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Abstract

In this thesis the concept, modelling, design, fabrication process and characterization of novel
optical modulators are presented. The devices consist of flaps exhibiting a large tilt with
electrostatic actuation at low voltages. The applications comprise, but are not limited to, a
monochromatic reflective display, a transmissive shutter array and switchable diffraction-
gratings.

Nowadays the LCD-technology for reflective displays which is the most widely used technol-
ogy exhibits a low contrast and reflectivity. Different technologies have been developed or
commercialised, but still do not reach the quality of printed paper. It is demonstrated that
the technology developed in this thesis is very competitive. If it is applied as reflective display
it could reach an overall reflectivity of 45% in the white state, a contrast ratio of 50, a 100dpi
resolution, a fast switching time of 0.5ms and an actuation voltage below 40V; leading to low
power consumption. When the device is employed as a transmissive shutter array a 40%
fill-factor of the modulated area is obtained.

The modulators consist of flaps with 250um width and 50um height. Theyh are in vertical
position at rest and in particular after fabrication. The flaps in array-configuration are sus-
pended by a torsion beam and are electrostatically tilted to almost horizontal position. For
applications as a reflective display, light gets absorbed on an underlying black-layer as the
flaps are in vertical rest state, giving a black pixel. At tilted position incoming irradiation is
reflected and the pixel is perceived as white. In the application as transmissive shutter array
light passes through as the flaps are in rest-state and light is blocked in the actuated-state.

A model of the device is presented which permits us to properly design the dimensions,
knowing the scaling laws.

A novel bulk microfabrication process was developed that employs micro-moulding for ob-
taining flaps and torsion beams made out of poly-silicon. Thin high aspect-ratio trenches are
refilled by poly-silicon followed by dry etching of the surrounding material. With this process
a large variety of flap shapes are fabricated, such as a wave-, lens- , comb- and grid-form.
For electromechanical and optical characterization special setups and methodologies were
conceived. Typically 60° tilt angles for 60V actuation voltages were measured. Depending on
the geometry there was a hysteresis in the actuation trajectory and some flaps exhibited tilt
angles close to 90 °. The actuation voltage ranged from 35 to 85V. The resonance frequency
was at 700Hz in the rest state and at 2.3kHz in the actuated state. The poly-silicon flap surface
had a reflectivity of 37% and an absorbance of 85 to 96%, depending on the wavelength. When
the configuration was used as a reflective display a maximal contras ratio of 145, with typical
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values between 30 and 40, was measured on the active modulation area.

The use of a blazed-grating shaped flap as switchable diffraction-grating was also demon-
strated.

Besides the concept of vertical flaps, a study is presented for the design of surface microma-

chined horizontal flaps actuated electrostatically to vertical position towards a transparent
electrode.

Keywords: optical modulator, microfabrication, large tilt angle, micromirror, low voltage
electrostatic actuation, reflective display, shutter array, high contrast ratio

iv



Zusammenfassung

In dieser Thesis werden das Konzept, die Modellierung, der Aufbau, der Fabrikationsprozess
und die Charakterisierung von neuartigen optischen Modulatoren vorgestellt. Die Anordnung
besteht aus Drehklappen die mit tiefen Betdtigungsspannungen elektrostatisch eine grosse
Winkelauslenkung erreichen. Die Anwendungen umfassen unter anderem monochromatische
Reflektionsdisplays, transmissive Shuttermatrizen und schaltbare Beugungsgitter.

Die heutzutage grosstenteils genutzte LCD-Technologie fiir Reflektionsdisplays bietet ein Grau-
in-Grau-Bild mit schlechtem Kontrastverhéltnis und Reflektionsgrad. Verschiedene andere in
der Literatur erwdhnte Technologien sind in der Entwicklungs- oder Kommerzialisierungspha-
se, erreichen aber noch nicht die Qualitdt von gedrucktem Papier. Es kann gezeigt werden, dass
die in dieser Thesis entwickelte Technologie sehr konkurrenzfdhig ist. In der Anwendung als
Reflektionsdisplay hat sie das Potential eines Reflektionsgrads im Weisszustand von 45%, eines
Kontrastverhéltnisses von 50, einer Auflésung von 100dpi und schnellen Umschaltzeiten von
0.5ms. Mit einer Betdtigungsspannung unter 40V wird zudem ein tiefer Leistungsverbrauch
erreicht. In der Anwendung als transmissive Shuttermatrix wird ein Fiillungsgrad der aktiv
modulierenden Fldche von 40% erzielt.

Die Modulatoren bestehen aus einer Matrix von 250um breiten und 50um hohen Klappen, die
von Torsionsbalken getragen werden. Die Klappen sind im Ruhezustand und direkt nach der
Herstellung in vertikaler Lage. Elektrostatisch kénnen sie in beinahe horizontale Lage gebracht
werden. In der Anwendung als Reflektionsdisplay wird eingehendes Licht in vertikaler Lage der
Klappen in einer darunterliegenden Schicht absorbiert, so dass man ein schwarzes Pixel erhilt.
In horizontaler Lage der Klappe wird das Licht reflektiert und das Pixel als Weiss wahrgenom-
men. In der Anwendung als tranmissive Shuttermatrix wird das Licht in der Ruheposition
ungehindert durchgelassen und in der gekippten Lage blockiert.

Ein Model wird vorgestellt mit welchem die richtigen Dimensionen ausgelegt werden kénnen.
Ein neuartiger Mikrofabrikationsprozess wurde entwickelt, der auf Mikroabformung der
Polysilizium-Klappen und Drehbalken basiert. Diinne Rinnen von hohem Aspektverhéltnis
werden mit Polysilizium aufgefiillt. Nachfolgend wird in einem Trockenétzverfahren das umlie-
gende Material entfernt. Mit diesem Prozess konnen eine grosse Vielfalt von Klappenprofielen
fabriziert werden, wie Wellen-, Linsen-, Kamm-, Rastergitter- oder Beugungsgitterformen.
Fiir die elektromechanische und optische Charakterisierung wurden spezielle Aufbauten
und Messmethoden konzipiert. Typische Neigungswinkel von 60° wurden fiir einen Betiti-
gungsspannung von 60V gemessen. Je nach Konfiguration erhielt man eine Hysteresis der
Betédtigungskurve, Betdtigungsspannungen von 35 bis 85V und Neigungswinkel von fast 90°.
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Die Resonanzfrequenz lag im Ruhezustand bei 700Hz und im betdtigten Zustand bei 2.3kHz.
Die Polysiliziumklappen hatten einen Reflektionsgrad von 37% und einen Absorptionsgrad
von 85 bis 95%, abhédngig von der Wellenldnge. In der Konfiguration als Reflektionsdisplay wur-
de auf der aktiven modulierenden Fldche ein maximales Kontrastverhéltnis von 145 gemessen
mit typischen Werten zwischen 30 und 40.

Es wurde zudem der Einsatz eines Blazegitters als schaltbares Beugungsgitter gezeigt.
Neben dem Konzept der vertikalen Klappen wird eine Studie von Klappen prisentiert, die
im Ruhezustand horizontal sind und gegen eine transparente Elektrode elektrostatisch in
vertikale Position betédtigt werden.

Stichworter: optische Modulatoren, Mikrofabrikation, grosse Neigugswinkel, Mikrospiegel,
Elektrostatik, tiefe Betdtigungspannungen, Reflektionsdisplay, Shuttermatrize, hohes Kon-
trastverhiltnis



Résumé

Dans cette thése, le concept, la modélisation, la conception, la fabrication et la caractérisation
de nouveaux modulateurs optiques sont présentés. Le dispositif est constitué de volets pivo-
tants qui atteignent des grands angles d’inclinaison par actionnement électrostatique a bas
voltage. Les applications comprennent, entre autres, un affichage réflectif monochromatique,
des matrices d’obturateurs transmissifs, et des réseaux de diffraction commutables.
Aujourd’hui, la technologie LCD la plus largement utilisée pour les systemes d’affichage réflec-
tifs présente une image grise-grise avec un bas rapport de contraste et une basse réflectivité.
D’aprés une revue de littérature, les technologies en phase de développement ou de com-
mercialisation n’atteignent pas le contraste du papier imprimé. La technologie développée
au sein de cette these est trés compétitive. Comme affichage réflectif elle peut atteindre une
réflectivité dans I'état blanc de 45%, avec un rapport de contraste de 50, un temps de commu-
tation de 0.5ms et une résolution de 100 dpi. De plus, sa consommation énergétique est faible
grace a sa tension d’actionnement inférieure a 40V. Sous la forme de matrice d’obturateur
transmissif un taux de remplissage de la surface modulée de 40% peut étre obtenu.

Les modulateurs sont formés d'une matrice de volets ayant une largeur de 250um et une
hauteur de 50um suspendus par des barres de torsion. Apres fabrication, c’est-a-dire dans la
position de repos, les volets sont en position verticale. Par I'application d'une force électrosta-
tique les volets peuvent atteindre une position horizontale. En mode d’affichage réflectif, la
lumiere arrivant sur un volet en position vertical est absorbée dans une couche sous-jacente,
de maniere a obtenir un pixel noir. Lorsque le volet est en position horizontale, la lumiére est
réfléchie produisant un pixel blanc. En mode d’obturateurs transmissifs, la lumiére traverse
librement la matrice lorsque le volet est en position verticale et est bloquée lorsque le volet est
en position horizontale.

Le dimensionnement du systéme a été accompli a I’aide d'un modele basé sur les lois d’échelle
et spécialement concu pour ce dispositif.

Un nouveau procédé de fabrication basé sur le micro-moulage des volets et des barres de
torsions en poly-silicium a été développé. Des tranchées ayant un rapport d’aspect élevé ont
été remplies de poly-silicium, puis le matériel les entourant a été enlevé par gravure seche.
Ce procédé a permis de fabriquer des volets ayant une grande variété de profils, tels que des
formes d’ondes, de lentille, de peigne ainsi qu'un réseau de diffraction commutable.

Selon le design une tension d’actuation variant de 35 a 85V a pu étre mesurée, de plus pour
certaines configurations un angle d’inclinaison de 90° a été atteint et une courbe d’hystérese a
été observée. La fréquence de résonance du volet a I’état de repos était a 700Hz et & 2.3kHz a

vii



I'état actionné. La caractérisation optique, a permis de mesurer pour les volets une réflectivité
de 37% et un degré d’absorption de 85 a 95% selon la longueur d’onde. En affichage réflectif,
un contraste maximum de 145 et un contraste moyen de 30 a 40 ont été obtenus pour la
surface de modulation active.

En plus des volets verticaux, une étude sur des volets en position horizontale au repos et
actionnés par une force électrostatique générée par une électrode transparente est présentée.

Mots clés : modulateurs optiques, microfabrication, grand déplacement angulaire, micro-

mirror, actionnement électrostatique a basse tension, affichage réflectif, matrice d’obturateurs,
rapport de contraste haut
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|§ Introduction

Paper is the most versatile medium for transfer of information. It has low weight, is pliable,
consumes no power and gives a good image quality at all illumination conditions. White paper
exhibits a reflectance of 80% and contrast ratio of 15 (with a good laser-printer). Unfortunately
it lacks the ability of changing the image or text displayed. On the other hand we have
electronic display systems which are able to show moving images. The nowadays most widely
used LCD-technology has only a good image quality with back-illumination, which accounts
for more than 60% of the power consumption [1]. In addition we have a poor readability at
bright sun-light, where we get the best images with a printed paper.

Different new technologies are being developed for obtaining an electronic paper-like display
having high reflectivity and contrast and being able to show moving images at low power
consumption. This thesis investigates an approach based on micro- electro mechanical
systems (MEMS). Novel microfabricated optical modulators are developed for this purpose.
The modulators are based on arrays of flaps tilting by an angle close to 90° from horizontal
to vertical position. Light is reflected back up and blocked from transmission as the flap
is perpendicular to its direction of propagation. As the flap is parallel to the direction of
propagation the light is not obstructed and passes through the modulator. A schematic is
shown in figure 1.1.

In the field of optical MEMS a large variety of modulators have been reported. Electrostatic
actuation is frequently used. It has a low power consumption, since it does not involve large
electric currents. Close to 90° tilting flaps have only been presented by a few groups [2-6]. But,
all devices require rather large actuation voltage above 100V or have large dimensions.

This thesis will aim to:
* Develop electrostatic optical modulators based on tilting flaps operating at low actuation
voltages.

* Implement the optical modulators in the application of a reflective display exhibiting
better performance than nowadays available technologies.



Chapter 1. Introduction

Figure 1.1: Schematic of optical modulator. On the left the flaps block incoming light or reflect
it back up since they are in perpendicular position. On the right side the flaps are parallel to the
optical light path and light passes through.

* Explore the devices ability to be used also in other applications such as a transmissive
shutter array.

* Develop a novel fabrication process for the optical modulators and investigate its possi-
bilities and limits.

The thesis will first give in chapter 2 an overview of reflective display technologies reported in
literature. It will also look at the different reported microfabricated shutters exhibiting large tilt.
After the introduction to some fundamentals, chapter 3 will present the concept of the tilting
flaps optical modulators, with the requirements of the system in the application as reflective
display or transmissive shutter array. Further the system will be modelled electromechanically
permitting to design the modulators shape. In chapter 4 a design study of surface microma-
chined horizontal flaps will be presented, with its fabrication process including a transparent
electrode which actuates the flap to vertical tilted position. A concept of flaps which are in
vertical position at rest state and after fabrication will be presented in chapter 5. The systems
architecture will be designed with the flaps of different shape being actuated electrostatically
to horizontal position. A novel fabrication process will be described which is based on bulk
microfabrication. The fabricated devices will be characterized electromechanically and op-
tically in chapter 6. In chapter 7 will be discussed the suitability of the developed optical
modulators for use in different applications including a reflective display, by comparing it to
existing technologies. An outlook will outline the direction of further developments, aspects
to be improved and other possible applications. Finally in the last chapter a conclusion of the
whole work will be draw.



Y4 Fundamentals

In this chapter are presented some fundamentals required for the explanations in the thesis.
First an overview of the state of the art in reflective displays, transmissive shutters, micromir-
rors exhibiting a large tilt-angle and microfabrication technology will be given. Next are
exhibited some basic theoretical expressions required for calculating the properties of an
electromechanical and optical system.

2.1 State of the art

The past and actual developments in technologies of reflective displays and electrostatically
tilting flaps will be treated in the following sections. The here presented technologies will be
compared with the technology developed in the frame of this thesis in chapter 7.

2.1.1 Reflective Displays

Reflective displays work only with ambient light. There is no back-light illumination. Light
arriving at the display is either reflected or absorbed, giving a white or a black pixel. When
different wavelengths are selectively reflected or a colour filter is placed on top of the pixels a
coloured display can be obtained.

2.1.1.1 Liquid crystal displays

Most of nowadays used reflective displays are based on liquid crystal technology. The most
basic liquid crystal technology is a twisted-nematic (TN)-cell [7, 8]. It consists of aliquid crystal
placed between two crossed polarisers and a reflective layer at the backside. A schematic
of a normally black 90° TN-cell is shown in figure 2.1. In coming light is polarised in one
direction by the first polariser. At the OFF-state the liquid crystal rotates the polarisation of
the traversing light by 90°. Therefore it can cross the second also 90° rotated polariser and is
reflected on a mirror on the backside. On the way back the light passes again through both
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polarisers and exist the pixel, it is perceived as bright. When the liquid crystal is switched ON,
the polarisation of the incoming light in not rotated anymore and it is blocked on the second
polariser. No light is reflected and the pixel is perceived as dark.

Since in the configuration of a TN-cell light requires to pass four times through a polariser we
can obtain only a low total reflectance. Other configurations using only one polariser or being
normally black have also been developed. But, all these architectures exhibit a reflectance of
about maximal 40% [8]. The contrast ratio depends on the viewing angle and is in the range of
20. Required actuation voltages are about 5V [8].

.:\\\\ VOFF -
............... St —-——————. polarization A
T ""--:::: ------------------------ polarization B
L]
« —
=14 reflector
polarizer A’ Voyu  polarizer B

Figure 2.1: Working principle of a reflective display based on a twisted nematic cell with two
crossed polarisers. Unpolarised light (i.e. light with both polarisations A and B) arrives first
on polariser A. Only light of polarisation A passes through. In the OFF-state the twisted liquid
crystal rotates the polarisation by 90°, so it can also cross the second polariser and be reflected
on the back-reflector. In the ON-state the polarisation of the light traversing the liquid crystal is
not rotated and it is blocked by the second polariser B. Redrawn from [8].

Based on liquid crystal technology a wide range of other concepts have been developed such
as in-plane switching (IPS) technology [1, 9] or liquid crystal on silicon (LCoS) [9] employed
in projectors. These technologies have better optical properties than the TN-cell. The LCoS
exhibits a contrast ratio of up to 5000 [10], which is however limited to a small viewing
cone of about 10° [9]. Fundamentally the maximal reflectivity which can be obtained with
polariser based liquid crystal technology is 50%, since a polariser always filters out half of the
unpolarised ambient light.

An other liquid crystal based approach is employed by the company Kent Displays [11-16]. It
is based on cholesteric liquid crystals which reflect light by Bragg-reflections in one state and
let light pass trough in their other state. 45V actuation voltage is required to change from one
state to the other. A contrast ratio of up to 40 and a reflectivity of 40% are reported [17]. The
response time is rather slow. A 128x32 pixels Reflex Graphic Display Module of Kent Display
has an update time of 1.5s [18].

4



2.1. State of the art

2.1.1.2 Electrophoretic displays

Electrophoretic displays use coloured charged particles which are suspended in an elec-
trophoretic dispersion [19-22]. Black particles are charged positively and white particles are
charged negatively. When applying a voltage bias to a transparent electrode at the front and
the electrode at the backside, accordingly either the black or the white particles are moved to
surface, making the pixel appear in the according colour. The microparticles are packaged
into a microcapsule by polycondensation. This encapsulation permits to obtain a long life
time, avoiding particle clustering and lateral migration. The microcapsules are placed on
top of a TFT-backplane, which permits to use common LCD-display addressing technology
[21]. Switching times are at about 250 ms [20]. After switching the pixel is reported to stay
stable for several months. A reflectivity of the white state of 35% [19] to 50% [21] is shown with
contrast-ratios around 8. This display technology is currently commercialized by the company
E-ink and already employed in different E-book tablet readers. E-Ink reports their display to
have a contrast ratio of 10 with minimum reflectivity or 40%, 16 grey-scale levels, +/— 15V
actuation voltage and 200 dpi resolution [23].

White microparticles

Capsule wall

Black microparticles

Figure 2.2: Working principle of electrophoretic displays. White and black opposite charged
microparticles in a electrophoretic dispersion are encapsulated in microcapsules of 30-300um
diameter. By applying a voltage difference between a transparent electrode on the top and on
the bottom, either the white or black particles migrate to the surface. [19]

2.1.1.3 Interference based displays

In interference based displays each pixel consists of an adaptive interference cavity, which is
created by having a reflective membrane at the bottom and a semitransparent thin film stack
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at the top, as depicted in figure 2.3. Incoming light reflects back up only at the a wavelength
for which we have constructive interference in the Fabry-Perot-cavity, so the pixel is perceived
at a certain colour. The width of the cavity can be changed by applying a voltage between
the reflective membrane and an electrode on top. The reflective membrane is actuated
electrostatically to the top, leading to a cavity with constructive interference at a different
wavelength, which does not lay anymore in the visible spectrum. The pixel is now perceived
as black. There is a hysteresis in the actuation curve of the reflective movable membrane. A
lower voltage is required to hold the membrane at the collapsed state than to switch it from
bottom to top. This voltage difference can be used for line-column addressing [24].

This technology is currently in development at the company Qualcomm which is commer-
cialising it with the brand Mirasol [24, 25]. A bi-chrome black-green display which is already
employed in some portable products is reported to have a contrast ratio of 7, a reflectivity at
green state of 45%, a refresh-rate of 15 frames per seconds for 128x96 pixels, a resolution of
130dpi and a supply voltage of 3V [26].

Incident light

10-100 pM

V) A

Glass substrate

Thin film stack

Air gap

Reflective membrane

OPEN STATE COLLAPSED STATE

Figure 2.3: Working principle of interference based display. Light arrives onto a Farby-Perot
cavity defined by a thin film-stack and a reflective membrane. Only one wavelength is reflected
by the cavity for which constructive interference occurs. When applying a voltage difference be-
tween the bottom membrane and a top electrode, the cavity collapses. We have now constructive
interference at a different wavelength, which is not in the visible spectrum. The pixel appears
black. [24]

Another group [27] has also reported a interference based display system. The device works
with back-illumination. In a roll-to-roll process flexible foils with semitransparent reflectors
are processed to an adaptive cavity, which is collapsed by application of 20V actuation voltage.
A transmittance of 50% is reported.

2.1.1.4 Electrowetting based displays

Electrowetting denotes the change of the wetting characteristics of a surface by application of
avoltage. The electrostatic energy is added to the surface energy balance, causing a initially
hydrophobic surface to become hydrophilic. A reflective display is proposed using a coloured
oil in water on top of a hydrophobic layer with an electrode below [28]. Figure 2.4 shows the
working principle. In the rest state the oil covers a hydrophobic surface. From the top the
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area is perceived in the colour of the oil. As a voltage is applied between the electrode and the
water, the oil is pushed aside. An underlying white substrate is now seen from the top, so the
pixel is white. Response times of 40ms are reported for switching from dark to white state at
an actuation voltage of 22.5V [29]. The corresponding change in capacitance at switching is
16pF/mm?.

The company Liquavista is currently developing this technology. The company reports a
contrast ratio between coloured and white state of 15 and a reflectivity of 40% at an actuation
voltage of 22V. The switching time of a pixel of 240x240um? is 10ms [30]. Also a transmissive
device has been presented [31].

Tt TOTX

~% , Coloured oil
R A A

A A A A AT AT A
ATy Water 2nnns ¥

A A A W v
Hydrophobic
insulator I

YRR R R RARRARIRERIN 2 Transparent
White substrate electrode I |

Homogeneous oil film Oil pushed aside

500 um

Figure 2.4: Working principle of an electrowetting based display. A coloured oil droplet in
water is placed on top of an electrode. In equilibrium state the oil lays between the water and a
hydrophobic coating on top of the electrode, as shown on the left. From the top a coloured film is
seen. As a voltage is applied between the electrode and the water, the oil droplet is pushed aside
due to a change in surface energy. An underlying white substrate is now perceived from the top.

2.1.1.5 Shutter based displays

In the beginning of the 1980ies in the Centre Electronique Horloger in Neuchétel a reflective
display was developed based on tilting flaps. The concept is depicted in figure 2.5. The
aluminium flaps reflect light as they are in the horizontal rest state. When applying a voltage
between the reflecting elements and a transparent electrode placed at a certain distance on
top, the flaps tilt by about 90°. They are now vertical to the substrate and light is absorbed on
an underlying black layer. An actuation voltage of 10V is reported [6] for 50nm thick aluminium
flaps of 80x480um? surface area suspended by 100um long and 5um wide torsion beams on
both sides. 200nm thick devices of same size are actuated with 70V [32]. The devices have a
switching time of 1ms and a contrast ratio of more than 20. A number of patents exist for this
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Conire - électrodes 2000,

Figure 2.5: Reflective display device based on aluminium flaps tilting electrostatically by 90°. A
group of five flaps forms one pixel reflecting light at horizontal rest state. At vertical position of
the flaps light is absorbed on an underlying black layer. On the top left is shown a photograph of
a device displaying four digits. [6, 37]

system [33-36]. The flaps are fabricated by patterning lithographically an Al-film evaporated
on a plastic sheet. The structures are released in oxygen plasma.

A similar display concept based on flaps is presented in [38], with the difference that they are in
rest state vertical to the substrate. The flaps are actuated to horizontal position electrostatically.

A shutter based display for use in transmission mode is presented by [39]. A curled thin-film is
stretched by zipping-actuation on top of an electrode. Low voltage actuation and less than
1ms switching time for a contrast ratio in transmission of 20 is reported.

Different groups showed single transmissive shutters which are displaced laterally on a sub-
strate. Zigzag shaped actuators displace a shutter above a opening hole by 18um at 38V
actuation voltage [40]. A system working at 70V actuation voltage was presented by [41, 42].

The company Pixtronix is developing a transmissive display based as well on lateral displacing
shutters. The shutters are by-stable and displaced laterally by approximately 10um with an
actuation voltage of 20V [43, 44] .

2.1.1.6 Other working principles of displays

Different concepts for displays have been proposed in literature, based on other working
principles than presented above. Most of them are still in exploratory state.

A ionic liquid packaged by Parylene-on-liquid deposition is presented in [45]. Here a pH-
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indicator in the liquid changes its colour when applying a current to a pixel.

A photonic crystal fabricated of self-assembled silica spheres is reported in [46]. The lattice
constant of the crystal is changed by swelling leading to a change in reflected wavelength .

Microsoft research presented a transmissive display with a fill-factor of 78% using telescopic
pixels [47]. A suspended membrane is utilized as optical modulator actuated electrostatically
at 120V and leading to a contrast ratio of 20.

2.1.2 Micromirrors and shutters exhibiting large tilt

In the area of optical MEMS a large number of tilting micromirrors have been developed. The
most famous example is probably the digital micromirror array of Texas Instrument, which
is nowadays employed in many projection systems [48]. Nevertheless of the large number
of activities in this area, most of the devices reported to date have a rather small tilt angle.
Only few groups presented micromirrors or shutters tilting by angles close to 90° which are
electrostatically actuated. A difficulty is the large gap between movable device and electrode
giving rise to a high actuation voltage. For the reflective display presented in section 2.1.1.5 an
actuation voltage of 10V was reported, by employing hinges of very low compliance. Here will
be presented next different other devices exhibiting large tilt.

Figure 2.6: This micromirror can tilt by an angle of 90° from horizontal to vertical state. The
device consist of a large surface on one side of the torsion beam used for optical modulation
and a small surface on the on the other side of the beam employed for actuation. The small
surface is electrostatically attracted down to an electrode laying in a trench beneath, tilting
simultaneously the large surface upwards. [4]

Samsung presented a micromirror tilting from horizontal to vertical state for optical switching
applications as shown in figure 2.6. The device has a large mirror surface on one side of the
torsion beam suspension and a smaller surface on the other side for actuation purpose. This
small surface is tilted down towards an electrode placed in a cavity beneath by electrostatic
actuation. At the same time as the small surface tilts down the large surface tilts upwards,
modulating an optical beam [4]. The mirror of 450x400um? is actuated with 47V and has
a switching time of about 10ms. For the same application of optical beam switching in
telecommunication other devices are reported. One is actuated with voltages of about 300
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Figure 2.7: This shutter array is developed for the application of multi-object spectroscopy in
astronomy. It employs flaps suspended by a torsion beam, which are electrostatically attracted
to the electrode on the walls of the cavity beneath. A top electroplated layer serves as optical
mask for the non-active areas and for addressing purposes. [3, 51]
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Figure 2.8: The shutters with a coating of a magnetic material (CoFe) are tilted down by a
magnetic force of an external magnet which is swept across the array. The single flaps are kept
at vertical tilted position by an electrostatic force. Line-column addressing is used with voltages
of +/1-20V. [2] [52]

V [5]. The other 300 x 600 um? large shutters work at 100 to 150V [49]. The modelling and
control of a similar torsional flap was presented in [50].

A group of the university of Tokyo presented a shutter array for the application in multi-object
spectroscopy in astronomy [3]. Figure 2.7 depicts the device. 100 by 1000 um large shutters
suspended by a torsion beam are electrostatically actuated from horizontal rest state to vertical
position towards an electrode placed in a cavity beneath. Actuation voltages in the range of
200V are required [51]. An electroplated layer serves as light shield of the gap between the
shutter and the surrounding structure. This layer can also be used for addressing purposes.

The NASA has presented a shutter array for the James-Webb telescope (JWST) [50]. The device
consists of an array of 100 x 200um? large flaps suspended by a torsion flexure. A schematic is
shown in figure 2.8. All shutters are in horizontal position at rest state. They are coated with
a magnetic material. By means of an external magnet, which is swept across the substrate
the shutters are tilted by 90° to vertical position. The shutters are kept at vertical state by
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an electrostatic force of a vertical electrode. Each shutter can be addressed by line-column
addressing with voltages of +/— 20V. The units to which no voltage is applied return back to
horizontal position after the magnet has passed. [2, 52]

2.1.3 Light modulation with switching diffraction gratings

Different groups have presented switching reflective diffraction gratings for light modulation in
projector applications, among other things. In one reported device ribbons are suspended on
top of periodic support structures on a silicon substrate. The ribbons can be electrostatically
switched down towards the substrate. In this state a grating structure is produced. In the
non-switched state there is specular reflection of light on the surface of the ribbons. In the
pulled-down state light is diffracted and the light intensity is shifted from the reflected beam
(0th order) to the 1st and 2nd diffraction orders [53-55]. The working principle is illustrated in
figure 2.9.

The same light modulation principle has also already been presented by [56, 57]. Here the
grating structure is formed by switching alternately one ribbon to down-position and leaving
one ribbon at up-position. This technology is currently being commercialised by the company
Silicon Light Machines [58].

Reflected

Intermediate Beam Incident
e . ci i Diffracted

Soppart Incident Ribbon Beam
h Beam —lIst Orders
st
T —2nd, ¢ \\
+2nd
¥

N

Figure 2.9: Ribbons on top of a periodic structure can be electrostatically pulled down onto the
substrate, producing a grating structure. In the OFF-state light is reflected on the ribbon surface
in the ON-state the light intensity is shifted to the 1st and 2nd diffraction orders. [53]

2.1.4 Microfabrication technology

Microfabrication is the technology employed for fabrication of a large range of devices includ-
ing micro electromechanical systems (MEMS). It permits to produce devices with features
of less than 1um. The structures pattern are transmitted onto the substrate by a photolitho-
graphic method. A photoresist is employed which is exposed through a mask. This resist
serves as mask in a subsequent etching or deposition process. The underling layer can be
etched in a wet etchant which comprise for example KOH which attacks Si or HF which attacks
Si0,. Another possibility is to use a dry-etching process in which is employed most commonly
a fluorinated or chlorinated gas. The gases are used generally in a plasma which accelerates
the ions towards the substrate combining this way physical and chemical etching. A large
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variety of microfabrication processes involving etching or also deposition of thin-films exist,
but will not be introduced here. For more details please refer to literature [59].

The only process on which a short introduction will be given is the etching of deep trenches
into a silicon substrate by deep reactive ion etching (DRIE). Here an ionized gas in a plasma is
accelerated towards the silicon substrate as illustrated in figure 2.10. It etches the material
at the locations not covered by a mask. In a next step a passivation layer is deposited which
covers the whole etched area. This passivation layer protects the side-walls of being etched in
a next etching-step with the ionised gas. Several times the etching and passivation steps are
iteratively repeated to obtain this way a deep trench. It can be noticed that such deep trenches
have a scalloping structure at its side walls, which originates from the process of alternating
etching and passivation. More details about deep reactive ion etching can be found in [60, 61]

ions scalopping

=Y

Figure 2.10: Etching technique employed for obtaining deep trenches of high aspect ratio. The
substrate is etched first at the location not protected by a mask by ion-bombardment (combined
with chemical etching). Subsequently a passivation layer is deposited. In the next etching step
the side walls are protected by the passivation layer. With several iterations of etching and
passivation a deep trench is obtained, which has a scalloping at its side-walls.

lons passivation l
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2.2 Basic physical dimensions

We will introduce now some basic equations which will be employed in calculations through-
out the following thesis chapters.

2.2.1 Electrostatic force and torque

The electrostatic energy between two objects having between each-other a capacitance C and
a potential difference of V can be expressed as:

1 2
E=2C-V 2.1)

The electrostatic force between the two objects can be calculated out of the change in energy
when the objects are moved in the direction the force is exerted. A force in direction of x can
be expressed as:

ld_c.v?-

F. =
YT 2dx

(2.2)
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Equally the torque when turned in angular direction of 6 can be written as:

1@.\/2

Ty = -
T

(2.3)

2.2.2 Mechanical torsion bar

We want to treat here the analytical formulas for the description of the deformation of a
straight torsion beam fixed at both ends as schematically shown in figure 2.11. The beam
has a length of 21}, a width of Wy, and a thickness of 4. It is fixed on all degrees of
freedom at both ends. The forces and torques are applied to its centre. All formulas introduced
in this section are from [62]. We will give the spring constants as displacement per applied
force or torque.

bea beam

Figure 2.11: Schematic of a torsion beam of length 21,041, Width Wyean and thickness tpeam.
The beam is fixed at both ends on all degrees of freedom. A force or torque is applied to the centre
of the beam.

The area moment of inertia I for the cross-section of the beam perpendicular to the y-axis can
be written as:

3
I= W (2.4)

The polar moment of inertia J, for the cross-section of the beam perpendicular to the y-axis
can be written as:

3
Wpheam " T 7 w
Jp= —T_beam (j _ 193 5 LM taph (2020 2.5)
3 T * Wheam beam
For Wpeam > tpeam (2.5) can be simplified to:
Wpheam * tgeum
Jp~ — 1 __beam 2.6)

3
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The spring constant for rotation of the beam around the y-axis can be written as:

0 2.7)

lbeam

,with the shear modulus G obtained from the Young’s modulus E and the Poisson’s ratio u of
the material as:

E
G= (2.8)
2(1+p)
The spring constant for bending in z-direction can be expressed as:

E-1 192E-£  wy

k;=192——— = 2J4 7 "beam "0¢am (2.9)
l3 12 13
beam beam

The spring constant for a rotation or twist around the x-axis can be written as:

E-I  16E, w,
ky =16 = — [ beam 76T (2.10)
2lbeam 12 2llaeum

2.2.3 Resonance frequency

We will now give analytical expressions for the resonance frequencies of different modes of
the following system: A rigid flap of height hf,,,, width wy;4), thickness t7;,4, and material
density p is attached at its top centre to a torsion beam. The torsion beam is depicted in figure
2.11. The system is schematically depicted in figure 2.12. The analytical expressions given
next can all be found in classical mechanics literature as [63, 64].

The resonance frequency of the system rotating around the y-axis can be expressed as:

1 [ky
=—/—= 2.11
fo=5- T (2.11)
with Iy the mass moment of inertia of the flap when turning around the beam.
1.3
Ip = Ehflap'tflap'wflﬂp‘p (2.12)
The resonance frequency of the system bending in z-direction is given by:
1 k
fo=5oy == (2.13)
2w\ myiap
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flap

Wiap

Figure 2.12: A rigid flap is suspended by a torsion beam (as depicted in figure 2.11) at it central
most top point. The flap has a height of hfap, width of wap, thickness of t ¢4, and material

density of p.
with m the mass of the flap:
m:hflap'tflap'wflap'p (2.14)

The resonance frequency of the flap twisting around the x-axis can be written as:

1 [ky
=—1/= 2.15
h=5a I (.15
with I, the moment of inertia of the flap when turning around the x-axis:
h? w>
flap flap
IL=m +— 2.16
Y ( 3 2 ) (2.16)

2.2.4 Optical contrast

We want also to give a basic optical definition used for characterising displays. For the contrast
different definition are used in literature. Therefore we define the contrast ratio CR as ratio
between the measured light intensity originating from a surface at bright-state I,,5;. and at
dark-state Ip;,4ck- It can also be expressed in other words as the ratio between the reflectance
at white R, ;s and dark state Ry ck:

CR = Tyhite _ Ryhite

= = (2.17)
Iptack  Rbiack
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8] Modelling of tilting flap

In this chapter will be introduced the concept and a model for the tilting flaps optical modu-
lators. We will first present the concept in application as reflective display and transmissive
shutter. Next the device will be modelled electromechanically. We will analyse the scaling
laws for actuation voltage and resonance frequency with analytical formulas. A reduced order
simulation model will give the actuation-trajectory of displacement and tilt for some chosen
dimensions. By combining the analytical model of scaling and the results of simulations we
will design the optimal dimensions of the system.

3.1 Concept of tilting flap as optical modulator

The system consists of arrays of flaps which can tilt by about 90°, modulating this way incoming
light. As the flaps are in horizontal state towards the underlying substrate, this means they
are perpendicular to the propagation direction of incoming light. In this state light gets either
reflected or absorbed on the flap surface. At vertical state, when it is parallel to the direction
of irradiation, the flap will not interact with incoming light. Light passes through the device.
Light is modulated when switching between horizontal and vertical state.

We will now present the concept of the tilting flaps optical modulators in application as
reflective display and transmissive shutter array. Next the actuation and addressing principle
will be introduced.

3.1.1 Concept as reflective display
3.1.1.1 Requirements for a reflective display

We want to develop a monochrome reflective display. This is a display device which works
only with ambient light. Light arriving on the display gets either reflected or absorbed. Each
pixel requires thus to be changed from absorbing, dark or black state to reflecting, bright or
white state.
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The best nowadays available reflective display, even though it is static, is printed paper. We will
have to benchmark the device we design with it. We want to look at the following requirements:

* Overall reflectivity: For obtaining a high brightness the reflectivity has to be high. The
reflectivity should be comparable to other surrounding objects, such that the image
displayed is perceived at the same or higher brightness as the surroundings. Paper has a
reflectivity of about 80%.

 High optical contrast ratio between black and white state: It should be as high as possible
for obtaining a good image quality. Printed paper has values around 10.

* Angular response: The device should have a large viewing angle. Values of more than
45° are desirable.

* Diffusivity: Since the display is working with ambient light, which may only be coming
from one point-like single source, the surface of the display should be diffusive. This
way the pixel can be perceived with the same brightness from all observation directions.
Another possibility is to have a transparent diffusive layer included in the light path.

* Resolution: We want to aim a 100 dpi resolution with pixel sizes of 250 x 250 um?.

¢ Low power consumption: Specially in portable applications a low power consumption
is required. Therefore an actuation principle with low power consumption has to be
chosen.

* Actuation voltage: The device should be actuated at as low voltages as possible. In
portable applications usually only voltages below 10V are available. Higher actuation
voltages require a voltage up-converter, which is power consuming.

¢ Insensitivity to environmental vibrations: The resonance frequency of all modes requires
to be higher than environmental vibrations which are generally below 1kHz.

Regarding the above requirements for a reflective display system we can set now the resulting
properties the device should have:

e Fill-factor: The active area modulating light should be much larger than the passive area
used for interconnections or structural purposes.

* The reflectivity of the flap material should be very high.

* Actuation principle: Electrostatic actuation will be chosen since no large currents
are required here. Only the capacitance between flap and electrode is charged and
discharged.
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optically absorbing layer

Figure 3.1: The working principle of a reflective display using tilting flaps: When the flaps are
in horizontal position (left), light is reflected back up, we obtain a bright, white pixel. When the
flaps are in vertical state (right) incoming light passes through the modulator and gets absorbed
on an underlying black layer, we have a black pixel.

3.1.1.2 Working principle of reflective display with tilting flaps

We want to employ the above described optical modulator based on tilting flaps in the appli-
cation as reflective display. The main feature is to place an optically absorptive layer below the
tilting flaps. Each tilting flap (or a group thereof) forms one pixel. Hence, a whole array of flaps
makes a display. When the flaps are in vertical position allowing light to pass, the irradiation
gets absorbed on this black layer and we have a black pixel. A schematic is shown in figure 3.1.
As the flaps are in horizontal position incoming light gets reflected on its surface. We have
here now a bright area or white pixel.

Based on the above requirements we will have to place the flaps as close together as possible
for obtaining a high fill-factor, the flap material should possess a high reflectivity for high
brightness and electrostatic actuation should be employed for low power consumption. For
obtaining a high contrast ratio the light absorbing layer requires to have a minimum reflectivity.

Another important criteria is the diffusivity which is stated in the requirements list above.
When having a flat mirror-like flap there will be specular reflection of the surrounding light
sources. A schematic can be seen in figure 3.2a), where the display is employed in a room with
only one point-like light source. Only an observer at a specific location will perceive the flap at
ON-state as bright. For an observer looking at the display from another incidence angle the
light from the source will not arrive at his eye. He will perceive the pixel as black even if it is in
ON (white)-state. For this reason the light from a source should be somehow diffused in its
light path to attain all incidence angles of observations. For meeting the diffusivity criteria
there are different approaches which can be taken as schematically shown in figure 3.2:

* A rough flap surface, which diffuses incoming light into all directions
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Light source A

Diffuser

d)

Figure 3.2: a) When light gets reflected on a mirror only an observer at a specific location
extending a solid angle of v will perceive the bright spot. Light requires to be reflected in all
directions such that the light source is perceived from different positions. This can be done by:
b) a rough reflector surface leading to diffusion of incoming light, c) a wave-shaped surface
reflecting light into different directions depending on which location the incoming light arrives,
d) a transparent diffuser which is placed along the light path.

* Anon-flat surface where each region reflects incoming light into another direction. A
wave-shaped surface is an example of a reflector meeting this criteria.

A transparent diffusive layer on top of the flaps, such that all incoming and reflected
light passes through this diffuser.

3.1.2 Concept as transmissive shutter array
3.1.2.1 Requirements for a transmissive shutter array

A transmissive shutter array spatially modulates light passing through it. It either lets incoming
light pass, not interacting at all (or the least possible) with the optical beam. Or it blocks
irradiation of further propagation. Applications can be a back-illuminated display or spacial
beam shaping where the intensity is modulated along the cross-section of the beam. The
following requirements are important for such applications:

* In ON-state, where light is let pass, the transmittance should be as hight as possible. The
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Figure 3.3: The working principle of a transmissive shutter array using tilting flaps: When the
flaps are in horizontal position (left), light is blocked from transmission, we obtain a dark area.
When the flaps are in vertical state (right) incoming light passes.

part of the beam not passing through the device due to shadowing effects or reflections
has to be minimized.

* In the OFF-state, where light is blocked, the transmittance should be as low as possible.
In an ideal case no light passes through the device.

* Power consumption and actuation voltage: As in the requirements for a reflective display
the power consumption and actuation voltage should be as low as possible, specially if
the device is used in portable application.

* Insensitivity to environmental vibrations: As in the case of a reflective display the device’s

resonance frequency should be higher than most of the environmental vibrations.

Regarding the above requirements we can set the properties a transmissive shutter array
should have:

 The fill factor requires to be as high as possible. Thus the ratio between active area where
light is modulated and passive area used for interconnection and structural purposes
has to be maximized.

* A minimum light transmittance through the surface of a flap is required.

¢ Electrostatic actuation is desirable.

3.1.2.2 Working principle of transmissive shutter array with tilting flaps

When employing the tilting flap optical modulators as transmissive shutter array the device
is placed in the light path with an opening in the backside. This way light can pass through
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Figure 3.4: The active area A,ctive 01 which light is modulated by a tilting flap is surrounded
by a passive area Apassive = Aroral — Aactive Where any transmission is blocked. A solution for
increasing the fill-ratio Agctive! Atoral IS to place a lens in front of each flap, bundling incoming
light only on Agctive-

as the flaps are parallel to direction of propagation. At the flaps which are at perpendicular
position incoming light is blocked from transmission. The flap material has to have an as low
transmittance as possible. Ideally it reflects the incoming light back or has a high absorption
in the corresponding optical spectrum. A schematic of the application as transmissive shutter
array is shown in figure 3.3

For obtaining a high fill-factor the flaps require to be placed the closest possible to each other.
Therefore the area used for interconnections Ay 4ss;iye should be minimized. Another method
to increase the fill-factor consists of placing a lens in the light path bundling incoming light
though the modulating area A;¢¢iye. A schematic is shown in figure 3.4.

3.1.3 Concept of actuation

Lets look now at the concept used for actuation of the tilting flaps optical modulators. As
actuation principle is chosen electrostatic actuation. The reasons are: First, it has a very
low power consumption, because it dissipates power only when switching from the OFF- to
ON-state due to the loading of the capacitance as will be described in section 3.2.4. Secondly,
itis easy to implement since unlike electromagnetic or electrothermal actuation only a voltage
requires to be applied between the moving device and an electrode. The other actuation
principles require a special current path or magnetic materials which can be difficult to
implement in fabrication. Thirdly, the scaling law of electrostatic actuations favours the
employment in actuators of micro-metric dimensions.

An adequate hinge has to be chosen for obtaining the desired tilt by electrostatic actuation
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Figure 3.5: Schematic of electromechanical system consisting of flap and electrode. The flap of
width wgqp and height hyq), is suspended by a torsion beam of length lyeam. A rigid link of
length q connects the flap to the torsion beam which is clamped at both ends. At a distance d
from the torsion beam the electrode is placed.

and a restoring torque when the voltage is switched off. It is important that the hinge moves
mainly in torsion and does not bend due to forces in perpendicular direction. Therefore a
serpentine-shaped beam is not adequate since it has a low compliance in bending. A straight
beam clamped at both ends will be employed at whose centre the flap is attached.

The systems configuration is shown in figure 3.5. The flaps are actuated electrostatically by
application of a voltage difference between them and an electrode placed at a certain distance.
The devices are suspended by a torsion beam and tilt around it when being actuated, due to
the electrostatic torque. The torsion beam gets deformed in titled state such that it exerts a
restoring torque onto the flap. When the voltage is turned off the torque of the torsion beam
brings the flap back into rest-state.

3.1.4 Addressing of flaps in an array
For addressing each flap individually in array of N by M flaps different solutions are possible:
 Individual connection: Each flap can have a separate connection. In this case all
electrodes could be grounded for example and MxN connection lines go to the different

flaps. In a large array this can lead to a very large number of interconnection lines what
may lead to a problem of space.

* Active-matrix: In an active matrix as commonly used in LCD-displays each pixels has
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flaps connected in columns
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Figure 3.6: Actuation using one electrode per flap. The flap at position (i, j) has to be actuated.
The other flaps keep their state (bent or flat). The voltage required to hold a flap at bent state Vp,
is lower than the voltage required to pull a flap to vertical state V,,q due to hysteresis. A flap is
released when the potential difference between flap and electrode is lower than V.

a thin film transistor (TFT) connected to it. Each transistor can be addressed to set
the voltage at its respective pixel. The transistors are connected in the lines and in
the columns such that line-column addressing can be employed. We have here M+N
connection lines which are required.

¢ Passive-matrix: Here the pixels are connected along the columns and their correspond-
ing electrode along the rows. By setting a voltage difference on the column N and the
row M the pixel at the location (M, N) can be addressed. M+N connection lines are
required.

Because of its simplicity (only M+N connection lines and no transistors required) the passive
matrix addressing scheme will be investigated in more details.

24



3.1. Concept of tilting flap as optical modulator

Passive-matrix addressing Depending on the geometrical configuration of flap and elec-
trode the voltage required to keep the flap at tilted ON-position can be lower than the voltage
required to switch the flap from OFF- to ON-state. In this case we have a hysteresis in actu-
ation, which is due to the fact that the electrical force increases with the distance by square.
Thus, the voltage exerting the force to keep the flap close to the electrode is smaller than the
one required for switching. If this condition is fulfilled we can use line column-addressing in
an array. This way each single flap in an N by M array is addressed with N+M connections.

A schematic of an array with line-column addressing is shown in figure 3.6. All flaps are
connected here along the columns and the electrodes along the rows. Four different voltage
levels are used for actuation:

* GND, ground voltage

* Vi_r1, standby voltage of the flaps

* V,, release voltage

* V,_1e, standby voltage of the electrodes

* Viwitch, voltage required to switch from OFF- to ON-state

The voltage levels relate to each other in the following manner: GND < Vy_f; <V, <V <

szitch-

The potential difference between the standby voltages of flaps and electrodes V;_g; and Vs,
corresponds to the hold voltage V},, the voltage required to keep the flap at the vertical position.
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Chapter 3. Modelling of tilting flap

3.2 Electromechanical modelling

We will now create a model for a flap suspended by a torsion beam which is electrostatically
titled. An analytical model will give us the scaling laws for different geometrical dimensions.
With finite element simulations a reduced order model will be build for analysing in more
detail the behaviour of the system. The frequency response of the system will be treated as
well.

3.2.1 Analytical model

In figure 3.5 a schematic is shown of the electromechanical system comprised of a flap sus-
pended by a torsion beam clamped at both ends and an electrode. The geometrical dimensions
of the system are shown for a flap at a tilt angle 6 of width w4, and height hf;,),. The torsion
beam consists of two sub-beams of length 1,4, width Wy, and thickness tp,4;,. The flap
and beam are connected together by a rigid link of length g at point P. A voltage V¢, is
applied onto the flap and V,; onto the electrode.

The electromechanical system can be treated as two linked sub-systems: A mechanical sub-
system of the torsion beam and an electrostatic subsystem of the flap and electrode. The
schematic of the two subsystems which are both linked at point P is shown in figure 3.7.

3.2.1.1 Torsion beam subsystem
The mechanical subsystem consists of a both side clamped beam at which the following torque

Ty and force Fs in x-direction apply on point P:

Trp(0)=kg-0 3.1
Fr(0) =k (0) - Ax (3.2)

The torsional spring constant ky is expressed in equation (2.7). The bending spring constant in
x-direction ky changes in function of the torsion angle 8 of the beam, therefore no analytical
expression is given.

3.2.1.2 Electrostatic subsystem

The electrostatic subsystem consists of a flap tilting around point P and an opposing electrode.
The electric field in y-direction is neglected, since the extension of the flap in y-direction is
larger than in x- and z-direction. The fringing fields at both lateral ends are neglected as well.
When taking the normalized capacitance per unit width of the flap as C* () the electrostatic
torque Tg and force F at point P can be expressed for a voltage difference of V = V¢4), — Vo
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3.2. Electromechanical modelling

Figure 3.7: Two subsystems linked at point P: a) 3D-mechanical subsystem consisting of a
straight beam clamped at both ends. b) 2D electrostatic subsystem having capacitance C*
between electrode and a flap tilting around point P

with equations (2.2) and (2.3):

1dC* ,
TE(B)—E 20 @) wriap-V (3.3)
Fg(x) = 1dc Weiap- VP (3.4)
2 dx P

3.2.1.3 Combination of both subsystems

We can now combine both subsystems, knowing that the torques and forces of both subsys-
tems equate at point P. The following equation system can be written, which is valid for any 8

and Ax:
Ty(0,Ax) = Ty (0, Ax) (3.5)
Fr(0,Ax) = Fp(0,Ax) (3.6)

For a simplified analytical formula describing the tilt of the flap in function of the actuation
voltage only the torques Tr and T will be taken into account and the forces Fr and F; will
be neglected. The displacement Ax is disregarded as well. Equations (3.3) and (3.1) can be
inserted into (3.5):

l1dc*

2 do

©) wriap-VZ=kg-0 (3.7
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Chapter 3. Modelling of tilting flap

When now solving the above equation for the actuation voltage V we obtain:

2:-kg-0
Ve | oo (3.8)
“ag ©) Wriap

Inserting the expression of the spring constant of a torsion beam stated in equation (2.7) gives:

4.3 - w -G-0
V() = || e beam 3.9)
3%(0) *Welap - Ibeam

In the rest state the capacitance per unit flap width C* can be approximated as parallel
plate capacitance with a distance d between the plates. When the flap tilts the capacitance
changes with a factor e(6). We have the following capacitance per unit flap width C* and its
corresponding differential:

h
C*(0) = ¢,¢p fcll“” e(0) (3.10)
ac* hfiap de(0)
g lap 11
o T a Tae (3-11)

The expression for the actuation voltage (3.9) can be rewritten with (3.11).

4-d- 13 wpeam-G-0
V(B):J beam_—beam (3.12)

3‘€r€0 . hflap ‘ %(6) : Wflap : lbeum

Regarding the above equation it can be seen what geometrical dimensions lead to which
scaling of the actuation voltage. For lowering the actuation voltage the largest effect is obtained
by employing an as thin torsion beam as possible. A large influence is also exhibited by the
width of the flaps since lpeqm o< Wgiqp. Since the flap height hf,), is proportional to the
electrode flap distance d, the actuation voltage is invariant to the height of the flap. The
actuation voltage is nevertheless depended on the ratio of r = ﬁ. An overview of the scaling
of the actuation voltage for different dimensions is given in table 3.1.

To obtain the exact voltage to tilt angle trajectory the term % of (3.12) requires to be further

analysed. For this purpose we will directly evaluate the differential of the capacitance as given
in (3.3) and (3.4). As first step we have thus to evaluate the capacitance at different tilt angles.
This corresponds to calculating the capacitance of a tilted plate to a second plane plate. The
analytical solution of such a problem can be approximated for small 6 with the equation of a
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3.2. Electromechanical modelling

Table 3.1: Scaling s of the actuation voltage when changing different geometrical dimensions
as obtained from equation 3.12

Dimension Description Scaling factor of V' Comments

Welap width of flap 572 %for 2lpeam = Weiap
Rfiap height of flap invariant since hfap =~ d
flap thickness of flap invariant for trap << hfiap
Wheam width of beam 52

lpeam length of half beam 573 % for 2lpeam = Weiap
theam thickness of beam 52

G Shear modulus of beam material 52

a electrode flap distance 52

r hf‘fap 52

parallel plate capacitor. At larger tilt angles the problem gets more complex. The electrostatic
field acts not only on the front-side of the flap but exerts also a force on the backside. A method
of analytical calculation of the electrostatic field at an arbitrary configuration is conformal
mapping. Since this method leads to solving numerical integrals of large complexity, we will
prefer to calculate the capacitance by finite element simulations. We will do these calculations
in the following section.

3.2.2 Reduced order simulations

As shown in section 3.2.1 the voltage to tilt angle relationship can be expressed with equation
(3.12). In this expression % is the only term which is not calculated analytically. But, in
addition in this analytical model were only taken into account the torques. As shown in figure
3.5 there is not only a torque, but also a force towards the electrode exerting onto the flap. The
torque leads to a tilting of the flap and the force to a displacement towards the electrode. The
electrostatic force in x-direction will now be included in the model. Equations (3.5) and (3.6)
are the governing formulas of the system. Inserting the corresponding forces and torques of
(3.3) and (3.4) the following expressions have to be satisfied for obtaining the trajectory in

and Ax.

1dc* )

= 0,A%)  Wriap Vi = Tam,rem (0, %) (3.13)
2 db

1dc* ,

> dx 0,A%)- wriap - Vi = Fum,pEm(0,A%) (3.14)
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Chapter 3. Modelling of tilting flap

Equations (3.13) and (3.14) can be solved for the actuation voltage Vi and V.

2.T 0,
Vr(0,8%) = | St lEM 6,44 3.15)
\ W(H,AX) wfl&lp
2.F 0,A
Vi, 00 = | o rem @ 2 (3.16)
\ 40,05 wriap

The trajectory of the flap (8, Ax) can obtained by calculating the points where the following
expression is valid:

Vi (0, Ax) = Ve (0, Ax) (3.17)

The following procedure will be used to calculate the trajectory of the flap for different geome-
tries:

e Simulate capacitance C* in two dimensional finite element model using Ansys 12.0
PLANEI121 elements. The capacitance is calculated for different tilt angles 0, electrode-
flap distances d and geometrical configurations.

* Simulate the mechanical torque Ty, rep and force Fyy ppy of the torsion beam being
tilted by 6 and displaced by Ax.

e Insert the simulated values of C*, Ty rpp and Fay pppy into equations 3.15 and 3.16.
C*(Ax) is obtained from the simulated C*(d).

¢ Solve equation 3.17 for finding the trajectory #(6,Ax, V).

The four points listed above are described in the subsequent sections in more detail.

3.2.2.1 Simulation of electrostatic capacitance

The capacitance is simulated using Ansys 12.0. The system is modelled in 2D. The obtained
results correspond to a capacitance per unit flap width C*. The model consists of a moving
flap part el and a static electrode part e2. PLANE121 2D electrostatic elements are used and
the capacitance between the conductor boundaries el and e2 is obtained by the COSOLVE
command. The simulation area is limited to a surrounding border at a distance of at least 100
pm of the conductor elements. The simulation is performed for different tilt angles 8 around
P and distances d. Various configuration of flap and electrodes were modelled. Schematics of
the simulation models for different flap-electrode geometries are shown in figure 3.8 and 3.9.
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3.2. Electromechanical modelling

Table 3.2: Geometrical parameters used for electrostatic simulations in Ansys with PLANE121
elements. The corresponding schematic of the models is shown in figure 3.8 and 3.9.

Dimension | Model1 | Model 2 | Model 3 | Model 4
htiap 50um 50um 50um 50um
he; 50um 50um 50um 50um
tflap lum lum lum lum

Lol 10um 10um 10um 10um
q 15pum - 15um -

a - - 34um 16um
u - - 10pum -

hepo - - 150um | -

Table 3.3: Material properties and geometrical dimensions used in the reduced order simu-
lations, whose results are given in figure 3.8 and 3.9. Poly-silicon is taken as beam material
[65].

Dimension Description Value used for calculations
0 Wriap width of flap 250um

hfiap height of flap 50um

Iflap thickness of flap lum

Wheam width of beam 3.5um

lbeam length of half beam 140um

theam thickness of beam 150nm

Epeam Young modulus of beam material 160GPa

Ubeam Poisson’s ratio of beam material 0.22

In model 1 a flap is simulated which is fixed at an offset g from the tilting point P closer to
the electrode. The electrode is placed for 8 = 0° parallel to the flap at a distance d. Model 2 is
similar to model 1 with the difference that the flap is directly fixed to P (g is here 0). Model 3
and 4 are of higher complexity taking into account other conductors in the system which can
have an influence on the flap trajectory. Model 3 is based on model 1 with a back-boundary
at the same potential as the flap and conductor walls below representing the conductive
substrate on which the device is build on. This configuration is evaluated since it is very close
to the configuration of a vertical flap device presented in section 5.4.2. Model 4 is based on
model 2 with a second electrode added opposite at a distance d + a, this way can be evaluated
a butterfly-flap as shown further down in section 5.4.3. The employed geometrical dimensions
for the different models are given in table 3.2.

3.2.2.2 Simulation of torsion beam

For the torsion beam suspending the flap, the mechanical restoring torque T, rga and electro-
static restoring force Fjs ppp are modelled for different tilt angles 8 and beam displacements
Ax. The beam is modelled as BEAM4 elements in Ansys 12.0. It consists of two sub-beams
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Chapter 3. Modelling of tilting flap

connected together at point P and fixed each at one end. The displacement and angle is
applied to the centre point P and at this same point the restoring torque and force are read-out.
A schematic of the model is shown in figure 3.7 and the employed geometrical dimensions
and material properties are given in table 3.3.

3.2.2.3 Calculation of trajectory

Matlab numeric calculation software is used to combine the results of the electrostatic and
structural simulations. For a predefined initial electrode-beam distance d it first calculates
C* (Ax) from the simulated C* (d) as C* (Ax) = C*(d — Ax). The simulation results C*, Ty rem
andFy, rp s are inserted into equations (3.15) and (3.16). A flap width w flap @S given in table
3.3 is employed. Equation (3.17) is solved next using the contours function to obtain the
trajectory as t(8,Ax, V).

3.2.2.4 Results of simulation

The simulated trajectories of the flap as tilt angle 8 and displacement towards the electrode
Ax in function of the applied voltage V are plotted in figure 3.8 to 3.9. The calculations were
done for four different electrostatic models whose schematic is shown next to the results. The
particular geometrical dimensions and material parameters indicated in table 3.2 and 3.3 were
used. By employing equation 3.12 we can scale the results, as given in table 3.1.

The following observations can be deduced from the voltage to tilt angle curves obtained:

¢ The required actuation voltage to reach a certain tilt angle 8 increases with larger
electrode-beam distance d.

¢ At high actuation voltage the flaps tend to a maximal achievable tilt angle. With increas-
ing d this maximal angle decreases.

* For small d, specially for d = 55um in the model 1, 3 and 4, it can be found a hysteresis
in the curve. The voltage required to attain an angle 6 decreases after a certain point.
The trajectory curve gives the points at which the electrostatic and mechanical torques
equate. This means the flap does not follow the decreasing curve, but as the voltage
is further increased there is a pull-in to a larger tilt angle. When decreasing again the
voltage after a pull-in, the flap remains at the large tilt angle at a lower actuation voltage
than the one required for pull-in.

¢ The required actuation voltages for reaching a certain tilt angle are the lowest for model
1, since here the flap is at the smallest distance of the electrode compared to the other
models.

The following observations can be deduced from the voltage to displacement towards the
electrode Ax curve:
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Figure 3.8: Results of reduced order simulation. On top is shown the employed Ansys models for
obtaining the capacitance C* (6). Below is plotted the corresponding flap trajectory of tilt angle
0 and displacement Ax in function of the actuation voltage. At small beam-electrode distance
d the required actuation voltage for reaching large 0 is lower. When d is increased the maximal
reachable 0 is smaller. For d = 55um a hysteresis effect can be found in both models. In model 1
the flap will be displaced by Ax such to touch the electrode at d = 55um.
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Figure 3.9: Results of reduced order simulation. More complex electrostatic models were em-
ployed here. The back substrate and back electrode were taken into account. The influence of
the additional electrodes leads to different trajectories and higher actuation voltages.
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* The displacement towards the electrode Ax decreases with larger d.

* For small d, specially for d = 55um in model 1 and 3, there is a hysteresis in the curve
which leads at a certain voltage to a pull-in towards the electrode. The flap may be
contacting the electrode. Therefore, a d of 55um or smaller should be avoided in the
final design.

* Typical displacement values are below 3um, except for d around 55um or smaller.

3.2.3 Resonance

As given in the requirements stated in section 3.1.1.1, the resonance frequencies should lay at
as high values as possible. There are two main reasons: First, the device should have an as fast
switching time as possible. A higher first resonance mode can be interpreted as high velocity
of the device. Second, the device should be as much as possible invariant to environmental
vibrations which generally lay below 1kHz.

We will analyse separately the resonance at rest- and at actuated-state.

3.2.3.1 Resonance at rest state

For calculating the resonance frequency we model the system as rigid flap of mass m sus-
pended by a torsion beam. The model is the same as used for analytical calculations depicted
in figure 3.5. The different possible modes are given in figure 3.10, as obtained by COMSOL
4.2 finite-element simulations. We have a mode with a bending of the beam in z-direction, a
mode at which the beam twists in around the x-axis and a torsional mode where the flap tilts
around the beam (around the y-axis).

For a second order system the resonance frequency of the first mode can be expressed as
square-root of the spring constant divided by the mass or moment of inertia.

c)

a)

Figure 3.10: Possible resonance modes as obtained by COMSOL finite element simulation of a
flap suspended by torsion beam with the dimension given in table 3.3. Red areas make a large
displacement and blue areas no displacement. a) is a bending mode, b) a twisting mode and c)
a tilting mode.
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Table 3.4: Calculation of resonance frequencies of different modes using analytical formulas of
section 3.2.3.1 and COMSOL finite-element simulations with geometrical dimensions given in
table 3.3. A material density of p = 2300kg/ m?® is used for poly-silicon.

Mode Description Analytical calculation FEM-simulation
fo torsional mode 1.94 kHz 1.95kHz
Iz bending mode 1.10 kHz 1.08 kHz
Iy twist mode 1.14kHz 1.26 kHz

The resonance frequency of the torsional mode fy can be written for the torsional spring
constant kyp given in (2.7) and torsional moment of inertia Iy expressed in (2.12):

3
fezi‘l@:i 2.G.wbeam.tbeam (3.18)
2n\ Ip 27 lbeam'h:}lap'tflap'wflap'/)

The resonance frequency of the bending mode f,; can be written for the torsional spring
constant k; expressed in (2.9) and mass m calculated in (2.14).

3

_ = _ = - beam (3.19)
2n\ m 27 lbeam'hflap'tflap'wfmp'p

1 |k 1 2-E-8 w

beam

fz

The resonance frequency of the twist mode f, can be written for the twist spring constant k,
of (2.10) and moment of inertia in twist direction I, expressed in (2.16):

1 [k 1 2-E-£2 wy
fr=—/ZL=— beam T (3.20)
27 Iy 21 lbeam'hflap'tflap'wflap'(hflap+ wflap/4)

The resonance frequency of the three modes are calculated for the dimensions given in table
3.3 and listed together with the results of COMSOL finite-element simulations in table 3.4.

3.2.3.2 Resonance at actuated state

When actuating the flap the electrostatic force or torque changes in function of the tilt angle.
The system has thus an additional electrostatic spring constant. Also k. and ky, change in
function of . Due to all these components the resonance frequency changes in function of
the actuation voltage and tilt angle.

We will now evaluate the change in resonance frequency due to electrostatic stiffening. A
similar approach will be taken as reported in [66]. We describe the system with Newton’s
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second law of motion for a torsional movement where the sum of all torques is equal to the
angular acceleration times the torsional moment of inertia Iy.

d*o
19%(9, V)=Tg0,V)-Tu(©) (8.21)

Equation is dependent on the tilt angle 8 and the actuation voltage V, with Tg and T)s given
in (3.3) and (3.1).

In the case of a vibrational movement when the flap is actuated with a voltage V; to a tilt angle
0o the voltage and tilt angle of (3.21) can be expressed as V = Vj + v,. and 8 = 0y + 0,4, with
Vac and B4 being the oscillating components.

We take now the first order Taylor approximation of T,; around Vj and 8y, modifying equation
(3.3)withC=C*- Wrlap:

oT, oT,
To1(Vo, 00, VacrOac) = Tor(Vo,00) + —2 (Vo, 00) - Vae + —2 O e (3.22)
ov 00
1dC dc 1d%C
Tet(Vo,00) = 5 —(00)- Vg + =5 00 Vo vac + 5 —500)- VEOac (3.23)

When inserting now the above result in (3.21) we obtain:

ldC(Q) 2+dC(0) N
—_—— -‘/ — .‘/ .v
2db 07" %0 do 070" Yac

1d*C

d[00 + Gac]
2 d%0 2

(00)-VE-0ac—kg 0o +04c) = Iy 777

(3.24)

The above expression can be simplified by taking into account that the sum of the DC-terms is
zero as expressed in equation (3.5).

62, 1 d2C
ko —— o
arz TR 5 g

ac
Iy 60) - VZ1-04c = =500 Vo vac (3.25)

We have here a second order system for which the resonance frequency can be written as:

1 kg + kel
=51 / 3.26
fres o Iy ( )

with the electrostatic stiffening k,; given as:

1d%C

k= ———
=520

6o) - V2 (3.27)
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Table 3.5: Calculation of power consumption of a modulator array consisting of tilting flaps.

Only the power required for switching of the flaps is taken into account. The calculations are
based on the simulation model 1 of section 3.2.2.

number of flaps per area (100dpi resolution, 4 flaps per pixel) | N¢jqps 6400 flaps/cm?
energy required for switching flap OFF-ON (Opn = 60°) Eswitch 100p]
electrode-flap distance d 65um
switching frequency Jswiten | 100Hz
power consumption Pejstaric | 64uW/ cm?

. Controller | TR SS—

: Electrostatic P

control el. static

E. ....................................... E actuation

.......................... L Emmm— : &
§Battery§3v { Voltage up i8oy; Lonnecton : : o @ @ [©)

............................ converterp ¢ NE0SSeS

Figure 3.11: Entities dissipating power in the system of a modulator array. The battery voltage
has to be converted up using the power P.qn,, there are losses in the connection lines (Pjines)

and also a controller uses power (Pcontro11).- The actuation of the modulators itself dissipates a
power P static

200
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Figure 3.12: The electrostatic energy required to switch a flap to a tilt angle of 0 is shown. The
calculations were done using the capacitance and actuation voltage values as obtained in the

simulation model 1 of section 3.2.2 (figure 3.8). The model consists of one flap of 50x250um?
with a counter electrode.
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3.2.4 Power consumption

We analyse now the power consumption of the tilting flaps optical modulators. The different
power dissipating entities of a whole system comprising a modulator array, controller and in-
terconnection lines are shown in figure 3.11. If the system is battery driven, the voltage requires
to be up-converted, since 30-80V are required for actuation of the flaps and a battery usually
only delivers around 3V. We have also losses in the connection lines and energy dissipated by
the controller. We will only consider the power consumption of the electrostatic actuators
themselves. Each entity consisting of a tilting flap with electrode requires an electrostatic
energy E;,i:ch When it is actuated from OFF- to ON-position as defined in equation (2.1)

1
Eswitch = EC : V2 (3.28)

C denotes here the capacitance between the electrode and flap. It changes depending on
the tilt angle of the flap as shown in figure 3.12 (left) and is in the range of 3 to 10fE The
capacitance values were calculated in the simulations model 1 (section 3.2.2) consisting of
a single flap of 50x250um? with a counter electrode. Inserting in equation (3.28) the voltage
V required for reaching every tilt angle 8, as obtained in the same simulation model, Eg,,;sch
can be computed for all 6. The results of the calculations are plotted in figure 3.12. We obtain
values in the range of E,,;;;, =100p] per switching to maximal tilt angle of one flap.

The power consumption is calculated from the energy per switching-cycle of one flap by
multiplying with the switching frequency fs,);;cr and the number of flaps in a modulator array

mepi
Peistatic = Eswitch- fswitch : Nflaps (3.29)

With equation (3.29) the power consumption of the switching of the flaps is estimated for the
values shown in table 3.5. A modulator array requires about 64 W /cm? for switching all flaps
ON and OFF at a frequency of 100Hz. As stated above, the connection line losses are not taken
into account. Since the parasitic capacitance of a connection line may be much higher than
the capacitance between flap and electrode, the power dissipated on the connection lines
may also have larger values. Therefore, for obtaining a low-power device it is important to
minimize the parasitic capacitance of the connection lines.
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Chapter 3. Modelling of tilting flap

3.3 Design of tilting flaps using electromechanical model

An analytical model and reduced order simulations have been presented in this chapter. We

will now combine the results of the models with the requirements for a reflective display and

transmissive shutters as stated in section 3.1.1.1. With this approach the systems dimensions

will be designed. Let’s first summarize the most important requirements:

Low actuation voltage V.

The maximal obtainable tilt angle 8 should be as large as possible.

The flap should not touch the electrode when actuated.

Highest resonance frequencies possible.

The fill-factor of the active optically modulating area has to be maximized.

Maximize the pixel size.

The main equation used for designing a tilting flap system is 3.12. We will rewrite it again:

148 wpoan-G-0
V(B):\] beam_ “beam (3.30)

3-€,€p hflap . %(9) *Welap* Ipeam

Using the above equation and the trajectory in function of tilt angle 8, displacement Ax and

actuation voltage V as obtained from reduced order simulations in section 3.2.2 we can give

design rules for each parameter.
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Welap: V scales with a factor s77 in dependence of the flap width. When taking into
account that the beam length lj,4, is proportional to w4y, the scaling of V' is even at
a factor % But, w4y should not be too large since it defines the pixel size. We choose a
value of 250um giving a still reasonable pixel resolution of 100dpi.

hfiap: The actuation voltage is invariant to scaling of the flap height, as long as d is
scaled accordingly. The larger hif;4), is the higher will be the fill-factor, at the same time
the resonance frequencies will decrease. We will choose the length of h¢;,, depending
on the fabrication technology employed.

tf1ap: The flap thickness has only an influence on the resonance frequency. The thicker
itis the lower will be f. We will choose the thickness accordingly with the fabrication
technology employed.

Ipeam: The voltage scales with s7% in dependence of the beam length. But the length
of lpeam 1s also proportional to w4 It will therefore be chosen accordingly with the
length of w4, and the fabrication technology employed.



3.3. Design of tilting flaps using electromechanical model

* Wyeam: The voltage scales with s2in dependence of the beam width. We will choose
the width according to the smallest dimension which can be achieved practicably by
lithography of about 3.5um.

* fpeam: V scales with s2 in dependence of the beam thickness. So tpeq;,, is the parameter
having the largest influence on the actuation voltage. We will choose the thickness of
tream depending on the fabrication technology employed.

* Enodulus: The more compliant the material employed is the lower is the actuation
voltage.

* d: As obtained from the simulations for hf;,, = 50um, d requires to be larger than
55um since otherwise we risk that the flap touches the electrode.

In the next chapters two different concepts of tilting flaps will be presented. They both rely
on different fabrication technologies and thus require different dimensions of the above
parameters.

The first concept is based on flaps which are horizontal at rest state and tilted to vertical
position when actuated. It will be presented in chapter 4.

The second concept uses flaps which are in vertical state after fabrication and at rest-position.
These can be electrostatically actuated to horizontal position. This concept will be presented
in chapter 5.
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Design study with horizontal flaps

In the beginning of the project a first design study was performed for fabrication of optical
modulators exhibiting a high visual contrast. The system should work with flaps having
large angular rotation, which are actuated at low power. The main application is a reflective
display having contrast and brightness close to printed paper and much higher than nowadays
available liquid crystal based systems.

4.1 Concept

The system consists of flaps which are horizontal at rest state. The flaps are suspended by
a torsion beam on top of a substrate. They are fabricated by surface micromachining of
poly-silicon with a Si O, sacrificial layer. Directly above the flap, at a certain spacing, is placed
a transparent electrode. When a voltage is applied between flap and electrode the electrostatic
torque tilts the flap to be vertical to the substrate. Due to the rotation of the flap a mechanical
opposing-torque is build up which tilts the flap back into horizontal position after setting back
the electrode to same potential as the flap. It is important that the flap does not touch any
surface when it rotates, since otherwise this can result in sticking.

4.1.1 Working principle as reflective display

As described in section 3.1.1 the main feature to use tilting flaps as a reflective display is to
place a light absorbtive layer below the modulators. We choose therefore to fabricated the
horizontal flaps on top of a black substrate.

A flap array as reflective display system is depicted in figure 4.1 on the left side. Light is
reflected on the areas where the flaps are in horizontal state, giving bright, white pixels. When
aflap is tilted into vertical position due to application of a voltage difference to an opposing
electrode, incoming irradiation is absorbed on an underlying light absorptive layer, so the
pixel is black. When the voltage difference between flap and electrode is set to zero again,
the flap turns back into horizontal position due to the restoring torque of the rotated torsion
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Figure 4.1: Schematic of array of horizontal flaps suspended by torsion bars. All flaps are
grounded. On the transparent electrode above the central flap a voltage V is applied, forcing this
flap to tilt into vertical position. On the left side are show a flap array in the configuration as
reflective display. The flaps are fabricated on top of a light absorptive substrate. On the right
side is shown the flap array as transmissive shutters fabricated on top of a transparent substrate.

beam and we obtain a white pixel again.

4.1.2 Working principle as transmissive shutter array

The system can also be used as transmissive shutter array with a slightly different arrangement.
Here the electrode and also the substrate on which the flaps are placed have to be transparent.
Light is blocked from transmission when the flaps are in horizontal rest-state. A schematic of
such a system is depicted in figure 4.1 on the right side. At the position of a flap which is tilted
into vertical position the light can pass through.

4.2 Design

4.2.1 Arrangement of flaps in an array

It is important to have a maximal fill-factor of the flaps for increasing the overall reflectivity
in the case of a reflective display and the total transmissivity in the case of a transmissive
shutter array. For this purpose the so called dead areas have to be minimized. These areas
consist of the areas of the device which do not modulate the light, such as the torsion beam,
the spacing between the flaps and the anchor points. With the flaps suspended by torsion
beams the arrangement can look as depicted in figure 4.2. The torsion beam consists of two
sub-beams with the length corresponding to the width of a flap.
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Figure 4.2: Arrangement of flaps with torsion beams in an array optimizing the fill factor. A
single flap is highlighted in darker color.

Table 4.1: Dimensions of a flap and torsion beam as used for fabrication. As flap and beam
material poly-silicon is used, whose material parameter is given in table 3.3

Description Parameter Value
Flap height Rfiap 100 um
Flap width Welap 250 um
Beam length lpeam 235 um
Beam width Wheam 4 um
Thickness of poly-Si  tpeam = tfiap 100 nmM
Spacer thickness d 120 um

4.2.2 Design of geometrical dimensions

In section 3.3 most of the parameters have already been dimensioned. We will set the dimen-
sions depending on the fabrication technology.

* d: The electrode-flaps distance was chosen according of the spacer thickness available.
It requires also to be as large as possible for obtaining large fill-factor. We take d =
120um.

* hfiap: The flap length is defined by the electrode-flap distance d. It has to be a bit
shorter for the flap not to touch the electrode. We set iif;4,, to 100um.

* Ipeam: The length of the beam is chosen accordingly with the arrangement of the flaps
in an array as shown in figure 4.2 as lq4;, = 235um.

* tpeam = tfiap: The flap and beam have the same thickness since they are both patterned
in the same poly-silicon layer. The thickness should be as small as possible for obtaining
a low actuation voltage. We choose a still practicable thickness of poly-silicon of 100nm.

Table 4.1 summarizes the optimal dimensions for a flap and torsion beam. We obtain analytical
values employing equations (3.18) and (3.19) for the resonance frequencies of a bending mode
at 1.6kHz and a tilt-mode at 4.7kHz.
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4.3 Fabrication Process

Test structures were fabricated for the above presented concept as reflective display. These test
structures consist of single flaps placed beside each-other. The high fill-factor configuration
as presented in section 4.2.1 was not employed yet. It was also chosen to fabricate only the
reflective display concept with silicon as substrate for the flaps with a transparent electrode
on top. The reason is the ease of fabrication. Silicon as substrate is a very commonly used
material and most microfabrication processes are optimized for it.

The system consists of three components: The flaps on one substrate, the electrodes on
another substrate and a spacer in-between.

The absorbing substrate can consist of a silicon wafer, which can be additionally coated or
treated to be light absorbing. The transparent substrate can be made of Borofloat, Quartz or
any other transparent material. A thin layer of about 100nm Indium-tin-oxide(ITO) is used as
transparent electrode material.

For the material of the flaps the requirement is that it is reflective and conductive. We can
use poly-silicon, a metal or also a polymer coated with a thin metal film. The thickness of the
spacer has to be about 120 um. It can consist of a bonded silicon-wafer, some thick polymer
layer (Polyimide, SU-8) or also of an optical fibre.

In the following chapters the fabrication method for the flaps, electrodes and spacer are shown,
as they were used for a first prototype.

4.3.1 Flap chip
Here the process is described for fabricating poly-Si flaps on top of a silicon wafer.

The process is depicted in figure 4.3. It starts with a standard p-doped silicon 100mm diameter
wafer of about 500 um thickness. In a) the wafer is oxidized. An about 2 um thick layer of
silicon dioxide (Si0y) is grown onto the substrate. Subsequently in b) about 10 um wide
holes are patterned into the oxide by buffered hydrofluoric acid (BHF 1:7) etching. These
holes will serve as anchor-points of the flaps. An about 100nm thick poly-Si layer is deposited
by low-pressure chemical vapour deposition (LPCVD) in c¢). The poly-Si is then doped by
coating with an additional phosphorous-doped oxide in chemical vapour deposition (CVD).
An annealing at 1100°C diffuses the dopant into the poly-Si and should in addition lower its
intrinsic stress. The doped oxide is removed in a BHF 1:7 solution. As next step d) the poly-Si
is structured by dry-etching to get the shape of the flaps. The wafer is then diced into chips
in step e) and finally the flaps are released. For the release, the thermal oxide is etched in
hydrofluoric acid (HF) vapour.
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Figure 4.3: Fabrication process for flap chip on Si substrate. Poly-Si (blue) as flap material is
deposited onto patterned SiO, (yellow) sacrificial layer. Holes in oxide serve as anchors for the
flaps. The flaps are released in HF-vapour.

Figure 4.4: Fabricated flap chip of 2.5mm by 24mm in size. Poly-silicon flaps on silicon sub-
strate. The five flap-arrays look shiny on top of the substrate.

4.3.2 Electrode chip

The electrodes are fabricated onto a transparent substrate. They require being transparent
themselves, therefore a thin layer of 100nm ITO is used. Since ITO has a low conductivity,
the interconnection lines and connection pads are made in metal (gold). The fabrication
process is depicted in figure 4.5. A 100mm diameter, 500 um thick Borofloat wafer is used as
substrate. 100nm ITO is deposited by sputtering using a lift-off process (a) ). The ITO layer is
annealed at 200°C to enhance its conductivity and transparency. Next a gold (Au) layer for the
interconnects is processed by lift-off in b). As final step c) the wafer is diced into chip size.

4.3.3 Spacer and assembly

Different processes can be used for fabrication of the spacer between the electrode and flap
chip. For the prototype, a process using eutectic bonding of a silicon-on-insulator (SOI) wafer
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a)
b)

—— —
—— e——
c)
Figure 4.5: Cross-section of fabrication process for electrode chip. ITO electrodes are deposited
onto Borofloat substrate (a). Gold is used for the interconnection lines and connection pads (b).

The wafer is diced into chips (c).

Figure 4.6: Fabricated electrode chip of 5 by 24mm in size. ITO electrodes with gold intercon-
nection lines on Borofloat substrate. Along the side are placed the connection pads. On both
ends are located alignment marks for assembly with the flap chip.

onto the flap chip was foreseen. As alternative for assembly of the chips, a standard optical
fibre with a diameter of 125um was used as spacer.

The two spacer processes directly assemble the flap and electrode chips. The chips have align-
ment marks at two ends. This way the chips can be optically aligned using a micropositioning
system under a microscope.

4.3.3.1 Eutectic bonding of SOI-device layer

A SOI-device layer of 120 um thickness is bonded onto the flap wafer. Eutectic bonding is used
consisting of gold-silicon bonding at the eutectic temperature of 390°C. After removing the
handle layer of the SOI wafer the device layer serves as spacer. The process is shown in figure
4.7:

In a) the flap wafer is coated with a gold layer of about 500nm thickness at the areas where
it will bonded to the SOI wafer. The flap wafer as processed in step d) of figure 4.3 is used.
The 120um thick device layer of a 100mm diameter SOI wafer is structured by deep reactive
ion etching (DRIE) to form the spacers in c). On the backside of the SOI wafer about 100 um
wide holes are etched by DRIE. These holes serve for the release process. The device layer
of the SOI-wafer is then bonded onto the wafer with the flaps in d). By heating above the
eutectic temperature of 390° a silicon-gold alloy forms at the interface. The backside of the
flap wafer is etched next in e). By DRIE the wafer is structured to obtain single chips. In f) the
two bonded and structured wafers are placed in to a HF-vapour system. The device layer is
now released from the handle layer. In the same step the flaps are released as well. As result
are obtained single chips with released flaps and a silicon spacer layer of 120um thickness (g).
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The electrode chip can now be assembled (f) using a silver or UV-glue. The chips have to be
optically aligned using a micropositioning system.

Through the silicon pillar spacers we achieve, an electrical connection between flap and
electrode chip. This way all the electrical connections of the flaps can be carried to the
electrode chip, where all connection pads are placed.

As reported in literature eutectic bonding is hermetic [67]. Using this process hermetic encap-

sulation of the flaps can be achieved.

Figure 4.7: Fabrication process of spacer using eutectic bonding of a silicon-on-insulator (SOI)-
wafer to the flap wafer. The 120um thick patterned device layer serves as spacer. The handle
layer is released from the device layer in HF-vapor. The electrode chip is assembled with a
UV-glue.

4.3.3.2 Optical fiber

Single mode optical fibres have a very exact thickness of 125 um +/- 1 um and are therefore
appropriate as spacer. Since the eutectic bonding process was not available, the first prototype
chips were assembled using fibers as spacer. Ultra violet (UV) curing glue Norland Optical
adhesive 78 was used for fixing the two chips and the fibers together.

In figure 4.9 the assembled chips and in figure 4.8 a cross-section of the schematic can be seen.
For assembly first two fibres are placed at the edges of the flap chip. At the same location, a
drop of UV-adhesive is applied. The electrode chip is then positioned onto the flap chip using
a vacuum gripper on a micrometer gauge. Alignment marks on the side of the chips serve for
accurate (+/- 10 um) positioning via a binocular microscope. While applying pressure onto
the two chips the UV-adhesive is cured using an UV spot source Bluepoint 3 of Dr. Hénle.

When using the optical fibre with UV-adhesive for assembly there is no electrical connection
of the flap chip to the connection pads on the electrode chip. Therefore the flap substrate
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optical fiber
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Figure 4.8: Cross section of assembly of chips using as spacer a standard optical fibre of 125um
diameter. The flap chip, the electrode chips and the fibre are fixed together with an UV-glue. The
electrode chip is wider than the flap chip since the electrical connection pads are placed here.

front side back side

Figure 4.9: Assembled chip with optical fibre as spacer. UV-adhesive was used to fix the two
chips and the fibre together. For electrical connection of the flap chip a wire was glued with
silver glue to the substrate. On the front side the flaps can be seen through the glass substrate.

Figure 4.10: Top view of assembled devices seen though a microscope: a) focused on the
electrode-layer, b) focused on the flaps. Four torsion beam flaps with segmented electrodes
are shown. The flaps are slightly curved due to intrinsic stress. An array of holes on the flaps
facilitate the release when etching the underlying Si O, sacrificial layer in fabrication.
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requires to be electrically connected. This is made by gluing a wire to the substrate using silver
adhesive, as can be seen in figure 4.9.

A microscope picture of an assembled chip is shown in figure 4.10. The microscope is once
focused onto the electrode level and once onto the flap level. It can be seen that the electrode
and flap are well aligned.

4.3.4 Connection of the chip to a PCB

The assembled chips have to be connected to a printed circuit board (PCB), for being able
to be controlled with a driving circuitry. The connection pads for electrodes and flaps are
all on the backside of the electrode chip, when we look from the top trough the transparent
electrode substrate onto the flaps. Therefore it was chosen to use Zebra connectors for making
the electrical assembly to the PCB. The Zebra connectors used have a conductor line pitch
of 0.05mm, which is 4 times higher than the pitch of the connection pads on the chip and
PCB. The assembly is shown in figure 4.11. The Zebra connectors require a certain contact
pressure to make a good electrical connection. For this reason chip and the Zebra connectors
are pressed onto the PCB by means of a metal plate fixed with screw and nuts. The metal plate
on top of the chip has a opening as optical access to the flaps.

nut\,'* metal plate (with hole)
;
1

SCrew.
!

Zebra connector
T~

\\\\\\\\\\\\\\\\\\'B

PCB

|

" assembled chip

Figure 4.11: Assembled chip connected to a printed circuit board (PCB) using zebra connectors.
A metal plate screwed to the PCB presses the chip onto the Zebra connectors. The metal plate
has a hole, so the flaps can be observed from the top.

4.4 Characterization

4.4.1 Fabrication results

Many flaps are deformed most probably doe to a stress-gradient in the poly-silicon layer. In
fact the annealing of poly-silicon during the doping process at 1000° should lead to a low stress
in the layer [65]. But already a small stress gradient provokes a deformation over the whole
flap width, which is larger than the spacing to the substrate. An image of fabricated flaps can
be seen in figure 4.13, where the curved deformation of the flaps can be observed.

51



Chapter 4. Design study with horizontal flaps

zebbra connector

Figure 4.12: Top left: PCB board with sockets for addressing every single electrode. The assem-
bled chip is placed at the centre and connected to the board with Zebra connectors. Bottom and
right picture show a close-up of the mounted chip. The metal plate pressing the chip onto the
connectors has a hole for observation of the flaps.

4.4.2 Actuation of flaps

An assembled chip was tested with an optical fibre as spacer and mounted onto a PCB, as
described in section 4.3.4. The flaps are all connected to the substrate and set to ground and
a voltage is applied to an electrode above. The other electrodes are at floating potential. A
Keithley 2400 source meter was used as voltage source.

In figure 4.13 it can be seen a flap which is actuated with 35V. When tilted, the flap gets into a
position almost vertical to the substrate. It is almost not visible any more when looking from
the top.

As described above, the poly-silicon of the flaps is curved due to the intrinsic stress gradient.
The flaps touch therefore the substrate. Since the contact forces between substrate and flap
are considerably high, a higher force is required to pull the flaps up to vertical position. This
higher force translates into a higher actuation voltage. On many other flaps not shown here,
the contact forces to the substrate are too high and even at high voltage the flaps do not tilt.

4.5 Discussion and next steps

Poly-Si flaps have been fabricated by surface micromachining with a layer thickness of 100nm.
The flaps are deformed probably due to intrinsic stress-gradient in the material. The defor-
mation leads to the flap touching the substrate. Contact forces lead thus to higher actuation
voltage or even to malfunction of the device.

The next step consist of optimizing the poly-Si process for obtaining a lower overall stress and
specially a lower stress gradient. The following solutions can be employed:
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Figure 4.13: Poly-Si torsion beam flaps assembled to electrode chip: a) no voltage applied b) 35V
applied between flaps and the electrode on the second line. The flap turns to vertical position
and is almost no longer visible from the top. The flaps are curved due to intrinsic stress gradient
and touch probably the substrate, which leads to a higher actuation voltage.

* Different groups report that the stress gradient and overall stress depends strongly on
the deposition condition of the poly-Si [65, 68-71]. An optimization of the deposition
process could lead to much lower stress values.

e It can be expected that a stress gradient arises due to the mismatch of the thermal ex-
pansion coefficient between the underlying SiO, sacrificial layer and the poly-Si. Using
a sacrificial material with a more similar thermal expansion coefficient (for example
silicon nitride) could be a solution to lower the stress gradient.

* Bombarding a poly-Si layer with argon ions is reported for flattening of stressed thin-
films [72].

» Using a stacked layer of films with different stresses (one compressive, the other one
tensile) can control the stress. A process using multiple poly-Si layers is reported in [71].

 Thicker layers are expected to have a lower stress gradient, since the difference in stress
between the top and bottom layer will be distributed over a larger distance. In addition a
thicker structure is stiffer and does deform less. The stresses in thin poly-Si are reported
to be higher than for thick ones [70].

* The stress gradient may be caused by the doping-profile, since a the process uses
diffusion from the top. Another doping technique of the poly-silicon layer may give
lower stress-gradient values.

* Employ other flap- and beam material as for example Parylene. It is expected to have
less stress problems, since thicker layers can be used, due to the 40 times lower Young
modulus. Thicker layer are expected to deform less due to stress.
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¢ For aluminium as flap material also different methods exist to get a stress-free layer.
Deposition temperature, pressure, method (sputtering, evaporation, etc.) and annealing
are parameters which can be adapted. Different groups report the fabrication of stress
free metal layers used in free-standing structures, like micromirrors [73-75].

* Another approach is to have a thicker sacrificial layer. For SiO, the deposition thickness
is limited to about 3-5um (by using a combination of wet and CVD deposition). In
addition such thick layer may lead to large stress in the whole substrate. A better
solution is to employ Parylene or other organic material, such as thick photoresist or
dry-foils as sacrificial layers as reported in [76, 77]. In this case an adapted flap material
would need to be used such as amorphous silicon or aluminium.

We decided not to proceed with process optimization but to try a totally different approach for
the fabrication of tilting flaps as optical modulators. The new approach will have flaps with
a geometrical arrangement such that no surface is contacted by actuation or stress-induced
deformation. The fabrication process will be also directly lead to a stress compensation. The
concept will be presented in the next chapter 5.
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Design and fabrication of vertical
flaps

After the study of horizontal flaps fabricated by surface micromachining as presented in
the preceding chapter a new concept was investigated. The system should be less prone
to stress-induced deformation of the flaps. Any contact to any surface should be avoided
to prevent stiction. The new concept is based on flaps which are vertical at their rest state
and when actuated tilt electrostatically to horizontal position. The flaps are far apart of the
substrate, so even if there is some deformation they cannot touch any surface. In addition due
to the fabrication technology employed the stress on the flap is compensated. The system was
designed for flat tilting flaps suspended by a torsion beam. But using the same fabrication
process also a variety of shapes can be obtained.

5.1 Working principle of vertical flaps as optical modulator

The system consists of flaps which are vertical at their rest state, e.g. after fabrication. Therefore
the concept is named further on vertical flaps. The flaps are suspended by a torsion beam and
can be electrostatically tilted to almost horizontal position by applying a voltage between the
flap and a electrode. The details of the design will be first explained by a basic flat flap with
a fixed opposing electrode. More advanced designs with flaps of different shapes and other
electrodes will be treated further on.

A schematic of the system is shown in figure 5.1. The flap is in rest state parallel to the fixed
electrode. It is suspended by a torsion beam which is attached to the substrate at both ends.
When a voltage is applied between flap and electrode an electrostatic force acts onto the flap
tilting it around the torsion beam. It gets close to horizontal position.

When the voltage is switched off the flap returns back to vertical rest state by the restoring
force of the deformed torsion beam. The actuation follows the same concept presented in
chapter 3. As discussed the flap requires to be placed at a large enough distance from the
electrode to avoid contact at actuation.
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[

Figure 5.1: Concept of optical modulator with vertical flaps suspended by a torsion beam. On
the left the flap is in rest state perpendicular to the substrate. Parallel to it is placed a electrode,
which is vertical as well. When a voltage difference is applied between flap and the electrode the
flap turns due to the electrostatic torque to horizontal position. Light coming from above will be
blocked or reflected, since the flap lays perpendicular to the light path.

5.2 Concept of fabrication process of vertical flaps

A novel process was developed for fabrication of vertical flaps. It is based on a process
employed previously for fabrication of inertial devices in poly-silicon [78-80] and other appli-
cation partially employing Parylene [81-83]. A micromirror device has also been fabricated
with a similar process [84]. A patent describing the fabrication scheme for reflective displays
exists as well [38].

The concept of the process is shown in figure 5.2. It consists of micromoulding into thin high
aspect ratio trenches. The trenches are etched by deep reactive ion etching into a silicon
substrate. The walls of the trenches are subsequently covered with a layer of SiO,. Next,
the trenches are filled with a material, which can be deposited in a conformal process. The
material will constitute the flap-material. It should therefore have the following properties:

Conductive such, that the flap can be actuated by an electrostatic field.

* Intransparent to the wavelength at which the device will operate.

Reflecting at those wavelengths at which the flap will be used.

Good mechanical properties.

Possible materials comprise low pressure vapour deposited (LPCVD) poly silicon, metal de-
posited by atomic layer deposition (ALD) and Parylene when it is combined with a conductive
material. A list and comparison of the different materials is shown in table 5.1.
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Figure 5.2: Schematic explaining the concept of the fabrication process employed for obtaining
the optical modulators based on vertical flaps. A micromoulding approach is used by filling
thin high-aspect ratio trenches (I-1I), patterning the top to the form as torsion beam (III) and
releasing the vertical flaps by Si-etching of the material between the flaps and electrodes (IV-V).

different
stress-levels
in layers

Figure 5.3: Concept of auto stress-compensation: In the refill process of the trench defining the
flap, the material is deposited in a conformal process. We see how layer on layer is formed inside
the trench along the walls. Each layer can have a different stress level as depicted on the right
image of the released flap. But, we find the same stress levels on both sides of the flap. The stress
levels on the opposing sides compensates each other and we have no stress induced deformation

of the flap.
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Table 5.1: Materials for trench refill, having conformal deposition process

Material Deposition  conductivity possible
process thickness
Poly-silicon LPCVD doping by diffusion pro- 500nm
cess required

Parylene-C PVD not conductive S5um

TiN ALD conductive 100nm
Pt ALD conductive 100nm
Ru ALD conductive 100nm
silicon-nitride LPCVD not conductive 500nm

The location of the trenches define the position of the flaps and also the delimiting walls
of the electrodes. This way the electrode-flap distance is directly defined by the first mask
giving a good alignment tolerance. In the release step the substrate material between flap
and electrode is etched away. In this step the filling of trenches is protected by the SiO, on its
walls. A more detailed description of the process will be given in section 5.5.

The released flaps are supposed to be free of stress induced deformation. The reason is that
the trenches are filled by a conformal process. Here the material is deposited on both walls
of the trench simultaneously up to the point at which the layers on both walls touch and the
trench is filed. So, even if there is a stress in the deposited layer, the same stress can also be
found on the opposite side of the flap. We have no stress-induced deformation of the flap
since the stress on both sides cancel out. We call this concept auto stress-compensation it is
schematically depicted in figure 5.3.

The shape of the trench directly defines the shape of the flap and electrode. This way flaps of
arbitrary shape can be fabricated, such as grating shape, grid-shape or comb-shape as shown
in figure 5.4.

5.3 Concept of applications of vertical flaps

5.3.1 Concept as reflective display

In the application as reflective display each flap (or several flaps together) forms a pixel. A
schematic of a 4 by 4 array of double-flaps in application as reflective display is shown in figure
5.5 on the left. An optically absorptive layer is placed at the backside of the chip. When a flap is
atrest state incoming light arrives on the black layer, where it is absorbed. The area is perceived
as black. When the flap is tilted to close to horizontal position light is reflected back up, we
have a white pixel. In an array the flaps are electrically connected together along the rows
and the electrodes along the columns. Line-column addressing can be used for addressing
each single pixel as described in section 3.1.4. For this purpose the voltage required to hold
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5.3. Concept of applications of vertical flaps

Figure 5.4: With the fabrication employed for producing vertical flaps also devices with different
other shapes can be made. We have from left to right a grid shaped structure, a zigzag shaped
flap which can serve as blazed grating, a flap with combs and a lens-shaped structure. All
devices are suspended by a torsion beam.

top-view top-view
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Figure 5.5: This concept drawing shows a 2 by 2 array of vertical double-flaps. The flaps are
connected in the rows and the electrodes along the columns. When a voltage is applied to a row
of flaps these turn to horizontal position. On the left side the devices in application of reflective
display is shown. Light gets absorbed on an underlying optically absorptive layer at the areas
where the flap are in rest (vertical) state. At the locations where the flaps are in horizontal state
we have back-reflection. In the application as transmissive shutter array, as shown on the right
side, light gets either blocked or passes through the device.

59



Chapter 5. Design and fabrication of vertical flaps

the flap at horizontal position should be lower than for switching from ON- to OFF-state. For
geometries where this is not the case an active matrix with a TFT back-plane is required.

5.3.1.1 Fill-factor and contrast
The system has an active modulating area corresponding to the fill factor Fr;;; as:

A - -sin(0)
flap—-max 5.1)

Frin(0) = o
pixe

Where Afjqp-max denotes the surface area of the flap (as seen perpendicularly), Ap;xe; the
area of a whole pixel and 6 the tilt angle of the flap.

Light arriving onto the torsion beam or the area surrounding the cavity, is reflected indepen-
dently of the tilt angle of the flap. Therefore these surfaces require to be covered by a black
matrix or coated with a light absorbing layer. We suppose that such a shielding layer has a
reflectivity of Rspierqing and a fill factor corresponding to the non-active area at maximal tilt
angle of the flap 1 — F;;;(0max). In this case the overall reflectivity of the display in all-white
(ON-)state can be written as:

Ra11Omax) = Ffit1@max) * Rtap + 1= Fri11@max)) - Rsnielding (5.2)
, with Rf4), the reflectivity of the active modulating area, which corresponds in the ON-state
to the reflectivity of the flap surface. In the all-black (OFF-)state the overall reflectivity is
accordingly given by:

Ra11(0 =0°) = Fri11(Omax) - Rorr + (1 = Ffi11(0max)) - Rshielding (5.3)

Here Rorr is the reflectivity of the active modulating area as the flap is in vertical rest-state.

The overall contrast ratio of the display system can now be written using equation 2.17:

CR = Rwhite — Rall(emaxo) 5.4)
Rptack  Ran(0=0°)

A packaged device requires to have a protective transparent cover on top of the flap-array.
Such a cover will have a reflectivity of R.,yer and thus change equations (5.2) and (5.3) to:

Rall,cover (Omax) = Ffill(Qmax)‘(Rflap+Rcover)+(1_Ffill(gmax))'(Rshielding+Rcover)(5-5)

Raii,cover 0=0°)= Ffill(Qmax)'(ROFF"'Rcover)+(I—Ffill(Bmax))'(Rshielding+Rcover)(5-6)
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5.3. Concept of applications of vertical flaps

5.3.1.2 Angular perception

An observer looking at the reflecting pixel sees on it the reflection of an object in the corre-
sponding light path. If this object is dark the perceived brightness of the pixel will be quite low.
Solutions to this problem were discussed in section 3.1.1.2 and figure 3.2 and can include to
have a flap surface with roughness, wave-shaped flaps or an additional transparent diffuser
in the light path. With the fabrication process of vertical flaps wave-shaped devices can be
fabricated as shown in figure 5.4. A rough flap surface is more difficult to implement, since the
flap surface is given by the shape of the deep trench. To include a transparent diffuser is easily
feasible by placing one across the whole display surface at some distance above the flaps.

Figure 5.6: A mirror-like flap at a tilt angle 0 is observed from different incidence angles will be
perceived with varying brightness due to the change in path of light arriving at the observers
eye. When supposing a illumination of the mirror with constant intensity from all incidence
angles the flap will be perceived in angular region Q as bright. In ® it will be less bright due to
additional reflection at the electrode surface and in WV the flap will perceived as dark.

Lets now analyse how a flat surface will be perceived when observed from different directions.
A schematic with ray tracing for a flap at a tilt angle of 6 is shown in figure 5.6. We take the
case of uniform hemispherical illumination, where the light intensity arriving onto the device
is constant from all incident angles. Here we perceive the flap as bright at all incident angles
in the region Q. At angular region ® the perceived intensity will be lower since these rays
will have reflected additionally on the electrode surface. For an observer looking from all
angles inside ¥ the flap will look dark, since all rays arriving to these angles originate from
the cavity below the flap, where the absorbing layer is placed. Numerically we can write these
dark region WV as incident angles from normal incidence y:

yeW & 90°—0 <y <260-90° (5.7)
The above calculations of the angular regions 0, ® and ¥ are also useful to know for the
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case that a transparent diffuser is placed in the light path. The ratio of angular distance Q to
the angular rage of the diffuser (in optimal case 180°) gives the mean light intensity which is
reflected for a certain tilt angle 6.

5.3.2 Concept as transmissive shutter array

An array of flaps can be used also as transmissive shutters. A schematic of a 4 by 4 array of
double-flaps is shown in figure 5.5 on the right side. On the areas of the array where the flaps
are in vertical rest position light passes through the device without any interaction. At the
locations where the flaps are tilted to horizontal position the incoming light is blocked of
transmission. The passive areas comprising electrode and beams are always blocking the beam
path, lowering maximal possible transmittance as shown in figure 3.4. Therefore a maximal
fill-factor of active modulating area is required as given by equation (5.1). At horizontal state
still some light can pass through the device at the gap between flap and electrode and also next
to the torsion beams. This issue can be solved by placing a lens in the beam path as discussed
in section 3.1.2.2. An additional black-matrix covering the passive areas can additionally
increase the contrast ratio.

5.4 Design of different structures

As next step we will fix the geometrical dimensions and material used. Most of the dimensions
have already been set in section 3.3 and are common with the concept of horizontal flaps of
chapter 4. Some properties are depended on the fabrication process these are:

* tfiap: The thickness of the flap requires to be thin for obtaining a high resonance
frequency. But, also thick enough for blocking light in transmission. In the deposition-
process of poly-silicon we are limited to about 500nm thickness. Therefore the trench
width has to be limited to 1um for obtaining a complete refill. The thickness of the flap
is defined by the width of the deep trench. We choose t,; to be about 1um.

* hf1ap: The height of the flap is defined by the depth of the deep trench. Since this
trench requires to be as thin as possible the depth is defined be the maximal achievable
aspect-ratio. We were able to fabricate 50um deep trenches, which gives h,; of same
size.

* Ilpeam: For having a maximal fill-ratio the beam should not be much longer than the flap
is wide. We take Iy, as 145um.

* ftpeam: We will take fp045,, as the smallest feasible layer thickness of about 150nm.

¢ Material: We will fabricate flaps with poly-silicon as material.

The chosen dimensions correspond to the ones given in table 3.3 and for which the actuation
voltage versus angle relationship was already calculated in section 3.2.2 and plotted in figure
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3.8.
The resonance frequency and modes have been calculated in section 3.2.3.1 in table 3.4.

Different architectures of flap arrays are designed and fabricated. A first one is similar to the
one shown in the schematic of figure 5.5 as an array of double-flaps with the beam placed at a
certain offset from the flap. The second one is based on the first architecture, but employing
only single flaps . In the third architecture the beam is attached in line with the flap at both
ends.

5.4.1 Arrays of double flaps

An array of double flaps with the torsion beams placed at some offset beside the flaps is shown
in the schematic of figure 5.7. If not marked on the schematic the dimensions are the same as
given in table 3.3. The flap is attached to the torsion beam at its centre. Two flaps are placed in
parallel with each having an opposing electrode, such that they tilt in butterfly-wings manner.
The torsion beam is connected via a T-shaped structure to the substrate. In this configuration
the stress in axial direction of the beam can be lowered by deformation of the perpendicularly
laying T-structure.

Line-column addressing can be employed here. All the flaps are connected along the columns,
the electrodes along the rows. At the crossing point of flap-connection beam and electrode-
rows both layers are electrically insulated by an SiO,-layer. The trenches delimiting the
electrode are curved at both ends. The reason is the under-etching of the substrate at the
release step, which requires the electrode to be larger at this locations.

5.4.2 Arrays of single flaps

In this architecture each unit consists of one single flap. It is based on the above described
architecture of double-flaps, where the flaps are suspended by a torsion beam at a certain
offset. An alternative architecture consists of placing the beam opposite on the side of the
flap facing the electrode. The trench at the backside of the flap is electrically connected to
the same potential as the flap, such that there is only an electrostatic force attracting the flap
towards the electrode.

A similar stress-relief structure is placed on the torsion beam as for the double flap. In this
configuration line-column addressing can be used as well, since the flaps are connected in the
columns and the electrodes along the lines. A drawing of this architecture with geometrical
dimensions is given in figure 5.8. Additional geometrical parameter are listed in table 3.3.
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I | |
VFI VFZ VF3

B trench layer: defines flaps and delimits electrodes
Il beams: connected to potential V,

electrodes: connected to potential V,
[ substrate: supports whole structure
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Sfill-factor  Awwe 2x50x250 um’
Fy= = T —40.9%
(@d=64um) "™ A, 184 x 332 um’ ?

Figure 5.7: Array of double-flaps with beam fixed at a certain offset.

cross-section A-A
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T T |
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Figure 5.8: Array of single-flaps with beam fixed at a certain offset.
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5.4.3 Arrays of double flaps with lateral beams

A drawing of an array of double flaps with the torsion beam fixed in line at both lateral ends is
shown in figure 5.9. If not indicated otherwise, the geometrical dimensions are noted in table
3.3. Each unit consists of two flaps placed in parallel actuated towards the opposing electrodes
in butterfly-wings manner.

Two variants, depending on the fabrication procedure can exist: In one the torsion beam is
only connected to the central point of the flap, for which is employed the fabrication procedure
as described in section 5.5.3. In the other way two torsion beams are connected to the two
lateral ends, as it is the case when fabricating with the processes described in section 5.5.1
and 5.5.2. Each row of flaps is shifted by half the width of an unit. This way the torsion beams
have about the same length as the flap is wide. The backside opening is placed below the
double-flap region in between the two electrodes.
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B trench layer: defines flaps and delimits electrodes cross-section A-A

B beams: connected to potential V, B o
electrodes: connected to potential V,

anchor: not connected electrically
[ substrate: supports whole structure

2
s, =12um  w,=20um dlfactor (d=55um) F, = 30X 2500m" o 50,
s,=12um 1, =142um Jullfactor (@=33um) Eu A, 105x292 unm’ o
q = 14um

Figure 5.9: Array of double-flaps with beam directly on top.

In this design the addressing of each flap-unit is not implemented. One whole row is actuated
at once. For having an addressing of each single flap a connection of the flaps along the
columns would be required. This could be realized with an additional layer on top or below.

5.4.4 Different shapes of flaps

As already shown in figure 5.4 different shapes of flaps can be fabricated with the vertical flaps
fabrication process. We go here into more detail of the architecture of three different ones.

Two comb-shaped flaps suspended each by a torsion beam are placed facing each other.
The architecture is schematically shown in figure 5.10 on the left. When a voltage is applied
between the two flaps, they tilt towards each-other. We obtain a optical modulation since
the gap in-between the flap is closed. Thanks to the comb-shape we expect to have a larger
capacitance and thus a lower actuation voltage. The dimensions of the torsion beams and of
the flaps (width and height) are the same as given in table 3.3.

66



5.4. Design of different structures

top-view

rest state

actuated | I

cross-section

Figure 5.10: On the left: Two comb-shaped flaps are actuated by applying a voltage difference
between them. The two flaps tilt towards each-other closing the gap in-between. On the right:
To a comb-shaped flap a grid-shaped structure is attached. The electrode opposing the comb-
shaped flap has also the shape of a comb. In rest state light with normal incidence can pass
through the grid. By application of a voltage the comb-flap is tilted towards the comb-electrode.
The grid is tilted accordingly and light is blocked of transmission.

A grid-shaped structure to which a comb-shaped flap is attached is shown in figure 5.10. Both
structures are connected together and suspended by a torsion beam. An opposing comb-
shaped structure fabricated into the substrate serves as electrode. In the rest state incoming
light of normal incidence can pass through the grid. As a voltage is applied between flap and
electrode, it tilts upwards. Since the grid is attached to the flap it tilts simultaneously by the
same angle, but down-wards. In the tilted position light is blocked of transmission.

G >

—>
a=17.85um

Figure 5.11: A zigzag shaped flap can be fabricated. This zigzag shape can be interpreted as
blazed grating with a grating period a and blaze angle ¢. The blue areas indicate the trench
and the green areas the torsion beam.

A grating-shaped flap is fabricated in the architecture of the torsion beams connected laterally,
as presented in section 5.4.3. The shape of the flap is shown in figure 5.11.
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5.5 Fabrication process

The concept of the fabrication process was already presented in section 5.2. Two different
substrates are used to fabricate the vertical flaps. On a silicon on insulator (SOI) wafer flaps
were obtained with a through opening. These devices can be used as transmissive shutters or
when placing a light absorbing layer below as reflective display. This fabrication process is
presented in section 5.5.1.

In a simpler process the devices can also be made on a bulk substrate. In this case the flaps lay
in a cavity, which does not permit transmission of light. This fabrication process was employed
for evaluation of the feasibility of fabrication and for characterising the electromechanical
properties of the flaps. It is described in section 5.5.2.

A fabrication process with some additional steps for obtaining a torsion beam directly on top
of the flap, but only connected at the centre is presented in section 5.5.3.

Due to the technology limitation in the fabrication facility 100mm diameter wafer were used
as substrate. A release concept was developed to obtain chips directly by dry etching.

5.5.1 Fabrication process on SOI wafer

In this section is described the fabrication process using a silicon on insulator wafer. It is
schematically depicted in figure 5.12 and 5.13 and a list describing each step can be found in
table 5.2.

As substrate a SOl wafer with a device-layer thickness of 50 um is used. The typical thickness of
the buried silicon dioxide (BOx) is 2um and 350 m for the handle layer. As first step 3 um wide
trenches are etched into the device-layer until reaching the BOx. Deep reactive ion etching
(DRIE) is used with a 5um thick photoresist mask. The wafers are subsequently oxidized with
a 1 to 2um thick layer of wet SiO,. The silicon dioxide covers the wall of the trenches and also
the surface of the substrate. For this step the oxide thickness has to be carefully chosen, such
to obtain a precise trench thickness and most important to avoid closing the trench.

The now obtained even thinner trenches of less than 1um width are filled using a conformal
deposition process. LPCVD poly-silicon is used. Typically used poly-silicon thicknesses were
400 to 500nm. Since the desired poly-silicon thickness on the substrate surface is only 150nm
for obtaining compliant enough torsion beams the deposition is done in two steps. The first
step fills the trench and in the second step we deposit the desired thickness for the torsion
beam. The poly-silicon of the first deposition step is removed from the surface by chemical
mechanical polishing (CMP). The second poly-Si layer of 150nm is doped by deposition of a
phosphorous-doped SiO, by chemical vapour deposition(CVD) followed by a diffusion pro-
cess at 1100°C. The diffusion process anneals the poly-silicon layer simultaneously, lowering
its stress to very low values [65].
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Figure 5.12: First part of process schematic for fabrication of vertical flaps on a SOI wafer
substrate. The fabrication starts by DRIE of thin trenches in (a-c), subsequently wet SiO, is
grown (d), the trenches filled with poly-silicon (e), the top poly-Si polished in CMP (f) and a
thinner 150nm thick poly-Si redeposited (g). The top poly-Si layer is next patterned to shape of
torsion beams (h-j).

69



Chapter 5. Design and fabrication of vertical flaps

cross-section A-A cross-section B-B . topside view . back side view
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Figure 5.13: Second part of process schematic for fabrication of vertical flaps on a SOI wafer
substrate, continued from figure 5.12. A backside opening is etched (k-1) and protected with
Parylene (m). On the front-side subsequently the material between flap and electrode is etched
by DRIE (n-p), followed by isotropic Si etching (q). The flaps are finally released by oxygen
plasma ashing (r) and HF-vapour etching of SiO (s).

70



5.5. Fabrication process
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Figure 5.14: a) shows a trenches filled with a first layer of poly-silicon after CMP. There is still
a gap of 380nm inside the trench which will be filled by the second poly-silicon layer. This
second layer will be patterned to the form of torsion beam as shown in b). Here is depicted the
attachment point of the torsion beam to a curved flap-trench.

Next the poly-silicon is patterned to the form of the torsion beams. Dry etching is used with a
photoresist mask of 1.5um thickness. We proceed by processing the backside. The front side
is protected with a photoresist layer for this purpose. Using a 8um thick photoresist layer as
mask the backside is opened by etching a deep trench through the handle layer until reaching
the BOx. A 2 to 5um thick layer of Parylene is deposited for covering the backside hole and
secure the BOx membrane of breaking during the subsequent front etching. The front side is
protected of Parylene deposition by means of a blue-tape.

As next step the processing on the front side is continued by etching the material between
the flaps and electrodes. The poly-silicon torsion bars and the regions serving as electrodes
are protected with a thick photoresist layer of 8um. The top SiO- layer is etched, followed
of DRIE through the device layer until the BOx is reached. Next the silicon at the side walls
is removed by isotropic etching until reaching the Si O, walls of the refilled trenches. In this
step the material below the torsion beams is removed as well. The remaining photoresist and
protecting Parylene on the backside is removed in an oxygen plasma. As last step the devices
are released in hydrofluoric (HF) vapour. In this last step single chips are obtained.
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Table 5.2: Steps of fabrication process. A SOI wafer is used as substrate with a device layer of
50um and handle layer of 350um.
*: Only done in process with torsion beam directly on top of flap described in section 5.5.3.

Step

Description

Parameters

Comments

a)

Photolithography for
defining thin trenches
(Mask 1)

6um positive tone pho-
toresist

The photoresist will serve as
mask in the subsequent etching
process.

b) DRIE etching of thin | 50 um depth For SOI process: stop on BOx,
trenches For bulk process: depth requires
to be well controlled.
c) Stripping of photore- | Photoresist is removed in
sist, cleaning of wafer | oxygen plasma, standard
cleaning for subsequent
wet oxidation step
d) wet SiO, growth 0.5 to 2 um thickness of | Thickness has to be adapted
SiO, depending on desired trench
width.
d*) CVD-oxide deposition | 0.5 to 1 um thickness of | Required thickness for closing
CVD-SiO, top of trenches has to be evalu-
ated experimentally.
e) poly-silicon deposi- | 500nm thickness other materials can comprise
tion ALD-metal, silicon nitride or
Parylene.
f) chemical mechanical | remove poly-silicon at | this step is only done when a
polishing (CMP) top surface until reaching | different thickness for the tor-
SiO, sion beams is desired, than de-
posited in the preceding step.
g) poly-silicon deposi- | 150nm poly silicon + | doping diffuses also into poly-
tion & doping 100nm p-doped CVD- | silicon in trench
SiO, + 300nm undoped
CVD-SiO, + diffusion at
1100° C, subsequently
CVD-SiO; is removed in
BHF
h) Photolithography 1.2 u positive tone photo | The photo resist will serve as

for defining torsion
beams (Mask 2)

resist

mask in the subsequent etching
step.

)

poly-silicon etching

150nm poly-silicon by
DRIE

defines the shape of the torsion
beams

Continued on next page
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Table 5.2 - continued from previous page

Step

Description

Parameters

Comments

)

remove photoresist

strip photoresist in oxy-
gen plasma

k) Photolithography for | 8um positive tone photo | The front-side is protected with
backside patterning | resist photo resist, for the subsequent
(Mask 3) processing steps 1) and m)

D Back side etching SiO, etching in RIE fol- | The photo resist mask may be
lowed by DIRE through | totally etched and the under-
whole handle layer of | lying SiO, serves as additional
SOI wafer (about 350 um) | mask.
for defining the backside
openings of the flap cavi-
ties.

m) Parylene deposition 2 to 5 pm thickness | Parylene deposition is confor-
for protecting the BOx- | mal. The front side is protected
membrane of braking in | with blue tape.
step p) and 1)

n) Photolithography on | 5 um positive tone pho- | The resist protects the torsion
front side as protec- | toresist beams, top of flaps and elec-
tion layer (Mask 4) trodes in the subsequent steps

0)toq)

0) SiO, etching 0.5 to 2um of SiO, re-| Considerable under etch of pho-
quire being etched de- | toresist mask of up to 1um
pending on thickness de-
posited in step d) and d*)

p) DRIE etching of Si Etch through whole han- | For case of bulk substrate, the
dle layer to remove mate- | etch depth will be about 4 times
rial between flap and elec- | the flap-height
trode

qQ) isotropic Si etching Remove remaining Si be- | The SiO, layer on the trenches
low torsion beams and | serve as etch stop.
next to flap

r) remove photoresist | dry etching of photoresist
and Parylene and Parylene in oxygen

plasma
s) release structures HF-vapour etching of re- | SiO, on flap, electrodes and be-

maining SiO; at 45°C

low the beams is removed
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5.5.2 Fabrication process on bulk wafer

The same process as described in section 5.5.1 can also be fabricated on a bulk silicon wafer.
The fabrication process is a simplified version of the one used on SOI wafers. It processes the
wafer only on the front-side and the fabricated devices have no backside opening. Therefore
no transmissive shutters and reflective displays can be obtained with this process. It was
mainly used to verify the feasibility of fabrication of vertical flaps and to be able to measure
the electromechanical properties of the flaps.

The process starts by etching thin high aspect ratio trenches in to the substrate. In difference
to the SOI-process the trench is not defined by reaching the BOx layer, but the desired etch
depth is obtained by regulating the etch time.

The process flow is shown in figure 5.15, with a detailed description in table 5.2. The steps of
Si0,-oxidation followed of trench refilling and pattering of the top poly-silicon layer to the
form of torsion beams is identical to the SOI process above. In difference to the SOI process the
Si between flap and electrode is etched to much deeper depth. A similar process as presented
in [81] is used. The DRIE step etches an up to four times deeper hole than the one of the thin
trench (200um instead of 50um1). A longer isotropic silicon etch follows which should not only
release the the flaps by removing the Si up to the Si O, wall of the trench, but also a large part
of Si material below the trench. It is important to have a large gap between the bottom edge of
the flap and the lower surface of the cavity to avoid electrical attraction by the substrate.

As last step the devices are released by etching the remaining SiO, in HF-vapour.

5.5.3 Flaps with torsion beams on top

Here a variety of the vertical flaps process is presented with the torsion beams being placed
directly above the flap, but only connected to the flap at its centre point.

The process flow is shown in figure 5.16 with a description of each step in table 5.2. The
first steps of trench etching and SiO, oxidation are identical to the above processes. The
width of the trench should be less than 1um or even close to 500nm. By deposition of a CVD
SiO, of about 1um thickness the top of the trench is closed. This is achieved thanks to the
non-conformal CVD process. At a certain location the trench is wider, such that the top is not
closed by the CVD SiO,. We obtain now a cavity with one opening hole at its centre. The next
steps are all identical to the ones presented in the bulk process. By a conformal deposition
process the trench-cavity is filled though the access hole. The poly-silicon is patterned to
the form the torsion beam just above the flap. The SiO, serves as sacrificial separation layer
between flap and trench.

The following steps of DRIE, isotropic Si etching and HF-vapour release are identical to the
SOI-process.
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Figure 5.15: Process schematic for fabrication of vertical flaps on bulk wafer. Only steps different
of the SOI-process are shown. Thin high aspect-ratio trenches are etched (c), the walls covered
with SiO-, (d), the trenches filled with poly-silicon (e), the top layer patterned to form of torsion
beams (j). The top torsion beam layers protected with photoresist(k). The flaps are released by
DRIE of 200um depth followed by isotropic Si etching (q), oxygen plasma etching (r) and SiO»
etching by HF-vapour in (s).
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Figure 5.16: Process schematic for fabrication of vertical flaps with torsion beam placed directly
on top of flap using intermediate sacrificial layer. Only the steps different of the SOI-process are
shown. The process starts by etching thin high-aspect ratio trenches by DRIE (c). The trenches
defining the flap are wider at the centre. Wet-Si O, is grown (d) and the top of the trenches closed
with CVD-SiO, (d*). Here a opening remains at the region where the flap is wider. The trenches
are then filled through the access hole (e), the top poly-silicon layer patterned to form of torsion
beams (j), the back-side and front side openings etched (k-r) and the flap released (s).
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5.6 Details of fabrication process

In this section will be treated in more detail some critical process steps.

5.6.1 Fabrication and refill of trenches

Here the fabrication and refill process of the thin high-aspect ratio trenches will be analysed
in more detail. SEM images of the cross-section of a trench at different fabrication steps are
shown in figure 5.17. We first etch high aspect ratio trenches of up to 50um depth by DRIE
into the crystalline silicon. Subsequently the width of the trench is narrowed by oxidation of
the walls. We require a maximal trench width which is the double of the possible deposition
thickness of the refill material. Otherwise the layers on the walls of the trench (see figure 5.3)
will not touch each other giving a flap consisting of two individual layers. The typical maximal
poly-silicon deposition-thickness at the clean-room where the fabrication was done is 500nm.
Therefore, the trench should be less than 1um wide. When using Parylene for trench refill a
thickness of up to 5um is possible. ALD metals need to be combined with another deposition
process, since their thicknesses are limited to less than 100nm due to economical reasons.

5.6.1.1 Thin high aspect ratio trenches

To obtain a trench with a width of less than 1um and a depth of 50 only by a DRIE-step is
very challenging. Therefore, the small trench width is obtained in two steps of DRIE followed by
wet-Si O, for thinning the trench width. After DRIE a test wafer is clipped and the trench cross-
section is measured as shown in figure 5.17 a). The thickness of the subsequent wet oxidation
is chosen accordingly such that the required final trench width is obtained. Technically feasible
are maximally 2 to 3um of wet SiO». Since a too thick SiO; layer induces stress, thus bow of
the wafer, the initial trench should have a width of less than 3um. For 50um deep trenches
this was obtained by using a 6um thick photoresist mask exposed with 1.5um wide features
on the mask.

5.6.1.2 Closing top of the trenches

As described in the fabrication process of section 5.5.3, the top of the trenches can be closed
by additional deposition of CVD SiO-. For this purpose the trench width should not exceed
1um. It is even preferable to have a width of only 500nm after wet-SiO,. The reason is the
limit in CVD SiO, thickness which can be deposited. Too large CVD SiO, layers may cause
high stress levels leading to breaking of the torsion beams during the release. In figure 5.17
c) a cross-section of the top of a trench is shown with the CVD SiO; closing the top. The
initial trench width was 500nm as measured before CVD Si O, deposition in figure 5.17 b). The
employed CVD SiO, thickness was 1um.

As can be seen in the top view of figure 5.18 the trenches are closed at the top, only leaving an
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Figure 5.17: Cross-section of deep etched trenches taken in SEM. In a) is shown a 35um deep
and about 1.8um wide trench with a detail of the top part. The remaining photoresist can be
seen and also the typical scalloping of the walls due to the etch process. In b) a wet oxidation
gives a 1.5um thick layer of SiO,. The trench becomes narrower and is now only about 500nm
wide, while scalloping is still remaining. In c) the different layers are emphasized in colour. A
1.2um thick CVD SiO; closes the top of the trench. Subsequently the resulting cavity is filed with
poly-silicon through the access hole shown in figure 5.18 (CVD Si O, is added for doping on top).
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i
2.26pm 1.76pm

access hole to cavity

Figure 5.18: Top view of trenches after closing the top with 1.2 um of CVD SiO,. On the right
detail image the access hole to the underlying cavity can be seen. At this location the trench is
larger such that the CVD SiO, thickness deposited is not enough for closing the top. Through
this opening the cavity is filled subsequently with poly-silicon.

opening at a certain location where the trench have a larger width. This opening will be used
to fill the trenches.

5.6.1.3 Filling of the trenches

A conformal process is required for filling the trenches of high aspect ratio. In the case at
which the trenches are closed at the top and the deposition has to be done through a single
opening, the conformity requires to be even higher. A list of possible materials for use in the
refill process and which will constitute the material of the flap are given in table 5.1.

In figure 5.19 a wave-shaped flap is shown whose trench was closed at the top and which was
filled with poly-silicon through an access hole as depicted in figure 5.18. It can be seen that
poly-silicon was deposited up to 80y m along the cavity. Here we attain the limits of conformal
poly-silicon deposition.

5.6.2 Release process

In the release first the material between flap and electrode is etched away by DRIE followed
by isotropic silicon etching. Next remaining photoresist is stripped in oxygen plasma and
the SiO; etched in HF-vapour. In figure 5.20 the different states of the release process are
shown, for devices fabricated on a bulk substrate. In a) the Si was etched in DRIE up to the
double flap depth. Subsequent isotropic etching removes the Si up to the SiO, layer on the
flap. The material below the beams and the flap was not removed yet. More isotropic etching
is required.

In b) the device is totally released from the Si. The material below the beam and the flap is
etched. It can be seen that on the bottom of the substrate a elevation remains, which is due to
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20ump—  tilt:25°

Figure 5.19: Wave-shaped flap with beam on top connected only at its centre. The flap cavity
with the wave shape was filled only through the access hole at the centre. It can be seen how far
poly-silicon was deposited in the cavity. Poly-silicon was deposited up to a distance of about 80
um from the access hole.

—20Bm it 350

69um

a)

Figure 5.20: The two images show the release of the flaps by DRIE followed by isotropic etching
of the substrate between flap and electrode in a bulk process. In a) there is still some Si remaining
below the flaps and the beams. The isotropic etch was not enough, yet. In b) after some additional
etching time the flaps are released from the substrate, there is also no Si remaining below the
beams. Nevertheless directly below the flaps an elevation at the bottom of the cavity remains.

the etch-profile. On this device there is still the photoresist mask and the SiO, remaining.

In figure 5.21 a lens-shaped flap is depicted at the different states in the release process. In
a) the Si below the beams is not completely removed yet. In b) the structure after complete
Si-release is shown with photoresist remaining. c) shows the final released structure after
photoresist stripping and HF-vapour etching of SiO,.

During the isotropic etching step the electrodes are protected by the trenches defining its
shape. The SiO; on the walls of the trenches serves as etch-stop. At the crossing point of
electrodes connected along the rows and the flaps connected on the beam-layer along the
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Figure 5.21: The release process of a lens-shaped structure suspended by a torsion beam is
shown as SEM images. In a) still some Si is remaining below the beam after DRIE and isotropic
etching. In b), after some additional isotropic etching, the structure is completely released from
the bottom substrate. There is still the photoresist mask and SiO, remaining. Picture c) shows
the structure after photoresist strip in oxygen plasma and Si O etch in HF-vapor.

Figure 5.22: In a) and corresponding detail b) the resist mask of the release step is shown. The
resist overlaps the poly-silicon beams and trenches by 3um. Between flap-trench and beam there
is an etch-opening as well. Image c) shows the structures after the Si-etch release with remaining

photoresist. At the location not protected by the trenches the Si-substrate was under-etched by
12um.
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columns the electrode is not protected. At this location the electrode material will be attacked
in the isotropic etching. For this reason the trench defining the electrode is curved thickening
the material at this area. In figure 5.22 the close up of such a crossing point is shown with the
under-etch of the electrode due to the isotropic Si-etching step.

The poly-silicon beams require to be protected during the Si-etch release as well. This is done
by having a photoresist mask overlap of about 3um. At the bottom surface the poly-silicon
beams are protected from the etching plasma by a Si O, layer. The shape of the mask used for
the Si-etching release is shown in figure 5.22.

5.6.3 Packaging

Chips of 4 by 13 mm? size are obtained after the release step in HF-vapour. The chips are
directly defined in the backside and front side dry-etching steps of the release. A similar
approach is used as described in [85]. The obtained chips are subsequently glued onto a
printed circuit board (PCB) and wires are bonded for connectivity. The wirebonds are made
directly onto the poly-silicon layer for connecting the flaps and on the crystalline silicon of the
device layer for connecting the electrodes. An image of the packaged device is shown in figure
5.23. The PCB has an opening on the backside, so the modulator can be used in transmission
mode. For the application as reflective display a light absorbing foil is placed directly below
the chip inside the opening of the PCB. The foil is a Metal Velvet of Acktar Advanced coatings
[86] exhibiting 99.9% specular absorbance and less than 1% hemispherical reflectivity in the
visual spectrum.
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Figure 5.23: The 4mm by 13mm large chip is glued on top of a PCB. The chip is electrically
connected to the PCB by wirebonds. On the chip are located different single flaps and an array of
5 by 5 flaps. The PCB has an opening, so the optical modulators can be employed in transmission
mode and as reflective display.
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Characterization of vertical flaps

In this chapter the fabricated vertical flaps will be characterized. We will first analyse how
the fabrication succeeded, by observing released structures in a SEM. Next different working
fabricated devices will be characterized electromechanically for obtaining the voltage to tilt
angle trajectory. The dynamic behaviour will be tested as well. We will also analyse two devices
in more detail on their optical properties of reflectivity, contrast ratio and transmissivity.

6.1 Fabrication results

The fabricated devices were characterized in a scanning electron microscope (SEM). In figure
6.1 the same structure is shown for which the fabrication process was depicted in figures 5.12
and 5.15. It consists of a device whose architecture was presented in section 5.4.1, with the
zigzag shaped flap of figure 5.11. A flap with such a profile could also serve as blazed grating.
It has been fabricated in a SOI-process and also in a bulk-process. On the detail image of
figure 6.1 c) can be noticed the remaining elevation below the flap in the bulk substrate. The
distance between the lower edge of the flap and the elevation on the substrate is about 25um.
We have to make sure that this distance is large enough otherwise the flap may be pushed
down at actuation or the actuation voltage may increase.

Again the architecture of section 5.4.1 can be seen in figure 6.2. This time with arrays of flat
flaps. In a detail image is shown the intersection point of an electrode-row and the beams
connecting the flaps along columns. SiO, insulates the conductive poly-silicon beam layer
from the conductive bulk Si of the electrode. The SiO, was under-etched by about 1 to 2 um
in the HF-vapour release. On the same image we can see that the electrode was etched in the
Si isotropic-etch release step. At this region the electrode’s side walls are not protected by the
trenches. But, up to 20um of underetch is permitted since the electrode is wider at this area
due to the trenches being curved towards the flaps.

An array of the architecture presented in section 5.4.2 is depicted in figure 6.3. It consists of
single flaps which are connected to a torsion beam at an offset. In the array some beams of
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100pum
Tilt: 30° |

Figure 6.1: SEM image of blazed-grating shaped flaps for which the fabrication process was
presented in section 5.5. a) shows the device fabricated using the SOI-process and b)the same
structure fabricated using the bulk process. ¢) is a detail of b) depicting the substrate below the
flap in the bulk process. Below the centre of the flap there is an elevation which lays at a distance
of about 25um. On the rest of the cavity the ground lays at about 150pum below the lower rim of

the flap.

the flaps are broken. This happened either during the dry-etch release due to stress or in the
wire-bonding step, which induces strong vibrations. Figure 6.3b) shows a close up of an unit
consisting of a single flap with the opposing electrode. The trench at the back-side of the flap
(delimiting the electrode of the unit behind) is connected to the same potential as the flap and
beams. This way the there is an electrostatic shielding to the back-electrode and the flap is
only attracted by electrostatic force to the front.

In figure 6.4 an image was taken of an array of double-flaps with the torsion beam connected
at both lateral ends as described in section 5.4.3. The picture was made just before the final
release in HF-vapour. In this device the electrode and flaps are connected along the rows. For
line-column addressing an additional connection layer is required.

An example of different flap structures which have been fabricated is shown in figure 6.5. We
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Figure 6.2: SEM image of an array of double flaps which are suspended by beams at a certain
offset. The systems architecture was presented in section 5.4.1. In the detail image c) is shown
an intersection point of the electrode connected in the rows and the beams connecting the flaps
along the columns. A SiO, layer which is under-etched in the HF-vapour release insulates
both conductors. The under-etch of the electrode bulk-Si material can be noticed. The trench
delimiting the electrode at this location is now partially free-standing.

have in a) two comb-shaped flaps each suspended by a torsion beam at a certain offset, whose
concept was presented in section 5.4.4. When a voltage difference is applied to both flaps
they are supposed to tilt towards each-other. A wave-shaped flap is displayed in b) similar to
the single flap shown in figure 6.3b). This shape of flap increases the viewing angle for the
application as reflective display, since it reflects incoming light into all directions as described
in figure 3.2. Lens shaped flaps with a corresponding curved electrode have been fabricated as
well (¢). In d) a grid-like structure is suspended by a torsion beam at one side as presented
in figure 5.10. At the other side of the torsion beam is attached a comb-drive structure. By
applying a voltage difference between the combs on the grid-structure and the combs on the
bulk-substrate the structure tilts.

All of above discussed structures are made in poly-silicon. As shown in table 5.1 also other
materials can be used for fabricating a flap. These materials require a conformal deposition
process. Parylene combined with ALD-TiN was used in a test-run. One fabricated flap consist-
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Figure 6.3: SEM image of array of flap architecture presented in section 5.4.2. b) shows a close-
up of an unit with a single flap suspended by a torsion beam at an offset. The trench at the back
of the flap is set to the same potential as the flap and the beams for electrostatic shielding. In c)
is depicted the same device, but with a wave-shaped flap, which should improve the reflection
performance in the application as reflective display.

Figure 6.4: Fabricated array of chip B type flaps as described in section 5.4.3. The array is shown
just after the final release step in HF-vapour. The flaps and electrodes are connected along the
rows.
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Figure 6.5: SEM image of different flap structures whose fabrication have been demonstrated.
In a) are shown two combs suspended each by a torsion bar at some offset. In b) a lens structure

has an accordingly curved electrode. The grid-shaped structure in c) is suspended by a torsion
beam and has a comb-drive actuator at one side.

JAcc.V SpotMagn  Det WD Exp |—| 100 um
100kv53 350« SE 4101 110518 VflapV2 w267 released1 26dg

Figure 6.6: The material of the flap shown in this SEM image is a combination of Parylene
and ALD-TiN. TiN was used as conductive and reflective layer. Due to the limited deposition
thickness in ALD Parylene was added as structural material with a low Young modulus.

89



Chapter 6. Characterization of vertical flaps

Acc.V SpotMagn Det WD Exp p———n—ro 5um
100kV3.0 3879x SE 1521 100616 w353 Vilap 25deg

Figure 6.7: SEM image of a flap having the beam directly on top with an interconnection only
at the centre fabricated with the process described in section5.5.3. The detail image on the right
shows the surface quality of the flap. It has a remaining scalloping from the trench deep etch
with 500nm grid spacing. A more detailed analysis of the surface quality can be found in figure
6.32

ing of Parylene as structural material and TiN as reflective and conductive layer is depicted
in figure 6.6. Parylene was used because of its low Young Modulus [87, 88] leading to a low
actuation voltage. Since Parylene is neither conductive nor has a high reflectivity a metal was
added. Short circuits between the flap and the electrode were observed in the single processed
wafer with Parylene as flap-material. The reason is probably that the insulating Si O, between
the ALD-metal on the flap and beam and the conductive Si-substrate was partially etched
away. This is due to the Parylene absorbing some HF in the release process using HF-vapour.
The liquid HF in the Parylene etched at some location the insulating SiO,. This issue could be
addressed with a slightly different fabrication process, but was not perused further on because
of lack of time.

An example of a device fabricated with the process closing the top of the trench with a CVD
Si0; layer leading to long torsion beams, connected only at the centre of the flap is shown in
figure 6.7. At the same image a SEM close-up of the surface quality of the flap is displayed. A
regular scalloping can be observed with a grid spacing of about 500nm. This scalloping is due
to to the DRIE process of deep-etching of the thin trenches as described in section 2.1.4. The
surface quality of a flap was further analysed in section 6.3.5.

6.2 Electromechanical characterization

Different devices with typical properties representing the performance of all tilting flaps
fabricated by the vertical-flap technology were characterized electromechanically. The main
four chips which were tested (Chip A, B, C and D) are presented in table 6.1.

The actuation voltage to tilt-angle relationship is evaluated first in section 6.2.1. Next the
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Table 6.1: Description of chips characterized electromechanically and optically in more details.
The device architecture and its geometrical dimensions are indicated. These chips were chosen
for closer evaluation because they represent a typical behaviour.

* was estimated by fitting frequency response model to measured values in section 6.2.3.

** was estimated by fitting displacement vs. voltage model to measured values in section 6.2.1.

Property | Chip A Chip B Chip C ChipD

I = O
ﬂ—== e — —
Archi- he—— ' w

tecture Single-flap with | Double-flap with | Single-flap with | Double-flap with
beam at offset | beams at side | beam at offset | beams at side

(sect. 5.4.2) (sect. 5.4.3) (sect. 5.4.2) (sect. 5.4.3)
Process SOI-process SOI-process bulk-process bulk-process
type
Flap ma- | poly-silicon poly-silicon poly-silicon poly-silicon
terial

Electrical | wire-bonded PCB | wire-bonded PCB | prober needles prober needles
connec-

tion

Wflap 250um 217 um 250 um 217 um

Rfiap 50um 50um 50um 50um

flap lum* lum* 1um* lum*

lpeam 145um 142um 145um 142um
Wpeam 3.5um 3.5um 3.5um 3.5um

theam 130um™* 145um™* 120um™* 140um™*
Enioa 160um 160um 160um 160um

d 75um 65um 66um 64um /| 66um
q 15pum Oum 15um Oum

transient and frequency response of a device is characterized in section 6.2.3.

6.2.1 Tilt-angle measurements

The difficulty when measuring the tilt angle is the steepness of the flap at rest state and at low
voltages. At tilt angles of less than 45° there is no upwards light reflection and measuring the
tilt angle with the classical method of looking at the displacement of a reflected laser beam is
not a solution.

Two different methods were used for measuring the tilt angles:

* The length of the flap-profile is measured from the top. By taking the flap height as a
known value the angle can be calculated by trigonometry.
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Figure 6.8: Setup for measuring tilt angle 0 of a flap in function of the actuation voltage. The
device is observed from the top with a microscope, such that we can measure the length p. Since
the focal depth of the microscope is only about 6um, pictures had to be taken at different focal
distances. The images were combined in a focal stacking program Combine ZP

e The tilt angle is measured using an optical profiler which uses white light vertical
scanning interferometry .

6.2.1.1 Flap profile length measurement method

For measuring the tilt angle of the flap the length of its profile as seen from the top was metered
as depicted in figure 6.8. It was supposed that the flap height is known, since the device was
fabricated on an SOI-wafer, though hy;,;, being defined by the thickness of the device layer.
The tilt angle 6 can be obtained from the profile length p with the following relation:

0 = arcsin( ) (6.1)

flap

The measurement was done in a microscope with an objective having a field of view covering
the maximal value of p. A 20x magnification objective was used having a focus depth of 6.1um.
Since the focus depth is smaller than the total flap height, several images at different focal
distances were recorded. The pictures were subsequently combined to an image with a high
focal depth. For combining the pictures was used the freeware program CombineZP [89].
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Table 6.2: Estimated errors in variables for calculation of 0, i1 using the flap profile mea-
surement method

Error variable Error | Comments

ANpixels 2 pixels | Pixel error due to wrong esti-
mation of flap-rim location, be-
cause of low contrast in the im-
age.
AS 2% Relative error in the pixel to um
conversion scale.
Ahfqp (SOI-wafer) lum | For the device fabricated on a
SOI-wafer the flap height is de-
fined by the device layer thick-
ness, but there might be process
variations.
Ahfiqp (bulk-wafer) 2um | For the device fabricated on a
bulk-wafer the flap height is
controlled in fabrication by the
etch depth, which gives a larger
uncertainty in i f;4p than in the
SOI-wafer case.

Error evaluation of profile measurement method The profile length p is obtained by mea-
suring in the focus-stacked image the number of pixels Ny ¢;s between the upper and lower
rim of the flap and multiplying it with the image-scale S. We have thus p = Ny;xes- S. S was
previously measured with a known dimension on a calibration image.

The equation for obtaining the angle of the flap 6,,, ;. can be written as:

Nyixels+S
pixels ) 6.2)

Oprofile = arcsin (
flap

There are three possible error contributors in the tilt angle measurement.

* ANpixeis: The profile length of the flap as numbers of pixel in the image can be measured
wrong. Inlow contrast images the location of the top and bottom rim of a flap are difficult
to evaluate.

* AS: The error in the scale used to convert the flap profile length in number of pixels into
micrometers.

* Ahygiqp: The error in flap height. For a flap fabricated in the SOI-process h ;4 is directly
given by the device layer thickness, but there might still be some variations in fabrication.
In the bulk-process h¢;4, can only be estimated or requires to have been previously
measured.
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The absolute error in tilt angle A6, fi;e due to the error in the above given variables can be
written with the total derivative of 6o fije:

2 2 2

do il
profile 'Ah?lup 6.3)

dgprofile
dlfiap

deixels

deprofile
as

2
pixels

2 _ 2
A(9profile - ’

When equation (6.3) is computed using (6.2) we obtain:

2
1 S \? Npixel 2 NpixelsS
2 _ 2 pixets 2 pixe 2
e (2 z_~3)2{(nfm,,) AN () s | S| h, 60
1— ixels flap

hftap

The absolute error of the tilt angle in the flap-profile measurement method A6 i1 is finally
expressed as:

Npixelss)

2
-Ah? (6.5)
hflap flap)

1

L= 2. 2 2 . 2

AOprofite = J P — & (S ANpixels + Npl.xels AS? + (
flap pixels

The estimated errors of the different variables for calculating 6,,,f;/e are given in table 6.2.

6.2.1.2 Optical profiler measurement method (white light interferometer)

Another method to measure the tilt angle is to use an optical profiler. A Wyko NT1100 optical
profiling system from Veeco [90] was utilized which employs white light vertical scanning
interferometry as measurement principle.

The challenge of a white light interferometer measurement is given by the maximal measurable
tilt towards the optical axis of the instrument, due to the limited acceptance angle of the
employed objective. Tilt angles from the horizontal larger than 15° are very difficult to measure.
To be able to measure higher tilt angles the chip was positioned with a certain pre-tilt & pre— i
below the equipment. Thanks to roughness at the edge of the flaps also at steeper angles there
was some back reflection, such that the contour of the flap could be measured. A schematic
of the measurement setup is shown in figure 6.9. Two different measurement methods were
used. For larger tilt angles 6,1, the tilt was measured on the flap surface with the profile
x1yyko and the corresponding height data z1 k0. 6wyro Was obtained in this case with the
following equation:

Xlwyko

Hwyko = arctan( ) — Apre-tilt (6.6)

zZlyyko

For small 6, there is not enough back reflection from the flap surface. The measurement
is done with a objective of high magnification (50x) on top of the torsion-beam and flap.
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Figure 6.9: Schematic of white light interferometer measurement setup for measuring tilt angle
of a flap in function of the actuation voltage. The device is placed at a certain pre-tilt of & pre—tiis
for the purpose to be able to measure steeper angles, since the maximal possible observation
angle is limited by the numerical aperture of the objective. Due to roughness on the flap surface
also small 0,y ko could be measured employing x1,,yxo and z1,,yx, in equation (6.6). A second
method consists of measuring the tilt-angle on top of the beam using x2,yxo and z2 ko With
equation (6.7)

The profile x2,,yr, and height difference z2,, ¢, are used to calculate the tilt-angle with the
following equation:

Z22wyko

Owyko = arCtan( ) — Apre-tilt (6.7)

X2wyko

A sample white light interferometer height profile demonstrating the tilt angle measurement
method on the flap surface is shown in figure 6.10 on the left. This profiler measurement
was done with the flap actuated at 42V with a 20x objective and 1x additional magnification.
It can be noticed that only the top and lower edge of the flap is visible. Even though of
pre-rilr = 4.9°, the tilt-angle of the flap surface is higher than the maximal measurable angle
with the instrument. Due to some roughness on the edges of the flap surface some height data
is obtained on these locations. In the cross-sectional data A-A the values x1,,yx, and z1,yxo
are measured to calculate 6, ¢, using equation (6.6).

With a 50x objective and 1x additional magnification the height profile on top of the torsion
beam is obtained as shown in figure 6.10 on the right. It corresponds to the detail IT with the
torsion beam and top edge of the flap. A pre-tilt of 2.56° keeps the tilt angle of the top beam
surface inside the acceptance angle of the instrument. The height 22,1, and profile x2,,yx,
are measured in the cross-section B-B. 0,,yk, can be calculated using equation (6.7).
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Figure 6.10: Here is illustrated the concept used for the tilt angle measurement on the optical

profiler. We see on the top a schematic of the tilted flap with the marked areas I and IL.

In area I the height profile was obtained using a 20x objective with chip A actuated at 42V
and placed at a apre—1i1r = 4.9° below the instrument. Due to some roughness height data is
obtained for the edges of the flap surface, despite its steepness. The tilt angle 0y, is obtained
inserting the measured distances X1y, and zlyyo in equation (6.7).
In area II the height profile was obtained using a 50x objective with chip A actuated at 35V
and & pre—ti1; = 2.56°. The tilt angle 0.y, is obtained here by measuring the distances X2 yk
and z2yyro on top of the torsion beam and top edge of the flap and by employed the values in
equation (6.7). This method is utilized for 6, ko < 35°, where no height-data is obtained for the
edges of the flap surface.
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6.2. Electromechanical characterization

Table 6.3: Estimated error in variables for calculation of 0y, using optical profiler measure-
ment method (white light interferometer)

Error variable | Error | Comments

Xwyko 2% | Relative error in profile length mea-
surement due to inaccuracy of scale.
Zwyko 2% | Relative error in height measurement
due inaccuracy of scale and surface
roughness.
Apre-tilt 2% | Relative error in pre-tilt measurement
due to unevenness of the chip surface
where the tilt is measured.

Error evaluation of optical profiler measurement method Similar to equation 6.3 the abso-
lute error of the tilt angle A8, x, can be calculated by the total derivative. The errors Axyko
and Ay ko of the variables x,,,x, and y,yk, are taken in to account.

2

2
'Aapre—tilt

dgwyko 2

dzwyko

dewyko

2
dgwyko
dapre—tilt

dxwyko

2
wyko

2 2
ABO Zwyko

wyko +

(6.8)

For the case of measuring 6k, on the flap surface equation (6.6) is employed in equation
(6.8) such that the absolute error in tilt angle can be expressed as:

2

2 1 1 2 2 1wyko ? 2
AO Y ko1 = Ly (Rl 2 21 yk0 AXT ko t 12 Azl ko +Aapre +i1:(6.9)
+( < ”) wyko

zlwyko

2
zZlyyko Xlyyko 9
AHWV’C‘H = (212 + x12 Ax1? wyko + (Z1wyk0) Az 1wyko +Aa pre tllt(6 10)

wyko wyko

For the case of measuring 6,1, on the top of the torsion beam equation (6.7) is employed in
equation (6.8) such that the absolute error in tilt angle can be expressed as:

2

A2 L L NP Puyko | pxo?  Lia 6.1
wyko2 = 1+(zzwyko)2 xzwyko < wyko xzi,yko X wyko apre +i1:(6-11)
xzwyka

2
X2wyko 2 Z22wyko 2 9
Agwykozz (x22 gy, Azzwyk0+(—) 'szwyko +Aa pre tzlt(6 12)
wyko wyko

The estimated errors for the different variables for calculating 6, are given in table 6.3.
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Chapter 6. Characterization of vertical flaps

6.2.1.3 Results and discussion

In figures 6.11 and 6.12 is given the tilt angle 0 in function of the actuation voltage as measured
using both methods presented above on chip A, B, C and D. The dimensions and properties of
the different chips are indicated in table 6.1. For each chip is fitted a trajectory curve of the
reduced-order model of section 3.2.2. The parameters employed for the fit of the simulation
are noted in table 6.4. We will now discuss the trajectory curves of the four chips measured
which represent typical actuation behaviours.

ChipA The flap could be actuated to a maximal tilt angle of 55° at an actuation voltage of
about 60V. All angles could be reached, since there was no pull-in on the trajectory. The same
trajectory was obtained with increasing as with decreasing voltages. At actuation voltages
above 65V could be observed a pull-in towards the electrode and sticking of the flap. The
largest change in tilt angle was found between 35 and 40V. The flap-profile measurement
method and the optical profiler (Wyko) gave similar results. Nevertheless they differed at
actuation voltages below 35V. The difference may originate in a systematic error of the Wyko
measurement method on top of the torsion beam. The error of this method may not have
been estimated well in table 6.3.

Two simulations models were fitted to the measured data, one with only one electrode (model
1 of figure 3.8) and another taking into account the bulk-substrate acting as electrode as well
(model 3 of figure 3.9). Model 1 fits better to the data for large tilt angles, whereas model
3 fits better at small angles. In model 3 the flap is also attracted electrostatically by the
underlying silicon substrate and not only by the electrode as in model 1. Therefore it might be
deduced that there was an attraction force from the substrate at low torsion angles which is
overwhelmed by the attraction of the electrode at larger tilt angles. Since the substrate was
kept at a floating potential some charges in this layer may lead to electrostatic forces, which
are particularly important at low attraction forces from the electrode (i.e. at small tilt angles).
At larger tilt angles the flap is further away from the charged substrate such that the model
with only one electrode (model 1) fits better the data.

For both simulation-fits was used a smaller electrode-beam distance d as the chip actually
has (d = 66um instead of d = 75um). The actual d of the fabricated device may be smaller
due to some misalignment of flap and beam . This may account to maximal 3um difference in
d. Another error may come from the inaccuracy of the model, where the force in z-direction
and also the fringing field at both lateral ends of the flap have not been taken into account, for
example.

Chip B The flap could be actuated to a tilt angle of up to 65° at an actuation voltage of about
60V. The trajectory curve was different for increasing and decreasing voltages. At increasing
voltages we had a pull-in at about 50V from 8 =18 to 55°. As the voltage were decreased again
the flap remained at tilt angles above 50° down to 47V. When lowering the actuation voltage
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Figure 6.11: Measurement of tilt angle 8 in function of actuation voltage V with the correspond-
ing fit to the reduced order model of section 3.2.2. Chip A could be tilted to 8 = 55° with an
actuation voltage of about 60V. All tilt angles could be reached, since there was no pull-in in the
actuation curve. Tilt angles of 65° could be reached with chip B at an actuation voltage of 60V.
The curve shows different trajectories at increasing and at decreasing voltages. This chip had a
pull-in from 0 = 18° to 55° at 50V. The angles in-between could not be reached. When lowering
the voltage the pull-out was at a lower voltage of 47V.

further we had a pull-down directly to 8 = 18°. At higher actuation voltages than 60V the flap
was not tested, since a pull-in towards the electrode could occur and break the device. The
measurements done with the methods of profile length measurement and optical profiler
(Wyko) agreed quite well along the whole trajectory.

In this device one of the double-flaps was non-existent since it had broken before. So, the
flap was attracted by both electrodes at the front- and back-side. Therefore we chose model 4
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Figure 6.12: Measurement of tilt angle 0 in function of actuation voltage V with the correspond-
ing fit to the reduced order model of section 3.2.2. Chip C could be actuated at very low voltage
of 35V to a tilt angle of 50°, since the electrode-beam distance d was lower than for chip A. In
chip D the trajectory curve of each of the double flaps is shown separately. Flap 2 tilted at lower
voltage than flap 1. The flaps were actuated at 65V to 6 = 65°.

of section 3.9 to be fitted to the measured values. With an electrode-beam distance d 5um
smaller than the device actually has (d = 60um instead of d = 65um) the model fits well to the
measurements. The reason for the difference in d may be due by the form of the flap. It has a
zigzag shape and model 4 was calculated for a flat flap.

Chip C This flap could be actuated at a very low voltage of 35V to a tilt angle of 50°. All tilt
angles could be reached and from 10 to 50° the voltage to tilt angle relation was almost linear.
The chip was only measured with the flap-profile measurement method. Since the device
was fabricated on a bulk substrate, the whole substrate acted as electrode. The best model
corresponding to this case is model 4 given in figure 3.9. This model fitted with a d of 60um

100



6.2. Electromechanical characterization

Table 6.4: Employed models and parameters for fitting to measured data of tilt angle in function
of actuation voltage. The model types are described in section 3.2.2. As beam material poly-
silicon is employed with the parameters as given in table 3.3.

Chip Type | Model Type | electrode - beam distance d | tpeam lpeam Wheam
A 1 66um 135nm | 145um | 250um
A 3 66um 135nm | 145um | 250um
B 4 60um 145nm | 142um | 217um
C 3 60um 120nm | 145um | 250um
D(flapl) | 4 64um 140nm | 142um | 217um
D(flap2) |2 62um 140nm | 142um | 217um

instead of the real 66um agrees well with the measured data.

ChipD The double flaps could be actuated at voltages of 65V to tilt angles of about 65°. Both
flaps had a different trajectory. Model 2 with only one electrode fits better to flap 2. Model 4
with two electrodes fits better to flap 1. For both a 2um smaller d is employed in the model
than the devices actually had because of the zigzag shape of the flap. At small angles both flaps
followed the same trajectory and agreed to model 2 with one electrode. Here flap 1 served
as electrostatic shielding of its electrode towards flap 2 and vice versa. At 40V flap 2 tilted to
larger angles. The reason was that it had a 2um smaller d than flap 1 (because of an error in
the mask). From this point onwards flap 1 followed the model 4 with two electrodes, since flap
2 did not shield any more the opposite electrode.

Various flap shapes and configurations As described above different other flap configura-
tions and profiles could be fabricated with the vertical flaps process. Flaps with the profile
shape of a comb, wave, lens and gird were obtained as depicted in figure 6.5. These more
particular flap-shapes were not characterised on the whole voltage to tilt-angle trajectory, but
just the ON-OFF switching was tested. The measurement results are summarized in table 6.5.
The tilt angle measurement was done with the profile length measurement method of section
6.2.1.1. The following behaviour can be observed for the different configurations:

¢ Double flap with off-centred beam: This architecture was presented in section 5.4.1.
It consists of two flaps, each suspended by a torsion beam which located at a distance
q = 15um closer to the electrode. In this configuration the electrode-flap distance is
higher than in case of chips A, B, C and D, leading to higher actuation voltage. But the
flap can be tilted to larger tilt angles close to 90° due to the favourable geometry. One
test device fabricated on a bulk wafer was actuated at 57V to a tilt angle of about 90°.
These flaps were touching the electrodes, what led to sticking in some cases.

* Wave-shaped single-flap with off-centred beam: In this device the beam is as well
placed closer to the electrode as in the double flap above. This geometry permits the flap
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Table 6.5: A variety of devices types actuated at a voltage difference AV between flap and
electrode (or opposite second flap) and measured tilt angle 0 evaluated by profile-length mea-
surement method. The dimensions of the devices are as given in table 3.3, if not otherwise
stated.

Rest-state no voltage applied Actuated with AV

Double flap with
off-centered beam

AV =57V d=62um

= 9Q° q = 15p.m
0 Wy, = 250Um
bulk-process

Wave-shaped
single-flap with
off-centered beam

AV =85V d=T74um

0 =90° q= lsum
Wy, = 250pUm
bulk-process

Two flaps actuated AV =85V 4, . =158um

against each other p=70° ¢=15um

beam off-centered W, = 250um
SOl-process

Two comb-shaped  [—2%m ] AV =75V d,, o =123um

flaps actuated J 0,, = 14.5° ¢ =15um

against each other Oy = 11° 5,= 30HM

beam off-centered orem 5,= 40um
s;=9.5um

bulk-process
AV =7V  wg,=250um
eAV:O\/ =17 S;= Gllm
0,y = 28° SOl-process

Grid actuated by
comb-fingers

Lens-shaped flap
with
off-centered beam

AV =32V d=68um

§=42° ¢=15um
Jhoes = 500M
SOl-process

1 AV =30V d=92um

0=29° q = 15um
S = 83UM
SOl-process
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to tilt to angles close to 8 =90°. A measured device required an actuation voltage of 85V.
The flap has a wave-shape. Such as shape can be useful in the application as reflective
display for reflecting light form all direction such to have a large angular viewing range
(as depicted in figure 3.2). The periodic wave-shape can also be interpreted as diffraction
grating structure. We have here an example of a switchable grating.

Two flaps actuated against each other: The two flaps are suspended by a torsion beam
at some offset as on the two devices above, permitting to attain large tilt angles. The
distance between the two torsion beams is d = 158um. As a voltage difference of 85V
is applied between the two flaps they tilt towards each-other reached each a tilt angle
of 70°. This demonstrates the working principle of two flaps being actuated towards
each-other. At higher actuation voltage the flaps pulled-in towards each-other leading
to sticking. Also on devices with smaller beam-beam distance d a pull-in leading to
sticking could be observed.

Two comb-shaped flaps: The architecture of two comb-shaped flaps suspended by a
torsion beam were presented in section 5.4.4 and schematically depicted in figure 5.10.
When applying a voltage between the two flaps they tilt towards each-other. Because of
the comb-shape we have a larger surface leading to a larger electrostatic force giving
much lower actuation voltages. The combs are thicker at the outer front part, such to
limit the displacement in torsion before the two flaps touch. The characterised device
could be tilted to angles of 8 = 14.5° and 11° at an actuation voltage of 7.5V. At higher
voltages there is an instability in twist-direction and the two sides of the combs touch,
leading to stiction.

Grid shaped flap: The architecture of a grid shaped flap was discussed in section 5.4.4
with a schematic in figure 5.10. The device consists of a grid-shaped structure sus-
pended by a torsion beam on one side. On the opposite side of the torsion beam is
placed a comb-shaped structure with comb-shaped electrodes in the device layer of the
SOI-wafer. The material of the handle layer below the whole structure is etched away.
By applying a voltage between the suspended comb-structure and the electrode the
structure tilts. The comb-structure is tilted upwards, whereas the gird-structure is tilted
downwards accordingly. The characterised device had a pre-tilt after fabrication of 17°.
When applying a voltage of 7V between the suspended structure and the comb-shaped
electrode a tilt of 28° is measured, what corresponds to a net-tilt of 11°. This small tilt
can already be used for optical modulation in transmission.

Lens shaped flap: Flaps with parabolic shape have been fabricated with various focal
distances. One flap has a focal distance ff,cys = 500um and the other frocys = 83um.
The opposing electrode is curved accordingly, such that the flap can not touch the
electrode as it tilts. The flap with the larger fr,,s was actuated to a tilt angle of 42° at
32V actuation voltage. The flap with short ff,¢,s (with a larger curvature) was actuated
at 30V to a tilt angle of 29°. At higher actuation voltages was observed a pull-in towards
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the electrode leading to stiction. The characterised flaps were fabricated with the SOI-
process. Such tilting lens-shaped flaps could be used when arranged in an array as
switchable lens or adaptive lens device.

6.2.2 Actuation in an array

The actuation of different flaps in a 3 by 2 array identical to chip A was demonstrated. In this
chip the electrodes are connected together along the rows and the flaps along the columns. A
voltage of 0 V was applied to the corresponding column on which the flaps should be actuated.
On the corresponding electrode row was applied a voltage of 50V. The other rows and columns
were set to floating potential. In table 6.6 the actuation of different flaps is shown.

Table 6.6: Single flaps actuated separately in a 3 by 2 array of chip A type. 0V and 50V were
applied to the corresponding electrode row and flap column. The other connections were at
floating potential.

OV OV

5O\/.-lj- -

float @——=

float @e——

float

float

float

50V
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6.2.3 Frequency response / transient

In this section is characterized the dynamic behaviour of the tilting flaps. The switching
time, step response and resonance frequency of the different modes were measured. The
measurements were all done in air on chip A because of its typical behaviour. It was used
a Laser-Doppler vibrometer (LDV) MSA400 of Polytech [91] mounted onto a microscope
employing a 50x objective with a NA of 0.45. With the system can be obtained a signal up to tilt
angles of Baceprance = 26° towards the optical axis. Two different approaches were employed.
In the first the step response of the system was measured. In the second one the frequency
response was obtained with a chip signal and the change of resonance frequency in function
of the DC-actuation voltage was evaluated.

6.2.3.1 Step response measurement

Setup The step response of the system was measured by placing chip A at a pre-tilt angle of
@ pre-rilr = 30° below the microscope (similar to figure 6.9). This way in the ON-state the flap
reflected the laser back into the instrument. The laser spot was focused on the point of the
flap surface shown in figure 6.13. When the flap was at OFF-state there was no signal on the
LDV. As it was switched ON a signal was obtained as soon as the flap had a tilt angle 6 larger
than 6 =90° - ﬁacepmnce —Qpre-tilt = 34°.

The step signal consisted of a low frequency square wave of 5Hz (far below the resonance
frequency) with a 56V peak-to-peak amplitude (46V in another case). The velocity signal of the
LDV was monitored using an oscilloscope with a trigger on the square-wave signal. The LDV
was set to a sensitivity of 50mm/s/V. From the measured velocity signal the corresponding
displacement can be obtained by integrating the velocity in time. The measured data is shown
in figure 6.14.

From the obtained step response in velocity the frequency response can be calculated by taking
the Fourier transform as will be explained here. The frequency response can be expressed as
impulse response in the Fourier domain H(s). The step response in displacement s(¢) can be
written as the convolution of step-function u(#) and impulse response h(t), what corresponds
in the Fourier domain to the multiplication of the corresponding Fourier transforms U(s) = %
and H(s) [92].

S(t)=u(t)*h(t):FFT:>S(s)=%-H(s) (6.13)

The following calculation shows that the step response in velocity s'(¢), corresponding to
the derivative of s(t), is in the Fourier domain equal to the Fourier-transform of the impulse
response H(t), thus the frequency response:

NOE %u(t) * h(t)=> FFT = s-S(s) = s~§~H(s) = H(s) (6.14)
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Figure 6.13: Locations on which the laser was focused for the measurements with the LDV. For
the step response and Vpc > 38V the spot was at the tip of the flap. At Vpc = 0V spots on the
beam and on top of the flap were chosen.
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Figure 6.14: The response to a step of AV of 55V as measured on a LDV-setup is shown in the
two graphs on the top. The velocity measured is depicted on the left side and the corresponding
displacement can be found on the right side. The flap switched within less than 0.5 ms from
OFF to ON-state. The ringing with amplitudes above 0.5um lasted for less than 3 ms. The
Fourier-transform of the velocity step-response is shown in the two graphs below, once for a step
of 55V and the other for a step of 48V. The peaks indicate the resonance frequencies of different
modes.
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The frequency response calculated from the obtained velocity data for a step signal of 56V and
48V is given in figure 6.14.

Discussion of results From the step response measurements results of figure 6.14 could be
obtained different properties of the dynamic behaviour of the system. We saw that a first
velocity signal was measured after 0.25ms. This is the the time the flap required to tilt from
OFF-position to the angle 6 = 90° — Bacceprance — @ pre-riir Which lays in the acceptance-cone
of the microscope objective. The rise time of the flap to the first displacement peak was 0.41ms.
Afterwards there was some ringing with a peak-to-peak amplitude of 16um. The settling time
for which the ringing goes to an amplitude below 500nm was about 3ms.

In the frequency response three resonating peaks could be observed in the bandwidth up
to 10kHz. Their frequencies were different when changing the actuation voltage. At 55V we
had resonance peaks at 2.31kHz, 4.27kHz and 7.62kHz, whereas at 48V they laid at 1.83kHz,
3.35kHz and 6.22kHz. The mode with the highest amplitude was the one with the lowest
frequency. The quality factor Q of this mode can be calculated by the ratio of resonance
frequency f;.s over frequency bandwidth A f at half peak-value:

— fres

Af (6.15)

Q

From above equation is obtained a Q factor of 3, what corresponds to a damping ¢ = i of
0.16. The device was operated in air and had thus a large damping due to the large flap area.

6.2.3.2 Resonance frequency at different actuation voltages

Setup The change in resonance frequency depending on the actuation voltage was further
evaluated by measuring the frequency response at different voltages with a chirp signal.

A voltage composed of a DC component Vp¢ and an oscillating component V¢ was applied
to the flap. V¢ was a chirp signal changing the frequency f from about 100Hz to 1kHz:

V(f,Vbc,Vac) = Vpc+ Vac-sin@nf- 1) (6.16)

The electrostatic force and torque as given in equation (2.2) and (2.3) is proportional to the
actuation voltage squared:

1 1
Fo o V(f, Ve, Vac)? = 2-Vpe-Vac-sin @r f - t)—szCcos @-(xf- t)+V5C+5VjC(6.17)

We have thus a force with three different frequencies, one at DC-voltage another at frequency
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f and a third at the double frequency 2 f:

1

Fo(0Hz) ox Vi + zvgc (6.18)

For(f) ox 2+ Vpc - Vac-sinuf - 1) (6.19)
1 2

Fei2:f) o< 5 Vic-cos@2-2mf 1) (6.20)

The oscillating voltage component V¢ had a peak-to-peak amplitude of 1V. For large Vp¢ the
2 f force component was much smaller than the f component. A force was exerted onto the
flap with the same oscillation frequency of Vc. At low V¢, specially at Vpc =0V the 2 f force
component was larger than the f component. Here the device was vibrating at the double of
the Vc-frequency. Therefore in the measurements results shown in figure 6.15 the amplitude
for the measurements done at Vpc = 0V are shown for the double of the actuation voltage
frequency f.

The measurement was done at the same location on the flap surface and the same pre-tilt
of the chip as for the step response measurement for actuation voltages above 38V. At the OV
DC-actuation voltage the velocity data was obtained on the beam surface and at the top edge
of the flap as shown in figure 6.13.

Discussion of result In figure 6.15 we can see the resonance peaks at different applied
DC-voltages. For measurements at high Vpc two resonance modes can be found, whose
frequencies decrease with decreasing Vpc. At Vpc = 0V three main resonance modes can be
identified at 1.58kHz, 2.8kHz and 9.2kHz. A fourth one at a low frequency of about 700Hz can
be estimated, but is mostly hidden in the low-frequency noise.

In figure 6.16 the different measured resonance modes are shown in function of the applied DC-
voltage Vpc. The resonance frequency correspond to the peaks in figure 6.15. The resonance
frequencies were measured with a chip signal superposed by a DC-voltage ranging from 38 to
56V and also at Vpc = 0V. Two different modes were observed at high Vpc, which are marked
as mode A and B. The four resonance modes measured at Vpc = 0V are marked separately.
In the same figure the resonance frequencies are added which were obtained with the step
response method. Here a third mode can be identified at high V¢, which lays at frequencies
between mode A and B.

The measured data is compared to the electrostatic stiffening model developed in section
3.2.3.2. The stiffening model was combined with the fit of simulation model 1 to chip A (see
figure 6.11 for model-configuration, the fitting parameters are indicated in table 6.4). The
electrostatic stiffening spring constant k,; given in equation (3.27) is calculated from the

2 2
second derivative of the capacitance % of simulation model 1. Since the %-data from
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frequency response of Chip A
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Figure 6.15: Laser Doppler Vibrometer measurement on flap surface of chip A actuated with
DC-voltage Vpc superimposed by a chirp Vac scanning frequencies f from 0.1 to 10kHz. V¢
had an amplitude of 0.6 to 1V peak-to-peak. As shown in equation 6.17 the electrostatic force
had a component in f and 2f. At high Vpc the component in f was higher than the one in
2f, as given in equation (6.19). For low frequencies the force in 2 f overwhelmed the one in
f as given in equation (6.20), therefore for Vpc = 0 the results are shown at the double of the
actuation frequency.

simulations is noisy due to numerical errors, a polynomial fit of ‘g—ec is used for calculations of
ke1, as shown in figure 6.17. The change in resonance frequency for a torsional mode taking
into account k,; is plotted in figure 6.16 using equation (3.26).

The model of the torsional resonance frequency with electrostatic stiffening does agree quite
well with the measured data. At Vpc = 0V the resonance mode at 1.58kHz seems to correspond
to the torsional mode. At high Vpc the mode found only in the step response measurement
method, lying between mode A and B, might correspond to the torsional one.

With equation (3.19) the resonance frequency f, of the bending mode is calculated analytically
using the dimensions of Chip A as given in table 6.1. A resonance frequency f, = 892Hz is
obtained, which is close to the lowest measured mode at Vpc = 0V of 700Hz. Therefore we
suppose that this lowest measured mode corresponds to the bending mode of the flap. The
mode A measured at high voltage might also be a bending mode. The other identified modes
(e.g. mode B) may correspond to higher order modes.
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Figure 6.16: Resonance frequencies of different modes in function of DC actuation voltage Vpc
as measured on chip A, taken from frequency sweep of figure 6.15 and step response of figure
6.14. The model of torsional resonance with electrostatic stiffening of section 3.2.3.2 agrees well
with the measurement results. The lowest frequency mode A and 700Hz at Vpc = 0V correspond
probably to a bending mode. At 1.58kHz (Vpc = 0V ) we have a torsional mode.
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Figure 6.17: Left side: Second derivative of capacitance % taken from fit of simulation model
1 on chip A of figure 6.11. Since the data is noisy due to numerical calculation errors because of
low mesh quality in capacitance simulation, a 5th-order polynomial function was fitted to it in
Matlab. On the right side: The electrostatic stiffening k., is calculated as given with equation
(3.27), with the polynomial fit of %.
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6.3 Optical properties characterization

The optical performance of the modulator device will be evaluated in this section. The
following optical parameters will be characterised:

* The reflectivity of the device.

* The contrast ratio between the ON- and OFF-state in the application as reflexive display,
as defined in section 2.2.4.

* The contrast ratio between the ON- and OFF-state in the application of a transmissive
shutter.

* The surface quality / roughness of a flap.

 For grating shaped flaps the performance of a blazed grating should be tested.

6.3.1 High dynamic range irradiation measurement using digital camera

For measuring a high contrast ratio a high dynamic range of intensity values require to be
measured. This range can not be obtained with a single image of a low bit-depth digital camera,
since it may be saturating in some regions. Here will be presented a method for measuring
high contrast ratios using a digital camera having 8-bit of pixel values.

A schematic of the conversion procedure from irradiation I to digital pixel value on the
camera image file is given in figure 6.18. The incoming irradiation I passes first an optical
transfer function L due to the lens, aperture and optical configuration. L is supposed to be
linear in relation to I giving the output I’ = L- I. The camera sensor receives an exposure E
corresponding to the integration over time of I’ by the shutter. For an exposure time of Ar we
get E=At-I'. The pixel value Z on the image of the digital camera is finally obtained by the
transfer function f(E) of the camera sensor and its electronics. The pixel value Z can now be
represented in the following manner [93-95]:

Z=f(L-I-At) (6.21)

For contrast and brightness measurements the irradiation I corresponding to the measured
pixel value Z is wanted:

2
L-At

= (6.22)
When supposing that the sensors transfer function is linear as Z = f(E) = n- E the contrast
ratio as defined in equation (2.17) can be obtained as:

L fH2)ILAL  ZinlAn  ZilAn

CR=r= = = 6.23
I f_l(Zg)/LAtz ZoInLAt,  ZylAt ( )
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Figure 6.18: Concept of image acquisition with a digital camera. The incoming irradiation I
gets first through a optical transfer function L due to the optical system (lenses, aperture). The
exposure E arrives onto the sensor by integration in time of I'. The digital pixel value Z on the
image is obtained by the response function f of the sensor and the cameras electronics.

It has to be taken into account that pixel value Z is an integer number between 1 and 2% for
a camera with a Ry;; resolution. For a camera with a 8-bit pixel resolution depth this implies
Z-values between 1 and 256. Below a certain threshold exposure value Ej the sensors output
is 1 and above the saturation limit of the sensor E;,; the maximal pixel value corresponding to
the bit-resolution is obtained.

1 if E< Ey
Z=<{ Ny if Ey < E < Esqr, N7z =[1,2,...,280ir] (6.24)
2Rvie  fE> Eoyy

We see that pixel values above saturation and below threshold exposure do not correctly
represent the irradiation. For this reason the exposure has to be adapted for each pixel in the
image such to lay within the saturation and threshold limits. This can be done by adapting the
exposure time At, since the exposure is directly proportional to irradiation I by E = I - At.

In equation 6.23 the camera response function is supposed to be linear over its whole range.
For many cameras the response function is only linear for a certain span of pixel values Z. To
take this fact into account a more extensive method is required. Therefore the irradiation I,
of each pixel n of a image is calculated with the following procedure similar as described in
[93-95]:

1. A series of images i with different exposure times Af; will be taken. The range of
exposure time will be chosen such that for each pixel n there is at least one image with
the corresponding exposure on the pixel E,, ; within the saturation and threshold limits
(and inside the linear range of the camera). The images are all taken with the same
optical configuration as zoom, focus and aperture, such to have an identical L. The
identical sensor settings are used as well, in order to have the same f(Z).
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2. The irradiation I, at each pixel n is computed by combining the pixel values Z, ; of the
different images i with exposure time A¢; using a weight function w(Z). The weight
function takes into account only the pixel values laying in the linear region of the
cameras response function. It has also a higher weight for pixel values at the centre of
the span, since we make the assumption that the response function of the camera has a
higher linearity at the centre of the Z-values span.

The following equation is used to calculate the corresponding irradiation I, at each pixel n
using a series of images i with each having a different exposure time At;.

L=L Y w(Zi p) -7 la
Yiw(Zin)

(6.25)

The optical transfer function L (which is supposed to be linear) and camera response function
proportionality  are unknowns. But, as shown in equation (6.23), these constants cancel out
when calculating the contrast ratio.

6.3.1.1 Characterization of camera used for irradiation measurements

The camera used was a IDS uEye UI-1465LE-C-HQ [96] with a CMOS sensor, 3.1 Megapixels
and 8-bit pixel resolution depth. The cameras gain was set to a maximal value, the gamma
factor to 1, frame-rate to 0.57Hz and the pixel clock to 5MHz. Images were saved as .bmp
in 8-bit grey-scale. The cameras spectral sensitivity for the different color channels and for
grey-scale images is given in figure 6.20.

A method for obtaining the response function f of any digital camera for converting each
pixel value Z to a corresponding exposure E as E = f(Z) is described in [93]. For this purpose
a series of images with different exposure times At requires to be taken of a static scene with
different intensities. The whole series has to be taken with the same optical configuration and
viewing frame. By building an equation system with different pixels of the image the response
function is obtained using singular value decomposition method. For more details on the
method please refer to [93].

Using the series of images of different exposure times of table 6.7 at 0V, y = —25° and ¢ = 0°
we evaluated the response function of the camera. The pixel values of 40 points on the image
were taken and the calculation done with the Matlab-function gsolve.m given in [93]. The
obtained response function E = f(Z) is shown in figure 6.19. It can be seen that the camera
has a good linearity up to pixel values of Z = 200.

We set now the weight function for obtaining the irradiation value I according to equation
(6.25) as triangular function with maximum at the central pixel value of the span (Z = 128). In
addition the function is 0 for the pixel values between 0 and 20 to avoid exposure values below
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Camera response of uEye UI-1465LE-C
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Figure 6.19: Response function of uEye UI-1465LE-C calculated with Matlab function gsolve.m
of [93]. It can be seen that up to Z=200 the cameras response is linear.
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Figure 6.20: The sensitivity of the different colour channels of a uEye UI-1465LE-C digital
camera is shown as given by the manufacturer [96]. The camera has an infra-red cut-off
filter at A = 650nm. In the same image is superimposed the spectral density function of a
LED-illumination MCWHL2-C1 (Thorlabs) employed for the reflectivity and transmission
measurements of section 6.3.2 and 6.3.4. The data is given by the LED-manufacturer [97, 98]

threshold and above 200 for staying in the linear region and avoid saturated pixels. The weight
function w(Z) can be written as:

0 if Z<20
w(Z)=1 [128—-Z2| if0< Z <200 (6.26)
0 if Z>200

114



6.3. Optical properties characterization

6.3.2 Reflectivity of flap
6.3.2.1 Setup

The reflectivity of the flap surface was characterised by comparing its irradiation with the
one of a reference mirror both having the same illumination setup. The measurement setup
is illustrated in figure 6.21. The flap surface was illuminated coaxially by the microscope
objective which is also employed for observation. The microscope had a LED-illumination
MCWHL2-C1 from Thorlabs [97] and a 10x objective with 0.15NA. The reflectivity was mea-
sured for the flap placed perpendicular to the optical axis. Since the maximal tilt angle of the
measured chip A was only 55° the chip was placed below the microscope at a pre-tilt a e
of about 35°. The irradiation of the flap was measured with a digital camera employing the
concept of high dynamic range of intensities as described in section 6.3.1. From the resulting
image the intensity on a small area on the flap surface was integrated giving I7;,,. The same
measurement was done as reference with a Ag-mirror having a known reflectivity of 98%
giving Ip,,irror. Since the reflection intensity changes a lot in function of the incidence angle of
observation and it is difficult to place the chip and mirror exactly at the same angle towards the
microscope objective, the reflection measurements were done at different incidence angles.
The tilt angle of the flap and of the mirror were both scanned by +/ — B¢4,. Subsequently the
intensities If;qp(Bscan) and Inirror (Bscan) were calculated for all S5cq,. The flap and mirror
were supposed to be exactly perpendicular to the microscope objective at the angle Bc45, at
which was measured the maximal value of intensity. In figure 6.22 the measured intensities for
flap and mirror are plotted, in function of B.4,. The reflectivity is then calculated as:

max(lflap (ﬁscan)) _ Iflap(oo)

= 6.27
max(lmirror(ﬁscan)) Inirror(0°) ( )

Rfrap =

The area on the flap surface on which the reflection intensity I¢;,, was measured corresponds
to Asmar; depicted in figure 6.27.

6.3.2.2 Results & Discussion

The measurement results for the surface of chip A is shown in figure 6.22. It consists of a
1um thick poly-silicon layer. Calculating with equation 6.27 is obtained a reflectance of 0.371.
Theoretical calculations in appendix A of the reflectance of a poly-silicon thin-film of 1um
thickness give a value of 0.417 as presented in figure A.3b). For this calculation were taken
into account the intensity distribution of the LED-source employed and the sensitivity of the
camera in gray-image mode as depicted in figure 6.20. The theoretical reflectance value is
thus higher than the measured one. The difference may be due to measurement error but it
may also be given by the roughness of the flap surface. The flap has actually a roughness of
more than 100nm peak-to-peak as shown in figure 6.32 of section 6.3.5. Incoming light might
be scattered due to this roughness, such that we measure a lower intensity.
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Figure 6.21: Setup for measuring the reflectivity of the flap surface. A microscope with a coaxial
LED illumination is used. The light intensity on the flap is measured with a digital camera
employing the method described in section 6.3.1. In a) the irradiation of the flap is measured.
The chip is placed at a pre-tilt @ pye—ti1: below the microscope such that the flap is perpendicular
to the optical axis when actuated to maximal tilt angle. In b) as reference the irradiation is
measured of a Ag-mirror having a reflectivity of about 98%. The tilt angle of flap and mirror is
scanned by +/! — Bscan for finding the horizontal position.
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Figure 6.22: Irradiation of flap surface and Ag-mirror measured for different angles Bscan

around the horizontal position. The horizontal position was determined as the point of the

curves with the maximum intensity. A reflectivity Rjap = Ifiap/! Iag—mirror 0f 0.372 is obtained

at horizontal position for the flap area Asyq1; as depicted in figure 6.27.
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Figure 6.23: Schematic of setup approaching uniform hemispherical illumination. The sample
is placed at the centre of a diffusive hemisphere, which is illuminated from outside by several
LEDs. A hole in the diffuser serves for observation through a microscope-objective on which the
images is acquired with a digital camera.
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sample (chip on PCB)

6.3.3 Contrast in application of reflective display

There is no widely used standard for measuring the contrast of a reflective display system. The
illumination setting was therefore chosen to be an illumination approaching a real world case
of a reflective display. We suppose that there is light arriving from all inclination angles equally
onto the display. Just from the observers location there is no illumination onto the device,
since the head of the person looking at the display will shadow it. A similar illumination
approach was also presented in [99, 100].

6.3.3.1 Ilumination configuration

A special setup was conceived for obtaining an illumination which has equal intensities from
all incident angles in azimuth and inclination. We call it uniform hemispherical illumination.
At the centre of a hemisphere was placed the device being measured. The hemisphere is
diffusive in transmission and illuminated from outside. A schematic is shown in figure 6.23.
Since the sample was observed with a microscope objective having a working distance of
22.5mm, the available space for the illumination system was rather small. As sphere a table
tennis ball (40mm diameter) was used, since it had the optimal dimensions to serve as diffuser.
The ball was cut in to half and a hole was drilled into it for observation with the microscope.
Around the hemisphere at a distance of 15mm two rows of white LEDs strips were placed
(each row consisted of 12LEDs of Paulmann yourLED neutral white, with total 168lm). The
optical path between microscope objective and observation hole in the diffuser was shielded
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Figure 6.24: Spacial distribution of illumination intensity for setup approaching uniform hemi-
spherical illumination. On the left side is shown the setup for observations at 0° inclination and
on the right side the one for observation at -25° inclination. It can be noticed that the intensity in
all azimuthal angles is very uniform. Along the inclination angles there is a minimum around
the location of the observation hole. This is due to shadowing of the microscope objective. A
maximum can be found around 50° inclination, since these areas of the diffusing sphere lays
between the two rows of light source and is therefore irradiated with a higher intensity.

with an optically absorbing material, such that no stray light could couple into the microscope.
For every incidence angle of observation a different diffuser hemisphere was used with an
opening hole at corresponding location.

The intensity distribution of the illumination configuration was characterized. For this purpose
a digital camera picture was taken from below at a distance of about 10cm. The image was
taken with a linear pixel value to intensity response curve. We supposed that every point on the
hemisphere diffuses incoming irradiation in all angular directions equally. Therefore the pixel
values of an image taken from below, are proportional to the intensities at the corresponding
point of the hemisphere. For a cross-section A-A and B-B through the image of the hemisphere
the corresponding incidence angle was calculated. By this means we obtained an intensity-
profile of the hemisphere surface in function of the inclination angle. The results for two
different illumination configurations is displayed in figure 6.24. On has an observation hole at
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incidence angle y = 0°, the other at y = —25°.

When analysing the results it can be noticed that the intensity is very uniform for all azimuthal
angles. Along the incidence angle there is a variation of the intensity. It is the lowest close to the
observation hole, due to shadowing of the microscope objective. The highest intensities are at
around y = 50°. The reason is that at these areas the hemisphere gets the highest irradiation
from the two rows of LED-stripes. Towards the edge of the hemisphere the intensity decreases
again, since here the irradiation comes mainly from one of the two rows of LED-stripes.

We can conclude that the illumination has a close to uniform intensity profile along the
different azimuthal angles. It varies by +/ — 15% between 40° and 80° incidence angle. Even if
the illumination is not totally hemispherically uniform, it simulates quite well ambient light of
areal environment.

6.3.3.2 Measurement procedure

The measurement setup is shown schematically in figure 6.23. The chip being measured is
placed under a microscope, illuminated by the uniform hemispherical illumination configura-
tion presented above. Images of the device in focus, actuated at different voltages, are taken
through a 5x magnification microscope objective with a NA of 0.13. This microscope objective
with a NA giving a acceptance angle of 2 - 7.4° was chosen because the angle of the light cone
is similar to the one of the human eyes. When taking a distance between the two human eyes
of 10cm a NA of 0.13 would correspond to looking at an object from 38cm distance.

A high dynamic range of irradiation values are required to be measured between OFF-state,
where light is absorbed on a black layer, and the ON-state where light is reflected by the flap.
The method and camera employed for the measurements are described in section 6.3.1 and
6.3.1.1.

The measurements were done on two different chips A and B at various angles of observation.
The chips were tested for an inclination of y = 0° and 25° and all azimuthal directions with
increments of 45°. The chip placement in function of the azimuthal angle as seen from the
top is sketched in figure 6.26.

Figure 6.25 shows chip A observed with the measurement setup at an incidence angle of
Y = —25° and azimuth of ¢ = 315°. The electrode-row is set to 0V and the two flap columns
are first set to 0V, such that we have a black area at the location of the flap. When the voltage
on the flaps is set to 60V they tilt to horizontal position and can be seen as bright spot. The
contrast-ratio between the black-state and the bright state is calculated as in equation (2.17):

IArea(Q)
CR 0)=——— 6.28
Area( ) IArea(H — 00) ( )

On three different areas A the contrast ratio was calculated. These areas are shown in figure
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Figure 6.25: Microscope picture showing detail of an array of chip A type flaps observed with the
setup of figure 6.23. The flaps are once in OFF- and once in ON-position. The electrode marked
with a line is kept at both cases at 0V. Two flap columns with rose-coloured poly-silicon lines
and torsion beams are set in the ON-state to 60V, leading the flap to become a bright spot.
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Figure 6.26: Azimuthal observation angles ¢ employed in the contrast ratio measurement with
uniform hemispherical illumination. The top view of the flap actuated to a certain tilt angle is
shown in the centre with the measured azimuthal viewing directions around.
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Figure 6.27: The integration areas Acavity, Afiap and Asmai were used for calculating the
contrast ratio on a) chip A and b) chip B.

6.27 and are:

* Acavity: Is defined by the cavity in which the flap is placed. The area is delimited by
the electrode on one side by the torsion beam on the other side and laterally by the
interconnection-beams. This area does correspond to the equivalent area of a pixel,
without the reflecting surfaces of electrode and interconnection beams.

* Afiqp: Is defined by the flap when actuated to maximal tilt angle 6.

* Agmai: A small area on the flap is chosen for measuring the highest achievable contrast.

6.3.3.3 Discussion of results

The contrast ratio CR as given in equation 6.28 evaluated on the three areas Acqpiry, Afiap
and A4 of the two chips A and B is plotted in figure 6.28. The values are given for various
inclinations y and azimuths ¢. The corresponding intensity image for the ON- and OFF-state
can be found in table 6.7. We can make the following observations from the measurement
results:

* The highest contrast ratio with a value of CRg,;,4;; = 145 is obtained in chip B at maximal
tilt angle for Agy,41; observed at y = 0°.

* The lowest contrast ratio of all measurements is obtained at y = —25° and ¢ = 180°. We
are here in angular region ¥ as described in figure 5.6 of section 5.3.1 where all rays
originate from the underlying absorbing layer, leading the flap surface to be perceived
as dark.

¢ Aty = —25° high contrast ratio are obtained for ¢p = 270° to 90°. At these angles we are in
the angular region Q as on figure 5.6.

* Larger contrast ratios are obtained for y = 0° than for y = —25°. The reason is the
illumination configuration. At y = 0° the flap surface reflect light coming from yy =2-
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Table 6.7: Grey scale images with high range of intensities obtained by combination of images
with different exposure times as described in section 6.3.1. The measurements were made at
different inclination angles y and azimuthal angles ¢ of observation on two different chips.
Uniform hemispherical illumination was used as defined in section 6.3.3.1. It can be seen that

the highest contrast is obtained at ¢ = 0°. The corresponding contrast ratio is plotted in figure
6.28

Chip type A Chip type A Chip type B Chip type B
Act. voltage: OV Act. voltage: 60V Act. voltage: 0V Act. voltage: 60V

LT
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Figure 6.28: Contrast ratio at uniform hemispherical illumination for different inclination y
and azimuthal angles ¢. The measurement were done on two different chips A and B actuated
at various voltages to the corresponding tilt angle 0. The contrast ratio was evaluated towards
the non actuated state (AV =0V, 0 = 0°) on the three different areas on the modulator. The areas
Acavity, Aflap and Asman) are given in figure 6.27. It can be observed that the contrast ratio
is the highest at (° inclination. The lowest contrast ratio is obtained for observation angles of
Y =—25° and ¢ = 180°.
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Figure 6.29: Irradiation intensity as measured on area Agy, 411 for chips A and B in OFF- and ON-
state. The irradiation intensity in the ON-state is comparable for both chips. In the OFF-state
we measure higher intensities on chip A than on chip B.
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(90° —6). This corresponds at maximal tilt angle of 8 = 53° for chip A and y = 65° for chip
Bto yo = —74° and y( = —50° for which the illumination setup has high intensities as can
be seen in figure 6.24. At the OFF-state the black-layer below the chips is perpendicular
to the observation direction. Specular reflections on this layer originate directly from
Yo = 0, where there is very low illumination intensity as shown in figure 6.24. An ON-
position illuminated at high irradiation intensity and an OFF-position illuminated at
very low irradiation intensity leads thus to a very high contrast ratio.

Aty = —25° specular reflections on the black layer originate from yy = 25°, where there
is a high illumination intensity. This lowers thus for all y = —25°-measurements the
contrast ratio. For the same reason the surrounding substrate is also perceived as bright.

Chip B has generally a higher contrast ratio than chip A. There are different reasons for
this: First the fill-factor Af;4p/ Acavity is larger for chip B than chip A. Secondly, when
looking at the irradiation values measured for mask Ag,,,;; in figure 6.29 we observe at
ON-state comparable irradiation values on both chips, whereas at the OFF-state chip A
has higher values than chip B. The black-layer in chip A is thus brighter than the one in
chip B. The reason could be that on chip A the black layer was placed below the PCB,
at some distance from the silicon substrate. However, in chip B it was placed directly
below the silicon substrate. Therefore in chip A some light may couple-in from below
the chip through the PCB, giving higher irradiation values.

e Aty =-25° and ¢ =270 — 90° we have a constant contrast ratio on chip B, whereas for

chip A we have a large drop for ¢ = 0°. It is due to the drop in intensity at ON-state
for chip A which can be observed in figure 6.29. The reason is that the irradiation is
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originating at this state from yy =2 (0(60V) —90) + y = —49° where we have a rather
low illumination intensity. Chip B on the other side has a zigzag shaped flap surface so
we see reflection of light from other brighter spots. This observation demonstrates the
utility of having a non-flat flap shape.

* The measured contrastratio on Acqy;ry is about 2-5 times smaller than the one measured
on Afqp. The fill-factor Af;qp/ Acaviry cannot explain this difference. In fact we have at
the OFF-state in A¢qy;ry highly reflecting surfaces of the torsion beam and top edge of
the flap. We notice, thus that these surfaces would need to be covered by a shielding for
improving the contrast ratio in a real reflective display device.

6.3.4 Contrastin transmission mode
6.3.4.1 Setup

The flap is characterized here as optical modulator in transmission. Light from below the
substrate passes through the backside opening arriving onto the flap. When the flap is tilted it
blocks light, at vertical rest state the incoming light passes through. Chip A which is packaged
onto a PCB with a back-side opening was measured with a microscope employing a LED-
illumination placed below (MCWHL2-C1 from Thorlabs [97], spectral density indicated in
figure 6.20). A schematic of the measurement setup is drawn in figure 6.30. The intensity was
acquired using a digital camera (see section 6.3.1.1) and combining a series of images taken at
different exposure times for getting a high dynamic range of intensity values (section 6.3.1).
The measurement was done using colour images in the RGB-mode. This way the response is
obtained separately in the red, green and blue part of the spectrum. The sensitivity of the three
colour channels and the illumination spectrum are presented in figure 6.20. Intensity maps of
the ON- and OFF-state of chip A are shown in figure 6.31. For a marked area is calculated the
intensity I and the corresponding contrast ratio as CR = %. We get separate values for the
red, green and blue pixel-response of the camera.

Table 6.8: Blocking of light transmitted through flap of 1um thick poly-silicon. The measured
contrast ratio values indicated in figure 6.31 were calculated to absorbance A =1—-1/CR
according to equation (A.3). Theoretical values as calculated with method of appendix A are
shown as comparison.

Colour Measured con- | Measured ab- | Theoretical  ab-
trast ratio CR sorbance A sorbance A

Blue 20 95% 97.5%

Green 10 90% 88.4%

Red 7 85% 82.9%
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Figure 6.30: Schematic of the setup for measuring the contrast of a flap-modulator in transmis-
sion mode. The flap placed on a PCB with an opening hole is illuminated from the back side
with a LED-lamp. The irradiation intensity is observed with a microscope and measured using
a digital camera with the procedure described in section 6.3.1.

6.3.4.2 Discussion of results

The measurement results of chip A are presented in figure 6.31. The highest contrast ratio is
obtained at the blue channel of the camera. It has a value of CR = 20 for the maximal tilt angle
of 8 = 53°. The contrast ratio for the green channel is at about CR = 10 and for the red channel
at CR =7. Knowing the contrast ratio also the fraction of light blocked when passing through
the flap can be calculated as A=1- é (A as defined in equation (A.3)). The contrast ratio
and absorption values are summarized in table 6.8.

We have thus a higher absorption for shorter wavelengths, than for longer ones. This agrees
with the poly-silicon material properties as discussed in appendix A. There the theoretical A
values through a 1pum thin poly-silicon layer were calculated. For the calculations were also
taken into account the sensitivity of the red, green and blue channel of the camera (which
is shown in figure 6.20). The theoretical values computed are indicated in table 6.8. The
theoretical and measured values agree well.
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Figure 6.31: Back-illuminated chip A: On the top the intensity map is displayed of the flap at
rest state (left) and actuated with 60V to a tilt angle of 55° (right). For the indicated area the
intensity 1(0) and corresponding contrast ratio CR(0) = 1(0°)/1(0) is plotted in function of the
tilt angles 6. The measurement was done using the red, green and blue-pixels channel of a
digital image. It can be seen that blue light is absorbed more by the flap than red light.

6.3.5 Flatness of flaps

The flatness of a surface is an important indicator of usefulness for different optical appli-
cations. Height differences give rise to phase shifts as light is reflected. When the employed
light is coherent the phase shifts lead to interferences, which can be undesired depending on
the application. Roughness of a surface leads also to more scattering. In the application as
reflective display such diffusion is very desired as described in section 3.1.1.1.

6.3.5.1 Setup

The roughness was measured on chip A using a optical profiling system (Veeko Wyko NT1100).
As described in section 6.2.1.2 the maximal measurable inclination angle with this instrument
is only about 15°, but the maximal tilt angle of the flap was only about 53°, giving a tilt angle
towards the horizontal of 37°. Therefore the device was placed at a pre-tilt & i below the
instrument. Similar as in section 6.3.2 and in figure 6.21 a pre-tilt of about 35° was employed,
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Figure 6.32: White light interferometer measurements of flap surface on chip A. An unevenness
of 500nm over the flap surface can be seen superposed by a roughness of high spacial frequency
100nm. The large unevenness may be due to stress-related deformation of the flap, due to
remaining SiO,. The roughness is due to the fabrication process using DRIE. At the edges and
in the centre elevations of up to 1um can be found. These are defined by the form of the mask
having a wider trench width at these locations.

such that the flap was perpendicular to the optical axis of the instrument when being actuated
to maximal tilt angle. Because of the size of the chip was used a long working distance 10x
objective. The measurement results for the flap surface of chip A are shown in figure 6.32.

6.3.5.2 Discussion of results

Looking at the results for the measured flap surface of chip A in figure 6.32 we notice a flatter
part and two elevations of up to 1um height at the centre and at the right and left edges. The
elevation at the centre and at the both edges are originate of the form of the trench-mask, being
wider at these locations. On the rest of the surface a peak to peak unevenness of up to 500nm
can be found. A small amplitude superimposed by a large amplitude roughness can be found
in x-direction. The small amplitude roughness has a period of about 2um and a peak to valley
height of 100nm. It is due to the deep dry-etch process as described in 2.1.4. For the larger
amplitude unevenness there may be two different reasons. First it may be induced by the deep-
etch process giving also rise to larger width differences due to variations of the etch-chamber
conditions over time. And second, some remaining Si O,, which may not have been etched

128



6.3. Optical properties characterization

totally in the release-step can induce stress leading to deformation and additionally lead to
measurement errors in the white light interferometer due to its transparency and different
refractive index. In y-direction a low and a high amplitude roughness can be observed as
well. The high amplitude roughness has 500nm peak-to-peak values which may be due to
remaining SiO-, but also originate in non-uniformities in the lithography-mask defining the
flap-trench. A low amplitude roughness with 50nm peak-to-peak values and a period of about
5um is probably due to the etch process.

6.3.6 Grating shaped flaps: Switchable grating

Chip B has a flap with the shape of a blazed grating as shown in figure 5.11. It has a grating
periodicity of a=17.85um and a blaze angle of ¢ = 17.7°. The application of the flap as blazed
grating was demonstrated in a simple experiment. The measurement setup is described in
figure 6.33. A red diode-laser of wavelength around 670nm is focused onto the tilted flap in
Littrow-condition (incidence angle and blaze-angle ¢ are equal). The reflected light arrives
upon a screen, on which a diffraction pattern can be observed as shown in figure 6.33. When
changing the tilt-angle of the flap the whole diffraction pattern can be scanned up-and down.
We can observed a displacement of the pattern as the flap was actuated once at 54V and once
at 57V. As expected of a blazed-grating in a Littrow-condition, the diffraction order with the
largest intensities laid at a diffraction angle corresponding to ¢.

The diffraction angles [ for every diffraction order N can be theoretically calculated using
the grating-equation with an incidence angle of ¢.

A
p = arcsin(— N —sin ) (6.29)
a

We measured the diffraction angles of the different orders on the pattern on the screen. This
measured angles is plotted together with the theoretically expected diffraction angles of the
different orders in figure 6.34. A wavelength of 670nm was employed for the theoretical
calculations. It can be seen that the theoretical and measured data agree well. Therefore we
can say that the measured flap has the properties of a blazed grating.
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Figure 6.33: A laser is focused onto the flap of grating-shape with a blaze angle ¢ placed at
Littrow-condition. The laser beam gets diffracted on the flap surface and reflected onto a screen.
By changing the tilt angle of the flap the diffraction-pattern on the screen is scanned up and
down. As expected of a blazed grating in the Littrow-condition the diffraction orders with the
largest intensities laid near the optical axis.
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Figure 6.34: We can see the measured diffraction angles of the different diffraction orders and
the theoretical values calculated with the grating equation (6.29) for a wavelength of 670nm.
Theory and measured data agree and we can say that the flap has the properties of a blazed
grating.
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7d Discussion & Outlook

In this chapter will be discussed the results of the vertical flap concept and the horizontal flap
concept. The suitability for using the vertical flaps in different applications will be analysed
and an outlook given on further work to be done.

7.1 Discussion of characteristics of vertical flaps

We summarize here the electromechanical and optical properties as measured in chapter 6.
An overview is given in table 7.1. We want to briefly discuss the different properties.

Actuation Actuation voltage and maximal achievable angle depend a lot on the geometry of
the device. The stiffness of the torsion beam (i.e. the spring constant in rotation) influences
the actuation voltage in a square-root relation as shown in equation (3.12) what we could also
observe in the measurements. Since the thickness of the torsion beam has the largest impact
on the stiffness, it is also the parameter changing the strongest the actuation voltage. The
measured chip C of section 6.2.1 had the lowest actuation voltage with a value of 35V, since it
had a thinner beam than the other chips. In a the typical actuation behaviour about 60V were
required for reaching a maximal tilt angle, which laid between 55 and 70°.

The form of the trajectory depends on the electrode-beam distance and the position of the
beam, which is attached to the flap either at a certain offset or directly connected laterally.
In the measured chips A, C and D we had a continuous trajectory-curve, where all tilt angles
could be reached by applying a proper voltage. On one chip (chip B) a pull-in behaviour was
obtained, combined with a hysteresis leading to 3V difference between pull-in- and hold-
voltage. Such a hysteresis is required for line-column addressing as discussed in section 3.1.4.
In general the simulation model for the form of the trajectory gives a good agreement with
the measured devices with two flaws. First the electrode-beam distance for the fitted model
and the measured data have a difference of up to 5um, what might be due to charging effects
of the underlying substrate which was kept in the measured devices at a floating potential.
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Secondly, it does not take into account a pull-in of the flap due to instability in twist direction
at high actuation voltages.

Frequency response The lowest resonance frequency measured at rest state was at about
700Hz. When actuated to maximal tilt angle the same device had the lowest resonance
frequency at 2.31kHz. This shows that we have a strong electrostatic stiffening as modelled in
section 3.2.3.

Switching time A switching time of less than 0.5ms was measured. The device had a high
damping since it was operated in air, therefore the ringing after actuation had a settling time
of less than 3ms.

Fill-factor A fill factor Fy;;; of the active modulating area of 28 to 40% was calculated in
section 5.4 depending on the configuration. This value corresponds to the case of the flap
tilted by 90° to horizontal position. For lower tilt angles equation (5.1) has to be employed,
which is proportional to sin6. For tilt angles of 60° we have 0.87 - Ff;;; and for 70° we have
0.94- F¢iy;. From this result can be deduced that tilt angles of 60 to 70° are large enough to
keep the fill-factor at high value.

Reflectivity We measured a reflectivity of 37% on a flap surface consisting of a 1um thick
poly-silicon layer. The measured value agreed well with the theoretical one, obtained by
thin-film-reflection theory of annex A.

Contrast ratio The contrast ratio was very dependent on the viewing angle and the illu-
mination condition, since the measured flaps had a flat surface on which there is specular
reflection of the incoming light. Depending on the position of observation the reflection of
a light source is seen or not. Solutions would be to have scattering on the flap surface or a
wave-shaped flap, as discussed in section 3.1.1.2. The highest contrast ratio measured was 145.
For this measurement the illumination conditions were favourably. Typical contrast ratios
were between 30 and 40 as measured on the flap surface.

Absorbance The absorbance was measured on a 1um thick poly-silicon flap. Values of 85 to
95% were obtained, which agreed well with thin-film theory of annex A.

Power consumption The power consumption of the electrostatic actuation of a flap has
been estimated to 64 W /cm?. But in this value the parasitic capacitance of the interconnec-
tion lines are not included.
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Table 7.1: Overview of electromechanical and optical characteristics of vertical flaps

Parameter Value Comments

Actuation voltage 35-80V depends on the geometry of the
device

Tilt angle 6 55 - 85° the smaller d the larger is 6

Typical actuation behaviour 60° at 60 V pull-in for small d, all angles
can be addressed with large d

Resonance frequency at rest | 700Hz first mode, measured on chip A

state

Resonance frequency at actu- | 2.31kHz first mode, measured on chip A

ated state

Switching time <0.5ms measured on chip A by applying
step of 55V

Settling time <3ms after t; amplitudes are smaller
than 500nm

Fill-factor % 30-40% larger fill-factor for double-flaps
than for single-flaps

Reflectivity o flap surface 37% measured on 1um thick flap sur-
face.

Absorbance of flaps 85-95% measured on 1um thick flap sur-
face. Depending on wavelength
(higher for short wavelengths)

Contrast-ratio (maximal value) | 145 measured Chip B at normal in-
cidence on flap surface (active
modulating area)

Contrast-ratio (average value) | 30 -40 on flap surface (active modulat-
ing area)

Surface roughness of flaps 100-200nm on flap surface

Power consumption 64uW/cm? only electrostatic actuation of

flaps (from model data)
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7.2 Discussion of characteristics of horizontal flaps

We want to summarize electromechanical and optical properties of the horizontal flap concept
presented in chapter 4. Since only few devices could be actuated, because of sticking to the
substrate caused by a stress-gradient in the poly-silicon layer, many values are only estimated
theoretically. An overview is given in table 7.2.

Actuation voltages of 35V were measured with a flap tilting to about 85°. This is a lower
voltage and a higher tilt angle compared to the vertical flaps. It has to be pointed out that the
device had a torsion beam of only 100nm, compared to 130-150nm on the vertical flaps, what
explains the difference in voltage. Compared to the vertical flaps concept we had also a higher
resonance frequency and higher fill-factor. But, unfortunately the fabrication process was not
mature enough for obtaining arrays of reliably working devices. This concept of horizontal
flaps has a good potential. Developing further the fabrication process, solving the sticking
problems would give a device with excellent properties as reflective display.

Table 7.2: Overview of electromechanical and optical characteristics of horizontal flap of
chapter 4. Because the devices could not be characterized in detail of problems in the fabrication
process, many values are only estimated theoretically.

Parameter Value Comments

Actuation voltage 35V measured

Tilt angle 60 85° estimated from figure 4.13

Resonance frequency 1.6kHz first mode, theoretical estima-
tion

Fill-factor % 80% when using flap arrangement of
figure 4.2.

Reflectivity of flap surface 30% estimated, since same material
as vertical flaps.

Contrast-ratio NA similar values as in vertical flaps
can be estimated
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7.3 Applications

Here we will evaluate the ability of the vertical flaps concept of being used in different applica-
tions. The horizontal flaps concept will not be included in this analysis, since it was not fully
functional.

7.3.1 Reflective MEMS display

For evaluation of the suitability of using arrays of vertical flaps as as reflective display device
we will look at the requirements as stated in section 3.1.1.1.

e Overall reflectivity: The overall reflectivity depends on the fill-factor. For the active
modulating area is obtained a fill-factor Af;q,/ Apixer of about 40%. Supposing that
the passive area is covered by a light-shielding of reflectance Rp;e1aing =1% the overall
reflectivity can be calculated with equation (5.2) giving a value of 15%. With an optimised
vertical flap configuration having a reflectivity of 90% on the flap surface and a fill-factor
of 50% an overall reflectance of 45% can be achieved.

* Contrast ratio: The overall contrast ratio can be calculated utilizing equation (5.4).

The reflectivity of the active modulating area in the OFF-state Rorr was not directly
CR
Rylap”
Taking an average contrast ratio of the active modulating area of 40 (as given in table

measured, but can be estimated from the measured contrast ratio as Rorr =

7.1) and Ryfj4p =37% we obtain a value of Rorr =0.92%. Using again Rspieiaing =1%,
the overall contrast ratio is 15 for a fill-factor of 40%. On an optimised device with a
flap-reflectivity of Rr;4;, =95% and a fill-factor of 50% an overall contrast ratio around
50 could be possible. When taking into account a transparent cover with a reflectivity of
Rcover =1%, employing equations (5.5) and (5.6) in (5.4), the overall contrast ratio of an
optimised device is about 25.

* Angular response: The measured contrast ratio depended a lot on the position of
observation in incidence and azimuthal angle. But the measurement were only done
on one single flap. When having a double-flap configuration the variation in azimuthal
observation direction cancels out. At every angle one flap will exhibit a large contrast
ratio and the other a low one. On flat flaps the angular region where the flap is perceived
as dark depends on the tilt angle of the flap, as illustrated in figure 5.6 of section 5.3.1.
The more the flap is tilted the smaller is the dark angular region. Flaps tilting by more
than 70° may give the best results. In general the angular response will also depend on
the diffusivity of each pixel. The requirement of a viewing angle of 45° is most probably
met.

* Diffusivity: One measured device had a zigzag-shaped flap, which should reflect light
from different directions than a flat-shape, leading it to be perceived brighter. In the
measurement with uniform illumination profile this effect could only be observed at
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one single direction of observation. A measurement with different light sources would
be required for testing the influence of the flap-shape on the contrast ratio. A flap-shape
leading to the highest light scattering is probably the wave-shaped flap as shown in
figure 6.3c). To place a transparent diffusive material on top of the flap array is another
possibility.

Resolution: In the requirements a 100 dpi resolution was desired. With a unit size of
about 70 by 300um this value can almost be satisfied with 4 units forming one pixel. The
unit size could be decreased by optimizing the configuration to dimension around 60 by

280um. Smaller pixel sizes will require to have smaller flap widths w;4,, what leads to
-1/2

an increase in actuation voltage with a scaling of V o w Flap"

Grey levels: Depending on the flap configuration all tilt angles can be attained by
actuating at a proper actuation voltage. With the tilt angle changes also the perceived
brightness of a pixel. So, by adapting the actuation voltage we can obtain different
grey-levels. Because of the flaps fast switching response also another solution is to use
pulse-width modulations.

Actuation voltage: Values as low as 40V have been demonstrated on a fabricated device.
By decreasing further the thickness of the torsion beam an actuation voltage close to
20V should be achievable. Torsion beams thinner than 100nm may be in the limit of
feasibility.

Insensitivity to environmental vibrations: The measured resonance frequency at rest
state of about 700Hz does not meet the requirement of having values above 1kHz. It
has to be added here that the resonance frequency at actuated state is up to three times
higher.

We compare now the vertical flap reflective display in table 7.3 with different existing tech-

nologies introduced in section 2.1.1:
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* Reflectivity: Most of the technologies have a reflectivity in the range of 40%, which is

half as much as on white paper. With a highly reflecting flap surface a value could be
attained which is comparable to the other technologies.

Contrast ratio: The values range for the different technologies (including paper) from
7 to 25. The fabricated vertical flaps lay in this range as well. But, with an optimized
structure could be achieved the highest contrast ratio of all technologies with a value of
48.

Switching time: The values differ a lot between the different technologies. The vertical
flaps concept has the fastest response time, enabling it to be driven with a high refresh
rate.
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Table 7.3: Comparison of reflective display technologies

L: flap-reflectivity 37% , fill-factor: 40%

: contrast-ratio on flap 40, fill-factor: 40%
: flap-reflectivity 95%, fill-factor: 50%

: transparent cover with Rcoper =1%, flap-reflectivity 95%, fill-factor: 50%
: for LCoS device [10]
: 25 for normal incidence, 11 for large incidence angles of observation
: temperature dependent, 1s at 50°C, 7s at 0°C
:4+/-15V
: reflectivity Al-surface = 90%, fill-factor = 50%.

© 0 N o s W

Technology Overall re- | Contrast- | Switching | Pixel size | Actuation
flectivity ratio time voltage

Vertical flaps as | 15%! 167 <0.5ms 70x 40V

fabricated 300um?

Vertical flaps with | 45%3 503, (25%) | <0.5ms 60x 40V

high reflectiv- 280um?

ity & optimized

fill-factor

reflective LCD | 30% 15 1ms [101] IOXIOum2 5V

(TN-cell with 2 >

polarisers)|[8]

cholesteric LCD | 30% 25-11° | 1-7° 215x 45V([17]

(18] 215um

Electrophoretic (E- | 40% 10 250ms 125x 30V8

ink) [23] 125um?

Interference (Qual- | 45% 7 10ms 200x 5V

comm) [25, 26] (green) 200um?

Electrowetting (Li- | 40% 15 10ms 240x 22V

quavista) [30] 240um?

Shutter based [6] | 45%° 20 2ms 80x 10V
480um?

White Paper (laser | 80% 12 static 80x -

printer) 80um?
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¢ Pixel size: Sizes vary in the various technologies. The vertical flaps have with a 70 by 300
pm large unit size a value in the centre of the span.

* Actuation voltage: The different technologies work with actuation voltages from 5 to
45V. Here the vertical flaps concept has a rather high value. The electrostatic actuation
with a small capacitance per flap in the 10fF range gives nevertheless a low power
consumption.

Concluding it can be said that the vertical flaps concept in an optimized configuration having
a highly reflective flap surface and maximized fill-factor will be a very competitive technology
in the application as reflective display. It would have the largest reflectivity, contrast ratio and
switching time of all technologies compared.

7.3.2 Transmissive shutter array

To evaluate if the fabricated vertical flaps optical modulators are suitable for the application
as transmissive shutter array lets look at the requirements stated in section 3.1.2.1. Most of the
points as the actuation voltage, power consumption and fill-factor have already been treated
analysing the system as reflective display. We have only to look at the ability of the modulator
of blocking light. An absorbance of the flap surface was measured in the range of 85 to 95% in
the visible spectrum. In an optimized device with a flap surface covered by a metal layer the
absorbance of the flap surface could be 100%.

At the actuated state of the fabricated devices there is still light passing at the gap between
flap and electrode and also at the sides. A shielding layer would be required for covering these
areas. A solution similar as the one implemented in [51] could be used. Another solution
would consist of using a micro-lens array as already discussed in figure 3.4 of section 3.1.2,
what also would lead to an increase in fill-factor.

On table 7.4 the vertical flaps device is compared to existing technologies of shutter based
transmissive modulators. We can notice the following: The Pixtronix device has a rather low
fill-factor. The shutter of the University of Tokyo is actuated at very high voltages and has
1mm large shutters. The JWST-shutter array has a very high fill-factor, but is actuated with an
external magnet leading to long switching times. The shutter based reflective display has a
comparable fill-factor and lower actuation voltage, but the size of the shutter is the double of
the vertical flaps device.

Concluding it can be said that the vertical flaps device has the best overall properties as
transmissive shutter array when regarding fill-factor, actuation voltage, switching time and
unit-size together.
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7.3. Applications

Table 7.4: Comparison of transmissive shutter array technologies

Technology Fill-factor Actuation Switching Pixel size
voltage time

Vertical flaps with | 40% 40V <0.5 ms 70x 300um?

poly-silicon (as fab-

ricated)

Vertical flaps with | 50% 40V <0.5 ms 60x 280um?

optimized dimen-

sions

Pixtronix [43,44] | 11.5% >15V <0.1ms 80x 80pum?

University of Tokyo | 40%  (esti- | 200V 1-10 ms (es- | 100x

[3, 51] mated) timated) IOOO;Jm2

NASAJWST [2,52] | 80%  (esti- | magnetic long (mag-| 100x
mated) (20V) net sweep) | 200um?

Shutter based re- | 50% 10V 2ms 80x 480um?

flective display [6,

32]

7.3.3 Other applications

Beside the above described applications as reflective display and transmissive shutter array the
vertical flaps device could also be used in other applications. Because of the small thickness of
the flaps only applications with low irradiations power can be considered:

* The switching of a blazed grating shaped flap was demonstrated in section 6.3.6. Arrays
of gratings of any desired shape are easily feasible. With an array of switching or scanning
gratings the overall diffracted light power could be increased. An application could be a
light switch as demonstrated in the GEMS-device [55] or commercialised by Silicon Light
Machines [56, 58]. These devices employ the 1st or 2nd diffraction order for modulation.
By means of blazed gratings the light power could be bundled in higher diffraction
orders.

* Having an array of different types of grating, an adaptive diffractive device could be
designed for which at any time the desired grating shape can be switched to ON-state.
Application of such a device could be in projectors, spectroscopy or spectral imaging.

* A switchable lens or scanning lens could be an application as well. The actuation of a
lens-shaped flap was demonstrated in table 6.5. When the lens-flap is in actuated tilted
position incoming light will reflect on its surface and be bundled in its focal point. An
array of such flaps could give a high reflective power. Another possibility could be to
fabricate an array of lenses with different focal lengths. By switching ON the lens with
the desired focal length we would have an adaptive lens device.

* An array of flat flaps at which each row is tilted to a different angle could be used as
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adaptive reflective Fresnel lens.

7.4 Further developments

There is a lot of room for improvements of the optical modulators based on on tilting flaps.
For the horizontal surface micromachined flaps of chapter 4 further work has to be done for
obtaining a more reliable fabrication process. The main points have already been discussed in
the corresponding chapter.

For the vertical flaps optical modulators the following points can be further developed:

¢ In the frame of the development of a reflective display larger arrays would need to be
fabricated.

¢ Increase of fill-factor: This can be done by decreasing the passive area consisting of the
electrodes and interconnection lines. By fabricating electrodes of smaller width (values
down to w,; = 5um should probably be feasible), optimizing the distances between the
interconnection lines and in-between the double flaps it can be reached a fill-factor of
up to 50%. The flap height h;,;, could also be increased. The limit here lays on the
feasible depth of the thin trenches defining the flaps. Flap heights up to 80um should
be possible and would give fill factors around 60%. For a transmissive shutter array
and also on a reflective display the fill factor could also be increased by means of a
micro-lens array.

¢ Increase reflectivity of the flap surface: The evaporation of an around 20nm thin Al
layer on the fabricated poly-silicon flaps is one solution. A problem could be here
the deformation of the flap due to induced stress. Higher reflectivity could also be
obtained by fabricating flaps consisting of thin film-stacks giving a Bragg-reflector. The
combination of silicon-nitride and poly-silicon layers in the trench refill could be an
example. An other possibility is to use metals deposited by ALD in combination with
Parylene.

¢ Fabricate light shielding: The passive areas not modulating light are required to be
shielded for different applications. In the case of a reflective display these areas have to
be covered by a light absorbing layer. On a transmissive shutter light has to be blocked.
An additional layer on top of the flap array would be required to be fabricated for this
purpose.

¢ Decrease actuation voltage: A thinner torsion beam would decrease the actuation
voltage. The limit is here the feasibility and reliability of fabrication of thin layers. It is
difficult to obtain LPCVD poly-silicon layer lower than 100nm of exact thickness. In [6]
were fabricated 50nm thin Al beams, what should be feasible to do in the vertical flaps
process as well. An actuation voltage below 20V could be obtained this way.
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* Obtain hysteresis in actuation: When a lower voltage is required to keep a flap at large tilt
angle than to actuated it, line-column addressing can be used. On some of the fabricated
devices this hysteresis phenomena could be demonstrated. By further optimizing the
electrode-beam distance and the offset between flap and beam we can obtain a larger
hysteresis.

* Optimize flap shape for light scattering: In the application of reflective display the
scattering properties of a flap surface can be obtained for example with a wave-shaped
flap. The optimal flap profile for maximized scattering has to be found.

* Process optimization: The fabrication reliability could be increased by slightly changing
the fabrication process. Specially during the release process many torsion beams break,
probably due to stress induced by the Si O, membrane of the BOx below the flaps. By
first etching the front side, protecting it with a thick Parylene layer and only subsequently
opening the backside a better result is expected.

* Colour reflective display: A reflective display exhibiting different colours could be
fabricated in different ways. One possibility is to have a flap surface reflecting only
one wavelength by means of a Bragg-reflector composed of a thin-film stack. This way a
red, a blue and a green flap would form one pixel. For example by switching ON the red
flap and switching OFF the other two a red pixel would be obtained. The same could be
done with the other colours and combination thereof. Another possibility for obtaining
a colour-display could be to have wavelength selective reflector instead of the black
absorbing layer placed below the flap-array.

In addition to the above list of points to be optimized the various applications as switchable
grating arrays would need to be tested out. Also could be explored the applications of the
various other demonstrated flap-shapes such as a grating, lens or a comb.
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Conclusion

In this thesis the design, modelling, fabrication process and characterization of novel optical
modulators were presented. The modulators were based on flaps tilting by large angles using
electrostatic actuation. The main applications were a reflective display and a transmissive
shutter array.

Flaps suspended by a torsion beam which are vertical at their rest state and after fabrication
were tilted towards an opposing electrode with low actuation voltage compared to other
electrostatic shutters reported in literature. When used as a reflective display, light was
absorbed by an underlying black layer when the flaps were in their vertical rest state. As the
flaps were tilted to a nearly horizontal position, the light was back reflected. For use as a
transmissive shutter, light passed through the device in the vertical state and was blocked in
the horizontal state.

An electromechanical model was made of the electrostatically tilting flaps describing the
scaling laws and the voltage to tilt-angle trajectory. With this model, different configurations
of the modulator were designed and fabricated by means of a novel developed process. The
fabrication process used micro-moulding of poly-silicon in narrow high-aspect ratio trenches.
The structures were released by a sequence of dry-etching steps. This process also permitted
to the fabrication of various flap shapes including a blazed grating, a grid or a lens.

The fabricated devices were characterized electromechanically using specifically designed
measurement setups. Typically, the flaps could reach a tilt angle of 60° at an actuation voltage
of 60V. Other devices worked at voltages ranging between 35 and 85V and some exhibited
hysteresis in the actuation trajectory. Actuation voltages below 10V for up to 15° tilt have
been demonstrated on comb-shaped flaps. Switching times were below 0.5ms with a 700Hz
resonance frequency in the rest state and values above 2kHz in the actuated state.

A special methodology and illumination setup was developed for optical characterization.
On the flap surface, the measured reflectivity was 37%, while the measured absorbance of
the transmission mode was 85-95%. When used as reflective display, a contrast ratio on the
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active modulating area of up to 145 was obtained (with an average value of 30-40). Taking
into account the minimum fill-factor of 40%, the reflective display would have an overall
reflectivity of 15%, a contrast ratio of 16 and a 85dpi resolution. Optimizing the modulators
by having a highly reflective flap surface and increasing slightly the fill-factor would give an
overall reflectivity of 45% and a contrast ratio of 50. These values are very competitive when
compared to other reflective display technologies reported in the literature.

The application of a vertical flap with a blazed grating profile as a switchable diffraction grating
has also been demonstrated. The diffraction pattern of an incident laser beam was observed
on a screen and could be scanned up-and-down by changing the tilt angle of the flap.

Besides the vertical flaps, an additional concept was presented for flaps in the horizontal
position at rest. The devices were fabricated using surface micromachining. The poly-silicon
flaps were tilted from the horizontal to the vertical position with an actuation voltage of 35V.
The reliability of the fabrication process was low due to stress-related sticking of the flaps. By
solving the challenges in the fabrication process, this concept could present a competitive
reflective display technology as well.

There are several aspects on which further research should be done on the vertical flaps
concept: The fill-factor could be increased by optimization of the non-active areas of a flap
array or fabrication of flaps of larger height. A higher reflectivity of the flap surface could
be obtained by deposition of a thin aluminium layer or by fabricating flaps composed of a
thin-film stack forming a Bragg reflector. Larger arrays would be required to be fabricated for
demonstrating the application as reflective display or transmissive shutter array. These arrays
should be combined with proper addressing circuitry and have light shielding to cover the
non-active modulating areas. In addition, a large variety of applications could be explored
with the various flap shapes which can be fabricated with the vertical flaps process, such as
arrays of switchable gratings or switchable lenses.
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).\ Calculation of thin film reflectance

The reflectance R and transmittance T of a thin film can be calculated out of the optical
material properties of refractive index n and absorption coefficient a. The Abeles Matrix
method as described in [102, 103] can be used for this purpose.

The thin-film system is given in figure A.1. It consists of a layer of thickness ¢, which is
surrounded by air. Incoming light has an intensity Iy. The light is reflected with an intensity
I and transmitted through the layer with an intensity /7. The reflectance R, transmittance T
and absorbance A are here defined as:

I

R=— A.l
I (A1)
I

T=2L (A.2)
Iy

A=1-T (A.3)

We calculate the reflectance for a poly-silicon film of 1um thickness and a bulk silicon substrate

Figure A.1: Schematic of thin-film system with incoming irradiation of intensity Iy at an
incidence angley, reflected intensity Ir and transmitted intensity It. The film has a complex
index of refraction Ny = n+ iﬁ a and is surrounded by air of refractive index Ny = 1.
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Appendix A. Calculation of thin film reflectance

poly-Si
====Si-bulk

index of refraction n
Absorption coefficenent o [cnfl]

3 ! 0
400 450 500 550 600 650 700 750
Wavelength A [ nm ]

Figure A.2: Optical properties of poly-silicon [103] and crystalline silicon [104]. Both materials
have comparable values. Note that the absorption coefficients drop above 450nm wavelength.

(of infinite thickness) with the Ables Matrix method using the optical properties of poly-silicon
as given in [103] and plotted in figure A.2.

The reflectance R and absorbance A of a poly-silicon layer of 1um thickness compared to a
crystalline silicon substrate is shown in figure A.3a). The reflectance of the poly-silicon layer
changes a lot in function of the wavelength due to interference. The reflectance of the silicon
substrate follows the curve of poly-silicon, but without the amplitude oscillations from 0.48
at A =400nm to 0.33 at A = 750nm. The absorbance of the poly-silicon thin-film decreases
from almost full absorbance at A = 400nm to 0.6 at A = 750nm. Also the reflectance and
transmittance of the poly-silicon thin-film in function of the incidence angle y was evaluated.
The results are shown in figure A.3b) with values given for the optical system for measuring the
reflectance of section 6.3.2. The intensity distribution of the illumination and the sensitivity of
the camera in grey-mode as given in figure 6.20 were taken into account in the calculations. It
can be seen that the reflectivity R stays quite constant at 0.417 up toay =75°. Also Ahasa
constant value around 0.94 up to the same y.
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Figure A.3: a) The reflectance R and absorbance A of 1um thick poly-silicon layer in air as
shown in figure A.1 and of thick crystalline Si substrate at normal incidence. The absorbance
decreases for larger wavelengths. b)The reflectivity and absorbance of a 1um thick poly-silicon
layer in air calculated for the optical system for reflectivity measurements of section 6.3.2. The
reflectivity stays constant at 0.417 up toy = 75°.
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