Figura 12 la 
desviación del haz sigue una tendencia aproximadamente lineal al aumentar el 
gradiente de tensión aplicada. En este caso el dispositivo y el perfilómetro están 

 
Fig. 12.- Desviación vs. Tensión para un dispositivo de 150 µm  
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situados lo suficientemente lejos como para que las variaciones en ángulo sean lo 
bastante pequeñas como para ser equivalentes a la posición del spot. La máxima 
desviación para este dispositivo fue de 0,7º (1,4º en todo el rango). 

La Figura 13 muestra la distribución de potencia del haz al aplicar un 
gradiente de tensión. En las gráficas de líneas azules el gradiente aplicado es cero 
(∆V=0) en el eje Y, y máximo (∆V=max) en el eje X, por lo que el spot se desvía solo 
en la dirección horizontal. En el otro caso, las gráficas de líneas verdes, es el caso 
contrario, el spot se desvía solo en la dirección vertical. 

 

WAT Beam Steering – Beam Steering analógico en forma de cuña 

El WAT Beam Steering es un dispositivo con una configuración bastante sencilla. 
Consiste en una célula de cristal líquido ensamblada en forma de cuña, es decir, con 
un espesor variable (Figura 14). 

La célula se llena con un cristal líquido colésterico de pitch corto (0,4µm a 
temperatura ambiente) desarrollado en el Instituto de Química de la Universidad 
Militar de Varsovia (WAT) [4]. Al aplicar un campo a este dispositivo y debido a la 
variación de espesor hay una variación en la conmutación del cristal líquido y por 
tanto se observa una variación en el índice de refracción a lo largo de la célula. Un 
haz que atraviese la célula se verá desviado en una dirección. [5][6][7][8] 

Hay varias razones para elegir un cristal líquido colestérico. Los tiempos de 
respuesta son muy cortos (por debajo de los milisegundos) y la respuesta óptica es 
independiente de la polarización (facilitando de esta manera el setup).  

 
 

Fig. 13.- Medida de la potencia lumínica recibida al aplicar un gradiente en una 
dirección: el haz en la dirección horizontal (azul) y en la vertical (verde) 
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Se probaron varias mezclas de cristal líquido colestérico con distintas 
cantidades de dopante y se caracterizaron todos los dispositivos. La anisotropía que 
alcanzan estos cristales líquidos es baja (≈0.1), sin embargo la deflexión que se 
necesitaba para la aplicación correspondiente era de 10 arcosegundos, 
suficientemente baja para los cristales líquidos seleccionados. 

La primera fase de la caracterización consistió en estudiar el cambio de perfil 
al aplicar tensión al dispositivo. En la Figura 15 se observa el gradiente de color del 
cristal líquido visto entre polarizadores cruzados y en un microscopio. Al aplicar un 
campo el cristal líquido conmuta y el patrón de color se desplaza en una dirección. 
El cambio de color corresponde a un cambio en el índice de refracción efectivo del 
cristal líquido en la célula.  

Se realizaron medidas de deflexión para todos los dispositivos. La deflexión 
sigue una variación aproximadamente lineal al aumentar la tensión aplicada. El 
ángulo de deflexión máximo medido fue de 0,018º (64 arcosegundos) 

Con las medidas realizadas con el perfilómetro se realizó una aproximación 
de la distribución espacial de potencia en 2D para el frente de onda del láser al 
aplicar tensión al dispositivo (Figura 16). 

Los tiempos de respuesta se midieron para varias mezclas de cristal líquido 
que se seleccionaron según su comportamiento en el setup con el láser. Las muestras 
descartadas solían presentar bastante dispersión. Los tiempos medios de respuesta 
de los dispositivos seleccionados se encuentran en torno a los 100µs de tiempo de 
subida y los 50µs de tiempo de bajada, aproximadamente. 

 
Fig. 14.- Esquema del dispositivo WAT Beam Steering 

 
Fig. 15.- Célula en cuña con CL 1892E+5%ZLI vista entre polarizadores cruzados. El 

movimiento del patrón de colores se produce al conmutar el cristal líquido. 
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3. OTROS DISPOSITIVOS DE FASE DE CRISTAL LÍQUIDO 
El uso de cristales líquidos en elementos ópticos adaptativos y programables ha 
dado lugar a diversos tipos de dispositivos: vórtices ópticos basados en cristal 
líquido, lentes de cristal líquido, moduladores espaciales de luz (SLMs), desviadores 
de haz (beam steerings) y filtros Fabry-Perot de CL. También forman parte de algunas 
configuraciones de pinzas ópticas [9][10][11].  

Las principales ventajas de los dispositivos fotónicos de cristal líquido sobre 
las alternativas mecánicas son su reducido peso, su bajo coste y la ausencia de 
partes móviles [12].   

Esta parte del trabajo se ha dividido en la fabricación de dos nuevos 
dispositivos de fase conformadores del frente de onda. 

Vórtices ópticos basados en dispositivos de cristal líquido 

Se han fabricado dos tipos de dispositivos para la generación dinámica de vórtices 
ópticos: son células de cristal líquido con electrodos segmentados circulares o en 
espiral obtenidas por procesos estándar de fotolitografía. Los electrodos son píxeles 
individuales que se pueden controlar de forma independiente. A cada píxel se le  

     
Fig. 16.- Distribución especial de potencia del frente de onda en 2D. 

∆V=0 (izquierda) y ∆V=max (derecha) 

 
Fig. 17.- Esquema del setup para la SDL y la generación de los distintos vórtices 
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aplica una tensión diferente, aumentando con respecto al píxel adyacente: esto hace 
que las moléculas de cristal líquido estén cada vez más conmutadas en cada uno de 
los píxeles, creando un gradiente circular de conmutación. Al hacer incidir un haz 
láser en el dispositivo una parte del haz se desfasará con respecto a otra, con una 
geometría circular, formando un vórtice óptico.  

El primer dispositivo se compone de una estructura circular que se puede 
ajustar para obtener una lámina de fase en espiral (spiral phase plate SPP), que es 
capaz de general vórtices ópticos. El mismo dispositivo, además, se puede utilizar 
para la generación de un haz pseudo-radialmente polarizado, simplemente 
añadiéndole sendas láminas de cuarto de onda a cada lado. El segundo dispositivo 
se ha diseñado con electrodos en espiral; el dispositivo actúa como una lente 
difractiva en espiral (spiral diffractive lens  SDL), de manera que se evita el uso de 
otro elemento externo para enfocar los vórtices generados. En ambos dispositivos la 
fase se puede ajustar variando la tensión aplicada a los electrodos. 

Se diseñaron los dos dispositivos para SPP y SDL: 
o SPP: Estructura circular segmentada, compuesta de 12 píxeles 

individuales con conexionado independiente. 
o SDL: Estructura en espiral segmentada, que resulta de la 

combinación de un SPP y una lente. 

En estos dispositivos se decidió utilizar cristales líquidos con anisotropía dieléctrica 
negativa (VANs). El alineamiento se induce con una poliimida depositada en 
superficie, específica de estos cristales líquidos. La razón de utilizar VANs es que 
con esa configuración, la célula en reposo (V=0) no induce ningún cambio de fase. 

 
Fig. 18.- Generación de los vórtices para = 1  y = 2  en las SPP 

con tres longitudes de onda. 
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Al aplicar tensión las moléculas de cristal líquido se reorientan y aparece un cambio 
de fase. El cristal líquido empleado es el MLC-7029 y el espesor de las células es de 
6µm, suficiente para inducir un desfase entre dos estados de polarización 
ortogonales en longitudes de onda visibles. 

Se analizaron los vórtices ópticos obtenidos con cada dispositivo: Se 
iluminaron con tres longitudes de onda seleccionadas (647nm, 568nm y  488nm) y se 
observaron los patrones de difracción obtenidos, capturados con un detector CCD a 
color (Figura 17). 

Generación de vórtices ópticos en una SPP: en el dispositivo las tensiones 
aplicadas a los 12 electrodos se distribuyen de tal manera que el desfase obtenido 
comprenda el rango de 0 a 2π  para el haz incidente. En la Figura 18 se puede 
observar la célula SPP entre polarizadores cruzados. En las imágenes de (a) a (c) la 
distribución de desfase de los 12 píxeles comprende el rango de 0 a 2π  (ℓ=1), en las 
imágenes de (d) a (f) la distribución de desfase va de 0 a 2π  cada 6 píxeles, es decir, 
dos rampas de fase (ℓ=2). El hecho de distribuir los rangos de tensiones de formas 
distintas produce vórtices ópticos de distinto diámetro como se puede observar en 
la Figura 18. 

Generación de vórtices en una SDL: Como en el caso anterior se ajustaron las 
tensiones aplicadas para crear los desfases necesarios entre píxeles para cada 
longitud de onda. En este caso no es necesario ajustar distintos conjuntos de 
tensiones para obtener los distintos vórtices ópticos. La lente difractiva crea 
diferentes órdenes de difracción en el mismo eje óptico, que se encuentran a 
distintas distancias focales.  

Para visualizar los distintos órdenes el detector se colocó en los diferentes 
planos focales (Figura 19). Como el desfase se ha ajustado para llegar hasta un 
desfase de π, el orden 0 no existe y la imagen obtenida es básicamente la 
interferencia de los órdenes ±1 desenfocados.  

 
Fig. 19.- Generación experimental de vórtices ópticos con una SDL a distintos planos focales. 
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Lentes modales de cristal líquido 

Las lentes de cristal líquido son las candidatas idóneas para ser integradas en 
cualquier dispositivo que requiera un pequeño enfoque sintonizable, como cámaras 
de móviles o webcams. Las lentes de CL trabajan modificando el índice de 
refracción del cristal líquido de manera concéntrica intentando emular la diferencia 
de fase producida en lentes de vidrio normales. Su distancia focal se puede 
sintonizar desde el infinito hasta cierta distancia focal mínima, dependiendo de la 
birrefringencia del CL, del diámetro de la lente y del espesor de la célula. 

En el área de las lentes sintonizables planas, la tecnología de CL aparece 
como dominante. Estas lentes son de índice gradual (GRIN). Induciendo cambios en 
el índice de refracción (reorientación de las moléculas de CL) es posible alcanzar un 
retardo de fase similar al de las lentes de vidrio. Típicamente, la variación del índice 
de refracción se debe a un gradiente de tensión a lo largo del dispositivo [13]. La 
tecnología existente de lentes de CL puede dividirse en dos grandes tipos: lentes 
segmentadas y lentes modales (MLCLs) [14][15][16]. A partir de ahora se hablará 
sólo de las lentes modales de cristal líquido. 

En las lentes modales de CL un simple electrodo genera un gradiente de 
tensión de forma radial a través del cual se evitan patrones de electrodos en el área 
activa. En el presente trabajo, se usan superficies de alta transmisión y a la vez alta 
resistividad que son depositadas por spin-coating. Al mismo tiempo, un proceso de 
fabricación simple nos lleva a la fabricación de dispositivos de bajo coste. 

Basándose en la configuración descrita en [17], se han fabricando lentes 
modales de CL usando polímeros conductores como electrodos de alta resistividad 
(PEDOT). La estructura de estos dispositivos es bastante sencilla y están 
constituidos por una célula de cristal líquido monopíxel fabricada por procesos 

 
Fig. 20.- Esquema de una lente de CL: a) diseño de la lente, b) distribución de las moléculas de 

CL al aplicar tensión y c) perfil del índice de refracción resultante 
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fotolitográficos estándar. De la parte conductora (ITO) se elimina una zona circular 
mediante fotolitografía. Después, se deposita una capa conductora de alta 
resistividad sobre el sustrato incluyendo el área sin ITO. Cuando se aplica una señal 
de tensión alterna a la célula en la zona de alta resistividad se genera un gradiente 
de tensión desde el borde hasta el centro de la lente (área circular) de manera 
concéntrica, produciendo un perfil de conmutación de las moléculas de cristal 
líquido y por tanto un gradiente efectivo de índices de refracción. Dado un par 
adecuado de valores de tensión y frecuencia se puede sintonizar un perfil de índices 
de refracción similar a la variación de fase obtenida con lentes de vidrio (Figura 20). 

Las lentes se han fabricado con dos configuraciones distintas: con un 
electrodo simple (se dibuja únicamente un electrodo circular en una de las caras de 
la célula) o con doble electrodo (dos electrodos iguales, uno en cada vidrio).  

Las lentes de cristal líquido que se han obtenido son capaces de enfocar 
desde el infinito hasta una distancia focal mínima que vendrá determinada por la 
expresión {1}: 

    

F = r2

2·Δn·d
  {1} 

donde r es el radio de la lente, Δn es la birrefringencia y d el espesor. El diámetro de 
las lentes fabricadas es 5mm. El espesor de las mismas es de 50µm, y el cristal 
líquido utilizado es ZLI-3449-100 (Merck) cuya birrefringencia es de 0,1325.  

El gradiente de índices de refracción que se crea en los dispositivos al aplicar 
tensión se traduce en un patrón de difracción con geometría circular. En la Figura 21 
se puede observar la zona activa entre polarizadores cruzados cuando se forman los 
anillos (patrón de difracción) a medida que aumenta la tensión y la frecuencia 
aplicada. 

Para llevar a cabo la caracterización de las lentes (Fig. 22), se utilizó un 
analizador de frentes de onda Hartmann-Shack (Optocraft GmbH, Germany), 
consistente en un array de 72×59 microlentes cuya focal es de 4,23mm cada una. A 
dicha distancia se sitúa un video sensor que se encarga de recoger la imagen 
producida por la lente. Este sensor está formado por un array de 1600×1200 píxeles 
de 7,4×7,4µm2. Este dispositivo está controlado por un software, el cual nos permite 

 
 (a)      (b)      (c) 

Fig.21.- Evolución de una MLCL aumentando la tensión y la frecuencia, entre polarizadores 
cruzados: a) 2,5 V y 13 kHz, b) 6,5 V y 13 kHz y c) 15 V y 15 kHz. 
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no sólo capturar el frente de onda deformado; además es capaz de calcular un 
elevado número de parámetros que caracterizan al dispositivo analizado, y analizar 
por separado las diversas aberraciones introducidas. 

Las  Figuras 23 y 24 muestran los frentes de onda obtenidos para distintas 
lentes. Estos frentes de onda han sido corregidos a través de un desarrollo en serie 
de polinomios de Zernike. Cada término de este desarrollo nos informa sobre un 
tipo de aberración presente en nuestra lente. En este caso sólo se han tenido en 
cuenta términos radiales y la aberración esférica no ha sido corregida. 

 
Fig. 22.-  Montaje diseñado para el análisis del frente de onda de las lentes de CL. 

 
Fig. 23.- Frente de onda de una lente de CL de 5mm de diámetro con electrodo simple. 
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En estos dos casos las lentes presentan un fenómeno particular consistente 
en que el diámetro de la lente disminuye con la tensión aplicada. Al aumentar la 
tensión y la frecuencia para encontrar la mínima distancia focal los anillos van 
convergiendo hacia el centro. Si se supera la tensión de conmutación en el borde de 
la lente, el CL que hay dentro de ella (y cercano al borde) comienza a saturar. De 
esta forma el diámetro efectivo de la lente disminuye. Esto provoca por un lado una 
disminución de la distancia focal, pues disminuye el radio de la lente, y por otro un 
aumento de luz parásita en la imagen. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Fig. 24.- Frente de onda de una lente de CL con electrodo doble de 5mm de diámetro. 
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 I. INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iquid crystals have been a part of many instruments and systems in 
consumer electronics for at least three decades. However, their actual 
relevance in electronic devices has not been fully appreciated until the 

extraordinary boost experienced by these materials since the beginning of the 
century. 

The new millennium, scattered with so many events of all kinds, shall be 
probably considered –anytime in the future– the beginning of a New Age as well. 
As time goes by, human realizations and relevant facts pile up at an ever increasing 
rate; the last two centuries may contain more events than the previous three 
centuries of the Modern Age or the thousand years of the Middle Age. Moreover, 
the leap between these Ages has involved a cultural revolution –Renaissance in the 
Middle Age, Illustration in the Modern Age– like the New Age that presumably has 
started. 

L 
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A large number of remarkable events could claim for being the identifying 
label of that Age: atomic energy, computers, spatial trips, relativity, quantum mechanics, 
polymers, ecology. Above all, however, there is an outstanding fact that supersedes in 
our opinion any other development or discovery: the ubiquitous, swift and nearly 
endless availability of information provided by Internet, mobile communications, 
GPS and a cluster of new technologies that unequivocally hold the most 
characteristic symbol of present time: the Age of Information. 

Information is gathered, processed, transmitted, and shared by an 
extraordinarily involved set of procedures. Yet when information reaches the 
human receptor, it is largely communicated by visual or audio means. Liquid 
crystals displays (LCD) have played the central role of visual communication for 
more than one decade; their prevalence has been steadily increasing in the last 
years. Either large-area direct vision TVs, small to medium size displays for 
computers, tablets and mobile phones, or microdisplays for projection, liquid 
crystals have been the preferred alternative albeit the existence of competing 
technologies on each mentioned field: plasma displays (PDP) for large-area TVs, 
organic LEDs (OLED) for direct-view in smaller sizes, and digital light processors 
(DLP, DMD) for projection. Table I.1 is a comparison of display market segments; 
the supremacy of LCDs needs no further arguments. 

The world market of flat-panel displays (FPD) reached 92,300 M€ [1] in 2012, 
of which 82,800 M€ belong to LCD panels. It is interesting to note, however, that all 
technologies except AMOLED [2] and LCoS [3] –two technologies for micro and 
mini displays– declined in 2012. The relevant role of FPDs, especially LCDs, in 
consumer electronics shall not conceal that high levels of saturation have been 
attained in several major markets [4] –as seen in the forecast evolution of figure I-1. 
Even worse, the whole manufacturing and development of new FPDs is 

Device Size Main 
application 

Preferred 
technology 

Second 
alternative 

Possible evolution 

Large area 
displays 

> 40” 
TV, home 

theater 
LCD PDP LCD with LED backlight will 

prevail until OLED is ready  

Monitors 10”-28” 
Desktop PC, 

Laptop PC 
LCD — Full LCD supremacy 

Electronic  
paper 

8”-11” Electronic 
Books 

 electronic 
ink (e-ink) 

LCD 
Bistable or Cholesteric LCDs 
may provide color with low 

consumption 

Handheld 
displays 

6”-10” Tablets, 
Games 

LCD OLED  
OLEDs have already 

significant presence in  this 
market. Eventually may 

become dominant, migrating 
to larger sizes. 

Direct Vision 
microdisplays 

2”-5” 
Cellphones 

Cameras 
LCD OLED 

Projection 
microdisplays 

1”-3” 
Digital 
cinema, 

simulators 
LCD LCoS DLP/DMD 

(micro-mirrors) 

DLP dominates digital 
cinema, but market’s high-

end belongs to LCoS 

Phase Devices 
and similar 

variable, 
<¼”  

Switches, 
routing 

MEMS  LCD Preferred technology 
depends on application 

Table I.1. Segments of the Flat Panel Display market, ordered by size 
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concentrated in a few Far East countries. LCDs in particular are considered a lost 
technology in USA and Europe –except for materials chemistry, where Europe is 
fairly strong, and a handful of niche applications. 

The above notwithstanding, European R&D on liquid crystals has not been 
stopped or curtailed but rather reoriented towards other less established research 
areas where valuable contributions to fundamental and applied issues could be 
achieved. The own versatility of LC materials has been invaluable for this 
reorientation of activities.  

The Liquid Crystal Group (at present, part of the Applied Photonics Group) 
of the Universidad Politécnica de Madrid, where this work has been carried out, has 
followed a similar trajectory as many other European laboratories. Their former 
projects, in the 90’s, were focused on large-area displays; by the beginning of the 
century, the main interest redirected towards microdisplays for helmets or 
projection. In the last five years, the same microdisplays have been applied to a 
number of non-display applications that currently form the essential core of the 
group activities. This evolution shall not be taken as a footpath aside the main 
stream of the field: on the contrary, non-display applications of liquid crystals are 
currently a hot research area where new developments and findings are sprouting 
continuously [5]. Moreover, its underlying economic background is certainly non 
negligible. 

This PhD work, therefore, has been outlined since its beginning about the 
study of specific non-display applications of liquid crystals. These will be reviewed 
in the following sections of the chapter. Applications have been chiefly focused on 
the aerospatial environment. In this field, a number of features of LC devices have 
demonstrated superior to competing alternatives: low power consumption, low 
footprint, lack of movable parts, tolerance to high-energy radiation among others. 

 

Fig. I.1.- Flat panel displays world market. LCDs will prevail in the near future 
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I.1. NON-DISPLAY LIQUID CRYSTAL TOPICS 

In this section, we will highlight a few of the major current trends in liquid crystal 
fundamental science and applied technology. Some of them, more related to the 
PhD work contents, will be more thoroughly covered in separate sections. 

Liquid crystals are nowadays spread over a number of remarkably 
dissimilar application fields: 
 Organic electronics. Liquid crystals spontaneously show long-range order that 

may evolve to the generation of bands out of the molecular orbitals of the single 
molecules. Semiconductor behavior has been reported in discotic LCs [6] and 
eventually extended to other mesophases [7]. Electronic and photonic devices 
such as transistors, photovoltaics, OLEDs and lasers based on LCs have been 
proposed [8]. Liquid crystallinity is customarily used to produce well-aligned 
films that are not, however, suitable for charge carrier mobility, since the 
molecule mobility is rather high, thus precluding a good π-π coupling and 
consequently an acceptable conductivity. The solution is to use the LC state just 
for alignment, and then to cool down the film rapidly, preventing 
crystallization. The result is a glassy state where the LC order is kept, giving a 
good long-range order with almost no defects, while molecular mobility is 
damped, thus allowing an enhanced π-π coupling and an improved carrier 
mobility. 

 Documental security. LC long-range order has been frequently used in dye-
doped displays like Hellmeier, dichroic or NGH (nematic guest-host) displays 
using either one or no polarizers [9]. These displays are heavily used in low-res 
applications below video frequency, since they feature high luminance, 
reliability, and low price. Depending on the dye and concentration, LCs are 
either oriented by surface conditioning or stabilized in volume by gelification 
[10].  
Based on the same principles and a patented procedure, it has been possible to 
create latent images into the dye-doped LC. Images are made permanent by 
gelification or polymerization and can be made visible by placing a polarizer 
either behind or in front of the cell. The most interesting characteristic of these 
devices is that the latent image made visible by the polarizer is different with the 
polarizer in front of the sample or behind the sample [11]. Moreover, several 
latent images may be induced on each side. The result is a customized label of 
arbitrary size whose unique characteristics made it interesting for 
authentication of documents, goods or objects.  

 Nano- and microstructured materials. Natural LC self-assembling into 
nanoscale structures is interesting, since long-range order is kept at the same 
time. One may use LCs to place micro- or nanoparticles in ordered arrays of 
defects; alternatively, one can “freeze” the LC order by polymerization or glass 
formation. 
Both, lyotropic and thermotropic liquid crystals may be used as templates (see 
the extensive review [12] with more than 600 references). Lyotropics are 
employed in preparing nanoporous silica materials for catalysis applications. 
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Again alternative paths to take advantage of LC properties have been proposed: 
e.g., lyotropics having reactive tails can be polymerized becoming ordered 
organic solids [13], while polymerization of thermotropics or other guest 
materials solved in a thermotropic matrix have been proposed as well. 
Depending on the template structure and the reaction conditions, the outcome 
may be amphiphiles, nanoparticles, hollow spheres, nanoporous polymers or 
many other inorganic or organic functional materials [14][15]. The synthesis of 
nanoparticles within ordered structures of LCs may lead to tailoring specific 
shapes with relatively high tunability of geometric characteristics [16].  

Dispersions of colloidal particles in liquid crystals, having micro- or nanometer 
size ranges have attracted high interest as well [17]. A number of effects has 
been described employing particles of different shape [18] –microbeads, 
nanotubes, nanorods, nanospheres– and composition –semiconductors, silica, 
metals, carbon. The guest particles often have to be functionalized to avoid 
formation of aggregates and deposition. This is especially noticeable in carbon 
nanotubes (CNT), one of the most studied dopants [19]. It has been 
demonstrated that lyotropic LCs stabilize CNT dispersions better than 
thermotropics [20]. 
However, the use of thermotropic LCs implies some advantages, like easy 
handling, alignment and switching; therefore, a number of studies focused on 
thermotropic LC CNT dispersions has been carried out [21]. There have been 
recently suggestions of employing hybrid amphiphilic-like molecules with a 
head prepared for adhesion of the CNT and a tail that merges in the 
thermotropic LC. In the procedure described in [22], a functionalization of the 
CNT is performed by coating fresh CNTs with a polymer LC. The resulting 
composite with thermotropic LCs is stable for several months and can reach 
concentrations as high as 1%. 

 Liquid Crystal on Silicon. Liquid Crystal on Silicon (LCoS) are well-known 
microdisplay devices [23] employed in high-end projection systems like digital 
cinema, medical displays, and simulators. LCoS are undergoing a fast progress 
both in display and non-display applications: indeed, LCoS is the only LCD 
technology expected to grow in 2013. Their current world market, of about 
1,000 M€, is predicted to increase about 25% by 2018 [24]. 

 In the non-display arena, LCoS are basically used as spatial light modulators 
(SLM). LCoS SLMs operate with no moving parts and can be configured for a 

 

Fig. I.2.- Sketch of a reconfigurable wavelength selectable switch 
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wide range of switching topologies. These devices can be used to steer or route 
the optical signals, and have demonstrated excellent performance in complex 
electrooptic devices like those required in the node routers of trunk optical fiber 
communications networks. For example, wavelength selective switchings (WSS, 
Figure I.2) are industrial packages for multiplexing/demultiplexing 
(mux/demux) wavelength-division multiplexed (WDM) optical signals 
employed in large traffic load fibers (from Gigabits per second up to several 
10’s Gbps). Mux/demux is performed by array waveguide gratings (AWG). The 
two principal switching technologies are microelectromechanical systems (MEMS) 
and LCoS [25]. The main application of WSS is to act as a reconfigurable 
element within optical add-drop multiplexers (ADM) or optical cross-connect 
(OXC) systems. Reconfigurable optical add-drop multiplexers (ROADM) are 
the keystones of the current dense WDM networks [26], so-called 
reconfigurable Agile Optical Network (AOC) 
Moreover, LCoS SLMs can provide additional functions, such as focusing or 
adaptive wavefront correction [27]. An SLM may act as a diffractive optical 
element where the desired phase change occurs mainly in the first diffraction 
order. The diffraction efficiency depends on the applied pattern. Changing the 
pattern to a 4-step sawtooth pattern, i.e. a blaze grating, guided energy 
increases up to 81% towards the first (positive) order of diffraction [28].  
Although having an enviable small footprint, LCoS based SLM design has one 
basic feature disqualifying it for space applications: The silicon chip is placed 
right under the active area of the device, and hence it is subjected to radiation 
which will jeopardize the longevity of the device. This, apart from the elevated 
costs in producing a fully integrated chip, makes clear the need for alternative 
solutions. The design of these alternative elements shall be one of the main 
subjects of this PhD work. 

 Liquid crystals and healthcare. Liquid crystals play an important role in 
biological matters. Some structures essential for life, such as micelles, liposomes 
and cell membranes, are lyotropic liquid crystals. DNA shows LC states as well. 
Additionally, LCs may 
be used as specific 
vessels for drug 
administration, or as 
sensors of bacteria and 
viruses [29]. The 
general idea (Figure 
I.3) is to prepare an LC 
cell with a constant 
homogeneous or 
homeotropic align-
ment all over the active 
surface. Orienting the 
cell adequately, it can 

 

Fig. I.3.- A bacteria bound onto the LC surface triggers a 
misalignment that extends to a larger area 
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be made completely dark between crossed polarizers. Adding an analyte that 
allows any kind of binding with the existing components (the LC or the 
alignment surface), the LC orientation will be affected by the presence of 
microparticles like bacteria, introducing disorder in the area around. A very 
important characteristic of these sensors is their intrinsic amplification: the 
effect of a bacteria having a diameter of a few µm may propagate to an area 
having tens or hundreds µm width (Figure I.4). The sample between crossed 
polarizers will show bright spots easily visible under a microscope and 
occasionally by the naked eye. 

The same concept has been extended to detect the presence of single-stranded 
DNA[30]. Interestingly enough, small chains of single-stranded DNA, called 
aptamers, have been proposed as sensors of bacteria as well. The idea is to 
prepare aptamers that specifically bind the desired target bacteria. The aptamer 
is then fixed onto the inner surface of the LC cell, opposite to the LC itself. 
When the cell is assembled, the aptamers will react with the presence or 
absence of catched target microorganisms and the LC will show orientation or 
misalignment depending on such a presence. The system intends to be applied 
to bacterial infections and to foodborne pathogens entering the food chain. In 
both cases, liquid crystal sensors would provide a fast, portable, reliable and 
extremely simple (i.e., inexpensive) test useful for remote sensing and food 
chain follow-up “from farm to fork”. 

The FP7 EU project RaptaDiag [31], coordinated by the UPM CEMDATIC 
center where the Applied Photonics Group is located, intends to provide a fast 
and cost-effective diagnostic tool for bacterial meningitis, i.e. the detection of 
Streptococcus pneumoniae and Neisseria meningitidis in cerebrospinal fluid. The 
sensors will be based on specific aptamers; three kinds of sensors will be tested, 
one of which is the LC cell coated with aptamers described above. 

 Phase-only devices. A large number of non-display liquid crystal components 
are devices that modify the phase delay between two lightpaths or spatially 
different regions of the unit. This may cause tunable interference in the first 
case, and beam steering or light focusing/defocusing in the second case. 

 

Fig. I.4.- Oriented lyotropic LC cell (left and center). Right: Micrograph showing the 50-80 µm 
wide perturbations caused by 4µm silica beads. The samples were prepared by UPM. 
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Devices such as beam steerers, phase masks, tunable optical lenses, phase 
gratings, reconfigurable holograms, and diffractive elements can be prepared as 
phase-only devices. In this PhD work many of these devices have been 
explored; particularly those not requiring an active matrix: 1D and 2D beam 
steerers, modal lenses, tunable filters and diffractive elements. As mentioned 
above, devices developed in this work were primarily focused to aerospatial 
applications [32]. Active matrices are not the best choice in these environments, 
since electronics are exposed to high energy radiation. Radiation tests with 
γ-rays have been performed as part of the characterization work. The most 
relevant issues of passive phase-only devices and their possible commercial or 
proposed alternatives are further analyzed in the following sections.  

 

I.2. BEAM STEERING  

Beam steering devices have numerous applications, depending on the angular 
amplitude, stability and time response of the beam deviation. In aerospatial 
environments, the most important application is the steering of a collimated laser 
beam, in order to establish a communication line, between satellites, or between 
satellite and earth.  

No commercial passive beam steering devices have been found. There are 
three commercially available generic 3-D optical technologies for beam steering, all 
of them active (links to main commercial companies are included): 

 Microelectromechanical systems (MEMS) or micromirrors [www.dlp.com] 
 Deformable mirrors [www.OkoTech.com] 
 Miniature liquid crystal on silicon (LCoS) spatial light modulators 

(SLMs) [www.Holoeye.com]. 
All of them are well suited to the design and fabrication of large-capacity 3-D 
optical space switches in optical communications, requiring 2-D high-resolution 
beam-steering matrices. Light paths in commercial beam steerers are routed 
according to two different principles: beam steering by micromirrors (deformable 
mirrors is a particular case) and beam diffraction by a pixelated LC SLM, the second 
being one of the most flexible and efficient techniques to implement programmable 
digital holograms [33]. 

Either technique has its own advantages: micromirror arrays have low loss 
and are intrinsically polarization and wavelength insensitive. In contrast, LC SLMs 
(or LC digital holograms, LCDH) operate with no moving parts and can be 
configured for a wide range of switching topologies. This property is due to the 
large available spatial bandwidth (in two dimensions) of digital holograms, which 
may provide other features like adaptive wavefront correction [34], besides steering 
or routing the optical signals.  
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I.2.1. Microelectromechanical systems 

Three kinds of MEMS exist: Micromachined Membrane Deformable Mirrors 
(MMDM), Piezoelectric Deformable Mirrors (PDM) and Deformable Mirror Array 
also known as digital light processors (DLP), in which the deformable refers to the 
array, not to the mirrors.  

DLP consists of an array of individual micromirrors. Each mirror is mounted 
on a hinge and actuated, tilted, by individual actuators consisting of a yoke and two 
electrodes (Figure I.5). The original DLP is patented, manufactured and marketed 
by Texas Instruments (USA), as proprietary technology. 

The DLP has been developed with applications such as digital cinema in 
mind. They don’t possess any intrinsic grayscale, as the mirrors are either on or off 
(in image applications the grayscales are generated using temporal dithering, or 
pulse width modulation). The Texas Instruments DLPs do present a high mirror 
density, but the lack of grayscales makes it only possible to generate binary 
gratings, which leads to a reduced diffraction efficiency. 

The approach 
taken by Silicon Light 
Machines in their Grating 
Light Valve (GLV) is 
similar to that of Texas 
Instruments, yet their 
micromirrors can show 
gray levels, since they are 
bent rather than switched. 
The GLVs are yet to be 
produced as 2D arrays 
which are needed for a 3D 
steering of the beam. The 
physical size of the GLVs 
complicates a design of 
cascaded devices.  

Both PDMs and MMDMs have been developed in the field of adaptive 
optics. Both techniques have a number of positive features: 

1. Being adaptable mirrors they have very low losses. Their reflectivity 
generally is higher than 90%.  

2. Very low degree of absorption, meaning that the mirrors are practically 
insensitive to the amount of incident light.  

3. Their modulating frequency is high compared to LC SLMs. Either MEMS 
technology can be updated with frequencies of several kHz or higher. 

Both PDMs and MMDMs have a major disadvantage that complicates their 
implementation in flexible beam steering: a low density of actuators (1-2 per mm2) 
combined with a limited stroke (<8µμm). This feature, along with the fact that both 
technologies work with continuous surfaces, means that phase wrapping, as 
discussed below, is not possible. Therefore the deflection angle becomes severely 

 

Fig. I.5.- Four elements of a DLP. The mirrors have been 
made transparent to show electromechanics below 
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limited. Moreover PDMs, like all piezoelectric devices, suffer from hysteresis; a 
closed control loop needs to be applied in order to avoid beam drifting. 

I.2.2. Liquid crystal spatial light modulators 

In contrast to the deformable mirrors (DM), an SLM is highly pixelated thus capable 
of introducing changes in phase with a high spatial resolution. Although the phase 
range of any individual pixel is approximately 2π, using phase-wrapping techniques 
the overall phase-change to a wavefront of many times 2π is possible, limited only 
by the number of pixels in the SLM. An SLM used in this way acts as a diffractive 
optical element where the desired phase change occurs mainly in the first diffraction 

order. Consequently, an 
SLM has an effective 
stroke of many tens of 
wavelengths, with the 
potential for phase 
discontinuities. However, 
the updating of SLMs is 
slower than DMs. 
Standard twisted SLMs 
have a refresh rate of 
about 30Hz; ferroelectric 
SLMs have a higher 
refresh rate than twisted 
nematic SLMs, but their 
diffraction efficiency is 
lower, as commented 
below. 

Like in other diffractive elements, the efficiency depends on the applied 
pattern. The worst case scenario (Figure I.6) corresponds to a simple binary phase 
grating where only 40% of the energy is guided towards the first (positive) order of 
diffraction. Increasing the pattern simply to a 4 step sawtooth pattern, the efficiency 
increases remarkably, to a theoretical maximum of more than 81%. In this number, a 
strict 2π retardation is assumed, and no losses from the interpixel space are taken 
into account. The efficiency equation is [35]: 

 η =
sin(π / q)
π / q
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where q represents the number of steps in the pattern. Let us quantify this 
performance, assuming a wavelength selection in a typical wireless optical 
communications window like 1064nm, and the use of a reflective device capable of 
introducing a phase difference of at least 1064nm per path. Under these 
circumstances, a deviation of ±2º can be generated at this wavelength with pitch 
sizes in the order of 10µμm, using a 5 step sawtooth pattern. 

 

 

Fig. I.6.- Ideal diffraction efficiency of a sawtooth blaze 
grating as a function of the number of steps. 
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Existing commercial implementations of LCoS SLMs employ an LCoS 
backplane taken directly from the display manufacturing production. The pitch of 
high end devices is in the order of 8µμm with fill factors of approximately 97% 
(www.holoeye.com). This configuration with a 4-step sawtooth (ηtheoretical = 81%) 
pattern gives a deviation angle of roughly 1.8º for a device capable of introducing 
2π phase difference @1064nm. 

The deviation can be externally increased using various techniques such as 
mirrors and prisms, which will affect the quality of exiting light beam. A more 
elegant solution would be to increase the birefringence of the SLM, and/or to use a 
smaller pitch of the LCoS SLM. These solutions, however, have drawbacks: 
increasing the spatial frequency will generally lead to a reduction in the fill factor 
(the ratio between the active pixel area and the total area; for the interpixel area 
does not scale down as well as the active area). Increasing the birefringence can be 
achieved in two ways, either by choosing an LC material with higher birefringence, 
or by increasing the thickness of the liquid crystal cell. Both of these changes will 
affect the dynamic behavior of the SLM. 

Fortunately, the group has access to experimental high birefringence 
materials synthesized at Warsaw Military University of Technology (MUT) with fast 
switching. The group has had access to high density, high quality LCoS backplanes 
as well, for example from the former company Gemidis, Belgium, with pitch sizes as 
small as 6µμm. These high pitched devices require a thin cell, and thus a high 
birefringent medium, in order to eliminate fringing effects, which is one of the 
sources of problems in LCoS SLMs. On the other hand such high resolution devices 
can be designed and manufactured in house for generating passively addressed 
devices. 

The above mentioned backplanes were designed for a negative vertically 
aligned nematic LC SLM. The use of other materials, like ferroelectric or 
antiferroelectric smectic LCs, would require some modifications, especially in 
driving signals. Ferroelectric devices are not the best choice in principle, for their 
digital switching precludes the existence of analogue phase levels. This means that 
the diffraction efficiency will be similar to that of a binary phase grating (40%) 
which is inadequate.  

Antiferroelectric LCs (AFLCs) do show grayscales, but this primarily is due 
to heterogeneous switching. The way to employ AFLCs is to use the subclass of 
orthoconic AFLCs (oAFLCs) which switch between two orthogonal states, and thus 
it makes possible to introduce a phase difference by changing the ratio between the 
two switching states. A number of oAFLCs from MUT have been tested in the 
group. The materials show steadily better performance; fast switching speed that 
otherwise characterizes the smectic liquid crystals is being reached, especially if the 
sample is warmed up. The main problem with oAFLCs in phase devices is that the 
cell, in principle, must be made very thin for the material to become surface-
stabilized. With this constraint, the retardation of working oAFLC devices rarely 
exceeds π in the visible region. Thus it becomes necessary to cascade two reflective 
devices to achieve the required 2π retardation.  



EVA OTÓN MARTÍNEZ 

 

 20 

I.2.3. Liquid crystal prisms 

A liquid crystal prism consists of a liquid crystal cell, where the behavior of the 
liquid crystal has been determined in a way that it under some conditions will 
behave as a prism. The most simple of these is an actually prism-shaped liquid 
crystal, where the thickness of the LC varies since the substrates are mounted at an 
angle. While this simple approach is appealing, the actual steering using wedge 
shaped LC cells is rather limited. 

Let us quantify this steering angle. Assuming for 5mm long LC device a 
working frequency of 50Hz, a practical limit for cell thickness would be below 
30µμm. Even ignoring any minimum cell thickness on the opposite side, this gives a 
maximum wedge angle of 
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Varying any refractive index in such a slim wedge would have very little effect on 
steering direction. Therefore, in order to obtain a larger deviation it becomes 
necessary to introduce the wedge shape within the structure. This approach was 
successfully achieved by Park and Khoo [36]. These authors introduced a polymer 
wedge inside a 20µμm device using a photo-curable polymer. They achieved a 
wedge-angle of 5º in a physical area big enough to deflect 1º a 200µμm  beam. 
Nevertheless, scaling up the result up to the estimations mentioned above would 
make manufacturing fairly difficult without a clear trade-off advantage.  

I.2.4. Additional remarks regarding beam steering  

Several other more or less exotic proposals for beam steering have been presented. 
Among them, let us consider in-plane LC beam deviators, where the light is 
transmitted in plane with the external electrodes. This is formally equivalent to a 
waveguide where the LC is acting as the waveguide film, whereas the glasses are 
the cover and the substrate. These devices are of some academic interest, but 
present a high degree of attenuation (several dB per mm), due to beam propagation 
through a scattering medium like liquid crystal. Although some progresses in 
materials and reduced attenuation have been claimed, the topic seems to show little 
activity nowadays. It should be mentioned that this issue had been studied in the 
group [37] some time ago, in collaboration with the group of Università Federico II 
of Naples (Italy). 

An interesting alternative is to guide the light through a transparent 
dielectric film, the liquid crystal being placed in the cover, acting as a boundary 
condition for light transmission acting over the evanescent field. Again the issue 
was studied by the UPM group in collaboration with the same Italian group [38], 
although the proposed device was ultimately a filter rather than a beam steerer. The 
main drawback of these structures is that the effect is heavily damped, the 
waveguide requiring to be several mm or even cm long for the effect to manifest 
adequately. Moreover, the driving voltages are customarily high (100’s volts). 
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Anyhow, several interesting proposals have been published or patented [39]. There 
has been even commercialized [40] by the company Vescent Photonics. They claim 
some advantages for their device, such as a scattering free laser spot, wide angle 
deviation, and fast response time (ms range).  

The device consists [41] of two ITO coated glass substrates in a sandwich-
like cell filled with liquid crystal. One of the substrates acts as a waveguide where 
light is coupled by a prism . The other substrate is used as a backplane. The light 
guiding substrate is coated with a layer of higher refractive index, where the light 
beam will be guided. Both substrates are covered with an extremely thin alignment 
layer for the liquid crystal. One of the surfaces is coated with spacers for thickness 
control of the device.  

Opto-acoustic beam steering has also been considered as a viable alternative 
to the above indicated solutions. This technique seemed to have a bright future in 
wireless communications during the 70s and early 80s, but presently opto-acoustics 
is been employed exclusively in filtering. However opto-acoustic devices have 
widespread applications in the field of laser microfabrication where they are used 
for both intensity modulation and laser beam steering [42]. The reasons for this 
apparent lack of interest in wireless communications is –apart from the occurrence 
of the LC SLMs– the beam deformation caused by the opto-acoustic interaction. 
High optical losses have been mentioned by [43], although this opinion is not seem 
to be generally accepted. 

Regarding the special interest of this work towards spatial applications, it 
has to be emphasized that LCoS devices are not certified for use in space; the 
modification of this status does not appears to be simple nor close, since the 
presence of delicate electronic components in areas exposed to high energy 
radiation is unavoidable. Consequently, the possibility of preparing passive (or 
externally driven) reflective SLMs consisting of two 1D arrays with a pitch of about 
10µμm is analyzed as a part of this PhD work. The SLM would be controlled by 
custom built drivers based on space-compatible discrete electronics. VAN LCs have 
been the preferred option for these devices. 

 

 

Fig. I.7.- Planar beam steering cell design 
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I.3. TUNABLE FILTERS 

Two main kinds of tunable filters for wireless communications are available: opto-
acoustic filters and tunable interference filters, many of which are based on liquid 
crystals. Two kinds of interference filters exist: 

 Fabry-Perot filters are based on positive interference of multiple reflections 
between two semi-reflecting surfaces. 

 Birefringent filters are based on the interference between two light 
polarizations travelling with speeds determined by the ordinary and the 
extraordinary refractive index respectively. 

Various implementations of birefringent filters exist (Lyot, Solc, fanned Solc, Lyot-
Ohmann), common to all is that they consist of rather complex stacks of birefringent 
media, occasionally (Lyot filters) interspaced with polarizers [44]. On the other 
hand, most interference filters require either the incoming light to be polarized or to 
include at the entrance a polarizer that will absorb a fraction of the light.  

I.3.1. Fabry-Perot filters 

Tunable FP filters generally fall into one of two basic categories, depending on the 
way of achieving tunability: either modifying the distance between the parallel 
plates or changing the refractive index of the internal medium. 

 The wavelength that will pass through an FP filter is directly related to the 
distance between the external parallel plates; moving one plate parallely to 
itself makes the filter tunable within a range. The displacements are just 
fractions of wavelength; the most typical control of such tiny shifts is 
piezoelectric. Interferometers have employed silicon MEMS technologies to 
control the separation between the plates [45]. 
This type of device typically has difficulty maintaining the necessary tight 
tolerance on the parallel orientation of the plates; the control is usually 
complex and expensive. Furthermore, piezoelectric devices have a relatively 
narrow operating temperature range, and show some problems of temporal 
stability and hysteresis. The voltage and thermal requirements of the piezo-
electric devices impose difficult and labour-intensive manufacturing and 
assembly operations, adding cost to the devices and making them less 
reliable. The NASA Langley Research Center has developed Fabry-Perot 
filters based on MEMS, but using soft polymer material instead, hereby 
reducing the needed voltages and making the filters more space application 
compatible [46]. 

 The second category of tunable filters uses fixed parallel plates and tunes the 
refractive index of an electro-optic material (e.g., a liquid crystal) that fills the 
cavity between the plates; when voltage is applied, the refractive index 
changes. Tunable LC Fabry-Perot filters are commercially available 
(Scientific Solutions Inc.). These filters are made of stacked Fabry-Perot 
etalons, typically two. The first one is a thick resolving etalon, defining the 
width of the peak, and the second is a thin suppression etalon, increasing the 
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spacing between transmitted peaks, i.e., the free spectral range (FSR). The 
dynamic response time of these filters is not disclosed, but the 
documentation includes examples of LC devices as thick as 30µμm. Such thick 
devices will have response times in order of 10´s or perhaps even 100´s of 
milliseconds.  

I.3.2. Birefringence filters 

A Liquid Crystal Tunable Filter works on the principle of polarization dispersion 
either circularly or linearly [47]. When light passes through a waveplate (e.g. a liquid 
crystal variable retarder) it will be retarded by a certain number of waves. When 
light of a different wavelength passes through the same waveplate, it will be 
retarded by a different number of waves. A tunable optical filter consists of multiple 
liquid crystal variable retarders, fixed retarders and polarizers all protected in a 
temperature-controlled housing. Temperature control is important since the 
birefringence of the liquid crystal variable retarders is a function of temperature as 
well as voltage. For this reason, the entire assembly is temperature-controlled, so 
that ambient conditions do not affect calibration or switching speed. Each liquid 
crystal cell that goes into the tunable filter is made to be highly uniform in 
retardation in order to achieve the best uniformity of color across the clear aperture.  

Tunable filter based on both Solc and Lyot can simultaneously accommodate 
an extremely narrow bandwidth and a wide field of view. The NASA Langley 
Research Center has developed large aperture Solc prisms with LC filled cavity [48].  

I.3.3. Opto-acoustic filters 

An opto-acoustic tunable filter typically consists of a tellurium dioxide or quartz 
anisotropic crystal to which a piezoelectric transducer is bonded. In response to the 
application of an oscillating radio frequency (RF) electrical signal, the transducer 
generates a high-frequency vibrational (acoustic) wave that propagates into the 
crystal. The alternating ultrasonic acoustic wave induces a periodic redistribution of 
the refractive index through the crystal that acts as a transmission diffraction 
grating. A portion of incident laser light is deviated into a first-order beam, which is 
directed towards the detector (or two first-order beams when the incident light is 
non-polarized). Changing the frequency of the transducer signal applied to the 
crystal alters the period of the refractive index variation, and consequently the light 
wavelength that is diffracted. The relative intensity of the diffracted beam is 
determined by the amplitude (power) of the signal applied to the crystal. 

Opto-acoustic filters have a wide range of applications including wireless 
communications, image processing and microscopy. These applications share one 
demand, i.e. a high numerical aperture. In the market various manufacturers (e.g. 
Molecular Technology (MolTech) GmbH.) are offering a large variety of opto-
acoustic filters that fully satisfy of the criteria described in ESA ITTs, apart from the 
certification for the use in space applications. In filtering any concern about light 
beam deformation is of little relevance due to the proximity of the detector.  
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I.3.4. Additional remarks regarding filtering 

Interference filters have one major drawback if applied to several wavelength 
bands. Ignoring the refractive index dispersion, all these filters let wavelengths that 
are multiples of one another through. Refractive filters such as the opto-acoustic 
filters discussed above have similar problems since higher order reflections of short 
wavelengths will coincide with first order diffractions of longer wavelengths, if they 
are multiples of each other.  

Hence a filter that is transparent to a 450nm channel will be transparent to 
900nm as well. A null bandpass filter for 900nm is needed for the peaks to be 
separated, in order to avoid crosstalk with nearby peaks [49]. Such filter needs to be 
tunable and integrated with the device. Accurate wavelengths and crosstalk 
coefficients will depend on the dispersion of the medium refractive indices. 

 For example, in a recent Invitation to Tender (ITT) of the European Space 
Agency that was carried out by our group, a specification for a filter selecting 
443nm and 865nm was formulated. A filter with a bandpass at 443nm would have 
another bandpass at 886nm. This second band could leak some 865nm radiation, 
therefore a null bandpass filter had to be included in the design.  

 

I.4. TUNABLE LENSES 

Liquid crystal tunable lenses appear to be the dominant technology in the field of 
millimeter sized tunable lenses (Figure I.8). A few reports on other techniques exist: 
e.g. tunable fluidic lenses, where the curvature of the lens can be adjusted by 
applying a hydrostatic pressure [50] to a flexible membrane cell. These lenses are 
reported to be higher quality than LC-lenses but they must be considered to be 

 

Fig. I.8.- The principle of an LC lens. The birefringence of the LC makes it possible to create 
plane lenses 
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merely experimental. The same conclusion is reached for polyelectrolyte gel lenses 
[51]. It is worth mentioning that optically addressable liquid crystal SLMs were 
proposed two decades ago as tunable lenses as well [52] but no relevant progress or 
activity has been eventually observed. 

Liquid crystal lenses work by changing the refractive index in a concentric 
manner, in order to emulate the phase difference generated with ordinary lenses. 
Cylindrical lenses can be generated as well: these are interesting in applications like 
3D-TV, where an array of vertical cylindrical lenses may generate separate images 
for the right and left eye [53]. The focal length of a transparent LC cell can be 
expressed as 

 F = πr2

Δϕ ·λ
 {I.3} 

where r is the radius of the lens, Δ𝜑𝜑  is the retardation difference between the center 
and the edge of the lens and 𝜆𝜆 is the wavelength of light. Assuming Δ𝑛𝑛=0.3, a cell 
thickness dLC = 10µμm and a lens diameter D = 5mm, the focal length corresponds to 
a power of about one diopter. 

 Δϕ =
2π
λ
·Δn·dLC     F =

πr2

2π
λ
·Δn·dLC ·λ

=
r2

2Δn·dLC
=1.04 m  {I.4} 

Increasing the lens power requires either increasing the induced delay –by making 
thicker cells of employing high birefringence materials– or reducing the lens 
diameter. A quite effective method indeed, for it follows a square dependence. 

A simple method to estimate the power of a lens is to count the number of 
concentric rings formed when voltage is applied [54]. The ring number N is: 

 N =
dLC ·Δn
λ

 {I.5} 

Then the focal length can be derived as: 

 F = r2

2λ·N
 {I.6} 

As a rule liquid crystal lenses will work for one polarization only, hence any 
application requiring to focus any light other than linearly polarized light would need 
two cascaded lenses. The exception is the polymer dispersed liquid crystal (PDLC) 
devices. However, these devices have higher switching voltages (often exceeding 
100V) than more conventional devices which make them less attractive for most 
applications. Furthermore the difference in phase that can be achieved in such systems 
is reduced. LC lenses exit in various configurations, which are briefly resumed below.  

I.4.1. Variable switching voltage 

A patterned conditioning (such as presence of polymers, alignment or anchoring 
strength) of the LC has been made such that the switching voltage of the LC varies 
over the device. These devices can be addressed with one electrode voltage only and 
the desired lens is the result of the variation in switching voltage [55]. 
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I.4.2. Segmented LC lenses 

In these lenses the electrodes are in direct contact with the LC, and the response of 
the LC is pixelated. The best known example of these is the previously mentioned 
2D LC SLMs, which are generally made as right angle matrices, although various 
examples of concentric electrodes exist in the literature [56]. 

Common to the segmented LC lenses is that the LC switching of the is not 
smoothly varying over the lens aperture, as the field above each electrode is 
approximately constant, while different to that of the neighbouring electrode. 
Moreover, there is a certain dead space (interpixel) between electrodes. These steps 
create not only an imperfect lens, but also result in diffraction and/or light 
scattering. As a consequence, the wavefront is often distorted. 

Segmented LC lenses have the advantage of working as Fresnel (phase 
wrapping) lenses with very short focal lengths (<1mm), whereby thinner, hence 
faster devices can be produced, and generally using low switching voltages.  

I.4.3. Modal lenses 

Modal lenses exist in two incarnations. The first is characterized by a high resistance 
transparent electrode and a low resistance control contact. This configuration utilize 
the reactive parameters of the cell, i.e. their electrical response to an AC field [57]. 
The control voltage is applied to a low resistance annular electrode around the 
active area of the lens. The voltage across the lens decreases radially towards the 
center of the lens, because of the voltage divider that is formed by the high 
resistance control electrode and the capacitance of the LC layer, i.e. its impedance 
increases radially towards the lens center. Conversely, the optical path length of the 
LC layer increases from the periphery to the aperture center. This setup has the 
disadvantage of a complicated calibration routine, in order to determine the 
voltages and frequencies needed for a given focal length. However, once this is 
done the use of the lens is straightforward. Instead of an AC field a conducting LC 
could be used [58], resulting in the same.  

In the other incarnation the liquid crystal is separated from the electrodes 
dielectric spacer over which the part of the applied field decays. There exist two 
ways of varying the applied field, either by using multiple electrodes (these may be 
shielded behind a dichroic mirror, and will thus cause neither diffraction nor 
scattering), or by varying the distance between a single electrode and the active LC, 
by embedding this in a polymer [54], this has the advantage of needing one 
electrode only. It seems at present that this simplification may not be that relevant 
in a space application, where the added cost using multiple electrodes may more 
than be compensated by the flexibility and possibility of tuning in order to achieve a 
lens that does not distort the wavefront. 
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I.4.4. Additional remarks regarding tunable lenses 

Several possibilities of tunable lenses have been presented in the literature; this is 
probably one of the fields where the number of sound alternatives is higher.  

The choice of technology for space applications is by no means obvious 
either. The various techniques have their own strengths and weaknesses; even the 
choice of LC is not certain. A number of studies to decide the best technology for 
terrestrial and space applications in tunable lenses is integrated within this PhD 
work too. It is possible that thicker devices are needed in order to achieve the 
necessary lens effect for wireless optical communications wavelengths like 1064nm. 
Thick devices are as a rule slow, and hence the use of dual frequency LC nematic 
materials has to be considered [59]. 

 

I.5. OUTLOOK OF THE PRESENTED WORK 

I.5.1. Scope 

This presented work was from the beginning closely linked to the project 
“Programmable Optical Element” funded by the European Space agency. This project 
was aiming at the development of non-mechanical optical devices, and their 
subsequent testing for space-suitability.  

The specific tasks related to this presentation were development of liquid 
crystal based beam steerers, and the environmental testing of the developed 
devices. For this a number of new manufacturing procedures and characterization 
methods have had to be developed.  

In parallel to the tasks strictly linked to the generation of the devices 
proposed in this project a number of phase modulating devices have been 
developed, both at the Universidad Politécnica de Madrid and during the stay at the 
Military University of Technology, Warsaw, Poland.  

I.5.2. Chapter outline 

This work is centered on the manufacturing and characterization of liquid crystal 
phase devices. The principal emphasis will be on the development and 
characterization of new device design and manufacturing technologies. The work is 
divided into chapters including a brief theoretical introduction (Chapter II) to graded 
index and phase devices, which includes the presentation of a qualitative model of 
the phase change introduced in a phase-only liquid crystal device.  

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

Chapter III. Manufacturing: A detailed description of the state of the art of the 
manufacturing process in the UPM clean room installations, with special emphasis 
in the improvements generated during this work. In this chapter the reader will also 
be presented to the work performed on nano-size electrodes. Techniques, not 
previously incorporated at the UPM, have been implemented and optimized, most 
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noticeably: the use of Reactive Ion Etching (RIE) for high resolution ITO 
photolithography, and the use of chip-on-flex interconnection employing high-
resolution anisotropic-conducting-adhesives (ACA), not to mention the successful 
incorporation of the Electron beam gun for depositing SiO2 and other inorganic thin 
films. 

Chapter IV. Inorganic Alignment Layers: This chapter is dedicated to the study of 
inorganic alignment surfaces, specifically non- stoichiometric silicon oxide (SiOx) 
and silica (SiO2), and the relationship between surface layer deposition, the layer 
morphology and electrooptical response.  

Chapter V. Beam Steering: The principal development of the central task in this work 
will be presented. Three different kinds of beam steering devices have been 
developed. A conventional reconfigurable blaze grating, yet exceedingly high 
resolution passive device has been developed at the UPM site, employing an 
integrated chip-on-flex driver. This device has been tested under simulated space 
conditions. At the same site a new design the continuous electrode has been 
designed and tested. This new kind of beam steerer is characterized by a very 
limited number of electrodes and a diffraction free beam steering. The final device is 
a wedge-shaped single electrode beam steerer based on cholesteric liquid crystals 
with a sub-micro pitch.  

Chapter VI. Beam Shaping Devices: Derived from the linear phase devices developed 
above, two more beam shaping devices have been developed, i.e. lenses, and light 
vortices. The lenses were developed based on previous work performed in the 
group, while the work on vortices is entirely new to the UPM group.  

Chapter VII. Conclusions and future research lines: A brief summary of the most 
important results and the suggestions to future research lines.  
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he underlying principal behind the devices developed in this Thesis is the 
controllable phase retardation, more specifically spatially varying the phase 
delay experienced by an impinging wavefront of a light beam. When 

applying a continuously changing phase delay over an incoming wave it becomes 
possible to focus, defocus, or redirect the given wave i.e. perform a spatial light 
modulation. 

In order to generate spatial light modulation, one has to generate a variation 
in the optical path Γ = 𝑛𝑛𝑛𝑛, where n is the refractive index of the device, and L is the 
light path length) over the device. In the most conventional waveform devices, such 
as conventional lenses, prisms or mirrors, the waveform modulation is achieved by 
varying the device thickness (L), while the refractive index (n) is kept constant. In 
the devices presented here it is the other way around, plane devices (constant L) are 
being employed with a variable refractive index. 

T 
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In order to be able to have tunable device, the refractive index variation has, 
in this thesis, been introduced using liquid crystals, which are optically anisotropic 
materials, whose macroscopic optical anisotropy is easily reoriented employing an 
external electrical field.  

To explain the underlying physical principles this chapter will provide a 
brief introduction to the concept of birefringence intrinsic to anisotropic structures, to 
the electrically tunable plano-birefringence, which depends on the angle between the 
molecules and the light path, and to the relationship between an electrical field 
applied to a liquid crystal cell, and the reorientation of the LC molecules, and thus 
the effective resulting external refractive index.  

II.1. THE INDICATRIX & BIREFRINGENCE 

The active materials involved in this thesis are all birefringent liquid crystals. 
Birefringence mean, as the name indicates, that the material possesses two different 
refractive indices, and thus a passing electromagnetic wave will progress with two 
different speeds. It can be shown that any incoming polarized light wave will 
become discomposed in two orthogonal light waves, which will travel with 
different light speeds each.  

 

 

Fig. II.1.- The principle behind the Graded index lens and prism 
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Thus the conventional 1D wave equation  

 ψ z,t( ) = A·exp ωt − kz( )  {II.1} 

where 𝜔𝜔 is the radial frequency and 𝑘𝑘 = 2𝜋𝜋𝜋𝜋/𝜆𝜆 the progression constant, becomes 

 
ψ x z,t( ) = Ax·exp ωt − kxz( )
ψ y z,t( ) = Ay·exp ωt − kyz( )  {II.2} 

where the subindices x and y correspond to the two orthogonal polarizations, and 
the amplitudes A will depend on the polarization state of the light impinging on the 
device. 

In purely linearly birefringent materials, like the parallel aligned LCs 
employed in this thesis, the two orthogonal light waves will both be linearly 
polarized light eigenstates.  

A convenient geometric construction to describe the refractive indices, is the 
indicatrix, which from results from considerations over a surface of constant energy 
density Ue [60].The indicatrix can be described as an ellipsoid centered at the origin 
with the principal axes nx, ny and nz; 

 
2 2 2

2 2 2 1
x y z

x y z
n n n

+ + =  {II.3} 

It can be shown that the optical indicatrix fall into three different classes:  
 Spherical, when the material is isotropic. 
 Uniaxial, when one of the principal axes of the indicatrix differs from the 

other two. The unique refractive index is generally referred to as 
extraordinary, ne, and the refractive index for the two other axes is referred 
to as ordinary, no.  

 Biaxial, when all the three principal refractive indices are different.  

The name uniaxial refers to the single optic axis along which there is no plano-
birefringence, i.e. where the elliptic cross-section of the indicatrix is a circle (Figure 
II.2). There exist two subclasses of uniaxial birefringence, positive (ne>no) and 
negative (ne<no). 

Similarly, biaxial refers to the existence of two optic axes. The two axes are 
both to be found in the optic plane spanned by the largest, nγ, and the smallest, nα, of 
the principal axes of the indicatrix. The two optical axes are separated by the angle 
2V about the largest refractive index, nγ. If 2V<90°, then the birefringence is referred 
to as positive [61].  

In the context of the rod shaped, calamitic, liquid crystals which are relevant 
to this thesis we may assume that the liquid crystal phase is optically uniaxial, and 
we will refer to the optical axis as the director of the molecules. The calamitic liquid 
crystals show, in general, a positive optical anisotropy, i.e. the unique extraordinary 
refractive index ne is larger than the degenerate ordinary refractive index no.  
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II.2. PLANO-BIREFRINGENCE 

When light impinges on a birefringent material at any arbitrary angle not coinciding 
with an optical axis, it will be split up in two orthogonal linear polarizations, each 
travelling with a unique speed, colloquially speaking of a fast and a slow 
polarization. The orientations of the polarization planes of the two polarizations are 
derived directly from the elliptic cross section of the indicatrix, perpendicular to the 
incoming beam. The polarization plane of the slow and fast polarizations will be 
spanned by the light progression vector and the semi-major axis and semi-minor 
axis of the cross section respectively. The progression speeds will be determined by 
the effective refractive indices for the two polarizations, which coincide with the 
lengths of the semi-axes of the indicatrix.  

Thus it can be easily appreciated that the ordinary refractive index in a 
positively uniaxial material, always will govern the fastest light speed in the 
material, as it is always the smallest axis in any elliptic cross-section (see Figure II.3), 
thus for any angle of incidence, while the orthogonal polarization, the extraordinary 
polarization will travel with a refractive index varying between the extremes ne and 
no. The two extremes correspond to impinging parallel to the optical axis, or 
perpendicular hereto.  

The variation in this refractive index, often referred to the effective refractive index, 
neff, can be cast like  

 
1

neff
2 θ( ) =

cos2 θ( )
no
2 +

sin2 θ( )
ne
2  {II.4} 

 

Fig. II.2.- Illustrations of positive uniaxial (left) and negative uniaxial (right) 
indicatrices. The optic axes are denoted O.A. 
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Thus in a uniaxial birefringent media, one polarization will behave as if it was 
travelling in an ordinary isotropic material, with one refractive index, while the 
other polarization the refractive index will vary in an extraordinary way with the 
angle of the impinging light.  

II.3. AVERAGE BIREFRINGENCE 

In the following we will only consider zero twist nematic materials, and very short 
pitch cholesteric materials. 

Liquid crystal are employed electrooptical devices as either a material with 
tunable birefringence introducing a change in the state of polarization (SOP) of the 
light –like in a typical LC display where the LC is located between two polarizers– 
or as a material with tunable refractive index, introducing phase variations in the 
passing lightwave, or generating a mismatch in refractive indices like in polymer 
dispersed displays.  

In fact the same device may be employed as either and phase only Spatial 
Light Modulator (SLM) or a SOP changer, simply by changing the orientation 
polarization of the incoming light. In a SOP changer such as a display the 
polarization of the incoming light is aligned at 45º to the switching plane of the 
liquid crystal, exciting two eigenmodes, while in the SLM the polarization is aligned 
with the switching plane exiting only the extraordinary eigenmode. 

 

Fig. II.3.- The biaxial indicatrix with the three principal refractive indices 𝒏𝒏𝜶𝜶 < 𝒏𝒏𝜷𝜷 < 𝒏𝒏𝜸𝜸. 
In (b) the definition of the 2V angle is shown, and so is one of the circular 
cross-sections of the indicatrix. 
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In the case of the display the incoming light will get split into two polarized 
lightwaves propagating with two different refractive indices no and neff respectively; 
on exiting the LC the two polarizations will be brought to interfere on the exiting 
polarizer. If no phase difference is introduced between the ordinary and the 
extraordinary beam, no change in the state of polarization will occur, and the light 
may be absorbed by the exiting polarizer if this is oriented perpendicularly to the 
incoming. If a phase delay between the two polarizations is induced the SOP will 
change and so will the transmission, reaching ½ if the extraordinary wave is 
retarded quarter of a wavelength and full transmission if the extraordinary wave is 
retarded half a wavelength. 

In order to model the materials it is convenient to introduce a matrix 
representation of the LC system. The most simple of these is the Jones Matrix: 
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Which if we assume that nx corresponds to no and ny corresponds neff, we may write: 
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The leading term exp 𝑗𝑗 𝜔𝜔𝜔𝜔 − 2𝜋𝜋/𝜆𝜆 𝑛𝑛 𝑧𝑧  describing the temporal variation 
and the absolute phase retardation is common to the entire device. It is generally 
omitted and the above equation becomes: 

 

LC = 1 0
0 e jδ
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#
#

$

%
&
&
 {II.7} 

where 𝛿𝛿 = Δ𝑛𝑛 · 𝐿𝐿 · 2𝜋𝜋/𝜆𝜆  is the phase difference introduced in L thick device and 
may vary from zero to Δ𝑛𝑛 · 𝐿𝐿 · 2𝜋𝜋/𝜆𝜆 depending on the relative orientation between 
the director, i.e. the optical axis, and the impinging light beam.  

The amplitudes Ax and Ay in equation {II.2} will depend on the polarization 
state of the incoming light.  

In the case of a phase device, it is of interest that only the tunable eigenmode 
(in the above “y”) is excited by the incoming light beam, since the orthogonal 
eigenmode (“x”) will not get modulated by any variation in LC orientation.  

In a display device on the other hand it is imperative that two eigenmodes 
are exited equally in order to generate the highest contrast interference patter 
between the two eigenmodes travelling in the same pixel.  

Casting it as matrices we are –in the case of the phase devices– looking for: 
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whereby we can introduce a relative phase difference between neighboring pixels, 
when illuminating with light polarized along the switching plane.  

While in the display we would aim at 
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which combined with a linear polarizer at 45 degrees will give us the following 
transmission: 

1 0 cos45º sin 45º 111 1 ·
0 0 sin45º cos45º2 0 2

j
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e
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LP·Rot(45º )·LC  {II.10} 

varying between 0 and 1 depending on the value of 𝛿𝛿. 

The advantage in representing the device in a matrix form is that we model 
the behavior of stacked devices, or we can use the matrix form to represent 
inhomogeneous devices, as are real life devices. The switching profile of an LC 
between two electrodes is determined by two competing torques: the electrical field 
applied together with the anchoring strength of the molecules situated at the 
alignment surfaces transmitted to bulk by the elastic interaction between the 
individual molecules. The 2D or even 3D switching pattern as a function of the 
applied field has been modeled using finite elements methods numerous times 
elsewhere (e.g., [62]), and is beyond the scope of this thesis. However the resulting 
phase difference introduced is. 

In order to modulate we divide the light path into N sections each with a 
phase difference 𝛿𝛿 . The effective retardation will then become: 
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where Δ𝑛𝑛  is the average or external birefringence Δ𝑛𝑛 , of the device. Hence in 
order to calculate the retardation of an LC device we need to calculate the simple 
average value of the effective refractive index.  

Δ𝑛𝑛  can either be measured indirectly by using a display configuration, 
and determining the phase difference between the ordinary and the extraordinary 
light beam or can be modeled.  

In order to calculate the average refractive index we first have to know the 
director distribution in the LC cell, which will depend on the applied voltage, or 
rather the electrical field (E) and the anchoring strength and the splay and bend 
constants K11 and K33 



EVA OTÓN MARTÍNEZ 

 

 36 

 U =
1
2
K11 cos

2θ + K33 sin
2θ( ) dθdz

!

"
#

$

%
&

2

−
1
2
ε0Δε·E

2 sin2 θ( )  {II.12} 

Where the first term, describes the energy invested in introducing a 
distortion in the structure, while the other is the reduction in energy caused by the 
alignment of the major dielectric component with the applied electric field.  
In order to calculate the director distribution we need to minimize the total free 
energy per unit area of the cell, by integrating over the cell thickness. 
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 Making simple assumptions for small 𝜃𝜃 angles and an infinitely strong 
anchoring energy (𝜃𝜃 0 = 𝜃𝜃 𝐿𝐿 = 0) a critical electrical field necessary for the 
switching of the cell can be deduced: 
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which leads to the voltage threshold, independent of the cell thickness known as 
Freedericksz transition voltage 
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No simple analytical expression exists for the 𝜃𝜃 𝑧𝑧  variation, especially since the 
variation of 𝜃𝜃 leads to a variation in the permeability which causes the electrical 
field to vary over the thickness cell. However numerical solutions are abundant in 
the literature (e.g. [63]) 

The accuracy of these switching profiles is highly dependent on the values of 
elastic constants, which are often poorly estimated, and only so for a very limited 
number of materials.  

 
z/L 

Fig. II.4.- Fit of curves for the calculation of the external refractive 
index. Fitted on top of figure taken from Yang and Wu 2006 
of a material with K11= 6.4x1012 N and K33 = 10 x 1011 N 
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The fitting of the above curve, lead to the below ten slabs which are repeated 
symmetrically about the center of the cell.  
 

Table II.1.- Induced tilt (θ/(π/2) as function of height and field 

Zmid/L E/Ec 

1.05 1.3 1.5 2 5 

0.025 0.016 0.049 0.064 0.094 0.2185 

0.075 0.0515 0.1405 0.187 0.2715 0.5705 

0.125 0.087 0.2265 0.2975 0.4225 0.7715 

0.175 0.1205 0.307 0.3915 0.5415 0.8775 

0.225 0.1535 0.372 0.471 0.631 0.9345 

0.275 0.1785 0.425 0.5345 0.6995 0.962 

0.325 0.1945 0.467 0.581 0.7515 0.979 

0.375 0.209 0.4975 0.6165 0.7885 0.9895 

0.425 0.221 0.5175 0.639 0.812 0.992 

0.475 0.225 0.5265 0.6485 0.824 0.992 

 

This table of tilt angles corresponds to an effective refractive index or birefringence 
in each slab, which can be calculated knowing the refractive indices of the employed 
liquid crystal.  

 

Table II.2.- neff in each slab with ne=1.7779 and no=1.5113 

z/L E/Ec 

1.05 1.3 1.5 2 5 

0.025 1.777 1.775 1.774 1.770 1.740 

0.075 1.775 1.761 1.749 1.722 1.600 

0.125 1.771 1.737 1.712 1.661 1.537 

0.175 1.765 1.708 1.674 1.611 1.519 

0.225 1.758 1.682 1.640 1.578 1.513 

0.275 1.752 1.659 1.614 1.556 1.512 

0.325 1.747 1.642 1.596 1.542 1.511 

0.375 1.743 1.629 1.583 1.534 1.511 

0.425 1.739 1.621 1.575 1.529 1.511 

0.475 1.738 1.617 1.572 1.527 1.511 
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The average birefringence, which is identical to the potential phase delay can thus 
be calculated for each field strength, by taking the simple average of the 
birefringence in each of the slabs. 
 

Table II.3.- Plano birefringence in each slab with ne=1.7779 and no=1.5113 

E/Ec 

0 1 1.05 1.3 1.5 2 5 

0.2666 0.2666 0.2458 0.1724 0.1381 0.0921 0.0356 

 
As can be appreciated by the Table and by the Figure II.5, there is only a 

limited region of an approximately linear response of the cell corresponding to 
approximately twice the critical electrical field, or what is the same, twice the 
threshold voltage. Which means that approximately half of the potential phase 
difference can be employed in beam steering if a steady state linearly varying 
voltage gradient is applied. If a greater linearly varying field is applied over the 
beam section a distortion of the wavefront becomes the result.  

This limited linear range in terms of phase response is reflected in the EVA 
beam steerers presented in Chapter V.  

In order to obtain an undistorted beam deviation it is essential to work with a 
linearly varying refractive index. Such linear variation may be achieved by limiting 
the switching to the first linear part of the switching curve, corresponding to 
approximately 50% of the full potential phase variation theoretically available, 
employing a linearly spatially varying voltage pattern.  

Alternatively one must apply a non-linearly varying voltage gradient over 
the device.  

 

 
Fig. II.5.- The birefringence for a material with refractive indices ne=1.779 and 

no=1.5113 and the elastic constants K11= 6.4·1012 N and K33 = 10· 1011 N 
variation with the applied field normalized to Ec. 



THEORY 

 

39 

In a  40µμm thick cell the potential phase variation corresponds to one side fully 
switched, only theoretically possible with an infinite electrical field, and the other 
being fully relaxed. Employing the above mentioned material MDA-98 with 
ne=1.7779 and no=1.5113, we thus may theoretically introduce a refractive variation 
of 0.2666, or a retardation variation Γ = 0.2666 · 40𝜇𝜇𝜇𝜇 = 10.7𝜇𝜇𝜇𝜇. Such phase 
variation over a 1000  𝜇𝜇𝜇𝜇 wide active area corresponds to a deviation angle of 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = . ⇒ 𝛼𝛼 = 0.61°. However, employing high voltage gradients is not only 

unfeasible in most contexts, but will also lead to high currents, and thus heating, in 
the proposed designs, and thus a voltage range kept below five times the 
Freedericksz voltage has generally been employed. In this case as can be 

 
Fig. II.6.- Voltages required to generate a full beam deviation in a device with 6 

or 11 electrodes.  

 
Fig. II.7.- Voltage required to generate a half beam deviation in a device with 6 

electrodes. Other sets can easily be derived from the faint lines.  
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appreciated approximately 85% of the full retardation variation potential is 
exploited, and only a moderate voltage gradient is applied. In the same cell as above 

the maximum deviation angle will be 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = . ∗ . ⇒ 𝛼𝛼 = 0.51°. In the simple 

approximation of a 11 electrode device with equal retardation variation between the 
electrodes one may transpose the previous graph to determine the adequate voltage 
levels (Figure II.6). Similarly if only a fraction of the deviation was desired an even 
smaller range of voltages could be applied (Figure II.7), and furthermore it could be 
done on any arbitrary section of the switching curve will present an increased 
degree of freedom, which may be employed in reducing switching speeds for time 
critical movements.  

Clearly the examples shown in Figures II.6 and II.7 with 6 and 11 electrodes 
can be generalized to arbitrarily large number of electrodes (interpolating between 
values or measuring directly), and can be tabulated in a look up table prior to 
implementation. 
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 III.  MANUFACTURING PROTOCOL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iquid crystal device manufacturing is done in a clean room facilities, as a 
particle-free environment is required when handling uncovered substrates. 
The R&D Center CEMDATIC has two clean room facilities. One of them has 

been built by the research group, and is dedicated to liquid crystal and OLED 
devices manufacturing. The space allocated for every task in the clean room 
depends on the type of processes being carried out. The design and setup of this 
clean room, as generated by the group, is described in the following sections. 

III.1. CLEAN ROOM 

The clean room is divided into 3 different working areas, each having a different 
cleaning level: semi-clean area, clean area, and chamber. Additionally, a dressing 
area, where clean-room clothing is stored, is employed as an intermediate gateway 
between the clean area and the outer world. The chamber is located inside the clean 
area; it is the zone where the most demanding requirement of cleanliness is 
achieved. 

L 
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III.1.1. Facilities and instrumentation 

 The clean room is coated completely in a dust free material. It has been designed to 
be airtight with HEPA-filtered air is constantly pumped into the room, in order to 
create overpressure, thus avoiding the entrance of non-filtered air. Personnel 
working in these zones must wear special clothing at all times: clean room overall 
made of a special material, mask, latex gloves, head cap, bootees and UV light 
goggles, when necessary. Masks, gloves and head cap are disposable, whereas the 
overall and bootees are not. A washing/drying machine has been installed in the 
dressing room for periodic cleaning of these garments. Material to be introduced 
into the clean room must be cleaned with alcohol and special cloths and dried with 
a nitrogen gun. 

 The clean area is kept at a higher pressure than the semi-clean room, which 
in turn exceeds the dressing areas, which exceeds the outer room. Aside this, the 
chamber features two laminar vertical air flow modules Telstar 900, assembled with 
HEPA filters providing a nominal cleanliness class 100 (i.e. 100 or less particles 
larger than 0.5µm per cubic foot of air). 

 
Fig. III.1.- Clean room scheme 
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 Figure III.1 shows the different areas of the clean room and the distribution 
of the main equipment.  

III.1.2.  Distribution of processes  

Distribution of processes depends on whether the process can be considered to be 
contaminant, particle producer or clean. 

 Clean processes are performed inside the clean area chamber, whereas the 
zone outside the chamber is used for clean processes that might generate particles, 
(e.g., rubbing). Processes that need no clean environment or presumably 
contaminant processes are executed in the semi-clean area. These are usually the 
kind of process where chemicals are involved, (e.g. wet etching, developing, etc). 

 The distribution of processes in the clean room is detailed in Table II.1.  

 

Table II.1 – Distribution of processes in the clean room. 

SEMI-CLEAN AREA  CLEAN AREA 

  Chamber area Outside chamber area 

Developing  Photolithography Rubbing 

Wet etching  
Alignment layer 

deposition 
e-gun and thermal 

evaporation 

Removing  Cell assembly Sonic cleaning 

Glass cutting  Spacer deposition* Serigraphy 

*Although spacer deposition could be considered a particle releasing process, it is performed in a 
sealed device, so that particle contamination risk is very low.  

 

III.2. MANUFACTURING PROTOCOL 

The general manufacturing protocol of liquid crystal cells consists of the following 
steps:  

o Glass substrate preparation in order to remove particles attached to the 
surfaces.  

o Photolithography process, where conductive strips are ‘drawn’ by 
selectively deposition of a photoresist and removal of unnecessary 
conductive areas on the surface of substrates. Conductive material is a layer 
of ITO (indium tin oxide) previously deposited onto the glass surface.  

o Deposition of alignment layers (depending on the final device requirements) 
Different organic or inorganic layers can be applied to promote an alignment 
of the liquid crystal molecules in the cell, different conductive layers for 
improving external driving, resistive layers to smoothen voltage drop 
between electrodes, etc.  

o Deposition of size calibrated spacers to guarantee a constant thickness of the 
cell. 
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o Cell assembly using a UV adhesive or serigraphy (gasket).  
o Sealing and electrode connection for external driving. 

Figure III.2 shows a schematic of the standard protocol for manufacturing 
liquid crystal cells. Parallel pathways are alternative processes, either one of them is 
chosen depending on the requirements of the device that is being manufactured.  

Manufacturing processes that are common for all the devices of this work are 
discussed in this chapter. Specific design details for every device will be eventually 
discussed. 

III.2.1. Glass: types and cutting process  

Two types of glass substrates have been employed in this work:  
o Glaston polished glass (supertwist quality) which has been used for non-

high resolution designs. It is 0.7mm thick, ITO layer is 125nm thick and 
resistivity is 20Ω/ .  

 

Fig. III.2.-  Standard LC cell manufacturing protocol 
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o PGO GmbH precut glass (CEC 020-S, Präzisions Glas & Optik GmbH) 1.1mm 
thick, ITO layer is 100nm and 15Ω/ . These glass substrates have been used 
for high resolution devices. 

Glass substrates are marked with a cutting wheel and manually cut. As a result of 
the cutting process, small particles of glass can remain on the substrates surface 
requiring a careful subsequent cleaning process. The edges of the substrates are also 
risky, since tiny shards of glass can be generated during the cutting step. If these 
small particles remain coated with ITO they can cause a short circuit between the 
two electrodes. 

III.2.2. Glass substrate cleaning process  

After cutting process glass substrates are cleaned in several ultrasonic soaks as 
follows:  

o Bidistilled water with microfiltered soap – 30 minutes 
o Acetone – 15 minutes 
o Isopropilic alcohol – 15 minutes 
o Bidistilled water – 15 minutes 
o Drying in hot stage – 30 minutes at 200ºC 

Last step of cleaning process, drying substrates, is critical. As a rule, substrates 
should be dried in a hot stage prior to any layer deposition, in order to avoid 
adherence problems of the layers. 

III.2.3. Photolithography  

The standard photolithography protocol has been employed in this work for devices 
not requiring require a high resolution design.  

a. Photoresist 

Photoresist is evenly distributed over substrate surface using a spinner (Figure III.3). 
The spinner is a Headway Research, Inc. EC101D-R485 with rotation speeds up to 
10000 rpm. The spinner supports substrates of a diameter up to 9.5cm, and 

effectively limits the size of the samples that 
can be processed in the manufacturing line. 

The final thickness of the layers 
deposited in the spinner ultimately depends 
on the time and speed of the deposition and 
the viscosity of the applied fluid. The 
sample is firmly attached to the holder by 
an O-ring placed on the plate and a vacuum 
gate. The vacuum gate is inside the mobile 
shaft that rotates on a hollow cylinder to 
which the vacuum is applied. 

 
 

Fig. III.3.- Spinner 
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The photoresist employed for low resolution designs is Microposit 1818 
photoresist, suitable for layer thicknesses thinner than 5µμm. Photoresist is deposited 
using a syringe with a filter ending, Millipore Millex filter 450, filtering out particles 
larger than 0.45µμm. 

Layers obtained by depositing photoresist on the substrates are not flawless. 
The uniformity of the layer depends on the linear speed of the substrate edges, 
which is higher than the central zone. There is also an edge effect; photoresist layer 
is thicker near the edges.  

Despite these non-uniformities, the quality of low resolution devices is not 
affected; besides, as safety margin, all employed masks have 1-2cm free edge 
around the design, and substrates are oversized. Spinning speeds for photoresist 
layer is 4500rpm for 30s and a speed ramp of 5s. After spinning, photoresist is pre-
baked in the hot stage at 90ºC for 30 minutes. 

b. UV exposure 

UV exposure process is performed in the mask aligner OAI Hybralign Series 400. 
(Figure III.4). UV light will sensitize unwanted photoresist areas that shall be 
removed in later steps.  

The mask aligner has two operating modes, depending on the 
photolithography requirements: 

 

Fig. III.4.- Mask aligner: before exposure (left), during exposure (right) 
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o Soft-contact is the operating mode commonly used for undemanding 
low resolution photolithography processes. 

o Hard-contact is the mode needed for high resolution photolithography 
(i.e. features are smaller than 50µμm) 

Substrates are placed in a platform and firmly held by vacuum. The mask and then 
aligned with the mask, which is attached to a frame. Frame and mask is placed over 
the substrate and are aligned hereto. In soft-contact operating mode, only vacuum 
over substrate and frame is employed: this assures an approximate gap of 
maximum 20µμm between substrate and mask. Hard-contact requires substrate 
surface and mask are in contact. To set up hard-contact, first, soft-contact is enabled, 
and then N2 pressure exceeding 500mm Hg (2/3 atm.) is applied. 

Hard-contact is employed when electrodes with very small features are 
needed. In such masks diffraction must be avoided since the diffraction pattern may 
have features with sizes similar to the electrodes or electrode gaps. The perfect hard-
contact eliminates diffraction. 

Exposure times are optimized depending on photoresist layer thickness and 
mask material. Setting the high pressure mercury lamp power to 4mW/cm2: for the 
low resolution manufactured devices UV exposure time was finally set to 30s. 
Higher exposure results in blurred edges, while lower exposure does not sensitize 
adequately the photoresist layer. 

c. Developing and post-baking 

Developing is typically one of the most difficult steps of the photolithographic 
process. Insolated substrates are soaked in a developer, Microposit Developer, Shipley 
Far East Ltd. Japan. Developing times are optimized taking into account that it is 
inversely proportional to UV exposure time and directly proportional to photoresist 
thickness.  

Optimized developing times for the low resolution substrates used for this 
work were around 35-40s. After soaking into the developer, substrates are cleaned 
with bidistilled water and dried in a hot stage. 

The photoresist remaining on substrates after developing is likely to be 
affected by the developing process itself. Indeed the layer does become thinner 
despite the photoresist was not previously sensitized by the UV light. For this 
reason, a post-bake stage to harden the layer is included before wet etching. 
Substrates are placed in a hot stage at 110ºC, 30 minutes.  

d. Wet etching and photoresist removal 

During wet etching process unprotected ITO areas are removed rendering the final 
electrode design. Hardened photoresist protects the ITO layer against the wet 
etching.  
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 An acid mixture is employed to remove ITO. Composition of wet etching 
mixture is as follows:  

o HCl – 49% 
o HNO3 – 1% 
o H2O – 50% 

In the acid bath HNO3 acts merely as a reaction catalyst. Temperature and soaking 
times need to be optimized. Too high temperatures will result in peeling off the 
photoresist layer, while too little temperatures will require longer soaking times to 
guarantee full ITO removal; therefore risk of photoresist layer damage and ITO 
electrode removal arises.  

Temperature and soaking times were optimized to 65ºC and 35s respectively. 
Immediately after soaking, substrates must be thoroughly rinsed in water to prevent 
the acid mixture from undercutting below the photoresist layer.  

Once the exposed ITO is attacked, the remaining photoresist layer may be 
removed. Substrates are immersed into acetone and then rinsed with distilled water. 
A general scheme of the whole photolithographic process up to this stage is shown 
in Figure III.5.  

III.2.4. High resolution photolithography  

When the electrode design contains features smaller than 50µm, short-circuited, cut 
and damaged ITO strips often occurs. For that reason, a modified photolithographic 
method is needed for high resolution devices.  

 The high resolution devices manufactured in this work have a high density 
interlaced pixelated design, having 7mm long strips, 5.5µμm width and 1.5µμm width 

 

Fig. III.5.- General scheme for the standard photolithography protocol with wet etching 
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in the interpixel as smallest features in active area (Figure III.6) and therefore an 
optimization of the fine resolution photolithographic process was needed in order to 
achieve this resolution.  

Attempting to manufacture 
these devices employing wet 
etching in a standard photolitho-
graphic method was unsuccessful 
since the features are on the 
resolution limit of this technology. 
The optimal point for the wet 
attack that ensures a full 
elimination of the excess ITO, 
without compromising the 
remaining ITO by undercutting, is 
not sufficiently uniform over the 
whole sample area, leading to 
substrates with areas with cut 
electrodes and others with high 
density of short circuits. Instead, a 
dry etching procedure had to be 
employed. The substrates are 
metalized by sputtering with molybdenum on the ITO layer, then following the 
modified photolithographic protocol and lastly, dry etching process using dry 
etching by RIE (Reactive Ion Etching) attack. Dry etching has the advantage, that the 
undercutting is almost negligible. 

Only relevant differences with the standard protocol are explained in the 
high resolution photolithographic process. 

a. Glass selection and electrode preparation 

The quality of standard glass substrates employed in the standard protocol has 
proven to be insufficient for high resolution devices. Dirt particles on the substrates 
caused disruption of the photoresist pattern. New precut 1.1mm thick, 90x90mm2 
(CEC 020-S, Präzisions Glas & Optik GmbH) were purchased. Figure III.7 shows the 
transmission curve for these new substrates. 

The thickness of the ITO layer is approximately 120nm and its resistivity is 
about 15Ω/ . The choice of ITO thickness has been a trade-off between 
transparency (84% at 550nm) and low resistance. 

Substrates have a barrier layer between the borosilicate and the ITO in order 
to prevent ion leakage from the glass plates to the liquid crystal. 

 

Fig. III.6.- Example of high resolution: 7µm pitch 
electrodes 
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 b. Photoresist 

The photoresist employed for high resolution devices is Microposit 1805 photoresist, 
suitable for layer thicknesses lower than 1µμm. Prior depositing the photoresist an 
adhesive promoter (Microposit Primer) is deposited using the spinner:  

o Adhesive promoter was applied to substrate, spinning 5s at 1000rpm 
(with ramp) and then 30s at 4500rpm (with ramp).  

o Deposition of photoresist following the same spinning parameters.  
o Pre-baking of substrates at 90ºC in a hot stage for 30min. 

c. UV exposure 

UV exposure for high resolution uses hard-contact as previously explained. The 
masks used in this work for high resolution photolithography were made of chrome 
on glass by Deltamask B.V. UV light exposure for 4s is enough to sensitize the 
photoresist for this kind of substrates. 

d. Developing 

Developing is customarily a difficult step in standard photolithography, but in high 
resolution photolithography it becomes critical. The size of the features for the final 
device is so small (< 10µμm) that a visual check during the developing process is not 
possible. For this reason a new developing method was optimized in order to 
minimize developing defects on photoresist layer. The developing mixture is RS 
Universal Developer (25g/l). 

 

 

Fig. III.7.- Transmission curve for the PGO ITO coated glass 
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 A developing stage (Rota-Spray RS-1210) equipped with an automatic 
sprinkler device for spraying evenly the developing mixture over the substrates has 
been employed. Substrates are placed in a platform in front of the sprinkler. An 
automatic programmed tool allows to choose exposure time and mixture 
temperature during the process. 

Temperature of the mixture is also an important factor that must be taken 
into account. Temperatures over 50ºC would dissolve the whole photoresist layer 
within a few seconds of exposure. On the other hand, room temperature would 
need too long exposure times so that central features start to be removed by the 
developer. Optimized temperature and times were 40ºC and 10s respectively.  

Post-baking parameters of the photoresist layer are 30min at 110ºC. 

e. Dry etching (RIE) 

Dry etching by RIE is the alternative process for the traditional wet etching 
technique. The technique employs a chemically reactive plasma to remove the areas 
of unwanted material. The RIE process for photolithography needs a metallic layer 
over the ITO layer. The reason is that the argon plasma (used for etching the 
unwanted ITO areas), attacks the protective photoresist layer as well, so the ITO 

 

Fig. III.8.- General scheme for high resolution photolithography with dry etching 
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would be removed in the whole substrate. Molybdenum was the chosen material for 
metallizing the substrates over the ITO layer. Once the substrates are metallized by 
sputtering (1800Å layer of molybdenum), the high resolution photolithographic 
protocol is performed.  

The settings that were used in the dry etching protocol are as follows: 
o Molybdenum removal with SF6 (from the areas unprotected by 

photoresist): 
 Flow: 25sccm 
 Pressure: 20mTorr 
 Power: 60W 

o Photoresist removal with acetone 
o ITO removal with argon from unwanted areas. (Now the electrodes 

are protected by molybdenum): 
 Flow: 20sccm 
 Pressure: 5mTorr 
 Power: 200W 

o Molybdenum strips removal with acidic mixture. 

A scheme of the high resolution photolithographic process using dry etching is 
illustrated in Figure III.8. 

III.2.5. Multilayer electrode matrices 

Some of the devices manufactured for this work have been designed for high 
resolution electrodes. The resulting number of external electrodes for a single 
substrate has been at times too high for manual wire contact connection.. 

 Having countless electrodes makes the connection to external driving a 
challenge to overcome. For this reason a new protocol for multielectrode connection 
has been developed and implemented.  

The method consists of adding two new layers. An isolating layer is 
deposited on top of the ITO electrodes. Secondly, a metallic (aluminum) contact 
layer is deposited in so that it intersects only with selected ITO electrodes of the 
high resolution cell. This strategy simplifies external driving. 

Three different methods have been developed for adding a new isolating 
layer and keeping specific electrodes exposed. 

a. Photoresist as isolating layer 

A thick photoresist layer is deposited on top of ITO electrodes as isolating layer. 
(Figure III.9) Once the standard photolithographic protocol is performed a number 
of holes is etched onto the photoresist layer to reach the selected ITO electrodes 
underneath. 

Photoresist layer is then hardened by baking 30min at 110ºC. 
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While this method has the advantage of being straightforward, it has been 
used only for preliminary cells and process tests. The reason is that photoresist as 
isolating layer tends to degrade over time: cracks cause shortcuts between ITO 
electrodes and aluminum top electrodes. 

b. SiOx as isolating layer by lift-off 

In this procedure SiOx is deposited on patterned photoresist, which is subsequently 
removed. As a result, SiOx layer is only covering certain areas, leaving selected 
electrodes uncovered (Figure III.10). 

The photoresist layer is deposited and developed as in first method, yet with 
the inverse motif. Then SiOx is deposited on top of substrates by thermal 
evaporation. Photoresist layer is now underneath the SiOx layer areas where 
electrodes are supposed to remain exposed. 

 

 

 

Fig. III.9.- Photoresist as isolating layer method 

 

Fig. III.10.- SiOx as isolating layer by lift-off 
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 The photoresist layer is dissolved employing acetone and SiOx areas on top 
of it are lifted-off. (Figure III.11). 

c. SiOx as isolating layer by HF etching 

The third procedure is similar to the first one but employing SiOx as isolating layer. 
A photoresist layer acts as protective layer and SiOx is removed from unwanted 
areas. (Figure III.12). 

SiOx is deposited on the whole substrate, then a layer of photoresist is 
deposited and removed from unwanted areas by standard photolithography. The 
now exposed SiOx areas are etched with HF and the remaining photoresist is 
removed, resulting in a SiOx isolating layer on ITO electrodes. (Figure III.13). 

After depositing the isolating layer, a conductive layer is deposited for the 
external electrodes to be formed. 

 

Fig. III.12.- SiOx as isolating layer by HF etching 

 

Fig. III.11.-  SiOx lift-off scheme 
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A layer of aluminum is deposited by sputtering on the substrates, and then 
the standard photolithographic protocol is performed to obtain several metallic 
contacts. Photolithographic processes are the same except for etching process; 
aluminum etching is done employing an 
acidic mixture of H3PO4, HNO3 and 
CH3COOH. 

Either of the two SiOx methods is 
valid for a standard manufacturing 
protocol. Using photoresist as isolating 
layer alone is not usually the best option as 
it tends to get damaged with time. SiOx as 
isolating layer can be employed for high 
resolution photolithography. Choosing one 
or another lift-off method will ultimately 
depend on the devices resolution 
requirements. In general HF etching 
method is preferred for the highest 
resolution devices although SiOx etching 
method works fairly well in the 20 − 50µμm 
range. 

III.2.6. Conditioning layers 

a. Barrier layer 

In some cases it is convenient to apply a barrier layer prior depositing the alignment 
layer in order to prevent ion leakage from the substrate glass plates and to reduce 
the risks of short-circuits.  

A layer of SiO2 is applied on top of the substrates. In devices where SiO2 or 
SiOx is obliquely evaporated as alignment layer this step is superfluous. 

Barrier layer deposition protocol goes as follows: 
o 1.8% solution in ethylene glycol n-butyl ether (Sigma-Aldrich) of sol-

gel precursor for amorphous SiO2, RTZ-109 (Catalysts & Chemicals Ind. 
Co., Ltd. Japan) is applied 

 

Fig. III.13.- SiOx removal by HF etching scheme 

 

Fig. III.14.- Evaporation equipment 
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o Spinning at 4500 rpm for 40s 
o Drying at 80ºC for 5 min 
o Baking at 200ºC in the hot stage for 1h30min 

b. Inorganic alignment layers: SiOx & SiO2 

The advantage of inorganic materials as alignment layers over organic materials is 
their toughness towards external causes such as radiation, temperature variation, 
etc. 

Some of the devices of this work were manufactured using SiOx or SiO2 as 
their alignment layer, deposited by electron gun (e-gun) or thermal evaporation 
(Figure III.14). SiOx is employed the most due to the previously experience 
manufacturing devices with this material; the structure of the resulting layer can be 
adjusted with high accuracy depending on the specifications of the device. 

SiOx and SiO2 surface characterization is discussed on Chapter IV. 

c. Organic layers: Polyimide and polyamide 

The advantages of organic layer deposition are that the process is straightforward, 
just requiring spinning on material and baking in an oven, the materials are 
versatile; any desired liquid crystal alignment can be achieved for many types of 
liquid crystal mixtures, and the overall process is not very time consuming.  

 Several types of polyimides have been employed in the devices of this work. 
The processes to obtain the different alignments are explained below: 

Polyimide alignment protocol for vertical alignment  
o SE-1211 (Nissan Chemical Industries, Ltd. Japan) 2% solution in DMF 
o Spinning at 4500rpm, 30s 
o Drying in hot stage 5min at 90ºC 
o Baking in oven 120min at 180ºC 

Polyimide alignment protocol for homogeneous alignment: 
o PIA2000 polyimide precursor 
o Spinning at 2500rpm without ramp 20s 
o Baking in oven 45min at 200ºC 

Polyamide has been less used. The main difference between the polyamide and 
polyimides is that polyimides are customarily used as monomers, the 
polymerization being a step of the layer formation. Polyamides like Nylon 6 (Sigma 
– Aldrich Co.) are used in their polymeric form. Other than that, deposition processes 
are similar. 

 Polyamide alignment protocol for homogenous alignment  
o Nylon 6 solution: 6 nuggets in 5ml of Cl3EtOH (14g/l) 
o Spinning at 4500rpm without ramp  
o Drying in hot stage 5min at 80ºC 
o Baking in hot stage 240min at 150ºC 
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d. Rubbing 

In order to obtain the desired alignment, all the employed organic layers need to 
undergo a mechanical rubbing process. Rubbing the organic layer on substrates 
produces microgrooves on their surface, inducing the liquid crystal molecules to 
align in a certain direction.  

 Rubbing process is done by a built-in-house rubbing machine, consisting of a 
rotating cylinder covered with a special microfibered cloth and a moving platform 
where substrates are placed to be rubbed under the cylinder. 

III.2.7. Spacer deposition 

Spacers are size-calibrated microspheres or cylinders used to guarantee a uniform 
distance between the two substrates of the cell (Figure III.15).  

Handling spacers for deposition onto the substrate is customarily done in 
suspension of a volatile solvent. Spacers used for the devices of this work are (made 
of silica or polymers), with diameter ranging from 0.8  to  40µμm. Spacers are mixed 
with methanol (MeOH) in a concentration of 0.1mg/ml and placed in a sonic bath to 
obtain the suspension, as spacers tend to form clusters. MeOH is the preferred 
solvent as it is volatile.  

Only one of the cell substrates is covered with spacers. Substrates are then 
placed in a pre-heated chamber (50ºC) and covered with a protective sheet. At that 
point the aerosol mixture is sprayed from the top part inside the chamber using an 
airbrush (placed 50cm apart from the substrates, to ensure an evenly distribution). 
The protective sheet removed after 2 minutes. The reason is that spacer clusters that 
could be still in the suspension will be deposited on this sheet, not on the substrates. 
It takes the spacers about 20-30min to fall on the substrates. 

Spacers ranging from 0.8  to  14µμm are sprayed on by airbrushing. Larger 
spacers do not form clusters, so they are deposited by standard spinning-on in the 
suspension. 

 

Fig. III.15.- 4𝜇𝜇𝜇𝜇 spacers as seen by FESEM 
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III.2.8. Adhesive deposition and assembly 

While depositing spacers on one of the substrates, adhesive is deposited on the 
matching substrate: the two substrates are then ready to be assembled together to 
conform the cell. 

In the facilities here are two possible methods for adhesive deposition 
process, namely, UV curable adhesive deposition and gasket deposition. Choosing 
one or another ultimately depends on the device characteristics and specifications. 
Generally, gasket deposition is a more accurate method, not only to outline the 
active area but it usually guarantees a uniform thickness all over the cell. 
Nevertheless it lacks bonding strength for thicker cells and the process is more time 
consuming. 

a. Deposition of UV curable adhesive 

NOA (Norland Optical Adhesive) is a photopolymer that is cured when exposed to 
UV light.  

 NOA is deposited over the substrate with an adhesive automatic dispenser. 
Using a syringe, 2µμl adhesive droplets are placed around the ITO active area on the 
substrate 3mm apart from each other. It must be taken into account is that these 
droplets will spread when assembling the cell, so that an extra space of 4mm 
between electrodes and adhesive should be left uncovered. 

At this moment cells are assembled by matching together the two substrates 
(adhesive substrate and spacers substrate) and curing the adhesive on a UV lamp 
chamber for a few minutes.  

NOA deposition protocol is normally used for not very demanding cells, 
below 5×5cm2 such as monopixel cells or cells with a very simple design. 

b. Gasket deposition 

Gasket adhesive deposition is used for more complex devices, when the control of 
thickness and width is essential. It was used, for example, in some of the devices 
manufactured in this work, that needed a squared shaped gasket rim 8mm long and 
1mm wide.  

 Gasket adhesive is deposited by serigraphy. Serigraphy or screen-printing is 
a printing technique that employs a stretched tight mesh placed on a frame. The 
mesh is fully blocked out except for some open areas with the shape and thickness 
of the desired gasket. The adhesive can be pressed through the mesh openings. A 
thin rim of adhesive is deposited on the substrate. 

Optimized mask designs have been developed in-house on mesh frames 
(15×20 cm2 stainless steel 400 mesh from Sefar Maissa S.A., Spain), for serigraphy. Mask 
design consists of a frame shaping the outline of the cell electrode design. Adjusting 
the mesh mask into a frame tool over the substrates, adhesive is deposited leaving a 
thin rim surrounding substrates active area only. 
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Before assembly the cells adhesive undergoes a pre-curing process in the hot 
stage that softens the adhesive; substrates are heated at 80ºC for 20 minutes. After 
this step cells are assembled. 

The serigraphic adhesives employed for the gasket are cured by a thermal 
procedure. During this process it is convenient to use both heat and pressure to 
ensure a uniform thickness all over the cells. 

Substrates are placed in a hot stage with a vacuum set-up and pressure is 
applied (about 1kg/cm2). The hot stage is heated (10min ramp) to 150ºC for 1h. 
Substrates are left to cool down for another hour. 

III.2.9. Liquid crystal filling 

Depending on the device specifications, filling is done by capillarity or by vacuum. 
In either case, the liquid crystal is outgassed before the cells can be filled up. 

a. Vacuum 

Filling is done in a filling chamber provided with a vacuum system, a hot stage 
platform (in case liquid crystal needs to be filled up at a temperature higher than 
room temperature) and a moving platform having vertical displacement 
(Figure III.16). 

 

Fig. III.16.- LC filling chamber 
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When cells are filled by vacuum they only need one slit in the gasket. A 
typical serigraphic mask is a square with an empty opening in the middle of one 
side (Figure III.17) 

A small crucible with liquid crystal is placed in the chamber and the cell is 
attached to the moving platform just above the crucible. Once an optimal vacuum 
level is achieved (<10-2bar) the platform is lowered until cells edge is dipped into the 
liquid crystal filling the cell by capillarity.  

When the cell is completely filled up the vacuum system is turned off (and 
the cell is cooled down, when applicable). Gasket slit is sealed with NOA adhesive 
and then cured in a UV chamber for a 4 minutes. 

If necessary, pressure above atmospheric can be attached to the chamber, so 
that the filling process is speeded up. This is important in viscous liquid crystals 
and/or large cells, where the extremely long filling time (several hours) may result 
in chromatographic separation of the liquid crystal mixture components. 

b. Capillarity 

The typical serigraphic mask for cells to be filled up by capillarity has the shape of 
two brackets, with two adhesive-free areas in opposite sides of the gasket, so that air 
is emptied out while liquid crystal 
flows into the cell (Figure III.17). Cells 
are placed in vertical position while a 
few drops of liquid crystal are 
deposited into the cell opening.  

Once the cell is completely 
filled up, gasket openings are sealed 
with NOA adhesive and then cured in 
the UV chamber for 4 minutes. 

 

 

 

Fig. III.17.- Gasket designs: a) for vacuum and 
b) for capillarity 
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norganic layers are commonly used in liquid crystal devices. However the 
microstructure and its influence on the liquid crystal alignment has not been 
studied thoroughly yet. Performance of liquid crystal in a cell depends on 

several factors, including interaction between the liquid crystal monolayer next to 
the substrates and the alignment layer. These interactions determine the liquid 
crystal pretilt and polar anchoring energy of the cell, which affect crucial 
electrooptic factors such as threshold voltage and response time of the device. [64] 

A study on inorganic alignment layers and their microstructure has been 
carried out, focusing on SiOx and SiO2 specifically. The purpose was establishing a 
relationship between layer microstructure and liquid crystal alignment. Employing 
advanced microscopy techniques for studying SiOx and SiO2 surfaces deposited by 
evaporation has proven useful to understand how surface morphology is modified 
and how its changes may affect VAN liquid crystal molecule alignment.  

I 
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IV.1. SIOX AND SIO2 SURFACE STUDY PARAMETERS 

A comparison between SiOx and SiO2 layer surface characteristics has been 
carried out. The evaporation parameter to be modified on each set of samples was 
the angle of incidence of the material over the substrates. The comparative study 
was divided in the following steps:  

o Observing surface morphologies variation by microscopy 
o Manufacturing test cells with VANs for the different surface 

structures 
o Finding out a relationship between surface morphology and the way 

liquid crystal homeotropic alignment is modified 
o Studying electrooptic properties of the manufactured cells and 

establishing a manufacturing protocol 

IV.1.1. Evaporation parameters 

Both SiOx and SiO2 depositions are carried out in the evaporation system, 
employing thermal evaporation or e-gun respectively. The evaporation system is 
modified Vacudel 300 Telstar equipment. 

It is worth mentioning that the evaporation chamber was a special request 
for the manufacturer: the target and source are placed further apart (70cm) than in 
regular evaporation systems so that evaporation angle remains approximately 
constant for all samples and liquid crystal alignment problems are avoided. 

In the evaporation equipment substrates are placed on a platform at the top 
of the chamber. Material to be deposited is placed in a crucible at the bottom of the 
chamber where the electrode terminals are. External driving allows control over 
layer thickness (Å) and deposition speed (Å/s). Platform is attached to a 
goniometric system where evaporation angle can be selected. Evaporation is started 
when vacuum reaches 4·10-6torr. Material properties, density and Z-factor, are taken 
into account in the evaporation program.  

Deposition speed was fixed to 1Å/s in all the alignment layers. The reason 
for choosing this speed is ensuring a correct deposition of the material for the 
structure to grow on glass substrates adequately. Layer thickness was set to 100Å 
for all samples.  

Layer thickness (d) is determined by the evaporation program with layer 
parameters, quartz sensor parameters and material parameters using the following 
equation: 
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Where: 

𝜛𝜛 is the frequency constant: 1.668·1013Hz·Å 

𝜛𝜛  is the quartz crystal frequency before the evaporation process 
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𝜛𝜛  is the quartz crystal frequency after the evaporation process 

𝜌𝜌  is the quartz crystal density 

𝜌𝜌  is the evaporated material density 

Z = Z factor 

Z factor is a typical term tabulated for each material. It is introduced as a parameter 
in the evaporation program so the final thickness is correctly determined. Z factor 
depends on quartz density and material to be deposited. 

All the evaporation parameters were separately modified one by one, in 
order to asset their influence in the alignment properties. These experiments are 
described in successive sections.  

The first aim was to find out the evaporation angle range that induces liquid 
crystal alignment variations. A series of samples was manufactured varying 
evaporation angle from 0º (perpendicular incidence) to 86º (almost grazing 
incidence). Two series were manufactured: a general series modifying evaporation 
angle from 0º to 80º in 10º steps and another one for high evaporation angles from 
80º to 86º in 2º steps. 

The main conclusions are: 
o In SiOx, evaporation angles lower than 50º do not align the liquid 

crystal uniformly and from 50º to 80º liquid crystal is aligned 
homeotropically. 

o In SiO2, evaporation angles from 0º to 80º produce a homeotropic 
alingment of the liquid crystal. 

o In both cases for angles higher than 80º liquid crystal alignment is 
almost homogenous, with a very high pretilt. 

IV.1.2. Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is a technique that images a substrate and allows 
characterizing its surface providing morphological and compositional information 
of the sample. 

 Main advantages of SEM are: 
o High resolution regime (~100Å) 
o Large depth of field (resulting in pseudo 3D images) 
o Simple sample conditioning 

The SEM equipment used was the JEOL JSM-6400, and EDX analyzer Link Oxford 
Pentafet. This microscope includes an Energy Dispersive Spectrometer (EDS) that 
allows analyzing and mapping different elements on surfaces. Microscopy 
measurements were performed in the ICTS (Centro Nacional de Microscopía 
Electrónica) at the Universidad Complutense de Madrid. 

Substrate conditioning is very simple: the only requirement is that the 
surface must be conductive. Given that neither SiOx nor SiO2 are conductive, 
substrates are covered by a thin layer of gold by sputtering. 
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SiOx samples were the first samples to be analyzed by SEM. Observation of 
these samples turned out to be a bit tricky due to surface structure being almost 
featureless. Moreover, the sputtered gold layer contributes to screen the 
morphology of the surface. Trying to zoom in on any given area would only 
damage the sample so that observation of the surface was impossible.  

IV.1.3. Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy technique was used for the whole 
study of SiOx morphology.  

 The advantage of this microscopy technique over standard SEM is the 
possibility of analyzing SiOx layers using large zooms without damaging the 
sample. Also, sample preparation is still very simple, but FESEM samples can be 
sputtered with a layer of graphite instead of gold which is thinner, avoiding 
screening problems. The FESEM equipment was a JEOL JSM-6330F. 

 Images with higher quality and high zooming (up to ×60000), were acquired 
and, more structure features could be observed than with SEM.  

Figure IV.1 shows a comparison between images obtained by SEM and 
FESEM for a SiOx layer deposited at 70º. Sharper features are only observed by 
FESEM. 

A study of the cross section of the SiOx layer was attempted, but the 
resolution of the equipment did not allow for conclusive measurements. 
Observation of SiOx layer cross section by FESEM was not an easy task. Indeed the 
transversal morphology of SiOx was visible, but it was not possible to locate where 
the ITO-SiOx interphase was. Sample profiles were analyzed by Energy Dispersive 
X-ray (EDX) lineal analysis in SEM at ×130000. SiOx layer is so thin that becomes 
impossible to analyze it by cross section or to spot out the interphase between SiOx 
and ITO. When SiOx thickness is increased, an oblique columnar structure shows 
up [65]. 

  

Fig. IV.1.- Comparison between acquired images at ×30000 by a) FESEM and b) SEM 
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IV.2. SIOX AND SIO2 MORPHOLOGICAL STUDY 

IV.2.1. SiOx morphology 

As previously explained a sweep of angles (increasing step in 10º for each set of 
samples) was carried out to determine where the relevant morphological changes 
take place. 

 The acquired images correspond to evaporation angles of 10º, 20º, 30º, 40º, 
50º, 60º, 70º, 80º, 82º, 84º, 85º and 86º. Every angle was repeated at least 5 times, 
placing 8 substrates (4 cells) on each batch. 

 Structures from 20º to 80º are similar to each other; a uniform structure is 
observed in the whole sample. Observation of the samples became more difficult for 
this reason, surfaces being flat, homogenous and without uneven features, so 
finding a focus point turned out to be an extraordinary problematic task, especially 
when interesting features appeared only in high zoom (×60000).  

 As seen in Figure IV.2 (×60000) surface morphology in this angle range does 
not show any recognizable polyhedral structure of the pseudo triangular SiOx 
particles. SiOx features are non-uniform rounded shaped particles, with no 
preferred orientation. Particles appear to be scattered all over the substrate, with 
diameters ranging from 100 to 250nm approximately. Generally speaking, a steady 
increase of droplet size is observed when evaporation angle increases.  

 

Fig. IV.2.- Morphology structures from 10º to 86º 
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From 50º to 80º surface structures show some variations. Particles become 
more defined, with sharper delineated boundaries. They also have a more rounded 
shape and their size appears to be larger than for lower angles. Near 80º surface 
structure starts being less uniform having little holes or cracks between particles. 

A sudden change in morphology occurred for angles greater than 80º. A 
more detailed study was done for samples with evaporation angles from 80º to 86º, 
as its morphology showed a remarkable alteration: structure and particle size were 
different, and particle distribution highly differs. In this case surface was less 
uniform than the surface observed at lower evaporation angles, showing 
irregularities along the whole sample and a more detailed structure. The particle 
size radically changes, showing uniformity and diameters from 30nm to 50nm. 

In these cases, a progressive evolution of the surface structure was observed, 
changing from ‘pebble dash-like’ structure to a more granular spherulitic 
morphology. Evaporations for 82º and 84º show intermediate morphology states, 
coexisting both ‘pebble dash’ and spherulitic structures.  

High angles, 85º and 86º show a spherulitic morphology, with sharper edges 
defined, smaller particles and presence of holes at high angles. ‘Pebble dash-like’ 
structures are no longer observed. Holes are triangular shaped, in accordance with a 
spherical stacking. Additionally, structures at higher angles are less compact, have 
bigger holes and spherical isolated particles are present. Alignment of particles and 
holes perpendicular to evaporation direction is observed. Thicker SiOx layers lead 
to an oblique columnar structure. 

It is worthy of mention that a simple laser setup was employed to test 
goniometric precision. Measurements for different experiments were repetitive and 
its precision was less than 1º. 

To summarize, when evaporation angle increases: 
o There is a progressive evolution from ‘pebble dash-like’ structure to 

spherulitic structure 
o Particle size decreases from 150 to 50nm approximately 
o Increasingly bigger holes between particles appear 
o Particle size is homogenous within the same substrate. This is more 

apparent at higher evaporation angles 
o Structures become less packed structures with bigger triangular 

shaped holes 
o The particle distribution order level increases, leading into a 

granulate morphology with a preferential structure direction 
 

IV.2.2. SiO2 morphology 

The same morphology study was carried out for SiO2 samples, the evaporation 
angles ranging from 10º to 86º as well. In general terms the observed morphology 
structures have similarities to SiOx structures but changes are more abrupt. 
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From 10º to 65º the morphology shows little resemblance with the ‘pebble 
dash-like’ morphology observed in SiOx at low evaporation angles as seen in Figure 
IV.3 (×60000). These structures show little features and defined shapes and, in 
general, they are more compact, flat and uniform than their SiOx equivalent. It is 
worth mentioning that, under 40º, image acquisition in FESEM was very difficult 
due to the layers being featureless flat structures, images were not focused enough 
and therefore they are not shown in the image series.  

From 65º upwards there is a morphologic change; less compact structures, 
holes and defined particles show up. This is an interesting fact because 65º is the 
angle in which pretilt angle starts to change. 75º and 80º showed a more granular, 
less compact structure. Particles grow into smaller grains, its shape is more defined 
and triangular holes become bigger and more frequent. In this stage some tendency 
to columnar morphology can be observed; no spherulitic structure (as in SiOx) but a 
pseudo-columnar structure was identified At 86º the morphology becomes less 
packed. A columnar structure is observed: columns are prism shaped and some 
triangular shaped bigger particles are seen. There is a preferential growth direction, 
corresponding to the evaporation direction, see Figure IV.4 (×20000). 

 

Fig. IV.3.- Morphology structures from 40º to 86º 
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Fig. IV.4.- SiO2 morphology structures at 86ºas seen by FESEM 
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When evaporation angle increases: 
o Morphology structure evolves from a compact pseudo-droplet 

structure into a columnar structure 
o Particle size decreases from 200 to 100nm approximately 
o Triangular shaped holes appear at higher evaporation angles 
o Particle size is more homogenous within the same substrate at higher 

evaporation angles 
o Structures become less packed with bigger triangular shaped holes 
o At higher angles a columnar structure with prism-shaped columns is 

observed. 
o The particle distribution order level increases growing with a 

preferential structure direction  
o In general, morphology changes are more marked than in SiOx 

 

IV.2.3. Modifying evaporation parameters 

a. Evaporation rate 

To evaluate the effect of evaporation rate two evaporation tests were performed. In 
these tests all evaporation parameters were kept constant, except the deposition 
rate, which was set either to 0.2 or to 1Å/s. Evaporation angle was set to 70º, for 
being an angle producing intermediate SiOx structures. The layer thickness was 
100Å. 

As seen in Figure IV.5, the morphology obtained for both experiments is 
very similar, the particle size being approximately the same and particle 
distribution being more or less the same as well. However, droplets appear to be a 
little more defined when deposition speed is lower. 

b. Layer thickness 

A batch with layer thickness 300 Å was prepared to compare with the 100 Å layer 
thickness substrates at 70º and 1Å/s.  

 

Fig. IV.5.- Evaporation of SiOx at 1Å/s (left) and 0.2Å/s (right) 
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‘Pebble dash-like’ structure appears to be the same in size and distribution, 
(Figure IV.6) though holes between particles are more filled or covered. 

c. Layer thickness at very high angles 

At very high evaporation angles (higher than 84º), changes of the layer thickness did 
show morphological variations.  

New samples were prepared: evaporation angle at 85º, speed at 1Å/s, and 
300Å thick.  

At higher layer thicknesses there is a tendency of particles becoming more 
sphere-like shaped (Figure IV.7). Granular structure is more developed, particle size 
decreases considerably as well as hole size, although they still are triangular shaped. 
Overall structure is more compact and dense even when particle distribution 
appears to remain the same. 

Within the normal evaporation angle range for VAN alignment (50º-80º), 
liquid crystal did not show any variation when modifying these evaporation 
parameters. It is assumed, therefore, that evaporation angle, in a certain range, is the 
only relevant manufacturing parameter affecting the alignment in SiOx surfaces. 

 

Fig. IV.6.- Evaporation of SiOx: 100Å (left) and 300Å (right) 

 

Fig. IV.7.- Evaporation of SiOx at 85º: 100Å (left) and 300Å (right) 
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IV.3. ELECTROOPTIC CHARACTERIZATION 

Measurements carried out for VAN cells were focused on a comparative study of 
response times and contrast ratios depending on the different evaporation angles. 
Moreover, a grayscale study was implemented to observe differences in liquid 
crystal behavior. All experiments were performed using a negative nematic liquid 
crystal mixture: MLC-6608 (Merck). 

 Electrooptic properties of VAN cells depend directly of manufacturing 
factors, which control, among other characteristics, the pretilt angle of the liquid 
crystal. Pretilt angle is together with cell thickness and anchoring energy, the most 
dominant factors to set properties like response time and contrast ratio. 

 While measuring response times an anomalous behavior of the liquid crystal 
was detected. This phenomenon, called backflow effect, is separately studied below.  

Contrast ratio of a cell can be defined as the relation between on and off-state 
transmission. One of the most interesting features about VAN cells is they can 
achieve high contrast ratios. In off-state liquid crystal molecules are placed 
perpendicular to the substrates; dark state is truly dark, contrary to positive 
dielectric anisotropy liquid crystals. Typical contrast ratio values for VAN cells 
range from 300 to 3000. Unusually high values (8000) can be achieved for very low 
pretilt angle displays. 

IV.3.1. Liquid crystal alignment 

Two series of liquid crystal cells were manufactured with SiOx and SiO2 as 
alignment layers, changing evaporation angle was increased by 10º steps in angle 
ranges where little variations had been detected in previously described microscopy 
batches. Otherwise 2º steps were used. Overall, about 90 cells were manufactured 
for the batches of this experiment. 

The alignment of the liquid crystal was assessed between crossed polarizers, 
with the liquid crystal cell evaporation direction at 45º with respect to the polarizers. 
The transmission with this rotation will depend on the birefringence in the cell, and 
thus on the pretilt. In zero pretilt cell the birefringence is zero, and thus the cell will 
appear dark. The transmitted intensity will increase as the birefringence increases 
with the pretilt. The pretilt angle was obtained for all cases. Pretilt angles 
measurements performed by ellipsometry are described in next sections.  

a. Alignment in SiOx 

In Figure IV.8, several cells between crossed polarizers can be observed. 
Samples with evaporation angles from 20º to 50º present mostly a focal conic 
alignment with no clearly determined orientation direction. 

Alignment in samples with evaporations from 50º to 80º presents the most 
interesting results. SiOx evaporated in this range will produce vertically aligned 
cells. It is worth noticing that, as mentioned above, only minute variations in the 
SiOx surface morphology are appreciated when comparing surfaces in the 20º-50º 
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range and surfaces in the 50º-80º. These minute variations scarcely visible at very 
high zoom give rise, however, to a dramatic change in the liquid crystal director 
orientation.  

50º cell shows no transmission (dark), therefore pretilt is null or near null, 
and cell will show a good contrast ratio. 60º cells look similar to 50º cells. Again, 
pretilt angle is null and there is no transmission. 50º and 60º liquid crystal 
alignments are equivalent being their pretilt angle close to zero. Ellipsometric 
measurements show that the pretilt angle is about 1º at most. 

Alignment obtained for 70º cells is different. Homeotropic alignment is 
achieved as well but a certain transmission in the cell can be seen because 70º cells 
have a certain pretilt angle and contrast decreases. Pretilt angle as measured by 
spectral ellipsometry is about 8º. 

 

Fig. IV.8.- VAN liquid crystal test cells at different SiOx evaporation angles  
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80º cells exhibit the highest transmission. Pretilt angle increases 
considerably, being close to 26º, which is too high for most applications requiring 
homeotropic alignment. The contrast ratio is consequently compromised.  

The angle range from 80º to 86º showed interesting variations. As mentioned 
before, SiOx morphology for angles greater than 80º changes drastically compared 
to lower angles. Liquid crystal alignment manifests a variation in the same way. For 
high angles, pretilt angle is so high that alignment cannot be considered 
homeotropic anymore.  

b. Alignment in SiO2 

Liquid crystal alignment in SiO2 is similar to that on SiOx. The main 
differences are found in the lower angle range.  

 

Fig. IV.9.- VAN liquid crystal test cells at different SiO2 evaporation angles  
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In SiO2 liquid crystal alignment is homeotropic from 0º to 80º, with pretilt 
variations as the angle increases. Cells observed between crossed polarizers showed 
a complete dark state (zero pretilt) in the 0º-60º range (Figure IV.9). Pretilt measured 
in this range is zero or near zero. As in SiOx cells, when evaporation angle increases, 
from 70º upwards, cells start to show some transmission and less contrast ratio. 
Pretilt values are around 15º. 

From 80º to 86º transmission and pretilt increase considerably. Evaporation 
angle of 86º produces an almost homogeneous alignment, molecules having a pretilt 
close to 55º. Contrast in these cells is very low, and switching is barely noticeable. 
Note that switching would intend to bring the molecules to any position within the 
substrates plane. Since the molecules are almost positioned on this plane in steady 
state, no reorientation is required for the liquid crystal to switch. 

IV.3.2. Backflow effect  

Rise time of any liquid crystal display is usually shorter as the applied voltage 
increases, so liquid crystal molecules switch faster at higher voltages. However, in a 
number of manufactured cells the opposite behavior was observed: the response 
time of cells having null or near null pretilt angle increases above a certain voltage 
and the rise time becomes progressively longer. However, fall times were not 
affected. This effect remarkably alters the measurement of response times; 
attributed to the so-called backflow effect [66].  

Above certain voltages, a fast rearrangement (turbulences) of the liquid 
crystal molecules is induced followed by a slow reorientation that induces the 
molecules to switch slowly increasing the overall rise time (Figure IV.10). From the 

 

Fig. IV.10.- Backflow effect is observed above certain voltages (6V in this case) 
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practical point of view, cells showing backflow have a limited voltage range. Above 
that range, response time is so long that cells become useless for most applications. 
During this study, it was found that the presence or absence of backflow depends 
strongly on the pretilt and on the cell thickness: 

o Blackflow arises only in cells with null or very low pretilt and thus the 
issue is important since these cells are usually the most interesting in 
applications because of their high contrast. 

o Cells without backflow effect can be obtained by reducing cell thickness 
while keeping constant the remaining manufacturing parameters. When 
thickness is reduced, backflow either disappears or can be only detected 
at higher voltages. 

Fig. IV.11.- Grayscale and dynamic response for 50º, 60º, 70º and 80º evaporation of SiOx. 
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IV.3.3. Electrooptic measurements  

a. Electrooptics in SiOx 

An electrooptic characterization was made for all cells ranging from 50º to 
85º. Figure IV.11 shows grayscale and dynamic response for 50º, 60º, 70º and 80º 
displays. 

50º and 60º cells, having very low pretilt, exhibited backflow when applying 
voltages greater than 6V, showing a double-peaked transmission profile and slow 
response times. For example, the rise time for 10V was 20ms. Nevertheless, in a 
working range up to 6V, 50º and 60º displays show very good response time (3ms) 
and contrast ratios above 500. These are values compatible with high-end video rate 
applications such as direct-view TV. 

In 70º displays, backflow effect did not show up. As pretilt angle increases, 
switching becomes easier, so turbulences do not appear and backflow effect is 
avoided. Response times are fast in the whole voltage range (3-4ms), faster than for 
50º or 60º. Contrast, however, decreases as a result of the birefringence in the off-
state induced by the pretilt angle (<100). 

80º cells response is similar to that of 70º. In these cells, however, pretilt is 
very high (about 26º), making the off-state highly transmissive. Backflow could not 
be found in these displays either and response times were the fastest due to high 
pretilt. Fall times increase as pretilt increases, opposite to rise time. This behavior 
can be explained by differences in the elastic energy. The higher the pretilt is, the 
smaller the elastic energy between on and off state becomes, consequently, for that 
reason longer fall times are expected.  

b. Electrooptics in SiO2 

SiO2 cell behavior is similar to the SiOx cells. From 0º to 60º a strong backflow effect 
can be seen, due to the pure homeotropic alignment present in these cells. Rise times 
are high, varying from a hundred to tens of milliseconds at saturation voltage. 
(Figure IV.12). In a number of cases, some cells with zero pretilt showed a variable 
backflow effect in time and thus, a variable switching time. This variable rise time is 
consistent with how backflow effect works in pure homeotropic alignment. As 
turbulences are involved in the liquid crystal, stochastic and chaotic flows are 
present until molecules are able to reorient towards the applied field. 

From 65º upwards backflow effect disappears and rise times are always 
under 10ms, even under 1ms for the highest evaporation angles (80º-86º). As in SiOx 
cells, when pretilt is high, fall time increases considerably. 

In general terms the absence of backflow and the excellent response time 
should make displays in the range of 70º-80º the best choice for standard 
applications. Nevertheless, contrast is poor, thus precluding their use in display 
applications. This is not the case, however, for photonic applications where variable 
phase delays of VANs are used. In this case, the only drawback of high pretilt is that 
the range of delays generated by a given liquid crystal material and cell thickness is 
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somewhat reduced. This small disadvantage is superseded in many applications by 
the excellent dynamic behavior of high pretilt cells. 

Results prove that both SiOx and SiO2 as aligning surfaces for VAN liquid 
crystals may generate a full range of pretilt angles that can eventually be optimized, 
depending on the requirements of the specific application. In principle, display-

 

Fig. IV.12.- Dynamic response for the whole range of evaporation angles in SiO2. 
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related applications require very low pretilts, hence low evaporation angles, so that 
contrast is maximized. Contrast requirements shall be met at its minimum for the 
response time to be improved as much as possible. For non-display applications 
higher pretilt angles would probably be chosen to minimize the response time. The 
slightly lower phase delay range achieved in these cells should not be relevant for 
the device performance in most cases. 

IV.3.4. Response time  

Response time is a very important factor both for light modulation and display 
applications.  

 A series of cells have been tested, using a 1kHz sin wave modulated with a 
1Hz square wave. Response time is measured as the time the liquid crystal cell takes 
to switch from 10% to 90% transmission.  

Both switch on and switch off (rise and fall) times were measured for all 
manufactured cells. All measurements were carried out with a 10V voltage 
amplitude. Mean rise and fall times for the different evaporation angles are 
compared on Table IV.1 and Table IV.2 for SiOx and SiO2 cells respectively. In 
general, given an evaporation angle, SiO2 layer produces faster response times. This 
is consequent with the pretilt measurements: given an evaporation angle, the 
obtained pretilt is higher when using SiO2 than when using SiOx as alignment layer.  

 Rise times decrease when increasing pretilt angle; the higher the pretilt angle 
is, the easier the switching becomes for liquid crystal. The data collected for cells 
with zero or near zero pretilt were slightly scattered; very little differences of pretilt 
in pure homeotropic alignment (having 0º or 1º pretilt angle) makes a significant 
difference in terms of switching time. 

a. SiOx cells response times 

Table IV.1. – Mean response times for SiOx VAN cells  

Evaporation angle 50º 60º 70º 80º 86º 

Rise time (ms) 153 94 8.0 1.3 0.6 

Fall time (ms) 5.6 4.8 6.6 7.5 15 

 

b. SiO2 cells response times 

Table IV.2. – Mean response times for SiO2 VAN cells  

Evap. angle 10º 30º 40º 50º 55º 60º 65º 70º 75º 80º 82º 84º 86º 

Rise time (ms) 295 71 68 63 45 31 11 4.9 0.70 0.42 0.38 0.41 0.45 

Fall time (ms) 5.0 5.7 5.4 5.8 5.2 4.7 5.9 5.8 9.9 11 7.2 9.9 10 
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Fall times increase as pretilt angle increases; liquid crystal molecules are less 
attached to the surface. Anchoring energy of the liquid crystal molecules decreases 
when pretilt is high and, in consequence, it takes them longer to come back to the 
relaxed state. 

Our group has proposed a method to achieve a trade-off between contrast 
ratio and response time. The method is based on the use of asymmetric alignment 
layers. Combining glass plates evaporated at different angles, improvements in 
contrast ratio without jeopardizing the response time have been found. These 
results are discussed in later sections. 

IV.3.5.  Pretilt and contrast measurements  

a. Pretilt measurements 

Pretilt angle was measured for all SiOx and SiO2 cells. The pretilt angle distribution 
can be measured by different methods [67]. The technique in this case consisted in 
measuring transmission changes in a cell (always in off-state) when incident light 
angle is modified.  

Table IV.3. – Mean pretilt angle values for SiOx VAN cells 

Evaporation angle 50º 60º 65º 70º 80º 

Pretilt angle 0º±1º 0º±1º 5º±1º 8±1º 25º±1º 

 The cells were mounted in a rotatory stage aligned with a He-Ne laser with 
a maximum output peak of 5mW at 543nm, a polarizer, a photodetector and a 
Stanford Research Systems DS345 waveform generator. Transmission levels are 
analyzed in a Tektronik TDS 714L digital oscilloscope These measurements are less 
precise for measuring low pretilt angles (≈1º-2º) but this method was used for 
comparative purposes only. More accurate measurements were done using an 
ellipsometric technique and will be explained on further sections.  

 

Fig. IV.13.- Pretilt vs. evaporation angle in SiO2 cells (blue) and SiOx cells (green). 
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Given a certain evaporation angle (from 65º upwards) pretilt is higher in 
SiO2 cells than in SiOx cells. Additionally, pretilt angle increases faster in SiO2 than 
in SiOx cells when increasing evaporation angle. This is consequent with the 
morphology structure changes explained in previous sections. The mean pretilt 
angle values for both SiO2 and SiOx cells can be seen on Table IV.3 and Table IV.4. 

 b. Contrast ratio 

 Contrast ratio was measured for a set of SiO2 cells, in the same setup used for 
measuring pretilt angles. Changes of transmission were measured in all cells in OFF 
state (minimum transmission) and ON state (maximum transmission).  

Contrast ratio values were obtained from the transmission measurements 
and normalized; the mean contrast ratio values are plotted in Figure IV.14. 

 

Table IV.4. – Mean pretilt values for SiO2 VAN cells  

Evap. angle 10º 30º 40º 50º 55º 60º 65º 

Pretilt angle 0º±1º 0º±1º 0º±1º 0º±1º 0º±1º 0º±1º 9º±1º 

Evap. angle 70º 75º 80º 82º 84º 86º 

Pretilt angle 14º±1º 31º±2º 38º±2º 40º±2º 51º±2º 53º±2º 

 

Fig. IV.14.- Contrast ratio vs. evaporation angle in SiO2 cells 
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IV.4. ALTERNATIVE ALIGNMENT STRATEGIES 

Although the surface characterization of this work has been focused in changing 
pretilt by modifying the properties of inorganic alignments, a series of experiments 
on organic alignments were carried out as well. Parameters that have been taken 
into account include anchoring energy, selective crosslinking of polyimide and 
pretilt angle measurement. 

IV.4.1. Selective crosslinking of polyimide 

Selective crosslinking is a technique based on chemical surface-induced alignment 
to control pretilt angle and anchoring energy of the liquid crystal molecules. 
Modifying these parameters opens the possibility of creating diffractive patterns 

inside a cell having different 
electrooptic properties for the same 
driving waveform, thus avoiding the 
need of electrode-pixelation and 
multiplexing of the device [68]. 

The study of selective 
crosslinking has been focused on the 
effect on polyimide alignment surfaces 
of VAN cells, searching for variations 
in electrooptic response that could be 
useful for manufacturing photonic 
devices. 

a. Cell preparation 

To modify the alignment properties of a commercial polyimide, a number of 
experiments were performed. Using the standard cell manufacturing protocol, 
different series of cells were prepared. 

The chosen polyimide was SE1211 (Nissan Chemicals Industries, Ltd), 
specifically designed to induce vertical alignment in nematic liquid crystals 
(Figure IV.15). MLC 6608 (Merck), with negative dielectric anisotropy, was the liquid 
crystal used for the VAN cells.  

 

Fig. IV.15.- Structure of polyimide SE1211 
to induce vertical alignment. Alkyl 
chain n=18 

 

Fig. IV.16.- Structure of the employed diepoxides 
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The polyimide layer was stabilized by crosslinking in order to change its alignment 
properties.  

Two different diepoxides were employed as crosslinking agents for the 
polyimide: diepoxides react with polyimide precursor forming a crosslinked 
polymer network. The difference between the two diepoxides (Figure IV.16) is that 
one includes an aryl structure (DEX1) while the other one is aliphatic (DEX2). 

Four different mixtures were prepared: by adding different quantities of 
DEX1 or DEX2 into the PI solution at 1:2w/w and 1:1w/w ratio respectively.  

Afterwards, five different kinds of cells without or with modified PI layer by 
DEX1 or DEX2 in different concentrations were manufactured. Diepoxide structures 
contain two functional oxirane rings that react with polyamic acid forming a 
crosslinked polymer network. The creation of new crosslinked polymer net is 
shown on the reaction example between polyimide and DEX1. (Figure IV.17) 

 Polyimides with long alkyl side chains, like SE1211, are attractive for devices 
using VAN liquid crystals; because of their potential interactions between similar 
alkyl chains of liquid crystal molecules and the polyimide.  

 

Fig. IV.17.- Crosslinking reaction between PI and DEX1 [68] 
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The long alkyl side chains of the polyimide are tilted along the rubbing 
direction and are extended in the direction perpendicular to the substrate, 
producing a uniform pretilt in homeotropic alignments (see Figure IV.18). This 
pretilt angle can be modified with rubbing strength [69],[70].  

If the diepoxide concentration in polyimide is increased, a less dense 
polymer is obtained. Hence the anchoring force is weaker, modifying the liquid 
crystal pretilt angle [71]. 

b. Electrooptic characterization 

Polyimide surface modified by crosslinking with diepoxides have been proven to be 
good alignment layers allowing control over the pretilt angle. 

 When diepoxides are added to the layer, director is tilted with respect to the 
surface; pretilt angle changes when diepoxide concentration is modified, and 
consequently, threshold voltage (Vth) is reduced. 

Unmodified polyimide surfaces induce a pretilt of 1º approximately. The 
measured pretilt change for modified polyimide was about 5.5º for 1:2w/w of DEX1 
increasing up to 14º when concentration doubles, 1:1w/w. However, pretilt angle 
for polyimide layers modified by DEX2 was about 5º independently of the 
concentration.  

 Manufactured cells were tested by external voltage driving: threshold 
voltage and response times were compared.  

When the alignment layer was modified with DEX1 a variation in the 
anchoring strength was found and cells showed different switching voltages 
between the areas with and without crosslinking. Variations up to 1.5V of threshold 
voltage were found in these devices, which should be enough for manufacturing a 
phase grating applying a single driving voltage. 

 

Fig. IV.18.- Polyimide crosslinking scheme, (1) position of alkyl side chain before 
crosslinking, (2) position of alkyl side chain after crosslinking [68] 
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 On the contrary, DEX2 modified polyimide cells did not show a substantial 
change in threshold voltage. This is possibly due to steric hindrance between two 
adjacent alkyl chains. 

 Cells with no crosslinked polyimide layer showed very low pretilt angles 
hence rise times are slower. Nevertheless, as modified polyimide layer cells showed 
higher pretilt angles, rise times decreased. Consequently, fall times in modified 
polyimide layer cells are longer than in cells with no crosslinking. (Figure IV.19). 
Rise and fall times variations are significantly higher with DEX1 than when DEX2 is 
the crosslinking agent.  

 

Fig. IV.19.- Comparison of response times in cells with and without modified 
polyimide, (a)DEX1, (b)DEX2 [68] 
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IV.4.2. Anchoring energy in crosslinked polyimide 

Several measurement techniques 
were developed measuring polar 
anchoring strength of the 
alignment layers. The full 
process is described in 
[72][73][74][75][76]. The most 
relevant features are described 
below. 

Polar anchoring energy 
has been measured for five kinds 
of cells at 25ºC. A 1 kHz 
sinusoidal external field was 
applied in the direction parallel 
to the homeotropically aligned 
LC molecules. At strong field 
conditions (above 4 times Vth) 
the bulk is fully oriented 
perpendicular to the field. The 
reorientation is not complete due 
to the surface anchoring energy 
at the boundary surfaces.  

The anchoring energy 
was calculated by simultaneous 
measurement of capacitance and 
phase retardation of the cell. The 
modification of the alignment 
layer resulted in a weaker 
anchoring, which decreased the 
corresponding threshold voltage 
and an improved response time. 
Polar anchoring measurements 
have been performed in the 
same cells used for the electro-
optical study. From the plots of 
Figure IV.20, the anchoring energy which is related to the extrapolation length (the 
intersection with the y-axis) can be calculated: 

 
o Conventional polyimide cells showed stronger anchoring than 

modified surfaces of polyimide, W=1.8·10·-3J/m2 (Figure IV.20(a)) 
o  Intermediate anchoring energy, W=3.3·10·-4J/m2, was obtained by 

adding DEX1 into polyimide solution at 1:2w/w DEX1/PI ratio 
(Figure IV.20(b)). 

 

Fig. IV.20.- Plot of anchoring measurements: (a) 
Cells without crosslinked alignment surface, 
(b) Cells with crosslinked alignment surface 
by DEX1 (1:2 DEX1/PI w/w) and (c) Cells with 
DEX1 (1:1 DEX1/PI w/w). 



EVA OTÓN MARTÍNEZ 

 

 86 

o Weakest anchoring energy, W=2.5·10·-4 J/m2, was obtained by 
1:1w=w ratio of DEX1 (Figure IV.20(c)).  

o DEX2 showed less influence on the strength of polar anchoring. 
Anchoring energy obtained for DEX2 cells were the following: 
W=9.3· 10·-4J/m2 for 1:2w/w DEX2/PI ratio and W=6.4·10·-4 J/m2 for 
1:1w/w DEX2/PI ratio. 

IV.4.3. Pretilt angle measurement by ellipsometry  

Pretilt measurements were made using an ellipsometric technique, based on 
recording changes in the state of polarization when a beam light impinges the 
surface. 

Control of pretilt angle in liquid crystal cells is important for many 
applications [77][78]. Pretilt angle measurements have been performed using a 
variable angle spectroscopic ellipsometry method [79]. This technique allowed 
measuring pretilt angle of the liquid crystal molecules placed adjacent to SiOx 
surface with more accuracy than on the method explained above. This technique is 
relevant for measuring very low (close to zero) pretilt angles  

The measured liquid crystal cells used in these batches were the homeotropic 
and homogenous aligned cells described in previous sections. Homeotropic liquid 
crystal cells aligned in SiOx at evaporation angles 50º, 67º, 70º and 80º were 
measured. Also, asymmetrically manufactured cells, i.e. cells where SiOx is 
evaporated at two different angles on the two substrates, were added to the set of 
measurements: 50-70º and 50-80º. These asymmetric cells may contribute to solve 
the trade-off between contrast and response time. 

Measurements were made in homogenous liquid crystal cells aligned in 
polyimide modified by crosslinking with epoxides DEX1 and DEX2 at different 
concentrations, as well as in no cross-linked polyimide cells. 

The pretilt angle profile distribution next to the surface has been determined 
for different applied voltages, by reflective and transmissive ellipsometric 
measurements. All ellipsometric measurements were referred on relative changes of 
phase and amplitude of two orthogonal polarizations of light going through the cell.  

Cells were measured at λ=633nm and 25°C. For practical reasons, it is 
customary to define in the electrooptical characterization an effective threshold 
voltage (Vth) as the voltage corresponding to a 10% gray level. 

A physical model of the sample and fit procedure was set up in order to be 
able to retrieve information about the wanted parameters and match the 
experimental and theoretical data. Ellipsometric measurements are very sensitive to 
liquid crystal molecule orientation, so that the physical model needs to be accurate 
enough and take into account all parameters (refractive indices, thickness) in a cell 
made of several layers [80][81][82][83][84]. 

 Table IV.5 shows pretilt angle for all measured cells. For SiOx cells mean 
pretilt angle increases when SiOx evaporation angle increases, especially from 
evaporation angle of 70º upwards. For evaporation angles of 50º and 60º, pretilt is 
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null or almost null, therefore contrast ratio is high. For 80º and higher evaporation 
angles pretilt is very high (26º and up) contrast ratio becomes very low although 
switching times are faster and threshold voltages decrease. A compromise has been 
found in the asymmetric cells 50-80º and 50-70º: a good contrast ratio, low threshold 
voltage and fast switching times can be achieved.  

Pretilt measurements showed that even when the evaporation angle is the 
same in both substrates, there are slight variations of pretilt between them. 

 

Table IV.5. – Mean pretilt for different cells 

SiOx cell  50º 67º 70º 80º 50-70º 50-80º 

Measured 
pretilt 
angle 

 

Up:0.9±1º 

Bottom: 
4.6±1º 

Up:4.2±1º 

Bottom: 
7.1±1º 

Up:7.4±0.8º 

Bottom: 
10.2±1º 

Up:26±2º 

Bottom: 
32±2º 

Up:0.0±1º 

Bottom: 
6.1±1º 

Up:1.2±1º 

Bottom: 
25.2±1º 

Mod. PI 
cells 

 
Non 

mod. PI 
PI+DEX1 

(1:2) 
PI+DEX1 

(1:1) 
PI+DEX2 

(1:2) 
PI+DEX2 

(1:1) 

Measured 
pretilt 
angle 

 1.0±1º 5.5±1º 14±1º 5.0±1º 5.0±1º 

 In the case of cells with polyimide modified by crosslinking, pretilt increases 
up to 14º when increasing epoxide DEX1 concentration on polyimide. For 
crosslinking agent DEX2 pretilt saturates at about 5º independently of 
concentration. 

 A possible explanation for this behavior is that DEX1 is a more rigid 
structure than DEX2. When increasing DEX1 concentration as crosslinking agent it 
may produce a more compact polyimide network, hence progressively modifying 
the pretilt, while DEX2 would keep the polyimide layer as a more elastic structure. 
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 V. BEAM STEERING DEVICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iquid crystal devices are increasingly being used in non-display applications 
to manufacture low-cost, light-weight small devices that can be driven by 
low voltage electronics, and circumvent the use of movable parts or 

mechanical elements [85]. Non-display photonic devices based on liquid crystals; 
the can be divided into phase modulation and amplitude modulation devices. 
Either kind may affect the state of polarization (SOP) of the impinging light [27]. 

Like the above mentioned liquid crystal photonic devices may modulate the 
light temporally or spatially. In the first case time-dependent light modulation is 
obtained, whereas in the second case the result is a spatial light modulator (SLM) 
[81]. SLMs may be used in many cases, e.g. spatial filters, holograms, light-path 
compensators, tunable lenses or beam steerers. 

L 
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Commercial and experimental spatial filters and holograms are chiefly based 
on active matrix microdisplays. Lenses and beam steerers on the other hand may be 
manufactured in a number of different approaches, including passive-driven and 
monopixel solutions. Moreover, their performance heavily depends on the 
conducting surfaces, alignment conditions and liquid crystal material, thus a large 
number of variables are available for the adaption of these devices to specific 
applications [86].  

The aim of this work has been manufacturing, testing and measuring 
improved liquid crystal devices for laser beam steering. Three different beam 
steering families, ESA, EVA and WAT beam steerers, to be applied on different 
environments have been prepared. 

The working principle of a liquid crystal based beam steering is as follows: 
Given that the orientation of the liquid crystal molecules can be controlled by 
applying voltage to the device, a change in the liquid crystal orientation results in a 
change of the effective refractive index. When a laser beam impinges on the device, 
the beam will be deviated as the device works like a prism. 

Unlike a prism, the liquid crystal beam steerer is tunable, thus the 
orientation of the liquid crystal molecular director can be modified so that the laser 
beam can be steered at different angles. The design of a liquid crystal beam steering 
device may be approached in several manners. Based on how the light beam travels 
through the device, beam steerers can be divided into two groups (Figure V.1). 

o Planar architecture: the laser beam is guided along a high refractive 
index plate in contact to the liquid crystal. The guided wave direction is 
driven by coupling between the waveguide and the evanescent wave 
propagating in the neighbouring liquid crystal cladding layer. 

o Vertical architecture: the laser beam passes through the device, where a 
liquid crystal medium which specific optical properties is driven by an 
applied electric field. 

 

Fig. V.1.- Planar and vertical architecture beam steering designs 
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There are many advantages for planar architecture design, like obtaining a 
scattering free laser spot, wide angle deviation, and fast response time. The main 
drawback is that very high driving voltages are needed. Also, obtaining an optically 
acceptable layer where the light beam is intended to be coupled and guided can be 
rather delicate. 

Vertical architecture devices are simpler, require low driving voltages, and 
their manufacturing is straightforward. On the other hand, the wavefront may 
suffer some distortion depending on the cell thickness, due to the liquid crystal 
scattering, and the response time may result slower than that of the other design. 

The beam steering devices developed in this work were designed for vertical 
architecture. As mentioned above, three beam steering families have been studied. 
In the following sections these families are described in terms of: preliminary 
design, specific parameters of the devices manufacturing processes, characterization 
of the manufactured devices and results.  

 

V.1. ESA BEAM STEERING 

The ESA Beam Steering (European Space Agency Beam Steering) device is a liquid 
crystal based tunable blaze grating for space applications, a 1D SLM. A laser beam 
can be steered certain angles, step by step, depending on the grating period.  

The results were obtained within the context of an ESA-funded project called 
Programmable Optoelectronic Adaptive Element. The objective of this project was 
the development of adaptive (reconfigurable) optical elements for space 
applications and the execution of preliminary qualification tests in relevant 
environments. Liquid crystal and alignment layers were selected keeping in mind 
the conditions and environment the device has to undergo: extreme temperature 
variations, pressure variation, vibrations and high energy radiation from cosmic 
rays. Using passive ITO tracks means that addressing of the pixels is done by an 
easily shielded external driving. Therefore electronics damage induced by radiation 
is avoided in these passive devices, a clear advantage over active matrices. 

V.1.1. Design  

The ESA Beam Steering device is made up of two ITO coated ultraflat glass 
substrates assembled in a sandwich-like cell and filled with liquid crystal. One of 
the glass substrates is pixelated with 1000 high density interlaced transparent ITO 
electrodes. The other substrate is a solid ITO backplane. Each electrode can be 
driven independently. Applying increasingly higher voltages on each electrode, the 
liquid crystal switches on in a stepped orientation profile, i.e. a stepped refractive 
index profile is obtained (Figure V.2). The generation of the electrode pattern such 
an elevated number of electrodes required the elaboration of a specific LabView 
based program, capable of generating a script for AutoCAD depicting each 
individual electrode. 
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The obtained profile is equivalent to a diffraction grating: the grating 
periodicity can be modified by changing the applied voltage steps The grating can 
be shaped at will to conform ordinarily 2-step (binary), 4-step or 8-step gratings. 
Every group of steps induces a total 2π phase delay, so that the following group 
effectively acts as a piling-up delay, like in a Fresnel structure. A laser beam 
impinging on the grating is diffracted, obtaining the typical diffraction pattern. As 
the number of grating steps increases, the diffraction efficiency of the first order 
increases substantially although the deviation angle decreases. 

The grating pitch (size of the ITO electrodes) was set to 7µm: 5.5µm electrode 
and 1.5µm interpixel in order to meet the ESA specifications. Figure V.3 illustrates 
the actual interlaced electrode mask employed for the final device. 

The diffraction efficiency was estimated. Four ideal steps (28µm prism pitch) 
correspond to a theoretical diffraction efficiency of 82%. To what extent the smooth 
behavior of the liquid crystal may improve or worsen the response of the device 
ultimately depends on the nature of the final device. The steering angle for 28µm 
pitch device was ±1.1º and ±2.2º for 532nm and 1064nm light sources. For a 14µm 
pitch device (binary grating) the angles were ±2.2º and ±4.4º respectively. 

The cell is filled with a nematic liquid crystal and connected to two chips for 
external control. Chips performance will allow a control over each electrode of the 
device individually. 

 
 

 
  

 

Fig. V.2.- ESA beam steerer design approach: a) different voltages are applied on each 
electrode, b) liquid crystal switching is different on each electrode and c) a digital 

refractive index profile is obtained 
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V.1.2. Manufacturing 

An optimization of the fine resolution photolithographic process has been 
developed in order to produce devices with a moderately high fill factor: 7µm pitch, 
with 5.5um pixel and 1.5um interpixel. 

The standard photolithographic process showed that the existing soda-lime 
based substrates, normally used in the liquid crystal device production, did not 
have enough quality for this purpose. Pre-cut borosilicate 1.1mm thick glasses were 
purchased instead. 

a. Wet etching photolithography 

The standard photolithographic wet etching process described in Chapter III 
may deal with features in the order of several tens of microns. However, it turned 
out to be inadequate when dealing with high resolution devices like those required 
in this application.  

Even when UV exposure and developing turned out flawless, wet etching 
process would regularly produce defects in electrodes. A scheme for the high 
resolution photolithography process with wet etching is represented in Figure V.4. 
Micrographs illustrate some of the defects found in the substrate after wet etching. 
Common defects included short-circuits, cut electrodes and vanishing (ghost) 
electrodes. 

 

 

 

Fig. V.3.- Interlaced electrode mask design 
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b. Dry etching (RIE) photolithography 

RIE (Reactive Ion Etching) process or dry etching is an alternative to wet etching 
that may deal with features below the range of tenths of microns. A scheme of the 
high resolution photolithographic process employing dry etching is illustrated on 
Figure V.5. Micrographs of the electrodes are also shown for intermediate steps. Dry 
etching process protocol followed for this application is explained in Chapter III. 

After dry etching process two quality tests were performed:  
o A resistivity test to check for possible short-circuits between 

electrodes; molybdenum was sputtered on the external contacts only 
and resistivity was measured between the two sides of the substrates 

o A visual test to check out possible vanished or cut electrodes under a 
microscope  

The high resolution photolithographic protocol with RIE attack reported 
frequent problems in the ITO electrodes, mainly short-circuited electrodes. Trying to 
solve this issue turned out to be a stone wall. The proposed solution was repeating 
the whole photolithographic process on the already photolithographed substrates, 
with an additional step: aligning the mask with the ITO electrodes within a 0.1µm 
tolerance before UV exposure, to avoid ‘erasing’ the electrodes completely in further 
steps. Even after substrates underwent a second and a third high resolution 
photolithographic process, resistivity tests and microscope exams revealed some 
electrodes were still short-circuited.  

On some substrates even a fourth high resolution photolithographic process 
was attempted: i.e. metallizing substrates with molybdenum by sputtering, 
depositing photoresist, pre-baking, aligning mask and substrate, UV exposure, 
developing and post-baking of photoresist, molybdenum removal by SF6 from 
exposed areas, photoresist removal, exposed ITO removal by argon and 
molybdenum removal in acidic mixture.  

The substrates that underwent four photolithographic processes came out 
virtually short-circuit free, however they presented a new issue: the repeated 
etching processes made electrodes progressively thinner, despite mask and 
substrates being perfectly aligned. The consequence of this is a loss in the efficiency 
of the grating as the fill factor is reduced. 

c. Liquid crystal and alignment layer 

The most suitable liquid crystals for this application are high birefringence 
liquid crystals, so that thinner cells can be produced, whereby parasitic diffraction 
caused by fringing can be reduced. Both organic and inorganic layers were studied 
as alignment layers for high birefringence liquid crystals. Two kinds of liquid 
crystals with acceptable birefringence were tested: a vertically aligned nematic 
(VAN, Merck LC-7029, ∆n=0.17) and a nematic liquid crystal for homogeneous 
alignment with a low freezing point (MDA-98, ∆n=0.266). 
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Inorganic alignments were tested for the VAN liquid crystal, obtained by 
oblique evaporation. SiOx did not align high birefringence materials, and thus it 
was decided to employ e-gun deposited silica, SiO2. VAN devices have the 
advantage that in their relaxed vertical state absorb less UV light, and thus their 
tolerance against UV damage is assumed to be increased [87].  

SiO2 layers were as inert and solid as the overall construction. But during the 
assembly of the cell, they were extremely sensitive to the adsorption of organic 
materials, altering the VAN liquid crystal alignment. The outgassing of the gasket 
material, gluing the cell together during the curing process, is thought to be the 
main source of the organic contaminants [88].  

Homogenous liquid crystal (MDA-98) was tested with polyimide as 
alignment layer. In this case a perfectly homogenous alignment was obtained, so 
MDA-98 was chosen over MLC-7029. Employing an organic alignment layer is 
certainly a disadvantage on these devices, however, the higher birefringence is 
positive. 

d. Electrode connection 

The first approach to find a appropriate external driving chip was the use of 
a standard printed circuit board (PCB). The advantage is that it is a standard liquid 
crystal connector technology. A preliminary interface PCB for testing 
interconnection and preliminary device behavior was designed. The board is 
designed to bridge the ESA beam steerer via 100×50mm wide connectors, and to 
bring these to a bank of ten 50 pin SCSI connectors. In this way, testing of individual 
pixels is achieved, and an interface for test device is provided.  

Although this technology was easy to apply, the obtained device was too big 
to be practical. In addition, the large number of external flexes and high-density 
connectors jeopardized the mechanical stability of the system. 

The second approach was employs a chip on glass. This is the standard 
solution used in high resolution liquid crystal displays. It reduces considerably the 
number of external connectors. Since the connectors are the size defining element, a 
chip on glass enables more compact devices. The chip can be controlled by a limited 
number of external connections while addressing a large number of electrodes in 
parallel. This technology eliminated the need of high resolution flex connectors, but 
the optimization of chip soldering onto the ITO substrate was very difficult to 
implement it was discarded, at least as a method that could be managed 
autonomously. An additional inconvenience of this approach is that the electronics 
are dangerously close to the unshielded area of the device. 

Chip on flex technology was the most suitable solution. This technology 
eliminates the problem of high density connectors on the PCB. The glass-flex 
interface is the same as in the PCB. The interconnection between the driver 
connectors and the ITO tracks is done using anisotropic conducting adhesive (ACA) 
following the recommendations of the manufacturer. Chip on flex was the most 
feasible option, not only for its compact design, space compatibility and mechanical 
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stability but also the technology process was achievable in a manufacturing series 
and the chips were affordable. 

The three different approaches are shown in Figure V.6. Notice the relative 
size of the chips compared to the euro coin. The finished device with the proposed 
configuration as seen between crossed polarizers is shown in Figure V.7. 

V.1.3. Nanolithography 

A parallel project based on the ESA Beam Steering was carried out at CNM-IMB 
(Centro Nacional de Microelectrónica – Instituto de Microelectrónica de Barcelona) 
facilities. The idea was manufacturing a high resolution ESA Beam Steering device 
capable of steering wider angles, with an even higher resolution active area and 
reduced dimensions in the nanoscale range.  

The mask for nano-lithography is based on the ESA Beam Steering mask. The 
dimensions of the active area have been reduced and adapted to fit in the fan-out 
electrodes (Figure V.8). The active area is 0.5mm2, pixels are 1100nm wide and 
interpixels are 200nm. 

 Such small pixel size cannot be achieved by standard photolithography. Two 
methods were available at CNM: e-beam exposure and nanoimprint.  

 

Fig. V.6.- Approaches for external driving: a) chip on flex, b) chip on glass and c) PCB 
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While nanoimprint 
allows obtaining a high number 
of samples, its reproducibility 
was not enough precise for 
features smaller than 1µm. On 
the other side, e-beam exposure 
is a precise process, suitable for 
features in the nanometric range, 
although it can be very time 
consuming when dealing with 
large areas. The fan-out area is 
the same size as the ESA Beam 
Steering device, therefore too 
large for an e-beam process. It 
was decided to split the 
photolithographic process in 
two; the active area would be 
done by nano-lithography and 
the fan out by high resolution lithography  

A number of e-beam lithographical tests were done in 1.2mm ITO coated 
glass samples. The process is as follows: 

o PMMA photoresist spin coating - 1500rpm, 30s. 
o E-beam exposure – stitching and exposure tests 
o Developing – 30s soaking in commercial mixture and washing in 

isopropanol to stop developing process  

Figure V.9 shows the ITO strips after the e-beam exposure: sample observation is 
done exclusively to verify that the exposure was done correctly, as observation 
damages the sample. 

 

Fig. V.7.- ESA Beam Steerer seen between crossed 
polarizers 

Fig. V.8.- Mask design for nanolithography: 1200nm pixel and 200nm interpixel (different colors 
denote different pixel areas) 
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After both photolithography processes the unwanted ITO is removed by dry 
etching (RIE). Two reactive mixtures were tested for ITO etching: Ar and CH4 + He, 
which are typically used for SiO2 and other oxide layer processing at the CNM 
facilities. 

 

Fig. V.9.- E-beam exposure strips sample test seen by SEM. 

 

Fig. V.10.- ITO pixel and interpixel after RIE process (fan-out area in the image) as 
seen in SEM 
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This optimization process is still on-going. The last tests are being finalized 
at the time of writing this chapter. Preliminary test results of the photolithography 
have been observed by SEM (Figure V.10) and AFM (Figure V.11). 

V.1.4. Characterization and results 

The purpose of cell characterization is to evaluate the liquid crystal device behavior 
and degradation in space simulated environment circumstances. The cell 
characterization includes:  

 

Fig. V.12.- Laser setup for transmission measurements 

 

Fig. V.11.- Nanolithography test sample as observed by AFM (active area in the image) 
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o Creating a diffraction pattern when the laser beam passes through the liquid 
crystal cell,  

o Measuring the transmission change of the laser beam when modifying 
voltages applied the cell,  

o Measuring maximum achieved deflection angle  
o Measuring response times 

a. Cell characterization setup 

The setup for transmission measurements consists of a He-Ne laser with a 
maximum output peak of 5mW at 543nm, a polarizer and holder where the cell is 

placed, photodetector and waveform generator 
Stanford Research Systems DS345 (Figure V.12) 

Response time measurements were carried 
out in isothermal conditions in a Mettler FP900, 
containing a FP90 processor and heating platform 
FP82HT, where the cell is placed. The cell can be 
observed under a microscope Nikon Optiphot2-Pol 
between crossed polarizers and transmitted light is 
detected in a high sensitivity photomultiplier 
Hamamatsu HS783-01. The response is analyzed in 
a Tektronik TDS 714L digital oscilloscope, which is 
connected to the PC and driven by a LabView 
application. 

Liquid crystal orientation profiles may be 
imaged between crossed polarizers at ±45º (Figure 
V.13).  

b. Transmission measurements 

Cells were placed in the transmission measurement 
setup; applying a series of voltages, different 
diffraction patterns are observed, see Figure V.14.  

All transmission measurements were carried 
out when all cells were working as binary gratings; 
pixels switched on and off alternatively.  

The optimal working voltage can be 
determined with the transmission measurements 
when the 1st order reaches its maximum 
transmission. The transmission levels were 
measured for 0th, 1st and 2nd orders. When phase 
delay equals π, the 1st order shows maximum 
transmission and the 0th order vanishes. In Figure 
V.14 the cell is working in the optimal voltage: 0th 
order almost disappeared and beam power is 

 

Fig. V.14.- Binary diffraction 
pattern 

 

Fig. V.13.- Liquid crystal binary 
switching profile  
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deflected to the two 1st order, the relative intensities in the photo is misleading since 
the detector is oversaturated. 

Figure V.15 shows the transmission levels for 0th, 1st and 2nd orders when 
increasing the device voltage for one of the test cells. Transmission levels vary when 

 

Fig. V.16.- Transmission – Voltage measurements for 0th, 1st and 2nd orders 
with fringing  

 

Fig. V.15.- Transmission – Voltage measurements for 0th, 1st and 2nd orders  
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increasing voltage. 0th order decreases to its minimum while 1st order increases to its 
maximum. 2nd order remains approximately constant over the whole voltage range. 

In some devices 1st order transmission levels do not decrease when applying 
voltages higher than 6V. This is probably due to a fringing effect, (Figure V.16) as 
the ITO strips are very thin. Most likely that part of the liquid crystal between 
electrodes switches on, as it is affected by the surrounding applied field. 
Nonetheless, this effect is unimportant in this specific application, since the working 
voltages for all samples were in the range of 3.8±0.2V.  

The average optimal working voltages, 1st order efficiency and maximum 
deflection angle (for binary grating) are shown in Table V.1. 

 

Table V.1.- Optimal working voltages and 1st order efficiency measurements 
 

Optimal Voltage 
(V) 

1st order 
efficiency (%) 

Deflection 
angle 

3.8±0.2 28 2.17º 

c. Response time and deviation angle 

Response times were also measured, both rise and fall times for 0th and 1st 
orders at the optimal working voltage levels. 

Table V.2 shows the average 10-90% rise and fall times for the measured 
samples. Eight cells of the total manufactured were suitable for measuring. When 
cells work as binary gratings, maximum deviation angle for 1st order is 2.17º. 

 

Table V.2.- Average rise and fall times for 0th and 1st orders 
 

0th order 1st order 

trise (ms) tfall (ms) trise (ms) tfall (ms) 

6.25 6.46 7.40 6.00 

 

Although 0th order rise time should be the same value as 1st order fall time 
(and vice versa) some slight variations were found during the measurements. The 
reason is probably that measurements taken in 1st order correspond to 30% of the 
total diffraction power. 

V.1.5. Tests for space applications 

Six different destructive and non-destructive tests were executed on the ESA Beam 
Steering devices. The experiments were performed to study the devices behavior, 
their performance evolution when exposed to the environmental conditions 
expected by ESA during a space mission and the conformity within the ESA 
specifications. Destructive tests were performed by Alter Technology Group. 
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Eight samples were manufactured for the analysis: Six samples underwent 
six tests, one for each test, one sample underwent the six tests and one sample was 
kept off as a reference. All cells were characterized in a non-destructive analysis 
before the destructive tests. Non-destructive analysis consisted of a visual 
inspection of the samples: cell transparency in active area and an internal inspection 
under a microscope, placing the cells between crossed polarizers. Response times, 
and transmission levels were measured as well. The performed tests were as 
follows: 

o Non-operational thermal cycling test 
o Thermal vacuum test 
o Vibration test 
o Total ionizing dose radiation test 
o Displacement damage radiation test 
o Optical power damage test 

Samples were measured after each test on an optical test bench (Figure V.17) and 
compared to the reference sample and their previous performance. 

a. Non-operational thermal cycling test 

Non-operational thermal cycling tests consisted of a number of thermal cycles being 
applied to samples, see table V.3. 

Table. V.3. – Thermal cycle test steps 
 

  TMAX (ºC) TMIN (ºC) Dwell time (min) Rate (ºC/min) # of cycles 

Step 1 +80 -20 10 5 25 

Step 2 +80 -20 10 5 75 

Step 3 +80 -40 10 5 25 

 

Fig. V.17.- Optical bench for measuring samples after tests  
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The tested samples passed the thermal cycling tests, as no major deviations 
were found upon completion of the cycles. Both optical power diffraction efficiency 
and rise times did not show any variation. However fall times tended to increase 
slightly, about 8%, with additional thermal cycles  

b. Thermal vacuum test 

Thermal vacuum test was achieved in a custom thermal vacuum system, equipped 
with a vacuum chamber, a turbomolecular pump and a climatic chamber.  

Measuring devices behavior during the tests is performed with an optical 
system in the chamber: incident light enters the chamber through an optical fiber 
and refracted light is measured from a borosilicate glass viewport (Figure V.18). 

Response times were measured during the thermal cycles described in Table 
V.4. The tested cells showed slight increasing rise and fall times after thermal 
vacuum tests: 15% and 11% respectively. 

 

Table. V.4. – Thermal vacuum test steps 

 

  

 
TMAX 
(ºC) 

TMIN 
(ºC) 

Dwell time 
(min) 

Rate 
(ºC/min) 

Vacuum 
(mbar) 

# of 
cycles 

Step +50 +5 120 <20 <10-5 5 

 

Fig. V.18.- Optical bench for measuring samples after tests  
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c. Vibration test 

Vibration tests were performed in a LIND dynamic shaker and a rigid aluminum test 
plate, according to ESA specifications. Vibrations tests were performed in the 
samples in the three perpendicular axes; sine vibration from 5 to 10Hz, and random 
vibration from 20 to 2000Hz. All samples passed the vibration tests without changes 
in their optical power diffraction efficiency or response times. 

d. Total ionizing dose radiation test 

Radiation tests were the ones which raised more concern. Given that final prototype 
samples are made with organic components, liquid crystal and polyimide as 
alignment layer, they could be damaged when exposed to certain radiation levels. 

Total ionizing dose gamma radiation test was carried out in the Cobalt-60 
facilities of CIEMAT (Centro de Investigación Energética, Medioambiental y 
Tecnológica) in Madrid, Spain, following the steps described in Table V.5. 

All samples passed the total ionizing dose gamma radiation test up to a 
cumulative dose level of 140krad(SI). Samples did not show noticeable changes in 
their behavior. Both power diffraction energy and response times remained 
unchanged. 

Table. V.5. – Total ionizing dose radiation test steps 

 Dose (krad(SI)) Rate (rad(SI)/h) Exposure time (h) 

Step 1 10 550 18 

Step 2 40 550 73 

Step 3 90 550 163 

e. Displacement damage radiation test 

Displacement damage protons radiation test was performed according to ESA 
specifications detailed in Table V.6. 

 

Table. V.6. – Displacement damage radiation test steps 

 Cumulative fluence (p/cm2) Flux (p/cm2/s) Energy (MeV) Exposure time (s) 

Step 1 3x1010 2x108 60 150 

Step 2 1x1011 2x108 60 350 

Step 3 3x1011 2x108 60 1000 

 

Radiation session was performed at CRC (Centre de Recherches du 
Cyclotron) of Université Catholique de Louvain (UCL), located in Louvain-la-
Neuve, Belgium. All samples passed the displacement damage test up to a 
cumulative fluence level of 3×1011p/cm2, not showing any variations in both power 
diffraction efficiency and response times. 



EVA OTÓN MARTÍNEZ 

 

 108 

f. Optical power damage test 

Optical power damage test was performed applying a high power laser beam to the 
active area of the devices while working to test samples resistance to high power 
incident light beams. The laser is a Keopsys fiber laser KPS-BT-TYFA-1100-200-FA 
working at 1080nm with a maximum output power of 20W. The incident laser beam 
(2mm diameter) interacts with the liquid crystal modifying its behavior. Power 
diffraction efficiency of the 1st order was measured while increasing incident laser 
power with a Newport CCD beam profiler.  

First order optical power decreased when increasing the incident laser beam 
power in the active area. For power densities higher than 2000mW/mm2 in the 

active area (laser power set at 
7W), 1st order could be 
considered extinct (Figure 
V.19). 

The temperature of the active 
area was measured with a 
thermal camera. Temperature 
increased progressively when 
increasing laser power density 
on the samples, reaching 
liquid crystal clearing point 
109ºC at 2150mW/mm2 in the 
active area. At temperatures of 
180ºC and higher 
(2900mW/mm2) samples 
started to get damaged and 
eventually cracked (Figure 
V.20). 

All manufactured samples 
passed the destructive tests 
according to ESA 
specifications with negligible 
or null damage in the cell 
structure, liquid crystal or 
behavior. The ESA Beam 
Steering device proved to be 
an appropriate device for 
space applications; dealing 
with the environmental 
conditions, launching and 
landing during a space 
mission. 

 

Fig. V.19 – Measured 1st order optical power vs. power 
density in active area  

 

Fig. V.20. – Crack on the active area device  



BEAM STEERING DEVICES 

 

109 

V.2. EVA BEAM STEERING 

The EVA Beam Steering (Evenly Variable Analog Beam Steering) device is a 
graded index liquid crystal beam steering. The device consists of a cell made of 
patterned ITO-coated glass plates and filled with a high birefringence liquid crystal. 
The main difference between this device and the ESA Beam Steering is that this 
device is capable of steering a laser beam based on an analog 2D controllable 
reorientation of the liquid crystal director, i.e., two deflection angles in orthogonal 
directions can be chosen at will within a certain range. 

The EVA Beam Steering was developed as a side project of the ESA Beam 
Steering, starting with the same premises and available tools like masks, materials 
and instrumentation. But soon it became obvious that a new approach with an 
efficient design was needed. 

V.2.1. Design 

The first requirement for the device to work as a fully analog beam steerer is finding 
a method to apply a voltage gradient to the whole active area. A voltage gradient 
applied across the cell makes the liquid crystal molecular director to switch in a 
graded orientation profile. This orientation produces a graded analog refractive 
index profile. (Figure V.21). An important feature of the electrode design is that the 
voltage gradient, caused by a coupling of the current and the ITO resistivity, is 
generated outside the active area, thus preventing an ohmic heating of the liquid 
crystal. 

 

Fig. V.21.- EVA Beam Steerer design approach: a) a voltage gradient is applied on the 
electrodes, b) liquid crystal switches as an orientation gradient c) an 
analog refractive index profile is obtained 
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From the optical point of view this is equivalent to a prism: the prism slope 
can be modified by changing the applied gradient voltage. The gradient voltage is 
applied within the limits of threshold voltage and saturation voltage, where the 
actual liquid crystal director orientation occurs. Also, when possible, the device 
works in a voltage zone where the refractive index variation is approximately linear 
(see Chapter II). A laser beam impinging the device will be bent in a direction, 
depending on where the voltage gradient is applied. Increasing maximum and 
decreasing minimum applied voltage values will broaden the gradient, resulting in 
larger deviation angles.  

The work principle is as follows: when the voltage gradient is applied to the 
device, a liquid crystal molecule switching gradient is obtained, resulting in a 
refractive index gradient. An incoming wavefront ‘sees’ a spatial distribution of 
refractive indices. The wavefront bends towards the region with higher index and 
the beam is progressively deflected (Figure V.22). 

The mask of the EVA Beam Steering is a modification of the ESA Beam 
Steering mask. A high density pattern of transparent ITO electrodes is employed, 
having 7µm track width and 7µm interpixel in a 0.5×0.5cm2 active area. In this case 
electrodes are not interlaced but all connected to both sides of the plate. A high 
resolution photolithographic protocol was optimized to obtain the electrode pattern. 
The devices were filled with high birefringence liquid crystals to maximize the 
deflection angle. 

 

 

 

Fig. V.22.- EVA Beam Steerer work principle: Applying a voltage gradient, the liquid 
crystal switching gradient is obtained. 
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The first series of 
analog beam steering 
devices were manufact-
ured as devices having 
electrodes on one plate 
and a uniform backplane. 
These devices worked as 
analog 1D beam steerers. 
When a laser beam 
reached the device it got 
deflected in one dimension 
(Figure V.23.a). Once this 
device was working and 
steering, a different 
approach was attempted: 
using two electrode plates, 
mounted perpendicularly 
to each other, to conform 
one single device. This 
electrode/electrode config-
uration allows deflecting a 
laser beam in two 
orthogonal directions 
when applying a voltage 
gradient in either electrode plate. Moreover, combining two voltage gradients, 
diagonal deflections can be obtained, effectively making the device a 2D beam 
steerer (Figure V.23.b). 

The deflection angle obtained in a given cell varies slightly depending on the 
region shone by the beam. This is due to the non-linear response of the liquid crystal 
to the different voltage levels within the switching ramp. It was observed that the 
central region of the active area generated the largest deviation. A linear steering 
over the whole active area can be indeed achieved; this requires that the distance 
between contiguous electrodes is varied along the voltage gradient. 

V.2.2. Manufacturing 

The EVA Beam Steering device manufacturing protocol is very similar to the ESA 
Beam Steering, with a few modified steps. 

If a gradient voltage is applied on the external electrodes, each individual 
electrode in the active area has a different voltage, i.e. the device works as a stepped 
prism. This device needs a voltage gradient across the active area. To overcome this 
issue an additional step is performed during the manufacturing protocol: A new 
layer is added over the electrodes to smoothen the voltage drop between electrodes 
and interpixels, so the active area has a real voltage gradient, not a stepped voltage 
gradient.  

 

Fig. V.23.- Beam steering designs: a) 1D and b) 2D design 
obtained 
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The additional layer is PEDOT:PSS, [poly (3, 4-ethylenedioxythiophene) poly 
(styrenesulfonate)] is a polymer commonly used in organic light emitting diodes 
(OLEDs), where it works as a hole injector [89]. PEDOT:PSS has a high resistivity: in 
a layer of about 100nm thick resistivity is approximately 1k  Ω/ . The employed 
PEDOT layers were all less than 100nm thick and thicker than 50nm, (it was not 
possible to measure these layers thickness with the profilometer with higher 
precision).  

PEDOT is applied only in the active 
area as follows: 
o PEDOT deposition over the 

electrodes, spinning 30s at 
4500rpm.  

o Drying in hot stage at 110ºC, 
10min 

o Baking in hot stage at 120ºC, 
20min 

PEDOT layer induces a smoother 
voltage gradient over the electrodes 
so that diffraction is avoided. 

 An additional relevant feature 
of the device is its thickness. When 
the device is very thick is very high 
(≈100µm), the laser beam travels 
across a longer optical path: thus the 
thicker the device is, the wider the 
deflection angle becomes. However, 
response time and wavefront quality 
may be compromised in very thick 
devices. Device thicknesses varied 
from 14 to 150µm (Figure V.24). 

Manufacturing these devices 
turned out to be easier than the blaze 
gratings. The reason is not only 
because electrode separation is 
higher, but also the presence of short-
circuits between electrodes would not 
have the slightest effect on devices 
behavior. Therefore potential flaws in 
photolithography would not be an 
important factor. The drawback is 
that the deflection angle achieved 
with these devices is significantly 
smaller than the one obtained in blaze 
gratings. 

   
Fig. V.25.- EVA Beam Steerer interference 

pattern obtained when applying a 
diagonal voltage gradient 

 
Fig. V.24.-  Some of the EVA Beam Steerer 

manufactured devices: 14, 40 and 
150µm 
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 Two high birefringence liquid crystals have been tested: the already 
mentioned MDA-98 with ∆n=0.266 at 589nm and an experimental mixture, W1825, 
∆n=0.47 at 532nm (and ∆n=0.37 at 1064nm) developed at the Institute of Chemistry 
in the Military University of Technology, WAT (Wojskowa Akademia Techniczna) 
in Warsaw, Poland. Polyimide alignment layer for homogenous alignment was 
employed in both liquid crystals. 

V.2.3. Characterization and results 

a. Voltage ranges and interference patterns 

The first test to be performed on EVA Beam Steering devices was determining the 
voltage range where liquid crystal gradient is formed. 

When applying a gradient voltage to the device placed between crossed 
polarizers, an interference pattern becomes visible (Figure V.25). The interference 
pattern fringes correspond to consecutive delays of π, 2π, 3π… and can be 
modulated by changing the working voltage ranges for different wavelenghts. The 
closer the fringes are to each other, the steeper the ramp and thus wider the steered 
angle is.  

 

Fig. V.26.- Interference patterns obtained by combining different voltage gradients 
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Any desired interference 
pattern can be obtained by 
combining various voltage 
gradients; changing their 
working range and applied 
direction. The whole set of 
interference patterns in 2D is 
shown in Figure V.26. The 
central image corresponds to 
∆V=0. Interference pattern 
images in the middle section 
correspond to either vertical or 
horizontal single voltage 
gradients, only modifying the 
applied voltage in one or other 
direction. The rest of images are 
voltage gradient combinations to 
obtain the diagonal patterns. The 
pictured device is 33µm thick.  

The working voltage ranges were different for devices having different 
thicknesses. The interference pattern could not be observed with the naked eye on 
the thickest devices (>100µm), as the fringes are too thin and close to each other, so 
the voltage range test took place under the microscope. 

 b. Beam deflection 

The setup for measuring beam deflections consisted of a green He-Ne laser with a 
maximum output peak of 5mW at 543nm, and a calibrated grid placed at a given 
distance from the beam steering device. In the setup a polarizer is needed between 
laser output and beam steerer device, positioned in the same direction of rubbing, 
i.e. parallel to the director, (Figure V.27). The device is controlled by two waveform 
generators (Stanford Research Systems DS345) synchronized in a master/slave 
configuration and the wavefront is registered in a digital oscilloscope (Tektronik TDS 
714L). 

This simple setup was mainly used to establish maximum deflection areas in 
the devices active area and to measure deflection angles roughly in all directions. 
More precise deflection measurements took place in a different setup and will be 
explained in next section. 

Interference patterns obtained in an EVA Beam Steerer 40µm thick and their 
corresponding beam deflections can be observed in Figure V.28. The thickest 
devices (>100µm) tended to spoil the wavefront; consequently the laser spot showed 
a fair amount of scattered light.  

 
Fig. V.27.- Setup for measuring EVA beam steerer 

deflections. The 543 nm He-Ne laser is seen 
at the right, covered with a polarizer.  



BEAM STEERING DEVICES 

 

115 

c. Deflection measurements 

The setup employed for measuring beam deflections consisted of a green He-Ne 
laser with a maximum output peak of 5mW at 543nm, a polarizer and a scanning 
slit optical beam profiler (BP104-VIS, 400-1100nm, Ø10 µm-Ø4 mm Beam Thorlabs). 
The beam profiler analyzes of beam quality with high precision and the spatial 
power distribution, and measures both X and Y beam profiles simultaneously by 
means of a software.  

All measurements involving the high birefringence liquid crystal W1825 
were carried out in the Military University of Technology (WAT) in Warsaw, 
Poland. 

Laser beam deviations were measured in the working voltage range of all 
devices. Maximum deviation angles in X and Y axes as well as response times were 
determined. The spot deflection follows an approximately linear trend while 

 

Fig. V.28.- Interference patterns and deflected beam in a 40µm thick device 
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increasing the voltage 
gradient, as shown in 
Figure V.29. In this case the 
device and the target are so 
far apart that angle 
variations are small 
enough to be equivalent to 
spot position variations. 
Maximum deflection for 
this device was 0.7º (1.4º in 
the whole range).  

Figure V.30 shows 
the power distribution of 
the laser beam when 
applying voltage gradients: 

in the blue dotted plots, voltage gradient remains zero (∆V=0) in Y axis and is 
maximum (∆V=max) in X axis, so the beam is deviated only in the horizontal 
direction. In the other case, the green dotted plots, voltage gradient remains null in 
X axis and is maximum in Y axis; the beam is deviated only in the vertical direction. 
These plots correspond to a 40µm thick device. 

 
Fig. V.29.- Beam deviation vs. voltage for a 150 µm device  

   
 

Fig. V.30.- (Blue line plots) Beam deviation in the horizontal direction: beam profile 
for Y axis (up) and X axis (bottom).  (Green line plots) Beam deviation in 
the vertical direction: beam profile for Y axis (up) and X axis (bottom). 
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An approximation of the spatial power distribution of the wavefront in 2D 
was made employing the beam profiler sofware. Figure V.31 shows the beam profile 
when there is no applied voltage (left image) and when voltage gradient is 
maximum, (right image), thus deviation angle is maximum. The laser beam gets 
deviated in one direction and the beam power distribution is concentrated along the 
axis. 

Table V.7 shows a average data measured in a number of devices, for 
different thicknesses and different liquid crystals. Measurements included working 
voltage ranges and maximum deviation angles obtained in each case. 

 

Table. V.7. – Max. steered angle and working voltage for all the devices 

Response time measurements are not included for the EVA Beam Steering 
devices. Depending on the thickness they varied from about 10ms to 2s. 

d. Phase delay measurements 

Phase delay was measured for the 40µμm devices. Technique consisted in measuring 
trasmission changes when increasing voltage (Figure V.32). At low voltages there is 
a fast variation of transmission levels, thus a fast variation of phase delay. The 
voltage range where phase variation occurs faster is the most interesting one 
towards the device application, as the laser beam will reach wider angles. 

Liquid Crystal 
MDA-

98 
MDA-

98 
MDA-

98 
MDA-

98 
W1825 W1825 

Cell thickness (µm) 14 33 40 150 12 50 

Working voltage range 
(V) 

4-10 5-10 5.5-10 10-15 3.5-10 4-12 

Max. steered angle 
(whole range) 

0.15º 0.30º 0.45º 1.3º 0.10º 0.55º 

   
 

Fig. V.31.- Spatial power distribution of the beam profile in 2D. Voltage gradient is ∆V=0 
(left) and ∆V=max (right) 
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Phase delay variation was plotted in Figure V.33. The linear range in terms of phase 
response is limited. Maximum deflection angle can be achieved when selecting the 
maximum variation in voltage range, although to obtain a non-distorted spot the 
selected voltage range shall be as linear as possible, as seen in Chapter II. When only 
a part of the deviation is desired a smaller range of voltages can be applied. 

V.3. WAT BEAM STEERING 

The WAT Beam Steering (Wedged Analog Tunable Beam Steering) device is a 
graded index liquid crystal beam steering based on cholesteric liquid crystals and a 
wedged shaped configuration of the cell. When applying a voltage to the device the 
effective refractive index neff of the liquid crystal is changed differently due to the 
thickness variation, obtaining a refractive index gradient. [90][91][92][93]. 

The WAT Beam Steering was entirely designed and developed during an 
stay of the author at the Laboratory of Crystals Physics and Technology of the 
Military University of Technology (WAT) in Warsaw, Poland [94] 

 

Fig. V.32.- Transmission vs. voltage for a 40𝝁𝝁𝝁𝝁 cell 

 

Fig. V.33.- Phase delay vs. voltage for a 40𝝁𝝁𝝁𝝁 cell 
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V.3.1. Design 

Like the EVA Beam Steering device, the WAT Beam Steering device has a fairly 
simple design. It consists of a liquid crystal cell, assembled in a wedged shaped 
configuration, i.e. manufactured with variable thickness. (Figure V.34).  

 The cell is filled with a short pitch (0.4µm at room temperature) cholesteric 
liquid crystal mixture (1892E) developed at the Institute of Chemistry of the Military 
University of Technology, (WAT).  

When a low voltage is applied to the electrodes an optical birefringence is induced: 
 

 (where 𝜆𝜆 is the wavelength, K is the Kerr constant and E is the amplitude of the 
applied electric field).  

Due to the variation of thickness a switching gradient of the liquid crystal 
appears and consequently a gradient of refractive index is observed. The wedge cell 
is actually a prism which deflects a laser beam. When a voltage is applied the beam 
is deviated from this position. 

Short pitch cholesteric 
liquid crystal have several 
advantages over other liquid 
crystals: response times are very 
short (in the submillisecond 
range) and the optical response is 
polarization independent; 
consequently the final set up 
becomes simpler. Moreover, they 
do not need an alignment layer, 
so the number of manufacturing 
steps is reduced.  

V.3.2. Manufacturing 

To test the performance of the liquid crystal new mixture and the final beam 
steering effect several wedge devices were manufactured. The device consists of 
two ITO coated glass plates with prepared electrodes. They are assembled with a 
thickness gradient between the device plates. One side of the cell has the two 
substrates at direct contact, while in the other side substrates are separated by a 
50µm thick calibrated fiber to form the wedge. The cholesteric liquid crystal 
mixture, 1892E, has an extremely low viscosity and is doped with a ZLI chiral 
nematogen. By doping with a selected ZLI chiral dopant it is possible to induce a 
broad temperature cholesteric phase with a helical short pitch (about 300nm) at 
room temperature. The helical pitch induced by this compound is so small that for 
visible light the structure of the compound is optically isotropic with an effective 
refractive index being approximately 𝑛𝑛 =    𝑛𝑛 + 2𝑛𝑛 . Upon applying an electric 
field the liquid crystal molecules align with the field, which means that an 

 {V.1} 

 
Fig. V.34.- WAT Beam Steering design 

Δnind = λKE
2
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impinging beam parallel to the applied field will experience a smaller refractive 
index.  

A set of wedge cells were manufactured and filled with different mixtures of 
cholesteric liquid crystals. Two different liquid crystals were tested as well: 1892E 
and TEC100. Three different amounts of added dopant were also tested: 3.5%, 5%, 
and 7.5%. 

  The anisotropy reached by these liquid crystals is low (≈0.1); however the 
targeted deflection of 10 arcseconds, low enough for the selected cholesteric liquid 
crystals. 

V.3.3. Characterization and results 

a. Color shift patterns 

The performance for all samples was checked using a microscope: a colored profile 
becomes visible by placing the sample between crossed polarizers. There is a color 
variation due to the thickness gradient in the device. When applying voltage to the 
cells, the graded switching profile of the liquid crystal develops and a color shift can 
be observed (Figure V.35). 

The color shift corresponds to a change in the overall refractive index across 
the device. Due to the variation of electric field intensity a gradient of refractive 
index is induced. A laser beam reaching the cell is deviated towards the direction of 
the thickness gradient. 

One of the main problems of the already manufactured wedge cells is that 
they produce some aberrations in the incoming wavefront. The glass used for 
manufacturing cells was 0.7mm thick. This glass can be easily distorted under 
certain circumstances, so that the incoming wavefront will not find a perfectly flat 
but a curved surface, resulting in a distorted laser spot. 

 
 
Fig. V.35.- Wedge cell with 1892E+5%ZLI mixture as seen between crossed polarizers 

under microscope: color shift observed when applying voltage 
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Two possible solutions were proposed to correct this problem:  
o Changing the wavefront at the exit of the cell using a curved shaped prism 

to correct the wavefront distortion. Although the solution seems simple, it 
resulted to bear with some obstacles, as not all cells are built exactly the 
same. It would be too laborious and time consuming to find the right shape 
for each individual cell. 

o Increasing glass thickness to avoid deformation of glass and hence 
wavefront distortion during the device driving. This was the chosen 
solution, it is simpler and straightforward. A new set of thick wedge cells 
was manufactured: The chosen ITO coated glass thickness was 5mm (Figure 
V.36) 

  Working with 5mm thick 
glass substrates has some 
disadvantages; all devices and 
instruments in the clean room are 
optimized for thin glass, so all 
measurements and settings must 
be changed. Also, substrates are 
very heavy and could damage the 
instrumentation if no correct 
measures are taken. For example, a 
different adapter had to be used in 
the spin coater to ensure a tight 
vacuum. 

The new thick glass wedge 
cells were manufactured under the 
same conditions as the previous 
ones: using the same electrode 
design, same backplane design and 
maintaining the same wedge 
thickness variation of 0-50µm as 
well. Cells were then filled with 
1892E+5%ZLI. 

The performance of the thick glass wedge cells was checked under a microscope 
and between crossed polarizers. In outline, all cells showed an improved 
performance compared with the previous manufactured cells. Features that 
improved with the new wedge cells are: 

o The behavior of the liquid crystal is more homogeneous: the devices 
exhibited less irregularities upon switching  

o In thinner areas the devices showed less dispersion than in previous 
experiments. 

 
Fig. V.36.- Manufactured WAT Beam Steerer 

thick devices filled with 1892E+5%ZLI 
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b. Deflection measurements 

Deviation angles were 
measured for all 
devices. Spot deflection 
follows an approximate-
ly linear trend while 
increasing the voltage, 
as shown in Figure V.37. 
Maximum achieved 
deflection angle for 
these devices was 0.018º 
(64 arcsec).  

Beam deviation 
measurements were 
always performed using 
the beam profiler. When 
applying voltage, a 
deviation in the direction of the thickness gradient is observed. This effect allows 
driving the direction of the beam.  

The power distribution of the laser beam when applying voltage is shown in 
Figure V.38: only the relevant axis is shown. Left plot corresponds to zero applied 
voltage (∆V=0) in Y axis and right plot corresponds to maximum applied voltage 
(∆V=max); so the deviation of the power can be observed. These measurements 
correspond to a device filled with 1892E+5%ZLI and thick glass. 

Using the beam profiler software an approximation of the 2D spatial power 
distribution of the wavefront was obtained. Figure V.39 shows the beam profile 
when no voltage is applied (left image) and when voltage gradient is maximum, 
(right image), obtaining the maximum deviation angle. The laser beam gets 
deviated in one direction although a residual part of the light remains in the original 
position, most likely due to saturation effects. 

 
Fig. V.37.- Spot deviation vs. voltage in the WAT Beam 

Steerer device with 1892E+5%ZLI 

 

 
Fig. V.38.-  Spatial power distribution of the beam profile in the Y axis when ∆V=0 (left) 

and ∆V=max (right) 
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 c. Response time 

Response times were measured for the most relevant mixtures. The liquid crystal 
mixtures showing the best performance were chosen during the measurements in 
the laser setup. Four mixtures were selected for the response times measurements, 
based on their behavior in the beam deflection. 1892E+3.5%ZLI and 1892E+7.5%ZLI 
were discarded as the mixtures were very dispersive. Average rise and fall times are 
shown in Table V.8. 

Cholesteric liquid crystal mixtures employed for this application had very 
low response times. As previously mentioned, they are polarization independent, so 
no alignment layer is needed. The only drawback about this is that the liquid crystal 
is dispersive, and part of the total impinging light was lost by scattering (≈15-25%).  

 

Table. V.8. – Response times for the mixtures in the WAT Beam Steerer 

 1892E+5%ZLI TEC100+3.5%ZLI TEC100+5%ZLI TEC100+7.5%ZLI 

trise (µs) 110 240 90 95 

tfall (µs) 55 2500* 60 45 

*The samples manufactured with this liquid crystal mixture showed very slow relaxation times in some cases, 
probably due to degradation of the material. 

 

     
 
Fig. V.39.- Spatial power distribution of the beam profile in 2D. Applied voltage is 

∆V=0 (left) and ∆V=max (right) 
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number of liquid crystal based devices working as adaptive and 
programmable optical elements have been developed as a part of this 
work. Although the main aim of this work was the manufacturing and 

characterization of liquid crystal based beam steering devices, some other liquid 
crystal based devices have been developed as well. 

Among these, adaptive lenses and optical vortices are relevant from both, 
the scientific and the technological point of view. Indeed, these devices may be used 
in many practical applications such as optical tweezers, microlenses for cameras, 
particle trapping and optical communications [95][96][97]. The most relevant 
manufactured devices under the category ‘beam shaping devices’ are described in 
this chapter. 

 

A 
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VI.1. LIQUID CRYSTAL OPTICAL VORTICES 

VI.1.1. Spin and orbital angular momentum 

When describing a light beam, there are two forms of light rotation that are typically 
considered: the first is the dynamical rotation of the electric and magnetic fields 
around the propagation direction, and the second is related with the dynamical 
rotation of light rays around the main beam axis. These two rotations are associated 
with two forms of angular momentum, namely spin and orbital angular 
momentum.  

The orbital angular momentum (OAM) of a light beam is a component of 
angular momentum dependent on the field spatial distribution. It is independent of 
the state of polarization (SOP) and hence unrelated to the spin of individual photons 
[98]. OAM can be divided into internal and external OAM. The internal OAM is 
related to a helical or twisted wavefront (it is origin-independent). The external 
OAM is obtained as cross product of the light beam position (center of the beam) 
and its total linear momentum (it is origin-dependent).  

An example of OAM appears when a paraxial light beam is in a ‘helical 
mode’. Helical modes of the electromagnetic field are characterized by a wavefront 
that is shaped as a helix, with an optical vortex in the center, at the beam axis. 

The vortex can be defined with a number, called topological charge. The 
topological charge is related to the number of times the light twists in one 
wavelength. The number is always an integer, and can be positive or negative, 
depending on the direction of the twist. The higher the number of twists is, the 
faster the light spins around its axis. 

 

VI.1.2. Spiral phase plates and spiral diffractive lenses 

Optical vortices have received much attention in the last years [99] because of their 
applications in particle trapping [100], image processing [101], special phase 
contrast microscopy [102], and free-space communication [103]. To obtain a field 
vortex, a spiral phase profile has to be obtained. The spiral phase profile can be 
expressed as 𝑒𝑒𝑒𝑒𝑒𝑒(𝑗𝑗ℓ𝓁𝓁𝜃𝜃), where ℓ𝓁𝓁  is the topological charge and θ denotes the azimuth 
angle.  

 The easiest way to generate an optical vortex is by impinging a laser beam in 
an external spiral phase element like a computer generated hologram [104], or spiral 
phase plates (SPP) [105][106][107], which have an improved efficiency (Figure VI.1). 
The ideal SPP has a continuous surface thickness topology that imposes the desired 
azimuthal phase. Usually, SPPs need to be manufactured with multilevel quantized 
phase values, for example: multi-stage vapor deposition process [101] or direct 
electron-beam writing [108]. Generally high efficiencies can be obtained with these 
devices, however, the employed wavelength and the topological charge cannot be 
modified. 
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 SPPs can be implemented as liquid crystal spatial light modulators (SLMs) 
[109], [110]. These SPPs can be tuned, but they suffer from a limited light efficiency 
due to the SLM pixelated structure. Each pixel consists of an active region with 
areas transmitting or reflecting light, and surrounded by opaque areas (dead zones) 
that contain control electronics and wires. This kind of structure has a drawback: the 
fill factor (the fraction of the incident intensity that is transmitted or reflected) is 
given by pixel spacing, and the intensity obtained in the main diffraction order is 
proportional to the square of the fill factor [111]. Therefore, the interpixels would 
limit the device performance. In order to avoid these effects, liquid crystal cells with 
a special patterned ITO pie structure can be manufactured. The conversion of a 
Gaussian laser beam into a doughnut beam with efficiencies near 100% can be 
achieved with these cells [112].  

 When using liquid crystal cells stacked together larger topological charge 
numbers are achieved [113]. The generation of optical vortices up to ℓ𝓁𝓁  =8 can be 
achieved but the efficiency is reduced due to the stacking process.  

 There is a growing interest in developing efficient and programmable 
devices for the generation and manipulation of vortex beams [114][115].  

Two new liquid crystal devices have been developed and characterized for 
optical vortex generation: pie liquid crystal cells and spiral diffractive lenses. Such 
devices, manufactured with specific geometrical patterned electrodes, are able to 
generate optical vortices of different topological charge and work using different 
illumination wavelengths.  

Spiral diffractive lenses (SDL) have been proposed for astronomical 
applications to allow viewing of a dim stellar object in the region of a much brighter 
object [116]. They have been manufactured with liquid crystal pixelated displays 
[110]. However, liquid crystal devices with specific SDL electrode structures have 
not been reported before. 

A subject lately receiving attention is the generation of radially polarized 
beams [117]. Liquid crystal devices able to generate radially polarized beams have 
been manufactured [118][119]. In this work, liquid crystal SPP devices can be used 
as pseudo-radial beam generators, avoiding the efficiency losses due to the 
pixelated device employed in [119]. The word pseudo-radial comes from the fact 

 
Fig. VI.1.- Example of a spiral phase plate where a helical beam is generated. 
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that the generated beam is not a pure radially polarized beam, but it is accompanied 
with a spiral phase distribution. The pseudo-radial beam generation was achieved 
for different wavelengths by properly adjusting the voltage to different pie sectors 
of the liquid crystal cell and will be explained in next sections. 

VI.1.3. Theory of spiral phase plates and diffractive lenses 

The transmittance function of a conventional SPP can be represented as (in polar 
coordinates):  

 g(θ ) = e jθ  {VI.1} 

ℓ𝓁𝓁  is the number of 2π phase changes on the circle around the beam axis. 

 Figure VI.2 (a,b) illustrates how the transmittance function g(θ) is when ℓ𝓁𝓁  = 1 and 
ℓ𝓁𝓁  = 2. In general, due to the devices limited resolution, only quantized values of the 
phase modulation are produced, and multilevel SPPs must be considered. Figure 
VI.2 (c,d) shows the quantized values for ℓ𝓁𝓁  = 1 and ℓ𝓁𝓁  = 2 with different 12 levels, as 
considered in our device.  

The quantization of the phase distribution produces other harmonic terms 
that create collinear vortex beams with different topological charges [120]. 

The typical doughnut of light is generated from the vortex beam created by 
the SPP mask, (when focused with a physical positive lens). Figure VI.3(a). Besides, 
a SDL is generated by a phase-only mask defined as  

 Vf (r,θ ) = exp − j
π ⋅ r2
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where f denotes the focal length, and λ is the wavelength. Figure VI.2(e to g) 
illustrate the standard diffractive lens phases, a SPP with ℓ𝓁𝓁 = 4 and the resulting Vf 

 
Fig. VI.2.- Design of SPP and SDL devices. Continuous SPPs with a) = 1, and b) = 2 ; 

c) 12 level quantized SPP with = 1, and d) = 2; e) Diffractive lens; f) 
Continuous SPPs with = 4; g) Continuous SDL; h) Binary SDL. Gray levels 
denote phase values in the range (0,2 π), except in (h) where black and white 
denote phases 0 and π 
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phase combining (e) and (f) respectively. In Figure VI.2(h) the binary version of Vf 
can be seen.  

This part of the work was focused in manufacturing the latter binary SDL. 
The effect of binarization is that additional harmonic phase terms are generated. The 
binarized version can be expanded as a Fourier series as [120]  

 Vf (r,θ ) = cm exp − j
m ⋅π ⋅ r2

λ ⋅ f
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m=−∞
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∑ exp( jmθ )  {VI.3} 

where m is the integer numbers and cm the Fourier coefficients. For this type of 
binarization the relative intensities of each harmonic term are |cm|2 = 4/(mπ)2 for 
odd m and zero for even m. The most efficient terms are m=±1 and m=±3, with 
relative intensities of |c±1|2 = 40.5% and |c±3|2 = 4.5% respectively.  

In Figure VI.3 the focused vortex beams are represented in the optical setup. 
In Figure VI.3(a) a physical positive lens is placed with the SPP in order to focus the 
vortex beam at the lens back focal plane. Using the SDL improves the design as it 
substitutes both the SPP and the physical lens, Figure VI.3(b).  

The harmonic terms generated by the binary SDL produce focalizations of 
different vortex beams in different focal planes. The main focus is located at f1=f 
where the vortex beam with charge ℓ𝓁𝓁  is focused. Although the lens is binary, this 
focalization corresponds to a perfect continuous vortex beam. Other positive 
harmonic terms in {VI.3} produce shorter focal lengths (f/m) and higher vortex 
charges (𝑚𝑚ℓ𝓁𝓁). Negative harmonic terms produce diverging beams and negative 

 
Fig. VI.3.- Optical setups for the visualization of focused vortex beams: a) with the SPP, 

b) with SDL and c) using a positive lens and SDL to get positive and negative 
harmonic terms. Fm is the plane of focalization of the SDL harmonic order m. 
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vortex charges. The DC term (0th order) corresponds to a non-diffracted light beam 
with no vortex (ℓ𝓁𝓁 = 0). The negative and DC terms can be visualized by adding a 
positive physical lens with a short focal lens, as shown in Figure VI.3(c). 

VI.1.4. Design of a liquid crystal SPP and SDL 

The first step in the design of liquid crystal devices for optical vortex generation was 
the design of two masks for SPP and SDL respectively.  

The two different cell designs are: 

o Pie structure cell: capable of generating spiral phase plates (SPP). 

o Spiral diffractive lens (SDL): the phase resulting is a combination of a 
SPP and a Fresnel lens. It is focused at a focal distance defined by the 
Fresnel lens and has doughnut like shape. The doughnut size depends 
on the topological charge of the SPP. 

The mask design is shown in the previous section, Figure VI.2(c) and (h). In both 
cases every pixel is controlled independently to induce a different orientation of the 
liquid crystal. Applying different voltages on each electrode different phase delays 
can be obtained: phase delay can be increased consecutively, so that an SPP is 
generated. 

VI.1.5. Manufacturing 

Both type of cells, SPP and SDL, were manufactured with two patterned ITO coated 
substrates assembled in a sandwich like cell. One substrate is a 12 pixel structure 
pattern, with individual electrodes for external connection. The other substrate is a 
solid ITO squared substrate as backplane connected to ground.  

In this work, homeotropic aligned nematic liquid crystals with negative 
dielectric anisotropy have been used. Alignment was induced by spin-coated and 
rubbed polyimide SE-1211 (Nissan Chemical Industries, Ltd.), for homeotropic 
alignment. VAN liquid crystals were chosen for this specific application. Over the 
threshold, the liquid crystal director is reoriented by the electric field and 
continuous phase retardation takes place. This happens at lower voltages compared 
to other alignment configurations, thus leading to more stable phase values and 
faster switching times. 

The cells were filled with VAN liquid crystal MLC-7029 (Merck). Cells 
thickness was 6µm, enough to induce delay between the two orthogonal 
polarization states for visible wavelengths. The initial orientation of the liquid 
crystals is perpendicular to the substrates, with a small pre-tilt to allow the molecule 
switching along a predefined direction. Different voltage values are distributed in 
the 12 slices.  

The manufactured liquid crystal cells for SPP (Figure VI.4(a)) and SDL 
(Figure VI.4(b)) are shown in figure VI.4. Devices were placed in between crossed 
polarizers and different voltages were applied to each electrode, in order to 
visualize them. The diameter of each device is 2.5 cm.  
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The SPP device is actually similar to the device reported in [112], though the 
former has individual addressing of each pie-slice whereas the latter uses a single 
pair of contacts and a linear voltage distribution in the slices. In addition, cell 
homogeneity is not a critical factor as no voltage gradient is required. Applying the 
appropriate voltage levels to the electrodes is a critical factor: when the correct 
phase shift is achieved (for the selected wavelength) the vortex beams are induced.  

VI.1.6. Characterization 

The response of the liquid crystal cell was characterized for different voltages and 
wavelengths to obtain the phase delay of a wave-plate. The liquid crystal cells were 
measured between crossed polarizers.  

Monochromatic light was employed, using three different wavelengths from an Ar-
Kr laser (647nm, 568nm and 488nm). The transmitted light was measured as a 
function of the applied voltage for these three wavelengths, both with parallel and 
also with perpendicular polarizers. The liquid crystal cell is addressed with a square 
signal voltage with zero average and 1 kHz frequency. In Figure VI.5(a) the 
measured experimental data and the theoretical prediction after the numerical 
fitting of the liquid crystal delay for the three selected wavelengths is shown. These 
data follow the expected oscillatory behavior. The shortest wavelength shows the 
fastest variation, higher delay values are obtained. In Figure VI.5(b) the delay vs. 
voltage is obtained from the data in Figure VI.5(a). For 488nm, the delay is over 3.5π 
Vmax. The voltage range chose for this application is V=2-4V since the maximum 
delay variation is obtained in this range. The characterization has been performed in 
both SPP and SDL with similar results. 

VI.1.7. Vortex beam generation 

Vortex beams were obtained using both types of devices: SPP snd SDL. The cells 
were illuminated with the three selected wavelengths, the obtained diffraction 
pattern was observed. A positive lens was placed in the setup in order to be able to 

 
Fig. VI.4.- Manufactured devices: (a) Liquid crystal SPP and (b) Liquid crystal SDL 
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capture the diffraction patterns at each corresponding focal plane (see Figure VI.2(a) 
and (c)) respectively. Diffraction patterns were captured with a color CCD camera 
(Basler, model scA1390-17fc, 1392 1040 pixels), assembled on an adjustable stage. 
(Figure VI.6) 

a. Optical vortices generation with liquid crystal SPPs 

The generation of optical vortices was analyzed in the liquid crystal SPP devices 
using the pie shape distribution. In this case the pie shape is distributed according 
to twelve phase steps. For each wavelength, the twelve voltage levels were selected 
to produce twelve equidistant phase values between 0 and 2π across the incoming 
beam.  

Figure VI.7(a)–(c): In the upper images, the correct selection of voltage 
values have been applied to generate ℓ𝓁𝓁 = 1. The amount of transmitted light 
increases progressively on each pixel. The images correspond to the liquid crystal 
SPPs as seen between crossed polarizers. The images below correspond to the 

 
Fig. VI.5.- Characterization of the phase delay of the SPP cells at 488, 568 and 

647nm. a) Transmission vs. voltage and b) derived phase delay vs. 
voltage 
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focalization of the laser beam. The polarizers are now oriented parallel to the liquid 
crystal director, in order to operate in a phase-only modulation regime. The typical 
doughnut shape corresponding to the vortex beam is obtained. The scale of the 
doughnut pattern increases with wavelength, as expected.  

 

 
Fig. VI.7.- Experimental generation of the = 1  and = 2  vortex beams with the 

liquid crystal SPP device using three different wavelengths 

 
Fig. VI.6.- Scheme of the SDL setup and the different order vortices 
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The equivalent results to Figure VI.7(a)–(c) are shown in Figure VI.7(d)–(f). 
In this case voltages are readjusted to generate the ℓ𝓁𝓁 = 2 case. Two phase ramps are 
present in the pie distribution. In this instance a larger vortex charge is generated, 
and hence the corresponding doughnut focalizations show larger diameters 
compared to the ℓ𝓁𝓁 = 1 case.  

b. Generation of pseudo-radially polarized beams using the LC SPP 

The liquid crystal SPP devices can be used to generate a pseudo-radially polarized 
beam as well. For that purpose, we follow the idea presented in [119], where a 
liquid crystal wave-plate with variable delay is sandwiched between two quarter-
wave plates (QWP). This system acts as a polarization rotator, where the rotation 
angle (ξ) is equal to half the phase retardation (Ф) introduced by the liquid crystal 
wave-plate.  

A radially polarized beam can be generated by addressing the SPP device 
with ℓ𝓁𝓁 = 2 (i.e., Ф=2θ), with the phase origin at the vertical direction, and selecting 
the input linear polarization also in the vertical orientation. Then the polarization is 
rotated for every azimuth an angle, thus generating a (pseudo) radial polarization.  

 As mentioned before, the radial polarization is not perfect because there is 
an additional phase term as a consequence of the polarization system. This term 
could be pre-compensated with a second SPP located before the optical system in 
order to introduce an opposite spiral phase term. This phase term, however, is not 
noticeable when analyzing the state of polarization that is being created. Figure VI.8 
shows a sequence resulting from imaging the SPP device onto the CCD camera in 
the above configuration, and progressively rotating the orientation of the analyzer, 
which is located in front of the camera. As the analyzer rotates, the images clearly 
show two opposite dark sectors, where a linear polarization perpendicular to the 
analyzer axis is being created. The fact that these dark sectors are rotating as the 
analyzer is rotated, verifies the generation of the (pseudo) radial polarization beam 
[23]. 

 
Fig. VI.8.-  Experimental generation of the pseudo-radial polarization beams 
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c. Optical vortices generation with liquid crystals SDL 

Optical vortices were generated using the liquid crystal SDL devices as well. From 
Equation {VI.3}, different diffractive harmonic orders are generated by the 
diffractive lenses, corresponding to different topological charges (𝑚𝑚ℓ𝓁𝓁) and focal 
lengths (f / m). 

Given that several vortices are generated within a single beam, the optical 
system described in Figure VI.3(c) was used to visualize positive and negative 
orders. The set of applied voltages was adjusted to match the phase shift at the 
corresponding wavelength. Then the CCD camera was placed on the different 
planes where the vortex beams would focus. The experimental optical vortices are 
shown in Figure VI.8.  

As mentioned in previous sections phase binarization produces orders ±1 
and ±3 to be the most intense. The lens was set for ℓ𝓁𝓁 = 4 so focalization of orders 
m=±1 and m=±3 generate ℓ𝓁𝓁  =±4 and ℓ𝓁𝓁  =±12 vortex beams respectively, therefore the 
diameter of the doughnut focalization in m=±3 planes is larger (Figure VI.9). 

  Since the phase delay has been adjusted to be π radians, 0th order is absent, 
and the pattern on the focal plane of the physical positive lens is mainly the 
interference of the defocused two ±1 orders. It is also interesting to note that this 
SDL device, in addition to the encoded charge can be used to generate , simply by 
assigning the same voltage to adjacent pair of electrodes 

d. Polychromatic optical vortices generation 

As a side experiment, optical vortices were generated for polychromatic light as 
well. The series of voltage values were set for the green wavelength (as a mean 
value). 

 
Fig. VI.9.- Experimental generation of vortex beams: Focal planes with the SDL device for the 

three selected wavelengths for m= -3, -1, 0, +1 and +3 
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Optical vortices were generated for both SPP and SDL. In Figure VI.10 the 
resulting vortices are shown: in SDLs the resulting vortex has less spectral 
dispersion than for SPPs. 

 The two types of liquid crystal devices with specific patterned electrodes are 
able to generate produce vortex light beams. These optical elements have been 
already obtained using liquid crystal SLMs. The use of specific electrodes avoids the 
appearance of higher diffraction orders. Therefore the rectangular periodic structure 
of pixelated devices increases the diffraction efficiency and prevents from other 
spurious beams. Transmissive liquid crystal SLMs fill factors are about 35%. The 
manufactured liquid crystal SPP and SDL devices improve the diffraction efficiency 
about 500 times.  

VI.2. LIQUID CRYSTAL LENSES 

Besides the different beam steering types of devices, a liquid crystal lens device was 
also manufactured and studied. Liquid crystal lenses are a good choice when it 
comes to small, tunable devices. Their low weight and low-cost are interesting 
advantages over the traditional alternatives employing mechanical elements. 
 Liquid crystal technology appears to be absolutely dominant in the field of 

millimeter sized tunable lenses. However there are some other interesting 
technologies for manufacturing small sized lenses that are worth mentioning: 

 Electrowetting lenses are based on a technology that combines two immiscible 
liquids, one of which is conductive. The principle behind the electrowetting 
lenses is described in [121], and discussed in detail in [122].  
The principle behind electrowetting lenses is the electrostatic reshaping of a 
conductive (saline) solution in a chamber where it is mixed with a non-
conductive (aliphatic) solution. The chamber walls and top are coated with a 
hydrophobic surfactant: in relaxed state an almost hemispheric interface is 
created. Applying an electric field between the walls and the base produces a 
deformation in the liquid surface, creating a lens. A 3mm diameter lens can be 
obtained in 7ms and is tunable from −100 to +50 diopters. The main 
disadvantage is that high applied voltages are needed in this device (Vmax being 
around 300V). Furthermore the mean lifetime of these devices may not be 

 
Fig. VI.10.- Experimental generation of vortex beams for polychromatic light: a) selection of 

voltage values and b) vortex generation in SPP and c) vortex generation in SDL 
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adequate for some applications: degradation of the solutions occurs as a result 
of partial adsorption of liquid molecules on the cell walls. 

 Liquid lenses are based on the eyes found in nature; made of crystalline lenses 
that can be deformed by muscles to adjust their focal length. There are two 
approaches:  
The first approach consists of a polymeric membrane placed in the front part of 
a chamber [55] [123]. When the liquid in the chamber is exposed to a certain 
hydrostatic pressure a deformation is created in the membrane and the device 
becomes a lens. High diameter lenses with a large variation of focal adjustment 
can be obtained. Using other mixtures with different refractive indexes, 
different focal lengths can be obtained. Fresnel reflections are avoided by 
matching the liquid refractive index to that of the membrane. Drawbacks of 
these devices are: lens distortions are frequent, as the membrane profile more 
parabolic-shaped than spherical-shaped; besides, only positive lenses have been 
reported.  
The second approach [124] is a polymeric based micro-lens. The lens is placed 
in a micro-fluidic chamber is connected to a pump to modify the profile of the 
lens. The drawbacks of these devices are the same as the previous one. 

 Liquid crystal pixelated lenses: Pixelated or segmented lenses are based on an 
electrode matrix. The usual way to obtain a pixelated lens is using a spatial light 
modulator (SLM). The main difference with standard SLMs is that cell gap is 
higher since 2π phase delays need to be achieved. This leads to slow response 
times. For this reason reflective SLMs are preferred; currently most commercial 
options are reflective and manufactured over a silicon chip (LCOS).  A 
drawback of pixelization is that a non-smooth lens profile is obtained, resulting 
in light diffraction and/or scattering.  

 Liquid crystal based Fresnel lenses (phase wrapping) are a different approach 
to small sized lenses. Fresnel lenses are manufactured as circular blaze gratings 
[56]. To achieve a blaze structure and consequently better diffraction efficiency 
the device uses groups of four electrodes. These lenses yield very good 
diffraction efficiencies although the wavefront becomes distorted due to 
pixelization. 

 Liquid crystal 3D-electrode profile lenses are based on variable electrode-
liquid crystal layer distance; one of the electrodes is flat in direct contact with 
the liquid crystal. The other electrode is spherical [58] or parabolic shaped [54]. 
Positive and negative lenses can be manufactured. Diameter of the lenses is 
determined by the focal length, cell gap and material birefringence. Fabrication 
and driving are not too complicated processes, but once the lens is 
manufactured there is no possible control over the aberrations introduced by 
the liquid crystal profile. [125] 

 Liquid crystal dual voltage lenses: Thick dielectric liquid crystal lenses have a 
quite simple structure [126][127]. The cell consists of two substrates: one of the 
substrates includes a pattern of two concentric circles (two electrodes); the other 
is the ground electrode. When applying a voltage between the two patterned 
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electrodes, the electric field lines crosses the liquid crystal quasi-
perpendicularly (because of the large distance between the electrodes and the 
liquid crystal) and the field density is higher in the circle borders than in the 
center, creating the desired lens profile. The idea of thick dielectrics has been 
used in designing wave-front correctors, using the dielectric as a shield to 
minimize the pixelization effect of the device [128]. 

 Liquid crystal hole lenses are based on a hole-patterned structure, where  one 
of the substrates is a thin (≈0.2mm) glass coated with aluminum, with a hole-
patterned electrode. The size of the hole (and the size of the lens) is limited to 2 
or 3 times the cell gap, so the device is useful for micro-lenses [59]. The hole-
patt
the liquid crystal layer, which causes a non-uniform reorientation of the liquid 
director and thus the lens effect.  
A dual-frequency nematic liquid crystal is used: molecules are aligned at 45° 
approximately, with respect to the substrates by obliquely deposited SiOx. 

towards the homeotropic state or towards the homogenous state. This allows to 
control not only the absolute value of the focal length but also its sign. The 
disadvantage of these devices is that the spot diameter is very small (about 300 
µm), so they have limited applications. 

 Polymer dispersed liquid crystal lenses are based on gradient polymer 
network liquid crystal lenses [129]. A typical liquid crystal cell is filled with a 
nematic liquid crystal, mixed with a photocurable precursor of a polymer. The 
cell undergoes an UV insolation process under a shadow mask. The polymer 
tends to form a lattice with smaller holes in the highly UV exposed areas, where 
liquid crystal forms smaller droplets and larger holes in the areas with weaker 
UV exposure, which are filled with larger nanoscale droplets. When a uniform 
voltage is applied, the liquid crystal confined in large droplets switches at lower 
voltages than the liquid crystal confined in the small droplets. Using a uniform 
applied voltage it is possible to obtain the desired profile of a tunable lens; 
however adjusting the lens profile becomes a tricky process as it needs to be 
done during the UV insolation process. 

 Liquid crystal modal lenses: These lenses are usually the preferred option by 
research groups [57][58][130][131][132][133] and are the lenses studied in this 
work. The device is made of two ITO coated substrates, assembled in a 
sandwich like cell and filled with liquid crystal. In one (or both) substrates an 
electrode is obtained by photolithography. The electrode shape is an ITO-free 
circle in the substrate center. The ITO-free area is covered with a conductive 
polymer layer acting as high resistivity electrode. When a voltage is applied to 
the device a lens profile is created. Adjusting the frequency of the control 
signal, the lens profile can be adjusted. A quasi-spherical lens can be obtained 
for moderate focal distances (two times the minimal focal distance or higher). In 
any case, the aberrations are small for short focal distances. This setup has the 
disadvantage of a complicated calibration routine, in order to determine the 



BEAM SHAPING DEVICES 

 

139 

voltages and frequencies needed for a given focal length. However, once this is 
done the use of the lens is straightforward. 
One of the possible problems of these devices is the stability of the polymeric 
electrode and the repeatability of the conductivity values of the spin-coated 
layer. Several improvements of the basic structure have been previously 
reported by this group, including the substitution of the polymeric layer by a 
nickel thin film (behaving like a high resistivity electrode). 
Another version of these types of lenses is a lens made with a low resistivity 
ITO. The advantage of these lenses is that the same device is capable of acting 
as a positive or negative lens. High resistivity electrodes have been used for 
modal liquid crystal wave-front correctors as well to minimize the pixelization 
effects. 
As a rule, liquid crystal lenses work for one polarization only; hence any 
application would need two lenses, in order to focus non-linearly polarized 
light. The exception to this are polymer dispersed liquid crystals devices, but 
these devices need higher switching voltages (often exceeding 100V) than 
conventional devices, and only reduced phase delays are achieved. These issues 
make them less attractive for most applications.  

VI.2.1. Design of a modal liquid crystal lens 

The adaptive liquid crystal lenses developed in this work behave in a similar way as 
the previously described EVA Beam Steering devices (Chapter V.2) employing a 
different cell architecture. 

 
Fig. VI.11.- Liquid crystal lens design, a) a radial voltage gradient is applied on the 

electrodes, b) liquid crystal switches in a circular orientation gradient c) an 
analog refractive index lens profile is obtained 
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The work principle is as follows: applying a voltage in a concentric gradient 
to the device, the liquid crystal molecules reorient progressively in a circular 
configuration. From the optical point of view, a ‘circular prism’ –rather, a cone– is 
created, i.e. a liquid crystal lens. The phase profile emulates a spherical lens. The 
focal length can be modified from infinity to a certain minimum focal length by 
changing the applied voltage gradient. The actual value depends on the liquid 
crystal birefringence and lens diameter. 

The design is based on the configuration of a previous design described in 
[57]. The idea is to induce a radial shaped voltage gradient using a high resistivity 
layer in this area. The actual liquid crystal switching shape is non-parabolic, but 
modifying applied voltages and frequencies a quasi-parabolic phase profile can be 
achieved [134]. One of the advantages of this design the need of complex electrode 
patterns in the active area is avoided.  

 A scheme of the liquid crystal lens design and the molecule orientation is 
shown in Figure VI.11. Technically, this scheme is not completely correct (although 
more intuitive), as all molecules should be oriented towards the same direction 

 
Fig. VI.12.- Liquid crystal lens work principle: Applying a radial voltage gradient, the 

liquid crystal parabolic orientation gradient is obtained. 
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(corresponding to the usual antiparallel rubbing) when a voltage is applied. From 
the optical point of view the actual distribution is equivalent to this one. The liquid 
crystal molecules are completely switched on over the lens edge and a radial shaped 
orientation gradient is obtained.  

A scheme of the spherical liquid crystal lens is shown in Figure VI.12, 
clarifying the actual orientation of the liquid crystal molecules when a voltage 
gradient is applied. When the device is placed between crossed polarizers, radial 
uniform rings are seen. 

The focal length of the lens can be tuned by varying the applied voltage and 
frequency but it also depends on the effective lens diameter, the beam wavelength 
and the delay between the edge and center of the lens. It can be expressed as in 
equation {VI.4}.  

  {VI.4} 

 

The focal length of liquid crystal lens is proportional to the radius squared 
(determining the lens curvature) and inversely proportional to the birefringence and 
thickness of the lens. Substituting the liquid crystal birefringence, the diameter, and 
the cell thickness in equation {VI.4} the minimum theoretical focal length that can be 
achieved in any given liquid crystal lens device.  

 The laser and cell setup is shown in Figure VI.13; in this case of the 
manufactured lenses, the minimum theoretical focal length using ZLI-3449-100 is 
472mm for 5mm lenses and 169mm for 3mm lenses. 

F = r2

2Δnd

 
Fig. VI.13.- Liquid crystal lens work principle: Applying a radial voltage gradient, the 

liquid crystal lens is obtained. 
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VI.2.2. Manufacturing 

The device design is very simple; consisting of two ITO covered glass plates 
assembled in a sandwich like cell. The ITO coating is removed in one of the 
substrates (or both) in a circular shaped area by standard photolithography. The 
ITO-less circular area is then spin-coated with the high resistivity organic layer 
PEDOT:PSS (see V.2.2), being the inner circular area more resistive than the outer 
ITO area. 

Three different PEDOT:PSS mixtures, with different resistivity values, were 
tested. Once the most convenient organic conductive layer was chosen two different 
cell configurations were manufactured: single and double electrode, i.e. having just 
one hole-patterned electrode or two hole-patterned electrodes respectively. The lens 
diameter was set to 5mm. 

After the photolithographic process the layers deposited successively by spin 
coating are as follows: 

o PEDOT:PSS as high resistivity electrode (deposited on active area 
only)  

o SiO2 used as a barrier layer, to prevent direct contact between 
alignment layers and electrodes.  

o Nylon 6 as alignment layer. Nylon is deposited and rubbed in an 
antiparallel direction. 

The substrates are then assembled using a 50µm thick Mylar film as spacer (Mylar, 
Katco Ltd. UK). The liquid crystal chosen for this application is ZLI-3449-100 (Merck) 
Δn=0.1325. Finally, the cells are sealed and wired. 

 

VI.2.3. Characterization and results 

a. Setup 

Measurements of wavefront deformations have been carried out in a Hartmann-
Shack wavefront sensor (Optocraft GmbH, Germany). The Hartmann-Shack consists 
of a 72×59 microlens array (4.23mm focal length per lens), where a video sensor is 
placed. The microlenses are coated with an antireflective layer. The video sensor 
works in the 450-700nm the wavelength range (accuracy of λ/10). Light is collected 
on an array of 1600×1200 square pixels of 7.4×7.4µm2. 

The device provides a direct measurement of the liquid crystal focal length 
and the type and magnitude of the lens aberrations. Data are collected and 
presented almost in real time, thus becoming a powerful tool for lens reshaping 
with voltage and frequency variations.  

 Correction and reconstruction of the output wavefront is achieved by using 
the Zernike polynomials and their dependence on the coordinates of the deviated 
points [135]. Each Zernike polynomial term corresponds to a specific aberration, 
such as the lens defocusing, spherical aberration, coma aberration, etc. In this case, 



BEAM SHAPING DEVICES 

 

143 

the radial terms are the most interesting Zernike polynomials, due to their direct 
influence on defocus and spherical aberration. Non-radial aberrations may arise 
from manufacturing imperfections that are less relevant within the scope of this 
work.  

The experimental characterization setup (Figure VI.14) consists of a 
collimated light beam (He-Ne laser, λ=532nm), two polarizers (working as 
attenuator and polarization fixer respectively) and the Hartmann-Shack wavefront 
sensor. The liquid crystal lens is placed between the second polarizer and the 
Hartmann-Shack sensor. An opaque mask is placed over the whole device except 
for the active area. All measurements are controlled by the Hartmann-Shack 
software [136]. 

b. Lenses interference patterns 

The device is placed between crossed polarizers. When the voltage gradient is 
increased a set of rings appear, from the edge towards the center of the cell active 
area. In Figure VI.15 the sequence of the lens formation evolution is shown in a 
5mm diameter single electrode lens. The delay between rings is 2π. At higher 
voltages a large number of rings can be observed. The higher the number of rings is 
(and the closer they are) the higher the lens power is. A perfect aberration-free lens 
needs an almost uniform ring distribution from the edge to the center.  

 
Fig. VI.14.- Setup for liquid crystal lenses analysis 
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All liquid crystal lenses were manufactured with a positive dielectric 
anisotropic liquid crystal. The resulting liquid crystal lens is a convergent lens. 
Using the same structure a negative dielectric anisotropy (VAN) liquid crystals 
would result in a divergent lens.  

c. Lens profile measurements 

After selecting the most convenient conductive polymer, three different series of 
devices were manufactured. The cell thickness was kept constant at 50µm, a rather 
large value in order to achieve high lens powers. Two diameters, 3mm and 5mm, 
were tested in the first two series. The third series was a double electrode 
configuration, i.e. a 5mm diameter hole-patterned electrode on both substrates. All 
devices were optimized in terms of voltage amplitude and frequency. Some 
variation between samples was found, so every sample was actually calibrated for 
any measurement. All lenses were measured in the Hartmann-Shack wavefront 
sensor setup. 

 
Fig. VI.15.- Interference radial patterns obtained when increasing applied voltage gradient 

in a single electrode lens 
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The minimum focal length of single electrode liquid crystal lenses was 
reached adjusting voltage amplitudes and frequencies to (approximately): V=25V 
and f =18kHz. The minimum theoretical focal length is Fth=472mm and the found 
experimental value is Fexp=342mm. This reduction of the focal length is due to the 
applied voltage reaching saturation voltage at the lens edge, squeezing the rings 
towards the center of the lens, and effectively reducing the actual lens diameter. The 
diameter change can be seen in Figure VI.15: the lens diameter is higher at lower 
voltages and becomes smaller at higher voltages.  

Double electrode lens devices showed a similar behavior as single electrode 
lenses although an improved lens profile was obtained. However the curvature of 
the refractive index profile varies as the transmission line is generated over two 
resistive conductors, leading to a faster voltage drop-off. The optimum voltage 
amplitude and frequency are V=40V and f=20kHz. The experimental focal length is 
Fexp=238mm, the theoretical value being Fth=472mm (same as above). The shorter 
experimental focal length indicates that the diameter shrinking is more pronounced 
than in the previous case. If voltage is increased above a certain value, the diameter 
shrinking effect is predominant and causes a significant decrease of the effective 
lens radius. The measured effective radius for the abovementioned voltage and 
frequency is r=1.75mm. The predicted focal length for such radius corresponds to 
F=231mm, in excellent agreement with experimental focal length Fexp=238mm. 

Figure VI.16 shows the evolution of optical power (in diopters) with voltage 
for one of the tested series. Both, single and double electrode devices behave 

 

Fig. VI.16.- Liquid crystal lens wavefront profiles obtained from the Hartmann-Shack sensor. The 
focal lengths from left to right and top to bottom are: ∞, 1100, 480, 420, 390, 350, 310, 
290, 280 mm respectively. 



EVA OTÓN MARTÍNEZ 

 

 146 

similarly up to 8V where they reach the theoretical value for the full diameter lens. 
Above this value, the optical power of double electrodes lenses increases faster than 
single electrodes lenses as the diameter shrinkage in the double electrode lenses 
appears to be faster than in the single electrode lenses. The example shows a plateau 
in the central area, giving an oblate shape of the lens. This issue may be corrected, or 
at least alleviated, by reshaping the lens by varying frequency, generating good 
spherical lens profiles. 

In summary, a preliminary study or proof of concept of liquid crystal lenses 
manufactured with conductive polymers has been achieved. The results are 
comparable to other published approaches [137]. The major highlights from this 
study can be summarized in two parts: liquid crystal lenses with organic electrodes 
have been manufactured and successfully tested, and decreasing the effective 
diameter of the lens could significantly reduce focal lengths. A reduction of the lens 
diameter and very short focal lengths can be very useful in some applications, like 
in small integrated cameras. 
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VII.1. FUNDAMENTAL RESULTS OF THIS WORK 

This PhD work is focused on phase devices with special emphasis on their design 
and manufacturing. In the course of the Thesis a number of new manufacturing 
technologies have been implemented in the UPM clean room facilities, leading to an 
important improvement in the range of devices attainable in the laboratory. A 
number of novel phase devices have been developed; all of them feature novel 
kinds of electrodes, and/or alignment layers.  

1. The introduction of RIE techniques for the generation of high resolution ITO 
photolithography at the premises has been achieved for the first time. A 
number of working devices have been obtained with this technology. 

2. The use of electron-beam gun for the deposition of thin layer alignment layers 
has been demonstrated. The e-gun is more flexible than thermal evaporation, 
allowing a higher number of materials for aligning surfaces, metallization and 
barrier layers. 
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3. The introduction of high resolution ACA for the interconnection between the 
liquid crystal devices and an external chip-on-flex drives has been achieved. 
This opens the possibility of independently driving a high density of pixels. 

4. A thorough comparative study of non-stoichiometric silicon oxide (SiOx) and 
silica (SiO2) inorganic alignment layers has been carried out. A relationship 
between surface layer deposition, layer morphology and electrooptical response 
has been established. 

5. An analysis on the conditions to develop backflow effect on VAN cells has been 
performed. A technique to prevent backflow arising in pure homeotropic cells 
has been identified. The pretilt required to fully eliminate the backflow effect 
has been measured. 

6. A full protocol of manufacturing programmable blaze gratings has been 
elaborated. The protocol procedures have been validated in space simulating 
environments. 

7. The characterization of programmable blaze gratings included gamma and 
proton irradiation, vibration tests and thermal cycles. The conclusion is that 
these blaze gratings can be employed in space applications. 

8. A 2D beam steering called Evenly Variable Analog Beam Steering device has 
been demonstrated. The device may drive vertical and horizontal deviations, 
thus reaching any point within the plane. 

9. A 1D beam steering called Wedged Analog Tunable Beam Steering, based on 
cholesteric liquid crystals, has been demonstrated. The device is polarization-
independent and remarkably fast (submillisecond working range). 

10. A number of liquid crystal based modal lenses have been designed, 
manufactures and characterized. Deviations of the wavefront were measured in 
a Hartmann-Shack wavefront sensor setup and tabulated with Zernike 
polynomials. Focal power up to 4 diopters in 5mm diameter lenses has been 
achieved. 

11. The possibility of creating radially polarized light in liquid crystal optical 
vortices has been demonstrated. Vortices of different topological charge (hence 
giving diffractive doughnut-shape images with different diameter) have been 
obtained varying just the applied voltage. 

12. Vortices have been demonstrated at several wavelengths. These devices may be 
applied to optical micromanipulation such as optical tweezers. 
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VII.2. FUTURE LINES 

The presented work leaves a number of untied knots to be resolved in the near 
future.  

 The micrometer size laser engraver recently installed in the UPM clean 
room, offers the possibility of repeating the original ESA beam steerer design 
with a very high fill factor. It is obvious that this design has to be fully 
implemented and characterized as a 1D spatial modulator, with the aim of 
proposing this device for the issuing of a new ESA invitation-to-tender. 

 The developed nano-lithographic electrodes ought to be mounted in a liquid 
crystal cell and fully characterized, possibly complementing the above ESA-
ITT. 

 The non-regular voltage distribution predicted in the modeling of Chapter II 
should be implemented in actual EVA beam-steering devices, so that a linear 
phase gradient would be obtained. This procedure should improve 
remarkably the laser beam wavefront profile. 

 The EVA-beam steerer must be characterized in AC fields at different 
frequencies, like in the modal lenses. This is a new degree of freedom that 
allows a more precise control over the shape of the LC refractive index 
profile. Varying frequency would permit to employ a larger voltage range 
and thus a larger phase difference leading to a wider steering angle. 

 The WAT device deserves a much more thorough study. Indeed the 
experiments shown in this work should be taken just as a proof of concept. 
The Kerr-effect-induced deviation of the WAT device displays a number of 
potential advantages, including polarization-independent switching in 
submillisecond regime. 

 The use of the WAT beam steerer materials in the EVA beam steerers would 
lead to new structures, potentially employing AC fields at different 
frequencies.  

 A full research line may arise from the creation of integrated devices 
combining vortices and lenses. Applications such as optical tweezers, 
guiding and docking may be relevant from the scientific and commercial 
point of view.  
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